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zation and structural attribution of
different colored opals

Niu Li,ab Qingfeng Guo, *ab Qianqian Wangab and Libing Liao *c

The structure type and water content of opal will affect its stability and value. When the structure is Opal-A

type, its value is higher. When the water content is high, its stability will decrease. The structural attribution

and water distribution of pink, yellow, green, blue and purple opal have been investigated by several

methodologies like powder X-ray diffraction (XRD), scanning electron microscopy (SEM),

thermogravimetric analysis (TGA), and Fourier transform near infrared spectroscopy (FT-NIR). The results

show that all the opal samples are CT type, among which the green sample has the highest crystallinity.

The water contents of the opals range from 3.06 to 8.78%. The distribution and quantity of molecular

water (H2Omol) and silanols (H2OSiOH) are calculated semi-quantitatively according to intensity of

4500 cm−1 and 5200 cm−1 peaks in the near infrared region, and it is found that the water in all the

samples is basically composed of molecular water. The precipitation mechanism for opal formation

results in different structural types, and the difference in structural composition leads to different water

contents. This work provides a theoretical basis for the future study of the opal metallogenic environment.
1. Introduction

Opal is a natural hydrated silica with the chemical formula of
SiO2$nH2O. It is precipitated from saturated silicon-rich uids
by biological or abiotic processes,1–3 and the different formation
conditions lead to different opal types with different structures.
Levin and Ott4 used X-ray diffraction for the rst time to
discover the diffraction peak of cristobalite except glass.
Successively, some scholars later veried that opal contains
crystalline high-temperature cristobalite and low-temperature
cristobalite.5–7 Flörke8 proposed the hypothesis that opal is the
product of disordered paragenesis of cristobalite and tridymite.
Garavelli9 further conrmed that opals can be divided into
ordered and disordered types according to the degree of regu-
larity of their structural arrangement. Jones and Segnit10 point
out that opals can be divided into the following types, Opal-A:
a state of high disorder and amorphous. Opal-CT: disordered
cristobalite with varying degrees of accumulation and contain-
ing a large amount of tridymite. Opal-C: cristobalite with
incomplete regular accumulation, mixed with a small amount
of tridymite.
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The precipitation mechanism of opal also leads to its high-
water content, usually 4–10%. Hannay11 explored the loss rate
of internal water content of opal with the increase of tempera-
ture. Later, some scholars proposed that the water in the opal
exists in the gap of the silicon spheres. However, the common
opal did not have such gap of the precious opal, it is not
composed of silica spheres. Many studies have shown that water
in opal exists in the form of molecular water (H2Omol) and
silanol groups (H2OSiOH).12–18 Molecular water (H2Omol) exists in
the form of adsorbed water, free water molecules remaining on
the surface or in the cavity (Fig. 1). Silanols (H2OSiOH) exists in
the form of free silanol groups, surface or cavity free hydrogen
bonding with water molecules or hydroxyl groups, and
hydrogen bonding with silanol groups with the same silicon
atoms (Fig. 1). Similarly, the occurrence state of water in opal is
very important for a deep understanding of opal, because once
the opal is mined and processed into gemstones, the subse-
quent loss of water whitening and cracks have a great impact on
its quality.

Scholars have reported a large number of reports on the
structural classication of opal and the existence form of
water,10,19–21 but there is a lack of comparative study on the water
characterization and structure attribution in different colored
opals. In addition, it is difficult to identify opal color variety,
what type of structure and water content by naked eyes.
Accordingly, the structural attribution and water distribution of
pink, yellow, green, blue and purple opal, have been investi-
gated through several methodologies like powder X-ray
diffraction (XRD), scanning electron microscope (SEM), ther-
mogravimetric analysis (TG), Fourier transform near infrared
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagrams of different forms of water in opal.
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spectroscopy (FT-NIR) in this work. The mineralogical state of
opals of different colors was obtained by structural comparison.
In order to understand the stability of samples, Lambert–Beer
law was used to semi-quantitatively calculate the amount of
molecular water (H2Omol) and silanols (H2OSiOH) in different
color samples. This study brings new data to the understanding
of the hydration state of colored opal.
Fig. 2 Front and reverse sides of five different colored opals.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Materials and methods
2.1. Materials

Opal samples of ve colors, pink, yellow, green, blue and
purple, were collected in the study, ranging in size from 1 to
10 cm (Fig. 2).
RSC Adv., 2022, 12, 30416–30425 | 30417
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2.2. Methods

Standard gemological properties of ve different colored opals
were determined, including refractive index, hydrostatic SG
specic gravity/density, UV uorescence (366–245 nm) and
microscopic features.

The instrument used for powder X-ray diffraction test was
Bruker D8 Advance from Germany, with Cu Ka radiation and
a scan speed of 4° min−1, and scanning range is 5–80° (2q).

Five different colored opals were examined with SUPRATM
55 type scanning electron microscope (SEM), using an electron-
beam energy of 15 electron volts and a focal spot of about
0.8 nm. The samples were platinum coated before analysis.

The total water content of each opal was measured using
thermo-gravimetric (TG) analysis, with a NETZSCH STA449C
synchronous thermal analysis instrument. Samples (circa 5–
15 mg of pieces) were loaded in Al2O3 crucible. Samples were
heated (10 °C min−1 in a 20 ml min−1

owing nitrogen atmo-
sphere) and run between 25 and 1000 °C.

The near infrared measurements were obtained using
Tensor 27 spectrometer. The sample was cut and polished into
very thin slices, and tested by transmission method. The near
infrared spectra of the samples were measured in the region
Table 1 Gemological properties of the investigated opals

Sample Color Specic gravity Luster

Opal-P Pink 2.12 Greasy–waxy
Opal-Y Yellow 2.09 Greasy–waxy
Opal-G Green 2.08 Greasy–waxy
Opal-B Blue 2.06 Vitreous–greas
Opal-Pur Purple 2.08 Greasy–waxy

Fig. 3 Pictures of samples of opals observed under the microscope. (a)

30418 | RSC Adv., 2022, 12, 30416–30425
8000–4000 cm−1 at a resolution of 4 cm−1. The scanning speed
is 10 kHz, and total of 32 scans were carried each time.
3. Results and discussion
3.1. Gemological properties

The gemological properties and surface characters of the
investigated opals are reported in Table 1. All the samples were
uniformly colored with varying degrees of surrounding rock,
showing a greasy–waxy luster without play of color effect were
observed (Fig. 2). The refractive index for the samples is in the
range of 1.44–1.45 and the values of specic gravity are ranging
from 2.06 to 2.08, and these values are comparable with other
opals in literatures.22–29 The purple sample shows green uo-
rescence under UV lamp. The specic gravity of pink sample is
related to the inclusion of palygorskite.22 Except for the purple
sample which shows green uorescence, the other samples
show inert under the UV lamp.

The microscopic observations revealed that the pink opal
has a granular structure (Fig. 3a). As shown in Fig. 3b and c, the
yellow opal contains white cloudy inclusions and black
dendritic inclusions, and the green opal lls dendritic
Refractive
indices Fluorescence (s) Fluorescence (l)

1.44 Weak pink Inert
1.44 Inert Inert
1.45 Inert Inert

y 1.44 Inert Inert
1.45 Vivid green Weak green

Pink opal; (b) yellow opal; (c) green opal; (d) blue opal; (e) purple opal.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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inclusions. The texture of blue opal is ne and contains
dendritic inclusions (Fig. 3d), and purple opal revealed the
inhomogeneous nature of the material, with purple spots
(Fig. 3e).
3.2. X-ray powder diffraction analysis

Fig. 4 shows the XRD patterns of opals with different colors.
∼4.3 �A (around 20.65°2q) acromion is oen accompanied by
∼4.1�A (around 21.5°2q) diffraction peak. The more disordered
the structure is, the greater the intensity ratio of diffraction
peaks at 4.3 �A and 4.1 �A is.30 Some scholars think that the
diffraction peak at 4.3�A is not only related to the (040) plane of
tridymite and the (101) plane of cristobalite, but also the diag-
nostic peak of Opal-CT.10,31,32 The appearance of the diffraction
peak at 4.3 �A revels the cristobalite in the opal is in a low
temperature state.33 The d value is ranging from 4.261 to 4.321�A
in the opal samples.

The diffraction peak of ∼4.1 �A (around 21.6°2q) is the
highest peak of opal, which is considered to be caused by the
juxtaposition of cristobalite (101) plane and tridymite (404)
plane.34 The order degree of opal structure can be diagnosed by
4.1�A offset position. The standard Opal-CT type opal will show
a typical diffraction peak of 4.09 �A. The d value of Opal-C type
opal is between 4.01 and 4.05�A, while Opal-CT is characterized
by a shi in the d value of the Opal-C ranging from 4.06 to 4.11
�A.22,35–37 The d values at around 21.6° is ranging from 4.095 to
4.110 �A. The ratio of cristobalite to tridymite can be calculated
Fig. 4 The XRD patterns of opals with different colors.

Table 2 XRD characteristics of opal samples in this study

Sample
d-Value
at 21.6° (�A) C/T ratio (%)

d-Value
at 35.8° (�A)

Opal-P 4.110 C0/T100 2.505
Opal-Y 4.095 C21/T79 2.498
Opal-G 4.106 C6/T94 2.503
Opal-B 4.102 C11/T89 2.501
Opal-Pur 4.107 C4/T96 2.506

© 2022 The Author(s). Published by the Royal Society of Chemistry
by comparing the position of the characteristic peak in the
range of d = 4.04–4.11 �A (Table 2) (Opal-C contains 20–30%
tridymite, Opal-CT > 50%). The following formula can be used:21

C/TXRD = (dtrid − dmeasured)/(dtrid − dcrist) = (4.11 �A − x)/(4.11 �A

− 4.04 �A)

where x is the d value of different colored opals at ∼21.6°2q.
The diffraction peak of ∼2.5�A (around 35.8°2q) is composed

by the juxtaposition of the tridymite at 2.52 �A (−341) and the
cristobalite at 2.48 �A (200).30,38,39 Previous studies have
conrmed that the offset peak range of Opal-CT at ∼35.8° is
2.49–2.52 �A, and that of Opal-C is 2.48–2.49 �A.40,41 The diffrac-
tion peak of∼2.5�A is also of great signicance for the diagnosis
of opal structural order degree, and some authors proposed that
2.5 �A is more accurate than the main peak 4.1 �A.42 In addition,
there is a certain correlation between the full width at half
maximum (FWHM) of 2.5 �A diffraction peak and the crystal
size.43 The d values of ∼2.5 �A is ranging from 2.489 to 2.506 �A.
The average grain size of the crystal plane is calculated by Jade
soware according to the d value at 2.5�A, as shown in Table 2.

The peak value of ∼2.03�A (around 44.3°2q) is caused by the
juxtaposition of the (−432) plane of tridymite and the (202)
plane of cristobalite. Fig. 4 shows that the peak at around 44.3°
is not clear, which is caused by the inclusion of palygorskite.
Although this peak is very weak, it can provide evidence for the
order of opal. In some experiments, the appears of 2.03 �A
together with big particles.43 The d value of this diffraction peak
is ranging from 2.045 to 2.049 �A.

The diffraction peak of ∼1.6 �A (around 56.6°2q) is also
caused by the juxtaposition of the (−513) plane of tridymite and
(301) plane of cristobalite. Although the intensity of this peak is
very weak, it can be used as a characteristic of opal in specic
minerals.41 The d value of this diffraction peak is ranging from
1.609 to 1.617 �A.

Besides the previous peaks, diffraction peaks related to other
secondary minerals were also detected. The quartz diffraction
peak in auxiliary phase is slightly higher in Opal-Pur. Opal-P
contains abundant diffraction peaks of palygorskite.22,44,45 The
uorite peak in Opal-Pur is consistent with the characteristic
peak of calcium uoride numbered R040099 in RUFF database.

XRD results show that all the d value at ∼21.6° are bigger
than 4.05 �A, at the same time, combined with the ratio of cris-
tobalite to tridymite, all opal samples can be dened to Opal-CT
type. All samples have a 4.3 �A diffraction peak, which means
that cristobalite in opal samples is b phase. It can be seen from
FWHM° (2q) Structural group
Domain size
(nm)

0.520 CT 16.5
0.458 CT 18.9
0.407 CT 21.4
0.471 CT 18.3
0.526 CT 16.3

RSC Adv., 2022, 12, 30416–30425 | 30419
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Fig. 5 SEM micrographs of different colored opals. (a) Pink opal; (b) yellow opal; (c) green opal; (d) blue opal; (e) purple opal.
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Table 2 that the value of d (4.1 �A) decreases with the increase
ratio of cristobalite/tridymite, and the grain size is 16.3–
21.4 nm. The FWHM at d (2.5�A) decreases with the increase of
grain size. The higher the crystallinity is, the larger the grain
size is. The crystallinity of Opal-G is the highest and that of
Opal-Pur is the lowest. With the maturity of crystallinity in
mineralogy, it will reect the gradual sharpening of the main
peak and the decrease of FWHH, which further indicates the
increase of crystal lattice order.
3.3. SEM/XRF investigation

Generally speaking, CT type opal is a spherical aggregate or ber
crystal composed of lamellar crystals of cristobalite and tridy-
mite, and the matrix is disordered silica.46,47 Fig. 5 depicts the
SEM micrographs with different scale of the different colored
opals.

The microstructure of Opal-P (Fig. 5a) is composed of bers
with a diameter of 0.05–0.1 mm, which are needle-like and
30420 | RSC Adv., 2022, 12, 30416–30425
directional columnar in length of 10–30 mm. Combined with
XRD and XRF tests (Table 3), the Opal-P is palygorskite rich in
Mg and Al, which is consistent with the results veried by
Fritsch et al.48

Opal-Y (Fig. 5b) shows a relatively homogeneous texture.
Opal-Y belongs to gel structure, and there are almost no silica
spheres. 1–2 microspheres can be seen in some areas, with
a size of 0.5 mm, shell-like fracture and small voids.

Opal-G (Fig. 5c) is a massive microstructure composed of
silica gel and amorphous silica nanoparticles with unclear
boundaries and gaps between blocks. The scale-like structure
can be seen in part of the particles in Fig. 5c, and the silica
particles exist in the form of blocks with different sizes and
shapes.

The microstructure of Opal-B (Fig. 5d) is different from other
opals. SiO2 microspheres with diameters of 1–2 mm can be seen
in some areas, and the spheres are all fused with each other.
Only when the diameter of the sphere is 0.15–0.3 mm and the
gap between the spheres is 0.14–0.24 mm, the grating structure
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04197a


Table 3 Chemical composition of five different colored opals, ob-
tained by XRF

Sample;
mineral Opal-P Opal-Y Opal-G Opal-B Opal-Pur

SiO2 82.910 94.330 90.620 91.500 83.200
MgO 3.110 0.387 0.070 1.240 1.000
Al2O3 2.550 0.147 0.113 0.126 0.325
Fe2O3 0.522 0.897 3.520 0.073 0.034
As2O3 0.212 0.000 0.000 0.000 0.000
CaO 0.151 0.159 0.205 0.146 6.980
Na2O 0.052 0.076 0.047 0.030 0.000
ZnO 0.045 0.014 0.064 0.138 0.000
MnO 0.040 0.000 0.004 0.000 0.000
CuO 0.038 0.000 0.000 1.960 0.000
SeO2 0.037 0.000 0.055 0.045 0.000
Cl 0.031 0.068 0.038 0.065 0.000
TiO2 0.023 0.012 0.015 0.006 0.000
P2O5 0.021 0.015 0.000 0.000 0.022
Ga2O3 0.017 0.016 0.000 0.000 0.000
ZrO2 0.013 0.014 0.009 0.012 0.000
Am2O3 0.009 0.007 0.009 0.019 0.000
GeO2 0.009 0.012 0.000 0.000 0.000
V2O5 0.008 0.000 0.003 0.008 0.000
Nb2O5 0.006 0.014 0.003 0.008 0.002
Co3O4 0.003 0.000 0.002 0.000 0.000
K2O 0.000 0.074 0.038 0.000 0.016
IrO2 0.000 0.029 0.000 0.000 0.000
ThO2 0.000 0.015 0.011 0.000 0.000
Pr6O11 0.000 0.013 0.000 0.000 0.000
SrO 0.000 0.004 0.009 0.000 0.016
PbO 0.000 0.000 0.055 0.000 0.000
Nd2O3 0.000 0.000 0.008 0.000 0.000
P 0.000 0.000 0.005 0.000 0.000
Cr2O3 0.000 0.000 0.004 0.000 0.000
CO2 0.000 0.000 0.000 0.000 3.990
F 0.000 0.000 0.000 0.000 4.320
SO3 0.000 0.000 0.000 0.000 0.031
U3O8 0.000 0.000 0.000 0.000 0.068
Total 89.806 96.302 94.907 95.375 100.004
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composed of SiO2 spheres can diffract visible light, resulting in
play of color. Obviously, the size of the silica microsphere in
Opal-B is larger than 0.3 mm, and the external shape of the SiO2

sphere is irregular. In addition, the boundary between the
spheres is not clear, and the gap formed in the three-
dimensional space is irregular. Therefore, the play of color
effect not occur in Opal-B.

The SEM image of Opal-Pur (Fig. 5e) shows two different
colors, indicating that it is composed of two minerals. The
matrix material appears gray, showing an uneven surface and
the milky structure of spongy unmolded microspheres. The
gray-white color has a cluster-shaped microscopic appearance.
XRF data (Table 3) show that Opal-Pur contains Ca and F
elements. Combined with the magnication observation in
Fig. 3 and XRD phase characterization Fig. 4, it is conrmed
that the inclusion is purple uorite.
3.4. Thermogravimetric analysis

Thermogravimetric analysis of all samples was carried out to
estimate the water content and dehydration process of opals of
© 2022 The Author(s). Published by the Royal Society of Chemistry
the same type. It can be seen from Fig. 6 that the weight loss rate
of the sample from high to low is Opal-P, Opal-G, Opal-Pur,
Opal-B and Opal-Y, and the thermal decomposition of all
samples can be divided into four stages. The thermal decom-
position temperature of each sample and the weight loss rate of
each stage are shown in Table 4. The weight loss below 150 °C is
molecular water existing on the surface and in open cracks, with
a weight loss rate of 0.29–2.36%. Pores water and some
hydrogen-bonded water molecules are lost at about 150–350 °C,
and the weight loss rate is 0.98–2.9%. Strong hydrogen-bonded
water molecules and a small part of silanols are lost at 50–650 °
C, and the weight loss rate is 0.36–2.44%. The silanols located in
the structure and a small part of the water molecules in the
matrix were lost at 1000 °C, and the weight loss rate was 0.22–
1.11%. Most of the water in the samples are lost below 650 °C,
and the weight loss still exists at 650–1000 °C, at this time, the
hydroxyl water located in the structural position is lost. Because
of their structural differences, their water content and dehy-
dration temperature are also different.

Opal-P contains a large amount of palygorskite, and paly-
gorskite has large specic surface area, adsorption capacity and
strong colloid properties. Therefore, the water content of Opal-P
is the highest among the opals, so the weight loss is more than
other samples. Opal-Pur contains a lot of CaF2, and the pres-
ence of Ca2+ will bond more water molecules.49,50 The heating
temperature of Opal-Pur is still in a downward trend at 1000 °C,
possibly due to the decomposition of calcium uoride.
3.5. FT-NIR analysis

It is generally believed that most of the water on the surface of
opal is not in the form of free water molecules but hydroxyl
groups with silicon atoms on the surface of silica to form
hydrogen-bonded silanol groups, which is physically adsorbed.
The presence of hydrogen-bonded silanol groups is a necessary
condition for effective adsorption activity on silica gel surface.51

It can be seen from Fig. 7 that the absorption peaks of NIR
bands of all samples are three regions, which are about
4500 cm−1, 5200 cm−1 and 7000 cm−1. Table 5 summarizes the
main attributions of hydration vibration of different colored
opal samples in the near infrared region of 8000–4000 cm−1.
The peak at 4320 cm−1 is corresponding to bending vibration in
siloxane (Si–O–Si) and 4500 cm−1 corresponds to stretching
vibration of OH in hydrogen-bonded silanol (Si–OH) and free
silanol. The peak at 5060 cm−1 was caused by water molecules
bound to silanol groups, while 5230 cm−1 is corresponding to
the absorption of free water molecules, which is caused by the
bending and stretching vibration of water molecules. The
absorption peak around 5200 cm−1 has been proved to distin-
guish Opal-A and Opal-CT. The wavenumber of Opal-A is
generally greater than 5245 cm−1, while Opal-CT was signi-
cantly lower than 5240 cm−1.12,52 For Opal-CT, the absorption
peak intensity at 5200 cm−1 is lower than 5240 cm−1, which is
consistent with the study of Langer and Flörke.12 Bending and
stretching vibrations of OH in molecular water and hydrogen-
bonded silanol are corresponding to 6830 cm−1 and
7060 cm−1.51,53 The wavenumber from to 6830 cm−1 and
RSC Adv., 2022, 12, 30416–30425 | 30421
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Fig. 6 TG% mass change data plotted as a function of temperature for the opal samples. (a) Pink opal; (b) yellow opal; (c) green opal; (d) blue
opal; (e) purple opal.

Table 4 Thermal decomposition temperature and weight loss rate of
opal samples with different colors

Sample T1/°C W1/% T2/°C W2/% T3/°C W3/% Total weight/(%)

Opal-P 120 2.36 290 2.90 490 2.44 8.78
Opal-Y 97 0.29 270 1.79 510 0.36 3.06
Opal-G 108 0.56 370 3.23 661 0.93 4.94
Opal-B 113 1.28 208 0.98 647 1.26 4.03
Opal-Pur 113 0.43 277 1.45 784 1.81 4.25

Fig. 7 Near infrared images of opals of different colors.
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7060 cm−1 is the combination tone of the vibration in the mid-
infrared region. When the peak in this range changes from
double peaks to single peak, it indicates a higher degree of
hydrogen bonding.54–56 The red and blue shi of individual
peaks may be due to the difference of microstructure.

The adsorption degree of opal depends on the number of
silanol and the proportion of free silanol. The higher the
content of silanol groups, the stronger the adsorption capacity.
The formation of silanol groups may depend on the depth of
occurrence of mineral and the proximity of other free silanol
groups on the surface.16 Generally speaking, the water in opal is
composed of molecular water (H2Omol) and silanols (H2OSiOH),
and the total water content has been measured by TG. But the
distribution and content of water molecules (H2Omol) and sila-
nols (H2OSiOH) in each sample cannot be determined. The
absorption bands of molecular water (H2Omol) (5200 cm−1) and
silanols (H2OSiOH) (4500 cm−1) in the near infrared region do
not overlap. The water content of the two forms can be semi-
quantitatively calculated according to these two peaks.57,58
30422 | RSC Adv., 2022, 12, 30416–30425 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Near infrared characterization of opals of different colors

Peak
(cm−1) Band assignment

4320 Siloxane (Si–O–Si) bending
4500 Si–OH and siloxane (Si–O–Si) bending
5060 Water molecules hydrogen bonded to silanol groups

bending or stretching
5230 Free water molecules bending or stretching
6830 The combination tone of molecular water and silanol

groups bending or stretching7060

Table 6 Summary of analytical results obtained by TG and FTIR
analyses of opal samples

Sample

TG analyses FTIR analyses

H2Ototal wt% H2Omol wt% H2OSiOH wt% H2Ototal wt%

Opal-P 8.78 7.03 2.04 9.07
Opal-Y 3.06 3.13 0.07 3.19
Opal-G 4.94 5.02 0.12 5.15
Opal-B 4.03 4.20 0.08 4.18
Opal-Pur 4.25 4.19 0.27 4.41
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3400 cm−1 and 3700 cm−1 in the mid-infrared region are caused
by the stretching vibration of OH in water and silicone
water,12,57,59,60 but for minerals with water content greater than
2%, the absorption peaks are unstable and is not suitable for
calculation.61–63 Therefore, the peak of 5200 cm−1 and
4500 cm−1 is used to semi-quantitatively calculate the water
content in opal.

Lambert–Beer law is the basis of quantitative relationship
between absorption intensity and absorption substance
concentration. The concentrations of H2OSiOH and H2Omol were
calculated using the Lambert–Beer law (Table 6):

w = [18.02 × Abs/(d × r × 3)] × 100%, (1)

where w is the H2O concentration expressed as a weight frac-
tion, Abs is the height of the absorption peak, d is the thickness
of the specimen in cm, r is the density of the sample in g L−1

and 3 is the molar absorptivity (or extinction coefficient) in L
mol−1 cm−1. The molar absorptivities is based on the data given
by Langer and Flörke (1974).12 (5200 cm−1: 3 = 1.14 L mol−1

cm−1; 4500 cm−1: 3 = 0.76 L mol−1 cm−1).
Summary of analytical results obtained by TG and FT-NIR

analyses of opal samples is shown in Table 6. Although there
are some errors in the total water content and TG test results of
NIR test, the changing trend of water content in opal samples is
consistent. Potential errors in the FT-NIR analyses may be
related to the porosity of the sample, light transmission through
the sample, sample thickness and extinction coefficient. The
error in this paper is within the range of �5% for the deter-
mination of water content by NIR test. Therefore, the results are
still reliable. The content of water molecules (H2Omol) in all opal
© 2022 The Author(s). Published by the Royal Society of Chemistry
samples are higher than that of silanols (H2OSiOH), so most of
the water in opal is composed of molecular water. These
molecular waters (H2Omol) do not participate in structural
construction, exist on the surface, interstitial or in the form of
hydrogen-bonded water molecules (H2Omol). Silanols (H2OSiOH)
are a necessary condition for opal to adsorb, so the higher the
amount of silanols (H2OSiOH), the higher the amount of adsor-
bed water. The silanols (H2OSiOH) of Opal-P are the highest,
which is caused by the presence of palygorskite. The surface
area and adsorption of clay minerals are relatively large, so the
water content for Opal-P is the highest, which is consistent with
the TG results. Opal-Pur contains a lot of CaF2, and the presence
of Ca2+ will bond more water molecules (H2Omol).49,50 Because of
the large gap between its structural particles, Opal-G can store
water molecules (H2Omol), which leads to more silanols
(H2OSiOH). The structure of Opal-B is a fused sphere, and these
spherical polymers form gaps between which water molecules
(H2Omol) are stored.

4. Conclusions

The structure and water content of ve different colored opals
were systematically studied in this work. The results showed
that all the samples belonged to Opal-CT type. However, there
are still some microscopic differences among different color
samples. Pink opal is composed of palygorskite bers with
a diameter of 0.05–0.1 mm. Palygorskite has a large specic
surface area, which leads to the most water content for pink
opal. Yellow opal contains cloudy inclusions and a relatively
homogeneous texture. Green opal has a massive microstruc-
ture and a large gap between particles. SiO2 microspheres with
diameters of 1–2 mm can be seen in some areas of blue opal,
and the spheres are all fused with each other. Purple opal is
colored by purple uorite, which shows green uorescence
under long and short wavelength of UV lamp. Purple opal
contains more water molecules due to the action of Ca2+. The
total water content of all samples is ranging from 3.06 to
8.78%. When heated to 1000 °C, the thermal decomposition
process of all samples can be divided into four stages, and
most of the water in the samples is lost below 650 °C. In
addition, this paper introduces the semi-quantitative calcu-
lation by using Lambert–Beer law to calculate the content of
water molecules (H2Omol) and silanols (H2OSiOH) in opals of
different colors. The results show that water in ve different
colored opals mainly exists in the form of molecular water
(H2Omol), and the content of silanols (H2OSiOH) is less than
that of molecular water (H2Omol). This study brings new data
to the understanding of the hydration state of colored opal,
especially with respect to content of different forms of water in
colored opals.
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