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Investigation of the chemical compositions of pigments in glazed ancient ceramic tiles is of great
importance from the monuments restoration point of view. In this regard, the current research aimed to
investigate the chemical compositions and color charactristics of pigments in six glazed ancient ceramic
tiles (Samples B1-B6) collected from Abdolazim Hasani Shrine (Safavid era), Ray, Iran. The results from
X-ray Probe Micro Analyzer (XPMA), X-Ray Diffraction (XRD) patterns, and Energy Dispersive X-ray
Spectroscopy (EDS) spectra revealed that the glazes were silica-based, containing 38.85 to 50.89 wt. %
silicon in Samples B3 and B1, respectively, with lime, quarts, wollastonite, and cristobalite as the main
phases. Raman spectroscopy also confirmed the presence of quartz, wollastonite, and tridymite along with
chalk, gypsum, calcite, copper oxide, and green earth. The particle sizes of the pigments measured through
Scanning Electron Microscopy (SEM) varied from 0.6 pm in Sample B1 to 5.5 pm in Sample B3. High
intensity reflectance was also observed in the range of 490-560 nm, confirming the green color of the
samples with different shades. In addition, CIE L*a*b* parameters clearly showed the correlation between
the green color and concentration of Cu?* ions within the silica-rich amorphous phase. Therefore, the
presence of wollastonite, tridymite, and copper oxide in the samples under study was obviously indicative
of presence of Egyptian green pigments in the glazes.

https://doi.org/10.30501/acp.2022.339876.1088

1. INTRODUCTION

references investigating the compositions, colors, and
glazes of ceramic tiles from the Safavid heritage. Most

Undoubtedly, Safavid era in Iran (1501-1732) is
known as a period of shiny colored ceramic glazes in the
world. However, the history of colored glazes dates back
to ancient Egypt 4000 BC [1]. The variety of colors and
geometries of the tiles flourished in the Safavid era.
Unfortunately, there are very few limited papers of

glazed ceramics inherited from the ruling period of
Safavid dynesty are in blue or green-blue color.
Throughout the old kingdom (2600BC), Egyptian
artisans fabricated a blue pigment, called the Egyptian
blue, which is a mixture of calcium, silicon, and copper
along with a soda flux. This pigment was used instead of

Please cite this article as: Fahim, J., Ghasemi, E., Hosseini Zori, M., “Characterization of Iranian Ancient Colored Glazed Ceramic Tiles of Safavid
Era”, Advanced Ceramics Progress, Vol. 8, No. 1, (2022), 27-35. https://doi.org/10.30501/acp.2022.339876.1088

2423-7485/© 2022 The Author(s). Published by MERC.
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.30501/acp.2022.339876.1088
https://doi.org/10.30501/acp.2022.339876.1088
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/
http://journals.merc.ac.ir/
https://www.acerp.ir/
https://www.acerp.ir/
mailto:eghasemi@icrc.ac.ir
https://www.acerp.ir/article_151935.html
https://www.acerp.ir/article_151935.html
https://doi.org/10.30501/acp.2022.339876.1088
https://orcid.org/0000-0003-3486-2365
https://orcid.org/0000-0002-9434-620X
https://orcid.org/0000-0002-5110-0867

28 J. Fahim et al. / Advanced Ceramics Progress: Vol. 8, No. 1, (Winter 2022) 27-35

lapis-lazuli all around the Mediterranean region.
However, the fabrication technology of the menyioned
pigment was lost after the seventh century AD [2]. On the
contrary, the synthetic pigment called the Egyptian green
was produced from different proportions of the same
components used for fabricating the Egyptian blue
pigment [3-6]. As known, the diversity of production
conditions (firing temperature, atmosphere, and cooling
rate [6]) significantly affects the resulting properties of
the pigment; however, a silicate enriched compound is
expected as a final product. There are no ancient recipes
available for the production of this green pigment [5].
Pagés-Camagna et al. [6] identified this type of pigment
in a number of ceramic tiles from the Old Kingdom (3™
Millennium BCE) to the 21t Dynasty (10" Century
BCE). Ullrich [7] discovered the Egyptian Green color
on the bust of Nefertiti excavated at Tell el Amarna in the
Tomb of Tutankhamen.

Bianchetti et al. [8] studied the fabrication of Egyptian
blue and green frit using pure chemicals and natural raw
Egyptian materials under different experimental
conditions. They also pointed to the dependency of the
recorded colors on the chemical composition and melting
conditions.

A number of researchers produced a green pigment
similar to para-wollastonite (CaSiOs) together with a
copper-bearing glass phase by altering the fabrication
conditions to obtain Egyptian blue and subsequently
Egyptian green [3-6]. Egyptian green (green frit) is a
heterogeneous material characterized by the presence of
para-wollastonite which is stable at 950-1150 °C [9]. It is
a complex pigment which is usually obtained from
Egyptian blue pigment CaCuSisO10 (cuprorivaite) by
heating CuO, CaCOs, SiO,, and Na;CO; at the
tempratures above 1000 °C [10].

Pagés-Camagna et al. [6] investigated the production
of Egyptian green pigments and analyzed the chemical
and structural properties of raw Egyptian blue and green
pigment cakes and pigment samples taken from paintings
kept in the Louvre Museum, France. In their research,
they took into account the role of firing temperature,
atmospheric conditions in the furnace, and cooling rate.
Demidenko et al. [11] investigated the microstructure of
a material based on natural wollastonite at different
sintering temperatures ranging from 850 °C to 1100 °C.
They also studied the effect of microstructure on the
porosity, shrinkage, water absorption, and mechanical
strength.

Pagés-Camagna et al. [12] studied the Egyptian blue
and green pigments in archaeological samples using
Scanning Electron Microscopy (SEM) images and
Raman spectroscopy. They could finally identify tenorite
(Cu0), confirming that the synthesis of both pigments
could be performed in an oxidizing atmosphere. In
another research, Pagés-Camagna et al. [13] reported
some valuable information on the coloring mechanism of
Egyptian blue and green pigments.

Dabanli et al. [14] investigated the samples of glazed
tiles belonging to a monument located in Southeastern
Anatolia. They concluded that alkali and lead oxides
were the main components of glazes along with small
amounts of lead oxide. They also found that the
blue/green turquoise colors were obtained from copper
while the blue pigment itself was derived from cobalt.
Omar [15] investigated the body and glaze layer of the
Sapil (public fountain) and Kuttab (school) of Mustafa
Sinan monuments. The results from tiles analysis proved
the application of local clay mixed with a small amount
of lime. They also stated that the alkaline and lead oxides
were the main components of the glaze layer with high
amount of lead oxide in samples. In addition, the
obtained results confirmed the presence of copper oxide
contributing to the creation of light blue and green color
in the samples under study.

In this research, six samples obtained from green-blue
glazed ancient ceramic tiles from Abdolazim Hasani
Shrine, Ray, Iran, inherited from the Safavid era
(1501-1736) were collected to identify the chemical
compositions and nature of their pigments through
analytical techniques. In characterizing ancient colored
glazes, the pigments in the glaze were identified and
investigated through different analytical methods based
on available scientific references. The main objective of
this study was to determine whether or not the nature of
green-blue color pertained to the Egyptian blue.

2. MATERIALS AND METHODS

2.1. Materials

Six green-blue glazed samples, shown in Figure 1,
were collected from ancient potteries belonging to the
Safavid era from different parts of Abdolazim Hasani
Shrine, Ray, Iran.

Figure 1. The glazed samples from different parts of
Abdolazim Hasani Shrine
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2.2. Methods
Followed by collecting the samples, a thin layer of
glaze was mechanically removed from their surfaces. The
chemical compositions of the samples were analyzed
using X-Ray Probe Micro Analyzer (XPMA, HORIBA
XGT7200). In addition, the phase composition was
characterized through X-ray Diffraction (XRD,
Panalytical Expert) method using Cu Ko radiation
(A=1.54 A). The microscopic studies were performed
using SEM (FEI ESEM QUANTA 200) coupled with
Energy Dispersive X-ray spectroscopy (EDS, EDAX
EDS Silicon Drift, 2017) using Backscattered Electron
Emission (BSE). Raman studies on the colored glazed
samples were carried out using Confocal Raman
Microscope (Xplora Plus, Horiba Co., France).
addition, FTIR studies were carried out using
PerkinElmer spectrometer (Spectrum One FTIR, USA).
The reflectance spectra were recorded using a 4500L
Hunter Lab Mini Scan EZ spectrophotometer. The
chromatic values were then expressed as CIE
L*a*b*color coordinates under D65/10° llluminant in the
spectral range of 400-700 nm.
Considerations of the Raman spectroscopy calibration
were as follows:
Part 1- Calibrating the zero-order position:
The ZERO parameter changed in small increments,
e.g., +5 or -5 at a time, considered as the number of
nm moving per motor.
Part 2- Calibrating the Raman spectrum:
This calibration stage was done using a known
emission line from a Mercury or Neon lamp. Then,
the Laser wavelength was altered, and the XY stage
movement and Laser Spot Position were calibrated.
Finally, the required software for data analysis was
installed.

3. RESULTS AND DISCUSSION

3.1. Chemical Composition

Table 1 presents the results from the XPMA analysis
(chemical compositions of the elements in glaze samples,
and Figure 2 lists the concentration values of the detected
elements (in wt. % of their oxides) in Samples B1-B6.

In addition to creating a white hue color, CaO can
increase the resistance of the glaze matrix to water, acid,
and surface scratches. It also improves the adhesion of
glaze to the substrate. It is well known that the copper
oxide in ceramics usually creates a green shade; however,
in the presence of alkaline and alkaline earth metal oxides
such as calcium oxide, potassium oxide, and sodium
oxide, it produces blue and green-blue shades [16].

As observed, SiO; is the main phase in all samples
along with Al,O3, Cu20, as well as alkaline and alkaline
earth metal oxides (i.e. CaO and NazO, and K;0).

TABLE 1. The chemical composition of the elements in the
glaze samples B1-B6. The magnitude is as wt. %

Bl B2 B3 B4 B5 B6
Na20 - 1359 1194 0.00 0.00 12.64
MgO 0.01 0.01 003 0.03 0.00 0.02
AlOs  5.40 322 358 7.87 201 489
SiO2 81.60 73.77 7146 7640 8518 7254
SOs3 0.18 015 028 0.15 002 0.16
K20 1.24 335 255 3.80 449 270
CaO 9.87 495 839 7.10 571 548
TiO2 0.02 0.03 0.04 0.03 0.01 0.04
MnO.  0.06 014 014 0.06 0.06 0.04
Fe:Os  0.18 014 055 0.17 0.07 0.27
CuO 1.12 0.60 100 3.69 133 118
Zn0O 0.10 0.00 0.00 0.06 0.04  0.00
Sro 0.05 004 004 0.04 0.03  0.05
PbO 0.16 0.00 000 0.61 1.09  0.00
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Figure 2. XPMA results demonstrating the concentrations of
the detected elements in Samples B1-B6

3.2. X-Ray Diffraction

Table 2 summarizes the main phases identified from
the XRD patterns of Samples B1-B6, and Figure 3
demonstrates the XRD Pattern of the ancient colored
glazed Samples B1-B6.

TABLE 2. Detected phases in Samples B1-B6

Sample Main Phases Chemical Formula
B1 No crystalline phase -

B2 No crystalline phase -

B3 Wollastonite, Quartz, lime CaSiOg, SiO2, CaO
B4 Wollastonite CaSiOs

B5 Quartz, lime, Cristobalite SiO2, Ca0,Si0z
B6 Quartz, Cristobalite SiO2, SiO2
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Figure 3. XRD Pattern of the ancient colored glazed Samples
B1-B6

While no crystalline phases are observed in the XRD
patterns of these samples, three mineral phases of lime,
quartz, and wollastonite (calcium silicate) were detected
in Sample B3. According to the findings, Sample B4 was
only composed of wollastonite phase B3. The presence
of wollastonite in the colored glazes can be important
evidence for the presence of Egyptian green pigments in
the glaze formulation [6,10,16]. The XRD patterns of
Samples B5 and B6 also confirm the presence of quartz,
lime, and cristobalite. However, the wollastonite phase in
these samples was not detected due to its low
concentration. As mentioned in the methodology section,

the procedure of the separation of glaze from the surface
of ceramics was in such a way that the adhesion of the
body to the glaze should be probable. This is why some
parts of glaze are crystalline while some others are not.

As reported by Pagés-Camagna et al. [6], Egyptian
green glazes must have been fired at higher temperatures
than Egyptian blue ones. As a result, the cristobalite
phase can be identified in the Egyptian green glazes. In
other words, cristobalite can be the considered as a main
characteristic of Egyptian green [6,10,16].

3.3. Microstructure

Figure 4 demonstrates the SEM images of the six
samples according to which, the samples are porous with
heterogeneous microstructure. Small white pigment
particles (0.6 um for samples B1 and B6, 1.25 um for
samples B2 and B5, 4.5 um for sample B4, and 5.5 pum
for sample B3) are recognizable on the surface of the
glaze that was eroded due to the aging and long-term
exposure to severe environmental conditions such as
wind. In Sample B3, the glaze surface has many bubbles,
hence not uniform, and there is a significant difference
between the erosion of the glaze matrix and that of other
phases such as quartz and wollastonite. Samples B1 and
B2, however, have a relatively uniform eroded surface.
Higher degrees of erosion is observed on the surface of
Samples B3 to B6 probably due to the presence of
crystalline phases in the glazed ceramic tiles.

SEM-EDS results for the glaze matrix and white
particles (shown as white spots in Figure 4) are presented
in Tables 3 and 4, respectively.

Figure 4. Back-scattered SEM images of the glazed samples at 5000X. EDS spots are shown in each image. The scale bar is 5 um


https://doi.org/10.30501/acp.2022.339876.1088

J. Fahim et al./ Advanced Ceramics Progress: Vol. 8, No. 1, (Winter 2022) 27-35

TABLE 3. EDS analysis of the glaze matrix (wt. %)

31

Sample (0] Na Mg Al Si K Ca Fe Cu Sn
B1 23.55 3.29 1.41 3.62 50.89 2.46 7.71 3.78 3.28 -
B2 25.27 9.49 2.44 2.84 45.25 4.81 6.07 1.31 2.52 -
B3 29.94 4.66 3.78 3.3 38.85 25 9.79 4.53 2.64 -
B4 28.58 5.03 3.62 5.74 39.58 3.69 4.99 2.27 6.5 -
B5 27.2 4.83 1.86 2.47 46.29 6.24 6.93 0.94 3.24 -
B6 20.95 7.6 1.94 31 49.62 3.92 5.93 1.79 5.14 -
Average 259 5.8 2.5 3.5 451 3.9 6.9 24 3.9 -
Standard Deviation 3.3 2.3 1.0 1.2 5.0 1.4 1.7 1.4 1.6 -
TABLE 4. EDS analysis of white particles shown in the SEM images in Figure 4 (wt. %)

Sample 0] Na Mg Al Si K Ca Fe Cu Sn
B1 251 8.4 4.3 3.2 46.3 1.6 6.8 1.0 2.1 -
B2 248 10.0 33 29 36.6 2.9 4.1 13.3 2.0 -
B3 12.4 4.8 1.2 15 20.4 1.0 34 1.6 1.4 52.3
B4 316 6.9 4.4 5.0 38.6 2.9 5.1 2.0 35 -
B5 335 6.1 2.6 35 41.1 4.6 5.2 0.81 2.6 -
B6 30.3 8.8 31 35 36.4 2.7 10.9 11 33 -
Average 26.3 7.5 31 33 36.6 2.6 5.9 1.6 2.6 26.3
Standard Deviation 7.7 1.9 1.2 1.1 8.7 1.2 2.7 1.0 0.8 7.7

The average and standard deviations are also compared
in Figure 5. According to this figure, the glazes are silica-
based containing different amounts of silicon from 38.85
to 50.89 wt. % for Samples B3 and B1, respectively. The
glazes also contain other alkaline and alkaline earth
elements such as calcium, sodium, and potassium.
Copper was also detected in all the samples ranging from
2.52 wt. % for sample B2 to 6.5 wt. % for sample B4.

60.0

m Glaze matrix
50.0 +

m White particles

40.0 +

300 t

wt (%)

200 t

100 +

0.0

O Na Mg Al Si
Element

K Ca Fe Cu

Figure 5. Comparison between the average and standard
deviations of different elements in the glaze matrix and white
particles, as listed in tables 3 and 4

According to Figure 5, the concentration of silicon in
the white particles (46.34 wt. %) is lower than that in the
glaze matrix (e.g. for sample B1, 46.34 wt. % and 50.89
wt. %, respectively). The same trend was also observed
for Al, K, Ca, Fe, and Cu elements in all six samples. The
higher Fe content of white particles in Sample B2 is

inicative of the fabrication of this pigment using iron-rich
raw materials

Sample B3 contained high concentration of tin
(52.34 wt. %) probably due to the presence of tin in the
copper source (e.g., tin bronze). Oudbashi et al. [17]
also reported the presence of tin element in their
samples. White particles in Sample B6 contained
calcium with high concentration of about 10.86 %
which may be attributed to the utilization of Ca-rich
raw materials such as calcite (CaCOs3) or CaO in the
fabrication of this pigment.

The distribution of the constituents in the glaze matrix
and white particles was also investigated for Sample B2,
as a representative sample, using line scan and element
profile plot, as shown in Figure 6.

As observed, while moving from point A to point B, the
concentration of Si (in wt. %) decreased until reaching a
white particle and then increased again in the Si-rich
matrix. Since white particle is supposed to be an Egyptian
green pigment (calcium silicate), the silicon concentration
decreased while those of Ca and O increased. Evidently,
copper has uniform distribution throughout the sample
(i.e., both glaze matrix and white particles). The same
trend was observed for these elements in other five
samples that are not shown here.

The CaO/CuO ratio can be caluclated using SEM-EDS
analysis of bulk compositions of the glazed samples
given in Table 5 where it is observed that the bulk lime
concentration is normally greater than that of the bulk
copper oxide. Of note, the CaO/CuO ratio is greater than
1.5. However, due to loss of material through weathering
and possible contamination during ancient discoveries,
the differences in the CaO/CuQ ratios are less explicit in
some samples. The obtained results are in accordance
with the results obtained by Hatton et al. [18].
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Figure 6. Line scan and element profile plot of glaze matrix and
white particles for B2 sample

Another noticeable feature is that these samples
contain high concentration of soda (Na2O). Moreover, in
this research, the green-blue colored glaze samples are
characterized by high flux concentrations, i.e., Na2O plus
K20 between 5.3 % and 14.1 %, respectively, in Samples
B1 and B2. This result is also in agreement with the
results obtained by Pagés-Camagna et al. [6].

3.4. Raman Spectroscopy

Raman spectroscopy was used for the characterization
of the ancient green-blue glazed samples. It is a reliable,
fast, sensitive and nondestructive test method which
measures different vibrational modes, thus providing
complementary information on the analyzed materials.
Figure 7 shows the Raman spectroscopy spectra of the
glazed samples. Two weak bands are observed at
150 cm™? and 180 cm™ mainly due to the presence of
chalk [19] and gypsum [20], respectively. The peak at
around 260 cm? is attributed to the wollastonite
crystalline phase [21] which is usually found in Egyptian
green pigment used in the ancient glazed ceramic tiles.
The weak bands around 406 cm?, 391 cm?, and
253 cm! are also attributed to v(Cu-Cl) stretching [22],
v(O-Cu-O) symmetric stretching, and v(O-Cu-O)
bending [23], respectively. The bands at around
300 cm and 360 cm* correspond to copper oxide [24]
while those around at 350 cm™ and 380 cm™ belong to

quartz [25-27]. In addition, the band around at 360 cm™
is attributed to calcite [28,29].

There are two bands at around 425 cm* and 460 cm'?
which can be attributed to the tridymite [21] and quartz
[25-29], respectively. Bianchetti et al. [8] reported that
tridymite was a dominant crystalline phase in the
Egyptian green pigment that was produced at
temperatures higher than 950 °C.

J W‘\J
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Intensity (counts)

N W,V N N et B s

500 1000 1500 2000 2500 3000 3500
Raman shift (ca-1)

Figure 7. Raman spectra of the B1-B6 glazed samples

The two bands at around 470 cm™ and 750 cm? in
Sample B3 is associated with the SnO, [30] due to the
presence of about 52.34 wt. % tin in white particles. In
addition, there are other weak and medium bands at
around 540 cm™ and 710 cm* which belong to the green
earth [31] while those at 590 cm™ and 600 cm*
correspond to the Egyptian green [20,32] and copper
oxide [24], respectively. Raman bands at around 717 cm’?,
780cm™, 865 cm?, 930 cm?, and 940 cm! are attributed
to the calcite [28, 29], tridymite [21], allophone [33,34],
and chrysocolla [35], respectively.

In contrast to the XRD patterns according to which,
cristobalite phase was only detected in Samples B5 and
B6, this phase was found in Samples B1-B6 according to
Raman bands at around 410 cm™, 420 cm, 598 cm?,
780 cm®, 790 cmt, and 1075 cm™ [36-38], respectively,
thus confirming the presence of the Egyptian green
pigment in the formulation of all the investigated ancient
glazed ceramic tiles. The bands at 1020 cm, 1085 cm'?,
and 1170 cm™ can be attributed to the wollastonite [32],
calcite [28-29], and quartz [26-29], respectively.

Moreover, the Raman bands at around 1235 cm’,
1356 cm?, and 1458 cm™ correspond to the Green earth
[31]. The weak and medium peaks at around 1445 cm™
and 1550 cm! may also be attributed to the Verdigris [39]
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TABLE 5. Bulk Chemical compositions of green-blue colored glaze samples (EDS analysis normalized to 100 %)

Sample Code SiO2 CuO CaO Na:0 K20 MgO Al203 Fe20s CaO/CuO
Bl 62.99 3.14 5.82 2.64 2.69 0.96 13.43 8.31 1.85
B2 61.62 2.65 5.04 8.39 5.78 1.72 11.59 3.17 1.89
B3 53.95 2.83 8.30 4.20 3.06 2.73 13.74 11.17 2.92
B4 51.12 2.60 3.94 4.22 4.21 2.43 22.26 5.21 151

while the band at around 1480 cm™ results from the
vibration stretching of C-C bond [40]. Of note, the
Raman bands at around 17549 cm™ and 1940 cm™ may
be attributed to C-O vibration stretching [41] while the
band at around 1645 cm* can be associated with the OH
stretching mode in water. Moreover, the Raman bands in
the range of 2000-4000 cm? are attributed to the
vibration stretching of hydroxyl and water [42,43].

3.5. Colorimetry

Figure 8 and Table 6 present the reflectance spectra and
CIE L*a*b* values of the studied ancient glazed ceramic
tiles, respectively. Table 6 also lists the average values of
a* and b*. As observed in Figure 8, there is a high
intensity reflectance spectrum in the range of 490-560
nm. Therefore, it can be concluded that the samples are
green with different hues.

Reflectance(% )

400 500 600 700
‘Wavelength(nm)

Figure 8. Reflectance spectra of the green-blue glazed samples

TABLE 6. Colorimetric parameters (L*a*b*) of the ancient
glazed ceramic tiles based on D65 observer

Sample L* ax b* c Cu (wt. %)
Bl 63.53 -10.49 0.44 10.5 3.28
B2 3839 -11.78 -241 12.03 2.52
B3 49.47 -2.45 7.15 7.55 2.64
B4 43.48 -5.38 2.7 6.02 6.5
B5 60.47 -12.47 131 12.54 3.24
B6 54.27 -6.95 3.67 7.86 5.14

The copper concentration in the raw material plays an
important role in achieving better green shades (higher a*
and c¢* values) in these glazes. For example, ¢* = 12.5
and c* = 10.5 were obtained for 3.2 wt. % and 3.3 wt. %
copper in Sample B5 and B1, respectively. On the
contrary, Cu contents higher than this value (3.3) produce
a poor green shade (e.g. ¢c* = 6 and c* = 7.86 for
6.5 wt. % and 5.14 wt. % copper in Samples B4 and B6.
The same results were obtained for copper contents lower
than 3.3 wt. % (for example, in Sample B3). In Sample
B2 (Cu = 2.52 wt. % and c* = 12.03), however, the
pigment is Egyptian blue since b* = -2.41. To be specific,
the green color is produced due to the presence of Cu?*
metallic ion in an octahedral structure in the amorphous
silica-rich matrix [44].

4. CONCLUSION

In this research, six green-blue ancient glazed ceramic
tiles collected from Abdolazim Hasani Shrine, Ray, Iran,
were investigated using the XPMA, XRD, FTIR, and
Raman spectroscopy. The obtained results confirmed the
presence of three main phases of tridymite, cristobalite,
and wollastonite, the main constituents of Egyptian green
pigments. Colorimetry analysis confirmed that the
presence of Cu?* ion in an octahedral structure within
amorphous silica-rich matrix was responsible for the
observed green hue. In addition, the SEM-EDS revealed
the uniform and homogeneous distribution of copper
throughout the glaze matrix.
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