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Abstract 

Since cleaning of artworks may cause undesirable physicochemical alterations and is a nonreversible procedure, it 
is mandatory to adopt the proper cleaning procedure. Such a procedure should remove undesired materials whilst 
preserving the original surface. In this regard, numerous gels have been developed and exploited for the cleaning 
of various artwork surfaces. Lately, agarose (AG) and polyvinyl alcohol-borax (PVA-B) hydrogels have been widely 
employed as cleaning tools by conservators. Both hydrogels show some limitations in specific cleaning practices. In 
this work, we investigated the influence of including increased levels of agarose into PVA-B systems. For this reason, 
we performed a detailed characterization on the double network (DN) hydrogel including the chemical structure, the 
liquid phase retention, the rheological behavior, and the self-healing behavior of various PVA-B/AG double network 
hydrogels. These new hydrogels revealed better properties than PVA-B hydrogels and obviated their limitations. The 
inclusion of AG into PVA-B systems enhanced the liquid retention capacity, shape-stability, and mechanical strength 
of the blend. Furthermore, AG minimized the expelling/syneresis issue that occurs when loading PVA-B systems with 
low polarity solvents or chelating agents. The resultant double network hydrogel exhibits relevant self-healing proper‑
ties. The PVA-B/AG double network is a new and useful cleaning tool that can be added to the conservators’ tool-kit. 
It is ideal for cleaning procedures dealing with porous and complex structured surfaces, vertical surfaces and for long 
time applications.
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Introduction
Cleaning of artworks is deemed to be one of the most 
important and critical actions undertaken by conserva-
tors owing to its irreversible nature. Cleaning processes 
include the removal of undesired deposits from the sur-
face of the treated artwork for stability and aesthetical 
requirements [1, 2]. In order to minimize the influence 
of the cleaning action on the underlying original materi-
als, the cleaning action should be limited to the interface 

between the deposits and the surface to be treated. Using 
traditional poultices in combination with neat or blended 
solvents was the most common technique for surface 
cleaning. However, in some cleaning treatments, this 
approach proved to be inadequate as it may damage the 
original materials and/or leave residues behind [3–5]. To 
address these issues, so-called ‘solvent-gels’ were devel-
oped as a carrier for solvents and cleaning agents as a 
more controllable and selective cleaning tool [6]. Since 
then, conservation scientists have been exploring and 
developing variable types of gels to meet the different 
cleaning requirements [7–10]. In these studies, the gels 
were loaded with the desired cleaning agents and suc-
cessfully employed to remove variable deposits from art-
work surfaces.

Open Access

*Correspondence:  ehab.al‑emam@uantwerpen.be; ehab_alemam@arch.
sohag.edu.eg
1 Department of Conservation, Faculty of Archaeology, Sohag University, 
Sohag 82524, Egypt
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-020-00447-3&domain=pdf


Page 2 of 14Al‑Emam et al. Herit Sci           (2020) 8:106 

In the last decade, agar and agarose gels were exten-
sively exploited by conservators during cleaning of vari-
able types of works of art such as: paper, stone, ceramic, 
textile, plaster, and wall paintings [11–16]. Agarose is 
a nonionic polysaccharide and is one of two compo-
nents of agar gels. The other component is agaropectin 
which contains more sulphate groups than agarose and 
has a lower molecular weight. Agarose provides the gel-
ling power for agar gels because of its high molecular 
weight. It is extracted from marine red seaweeds and is 
composed of ß-1, 3 linked-d-galactose, α-1, 4-linked 
3,6-anhydro-l-galactose (see Additional file  1: Fig. S1a). 
When agarose is heated in water above 85  °C, random 
coils start to form. Upon cooling, the random coils trans-
form into single and double helices in the initial gelation 
stage (Gel I). Further cooling leads to the final gelation 
stage where thick bundles of double helices are formed 
(Gel II) (see Additional file 1: Fig. S1b). This gelation pro-
cess is thermoreversible and creates the 3D network of 
rigid agarose gel due to the formation of hydrogen bonds 
among the bundles of double helices [1, 17].

Despite of the advantage of those gels, allowing the 
inclusion of a broad range of cleaning agents [11, 18], one 
of their limitations is being (too) rigid. This lack of con-
forming to irregularly-shaped surfaces makes them more 
suitable for flat ones such as paper. This limitation may 
lead to uneven cleaning results due to the incomplete 
contact between the gel and the surface to be treated [19, 
20]. To obviate this problem, the gel can be covered with 
glass plates to enhance the contact between the gel and 
the surface to be treated [11]. Another way to resolve 
this issue is by applying the gel by means of a brush in 
the sol–gel phase when it is still semi-solid. However, this 
approach can provoke detachment of fragile fragments 
from the treated surfaces as in the case of fragile paint 
layers. Moreover, since the gel is applied in the warm 
state (c. 40–45 °C), it may cause damage to heat-sensitive 
materials [16].

On the other hand, polyvinyl alcohol-borax (PVA-
B) systems, which consist of PVA polymer crosslinked 
with borax, can serve as an alternative cleaning tool for 
conservators. PVA is characterized by a large number 
of hydroxyl group along its backbone. Inter- and intra-
molecular hydrogen bonds are formed among those 
hydroxyl groups. Thus, the number of hydroxyl group 
has a significant influence on PVA properties. In aqueous 
solutions of PVA, heat is required to improve the disso-
lution process especially in the case of PVA with a high 
degree of hydrolysis (containing more hydroxyl groups) 
[21, 22]. Usually, sodium tetraborate decahydrate is used 
as a crosslinker for PVA-borax hydrogels. When it is dis-
solved in water, it dissociates to form equal amounts of 
boric acid (B(OH)3), B(OH)4

− and Na+ (Eq. 1) [23].

When a PVA solution is mixed with borax in the 
proper concentrations, the crosslinking process occurs in 
two steps: (a) the tetrahydroxy borate anion reacts with a 
diol of a PVA chain to form a monodiol complex; (b) the 
other two hydroxyl groups, attached to the boron atom 
in the borate, react with another adjacent diol. Thus, the 
crosslinking process is called didiol complexation (Addi-
tional file 1: Fig. S1c) [23, 24].

PVA-B systems are characterized by a viscoelastic 
behavior; as such, from a rheological point of view, they 
are not considered real gels. However, for simplicity, we 
will refer to them as hydrogels and this is also the term 
broadly used within the conservation community. The 
flexibility of these systems eases their conformity to sur-
faces with a rough morphology. Yet, they can be peeled 
off from the surface as one piece by the simple use of 
tweezers [25]. PVA-B systems can be loaded with organic 
solvents and chelators. The concentrations to be loaded 
depend on the hydrolysis degree of PVA polymer [24, 26]. 
Nonetheless, there are some limitations regarding the 
surfaces  that PVA-B hydrogels can be applied to. It has 
been reported that some porous surfaces (e.g. some types 
of wood, paper, plaster) are not easily cleaned as the gel 
may adhere to them and leave residues [27].

In the broader sense of gel applications, the concept of 
blending two or more polymers inside the 3D complex 
of the final gel is largely known. The blending facilitates 
tailoring gels with specific properties in addition to pro-
ducing gels with improved characteristics that can cir-
cumvent the possible limitations conveyed by gels made 
using unblended polymers [28–31]. In the conservation 
field, a number of gel blends have been developed. For 
instance, poly-2-hydroxyethyl methacrylate/polyvinyl 
pyrrolidone, polyvinyl alcohol/polyvinyl pyrrolidone, 
polyvinyl alcohol-borax blended with polyethylene 
oxide¸ and polyvinyl alcohol-borax complexed with car-
bomer. In all the above-mentioned hydrogel examples, 
the addition of the second polymer was done to optimize 
the properties of the resulting hydrogel to meet the crite-
ria of specific cleaning needs [32–35].

In a previous study, we blended PVA-B with aga-
rose and the resulting hydrogel proved to be efficient in 
removing deteriorated consolidants from ancient Egyp-
tian wall paintings [36]. The PVA-B/AG double network 
(DN) hydrogel exhibited a good workability during appli-
cation and was able to host different solvents such as 
acetone, 1-butanol, 1-pentanol, methyl ethyl ketone as 
cleaning agent. In this paper, we investigated in greater 
detail various characteristics of the PVA-B/AG double 
network hydrogel such as (a) its chemical structure, (b) 

(1)
Na2B4O7 · 10H2O → 2B(OH)3 + 2B(OH)

−

4

+ 2Na
+

+ 3H2O.
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liquid phase retention, (c) mechanical strength, (d) rheo-
logical properties, and e) self-healing behavior.

Materials and methods
Materials
Polyvinyl alcohol (PVA) (98.0–98.8% hydrolyzed, M.W. 
146,000–186,000) and Ethanol 96% (EtOH) (technical) 
were purchased from Acros Organics. Di-Sodium tetrab-
orate decahydrate (borax) (ACS, ISO reagent), Titriplex® 
III for analysis (EDTA) (ethylenediaminetetraacetic acid, 
disodium salt dihydrate), and Methylene blue were sup-
plied by Merck. Agarose (AG) (molecular biology grade, 
low EEO/Multipurpose) was obtained from Fisher scien-
tific. Acetone ≥ 99% (AC) (technical) was acquired from 
VWR chemicals. p-Xylene 99% (Xyl) and Rhodamine-
B 95% (HPLC) were purchased from Sigma Aldrich. 
Ethomeen® C25 (C25) was obtained from Kremer pig-
ment. All the chemicals were used as received.

Hydrogel synthesis
The hydrogels were prepared according to the procedure 
described in [36]. For more details, see Additional file 1: 
Hydrogel synthesis, Tables S1 and S2, and Fig. S2. Fig-
ure  1 depicts the stages of gel formation of the PVA-B/
AG double network hydrogel.

The measurements described below focused on 
hydrogel formulations consisting of 3% PVA-B in 

water, 4% PVA-B in water, and 3%/1% PVA-B/AG in 
water. This is to draw a comparison between increas-
ing the concentration of PVA (from 3 to 4%) in the 
PVA-B hydrogels. In addition to comparing between 
4% PVA-B hydrogel and replacing 1% of PVA with AG 
(3%/1% PVA-B/AG). We also investigated the effects 
of adding increased levels of agarose to PVA-B sys-
tems on their rheological behavior. Moreover, PVA-B 
and PVA-B/AG hydrogels were loaded with different 
cleaning agents to study their influence on the char-
acteristics of these two gel systems. Three organic 
solvents with different polarities were chosen for this 
reason: ethanol (with polarity index P’ = 5.1, based on 
the scale proposed by Snyder [37]), acetone (5.4) and 
xylene (2.4). In addition, other cleaning agents such 
as the chelating agent EDTA and the surfactant Etho-
meen C25 were studied.

Chemical characterization
Chemical characterization of PVA-B/AG was carried 
out using a Nicolet™ iS™ 5 Fourier transform infrared 
(FTIR) Spectrometer. ATR-FTIR spectra of pure PVA, 3% 
PVA-B, 3%/1% PVA-B/AG, and 2% AG were recorded. 
All hydrogel formulations were prepared and dried at 
room temperature to a constant weight to remove as 
much water as possible. The spectra collected were at a 

Fig. 1  Schematic illustration of preparation and gelation processes of PVA-B/AG DN hydrogel loaded with cleaning agents
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resolution of 4 cm−1 in the range of 4000–500 cm−1 using 
32 scans. Each spectrum represents the average of five 
measurements.

Liquid phase retention
The hydrogel formulations were subjected to isothermal 
thermogravimetric measurements in order to investigate 
their ability to retain the volatile components. This was 
carried out on a thermogravimetric balance (TGA/DSC 
3+, METTLER TOLEDO). A sample of approximately 
98 ± 13  mg was placed in an aluminum cup (100  µl) at 
35  °C for 20  min under the flow of argon gas at 20  ml/
min. The collected data are based on the average of three 
measurements for each hydrogel formulation. In this 
experiment, a comparison was made between 3% PVA-
B, 4% PVA-B, and 3%/1% PVA-B/AG hydrogel formula-
tions. In addition, the same formulations were loaded 
with 20% AC, 20% EtOH and 20% Xyl. The formulations 
that showed a lower mass loss are those that have a better 
ability to retain the liquids for a longer time and they per-
mit better control of the volatile solvents [35].

Liquid phase diffusion into porous surfaces
In order to explore the penetration of the liquids released 
by the three hydrogel formulations (3% PVA-B, 4% PVA-
B, and 3%/1% PVA-B/AG), they were loaded with a Rho-
damine B dye (0.1%). Slabs of hydrogel were placed on 
the surface of limestone tiles for 3 h and on plaster tiles 
for one hour. After that, the hydrogels were peeled off 
from the tiles’ surface by means of tweezers. Cross sec-
tions were cut from the treated areas of the tiles using a 
hand saw. The tiles were cut carefully from the back side 
to avoid sawing into the treated areas and manipulating 
the dye which had penetrated into the tiles. The cross 
sections of the limestone tiles were examined under an 
Olympus SZX12 microscope equipped with a TOUP-
CAM™ (U3CMOS05100KPA) digital camera; the pen-
etration depth of the dye was measured as the average 
value of 45 measurements on three different cross sec-
tions treated with the same hydrogel formulation. The 
cross sections of the plaster tiles were photographed 
using a Nikon D5600 camera and the depth of penetra-
tion was measured by processing the collected images in 
photoshop software.

Morphological structure
A FEI Quanta 250 FEG scanning electron microscope 
was used to study the microstructure and the morphol-
ogy of the 3% PVA-B, 4% PVA-B, and 3%/1% PVA-B/AG 
hydrogel formulations. Firstly, the hydrogels were frozen 
using dry ice for 2 h and then freeze-dried by means of an 
Alpha 1–2 LDplus instrument for eight days to remove as 
much water as possible. The hydrogel samples were sliced 

with a sharp blade and mounted on the SEM holder using 
conductive silver paint. A Leica EM ACE200 low vacuum 
coater was used to carbon-coat the samples.

Mechanical strength
Uniaxial tensile tests were carried out to study the 
mechanical properties of the hydrogels using a testing 
machine model LRXplus, Lloyds Instruments Ltd. The 
4% PVA-B and 3%/1% PVA-B/AG hydrogel formulations 
were tested in order to explore the effect of the addition 
of agarose to PVA-B hydrogel compared to increasing the 
concentration of PVA-B from 3 to 4%. Initially, the sam-
ples were fixed in a briquet mold for 5 min before being 
subjected to the measurement conditions. The two ends 
of the mold are in the shape of clips with an inner radius 
of 15.5 mm and the gauge length was 30 mm (see Addi-
tional file  1: Fig. S5). The machine was operated with a 
loading cell of 1000 N at a cross-head speed of 1000 mm/
min. All the measurements were done at room tempera-
ture. The results are based on four measurements of each 
formulation.

Rheological properties
Rheological measurements were executed using an 
Anton-Paar Physica MCR 500 rheometer equipped with 
double Peltier temperature control unit. All tests were 
conducted using 25  mm diameter flat plates. The gap 
between the plates was kept constant at 1 mm for all the 
test. To guarantee the correct sample diameter, the fol-
lowing sample loading procedure was adopted: a piece of 
hydrogel, large enough to fill the gap between the plates, 
was placed on the lower plate. In a next step, the upper 
plate was lowered to a gap of 1.050 mm. At this gap set-
ting, the hydrogel sample was trimmed with a spatula 
so that the diameter of the sample was the same as the 
diameter of the plates. Afterwards, the gap was reduced 
with 50 microns to be exactly 1 mm; assuring a slight out-
ward bulge of the sample.

Frequency sweeps were recorded at 25 °C, from 10 to 
0.01 Hz, and at a strain level of 4% (except for the for-
mulation 3%/1% PVA-B/AG + 0.5% EDTA, which were 
tested at a lower strain ‘1%’, to reduce the risk for slip-
page). The strain levels were selected from preliminary 
stress sweeps to be well within the linear viscoelastic 
range. The measurements were performed on the fol-
lowing hydrogel formulations: 3% PVA-B, 4% PVA-
B, 3%/0.5% PVA-B/AG, 3%/1% PVA-B/AG, 3%/1.5% 
PVA-B/AG, 4%/1% PVA-B/AG, and 2%/1.5% PVA-B/
AG. In addition, 3%/1% PVA-B/AG hydrogel was 
loaded with 20% AC, 20% EtOH, 20% Xyl, 0.5% EDTA, 
and 5% C25. This was  to study the influence of these 
additives on PVA-B/AG DN. The collected curves rep-
resent the average of at least three repeats. It is worth 
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mentioning that the hydrogel formulations loaded with 
xylene and EDTA (suffering from syneresis) were rap-
idly blotted by tissue paper to remove any excess of liq-
uids on the sample’s surface prior to measuring. This 
was done to avoid sample slippage during the measure-
ment. It should be noted that the blotting may modify 
the measured Gʹ and Gʺ values to some extent. The 
standard deviation is calculated for all the investigated 
samples and presented in the frequency sweeps and 
creep curves as error bars.

Creep tests were performed by applying a constant 
shear stress of 15 Pa on the sample at 25 °C. The variation 
of the strain in response to the applied force was meas-
ured over approximately 6100  s. Two repeats were col-
lected for each hydrogel formulation.

Vertical flow test
This test was designed to probe the shape stability of 
hydrogels when they are applied in a vertical position. 
The hydrogel formulations 3% PVA-B, 4% PVA-B, and 
3%/1% PVA-B/AG were investigated with only water 
in addition to others loaded with 20% AC, 20% EtOH, 
and 20% Xyl. The hydrogel formulations were dyed with 
methylene blue (0.001%) for better visibility and all cut 
using a shape cutter in a specific shape with slab thick-
ness of c. 3  mm. Subsequently, they were applied on a 
graded sheet fixed on a wall so that the hydrogel slabs 
were on the same height level. The hydrogel formulations 
were photographed at the following time intervals: 0, 10, 
30, 60 and 360 min. Temperature and relative humidity, 
during the test, were 22 ± 1 °C and 62 ± 2% respectively.

Self‑healing behavior
To investigate the self-healing behavior macroscopically, 
the hydrogels (3% PVA-B, 4% PVA-B, and 3%/1% PVA-B/
AG) were dyed with either rhodamine B or methylene 
blue to obtain a better optical contrast between two adja-
cent pieces. The hydrogels were cut into pieces, using a 
blade. Differently colored hydrogel pieces were placed 
together into contact for 10  min to allow the healing 
process to take place at room temperature. To verify the 
attachment of the healed pieces, the hydrogels were ver-
tically suspended by means of tweezers.

In addition, to determine the speed of the healing 
behavior of each hydrogel, they were examined under the 
microscope. In this test, 3% PVA-B and 3%/1% PVA-B/
AG hydrogel formulations were dyed with methylene 
blue for better visibility and cast in the form of disks. 
Under the microscope, a cut in the hydrogel was made 
using a sharp blade and a video was recorded to track the 
speed of the healing process of the cut over time.

Results and discussion
Chemical characterization
In all the investigated samples, there is a small band at 
~ 1640 cm−1 with a small intensity which may be attrib-
uted to O–H bending due to the absorption of water. 
Water also has a broad band at ~ 3400 cm−1 [3], so it is 
expected that the band at ~ 3270  cm−1 might also have 
a  contribution from water. However, since the peak at 
~ 1640  cm−1 has a constant intensity in the samples, 
we assume that the changes observable in the band at 
~ 3270  cm−1, which is present in the collected spectra, 
are not linked to the contribution of water (see Fig. 2a). 
In the PVA spectrum, the asymmetrical and symmetrical 
CH2 stretching vibrations appear at 2938 and 2910 cm−1

, 
respectively. The same spectrum shows the peaks at 1708 
and 1560  cm−1 which represent stretching carbonyl 
group (C=O) of the acetate group. This originates from 
remains of the manufacturing of PVA through hydrolysis 
of polyvinyl acetate. The C–H bending peak of CH2 group 
appears at 1414 cm−1. The peaks at 1376 and 1239 cm−1 
correspond to the rocking of methyl groups (–CH3) or 
–CH2 wagging vibrations, respectively while the peak at 
1327  cm−1 is attributed to H–C–H and C–O–H bend-
ing vibrations. The significant peak at 1141  cm−1, cor-
responding to C–C and C–O–C stretching vibrations, is 
indicative of the crystallinity of PVA. The C–O stretching 
vibration occurs at 1085 cm−1 and the peak at 916 cm−1 
is attributed to the –CH2 stretching vibration. The vibra-
tion at 832 cm−1 is assigned to C–C stretching and C–H 
out-of-plane vibrations [38–40].

As reported, a chemical interaction between two 
materials after mixing them can lead to changes in the 
resulting ATR-FTIR spectrum. These changes may con-
sist of shifts in the characteristic peaks or the appear-
ance of new ones [41]. In our case, when borax is added 
to PVA solution, the resulting film shows significant 
changes to the O–H broad band of pure PVA; the band 
becomes broader with a lower intensity and shifts to 
higher wavenumbers which is associated with the inter-
action between PVA and borax (see Fig. 2a) [42]. In addi-
tion, there is a slight shift occurring in the characteristic 
peaks of pure PVA. The ATR-FTIR spectrum of PVA-B 
also confirms the presence of the asymmetric stretching 
relaxation of B-O-C at 1420 and 1334  cm−1, indicating 
the crosslinking of PVA with borate ions through the for-
mation of tetrahedral complexes. The peaks at 830 and 
661 cm−1 are attributed to B-O stretching from the resid-
ual of B(OH)4

−  and bending of B-O-B linkages within 
borate networks, respectively [43].

The ATR-FTIR spectrum of PVA-B/AG blend shows 
the characteristic bands of agarose such as the C–O–C 
and glycosidic linkage at 1069  cm−1. The absorp-
tion bands at 931 and 893  cm−1 are associated with 
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3,6-anhydrogalactose and the C–H bending vibrations 
of anomeric carbon in ß-galactose residues, respectively 
[44–46]. Upon mixing PVA-B with AG, the hydroxyl 
broad band changes in intensity and position. In addi-
tion, other slight changes in the intensity and peak 
position of characteristic PVA-B and AG peaks are 
observed. For instance, the two peaks of AG at 1065 
and 1038 cm−1 shift to higher frequencies at 1069 and 
1044 cm−1; these changes reflect the formation of inter-
molecular hydrogen bonds between PVA-B and AG (see 
Fig. 2b) [47, 48].

Liquid phase retention
Figure  3 summarizes the mass loss of different hydro-
gel formulations after 20 min in the thermogravimetric 
balance. When no solvents other than water are present, 
3% PVA-B loses liquid faster than 4% PVA-B and 3%/1% 
PVA-B/AG. On the other hand, 4% PVA-B has a slight 
advantage in retaining liquid over 3%/1% PVA-B/AG. 
These results can be confirmed by the those obtained 
from the SEM micrographs of the same hydrogel for-
mulations (see “Morphological structure” section). 
The samples with smaller size of the pores the bet-
ter they would retain the liquids. For example, the 4% 
PVA-B hydrogel retained the liquids better than the 3% 
PVA-B and 3%/1% PVA-B/AG hydrogels because its 
small pores’ size. The same behavior is observed for the 
hydrogel formulations loaded with solvents. However, 
due to the tendency of xylene of becoming expelled, the 
corresponding formulations does not follow the same 

trend. The retained concentrations of 20% xylene by the 
3% PVA-B, 4% PVA-B, and 3%/1% PVA-B/AG hydro-
gel formulations are as follows: 13.5%, 17.5%, and 19% 
respectively. The weight loss of all the hydrogel formu-
lations follows an inverse trend relative to the boiling 
points of the three investigated organic solvents (water: 
100  °C, EtOH: 78  °C, AC: 56  °C, and Xyl: 139–142  °C) 
[49].

Fig. 2  a FTIR spectra of pure PVA, 3% PVA-B, 3%/1% PVA-B/AG, and 2% AG. The brown dotted spectrum represents the sum of 3% PVA-B and 2% 
AG spectra. b Illustration of the proposed interactions between PVA (in red), borax (in black), AG (in blue), and water (in orange) in the PVA-B/AG DN 
hydrogel and the formation of intermolecular (in green) and intramolecular (in magenta) hydrogen bonds

Fig. 3  Liquid phase retention of 3% PVA-B, 4% PVA-B, and 3%/1% 
PVA-B/AG hydrogel formulations with and without solvents. The error 
bars represent the standard deviation
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Liquid phase diffusion into porous surfaces
The results obtained by means of this test are similar to 
those of the liquid phase retention test (see Additional 
file 1: Fig. S3 and Additional file 1: Fig. S4). The formula-
tions characterized by a low liquid retention cause more 
rhodamine B dye to diffuse than those with a high liquid 
retention. In this case, 3% PVA-B shows the most impor-
tant diffusion of the dye; then 3%/1% PVA-B/AG and 4% 
PVA-B. There is a minor difference between the hydro-
gel formulations 4% PVA-B and 3%/1% PVA-B/AG. As 
expected, the diffusion into the plaster tiles is consider-
ably higher than that into the limestone ones due to the 
high porosity of the plaster tiles, even at different applica-
tion times.

It is worth noting that during peeling off of the hydro-
gels from the surface of the plaster tiles, both PVA-B 
formulations (3% and 4%) strongly adhered to the tiles 
and left behind a layer of the hydrogel (see Fig. 4). Only 
the 3%/1% PVA-B/AG DN hydrogel did not show that 

problem; the hydrogel slab could be peeled off almost 
intact. The process was repeated with the formulations 
loaded with the three solvents (AC, EtOH, and Xyl) and 
again the hydrogels without the agarose adhered to the 
plaster tiles while the agarose-containing ones did not. 
This can be related to difference in the mechanical prop-
erties of the PVA-B formulations and the PVA-B/AG 
double network. In order to test the possible differences 
in mechanical properties between pure PVA-B and the 
PVA-B/AG double network, it was decided to perform 
tensile tests.

Morphological structure
Figure  5a illustrates the large interconnected pores of 
the 3D network of 3% PVA-B hydrogel. When agarose is 
added to the formulation, the thickness of the pore walls 
is strengthened, leading to a reduction in the size of the 
pores (see Fig.  5b). In contrast, the 4% PVA-B hydrogel 
shows a large number of pores with a smaller size than 
that of 3% PVA-B and 3%/1% PVA-B/AG hydrogel (see 
Fig. 5c).

Mechanical strength
The four replicates of 4% PVA-B all broke at different 
elongation points whereas the 3%/1% PVA-B/AG hydro-
gel did not break in any of the four measurements, allow-
ing the machine to reach its maximum gauge length (see 
Fig.  6, Additional file  1: Fig. S5,  Additional files  2 and 
3). These results indicate that the 4% PVA-B hydrogel 
is less flexible at these large elongations than the 3%/1% 
PVA-B/AG DN hydrogel. Recently, in combination with 
other materials, this DN gel was used by Kim et al. [30] 
to create a high-performance self-healing flexible planar 
supercapacitor. The superior mechanical strength exhib-
ited by the PVA-B/AG DN hydrogel may be ascribed to: 
(a) the hydrogen bonds formed between the PVA-B sys-
tem and the AG polymers inside this hydrogel [30], (b) 
the strengthened walls of the pores of the DN hydrogel. 
These results confirm the difference in behavior noticed 

Fig. 4  Breakage and residues left on the surface by the 3% PVA-B and 
4% PVA-B formulations after an hour application on plaster tiles while 
the 3%/1% PVA-B/AG hydrogel remained intact and did not adhere to 
the treated surface

Fig. 5  SEM micrographs (10,000×) showing the microstructure of the hydrogels. a 3% PVA-B, b 3%/1% PVA-B/AG DN, and c 4% PVA-B
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in “Liquid phase diffusion into porous surfaces” section 
where the 3% PVA-B and 4% PVA-B hydrogels were dam-
aged during peeling off from the plaster tiles while the 
3%/1% PVA-B/AG DN hydrogel could be completely 
peeled off in one piece.

Rheological properties
Oscillatory shear measurements were carried out to 
study the effect of AG on PVA-B systems when they 
are blended together. The elastic storage modulus (Gʹ, 
a measure of the elastic response of a material) and loss 
modulus (Gʺ, a measure of the viscous response of a 
material) were measured. When Gʹ is larger than Gʺ, the 
material exhibits elastic behavior while when Gʹ < Gʺ, 
the material shows viscous behavior [26]. The frequency 
sweep curves for all measured hydrogel formulations are 
plotted in Additional file 1: Figs. S6 and S7. From the fre-
quency sweep curves, the intrinsic elastic modulus (Gʹ0) 
and apparent relaxation time (τc) can be obtained. Gʹ0 is 
calculated based on the average of the last three highest 
frequency points of Gʹ. τc is obtained from the crosso-
ver frequency point (ωc) of the two moduli (Gʹ and Gʺ), 
according to: (τc = 2π/ωc). Gʹ0 is referred to as the ‘stiff-
ness’ of the system and it should be higher than 400 Pa to 
provide enough elasticity of the hydrogel to be peeled off 
[35]. On the other hand, when the crossover point shifts 
to lower frequencies, τc increases and the hydrogel shows 
a better shape stability [50] (see Additional file 1: Fig. S8).

PVA-B systems are viscoelastic; at high frequencies (or 
short loading times) the behavior is elastic and the stor-
age modulus (Gʹ) is dominating the behavior. At lower 
frequencies (or longer loading times), the loss modulus 
(Gʺ) or the viscous behavior is dominating. In accord-
ance with the literature [26], upon increasing the con-
centration of PVA, the hydrogels become stiffer at high 
frequencies and show a higher viscosity in the low fre-
quency domain (see Fig. 7a).

In Fig. 7b and Additional file 1: Fig. S8a, data recorded 
for the hydrogel formulations containing a constant 
amount of PVA-B and increasing amounts of AG, are 
plotted. The data show that increasing AG also leads 
to a stiffer behavior, a higher storage and loss modulus 
at all frequencies investigated. The same trend can be 
observed on the τc data (see Additional file 1: Fig. S8b). 
In Fig. 7c, d hydrogel formulations with various amounts 
of both components are plotted; in Fig. 7c, the compari-
son between using 4% of PVA-B versus replacing 1% with 
AG is obvious. Both hydrogel formulations (4% PVA-B 
and 3%/1% PVA-B/AG) behave similar in this test. How-
ever, the 3%/1% PVA-B/AG hydrogel formulation has a 
slightly higher τc value than the 4% PVA-B hydrogel (see 
Additional file 1: Fig. S8b). In Fig. 7d, a similar compari-
son is shown, again the effect of 1% change in the con-
centrations of PVA-B and AG is studied, this time at a 
lower concentration level; 3%/0.5% PVA-B/AG is com-
pared to 2%/1.5% PVA-B/AG. In this case, it is clear 
that these samples are not similar. The high frequency 
behavior is again rather similar, but from around 0.2 Hz 
and lower differences are obvious. The hydrogel formu-
lation 3%/0.5% PVA-B/AG behaves as expected, there is 
a crossover of storage and loss moduli, indicating that 
the sample is moving into a flow region. This is not the 
case for sample 2%/1.5% PVA-B/AG. In this sample, the 
storage modulus curve remains above the loss modulus 
curve; therefore, there is no crossover. As the frequency 
reduces, the storage modulus moves into a stable region. 
This is typical for the existence of crosslinks reducing 
further flow. Although the 2%/1.5% PVA-B/AG hydro-
gel formulation resembles the behavior of a true gel, 
when considering the measured Gʹ0 values, it is a flexible 
hydrogel.

Upon adding cleaning agents to the 3%/1% PVA-B/
AG DN, the frequency sweep curves exhibit differences 
in Gʹ0 and τc data (see Additional file 1: Figs. S7 and S9). 
All the cleaning agents added to the formulation induced 
increases in Gʹ0 and τc values except the formulation 
loaded with 5% C25. This formulation only shows minor 
differences in response compared to 3%/1% PVA-B/AG 
with no cleaning agents included. The aforementioned 
increase agrees with the results presented in [24, 35, 
51]. The inclusion of organic liquids in PVA-B systems 

Fig. 6  The elongation of 4% PVA-B and 3%/1% PVA-B/AG hydrogels. 
The data are based on four measurements
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strengthens the hydrogel network, as the organic solvents 
stimulate the boron ions to bind to the PVA chains. The 
noticeable increase in the intrinsic storage modulus when 
EDTA is loaded into the hydrogel may be ascribed to the 
formation of hydrogen bonds between some of the EDTA 
ions and PVA chains in the PVA-B system [26]. The Gʹ0 
measurements seem to suggest that the loading of PVA-B 
gels with increasingly low polarity solvents, produces 
stiffer hydrogels which can be due to the syneresis effect. 
More investigations are needed to confirm this obser-
vation. There is no clear correlation between τc and the 
polarity of the loaded solvents. Moreover, the Gʹ curve 
of formulation, loaded with 0.5% EDTA, is higher than 
Gʺ all over the frequency range, indicating more gel-like 
behavior.

It was decided to perform creep tests to measure the 
behavior at long timescales, as opposed to frequency 
sweeps which are very suited to measure at short time 
scales. Some results are plotted in Fig.  8a–d, where the 
strain is plotted versus the creep time. In Fig. 8a, increas-
ing the concentration of the PVA-B increases the stiffness 
or reduces the deformation seen in the creep test. It is 
also observed that the slope of the creep curve becomes 
constant at longer timescales, which is typical for vis-
coelastic materials [52]. If the strain versus creep time 
reaches a constant slope, this indicates that a steady state 
condition has been reached and the inverse of this slope 
corresponds to a zero-shear viscosity level. In Fig.  8b, 

creep curves are shown for samples containing a fixed 
amount of PVA-B and increasing concentrations of AG. 
In this case the effect of adding AG is very pronounced 
and it changes the shape of the creep curves. After add-
ing AG, the creep curves resemble those of viscoelas-
tic solids. The slope levels off with time, indicating that 
flow has almost stopped. 3%/0.5% PVA-B/AG hydrogel 
formulation shows this behavior and adding more AG 
strengthens this effect. This can be attributed to the addi-
tional network formed by AG and the strengthened walls 
of the pores.

In Fig.  8c, d, various concentrations of both compo-
nents (PVA-B and AG) are compared; (4%, 3%/1%, and 
4%/1%,) and (3%/0.5%, 3%/1.5%, and 2%/1.5%) respec-
tively. For example, when comparing the 4% PVA-B 
sample to the 3%/1% PVA-B/AG sample, the creep data 
clearly show that replacing 1% of PVA-B with AG is not 
equivalent; the creep curves clearly differ. A similar effect 
can be observed when comparing the 3%/0.5% to the 
2%/1.5% PVA-B/AG hydrogel formulations. In addition, it 
is interesting to note that decreasing the concentration of 
PVA-B while using a fixed concentration of AG, appears 
to have a stronger effect. For example, when compar-
ing 3%/1% PVA-B/AG to 4%/1% PVA-B/AG, the 3%/1% 
PVA-B/AG hydrogel reaches a lower end strain; so it is 
stiffer as compared to 4%/1% PVA-B/AG hydrogel (see 
Fig. 8c). And similarly, when comparing 3%/1.5% PVA-B/
AG and 2%/1.5% PVA-B/AG hydrogel formulations, the 

Fig. 7  Frequency sweeps at 25 °C. a Hydrogel formulations containing only PVA-B (3% and 4%), b hydrogel formulations containing 3% PVA-B and 
increasing concentration of AG, c, d Hydrogel formulations containing various percentages of PVA-B and AG. The standard deviations are presented 
as error bars
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2%/1.5% PVA-B/AG hydrogel has undergone less defor-
mation as the 3%/1.5% PVA-B/AG hydrogel (see Fig. 8d). 
This could indicate that the crosslinks formed by AG are 
more effective or more evenly distributed if the concen-
tration of PVA-B is lower. We note that the reproduc-
ibility for all oscillation and creep tests decreases when 
adding more AG to the hydrogel formulations.

Finally, an empirical relation between creep and fre-
quency sweeps was established, expressing the time range 
of the creep test as a frequency range. The strain can be 
transformed into a modulus using the constant stress/
creep strain. In Fig. 9, where the creep data is overlaid on 
the frequency sweep data, it can be seen that the empiri-
cal relation is valid for these materials. When comparing 
samples with the same total concentration of gellant (i.e. 
the sum of PVA-B and AG), it is clear that the samples 
show the same behavior at high frequency but deviate at 
low frequencies. In practice, when hydrogels of this type 
are applied on the surface for typically 10 to 30 min in the 
frequency range from 0.00027 to 0.00050 Hz, differences 
in the rheological behavior of the hydrogels are observed.

Vertical flow test
The stability of a hydrogel in the vertical position is an 
important aspect especially when it is applied on a wall 
for long time. Flowing of the hydrogel negates the feature 
of selective application, in this case, the hydrogel reaches 
undesired areas of the surface to be treated. In this test, 
the 3%/1% PVA-B/AG hydrogel shows a better shape sta-
bility in the vertical position than the 4% PVA-B hydrogel 
(see Additional file 1: Fig. S10). The 3% PVA-B formula-
tion shows the least shape stability and flows significantly. 

Fig. 8  Creep test results at 25 °C: a Hydrogel formulations containing 
only PVA-B (3% and 4%), b hydrogel formulations containing 
3% PVA-B and increasing concentrations of AG, c, d Hydrogel 
formulations containing various percentages of PVA-B and AG. The 
standard deviations are presented as error bars

Fig. 9  Combined modulus frequency data and creep tests. Selected hydrogel formulations containing various concentrations of PVA-B and AG
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As a general observation, the addition of solvents hinders 
the flow behavior and this coincides with the results col-
lected from oscillation and creep measurements. How-
ever, the results of the formulations loaded with Xyl 
exhibit different results than those collected from the fre-
quency sweep tests. In the flow test, the hydrogels loaded 
with Xyl have better shape stability than those loaded 
with AC and EtOH which is not the case in the data of 
τc (see Additional file 1: Fig. S9). These differences can be 
ascribed to the expelled Xyl during the preparation of the 
hydrogels (see Additional file  1:  Table  S3). It should be 
taken into account that the degree of flow is also depend-
ent on the size and/or the thickness of the hydrogel slab 
to be applied.

Self‑healing behavior
This self-healing character can be beneficial in some 
cleaning treatments such as the cleaning of 3D objects. 
It is possible to cut the hydrogel into pieces and assemble 
them on the surface of the object to allow a good con-
tact to the whole surface including all the curves. In a few 
minutes, the pieces will heal and form one single piece to 
cover the entire area to be treated. Later, the hydrogel can 
be cut and peeled off piece by piece. The exposed area 
can be cleared with a cotton swab to remove swollen/sof-
tened deposits. Moreover, if the hydrogel pieces are still 
usable after the first application, they can be put together 
to heal as a big single piece again that can be recut for 
another second application.

PVA-B hydrogels have certain self-healing character-
istics due to the dynamic nature of the didiol complexa-
tion in the network. The labile bonds formed between 
tetrahedral borate ions and OH-groups of PVA chains 
can be easily broken and reformed under ambient con-
ditions (see Fig. 10a). Furthermore, the mobility of PVA 
strands and free borate ions facilitates the bonds forma-
tion across the contact interface and, consequently, the 
self-healing process takes place [53–55].

Based on the macroscopic tests, it is obvious that the 
PVA-B/AG hydrogel has similar healing properties as 
PVA-B hydrogels. For both 3% PVA-B and 3%/1% PVA-B/
AG hydrogels, when the dyed hydrogel pieces were 
brought together, they healed into one piece under ambi-
ent conditions within ten minutes and without external 
stimuli. This was confirmed by lifting the hydrogels verti-
cally (see Fig. 10b, c).

Microscopically, the speed of the self-healing character 
in the PVA-B/AG DN hydrogel (c. 4 min) is slower than 
that of PVA-B hydrogel (c. 2 min), which may be ascribed 
to the fact that the agarose hinders the mobility of the 
PVA chains and borate ions in the network, as illustrated 
in Additional file 1: Fig. S11, Additional files 4 and 5. In 
general, this decrement in self-healing speed occurs 

when the gel fraction (PVA and/or AG) is increased. For 
instance, increasing the concentration of PVA polymer 
in PVA-B system to 5% decreases the self-healing speed 
to approximately 4  min compared to 2  min for the 3% 
PVA-B hydrogel.

Field tests
Empirical tests were performed using the PVA-B/AG 
hydrogel to remove thick soot layers form the ceiling of 
Osiris sanctuary in the temple of Seti I (19th Dynasty) 
in Abydos, Egypt. Soot is a common deposit affecting 
painted surfaces in most of the Egyptian temples and 
tombs. Its removal is a difficult procedure using tradi-
tional cleaning methods. For this reason, a number of 
cleaning agents that have the ability to remove soot were 
selected and loaded into the hydrogel. These hydrogel 
formulations were tested on small spots (diameter of c. 
5 cm) and the best one was used to treat a large spot (c. 
18 × 10  cm2) as a proof of the method. The study also 
proved the efficiency of the different properties of the 
hydrogel, such as the shape-stability, self-healing, and the 
ability to conform to the surface reliefs.

Moreover, the PVA-B/AG hydrogel was used for the 
treatment of a wall painting in a chapel located in Ant-
werp—Belgium (nineteenth century). The wall paint-
ing was treated with a varnish layer in a previous 

Fig. 10  Illustration of the healing mechanism of PVA-B hydrogel. b 
Healed 3% PVA-B hydrogel. c Healed 3%/1% PVA-B/AG DN hydrogel. 
The hydrogels were dyed for better visibility
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conservation campaign. The deteriorated varnish suf-
fered from substantial darkening. As several traditional 
cleaning treatments used by conservators lead to damag-
ing of the paint layers underneath the varnish, gel clean-
ing was proposed as an alternative. After identifying the 
varnish, several solvent/solvent blends were incorporated 
into the double network hydrogel and evaluated for their 
ability to remove the varnish. The best cleaning method 
was employed to remove the varnish layer safely from 
the entire wall painting. These two case studies will be 
described in more detail in forthcoming publications.

Conclusions
In this study, we investigated the addition of agarose to 
the PVA-B system and its effect on the chemical struc-
ture, liquid phase retention capacity, mechanical prop-
erties, rheology behavior, and self-healing properties 
of the blend. The PVA-B/AG hydrogel features suit-
able mechanical properties and liquid retention. These 
features may be ascribed to the formation of hydrogen 
bonds in the network in addition to the strengthened 
pores of the hydrogels. In return, this makes PVA-B/AG 
DN more suitable for applications on surfaces with high 
porosity by minimizing the risks of breaking down and 
leaving residues behind during peeling off. Nevertheless, 
the PVA-B hydrogels blended with AG exhibit minor 
syneresis which normally occurs when low polarity sol-
vents or salts (e.g. EDTA) are loaded into the system.

Based on the rheology measurements, AG improves 
the apparent relaxation time and the shape stability. 
The PVA-B/AG hydrogels still demonstrate a consider-
able flexibility, as required for their use on rough sur-
faces. We showed that PVA-B/AG DN hydrogels exhibit 
self-healing properties which is considered a beneficial 
feature that could be useful in some of conservation 
applications such as the treatment of three-dimensional 
objects with an irregular surface structure. In conclu-
sion, PVA-B/AG DN hydrogels can serve as a very use-
ful hydrogel and form part of the conservators’ cleaning 
tool-kit. They overcome some of the limitations posed by 
the unblended PVA-B and AG hydrogels.

It should be noted that this research focused on 
fully hydrolyzed PVA in order to limit the number of 
investigated parameters. However, in view of the fact 
that partially hydrolyzed PVA permits the inclusion of 
high concentrations of organic solvents, it will be rel-
evant to investigate the properties of blends of differ-
ent types of partially hydrolyzed PVA (e.g. 80%, 75%, 
45%, and 40%) with agarose. The relative amounts of 
PVA, borax and AG (and their range) that may lead to 
hydrogel formulations with enhanced properties such 
as a higher loading capacity for organic solvents will 

need to be carefully determined in this more extended 
parameter space.
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