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Abstract

:

Fire opal is much sought after for its flame-like red-orange-yellow body-color. With consumers’ enthusiasm for fire opals, dyed fire opal has gradually entered the jewelry market, which has made an impact on consumer perception and trade. In this work, we present a combined spectroscopic (FTIR, Raman, UV-Vis) investigation and chemical analysis of four natural fire opals from Mexico and Ethiopia and four dyed samples. Ultra-depth microphotographs revealed uniform color distribution in the natural fire opal, while patches of color were observed in the dyed fire opal. The main infrared peak around 1099 cm−1 indicated the hydrophane origin of all the dyed materials. The color of natural fire opals is related to the presence of Fe oxides and hydroxides (hematite, goethite) as confirmed by the Raman spectra, the first derivative of the UV-Vis spectral curves, and the relatively high Fe content by chemical analysis. By contrast, dyeing opals created several Raman peaks produced by external materials, and an extremely low Fe content was detected. The first derivative of the UV-Vis spectral curves can aid in detecting the use of a dyeing treatment in red and yellow opal.
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1. Introduction


Opals are naturally occurring hydrous silica materials (SiO2·nH2O) exhibiting different degrees of crystallinity and crystal structure. [1,2]. Fire opal is an attractive variety characterized by its intense red-orange-yellow body color and is mainly produced in Mexico. The discovery of hydrophane opal sparked the industry’s interest. Ethiopian opal’s hydrophane nature renders it susceptible to a variety of treatments, including dyeing. Dyed opals with more believable colors have gradually entered the jewelry market and may pose new identification challenges. Several purple opals, with relatively high transparency, reported to be natural gems from Mexico were proved to have undergone a dyeing treatment [3]. The dyeing treatment to produce the fake body-color, e.g., orange, blue, and black, was confirmed by soaking the samples in water and making the water change color [4,5]. The previous literature has primarily focused on the water immersion test, which may cause irreversible damage to the samples [3,4,5,6]. Very little is published on the non-destructive testing of dyed fire opals and their comparison to the natural samples with similar color saturation.



In this study, we compared the appearance, gemological properties, and other analytical results of the dyed material to natural opals with similar colors from Mexico and Ethiopia. The aim of this paper is to provide new reference data and methodological support for the non-destructive testing of natural and dyed fire opals.




2. Materials and Methods


Three natural rough, one natural cabochon, and four dyed faceted fire opals, ranging from 0.49 to 18.01 ct and obtained from trusted gem dealers, were analyzed for the study (Figure 1). Three of the natural samples with red and orange body color were fire opals from Mexico (NOpal-1–NOpal-3); one sample with yellow body color was a hydrophane opal from Ethiopia (NOpal-4). Several samples (NOpal-4, DOpal-1–DOpal-3) also displayed a distinct play of color phenomena. The analyzed opals presented a luster from greasy to vitreous, and the diaphaneity varies from transparent to translucent.



Standard gemological characterization of all the samples was determined with a GIC refractometer and a long-wave (365 nm) and short-wave (254 nm) UV lamp. The specific gravity (SG) was obtained via the hydrostatic weighing method. Internal features were observed with a VHX-2000 super depth-of-field microscope (max. magnification 200×).



Fourier transform infrared (FTIR) spectroscopy was performed on a Thermo Scientific Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Diffuse reflectance spectra (samples measured from 400 to 2000 cm−1) were obtained via the Pike UpIR™ (upward-looking diffuse reflectance accessory) in atmosphere. Transmission mode spectra were recorded in the 2000–6000 cm−1 range. All the spectra were collected at 8 cm−1 resolution and with 32 scans.



All the samples were also tested with a Renishaw inVia Raman microscope, under the following instrumental conditions: 532 nm and 785 nm lasers, gratings of 1800 and 1200, spectral resolution 1 cm−1, test range of 100–2000 cm−1.



A QSpec Gem-3000 spectrophotometer was used to obtain ultraviolet-visible near-infrared (UV-Vis-NIR) absorption spectra at room temperature, under the following instrumental conditions: 150 ms integration time, 8 average number, 2 nm smoothing width, 400–1000 nm wavelength collection.



X-ray fluorescence spectra were collected using a Thermo Scientific ARL Quant’X energy-dispersive X-ray fluorescence spectrometer with Mid Za testing conditions, including 16 keV operating voltage, 1.98 mA working current, 100 s, a vacuum environment, and Pd filter.



A laser ablation-plasma mass spectrometer (LA-ICP-MS) was used to analyze the chemical composition of the samples, under the following instrumental conditions: laser ablation system: NWR-213. ICP-MS mass spectrometer: PerkinElmer 350 D, laser spot beam diameter 44 μm, energy 60%, frequency 10 Hz, single-point acquisition time 40 s. The standards were NIST SRM 610 and NIST SRM 612.




3. Results and Discussion


3.1. Gemological Properties


All the samples showed yellow to red body color with moderate to high saturation. The refractive index (RI) measurements of the eight samples were between 1.40 and 1.43 (Table 1). Due to the hygroscopicity of the hydrophane opal [4,6,7], we soaked the hydrostatically measured hydrophane before letting the stones soak completely immersed in water. All the natural samples showed no response to long-wave UV radiation, while the dyed samples showed a weak to moderate whitish-yellow luminescence under long-wave UV radiation (Figure 2).



Ultra-depth microphotographs revealed the even color distribution of all the natural opals, although color bands are also observed (Figure 3). Dyed samples displayed distinct color concentrations along the edges of the stones (Figure 4b). Subtle color concentrations and irregular color patches were also seen in some samples (Figure 4c,d).




3.2. FTIR Spectroscopy


In a recent spectroscopic test of opals, three major silicon-oxygen fingerprint bands in the 450–500, 780–820, and 1000–1300 cm−1 regions have been identified that are common to all types of opal [8,9,10]. The three bands may be split into transverse optical (TO) and longitudinal optical (LO) components [11,12,13]. TO/LO phonons create oscillating dipole moments with different oscillation directions. The direction of TO phonons is perpendicular to the phonon propagation direction, whereas the dipole moment for LO phonons oscillates in the propagation direction. LO-TO splitting is created by the diverged energies of the LO and TO phonons, caused by long-range electrostatic interactions. This is called the Berreman effect for thin films and has been observed for bulk silica glasses [14,15]. In this study, TO1 /LO1, TO2 /LO2, and TO3 /LO3 are used to assign the three bands described above. It is worth mentioning that a shoulder at approximately 1250 cm−1 is presumably due to either the LO3 bands or a mixed LO–TO mode with dominant LO3 character [8,9,11,12].



FTIR diffuse reflectance spectra were collected in the low-frequency region of 400–2000 cm−1 (Figure 5), characterized by the three strong peaks typical of framework silicates (Si-O-Si bending) [10,16,17,18], with the main peaks in the range of 1099–1115 cm−1 (Table 2). According to previous studies [8,9,19,20,21], the infrared spectra may also be instrumental in classification and provenance. The frequencies of the band near 790 cm−1 are related to the degree of crystallinity, which is always at higher frequencies in opal-A (non-crystalline opal, 796–800 cm−1) and opal-C (793–794 cm−1) compared to those of opal-CT (micro-crystalline opal, 788–792 cm−1) [21]. The band at 470 cm−1 shifted toward lower values from opal-C (475–481 cm−1) to opal-A (466–472 cm−1), through opal-CT (472–477 cm−1) [21], as shown in Table 3. The results showed that all the analyzed opals are CT-type, i.e., semi-crystalline, with variable contents of α-cristobalite and α-tridymite.



The strongest absorption peaks of the dyed fire opals were all located near 1099 cm−1, accompanied by a shoulder near 1241 cm−1, which confirmed the hydrophane nature of the dyed materials [4]. The natural yellow opal from Ethiopia showed the same features. In contrast, the strongest absorption peaks of natural fire opals from Mexico were shifted toward around 1115 cm−1, with a shoulder near 1255 cm−1. According to previous studies [4,22,23,24], the diameter of silica spheres in Ethiopian opal is in the range of 20–70 nm (mostly 30 nm), which is smaller than that of opals with a play-of-color from other origins, such as Australia, usually containing spheres with a diameter of between 150 and 300 nm. Additionally, the arrangement of spheres is irregular. Regular arrangements can only appear within a certain range, showing a regular ladder-shaped lamellar structure. There are filamentary and mesh-like gaps with varying intervals in the lamellar structure. The spheres can also agglomerate tightly in a small area, and there are more gaps between irregular agglomerates, which are random and irregular [22]. This structure creates larger vacancies between spheres, allowing the dyeing materials to enter the structure easily. Owing to the greater porosity and, therefore, the stronger absorption, hydrophane opals are preferred for carrying out the dyeing treatment.



The transmitted infrared spectra showed no significant difference between natural and dyed opals (Figure 6), with a weak peak around 5600 cm−1, a strong band centered at about 5200 cm−1 due to structural water, and a weak absorption near 4500 cm−1 caused by the combination bending and stretching of OH in silanol groups (νB(SiOH) + νS(OH)) [10,15,19] (Table 2).




3.3. Raman Spectroscopy


All the opals exhibited strong Raman signals in the range of 100–2000 cm−1, which is typical of framework silicates (Figure 7 and Figure 8) [8,9]. These broad bands also indicated that the more crystalline samples are significantly disordered (Table 4). The major absorptions of opal and silica occurred predominantly in the region of 200–500 cm−1, showing broad bands with varying degrees of fine detail for opal-A and opal-CT [8,9]. According to the literature [20], the position of the maximum peak of the most intense band in this range is a key factor in distinguishing opal-A and opal-CT. For opal-A, the broad band is centered at around 430 cm−1, while opal-CT presented a maximum at around 320–330 cm−1 [20], which is attributed to the superposition of a typical maximum of disordered tridymite modifications and cristobalite [25]. Opal-C showed relatively sharp peaks, similar to those for α–cristobalite [26]. In our study, the maximum in this range is located at around 330 ± 10 cm−1; thus, the samples we studied are all opal-CT.



Raman analysis also showed a series of characteristic peaks at 222 cm−1, 295 cm−1, 606 cm−1, 660 cm−1, and 1315 cm−1 (Figure 7a), which are in agreement with that of hematite, according to the RRUFF online database [27]. This result confirmed that the color of natural fire opal is caused by inclusions of iron oxides and hydroxides [28,29], e.g., hematite. However, when using a 532 nm source, the dyed fire opal with a similar color saturation had a poor unidentifiable signal and a strong fluorescent background (Figure 7b). Several characteristic peaks at around 1118 cm−1, 1180 cm−1, and 1595 cm−1 are observed in the spectra with the laser at 785 nm and can be attributed to the external organic dyeing materials (Figure 8b).




3.4. UV-Vis Spectroscopy


UV-Vis spectroscopy of the natural samples revealed a steep drop-down curve toward the red region, with the inflection point having a blue shift as the body color changes from red and orange to yellow (Figure 9a). The inflection points of natural red and yellow fire opals are located at around 540 ± 10 nm and 480 nm, respectively, which is consistent with those of hematite and goethite, as confirmed by previous research [31,32]. Thus, these two minerals are the coloration agents of natural fire opals of corresponding colors. For natural orange fire opal, this position shifts to approximately 520 nm, which is between the positions of the former two. It is worth mentioning that there is a weak crystal-field band centered at 850 nm in the natural red fire opal, which can be assigned to 6A1→4T1, the transition of hematite [32,33]. However, the spectra of dyed red opal showed an inflection point located at around 575 nm and no 850 nm band, due to the absence of hematite. In addition, when changing the testing position, several troughs in slightly different positions were found, perhaps due to the play-of-color phenomenon. The inflection points of dyed yellow and orange fire opals are located at about 500 nm and 540 nm, respectively. Meanwhile, we speculated that the slightly changed hue may be the result of the subtle change in position of the inflection; however, we cannot determine the specific values of the range in this study. At present, the results show that the differences between UV-Vis spectra could not assist in detecting the dyeing treatment in yellow and orange samples.



Previous studies [34,35] proposed that the iron mineral contents can be determined by calculating their first-order derivative of the spectral curves. The first derivatives of the spectral curve are an excellent qualitative indicator for distinguishing hematite from other hydrated iron oxides. Hematite always shows a single peak in its first derivative curve at 575 ± 10 nm. Hydrated iron oxide spectra are more variable, with several peaks in their first derivative curves at a wavelength shorter than that of the hematite peak. Goethite shows its primary first derivative peak at 535 nm, with a secondary peak at 435 nm.



To further distinguish natural from dyed samples, we calculated the first derivative of the spectral curves (Figure 10). To reduce the interference of the troughs produced by the play-of-color phenomenon and to minimize the effect on the slope of the first derivative of the spectral curves, we used the Zap function in Renishaw Wire 4.1 software to process the data for DOpal-1 and DOpal-2. The processed data were presented as DOpal-1* and DOpal-2* (Figure 9b,c). The processed spectrum of the natural red fire opal revealed a single peak at approximately 580–585 nm (Figure 10a), indicating the existence of hematite [34]. However, the main peak at about 604 nm (Figure 10b), which is explicitly not that of hematite, and a secondary peak at 478 nm were observed in the dyed red opal. The spectroscopy of natural yellow fire opal exhibited the main peak at around 525 nm, with a 430 nm sub-peak (Figure 10a), which is an indication of goethite. Thus, the natural yellow color is caused by the goethite, whereas the peaks that shifted to 539 nm and 481 nm are fingerprints of the dyed yellow sample (Figure 10a). The first-order derivative spectrum of the natural orange fire opal showed a single peak at 560 nm, and it is assumed that its color may be caused by a mixture of iron oxides and hydroxides, or be influenced by other iron-containing minerals, resulting in a large change in the position of the inflection point and the slope in the UV-vis absorption spectrum. Unfortunately, we have not yet been able to identify their coloring agents effectively by first-order derivatives. The spectroscopy of dyed orange opal is more similar to its natural one. Hence, the first derivatives of the spectral curves can help to distinguish hematite and goethite and to analyze the color origin of natural fire opals, especially the red and yellow ones. The natural and dyed orange samples failed to be distinguishable by this method, due to the complexity of the combinations of iron oxides.




3.5. Chemistry


3.5.1. Energy-Dispersive X-ray Fluorescence Spectroscopy


The Mid Za testing condition of the energy-dispersive X-ray fluorescence spectrometer (EDXRF) was used to test and analyze the Fe content in eight samples. This testing condition is better for the excitation of the element Fe, while it is not the best testing condition to excite the element Si.



Results revealed that the characteristic Ka and Kb peaks of elemental Fe were clearly observed (Figure 11a), and the Fe contents were positively correlated with the color saturation, which provided important evidence as to the color origin of natural opals. Based on this, the dispersed particles of iron oxides and hydroxides are the main cause of the color in natural fire opals. However, the color of dyed opals was produced by the external dyes; thus, only an extremely weak Ka peak and no Kb peak were exhibited (Figure 11b). Besides this finding, the obvious characteristic Ka peaks of the elements K and Ca in all the dyed samples indicated their origin to be from Ethiopia [36,37]. Previous studies have proved that Ethiopian hydrophane opal is so porous that it will absorb dyeing materials to produce various colors [3,4,5,6].



To further quantify the difference in iron content between natural and dyed fire opals, Si was selected as the calibration element due to its rather stable content in all samples, regardless of color hues and saturations. The count ratio of Fe/Si of all the samples was further calculated, to compare the Fe relative contents and to distinguish whether the color is caused by the natural iron oxides and hydroxides or by external materials.



The Fe/Si count ratios are calculated as follows: the count rates of Si and Fe are determined based on their Ka region of interest (ROI), and the count ratio values of Fe/Si are obtained via calculation. Generally, Si is selected in the range of 1.56–1.98 keV, whereas Fe is in the 6.16–6.66 keV range.



As shown in Table 5, the Fe/Si count ratios in natural fire opal ranged from 0.35 to 1.11, while the Fe/Si count ratios in dyed fire opal with similar color saturation were in the range of 0.019–0.052. It is clear that the Fe content in dyed fire opal is much lower than that in natural fire opal, with similar color saturation (Figure 12).




3.5.2. LA-ICP-MS


Further chemical analyses by LA-ICP-MS confirmed this result (Table 6.). The iron content in dyed opals (2–48 ppm) is dramatically lower than that of natural samples (361–1648 ppm), proving that the color of dyed stones is not attributed to the iron oxides and hydroxides. The high contents of Na, Mg, Al, K, Ca, and Zr are a good indicator of their origin being from Ethiopia, where many hydrophane deposits are known [7,37].






4. Conclusions


The results presented in this study indicate that the combination of color distribution, FTIR spectroscopy, Raman spectroscopy, UV-Vis spectroscopy, and chemistry provide strong proof when distinguishing between natural and dyed fire opal samples. The color of natural fire opals is uniform, while color concentrations are easily observed in dyed samples. The main infrared peak of dyed opals is located at around 1099 cm−1, with a small shoulder at about 1241 cm−1, indicating the hydrophane nature of all the dyed materials. The Raman spectra of natural samples revealed the characteristic peaks of iron oxides and hydroxides, while only those peaks due to external materials appeared in the treated samples. The first derivatives of UV-Vis spectral curves confirmed the absence of hematite or goethite in the dyed opals and confirmed that their color is unrelated to these minerals. Furthermore, the obvious difference in the count ratio of Fe/Si and the Fe content in the natural and dyed samples with similar color saturation provided strong proof as to their different color origins.
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Figure 1. Shown here are four natural samples, ranging from 0.49 to 18.01 ct, and four dyed samples weighing 0.56–1.26 ct. 
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Figure 2. Natural and dyed fire opal under natural light (up) and long-wave UV light (down). From left to right: natural and dyed red fire opal, natural and dyed orange fire opal, natural and dyed yellow fire opal. Natural samples showed no response to the long-wave UV light, while dyed samples showed weak to strong fluorescence. 
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Figure 3. Digital micrographs of sample NOpal-2 and NOpal-3. (a–c) Even color distribution; (d) Color bands. 
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Figure 4. Digital micrographs of sample DOpal-1 and DOpal-2. (a) An irregular color distribution; (b) A distinct color concentration along the edge of the stone; (c,d) Subtle color concentrations and irregular color patches. 
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Figure 5. Mid-infrared spectra of samples. 
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Figure 6. Mid-infrared spectra of samples (transmission method): (a) natural opals; (b) dyed opals. 
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Figure 7. Raman spectra of samples with a 532 nm laser: (a) natural opals; (b) dyed opals. 
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Figure 8. Raman spectra of samples at 785 nm laser: (a) natural opals; (b) dyed opals. 






Figure 8. Raman spectra of samples at 785 nm laser: (a) natural opals; (b) dyed opals.



[image: Crystals 12 00322 g008]







[image: Crystals 12 00322 g009 550] 





Figure 9. UV-VIS absorption spectra: (a) natural opals; (b–d) dyed opals. (The spectra DOpal-1* and DOpal-2* are presented using the processed data). 
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Figure 10. First derivative of the UV-VIS absorption spectra: (a) natural opals; (b) dyed opals. (The spectra DOpal-1* and DOpal-2* are the first-order derivative spectra derived from the processed data of DOpal-1 and DOpal-2). 
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Figure 11. EDXRF spectrum of samples: (a) natural opals; (b) dyed opals. 
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Figure 12. Fe/Si count ratio of the opal samples: there is a wide difference (more than 15-fold) in the Fe content between natural (mean value 0.43) and treated samples (mean value 0.0285). 
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Table 1. Descriptions of gemological properties.






Table 1. Descriptions of gemological properties.





	
Sample

	
Treatment

	
Body Color

	
Weight/ct

	
Origin

	
Diaphaneity

	
RI

	
SG

	
Fluorescence






	
NOpal-1

	
Natural

	
Red

	
1.44

	
Mexico

	
Transparent

	
1.43

	
1.99

	
Inert




	
NOpal-2

	
Red

	
18.01

	
Mexico

	
Transparent

	
1.42

	
1.78

	
Inert




	
NOpal-3

	
Orange

	
13.38

	
Mexico

	
Transparent

	
1.42

	
1.85

	
Inert




	
NOpal-4

	
Yellow

	
0.49

	
Ethiopia

	
Transparent

	
1.40

	
2.00

	
Inert




	
DOpal-1

	
Dyed

	
Red

	
0.56

	
Ethiopia

	
Transparent to Translucent

	
1.41

	
1.78

	
Yellow; strong




	
DOpal-2

	
Yellow

	
1.08

	
Ethiopia

	
Transparent to Translucent

	
1.42

	
1.88

	
Yellow; weak–moderate




	
DOpal-3

	
Yellow

	
0.89

	
Ethiopia

	
Transparent to Translucent

	
1.41

	
1.89

	
Yellow; weak–moderate




	
DOpal-4

	
Orange

	
1.26

	
Ethiopia

	
Transparent to Translucent

	
1.41

	
1.82

	
Yellow; strong
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Table 2. Assignments of the infrared absorption of opal [8,9,15,16,17,18,21].
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	Frequency (cm−1)
	Assignment





	450–490
	TO1; Si-O-Si rock



	500–510
	LO1; Si-O-Si rock



	780–800
	TO2; Si-O-Si symmetric stretch



	810–820
	LO2; Si-O-Si symmetric stretch



	1000–1200
	TO3; Si-O-Si antisymmetric stretch



	1240–1250
	LO3; Si-O-Si antisymmetric stretch



	4500
	combination bending and stretching of OH in silanol groups



	5200
	structural water



	5600
	structural water
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Table 3. Summary of infrared frequency variations in different opal types [8,9,20,21].
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Opal Type

	
Infrared Frequencies (cm−1)




	
400–500

	
500–600

	
600–700

	
700–800






	
Opal-A

	
466–472

	
530 ± 20

	
—

	
796–800




	
Opal-CT

	
472–477

	
—

	
—

	
788–792




	
Opal-C

	
475–481

	
—

	
630 ± 20

	
793–794
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Table 4. Assignments of the Raman shifts of opal [20,25,27,28,29,30].
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	Frequency (cm−1)
	Assignment





	222
	α-Fe2O3



	295
	α-Fe2O3



	330
	O-Si-O deformation vibration



	408
	Si-O-Si bending vibration



	606
	α-Fe2O3



	660
	α-Fe2O3



	778
	Si-O-Si symmetrical stretching vibration



	966
	Si-O stretching vibration



	1074
	Si-O-Si antisymmetric stretching vibration



	1118
	benzene ring C-C stretching vibration



	1180
	benzene ring C-H in-plane bending vibration



	1315
	α-Fe2O3



	1595
	benzene ring C-C stretching vibration
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Table 5. Count ratio of Fe/Si in samples.
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Sample Number

	
Si Count Ratio

	
Fe Count Ratio

	
Fe/Si Count Ratio






	
NOpal-1

	
19,256

	
19,501

	
1.013




	
19,006

	
21,041

	
1.107




	
18,221

	
18,850

	
1.035




	
NOpal-2

	
19,670

	
8437

	
0.429




	
19,119

	
8280

	
0.433




	
18,540

	
8062

	
0.435




	
NOpal-3

	
18,951

	
7474

	
0.394




	
18,768

	
7340

	
0.391




	
19,058

	
7932

	
0.416




	
NOpal-4

	
11,789

	
4258

	
0.361




	
10,705

	
4037

	
0.377




	
12,730

	
5476

	
0.430




	
DOpal-1

	
16,148

	
835

	
0.052




	
15,250

	
697

	
0.046




	
16,863

	
861

	
0.051




	
DOpal-2

	
15,647

	
589

	
0.038




	
14,041

	
422

	
0.030




	
12,478

	
440

	
0.035




	
DOpal-3

	
17,586

	
374

	
0.021




	
14,661

	
290

	
0.020




	
16,325

	
317

	
0.019




	
DOpal-4

	
16,111

	
350

	
0.022




	
16,122

	
440

	
0.027




	
15,921

	
403

	
0.025
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Table 6. Chemical composition (ppm) of six opal samples, as obtained by LA-ICP-MS.
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Element (ppm)

	
Na

	
Mg

	
Al

	
K

	
Ca

	
Fe

	
Zr

	
Cs






	
NOpal-1

	
1

	
278

	
139

	
2474

	
644

	
416

	
1648

	
29

	
0.6




	
2

	
281

	
141

	
2491

	
657

	
309

	
1613

	
29

	
0.6




	
3

	
285

	
137

	
2505

	
658

	
341

	
1357

	
29

	
0.6




	
NOpal-2

	
1

	
791

	
2

	
1691

	
301

	
189

	
358

	
6

	
0.8




	
2

	
819

	
2

	
1715

	
310

	
232

	
372

	
7

	
0.8




	
3

	
825

	
3

	
1718

	
310

	
215

	
361

	
7

	
0.8




	
NOpal-3

	
1

	
602

	
3

	
1656

	
455

	
101

	
452

	
20

	
1.6




	
2

	
558

	
3

	
1529

	
421

	
72

	
421

	
20

	
1.5




	
3

	
542

	
2

	
1431

	
410

	
96

	
410

	
19

	
1.4




	
DOpal-1

	
1

	
1807

	
675

	
18,755

	
7527

	
8039

	
21

	
184

	
4.2




	
2

	
1705

	
663

	
18,385

	
7729

	
7873

	
48

	
185

	
4.0




	
3

	
1698

	
667

	
18,392

	
7878

	
7737

	
11

	
211

	
4.0




	
DOpal-2

	
1

	
1402

	
666

	
18,174

	
8439

	
8219

	
22

	
179

	
3.7




	
2

	
1399

	
673

	
18,161

	
8157

	
8268

	
7

	
164

	
3.6




	
3

	
1416

	
678

	
18,366

	
8323

	
8117

	
27

	
174

	
3.7




	
DOpal-3

	
1

	
4437

	
129

	
22,416

	
9113

	
7744

	
13

	
44

	
4.1




	
2

	
4699

	
133

	
22,306

	
8791

	
7686

	
3

	
45

	
4.3




	
3

	
4735

	
139

	
22,674

	
8855

	
7921

	
2

	
48

	
4.3

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
0 o s a0 o0 o @ w0 ;o O MM M0 60 00 W0 om0 200
Wocramberan Woncnmberan

@ ®





media/file4.png
NOpal-2 DOpal-1 NOpal-3 DOpal-4 NOpal-4  DOpal-3

‘ . ;I

e






media/file8.jpg





media/file18.png
Intensi

— NOpal-1 fae — DOpal-1
- |f \kl
NOpal-2 o : DOpal-2
— NOpla-3 J‘: ..»";! 307 I'; DO al-3
/ /\ NOpal-4 ik ' 1147 1350 P
/ i | | " o
B | - - Blv Jazo DOpal-4
o ' 185 SN\ . ¥
- o -~ e l " _— ¥ ¥ i A n
et i o ", b v,
g " il N | / LY 1594
el 315 w -, . ’,l v -,\'}n.\ " %
""‘\mw,.'_h .-'\v‘"y Y ‘-4,\’“" ¥
) )
126 S
1 1330 ™,
1147 l1 ME "
1 J: si 1197 v 134
777 o
E e,
¥ i 2 ¥ 1592 1
e !
N e S— 2 M ™~
ey - 4 i ) BT s i Q .,
- = "y
[ M,
_ 1508
139 345 1232 1 33;339 i)
e 180 1260 l l141 91501 |
P S 599 00 781 gas T8 l v ! l v 1553 I
L . : v l_ v ¢ I,'n'-\n. _WJ"I."-.AV,"' I'i,‘_ i N,"'.\ W 'll |‘
e et W ‘,__‘__—.-r--"-"u_:—-"f . i T g "._\_“'__ i
1149
1119
1320 128 ! st
Bfiﬁ 781
A S
1 | | 1 | 1 1 | -‘_M_hhh_“' J | . i | ! i [
GO0 800 1000 1200 1400 1600 1800 2000 200 400 BOD 800 1000 1200 1400 1600 1800
Raman Shift (cm ") Raman Shift (cm™)

(a)

(b)

2000





media/file21.jpg
——NOpar T — NOpar?)
T NOpas —Nopala,

FosDuat

——00pa-1"— DOpal

7]






media/file26.png
Fe/Si

1.2

A=

1=

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

i e ey

-0.0285

Natural Opal

Dyed Opal






media/file3.jpg
NOpal2  DOpal-1 NOpal3  DOpal4  NOpal4  DOpal-3






media/file9.png
L2205 X30

(a)

L0 M

(b)

DOpal-1}

|200qu [





media/file22.png
First Derivative

—— NOpal-1 —— NOpal-2
—— NOpal-3 —— NOpal-4

400

/ 580
b
525<\/ 560
| T ' ' ' ' I
500 600 700 800 900

Wavelength/nm

(a)

1000

First Derivative

—— DOpal-1* —— DOpal-2*
—— DOpal-3 —— DOpal-4

400

T I ' ' I | I
500 600 700 800 900
Wavelength/nm
(b)

1000





media/file19.jpg





media/file7.jpg
@

®)






media/file10.png





media/file14.png
Transmittance

5200

6000

I 1
5500

|
5000

1
4500

L} ' LI
4000

Wavenumber (cm™)
(a)

l ¥
3500

I ¥
3000

—— DOpal-1
—— DOpal-2
—— DOpal-3
——DOpal-4
§ 5600
:
e
- 5200 - ==
— —T  r T T T - T r T + T T T
2500 2000 6000 5500 5000 4500 4000 3500 3000 2500 2000

Wavenumber (cm™)

(b)





media/file11.jpg
200 1800 1600 1400 1200 1000 0 0 w0
‘Wavenumber cm™)





media/file6.png
i 720:X100 £20:X100] NOpal-2

———

—y

200 Hm

(a) (b)

£20:Xa0

(c) (d)





media/file15.jpg





nav.xhtml


  crystals-12-00322


  
    		
      crystals-12-00322
    


  




  





media/file16.png
1.-'1'5 y ' W — NOpal-1
N / N NOpal-2
/o 78
[ l« 1083 ~— NOpal-3
| \ P v NOpal-4 .
R = P s i T i
,| o A \,..w-“v—'
208
S
%
! L
115 / i
o g \ s 778 - 1315
= L T
| - h i ———
a. l \L“' l ! o T el i -
2 295
% l 408
- 202 1315
115 l 78
1074
J 606 560 l 966
L .
1315
opn 295 406
lE4E ﬁosﬁja 778 1087
s Ty l
f_z
T T I T | T T I T I T I
200 400 600 B0O 1000 1200 1400 1600 1800 2000

Raman Shift (cm ™)

(a)

Intensity

— DOpal-1

DOpal-2
— DOpal-3
— DOpal-4

600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

(b)





media/file2.png
NOpal-1 NOpal-2 NOpal-3 NOpal-4

DOpal-1 DOpal-2 DOpal-3 DOpal-4






media/file20.png
Absorbance

Absorbance

y 530 "\ —— DOpal-1* DOpal-1
W2 ——— DOpal-1(2
pal-1(2)
535 " —— DOpal-1(3)
501
. =572
415 \
3 \
= .
m
2
S 559
O
< 580 ||
5;:
640
4_—————'__-"..—‘-‘
. . - . : . , . : : 632
400 500 600 700 800 900 1000 Aby  .E00°  @0D 70D BOOF U500 1000
Wavelength/nm Wavelength/nm
(a) (b)
DOpal-2* —— DOpal-2 —— DOpal-4
—— DOpal-2(2) —— DOpal-4(2)
—— DOQCpal-3
y —— DOpal-3(2)
480 QO
Q
[
1Y)
=
QO
3]
L
<C
400 500 600 700 800 900 1000 40 500 600 700 800 900 1000
Wavelength/nm Wavelength/nm
(d)

(c)





media/file23.jpg





media/file5.jpg
| ———

@ ®)

Lk

@





media/file24.png
Si-Ka

|

NOpal-1 |
NOpal-1 /K_

NOpal-2
—_——

Fe-Ka
'ﬂ
;l
I
l
I
| |
K-Ka 'l Fe-Kb
b ) —
" f
| A
| M
| i

NOpal-3 /| | J A
l p
I Ca-Kb I
§ fi '|

NOpal-4 | ! ¥, L i 2

1 | | | | | | 1 | | |

1. 00 2.0 3.0 4. 00 5.00 6. 00 7. 00 8. 00
|keV|

Si-Ka

|
|
i
"'u, .' 'ICa-Kb
DOpal-1 /‘ \ U" WA A Fe-Ka
'

vonaz /|| J‘p A
|

|
DOpal-3

|
|
]
|

I)Opal-d/' '\ U '.J\L o

1.00 2.00 3.00 4. 00 5.00 6. 00 7.00





media/file1.jpg
NOpal-1 NOpal-2 NOpal-3 NOpal-4

a »

DOpal-1 DOpal-2 DOpal-3 DOpal-4





media/file25.jpg
e ooms

Natural Opal

yed Opal






media/file12.png
— DOpal-1

DOpal-2
— DOpal-3
— DOpal-4
— NOpal-1
— NOpal-2
— NOpal-3
~—— NOpal-4

Reflectance

Reflectance

. ; ' |

T I | |
2000 1800 1600 1400 1200
Wavenumber (cm“)

l
1000

I
800

I
600

400





media/file0.png





media/file17.jpg





