
Citation: Emanuele, L.; Dujaković, T.;
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Abstract: This article presents results on the use of a new material as a solidifying agent and/or
color-fixing agent. A special polysaccharide material extracted from the prickly pear cactus (Opuntia
ficus indica) was tested on historical materials and modern papers. An old book from the 18th
century was chosen as historical material. From the mentioned book 42 pages were taken, on which
a conservation and restoration pretreatment was performed before applying the polysaccharide
material: sampling, fiber analysis, dry cleaning, ink solubility, pH test, thickness measurement and
wet cleaning. The paper sheets provided for the test were divided into 4 groups, 3 of which were
treated with gel and one left untreated as a reference. The division into groups is not only due to
the different method of application, but also due to the process of gel extraction. The effect of the
treatment was analyzed using FTIR-ATR. To test the mucilage as color-fixing agent 2 samples were
prepared using watercolor papers colored with 6 different watercolors applied to 2.5 cm2 samples for
each color in two rows of different intensity. One of the 2 samples was treated with gel, but both were
immersed for 3 times in a water-ethanol solution for approximately 20 min as is standard practice in
conservation and restoration. After washing, both specimens were subjected to colorimetric analysis
to assess their differences. The results provided satisfactory evidence for the protection of paints
sensitive to aqueous treatments and suggest the use of mucilage as a new material in cleaning method
for water-soluble media.

Keywords: opuntia ficus indica; solidifying agent; color fixative; new cleaning method; bioproducts;
green conservation-restoration; reversibility; waste; paper

1. Introduction

In recent years, the growing attention paid to environmental sustainability in all
sectors has naturally affected the preservation of cultural heritage. This has led to the
emergence of so-called green conservation, which has two main objectives: to reduce the risk
of exposure of conservators/restorers to harmful substances and to solve the economic and
environmental problem of chemical waste disposal. Both objectives can be achieved with
the development of protective coatings based on green materials derived from wastes and
plant proteins [1–3].

The discussion on the synthesis of green products for the conservation of cultural
heritage is still open, since all compounds used for this purpose must also respect other
constraints, such as the ethical codes dictated by the E.C.C.O. (European Confederation of
Conservator-Restorers’ Organization). Every conservator-restorer has a duty to use only
products, materials and processes that do not harm cultural heritage, the environment
and/or people. Therefore, we should choose materials that are compatible with the cultural
heritage, stable, non-toxic, neutral and reversible, even completely if possible [4].
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In our opinion, such a material could be a polysaccharide gel from the prickly pear.
The prickly pear (Opuntia ficus indica) is a plant grown as an ornamental in many countries
around the Mediterranean. In some of these countries, such as Italy, these plants are also
used in the food industry for the production of Indian figs, which can be processed into
snacks, juices or jams [5], but their use is even broader, as all edible parts of the plant are
currently used to produce a variety of products. This is because they are a good source of
phytochemicals such as phenolics, vitamin C, vitamin E, polysaccharides, and betalains
that are antioxidant, anticancer, antiatherosclerotic, and/or hepatoprotective [6]. For this
reason, in recent years there have been numerous researches on the nutritional, curative
and cosmetic properties of products obtained from the cactus [7–10]. In some of these cases,
the plants need to be pruned regularly to remove the cladodes, which are then discarded as
waste. Accordingly, our study describes the optimal extraction of mucilage from the waste
of Opuntia cladodes and its use as a solidifying and color-fixing agent for paper materials.

2. Materials and Methods

The mucilage were extracted and separated from Opuntia waste cladodes from two dif-
ferent geographical areas on the Adriatic Sea: Dubrovnik (Croatia) and Marche (Italy).

Two different extraction methods have been used to obtain prickly pear mucilage [11,12]:
mechanical post-maceration (MPM) and maceration (MA).

The first part of mechanical post-maceration (MPM) and maceration (MA) is the same:
after removing the outer skin of prickly pear cladodes the inner pulp must be cut into small
pieces of the order of 1 cm3. The cut pulp is immersed in distilled water (1:1) and left in the
dark for 24 h (Figure 1)
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Figure 1. Preliminary treatment of prickly pear cladodes.

Only in this point the two procedures differ:

- Mechanical post maceration MPM: The pulps, left in the dark for 24 h, must be filtered
and blended. In this way we obtain a dense green gel (Figure 2).
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- Maceration MA: The pulps left in the dark for 24 h must be separated from the
liquid through mesh filters from 2 mm to 250 microns. In this case, the separated
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liquid is recovered, resulting in mostly transparent mucilage with a slightly less dense
consistency than in the MPM process (Figure 3).
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To eliminate the problem of acidity of the mucilage, in both cases, a 1 M calcium
hydroxide solution can be added to the pulp, which must then rest in the dark for 24 h. For
50 g of pulp and 250 mL of distilled water, 2.5 mL of Ca(OH)2 can be added to obtain a
neutral or slightly alkaline mucilage.

2.1. Chemical-Physical Characterization of the Material after the Extraction Process

The substance extracted by the MA method has been characterized using FT-IR Alpha-
II spectrometer by Bruker, the measurement range was 400–4000 cm−1 and the resolution
was 4 cm−1 with 24 scans per sample. The recorded FTIR spectrum shows the characteristic
bands of the mucilage of cactus cladodes [13–15] (Figure 4):

- the stretching band around 3312 cm−1 and the bending one around 1425 cm−1 both
typical of the hydroxyl groups, -OH,

- the stretching band at 2925 cm−1 and the bending ones with a peak at 1614 cm−1,
characteristics of the alkyl groups -CH, -CH2 and -CH3,

- the bands observed at 1369 cm−1 and 1240 cm−1 are instead attributable to the charac-
teristic vibrational modes of the pyranose ring [9],

- the absorption peak at 1035 cm−1 that characterizes the single bond –C-O of the
alcohols and related ether bridges present in the main chain of the polysaccharide [16].
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dica blades.

A weak band was also observed at 1725 cm−1 indicating the presence of a carbonyl
group -C=O probably of amide groups which indicates a possible contamination by protein
materials during extraction [17].
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2.2. The Use of Prickly Pear Mucilage as a Solidifying Agent for Historical Paper Materials

The sheets of paper used as historical material were taken from an old book from the
18th century.

Before applying the gel, the usual steps were carried out, which the procedure for the
conservation and restoration of the paper [18] provides:

1. Sampling: 42 pages were selected from the selected book, which were labeled and
photographed from the front and back to obtain clear and precise documentation of
the treated pages.

2. Fiber analysis: this analysis is used to determine the composition of the paper with
an aqueous solution of zinc chloride (ZnCl2) and potassium iodide (KI). The analysis
confirms the absence of lignin, which means that the samples are mainly made of
pure cellulose.

3. Dry cleaning: dry cleaning is used to remove surface dirt. We used a yellow Akapad
sponge and even a powder form for the stubbornness dirt. In both cases, the residues
were removed with a soft bristle brush.

4. Ink solubility test: this procedure is performed to select the optimal solution for wet
cleaning. The test result shows that immersing sheets of paper in a water bath is the
best method.

5. pH test: this test is performed to check if deacidification of the samples is necessary.
In all 42 samples, the measured pH was 7, so deacidification was not necessary.

6. Thickness measurement: this analysis is performed before and after washing in order
to verify any changes due to adhesive or material loss.

7. Wet cleaning: wet cleaning is used to remove deeper dirt. In our case, it was performed
by immersing the samples in a water bath three times for 20 min.

At this point, the samples ready for the application of the gel were divided into
4 groups according to the type of treatment they were subjected to.

The samples in the first group (labeled 1 to 12) were all treated with a mixture of MPM
mucilage and distilled water in different ratios, applied with a brush (Figure 5a). Even
though these mixtures were acidic (pH = 5/6), the acidity of the gel after application and
drying did not change the pH of all samples, which remained neutral. To test whether
they could become acidic in the future, all samples were cut in half and only one part was
evaporated with an aqueous solution of calcium hydroxide, Ca(OH)2, at a pH of 9 (these
samples were labeled 1a to 12a). The final pH of these halves was 7.5 (Table 1). In both
cases, the pH values did not change even after a longer period of time. This means that
treatment with Ca(OH)2 is not necessary.
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Table 1. First group of samples (labeled 1-1a to 12-12a).

Sample Number
MPM Mucilage:
Distilled Water

Ratio

pH
after Applying the

Mixture

pH 1

after Vaporizing
with Ca(OH)2

1-1a 2:98 7 7.5
2-2a 5:95 7 7.5
3-3a 10:90 7 7.5
4-4a 20:80 7 7.5
5-5a 30:70 7 7.5
6-6a 40:60 7 7.5
7-7a 50:50 7 7.5
8-8a 60:40 7 7.5
9-9a 70:30 7 7.5

10-10a 80:20 7 7.5
11-11a 90:10 7 7.5
12-12a 100:0 7 7.5

1 This column refers only to samples 1a–12a.

The samples in the second group (labeled 13 to 24) were treated with a mixture of
MPM slime and Tylose MH -300 P (a powdered thickener that can be used with polar
solvents) in various ratios. It is used when reversible and flexible gluing is required or as a
paper adhesive) applied with a brush. The mixture was acidic and even if the acid did not
affect the final pH in the previous group of samples, we decided to add ammonia to obtain
mixtures with an ideal pH (8–9) for the paper material (Table 2).

Table 2. Second group of samples (labeled 13 to 24).

Sample Number MPM Mucilage:Tylose Ratio
(Drops of Ammonia)

pH
after Applying the Mixture

13 2:98 (1) 7–8
14 5:95 (1) 7–8
15 10:90 (1) 7–8
16 20:80 (1) 7–8
17 30:70 (1) 7–8
18 40:60 (1) 7–8
19 50:50 (1) 7–8
20 60:40 (1) 7–8
21 70:30 (4) 7–8
22 80:20 (4) 7–8
23 90:10 (4) 7
24 100:0 (4) 7

For the third group (labeled 25 to 30), different application methods were used:

- sample 25 was treated with MA mucilage gel treated with Ca(OH)2, which was applied
with a brush. The pH of this gel was 9.7, while the pH of the treated sample was 8/9
(Figure 5a).

- sample 26 was treated with MPM mucilage gel applied with a brush. The pH of the
sheet after application of the gel was 9/10.

- sample 27 was used to test the ability of the gel to remove rust stains, but without
results.

- sample 28 was not subjected to any treatment and was only used for visual comparison
with samples 25 and 26 using a magnifying glass to see if the green mucilage leaves
any traces of color on the paper. Sample 26 was indeed greener compared to 25.

- sample 29 was treated with MA mucilage gel by immersion (Figure 5b).
- sample 30 was treated with MPM mucilage gel by immersion.
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Samples 31 to 42 were not treated with the gel and used as reference ones in subsequent
analyses.

Considering that the different ratios of mucilage:water or mucilage:tylose did not give
different pH values, only 7 treated samples (12, 12a, 24, 25, 26, 29, 30, 31) were selected
from all the prepared samples for the subsequent preliminary aging analyzes, and only one
of the untreated samples was selected as a reference sample (43). The selection of the seven
samples results from the fact that in all cases the paper sheets were treated exclusively with
mucilage obtained in different ways, i.e., at a different pH and/or with different techniques.

2.3. Preliminary Aging Test Using UV Light

Samples 12, 12a, 24, 25, 26, 29, 30, and 43 were irradiated with a common UV lamp
with a 20 W tube for 48 and 96 h, respectively.

Considering that in these samples the support (paper) and the protective material
(mucilage) belong to the same compound class and have similar FT-IR spectra, the FT-
IR analyzes were performed in ATR mode to detect any vibrational differences in the
functional groups of the two materials.

2.4. Use of Prickly Pear Mucilage as a Color Fixative on Watercolor Paper

Although the cellulose fibers of the paper can tolerate polar solvents, so wet cleaning
with water is usually not a problem, wet cleaning paper painted with watercolors can
be a real challenge. In these cases, the most commonly used method for wet removal
of impurities on watercolors is blotting on a vacuum table. Unfortunately, this cleaning
method cannot remove all impurities from the paper support, unlike what the immersion
method can do. For this reason, it was decided to test prickly pear gel to stabilize pigments
so that watercolor paintings could also be subjected to immersion. The test as a color
fixative was conducted on Fabriano Artistic Traditional 300 g/m2 Watercolor Paper®.
Various Schmincke® watercolor paints (red, burgundy, blue, green, yellow and black) were
applied to 2.5 cm2 samples for each color in two rows of different intensity (the intense
colors at the top, the transparent ones at the bottom) (Figure 6). For each color, stability
was tested before and after application of the mucilage.
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Figure 6. Sample preparation.

Before testing the fixing ability of the gel, the ink solubility test (see paragraph 2.3)
was repeated with three solutions of distilled water and ethanol in the ratios 50:50, 70:30,
and 30:70, respectively, with the 30:70 solution showing the highest stability and therefore
selected for the wet treatment. Thus, the samples were immersed in the last solution for
about 20 min and the procedure was repeated three times as in conservation and restoration
practice (Figure 7a).

A piece of blotting paper was placed on the untreated colored paper dipped in the
1 dm3 solution mentioned above to observe whether the pigment left traces of color on
it. The test showed that all untreated colors were unstable in this solution: Immediately
after immersion, dissolution of part of the red and green color of the untreated sample was
observed (Figure 7b).
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marked area), (c) sample treated with mucilage-color is stable.

The treated samples were prepared by applying three layers of the gel (pH = 5) with
a brush to the more intense colors and only one layer to the more transparent parts. The
test, performed as before using blotting paper, showed greater stability for all the colors
protected with the gel: the colors of the untreated sample are dissolved, as can be seen from
the floating traces (Figure 7b), while the colors treated with the gel are wash-resistant (no
floating traces, Figure 7c) and especially for the more intense colors (Figure 7c). The same
process was repeated with a gel treated with Ca(OH)2 to obtain a more alkaline solution
(pH = 9.7). Visual observation for these treatments showed the same results.

In another test, 2 samples of the same paper were prepared but colored only with red
Schmincke® watercolor paint applied to half of the 4 cm2 samples. The choice of red color
was determined by the fact that it proved to be the most sensitive color. The samples were
designated as C (color) and CM (color + mucilage). Both samples were thus immersed in
the bath, which this time was prepared with water only, to test whether the mucilage could
also fix the color in this case. The color loss of the samples was diagnosed visually on the
paper and from the coloration of the water bath (Figure 8). The samples were air dried
before each wash. The mucilage used in this case is MA with alkaline pH, which gave the
best results.
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2.5. The Characterization of Tested Samples by Colorimetric Analyses

Although the effect of the gel can be observed with the naked eye, colorimetric
analyses were performed on all samples using the NH310 Handheld Colorimeter to evaluate
the color changes of the samples after washing without or with protective agent. The
NH310 Handheld Colorimeter is a portable instrument used on fabrics, paper, plastic parts
and construction materials. It is possible to perform color difference analysis according
to formula:

∆E*= [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2

∆E*, in this case, stands for the difference between the color of the sample before
washing (standard color) and the color of the sample after washing. ∆L* represents a
lightness difference between the two colors. ∆a* stands for a redness or greenness difference
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between the two colors and ∆b* stands for a blueness-yellowness difference between
two colors.

The lower the ∆E* value, the closer the sample is to the standard. A ∆E* value of
0 means that the two colors are identical. The greater the ∆E* value, the greater the
difference between the two colors, which in our case means that a greater part of the color
was lost during washing.

2.6. Reversibility Test

Although it was found that the MA mucilage at modified pH gave good results both as
a firming agent and as a color-fixing agent, the reversibility of the gel must be demonstrated
in view of the fact that the above-mentioned gel is to be used for cultural heritage.

Three samples were prepared for analysis: Fabriano Artistic Traditional 300 g/m2

Watercolor Paper® was cut into 9 cm2 squares. Each sample was weighed before and after
application of the MA gel to prove that the gel remained on the paper. The samples were
dipped in the gel and then completely air dried. The samples were then placed in a bath
containing a prepared 70:30 water:ethanol solution for 20 min. They were then left in
air until completely dry and reweighed to check how much gel had been removed. The
analytical balance used has a resolution of 0.01, which is accurate enough for our study.

3. Results
3.1. Chemical-Physical Characterization of Preliminary Aging Test

From the results of the FT-IR analyzes, a clear deterioration of the paper material can
be deduced for all untreated samples irradiated for 96 h: the bands of the functional groups
of the paper are significantly altered both in intensity and in definition (Figure 9). The
results for the samples treated with mucilage (Figures 10 and 11) are different, as they do
not appear to be as degraded.
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It is interesting to note that the mucilage treated samples do not degrade as much,
proving that the mucilage plays a protective role against degradation during prolonged
UV irradiation. The best results are obtained with sample 25, which is the most alkaline of
all the samples tested.

3.2. Results Obtained of the Colorimetric Analysis

The results of the colorimetric analysis are given in Tables 3–5, while the comparison
of the ∆E* calculated for the three series of samples is shown in Figure 12.
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Table 3. Results of the colorimetric analysis for untreated samples.

Color L1* 1 a1* 1 b1* 1 L2* 2 a2* 2 b2* 2 ∆E* 3

intense red 45.39 48.08 34.35 45.2 49.6 35.14 1.72
transparent red 82.71 16.81 14.35 71.76 33.88 24.81 22.81
intense burgundy 43.48 53.84 21.09 47.8 64.5 21.83 11.52
transparent burgundy 72.69 27.43 4.6 59.88 48.94 11.64 26.00
intense blue 25.92 0.86 22.87 43.98 1.74 53.69 35.73
transparent blue 81.41 4.52 10.46 71.65 1.89 19.83 13.78
intense green 40.02 24.38 16.92 38.57 22.61 15.58 2.65
transparent green 76.08 18.88 16.92 79.61 15.6 12.94 6.24
intense yellow 82.89 3.15 81.49 88.22 6.59 87.23 8.55
transparent yellow 88.1 4.64 80.27 87.26 10.66 75.39 7.79
intense black 30.86 3.78 7.58 30.78 4.89 5.74 2.15
transparent black 73.42 1.39 18.34 78.85 2.2 16.94 5.66

1 results for not washed samples. 2 results for washed samples. 3 the colorimeter used has a standard deviation
within ∆E*ab 0.06. Average of 30 measurements of standard white plate.
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Table 4. Results of the colorimetric analysis for samples treated with mucilage pH = 5.

Color L1* 1 a1* 1 b1* 1 L2* 2 a2* 2 b2* 2 ∆E* 3

intense red 50.69 60.86 46.97 46.18 52.64 37.58 13.26
transparent red 75.8 27.45 21.24 73.06 31.53 27.24 7.75
intense burgundy 45.71 59.35 22.87 44.33 54.5 18.99 6.36
transparent burgundy 73.41 30.56 5.79 79.8 16.3 2.42 15.98
intense blue 42.35 2.82 −51.89 27.56 6.93 −53.31 15.41
transparent blue 84.43 0.99 −1.81 78.42 −4.67 −13.27 14.12
intense green 43.15 −25.16 17.52 32.24 −11.22 6.32 20.94
transparent green 83.37 −11.81 12.3 86.17 −9.94 11.65 3.42
intense yellow 85.3 3.83 82.22 86.21 5.41 82.66 1.87
transparent yellow 87.42 −9.11 69.56 89.32 −7.24 82.95 13.65
intense black 36.08 6.21 14.79 41.88 4.46 17.32 6.56
transparent black 78.19 3.94 19.02 75.6 0.47 17.74 4.51

1 results for not washed samples. 2 results for washed samples. 3 the colorimeter used has a standard deviation
within ∆E*ab 0.06. Average of 30 measurements of standard white plate.

Table 5. Results of the colorimetric analysis for samples treated with mucilage pH = 9.7.

Color L1* 1 a1* 1 b1* 1 L2* 2 a2* 2 b2* 2 ∆E* 3

intense red 55.93 54.09 41.53 56.41 54.04 41.72 0.51
transparent red 81.77 18.43 17.54 80.31 20.24 17.09 2.36
intense burgundy 46.27 60.18 22.7 45.64 58.45 22.73 1.84
transparent burgundy 79.00 21.77 9.58 80.85 19.8 9.42 2.70
intense blue 38.36 3.18 −52.19 40.14 3.01 −53.42 2.17
transparent blue 82.2 −2.22 −9.96 80.76 −0.01 −8.14 3.20
intense green 36.21 −18.59 12.57 31.17 −22.1 14.27 6.37
transparent green 78.05 −18.51 15.98 77.01 −19.15 16.00 1.22
intense yellow 93.34 −12.28 86.7 92.68 −17.11 86.31 4.89
transparent yellow 90.55 −5.38 59.25 92.97 −2.99 74.2 15.33
intense black 34.77 6.46 13.66 28.51 2.97 4.09 11.95
transparent black 72.62 3.39 18.53 69.39 3.84 19.06 3.30

1 results for not washed samples. 2 results for washed samples. 3 the colorimeter used has a standard deviation
within ∆E*ab 0.06. Average of 30 measurements of standard white plate.
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Figure 12. ∆E* graphic for the tree series: series 1-untreated samples, series 2-samples treated with
gel pH = 5, series 3-samples treated with gel pH = 9.7.

From the graphic chart, it can be deduced that the best results were obtained for the
samples treated with alkaline mucilage, since for them the lowest ∆E* values were obtained
for most colors, which means that the color before and after washing are closest to each
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other [19]. This conclusion could not be drawn from the visual analysis alone, where both
gels appeared to behave in the same way.

3.3. Results of Reversibility Test

From the results in Table 6, the gel was completely removed in all three cases by
immersion in a bath of water and ethanol, proving that the process is reversible.

Table 6. Masses of samples without gel, with gel and after washing.

Sample Mass of Paper
(g)

Mass of Paper +
Mucilage (g)

Mass of Paper after Washing
(g)

1 0.42 ± 0.01 0.49 ± 0.01 0.42 ± 0.01
2 0.41 ± 0.01 0.48 ± 0.01 0.40 ± 0.01
3 0.39 ± 0.01 0.42 ± 0.01 0.39 ± 0.01

4. Discussion and Conclusions

In their standard practice as solidifying agent and/or colors-fixative, paper conser-
vators usually choose between natural and synthetic agents. The former, such as gelatin,
starch, cellulose ethers . . . have advantages such as good penetration and adhesion, ease of
preparation and reversibility. The synthetic agents such as acrylic resins, polyvinyl acetate
(PVA) . . . have advantages such as fast drying, water resistance and strong adhesion.

Unfortunately, synthetic solidifying agent and/or fixatives can often have negative
effects on the paper, such as discoloration, brittleness, and loss of flexibility over time. In
addition, they may not be as effective in preventing further deterioration of the paper [20,21].
The natural properties of cactus gel, on the other hand, have been shown to provide effective
consolidation while maintaining the original color and flexibility of the paper.

Opuntia ficus-indica gel has also shown good results as a solidifying agent in artificial
aging tests under a UV lamp. It was found that the samples, especially 25 and 26 (treated
with a gel prepared by the method MA with a modified pH of 9), did not degrade even
after 96 h of irradiation. In further studies, it could be interesting to investigate the effects
of using a thermal chamber to also test the effect of heat on the treated paper.

The gel was also tested as a color- fixative. The results were satisfactory and were
confirmed by colorimetric analysis, in addition to a simple visual observation that showed
a significant loss of color layers on untreated samples.

Considering that in this case all tests were performed on “modern” paper samples,
further experiments on historical samples could be planned.

It is important to emphasize that the tests performed showed that the application of
the gel is reversible.

From these results, it appears that the use of mucilage could be considered in the field
of paper conservation and restoration. In particular, the alkaline mucilage, which gave the
best results, has all the important properties essential for application to cultural heritage,
unlike other conventional materials commonly used as solidifying and color-fixing agents.
Indeed, the gel appears to be stable, non-toxic, neutral and reversible.

And although in recent years the use of prickly pear, due to its properties, has attracted
great interest not only in food research, but also in medicine and cosmetics, we have
found few articles on its use in the field of conservation-restoration and only on its use as
solidifying agent for lime mortars [22]. This confirms that our research is at least innovative,
and considering the good results obtained, it would be appropriate to further investigate
its applications in the conservation and restoration of paper and other materials.
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