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Abstract

Isfahan, the capital of Iran during the Safavid period (1501-1736 CE), houses the Ali Qapu Palace. It was constructed
during the Safavid period to be used as the royal court and a place for settling the affairs of the country. The palace
was built in five stages; the final stage was the porch which contains a pool at its centre. The perimeter of the pool
is made of white marble, the floor and walls are covered with metal sheets to which the marble is attached. Today,
the dry pool is exposed to the urban environment of the metropolis of Isfahan. This study investigates the composi-
tion and the corrosion mechanism of the pool using optical microscopy, ICP-OES, SEM-EDS and X-ray diffraction
techniques. The results show that the pool’s cover is made of a large number of sheets of copper joined together by
copper and lead nails. The forging (cold-working and annealing) method was used to form the sheets. The corrosion
products formed on the surface of the copper sheets are copper oxide and copper trihydroxychlorides. The mecha-
nism of corrosion in the metal pool, including copper oxidation, is due to the formation of copper (Il) compounds
resulting from the reaction with Cl-contaminated airborne particulate matters (dust).
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Introduction

Atmospheric corrosion may cause the serious deteriora-
tion of historical metal artefacts and monuments. Ana-
lysing the corrosion products, providing the authenticity
of the object and the corrosion factors that have changed
its condition, can be helpful in decision making [1].
Hence, identifying and controlling the environmental
conditions which result in corrosion is crucial. The rate
of corrosion is affected by various factors including rela-
tive humidity (RH), particulate matter (PM) and gaseous
pollutants such as sulphur dioxide and carbon dioxide,
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which significantly accelerate corrosion [1, 2]. When an
artefact is exposed to the atmosphere, depending on the
environment, several layers of corrosion products may
form across the surface [1, 3]. This process may have a
destructive impact on the surface of the artefacts. Hence,
there is a need to take comprehensive action to protect
artefacts as part of our cultural heritage [4—6]. While the
corrosion and conservation of cultural heritage metal-
works in atmospheric environments has been well stud-
ied in many countries (e.g., [7-12]), scant research has
been conducted in this field in Iran [13]. Considerable
worldwide research has focused on the corrosion and
conservation of copper and its alloys (particularly tin
bronze and brass):

A) Laboratory studies that determine the mechanism
and morphology of corrosion in urban, rural, and
marine environments (e.g., [13-21]);
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B) Studies that evaluate and estimate the corrosion
reactions and rate of copper alloys in simulated con-
ditions (e.g., [22—-24]);

C) Studies that apply novel analytical methods to the
study of atmospheric corrosion and conservation
(e.g., [25-28]);

The aim of this study is to understand the corrosion
mechanism and conditions required to conserve the Ali
Qapu metal pool and to provide guidelines to the con-
servators who will implement an effective conservation
strategy.

Historical background

Isfahan became the capital of Persia (Iran) for the sec-
ond time in its history during the Safavid dynasty, which
ruled Iran for 235 years (907-1148 AH/1501-1736 CE)
[29]. The Ali Qapu Palace, which is now an important
historical monument, is located in the Nagsh-e Jahan
Square World Heritage Site in Isfahan [29, 30]. The his-
torical monuments of Nagsh-e Jahan Square, including
the Ali Qapu Palace, were constructed between 1598 and
1629 CE by Shah Abbas I and the other Safavid kings. It
was the tallest habitable building of the Safavid dynasty,
and the roof of the palace offers a panoramic view of the
city. The construction of the Nagsh-e Jahan Square took
place over several decades and during the reign of sev-
eral important Safavid kings [31]. The palace is located at
the west side of Nagsh-e Jahan Square, in front of Sheikh
Lotfollah Mosque (Fig. 1a). The palace is about forty-
eight metres high and comprises six floors. This build-
ing was constructed in five stages, where a section was
added in each stage to make it look modern (Fig. 1b). The
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entrance was built first, the second stage expanded the
building’s footprint, the third stage was the last floor con-
struction, followed by the east ledge, and the final stage
was to cover the hall and the southern staircase.

A few further floors were added to the building over
time, mainly during the reign of Shah Abbas I. Later, dur-
ing the reign of Shah Abbas II, a columned porch was
added to the east side of the residential rooms, and it was
constructed over a span of 70 years. This large porch has
eighteen wooden columns founded on stone bases. It is
covered with a wooden ceiling which is decorated with
paintings. In the middle of this porch, there is a beauti-
ful marble pool, which has eight sides, and its surface is
covered with numerous metal sheets as the floor of the
pool [31-33].

This study focuses on the rectangular-shaped metal
pool (6.6 m in length; 4.33 m wide and the depth of the
pool is 0.38 m) which is bevelled in one corner (Figs. 1c, 2
and 3). The pool is not in use now and is empty for many
years. It has been constructed and added to the porch
at the Safavid period. The pool is surrounded by marble
blocks and the floor of the pool is made of 76 small and
large metal sheets which are either rectangular or circu-
lar. The walls of the pool are made of rectangular sheets
which are not uniform in size and are joined together
with different-size nails. The pool has three fountains,
one in the centre, and the other two the same distance
from the centre, spread evenly across the pool. There
are two, probably, deliberate drainage holes, which are
almost rectangular, one in the corner and the other in one
side of the pool. Engraved writing is visible on five of the
metal sheets; three are engraved with inscriptions, one
with inscription and a signature, and one with a signature

Palace from eastern view, ¢ Plan of the porch of the Ali Qapu Palace showing the location of the pool on the centre of the porch [33]
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Fig. 2 The metal pool of Ali Qapu Palace, the writing boards labelled from A to E referring to the weights of the sheets. A“of 15 sheets 122.250 kg,
Bof 13 sheets 92.625 kg, C“of 27 sheets 108 kg, D “of 24 sheets 144.750 kg, E a personal signature probably from the metalworker or copper trader

only (Fig. 2). The translation of four inscriptions are as
follow while the E is a personal signature, probably from
the metalworker or copper trader:

Inscription A: “of fifteen sheets 122.250 kg”

Inscription B: “of thirteen sheets 92.625 kg”

Inscription C: “of twenty-seven sheets 108 kg”

Inscription D: “of twenty-four sheets 144.750 kg”

A uniform black-brown patina covers the pool showing
the long-term corrosion/oxidation in the urban environ-
ment of Isfahan. Conservators have observed the level of
corrosion is increasing, hence we effort to identify the
corrosion mechanism.

Materials and methods

To study the corrosion mechanisms and conservation
conditions for the pool, on-site observations and labo-
ratory analysis of collected samples were undertaken.
Firstly, the metal corrosion on the sheets was observed
in-situ using a digital portable stereomicroscope. Then,
five samples from different parts of the pool were col-
lected; two samples were cut from the edges of the floor
and wall sheets (AQ-01 and AQ-02), a sample from a nail
was taken from floor (AQ-03), and two samples were
collected from the corrosion layers of the sheet surface

(AQ-04 and AQ-05). Details of the samples are provided,
and the sampling locations are shown in Table 1 and
Fig. 3.

Three metal samples (AQ-01, AQ-02 and AQ-03) were
cut into two parts. Corrosion layers were removed from
one part of each sample by dissolution in aqua regia, and
before the alloy composition was measured by induc-
tively coupled plasma emission spectroscopy (ICP-OES)
using an Optima 7300 DV system. The second part each
sample were mounted in two-part epoxy resin (resin and
hardener), then ground with abrasive paper and finally
polished using diamond paste (3 and 1 microns). The pol-
ished cross sections were observed by scanning electron
microscopy and optical microscopy.

The metallographic cross-sections were examined opti-
cally before and after etching using an MR-11 metallographic
microscope (Ogawa Seiki company). An aqueous iron (III)
chloride etchant was used to observe the microstructure of
two samples of metal sheets, and a glacial acetic acid was
used to etch the nail sample [34].

The SEM-EDS analyses and observations were per-
formed on the cross sections under high vacuum
using an FESEM instrument model MIRA3 field emis-
sion scanning electron microscope manufactured by



Raoufifar and Oudbashi Heritage Science

(2023) 11:138

Page 4 of 17

Fig. 3 Technical drawing and details of the metal sheets of the pool of the Ali Qapu Palace and marked places of sampling for analytical works

Table 1 Characteristics of five samples collected from the metal pool of the Ali Qapu Palace, including the samples’type and place of

sampling

Sample Sample’s type Place of sampling

AQ-01 Metal sheet Edge of a metal sheet in the floor of the pool
AQ-02 Metal sheet Edge of a metal sheet in the side wall of the pool
AQ-03 Metal nail Edge of a metal nail in the sheet from the floor
AQ-04 Corrosion products Corrosion layer in the floor of the pool

AQ-05 Corrosion products Corrosion layer in the side wall of the pool

TESCAN, with a backscattered electron detector (BSE)
and an energy dispersive X-ray spectrometer (EDS)
(RONTEC, Germany and QUANTAX (QX2)). X-ray
analysis was conducted with an accelerating voltage of
15 kV in high vacuum, with a beam size of 500-700 nm
and probe current of 200-600 pA. The samples were
inserted into the instrument and examined without any
preparatory procedure, such as carbon or gold coating.

Two powder samples of corrosion products (AQ-
04 and AQ-05) were analysed by X-ray diffrac-
tion method with an X-ray diffractometer model D8
ADVANCE manufactured by the Bruker AXS Company
to detect the phase composition of the corrosion layers
on the surface of the nail and metal sheets.

Results

Microscopic images

Low-magnification microscopic images (Fig. 4) show
that the entire surface of the metal sheets of the Ali
Qapu pool has been covered almost evenly with a
black-brown smooth patina. In some parts, the corro-
sion products are observable in the form of light and
dark green powders accompanied with a large mass of
soil contaminations. Despite the patina, the metallic
constituent can be observed in some of these sheets;
earth-coloured pollen is scattered and accumulated in
powder form, as shown in Fig. 4.
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Fig. 4 Low-magnification stereomicroscopic images from the surface details of the metal sheets, magnification 10x; a) the black-brown
smooth patina; b) the metallic constituent visible in the inscription parts; ¢) the mass of contaminations; d) the green corrosion layer and a large

crack in the structure of one metal sheet.

ICP-OES analysis

The results of ICP-OES analysis are provided in Table 2.
The results show leaded copper has been used in the two
samples of metal sheets used for the construction of pool.
The main elements in all the samples are copper and lead,
98 and 1.5 wt.% respectively, and other elements were
detected in trace amounts such as Sn, Ni, Al, Fe, K, Na,
As and Sb.

The results of the alloy composition analysis of a nail
(AQ-03) from the pool is also presented in Table 2. It
shows that the main constituent is lead for this nail and
its purity is 94 wt.% and bismuth is detected as another

significant constituent as 3.9 wt.%. Other elements were
detected in trace amounts such as Cu, Sn, Al, Si, Fe, As,
Zn and Ag.

Metallography

The unetched cross section of the samples were exam-
ined using optical microscopy and SEM-EDS. The
microscopic observation of the copper sheets revealed
the existence of very small holes on the microstructure
of samples and the presence of a number of grey phases
(Fig. 5). A large crack observed at the surface in the

Table 2 Results of the ICP-OES analysis of the metal samples from the pool (wt.%)

Cu Pb Sn Ca Ni Al Si Bi Fe K Na As Zn Sb Ag
AQ-01 98 1.3 0.05 0.02 0.03 - - - - 0.01 0.15 - - - -
AQ-02 98 15 0.08 0.09 0.02 0.01 - - 0.01 - 0.08 0.01 - 0.01 -
AQ-03 041 94 0.14 - - 0.15 0.32 39 0.13 - - 0.22 041 - 0.39
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Fig. 5 Metallographic images of metal samples (optical microscopy
micrograph) before etching. Microstructure of sample AQ-01 and
AQ-02 includes numerous holes

section of sample AQ-01 and smaller cracks along its
length can be seen. The cracks in this work were prob-
ably due to the pressure and fatigue caused by continu-
ous mechanical work during manufacturing the sheets.

The microscopic image before the etching of the micro-
structure of the sample AQ-03 shows the homogeneous
structure of the material. The grain size is very small, and
the distribution of the particles has formed a uniform
microstructure (Fig. 5).

Images of the microstructure of the etched cross sec-
tion in the two copper samples (AQ-01 and AQ-02) show
the presence of equi-axed grains with twin bands. It indi-
cates that a thermo-mechanical operation was performed
on cast metal to make these copper sheets (Fig. 6).
This means that copper sheets are formed by cycles of
cold-working and annealing or hot-working processes.
Straight twin bands and absence of strain lines shows that
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Fig. 6 The etched microstructure of the metal samples, including
the worked and annealed grains with twin lines indicating that
the copper sheets are shaped by cycles of the thermo-mechanical
operation and the dendritic structure showing that the metal nail
formed by casting

that annealing was used to remove stresses caused by
cold-working on the metal sheets [34, 35].

The etched microstructure of sample AQ-03 shows that
the grain size is very small and impurities, as grey inclu-
sions, are scattered in microstructure (Fig. 6). A dendritic
structure is visible in the entire matrix, caused by casting
to form this nail [34]. The presence of worked grains and
their placement is mostly at the surface of the sample,
indicates some mechanical operation after the casting.

SEM-EDS analysis of phases

The results obtained from the SEM-BSE images and
EDS semi-quantitative analysis of the cross sections are
presented in Fig. 7 and Table 3. Two samples, AQ-01
and AQ-02, have dark grey phases (points A) which
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Fig. 7 SEM-BSE micrograph of samples AQ-01, AQ-02 and AQ-03 showing the inclusions scattered in the microstructure
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Table 3 Results of SEM—-EDS analysis of some inclusions presence in the microstructure of AQ-01 and AQ-02 samples (wt.%)

Cu o Pb As Sn Sb Ag C Al S cl Fe Zn Bi
AQ-01 A 90.17 56 - - 0.26 042 0.84 - 0.09 1.04 0.06 023 0.81 048
A 66.25 23.02 413 0.61 2.00 - - - 0.30 - - 048 211 1.10
A 7242 1332 - - 0.16 0.24 0.13 1221 - - 0.03 029 1.01 0.19
B 2891 8.79 43.38 - 5.86 - - 8.79 - - - 0.38 1.25 2.64
AQ-02 A 82.26 14.74 - - 0.24 0.35 023 - 1.01 - 0.31 0.86 -
A 79.36 1831 0.71 - 0.26 0.20 0.14 - - - 0.12 0.25 0.65 -
B 3441 7.37 40.27 - 324 1041 0.00 - - - - 0.20 1.19 291
B 11.14 20.90 58.63 0.75 2.89 - - - 0.30 - 0.24 0.66 2.68 1.81

include the main elements of copper between 90.17
and 66.25 and oxygen between 23.02 and 5.6 wt.%. The
presence of oxygen in the samples indicates that there
are copper oxide inclusions.

Interestingly, lead-rich phases (40.27 to 58.63 wt.%)
are observable as bright areas (points B) in the SEM-
BSE images of both copper samples. This is because
lead is immiscible in copper, so when these elements
are in a molten state and are cooled, lead, which has
a lower melting point (327.5 C), forms globules on
the border of copper grains, which has a higher melt-
ing point (1084.5 C) [34]. It is possible that the exact
amount of lead in the samples is higher than the
amount detected by the semi-quantitative EDS tech-
nique. Despite the varied amount of lead globules in
the microstructure of samples and lead amount in the
entire composition of the sheets, it can be denoted that
this element may have been present in the original cop-
per ore from and was not added to copper for alloying
purposes [36]. Given the results, it is worth noting that
in addition to copper as the main element in the pro-
duction of the sheets, other elements such as Pb, As,
Sn, Sb, C, Al, Fe have also contributed to the creation of
these sheets, and originate from the copper ores which
were used to produce copper sheets.

The results obtained from the SEM-BSE images and
EDS semi-quantitative analysis of the sample AQ-03 are
presented in Fig. 7 and Table 4. In the dark spots (A) and
bright spots (B), the main composition is lead and its
amount varies between 93.33 and 88.59 wt.%. Oxygen

was detected between 6.64 and 1.26 wt.%. The presence
of oxygen in the samples indicates that there are also
oxide inclusions. Bismuth is also present in considerable
amounts. Other elements were detected in minor/trace
amounts in the sample (Table 4).

Corrosion stratigraphy and analysis

To identify the corrosion layers of the copper samples
(AQ-01, AQ-02), the cross sections were studied by opti-
cal microscopy before etching. The results showed that
the main surface film consists of two distinct layers,
namely the internal and external corrosion layer accord-
ing to the original surface (OS) (Fig. 8). The internal cor-
rosion layer (I) is red, formed within the metal structure,
and is a distinct, dense layer of altered metal products
formed below the OS. The external layer (II) is formed
over the OS. This external corrosion layer consists of pale
green corrosion products mixed with some small parti-
cles of pollutants.

The external and internal corrosion layers were ana-
lysed by SEM-EDS (Fig. 9 and Table 5). The results
showed that copper and oxygen are the main constituent
elements in all the corrosion layers of the copper sheets.
The amount of copper decreases from the internal layer
(I) to the external one (II). Other elements such as sul-
phur, aluminium, iron, and zinc are present in small
amounts in the chemical composition of some layers
which may have originated from environmental contami-
nations or original ore. The amount of chlorine varies

Table 4 Results of SEM-EDS analysis of inclusions in the microstructure of sample AQ-03 (wt.%)

Sample Pb o Bi S Cu As Sn Sb Ag Al Si Fe Zn

AQ-03 A 88.59 14 3.11 4.90 039 032 0.25 - 0.23 0.14 0.29 0.21 0.53
A 89.40 6.64 1.79 - 0.38 0.08 0.16 0.15 0.55 0.04 017 0.19 045
B 93.33 1.26 259 - 029 044 - 0.18 0.78 0.20 035 0.21 0.37
B 90.87 3.73 2.60 - 0.15 047 0.17 0.26 0.79 0.20 0.30 0.13 033
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Fig. 8 Microscopic images (dark-field) of corrosion layers of metal
samples showing that they consist of two distinguishable layers (I
and Il) on the surface of the metal sheets and the nail

between 0.28% and 9.31% and is different in the external
and internal layers.

Due to the general appearance of the surface exposed
to pollutants from the urban environment, layers of cor-
rosion products have formed on the surface of the effect.
Assuming that this remains in a balanced environment,
this corrosion will not change [37]. The current condition
of the samples is such that the border between the main
metal or the main surface that defines the initial shape
of the metal is completely clear and it is possible to dis-
tinguish it from the corrosion layers formed outside and
inside the structure of the samples.

In the cross section of the lead sample (AQ-03), it is
observable that much of the metal structure of the sam-
ple remains untouched and the limit of the original
surface is clearly observable (Fig. 8). A very thin red to
orange internal layer (I) is formed inside the metal struc-
ture, while the external corrosion layer (II) is white.
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SEM-EDS analysis was performed to identify the cor-
rosion layers of the AQ-03 sample (Fig. 9 and Table 6).
The results showed that lead and oxygen are the main
constituent elements. The amount of lead decreases
from the internal layer (I) to the external layer (II). The
amount of oxygen in the two external and internal lay-
ers is significant (ca. 27 and 9 wt.% respectively). Chlo-
rine (0.37%) has only been detected in external layers.
Sulphur, silicon, aluminium, and iron are also present
in small amounts in the chemical composition of both
layers, which may have originated from environmental
pollutants.

Mineralogy of corrosion layers

To identify the mineralogy of the corrosion products,
two powder samples were taken from the corrosion
layers formed in different areas of the copper sheets
and were analysed using XRD. The results showed that
different phases were formed on the copper sheets
(Fig. 10). Cuprite (Cu,O) as well as atacamite and para-
tacamite (Cu,(OH);Cl) were identified as corrosion
products in the two samples. Cuprite or cuprous oxide
is the most common corrosion product in different
environments, such as atmosphere or soil [1, 38, 39].
Its colour is usually dark brown to dark red, orange or
yellow. In many copper alloy artefacts, the main com-
position of patina is cuprite along with other copper
(II) compounds and it creates a protective coating on
the surface of the object and slows the rate of corrosion
[1, 40]. The two main isomers of copper trihydroxy-
chlorides; atacamite and paratacamite, are the main
corrosion products associated with ’bronze disease’ of
copper alloy objects [41, 42]. They appear as powdery
pale green products in copper alloy objects buried in
soil or exposed to chlorine-rich seawater. Copper is
detected in the corrosion layers, indicating that some
metallic copper is sampled from the corrosion layers
during scraping the corrosion samples. Other phases
identified in the XRD analysis include compounds com-
monly found in soil consisting of calcite, quartz, and
gypsum. This shows that the external corrosion layer
is associated with particulate matters deposited on the
surface of the pool.

Taking into consideration the data obtained from the
analysis of the corrosion layers and the microscopic
and chemical analysis of the corrosion layer of the cop-
per sheets, it can be concluded that copper content is
decreased in the internal patina in comparison with the
sound metal showing that corrosion mechanism in the
pool is the dissolution of copper. This has been ampli-
fied by the reaction of dissolved copper with chlorine
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Fig. 9 SEM-BSE micrograph of corrosion layers in metal samples; two internal and external layers (layers | and Il) are visible
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Table 5 SEM-EDS analysis results of different internal (1) and external (1) corrosion layers of two copper samples (wt.%)

Sample Cu (o} Cl Pb As Sn Sb Ag S Fe Al Zn Bi
AQ-01 | 88.38 731 0.13 - 042 0.55 0.58 0.37 0.19 042 035 0.81 049

| 68.95 2141 0.28 19 0.61 0.74 143 0.88 0.17 0.79 0.23 2.64 -

Il 64.25 2298 1.52 - 0.53 5.65 032 041 1.36 0.37 - 1.97 -
AQ-02 I 80.01 12.06 1.04 - - 5.04 0.21 0.14 - 0.29 - 1.21 -

I 80.01 16.76 0.1 - - 1.95 - 0.24 - 0.2 - 0.74 -

I 69.32 18.18 9.31 - - 041 0.79 043 046 0.29 0.12 0.69 -

I 34.54 31.19 0.28 1.61 0.59 294 - 0.36 - 047 0.75 0.81 -

Il 26.21 2.72 0.33 - 033 67.98 - 0.58 0.18 0.29 0.53 0.85

Table 6 SEM-EDS analysis results of the from different internal (I) and external (Il) corrosion layers of athe lead nail (wt.%)

Sample Pb Cu o Cl As Sn Sb Ag Si S Fe Al Zn Bi
AQ-03 I 85.82 0.50 9.62 - - - 0.97 043 0.17 - 0.14 0.04 0.77 1.54
I 79.69 1.96 8.50 - - - 258 - 225 2.06 1.15 - 1.81 -
I 51.01 0.54 27.84 0.27 8.11 - 3.56 0.20 542 043 1.09 0.05 0.34 1.14
Il 40.06 0.44 26.53 037 1031 043 4.76 0.60 1042 143 0.29 0.82 0.64 290
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Fig. 10 X-ray diffractogram of samples AQ-04 and AQ-05 showing presence of different types of copper corrosion products and soil
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and re-deposition of copper trihydroxychlorides on top
of the original surface.

Discussion

Corrosion mechanism of the pool

Isfahan is one of the largest industrial cities in Iran and
its air contains CO,, CO, dust, O;, N,, NH;, NO,, SH,,
formaldehyde, lead as well as different particulate mat-
ters (PM) [43, 44]. The results indicate the corrosion
layers are formed due to exposure of the pool to the
urban environment of Isfahan. It is important to know
the composition of the environmental pollutants and
the degree of climate change to determine the extent of
metal corrosion in the open air. Meteorological char-
acteristics also affect air pollution factors that cause
metal corrosion. Temperature affects the corrosion of
metals which are located outdoors. As the tempera-
ture rises, the rate of corrosion increases. The pool is
exposed to sunlight and a layer of cuprite is formed in
the presence of oxygen. This layer is homogenous and
self-healing and acts as a barrier to the metal against
subsequent corrosive attacks [45].

The severity and mechanism of the corrosion that has
formed in the copper pool due to its exposure to the
environment occurs in the first stage of the direct reac-
tion product of copper with the oxygen in the air. This
product is a result of the simple mechanism of copper
oxidation to form cuprite and is observable as the inter-
nal patina. With the transfer of electrons from Cu'* to
Cu**, ion conduction occurs in this layer and copper
migration occurs between the surface layers and oxi-
dation occurs. Furthermore, the dissolution of copper
causes the formation of copper ions [46, 47]. The fol-
lowing equations may be the mechanism of corrosion
that occurred in the 1 copper sheets:

4Cu + Oy — 2Cu0O

2Cu — 2Cu*T + 4e”

Moisture is a key factor that hydrolyses monova-
lent copper chloride (nantokite) and creates hydro-
chloric acid in the presence of chloride ions, leading
to formation of basic copper chlorides (atacamite and
paratacamite) which is pale green in colour and has a
powdery texture. Since the initial hydrolysis is a revers-
ible reaction, unless its progress is prevented, metal
corrosion will continue and increase. Fig. 11a shows
the maximum and minimum average temperature
from 2000 to 2019 in the city of Isfahan and Fig. 11b
shows that relative humidity (RH) in the Isfahan prov-
ince from 2000 to 2019 decreased in the colder months.
Hence, the lowest relative humidity occurs in July and
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the highest relative humidity occurs in December.
There has been a decrease in relative humidity over the
last two decades. In a situation where dry and wet cor-
rosion alternates or insoluble corrosion products are
formed on the surface of the metal, this event becomes
metal again by absorbing moisture in the dry cycle and
rewetting and increases the rate of corrosion. The for-
mation of the patina on copper are examples of atmos-
pheric wet or dry corrosion.

When copper ions react with chloride, it turns into
copper chloride (nantokite) and changes to one of the
copper trihydroxychlorides in the presence of high rela-
tive humidity and oxygen. This compound forms iso-
mers such as atacamite, paratacamite and botallackite

[1]:
2Cut + 2C1° — 2CuCl

2CuCl + H,O — CuyO + 2H™ + 2CI™

4CuCl + Oy + 4H,0
— 2Cuy (OH)3 Cl + 2HT + 2CI-

6CuCl + 11202 + 3Hy0
— 2Cuy (OH)3 Cl + 2Cu*™ + 4Cl™

The presence of sulphur dioxide in the open air acceler-
ates the corrosion of metals, although the initial reactions
of copper are quite complex and depend on the rela-
tive humidity and concentration of sulphur dioxide. For
example, sulphur compounds that are not oxidized may
react with the metal surface and produce sulphurs, some
of which are oxidized to sulphates and accelerate the rate
of corrosion. Sulphur compounds can be obtained in aer-
osols and particles. Also, sulphur dioxide is absorbed by
the surfaces of particles, including salts and metal oxides
in the air masses along with dust, and is placed on the
surface and turns into H,SO,,.

The following equation shows the change in copper sul-
phates and transformation to copper trihydroxychlorides
at the presence of chloride ions and low concentrations
of SO, [48]:

Cutg (OH)¢SO4 + 2C1~ ™28 2Cuy (OH), CI + SO

The corrosion layers formed in the copper sheets of the
pool are comparable with the corrosion layers observed
in the metal dome of Hafez’s tomb in Shiraz, another
metropolis in southern Iran [13] where an external cor-
rosion layer including basic copper chlorides is present,
and the internal corrosion layer also contains a very
thin dark layer of cuprite with visible cracks. In fact, it
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shows that the corrosion mechanism occurred in both
monuments is similar and influenced with particulate
matters contamination.

For the lead nail, the corrosion mechanism begins
when lead oxide forms on the surface. In response to car-
bon dioxide in the air, the lead oxide is then converted
to plumbonacrite (Pb;O(OH),(CO;);) and hydrocerussite
(Pb;0(OH),(CO5),) [49, 50].

In atmospheres like Isfahan’s which contain sulphur
oxide from industrial pollution, the order of the forma-
tion of lead corrosion products (patina) is lead oxide—
lead carbonate—natural lead carbonate—natural lead
sulphide—natural lead sulphate [50, 52]. Lead reacts
to gases in the atmosphere such as NO,, SO,, CO, and
vapours of carboxylic acids [51, 52]. Outdoor lead cor-
rosion produces anglesite (PbSO,) or cerussite (PbCO,)
[53]. However, we did not observed these corrosion
products.

Finally, Isfahan is known to experience significant
dust storms [54—56] which may have contributed to the
observed corrosion. Dust storms have a detrimental
effect on metal surfaces because the dust has the ability
to absorb moisture and residual acids and keeping the
corrosive layer in contact with the metal surface. With
the seasonal investigation of the phenomenon of dust
as one of the effective factors in connection with met-
alworks placed in the outdoor environment, for Isfahan
station in the statistical period of 2000-2019, as shown
in Fig. 11c. it indicates that the highest concentration of
particulate matters in spring due to the increase in day-
light hours, surface heating and environmental instabil-
ity, as well as human factors [57, 58]. Dust storms have a
detrimental effect on metal surfaces and cause corrosion
because dust has the ability to hold moisture and residual
acids and therefore dust particles damage the metal by
sticking to the surface and absorbing water.

As an instance, study of effect of environmental con-
ditions and corrosive factors on the corrosion and dete-
rioration of different materials including copper alloys in
Athens, Greece, shows interesting aspects that could be
comparative with this study. In one study, in the frame
of the European project, entitled MULTI-ASSESS, speci-
mens of structural metals (iron, copper, bronze and zinc),
glass, stone and concrete materials were exposed to air
pollution at a station, which was installed for this pur-
pose on a building, located in the centre of Athens. The
main purpose of this project was to determine the cor-
rosion and soiling effects of air pollution on materials. A
set of the specimens was exposed in a position that was
sheltered from rain and partly from wind, and another
set was exposed in unsheltered positions on the roof of
the above said building. In addition, other specimens
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were exposed at different heights on the same building,
in order to investigate for the first time, the corrosion and
soiling effects on various materials as a function of height.
For the determination of these effects, chemical analysis
of the specimens was performed and basic parameters
as the weight change, the layer thickness and the optical
properties were calculated. The most water-soluble ani-
ons formed on the surface of copper and bronze speci-
mens were sulphate and chloride [59]. In another study,
in the frame of the same project, MULTI-ASSESS, to
determine these effects and to develop dose—response
functions appropriate for the new multi-pollutant envi-
ronment. The University of Athens participated in this
effort as a targeted field exposure test site. In this study,
the measurements of the passive samplers, which were
exposed during the same period with the samples for
corrosion studies, at the Athens station, are presented.
The results have shown that only 16.5% of the deposited
mass was water soluble. The vertical distribution of pas-
sive particle collectors has led to the conclusion that the
height of maximum deposition of each ion is different.
In addition, a variation of the water-soluble mass to total
deposited mass between 8 and 31% was observed includ-
ing sulphates, chlorides and nitrates [60]. These copper
corrosion products are formed at the surface of the metal
coupons due to presence of the air pollutants and humid-
ity at the surface of metal, leading to corrosion of copper
in different contents.

The current study tried to show the effect of the mod-
ern climate change and industrialization on the cultural
heritage monuments in the city of Isfahan. As mentioned
above, the number of dust storm and concentration of
particulates increased during the last decade in the mid-
dle east and by nature, in Isfahan [55, 61]. Application of
satellite images and numerical models in the study of the
sources and routes of the dusts in the Isfahan province
shows the increasing this phenomenon in the region dur-
ing the last decades [62]. In fact, these kinds of analyti-
cal and filed study on the effect of environmental effects
and climate changes on the cultural heritage is in accord-
ance with the Sustainable Development Goals-UN 2030
agenda, in which “take urgent action to combat climate
change and its impacts” is mentioned [63]. Accordingly,
the effect of climate changes is apparently observable in
different aspects of our life in the recent years, and the
cultural heritage monuments and objects are affected
seriously due to their sensitivity and conditions after
long-term decay in different environments and it was
observed in different scientific studies undertaken in this
field [64—67]. Consequently, these case studies could help
conservators and heritage scientists to understand dif-
ferent aspects of climate change and air pollution on the
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durability and decay mechanism in the cultural heritage
monuments.

Conservation plan for the pool

As particulate matter (PM) or dust and relative humid-
ity are the main cause of bronze disease in the Ali Qapu
Palace pool, the necessary measures should be taken to
clean the surface of copper sheets and remove the layer
of solid contaminated pollutants. This layer is contami-
nated with chlorine, and in conjunction with high RH, it
may cause persistent bronze disease. Also, the dust layer
is formed of particulate matters and sometimes is thick
and very hygroscopic [68]. Not only can this layer main-
tain a high humidity level on the metal sheets’ surface,
but its results in a dirty appearance for the pool.

Since cuprite patina has prevented copper oxidation,
the use of artificial coatings on the pool surfaces is not
necessary, although application of organic coatings was
suggested as a protective method in recent years [69-71].
There should also be a periodic monitoring program to
observe and evaluate the condition of the pool protec-
tion. The streaks of bright green corrosion products and
the presence of sediments not only damage the stability
of the copper sheets but also the appearance and creates
many problems for the conservators to clean the surface
from contaminations. Such monuments often need to be
cleaned by using different cleaning methods and materi-
als [1, 3, 72]. The purpose of cleansing should be the least
possible and consistent with the aesthetic goals along
with the suggestion. Finally, to protect and restore the
pool, an effective maintenance program including peri-
odic monitoring and cleaning the surface of the pool (a
housekeeping plan) is required after the implementation
of the protection treatment steps. Cleaning should be
done periodically to prevent re-contamination of the sur-
face of the copper sheets.

Conclusion

The metal pool of the Ali Qapu Palace in Isfahan, is
exposed to the urban environment and is corroded in
long-term exposure to the corrosive factors and pol-
lutants. This study has shown that the metal sheets are
low-leaded copper, which are indicative of Iranian met-
alworkers using traditional methods to form the sheets.
The corrosion mechanism in the copper sheets showed
the copper oxidation in the sheets and the formation
of an internal dark layer, included cuprite as the main
phase, and an external green layer consisting of copper
trihydroxychlorides and very small particles of particu-
late matters. Furthermore, the corrosion mechanism in
a lead nail showed lead oxidation. Even though the pool
is situated in an urban environment, the main factors in
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the corrosion of this metal pool are relative humidity and
particulate matters, which may include chloride ion that
can lead to active corrosion or bronze disease. This cor-
rosion event appears to be in the early stages and has not
yet caused serious problems in the copper sheets. How-
ever, monitoring the conditions in terms of the amount
and penetration of corrosion is essential to decide on the
metal pool conservation strategy. Further studies may
focus on investigating future conservation strategies for
the metal pool.
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