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Preparing a microemulsion-loaded hydrogel for cleaning wall paintings and coins
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Abstract
Removing unwanted materials, such as organic coatings and soil, from the cultural relic surface is a complex and significant task in the field of cultural heritage conservation. Microemulsion-loaded gel can effectively and safely remove those organic coatings and soil. Here, we employed a simple solvent exchange strategy to prepare a microemulsion-loaded polyvinyl alcohol/polyethyleneimine (PVA/PEI) hydrogel. First, PVA and PEI were dissolved into DMSO to form a gel. Then, the gel was immersed into a microemulsion composed of water, ethyl acetate, propylene carbonate, sodium dodecyl sulfate, and 1-pentanol to exchange DMSO. Microemulsion-loaded PVA/PEI hydrogel can be synthesized by completely substituting DMSO. To investigate the microstructure, rheological properties, and mechanical properties of the gel, scanning electron microscopy, a rheometer, and a universal testing machine were used, respectively. Fourier transform infrared (FT-IR) analysis was conducted to explore the synthesis mechanism and confirm the successful loading of microemulsion within the microemulsion-loaded PVA/PEI hydrogel. Furthermore, FT-IR, a depth-of-field microscope, and a glossmeter were utilized to evaluate the cleaning efficiency of the microemulsion-loaded PVA/PEI hydrogel for removing animal glue and soil from the surfaces of cultural relics. Moreover, an X-ray fluorescence spectrometer was used to analyze the element component of the ancient coin. The application results showed that the microemulsion-loaded PVA/PEI hydrogel can effectively remove animal glue from an ancient wall painting surface. Moreover, it is capable of removing soil from an ancient coin surface as well, which helped to confirm the age of the coin. This offers a novel method to prepare microemulsion-loaded hydrogel and demonstrates great potential in the cleaning for cultural heritage.
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Introduction
A great deal of valuable cultural artefacts and works of art, such as wall paintings, stones, metals, etc., have been produced since the development of human civilization. However, these artifacts are now undergoing a process of aging and are increasingly at risk of being lost to posterity. It is our responsibility to appropriately preserve them for future generations [1–8]. Cleaning unwanted materials such as organic acrylic material, soil, etc., is crucial and challenging work in the field of the conservation of cultural heritage [9–21]. Initially, conservators employed neat liquids, such as water, alcoholic solution, ketones, etc., to remove organic coatings and soil from the surface of cultural relics [17, 22–24]. Nevertheless, neat solvent will dissolve the polymer surface coating, which risks diffusion of the solublised material into the pores of the relic. To tackle this problem, Baglioni et al. developed the so-called nanostructured fluid, which substantially improved the cleaning efficiency, especially for the removal of soil and organic polymer coatings [25–27]. The first application of their microemulsions was to clean wax contamination from a wall painting [28, 29]. Since then, microemulsions have received extensive investigations and obtained successful results. To date, various types of microemulsion have been produced: classical microemulsion, Triton X-100-based microemulsion, mineral spirits-based microemulsions, an amine-oxide surfactant-based microemulsion and EAPC (prepared with water, Ethyl Acetate, Propylene Carbonate, sodium dodecyl sulfate and 1-pentanol), where the EAPC has been the most frequently used [13, 16, 30–35]. The mentioned microemulsions have been used to remove soil, aged polymers, wax, grime, oils, etc., from wall painting, works on canvas, metal objects and other relics. Nowadays, microemulsions are increasingly employed in the cleaning of artworks [13]. Nevertheless, the surfactants in microemulsion tend to be left on the surface of cultural heritage materials, necessitating a rinsing or clearance step. In addition, most of the oil-in-water microemulsions can be high risk for the cleaning water-sensitive cultural heritage due to their high water content.
To address the limitations of microemulsions, various research groups have confined these water-thin liquid materials into the porous structure of gel to prepare a microemulsion-loaded gel. This strategy enabled microemulsions to be controllably released onto the surface of cultural heritage materials [11, 36–39]. During the cleaning process, the organic coatings and soil are absorbed to the surface of gel through its micro-pores [13, 40].
In an early attempt to control solvent application, Wolbers et al. proposed a solvent gel method to clean unwanted organic layers from cultural relics’ surface [41]. However, this method involved thickening solvents, risking residues remaining on the surface of the relic during and after cleaning [41]. Subsequently, chemical gels synthesized through crosslinking and precursor polymers were developed to be able to load microemulsions into. For instances, Giorgi et al. created a semi-interpenetrating hydrogel with 2-hydroxyethyl methacrylate and poly (vinylpyrrolidone) as the network framework, with α,α′-Azoisobutyronitrile as the crosslinker [11, 15, 40, 42]. This hydrogel was immersed into EAPC to obtained a microemulsion-loaded hydrogel. While effective in removing acrylic polymers from wall painting surfaces, the synthesis of this hydrogel was complex and time-consuming, taking over one week. Mastrangelo et al. prepared polyvinyl alcohol (PVA) hydrogel loaded with oil-in-water microemulsion, capable of removing hydrophobic grime, [35] where the synthesis process involved freeze–thaw cycle (100–25 ℃). First, PVA was dissolved into water at 100 ºC. Then, for the gel formation, the PVA-water solution was subjected to freeze/thaw cycles at − 23 ºC and 25 ºC, respectively. For this gel too, the whole preparation process was also time-consuming (more than 7 days). Using an elevated temperature (92 ℃), Yipan Yang et al. prepared self-shaping microemulsion gels by incorporating EAPC into a network formed with acrylamide, bacterial cellulose, agarose, N,N′-methylene bisacrylamide, ammonium persulfate, and N,N,N′,N′-tetramethylethylenediamine [43]. This gel has been used to demonstrate effectiveness in cleaning Paraloid B72 (B72) from the surface of a vase. Microemulsion-loaded gels are now increasingly recognized as being a versatile option for the cleaning domain of cultural heritage. However, the development of new methods to synthesize microemulsion-loaded hydrogel remains to be explored.
Solvent exchange method is a simple and efficient way to synthesize hydrogels. For example, Liju Xu et al. [44] employed a solvent exchange route to produce a strong and anti-swelling PVA hydrogel. They first dissolved PVA into dimethyl sulfoxide (DMSO) to form PVA DMSO solution (which is a good solvent for dissolving PVA), which then was poured into a Teflon mold. After being immersed in water (which is a poor solvent for dissolving PVA) for exchanging at room temperature for a 48 h, the PVA hydrogel could be obtained.
For this study, we employed a solvent exchange method to substitute DMSO in the PVA and polyethyleneimine (PEI) gel with microemulsion for the preparation of a microemulsion-loaded hydrogel. In the as-synthesized hydrogel, polyethyleneimine (PEI) was selected due to its good flexibility that may be beneficial for the gel used in the cleaning of cultural heritage [45]. Furthermore, EAPC system that contains water, ethyl acetate (EA), propylene carbonate (PC), and sodium dodecyl sulfate (SDS), and 1-pentanol was the target microemulsion (the resulting gel is referred to as microemulsion-loaded PVA/PEI hydrogel in the subsequent discussion). Fourier transform infrared (FT-IR), scanning electron microscope (SEM), rheometer, universal testing machine, optical microscope etc. were performed to explore the synthesis mechanism, mechanical properties, cleaning effects of the microemulsion-loaded PVA/PEI hydrogel.

Methods
Materials
Polyvinyl alcohol (PVA, alcoholysis degree: 97.5–99 mol%), poly(ethylene imine) (PEI, M.W. 600, 99%), dimethyl sulfoxide (DMSO, analytical reagent), sodium dodecyl sulfate (SDS, gas chromatography), 1-pentanol (gas chromatography), ethyl acetate (analytical reagent), and propylene carbonate (gas chromatography), were purchased from Aladdin Reagent Co., LTD.

Preparation of microemulsion
Microemulsion containing SDS, 1-pentanol, ethyl acetate (EA), and propylene carbonate (PC) was prepared according to the reported method [37]. Briefly, SDS, 1-pentanol, EA, and PC were added into deionized water while continuously stirring. The resulting mixture became transparent, indicating the formation of a microemulsion. The mass percentages of SDS, 1-pentanol, EA, PC, and deionized water are 3.5%, 7%, 8%, 8%, and 73.5%, respectively.

Preparation of microemulsion-loaded PVA/PEI hydrogel
The preparation method follows the reported procedure with modifications [44]. Firstly, PVA was dissolved into 95 g DMSO under 90 ℃ with stirring. Then, PEI was dropwise added. The total mass of PVA and PEI was 5 g and four mass ratios of PVA:PEI (65:35, 70:30, 75:25, and 80:20) were investigated. Once PEI was totally dissolved, the PVA and PEI DMSO solution was poured into a petri dish and stored in a refrigerator at 5 °C for 12 h to form a PVA/PEI DMSO gel. Microemulsion-loaded PVA/PEI hydrogel was obtained after the resulted gel was immersed into microemulsion for 12 h at room temperature. The microemulsion was replaced with fresh microemulsion every 2 h.

Preparation of mockup wall painting
We prepared the mockup wall painting based on previous work [3]. Firstly, we prepared a lime layer by uniformly mixing lime with water at a weight ratio of 0.8. After a half year (to ensure the full carbonation of lime layer), cinnabar mixed with gelatin were brushed to the carbonated lime layer using a brush to obtain mockup wall painting. The mockup was then coated with animal glue by brushing the animal glue solution (~ 5%) onto the surface of the painting. After drying in the lab environment, the mockup wall painting was coated with dirt by brushing soil (collected from the place finding the ancient coin, see section “Laboratory investigations”) aqueous (2%) onto the surface of the painting and left to dry in the lab environment (Fig. 8a).

Characterizations
The FT-IR spectra were acquired using a Bio-Rad FT-IR spectrometer model FTS165 with a resolution of 4 cm−1, 32 scans per spectrum. The spectral range is 4000–400 cm−1. FT-IR was used for explaining the synthesis mechanism of microemulsion-loaded PVA/PEI hydrogel and evaluating the cleaning efficiency of the gel for animal glue and soil from the surface of wall painting and coin. Scanning electron microscope (SEM) images were captured using a Nova 230 instrument (FEI, USA), with the samples coated in a thin layer of gold prior to observation. The parameters were 25 mA of current and 1 min of sputtering time. SEM was carried out to observe the micro structure of microemulsion-loaded PVA/PEI hydrogel. Rheological measurements were performed using a stress-controlled Anton Paar Physica MCR 302 rheometer. Strain sweeps were conducted at a constant angular frequency of 6.28 rad/s, ranging from 0.01% to 100%. Mechanical properties of microemulsion-loaded PVA/PEI hydrogel were tested using universal testing machine (Instron 5942). The sample was loaded at a rate of 1 cm/min. Rheological measurements and universal testing machine were conducted to test the rheological and mechanical properties of microemulsion-loaded PVA/PEI hydrogel. For the rheology or tensile strength tests, three samples were tested in parallel, and the average data was used for plotting. The Optical images were acquired using a VHX-5000 ultra depth-of-field microscope. The glossiness of the sample was tested by glossmeter (3nh, HG268). Depth-of-field microscope and glossmeter were used for evaluating the cleaning efficiency of the gel for animal glue and soil from the surface of wall painting and coin. Three points were tested and the averaged value was taken as glossiness of the sample. Natural evaporations of microemulsion and microemulsion-loaded PVA/PEI hydrogel were determined by weighting them every 10 min using a precision balance. X-ray fluorescence spectrometer (X-MET8000) was used to analyze the element component of the ancient coin.


Results and discussion
Characterization of the microemulsion-loaded PVA/PEI hydrogel
The synthesis process of microemulsion-loaded PVA/PEI hydrogel is illustrated in Fig. 1, involving two steps. Firstly, PVA and PEI were dissolved in DMSO at 90 ℃ with continuous stirring. Once the PVA was totally dissolved, PEI was dropwise added into the PVA solution. After the completion of PEI addition, the mixture of PVA and PEI solution was poured into a petri dish and stored at 5 ℃ for 12 h to form a gel. Secondly, the resulting gel was immersed in the microemulsion for 12 h to obtain a microemulsion-loaded PVA/PEI hydrogel. To ensure fully exchange of DMSO, fresh microemulsion was repeatedly exchanged every 2 h during the immersion process.[image: ]
Fig. 1Synthesis process of microemulsion-loaded PVA/PEI hydrogel


The microstructure of microemulsion-loaded PVA/PEI hydrogel with four different weight ratios of PVA:PEI (65:35, 70:30, 75:25, and 80:20) was imaged using SEM (Fig. 2). All the microemulsion-loaded PVA/PEI hydrogels appeared white. Macroscopically, there was no apparent difference observed among these hydrogels (Fig. 2a–d). By freeze drying the four hydrogels with freeze dryer, their structure was explored using microscopy (Fig. 2e–l). It was observed that due to capillary force action, most of the holes had collapsed during the freeze-drying process. The microstructure of the gel was disordered, which is different from the reported PVA or PVA based hydrogels (where the gel microstructure is ordered and organized) [46]. Furthermore, with the increase of PEI proportion (20–35%), the structure of PVA/PEI hydrogel appears even more disordered (Fig. 2e–l). This alteration is likely to be advantageous for the formation of a porous structure within the hydrogel, which facilitates the absorption of the microemulsion.[image: ]
Fig. 2a-d Pictures of microemulsion-loaded PVA/PEI hydrogel prepared with the weight ratio of PVA:PEI 65:35, 70:30, 75:35, 80:20. e–h Low-magnification SEM images of microemulsion-loaded PVA/PEI hydrogel prepared with the weight ratio of PVA:PEI 65:35, 70:30, 75:35, 80:20. i-l High-magnification SEM images of microemulsion-loaded PVA/PEI hydrogel prepared with the weight ratio of PVA:PEI 65:35, 70:30, 75:35, 80:20


We analyzed the formation mechanism of this disordered structure by collecting FT-IR spectra of PVA, PEI, and PVA/PEI dried gel (Fig. 3a). For PVA, peaks at1100 and 1635 cm−1 are assigned to the vibration of OH and C-O, respectively [46]. The broad peak ranging from 1764 to 1524 cm−1 corresponds to the vibrational absorption of N–H in PEI. Additionally, the peak at 1042 cm−1 is due to the vibration of R2NH of PEI [47]. For PVA/PEI, the intensity of the peak ranging from 1764 cm−1 to 1524 cm−1 shows no obvious decrease, which is different from the reported PVA/PEI hydrogel formed through condensation reactions [47]. The formation of PVA/PEI hydrogel via condensation reaction causes the decline of peak intensity that is ranging 1764 cm−1 from 1524 cm−1. In the current work, it can be deduced that the peak of 1764–1524 cm−1 is the superposition of OH in PVA and R2NH in PEI. This phenomenon is similar to the peak from 1190 to 966 cm−1 in PVA/PEI, which is a combination of C–O of PVA and N–H of PEI. Based on the analysis, it is hypothesized that PVA and PEI chains are arranged in an orderly pattern after they are dissolved into DMSO (Fig. 3b) due to DMSO being a good solvent for them [44]. When the PVA/PEI DMSO gel was immersed into microemulsion to be subjected to solvent exchange, the orderly arranged PVA and PEI chains was disrupted. This is because water, which is a poor solvent for PVA and PEI compared to DMSO, causes the chains to become disordered and tangled. Consequently, the substitution of DMSO with a microemulsion results in the creation of a disordered porous structure within the hydrogel, which absorbs microemulsion and culminates in the formation of the microemulsion-loaded PVA/PEI hydrogel (Fig. 3b).[image: ]
Fig. 3a FT-IR spectra of PVA, PEI and PVA/PEI dried hydrogel. b Synthesis mechanism of microemulsion-loaded PVA/PEI hydrogel


Rheological and mechanical properties were explored through rheometer and universal testing machine, respectively. The amplitude sweep curves demonstrate that G’ (storage modulus) and G’’ (loss modulus) of the microemulsion-loaded PVA/PEI hydrogels is cross-cover at lower oscillation strain (Fig. 4a). With the increases of PEI content (20–35%), peaks of G’’ of the microemulsion-loaded PVA/PEI hydrogel shift to higher strains (Fig. 4a, arrows), suggesting that the addition of PEI makes the hydrogel compliant. It can be estimated that the addition of PEI reduces the crosslinking of PVA chains via intermolecular hydrogen bonds, thereby decreasing the stiffness of the microemulsion-loaded PVA/PEI hydrogel. Frequency sweeps demonstrated that the storage modulus in the study is higher than their loss storage modulus, and the mechanical properties of the hydrogels decrease with increasing PEI content (Fig. 4b). We also tested the mechanical properties through tensile testing (Fig. 4c). It can be seen that as the PEI content increases, the stress of these hydrogels initially rises and subsequently decreases. Moreover, the strain shows a similar trend (Fig. 4c). Young’s Modulus (calculated from Fig. 4c) of these hydrogels declines with the increase of PEI content, which agrees with the variation tendency noted in the rheological measurements (Fig. 4d). In other words, the microemulsion-loaded hydrogel becomes flexible with increase of PEI content. We propose that the addition of PEI partly hampers the intermolecular crosslinking by forming hydrogen bonds, such as N H (N in PEI with H in PVA). This behavior leads to the formation of disordered porous structure that traps the microemulsion, obtaining microemulsion-loaded PVA/PEI hydrogel. Considering the resilience and the strain (elongation at break) that is benefit to the application of the hydrogel [36], we selected PVA/PEI = 70:30 (Young's modulus and elongation at break) to be the optimal parameter to prepare this microemulsion-loaded PVA/PEI hydrogel.[image: ]
Fig. 4a Strain dependence, b frequency dependence, c curves of stress–strain of microemulsion-loaded PVA/PEI hydrogel prepared with the weight ratio change of PVA:PEI of 65:35, 70:30, 75:25, and 80:20. d Young’s Modulus and strain of microemulsion-loaded PVA/PEI hydrogel prepared with the weight ratio change of PVA:PEI of 65:35, 70:30, 75:25, and 80:20


The cylindrical PVA/PEI hydrogel (diameter and height: 4 cm) was prepared to determine whether the microemulsion was fully loaded (Fig. 5a). We cut the cylindrical hydrogel each 5 mm (Fig. 5b) and samples were collected at different depths of the hydrogel to perform FT-IR analysis. As for microemulsion alone, a broad peak around 3400 cm−1 is ascribed to the vibration of OH in water and 1-pentanol (Fig. 5c). The peak at 1647 cm−1 is ascribed to the vibration absorption of C = O in EA and PC [48, 49]. The peak at 1425 cm−1 is attributed to vibration of SO42− of SDS [50]. The peak centered at 1022 cm−1 is due to the overlay of C-O vibration in PC and 1-pentanol [51]. The FT-IR spectra of the liquid at different depths of the PVA/PEI hydrogel, including at the surface, 5 mm, 10 mm, 15 mm, and 20 mm, were similar to that of microemulsion. Therefore, we deduced that the microemulsion was fully loaded into the PVA/PEI hydrogel.[image: ]
Fig. 5a Picture of microemulsion-loaded PVA/PEI hydrogel. Both the diameter and height of the microemulsion-loaded PVA/PEI hydrogel are 4 cm. b Schematic diagram of cylindrical microemulsion-loaded PVA/PEI hydrogel cut every 5 mm from surface to inner. c FT-IR spectra of microemulsion, and liquid collected at surface, 5 mm, 10 mm and 20 mm of PVA/PEI hydrogel. We gently rubbed the gel surface with a cotton swab and squeezed out the liquid to perform the FI-IR


To evaluate the safety of applying microemulsion-loaded PVA/PEI hydrogel for removing unwanted polymer coatings and soil from cultural heritage surfaces, we compared the evaporation rates of the microemulsion and microemulsion-loaded PVA/PEI hydrogel. We plotted the relationship figure of weight loss with time by recording the weight of the sample per 10 min. As shown in Fig. 6, the weight losses of microemulsion and microemulsion-loaded PVA/PEI hydrogel per 10 min are ~ 1% and ~ 3%, respectively, implying that the evaporation of microemulsion is significantly reduced after being loaded into PVA/PEI hydrogel (which is to be expected). This ensures the slow release of the microemulsion onto the surface of cultural heritage material and represents a low risk to the artefact during the removal of polymers and soil.[image: ]
Fig. 6Weight losses with the natural evaporation of microemulsion and microemulsion-loaded PVA/PEI hydrogel



Removing animal glue and soil from wall painting and ancient coin
Laboratory investigations
Before being applied to cultural heritage materials, we tested the cleaning effect of the microemulsion-loaded PVA/PEI hydrogel using the mockup wall painting. First, we placed microemulsion-loaded PVA/PEI hydrogel on the surface of the mockup wall painting coated with animal glue (Fig. 7a, b)—hereafter called the wall painting mockup for 30 min. It is evident that the reflective intensity of the cleaned area becomes weak (Fig. 7d–g). In addition, the glossiness was reduced to 2.2 GU from 15 GU. The dramatic reduction demonstrates that most of animal glue coated the surface of mockup wall painting is cleaned by the microemulsion loaded PVA/PEI hydrogel. The cleaning effects were also demonstrated by optical microscope. Gradually, the animal glue coated on the surface of the mockup wall painting was removed as time progressed (Fig. 7h–i) and was totally removed thirty minutes later (Fig. 7j and k, no further treatment was carried out with cotton swab or other tools after taking off the microemulsion-loaded hydrogel).[image: ]
Fig. 7a Mockup wall painting coated with animal glue. b Microemulsion-loaded PVA/PEI hydrogel placed on the surface of the mockup wall painting. c Mockup wall painting after the animal glue is removed. d Partial view of the mockup wall painting coated with animal glue. The microemulsion-loaded PVA/PEI hydrogel placed on the surface of mockup wall painting for e 10 min, f 20 min, g 30 min. h Optical image of the mockup wall painting coated with animal glue. Optical images of the mockup wall painting after microemulsion-loaded PVA/PEI hydrogel being placed its surface for i 10 min, j 20 min, k 30 min


We also examined the cleaning effect of microemulsion-loaded PVA/PEI hydrogel for soil on the mockup wall painting surface (Fig. 8a). The microemulsion-loaded PVA/PEI hydrogel was applied to the soil-covered painting for 5 min (Fig. 8b). It is evident that soil is effectively removed upon the hydrogel's removal (as depicted in Fig. 8c and d), indicating that the hydrogel can efficiently clean soil from the surface of mockup wall painting. The microscope investigation shows that the surface after treatment is consistent with the original painting (Fig. 8e–g). The aforementioned investigations suggest that the microemulsion-loaded PVA/PEI hydrogel can be considered when exploring the removal of animal glue and soil from some heritage surfaces.[image: ]
Fig. 8a Picture of the mockup wall painting coated with soil. b Placing microemulsion-loaded PVA/PEI hydrogel on the surface of soil coated wall painting. c Picture the mockup wall painting after the removal of the microemulsion-loaded PVA/PEI hydrogel. d Partial view of the cleaned area. Optical images of the e mockup wall painting, f mockup wall painting coated with soil, g mockup wall painting cleaning with microemulsion-loaded PVA/PEI hydrogel



Heritage artefact case study
Ancient murals discovered in the Wu Huifei tomb, designated for the imperial concubine of the Tang Dynasty, have a history of over a thousand years. In 2009, the ancient tomb was robbed. To preserve the murals, conservators decided to transfer them to museum. During the transferring, a strong solution of animal glue (approximately 20%) and flax was applied to the front of murals to safeguard them during excavation. They were moved to the Shaanxi history museum, eventually. Now, to restore the mural and for exhibition, conservators need to remove the animal glue and flax. This necessitated the softening and removal of the animal glue (Fig. 9b). For the microemulsion-loaded PVA/PEI hydrogel was shaped to the desired dimensions and placed on the flax surface (Fig. 9c–e). After 30 min, the hydrogel was removed, facilitating the trimming of flax in the treated area (Fig. 9f). From the macro perspective, the animal glue was no longer observable after being cleaned with the microemulsion-loaded PVA/PEI hydrogel (Fig. 9g). The cleaned area was explored using a light microscope and FT-IR analysis. Prior to the cleaning experiment, a significant amount of reflective animal glue was visible (Fig. 9e). After cleaning, there were no obvious remnants of animal glue observed (Fig. 9h). To detect residue of animal glue after cleaning, we utilized FT-IR, which is a limited instrument for residue detection. Animal glue was collected from the wall painting before cleaning to perform FT-IR. Two distinct peaks at 1630 cm−1 and 1521 cm−1 (Fig. 10), corresponding to the C = O and primary amide vibrations, respectively, demonstrated that the animal glue was somewhat oxidized (aged). After cleaning, the two characteristic peaks of animal glue were no longer detectable with the instrument employed. Three peaks at 1450, 875, and 712 cm−1 were assigned to the vibration absorption of CO32− (Fig. 10), implying that microemulsion-loaded PVA/PEI hydrogel is able to effectively remove animal glue from wall painting surface. Furthermore, this hydrogel had not apparent unwanted effects on the wall painting mockup during the cleaning process.[image: ]
Fig. 9a Picture of the ancient painting. b Part view of the ancient painting. c Picture of the removal of animal glue coated on the surface of ancient wall painting. d Ancient painting covered with flax that is adhered to the painting surface by animal glue. e Microemulsion-loaded PVA/PEI hydrogel placed on the surface of flax. f The flax was cut with scissor after removing the hydrogel. Optical images of the g flax and h the surface of the wall painting after removing the adhered flax

[image: ]
Fig. 10Detecting the residue of animal glue after cleaning. FT-IR spectra of the ancient wall painting before and after cleaning with microemulsion-loaded PVA/PEI hydrogel


An ancient coin was found when farming in Shaanxi province of China (Fig. 11a). This ancient coin was found when farming in Shaanxi province of China. The land where the ancient coins was found is loess land. Therefore, the soil covered on the surface of the coin is yellow earth. We carried out XRF to reveal the component of the metal of the coin (Table 1). Result showed that the metal element of the coin is Cu and Fe (Si element should be attributed to component element of yellow earth soil). However, the coin was covered in yellow earth that could not be easily washed off, even after being immersed in water for three days. Based on the historic knowledge, we could only identify two characters on the coin, which are “通” (left) and “寳” (right). The other two significant characters on the top and bottom of the coin were illegible. To estimate the age of the coin without serious damage, we employed a microemulsion-loaded PVA/PEI hydrogel to clean soil from the coin surface. We applied the hydrogel on the top of the coin, exerting a 2 kg weight for 5 min, and then removed the hydrogel (Fig. 11b and c). The soil on the coin surface was partially removed through being absorbed to the hydrogel surface (Fig. 11c). Then, we rinsed off the soil from the hydrogel using the microemulsion and the microemulsion-loaded PVA/PEI hydrogel could be reused. This process was repeated 30 times, resulting in the removal of the majority of the soil (Fig. 11d). After cleaning, we could identify that the [image: ] and [image: ] on the top and bottom, respectively. Therefore, the words on the coin are [image: ], [image: ], [image: ], and [image: ], which certainly belong to Qing Dynasty and may date back approximately 270 years to the present day. Despite the cleaning process, there is still a small amount of soil remaining on the top surface of the coin, indicating the difficulty of completely removing all the dirt. Prior to cleaning, only the soil was visible (Fig. 11e and f). After cleaning, the metal of the coin was revealed (Fig. 11g and h). However, an amount of soil remained embedded inside the coin, making it challenging to fully remove (Fig. 11g and h, the dotted area).[image: ]
Fig. 11a Picture of an ancient coin. b Microemulsion-loaded PVA/PEI placed on the surface of the ancient coin. c Picture of the ancient coin and the hydrogel after removed from the surface of the coin. d Picture of the coin after cleaned with the hydrogel for 30 times. Optical images of the e, f ancient coin and g, h coin after cleaned the hydrogel for 30 times

Table 1Test result of ancient coin surface with XRF


	Element
	Cu
	Si
	Fe

	Content (%)
	53.9
	32.7
	10.7







Conclusions
In summary, a solvent exchange method was developed to prepare a microemulsion-loaded PVA/PEI hydrogel which was examined for its effectiveness for removing animal glue and soil from surface of wall paintings and a naturally aged metal coin. The porous structure of the hydrogel absorbs the microemulsion, resulting in a microemulsion-loaded PVA/PEI hydrogel. The evaporation rate of the microemulsion in the PVA/PEI hydrogel reduced approximately three-fold compared to pure microemulsion. The controlled release of the loaded microemulsion helps to ensure the integrity of the cultural heritage surface during the cleaning process. These results demonstrate that the microemulsion-loaded PVA/PEI hydrogel effectively removed animal glue from the surface of wall paintings. Additionally, this hydrogel can help to clean the soil of an ancient coin, assisting us to better identify the era of the coin. This represents a new approach to prepare the microemulsion-loaded hydrogel and contributes to ongoing research into the low-risk removal of organic polymeric coatings and soil from the surfaces of cultural heritage materials and artefacts.
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