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Hybrid nanogels and their roles in eliminating soot stains from historical paper manuscripts
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Abstract
Soot stain from diverse sources is the most common stain that stains historical paper documents found in libraries, museums, and storage facilities. It is believed to be one of the types of deterioration that arises from the contact between stains and paper sheets. Therefore, in the present work, the effectiveness of the synthesized hybrid nanogel consisting of carbopol and nanoparticles (NPs) of ZnO, TiO2, or Fe3O4, in low and high-viscosity forms, for eliminating soot stains from historical paper manuscripts was conducted. The prepared hybrid nanogels were characterized utilizing the TEM, AFM, XRD, DLS, and Zeta Potential techniques. Following preparation, the soot-stained paper samples were heated to 105 °C for 6 days, a process known as accelerated thermal aging. Surface morphology, mechanical properties and the color change of the paper samples were investigated. The prepared hybrid nanogel had a spherical shape with well-defined edges and uniform size, with an average particle diameter ranging from 30 to 35 nm. There was no significant NPs agglomeration seen, suggesting uniform dispersion in the carbopol matrix. Additionally, the prepared gels' crystal structure and phase purity were revealed by the XRD analysis results. Paper fibers were visible in some parts of the treated sample with TiO2/carbopol hybrid nanogel at high-viscosity before aging. Cleaning soot-stained paper samples using high-viscosity Fe3O4/carbopol hybrid nanogel is more successful than using low-viscosity nanogel. the sample treated with high-viscosity ZnONPs/carbopol hybrid nanogel produced the highest total color differences (ΔE) (26.17). The paper sample treated with high-viscosity ZnO/carbopol hybrid nanogel exhibited the maximum tensile strength (61.8 N/mm2) and elongation at break (1.174%). The evaluation of the paper samples both before and after the cleaning process revealed that, the treatment with high-viscosity ZnO/carbopol hybrid nanogel gave the best results in removing soot stains from stained paper samples.
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Introduction
An essential element of human progress in both culture and economy is paper [1, 2]. The books, meticulously illustrated manuscripts, printing press, papers, and archival documents are priceless resources that have to be conserved and handed down to future generations [1]. In 105 AD, the Chinese invented Paper [3]. The primary source material for manuscripts, documents, publications, and graphic artworks is said to have been invented paper [4, 5].
Certain novel additives have been applied as treatments or consolidants to artifacts or model structures, where it has been demonstrated that they possess antimicrobial properties and the ability to increase strength upon cleaning [6–9]. Gellan hydrogel was used to clean four different paper samples from various periods (the XVI to the XIX) [10]. The strength of paper can be improved by strengthening additives such as synthetic, non-biodegradable polymers, the majority of which most of which pose significant concerns to human health and the environment [11]. The most respectful of the paper's original surface micromorphology are treatments of late nineteenth-century paper based on the use of rigid gels, such as agar and gellan gum, because these treatments result in the least variation in the roughness of the paper’s surface when compared to brush application of cellulose ethers [12]. The components are a stiff gellan hydrogel that acts as a carrier for specific cleaning agents, such as the enzyme proteinase K, which breaks down rigid glue into smaller pieces soluble in the gel, and suitable polymeric surfactants, which have the potential to remove hydrophobic pollutants [13].
Due to different decaying factors, many paper manuscripts in different stores, libraries, and museums exhibit different kinds of stains [14, 15]. The most common stains on manuscripts are soot and other stains caused by dust, microbial contamination, etc. [16]. Soot, a black, flaky or powdery substance composed of carbon particles, is created when materials such as wood, coal, oil, etc. burn unevenly [17]. It damages manuscripts, discolors them, and becomes extremely difficult to remove because it chemically bonds the fibers of the manuscripts [18, 19].
These days, cultural asset conservation is essential for its survival because of the passage of time and exposure to various deterioration processes [20]. To preserve the original dependability of old paper and prevent damage from water use, utilizing gel to clean paper manuscripts was crucial [21, 22].
The primary goal of this research was to produce and evaluate some novel gels in the cleaning process of stained paper manuscripts with soot stains. Zinc oxide nanoparticles (ZnONPs) are characterized by an anisotropic crystal structure, luster properties, optical conductivity, motivational and oscillatory activity, high chemical and thermal stability, unsaturated surfaces, and excellent adsorption behavior towards organic and inorganic pollutants [23]. One method that shows promise for functionalizing thermosensitive materials with self-cleaning and flame-retardant qualities is applying a ZnONPs coating for low heat resistance materials, such as cotton [24]. Among the many benefits of ZnONPs are their strong antimicrobial properties and ability to self-clean surfaces, by preventing the buildup of dust or other debris [25].
Because titanium dioxide (TiO2) is chemically inert, it has a wide range of applications. These plus the comparatively relatively inexpensive cost of the raw material and its processing led to increased interest in titania recently [26–28]. Above all, TiO2 can absorb and scatter UV radiation in addition to being chemically resistant and having good thermal stability [29]. Because of its high photocatalytic activity, excellent optical properties, high physical and chemical stability, lack of toxicity, and high availability for practical application, TiO2 hydrosol has been the subject of extensive research as a promising photocatalyst [30, 31]. It can also degrade adsorbed stains, bacteria, and volatile organic compounds, converting them into innocuous CO2 and H2O molecules [32].
Adding magnetic nanoparticles (Fe3O4NPs) to the gel created an excellent new approach to control it without touching the surface of the artwork or requiring the use of an extra magnet to remove any residue. An external magnet can be used to extract the magnetic nano gel from the treated surfaces, which is a significant quality that the nanogel earned [33]. In the field of conservation and other areas requiring high selectivity and control, where precise control over the release or uptake of confined material is necessary, the nano-magnetic gel functions as a smart nano-material and is the most advanced and adaptable system for cleaning artifacts [34].
It should be noted that as a result of our ongoing use of nanogels for paper cleaning, we have previously assessed the cleaning capabilities of (ZnO, TiO2, and Fe2O4) carbopol hybrid nanogel in in the process of cleaning stained paper that contained dust and soil remnants [35]. In the current study, we assessed these materials in the process of cleaning soot stains from historical paper manuscripts. Every stain has a mechanism of interaction with the cleaning agents used in treatment processes, and the types of stains that need to be removed behave differently from them.
To the best of our knowledge, this is the first study that covers the entire process, including the removal of soot stains from historical paper manuscripts using carbopol hybrid nanogel made of nano-sized minerals (ZnO, TiO2, and Fe2O4). These materials were chosen based on the described nanoparticles’ characteristics to be used for cleaning historical paper manuscripts in gel form.

Materials and methods
Preparation of aged stained samples
Whatman filter paper-GE Healthcare Life Sciences (CAT No. 1442–150, Model quantitative filter Whatman ashless, grade: 42, diameter: 150 mm) was used in the present study. To prepare the soot-stained paper samples, the carbon lamb was applied on the Whatman filter paper. Subsequently, to replicate the historical stained paper,, the samples of stained paper samples were subjected to accelerate thermal aging (Fig. 1A).[image: ]
Fig. 1Samples of paper stained with soot and the cleaning process with the prepared nano minerals (ZnO, TiO2, and Fe3O4)/Carbopol Hybrid nanogel. A the accelerated aged stained paper samples. B Spatula to prepare high viscosity nanogels; C polyethylene sheet coverage; D removing gel layer with spatula



Synthesis of TiO2 nanoparticles and TiO2/carbopol hybrid nanogel
TiO2 nanoparticles (TiO2NPs) were synthesized by a sono-chemical method [36]. 100 mL of a 10 M NaOH solution were mixed with 0.5 g of TiO2 powder. Using a magnetic stirrer, the liquid was continuously stirred for 4 h at room temperature while being ultra-sonicated (90% amplitude, 0.9 cycles). This resulted in the production of a precipitate containing the TiO2NPs. The precipitate was centrifuged at 4000 rpm for 10 min and washed three times with double distilled water (DW) to eliminate impurities.
500 mL of DW was used to dissolve 1 g carbopol 940 for the nanogel production. After being dried and cleaned, the TiO2NPs were added to this mixture and ultrasonically treated (90% amplitude, 90% cycle). Under continuous ultrasonication, 100 mL trimethylamine was added dropwise into this mixture, resulting in the formation of nanogel. To maximize the viscosity, the amount of trimethylamine was adjusted between 100 and 200 mL. The cross-linked carbopol matrix contained a nanogel with TiO2NPs distributed throughout.

Synthesis of ZnO nanoparticles and ZnO/carbopol hybrid nanogel
ZnO nanoparticles (ZnONPs) were synthesized via a precipitation method [37]. In a typical procedure, a 0.2 M zinc acetate dihydrate (Zn(CH3COO)2·2H2O) solution was prepared by dissolving the required amount in 200 mL of double-DW. The solution was subjected to ultra-sonication (Hielscher UP400S, 400 W, 24 kHz) at 80% amplitude and 0.8 cycles for 10 min while maintaining the temperature at 60 °C using a water bath. Simultaneously, ammonium hydroxide (NH4OH, 33% w/v) was added dropwise as a precipitating agent until the reaction was completed, as evident by the appearance of a milky white precipitate. The reaction can be summarized as:[image: $${\text{Zn}}\left( {{\text{CH}}_{{3}} {\text{COO}}} \right){2}\, + \,{\text{2NH}}_{{4}} {\text{OH}}\, \to \,{\text{ZnO}}\, + \,{\text{2NH}}_{{4}} {\text{CH}}_{{3}} {\text{COO}}\, + \,{\text{H}}_{{2}} {\text{O}}.$$]




The precipitate was centrifuged at 4000 rpm for 10 min and washed three times with double-DW to remove impurities. The purified ZnONPs were dried overnight at 60 °C before further use.
For synthesizing the ZnO/carbopol hybrid nanogel, 1 g of carbopol 940 was dissolved in 500 mL of DW and combined with the dried ZnONPs. The mixture was ultra-sonicated (90% amplitude, 90% cycle), and 100 mL of trimethylamine was added dropwise under continuous ultra-sonication to induce gelation through pH change and crosslinking. The trimethylamine amount was optimized between 100 and 200 mL to obtain nanogels with the required viscosity. The nanogel was obtained as a colloidal dispersion of ZnONPs in the carbopol matrix.

Synthesis of Fe3O4NPs and Fe3O4/carbopol hybrid nanogel
Using a sono-chemical technique, magnetite nanoparticles (Fe3O4NPs) have been produced [38]. 0.3 g of hematite powder was added gradually to 30 mL hydrogen peroxide (H2O2) while being ultra-sonicated at 60 kHz using a probe sonicator (Sonica 4200 EPS3, Italy). continued For 2 h Ultra-sonication was carried out until a black precipitate that indicated the formation of Fe3O4NPs appeared. The Fe3O4NPs underwent four methanol washes to eliminate contaminants after being separated by centrifugation at 4000 rpm for 10 min.
The Fe3O4/carbopol hybrid nanogel was made according to the steps provided by Hassan et al. [35]. Using sonication method, 0.1 g of dried Fe3O4NPs were dispersed in 50 mL of ethanol. Separately, 0.5 g of carbopol was dissolved in 50 mL of ethanol. The two solutions were combined and mechanically agitated for 45 min. After 30 min, 0.5 mL of trimethylamine was added dropwise, while continuously stirred, causing nanogel to develop. Fe3O4NPs were dispersed throughout the cross-linked carbopol matrix to form the nanogel.

Cleaning process using the prepared carbopol hybrid nanogels
Using a spatula, high-viscosity gels were prepared (Fig. 1B), followed by covering with polyethylene sheet (Fig. 1C), and finally, the gel layer was removed with a spatula after the polyethylene sheet was removed (Fig. 1D)

Analytical techniques used for characterization of prepared nanogels
Transmission electron microscopy (TEM)
The morphology and microstructure of the nanogel were examined using a high-resolution transmission electron microscope (JEOL TEM-2100, Japan) operating at 200 kV. To prepare a diluted suspension, the samples were dispersed and ultra-sonicated in ethanol. Before imaging, a drop of this suspension was placed onto a copper TEM grid that had been coated with carbon film. It was then given time to dry completely.

Atomic force microscopy (AFM)
The nanogel samples were subjected to high-resolution 2D and 3D topographic imaging using atomic force microscopy (AFM 5600LS, Agilent, USA). Freshly cut mica sheets were employed as substrates. On the mica surface, a diluted sample suspension made according to TEM protocol was spin-coated. Aluminum-coated tips were used for contact mode imaging. The fixed scan area measured 100 nm × 100 nm.

X-ray Diffraction (XRD)
X-ray diffraction (XRD) analysis [39, 40] was carried out on a diffractometer (Philips, PANalytical X’Pert) was used to perform X-ray diffraction (XRD) examination utilizing CuKα radiation (λ = 1.5418 Å) in the 2θ range of 5–80° at a scan rate of 0.02°/s. Before being placed inside the sample holder, the nanogel samples were thoroughly dried c and ground into a fine powder using a mortar and pestle. It was maintained that the applied voltage was 40 kV and the applied current was 30 mA.

Zeta potential measurements
The zeta potential of the nanogel samples was determined using a Zeta analyzer (NanoSight NS500, Malvern Instruments Ltd., USA) equipped with a quartz cuvette containing palladium electrodes. After ultrasonicating the samples to disperse them in DW, 1 mL of this suspension was added to the cuvette. After equilibration, all measurements were performed at 25 °C with an applied current.

Dynamic light scattering (DLS)
Using NanoSight NS500 instrument (Malvern Instruments Ltd., USA), dynamic light scattering (DLS) was used to measure the hydrodynamic size distribution of the nanogels. The samples were dispersed in DW by ultrasonication. 1 mL of the diluted suspension was put into a rounded quartz cuvette that had been barium chloride-coated. At 25 °C, several replicates of the measurements were made. The intensity-weighted mean diameter was obtained by the cumulative analysis.


Analytical techniques used for evaluation of paper samples before and after treatments
Investigation of surface morphology
The surface morphology of the untreated, treated and aged samples was examined using a digital light microscope (PZ01; Shenzhen Super Eyes Co., Ltd., Guangdong, China). Further SEM examination was employed (SEM LEO 1550VP; Carl Zeiss AG, Oberkochen, Germany).

Measurement of color change
The measurement of color change for paper samples was performed by The Optimatch 3100 (Model No. CE 3100. Serial No. 31013780698, SDL Company, England) was used to measure the change in color for paper samples [14, 41].

Measurement of mechanical properties
The measurement of tensile strength (N/mm2) and the elongation at break (%) for paper samples was carried out by H5KT, SDL Atlas, Borås, Sweden according to ISO 187 [42].

Analysis of chemical structure by ATR-FTIR
The functional groups of the chemical structure of paper samples were analyzed using the ATR-FTIR spectrometer (Model 6100, Jasco, Tokyo, Japan) both before and after cleaning procedures [43].


Cleaning mechanism of soot stains by the nanogels
The following describes how soot stain is removed from paper manuscripts using nanogel formulations.	1.
The surface of the stained paper may be effectively contacted and interacted with by the nanogels because of their carbopol matrix. By weakening and expanding the stain-paper connections, the hydrated gel helps solubilize and remove the stain from the paper surface. Meanwhile, the incorporated NPs (ZnO, TiO2, and Fe3O4) in the gel matrix function as cleaning agents by reacting with and dissolving the stain components.

 

	2.
Adsorption of stain compounds is made possible by the surface chemistry of the NPs, and efficient cleaning is made possible by their large surface area.

 

	3.
Probably, a blend of solubilization, physical stain detachment, photo-catalysis, and chemical interactions between NPs and stains are used in the cleaning process. When exposed to light, the photo-catalytic qualities of ZnONPs and TiO2NPs let organic stain molecules break down into simpler, safe compounds.

 

	4.
The stain components are incorporated into the gel.

 

	5.
The application of the nanogel, which offers controlled and localized application without spreading or feathering, gently mechanically helps remove and separate the stained deposits from the paper surface.

 

	6.
The optimal penetration into stain layers and contact duration for cleaning without causing damage to the paper are ensured by the optimized viscosity.

 





Statistical analysis
Data of the mechanical properties [(tensile strength (N/mm2), and the elongation at break (%)] as well as the total color change (ΔE) were statistically analyzed using one-way ANOVA. The Least Significant Difference (LSD) was used to measure the difference between means at a 0.05 level of probability.


Results and discussion
Characterization of TiO2/carbopol hybrid nanogel
TEM and AFM microscopes were used to investigate the morphology of TiO2NPs and their distribution and shape in the TiO2/carbopol hybrid nanogel. The TiO2NPs were spherical with clearly defined edges as shown by the TEM image (Fig. 2A). The average particle diameter, as determined by image analysis, was 30 ± 5 nm (mean ± SD, n = 100). Further insights into the nano-topography were obtained via high resolution AFM experiments. The produced NPs' spherical shape and size uniformity were verified by the 2D (Fig. 2B) AFM images.[image: ]
Fig. 2Analysis of TiO2NPs and their distribution within the TiO2/carbopol hybrid nanogel; A TEM image; B 2D AFM image; C XRD pattern; D DLS pattern; E Zeta potential pattern


The nanocomposites crystal structure and phase purity were shown by the XRD examination results (Fig. 2C). The tetragonal crystal structure of TiO2 in the rutile phase (JCPDS 21–1276) is represented by four strong diffraction peaks at 2θ values of 27.4°, 36.1°, 41.2° and 54.3°, which are indexed to the (110), (101), (111) and (211) planes. There were no peaks of impurity found. There were no clear peaks in amorphous carbopol.
The Z-average hydrodynamic diameter of the nanogel, as determined by dynamic light scattering (DLS) tests (Fig. 2D), was 34 nm, with a low polydispersity index (PDI) of 0.212, suggesting uniform dispersion. This was consistent with the principal particle size as determined by TEM and AFM. The of As seen in (Fig. 2E), the nanogel's zeta potential was found to be -39 mV, indicating a reasonably good level of colloidal stability. Subsequently, the TiO2/carbopol hybrid nanogel with evenly dispersed NPs was successfully prepared, as evidenced by the TEM, XRD and DLS data.
SEM analysis by Blinov et al. [44] revealed heterogeneity and non-uniformity in SiO2-TiO2, TiO2-ZrO2 and SiO2-ZrO2 nanocomposite coatings evidenced by irregularities and delamination. In comparison, the present TiO2 nanogel comprised of spherical TiO2NPs with an average diameter of 34 nm uniformly distributed within the carbopol matrix as elucidated by TEM and DLS. This indicates significantly higher homogeneity in our nanogel system. Moreover, our study focused on heritage conservation, while Blinov et al. [44] investigated protective nanocomposite coatings for automotive paints.

Characterization of ZnO/Carbopol Hybrid Nanogel
The TEM micrographs (Fig. 3A) demonstrated the sharp edges and spherical shape of the ZnONPs. using ImageJ, software, particle size analysis revealed an average diameter of 35 ± 5 nm (mean ± SD, n = 100 particles). The spherical form was further confirmed by AFM tests (Fig. 3B). According to AFM line profiles, the particle height was around 35 nm, which agrees with the TEM measurements.[image: ]
Fig. 3Analysis of ZnO/Carbopol hybrid nanogel; A TEM image; B 2D AFM image; C XRD pattern; D DLS pattern; E Zeta potential


The characteristic diffraction peaks by XRD (Fig. 3C) of ZnO at 2θ displayed values of 31.9°, 34.6°, 36.4°, 47.8°, 56.9°, 63.2°, 66.7°, 68.3°, 69.4°, 72.7° and 77.4° corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes, respectively, of quartzite structured ZnO (JCPDS 36–1451). There were no reactant or byproduct-related impurity peaks visible, indicating good phase purity. The diffractogram of the amorphous carbopol matrix revealed no clear peaks.
DLS was used to assess the hydrodynamic size distribution of the nanogel (Fig. 3D). With a low PDI of 0.224, the Z-average diameter was determined to be 37 nm, indicating a narrow size distribution. This exhibited a strong association with the principal particle size as determined by TEM and AFM. The zeta potential of the nanogel was -33 mV (Fig. 3E), suggesting an average degree of stability. The ionized carboxylic acid groups in carbopol are the source of the negative charge. Overall, the results from the electron microscopy, XRD and DLS showed that the ZnONPs were successfully added to the carbopol matrix, exhibiting a high dispersion stability and narrow size of distribution.
According to TEM and AFM measurements, the ZnONPs produced in this work had an average diameter of 35 ± 5 nm and a spherical shape. This is in contrast to the highly irregular shaped and polydisperse ZnONPs that are reported by Blinov et al. [45], with diameters that fall outside of the nanometer range, ranging from 150 to 1400 nm. Moreover, unlike Blinov et al. [45] who utilized biopolymer stabilization, the present ZnONPs were integrated into a carbopol gel matrix.

Characterization of Fe3O4/carbopol hybrid nanogel
The morphology and crystallinity of the Fe3O4NPs and their dispersion in the produced Fe3O4/carbopol hybrid nanogel were measured. The size and form of the NPs were further confirmed by TEM micrographs (Fig. 4A), which showed an average diameter of 35 nm. The absence of significant NP aggregation suggests that the particles are evenly distributed throughout the carbopol matrix. Consistent with TEM results, AFM experiments (Fig. 4B) revealed near spherical Fe3O4NPs, with an average height of 35 ± 5 nm estimated by line profile analysis.[image: ]
Fig. 4Analysis of Fe3O4/Carbopol hybrid nanogel; A TEM image; B 2D AFM image; C XRD pattern; D DLS pattern; E Zeta potential


The phase purity of cubic inverse spinel structured Fe3O4 (JCPDS 19–0629) was confirmed by the distinctive peaks at 2θ values of 30°, 35.4°, 43.03°, 53.4°, 56.91° and 62.5° that corresponded to the (220), (311), (400), (422), (511) and (440) planes, as shown in the XRD diffractograms (Fig. 4C). No impurities were detected.
The hydrodynamic diameter measured by DLS was 55 nm (Fig. 4D) with a low PDI of 0.242. The zeta potential was found to be − 24 mV (Fig. 4E), conferring moderate stability to the nanogel system. The prepared Fe3O4/carbopol hybrid nanogel with uniformly dispersed NPs was confirmed to have been prepared successfully by electron microscopy, XRD, and DLS characterizations. The larger size compared to microscopy measurements could be attributed to the swelling and hydration of the nanogel network.
Ba-Abbad et al. [46] showed that spherical (10 ± 2 nm) and cubic (32 ± 2 nm) Fe3O4NP morphologies could be achieved with NH4OH and NaOH, respectively. On the other hand, regardless of the production technique, the present Fe3O4NPs showed a nearly spherical form with an average height of 35 ± 5 nm. The differing synthetic procedures can be attributable to the larger size and lack of shape selectivity. Moreover, in contrast to the free NPs produced by Ba-Abbad et al. [46], we integrated the Fe3O4NPs into a nanogel.

Analytical techniques used for evaluation of paper samples
Digital light microscope (USB microscope)
A substantial layer of soot stain was visible on the surface of the aged, uncleaned paper sample, as seen in the digital microscope image (Fig. 5A). Moreover, the coating of soot covering the paper surface prevents the observation of the fibers within the paper.[image: ]
Fig. 5Digital microscope image of aged soot stained sample before cleaning (A); B Cleaned sample with low viscosity TiO2/carbopol hybrid nanogel. C Aged cleaned sample with low viscosity TiO2/carbopol hybrid nanogel. D Cleaned sample with high viscosity TiO2/carbopol hybrid nanogel. E Aged cleaned sample with high viscosity TiO2/carbopol hybrid nanogel; F Cleaned sample with low viscosity ZnO/carbopol hybrid nanogel; G Aged cleaned sample with low viscosity ZnO/carbopol hybrid nanogel. H Cleaned sample with high viscosity ZnO/carbopol hybrid nanogel; I Aged cleaned sample with high viscosity ZnO/carbopol hybrid nanogel. J Cleaned sample with low viscosity Fe3O4/carbopol hybrid nanogel; K Aged cleaned sample with low viscosity Fe3O4/carbopol hybrid nanogel. L Cleaned sample with high viscosity Fe3O4/carbopol hybrid nanogel. M Aged cleaned sample with high viscosity Fe3O4/carbopol hybrid nanogel


The fibers are not visible in the digital microscope image of cleaned sample with low-viscosity TiO2/carbobol hybrid nanogel before aging (Fig. 5B). In comparison to the sample treated before aging, the digital microscope image of aged cleaned sample with low-viscosity nanogel (Fig. 5C) revealed that the treated sample's fibers were somewhat visible. The cleaned sample with high-viscosity nanogel before aging (Fig. 5D), showed the appearance of paper fibers, however, the majority of the fibers were not visible.
The aged cleaned sample with high-viscosity nanogel (Fig. 5E) revealed the paper's fiber fragility under a digital microscope. Compared to the control sample, the treated samples with TiO2/carbobol hybrid nanogel at various concentrations showed improved soot layer cleaning of soot layer from the collected images; however, overall, the results were insufficient.
The data obtained for the paper sample that was treated with low-viscosity of ZnO/carbobol hybrid nanogel before aging (Fig. 5F) showed that the paper’s surface white with a faint trace of soot spot residue. This demonstrates the low-viscosity gel’s effectiveness. Figure 5G depicts the aged cleaned sample with low-viscosity ZnO/carbobol hybrid nanogel. The image indicates that the sample’s surface remains white, indicating its resilience thermal ageing. Before aging, cleaned sample with high-viscosity ZnO/carbobol hybrid nanogel was imaged under a digital microscope (Fig. 5H), which revealed a white surface is white with some inclusions and soot spot remnants. The surface of the aged cleaned sample with high-viscosity ZnO/carbobol hybrid nanogel (Fig. 5I) under a digital microscope revealed that the paper’s fibers were still strong and its surface remained white. This outcome is related to the treated sample’s resistance to thermal aging.
A trace of soot spots and certain impurities were seen in the image obtained from the cleaned sample with low-viscosity of Fe3O4/carbopol hybrid nanogel (Fig. 5J). Furthermore, the digital image showed that the soot layer had been well cleaned, but the paper’s fiber had become weak. The aged cleaned sample with low-viscosity Fe3O4/carbopol hybrid nanogel (Fig. 5K) revealed that the treated sample had undergone thermal aging, as seen by the darker paper fibers when compared to the treated sample before aging. The treated sample with Fe3O4/carbopol hybrid nanogel at low-viscosity before aging (Fig. 5L) demonstrated strong fibers despite the presence of various white patches and some soot spots in other areas places. The resistance of the treated sample with Fe3O4/carbopol hybrid nanogel against thermal aging was observed from the digital microscope image of the treated sample after aging process (Fig. 5M), where the paper’s fibers were still strong and had not darkened.

Scanning electron microscope (SEM)
The paper sample was covered in a thick coating of soot, as seen by the SEM micrograph of soot-stained sample before cleaning (Fig. 6A). Furthermore, an obvious breakdown of the uncleaned paper's fibers was noticed after the paper sample was exposed to accelerated thermal aging, indicating an accelerated effect of thermal aging on the untreated sample's structure.[image: ]
Fig. 6SEM micrograph of aged un-cleaned paper sample before treatment (A); B Cleaned sample with low viscosity TiO2/carbopol hybrid nanogel. C Aged cleaned sample with low viscosity TiO2/carbopol hybrid nanogel. D Cleaned sample with high viscosity TiO2/carbopol hybrid nanogel. E Aged cleaned sample with high viscosity TiO2/carbopol hybrid nanogel. F Cleaned sample with low viscosity ZnO/carbopol hybrid nanogel. G Aged cleaned sample with low viscosity ZnO/carbopol hybrid nanogel. H Cleaned sample with high viscosity ZnO/carbopol hybrid nanogel. I Aged cleaned sample with high viscosity ZnO/carbopol hybrid nanogel. J Cleaned sample with low viscosity Fe3O4/carbopol hybrid nanogel. K Aged cleaned sample with low viscosity Fe3O4/carbopol hybrid nanogel. L Cleaned sample with high viscosity Fe3O4/carbopol hybrid nanogel. M Aged cleaned sample with high viscosity Fe3O4/carbopol hybrid nanogel


The presence of a soot layer and soot penetration into the paper's fibers was observed from the SEM micrographs of the treated sample with TiO2/carbopol hybrid nanogel at low-viscosity before and after aging (Fig. 6B, C), however, the roughness of the surface was not apparent. Although this result indicated that the treatment was ineffective, it produced positive outcomes compared to the control sample. Paper fibers were visible in some parts of the treated sample (Fig. 6D), which was treated with TiO2/carbopol hybrid nanogel at high-viscosity before aging. The effect of heat aging on the paper's fibers was revealed by the SEM obtained from the treated sample with TiO2/carbopol hybrid nanogel after aging (Fig. 6E), which indicated this treated sample's low resistance against thermal aging. The SEM images (Fig. 6F, G) of the sample treated with ZnO/carbopol hybrid nanogel at low-viscosity before aging showed that the paper's fibers were in good condition, while there were some soot remains present. The fibers were visible in SEM micrographs of the treated samples with ZnO/carbopol hybrid nanogel before and after aging (Fig. 6H, I), while minor soot aggregation agglomeration was seen in some locations.
The SEM micrograph of the sample treated with Fe3O4/carbopol hybrid nanogel at low-viscosity before aging (Fig. 6J) revealed that the paper's fibers were destroyed, while the surface was nearly smooth from soot marks. The SEM micrograph of the aged treated sample (Fig. 6K) demonstrated the fiber fragility indicated the inadequacy of this treatment, which consequently resulted in the paper's weakness.
The paper's fibers appeared stronger than those of the treated sample with low-viscosity Fe3O4/carbopol hybrid nanogel, but SEM micrographs of the treated samples with Fe3O4/carbopol hybrid nanogel at high-viscosity before and after aging (Fig. 6L, M) revealed the existence of some soot residues. According to this study, cleaning soot-stained paper samples using high-viscosity Fe3O4/carbopol hybrid nanogel is more successful than using low-viscosity Fe3O4/carbopol hybrid nanogel.

Measurement of color change by spectrophotometer
The data in Table 1 investigated how the color characteristics (L, a, and b) and the overall ΔE of cleaned and uncleaned paper changed after 6 days of accelerated thermal aging. There were minor variations in the ΔE of the control paper in every treated sample. All treated samples provided varying values in ΔE, according to the data obtained in Table 1, but these are still good results when compared to the uncleaned sample.
Table 1The results of color change for the aged soot stained paper, treated paper and aged treated paper samples with different prepared nanogels


	Samples
	L
	a
	b
	ΔE
	L
	a
	b
	ΔE

	Aged stained sample before treatment
	48.80
	− 0.71
	2.23
	–
	48.80
	− 0.71
	2.23
	–

	Low-viscosity nanogel
	High-viscosity nanogel

	TiO2/carbopol hybrid nanogel
	 
	 Treated sample before aging
	55.49
	− 0.40
	1.42
	6.75E ± 0.025
	56.41
	− 1.00
	0.03
	7.93E ± 0.03

	 Treated sample after aging
	55.39
	− 0.15
	3.39
	6.71E ± 0.02
	55.49
	− 0.91
	0.56
	6.90F ± 0.025

	ZnO/carbopol hybrid nanogel

	 Treated sample before aging
	66.60
	0.34
	3.89
	17.91A ± 0.02
	74.94
	0.21
	3.29
	26.17A ± 0.025

	 Treated sample after aging
	65.63
	0.09
	4.35
	16.97B ± 0.125
	71.27
	0.13
	3.89
	22.55B ± 0.03

	Fe3O4/carbopol hybrid nanogel

	 Treated sample before aging
	65.14
	0.23
	3.79
	16.44C ± 0.03
	66.51
	0.05
	3.66
	17.78C ± 0.02

	 Treated sample after aging
	63.53
	0.24
	4.30
	14.91D ± 0.02
	66.26
	− 0.08
	2.79
	17.47D ± 0.025

	 p-value
	 	 	 	 < 0.0001
	 	 	 	 < 0.0001

	 LSD 0.05
	 	 	 	0.098
	 	 	 	0.0465


Means with the same letter within the same column for ΔE are not significantly different according to LSD at 0.05 level of probability



The results showed that the sample treated with high-viscosity ZnONPs/carbopol hybrid nanogel produced the highest total color differences (ΔE) (26.17). This indicates that the nanogel was efficient and one of the best effective cleaning materials was used, resulting in the highest chromatic change when compared to other tested materials. These followed by the samples treated with low-viscosity ZnO/carbopol hybrid nanogel (17.91), high viscosity of Fe3O4/carbopol hybrid nanogel (17.78), and low viscosity of Fe3O4/carbopol hybrid nanogel (17.47).
Conversely, the low viscosity treated sample with TiO2NPs/carbopol hybrid nanogel had the lowest ΔE value (6.75), indicating the low efficiency of the tested nanogel in comparison to the high-viscosity treated paper sample with ZnO/carbopol hybrid nanogel. A more effective cleaning solution is required to get rid of any remaining stain and restore the paper's original color if the ΔE is greater.
The primary chain scission, dehydroxylation, de-hydromethylation and dehydrogenation thermal degradation of cellulose result in the production of several free radicals that degrade and yellow the cellulose [47, 48]. By comparing the color values obtained from the aging procedure shown in Table 1, it was possible to see that none of the treatments utilized resulted in significantly different color values after aging, indicating that the materials used are stable over time. Furthermore, the low value shows that the substance is stable over time and won't have any detrimental effects on paper in the future, making this an extremely positive outcome.

Measurement of mechanical properties
Table 2 displays the results of mechanical properties (tensile strength and elongation at break) for the samples of aged treated paper, treated paper and soot-stained paper. The sample treated with high-viscosity ZnO/carbopol hybrid nanogel exhibited a maximum tensile strength 61.8 N/mm2. As a result, in comparison to other materials, it is an effective cleaning material. This was followed by the sample treated with low-viscosity ZnO/carbopol hybrid nanogel (53.9 N/mm2), high-viscosity Fe3O4/carbopol hybrid nanogel (49.67 N), low-viscosity Fe3O4/carbopol hybrid nanogel (46.53 N/mm2) and high viscosity TiO2/carbopol hybrid nanogel (35.90 N/mm2). Conversely, the sample treated with low-viscosity TiO2/carbopol hybrid nanogel had the lowest tensile strength value (32.1 N/mm2).
Table 2The results of mechanical properties (Tensile strength and Elongation at break) for the aged soot stained paper, treated paper and aged treated paper samples


	Samples
	Tensile strength (N/mm2)
	Elongation at break
(%)
	Tensile strength
(N/mm2)
	Elongation at break (%)

	Aged stained sample before treatment
	29.11G ± 0.025
	0.768F ± 0.002
	29.11F ± 0.025
	0.768G ± 0.002

	Low-viscosity nanogel
	High-viscosity nanogel

	TiO2/carbopol hybrid nanogel

	 Treated sample before aging
	32.07E ± 0.07
	0.780E ± 0.002
	35.90D ± 0.02
	0.908E ± 0.002

	 Treated sample after aging
	30.1F ± 0.20
	0.721G ± 0.002
	35.21E ± 0.02
	0.799F ± 0.002

	ZnO/carbopol hybrid nanogel

	 Treated sample before aging
	53.9A ± 0.2
	1.448A ± 0.002
	61.80A ± 0.2
	1.174A ± 0.002

	 Treated sample after aging
	49.70B ± 0.015
	1.291B ± 0.002
	55.90B ± 0.2
	1.169B ± 0.002

	Fe3O4/carbopol hybrid nanogel

	 Treated sample before aging
	46.53C ± 0.02
	1.052C ± 0.002
	49.67C ± 0.02
	1.249C ± 0.002

	 Treated sample after aging
	46.22D ± 0.025
	0.942D ± 0.002
	49.58C ± 0.02
	1.128D ± 0.002

	 P-value
	 < 0.0001
	 < 0.0001
	 < 0.0001
	 < 0.0001

	 LSD 0.05
	0.195
	0.004
	0.1903
	0.004


Means with the same letter within the same column are not significantly different according to LSD at 0.05 level of probability



The sample treated with high-viscosity of ZnO/carbopol hybrid nanogel observed the highest elongation at break value (1.174%), suggests that the paper's mechanical properties have increased. This was followed by the sample treated with low-viscosity ZnO/carbopol hybrid nanogel (1.448%), high-viscosity Fe3O4/carbopol hybrid nanogel (1.249%), low-viscosity Fe3O4/carbopol hybrid nanogel (1.052%), and high-viscosity TiO2/carbopol hybrid nanogel (0.909%). The sample treated with low-viscosity TiO2/carbopol hybrid nanogel gave the lowest elongation at break value (0.78%).
When the treated paper samples’ tensile strengths were compared before and after aging process, it was found that most of the results were quite near to one another. Furthermore, compared to the control (uncleaned) sample, which recorded 0.768%, it was shown that all treated samples with various nanogels, whether at high or low viscosity increased the mechanical properties of the treated paper.

Fourier transform infrared spectroscopy (FTIR)
Table 3 displays the unique functional groups present in the paper samples treated by various nanogels both before and after the aging process. The spectra of an aged, untreated paper sample (Fig. 7) revealed the presence of several distinctive soot function groups, such as C–O–C (995 cm−1), and O–H (729 cm−1), while, the identifiable cellulose peaks were disappeared.
Table 3The characteristic function groups identified with the treated paper samples with various nanogels before and after aging process


	Characteristic peaks of cellulose
	TiO2/carbopol hybrid nanogel
	ZnO/carbopol hybrid nanogel
	Fe3O4/carbopol hybrid nanogel

	Low-viscosity
	High-viscosity
	Low-viscosity
	High-viscosity
	Low-viscosity
	High-viscosity

	Before aging
	After aging
	Before aging
	After aging
	Before aging
	After aging
	Before aging
	After aging
	Before aging
	After aging
	Before aging
	After aging

	OH
	–
	–
	3292
	3292
	3281
	3351
	3293
	3292
	3349
	3350
	3295
	3292

	CH
	2829
	2895
	–
	–
	2963
	2841
	2848
	2838
	2849
	2855
	2847
	2855

	C = O, C = C
	–
	–
	1491
	–
	1471
	–
	–
	–
	–
	–
	–
	–

	CH
	–
	–
	–
	–
	1306
	1170
	1306
	1471
	–
	–
	–
	–

	C–O–C
	1066
	983
	1016
	–
	1165/993
	1000
	992
	987
	1022
	1025
	1023
	998

	O–H
	–
	–
	805
	994
	765
	759
	776
	782
	780
	789
	775
	–


– Means that the functional groups are not observed


[image: ]
Fig. 7FTIR spectra of control, treated and aged treated paper sample with TiO2/carbopol hybrid nanogel at different concentrations


The FTIR spectra of the treated sample with TiO2/carbopol hybrid nanogel at low viscosity before aging (Fig. 7) revealed the disappearance of the most characteristic function groups of cellulose, where it was noticed CH (2829 cm−1) and C–O–C (1066 cm−1) [49, 50]. This confirms the result obtained from different microscopes, where this result referred to the presence of soot remains on the treated paper. FTIR spectra of the treated sample after aging (Fig. 7) showed that CH shifted from 2829 to 2892 cm−1 [51], which may be due to the effect of accelerated thermal aging. Additionally, the C–O–C shifted from 1066 to 983 cm−1 [52].
The existence of several characteristic peaks, including OH (3292 cm−1), C = O (1491 cm−1), C–O–C (1016 cm−1), and OH (805 cm−1), was seen in the FTIR spectra of the treated sample with TiO2/carbopol hybrid nanogel at high viscosity before aging (Fig. 7). The identified function groups indicated that cellulose was present in small amounts. Moreover, the soot stain's unique peak characteristic are present.
The treated sample was affected by accelerated thermal aging, as seen by the FTIR spectra of the aged sample (Fig. 7), where two function groups were recognized as OH (3292 cm−1) and C–O–C (994 cm−1). This outcome is in line with the micrographs taken under various microscopes, which showed that there were remains of soot on the paper's surface.
When compared to the treated sample before aging, the FTIR spectra of the ZnO/carbobol hybrid nanogel after aging (Fig. 8) showed only minor changes, with OH (3351 cm−1), CH (2841 cm−1), C–O–C (1163/1000 cm−1), and OH (759 cm−1). When compared to the treated sample before aging, the FTIR spectra of the treated sample with ZnO/carbopol hybrid nanogel at high-viscosity before aging (Fig. 8) revealed the presence of the characteristic peaks of cellulose. such as OH (3293 cm−1), CH (2848 cm−1), CH (1306 cm−1), C–O (992 cm−1) O–H (776 cm−1), and nearly disappearance of the soot characteristic peaks.[image: ]
Fig. 8FTIR spectra of control, treated and aged treated paper sample with ZnO/carbopol hybrid nanogel at different concentrations


It was detected basic alterations, where OH (3292 cm−1), CH (2838 cm−1), C-H (1471 cm−1), C–O–C (987 cm−1) and O–H (782 cm−1) were present as shown in the FTIR spectra of the treated paper sample after aging (Fig. 8). The FTIR spectra of the treated sample with ZnO/carbopol hybrid nanogel at low viscosity before aging (Fig. 8) revealed the presence of characteristic function groups of cellulose such as OH (3281 cm−1), CH (2963 cm−1), C = O (1471 cm−1), CH (1306 cm−1), C–O–C (1165/993 cm−1), and OH (765 cm−1) [53, 56].
Before aging, the sample treated with Fe3O4/carbopol hybrid nanogel at low viscosity provided data from FTIR analysis (Fig. 9), which revealed the existence of cellulose characteristic peaks including OH (3349 cm−1), CH (2849 cm−1) and C–O–C (1022 cm−1). Furthermore, particular soot peaks were not seen. The effects of accelerated aging on the treated paper were shown by FTIR analysis of the treated sample after aging (Fig. 9) where shifting in position of function groups was noticed, such as OH shifted from 3349 to 3350 cm−1, CH shifted from 2849 to 2855 cm−1, C–O–C shifted from 1022 to 1025 cm−1 and O–H shifted from 780 to 789 cm−1.[image: ]
Fig. 9FTIR spectra of control, treated and aged treated paper sample with Fe3O4/carbopol hybrid nanogel at different concentrations


The FTIR spectra of the treated sample with Fe3O4/carbopol hybrid nanogel at high viscosity before aging (Fig. 9) revealed the presence of some characteristic peaks of cellulose such as OH (3265 cm−1); CH (2847 cm−1); C–O–C (1023 cm−1) and O–H (775 cm−1) [54]. Furthermore, certain function groups such as C = O and CH were disappeared. A small amount of soot residue was visible on the surface based on the FTIR data, which was confirmed by the results from digital and SEM microscopes. Comparing the treated sample before aging to the treated sample after aging, the FTIR of the treated sample (Fig. 9) revealed modest alterations, with OH appearing at 3292 cm−1, CH at 2855 cm−1, and C–O–C at 998 cm−1.
It is evident from the mechanical properties, color chances and shifting in functional chemical groups that soot stains lead to a reduction in the tensile strength and elongation at break of the material. ZnO/carbopol hybrid nanogels showed effective paper-cleaning capabilities.
It was noted that symptoms of brittleness, hardness, corrosion, and discoloration were documented from parchment scrolls were polluted with different types of dirt deposits and because of inappropriate variables present in museums, storage facilities, and libraries [16]. On the surface of the paper, the ZnO cellulosic nanocomposite demonstrated an effective protective layer against the damaging effects of UV radiation, polluting gasses, mold, and bacteria [55].
From the above experimental work, when it comes to rough and uneven paper surfaces, the accuracy of spectral and imaging approaches may be compromised. Sufficient confirmation of cleaning capabilities was obtained through mechanical testing, colorimetry, and visual evaluation to meet the objectives of this proof-of-concept study. However, there are some limitations. For example, rather than measuring the precise amount removed, the focus was mostly on describing the nanogel compositions and showcasing their capacity to observably decrease soot spots. It was unable to conduct the repeated tests required for the statistical analysis of clearance rates because it had insufficient heritage paper samples to deal with. Furthermore, numerous uncontrollable variables are introduced throughout the staining and cleaning operations, which impact measurement. Stain removal quantification might have needed chemical extraction or destructive samples, which weren't feasible for rare manuscripts.



Conclusion
Because of the properties of the nano-sized minerals (ZnO, TiO2, and Fe2O4) and carbopol hybrid nanogel, it can be said that this study is the first to cover the entire process, including the removal of soot stains from historical paper documents. Using various analytical techniques, the produced nanomaterials (ZnO, TiO2, and Fe2O4)/carbopol hybrid nanogel have first been analyzed. The size of the nanomaterials was found to range between 30 and 35 nm, according to the results of the analytical techniques used for characterization (TEM, AFM, XRD, DLS, and Zeta Potential). Furthermore, the well-distributed nanomaterials in the carbopol hybrid nanogel were found. Additionally, the produced gels' crystal structure and phase purity were observed. The paper sample treated with high-viscosity ZnO/carbopol hybrid nanogel produced the highest ΔE (26.17), indicating that it was an efficient and very effective cleaning material. The highest tensile strength was demonstrated by the paper sample treated with high-viscosity ZnO/carbopol hybrid nanogel. Based on the examination of the methodologies employed to assess the removal of soot stain from paper samples, it was found that the paper sample treated with ZnO/carbopol hybrid nanogel at high viscosity produced the best results in the majority of the analytical procedures employed in this inquiry. Additionally, as ZnO/carbopol hybrid nanogel has shown its effectiveness in cleaning soot stains on stained paper manuscripts, we advise employing it at high viscosity to remove the stains. In addition to providing scientific support for the cleaning, conservation, or restoration of the historical paper document, this study may provide methodological guidance based on a variety of analytical approaches.
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