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Abstract
The study focused on examining approximately 32 arrowheads from Cairo’s Qala Salah al-Din military museum, which 
showed significant signs of deterioration. The main objectives were to investigate the bronze alloy composition of 
these arrowheads and analyze the physical and chemical characteristics of their patinas. Understanding the causes and 
mechanisms of corrosion was crucial for developing effective conservation strategies to halt further degradation and 
identifying the corrosion products and metals involved. To achieve these goals, extensive examinations and analyses 
were conducted, including metallographic microscopy, SEM–EDS, and X-ray diffraction analysis to scrutinize the chemical 
composition, metallurgical features, and corrosion products of the bronze samples. Additionally, experimental studies 
were carried out to determine the most suitable protective coating for preventing future corrosion. Various combinations 
of ZnO nanoparticles with  Paraloid® 48 or  Paraloid® 66 coatings were tested on simulated arrowheads, and electrochemical 
techniques such as EIS and RP were employed for measurement. The results indicated that combining ZnO nanoparti-
cles with either  Paraloid® 48 or  Paraloid® 66 coatings resulted in lower corrosion rates compared to using each coating 
alone. Based on these findings, chemical cleaning with ZnO nanoparticles and Paraloid® 48 was selected for treatment 
to protect the arrowheads’ surfaces. Overall, this study provides valuable insights into preservation techniques for these 
historically significant artifacts.
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1 Introduction

For millennia, bronze, an alloy of copper and tin, has been cherished for crafting a myriad of items, ranging from tools 
to intricate ornaments [1]. These artifacts not only hold cultural and historical significance but also captivate with 
their aesthetic appeal [2]. However, bronze is inherently prone to corrosion and deterioration, posing a significant 
challenge for preservation efforts [3]. Conservation of bronze artifacts requires a multifaceted approach, including 
preventive measures, treatment procedures, and ongoing vigilance [4]. One key preventive measure involves carefully 
regulating the storage environment to mitigate corrosion exacerbated by humidity, temperature fluctuations, and 
pollution [5, 6]. Equally important is the cautious handling and treatment of these fragile artifacts to prevent physi-
cal damage [7]. Treatment procedures such as cleaning and the application of protective coatings play a vital role in 
stabilizing and preserving bronze artifacts [8–12]. In some cases, more complex treatments like structural stabilization 
or electrochemical reduction may be necessary [13, 14]. Electrochemical reduction involves a process where chemi-
cal species gain electrons through electrochemical reactions, offering advanced conservation techniques [15–18]. 
It’s essential to tailor these procedures to achieve specific goals and optimize reaction conditions [19]. Continuous 
monitoring through regular examinations and specialized equipment helps identify changes in artifact condition, 
prompting further treatment or preventive actions [20, 21]. In summary, bronze conservation is a dynamic process 
requiring a scientific understanding of materials, corrosion mechanisms, and a range of conservation techniques [22, 
23]. Innovations such as climate-controlled storage, tailored cleaning methods, and advanced stabilization techniques 
aim to ensure the longevity of these valuable artifacts [24–26]. Some case studies demonstrate the use of nanocom-
posite coatings to conserve bronze artifacts effectively [27–29]. These coatings provide protection against corrosion 
and environmental factors while preserving the aesthetic and historical value of bronze objects [30].

1.1  Corrosion background

Understanding the corrosion background is pivotal for preserving bronze artifacts [31]. This involves a thorough 
exploration of the technical and scientific aspects related to corrosion in the context of bronze artifact conservation 
[32]. Bronze, primarily composed of copper (Cu) alloyed with tin (Sn), may contain other elements like zinc (Zn) and 
lead (Pb) [33–35]. Corrosion of bronze leads to the formation of patina, a complex layer of corrosion products on the 
artifact’s surface [36, 37]. This corrosion process occurs electrochemically in the presence of moisture and oxygen, 
resulting in the oxidation of copper to form copper ions. Factors such as exposure to dissimilar metals, chlorides, 
and airborne pollutants can accelerate corrosion [38]. Initial corrosion produces cuprite, followed by the formation 
of tenorite and malachite, resulting in the characteristic green patina [39]. Higher humidity levels and airborne pol-
lutants exacerbate corrosion, while rapid temperature changes can cause thermal stress [40]. Prolonged corrosion 
weakens the structural integrity of artifacts, leading to surface pitting and loss of detail. Removing corrosion products 
poses challenges, requiring a delicate balance between preservation and aesthetics [41]. Preventing ongoing cor-
rosion involves identifying effective coatings or inhibitors and employing techniques like Electrochemical Imped-
ance Spectroscopy (EIS) and Potentiodynamic Polarization to assess corrosion rates and mechanisms [42]. Analytical 
techniques such as X-ray diffraction (XRD) and scanning electron microscopy (SEM) aid in corrosion product analysis 
without damaging artifacts. Stabilizing the corrosion layer and applying protective coatings are essential for prevent-
ing further degradation [43]. Managing environmental conditions, such as temperature, humidity, light exposure, 
and pollutants, is crucial for artifact preservation [44]. Climate-controlled storage, protective coatings, and regular 
monitoring help mitigate corrosion risks. Implementing these strategies ensures the continued preservation of bronze 
artifacts for future generations [45]. The research objectives aim to address key aspects of the investigation compre-
hensively [46]. These include determining the elemental composition of bronze arrowheads, investigating surface 
preparation methods, developing nanocomposite coatings, evaluating their effectiveness through electrochemical 
techniques, and providing practical recommendations for conservators [47]. By structuring research objectives in this 
manner, the study can effectively tackle the challenges associated with bronze artifact conservation and protection 
using nanocomposite coatings [48].
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2  Materials and methods

We meticulously curated the data for our study following a predefined experimental protocol aimed at capturing the per-
tinent parameters affecting bronze corrosion under specified conditions. Our selection criteria prioritized factors such as 
reproducibility, consistency, and relevance to our research objectives [49]. Each experiment was conducted with a strong 
emphasis on reproducibility to bolster the reliability of our findings. Key experiments were repeated multiple times to 
ensure statistical significance and to address variability, with the specific number of repetitions determined by the nature 
of the experiment and associated statistical considerations. Our dedication to scientific rigor compelled us to replicate 
experiments to validate results and confirm the consistency of observed trends [50]. We implemented rigorous quality 
control measures throughout the experimental process to minimize experimental errors and enhance the precision of 
our data. Calibration procedures, standardization of experimental conditions, and adherence to established protocols 
were fundamental components of our methodology. We uphold transparency in scientific inquiry by providing detailed 
descriptions of the experimental setup, procedures, and data analysis in the methods section of our published paper.

2.1  Description and condition

Bronze, an alloy composed of copper, tin, and other trace elements, has played a pivotal role in the crafting of weaponry 
across different epochs. These weapons, diverse in size and design, have left an indelible mark on history. While each 
weapon may inflict varying forms of damage, the common outcome is the act of severing or truncating. In this pursuit 
of understanding, researchers embarked on an investigation of approximately 33 arrowheads showcased at the Military 
Museum of Salah al-Din al-Ula. The aim was to unravel the secrets concealed within these artifacts and gain deeper 
insights into their historical significance and craftsmanship (Figs. 1, 2a–e).

Table 1 offers a visual representation of the arrowhead group, presenting insights into their various characteristics, 
including weight, dimensions, and sizes, created using Adobe Illustrator 2020. This discussion explores the significant 
observations and implications drawn from this dataset. The arrowheads display a notable range in weight, ranging from 
2 to 6 g, indicating potential differences in design, materials, or intended uses. Particularly, Arrow no. 19 stands out with 
its weight of 6 g, suggesting distinct design or usage compared to the others. Examination of length and width dimen-
sions further highlights the diversity within the arrowhead collection. Length varies from 2 cm to 4.4 cm, while width 
ranges from 0.7 cm to 1.15 cm. These size discrepancies may indicate specialized arrowhead types tailored for specific 
purposes or associated with historical contexts. Arrow no. 11, with its above-average width of 1.15 cm, raises the possibil-
ity of a unique design or application. A comparison between photographic and diagrammatic representations reveals 
both similarities and significant differences in dimensions among the arrowheads, suggesting the presence of distinct 
designs within the collection. The data presented in Table 1 underscores the importance of examining the diverse physi-
cal attributes of these arrowheads, shedding light on potential typologies, chronological sequences, or cultural varia-
tions in their production and usage. Additionally, understanding these attributes contributes to discussions regarding 
their aerodynamic properties, which may further illuminate their effectiveness as tools. In summary, Table 1 serves as a 
foundational reference for ongoing analyses in this study. The wide range of weights, dimensions, and sizes among the 
arrowheads sparks curiosity about their cultural significance, potential implications, and technological advancements of 
their era. This comprehensive examination deepens our understanding of these artifacts and provides valuable insights 
into the craftsmanship and contextual factors influencing their creation and use.

2.2  Physio‑chemical characterization

The investigation of these artifacts involved employing a diverse range of techniques for both physical and chemical 
analysis. This comprehensive approach encompassed X-ray diffraction, scanning electron microscopy with energy disper-
sive spectroscopy (SEM&EDS), and metallographic microscopy. SEM&EDS played a pivotal role in offering precise insights 
into the chemical composition of the arrowheads, providing valuable information about their makeup [51]. Conversely, 
X-ray diffraction delved into the composition of the metal/alloy used in their construction and offered insights into the 
corrosion products, aiding in our understanding of burial conditions. Metallographic microscopy focused on assessing 
the microstructure of the arrowheads and examining surface corrosion. These varied analytical methods synergized to 
comprehensively describe the materials and provide a thorough physical and chemical characterization of the objects. 



Vol:.(1234567890)

Research Discover Applied Sciences           (2024) 6:203  | https://doi.org/10.1007/s42452-024-05869-3

Fig. 1  a, b, c, d, and e Show the images of collective arrowheads before the treatment showing the different deterioration aspects
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Fig. 2  a, b, c, d, and e Show the images of individual arrowheads before the treatment and it is noticed they suffered from different deterio-
ration aspects, f Shows a geometric drawing for the group of arrowheads showing their different dimensions and sizes. a–d represent group 
1 (pale green/brown corrosion) and e represents group 2 which fall under (rust-colored black and brown corrosion)
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In essence, this multifaceted approach to analysis, incorporating metallographic microscopy, SEM&EDS, and X-ray dif-
fraction, facilitated a detailed examination of the arrowheads, shedding light on their composition, corrosion, and burial 
history [52].

2.2.1  Metallographic examination (ME)

Achieving a polished surface on bronze requires a stepwise process using increasingly finer grits of sandpaper. Initial 
sanding begins with coarse-grit sandpaper, such as 80 or 100 grit, to remove prominent imperfections or old coatings. 
Progress to medium-grit sandpaper, around 150 or 180 grit, to further smooth the surface and reduce scratches. Fine 
sanding involves using fine-grit sandpaper, like 220 or 320 grit, to refine the surface and eliminate finer scratches. For extra 
fine sanding, switch to sandpaper in the range of 400 to 600 grit to achieve a smoother and more polished appearance. 
Very fine sanding can be achieved with sandpaper typically ranging from 800 to 1200 grit to minimize visible scratches 
and enhance smoothness. Finally, for ultra-fine sanding, use sandpaper ranging from 1500 to 2000 grit to contribute 
to the development of a glossy surface with minimal imperfections. Optionally, move on to polishing compounds or 
abrasives beyond 2000 grit to achieve a reflective, mirror-like finish. Maintain a consistent sanding motion, whether cir-
cular or linear, to avoid uneven surfaces. Gradually progress through finer grits to achieve a smoother finish, removing 

Fig. 2  (continued)
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any residue between grit changes to prevent contamination and ensure effective sanding. Wet sanding with water or a 
lubricant can enhance the effectiveness of finer grits. By following this grit sequence and incorporating these tips, you 
can effectively attain a mirror-like surface on bronze arrowheads or similar artifacts. A comprehensive metallographic 

Table 1  Shows a geometric drawing of the group of arrowheads showing their different weights, dimensions, and sizes

Photo Diagram Weight, g Length, cm Width, cm Arrow no. 

  

5.0 2.7 1.1 1 

  

2.0 3.0 0.9 2 

  

2.0 2.2 0.7 3 

  

2.0 2.4 1.0 4 

  
4.0 3.3 1.1 5 

  

2.0 3.7 1.0 6 

  

5.0 3.7 0.9 7 

  

2 g 3.1 1.0 8 

  

3.0 2.3 0.8 9 

 

3.0 2.0 0.7 10 

3.0 3.6 1.15 11 

2.0 3.1 1.04 12 

2.0 2.9 0.97 13 
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Table 1  (continued)

5.02.91.0414

2.02.40.9415

4.03.51.0916

2.04.10.8817

2.02.90.8518

6.04.41.019

5.02.90.9820

5.03.81.1021

4.03.31.0622

4.03.80.9323

3.02.70.9424

5.04.20.9425

2.02.00.8526
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examination was conducted to gain deeper insights into the metal composition of the arrowheads and the processes 
leading to surface deterioration. This research aimed to uncover intricate details about the production techniques and 
technologies employed in their creation. However, accessing this valuable data required an intrusive approach, which 
involved carefully removing tiny sections from the arrowheads and embedding them to create cross-sections for analy-
sis. Subsequently, these samples underwent meticulous processing. They were mounted, polished using silicon carbide 
sheets, degreased with ethanol, and rinsed with distilled water. Following these preparatory steps, the samples were 
immersed in an aqueous solution of ferric chloride, serving as an etching reagent, and then gently dried with a clean 
towel. Subsequently, the prepared samples were examined under a metallographic microscope for further analysis (refer 
to Fig. 3). Despite the somewhat intrusive nature of this method, the metallographic analysis yielded crucial insights into 
the arrowheads and their production process. This included valuable information about the quality of materials used 
and the techniques employed during their creation. The metallographic examination of arrowhead samples not only 
unveiled the microstructure of the metal but also helped identify signs of deterioration scattered across the metal surface. 
This meticulous examination provided significant revelations regarding both the quality of the materials used in crafting 
the arrowheads and the invaluable insights into the techniques employed in their fabrication [53]. The preparation of 
samples for corrosion experiments involves several critical steps, including cutting, sizing, and ensuring proper sample 
quality. Choose representative bronze arrowheads from the collection, ensuring they exhibit typical corrosion patterns 
and are suitable for analysis. Use a precision cutting tool or equipment to section the arrowheads carefully, avoiding 
additional defects or alterations to the structure. The aim is to obtain sections showcasing both the corroded surface and 
the interior structure of the bronze. After cutting, use abrasive materials or grinding tools to smooth the cut surfaces, 
gradually progressing through finer abrasives to achieve a polished finish. Thoroughly clean the samples to remove any 
debris, dust, or contaminants introduced during cutting and grinding, using solvents or cleaning agents that do not 
interfere with subsequent analyses. Document details related to each sample, including origin, cutting date, and specific 
features observed during preparation, to ensure traceability. Store the prepared samples in a controlled environment 
to prevent further corrosion or contamination, considering replicating the preparation process for multiple samples 
to ensure reliability and reproducibility of the experimental results. By following these steps, you can prepare bronze 
arrowhead samples for corrosion experiments, ensuring they are representative, well-prepared, and suitable for in-depth 
analysis of corrosion mechanisms and protection strategies [54]. Understanding the findings related to pits and crevices 
corrosion in metallographic examination (Fig. 3) pictures of the bronze samples involves a detailed examination of the 
microstructure and surface features using a metallographic microscope. This allows for high-resolution imaging of the 

Table 1  (continued)

4.0 3.9 0.83 27 

4.0 3.5 0.94 28 

5.0 4.2 1.05 29 

6.0 2.9 1.07 30 

5.0 3.8 0.92 31 

3.0 2.5 0.88 32 
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sample’s surface and internal structure, identifying localized areas exhibiting distinct features such as pits and crevices. 
Analyze the morphology of these corrosion features to understand their shapes, sizes, and distribution, considering fac-
tors like depth and extent. Examine the corrosion products within and around pits and crevices, assessing the severity 
and identifying any correlations with specific regions or phases in the bronze alloy [55]. Variations in alloy composition 
can influence localized corrosion susceptibility, particularly along grain boundaries. Understanding pits and crevices 
corrosion provides valuable insights into localized corrosion behavior, crucial for formulating effective conservation and 
protection strategies to mitigate further deterioration.

2.2.2  Scanning electron microscope and energy dispersive spectrometry (SEM&EDS)

The study discusses a scientific investigation that involved collecting two samples from arrowheads, followed by examina-
tion using an electron microscope equipped with an energy dispersive unit. The main aim was to explore the microstruc-
ture, chemical composition, and erosion sites on these arrowheads [56]. The analysis utilized a scanning electron micro-
scope (SEM) and energy-dispersive X-ray spectroscopy (EDS) to scrutinize the materials. An FEI Inspect S 50 microscope 
with a Bruker AXS-Flash Detector 410-M attachment was used for this purpose. The results of the analysis are presented 
visually in Figs. 4 and 5, along with summarized data in Table 2, showcasing images, scans, and identified objects with 
their characteristics [57]. The arrowheads were systematically categorized into two groups based on their corrosion prod-
uct characteristics [58]. The first group exhibited thick corrosion products with a pale green/brown coloration, while the 
second group displayed rust-colored black and brown corrosion, often accompanied by small fragments, and scattered 
pale green areas. Samples from each group were selected for SEM&EDS examination, which was conducted using an 
Inspect S50 instrument by FEI with specific parameters. The examination provided critical details about the arrowhead 
samples, revealing their microstructure, deteriorated areas, and chemical composition [59]. It’s crucial to clarify the criteria 
used for sample categorization and selection in the study to ensure transparency and a comprehensive understanding. 
Visual observation of corrosion products was the primary criterion for categorizing and selecting samples for further 
analysis, as these products offer visible indications of the artifacts’ degradation state. Two distinct groups were identified 

Fig. 3  ME ex., for a sample from the arrowheads, shows a the localized attack (pitting corrosion). b the pitting corrosion propagation and 
dispersed on the alloy surface. c the micro-cracks disturbing the alloy surface. d the crevice corrosion dispersed on the alloy surface
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based on the visual characteristics of corrosion products observed on the arrowheads’ surfaces. The selection process 
considered overall corrosion patterns, including the nature, distribution, and intensity of corrosion products [60]. Differ-
ent corrosion patterns were associated with each group, guided by previous studies on bronze corrosion and degrada-
tion patterns. Efforts were made to avoid sample bias by ensuring diverse representation of corrosion states within the 
artifact collection. The categorization criteria also considered historical context, artifact location, and known material 
characteristics. Detailed documentation of these factors ensures a comprehensive understanding of the sample selection 

Fig. 4  Shows SEM&EDS ex., for a sample from the arrowhead, the photo shows the deterioration of the alloy, and the SEM&EDS scan shows 
the elemental composition of the arrowheads

Fig. 5  Shows SEM&EDS ex., for a second sample from the arrowheads, the photo shows the appearance of the rough surface closely and the 
calcified rust layers and SEM&EDS Scan shows the elemental composition of the arrowheads

Table 2  Shows SEM&EDS 
analysis results for two 
samples from the arrowheads

Samples Elements

Cu% Sn% Total%

No.1 90.10 9.90 100.00
No.2 92.17 7.83 100.00



Vol:.(1234567890)

Research Discover Applied Sciences           (2024) 6:203  | https://doi.org/10.1007/s42452-024-05869-3

process, adhering to conservation ethics to preserve the integrity of historically significant artifacts. The categorization 
based on visual observations influenced subsequent analyses and conservation strategies, emphasizing a transparent 
and systematic approach to sample selection.

Table 2 displays the outcomes of the SEM&EDS examination performed on two distinct samples extracted from dif-
ferent arrowheads, offering detailed information about their elemental composition. These results are significant as they 
furnish valuable insights into the arrowhead manufacturing process, the materials utilized, and their potential implica-
tions for historical metallurgy and craftsmanship. In this analysis, we will explore the interpretation and importance of 
the elemental percentages depicted in Table 2. The elemental makeup of the first sample, identified as No.1, indicates 
a prominent copper content of 90.10%. This substantial presence of copper strongly indicates that the arrowhead was 
primarily fashioned from a copper-based alloy, consistent with historical practices where copper’s abundance and mal-
leability made it a prevalent choice for metalwork. The inclusion of 9.90% tin suggests the potential use of a bronze alloy, 
amalgamating the desirable properties of both copper and tin. Notably, the absence of elements like lead, iron, sulfur, and 
antimony suggests a relatively pure copper-tin composition in this particular arrowhead sample. Likewise, the second 
sample, denoted as No.2, demonstrates a high copper percentage of 92.17%. This reaffirms the common application of 
copper-based alloys in arrowhead production during the historical period in question. The presence of 7.83% tin further 
supports the inference of a bronze alloy, highlighting the significance of this alloy in historical metallurgy. Once again, 
the lack of additional elements emphasizes the notion of a relatively straightforward copper-tin alloy composition. The 
consistent elemental composition observed in both samples underscores the exceptional metallurgical proficiency of 
the era. The deliberate selection and adept combination of these materials reflect the artisans’ expertise in manipulat-
ing available resources to achieve desired qualities in their final products. These findings align seamlessly with existing 
archaeological knowledge of ancient metallurgy, where the utilization of copper and its alloys played a pivotal role in 
crafting various tools and weapons. The reliance on copper-based alloys, particularly bronze, exemplifies the ingenu-
ity of ancient metalworkers, enabling them to create functional and long-lasting artifacts. In summary, the SEM&EDS 
analysis outcomes presented in Table 2 offer valuable insights into the elemental composition of the examined arrow-
head samples. The prevalence of copper and the presence of tin in both samples correspond with established historical 
metallurgical practices. This data serves as a tangible link to the past, illuminating the specific materials and techniques 
employed by skilled artisans to craft these arrowheads. A deeper comprehension of these elemental details significantly 
contributes to our broader understanding of the historical context, metallurgical expertise, and craftsmanship inherent 
in these remarkable artifacts.

2.2.3  X‑ray diffraction analysis (XRD)

An examination was conducted to determine the composition of corrosion byproducts found on arrowhead surfaces. X-ray 
diffraction (XRD) analysis, utilizing Cu Kα radiation and a Philips X-Ray Diffractometer (model pw1840), was employed on 
arrowheads collected in two distinct sets. The main objective was to identify corrosion compounds and evaluate their reli-
ability, durability, and suitability for conservation purposes [61]. This knowledge is crucial for making informed decisions 
regarding the appropriate storage and display conditions for these artifacts. The results of this analysis are presented in Figs. 6, 
7, with specific compounds detailed in Table 3. The primary focus of this investigation was to gain a precise understanding of 
the composition of corrosion products, enabling informed decisions regarding conservation. Arrowheads were categorized 
into two groups based on their corrosion characteristics, and samples from each group underwent analysis using the Philips 
X-Ray Diffractometer. This analysis facilitated the identification of corrosion compounds and assessment of their authenticity, 
stability, and suitability for treatment. Such information serves as a valuable guide for preservation and display decisions [62]. 
Deciphering the composition of corrosion products allows for the formulation of strategic preservation methods, aligning 
with the goal of safeguarding the historical significance of these artifacts. Table 3 provides a comprehensive overview of the 
results obtained from XRD analysis, focusing on the corrosion products found on the examined arrowheads. This analysis 
yields valuable insights into the chemical compounds formed as a result of the corrosion process [63]. The corrosion prod-
ucts from the first sample reveal the presence of Antlerite and Paratacamite as the primary major compounds, indicating 
significant copper involvement in the corrosion process. The identification of Brochantite and Malachite further emphasizes 
the presence of copper compounds and carbonates. Similarly, the corrosion products from the second sample also feature 
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Fig. 6  Shows XRD scan for the 
corrosion products of the first 
group of arrowheads

Posi�on [o2 Theta] Copper (Cu)

0 10 20 30 40 50 60

Co
un

ts

0

50

100

Fig. 7  Shows XRD scan for 
the corrosion product of the 
second group of arrowheads
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Table 3  Shows the XRD analysis results of the corrosion products of the arrowheads

Samples Compounds

Essential major 
(Above 60%)

Major (40:60) Minor (10:40) Small Minor (5:10%) Traces(1:5%)

The first sample – Antlerite  Cu3(SO4)(OH)4
Paratacamite  Cu2(OH)3Cl

Brochantite  CuSO4.3Cu(OH)2 Malachite  CuCO3 Cu(OH)2 –

The second sample – Antlerite
Cu3(SO4)(OH)4
Paratacamite
Cu2(OH)3Cl

Brochantite
CuSO4.3Cu(OH)2
Quartz  SiO2

Malachite  CuCO3 Cu(OH)2 –
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Antlerite and Paratacamite as essential major compounds, along with Brochantite, Quartz, and Malachite, indicating inter-
actions between copper compounds and silicate minerals [64]. The prevalence of copper-based minerals in the corrosion 
products underscores the complex interaction between the arrowheads’ material composition and environmental condi-
tions. Understanding these corrosion products is instrumental in devising appropriate conservation strategies to prevent 
further deterioration and provides valuable insights into the arrowheads’ historical context and preservation requirements. In 
conclusion, the XRD analysis results offer valuable insights into the corrosion products present on the arrowheads, enriching 
our understanding of their historical journey and preservation needs [65]. Analyzing XRD results involves attributing dif-
fraction peaks to specific crystallographic phases present in the sample. To identify components like Antlerite, Paratacamite, 
Brochantite, Malachite, and Quartz, characteristic peak positions (2θ values) and relative intensities associated with each 
phase must be considered. Reference databases and software tools can aid in this analysis, helping to confirm the presence 
of specific minerals in the samples. Additionally, factors like crystallinity and peak width provide further information about 
sample composition and crystal structure, contributing to a comprehensive analysis.

2.3  Preparation of the coatings

The coating compositions were developed by combining Paraloid® 48, Paraloid® 66, and ZnO nanoparticles, selected for their 
known properties and potential impact on bronze corrosion behavior. In the initial step, precise quantities of each component 
were weighed using analytical balances to achieve the desired composition, ensuring consistency. The next step involved 
selecting an appropriate solvent (ethanol was used in this study) to dissolve the components and create a homogeneous 
solution, chosen based on compatibility and evaporation characteristics. Following solvent selection, thorough mixing and 
homogenization were performed using magnetic stirring to ensure even distribution of particles and molecules within the 
solution. Subsequently, the prepared coating solution was applied to the bronze specimens using brush coating to attain 
a uniform and controlled coating thickness. Finally, the coated specimens were left to dry under controlled conditions (at 
room temperature for 24 h) to facilitate solvent evaporation and ensure proper adhesion of the coating to the bronze surface. 
Careful control of coating thickness was maintained to ensure uniformity across all samples, with an average thickness of 
approximately 50 µm.

2.4  Electrochemical measurements

Performing electrochemical measurements for bronze corrosion involves a series of steps and techniques. Firstly, sample 
preparation entails obtaining a representative bronze sample free from contaminants. Thorough cleaning, either through 
ultrasonic cleaning or abrasive polishing, exposes a clean surface for electrochemical measurements. Subsequently, the 
sample is rinsed with distilled water and dried under nitrogen to prevent oxidation. The electrochemical cell setup involves 
preparing a three-electrode system consisting of a working electrode (bronze sample), a reference electrode (silver/silver 
chloride), and a counter electrode (platinum electrode). Proper sealing of the cell is crucial to prevent external interference. 
For electrolyte preparation, an electrolyte solution mimicking the corrosion environment, often NaCl solutions for marine 
environments, is chosen. High-purity reagents and deionized water are used to prepare the solution. Open circuit potential 
(OCP) measurements involve recording the potential of the bronze sample immersed in the electrolyte solution after stabiliza-
tion. Tafel analysis entails performing Tafel polarization measurements to investigate corrosion kinetics by applying potential 
perturbations and measuring resulting currents. Potentiodynamic polarization scans sweep the potential over a specified 
range at a controlled scan rate to understand corrosion behavior and identify critical potentials. Electrochemical imped-
ance spectroscopy (EIS) involves applying small amplitude AC voltage to record impedance spectra for studying corrosion 
processes at different frequencies. After experiments, data analysis involves interpreting collected data to conclude bronze 
corrosion behavior under specific conditions. A comprehensive report documenting experimental parameters, methodolo-
gies, and results, including graphs and tables, is essential. Regarding the selection of a potential for potentiostatic polarization 
measurements, a potential of 0.0 V vs Ag/AgCl was chosen to approximate the onset of passivation and capture early stages 
of passivation, providing insights into the passive layer’s effectiveness. Monitoring pH variations upon adding sulfide ions 
to the electrolyte solution involved systematic pH measurements. Sulfide ions were sourced from sodium sulfide  (Na2S), 
and a stock solution was prepared by dissolving  Na2S in distilled water. Careful control of concentration and observation for 
precipitation ensured reproducibility and accuracy in corrosion studies.
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3  Electrochemical techniques

3.1  Open circuit potential

The use of open circuit potential (OCP) curves is a well-established method for examining the corrosion behavior of metals 
and alloys in various environments [66]. In this study, OCP curves are employed to investigate how the presence of ZnO 
nanoparticles affects the corrosion kinetics of bronze immersed in a 3.5% NaCl solution containing either 2%  Paraloid® 
48 or  Paraloid® 66 [67]. Bronze, primarily consisting of copper with added tin and other alloying elements, is known for 
its inherent resistance to corrosion, although certain conditions can still make it susceptible. Exposure to sodium chlo-
ride (NaCl) solutions, for instance, poses a significant corrosion risk to bronze [68]. The main objective here is to use OCP 
curves to evaluate whether incorporating ZnO nanoparticles can improve the protective properties of  Paraloid® 48 and 
 Paraloid® 66, which are commonly used acrylic resin coatings for corrosion prevention on metal surfaces. OCP curves 
enable the tracking of potential differences between the bronze specimen and a reference electrode over time when 
exposed to the NaCl solution, with variations in coatings containing or lacking ZnO nanoparticles [69]. A more negative 
potential reading indicates increased corrosion activity, while a more positive potential suggests improved resistance 
to corrosion as seen in Fig. 8. If the addition of ZnO nanoparticles proves effective in enhancing coating protection, the 
OCP curves will show more positive potentials for bronze samples treated with ZnO compared to those without. This shift 
in potential would signify reduced corrosion activity and improved coating effectiveness in preventing corrosion [70]. 
Overall, OCP curves serve as a valuable tool for assessing the performance of coatings and determining the potential 
benefits of incorporating ZnO nanoparticles to strengthen their protective properties in a NaCl solution environment 
[71]. This investigation significantly contributes to our understanding of corrosion prevention strategies for bronze arti-
facts and other metal surfaces [72].

Fig. 8  Open circuit potential 
curves represent the effect 
of adding ZnO nanoparticles 
on the corrosion behavior of 
bronze in 3.5% NaCl solution 
containing A 2%  Paraloid® 48 
and B  Paraloid® 66
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3.2  Potentiodynamic polarization technique

As previously mentioned, polarization curves are a widely used method for examining the corrosion tendencies of met-
als in various environmental conditions. These curves illustrate the relationship between anodic and cathodic current 
densities concerning the applied potential [73]. By analyzing polarization curves, essential electrochemical parameters 
such as corrosion potential, corrosion rate, and more can be determined. When considering bronze immersed in a 3.5% 
NaCl solution containing either 2%  Paraloid® 48 or  Paraloid® 66, the introduction of ZnO nanoparticles can significantly 
influence corrosion behavior. ZnO is known for its effective corrosion inhibition properties, attributed to its ability to form 
a protective layer on the metal surface [74]. Incorporating ZnO nanoparticles into the solution with  Paraloid® 48 leads 
to an observable shift in the polarization curve towards the left, indicating a reduction in corrosion current density. This 
shift suggests that the addition of ZnO nanoparticles positively affects bronze corrosion behavior in this environment. 
It implies that the ZnO nanoparticles act as cathodic inhibitors, decreasing the rate of the cathodic reaction and thus 
reducing the overall corrosion rate [75].  Paraloid® is a thermoplastic resin commonly used in coatings and adhesives, 
with  Paraloid® 48 and  Paraloid® 66 representing distinct grades of this resin.  Paraloid® 48 consists of a copolymer blend 
of methyl methacrylate and ethyl acrylate, while  Paraloid® 66 is a terpolymer composed of methyl methacrylate, ethyl 
acrylate, and methacrylic acid [76]. Incorporating ZnO nanoparticles into bronze in the presence of  Paraloid® can signifi-
cantly influence corrosion behavior due to the nanoparticles’ ability to serve as a barrier, preventing the infiltration of 
corrosive elements such as chloride ions to the bronze surface [77]. The polarization curves obtained for bronze in the 
presence of  Paraloid® and ZnO nanoparticles offer valuable insights into the material’s corrosion behavior by measuring 
current density as a function of the applied potential as illustrated in Fig. 9 [78]. Analyzing the potentiostatic results is 
crucial for connecting them to the study objectives and providing a meaningful interpretation of the findings. Our focus 
was primarily on understanding the behavior of the passive film formed on the bronze surface under various experi-
mental conditions. This investigation is essential for achieving our study objectives, which aim to elucidate corrosion 

Fig. 9  Polarization curves 
represent the effect of adding 
ZnO nanoparticles on the 
corrosion behavior of bronze 
in 3.5% NaCl solution contain-
ing. A 2%  Paraloid® 48 and B 
 Paraloid® 66
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mechanisms and evaluate the efficacy of surface treatments in enhancing bronze corrosion resistance [79]. The potentio-
static experiments allowed us to maintain a constant potential on the bronze samples and observe the response of the 
passive film over time. Choosing a potential of 0.0 V vs Ag/AgCl aimed to capture the onset of passivation and the early 
stages of passive film formation. One significant outcome of the potentiostatic measurements is the clear differentiation 
in passive film behavior between treated and untreated bronze samples, aligning with our objective of assessing the 
impact of surface treatments on corrosion resistance [80]. Moreover, the potentiostatic results provide valuable insights 
into the durability of the passive film under corrosive conditions. The increasing passivation current density observed, 
even in the presence of surface treatments, suggests potential breakdown of the passive layer or the influence of specific 
environmental factors. Connecting these potentiostatic results to our broader research objectives, we can assert that the 
observed variations in passive film behavior directly impact bronze corrosion susceptibility. The effectiveness of surface 
treatments in influencing these outcomes underscores the potential for tailored treatments to enhance overall bronze 
corrosion resistance. The potentiostatic results serve as a critical link in achieving our study objectives by shedding light 
on passive film behavior under different conditions, contributing to a more comprehensive understanding of corrosion 
mechanisms and emphasizing the significance of surface treatments in preserving bronze artifacts [81].

The data provided in Table 4 offers electrochemical parameters and inhibition efficiency values for bronze exposed 
to a 3.5% NaCl solution with different inhibitors (2%  Paraloid® 48 or 2%  Paraloid® 66), both with and without the 
inclusion of ZnO nanoparticles. These parameters are essential for evaluating the effectiveness of these inhibitors in 
safeguarding bronze against corrosion in saline environments. The corrosion potential (Ecorr) signifies the electrode 
potential at which corrosion initiates, measured in volts (V) vs. Ag/AgCl reference electrode. In all instances, the 
inhibitors (2% P-48, 2% P-66) shift the Ecorr values to more negative potentials compared to the absence of inhibitors 
(blank), indicating a hindrance to the corrosion process. The introduction of ZnO nanoparticles further exacerbates 
this shift, suggesting enhanced protection. Ba and Bc denote the anodic and cathodic Tafel slopes, respectively, 
indicating the electrochemical reaction rates during corrosion. Smaller Ba and Bc values imply slower corrosion rates. 
In most cases, the inhibitors (2% P-48, 2% P-66) lead to reduced Ba and Bc values compared to the blank, indicating 
decreased corrosion rates. Incorporating ZnO nanoparticles alongside the inhibitors further diminishes these values, 
indicating enhanced inhibition. Icorr represents the corrosion rate, with lower values indicating slower corrosion rates. 
In all scenarios, the inhibitors decrease the Icorr values compared to the blank, signifying effective corrosion rate 
reduction. The addition of ZnO nanoparticles results in even lower Icorr values, demonstrating improved corrosion 
inhibition. RP gauges the material’s resistance to corrosion, with higher values denoting better corrosion protection. 
The presence of inhibitors heightens RP values compared to the blank, indicating improved corrosion resistance. The 
addition of ZnO nanoparticles further elevates RP values, highlighting enhanced protection. Corrosion rate quantifies 
the material lost due to corrosion over a specific time. In all cases, the inhibitors reduce the corrosion rate compared 
to the blank. The addition of ZnO nanoparticles leads to even lower corrosion rates, underscoring the efficacy of the 
inhibitors in preserving bronze. Inhibition efficiency is a crucial parameter quantifying the effectiveness of inhibitors 
in thwarting corrosion. It’s calculated by comparing the corrosion rate of the inhibited system to that of the blank 
and expressed as a percentage. The inhibition efficiency values indicate that both 2% Paraloid® 48 and 2% Paraloid® 
66 are effective inhibitors, with inhibition efficiencies around 90%. However, with the addition of ZnO nanoparticles 
to these inhibitors, inhibition efficiency significantly rises to approximately 94%, indicating superior corrosion pro-
tection. In summary, the electrochemical parameters and inhibition efficiency data in Table 4 demonstrate that the 
presence of inhibitors (2%  Paraloid® 48 or 2%  Paraloid® 66) effectively reduces the corrosion rate of bronze in a 3.5% 
NaCl solution. Moreover, the inclusion of ZnO nanoparticles enhances the inhibitory properties of these inhibitors, 

Table 4  Electrochemical parameters and inhibition efficiency for bronze in 3.5% NaCl containing different 2% Paraloid® 48 and 2% Paraloid® 
66 without and with ZnO

Inhibitor Mix. 
Conc., (ppm)

Ecorr, (V) vs. Ag/AgCl Ba  (Vdec−1) Bc  (Vdec−1) Icorr (A.cm−2) RP (Ohm.cm2) Corr. Rate, (mm/y) Inhibition 
efficiency, 
(%)

Blank − 0.168 ± 0.005 0.609 ± 0.010 0.989 ± 0.015 2.871e-4 ± 0.005 498 ± 10 2.76 ± 0.005 –
2% P-48 − 0.204 ± 0.006 0.872 ± 0.012 0.297 ± 0.020 0.920e-4 ± 0.007 752 ± 15 0.27 ± 0.03 90.21 ± 1.5
2% P-48 + ZnO − 0.233 ± 0.008 0.951 ± 0.015 0.235 ± 0.018 0.667e-4 ± 0.006 857 ± 20 0.16 ± 0.02 94.20 ± 1.8
2% P-66 − 0.175 ± 0.004 0.726 ± 0.008 0.367 ± 0.012 0.812e-5 ± 0.003 672 ± 12 0.29 ± 0.04 89.49 ± 1.2
2% P-66 + ZnO − 0.192 ± 0.007 0.818 ± 0.010 0.296 ± 0.015 0.718e-5 ± 0.004 786 ± 18 0.18 ± 0.02 93.47 ± 1.6
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providing even better corrosion protection. These findings are instrumental in corrosion prevention strategies, par-
ticularly for preserving bronze artifacts in saline environments.

3.3  Current transients technique

Potentiostatic current transients are a common method for investigating the electrochemical characteristics of mate-
rials in various environments. These curves offer insights into the kinetics of electrochemical processes transpiring 
on the material’s surface [82]. Here, we focus on the potentiostatic current transient curves generated by a bronze 
electrode at 0.0 V (Ag/AgCl) with and without the presence of  Paraloid® 48,  Paraloid® 66, and ZnO nanoparticles [83]. 
In the absence of additives, the potentiostatic current transient curve of the bronze electrode in a 3.5% NaCl solution 
typically exhibits a passive region, characterized by low current density, indicating minimal electrochemical activity 
[84]. When  Paraloid® 48 and/or ZnO nanoparticles + 2%  Paraloid® 48 are introduced, alterations in the passive region 
may occur, suggesting changes in the bronze electrode’s surface and electrochemical behavior [85]. These modifi-
cations could arise from the adsorption of additives onto the electrode surface, influencing surface chemistry and 
electrochemical reactions (see Fig. 10a,b) [86]. Likewise, the presence of  Paraloid® 66 and/or ZnO nanoparticles + 2% 
 Paraloid® 66 may induce shifts in the potentiostatic current transient curve of the bronze electrode. Once again, these 
changes may stem from variations in surface chemistry prompted by the adsorption of additives [87]. In summary, the 
potentiostatic current transient curves of the bronze electrode, with and without  Paraloid® 48,  Paraloid® 66, and ZnO 
nanoparticles, may exhibit modifications in the passive region. These alterations likely result from shifts in surface 
chemistry due to additive adsorption. Further research is necessary to fully comprehend the mechanisms behind 
these changes and their implications for the electrochemical behavior of the bronze electrode [88].

Fig. 10  Potentiostatic current 
transient curves produced 
by the bronze electrode at 
0.0 V (Ag/AgCl) of the passive 
region in the absence (3.5% 
NaCl solution) and in the 
presence of A 2%  Paraloid® 
48 and/or ZnO nanoparti-
cles + 2%  Paraloid® 48 B Para-
loid® 66 and/or ZnO nanopar-
ticles + 2%  Paraloid® 66
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3.3.1  Effect of sulfide injection on current transients of bronze

The effect of sulfide injection on the current transients of bronze electrodes in 3.5% NaCl in the presence of different 
inhibitors and nanoparticles can be discussed as follows.

3.3.1.1 2% paraloid® 48 and/or ZnO nanoparticles + 2%  Paraloid® 48 In the presence of 2%  Paraloid® 48 and/or ZnO nano-
particles + 2%  Paraloid® 48, the bronze electrodes are expected to exhibit a lower corrosion rate compared to the unin-
hibited electrode see Fig. 11a. When the electrode is potentiostated at 0.0 V vs. Ag/AgCl for one hour in the inhibited 
electrolyte, a protective film is formed on the surface of the bronze electrode [89]. However, when  10–3 M sulfide ions are 
injected, the current transients of the bronze electrode are expected to increase due to the breakdown of the protective 
film. Sulfide ions can react with the metal cations in the protective film, leading to the formation of metal sulfides and 
subsequent detachment of the film. The extent of the current transient would depend on the concentration of sulfide 
ions and the thickness and quality of the protective film [90].

3.3.1.2 Paraloid® 66 and/or  ZnO nanoparticles + 2%  Paraloid® 66 Paraloid® 66 is a thermoplastic resin that has been 
reported to provide better corrosion protection compared to  Paraloid® 48. ZnO nanoparticles, when used in combina-
tion with  Paraloid® 66, can further enhance the corrosion resistance of the metal surface [91]. Like the case of 2%  Paraloid® 
48 and/or ZnO nanoparticles + 2%  Paraloid® 48, the bronze electrodes in the presence of  Paraloid® 66 and/or ZnO nano-
particles + 2%  Paraloid® 66 are expected to exhibit a lower corrosion rate. When the electrode is potentiostated at 0 V vs 
Ag/AgCl for one hour in the inhibited electrolyte, a protective film is formed on the surface of the bronze electrode see 
Fig. 11b. However, when  10–3 M sulfide ions are injected, the current transients of the bronze electrode are expected to 
increase due to the breakdown of the protective film [92]. The extent of the current transient would depend on the con-

Fig. 11  Effect of sulfide injec-
tion on the current transients 
of bronze electrodes in 3.5% 
NaCl in the presence of A 
2%  Paraloid® 48 and/or ZnO 
nanoparticles + 2%  Paraloid® 
48 B  Paraloid® 66 and/or ZnO 
nanoparticles + 2%  Paraloid® 
66
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centration of sulfide ions and the thickness and quality of the protective film [93]. Overall, the injection of sulfide ions is 
expected to lead to an increase in the current transients of the bronze electrodes, regardless of the type of inhibitor and 
nanoparticle used. However, the extent of the increase would depend on several factors, including the concentration of 
sulfide ions, the type and concentration of the inhibitor and nanoparticle, and the quality of the protective film formed 
on the surface of the electrode [94].

3.4  Electrochemical impedance spectroscopy

Figure 12 offers a detailed visualization of Electrochemical Impedance Spectroscopy (EIS) outcomes, focusing on the influ-
ence of ZnO nanoparticles on bronze corrosion within a 3.5% NaCl solution with 2%  Paraloid® 48 or  Paraloid® 66 coatings. 
The figure is divided into several subplots, each providing unique insights into the electrochemical behavior. Subplots 
A and B depict Nyquist plots, showcasing impedance data from EIS analysis. These plots compare conditions with and 
without ZnO nanoparticles, revealing potential changes in corrosion resistance. Variations in impedance values and plot 
shapes indicate alterations in electrochemical properties. Subplots C and D present Bode plots derived from EIS data, 
offering a frequency response overview. Changes in impedance magnitude and phase angle across frequencies reflect 
the impact of ZnO nanoparticles on system behavior and coating efficacy. Subplot E presents an equivalent circuit model 
representing the electrochemical system. This model aids in interpreting complex electrochemical responses observed 
in experiments. The inclusion of ZnO nanoparticles with  Paraloid® coatings may modify circuit parameters, reflecting 
changes in system behavior. Overall, Fig. 12 provides a comprehensive understanding of how ZnO nanoparticles influ-
ence bronze corrosion in specific conditions. Insights into impedance changes, electrochemical responses, and coating 
effectiveness are crucial for grasping the mechanisms behind nanoparticle-induced corrosion control. Furthermore, 
assessing the goodness of fit between experimental data and the circuit model is essential for method credibility. Chi-
squared values, calculated for EIS measurements, indicate the agreement between the applied model and experimental 
results. A low chi-squared value, close to 1, demonstrates a good fit, ensuring the reliability of data interpretation. The 
use of Gamry Echem Analyst™ for data fitting enhances accuracy and transparency in electrochemical parameter extrac-
tion. Moreover, discussing the Warburg element’s role in EIS results provides valuable insights into diffusion processes 
at the electrode–electrolyte interface. The presence of the Warburg element in the equivalent circuit model elucidates 
diffusion-controlled phenomena, particularly relevant for systems with passive films. Its characteristics, such as fre-
quency-dependent impedance, offer information about ion transport kinetics and passive film behavior, enriching the 
understanding of corrosion resistance mechanisms. In summary, Fig. 12 and the discussion of chi-squared values and 
the Warburg element contribute significantly to the comprehensive analysis of bronze corrosion behavior and highlight 
the importance of considering both electrochemical and diffusional aspects in corrosion studies.

Table 5 showcases electrochemical impedance parameters and inhibition efficiency values for bronze immersed in 
a 3.5% NaCl solution with and without different inhibitors (2%  Paraloid® 48 or 2%  Paraloid® 66), along with ZnO nano-
particles. Electrochemical impedance spectroscopy (EIS) is instrumental in assessing corrosion resistance and inhibitor 
effectiveness. Rs denotes electrolyte solution resistance, influenced by solution conductivity. Inhibitors and ZnO nano-
particles slightly raise Rs values, indicating minor impact on solution resistance. Cb represents double-layer capacitance, 
reflecting charge separation at the metal-electrolyte interface. Reduced Cb values with inhibitors suggest a more stable 
double layer. Rb, indicating charge transfer resistance, increases with inhibitors, indicating slower corrosion rates. Addi-
tion of ZnO nanoparticles further boosts Rb, emphasizing enhanced corrosion protection. W, associated with diffusion 
processes, decreases with inhibitors and ZnO nanoparticles, indicating improved mass transport. Inhibition efficiency 
(I.E) quantifies inhibitor effectiveness, comparing impedance parameters of inhibited and uninhibited systems. Both 
 Paraloid® 48 and  Paraloid® 66 exhibit inhibition efficiencies of approximately 87–89%, while inclusion of ZnO nanoparti-
cles increases I.E to around 91–94%, indicating superior corrosion protection. In summary, electrochemical impedance 
parameters demonstrate that inhibitors enhance bronze corrosion resistance, with ZnO nanoparticles further amplify-
ing protection. These findings are crucial for corrosion prevention, particularly in safeguarding bronze artifacts in saline 
environments. Discussing the Constant Phase Element (CPE) enriches understanding of system electrical behavior in EIS 
analysis. The CPE in the equivalent circuit model accommodates non-ideal behavior, such as heterogeneities or surface 
irregularities. Observed as a depressed semicircle in Nyquist plots, CPE introduces a frequency-dependent phase shift, 
with its exponent ’n’ indicating the nature of non-ideal behavior. The CPE’s relevance lies in capturing complexities of the 
bronze-electrolyte interface, contributing to nuanced interpretation of impedance data. Its inclusion enhances fidelity 
in modeling non-ideal behavior, offering insights into passive film complexities and corrosion mechanisms affecting 
bronze samples.
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Fig. 12  Represent the EIS Figures for the effect of adding ZnO nanoparticles on the corrosion behavior of bronze in 3.5% NaCl solution con-
taining, 2%  Paraloid® 48 and  Paraloid® 66, A and B Nyquist plots. C and D Bode plots. E Equivalent circuit

Table 5  Electrochemical 
Impedance parameters 
and inhibition efficiency 
for bronze in 3.5% NaCl 
containing different 2% 
Paraloid® 48 and 2% Paraloid® 
66 without and with ZnO

Inhibitor conc., (ppm) Rs (Ohm.cm2) Cp (micro  Fcm−2) Rp (Ohm.cm2) W (micro-Mho) I.E (%)

Blank 7.87 ± 0.15 199.6 ± 3.5 52 ± 1.2 33.9 ± 0.7 –
2% P-48 9.17 ± 0.20 45.48 ± 1.0 538 ± 10 3.7 ± 0.1 89.08 ± 1.3
2% P-48 + ZnO 9.58 ± 0.25 37.81 ± 0.8 598 ± 12 2.1 ± 0.05 93.80 ± 1.6
2% P-66 8.98 ± 0.18 41.13 ± 0.9 474 ± 8 4.1 ± 0.2 87.90 ± 1.4
2% P-66 + ZnO 9.34 ± 0.22 36.26 ± 0.7 523 ± 9 2.8 ± 0.15 91.74 ± 1.5
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The given statement describes the effect of immersion time on the sudden decrease of  Rp (polarization resist-
ance) upon injection of  10–3 M sulfide ions, as determined by the electrochemical impedance spectroscopy (EIS) 
technique, of a bronze electrode immersed in a solution of 3.5% NaCl and either 2%  Paraloid® 48 and/or ZnO nano-
particles + 2%  Paraloid® 48 or  Paraloid® 66 and/or ZnO nanoparticles + 2%  Paraloid® 66 [95]. The polarization resist-
ance  (Rp) is a measure of the resistance to the flow of current through an electrochemical system see Fig. 13a, b. The 
sudden decrease in  Rp upon injection of sulfide ions suggests that the bronze electrode is undergoing a corrosion 
process, as sulfide ions are known to be aggressive towards metals. Immersion time refers to the duration for which 
the bronze electrode is exposed to the corrosive solution [96]. As the immersion time increases, the corrosion rate 
is expected to increase due to the accumulation of corrosion products and the continuous supply of corrosive spe-
cies [97]. The effect of immersion time on the sudden decrease of  Rp may differ between the two systems (Fig. 13a, 
b) due to the difference in the types of nanoparticles used  (Paraloid® 48 and  Paraloid® 66) and their concentration. 
 Paraloid® 48 and  Paraloid® 66 are both types of polymers that are used as binders, while ZnO nanoparticles are known 
for their corrosion-inhibiting properties. In Fig. 13 a, the addition of ZnO nanoparticles and  Paraloid® 48 may have 
a synergistic effect on reducing the corrosion rate of the bronze electrode. The  Paraloid® 48 may act as a barrier to 
prevent the access of sulfide ions to the bronze surface, while the ZnO nanoparticles may act as a sacrificial anode 
to reduce the corrosion rate by undergoing corrosion themselves. In Fig. 13b, the addition of  Paraloid® 66 may not 
have a significant effect on reducing the corrosion rate, as it is not known for its barrier properties. However, the 
addition of ZnO nanoparticles may still provide some level of corrosion protection. Overall, the effect of immersion 
time on the sudden decrease of  Rp may depend on various factors such as the composition and concentration of the 
corrosive solution, the type and concentration of nanoparticles used, and the type of metal being studied. Further 
experiments and analysis are needed to fully understand the effect of immersion time on the corrosion behavior of 
the bronze electrode in these systems [98].

Fig. 13  Effect of immersion 
time on the sudden decrease 
of  Rp upon injection of  10–3 
M sulfide ions of polarization 
resistance, determined by 
EIS technique, of a bronze 
electrode immersed in a 
solution of 3.5% NaCl and A 
2%  Paraloid® 48 and/or ZnO 
nanoparticles + 2%  Paraloid® 
48. B  Paraloid® 66 and/or ZnO 
nanoparticles + 2%  Paraloid® 
66
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3.5  X‑ray photoelectron spectroscopy (XPS)

The chemical composition of the surface of bronze arrowheads before and after being attacked by sulfides may be stud-
ied by X-ray photoelectron spectroscopy (XPS). The X-ray photoelectron spectrometer (XPS) determines the elements 
and chemical states of a sample by measuring the binding energy of electrons released from its surface upon X-ray 
irradiation [99]. The XPS spectrum of bronze arrowheads before the sulfide attack would exhibit peaks at the energies 
of the elements present in the bronze alloy, including copper and tin. Depending on the bronze alloy’s exact makeup, 
the relative strengths of these peaks will vary. A post-sulfide assault XPS spectra of the arrowheads’ surfaces would most 
likely exhibit new peaks attributable to the presence of sulfite molecules. Sulfur and copper sulfide peaks, to name two 
examples, might be present. The severity and length of the sulfide assault would determine the strength of these peaks 
and the level of surface sulfurization. To further comprehend the chemical events taking place during the sulfide assault, 
XPS may also reveal the oxidation state of the components present on the arrowheads’ surfaces. A possible indicator that 
the copper on the arrowheads’ surfaces was oxidized by the sulfide assault is the presence of copper in its oxidized form 
 (Cu2+) rather than its metallic state  (Cu0). Some of the XPS spectra measured from a corroded copper surface are shown 
in Fig. 14. The electrode was exposed to 10–2 M BTAH at 0 V against Ag/AgCl for 17 h, following which 10–3 M HS- was 
injected and stayed in contact with the copper surface for 1 h. According to the XPS spectra, the N1s peak has a binding 
energy of 400 eV, the  S2p peak has a binding energy of 162.0 eV, and the C1s peak has a binding energy of 284.6 eV. This 
proves that BTAH coexisted with sulfide ions on the corroded copper surface. The  S2p signal at 162.0 eV also indicates 
the existence of sulfide ions, which is consistent with copper sulfide. Due to the lack of an  S2p signal at 164.0 eV, we 
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Fig. 14  Displays various segments of the XPS spectra of copper that was submerged in a solution of 3.5% NaCl and 10–2 M BTAH. After 17 h, 
 10–3 M  HS− was added to the solution, and the electrode stayed in touch with the solution for one hour following the addition of sulphide. 
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survey on the surface of the sample
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may conclude that elemental sulfur was not present on the corroded copper surface [100]. This lends credence to the 
hypothesis that copper dissolution owing to sulfide ions is responsible for the increased current seen in Figs. 2 and 4, 5, 
6 and 7, rather than sulfide ion oxidation.

3.6  Treatment and conservation of arrowheads

The arrowheads underwent chemical treatment followed by meticulous manual cleaning to reveal their natural surface 
pattern. Despite being in excellent metallic condition, they were covered with extensive corrosion products. Through a 
series of trials, various chemical compounds were tested to find the most effective solution for dissolving corrosion layers 
while minimizing damage to the arrowheads [101]. Different concentrations and treatment durations were employed for 
each compound. The chosen method involved submerging the arrowheads in an alkaline Rochelle solution containing 
sodium hydroxide and sodium potassium tartrate to dissolve copper II compounds in the corrosion layers. A soft silk 
brush was used along with multiple changes of cleaning solution to aid in the process. While the green copper corrosion 
products were successfully removed, a reddish-brown covering remained on the anklet surfaces. The oxide layer (cuprite) 
was dissolved using a 2% sulfuric acid solution and then brushed away [102]. This process was repeated until all traces of 
corrosion vanished. Submerging the objects in water and scrubbing them with a toothbrush helped remove any residue 
from tiny crevices. Afterwards, the arrowheads were washed in hot, deionized water to flush out any remaining chemical 
residue, utilizing cycles of heating and cooling. They were then dried using ether and hot sawdust before being patted 
dry with a soft, clean towel. Finally, they were disentangled using a technique depicted in Fig. 15a–d. In summary, the 
corrosion coatings on the arrowheads were dissolved and removed through a combination of chemical and mechani-
cal treatments, restoring their original metallic state. This involved applying specific chemical substances for varying 
durations, followed by thorough washing and drying, ultimately revealing the arrowheads’ original surface topography. 
Subsequently, the arrowheads were treated with ZnO nanoparticles in combination with  Paraloid® 48 before being 
handed over to the Military Museum organization, Al-Qala, Cairo, Egypt. Providing detailed information on treatment 
duration, specific procedures, ZnO and  Paraloid® concentrations, electrolyte preparation, and post-treatment procedures 
is essential for transparency and reproducibility [103]. These surface treatments aim to enhance the corrosion resistance 
of bronze samples, and the subsequent electrochemical measurements evaluate their effectiveness in achieving this goal.

3.7  Mode of action

Metallographic examinations (ME) of the arrowheads revealed elongated bronze grains, indicating the use of a hammer-
ing method during manufacturing post-casting [104]. However, this method introduced strains within the metallic struc-
ture, leading to deterioration. The metal surface exhibited uniform corrosion spots, pitting corrosion, and micro-cracks, 
distorting the surface of all objects [105]. Micro-cracks were distributed widely, resulting from high stresses endured 
during forming, usage, or burial [106]. Scanning electron microscopy confirmed the presence of various forms of corro-
sion, including pitting, stress corrosion, and crevice corrosion, across the alloy. Several objects were made of tin bronze, 
an alloy of copper and another metal, with a tin percentage typically between 7.83% and 9.90% [107]. Historical accounts 
suggest that tin could enrich the surface as a semi-transparent tin oxide coating, while copper was depleted. The uneven 
composition made the bronze vulnerable to selective corrosion by corrosive chemicals [108]. However, the alpha phase’s 
structural formation endowed it with desirable mechanical qualities such as high tensile strength and hardness [109]. 
X-ray diffraction analysis identified corrosion products including cuprite, quartz, brochantite, paratacamite, malachite, 
and antlerite. Sulfide corrosion occurred during the artifacts’ time at the military museum, evidenced by the presence of 
brochantite and antlerite [110]. Paraloid® resin, often used in conservation treatments, has been enhanced with nano-
composites to improve its performance in preserving bronze artifacts. Studies show that Paraloid® nanocomposites offer 
protection against environmental variables and can build a sturdy protective coating, increasing durability [111]. Nano-
composites were tested on bronze sculptures and copper coins, reducing corrosion and enhancing longevity without 
altering visual appeal [112]. Zinc oxide nanoparticles (ZnO) have been researched for use in preserving cultural heritage 
artifacts like bronze sculptures. Adding nano ZnO to  Paraloid® improves its performance as a consolidant, enhancing 
hardness, tensile strength, and resilience to environmental variables [113]. The antibacterial properties of nano ZnO may 
inhibit microbe growth on bronze objects, crucial for damp storage conditions. Removing disfiguring corrosion from 
metals often requires chemical treatments when mechanical cleaning is impractical due to thick, hard layers combined 
with soil debris [114]. X-ray fluorescence (XRF) has been utilized to identify alloys in historical bronze artifacts without 
causing damage [115]. In conclusion, preserving bronze artifacts requires a multifaceted approach involving chemical 
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Fig. 15:  a, b, c, d Show the 
arrowheads after treatment
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treatments, enhanced resin coatings, and nanoparticle additives to combat corrosion and degradation effectively while 
preserving the objects’ integrity [116–118].

4  Conclusion

Examinations and analyses revealed widespread pitting corrosion and micro-cracks on the objects’ surfaces. XRD analysis 
identified various corrosion products, indicating a significant interaction between the objects and their environment. 
Cleaning methods depend on factors like the object’s condition and desired outcome, with modern equipment aiding 
informed decisions. Both 2%  Paraloid® 48 and/or ZnO nanoparticles + 2%  Paraloid® 48, and  Paraloid® 66 and/or ZnO nano-
particles + 2%  Paraloid® 66 offer effective corrosion protection for bronze electrodes in a 3.5% NaCl solution. Adding ZnO 
nanoparticles enhances their protective capabilities by creating a physical barrier, reducing contact with the corrosive 
solution. The choice between options may consider cost, availability, and specific application requirements. Regular 
maintenance and inspection remain necessary for continued protection. Inhibition efficiency results from PD indicate 
promising outcomes for corrosion mitigation. 2% P-48 alone exhibited significant inhibition efficiency (90.21%), high-
lighting its inherent corrosion-inhibiting properties. Incorporating ZnO into the mixtures enhanced inhibition efficiency, 
with combinations of 2% P-48 with ZnO reaching 94.20%, and 2% P-66 with ZnO reaching 93.47%. ZnO demonstrates 
potential as a synergistic corrosion inhibitor, augmenting the effectiveness of P-48 and P-66. The mixtures, especially 
with ZnO, show higher inhibition efficiency, suggesting tailored combinations for optimized corrosion protection. These 
results offer insights into effective corrosion inhibition strategies, with ZnO showing promise for tailored combinations 
to enhance protection in specific environments.
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