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Abstract

:

Targeting cleaning of the artificial gypsum layer on white marble was studied. It was conducted by means of the specific depletion of the calcium and sulfate ions by the barium carbonate scavenger, which led to the continuous dissolution and clearance of gypsum layer. The cleaning effect was evaluated by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX), X-ray diffraction (XRD), capillary suction, and color difference measurement. By this method, only the gypsum layer was cleared away and the carbonate substrate of marble was left intact at the same time. This method will be highly useful for the conservation of marble relics from surface weathering.
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1. Introduction


Gypsum is common on the surface of the calcareous stone relics [1]. It is mainly a weathering product of carbonate minerals under the attack of sulfur oxide pollutants [2]. The formation of a gypsum crust is often accompanied with the appearance alteration [3], surface dissolution [4], and structure disruption [5] of stone relics. The removal of this kind of harmful gypsum crust is thus believed to be necessary [6,7].



In the past, chemical, laser, and microblasting methods were developed successively for the removal of the gypsum crust on stone artifacts. Traditionally, basic carbonate, sodium citrate and exchange resin were common scavengers in chemical cleaning [8]. They can act as solvents, chelating agents, and ion exchangers during the cleaning process, respectively. Chemical cleaning can eliminate almost all of the gypsum crust efficiently. However, a large part of the chemical agents, such as ammonium carbonate, EDTA, surfactant, etc. [9], will be entrapped in the porous stone substrate during the cleaning process and cannot be easily removed, which may cause possible damages such as discoloration and even the acceleration of degradation. In addition, barium hydroxide was even proposed for the treatment of gypsum weathering crusts on stone artifacts. Theoretically, the slightly soluble gypsum can be converted into insoluble and protective barium sulfate layer in situ. However, this barium sulfate layer was found to be flaky in application, and the barium hydroxide method was believed to be risky [10]. Laser and microblasting have also been studied as physical cleaning tools. Under the irradiation of a high energy laser, the gypsum crust and other stains on stone artworks can be removed through gasification. Due to the good controllability, high accuracy and little impact on the environment, laser cleaning was once believed to be promising [11]. However, laser cleaning is too costly and beyond the reach of the conservation practice of most stone artifacts. Moreover, the ablation effect of lasers often leads to alterations in the composition and appearance [12] of the artifacts. Microblasting has also been considered in the cleaning of historic stones [13]. In this cleaning technique, abrasives with energy are used to break the bonding between the gypsum crust and the stone substrate. It is effective in the removal of the surface deposits for building stones [14]. However, as a mechanical method, the over-cleaning of blasting is normally noticeable. The gypsum crust and the stone substrate underneath are removed indiscriminately during the cleaning process. Therefore, microblasting should be cautiously selected for the cleaning of stone artifacts [15]. To sum up, these existing cleaning methods are not safe enough, and stone artifacts can be damaged during the removal process of the gypsum crust. In fact, sulfate attack is also widespread for concrete constructions in saline soil areas [16]. In this case, barium carbonate has been proven to be an effective inhibitor, which can remove soluble sulfates in the form of highly insoluble barium sulfate [17]. With this revelation, the removal of the harmful gypsum crust on stone relics can be performed when barium carbonate is adopted as a processing agent. However, to avoid the precipitation of barium sulfate on the surface of stones, the processing agent of barium carbonate cannot directly touch the gypsum weathering product in the treatment process.



In this paper, a novel method for the targeted removal of the gypsum weathering layer on white marble was developed. By this method, the gypsum layer was dissolved and swept away with the aid of the scavenger, barium carbonate, which was embedded in an absorbent cotton coating full of water before application on the surface of the gypsum layer. The carbonate substrate of the white marble, however, could not be affected, and remained intact. The cleaning effect was evaluated by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX), X-ray diffraction (XRD), capillary suction and color difference measurement.




2. Experimental


2.1. Sample Preparation


Analytical reagents were used throughout the experiment. Absorbent cotton, barium carbonate and sulfur dioxide were purchased from Sinopharm Group Co., Ltd. Local marble with the trade name of “Guangxi White” was used (Stonecube Stone Industry, Hezhou, China). The marble stone was mainly composed of calcite (≥98.0%). The marble specimens (4.0 cm × 4.0 cm × 2.0 cm) with gypsum layers were prepared by a sulphation method in a homemade climatic chamber. The concentration of sulfur dioxide, air flow and relative humidity in the chamber was set as 60 μg/L, 0.1 L/s and 80%, respectively [4]. After 60 days of sulphation, the specimens were taken out, rinsed with water, and dried naturally. The prepared gypsum layer was about 50 μm in thickness.



The removal of the gypsum layer on the marble specimens was carried out according to the procedures in Figure 1. Firstly, the powder of barium carbonate was imbedded in the absorbent cotton to make a coating with a sandwich structure. The flexibility of absorbent cotton guaranteed the close fit of the cleaning pad with the surface of the stone samples. Then, enough water was introduced into the cotton coating by soaking. Finally, the marble specimens with gypsum layers were coated with the water-saturated cotton coating. After 1–3 days, the marble specimens were taken out, washed by purified water, and dried naturally before further investigations.




2.2. Characterization


The microstructures of the samples were observed by scanning electron microscopy (SEM, FEI SIRION-100, 5.0 kV of accelerating voltage and 8.0 mm working distance, Hillsboro, OR, USA). The thickness of the gypsum layer was measured according to the SEM image of the cross section of the sample.



EDX (Hitachi, Tokyo, Japan) analysis was carried out to detect the elemental composition of the samples. From every sample, five different points across the test surface were taken, and five sets of results were acquired.



The phase constituent of the samples was detected by X-ray diffraction (XRD, AXS D8 ADVANCE, scan range 2θ = 10°–80°, Tokyo, Japan). The marble specimens were analyzed directly, and no grinding/powdering was performed, which preserved the original features of the gypsum layer and the marble substrate. Grinding was carried out for barium carbonate samples to obtain uniform test samples. Before analyzing, the powdery samples were further paved and compacted in a sample cell. To monitor the composition change of the marble samples during the cleaning process, the XRD measurements were conducted after 24, 36 and 72 h.



The color difference of samples was determined by a chromatic meter (WSC-S, D65 illuminant, 8°/d optical geometry and CIE standard [18]).



The capillary suction values of the samples were tested according to the China national standard of natural stones [19].





3. Results and Discussion


The sample microstructures were investigated by SEM. The fresh marble was flat and compact in morphology (Figure 2a). After sulphation treatment, the surface of the sample became coarse and porous (Figure 2b), which was similar to the natural gypsum weathering layer [20]. The surface composition of the sample was also converted from calcium carbonate (calcite, d = 3.86, 2.29 and 2.09 Å) to calcium sulfate dihydrate (gypsum, d = 7.70, 4.31, 3.08, 2.88 and 2.69 Å) (Figure 3a). This means that a gypsum layer was formed during the sulphation process. In the field, this kind of gypsum layer is from the weathering of calcareous stone such as marble and limestone in air containing sulfur oxide pollutants [21].



The removal effects of the proposed method in Figure 1 were investigated by SEM, XRD and EDX characterization. From the SEM images, it was observed that the surface morphology of the samples changed significantly with the treating time. After treatment for 24 h, the coarse and porous structures of the gypsum layer (Figure 2b) disappeared, and the surface of the sample became flat and compact (Figure 2c). After treatment for 72 h, the surface morphology (Figure 2d) of the sample resembled that of fresh marble (Figure 2a). The results of XRD are highly consistent with the ones of SEM. As the cleaning treatment progressed (0–36 h), the diffraction peaks of calcite became stronger and the peaks of calcium sulfate became weaker (Figure 3a–c). The calcite is from the marble substrate. Calcium sulfate, however, is from the gypsum layer. These results indicate that the gypsum layer was removed gradually. EDX results in Figure 4 can provide further evidence. With the progression of the cleaning treatment (0–36 h), the strength of the sulfur peaks reduced and the strength of the carbon peaks enhanced increasingly (Figure 4a–c). After cleaning treatment for 72 h, the diffraction peaks of calcium sulfate in Figure 3d and the dispersive peak of sulfur in Figure 4d are all absent, suggesting the total removal of the gypsum layer.



The composition change of the barium carbonate scavenger was also investigated. In the XRD results of Figure 5, the diffraction peaks of barium carbonate become weaker, while the ones of calcium carbonate and barium sulfate become gradually stronger during the treatment process. This is a result of the reaction between calcium sulfate and barium carbonate. The solubility of calcium sulfate is about 42 times larger than that of barium carbonate. This means that barium carbonate is closely encircled by the calcium cations and sulfate anions from the calcium sulfate layer [22] during the treatment process. As a result, the reaction between them [23] mainly happens in barium carbonate, and the insoluble reaction product of barium sulfate occurs within barium carbonate as well. The solubility of calcium sulfate, however, is about 40 times less than that of barium hydroxide. For the same reason, when barium hydroxide is used as a treating agent of a gypsum weathering layer, the barium sulfate product is on the stone surface [10].



This reaction between calcium sulfate and barium carbonate has an equilibrium constant of about 105 [24] and can be carried out completely at room temperature. Due to the continuous depletion of the calcium and sulfate ions, the dissolution of the gypsum layer will continue until it is cleared completely. According to the above principle, this removal method is selective and safe. The mineral composition of marble is insoluble carbonate, and it cannot react with the barium carbonate scavenger. That means that only the gypsum layer is removed, and the carbonate substrate of the marble remains intact. Moreover, this removal method also has few residuals. The barium carbonate scavenger, and its products calcium carbonate and barium sulfate, are all insoluble substances. According to the solubility products, their residues in water can be as low as about 10−5 mol/L.



The removal effect can also be seen from both Figure 6 and Table 1. The fresh marble is semitransparent, and the crystalline grains of calcite can be distinguished easily in Figure 6a. After sulphation treatment, a white and opaque calcium sulfate layer is produced. The crystalline grains of calcite under it are covered and become unrecognizable (Figure 6b). After cleaning treatment, the white calcium sulfate layer is eliminated completely, and the original appearance of marble is generally recovered (Figure 6c). As shown in Table 1, the color difference between the fresh marble and the marble with gypsum layer is 3.6, which is higher than the noticeable detection limit of the human eye of 3.0. This indicates that an appreciable appearance change has taken place after the surface weathering of marble. The color difference between the fresh marble and the marble after removal of gypsum layer, however, is just 0.8. This suggests that the gypsum layer on the marble has been completely removed, and the original appearance of the marble sample is restored.



After sulphation treatment, the marble sample was covered by a gypsum layer and the capillary water adsorption increased from 0.08% to 0.10%, which suggested a more loose and porous structure of the gypsum layer. However, the capillary water adsorption of the marble sample could only recover to 0.09% even after the total removal of the gypsum layer. This indicates that the marble became porous during the sulphation process. Therefore, the damage of surface weathering is irreversible to the stone structures.



Although most of the barium carbonate scavenger was converted into nontoxic barium sulfate, the residual barium carbonate is toxic, and innocent treatment is necessary. Before disposal, overnight soaking treatment of the absorbent cotton coating containing barium carbonate residual in a solution of sodium or potassium sulfate is recommended. By this method, the residual toxic barium carbonate can be completely converted into harmless barium sulfate.




4. Conclusions


A safe cleaning method was explored for the removal of the gypsum layer on white marble in this study. In this method, the gypsum layer is continuously dissolved and removed with the aid of the scavenger of barium carbonate, which was embedded in an absorbent cotton coating. The cleaning mechanism of this method lies on the specific reaction between calcium sulfate and the scavenger of barium carbonate in aqueous solution. That is, through the consumption of calcium and sulfate ions by barium carbonate, gypsum layer dissolves and disappears eventually. Due the high selectivity in sulfate removal, this study can preserve the carbonate stones from aggressive cleaning and is helpful for the conservation of the carbonate stone heritage suffering from sulfate attack. In addition, owe to the adoption of the absorbent cotton coating, the after treatment of this method is also convenient.
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Figure 1. Strategy scheme of the removal procedures of the surface layer of gypsum on a marble specimen. 
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Figure 2. Micromorphology of samples: (a) marble; (b) gypsum layer; (c) partially cleaned gypsum layer (24 h); (d) totally cleaned gypsum layer (72 h). 
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Figure 3. XRD results of surface sulphation marble samples after different treat time. (a) 0 h, (b) 24 h, (c) 36 h, (d) 72 h. 
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Figure 4. EDX results of the elemental composition change of the surface sulfation marble specimen after different treat times: (a) 0 h; (b) 24 h; (c) 36 h; (d) 72 h. 
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Figure 5. The phase transformation of the barium carbonate scavenger during the removal process: (a) 0 h; (b) 24 h; (c) 36 h; (d) 72 h. 
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Figure 6. Photo pictures of the specimens: (a) marble; (b) marble with a gypsum layer; (c) marble after the cleaning of the gypsum layer. 
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Table 1. Properties of marble specimens before and after the gypsum layer removal treatment.
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	Samples
	Surface Composition
	Color Difference (∆E)
	Capillary Suction (%)





	Marble
	Calcite
	-
	0.08 (±0.03)



	Marble with gypsum layer
	Calcium sulphate
	3.6 (±0.02)
	0.10 (±0.02)



	Marble after removal of the gypsum layer
	Calcite
	0.8 (±0.03)
	0.09 (±0.02)
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