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ABSTRACT: In artwork remedial conservation, inappropriate cleaning methods can cause undesirable discoloration
and irreversible damage to artwork surfaces. Conventional cotton-swab cleaning often poses challenges due to
uncontrolled liquid release and inconsistent manual force. To address these issues, soft hydrogels have been developed
as cleaning materials. This study developed a hydrogel capable of loading water-based cleaning solutions from bacterial
nanocellulose (BNC) and evaluated its effectiveness in removing aged polyvinyl acetate (PVAc), a binder commonly used
by Thai artists, from linen canvas. BNC hydrogels were prepared using different drying techniques and subsequently
loaded with acetic acid or citric acid solutions at various concentrations. Among all techniques, supercritical CO2
drying produced a BNC aerogel with the best recovery of hydrogel characteristics and mechanical properties after
solution loading. The BNC hydrogel loaded with 10% w/v citric acid achieved the most effective PVAc removal after
eight cleaning cycles (80 min total) with suction applied beneath the canvas. The treated canvas exhibited a total
color difference (∆E) of less than 2 compared with the original PVAc-free canvas and showed the lowest residual
carbonyl peak of PVAc in FTIR analysis. SEM images further revealed more individualized fibers and a reopened
porous structure resembling that of the original canvas. Moreover, the BNC hydrogel retained its mechanical properties
after use, indicating its reusability. These findings demonstrate the potential of BNC aerogel as a solution carrier for
canvas cleaning, with promising applicability to other types of artwork substrates.
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INTRODUCTION

In recent years, cleaning techniques have been de-
veloped to be more suitable for each type of art-
work. Three main types of artwork that have been
categorized—painting, sculpture, and architecture—
require careful cleaning techniques to prevent damage
to their surfaces. One of the main problems in artwork
remedial conservation is related to cleaning methods,
including the improper use of cleaning techniques,
chemicals, and equipment, which can lead to surface
damage and deterioration [1]. Conventional cleaning
procedures consist of two approaches, mechanical and
chemical, which are usually applied together. Im-
proper use of these approaches can cause damage to
the artwork’s surface. For instance, the mechanical
approach that applies excessive rubbing force with
cotton swabs or fabric, or the chemical approach that
uses overly strong solvents or an excessive amount of
solvents, can both result in scratches and swelling on
the surface, or the removal of original materials such
as pigments and binders from the artwork. Therefore,
a porous gel highly-absorbing solution or water called

hydrogel was introduced in the 1980s [2]. These
gels were designed to improve cleaning efficiency by
incorporating cleaning solutions that become absorbed
within their highly porous and polar structures [1].
Materials commonly used to produce these gels include
polyallylamine, polyacrylamide, poly(ethyl methacry-
late), poly(vinyl alcohol) (PVA), and poly(vinyl ac-
etate) (PVAc) [2, 3]. The double-network PVA gels
have been shown to improve mechanical stability, re-
duce water release, and better localization of cleaning
agents on oil-painting substrates [2]. However, be-
cause these gels are synthetic resins derived from non-
renewable resources, they still require the incorpora-
tion of various chemical components during produc-
tion, consequently adding to the carbon footprint and
raising concerns regarding environmental sustainabil-
ity.

Bio-based polymer hydrogels have been increas-
ingly explored as renewable alternatives for devel-
oping more sustainable hydrogel systems. A green-
algae polysaccharide-based hydrogel was developed
using microwave-assisted alkaline extraction followed
by free-radical graft copolymerization, resulting in a
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porous network with a high swelling ratio [4]. In the
context of art conservation, polysaccharide gels such as
agarose and gellan gum have been employed to confine
aqueous or mildly acidic solutions and reduce solvent
penetration into canvas and other porous supports.
However, the release of inappropriate amounts of liq-
uid and their poor conformability to textured surfaces
have limited their effectiveness in treating aged binder
layers [5, 6]. Organogels, in which organic solvents are
immobilized within a three-dimensional gel network,
were also introduced to deliver organic solvents more
selectively for reducing wax-resin and similar coatings
on easel paintings, but their rigidity and reliance on
solvent-based formulations restricted their broader use
in water-based cleaning [1, 7]. In addition, these gel
systems often require long contact times to soften
aged binders, may still over-wet weakened canvas
fibers, and do not always adapt well to the weave
structure of textile supports [8, 9]. These limitations
indicate that further development is needed to achieve
safe and efficient removal of aged binders from can-
vas surfaces. Recently, cellulose nanocrystal (CNC)-
and long-nanofiber-based aerogels and hydrogels have
been explored as cellulose-derived materials with high
porosity and strong water retention, enabling con-
trolled uptake and release of aqueous media. These
systems can be prepared via sol-gel processes com-
bined with drying techniques such as supercritical CO2
drying. However, the relatively rigid structure of CNC-
dominated networks may limit their conformability on
uneven or fragile substrates, which can restrict their
applicability in delicate conservation cleaning [10, 11].
In this context, long nanofibers are likely to be more
suitable for conservation cleaning due to their softer
and more flexible network structure, providing a more
conformable matrix for contact with sensitive surfaces.
These long nanofibers can be obtained from plant
sources as cellulose nanofibers (CNF) or produced
microbially as bacterial nanocellulose (BNC).

BNC is produced from renewable resources
through the cultivation of non-pathogenic bacteria
in a glucose-rich culture medium derived from agri-
cultural products. Structurally, BNC is a homopoly-
mer of glucose units linked by β-glycosidic bonds
and synthesized by various bacterial genera such as
Acetobacter, Agrobacterium, Azotobacter, Rhizobium,
and Pseudomonas, with Acetobacter xylinum being the
most widely employed [12]. BNC exhibits distinctive
characteristics including nanoscale fiber dimensions,
high cellulose purity, excellent water-holding capac-
ity, remarkable tensile strength and Young’s modulus,
and high flexibility, while also offering low produc-
tion costs, environmental friendliness, and biodegrad-
ability [13]. Although BNC shares the same molec-
ular structure as plant-derived cellulose, it differs
markedly in morphology, possessing a unique, highly
porous three-dimensional network that contributes to
its nano-structural gel formation without the use of

a crosslinker. Its purity—free of hemicellulose and
lignin—along with abundant hydroxyl groups that con-
fer strong hydrophilicity and a crystallinity level of
approximately 80–90%, further enhances its perfor-
mance [14]. Consequently, these characteristics make
BNC a promising candidate for use as a cleaning gel to
replace the synthetic gels mentioned above, as it meets
essential requirements for artwork restoration materi-
als, including high absorption of water-based cleaning
solutions, excellent water retention, controlled release,
high softness and flexibility combined with strong
tensile strength allowing close conformity to rough
artwork surfaces and residue-free removal after use,
safety for both artworks and conservators, customiz-
able shapes for specific applications, and reasonable
production costs [15].

In this work, a highly porous hydrogel derived
from BNC was introduced for removing aged binder
residues from canvas, a necessary step in the reme-
dial conservation of artworks in which deteriorated
binders or priming layers must be eliminated prior
to restoration. Because water-based solutions needed
to be incorporated into the BNC hydrogel to replace
water, different dehydration techniques for preparing
the dried BNC matrix were investigated, with slight
adaptations from our previous study. Three dehy-
dration methods were employed: dehydration under
ambient pressure, freeze-drying, and supercritical CO2
(SC-CO2) drying. After drying, mild organic water-
based solutions—acetic acid and citric acid at vari-
ous concentrations—were loaded into the dried BNC
pieces and subsequently applied for cleaning aged
binder from linen canvas surfaces at different contact
times. To simulate deterioration found in real art-
works, PVAc, an adhesive and binder widely used by
Thai artists, was first applied to the canvas and then
artificially aged through an accelerated aging process.
To the best of our knowledge, this approach—utilizing
BNC hydrogels loaded with water-based solutions for
artwork cleaning—represents a novel method pro-
posed by our research group, with the present study fo-
cusing specifically on its application for PVAc removal
from canvas substrates. To evaluate the effectiveness
of this cleaning approach, physical changes using vi-
sual inspection, color difference measurements using
a colorimeter, chemical structural changes analyzed by
Fourier transform infrared spectroscopy (FTIR), and
morphological changes observed via scanning electron
microscopy (SEM) were examined.

METHODOLOGY

Materials and chemicals

PVAc latex (grade no. LA-22S) was obtained from
TOA Paint Thailand, containing approximately 50%
PVAc within the total solid content. The raw BNC,
cultivated using A. xylinum in mature coconut water
under static fermentation conditions, was graciously
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provided by the Banlangsawat Coconut Jelly Factory
in Samut Songkhram, Thailand. The chemicals used
for purifying the BNC—sodium lauryl sulfate (SLS),
sodium hydroxide (NaOH), and hydrogen peroxide
(H2O2)—were all analytical reagent (AR) grade and
sourced from Chem-Supply Pty Ltd, Australia. AR-
grade absolute ethanol was purchased from QRëC,
New Zealand. AR-grade acetic acid and citric acid
were obtained from RCI Labscan, Thailand, and Loba
Chemie, India, respectively.

Preparation of linen canvas

Linen canvas was coated with PVAc latex using a K-
control coater (K202 Control Coater, RK Print Coat
Instruments, England) equipped with a spirally wound
bar No. 150, producing a wet film thickness of approx-
imately 150 µm. After drying at ambient temperature,
the coated canvas was baked at 120 °C for 72 h to
induce aging, simulating the characteristics of aged
canvas fabric following the approach described by
Ahmed and Kolisis [16]. The aged canvas was then
cut into squares of approximately 5×5 cm and stored
in a desiccator.

Preparation of dried BNC for loading cleaning
solutions

The raw BNC hydrogel was converted into dried BNC
gels using a procedure slightly modified from our
previous study [15]. Briefly, the raw hydrogels were
cut into pieces measuring 2.5×2.5×0.4 cm and purified
by sequentially soaking them in 2% w/v SLS overnight,
in 0.5 M NaOH at 80 °C for 1 h, in 1.5% v/v H2O2 at
room temperature for 30 min, and finally neutralizing
them with deionized water. The hydrogel pieces were
then subjected to different drying techniques. The first
method involved drying under ambient conditions by
placing the hydrogels in a closed container filled with
silica gel. The second method employed freeze-drying
using a freeze dryer (Beta 1–8 LDplus, Martin Christ,
Germany) at 0.2 mbar for 48 h. The third method em-
ployed supercritical CO2 drying (EM CPD300 Critical
Point Dryer, Leica, Germany) at 38 °C for 130 min, in
which the hydrogel samples were subjected to solvent
exchange until absolute ethanol completely replaced
the water within the gel matrix prior to drying. All
dried samples were subsequently stored in a desiccator
for further experiments.

Water-based solution loading performance of
dried BNC

Three dried BNC samples were designated as xerogel,
cryogel, and aerogel, following the drying methods
of ambient-condition drying, freeze-drying, and super-
critical CO2 drying, respectively. In this test section,
water was employed as a representative water-based
cleaning solution and was loaded into the samples
through soaking. The water-uptake performance and
the water-release behavior on canvas after uptake were

examined to determine the optimal drying method for
preparing dried BNC sample for the application. The
experiments were conducted in triplicate.

The liquid-uptake performance was evaluated by
immersing the dried BNC in DI water, 10% v/v acetic
acid solution, and 10% w/v citric acid solution at room
temperature (approximately 25±2 °C). The weight of
the swollen BNC was recorded at 2, 4, 16, and 24 h.
The amount of liquid uptake was calculated using an
equation adapted from the moisture content study by
Kumar et al [17]. The calculation was based on the
equation:

Liquid uptake (%)=
(W −Wdry)×100

(W0−Wdry)
(1)

where W is the BNC weight after liquid uptake at each
time point (g), Wdry is the BNC weight after drying (g),
and W0 is the BNC weight before drying (g).

The liquid-release behavior, the fully liquid-loaded
BNC and cotton pad (fiber diameter of 16 µm) were
placed onto the commercially sized canvas at room
temperature. The weight of the canvas was recorded
every 20 min for 2 h. The liquid release was calculated
based on the increase in canvas weight relative to the
weight before testing [15].

Application of BNC hydrogels for removing aged
binder from canvas

The selected dried BNC sample was employed to be
loaded with two cleaning solutions, namely acetic acid
and citric acid, at concentrations of 1%, 5%, and
10% in DI water. The loading was performed by
soaking the samples for 4 h to allow complete solution
uptake and transformation into hydrogels, as shown
in the experimental layout in Fig. 1. Afterward, the
hydrogel was placed in close contact with the canvas
surface together with a suction force applied under-
neath the canvas using a vacuum pump (pressure:
20 kPa) for various durations, specifically 2, 4, and
8 cycles (10 min per cycle; the short contact time per
cycle was selected to minimize over-wetting, which is
particularly important for hydrophilic cellulose-based
substrates [18]). In each cycle, hydrogel pieces were
re-soaked in the corresponding solution and alternated
for use. In this experiment, a water-loaded cotton pad
and water-loaded BNC were used as control samples.
After treatment, the canvas was neutralized using a
water-moistened cotton swab and subsequently stored
in a desiccator under ambient conditions to remove
moisture prior to characterization.

Characterization and property test

Morphologies of BNC and canvas

The morphologies of the BNC and linen canvas were in-
vestigated using a scanning electron microscope (SEM;
JSM-6610LV, JEOL, Germany). All samples were dried,
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Fig. 1 Experimental diagram of BNC aerogel used for removing PVAc from canvas.

cut into 0.5×0.5 cm pieces, and then gold-sputter
coated to ensure electrical conductivity. The morpho-
logical analysis was performed at accelerating voltages
in the range of 5–10 kV.

Mechanical properties of BNC

The mechanical properties of the hydrogel, including
its storage modulus (G′) and loss modulus (G′′), were
evaluated using a cone-plate rheometer (HAAKE MARS
iQ Air, Thermo Fisher Scientific, Germany) equipped
with a P20/Ti plate rotor suitable for hydrogel samples.
The experiment was performed under controlled con-
ditions at 25 °C with a frequency sweep ranging from
0.1 to 25 Hz.

Color difference of canvas before and after PVAc
removal

The canvas samples were photographed in a light box
under the CIE standard illuminant D65 and UV light
to examine the physical and color change after PVAc
removal. In addition, the color values (CIE L*a*b*)
of the original canvas without PVAc after aging (aging
condition: 120 °C for 72 h) and the canvas after PVAc
removal were measured using a colorimeter (CR-400,
Konica Minolta, Japan) under the CIE standard illumi-
nant D65 with a 2° observer angle. The color differ-
ence value was calculated to investigate the change of
surface color.

Chemical structure of canvas before and after PVAc
removal

Attenuated Total Reflectance–Fourier Transform In-
frared (ATR-FTIR) spectroscopy (Nicolet iS5, Thermo
Scientific, Waltham, MA, USA) was used to record
spectra of the tested areas before and after PVAc re-
moval. Samples were kept in a silica-gel desiccator

at room temperature prior to testing. Spectra were
collected in absorbance mode over 400–4000 cm−1

with 64 scans at a resolution of 8 cm−1.

Statistical analysis

The statistical analysis was performed using SPSS
Statistics version 28 (IBM, Chicago, IL, USA). The
data obtained from the experiments were analyzed
to determine significant differences among the PVAc
removal methods and the cleaning cycles. One-way
analysis of variance (ANOVA) was conducted, followed
by Duncan’s Multiple Range Test at a significance level
of p < 0.05.

RESULTS AND DISCUSSION

Morphology of BNC

The morphology of the raw (post-fermentation) and
purified BNC was examined using photographs and
SEM images. The raw BNC, shown in Fig. 2a, exhibits
cellulose fibers produced by the bacteria, and remnants
of rod-shaped bacterial cells can still be observed (red
circle). Residues of the culture medium, together
with remaining bacterial debris, are present within the
fibrous network, resulting in the cloudy and yellowish
appearance of the BNC (Fig. 2c). After purification,
the BNC displayed smaller fiber sizes, with fiber diam-
eters of approximately 20–60 nm, and a clear porous
network free of bacterial cells (Fig. 2b), where traces
of sites previously occupied by bacterial cells can still
be discerned. The purified BNC appeared brighter,
whiter, and more translucent (Fig. 2d), making it suit-
able for further development as a cleaning gel. These
results confirm that the purification process effectively
removes bacterial cells, culture medium residues, and
other impurities from the raw BNC.
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Fig. 2 SEM images (top) and corresponding photographs (bottom) of BNC hydrogels before (left) and after (right) purification. Red
circle in (a) indicates a dead rod-shaped bacterial cell, while red arrows indicate residual culture medium.

Liquid uptake of dried BNC and release
performance of BNC hydrogel

The physical appearances of dried BNC before and
after water uptake are shown in Fig. 3a. In this study,
the dried BNC samples obtained using different drying
methods were classified as xerogel, cryogel, and aero-
gel, corresponding to ambient drying, freeze-drying,
and supercritical CO2 drying, respectively. According
to our previous work [15], these drying methods pro-
duced dried BNC materials with markedly different
densities and porosities. The densities of the xerogel,
cryogel, and aerogel were 0.16±0.02, 0.018±0.005,
and 0.007±0.001 g/cm3, while their porosities were
2±1, 39±10, and 86±9%, respectively. Among
these materials, the BNC prepared by supercritical CO2
drying can be designated as an aerogel because it ex-
hibited the characteristic features of aerogel materials,
which are typically described as highly porous, low-
density materials with densities in the range of 0.001–
0.1 g/cm3 and porosities commonly ranging from 80
to 99.8% [19]. According to Fig. 3a, the rehydrated
BNC aerogel became more translucent and was able
to recover its hydrogel structure. In contrast, both the
xerogel and cryogel were unable to regain the original
hydrogel dimensions prior to drying. This observation
is consistent with the water uptake results presented
in Fig. 3b, which illustrate the kinetics of water re-
absorption into the BNC network. The xerogel and
cryogel exhibited water uptake values of only 3% and
19%, respectively, during the first 2 h, and only slight
increases in water uptake over time, implying limited
structural recovery. In comparison, the aerogel showed
remarkably higher water uptake, reaching approxi-

mately 70% within 2 h and gradually increasing to
85% after 24 h of immersion. The density of the dried
aerogel increased markedly from 0.007±0.001 g/cm3

to 1.36±0.26 g/cm3 after 24 h of water soaking [15],
indicating a water content of approximately 99 wt%
based on the density change. This high water content
is consistent with the definition of a hydrogel as a
three-dimensional polymeric network containing more
than 90% water, while preserving its gel-like form and
water-retaining network [20].

The observed result is mainly due to the ability of
supercritical CO2 drying to retain both the high surface
area of nanofibers with abundant hydroxyl groups
on their surface and the integrity of the nanoporous
network. Since the increase in capillary forces during
drying is inhibited by this technique, fiber agglomera-
tion is prevented and nanopore collapse is significantly
minimized [21]. In contrast, when the hydrogel was
completely dried under uncontrolled ambient condi-
tions (xerogel sample) or by freeze-drying (cryogel
sample), the CNF moved into closer contact. This
phenomenon caused secondary bonding between adja-
cent nanofibers, resulting in structural shrinkage. Fur-
thermore, the capillary stress generated during freeze-
drying disrupted the nanoporous network, deforming
the pore structure and increasing the pore size relative
to the original hydrogel [22], thereby restricting the
water-uptake capacity of both the xerogel and cryogel
samples.

Fig. 3d presents the water-release behavior on
canvas of BNC hydrogels rehydrated from the xerogel,
cryogel, and aerogel samples, compared with a com-
mercial cotton pad. The xerogel and cryogel samples
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exhibited noticeably lower water-release amounts than
the aerogel sample, most likely due to their limited
water uptake capacity. Both hydrogels from the xe-
rogel and cryogel released most of their water within
the first 20 min, after which no significant increase
was observed. In contrast, the hydrogel from the
aerogel showed a continuous release that increased
gradually over time, and its release level was slightly
lower than that of the cotton pad. The observed effect
arises from the extensive porosity of the BNC’s three-
dimensional network and the presence of abundant
free hydroxyl groups, which hold water within the
nanoporous structure via hydrogen bonding. In a
previously reported paper conservation context, BNC
hydrogels also showed an intermediate water-release
profile between cotton-based systems and agarose ma-
trices under similar experimental trends, with cotton
pad exhibiting a higher release magnitude (3.12-fold
relative to BNC), while agarose showed a lower re-
sponse (0.43-fold relative to BNC) [18].

In addition, this work investigated the liquid-
loading and release kinetics of BNC aerogels, in which
the dry aerogels were loaded with different liquids,
including water, 10% v/v acetic acid, and 10% w/v
citric acid, to form hydrogels. As shown in Fig. 3c,
water and acetic acid solution exhibited similar uptake
behavior, whereas citric acid solution showed slower
uptake throughout the soaking period of 24 h. The
release behavior was further examined gravimetrically
on canvas by measuring the weight of solution released
from cotton pads and BNC hydrogels after loading with
the same weight of solution. As shown in Fig. 3e,
cotton pads released all solutions more rapidly and
in greater amounts than the corresponding BNC hy-
drogels, particularly water and acetic acid solution.
In contrast, BNC hydrogels loaded with citric acid
solution showed a slower and more gradual release
profile, which is desirable for safe stain removal in
conservation cleaning. This behavior may be mainly
associated with the bulkier molecular structure of citric
acid and its polar functional groups, including three
carboxylic acid groups and one hydroxyl group, which
could enhance interactions with the hydroxyl-rich BNC
nanofiber network through hydrogen bonding. Such
mechanism is consistent with previous reports showing
that the BNC network can retain active compounds
through physical entrapment and secondary bonding,
thereby moderating their release [23]. These interac-
tions may reduce the diffusion speed within the aerogel
structure and promote longer retention of citric acid
solution in the BNC hydrogels.

Mechanical properties of BNC

Viscoelasticity is a critical material property that influ-
ences the cleaning performance of hydrogel polymers.
This characteristic can be assessed using a cone-plate
rheometer, where the gel is subjected to controlled
shear stress (Pa) over a range of oscillation frequencies

(Hz). The response to external forces is depicted
through frequency sweep curves consisting of the stor-
age modulus (G′), which reflects the elastic compo-
nent, and the loss modulus (G′′), which corresponds
to the viscous component. When G′ exceeds G′′,
the gel behaves predominantly elastically, indicating
that it can regain its shape after the external force is
removed. Moreover, a greater divergence between G′

and G′′ (when G′ > G′′) signifies a more pronounced
elastic nature. For gels intended for artwork cleaning,
viscoelastic behavior is essential not only for effective
removal of dirt, aged binders, or aged adhesives, but
also for handling and application. The gel must retain
its form on the treated area without sagging or flowing
due to gravity, which is especially important for vertical
paintings. In addition, it must be removable in one
piece without leaving residues, and it should recover its
form after use. During practical use, conservators often
lift the gel using tweezers, applying a moderate level of
force. Nonetheless, excessive stiffness is undesirable.
A gel with moderate to low stiffness allows intimate
contact with irregular and textured artwork surfaces,
ensuring effective cleaning action. Consequently, an
appropriate G′ values for cleaning applications lies
within an intermediate range of approximately 1,000–
10,000 Pa [2]. Values that are too low are unsuitable;
for instance, previous research reported that PVA gels
with G′ values between 100 and 370 Pa could not be
peeled from surfaces [24].

The G′ and G′′ values of the raw BNC prior to
purification (Fig. 4a) were above 10,000 Pa across all
applied frequencies, indicating high stiffness that may
render it unsuitable for use as a cleaning gel. In con-
trast, the purified BNC exhibited substantially lower G′

and G′′ values, remaining below 10,000 Pa throughout
the frequency range. This reduction confirms that
bacterial residues and other impurities were removed
during purification and replaced by water molecules.
As a result, the hydroxyl groups on the CNF became
more exposed, enabling the formation of secondary
bonds with water. In this state, the absorbed water
acts as a plasticizer, enhancing the flexibility of the BNC
hydrogel [25].

Since reusability is another essential requirement
for cleaning gels, the retention of mechanical proper-
ties is an important factor to consider. Therefore, the
viscoelastic behavior of the BNC hydrogels after use
was also examined. The results for hydrogels loaded
with acetic acid and citric acid solutions after being
applied for PVAc removal on canvas are presented in
Fig. 4b. The G′ and G′′ curves of the used BNC hydro-
gels nearly overlapped with those of the unused BNC
(freshly purified samples), and the G′ and G′′ values
across all applied frequencies showed no significant
differences. This indicates that BNC aerogels, after
being loaded with either acetic or citric acid solutions
and used for PVAc removal, were able to retain their
viscoelastic properties and could potentially be reused
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Fig. 5 Color changes of canvases after each cleaning cycle: (a) color difference between the aged PVAc-free canvas and the treated
canvases and (b) color parameters of the canvases treated with water and 10% w/v citric acid for 8 cycles.

for subsequent cleaning applications.

Appearance and color of canvas before and after
PVAc removal

CIE L*a*b* system consists of three parameters that
describe color of sample. The L* value represents
lightness, ranging from 0 to 100, where 0 corresponds
to complete darkness (black) and 100 indicates max-
imum lightness (white). The a* value shows the
position between red (+a*) and green (−a*) axis.
Similarly, the b* value explains the position between
yellow (+b*) and blue (−b*) axis. The examination of
the color difference (delta E; ∆E) in Fig. 5a was cal-
culated from the CIE L*a*b* values between the aged
original canvas without PVAc and the treated canvas.
The ∆E of less than 2 indicates that the difference
cannot be visually detected by the human eye and is
difficult to consider a perceivable color difference [26].
When comparing the PVAc removal methods, cotton-
pad methods generally produced higher ∆E values
than the BNC hydrogel methods. Although the cotton
pad loaded with 10% v/v acetic acid showed relatively
lower ∆E values in each cycle than those loaded with
water or citric acid solution, these values do not neces-
sarily reflect a more controlled cleaning action, as the
cotton-pad approach may promote solution spreading,

overcleaning, and tideline formation. An increase in
the acetic acid concentration in the hydrogels resulted
in higher ∆E values, and a larger standard deviation
was also observed. This effect is likely attributed to
acetic acid inducing mild acid hydrolysis and removing
yellowed surface impurities, resulting in a brighter
appearance than the original canvas. In contrast,
all concentrations containing citric acid yielded ∆E
values below 2, which is consistent with the visual
observations at the PVAc-removed areas. Although
citric acid is a triprotic acid capable of releasing three
protons, its overall degree of dissociation results in
a lower effective concentration of H+ compared with
acetic acid at the same molarity. Consequently, citric
acid exhibited a lower tendency to cause overcleaning
than acetic acid.

Fig. 5b shows the CIE L*a*b* values of the canvas
treated with citric acid for PVAc removal in comparison
with water treatment at each cycle. Regarding the ef-
fect of removal cycles, increasing the number of cycles
resulted in different color change trends. The light-
ness significantly increased as the number of cycles
increased. In contrast, the redness tended to decrease,
particularly in the citric acid-treated canvas. However,
no significant change in yellowness was observed in the
canvases treated with the same solution. The observed
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changes in CIE L*a*b* values suggest that part of the
PVAc adhesive was removed from the canvas surface
during treatment.

The photographs of the original canvas without
PVAc after aging, as well as the canvas before and
after PVAc removal using different methods (fixed at
8 cycles), are presented in Fig. 6a. For the photographs
taken under the D65+UV (daylight) illumination con-
dition, the PVAc-coated canvas exhibits a noticeably
more yellowish tone compared with the original can-
vas. After PVAc removal, areas where the hydrogels
were placed (dashed outline in Fig. 6a) appear visually
distinct from the surrounding untreated areas, and
the tide lines can be observed around the cleaning
spots. Under UV illumination, the differences be-
tween canvases with and without PVAc become even
more pronounced. The original canvas appears bluish,
whereas the PVAc-coated canvas shifts toward a light
green tone, indicating increased yellowing. After PVAc
removal, the bluish corresponding to the hydrogel
placement areas reappear. The enhanced contrast
under UV light arises from the different responses of
cellulose fibers in the canvas and aged PVAc to UV ex-
citation. UV radiation promotes electronic transitions
of valence electrons, and the resulting differences in
fluorescence emission among molecules enhance the
visual contrast. This observation is consistent with the
findings of Toja et al [27], who reported that aged PVAc

films containing plasticizers, after aging at 60 °C for
2 h, exhibited distinct fluorescence intensity peaks in
fluorescence spectroscopy.

Conventional hydrogel systems used in conser-
vation cleaning exhibit different limitations that in-
fluence treatment outcomes and surface appearance.
Agarose gels, while widely applied for localized solvent
delivery, are relatively rigid and may show limited
conformability on uneven substrates, resulting in non-
uniform cleaning [28]. Gellan gum systems provide
tunable behavior for moisture delivery; however, their
network structure is strongly influenced by the ionic
environment, where cation interactions can modify gel
stiffness and network organization, affecting solvent
release behavior and potentially leading to variable
cleaning performance and uneven moisture distribu-
tion [29]. In comparison, BNC-based hydrogels appear
to offer improved conformability and more controlled
solvent release through their highly porous nanofibril-
lar network and strong water-retention capacity, which
could help promote a more uniform surface appear-
ance after treatment [30].

According to the CIE L*a*b* values of canvases in
Fig. 6b, the original canvas without PVAc exhibited a
yellowish tone. After coating with PVAc and aging by
heat, the canvas showed a slight yellowness, indicat-
ing an increase in yellowish tone due to the coating
and the aging process. After PVAc removal, all three
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Fig. 7 FTIR spectra of treated canvas surfaces: (a) different concentrations of acetic acid solution, (b) different concentrations of
citric acid solution, (c) different cleaning cycles with 10% w/v citric acid, and (d) back and front sides of the canvas (treated with
10% w/v citric acid for 8 cycles).

BNC-treated canvases exhibited significant increases
lightness (L). The acid solution-treated samples also
showed higher a* values, indicating increased redness,
whereas the water-treated canvas exhibited reduced
yellowness, as reflected by lower b* values. In conclu-
sion, the BNC loaded with 10% citric acid achieved the
most effective PVAc removal compared with the other
formulations, which is consistent with the ∆E values
discussed earlier.

The effective and safe removal of aged PVAc adhe-
sive, with reduced overcleaning, by the BNC aerogel
loaded with 10% citric acid was attributed to the
combined chemical interaction of citric acid and the
controlled-release behavior of the BNC hydrogel. Since
citric acid is a hydroxy-tricarboxylic acid containing
three carboxylic acid groups and one hydroxyl group,
these functional groups can interact with polar groups
in aged PVAc, particularly ester carbonyl groups and
polar degradation products generated during ageing
or partial hydrolysis [31, 32]. Such interactions could
promote swelling and interfacial weakening of the
aged adhesive layer, thereby reducing its adhesion to
the cellulose fibers of the canvas. Moreover, the safer
performance of citric acid was likely related to its
larger hydroxy-tricarboxylic structure, which could be
retained longer in the hydroxyl-rich nanofiber network

of the BNC and promote a more gradual and localized
release than the smaller acetic acid molecule, thereby
lowering the tendency for overcleaning while still as-
sisting PVAc softening and removal under mild suction
applied from beneath the canvas.

Chemical structure of canvas before and after
PVAc removal

The functional groups of the canvas surface before
and after PVAc removal were analyzed using the FTIR
technique (Fig. 7). All samples exhibited broad peaks
corresponding to O−H and C−H stretching vibrations
at 3307 and 2888 cm−1, respectively, which are the
main characteristics of cellulose [33, 34], as linen
fibers are composed primarily of cellulose (approxi-
mately 70–85%). By comparison, the PVAc-coated
canvas displayed a sharp peak at 1729 cm−1 (Fig. 7d),
representing the C−−O functional group attributed to
the PVAc chemical structure [35].

When comparing the types of solutions used for
PVAc removal on the canvas (Fig. 7a and Fig. 7b),
both acetic acid and citric acid exhibited lower peak
intensities at 1729 cm−1 than water (the control hy-
drogel sample), with citric acid showing a lower peak
intensity than acetic acid at identical solution con-
centrations. The peak intensity reflects the residual
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amount of PVAc remaining on the surface; therefore,
the lower intensity observed in the citric acid-treated
samples indicates that citric acid was more effective
in dissolving PVAc than acetic acid. With regard
to solution concentration, increasing the citric acid
concentration led to a further decrease in the peak
intensity at 1729 cm−1, whereas variations in acetic
acid concentration did not result in a significant change
in PVAc removal efficacy.

There are two key factors governing the dissolu-
tion of PVAc: the solubility parameter and molecular
interactions, particularly hydrogen bonding. The po-
larity difference between citric acid and acetic acid is
relatively small; therefore, polarity alone has only a
minor influence on PVAc dissolution. A more relevant
factor is the solubility parameter (δ). PVAc has a
solubility parameter of 19.4 MPa1/2, and solvents or
aqueous solutions with δ values closer to this range
generally exhibit greater ability to dissolve PVAc. Citric
acid possesses a higher Hildebrand solubility param-
eter and a stronger hydrogen-bonding capacity than
acetic acid, owing to its three carboxyl groups and one
hydroxyl group [36]. These features allow citric acid
solutions to interact more effectively with the ester
groups of PVAc, promoting polymer chain relaxation
and partial hydrolysis. This characteristic results in
lower carbonyl peak intensities in the FTIR spectra of
citric acid-treated samples compared with acetic acid-
treated samples.

However, the DI water-loaded BNC hydrogel also
reduced the PVAc carbonyl signal to some extent.
According to the ∆E values shown in Fig. 5a, the
DI water-loaded BNC hydrogel produced a smaller
color difference than the water-loaded cotton pad and
showed relatively comparable∆E values to some acid-
loaded BNC hydrogels. This effect was likely at-
tributed to the physical hydration provided by the BNC
nanofiber network and the assistance of the suction-
based cleaning approach. Compared with the cotton
pad, the BNC hydrogel can retain water more effec-
tively within its hydroxyl-rich nanofibrillar network
and release it in a more controlled manner, especially
under mild suction. This controlled water release
could hydrate the linen fibers, swell or plasticize water-
accessible regions of the aged adhesive, and weaken
the adhesive-fiber interface. Under mild suction ap-
plied from beneath the canvas, the hydrated and loos-
ened PVAc residues could then be partially detached
from the canvas structure. Although the water-loaded
BNC hydrogel produced a measurable cleaning effect
and acceptable visual appearance, the lower residual
carbonyl intensity observed in the acid-treated samples
(Fig. 7a,b) indicates that acid loading further assisted
PVAc removal beyond the physical hydration-suction
process through the chemical interactions described
earlier. In terms of application duration (Fig. 7c), the
peak intensity was found to decrease with increasing
contact time. A longer interaction period between the

Fig. 8 SEM images of aged canvas surfaces: (a) original canvas
without PVAc, (b) PVAc-coated canvas, and after PVAc removal:
(c) benchmark, (d) control, (e) BNC-5% acetic acid, (f) BNC-10%
acetic acid, (g) BNC-5% citric acid, and (h) BNC-10% citric acid.
Red arrows indicate regions where fibers were bonded together
by PVAc.

BNC hydrogel (loaded with 10% citric acid) and the
canvas allowed more effective chemical interactions,
thereby improving PVAc removal from the canvas. The
C−−O peak of the treated sample at 80 min showed the
lowest intensity, confirming its effectiveness in dissolv-
ing PVAc. Fig. 7d compares the FTIR spectra of the
treated canvas (front and back sides) with the original
canvas without PVAc, showing a modest C−−O peak in
the treated samples. This indicates the presence of
residual PVAc in the canvas, implying that extended
cleaning time may be necessary to achieve complete
removal. The treated front and back sides of the
canvas exhibited no significant difference in carbonyl
peak intensity, demonstrating that the proposed BNC
hydrogel-vacuum method is effective in removing PVAc
from both sides of the canvas.

Morphology of canvas before and after PVAc
removal

SEM was used to investigate the morphology of can-
vases after PVAc removal in comparison with the origi-
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nal canvas without PVAc, as shown in Fig. 8. Fig. 8a
presents the original canvas without PVAc, in which
individual fibers and gaps between them can be clearly
observed. When the canvas was coated with PVAc
latex, the liquid latex penetrated into the fiber gaps and
bound the fibers together, forming a dried PVAc film
(red arrow), as illustrated in Fig. 8b. After the PVAc-
coated canvas was treated using different removal
methods, it was found that the benchmark, control,
and BNC loaded with acetic acid samples still exhibited
clusters of fibers adhered together by residual PVAc
(red arrow), and a noticeably less porous structure was
observed. In contrast, the canvas treated with BNC
loaded with 10% w/v citric acid (Fig. 8h) showed more
separated fibers and a porous structure generated by
the reappearance of gaps between fibers, similar to the
original canvas without PVAc (Fig. 8a). These obser-
vations indicate that citric acid-loaded BNC hydrogel
exhibits superior ability to dissolve PVAc compared
with acetic acid and the conventional method (the
control sample).

CONCLUSION

From the performance evaluation of BNC hydrogels
produced using various drying techniques, it was found
that supercritical CO2 drying effectively transformed
the BNC hydrogel into an aerogel with a well-preserved
nanoporous structure. This aerogel exhibited the best
recovery of hydrogel characteristics after rehydration
and was highly suitable for loading water-based clean-
ing solutions. The BNC aerogel loaded with 10% w/v
citric acid and applied in eight cleaning cycles provided
the most effective removal of PVAc from canvas. It
produced a color difference of less than 2 between the
treated canvas and the original canvas without PVAc.
Additionally, FTIR analysis showed the lowest resid-
ual carbonyl peak at 1729 cm−1, while SEM images
revealed more individualized fibers and a reopened
porous structure resembling that of the original canvas.
In contrast, the use of a 10% v/v acetic acid solution
resulted in overcleaning, which is undesirable in art-
work conservation. After the cleaning process, the BNC
hydrogel retained its mechanical properties, indicating
its potential for reuse. Overall, these findings demon-
strate the potential of BNC aerogel as a solution carrier
for canvas cleaning, with promising applicability to
other types of artwork substrates.
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