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Abstract
Archaeological objects based on copper alloys (such as bronze wares) usually suffer from “bronze disease” that results from the existence of CuCl on the surfaces. The surface-coating Cu2(OH)3Cl can release Cl− and lead to further corrosion during the storage procedure. The central aim of the work is the verity the effectiveness of low-temperature radio-frequency (RF) plasma for the removal of CuCl and Cu2(OH)3Cl from the bronze wares. In this work, CuCl and Cu2(OH)3Cl patina were synthesized on copper by a simple solution method. The chemical and aesthetic features before and after plasma treatment were characterized using optical microscopy (OM), SEM-EDS, XRD, and XPS. The results show that Ar-H2 plasma could reduce the CuCl to Cu efficiently, which achieves pleasing esthetics as well as removes the chlorine (Cl atomic ratio decrease from 46.0 to 3.6%). For Cu2(OH)3Cl, the air plasma treatment exhibit better performance compared to the Ar-H2 plasma treatment, judging from the aesthetic effect and the removal effect of chlorine (Cl atomic ratio decrease from 14.8 to 3.3%).
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Abbreviations
	RF
	radio frequency

	OM
	optical microscopy

	PVA
	polyvinyl alcohol

	HVPDs
	polymeric dispersions

	TEPA
	tetraethylenepentamine

	AP
	atmospheric-pressure

	DBD
	dielectric-barrier discharge

	DC
	direct current

	SEM
	scanning electron microscopy

	EDS
	energy dispersive X-ray spectrometer

	XRD
	X-ray diffraction

	XPS
	X-ray photoelectron spectra.




Introduction and research aim
Bronzeware is of vital importance in the river of human civilization, bronze has been used for utensils, decorative and artistic objects since ancient times due to its good corrosion resistance, casting performance, and long-lasting characteristics [1, 2]. Bronze is a composite alloy based on copper with the additions of lead, tin, and other metals [3]. After being buried underground for a long time, their surfaces are usually covered by a cuprous chloride layer (nantokite, CuCl), which is commonly believed to be the main species leading to “bronze disease” [4, 5]. The corresponding reaction can be described as follows, [image: $${\text{4CuCl }} + {\text{ 4H}}_{{2}} {\text{O }} + {\text{ O}}_{{2}} \to {\text{2Cu}}_{{2}} \left( {{\text{OH}}} \right)_{{3}} {\text{Cl}}_{{}} + {\text{ 2HCl}}$$]

 (1)



During the reaction, CuCl could react with water to yield Cu2(OH)3Cl and HCl [6]. The generated HCl could further corrode the copper alloy, resulting in a chain reaction. Meanwhile, the other corrosion products basic copper chlorides (CuCl2·3Cu(OH)2) are often voluminous, which will destroy the surfaces of bronze wares as well as provide an easy path for the entrance of oxygen and humidity [7]. On the other hand, basic copper chlorides themselves could also release Cl− and aggravate the corrosion of the copper matrix [8]. Therefore, the removal of chloride species is an efficient method for inhibiting a self-accelerated corrosion process known as “bronze disease” [9].
Traditional methods for the removal of these corrosion layers are mainly composed of the chemical method [10, 11] and electrochemical methods. Although these methods have been widely used in the past, the removal effects are still far from satisfactory. As a result, many new methods have been developed, that exhibit better performance for the removal of corrosion layers. For example, Wang et al. developed a novel amino acid inhibitor, which will effectively inhibit the hydrolysis reaction of CuCl. The experiment also showed that inhibition efficiency of over 90% can be achieved [12]. Guaragnone and co-authors formulated polyvinyl alcohol (PVA) based highly viscous polymeric dispersions (HVPDs), the confinement of (tetraethylenepentamine) TEPA inside the PVA matrix allowed the progressive removal of copper corrosion products from a 16th -century Italian bronze masterpiece [13].
Low-temperature plasma cleaning involves the removal of corrosion layers and contaminations from surfaces using varieties of energetic plasma such as RF plasma, atmospheric-pressure (AP) plasma jets, dielectric barrier discharge (DBD) plasma, and direct current (DC) glow discharge plasma [14, 15]. Low-temperature plasma initially used for the restoration and conservation of metal artifacts could date back to 1979 [16]. Since then, different plasma (H2, O2, Ar, N2, and so on) [17–20] has been used for the restoration and conservation of metal and other artifacts. Usually, hydrogen gas has been widely employed in plasma treatment based on the fact that most of the corrosion products are metal oxides or chlorides [21, 22]. During this process, the hydrogen species will react with oxygen and chlorine, resulting in the formation of OH radicals and HCl molecules that can be consequently removed from the reaction system [23, 24]. Compared to the traditional methods, the modern plasma chemical treatment is a dry method, which prevents further corrosion caused by water during the treatment [25]. Besides, the contactless and unaggressive working mode could avoid the mechanical shock and local heating of the artifacts, preventing them from further destruction.
Our study aims to evaluate the application of low-temperature RF plasma for the removal of copper chloride layers. In this work, two different corrosion layers (CuCl and Cu2(OH)3Cl) were prepared, representing the copper with different corrosion extents. The corroded coppers were then treated with plasma (manipulate reaction time and gas composition) to investigate the effectiveness of this method on the removal and turn of chloride layers. The surfaces of corroded copper foil before and after plasma treatment are characterized using optical microscopy, scanning electron microscopy (SEM) with energy dispersive X-ray spectrometer (EDS), and X-ray diffraction (XRD).

Experimental section
Artificial corrosion processes
Morals and laws do not allow experimental cleaning techniques on genuine historical objects. For this reason, the explorations of the experimental cleaning methods have been performed on artificial corroded copper foils.
(1) Firstly, the copper foils were degreased by acetone and ethanol alternatively, and then rinsed with de-ionized water. (2) In the next step, the chemical corrosion processes were performed. For mild corrosion copper sheets (copper sheet covered by CuCl, labeled as MC-copper), the original copper sheets were immersed into the 0.37 mol L− 1 CuCl2 solution under continuous stirring for 15 min, followed by rinsing with de-ionized water to remove the additional CuCl2. (3) To get serious corrosion copper sheets (copper sheet covered by Cu2(OH)3Cl, labeled as SC-copper), the first stage specimens were scattered with water and then sealed in a container for 72 h, which led to the formation of green clinoatacamite (Cu2(OH)3Cl).

Plasma treatment
An inductively coupled plasma device (ICP), which is usually powered by a 13.56 MHz radio frequency (RF) power source, was employed for the surface treatment and the work pressure was evacuated down to 33 Pa (Fig.1). The power of the RF generator is set to 100 W. The reactor is a quartz tube with a size of 5 cm×110 cm (diameter×length). All experiments were carried out at room temperature. Specifically, the selective gas composition and treatment duration are summarized in Table 1. The hydrogen was diluted by argon (ratio in volume%), for one reason, argon minimizes the explosion hazard; for another reason, the metastable states in ionized argon could activate the other gas [26]. The treatments were performed at room temperature. The actual samples’ temperatures were tested by a temperature measuring probe, the results show that the temperature is 47℃ after 8 min in Ar/H2, and 56℃ after 11 min in air. Note that three parallel experiments were executed and the results mean ± standard deviation were obtained.

[image: ]
Fig. 1Scheme of the low-temperature low-pressure RF plasma device



Table 1Experiment parameters of plasma treatment


	Samples
	Duration/min
	Gas

	MC-copper-3
	3
	Ar-10%H2

	MC-copper-5
	5
	Ar-10%H2

	MC-copper-8
	8
	Ar-10%H2

	SC-copper-5
	5
	Ar-10%H2

	SC-copper-8
	8
	Ar-10%H2

	SC-copper-11
	11
	Ar-10%H2

	SC-copper-3*
	3
	Air

	SC-copper-5*
	5
	Air

	SC-copper-8*
	8
	Air


MC-copper-x: mild corrosion copper sheets, copper sheet covered by CuCl; SC-copper-x: serious corrosion copper sheets, copper sheet covered by Cu2(OH)3Cl; x means time, min.
Asterisk means in the air




Analysis and characterization
In this study, optical microscopy was used to study the visual appearances and physical-chemical transformations before and after HF plasma treatment. The optical images were obtained from Leica-microsystems. According to many specialists [7, 22, 27], Thermo Fischer (Helios CX) scanning electron microscope coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) has been used to assess chemical proportions and surface morphology of the samples. The EDS analysis areas are 150 × 90 μm in these experiments. The crystalline phases of the corrosion sheet sample (copper foil covered by corrosion layer) were determined by X-ray diffraction (XRD Rigaku Smartlab 9) with Cu Kα radiation (λ = 1.5406 Å) and the assignment of phases was based on the JPDS powder diffraction cards [24]. According to many specialists, X-ray photoelectron spectra (XPS) of the samples were determined using an ESCALAB 250 + instrument (Thermo Fischer, EACALAB 250Xi) to obtain the valence, and calibration was carried out by C1s peak (binding energy = 284.8 eV) [12, 28, 29]. The XPS analysis areas is a circular area with diameter of 400 μm. To measure the inner states, the surface was etched in the preparation chamber of the XPS instrument by Ar + ions beamline (2 keV), 2 min per cycle.


Results and discussion
Hydrogen plasma treatment of CuCl
Although chemicals with complex constituents, such as nantokite (CuCl), romarkite (SnO), cassiterite (SnO2), cuprite (Cu2O), tenorite (CuO), malachite [Cu2(OH)2CO3], cerussite (PbCO3), piromorfite [(PbCl)Pb4(PO4)3], smithsonite (ZnCO3) and so on, have been found in patina [9, 30, 31], the previous studies have indicated that the most aggressive corrosion agent for Cu-based artifacts is chlorine (Cl−). The first stage of Cl− based corrosion is the formation of cuprous chloride (nantokite, CuCl). And that is why we prepared artificially corroded CuCl model samples by chemical treatment.
As it is shown in Fig. 2a, MC-copper was covered with uniform thin grey corrosion layers compared to raw copper after the first stage of the chemically induced corrosion in CuCl2 solution (Fig. 2b). The SEM images indicate the rough surfaces after the first stage of chemical etching in the CuCl2 (Fig. 2c). It can be seen that the as-formed patina is composed of multi-angular particles and numerous small particles. The XRD patterns of the raw copper and artificially corroded samples are shown in Fig. 2d, which indicates the formation of CuCl after chemical treatment. The blue line in Fig. 2d can be indexed to the cubic phased CuCl (PDF#04-007-3879) and Cu base, suggesting the formation of CuCl. The EDS analysis suggests that the corrosion layer consists of Cu and Cl (Fig. 2e), which agrees well with the XRD result. The atomic ratio between Cu and Cl is approximately 1:1 (Cu 54.0 ± 0.42%, Cl 46.0 ± 0.42%), which is consistent with the theoretical value of CuCl. Taking the above analysis and △G values into consideration, the reaction equation can be described as follows: [image: $${\text{Cu }} + {\text{ CuCl}}_{{2}} \left( {{\text{aq}}} \right) \to {\text{2CuCl }}({\text{s}})$$]

 (2)




[image: ]
Fig. 2Photographic images after a and before b the immersion in CuCl2 solution. SEM c XRD d and EDS e after the immersion in CuCl2 solution


The samples were treated at different time at room temperature by hydrogen glow discharge plasma technique, keeping the output power and pressure constant (100 W, 33 Pa). Room temperature conditions avoid grain growth or recrystallization of the metallic objects. The effect of plasma reduction is evident even the treating time is as short as 3 min. The surface of the copper turns shiny red, indicating the reduction of CuCl to Cu (Fig. 3a). While prolonging the treatment time, the surface of the copper became more and more bright (Fig. 3b and c). However, the original gloss cannot be regained (the same as Fig. 2b), which is mainly caused by the increase in surface roughness during the process of corrosion. EDS examinations of the three samples also proved the effectiveness of this method (Fig. 3d–f), the atomic concentration of Cl decreases after plasma treatment down to 4.5%-3.6% depending on the treatment conditions (Table 2). As shown in Fig. 3 g–i, the surface of the samples after the plasma treatment shows similar morphology to raw CuCl-covered copper, but smaller particles due to the effect of plasma treatment.

[image: ]
Fig. 3MC-copper-3: photographic images a, EDS d and SEM g; MC-copper-5: photographic images b, EDS e and SEM h; MC-copper-8: photographic images c, EDS f and SEM i



Table 2Atomic concentration (%) of MC-copper after hydrogen plasma treatment through EDS bulk analysis


	Sample
	Atomic percentages (%)

	Cu / total metals
	Cl / total metals

	MC-copper-3 (CuCl, 3 min)
	95.4 ± 0.74
	
4.5 ± 0.74

	MC-copper-5 (CuCl, 5 min)
	95.3 ± 2.53
	
4.6 ± 2.5

	MC-copper-8 (CuCl, 8 min)
	96.4 ± 1.5
	
3.6 ± 1.46




To further explore the valence states of Cu before and after treatment, XPS analyses were performed (Fig. 4). The peaks of Cu 2p, O 1s, C 1s, and Cl 2p can be observed, in which the signals of C and O come from the atmosphere contamination (Fig. 4a). The deconvoluted profiles of Cu 2p suggested the presence Cu0, Cu+, and Cu2+ in the MC-copper sample (Fig. 4b), in which the Cu2+ can be attributed to the oxidation of CuCl because of the instability of CuCl [32, 33]. Figure 4c shows the spectra of Cu 2p after different treatment times. The two peaks centering at 952.5 eV and 932.7 eV can be attributed to Cu 2p3/2 and Cu 2p1/2 components, respectively, with split spin-orbit components of 19.8 eV [34, 35]. No satellite between the two peaks is observed, which is a typical spectrum characteristic of metallic Cu. These results demonstrate that the hydrogen plasma can efficiently eliminate the CuCl corrosion layer and even completely reduces it back to copper.

[image: ]
Fig. 4The XPS survey a and deconvoluted profiles of Cu 2p b of MC-copper; The high resolution of Cu 2p spectra for different treatment conditions c



Plasma treatment of Cu2(OH)3Cl
When CuCl contacts with moisture, a dangerous cyclical phenomenon called bronze disease will occur by forming clinoatacamite and its polymorphs (Cu2(OH)3Cl) [36, 37]. For this reason, we simulated the further corrosion process of CuCl. SC-copper will be obtained after further corrosion in moist air, which is covered with a similar patina consisting of a uniform smooth white layer with green and yellowish areas (Fig. 5a). This phenomenon reveals the occurrence of “bronze disease” and active corrosion. The characterization results of SEM, XRD, and EDS for the artificial patina are shown in Fig. 5b–d. The SEM image of the sample clearly demonstrates that the as-formed Cu2(OH)3Cl patina are lumps with sizes of ~ 3 μm, which is totally different from CuCl patina. XRD patterns together with the EDS of the SC-copper disclose the same chemical composition as Mc-copper. The green layer consists mainly of basic copper chlorides (Clinoatacamite, Cu2(OH)3Cl, PDF#99-000-0752), while the red layers of cuprite (Cu2O, PDF#97-017-3982). The results clearly indicate that surface corrosion possesses the same chemical composition as the bronze disease. Being calculated from the EDS analysis, the Cl atomic percentage in the patina is 14.8 ± 3.8% (Cu 42.3 ± 6.8%, O 42.8 ± 3.3%).

[image: ]
Fig. 5Photographic images a, SEM b XRD c and EDS d of SC-copper


For the plasma treatment of the SC-copper, gases with reductive characteristics (hydrogen) and their diluted mixtures with argon were used. From a visual inspection of the cleaned SC-copper (Fig. 6a–c), the metal regions which were not covered by green areas recovered to their original metal surface. The green areas (mainly composed of Cu2(OH)3Cl) turn into black CuO. Even after prolonging the treatment time to 11 min, the black CuO cannot be reduced to Cu, suggesting that the cleaning efficiency of Cu2(OH)3Cl is lower than CuCl. Still and all, the aim of chloride removal was achieved according to the EDS results. The EDS result reveals a remarkable decrease in the chloride content by the intensity of the Cl peak in Fig. 6d–f and quantitative analysis of Cl (Table 3). The removal efficiency is proportional to the duration of the plasma treatment. Moreover, as the treatment time increases, a rougher surface appears (Fig. 6g–i), which is inevitable because of the etching effect of the plasma.
Moreover, XPS investigation was also employed to investigate the changes in valence states in SC-copper before and after plasma treatment. As is shown in Fig. 6j, the XPS results of raw SC-copper clearly show peaks of the native basic copper chlorides and Cu base. After plasma treatment in the H2 atmosphere (SC-copper-5, SC-copper-8, and SC-copper-11 in Fig. 6j), only the main peaks of Cu 2p3/2 positioned at 932.5 eV and Cu 2p1/2 positioned at 952.3 eV remain, suggesting the successful reduction of basic copper chlorides. The deconvoluted profiles of SC-copper-11 are shown in Fig. 6j, the weak Cu2+ peaks, and its satellite peaks can be attributed to the black CuO layers.
The above results clearly suggest that hydrogen plasma treatment could turn basic copper chlorides into CuO according to Eq. 3, during which Cl can be totally removed. The gradual elimination of the chlorine-containing corrosion products could result in the formation of more stable species such as black CuO. However, an indisputable flaw is that the original color of samples changes as the formation of CuO and removal of Cl. [image: $${\text{Cu}}_{{2}} \left( {{\text{OH}}} \right)_{{3}} {\text{Cl}} \to {\text{CuO }} + {\text{ HCl}}$$]

 (3)




[image: ]
Fig. 6SC-copper-5: photographic images a, EDS d and SEM g; SC-copper-8: photographic images b, EDS e and SEM h; SC-copper-11: photographic images c, EDS f and SEM i; j: Deconvoluted profiles of Cu 2p of SC-copper and high resolution of SC-copper-5, SC-copper-8 and SC-copper-11; k Deconvoluted profiles of Cu 2p of SC-copper-11



Table 3Atomic concentration (%) of SC-copper after hydrogen plasma treatment through EDS bulk analysis


	Sample
	Atomic percentages (%)
	 
	Cu/total metals
	Cl/total metals
	O/total metals

	SC-copper-5 (Cu2(OH)3Cl, 5 min)
	61.0 ± 5.9
	
7.9 ± 1.6
	31.1 ± 5.5

	SC-copper-8 (Cu2(OH)3Cl, 8 min)
	70.7 ± 7.6
	
4.3 ± 1.7
	24.9 ± 7.2

	SC-copper-11 (Cu2(OH)3Cl, 11 min)
	74.9 ± 9.5
	
3.0 ± 2.1
	22.0 ± 7.4




Based on the above results, we also used the gases with oxidant characteristics (air plasma) for treating the SC-copper. The results are shown in Fig. 7. After 3 min treatment (Fig. 7a and b), the thin green layer turned into dark brown and the Cl content slightly decreased to ~ 10.2% (Table 4). By prolonging the treatment time, the areas of Cu2(OH)3Cl became darker and the content of Cl decreased (Fig. 7c–f). After 8 min treatment, the atomic concentration of Cl decreases to 3.3%. As expected, the high-resolution atlas of Cu2p in the three samples is typically Cu(II) in Cu(II) oxides [38–41]. Considering several factors, including the aesthetic effect, the removal effect of chlorine, and cost, air plasma remains more satisfactory than hydrogen plasma.

[image: ]
Fig. 7SC-copper-3*: photographic images a and EDS b; SC-copper-5*: photographic images c and EDS d; SC-copper-8*: photographic images e and EDS f; g The high resolution of Cu 2p spectra for SC-copper-3*, SC-copper-5* and SC-copper-8*



Table 4Atomic concentration (%) of SC-copper after air plasma treatment through EDS bulk analysis


	Sample
	Atomic percentages (%)
	 
	Cu/total metals
	Cl/total metals
	O/total metals

	SC-copper-3* (Cu2(OH)3Cl, 3 min)
	43.0 ± 6.3
	
10.2 ± 4.6
	46.7 ± 2.0

	SC-copper-5* (Cu2(OH)3Cl, 5 min)
	40.7 ± 1.1
	
11.1 ± 1.5
	48.2 ± 1.3

	SC-copper-8* (Cu2(OH)3Cl, 8 min)
	54.6 ± 6.1
	
3.3 ± 1.7
	42.0 ± 7.8


Asterisk means in the air



Plasma cleaning is a surface treatment technology, a corrosion layer usually still exists even after the plasma treatment [22, 28]. To figure out the depth penetration of the treatment, the cross-sectional SEM image and EDS linear scan of Cl were carried out. For sample MC-copper-8 (Fig. 8a), the SEM observation of the cross-section reveals that the thickness of corrosion layer is about 7.5 μm, with an obvious boundary between Cu base and corrosion layer. Additionally, the EDS linear scan of the cross section clearly shows the elemental distribution of Cl after plasma treatment as a function of the corrosion thickness (Fig. 8a). In Fig. 8a section I (about 3 μm in thickness), the Cl is almost totally removed, demonstrating the effectiveness of Ar/H2 plasma cleaning process. As the depth further increases, the concentration of Cl increases evidently (section II in Fig. 8a) because of the insufficient penetration depth of the plasma technology. For sample SC-copper-8* (Fig. 8b), the thickness of corrosion layer is 12–19 μm, which is much larger than sample MC-copper. The elemental distribution of Cl can be divided into four sections after the air plasma treatment. In Fig. 8b section I, the Cl is almost totally removed (about 4.5 μm in thickness). In Fig. 8b section  II, the concentration of Cl gradually increases. However, the concentration of Cl is still lower than the corresponding values in sample MC-copper-8, suggesting a higher efficiency. This phenomenon may be associated with the pores and cracks in the corrosion layer which can make plasma cleaning process more efficient. Unsurprisingly, in Fig. 8b section III has the highest Cl residue because of the limited penetration depth of plasma.
To further investigate the elemental distribution of Cl, a high-resolution narrow spectrum of Cl 2p after the sputtering procedure was recorded. For sample MC-copper-8 (Fig. 8c), there is no obvious Cl peak in the first 6 cycles. While the intensity of Cl peak increases with the etching depth from 7th to 19th cycles, which is consistent with linear scan result of the cross-section. For sample SC-copper-8*, the intensity of Cl peak is larger than the corresponding value in sample MC-copper-8 in the first cycles, which means that more Cl remnant in SC-copper-8*. Moreover, the same to the MC-copper-8, the intensity of Cl peak increase with the etching depth.

[image: ]
Fig. 8MC-copper-8: the cross-sectional SEM image and EDS linear scan a, high resolution XPS spectra after different subsequent sputtering cycles c; SC-copper-8*: the cross-sectional SEM image and EDS linear scan b, high resolution XPS spectra after different subsequent sputtering cycles d




Conclusion
This work studied the effect of plasma on different chlorides that are the root of “bronze disease”, described the chemical composition after plasma treatment, and evaluated the results according to the conservation requirements. Generally, Ar-H2 plasma could reduce the CuCl to Cu efficiently, which achieves pleasing esthetics as well as removes chlorine (about 3.6% Cl residual). However, the effect of Ar-H2 plasma on Cu2(OH)3Cl is unsatisfactory due to the formation of a black layer though only about 3.0% Cl residual, while air plasma could oxidize the Cu2(OH)3Cl patina to dark brown CuO and remove chlorine (about 3.3% Cl residual).
Note that the plasma technique could be considered a good treatment for mildly corroded archaeological bronze objects due to its qualities. For warty corrosion, plasma pretreatment ally with additional treatment such as chemical treatment should be considered.
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