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Abstract

The corrosion of copper alloys in buried or atmospheric environments is driven by the
anodic dissolution of the copper matrix, a chloride-mediated autocatalytic cycle, and the
accumulation of insoluble corrosion products, among which basic copper chlorides such as
paratacamite (Cu2(OH)3Cl) are characteristic phases closely associated with the accelerated
degradation of bronze artefacts. Here, we report a ternary aqueous cleaning system
comprising ammonium polyphosphate (APP), boric acid, and the nonionic surfactant OP-10
for the removal of chlorine-containing corrosion products from simulated bronze substrates.
Single-factor optimization identified the selected formulation of 4 wt% APP, 4 wt% boric
acid, and 0.5 vol% OP-10, achieving an apparent corrosion-product removal efficiency of
93.7% ± 0.6% with a total colour difference (∆E*) below 5. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) confirmed the effective removal of the loose, chlorine-
rich outer corrosion layer while preserving the compact inner layer. Electrochemical
impedance spectroscopy (EIS) and potentiodynamic polarization measurements showed
that the charge transfer resistance (Rct) increased and the corrosion current density (Icorr)
decreased after cleaning, indicating an improvement in the short-term corrosion behaviour
of the surface, which may be associated with the removal of chloride-bearing phases
and/or the residual compact Cu2O layer, with a possible contribution of the adsorption of
residual phosphate species on the substrate. This study provides a simple chemical route
for the mild cleaning of corroded bronze surfaces and offers a preliminary exploration of
polyphosphate-based systems for the conservation of copper-based cultural heritage.

Keywords: copper alloy; corrosion products; ammonium polyphosphate; chemical clean-
ing; bronze conservation; chloride removal

1. Introduction
Copper and its alloys have been widely used in historical, artistic, and industrial fields,

among which bronze (Cu–Sn–Pb alloy) is one of the most important engineering materials
in antiquity. Among bronze artefacts, ancient coins constitute a unique category, providing
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valuable information for the study of ancient metallurgical technology, economic systems,
and social development [1–5]. However, owing to prolonged circulation and burial, most
copper coins have suffered varying degrees of corrosion, which alters their original appear-
ance, obscures inscriptions, and damages the metal substrate [6–10]. Therefore, developing
effective methods for removing corrosion products that preserve the morphology, inscrip-
tions, and substrate integrity is of considerable theoretical and practical significance for the
conservation and study of copper coins [11]. Existing approaches for removing corrosion
products from bronze include mechanical, laser and chemical cleaning [7,12]. Mechanical
cleaning is operator-dependent and may scratch fine inscriptions [7], whereas laser cleaning
is costly and of limited applicability to thin-walled, intricately decorated objects such as
coins [13,14]. Chemical cleaning offers high efficiency and uniform treatment but may
cause over-corrosion of the substrate if not properly controlled [15–18]. Given the small
size, thin walls, and densely packed inscriptions of bronze coins, the cleaning process
imposes stringent requirements in terms of selectivity and safety [19,20].

In conservation practice, the established chemical treatments for chloride-bearing
corrosion on copper alloys include aqueous sodium sesquicarbonate (Na2CO3/NaHCO3)
baths, alkaline dithionite reduction, Rochelle salt, benzotriazole, and carbonate-based baths,
which constitute the operational standard in restoration laboratories [17,21–23]. The bench-
mark study of MacLeod [17] quantitatively compared several dechlorination methods for
corroded copper alloys and remains the standard reference for evaluating chloride-removal
efficiency. Chelator-based chemical systems can form water-soluble complexes with metal
ions under relatively mild conditions, thereby promoting the dissolution of corrosion
products [24–26]. More recently, confined hydrogels and nanofluids, enzymatic and bio-
logical systems, and ionic liquids have been proposed as advanced cleaning media for
cultural heritage surfaces [27–30]. In a different field, polyphosphates are well-established
copper corrosion inhibitors in drinking-water distribution systems [31,32]; the present work
therefore transfers a chemically known interaction into a conservation context rather than
claiming new coordination chemistry.

Here we report a ternary aqueous cleaning system comprising ammonium polyphos-
phate (APP), boric acid, and the nonionic surfactant OP-10 (octylphenol polyoxyethylene
ether), designed for the simultaneous removal of chlorine-containing corrosion products
and improvement of the post-cleaning corrosion behaviour of simulated bronze substrates.
In this system, APP is the core active component: upon dissolution and partial hydrolysis,
it generates phosphate species, chiefly pyrophosphate and oligomeric polyphosphate an-
ions, that form water-soluble complexes with Cu2+, continuously withdrawing dissolved
copper ions from the reaction interface and thereby driving the sustained dissolution of the
corrosion products. Boric acid (H3BO3) lowers and helps modulate the pH of the working
solution toward the near-neutral range (measured pH ≈6.9 for the selected formulation),
while OP-10 reduces the interfacial tension between the solution and the porous corrosion
layer, enhancing wetting and inward penetration of the active components. The formula-
tion was selected by single-factor experiments, and the treated surfaces were characterized
by SEM-EDS and XRD to evaluate phase composition and microstructural evolution; po-
tentiodynamic polarization and EIS measurements were employed to assess the short-term
post-cleaning corrosion behaviour [33]. In the electrochemical tests, the cleaned surfaces
exhibited improved corrosion behaviour relative to the corroded state, which may arise
from the removal of active chlorine-containing phases and/or the residual compact Cu2O
layer, with a possible contribution of residual phosphate species. From the viewpoint of
conservation ethics, any treatment of an artefact should respect the principles of minimum
intervention, recognizability, reversibility, and the protection of the noble patina and the
original surface [34,35]; a cleaning formulation that removes the outer corrosion layer
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and may leave a residual phosphate-containing layer constitutes a permanent chemical
modification of the artefact surface, and its application must therefore be justified by the
conservation objectives, rather than by removal efficiency alone. This work demonstrates
the potential of polyphosphate-based systems for the mild cleaning of corroded bronze
on simulated specimens, offering a practical route for the conservation of copper-based
cultural heritage.

2. Materials and Methods
2.1. Materials
2.1.1. Specimen Preparation

Commercially available imitation ancient copper coins were used as simulated bronze
substrates. Each specimen was a round coin with a central square hole, with a diameter of
20.0 mm, a thickness of 1.5 mm, and a central square hole side length of 5.0 mm, giving a
total geometric surface area of approximately 7.0 cm2. The imitation coins were cast from
a Cu–Sn–Pb ternary alloy. The elemental composition was verified by X-ray fluorescence
(XRF), yielding measured mass fractions of 74.2 ± 1.1% Cu, 9.8 ± 0.6% Sn, and 16.0 ± 0.9%
Pb. The imitation coins were purchased from Yuanxing Metal Co., Ltd., China. The absence of
manufacturer-applied patination or protective coating on the specimen surface was confirmed
by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) and
X-ray diffraction (XRD) prior to corrosion treatment. The use of imitation specimens, which
is common practice in conservation research, ensures experimental reproducibility while
avoiding potential damage to genuine cultural relics [36–38].

2.1.2. Chemical Reagents

All reagents used for artificial corrosion were of analytical grade and were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), including sodium chloride
(NaCl, ≥99.5%), sodium sulfate (Na2SO4, ≥98%), and sodium bicarbonate (NaHCO3,
≥99.8%).

Reagents used in the cleaning system included ammonium polyphosphate (APP, an-
alytical grade), boric acid (H3BO3, analytical grade, ≥99.5%), and OP-10 (octylphenol
polyoxyethylene ether, purity 99.9%). APP was purchased from Shanghai Macklin Bio-
chemical Technology Co., Ltd. According to the supplier’s label, the declared degree of
polymerization of the APP is n ≤ 20; X-ray diffraction (XRD) confirmed its short-chain
structure (crystalline form I), and the product was fully soluble in deionized water: a
4 wt% aqueous solution was clear and transparent with no visible insoluble residue, and
centrifugation showed no obvious stratification (the supplier’s Certificate of Analysis,
XRD analysis, dissolution test, and centrifugation test are detailed in the Supplementary
Materials). All experiments reported in this work, were performed with this APP product
(Shanghai Macklin, n ≤ 20). Boric acid was purchased from Anhui Zesheng Technology
Co., Ltd., and OP-10 from Shanghai Aladdin Biochemical Technology Co., Ltd. Sodium
chloride (NaCl, analytical grade, ≥99.5%) used for the electrochemical tests was purchased
from Sinopharm Chemical Reagent Co., Ltd. Silver nitrate standard solution (AgNO3,
0.01 mol/L, commercially standardized) and concentrated nitric acid (HNO3, analytical
grade), used for the potentiometric chloride titration, were purchased from Shengshi
Biaowu (Xiamen) Technology Co., Ltd. (Xiamen, China) and Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China), respectively. All reagents were used as received without
further purification. Deionized water was used throughout the experiments.
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2.2. Methods
2.2.1. Specimen Preparation and Corrosion Procedure

To obtain a stable and reproducible initial state, all specimens were sequentially
polished with silicon carbide abrasive papers (400, 800, and 1200 grit), ultrasonically
cleaned in acetone for 5 min to remove surface grease and contaminants, rinsed with
deionized water, and dried under a nitrogen stream. The specimens were then weighed
to record their initial mass (m0) and stored in a desiccator until use. These pretreated
specimens were designated as Phase I samples.

The corrosion solution was composed of 0.5 mol/L NaCl and 0.1 mol/L Na2SO4, with
0.05 mol/L NaHCO3 added to adjust the pH to 8.5–9.0. The solution volume-to-specimen
surface area ratio was maintained at 20 mL/cm2, and the corrosion solution was renewed
every 48 h to avoid depletion of reactive species and accumulation of dissolved corrosion
products. An alternating wet–dry cycle was applied for 14 days at 30 ◦C and 85% relative
humidity: each cycle consisted of 12 h of full immersion in the corrosion solution followed
by 12 h of air-drying under controlled temperature and humidity conditions. The 14-day
corrosion duration was selected based on pre-experimental monitoring: the mass gain of
the specimens reached a plateau after approximately 12 days, and X-ray diffraction (XRD)
confirmed the formation of nantokite (CuCl) and paratacamite (Cu2(OH)3Cl)—the two
phases most relevant to bronze disease—after 14 days of cycling.

After the corrosion treatment, the specimens were gently rinsed with deionized water
to remove loosely adherent soluble salts, naturally dried at room temperature, and stored
in a desiccator until use. These corroded specimens were designated as Phase II samples.

2.2.2. Cleaning Treatment

The composite cleaning solution was prepared according to the selected formulation
ratio. APP and boric acid were sequentially added to deionized water to prepare 100 mL of
the solution and magnetically stirred at 30 ◦C until completely dissolved. OP-10 was then
added dropwise, and stirring was continued for an additional 10 min until a homogeneous
and transparent solution was obtained. The prepared cleaning solution was preheated
in a 30 ◦C water bath for 10 min, after which the Phase II (corrosion-treated) samples
were fully immersed in the solution. The cleaning solution was freshly prepared and used
immediately for each batch of specimens; storage of the prepared solution was avoided
because the slow hydrolysis of the short-chain APP slightly lowers the pH over time, which
could affect the reproducibility of the treatment. All cleaning experiments were performed
with freshly prepared working solutions at a measured pH of ≈6.9 (Section 3.2.2).

The cleaning process employed ultrasonic assistance to promote the detachment and
dissolution of the corrosion layer. Ultrasonic treatment was performed using a KQ-50DE
bath-type ultrasonicator (Kunshan Ultrasonic Instruments Co., Ltd., China) operating at
a frequency of 40 kHz and a power of 120 W. The specimens were fully immersed in the
cleaning solution and placed at the center of the ultrasonic bath. Each ultrasonic cycle
consisted of 3 min of sonication at 30 ◦C, followed by a 7 min standing interval; this cycle
was repeated three times. The total treatment duration was 30 min, comprising 9 min
of effective sonication time and 21 min of standing intervals. Three parallel specimens
were used for each formulation in the optimization experiments. It should be noted that
ultrasonic cavitation may be destructive to fragile patinas or mineralized inscriptions on
delicate artefacts. In the present work, the ultrasound was applied at a low power (120 W),
and the protocol was developed for robust imitation coins; its application to more fragile
objects therefore requires appropriate caution.

After cleaning, the samples were sequentially rinsed three times with deionized water
and anhydrous ethanol, dried under a nitrogen stream at room temperature, and then
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subjected to characterization and electrochemical tests. These specimens were designated
as Phase III samples. The experimental procedure is shown in Figure 1.

Figure 1. Process Flow Diagram. (a) Phase I—as-cast bronze substrate; (b) Phase II—artificially
corroded bronze; (c) Phase III—after cleaning treatment.

2.2.3. Surface Morphology and Elemental Analysis

The elemental composition of the sample surfaces before and after cleaning was as-
sessed by two complementary techniques. X-ray fluorescence (XRF; XRF-1800, Shimadzu,
Japan) probes a surface region of the order of micrometres and provides semi-quantitative
compositional information integrated over the analysed area, whereas scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM-EDS; SU8020, Hitachi, Japan,
with an attached EDS detector) provides local point and mapping information at higher
lateral resolution but from a smaller sampling volume. These techniques are therefore com-
plementary and are reported as such rather than as interchangeable. Phase characterization
was performed with an XRD-D8 DISCOVER A25 X-ray diffractometer (Bruker, Germany),
and the surface morphology was observed with the SU8020 field emission SEM.

2.2.4. Corrosion Product Removal Efficiency

The corrosion product removal efficiency was evaluated by measuring the sample
mass before and after cleaning, and calculated according to Equation (1):

η =
m1 − m2

m1 − m0
× 100% (1)

where η is the corrosion product removal efficiency (%); m0 is the mass of the Phase I
sample (original uncorroded sample); m1 is the mass of the Phase II sample (after artificial
corrosion, before cleaning); and m2 is the mass of the Phase III sample (after cleaning).

It should be noted that this gravimetric formula assumes that the mass gain (m1 − m0)
solely represents corrosion products and that the mass loss (m1 − m2) solely represents
removed corrosion products. In practice, partial dissolution of the copper substrate during
the 14-day corrosion cycle and slight substrate attack during cleaning may introduce a
systematic offset in the apparent removal efficiency. Therefore, the reported η values should
be interpreted as apparent removal efficiencies, and the relative trends across formulation
groups are considered more reliable than the absolute values.

2.2.5. Colour Difference Analysis

An X-Rite VS450 non-contact benchtop spectrophotometer (X-Rite Inc., USA) was used
to evaluate the colour changes in the sample surfaces before and after cleaning. The instru-
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ment employs a 45◦/0◦ measurement geometry (dual 45◦ illumination, 0◦ detection; specu-
lar component excluded), a measurement aperture of 6 mm, and an illuminant/observer
combination of D65/10◦. Three measurement locations per specimen were averaged. Using
the surface chromaticity parameters of the Phase I sample (original uncorroded sample)
as the reference, the Phase III (cleaned) samples were tested, and the total colour differ-
ence (∆E*) was calculated according to Equation (2) in the CIELAB 1976 colour space. In
this context, ∆E* referenced to Phase I quantifies the completeness of cleaning, i.e., how
closely the surface approaches the bare metal, and should not be interpreted as an index of
chromatic damage induced by the cleaning process.

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (2)

where ∆L*, ∆a*, and ∆b* represent the differences in lightness, red–green chromaticity, and
yellow–blue chromaticity between the Phase I and Phase III specimens, respectively. We
note that the ∆E* < 5 criterion adopted here is more lenient than the ∆E* < 3 threshold
commonly used in conservation practice [39], i.e., the colour change in the cleaned surface
is considered acceptable in this work.

2.2.6. Potentiometric Determination of Chloride Released into the Cleaning Solution

To quantitatively evaluate the removal of chloride-bearing corrosion products, the
chloride content of the working solution after the standard cleaning treatment was deter-
mined by potentiometric titration. A 5.00 mL aliquot of the treated working solution was
transferred to a 25 mL volumetric flask, diluted to the mark with deionized water, and
acidified with concentrated nitric acid (analytical grade) to pH < 2 to avoid the precipitation
of silver oxide and the interference of phosphate species with the titration. The entire
diluted solution was then titrated with a standardized 0.01 mol/L AgNO3 solution under
continuous stirring, using a silver wire as the indicator electrode and a saturated calomel
electrode (SCE) as the reference electrode. The cell potential was recorded as a function of
the titrant volume (open-circuit potential–time mode of the CHI760E workstation), and the
equivalence point was identified from the maximum of the first derivative of the titration
curve. A blank titration was performed with an equal volume of deionized water subjected
to the same procedure, and each measurement was carried out in triplicate. The chloride
concentration was calculated using Equation (3).

C(Cl−) = (V − V0) × c(AgNO3) × M(Cl)/Val × 1000 (3)

where V and V0 are the titrant volumes for the sample and the blank (mL), respectively,
c(AgNO3) is the concentration of the standard AgNO3 solution (0.01 mol/L), M(Cl) is the
molar mass of chlorine (35.45 g mol−1), and Val is the volume of the aliquot (5.00 mL).
The measured chloride concentration in the working solution after the standard 30 min
treatment was 203 ± 4 mg/L (n = 3).

2.2.7. Electrochemical Measurements

Electrochemical tests were performed using a CHI760E electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd., China). A standard three-electrode system was
employed, with the coin specimen as the working electrode (coated with Kafuter silicone
sealant to expose an area of 1.0 cm2), a platinum electrode as the counter electrode, and a
saturated calomel electrode (SCE) as the reference electrode. The electrolyte was a 3.5 wt%
NaCl solution, and the temperature was maintained at 30 ± 2 ◦C. To avoid the polarization
scan modifying the specimen surface examined by EIS, the electrochemical impedance
spectroscopy (EIS) measurement was always performed before the polarization test on the
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same specimen. The working electrode was immersed in the solution for approximately
1 h until a stable open-circuit potential was reached, and a sinusoidal perturbation signal
with an amplitude of 5 mV was applied over a frequency range from 100 kHz to 0.1 Hz.
The impedance data were fitted using ZView software. Tafel polarization measurements
were conducted at a scan rate of 1 mV s−1 over a potential range of Eocp ± 300 mV.

3. Results and Discussion
3.1. Microstructural Characterization of the As-Cast Bronze Substrate

Figure 2 shows the microstructural characteristics of the Phase I (original uncorroded)
simulated bronze specimen. The metallographic image (Figure 2a) reveals a typical as-cast
dendritic structure, which is a characteristic feature formed during the non-equilibrium
solidification of copper alloys. The magnified image (Figure 2b) reveals a multiphase
structure: the copper matrix appears as light regions, while the tin-rich phase is distributed
in the interdendritic regions in the form of darker particles. SEM-EDS results (Figure 2c)
indicate that copper is uniformly distributed as the primary matrix, while tin forms a
solid solution with copper. Lead is dispersed in the alloy as a particulate second phase.
These characteristics are consistent with the typical microstructure of leaded tin bronze
(Cu–Sn–Pb) [40,41].

Figure 2. Analysis results of Phase I samples: (a,b) Metallographic microstructure; (c) SEM-EDS
elemental mapping showing the distribution of Cu, Pb, Sn and O.

3.2. Optimization of the APP–Boric Acid–OP-10 Ternary Cleaning System

To ensure high corrosion product removal efficiency while minimizing reagent
consumption and potential attack on the metal substrate, this study employed a
single-factor variable method to systematically optimize the concentrations of the three
components—APP, boric acid, and OP-10. The favorable addition amount of each compo-
nent was selected by evaluating the apparent corrosion-product removal efficiency, surface
morphology, and degree of substrate erosion under each formulation. It is acknowledged
that single-factor optimization, in which each component is varied while the others are held
at their previously selected levels, does not capture possible interactions among the three
components; the resulting formulation should therefore be regarded as a favorable rather
than a globally optimal composition. Partial deconvolution of the component contributions
is provided by the control groups in Table 1 (Groups a-1, b-1, c-1, d and e).
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Table 1. Optimization of the composite cleaning solution composition: effects of APP, boric acid, and
OP-10 concentrations on the apparent corrosion-product removal efficiency.

Group No. APP
(wt%)

Boric Acid
(wt%)

OP-10
(vol%)

Sonication
(120 W, 3 min
× 3 Cycles)

Apparent
Removal

Efficiency (%)

a

a-1 - 4.0 0.5
√

29 ± 2
a-2 1.0 4.0 0.5

√
47 ± 2

a-3 2.0 4.0 0.5
√

62 ± 2
a-4 4.0 4.0 0.5

√
94 ± 1

a-5 8.0 4.0 0.5
√

94 ± 1
a-6 12.0 4.0 0.5

√
91 ± 1

b

b-1 4.0 - 0.5
√

66 ± 2
b-2 4.0 1.0 0.5

√
79 ± 2

b-3 4.0 2.0 0.5
√

81 ± 2
b-4 4.0 4.0 0.5

√
93 ± 1

b-5 4.0 8.0 0.5
√

93 ± 1
b-6 4.0 10.0 0.5

√
94 ± 1

c

c-1 4.0 4.0 -
√

74 ± 2
c-2 4.0 4.0 0.2

√
87 ± 2

c-3 4.0 4.0 0.5
√

94 ± 1
c-4 4.0 4.0 1.0

√
96 ± 1

c-5 4.0 4.0 2.0
√

97 ± 1
c-6 4.0 4.0 4.0

√
94 ± 1

d / 0 0 0
√

16 ± 2

e / 4.0 4.0 0.5 × 69 ± 2
Note: All efficiencies are apparent values. The same formulation (a-4, b-4 and c-3) giving 94%, 93%
and 94%, i.e., 93.7% ± 0.6%; the differences among the 93%–97% values in the table are therefore
within experimental variability. Values are the mean ± standard deviations (SD) of three parallel
specimens.

√
indicates that ultrasonic treatment (120 W, 3 min × 3 cycles) was applied, and ×

indicates that no ultrasonic treatment was applied.

3.2.1. Effect of APP Concentration on Cleaning Performance

APP serves as the primary complexing agent in the composite cleaning system. Its
polyphosphate anions can form stable water-soluble complexes with Cu2+ through multiple
coordination sites, thereby continuously removing dissolved copper ions from the reaction
interface. To determine the favorable addition amount of APP, the effect of APP mass
fraction on the corrosion product removal efficiency and the surface condition after cleaning
was investigated with the concentrations of boric acid (4.0 wt%) and OP-10 (0.5 vol%).
The experimental results are summarized in Table 1 (Group a). In the absence of APP
(formulation a-1), the apparent removal efficiency was only 29%, indicating that boric
acid and OP-10 alone were insufficient to remove the corrosion layer effectively. With
a gradual increase in the APP mass fraction, the corrosion product removal efficiency
(η) increased significantly. When the APP mass fraction reached or exceeded 4.0 wt%,
the corrosion products could be effectively removed after 30 min of treatment. Further
increasing the APP concentration resulted in only a limited improvement in removal
performance. This phenomenon is attributed to the polyphosphate anions generated
by the dissolution and hydrolysis of APP in aqueous solution, which can form stable
complexes with the Cu2+ released during the dissolution of corrosion products, thereby
driving the dissolution equilibrium forward and accelerating the removal of the corrosion
layer. However, excessive APP may increase the viscosity of the solution and hinder
diffusion, which could account for the slight decrease in apparent efficiency at 12 wt%; this
explanation is a hypothesis and was not directly measured in the present work. The colour
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change in the sample surfaces before and after treatment was further evaluated by colour
difference analysis. Using the chromaticity data of the Phase I sample as the reference
standard, colour difference analysis was performed on the treated samples. As shown in
Figure 3a–d, the surface colour difference value (∆E*) gradually decreased with increasing
APP mass fraction. When the APP mass fraction was ≥4.0 wt%, all ∆E* values were below
5, indicating that the colour change was not significant. Therefore, the APP mass fraction
was maintained at 4.0 wt% in subsequent experiments.

Figure 3. Comparison of colour differences between the Phase I sample and Phase III sample.
(a–d) APP experimental group; (e–h) boric acid experimental group; (i–l) OP-10 experimental group.

3.2.2. Effect of Boric Acid Concentration on Cleaning Performance

After selecting the APP concentration (4.0 wt%), the effect of boric acid concentration
on the cleaning performance was investigated while maintaining the OP-10 dosage at
0.5 vol%. The experimental results are summarized in Table 1 (Group b).

In the absence of boric acid, the apparent removal efficiency was only 66%, indicating
that the cleaning capability of APP alone is limited. When the boric acid mass fraction was
≥4.0 wt%, the corrosion products could be effectively removed within 30 min, and the
apparent removal efficiency stabilized above 90%. The pH of freshly prepared solutions
was measured for each boric acid dosage. The pH decreased from 7.48 (0 wt% boric acid)
to 6.06 (10 wt% boric acid), remaining near-neutral (pH 6.0–7.5) throughout the boric acid
series; at the selected boric acid content (4 wt%), the pH was 6.88. Because boric acid (pKa
9.24) is largely undissociated at pH ≈6.9, its direct buffering contribution at the working pH
is limited; the pH of the series is governed mainly by the phosphate buffer system derived
from the hydrolysis of short-chain APP (H2PO4

−/HPO4
2−, pKa2 ≈ 7.2). The marked

increase in removal efficiency upon boric acid addition (66% → 93%) therefore cannot be
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attributed to the modest pH shift (≈0.6 pH units at 4 wt%); the underlying mechanism
remains to be clarified and is discussed further in Section 4. Colour difference analysis
(Figure 3e–h) demonstrated that when the boric acid content was ≥4.0 wt%, all ∆E* values
were below 5, indicating no significant colour change. In summary, the favorable mass
fraction of boric acid was selected as 4.0 wt%; the small efficiency differences among the
formulations with ≥4 wt% boric acid (93%–94%) are within the experimental variability of
approximately ±1%.

3.2.3. Effect of OP-10 Dosage on Cleaning Performance

With APP (4.0 wt%) and boric acid (4.0 wt%) held constant, the effect of the surfactant
OP-10 was studied, and the experimental results are summarized in Table 1 (Group c).
In the absence of OP-10, the apparent removal efficiency was only 74%, demonstrating
that the surfactant contributes significantly to the cleaning process. As the OP-10 dosage
increased, the removal efficiency improved markedly, and for volume fractions ≥ 0.5%,
the corrosion products were effectively removed within 30 min, with apparent removal
efficiencies exceeding 90%. However, at OP-10 volume fractions ≥ 2.0%, excessive foaming
was observed during the cleaning process, which affected the stability and operational
convenience of the process; this is attributed to the amphiphilic structure of OP-10, which
readily stabilizes air bubbles in aqueous solution. Colour difference analysis (Figure 3i–l)
showed that for OP-10 volume fractions ≥ 0.2%, all ∆E* values remained below 5, indicating
no significant colour change before and after treatment.

It is important to note that the same formulation (4 wt% APP, 4 wt% boric acid,
0.5 vol% OP-10) appears three times in Table 1 (Groups a-4, b-4 and c-3), giving apparent
efficiencies of 94%, 93% and 94% (93.7% ± 0.6%). The apparent efficiencies obtained
for OP-10 dosages of 0.5–4 vol% (94%–97%) were similar in magnitude, with differences
comparable to the experimental variability of approximately ±1%; they were therefore
considered operationally equivalent. Consequently, 0.5 vol% OP-10 was selected as an
operationally favorable dosage rather than a statistically distinct performance optimum,
because higher surfactant concentrations (≥2 vol%) caused excessive foaming.

Based on the above experimental results, the favorable formulation of the compos-
ite cleaning solution was selected as 4 wt% APP, 4 wt% boric acid and 0.5 vol% OP-10,
achieving an apparent removal efficiency of 93.7% ± 0.6% with a total colour difference
(∆E*) below 5. This formulation provides high cleaning efficiency while limiting foaming
and minimizing visible alteration of the specimen. To deconvolute the respective contri-
butions of chemical dissolution and ultrasonic mechanical action to the overall cleaning
performance, two control experiments were designed and conducted, as listed in Table 1
(Groups d and e). In the water + ultrasound-only group (group d), the apparent removal
efficiency was only 16%, with only the loosely adherent surface powder detached and a
residual colour difference of ∆E* = 37.3 relative to the Phase I reference, confirming that
ultrasonic cavitation alone is insufficient to remove the bulk of the corrosion layer. In
contrast, the selected formulation under static immersion (group e, without ultrasonication,
30 min) achieved an apparent removal efficiency of 69% with ∆E* = 14.7, demonstrating
that chemical dissolution serves as the dominant cleaning mechanism. Collectively, these
results indicate that the combined process arises from the synergistic action of chemical
dissolution and ultrasonic assistance, where ultrasonication enhances mass transport across
the solid–liquid interface and promotes the mechanical detachment of chemically loosened
corrosion products. Figure 4 presents comparative photographs of the Phase II (corroded)
and Phase III (cleaned) samples, providing direct visual evidence of the cleaning efficacy
discussed above.
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Figure 4. Visual comparison of bronze coin specimens from Phases II and III. Photographs were taken
under natural daylight illumination, with the specimens placed on a white A4 paper background
alongside a standard colour reference card.

3.2.4. Quantitative Assessment of Chloride Removal

To quantitatively evaluate the removal of chloride-bearing corrosion products, the
chloride content of the working solution after the standard 30 min cleaning treatment was
determined by potentiometric titration with standard AgNO3 solution (Section 2.2.6). The
measured chloride concentration was 203 ± 4 mg/L (n = 3), corresponding to approximately
20.3 mg of chloride removed per specimen (≈2.9 mg cm−2). This direct measurement
confirms that chlorine-containing corrosion products are effectively removed from the
specimen surface and transferred into the solution phase during cleaning. A quantitative
benchmark against the dechlorination efficiencies reported for conventional treatments (e.g.,
alkaline immersion in the comparative study of MacLeod [17]) would require the chloride
content of the corrosion layer before and after treatment on the same basis; such data are
not available for the accelerated corrosion layers of the present simulated specimens, and
an equal-terms comparison is therefore not possible. Accordingly, the gravimetric removal
efficiency reported in Section 3.2.2 and the dechlorination efficiencies of other methods are
deliberately not juxtaposed, because these quantities are not commensurable.

3.3. Surface Topography Analysis

To evaluate the cleaning effectiveness of the selected formulation, the surface mor-
phology of the samples before and after treatment was characterized by scanning electron
microscopy (SEM) (Figure 5). The untreated Phase II sample (corroded state) was covered
with a loose corrosion layer that obscured the original morphology of the underlying
substrate (Figure 5a). After cleaning with the selected formulation, the loose, lamellar corro-
sion products were effectively removed, exposing a relatively uniform surface (Figure 5b).
Notably, micropores (approximately 2–10 µm in diameter) could be observed in Figure 5b;
these are tentatively attributed to pre-existing casting defects and to pitting formed during
the artificial corrosion process, although a contribution from microscopic substrate attack
during cleaning cannot be fully excluded. The presence of these micropores suggests
that the cleaning process preferentially removed the non-adherent outer corrosion prod-
ucts without causing macroscopic erosion damage to the metal substrate. Cross-sectional
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SEM images (Figure 5c,d) further confirmed that the corrosion layer consisted of a loose,
porous outer layer and a relatively compact inner layer; after treatment, the outer corrosion
products were largely removed, and no obvious interfacial delamination or penetrating
cracks were observed. EDS mapping analysis revealed that the O and Cl contents on the
surface decreased significantly after cleaning, signifying the effective removal of active
chlorine-containing corrosion phases, which is crucial for interrupting the corrosion cycle
induced by chloride ions.

Figure 5. SEM and EDS images of Phase II and III samples (a,b); cross-sectional SEM images of Phase
II and III samples (c,d); XRD patterns of Phase II and III samples (e,f).

XRD analysis (Figure 5e,f) further corroborated the above results. Before treatment, the
diffraction pattern of the Phase II sample displayed characteristic reflections of corrosion
products assigned to paratacamite Cu2(OH)3Cl (2θ ≈ 16.3◦ and 32.2◦; PDF #50-1559) and
nantokite CuCl (2θ ≈ 27.9◦ and 47.8◦; PDF #73-1496). After cleaning, the intensities of
these reflections were significantly reduced or disappeared, and a reflection attributable
to residual Cu2O (PDF #74-1230) remained visible in the Phase III pattern. The residual
Cu2O is consistent with the hydrolysis of nantokite during cleaning (Equation (4)), in
which cuprous chloride is converted to Cu2O with release of chloride. The reduction in the
corrosion-product reflections should be interpreted with caution, because the XRD signal
may originate from both the surface layer and the underlying substrate, and XRD is of
limited sensitivity for thin or poorly crystalline surface phases. In particular, no phosphate-
containing crystalline phase was detected after cleaning, which is consistent with a thin
or amorphous residual layer but does not prove its existence. Possible additional phases
such as CuO and Sn-containing oxides were considered, but no reflections attributable to
these phases could be unambiguously identified in the Phase III pattern. The combined
SEM, EDS and XRD analyses indicate that the selected APP–boric acid–OP-10 cleaning
system removes the loose, chlorine-containing outer corrosion products while preserving
the compact inner layer.

3.4. Electrochemical Analysis

Figure 6a shows the open-circuit potential (OCP) of the three specimen phases as a function
of immersion time. During the first 10 min of immersion, the OCP shifted negatively and
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then gradually stabilized. The steady-state OCP of the cleaned (Phase III) specimens was more
positive than that of the corroded (Phase II) specimens, indicating a reduced tendency toward
active dissolution after cleaning. OCP is a mixed potential determined by the balance of anodic
and cathodic reactions and does not by itself quantify the corrosion rate; the polarization and
EIS results are therefore used as the primary electrochemical evidence.

Figure 6. Electrochemical corrosion behaviour of bronze specimens in 3.5 wt% NaCl solution:
(a) Open-circuit potential (OCP) vs. time curves; (b) Potentiodynamic polarization curves; (c) Nyquist
plots; (d) Bode phase angle plots; (e) Bode modulus plots; (f) Equivalent electrical circuit used for EIS
data fitting.

Figure 6b shows the potentiodynamic polarization curves of the three specimen phases,
measured at a scan rate of 1 mV s−1 to approach steady-state conditions. The electrochem-
ical parameters obtained by Tafel extrapolation are listed in Table 2. From Phase I to Phase
II, Ecorr shifted negatively from −330 ± 11 mV to −377 ± 9 mV and Icorr increased from
3.1 ± 0.5 µA cm−2 to 8.8 ± 1.2 µA cm−2, indicating that the artificial corrosion treatment accel-
erated the corrosion of the samples. After cleaning (Phase II to Phase III), Ecorr shifted positively
to −225 ± 5 mV and Icorr decreased markedly to 1.5 ± 0.5 µA cm−2. The reduction in Icorr

indicates a decreased substrate dissolution rate in the short-term tests, suggesting that the
cleaning treatment inhibited the corrosion reaction. This improvement may arise from the
removal of the loose, chlorine-containing corrosion layer, and/or the presence of the residual
compact Cu2O layer, with a possible additional contribution from the adsorption of residual
phosphate species on the exposed substrate, which may partially block active dissolution sites;
these contributions are discussed in detail in the following EIS analysis. All remain plausible on
the present evidence, and none has been demonstrated directly.

Figure 6c–e present the EIS results for the samples at the three treatment phases. The
Nyquist plots (Figure 6c) show that all samples exhibited capacitive behaviour. The high-
frequency contribution of the R1–CPE1 pair (Phases II and III) is small and not resolved as
a distinct arc, consistent with the low R1 values; the dominant arc is therefore governed by
the Rct–CPE2 pair. The Phase II sample had the smallest capacitive loop radius, followed
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by the Phase I sample, while the Phase III sample had the largest. A larger capacitive loop
radius in the Nyquist plot indicates greater resistance to the charge transfer process and a
lower rate of interfacial electrochemical reactions. Therefore, the largest capacitive loop
radius of the Phase III sample indicates that its surface possessed the strongest charge
transfer blocking capability, which is consistent with the Tafel polarization results.

Table 2. Tafel Polarization Curve Data.

Phase Ecorr (mV vs. SCE) Icorr (µA cm−2)

I −330 ± 11 3.1 ± 0.5
II −377 ± 9 8.8 ± 1.2
III −225 ± 5 1.5 ± 0.5

Values are the mean ± SD of three parallel specimens.

Equivalent circuit fitting of the EIS curves was performed using ZView software, with
the equivalent circuit model shown in Figure 6f, and the fitted electrochemical parameters
are listed in Table 3. In this model, Rs represents the solution resistance; R1 is an empirical
resistance element associated with ionic transport within residual surface layers; CPE (constant
phase element) represents the capacitive behaviour, where CPE1 can represent the response of
a residual surface layer; Rct is the interfacial charge transfer resistance, reflecting the corrosion
susceptibility of the metal sample; and CPE2 can be considered as the double-layer capacitance
of the interfacial region. For Phase I (bare substrate without a corrosion-product layer), the
simpler circuit without R1 and CPE1 was used, because no surface-film element is expected on
the as-prepared metal; the comparison of Rct values obtained with different circuit models is
therefore semi-quantitative. The R1 values for Phases II and III (0.07 and 0.23 Ω·cm2) are small
in magnitude and are therefore retained as empirical elements. The interfacial charge transfer
resistance Rct follows the order Phase II < Phase I < Phase III (427, 1264 and 3618 Ω·cm2,
respectively), with the value for Phase III markedly higher than those of the other two phases.
A larger Rct value indicates more pronounced hindrance to the charge transfer process on the
metal surface, thereby effectively reducing the corrosion reaction rate. Within the short-term
measurement window of this work (1 h immersion), these results indicate that the cleaned
surface exhibits improved corrosion behaviour; whether this reflects a genuine long-term
improvement in corrosion resistance requires longer-term monitoring, which is beyond the
scope of the present study. The substantial increase in Rct and the decrease in Icorr suggest
that the cleaning process removes the active, chlorine-rich corrosion products and leaves
a more resistive surface. One possible contributing mechanism is that residual phosphate
species adsorb onto the exposed copper substrate and form a thin layer that partially blocks
active dissolution sites and retards charge transfer; alternatively, the residual compact Cu2O
layer may account for the increased Rct. Surface-sensitive characterization would be required
to distinguish these contributions.

Table 3. Equivalent Circuit Parameter Data.

Sample Rs
(Ω·cm2)

R1
(Ω·cm2)

Rct
(Ω·cm2)

CPE1
(Ω−1·sn·cm−2) n1

CPE2
(Ω−1·sn·cm−2) n2

χ2

(×10−4)

I 1.61 ± 0.09
(2.4%) / 1264 ± 110

(4.4%) / / 0.017 ± 0.002
(5.8%)

0.78 ± 0.02
(1.1%) 3.2

II 1.54 ± 0.17
(3.9%)

0.07 ± 0.03
(14%)

427 ± 74
(7.1%)

0.006 ± 0.0008
(11%)

0.68 ± 0.05
(7%)

0.078 ± 0.011
(6.5%)

0.73 ± 0.04
(2.3%) 4.6

III 1.77 ± 0.06
(3.2%)

0.23 ± 0.07
(18%)

3618 ± 620
(5.6%)

0.005 ± 0.0007
(8%)

0.79 ± 0.03
(1.9%)

0.032 ± 0.004
(3.2%)

0.81 ± 0.02
(1.4%) 2.1

Rs, R1, Rct, CPE and n values are the mean ± SD of three parallel specimens; numbers in parentheses
are the relative fitting errors (%) of the individual parameters as output by ZView; χ2 values are the
goodness-of-fit of the representative fits shown.
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The CPE parameters were not converted into effective capacitances or equivalent
thicknesses in this work, because the different circuit models used for the three phases
and the uncertainty in the CPE parameters preclude a reliable quantitative comparison.
Qualitatively, the markedly higher capacitance associated with CPE2 of the corroded Phase
II sample and its decrease after cleaning are consistent with the removal of the loose, porous
outer corrosion layer.

4. Proposed Cleaning Mechanism
In corrosive environments, various copper corrosion products form on the bronze

substrate surface. Among them, nantokite (CuCl), which forms at the metal/corrosion-layer
interface, can hydrolyse in the presence of moisture and oxygen to release chloride ions
that re-attack the metal substrate, sustaining a continuous cyclic corrosion that severely
threatens the structural integrity of the substrate [42–44]; basic copper chlorides such as
paratacamite (Cu2(OH)3Cl) accumulate as characteristic products of this cycle. These
corrosion products typically adhere to the metal surface as a porous layered structure;
they not only obscure the inscriptions and decorative patterns on the copper coin surface
but may also continuously participate in the corrosion reaction, thereby accelerating the
degradation of the bronze substrate. Therefore, it is necessary to effectively remove these
corrosion products during the cleaning process while avoiding the excessive corrosion of
the metal substrate.

Ammonium polyphosphate (APP), as the core component of the composite cleaning
solution, undergoes dissolution and partial hydrolysis in aqueous solution, generating
phosphate species; these species include orthophosphate, pyrophosphate and oligomeric
polyphosphate anions. The pyrophosphate and oligomeric polyphosphate anions can
coordinate with Cu2+ released from the copper corrosion products and form water-soluble
complexes [45], whereas orthophosphate tends to precipitate sparingly soluble Cu3(PO4)2,
which may contribute to the residual surface layer discussed in Section 4.2. Consistently,
phosphate ions have been shown to inhibit the corrosion of copper and copper alloys in
chloride-bearing waters through the formation of phosphate-containing surface species [46].
Specifically, the phosphate species can undergo complexation reactions with Cu2+ to gener-
ate water-soluble copper phosphate complexes:

Cu2+ + 2[PnO3n+1](2n+2)−→[Cu(PnO3n+1)2](2n+2)− (4)

The stoichiometry and charge balance of Equation (4) depend on the chain length
of the polyphosphate anion. For the pyrophosphate anion (n = 2), the reaction is
Cu2+ + 2P2O7

4− → [Cu(P2O7)2]6−; for oligomeric polyphosphates (2 ≤ n < 20), it follows
the general scheme Cu2+ + 2[PnO3n+1](n+2)− → [Cu(PnO3n+1)2](2n+2)−. Stability constants
of Cu2+–pyrophosphate complexes have been determined under various conditions; for
example, a cumulative formation constant of log β2 = 8.87 has been reported for Cu2+ +
2P2O7

4− ⇌ [Cu(P2O7)2]6− in tetramethylammonium nitrate medium (µ = 1.0) at 25 ◦C [47].
Owing to their negatively charged, hydrophilic nature, these complexes are readily dis-
persed in aqueous solution and transported away from the copper substrate surface during
the elution process, contributing to the efficient removal of the corrosion layer.

2CuCl + H2O → Cu2O + 2H+ + 2Cl− (5)

It should be noted that the working solution is near-neutral: the measured pH of the fresh
solution (4 wt% APP, 4 wt% boric acid, 0.5 vol% OP-10) was 6.88, and it decreased only slightly
to 6.84 after the standard 30 min treatment, i.e., a drift of ≈0.04 pH units (Section 3.2.2; the pH
measurements, including the calibration record, single-component values, and the titration
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curve, are detailed in the Supplementary Materials, Tables S1 and S2 and Figure S4). Boric acid
(pKa 9.24) is largely undissociated at this pH and contributes little to the buffering; the pH is
governed mainly by the phosphate buffer system of the APP (pKa2 ≈ 7.2), as confirmed by
the titration curve of the working solution (Figure S4), which exhibits a broad buffer plateau
(pH 6.84 → 4.87 within 0–20 mL of 1 mol/L HNO3) and an end-point at ≈26 mL. The small
residual drift is attributed to the slow hydrolysis of the short-chain polyphosphate, which
releases H+, and to the release of H+ in the hydrolysis of nantokite (Equation (5)). Because
the magnitude of the drift depends on the solution-volume-to-artefact-surface-area ratio, all
cleaning tests in this work were performed at a fixed ratio of ~14.3 mL/cm2 (100 mL per
specimen, Section 2.2.2), and this ratio should be specified when the formulation is applied in
practice (Section 4.2).

Regarding the marked increase in removal efficiency upon boric acid addition
(66% → 93%; Section 3.2.2), the present data show that this effect cannot be attributed
to the modest pH shift alone (≈0.6 pH units at 4 wt% boric acid). Although boric acid
(pKa 9.24) is largely undissociated at pH ≈ 6.9 and exerts little direct buffering, its ad-
dition progressively lowered the solution pH (7.48 → 6.06) and may thereby shift the
speciation of the polyphosphate system: a modest pH decrease promotes the hydrolysis of
short-chain polyphosphates towards shorter-chain species such as pyrophosphate, which
form complexes with Cu2+ of higher stability, and the possible formation of B–O–P species
may reduce the free orthophosphate available to precipitate sparingly soluble Cu3(PO4)2,
favouring the sustained dissolution of the corrosion products. These interpretations remain
hypotheses; distinguishing them would require direct speciation measurements (e.g., 31P
NMR), which are listed as future work.

The nonionic surfactant OP-10 contains both hydrophilic and hydrophobic groups
and exhibits typical amphiphilicity. This structural characteristic can significantly reduce
the interfacial tension between the cleaning solution and the corrosion layer on the copper
coin surface, allowing the solution to spread more easily on the hydrophobic corrosion
layer and to penetrate inward along its microcracks and pores. Because OP-10 is a nonionic
octylphenol ethoxylate (APEO), its possible residual adsorption on the artefact surface, the
rinsing requirements, and its environmental and regulatory profile deserve consideration;
these aspects are discussed in Section 4.1. After cleaning, the exposed active sites on the
copper substrate surface may promote the interfacial adsorption of residual phosphate
species from the solution. It is plausible that phosphate species coordinate with Cu atoms
or trace amounts of Cu+/Cu2+ on the substrate surface, leading to the formation of a
phosphate-containing surface layer. A proposed mechanism is that the P–O groups on
phosphate chains form coordination bonds with the vacant orbitals of surface Cu atoms,
and multiple coordination sites act simultaneously to stabilize adsorbed phosphate species
on the substrate. However, the continuity, thickness, and chemical structure of this surface
layer remain to be directly characterized by surface-sensitive techniques such as XPS or
FTIR, and the possibility that the improved corrosion behaviour arises primarily from the
removal of active chloride-containing phases, or from the residual compact Cu2O layer,
rather than from a continuous conversion film, cannot be excluded (Figure 7).
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Figure 7. Schematic illustration of the proposed cleaning mechanism of the APP–boric acid–OP-10
composite system: (a) dissolution/complexation of the corrosion products and elution of the soluble
complexes; (b) residual adsorption stage. The adsorption stage in (b) is a hypothesis that has not
been directly characterized.

4.1. Safety, Environmental and Regulatory Considerations

OP-10 is an octylphenol ethoxylate (APEO). APEOs are subject to restriction within
the European Union, and 4-tert-octylphenol is included in the Candidate List of Substances
of Very High Concern (SVHC) owing to its endocrine-disrupting properties. Boric acid at
4 wt% is classified H360FD (may damage fertility; may damage the unborn child) and is
likewise included in the SVHC Candidate List. For a formulation intended for heritage
conservation applications, the following aspects must therefore be considered in any real
application: (i) the rinsing efficacy after cleaning and the possible residual adsorption of
OP-10 on the bronze surface; (ii) the long-term fate of residual phosphate and borate species
within the artefact porosity, including the possible hydrolysis of condensed phosphates
to orthophosphate with the attendant risk of biological colonization; (iii) the disposal of
phosphate-rich effluents in accordance with local regulations; and (iv) occupational hygiene
during manual handling and operation of heated baths. Where a conservation laboratory
requires a more favorable regulatory profile, OP-10 could be replaced by alternative non-
ionic surfactants such as alkyl polyglucosides, fatty alcohol ethoxylates or polysorbates;
such substitutions were not tested in the present work.

4.2. Limitations and Applicability

Several limitations of the present study should be acknowledged. First, the experi-
ments were performed exclusively on commercially available imitation coins; no genuine
archaeological object was treated, and the corrosion stratigraphy produced by the acceler-
ated protocol (chloride phases in the outer layer) differs from that of many archaeological
bronzes, in which nantokite typically forms beneath the compact cuprite layer. Because the
proposed treatment removes the outer layer and preserves the inner one, on real artefacts it
may leave in place the chlorides responsible for bronze disease; its application to archaeo-
logical objects therefore requires case-by-case evaluation, and the conclusions drawn here
pertain to simulated specimens. Second, the substrate-preservation assessment is based on
gravimetric and microscopic evidence; quantitative determination of the Cu, Sn and Pb
released into the cleaning solution was not performed. Third, the nature, continuity and
thickness of any residual phosphate-containing layer remain uncharacterized. Fourth, the
electrochemical evaluation reflects short-term behaviour and does not constitute an assess-
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ment of long-term corrosion resistance. Finally, the regulatory profile of the components
must be considered before any operational use.

5. Conclusions
This study developed a ternary composite cleaning system composed of 4 wt% APP,

4 wt% boric acid and 0.5 vol% OP-10 for the removal of corrosion products from simulated
bronze surfaces. Under mild conditions, the system removed loose chlorine-containing
corrosion products such as paratacamite, preserved the well-adherent compact inner layer,
and controlled the colour change within an acceptable range. The proposed mechanism
involves three coordinated steps: OP-10 reduces the interfacial tension to enhance the
wetting and penetration of the solution into the porous corrosion layer; boric acid modu-
lates the working solution to a near-neutral pH; and phosphate species generated by the
dissolution and hydrolysis of APP form water-soluble complexes with Cu2+, continuously
withdrawing dissolved copper ions from the reaction interface and thereby shifting the
dissolution equilibrium of the corrosion products forward. In short-term electrochemical
tests, the cleaned surface exhibited improved corrosion behaviour, with an increased Rct
and a decreased Icorr relative to the corroded state. This improvement may arise from the
removal of active chlorine-containing corrosion products and/or the presence of a residual
compact Cu2O layer, while the possible adsorption of residual phosphate species could
also contribute; these contributions could not be fully distinguished on the basis of the
present data. The proposed phosphate-related mechanism therefore remains a hypothesis
pending direct surface characterization. This work provides a simple chemical route for
the mild cleaning of corroded bronze surfaces on simulated specimens and demonstrates
the potential of polyphosphate-based systems for enhancing the post-cleaning corrosion
behaviour of copper alloys.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings16101196/s1. Figure S1: Certificate of Analysis (CoA) of
the ammonium polyphosphate (APP) supplied by Shanghai Macklin Biochemical Technology Co., Ltd.
(Product No. AB75114-100g; CAS 68334-23-1; inspection date 1 April 2026); Figure S2: XRD pattern
of the APP product (short-chain, crystalline form I); Figure S3: Characterization of the 4 wt% APP
aqueous solution. (a,b) Dissolution test; (c) Centrifugation stability test; Figure S4: Potentiometric
titration curve of the working solution; Table S1: pH meter calibration record (three-point calibration,
4.01/7.00/9.21; slope 97.8%); Table S2: Measured pH values of the freshly prepared solutions (20 ◦C);
Table S3: Potentiometric titration records for the determination of chloride released into the working
solution after the standard 30 min cleaning treatment.
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