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Abstract 

This study concerns the assessment of a new polyvinyl alcohol–borax/agarose blend hydrogel (PVA–B/AG) tailored 
for the conservation of ancient Egyptian wall paintings. The increasing problems of deteriorated consolidants affect‑
ing ancient wall paintings have attracted the interest of conservation scientists in the last 20 years. The ability of a 
new blend for removing aged  Paraloid® B‑72 layers from painted stone and plaster samples has been evaluated. The 
hydrogel blend was used to expose the aged Paraloid in a controlled manner to six different cleaning system (CS). 
CS1–CS4 consist of solvents or solvent mixtures; CS5 and CS6 are nanostructured fluids (NSFs). The evaluation of the 
removal process was carried out by quantitative and qualitative methods, namely, visual examination, 3D microscopy, 
contact angle and colorimetric measurements and by Fourier transform infra‑red spectrometry in reflectance mode. 
The results showed that the PVA–B/AG blend hydrogel, loaded with specific cleaning systems, was able to remove 
deteriorated B‑72 and allowed to restore the painted surface to a state close to the original one. The PVA–B/AG blend 
showed good workability, permitting it to be easily cut, shaped, applied and removed. It could also be verified by 
means of different investigation methods that the blend left no detectable residues. As a final realistic check of the 
method, the PVA–B/AG hydrogel loaded with the best functioning cleaning system (CS3) was used to remove an 
aged consolidant layer from an ancient Egyptian wall painting.
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Introduction
Wall paintings represent an important part of cultural 
heritage artefacts as they convey information on the life 
of our ancestors as well as their technologies. They are 
complex works of art because of their stratigraphy and 
variable inorganic and organic components [1, 2]. Over 
time, they are susceptible to degradation due to differ-
ent external influences such as temperature, moisture, 
salts, light, micro-organisms etc. Those agents can trigger 

multiple deterioration mechanisms, resulting in dam-
age to one or more strata of the wall painting. One of 
the most common visible results of the degradation of 
archaeological wall paintings is loss of internal cohesion 
among the layers as well as powdering of pigments due to 
deterioration of the binder [3, 4].

In such situations, conservators usually consolidate the 
fragile layers to halt pigment losses. For years (and up 
to the present time), synthetic polymeric materials are 
widely preferred by conservators for consolidating fragile 
pictorial layers since the reinforcing of weak preparatory 
layers can be combined with protecting the surface from 
water penetration [5, 6]. On the other hand, on many 
archaeological surfaces that were treated, several draw-
backs of their use have become apparent over the years: 
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(a) the polymers cause changes to the optical appearance 
of a wall painting due to their high refractive index [7]; 
(b) they may produce color alterations and glossy sur-
faces especially when applied in high concentration; (c) 
due to chemical breakdown of the consolidant material 
itself, it may yellow and/or darken; (d) the consolidated 
surfaces have the tendency to entrap airborne particulate 
matters [8]; (e) these organic polymers give rise to physi-
ochemical alterations of the surface they were applied on 
as they are hydrophobic and incompatible with inorganic 
porous surfaces [9, 10].

The aforementioned drawbacks emphasized the prob-
lems associated with the removal of these consolidants. 
An important aspect is the so-called reversibility of the 
polymers. Two points should be considered when dis-
cussing this: (a) the solubility of these materials is influ-
enced by ageing and the solvents become less effective 
vs time (e.g., aged soluble nylon [11]); (b) the application 
process of these materials is irreversible when they are 
applied on a porous surface; in this case it is difficult to 
extract the polymer completely from the bulk of the work 
of art [12].

Already in the 1980s, microemulsions were used for 
the removal of hydrophobic coatings from frescoes in 
the Brancacci Chapel, Italy. Since then, microemulsions 
and micellar systems were extensively investigated and 
employed for removing deteriorated synthetic materials 
from architectural surfaces [13–15]. In the past, these 
cleaning systems were usually delivered to the surface 
under treatment by means of cellulose pulp. Thereafter, 
gels were used as carriers for microemulsions and sol-
vents for the sake of controlled application and selective 
removal of the polymeric materials [16–19].

In the same context, high viscous polymeric disper-
sions (HVPDs), based on polyvinyl alcohol crosslinked 
with a borax (PVA–B), were developed for the cleaning of 
works of art. They are gel-like materials as they cannot be 
considered gels from a rheological point of view [20–22]. 
Initially, fully hydrolyzed PVA–B systems were investi-
gated in the conservation field [23, 24]. The consistency 
of these highly elastic viscous systems can be modulated 
via changing the molecular weight of PVA polymer and 
the concentration of PVA and borax in addition to the pH 
and temperature of the aqueous solution [25]. Later, using 
partially hydrolyzed poly(vinyl acetate)–borax permitted 
the incorporation of a wider range of organic solvents in 
larger concentrations [18, 26]. The abovementioned sys-
tems are characterized by ease application and removal 
from the treated surface using tweezers without further 
use of solvents, which is the case of solvent gels [20, 27]. 
It was also possible to prepare organogels from partially 
hydrolyzed poly(vinyl acetate) by using benzene-1,4-di-
boronic acid as a crosslinker and dissolving them in the 

following organic solvents: dimethyl sulfoxide, dimethyl-
formamide, tetrahydrofuran, 2-ethoxyethanol, and meth-
anol [28]. Furthermore, obtaining hydrogels from PVA 
polymers by freeze–thaw cycles was investigated. The 
resulting hydrogels were loaded with oil-in-water micro-
emulsions and they were effective in removing hydro-
phobic grime [29, 30]. Recently, other studies attempted 
to improve the characteristics of PVA–B by blending 
it with polyethylene oxide polymer. Polyethylene oxide 
improved the liquid retention of PVA–B as well as the 
ability to maintain its shape [31, 32].

In our preliminary tests on PVA–B, it was noticed that 
it sometimes flows over the treated surface during long 
contact time applications [21]. In addition, the fact that 
PVA hydrogel is flexible, viscous, and has a slimy consist-
ency makes it difficult to be cut and formed in specific 
shapes for selective application on a complex surface. 
This led to the idea of blending PVA–B hydrogel with 
agarose (AG) hydrogel, which is a much more rigid mate-
rial. Blending PVA with polysaccharide hydrogels has 
been reported in several studies related to pharmaceuti-
cal and biomedical applications. It has been noted that 
these polysaccharide hydrogels improve the mechanical 
properties of PVA hydrogels [33–36].

The complete characterization of the hydrogel is not in 
the scope of this paper but will be investigated in a later 
study. In the first place, we aimed to test the efficiency 
of the new PVA–B/AG blend hydrogel as a realistically 
applicable cleaning tool for wall paintings by perform-
ing a number of cleaning efficiency tests in the lab. Sec-
ondly, the blend has been tested in the conservation of 
ancient Egyptian wall paintings, affected by deteriorated 
polymeric consolidants. In addition, we wanted to inves-
tigate the following features: (a) the ease of shaping of 
the hydrogel to suit the selective cleaning of consolidated 
parts of wall paintings, (b) if it is flexible enough to adapt 
to  the 3D form of reliefs, (c) its ability to retain the liq-
uids at elevated temperatures above 35 °C as in the case 
of most of the Egyptian archaeological sites, and (d) its 
shape stability in long contact time applications.

Therefore, the hydrogel was loaded with cleaning sys-
tems composed of different solvents and nanostructured 
fluids tailored for dissolving  Paraloid® B-72.  Paraloid® 
B-72 is the commonly preferred polymer by conservators 
for the conservation of paint layers because of its stability 
over other synthetic polymers [37]. A PVA–B/AG ratio 
of 3:1 was used, based on pre-tests aimed at obtaining a 
blend with suitable workability. Painted mock-up samples 
were consolidated with  Paraloid® B-72, artificially aged 
and then treated with PVA–B/AG blend loaded with six 
different cleaning systems. The removal efficiency was 
evaluated through several qualitative and quantitative 
methods, allowing the ranking of the cleaning systems. 
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We also investigated the treated samples for the presence 
of PVA–B/AG residues. Finally, as a test of the method 
in realistic conditions, the most effective cleaning sys-
tem was loaded in the PVA–B/AG blend hydrogel and 
employed in  situ on an ancient Egyptian wall painting 
(see “Field tests” section).

Materials and methods
Materials
Polyvinyl alcohol (PVA) (98.0–98.8% hydrolyzed, M.W. 
146,000–186,000-Acros Organics). Agarose (AG) from 
Sigma-Aldrich. Di-Sodium tetraborate decahydrate 
(borax) (ACS, ISO reagent, Merck).  Paraloid® B72 (B-
72) pellets (ethyl-methacrylate copolymer, Kremer pig-
mente). 1-Butanol (1-BuOH) (ACS, ISO reagent, Merck). 
Acetone (AC) (purity ≥ 99.8%, VWR PROLABO). N,N-
Dimethylformamide (DMF) from Janssen Chimica. 
Methyl ethyl ketone (MEK) (technical, VWR PRO-
LABO). 1-Pentanol (1-PeOH) (purity > 99.0%, M.W. 
88.15, TCI). Propylene carbonate (PC) (purity 99%, Alfa 
Aesar). Ethyl acetate (EA) (HPLC, LAB-SCAN Analyti-
cal Sciences). Sodium dodecyl sulfate (SDS) (purity 98%, 
Sigma-Aldrich). Laboratory stretch film (Dura Seal™). 
Red Moroccan ochre, fine (Kremer pigmente). Bone glue 
in pearls (Deffner and Johann).

Sample preparation
Two types of wall painting mockup samples of different 
porosity were prepared to evaluate the behavior of the 
PVA–B/AG blend. The first type consisted of limestone 
tiles (~ 7.5 × 5 × 0.8 cm) that were painted with two layers 
of finely ground red ochre; bone glue was used as binder. 
After a week, the painted tiles were brushed with three 
layers of B-72 5% dissolved in acetone 90% and DMF 
5% (w/v). The second type of samples consisted of plas-
ter tiles, composed of slaked lime, sieved sand (less than 
600  µm), and gypsum. They were mixed together well 
with deionized water in 1:1:0.5:0.5 volume ratios respec-
tively. Then the mixture was poured/pressed into a mold 
to obtain a plaster slab with homogeneous porosity. The 
plaster slabs were cut into tiles of the same dimensions 
as the limestone ones and left to dry for 15 days. These 
plaster tiles were covered with a thin limewash layer 
and then painted with five layers of red ochre/bone glue 
paint. Finally, they were consolidated with the same B-72 
5% solution as above. The open porosity of the limestone 
and plaster tiles were measured via water absorption by 
total immersion [38, 39]. The open porosity of the stone 
tiles was 31% while that of the plaster tiles was 46%.

Artificial accelerated ageing
Artificial accelerated ageing was executed in a (BAM-
Global-UV-Testgerät Model UV 200 RB/20 DU (System 

Weiss) machine. The samples were exposed to a tem-
perature at 70  °C, relative humidity of 50% [40] in addi-
tion to light illumination for 250 h. The climatic chamber 
is operated with 18 fluorescent lamps (Philips, Actinic 
BL TL 40W/10 SLV/25), providing ultraviolet light 
in the UV-A range (400–320  nm). The illuminance 
was 1250 ± 210  lx, as measured using a Skye Lux sen-
sor SKL310 (sensitivity: 0.1  mV/kLux). The value of the 
UV-A irradiance was measured to be 31.5 ± 2.6  W/m2, 
obtained by using a Skye UVA SKU421 sensor with cali-
brated sensitivity (0.055 W/m2/mV).

Afterwards, the samples were exposed to 70  °C tem-
perature for 2  h and left for 3  days at room tempera-
ture before the B-72 removal test. The samples showed 
darkening due to the degradation of B-72 layer after the 
ageing.

PVA–B/AG blend hydrogel preparation
A stock solution of 10% of PVA was prepared in dis-
tilled water (w/v) at 100 °C under reflux using a magnetic 
stirrer until a clear solution was obtained. In addition, 
borax was dissolved in distilled water to prepare a 6% 
(w/v) stock solution; heat was used to speed up the dis-
solving process. It is worth mentioning that the borax 
stock solution should be stirred prior to every use to 
re-dissolve the precipitated particles. PVA–B/AG blend 
hydrogel was prepared with the following concentrations 
(w/v): 3% of PVA, 1% of AG, and 0.6% of borax in addi-
tion to the proper concentration of the cleaning system 
(CS1–CS6) (Tables  1 and 2). The 1% AG concentration 
provides a sufficient degree of rigidity to the blend with-
out losing its flexibility. Blends with higher AG concen-
tration show the rigidity of the agarose hydrogels while 
lower AG concentration leads to blends with more pro-
nounced PVA hydrogels features. The selection of sol-
vents and solvent mixtures listed in (Table 1) was based 
on their potential B-72 dissolution power on the Teas 
diagram [12]; they were pre-tested prior their incorpora-
tion into the hydrogel. Furthermore, two nanostructured 
fluids (NSFs) were included in the experiment to evalu-
ate the possibility of their incorporation into the hydro-
gel in addition to their efficiency in removing B-72. The 
first NSF was the so-called EAPC system which is mainly 
composed of the two partially dissolved solvents: ethyl 
acetate (EA) and propylene carbonate (PC). In addition, 
it includes 1-pentanol (1-PeOH) as a co-surfactant, SDS 
as a surfactant, and water. This system was proven to be 
effective for the removal of polymers [41]. The second 
NSF was based on a ternary system composed of MEK, 
a surfactant, and water. The performance of this system 
in swelling and removing B-72 polymer from glass and 
lime-based surfaces was tested. The system yielded excel-
lent removal performance in particular when a nonionic 
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surfactant was used [40, 42, 43]. The mechanism of this 
system in removing B-72 from glass slides was explained 
by Raudino et al. [43]. First, water causes structural reor-
ganization of the outer part of the polymer and then the 
organic solvent swells the external part of the polymer. 
Meanwhile, the surfactant works on the detachment of 
the swollen polymer layer via decreasing the surface ten-
sion at the glass/polymer interface. Based on our pre-
liminary tests, we added 1-PeOH to this system because 
we noticed good removal of B-72 when it was blended 
with MEK; we referred to this system as (MEK1-PeOH) 
(Table 2). The two NSFs were prepared separately as clear 
solutions and then were loaded into the hydrogel. The 
highest concentration of the abovementioned NSFs that 
could be loaded into the PVA–B/AG hydrogel was 25% 
as higher concentrations caused severe syneresis (liquid 
escaping from the gel surface) due to SDS.

In general, the addition of AG to PVA–B system causes 
some turbidity in the resulting hydrogel. The physi-
cal appearance of the prepared hydrogels was different 
due to the incorporated solvents and their concentra-
tion. Angelova et  al. [21] noticed the formation of two-
phase system after incorporating 1/1 water/1-PeOH into 
PVA–B. The system was opaque and underwent syneresis 
within minutes to hours. In our case, no considerable 
syneresis in CS3 was observed and this may be due to 
the lower concentration of 1-PeOH used (10%). However, 
different degrees of whitish appearance were observed 
in the cleaning systems containing 1-PeOH (CS3, CS5, 
and CS6). This could be because of the low miscibility 
of 1-PeOH in water (22  g/L). As a simple test, a whit-
ish solution was obtained upon stirring 10% of 1-PeOH 
in water without the presence of PVA or AG polymers. 
The same observation, but lesser, can be seen in CS2 
and CS4 loaded with 10% 1-BuOH whose solubility is 
66 g/L (Table 1). The other solvents have less effect on the 
appearance owing to their better solubility in water (AC: 
miscible; PC: miscible; EA: 85.3 g/L; MEK: ~ 100 g/L).

Practically, in order to prepare 10  ml of the blend 
hydrogel loaded with CS1, 3 ml of 10% PVA stock solu-
tion was stirred on a hot plate with 0.1 g of AG and 3.4 ml 
of distilled water at 80 °C for c. 15 min until the agarose 
was fully dissolved and a clear solution was obtained. 
Then the solution was left to cool down (45–50 °C) and 
afterwards 2.5  ml of acetone was added to the solution 
while stirring. Finally, 1  ml of the 6% borax stock solu-
tion was added dropwise under vortex mixing to form 
the hydrogel and further mixing with a spatula was some-
times be necessary to ensure that the borax reached the 

Table 1 Components and physical appearance of the hydrogels (w/v)

Reagents CS1 CS2 CS3 CS4 CS5 CS6

PVA 3% 3% 3% 3% 3% 3%

AG 1% 1% 1% 1% 1% 1%

Borax 0.6% 0.6% 0.6% 0.6% 0.6% 0.6%

Water 70.4% 70.4% 75.4% 75.4% 70.4% 70.4%

AC 25% 15% – – – –

1‑BuOH – 10% – 10% – –

MEK – – 10% – – –

1‑PeOH – – 10% – – –

EA – – – 10% – –

EAPC (NSF) – – – – 25% –

MEK1‑PeOH (NSF) – – – – – 25%

Physical appearance of hydro‑
gels on a black background

Table 2 Components of  the  nanostructured fluids 
incorporated in the hydrogels (w/w)

Reagents EAPC (NSF) (%) MEK1-
PeOH 
(NSF) 
(%)

SDS 3.7 3.5

1‑PeOH 7 10

EA 8 –

PC 8 –

MEK – 20

Water 73.3 66.5
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whole PVA polymer. The hydrogel should be introduced 
rapidly into the mold with a spatula and left to cool and 
relax for c. 30 min. For faster preparation, a microwave 
oven can be used to dissolve the agarose in a few sec-
onds [44, 45]. Later, the hydrogel is kept in a refrigerator 
for 1  day before use. In order to obtain a flat gel sur-
face unmarked by air bubbles, it is recommended to flip 
over the hydrogel piece in the mold several times using 
tweezers.

B-72 removal protocol
Using a spatula, a piece of hydrogel (c. 2 × 2  cm with 
a thickness of 2 mm) was cut and applied on the sam-
ple surface after which it was gently pressed to ensure 
full contact with the surface and take its structure. 
The hydrogel piece was covered with Dura Seal™ film 
to hinder the evaporation of the liquids. The hydro-
gels loaded with NSFs were wiped with a clean tissue 
before application to remove any extra liquids escaping 
from the hydrogel (syneresis). It is worth mentioning 
that empirical removal tests were done to determine 
the appropriate contact time. In these tests, we started 
with 1  h of contact time but this proved to be insuffi-
cient to dissolve the B-72, causing damage to the paint 
layer during dry cotton swab clearance with a gentle 
rotating motion. This feature was very clear in the case 

of CS2. Hence, we adopted 3 h of contact time for the 
solvent cleaning systems and 5 h for the NSFs because 
they required more time to show results. The hydrogel 
pieces were removed by means of forceps after which 
the residual B-72 solution was cleared with a dry cot-
ton swab (Fig.  1a). It is important to clear the surface 
directly after removing the hydrogel in order to avoid 
a drying residual of dissolved B-72. This can be done 
by lifting the hydrogel piece gradually and clearing the 
exposed part.

Six painted stone and six painted plaster samples 
were treated by means of each cleaning system. Gener-
ally speaking, the PVA–B/AG blend hydrogel was able to 
deliver the cleaning systems consistently to the painted 
surfaces. Additionally, it was easy to be cut and shaped 
as desired as well as being easy to apply and remove from 
the painted surface. It has the ability to be applied on ver-
tical surfaces which is crucial in case of wall paintings 
conservation (Fig. 1d).

In case of the NSFs, the hydrogel sometimes adhered to 
the surface of the plaster samples, leaving a thin layer of 
the hydrogel. This may be attributed to two phenomena: 
firstly, the liquids of the hydrogel piece dried out because 
of the high porosity of the plaster as well as the long con-
tact time (5 h). This hydrogel dryness occurred especially 
at the interface with the sample surface. Secondly, the 

Fig. 1 a Removing the hydrogel piece easily by means of forceps. b Removed B‑72 from two areas by CS3. c The same sample under raking 
light reveals the restored matte appearance of the treated areas. d Illustrates the ability of shaping the PVA–B/AG blend hydrogel and the ease of 
application in the vertical position
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dissolved B-72 can also dry and cause the adherence of 
the hydrogel to the painted plaster.

Evaluation of B-72 removal efficiency
In the specialized literature, there are no descriptions of 
fixed methods for evaluating the removal efficiency of old 
consolidants and varnishes from artwork surfaces. Nor-
mally, visual examination is the most common and easiest 
method of assessing the removal of the deteriorated poly-
mer by the confirmation of the restoration of the original 
surface optical properties. However, this is not a satisfac-
tory method because the same result may be interpreted 
differently by different individuals. Hence, it is better to 
accompany visual examination by microscopic examina-
tions (by optical and scanning electron microscopes) and 
analytical techniques such as FTIR spectroscopy to verify 
the results [19, 24, 46, 47]. Since the process implies the 
removal of a hydrophobic material from a porous surface, 
some studies employed methods to measure the wettabil-
ity of the surface before and after the treatment. In these 
studies, either the contact angle of a water drop at the 
surface, the capillary absorption, or the water vapor per-
meability [40, 48–50] were measured. In other studies, 
the decrease of the polymer/varnish layer thickness could 
be measured by optical coherence topography (OCT) or 
by means of a 3D microscope [51, 52].

In our study, we aim to evaluate the efficiency of the six 
cleaning systems for B-72 removal from porous surfaces. 
Hence, we adopted several qualitative and quantitative 
methods to allow us to: (a) Reach a definite decision con-
cerning the best cleaning system. (b) Arrive at an integral 
evaluation of these methods that pinpoints the possible 
limitations of some of them [51]. (c) Evaluate the differ-
ent aspects of the treated surface with the cleaning sys-
tems (i.e. optical appearance, chemical composition, and 
wettability).

The selected evaluating methods were as follows: (i) 
visual examination, (ii) colorimetric measurements, (iii) 
contact angle measurements, (iv) reflectance FTIR spec-
trometry, and (v) 3D microscopy. The data of the quanti-
tative methods were processed by comparing the results 
after B-72 removal to those before the removal according 
to (Formula  1) where I represents the measured prop-
erty such as color difference (ΔE*), contact angle (CA), 
FTIR intensity, and relative thickness of B-72 layer [53]. 
The higher the relative change, the better the removal 
efficiency.

(1)

B-72 removal efficiency

=

I
(

Before removal
)

− I
(

After removal
)

I
(

Before removal
) × 100%

Instrumentations and measurements
Colorimetric measurements
The color measurements were undertaken by an 
AvaSpec-2048 fiber optic spectrometer equipped with 
the tungsten halogen light source AvaLight-Hal (360–
2500  nm). The reflected radiation was analyzed by the 
software AvaSoft 7.5. The CIE Lab values were recorded 
using the standard illuminant D65 and the 2° standard 
observer. These measurements were collected from the 
original surface (unconsolidated), in addition to before 
and after B-72 removal. The collected CIE Lab values 
represented the average of five measurements of a treated 
sample and then the color difference (∆E*) value was 
obtained according to CIE 1976. The ∆E* of each clean-
ing system was calculated based on the average of three 
measured samples. Finally, the efficiency was calculated 
based on the (Formula 1).

Contact angle measurements (CA)
Static contact angle measurements reflect the hydro-
phobicity of consolidated porous surfaces [54]. The CA 
measurements were carried out according the standard 
UNI EN 15802:2010 by constructing a simple goniom-
eter. A micropipette was used to deliver a 5  µl drop of 
distilled water to the sample surface and captured using 
a Nikon D90 digital camera within 5  s. The obtained 
images were processed in the Imagej 1.64 software using 
the drop analysis plugin. The average of CA of five water 
drops were measured for the sample surface before and 
after B-72 removal. Afterwards, the efficiency of B-72 
removal was calculated according to (Formula  1). For 
each cleaning system, these measurements were per-
formed on three treated samples and the average of them 
was collected to obtain a representative result. The tem-
perature and relative humidity were approximately 21 °C 
and 34%, respectively, during the measurements. A larger 
decrease in CA values indicates a higher efficiency of the 
cleaning system (Fig. 2).

Reflectance FTIR spectrometer (r‑FTIR)
IR spectra were collected from the sample surfaces 
using a Bruker ALPHA-R FTIR spectrometer in reflec-
tion mode. The scans were measured in the mid-infrared 
(MIR) region (4000–375 cm−1) with a spectral resolution 
of 4  cm−1. The samples were positioned in front of the 
spectrometer at a distance of around 1.5  cm; the diam-
eter of the focal spot was approximately 2 mm. The built-
in video camera was used to target the desired spot on 
the sample surface. Each spectrum represents the average 
of 5  min data acquisition to improve the signal-to-scan 
ratio. Five measurements were recorded for each cleaning 
system before and after B-72 removal and then compared 
with the spectrum of the original surface. Furthermore, 
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this technique was employed to determine the possibility 
of residual hydrogel left on the treated samples.

3D microscope
The samples were examined after the B-72 removal pro-
cess using an Olympus Digital Microscope DSX510. It 
was employed to detect the removal efficiency of B-72 by 
the six cleaning systems loaded into PVA–B/AG blend 
hydrogel, in addition to the presence of hydrogel resi-
dues on the treated surfaces. Furthermore, this technique 
was employed to give quantitative data by measuring the 
relative thickness of the B-72 layer before and after the 
treatment. All the pictures were acquired in 3D mode 
using an XLMPLFLN10XDSX objective lens (10×) with 
a total magnification of 300×. The profile 3D measure-
ment tool was used to obtain the decrease in the relative 
thickness of B-72 after the treatment. The six cleaning 
systems loaded into the PVA–B/AG hydrogel were used 
to remove the B-72 coating from a chosen painted stone 
sample. The reason for that was to make sure that the 
B-72 layer have the same height for better evaluation. 
Due to the surface roughness, the average of thirty meas-
urements (ten measurements on three different spots) 
was calculated for each cleaning system and compared to 
those before the treatment; the efficiency of removal was 
then calculated on the basis of these averages.

Results and discussions
Visual examination
By examining the treated samples visually, it became 
clear that the hydrogels loaded with the solvent cleaning 
systems CS2, CS3, and CS4 removed the B-72 layer bet-
ter than the other cleaning systems. Under raking light, 
the visual appearance of the surfaces treated with CS3 is 
the closest to that of the original surface (Fig. 1b, c). NSFs 
cleaning systems CS5 and CS6 were less effective than 
CS2–CS4; CS1 (acetone 25%) caused no changes to the 
treated surfaces.

Colorimetric measurements
The ∆E* values decreased after the removal of the 
B-72 layer; a significant decrease of  ΔE* value could be 
obtained by means of CS3, followed by CS4 (Fig.  3). In 
addition, CS2 and CS6 are ranked as the third and fourth 
effective cleaning systems respectively. Both CS1 and CS5 
gave a slight deascrease to ∆E* values which is indicative 
of their low efficiency in B-72 removal from the painted 
surface.

CA measurements
For all cleaning systems, the decrease of CA in the 
painted plaster was larger than that in the painted stone. 
This may be attributed to the high porosity of the painted 
plaster samples which caused more diffusion of the B-72 

Fig. 2 a Measuring CA using Imagej 1.64 software by means of the drop analysis plugin. CA photographs before (b) and after (c) B‑72 removal 
from a painted plaster sample. The photographs show that the CA significantly decreased after treating the sample with PVA–B/AG blend hydrogel 
loaded with CS3
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layer into the bulk of the sample. Among CS1-CS4, CS3 
shows a more noticeable decline in measured CA than 
CS2 and CS4 respectively (Fig. 4). In the case of CS1, the 
smallest effect on the CA was observed, suggesting CS1 is 
the least effective cleaning system in dissolving B-72.

Use of CS5 and CS6 caused dramatic decreases in CA 
which might suggest that they were able to remove the 
hydrophobic B-72 layer and restore the permeability of 
the painted surface. Since CS5 and CS6 contain NSFs, it 
cannot be excluded that the surfactant (SDS) influenced 
the surface tension of the delivered water drop and thus 
interfered with the CA measurements. To investigate this 
hypothesis, an additional test was implemented in which 
a consolidated painted plaster sample was treated with a 
solution of 1% SDS in distilled water using a cotton swab. 
Then the surface was cleared with a cotton swab imbed-
ded in distilled water three times. The CA decreased by 
44% after treating the surface with SDS solution even in 
the presence of the B-72 layer on the sample surface. Con-
sequently, it can be concluded that CA measurements of 
CS5 and CS6 are not useful to estimate B-72 removal effi-
ciency; thus they were omitted from the evaluation.

r-FTIR
The FTIR analyses were focused on the painted stone 
samples that showed meaningful difference in spectral 
response before and after B-72 removal. This was not the 
case for the painted plaster samples, probably because 
of the higher roughness of the surface. The spectra of 
the original (unconsolidated) stone samples feature the 
typical peaks of red ochre (Fig. 5). Quartz is identified by 
the presence of peaks at 1041 (Si–O–Si), 791, 774, and 
693 cm−1 while the peaks at 542 and 472 cm−1 are attrib-
uted to iron oxide (hematite) [55]. In addition, kaolinite 
is present through the peaks 1009 (Si–O–Al), 927 cm−1, 
and 909  cm−1 (Al–O–H) [56, 57]. On the other hand, 
the analyzed samples before the removal of B-72 layer 
show a distinctive peak at 1717  cm−1 of ester carbonyl 
C=O stretching and the peaks at 1458 and 1375 cm−1 are 
indicative for the antisymmetric and symmetric bending 
of the α-methyl group  CH3. The peak around 1230 cm−1 
reveals the presences of C–O ester stretching while the 
intense two peaks at 1164 and 1136 cm−1 are attributed 
the C–C(=O)–O antisymmetric stretching. The peak 
that appears around 1017  cm−1 is assigned to O–C–C 

Fig. 3 ∆E* values of painted stone and plaster samples before and after B‑72 layer removal as well as the efficiency based on colorimetric 
measurements
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stretching of the ethyl ester. Additionally, the bands at 
854 and 746 cm−1 are characteristic of the –CH2– rock-
ing [58–60]. It can be noticed that the red ochre peaks are 
masked by the B-72 peaks in the consolidated samples.

The spectra of the analyzed surfaces after B-72 removal 
reflect some remarkable features. Firstly, the distinctive 
peak of the carbonyl group at ~ 1717 cm−1 decreases in 
intensity. Secondly, the red ochre peaks around 1041, 
791, 774, 693, 542, and 472 cm−1 re-appeared after they 
were masked by the presence of the B-72 layer. The 
decline of the carbonyl peak was used to estimate the 
amount of B-72 left on the cleaned surfaces and conse-
quently the removal efficiency of the six cleaning sys-
tems. The ratio of height/area of the carbonyl peak to that 
of the calcite peak at ~ 2510 cm−1 was calculated for the 
spectra of samples treated with each cleaning system as 
well as the surface before B-72 removal. The average ratio 
of five spectra per treatment was obtained. The removal 
efficiency was calculated by applying (Formula 1) to the 
aforementioned ratio values of the six cleaning systems 
(Fig.  6). According to the estimates of the removal effi-
ciency, the most effective cleaning systems were CS3, 

CS2, and CS4 respectively. The NSFs (CS5 and CS6) were 
less effective and CS1 was the least effective.

Regarding the detection of the presence of PVA–B/AG 
blend and SDS residues after the treatment, both materi-
als were analyzed FTIR. The FTIR spectrum of PVA–B/
AG blend features a band around 3500  cm−1 which is 
attributed to O–H stretching vibration from the hydroxyl 
groups and hydrogen bonds. The peak around 2922 cm−1 
is associated to CH stretching of the  CH2 group. The 
peaks at 1400 and 1320 cm−1 demonstrate the asymmet-
ric stretching of B–O–C which indicate the crosslinking 
of PVA with borax via didiol complexation [61]. The band 
at 828 cm−1 is assigned to the B–O stretching vibration 
from residual B(OH)4 [62]. On the other hand, the IR 
bands at ~ 1150 and 1070  cm−1 represent the –C–O–
C– and glycosidic linkage while those at 927, 890, and 
767  cm−1 are associated with 3,6-anhydrogalactose unit 
of the agarose [63]. The SDS spectrum shows the asym-
metric and symmetric  CH3 stretching vibrational fre-
quencies at 2951 and 2881  cm−1 while the asymmetric 
and symmetric  CH2 stretching vibrational frequencies 
are located at 2914 and 2846  cm−1. The characteristic 

Fig. 4 CA values of the painted stone and plaster samples before and after the removal process, in addition to the removal efficiency
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intense double band at 1215 and 1246 cm−1 is attributed 
to  SO2 stretching [64].

3D microscopy
The photographs/height maps obtained by the 3D 
microscopy show results that coincide with those of the 
previous evaluation methods (Figs.  7 and 8). B-72 resi-
dues were hardly detectable in the samples treated with 
PVA–B/AG hydrogel loaded with CS3. A minor amount 
of B-72 was present in the case of CS2 and CS4. The NSFs 
provided less removal efficiency while the B-72 layer 
was still obvious on the surface of the samples treated 
with CS1. The same results were given by the collected 
measurements of the relative B-72 thickness of the con-
solidated painted stone sample before and after the 
treatment (Fig.  9). The final ranking of the adopted six 
cleaning systems based on their efficiency in removing 
B-72 is presented in (Fig. 10).

Non-volatile hydrogel residues detection
Characteristic peaks of PVA–B/AG blend hydrogel 
were absent in all the r-FTIR collected spectra from the 

samples after the removal process, suggesting that the 
hydrogel left no residues (within the detection limits of 
r-FTIR). Iodine-potassium iodide (Lugol’s solution) has 
the ability to stain PVA polymers dark red [65]. Thus, 
1% of this solution was used to treat the painted surfaces 
after B-72 removal by the PVA–B/AG blend. Since there 
was no color change, the absence of hydrogel residues 
on the treated surfaces could be confirmed in this man-
ner. These observations were confirmed by the exami-
nation under the microscope. It is noteworthy that the 
residual detection of hydrogels depends on the sensitiv-
ity of the techniques used for that purpose. For instance, 
Angelova et  al. [66] used inductively coupled plasma 
mass spectrometry to track the presence of boron after 
treatment. To detect residues of the PVA–B system, it 
was tagged with fluorescein. In the same context, Carretti 
et al. [24] and Bonelli et al. [67] used FTIR to investigate 
the absence of residues from PVA–B and polyvinyl alco-
hol/pyrrolidone gels on some treated surfaces. In all the 
aforementioned studies no gel residues were detected. 
However, Riedo et  al. [32] detected micro-residues of 
polyvinyl alcohol/polyethylene oxide (PVA/PEO) gel 

Fig. 5 r‑FTIR spectra of original painted stone, consolidated surface, surfaces treated with the six cleaning systems, red ochre powder, PVA–B/AG 
blend hydrogel, and SDS. All the spectra are shifted along the y‑axis for clarity and the region is ~ 4000 to 375 cm−1
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by pyrolysis–gas chromatography–mass spectrometry 
where FTIR spectroscopy was incapable of detecting 
them.

Furthermore, the analyzed samples, treated with CS5 
and CS6, showed none of the characteristic IR peaks of 
SDS. However, the results of CA measurement indicate 
the presence of micro-residues.

Field tests
The Temple of Seti I (1306–1290 BC) is a unique archi-
tectural landmark that is situated in Abydos (Middle 
Egypt) and is dated to the 19th Dynasty. Ramesses II 
(1290–1224 BC) completed the temple after the death of 
his father Seti I (Fig. 11). The temple is characterized by 
its highly quality reliefs that are quite observable in the 
small carved items and hieroglyphs [68, 69]. The paint 
layers were executed with the gum tempera technique 
where Arabic gum was used as a binder. The paint layers 
were either applied directly on the stone or on a plaster 
layer. The pigments Egyptian blue and green were used to 
render the blue and green parts of the composition while 
ochres were used for the red and yellow areas [70–72]. In 
undocumented previous conservation treatment cam-
paigns, some of the wall paintings were consolidated with 
an organic polymer. The consolidation left behind a very 

glossy surface and due to deterioration, the consolidant 
turned dark and yellow. In addition, these thick layers of 
the consolidant changed the hydrophobicity of the sur-
face of the wall paintings. It is worth noting that there 
were several attempts to study the water level in the Osi-
reion building behind the temple which caused changes 
in the groundwater level under the temple. During these 
efforts, water was pumped from the Osireion and a num-
ber of wells located in different places in/around the 
temple [73, 74]. Due to this, water rose through capillary 
action into the walls of the temple where it evaporated 
during periods of elevated temperature. These cycles of 
wetting and drying of the walls may have contributed, 
together with the hydrophobic character of the consoli-
dated paintings, to the detachment of some parts of the 
painted plasters. This phenomenon is obvious in the wall 
paintings of the second hypostyle hall such as the suck-
ling scene of Seti I by the goddess Mut (arrow no. 1 in 
Figs. 11c, 12). 

The PVA–B/AG hydrogel were prepared in the lab a 
day before usage and were packed in sealed plastic bags 
and then stored in a fridge. The concentrations were 
PVA 3% and AG 1% in addition to the reported concen-
tration of CS3 (Table 1). The hydrogel was employed to 
remove the deteriorated consolidant from different test 

Fig. 6 Quantitative results of r‑FTIR analyses and the B‑72 removal relative efficiency of the six cleaning systems
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areas in a wall painting in the Chapel of Osiris (arrow 
no. 2 in Fig.  11c). It is obvious that the wall painting 
suffers from severe abrasions (scratches) spread over 
the paint layer (Fig. 13a, b). The hydrogels were applied 
on the surface with gentle pressure and they were easily 
able to adapt to the structure of the reliefs. They were 
covered with plastic sheets to hinder evaporation of the 
liquids. Two contact times were chosen for the hydro-
gel application; 1 and 3 h. After this period, the gel was 
removed and the paint surface gently treated with a 
dry cotton swab to remove the dissolved consolidant. 
After the treatment, the glossy and dark aspect of the 
surface had disappeared and the treated areas showed 
the original matte surface, which characterizes ancient 
Egyptian wall paintings, without any visible damage 
to the paint layer. Both contact times were sufficient 

to dissolve and remove the consolidant in the selected 
test areas (Fig.  13c, d). In addition, one of the already 
used pieces of the hydrogel was employed for a second 
application on another test area; also here, it managed 
to remove the consolidant. The color of the hydrogel 
pieces changed after they were removed from the wall 
painting, becoming slightly yellowish while initially 
being whitish.

Conclusions
The PVA–B/AG blend hydrogel proved to be suitable for 
removing deteriorated B-72 from painted surfaces with 
different porosities. This new blend has the potential 
to retain the cleaning systems into its 3D network and 
release them consistently to painted surfaces. Cleaning 
systems may change the appearance of the blend depend-
ing on the miscibility of the solvents incorporated and 
their concentration. The PVA–B/AG hydrogel has good 
workability as it can be easily shaped as desired as well 
as simply applied and removed from painted surfaces by 
means of forceps. In the case of surfaces with reliefs, the 
blend is flexible enough to adapt to the 3D form of their 
structure. Besides, it can be applied in a vertical position 
which is suitable for wall paintings treatments. The blend 
has self-healing properties and its shape remains stable in 
long contact time without flowing over the surface. It was 
verified that PVA–B/AG hydrogel left no detectable resi-
dues on the treated surfaces using different investigating 
methods such as optical microscopy, r-FTIR, and Lugol’s 
solution test. However, in special cases, it possibly leaves 
residues in case it is applied on a highly porous surface 
with long contact time. Thus, conservators should imple-
ment preliminary tests to determine the appropriate con-
tact time for hydrogel application especially in polymer 
removal. On the one hand, short contact time may cause 
partial dissolving of B-72 polymer which becomes tacky 
and this will probably lead to damaging fragile paint lay-
ers during cotton swab clearance. On the other hand, 
long contact time may cause the hydrogel to dry out and 
adhere to the consolidated surface by the re-dried B-72 
layer. Depending on the surface porosity, the hydrogel 
can be reused for several applications which lowers the 
cost of the conservation treatments.

Regarding the tested cleaning systems, CS3, composed 
of MEK/1-PeOH (10/10%), was the most effective one 
in removing the B-72 polymer in addition to restoring 
the color to a state close to that of the original surface. 
According to the adopted evaluation methods, the differ-
ences in the efficiency of CS2 and CS4 were small. The 
results of the two NSFs revealed low efficiency in remov-
ing B-72. These results are contradictory to the infor-
mation provided in literature about the high efficiency 
of NSFs in removing a wide range organic polymers 

Fig. 7 2D images of original, consolidated, and treated surfaces 
(300×)
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[29, 30, 75]. In several case studies, NSFs were deliv-
ered to the deteriorated surface via various systems such 
as: cellulose pulp poultices, hydrophobically modified 
hydroxyethylcellulose (hmHEC) and poly(2-hydroxye-
thyl methacrylate)/polyvinylpyrrolidone pHEMA/PVP 
gel [41, 76, 77]. This low efficiency, in our study, can be 

attributed to the fact that they were used at a concentra-
tion level of 25% and consequently they were diluted by 
the water content of the hydrogel. Thus, it is possible that 
the structure of the NSFs may have modified and that the 
cleaning action was carried out by free solvents released 
by the system. However, CS6 was partially effective and 

Fig. 8 3D images of the relative thickness of B‑72 layer before and after B‑72 removal (300×). a Relative B‑72 layer thickness before the removal. b 
A significant decrease in the relative thickness of B‑72 layer treated with CS3. c Height map shows the difference between the untreated surface 
and the one treated with CS3

Fig. 9 Relative thickness of the B‑72 layer before and after the treatment, in addition to the removal efficiency
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better than C5 particularly from a colorimetric point of 
view. Acetone was effective in dissolving non-deterio-
rated B-72 but it lost this efficiency against deteriorated 
B-72.

It appears that there is no accurate correlation 
between a good B-72 removal from painted surfaces 
and colorimetric measurements because some of the 
cleaning systems partially removed B-72 though they 
provided good colorimetric results as in the case of 
CS6. Thus, colorimetric measurements should be com-
bined with other evaluating methods to reach con-
clusive conclusions. Furthermore, CA measurement 

results reflected the removal efficiency of CS1–CS4 
that are composed of pure solvents; however, it may 
be unreliable with NFSs cleaning systems that con-
tain surfactants. The possibility of the presence of any 
surfactant remains on the surface after the treatment 
would influence the delivered water drops surface 
tension and thusly the CA results. Both r-FTIR and 
3D microscope are beneficial tools for the qualitative 
and quantitative evaluation of the removal efficiency 
of B-72 besides the detection of gel residues after the 
treatment process.

Fig. 10 a Spider diagram illustrating the relative efficiency of the six cleaning systems in removing B‑72 layer from painted stone surfaces based on 
∆E*, CA, r‑FTIR, and relative B‑72 layer thickness measurements. b The ranking of the six cleaning systems

Fig. 11 a Location of the temple of Seti I in Egypt. b View of the temple. c Plan of the temple. The arrows locate the wall paintings referred to in the 
text
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Fig. 12 a A masterpiece scene of the infant Pharao Seti I being suckled by the divine mother goddess Mut. It is located at the second hypostyle 
hall, west wall between the chapels of Amen‑Re and Re‑Harakate. b The detached painted plaster layer (indicated by black arrows) caused by the 
thick glossy consolidant layer. c The same scene in a black and white photograph of the 1930s reveals the changes occurred since then to the wall 
painting because of deterioration [78]

Fig. 13 a Wall painting showing Pharao Seti I presenting incense before the god Wepwawet. The chosen area for the test, before hydrogel 
application, is indicated by the blue rectangular. This scene is located in the chapel of Osiris, east wall, north side. b The PVA–B/AG blend hydrogel, 
loaded with CS3, during application on two different areas and covered with plastic sheets. c, d The treated areas, under raking light, after the 
removal of the consolidant layer (contact times are 3 h and 1 h respectively). The glossy effect of the consolidant disappeared and that the matte 
appearance of the surface was restored (areas within the black line). The paint layer was not damaged during the removal and all visible scratches 
are part of the original state of the wall painting
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In the end, the PVA–B/AG blend hydrogel, loaded with 
CS3, was effective in removing deteriorated consolidant 
layers from a wall painting from the temple of Seti I at Aby-
dos, Egypt. The treatment restored the original matte sur-
face and removed the yellowed/dark aspect of the surface 
caused by the consolidant. Moreover, the treatment caused 
no damage to the original paint layer.

Further investigations of PVA–B/AG blend hydrogel are 
ongoing to understand its characteristics and its ability in 
cleaning other types of deposits such as aged varnishes and 
soot from wall painting surfaces.
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