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Abstract
The purpose of the current investigation was to ascertain the efficacy of cellulose and gellan gum in removing pomegran-
ate stains and dirt from a historic printed manuscript from the year 1888 AD. To confirm the efficacy of these compresses 
before and after treatment, as well as after exposing treated samples to artificial aging, numerous studies including a 
digital microscope, scanning electron microscope (SEM), fourier transform infrared (FTIR), color change (ΔE), and pH were 
carried out. After cleaning and aging, promising results were obtained. p-Hydroxy benzoic acid, gallic acid, salicylic acid, 
benzoic acid, quercetin, catechol, and rutin were the most prevalent phytochemicals in the pomegranate stain, which 
was analyzed using high-performance liquid chromatography (HPLC). The digital microscope and scanning microscope 
demonstrated that the gellan gum compress was successful in removing stains but severely weakened the paper, result-
ing in a clear cut of the fibers and substantially removing the inks. In contrast, the cellulose compress effectively removed 
stains without harming the paper fibers. Both compresses revealed a substantial rise in ΔE in the treated sample. These 
alterations were connected to a rise in the paper samples’ Lightness (L), which was measured after surface debris was 
removed. As groups remained unaffected after the cleaning procedure, infrared spectrum analysis proved that the 
chemical structure of the paper had not been altered. However, after cleaning, both compresses, particularly gellan 
gum, showed an increase in the intensity of peaks at 3400  cm−1 (OH stretching). Additionally, a significant change was 
seen following treatment, with pH values rising. Gellan gum and cellulose compresses were shown to be quite good 
at removing acidity, and since pH levels rose after treatment, this suggests that the stain was cleaned up and removed. 
Based on these findings, we suggest cleaning cellulosic supports with a cellulose compress.
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1 Introduction

The Chinese invented paper in the second century AD, which is made comprised of a mesh of randomly organized 
plant fibers [1]. Ts’ai Lun, a Chinese court official, created a paper web by slurring paper mulberry (Broussonetia papy-
rifera) fibers in the water [2]. Chinese papermakers discovered that employing different plants as fiber sources allowed 
them to modify the properties of the paper they created [3]. An Arab army captured a Chinese paper-making facility 
in Samarkand over 600 years later [4]. Hemp, flax, and linen rags were used as raw materials for paper manufacturing 
[5, 6]. The first paper mill in the United Kingdom was established in Hertfordshire in 1488, and it was mentioned in 
a book printed by Caxton in 1490 [3].

The paper lists numerous elements that can cause deterioration, including extremes in temperature and humidity, 
light, airborne pollutants, mold, and pests. Deterioration is usually gradual and cumulative, and it is never completely 
reversible [7, 8]. Because some library materials are made of naturally unstable materials, like acidic paper, they 
deteriorate more quickly than others [9]. Two primary types of deterioration can affect the materials found in the 
libraries and archives, which primarily consist of paper, palm leaves, textiles, parchment, birch bark, leather, albumen 
silver prints and adhesives used in bookbinding [10–15]. There are two types of biological deterioration: the first is 
brought on by insect attack and/or fungal growth, while the second type is caused by unfavorable environmental 
factors like excessive moisture or wide variations in relative humidity that are linked to significant variations in day 
and nighttime temperatures, light and air pollutants [16, 17].

These two forms of deterioration are interconnected because dust and dirt accumulations attract insects and 
humid conditions encourage the growth of fungi, these two types of deterioration are related [18, 19]. Moreover, dust 
stains are regarded as a possible risk factor, as is the presence of silicon, acidic gases, and metallic ions—particles 
that are sharp and react chemically with writing materials to discolor and dissolve manuscripts [20]. Alum or rosin 
sizing agents, high lignin pulp material, coatings, and some inks, like iron gall ink, are examples of acidic substances 
that attack the long cellulose chains in paper, resulting in brittleness [18, 21–23].

One of the most important treatments for paper manuscripts is cleaning. However, a number of widely used 
techniques, like chemical bleaching and solvents used to remove some stains, cause the treated paper’s fibers to 
break down [9, 24]. Additionally, the majority of organic solvents (such as acetone or toluene) that were used to treat 
paper manuscripts sped up the process of paper oxidation and hydrolysis, which is how the treated manuscripts 
degraded. In addition, several publications recommended using ethylenediamine tetraacetic acid (EDTA) to remove 
iron stains [25].

Numerous studies attempted to enhance the use of gel in cleaning treatments using various techniques, such as 
chemical or mechanical cleaning, which resulted in uncontrollably high residues [26–28]. These led to fabricate novel 
nanogels to clean paper manuscript from undesirable and contaminated materials such as hybrid nanogels from 
ZnO,  TiO2 and  Fe3O4/Carbopol for dust stains and soil remains [29], toluene and isopropyl alcohol gel in cleaning wax 
stains from paper supports [30], cleaning fungal stains on paper with hydrogels with controlling the pH [31], and 
cleaning paper from fungal and bacterial contaminations using carboxymethyl cellulose (CMC) and Phytagel plant 
cell (PGP) loaded with  TiO2NPs [32].

Cellulose, or 100 percent vegetable products, is the greatest material for cleaning because it is environmentally 
benign and does not contain any contaminants [33, 34]. Cellulose is resistant to most chemicals and liquids, which 
may explain why it is used to remove stains and dirt from paper [35] and its nanostructure has a potential effects in 
strengths of paper manuscripts [36]. Gellan gum is a high molecular weight polysaccharide (complex sugar) gener-
ated by the bacterium Sphingomonas paucimobilis or S. elodea during the fermentation process [37–41]. It is used as 
a thickening or emulsifier [42] by creating hard gel that is compatible with impregnating acidic and basic solutions 
once they have been produced. It performs best when applied warm [43]. In the biomedical, pharmacological, and 
food industries, a gelling agent is used [44]. It is biodegradable and non-hazardous, and utilized in a variety of sectors 
[45, 46]. When hot liquids are cooled in the presence of cations that promote gel formation, gellan gum generates 
gels at low concentrations [47]. Modified gellan gum hydrogels can be used as materials for applications in tissue 
engineering [48, 49]. Gellan gum may be used to reduce stains or tidelines in a paper [50]. Microgel gellan compared 
to commonly used hydrogels and water bath treatments, ancient samples perform better in the removal of cellulose 
degradation byproducts [51].

The choice of both mud and pomegranate stains is one of the common stains on paper manuscripts. Mud stains 
are known for spreading quickly because of dust particles dissolving in water. During the winter, when temperatures 
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drop, cellulose manuscripts with hygroscopic properties start to absorb water from the surrounding atmosphere, 
which further contributes to the formation of mud stains. Since numerous studies have tracked the occurrence of 
stains with an organic origin—such as fruit stains, sweat stains, and stains—due to the handling of manuscripts, the 
concept of using pomegranate stains as a simulation of the organic stains present on historical manuscripts.

Thus, the objective of this research was to ascertain how well mud and pomegranate stains could be removed from 
printed historical documents using cellulose and gellan gum. These were obtained through the application of several 
analytical methods.

2  Materials and methods

2.1  Preparation of pomegranate juice and HPLC analysis

Pomegranate (Punica granatum L.) fruits were manually peeled, and then the juice was extracted by pressing the arils 
with a pedal, leaving the seeds and pulp behind on the plate [52]. The phenolic components from the juice of P. granatum 
were categorized by HPLC 1260 Infinity Agilent System (Agilent Technologies, Santa Clara, CA, USA) equipped with a 
Quaternary pump and a Zorbax Eclipse Plus C18 column (100 mm × 4.6 mm i.d.) (Agilent Technologies, Santa Clara, CA, 
USA). The instrument was operated at 30 °C and the injection volume was 20 µL with the following ternary linear elution 
gradient; (A) HPLC grade water 0.2%  H3PO4 (v/v), (B) methanol, and (C) acetonitrile [53, 54].

The HPLC analysis involved the use of standard HPLC-grade phenolic and flavonoid compounds, including caffeine, 
pyrogallol, quinol, gallic acid, catechol, p-hydroxy benzoic acid, chlorogenic acid, vanillic acid, caffeic acid, syringic acid, 
vanillin, p-coumaric acid, ferulic acid, benzoic acid, rutin, ellagic acid, o-coumaric acid, salicylic acid, resveratrol, cinnamic 
acid, myricetin, quercetin, rosmarinic acid, naringenin, and kaempferol. To detect the phenolic compounds, the detec-
tion wavelength was set to 284 nm.

2.2  Description of the printed samples

For the experimental part of the current investigation, a satirical novel by author Gustave Flaubert (Bouvard et Pécuchet) 
(Fig. 1) was used. It is discovered in Cairo, Egypt, in private collections, and it was created in the year 1888 AD. All of the 
information regarding Gustave Flaubert’s incomplete satirical novel Bouvard et Pécuchet is listed in Table 1. The novel 
was published in France in 1881 following Flaubert’s death in 1880.

2.3  Preparation of compresses

In order to avoid the micro-emulsion’s direct contact with the cellulose structure, the current study focuses on cleaning 
paper prints contaminated with pomegranate juice and clay stains using a micro-emulsion loaded on compresses of 
pure cellulose (Sigma-Aldrich Chemie GmbH, Eschenstrasse 5, D-82024 Taufkirchen, Germany) and another gellan gum 
(Otto Chemie pvt. Ltd., Mumbai, India). This is to protect the paper’s surface from any potential damage. Deep cleaning 
with the least amount of cleaning agent intervention is the aim. As a result, the polysaccharide compounds are only 
a carrier for the potent cleaning ingredients; the micro-emulsion is the actual cleaning agent that effectively removes 
stains. They have been employed because of their chemical makeup, which is comparable to that of paper since both 
paper and carriers are composed of carbohydrates.

The composition (% w/w) of the compresses employed in the cleaning process is shown in Table 2. Oil in water 
micro-emulsion made with sodium dodecyl sulfate, 1-pentanol as a co-surfactant, and a small amount of a mixture of 
p-xylene, propylene carbonate, and nitro diluent (a mixture of 62% toluene, 15% butyl acetate, 15% ethyl acetate, 6% 
n-butyl alcohol). The mixture was sonicated for 20 min at room temperature using a 400-W ultrasonic, but because the 
ultrasonic waves cause the mixture to heat up during the sonication process, the sonication process must take place in 
an ice bath to keep the temperature constant.

The produced micro-emulsion was mixed in the ratio 1:0.75 (v/v) [55] with cellulose powder or gellan gum at the 
Polymer Department National Research Centre in Dokki, Giza, Egypt.
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2.4  Accelerated aging of paper after cleaning

The accelerated artificial aging after cleaning is done to ascertain the long-term effects of the compress on the chemi-
cal composition of the paper. The treated and untreated samples that underwent thermal and light aging are shown 
in Table 1. In accordance with ISO guidelines, the samples were heated for 72 h at 80 °C and 65% relative humidity at 

Fig. 1  Shows the old printed 
book (a and b), the com-
presses (c), and the tools 
which utilized in the applica-
tion (d). KODAK scale was 
used to accurate the color 
of the materials used in the 
present work

Table 1  The description of the 
old book

Type of pulp Mechanically-treated wood pulp

Type of inks Print inks (carbon + oil medium)
Type of stains Organic stains like (pomegranate/mud 

stains / yellow stains due to acidity/
dust)

Table 2  Shows the 
composition of compresses

Component Solution 1/wt.%

Water 69
Sodium dodecyl sulfate 5.1
1-Pentanol 6.5
P-xylene 1.8
Propylene carbonate 17.6
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the Polymer Department National Research Centre in Dokki, Giza, Egypt. The samples were then exposed to 150 lx 
of UV light for aging them (Fig. 2) [56].

2.5  Examinations and analyses

2.5.1  Universal Serial Bus (USB) digital microscope

A USB digital microscope (1600 ×) was used for the visual assessment of the experimental samples before and after 
treatment and ageing.

2.5.2  Scanning electron microscope

The paper samples were examined using SEM order to identify the internal changes of the paper during the cleaning 
process. Specimens from paper with size of 10 mm in diameter circular shape were used for SEM examinations. These 
samples subjected to sputter coating (Edwards’s model S 140A) of gold ions to have a conducting medium. Sputter coated 
samples were scanned with JEOL Model JSM-T20 SEM, 1550VP. with energy dispersive X-ray spectroscopy (EDS) detector.

2.6  Color change using the CIELAB system

The colors of the samples were measured with an Optimatch 3100 (CE 3100, SDL, United Kingdom). All samples were 
measured in the visible region, i.e., in a wavelength range of 400 to 700 nm, with an interval of 10 nm, using a D65 
light source and an observed angle of 10°. The colorimetric coordinates L, a, and b of the CIELAB color space were used 
to express color change. The CIELAB color space is organized in a cubic form. The L axis runs from top to bottom. The 
maximum for L is 100, which represents white, while the minimum for L is zero, which represents black. The a and b axes 
have no specific numerical limits; positive a is red, negative a is green, positive b is yellow, and negative b is blue [57]. 

Fig. 2  Shows the paper samples during aging process
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The total color change of all the treated paper samples was expressed as AE, which was calculated according to the fol-
lowing equation [7].

where ( ΔL) 2, ( Δa) 2,(Δb) 2 are the differences between the values of the respective color indices before and after treatment.

2.6.1  Fourier transform infrared (FIR) analysis

Fourier transform infrared analysis was used to monitor the chemical composition and changes that occurred in the 
paper due to treatment. The samples were analyzed with an FTIR spectrometer (Model 6100, Jasco, Tokyo, Japan). The 
spectra were obtained in transmission mode with a triglycine sulfate (TGS) detector via the KBr method and represent 
2 mm/s co-added scans in the spectral region from 4000 to 400  cm−1, with a resolution of 4 cm [28].

2.6.2  pH measurement

The PH meter, made in Romania, is a waterproof temp pocket tester with a replaceable probe. It is located in the lab of 
manuscripts, Faculty of Archaeology, Cairo University. The samples were cut into 400 mg pieces for each treatment and 
placed into 50 mL of distilled water (a pH of 7) for 6 h to measure the paper acidity using the hot extraction method. The 
temperature of the solution during the measurement was 19: 20 °C.

2.6.3  Statistical analysis

The measured values of pH were statistically analyzed using one-way ANOVA and the comparison between means were 
done using LSD at 0.05 level of probability.

3  Results and discussion

3.1  Application of compresses

In the initial attempt, a polyester sheet was placed between the pages to stop any cellulose leakage, and the compresses 
of microemulsion to cellulose or Gellan gum (1:0.75 v/v) were applied to the mud stain for 20 min. After 15 min, they 
returned, and the best results were obtained at the 5-min mark. This was because an initial experimental study on some 
paper samples had shown that the optimal result was at 5 min.

On the initial attempt, the compress was left for 15 min in order to try and remove a pomegranate stain; this resulted 
in the paper becoming brittle due to its absorption of moisture from the compress. An initial experimental investigation 
on some paper samples revealed that the second attempt as the compress was left for 10 min, yielded the best results 
in terms of the pomegranate stain being removed with no detrimental effects on the paper itself (Fig. 3).

3.2  Visual assessment by digital microscope

Using a USB Digital Microscope to compare the standard samples before and after aging, it was found that there was 
some erosion in the inks following cleaning with gellan gum compress and that the paper surface weakened with time. 
The following is an explanation of the outcomes:

Before cleaning, the pomegranate stain was purple, and after cleaning, it returned to its original color. However, at 
some point, the gellan gum compress affected the fibers and inks as shown in Fig. 4, and aging made the color more 
yellow and more into the fibers, letting us know how much the cellulose compress affected at cleaning the surface as 
it made the pomegranate stain disappear while also demonstrating the detrimental effect of gellan gum compress as 
shown in Fig. 5.

Cleaning with cellulose helped us remove the mud stain and had a minor negative impact on the inks, but gellan gum 
compress had a significant negative impact on the inks as seen in the Figs. 6 and 7. As the mud stain grew more ingrained 
in the fibers, it became more difficult to remove; nevertheless, cellulose compress removed it. Cellulose compress offers 

ΔE =

√

(ΔL)
2 + (Δa)

2 + (Δb)
2
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Fig. 3  Shows the cleaning of mud stain using compress of cellulose. The mud stain before cleaning (a), the mud stain during cleaning (b), 
the final result of cleaning of mud stain using cellulose compress (c), the pomegranate stain (d), the pomegranate stain during cleaning (b, 
e), the final result of cleaning forthermore as the cleaning of pomegranate stain using compress of gellan gum (f), the accumulation of mud 
particles on the surface (g), the role of gellan gum compress in removing mud stain (h), and the mud stain after cleaning, where the paper 
became more fragile (i)
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a better cleaning performance as compared to the compress of gellan gum because it does not have as much of an 
impact on the paper’s surface or fibers.

The paper appears darker due to the calcination of mud stain on its surface, possibly as a result of aging (a, b), the mud 
stain was removed after cleaning with cellulose compress (c), the elimination of mud stains with minimal impact on inks 
(d), the paper surface after using gellan gum compress to clean it, where 85% of it was removed (e), and as the carbon 
is a chemically stable material, it shown that carbon ink can fade and smear in moist environments (f ) [58]. It is evident 
that there is a small change in inks following aging and cleaning with gellan gum compress. Additionally, we observed 
that the gellan gum compress affected the fibers and did not entirely remove the mud stain..

3.3  Scanning electron microscope

A scanning electron microscope (SEM) was used to observe the original paper fibers’ shape, the impact of artificial 
aging on the fibers, and the impact of the treatment materials. Paper is a hygroscopic material because it is composed 
of organic fibers. Due to their multiple thin paper layers, books, magazines, and newspapers in a room may have a 
great potential for acting as a moisture buffer. Between the sheets, tiny air layers may form that enhance moisture 
buffering capacity and facilitate the transport of water vapor [59]. Due to the paper’s high porosity, where the fibers 
were covered and impregnated with stains (Fig. 8a-c), the pomegranate stains completely enter the paper. It can 

Fig. 4  Cleaned pomegranate stain with cellulose and gellan gum compresses. The red color appeard on the paper surface and inkdue to the 
paper absorption of pomegranate stain (a and b), the good effect of surface cleaning with cellulose (c), the minimal impact of cleaning cel-
lulose compress on ink (d), the surface’s brittleness following gellan gum compress cleaning and any residual compress residue (e), and the 
breakdown of fibers on the surface and ink damage (f)
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be shown that cellulose compress has a better cleaning effect than gellan gum compress after pomegranate stains 
from printed ancient paper have been removed, as shown in Fig. 9a-d after cleaning with gellan gum compress and 
Fig. 10a-d after cleaning with.

Figure 11c, d demonstrate the total removal of mud stains after cleaning with cellulose compress, however, Figs. 12 
and 13 show that washing mud with gellan gum compress did not completely remove the mud stains and that the 
gellan gum also left crystals on the fiber.

Thus, when working with priceless cultural heritage objects, researchers are constrained in their ability to select the 
best cleaning solution in order to have good results in eliminating the filth and generating no chemical or mechani-
cal damage to the surface. Additionally, they should not leave residues on the surface after removing the cleaning 
agent [60]. As a consequence, we can suggest that cellulose compress is an effective substance for removing stains 
from antique paper. Sodium dodecyl sulfate micro-emulsion, according to a different theory, was employed as a 
clever cleaning solution for manuscripts found in ancient sites and was successful in removing many types of stains 
without harming the manuscripts’ structural integrity [7].

But when we apply it to our samples and compare the results, we discover that this opinion is false because the 
appearance of gellan gum crystals, the breaking and twisting of individual fibers, and the degradation of the fibers 
and gaps between them were not eliminated.

Fig. 5  Cleaned pomegranate stains on paper samples with cellulose and gellan gum compresses after aging the penetration effect of 
pomegranate stain after aging with changing stain color to yellowish (a and b), the cleaning of pomegranate stain with cellulose compress 
after aging and the paper returned to its original color without any effects on inks (c and d), the cleaning with gellan gum compress after 
aging and the weakness of fibers (e), and the erosion of inks and fibers due to the cleaning with gellan gum compress after aging (f)
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SEM photos show that the cellulose compress was superior to the artificial gellan gum compress in removing both 
the mud stain and the pomegranate stain from the paper surface. When the gellan gum compress is removed, however, 
there are still crystals visible between the fibers, which leads to a burnt mark on the paper surface after aging.

3.4  Color change using the CIELAB system

The use of cleaning agents and artificially accelerated aging tests on paper samples resulted in color change (∆E), which 
were investigated using colorimetric testing. The ∆E values were computed using the color parameter data and are 
displayed in Table 3. According to the values of ∆E in the mud stain treated with cellulose compress, we can observe 
that after cleaning the mud stain with cellulose, the stain became brighter after cleaning as shown in Table 3, where the 
value of ∆E before aging was 8.98 and after aging 8.41. The value of ∆E was compared between the standard samples 
and samples treated with both cellulose and gellan gum compresses.

However, while lightness (L) was also present in the treated samples of the mud stain following treatment with the 
gellan gum compress after aging the difference was evident in the lamination as it increased and it can be brought on 
by any remaining of compress in the fibers.

It was discovered that there is a noticeable variation in brightness for the pomegranate stain treated with cellulose 
compress, especially in the aging samples, where ∆E was 9.47. Additionally, based on the L values for standard samples 
and samples that have been compresses-treated before and after age they are displayed in Table 3.

Fig. 6  Cleaned mud stain samples with cellulose and gellan gum compresses. The penetration of mud stain on the surface of the paper (a 
and b), the mud stain was removed by cleaning with cellulose compress and the paper became more bright and with little effect on inks 
(c and d), the cleaning of mud stain after treating with gellan gum compress, where the surface was good cleaned but the fibers become 
weaker (e), and the deformation of inks as the result of cleaning with gellan gum compress (f)
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Although the gellan gum compress’s brightness increased and it left residues on the fiber surface, the cellulose 
compress outperformed the other in cleaning both stains. The removal of redness was evident in pomegranate samples 
treated with gellan gum and natural cellulose compresses, both before and after aging, as determined by the Δa values. 
This suggests that both compresses were effective in removing stains.

The gellan gum compress left residues on the fiber surface even as its brightness increased. The cellulose compress 
worked the best, even though both cleaned the two stains. Based on the values of Δa in pomegranate samples treated 
with gellan gum and natural cellulose compresses before and after aging, it was clear that the redness was eliminated, 
demonstrating the efficacy of both compresses in removing the stains..

According to the Δb values of the mud stain sample treated with cellulose compress prior to aging, the Δb was 0.03 
and in the samples following aging, it was 0.05. For the mud stain sample treated with gellan gum, the amount of change 
is − 18.0 for the non-aging sample and − 1.34 for the aging sample.

The ∆b for the pomegranate stain treated with cellulose compress was 4.92 prior to aging and 9.85 subsequent to 
aging. Old historical paper needs to be preserved and treated with extreme effectiveness, but the most important aspect 
of these procedures is that they must preserve the paper’s microscopic shape. Due to cellulose oxidation, old historical 
paper is more likely to deteriorate. This is especially true if the paper was made using rough materials, such as wood pulp, 
and is affected by the manufacturing process, the environment, and other factors from that era [61].

The absence of unfavorable changes on the paper after treatment with both compresses indicates the success of the 
treatment, and some studies’ findings indicate that agar-gellan treatments are the most effective in terms of having little 
to no negative effects on this kind of paper’s surface [62, 63]. It was discovered that the compress had a very straightfor-
ward effect on the paper after the aging process; a comparison of the samples before and after aging revealed a value 

Fig. 7  Cleaned mud stain samples with cellulose and gellan gum compresses after aging
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of 0.6, indicating the compress’s efficacy and efficiency. Regarding the mud stain treated with cellulose, the total change 
value revealed that it significantly increases the stain’s cleaning efficiency. The overall value of the mud stain was 11.07 
more expensive after being treated with gellan gum compress than it was before, while the effect of this compress on 
the paper was just marginal, totaling 2.32. When treating with gellan gum compress, the difference between the samples 
before and after aging was also evident, but the effect of the compress on the paper after aging was not significantly 
impacted, valued at 2.35. As for the pomegranate treated with cellulose compress, the value of ∆E after aging was higher 
than its value before aging, and this is a clear change, as it reached 14.46 after aging (Table 3).

When all of these factors were taken into account, both compresses were successful in removing the two stains; 
however, the cellulose compress was the most efficient and effective because, unlike the gellan gum compress, it left no 
residue behind after cleaning. According to reports, using a gel cleaning product like Phytagel can effectively remove 
debris that has built up on paper due to cellulose’s degradation. One of its downsides is the deposition of gel residues 
on the surface, as shown by microscopic analysis. Its efficiency rises when the gel is the size of a micro and its efficacy 
increases when it is a material [51].

3.5  Fourier transform infrared (FIR) analysis

Figures 14, 15, 16 and 17 show the comparison between the standard sample and the sample treated with cellulose and 
gellan gum compresses. As the spectra after ageing (Fig. 14), it can be observed the typically functional groups of paper 
after treatment and after aging. But with slight differences where OH starching, which occurs at 3339  cm−1, was found 
to decrease, indicating a drop in humidity in control sample. After he treatment and even after aging, the OH vibration 
increased, indicating an increase in the moisture content [64].

It was also observed (Fig. 14) that the stretching of the CH group at 2901  cm−1 decreased after treatment with cellulose 
compress. This indicates a decrease in fatty substances that may be related to the clay particles, as clay granules usually 
contain a number of organic fatty suspensions [65]. No observed change was detected in C-H bond stretching vibration 

Fig. 8  Pomegranate stain on paper samples before cleaning with cellulose compress. The pomegranate’s ability to absorb into paper, creat-
ing an isolation layer that causes the fiber’s surface to vanish because of the pomegranate’s high penetration (a), the breakdown of the con-
nection between the fiber chains (b), and the fibers’ swelling as a result of the high pomegranate juice absorption at the fibers (c)
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Fig. 9  The damage and splitting in paper fibers. Sodium dodecyl sulfate increases paper treatment at lower concentrations but decreases at 
higher concentrations, so this could be the result of an increase in SDS on the gellan gum compress (a-d)

Fig. 10  The effect of cleaning with cellulose and the breaking down of the isolation layer from the fiber surface (a and b), and the fiber 
returned to its normal size and the stain was removed (85%) with very little pomegranate residue on the surface following cleaning with cel-
lulose and its effect on removing the pomegranate stain (c and d)
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at 1426  cm−1 and this indicates that aliphatic methylene groups of cellulose is not affected, but after ageing. After the 
treatment with gellan gum compress (Fig. 15), it was noticed an increase in the CH group, Which indicates the success of 
the cleaning process in strengthening the cellulose structure by increasing the intensity of C-H bond stretching vibration 
under accelerated industrial aging. The stretching of the C-O group at 1607  cm−1 had increased during treatment and 
also after aging, which indicates an increase in ether [65]. No harm effect was detected in treated paper after treatment 
the mud stains by cellulose compress, beside that polymerization of treated paper did not decline, also no significant 
effect was observed after aging [64]. Furthermore after treatment, the C-O, which is connected to the absorption of OH 
at 1029  cm−1, reduced, and aging increased [66]. Additionality, a very slight change in the stretching of O-C-O at 800 and 
950  cm−1, related to the amount of cellulose was observed.

Although we cannot determine the treatment of the mud spots from the FTIR analysis because the mud functional 
groups are located in the areas of the cellulose functional groups, where the mud functional groups are in the wavelength 
range between 1000 and 1100  cm−1, we can confirm the other analyses that were carried out [67].

In pomegranate samples treated with gellan gum compress (Fig. 16), FTIR analysis reveals a drop in the OH group, 
which is visible at wavelength 3339  cm−1 and denotes a decrease in moisture content. Additionally, a drop was seen 
after aging, showing that the compress has an impact on the paper’s moisture content [64], as well as a decrease in 
the stretching of the CH group, which is seen at wavelength 2091  cm−1 and is lessened after treatment and aging. This 

Fig. 11  Cleaned pomegranate stain samples with cellulose and gellan gum compresses after aging. he pomegranate stain deeply pene-
trated the surface, causing the surface to become dehydrated due to exposure to heat and relative humidity (a), the aging of the drought 
fibers and the appearance of fiber cracks (b), the result of using cellulose compress to clean the surface after it had aged and dried com-
pletely caused the fibers to break down and crack (c), the splitting of fibers due to the drought of the surface (d), and the cleaning of pome-
granate stain with gellan gum compress after aging (e)
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implies that the compress has an impact on the cellulose’s organic matter, causing a shortfall [65], and the bending of 
the CH group can be seen at 1426  cm−1.

The fact that a significant change occurred, whether during treatment or after aging and that this had no significant 
impact on cellulose, as well as the stretching of the O-C-O group, suggests that cellulose polymerization had not changed 
[64]. The C-O group, which is linked to OH absorption, was shown to decrease after treatment and after aging; this dem-
onstrates how the compress affects the paper’s moisture content [66].

Regarding the stretching of the O-C-O group, which is related to the amount of cellulose and appears at a wavelength 
of 800–950  cm−1, it was discovered that when treated, a slight change occurred during treatment, which indicates a 
slight decrease in the amount of cellulose, but after aging, a noticeable decrease occurred, which indicates a decrease 
in the amount of cellulose after aging. From this, it can be inferred that the gellan gum compress influences the paper’s 
moisture content, which may be attributed to the compress’s high concentration. This has little effect on cellulose, and 
its effectiveness has not been shown to last over time.

The functional stretching group (OH), which shows at wavelength 3334  cm−1 and indicates a rise in the moisture 
content of the paper, was significantly increased in the FTIR examination of a sample of a pomegranate stain that had 
been treated with a cellulose compress. Even after age, it has little impact on the paper’s moisture [64]. There was an 

Fig. 12  Mud stain samples before and after cleaning with cellulose and gellan gum compresses. The mud crystals and their high penetra-
tion on the paper and its total interlinked between fibers (a and b), the good effect of cleaning mud with cellulose compress, where the 
fibers in a good condition after cleaning and its returned to its original color (c and d), and the cleaning of mud stain with gellan gum 
compress with a medium effect in removing stains but the gellan gum compress under SEM does not remove and it can be seen crystals of 
gellan gum covered some fibers (e and f)
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increase in the treated sample compared to the standard sample at the bend of the NH group, which shows at 1642  cm−1 
for pomegranates. However, when aging took place, we detected a little rise from the standard sample, which indicates 
an increase in amino acids [68].

The stretching of (C–C), which appears at wavelength 1426  cm−1, shows a small increase when treated and no change 
after aging, indicating a slight increase in the treated sample and no increase after aging. The stretching of C = O, which 
appears at wavelength 1611  cm−1, shows a noticeable increase when treated and also when aging occurs, which is 
related to the increase in ketones [68].

It was observed that the functional group (O-C-O) related to the polymerization of cellulose, which shows at wave-
length 1160  cm−1, did not alter, indicating that the compress did not affect the polymerization of cellulose paper [64]. 
The stretching of the (O-C-O) group, which is related to the amount of cellulose at wavelength 910  cm−1, and an increase 
were observed, indicating that the compress improved the cellulosic fiber of the paper. The functional group (C-O) linked 
to (OH), which is found at the wavelength 1029  cm−1, increased upon treatment and upon aging.

It was observed from Fig. 16 that the gellan gum was effected to the OH functional group at 3334  cm−1 in the pome-
granate stain sample. The standard sample saw an increase following treatment and after age, which denotes an increase 
in moisture content [64]. When it comes to the CH group, we observe a substantial difference between the treated sample 
and the standard sample, but after age, we observe a drop in the standard sample, which shows that the gellan gum loses 

Fig. 13  Cleaned mud stain samples with cellulose and gellan gum compresses after aging. The fibers became wicking and fragile after 
exposing the mud stain sample to oven heat and relative humidity (a and b), the mud stains cleaned with gellan gum after aging, where the 
fibers twisted and the gellan gum crystals remained on its surface and the fibers became visible (c and d), and the mud stains cleaned with 
gellan gum compress after aging, where the fibers twisted and the gellan gum crystals remained on the surface, leaving a black stain, pos-
sibly a burnt gellan gum stain (e and f)
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its effectiveness [65]. After aging (Fig. 17) we observed a modest increase from the standard sample, which indicates an 
increase in cinnamic acid of pomegranate. The bending of the (N–H) group, which shows at wavelength 1642  cm−1 for 
pomegranate, increased in the treated sample relative to the standard sample [68]. After treatment and aging (Fig. 17), 
it was seen that the stretching of the (C–C) group, which shows at wavelength 1426  cm−1, increased, which suggests an 
increase in aromatic acids [68]. In contrast, the functional group C-O associated with OH, which appears at wavelength 
1029  cm−1, increases after treatment and after aging. The stretching of the O-C-O group is related to the amount of 
cellulose at wavelength 910  cm−1, and an increase was observed in the treated and aging samples. Additionally, the 
functional group O-C-O associated with cellulose polymerization, which appears at wavelength 1160  cm−1, does not 
show a significant change, indicating any change.

3.6  HPLC of pomegranate juice

The phenolic compounds of pomegranate juice are presented in Table 4 and Fig. 18. The highest percentages phenolic 
of compounds (mg/kg) observed were for p-hydroxy benzoic acid (1174.37), gallic acid (1105.84), salicylic acid (678.18), 
benzoic acid (248.68), quercetin (214.11), catechol (126.56) and rutin (115.15).

Pomegranate phenolic components give the juice color, astringency, and bitterness [69]. The levels of ellagic acid 
in the juice of several pomegranate cultivars ranged from 160 to 7 mg/L [52]. Gallic, chlorogenic, caffeic, ferulic, ellagic 
acids, catechin, epicatechin, phloridzin, quercetin, and rutin were the phenolic components of 18 pomegranate juices 
produced in Morocco [70]. The pomegranate juices contained anthocyanins, derivatives of ellagic acid, and hydrolyzable 
tannins that were identified and measured [71]. Ellagic acid, one of the identified phenolic chemicals in pomegranate 
juice, was discovered in concentrations between 17.4 and 928 mg/L [72].

3.7  pH measurements

Table 5 presents the results of pH values. According to the findings, the historical sample’s (unstained zone) pH value 
was 6.5. While the pH of the pomegranate spot sample was 3.7 and was generated by the acids naturally present in the 
pomegranate, the pomegranate stain on the paper caused an increase in the acidity of the paper [73].

Table 3  The ΔE measurement of samples cleaning with cellulose and gellan gum compresses

Samples Color parameters

L a b ∆E

Untreated mud stain (control) 72.22 3.17 14.47

∆L ∆a ∆b ∆E

Mud treated with cellulose 8.98 − 1.31 0.03 9.08
Aged mud treated with cel-

lulose
8.41 − 1.12 0.05 8.48

Mud treated with gellan gum 8.50 − 1.10 − 0.18 8.75
Aged mud treated with gellan 

gum
10.80 − 2.03 − 1.34 11.07

Untreated pomegranate stain 
control

70.79 6.77 3.34

∆L ∆a ∆b ∆E

Pomegranate treated with 
cellulose

3.91 − 4.81 4.92 7.91

Aged pomegranate treated 
with cellulose

9.47 − 4.73 9.85 14.46

Pomegranate treated with gel-
lan gum

1.83 − 3.36 7.95 8.82

Aged pomegranate treated 
with gellan gum

6.31 − 5.41 7.46 11.17
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Since the stain is acidic, as we previously mentioned, there was a dramatic change after treatment, where the pH values 
increased. We noticed the effectiveness of gellan gum and cellulose compresses in removing acidity, and this indicates 
cleaning and removal of the stain. The Table 4 shows that the pH value in the cellulose-treated sample reached 5.6 and 
the pH value in the gellan gum-treated sample reached 5.9.

The pH level rising means that the stain has been eliminated. It can be seen that the pH value increased higher than 
it had before the treated samples were exposed to age; the pH value in both samples increased to 6.1. While most soils 
have a pH in the range of 2.0–11.0, soils with sulfuric elements may oxidize to have a pH below 2.0, as we observed in 
the sample of the mud stain before cleaning when the pH value was equal to 5.6 [74].

Fig. 14  FTIR spectra of mud stains paper (control) which cleaned by cellulose compresses and its condition after accelerated aging

Fig. 15  FTIR spectra of mud stains sample the control standard (cleaning with gellan gum) and its condition after aging
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Fig. 16  FTIR spectra of pomegranate sample the control (cleaning with cellulose) and its condition after aging

Fig. 17  FTIR spectra of pomegranate samples treated with gellan gum before and after aging
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After washing, the pH values of the gellan and cellulose samples both increased to 6.1 and 6, respectively. The high 
pH values show that the stain was eliminated and the cleaning was successful.

According to the PH measurement and the consensus that cleaning materials shouldn’t leave residues on the surface 
after the cleaning agent removal and shouldn’t affect the historical artifact, the pH value increased after aging, reaching 
6.5. This may be due to the compress residues, which are very evident in the SEM images showing the crystals of com-
press covering the fibers [60]. Consequently, it is possible to suggest that the cellulose compress is a promising material 
in the field of conservation.

4  Conclusion

In the current experimental work, dirt and pomegranate stains were removed from printed cellulosic support using two 
types of compresses: microemulsion mixed with cellulose or gellan gum in the ratio of 1:0.75 v/v. The following findings 
and conclusions were drawn:

1. Images from SEM and digital microscopes show that using cellulose compress to remove stains does not harm the 
paper’s structure, but using gellan gum compress to do so weakens the paper’s fibers and also causes the compress 
to leave fewer crystals on the fibers.

2. Although the values of gellan gum compress were better in some samples, they left a residue on the surface, so we 
advised that the cellulosic material be used instead. According to the values of color changes, it was noticed that an 
observed color change occurred when using the two compresses to clean the two types of stains. This suggests that 
while both compresses cleaned effectively, the cellulose compress was more successful and efficient.

3. According to the FTIR analysis, cellulose compress does not affect cellulosic paper, however, gellan gum compresses 
have a small impact on the printed paper’s cellulosic fibers and raise the acidity of the paper.

Table 4  Phytochemical 
compounds of pomegranate 
juice by HPLC analysis

ND: Not detected

Compound Amount (mg/kg)

Pyrogallol 1.09
Quinol 80.35
Gallic acid 1105.84
Catechol 126.56
p-Hydroxy benzoic acid 1174.37
Caffeine ND
Chlorogenic acid 33.40
Vanillic acid ND
Caffeic acid 1.48
Syringic acid 16.60
Vanillin ND
p-Coumaric acid 28.51
Ferulic acid 2.09
Benzoic acid 248.68
Rutin 115.15
Ellagic acid 9.58
o-Coumaric acid 5.65
Salicylic acid 678.18
Cinnamic acid ND
Myricetin 69.55
Quercetin 214.11
Rosmarinic acid ND
Naringenin ND
Kaempferol 36.25
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4. When the pH of the samples treated with the two compresses was measured, it was possible to determine the effects 
of the compresses on eliminating the acidity that the paper had. We observe the stability of the treated samples, 
the efficacy of the cellulose substance in eliminating both stains without damaging the cellulose fibers, and the 
composition of cellulose even after aging. Both the mud and the pomegranate stains were successfully removed 
by compresses, though in varying amounts. Furthermore, the gellan gum compress had a negative impact on the 
paper fibers and its effectiveness had not been demonstrated after aging, whereas the cellulose compress was more 
successful in eliminating both stains.

5. We recommended using cellulose compress for use in all tests and analyses, as well as to show that it is effective at 
cleaning cellulose paper without causing damage.
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