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Bronze disease is one of the most significant threats affecting historical bronzes. Neglecting
bronze artifacts suffering from this condition can lead to their destruction and obliteration.
Consequently, numerous strategies have been proposed in the field of bronze artifact conser-
vation. However, over time, these methods have either caused further damage to the objects or
have been less favored due to their excessively high costs. One of the most important methods
proposed for treating bronze disease is the use of corrosion inhibitors. Nevertheless, consider-
ing the toxicity and carcinogenicity of these substances, the issue can be partially addressed by

replacing them with natural materials. The aim of this research is to investigate the feasibility of
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gistically at a concentration of 1800 ppm is 14.06, indicating an inhibition efficiency of 50%. This
inhibition is characterized as anodic polarization type. In the weight loss method, the inhibition

efficiency was also reported as 50% in the presence of the corrosive medium at the fourth week. https://creativecommons.ore/ li-
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SEM-EDX analysis showed a reduction in the amount of chloride corrosion products. How-
ever, the most significant factor observed in the scanning electron microscope images is pitting

corrosion and severe phase separation in the matrix of these simulated ancient alloys.
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Introduction artifacts (Faltermeier, 1999). However, one of the critical issues

Numerous methods have been proposed for the conserva-
tion and restoration of historical bronzes (Dillman, 2007; Price et
al., 1996; Otieno-Alego & Neath, 1998; Ellingson et al., 2004;
Weil, 1980; Eggert, 1994; Brostoff & Delari, 1998; Mourey, 1996;
Mourey & Gzerwinski, 1993). Corrosion inhibitors are generally
defined as substances that, at appropriate concentrations, reduce
the rate of chemical reactions. These materials can prevent the
growth of biological agents and halt various physiological pro-
cesses (Groysman, 2010). In this context, numerous organic in-

hibitors have been evaluated for the protection of historical

associated with these inhibitors is their toxicity and carcinogenic
properties (Dillman, 2007). Notably, organic inhibitors play a sig-
nificant role in controlling bronze disease in both industrial appli-
cations and cultural heritage conservation (Scott, 2002). Benzotri-
azole, with the formula C¢HsN3 and a nitrogenous compound
(Faltermeier, 1999), has been investigated to overcome such chal-
lenges. Additionally, the effectiveness of natural inhibitors, includ-
ing natural honey, has been explored for their application on his-
torical bronzes (Pourzarghan, 2010). The use of Salvia officinalis

extract in a 0.5 molar sodium chloride corrosive environment has
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also been studied (Vatankhah et al., 2011). Furthermore, green tea
extract has been investigated as a corrosion inhibitor on ancient
coppet-based alloys (Vatankhah et al., 2013). This research fo-
cuses on evaluating the inhibitive efficacy of white fig sap on the
Cu-10Sn alloy.

Materials and Methods

The working electrode with Cu-10Sn composition was pre-
pared by casting and its composition confirmed by Quantumeter
analysis; rod specimens (10 cm X 1 cm) were polished using SiC
papers from P400 to P5000. Electrochemical measurements used
a SAMA 500 potentiostat in a standard three-electrode cell (plati-
num counter, SCE reference, Cu-10Sn working electrode). LSV
(Tafel) was applied to determine inhibition efficiency with poten-
tial limits E1 = —0.4 V and E2 = 0.05 V vs Eco, scan rate 0.001
V/s, and 20 min immersion prior to measurement, following
ASTM G5. Weight-loss tests employed circular coupons (1 cm di-
ameter, 2 mm thick) immersed in 0.5 M NaCl with and without
synergistic inhibitors (honey and white fig sap) at 1000-1800 ppm;
weights were recorded weekly for four weeks. Accelerated corro-
sion used a humid chamber (RH 95% % 2%, 25-30°C) with 0.5
M NaCl salt spray per ASTM G85/ISO 9227 for three weeks. Sut-
face characterization was performed by SEM-EDX (Philips
X1.30).

Results and Discussion

The composition of the fabricated Cu—10Sn alloy was veri-
fied using quantometer analysis, confirming it matched the target
ancient composition (Table 1). For the corrosion inhibition study,
white fig sap and Sidr honey were used as natural inhibitors. Fig
sap solutions were prepared at concentrations of 1000, 1200, 1400,
1600, and 1800 ppm in a 0.5 M sodium chloride corrosive me-
dium. Sidr honey was used at a fixed concentration of 1800 ppm
for synergistic tests. Potentiodynamic polarization tests were con-
ducted, with curves colotr-coded as follows: black for the corrosive
medium alone, red for fig sap at various concentrations, and blue
for the synergistic mixture of fig sap and honey (Figure 2). The
results showed a positive shift in corrosion potential (Ecor) to-
wards more anodic values with the addition of inhibitors, particu-
larly for the synergistic system. For instance, in the system with
1800 ppm of both inhibitors, Ecorr shifted to -209 mV compared
to -243 mV for the blank.

Inhibition efficiency (IE%) was calculated from corrosion
current density using the standard formula: IE% = [(Io_corr— 1 _com)
/ T°_con] X 100, where I°_corrand 1_corrare corrosion current den-
sities without and with inhibitor, respectively. Polarization re-
sistance (Rp) and corrosion rate (CR) were also determined ac-
cording to ASTM G102-98. The data (Tables 2 & 3) indicated that
inhibition efficiency generally increased with inhibitor concentra-
tion, reaching a maximum of 49% for the 1800 ppm synergistic

mixture (Figure 3).

The classical weight loss method was employed over four
weeks to corroborate the electrochemical findings. The inhibition
efficiency from weight loss was calculated as IE% = [1 - (AW _jn.
nibitor / AW _biank)] X 100. The results (Table 4, Figure 4) showed
variable but supportive trends, confirming the inhibitory action.
To accelerate corrosion and examine surface morphology, sam-
ples were placed in a humidity chamber (95£2% RH, 25-30°C)
with salt spray, following ASTM G85 and ISO 9227 standards.
Subsequently, Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray (EDX) analysis were performed.

SEM images of the control sample revealed monoclinic
structures characteristic of chloride corrosion products like ataca-
mite and paratacamite (Figures 5a, 5b). EDX analysis confirmed
high chlorine content on this surface (Figure 6). For samples
treated with the synergistic inhibitor, EDX showed reduced chlo-
rine presence (Figure 7). However, the corresponding SEM im-
ages (Figures 5¢, 5d) revealed that this combination, despite im-
proving electrochemical parameters, induced significant pitting

corrosion and phase separation on the alloy surface.

Conclusion

This study investigated the synergistic combination of natu-
ral honey and white fig sap as a green corrosion inhibitor for Cu-
108n bronze alloy in a 0.5 M NaCl environment. Building upon
previous research where honey alone showed approximately 80%
inhibition efficiency at 1800 ppm, the blend was evaluated across
a concentration range of 1000 to 1800 ppm.

Potentiodynamic polarization and weight-loss methods con-
sistently indicated an inhibition efficiency of around 50% for the
synergistic mixture at 1800 ppm, with a corresponding corrosion
rate of 14.6 mpy. While EDX analysis confirmed a reduction in
surface chloride content on treated coupons, SEM imaging re-
vealed a critical drawback: the inhibitor combination induced se-
vere localized damage, specifically extensive pitting corrosion and
phase segregation on the alloy surface.

Therefore, despite showing moderate inhibitory perfor-
mance in electrochemical tests, the fig sap and honey synergy ul-
timately failed to prevent corrosion and instead promoted damag-
ing localized attack under the tested conditions. This underscores
the necessity for more extensive investigation into natural inhibi-
tors. Future work should focus on exploring synergistic combina-
tions of fig sap with other natural extracts, such as thyme honey,
beetroot juice, or saffron extract, to identify more effective and
non-damaging formulations for archaeological metal conserva-

tion.
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10Sn composition for electrochemical investigations (Pourzarghan et al,
2010).
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Figure 2. Tafel polarization curves with black lines representing the cor-
rosive environment of 0.5 M sodium chloride. Red lines indicate white
fig sap, and blue lines represent the synergistic curves of Sidr honey and
white fig sap. (a) Tafel polarization curve for Sidr honey at 1800 ppm
and white fig sap at 1000 ppm; (b) Tafel polarization curve for Sidr
honey at 1800 ppm and white fig sap at 1200 ppm; (c) Tafel polarization
curve for Sidr honey at 1800 ppm and white fig sap at 1400 ppm; (d)
Tafel polarization curve for Sidr honey at 1800 ppm and white fig sap at
1600 ppmy; (e) Tafel polarization curve for Sidr honey at 1800 ppm and
white fig sap at 1800 ppm.
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Table 2. Inhibitory effects of fig sap and Sidr honey at various concentrations, assessed using corrosion potential, cortosion current,

corrosion current density, anodic and cathodic Tafel slopes, and corrosion rate via potentiostat measurements.

Concentratin =~ -E (o Rp (Ohm) B, (v/dec)  Bc(v/dec) I Corrosion (A) i corrosion Corrosion

Fig and honey  (mv) (A/cm?) rate (mpy)
W/V)
blank 243 800.5 0.0607 0.0688 2.716X10-> 6.497x10- 28.381
1000 ppm 216 1048 0.0472 0.0501 2.074%x105 4.963%10-> 21.680
1200 ppm 225 1282 0.0685 0.105 1.62x10-5 4.057x107 18.067
1400 ppm 199 1199 0.0541 0.0699 1.813%x10- 4.922x10-3 19.316
1600 ppm 199 1015 0.0802 0.0802 2.142x10-5 5.124%10- 30.181
1800 ppm 208 1591 0.0643 0.0547 1.366x10-5 3.33%x10- 14.559
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Table 3. Synergistic inhibition percentage of fig sap and Sidr

honey based on data from the potentiometric device.

Concentration i i
extract Fig and CZ?’ZZOH IE %
honey (W/V) (A/cm?)

Blank 6.497x10-> -
1000 ppm 4.963%10- 24
1200 ppm 4.057x10 38
1400 ppm 4.922x105 25
1600 ppm 5.124x10-5 22
1800 ppm 3.33%10-> 49

o [ iE %

40 4
£ 30 1
=

1000 ppm 1200 ppm 1400 ppm 1600 ppm 1800 ppm
Concentration fig extract and honey (W/V)
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Figure 3. Bar chart illustrating the calculated percentage inhibi-

tion efficiency of Sidr honey and fig sap in the presence of a 0.5

M sodium chloride solution.
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Table 4. Percentage inhibition of white fig sap at various concentrations and Sidr honey at a concentration of 1800 ppm in a 0.5

M corrosive sodium chloride solution after one week, two weeks, three weeks, and four weeks of immersion

ﬂl;rz];i: weight loss Inhibitor Concentration (ppm)
Blank 1000 ppm 1200 ppm 1400 ppm 1600ppm 1800 ppm

Wo 1.0583 1.2270 1.2058 1.5746 1.2938 1.5986

Week 1 Weorr 1.0576 1.2268 1.2056 1.5734 1.2936 1.5982
IE % = 72 72 -71 72 43

Wo 1.0601 1.6000 1.3699 1.5809 1.6089 1.8235

Week 2 Weorr 1.0567 1.5983 1.3690 1.5873 1.6080 1.8232
IE % = 50 74 24 78 92

Wo 1.6202 1.1780 1.1477 1.5328 1.2148 1.6107

Week 3 Weorr 1.6262 1.1750 1.1465 1.5303 1.2107 1.6080
IE % = 25 70 38 = 33

Wo 1.4253 1.0145 1.6412 1.8836 1.1959 1.4865

Week 4 Weorr 1.4203 1.0046 1.6374 1.8790 1.1910 1.4840
IE % - 2 18 8 2 50
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Figure 4. Inhibition efficiency of Sidr honey at a concentration
of 1800 ppm and white fig sap at concentrations ranging from
1000 to 1800 ppm, measured over periods of one to four weeks.
Data are represented using distinct colors as specified in the

curve legend.
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Figure 5. SEM images (a and b) of the coupon in the presence of a 0.5 M sodium chloride solution after one month; images (c and d)

of the coupon in the presence of a combined solution of honey at 1800 ppm and fig sap at 1800 ppm in a 0.5 M sodium chloride solu-

tion after one month.
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