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ROLE OF Ti CONTENT ON THE OCCURRENCE OF THE 3309 cm™' PEAK
IN FTIR ABSORPTION SPECTRA OF RUBY SAMPLES
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The study is based on the determination of trace elements in ruby samples, Ti in particular, using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The samples were then divided into
three groups: high (2200 ppma), moderate (100-200 ppma) and low (<50 ppma) Ti content. In addition,
X-ray absorption spectroscopy (XAS) was employed to confirm that the Ti oxidation state was Ti"". The heat
experiment conditions were set at 800, 1200, and 1650°C to investigate the transformation of the —OH vibra-
tion in the FTIR spectra of ruby samples. The FTIR spectra showed that samples containing a low Ti
concentration did not show the 3309 cm™ absorption peak either before or after heating at any of the
designed temperatures. An obvious 3309 em’”! peak appeared only in samples with a moderate to high Ti
content after heating at >1200°C. The results also suggest that, in addition Ti"", the occurrence of the
3309 cm™ peak in the FTIR spectra is strongly affected by the charge compensation of —OH in Al sites, i.e.,
the structural —OH; thus, the structural —Ti—OH stretching in the ruby samples. Hence, for gemological
identification, the 3309 cm™ peak can be applied to indicate whether a ruby has undergone heat treatment if
those samples contain enough Ti ions in their structure, i.e., Ti > 100 ppma. This condition is usually found
in ruby samples from major deposits such as Mong Hsu and Mogok, Myanmar, Luc Yen, Vietnam, and
Montopuez, Mozambique.
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Creowt snemenmos (6 wacmuocmu, Ti) 6 obpasyax pyouna onpeodenenvl ¢ HOMOUbIO MACC-CREKMPOMENL-
pul ¢ UHOYKMUBHO-CEA3AHHOU NAA3MOU. 110 nonyueHnsvim pe3yIbmamam uccieoyemvie oopasyvl pazoenensl
Ha mpu epynnwi: ¢ gvicokum (=200 ppma), cpeonum (100-200 ppma) u nuskum (<50 ppma) cooeparcanuem Ti.
C nOMOWBIO PeHm2eH08CKOTl CREKMPOCKONUU ROOMEEPIHCOeHO, umo muman naxooumcs 6 cocmosnuu Ti'.
Memooom UK-gypve-cnexmpockonuu usyuenst konebanus epynnol —OH 6 obpasyax pyouna npu memnepa-
mypax 800, 1200 u 1650 °C. Maxcumym noenowenus na yacmome 3309 em ! ons 00paszyoe ¢ HU3KOU KOH-
yenmpayueni Ti ne oOHapysicusaemcs Hu nNpu OOHOU U3 YKA3AHHLIX MEMNEPaAmyp, d NOSGIAEMCs MOJbKO
6 CneKmpax obpasyo8 co cpeOHUM U GbICOKUM COOepICAHUEeM MUMAHA NPU HASPEBAHUU 00 MeMNnepamypbl
>1200 °C. Pe3ynomamol maxaice ceU0emenbCmayiom o mom, 4mo nosasienue maxcumyma npu 3309 e no-
Mumo nanuyus uonos Ti' ceszano ¢ komnencayueii sapsoa —OH & nonoxcenusx uonos Al, m. e. ¢ 0bpazosa-
nuem ceszeu —Ti—OH. Crnedosamenvho, eciu 6 cmpykmype oopazyos pyouHa cooepicumcs 00CmamoyHo
uonos Ti (2100 ppma), mo no uaruyuro maxcumyma 3309 em”! mooicro udenmuguyuposams, npouien au
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pyoun mepmureckyio obpabomky. Jlannoe yciogue binoansemcs 0Jisi pyouna uz KpynHulx MecmopoicoeHui,
maxux kax Mone-Xcy u Moeoxk (Mvauma), Jlrox Hen (Bvemuam) u Moumonec (Mozambux).
Knrouesvie crosa: ceazo —Ti—OH, nacpemuiii pyoun, cooepoicanue Ti, UK-gypve-cnekmpockonus.

Introduction. A corundum gem or alpha aluminum oxide (a-Al,O3) is classified as one of the most
important gemstones in the market. Their varieties are divided into rubies and sapphires depending on their
colors. The red color of a ruby is acquired by substitution of a chromium ion (Cr’") for AI*" in the ALO;
structure. For sapphires, the intervalence charge transfer (IVCT) between iron (Fe*") and titanium (Ti*") pro-
vides the blue color [1]. Although the Ti ion does not play an important role in the coloration of a ruby, it is
usually found as a trace element. The Ti content can be accessed in the ruby crystal structure via blue color
zoning (Fe:2+—O—Ti4+ IVCT), blue sectors, the dark core, and/or as rutile inclusions (TiO,) [2, 3].

A corundum gem’s quality is based on clarity and color, and high-quality examples are hard to find in
nature. However, clarity and color can be improved by heat treatment. The technique is commonly accept-
able in the gem market as long as it has been disclosed at every point of sale because clarity and color affects
a gem’s price. Generally, the changes of the internal features of a ruby by heat treatment are detectable using
a gemological microscope. However, some advanced techniques such as Fourier transform infrared (FTIR)
spectroscopy can also provide confirmation [4].

The FTIR spectrum represents the specific vibrational frequency between the bonding of atoms or
molecules. This technique can be applied to analyze bonding of the light elements such as hydrogen, carbon,
oxygen, and boron, as well as their functional groups, e.g., O-H, C-H, C—N, and C-O [5]. In mineralogical
research, FTIR spectroscopy has been widely used to characterize the molecular water and the hydroxyl
group in several minerals, such as silicates, clays, aluminum oxides, and iron oxides [6, 7]. However, in
gemology, particularly with rubies and sapphires, the FTIR spectra can also be applied to determine the mo-
lecular and/or structural vibration of —OH. This vibration is the result of reflections from OH-bearing min-
eral inclusions, such as boehmite, diaspore, goethite, and mica [8, 9]. With this advantage, the transformation
of some specific absorption around 3000-3500 cm', particularly the 3309 cm™' peak during the heating
process, can be presumably used to identify whether a corundum gem has undergone heat treatment.

The 3309 cm ' peak in the FTIR spectra was introduced in the 1970s [7, 10]. This peak usually appears
in blue sapphires and in some conditions of rubies. Some gemologists have speculated that this peak can be
used to identify heat treated samples [9, 11]. Thus, this peak has been widely discussed and mentioned in
gem identification. However, the cause of the 3309 cm peak has not been clarified yet. The principles ex-
plaining the occurrence of the 3309 cm ™' peak have been reported in several hypotheses. For example, re-
ports suggest that it is related to the impurity of Ti atoms during the heat synthesis [10], the defect
of (Ti'a1 V' AlOH 4 Ti'a))" in 0-ALO; of synthetic sapphire [12], the increase of the hydroxyl group (OH) by
dehydration of hydrous mineral inclusions (boehmite and/or diaspore) in natural ruby samples [13], the
charge compensation of H™ after heat treatment [14], and/or the vacancy in the Al sites [15].

Based on previous research [16], it can be noted that there are some specific conditions of rubies that
usually show the peak at 3309 cm ' in the FTIR spectra, such as rubies with a metamorphic origin, i.e.,
Mong Hsu, Mogok (Myanmar) and Luc Yen (Vietnam) rubies. Normally, these samples contain blue zoning,
a dark core and/or blue sectors in which they normally look purplish red because they possess high Fe*/Ti*"
IVCT in their structure. Consistently, these ruby samples also possess relatively high Ti content. Therefore,
samples of metamorphic origin are often heated at high temperature to eliminate the blue hue, and thus en-
hance the red color. Accordingly, the 3309 cm ' peak in the FTIR spectra is evident only in samples that
have undergone heating at high temperature (=1200°C). Thus, there is a possibility that the Ti content and
heat treatment are likely related to the occurrence of the 3309 cm ™' peak in the FTIR spectra in ruby samples [16].

In this study, using ruby samples with different levels of Ti content, heat treatment experiments and the
alteration of —OH stretching vibration are discussed for clarifying the cause of the 3309 cm ' peak in the
FTIR spectra. In addition, the application of this peak for determining whether ruby samples have undergone
heat treatment is considered.

Experimental. A group of ruby samples of different conditions based on their Ti content was collected.
The samples were cut perpendicular along the c-axis with a thickness of around 0.2—0.4 cm. To determine
the influence of Ti content on the occurrence of the 3309 cm ' peak, the samples were examined by laser
ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS) using an Agilent 7500 series spectro-
scope at The Gem and Jewelry Institute of Thailand (GIT), Bangkok, Thailand and then divided into three
groups based on high (NRHO1-NRHO5), moderate (NRMO1-NRMO5), and low Ti content (NRLO1-NRLOS5).
The samples with moderate and high Ti content showed a significant dark core and/or blue color zoning.
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Both of these groups also indicated the mineral inclusion of boehmite (y-AlO(OH)) and/or diaspore
(a-AlO(OH)). X-ray absorption spectroscopy (XAS) was also used to confirm the oxidation state of Ti. The
technique focused on the Ti K-edge XANES region in fluorescence mode by a 13-array germanium detector.
The X-ray photon energy was manipulated by a Ge (220) double crystal monochromator connected to a syn-
chrotron storage ring at the Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand [17].

Heating experiments were used to investigate the alteration of the —OH stretching vibration. The ex-
periments were carried out at high temperatures in an electric digital furnace invented by The Gem and Min-
eral Science Special Research Unit, Department of Earth Sciences, Faculty of Science, Kasetsart University,
Bangkok, Thailand. The samples were heated in a normal atmosphere, i.e., oxidization at 800, 1200, and
1650°C, representing the low, medium, and high temperature conditions, respectively. After reaching the
desired temperature, the soaking time for each experiment was set at 1 h. Afterwards, the samples were al-
lowed to cool in the furnace until reaching 600°C. They were then removed and allowed to cool to room
temperature outside the furnace.

The FTIR spectra of the samples were acquired by a NEXUS 470 FTIR spectrometer in transmission
mode with a Collector™ II diffuse reflectance accessory at Department of Earth Sciences, Faculty of Sci-
ence, Kasetsart University, Thailand. The spectra were recorded from 4000—1500 cm ' with a spectral reso-
lution of 4 cm™' and 256 scans. In this study, the samples were measured with the IR beam parallel to the c-
axis. The surrounding air was always measured as background spectra.

Results and discussion. The chemical composition with % uncertainties of ruby samples obtained by
LA-ICP-MS is summarized in Table 1. The average of the trace element concentrations is reported in atom
mole parts per million (ppma) unit. Most of the ruby samples show a high range of Cr content (~1500-2100 ppma)
as the main trace element. For Ti content, the average is ~240 ppma in high Ti content samples (NRH),
~120 ppma in moderate Ti content samples (NRM), and the low Ti content samples (NRL) have an average
of ~23 ppma. In addition, the low Ti content samples contain the highest amount of Fe, at ~730 ppma.

The heated high Ti content sample (NRHO1) was used as a representative and measured for the oxida-
tion state of Ti using the XAS (Fig. 1). A calculation method by the first derivative is used for determining
the binding energy of the Ti K-edge. The Ti atoms in the NRHO1 sample show the Ti K-edge energy position
at4982 eV, which is assigned to Ti*" similar to that of the rutile (Ti0,) standard. This result is also confirmed
by the highest peaks in the first derivative spectrum at the same position. Therefore, it can be assumed that
the Ti oxidation state in the ruby sample is Ti*".
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Fig. 1. The Ti K-edge XANES spectrum of rutile (TiO;) standard and NRHO1 sample (a)
and the first derivative spectrum showing the binding energy at the same position at 4982 eV (b).

The FTIR spectra were recorded in the functional group region between 4000 and 1500 cm . In this
study, the polarized FTIR spectra were measured parallel to the c-axis of the samples. This was done to mi-
nimize the structural influence of the samples when measured from different directions. In addition, based on
the previous research, the 3309 cm ' peak shows obvious and strong intensity in the c-axis direction [13, 16].

The FTIR spectra of the ruby samples show the group of peaks around 2920 and 2850 cm ™', which have
been assigned for the C—H stretching of organic matter. However, it must be noted here that these peaks usu-
ally appear in the FTIR spectra of rubies and blue sapphires in particular. Most research in gemology has
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mentioned that the occurrence of these peaks is related to the oil from the cutting and polishing process. Al-
though the samples are carefully cleaned to remove contaminants, the peaks still appear. Therefore, it is pos-
sible that the occurrence of the peaks is not only related to the cutting or polishing process, but also related
to the organic matter acquired from the geological origin and/or mineral inclusions. Another group of peaks
that usually presented in the FTIR spectra of samples are those around 2350-2335 cm™' of C-O stretching
(CO,) from the environment during the experiment.

The representative samples of high (NRHO1) and moderate (NRMO1) Ti content (Fig. 2) showed
a broad FTIR absorption band of molecular water around 3500-3100 cm ' in both the unheated samples and
those heated at 800°C. The band then turned to sharp peaks with the highest intensity after the samples were
heated at 1200°C. The appearance of those peaks could be caused by the dissolution of molecular water, in
which its absorption overlaid the peaks before heating. However, both samples exhibited a significant peak
at 3309 cm ', though in different patterns. At 1200°C, the NRHO1 sample demonstrated the 3309 cm ' peak
with side peaks at 3367, 3232, 3185 cm ' with a ratio of 10:1:3:1, respectively. The peaks at 3367 and
3185 cm’” eventually disappeared when the sample was heated at 1650°C. However, the NRMO1 sample
exhibited only a low intensity 3309 cm™' peak without any side peaks, and it was no longer apparent when
the sample was heated at the highest temperature (1650°C); the decrease of the 3309 cm ' peak could be in-
fluenced again by the dissolution of —Ti—OH in the structure because of the high temperature of the heating.
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Fig. 2. The FTIR spectra measured parallel to the c-axis of the NRHOI sample of high (a),
moderate (b), and low (¢) Ti content: unheated (1) and heated at 800 (2), 1200 (3), and 1650°C (4).
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The side peaks at 3367, 3232 and 3184 cm ' could be also related to the Ti content because those peaks
only appear in the FTIR spectra of samples with high Ti content. In addition, either increasing or decreasing
the intensity of the side peaks during the heating process demonstrates the relationship as the reciprocal pro-
portion. This result agrees with other research [12].

Additionally, —OH stretching vibration peaks around 2100-1980 cm  of hydrous mineral inclusions,
such as boehmite and diaspore [9], also appeared in both samples. In the unheated condition the peaks ap-
peared at 2120—1988 and 2116-1985 cm ' in the NRHO1 and NRMO1 samples, respectively. However, when
the samples were heated at 800°C those peaks slightly shifted to the higher wavenumber because of the
phase transformation of boehmite and/or diaspore. Finally, the peaks disappeared when the samples were
heated at higher temperatures (>800°C). Consequently, the shift of the —OH stretching peaks in this region to
a few higher wavenumbers could also confirm whether certain ruby samples have undergone heat treatment
at a low temperature [13].

In contrast to the high and medium Ti content samples, the FTIR spectrum of the representative low Ti
content sample (NRLO1) does not exhibit the 3309 cm ! peak in every heating temperature. Even though the
broad absorption of molecular water would help to identify unheated samples, it would be unable to confirm
whether samples have undergone heat treatment at 800°C. There are C—H and C-O stretching peaks as well
as the small broad absorption band in the unheated sample, but the alteration of those peaks is insignificant.
It can be assumed that the occurrence of the 3309 cm ™' peak is not related to other trace elements, such as Cr
and Fe (as shown in Table 1); no peaks appear in those samples with high Fe content (low Ti content). Even
when the samples possess a high Cr content, the 3309 cm ™' peak still does not appear in the FTIR spectra of
those samlples. Therefore, the Ti content has been shown to play an important role in the occurrence of the
3309 cm  peak in the FTIR spectra of ruby samples. Accordingly, heat treatment at high temperature could
dissolve some mineral inclusions such as rutile, boehmite, and/or diaspore, thus providing the free radical
—OH in the ruby structure. In addition, the actual existence of the 3309 cm ' peak is also revealed by the dis-
appearance of the molecular water broad absorption band around 3500-3000 cm . Furthermore, the oxida-
tion atmosphere during heat treatment at high temperature (>1200°C) facilitates the transfer of Fe** to Fe'".
Thus, the probabilities of the Fe?"/Ti*" IVCT in the dark core and/or blue color zoning areas in the ruby
samples were decreased [18], corresponding to the fading of those features after heating at >1200°C. This is
likely because the loss of an Fe*"electron to Fe*” in the ruby structure requires the bonding of Ti*" with —OH.
Consequently, at the appropriate temperature (>1200°C), the Ti** and —OH created the unique vibrational
frequency at 3309 cm ' in the FTIR spectra. The intensity of the 3309 cm ™' peak depended on the amount of
Ti content and structural —OH in the ruby structure.

1

TABLE 1. The Average Data (ppma) of Trace Elements (Cr, Ti, and Fe) in Ruby Samples Analyzed
Using Laser Ablation Induce Coupled Plasma Mass Spectroscopy (LA-ICP-MS)

Element | High Ti (NRH) | Moderate Ti (NRM) | Low Ti (NRL) | % Uncertainties
Cr 2082 1519 1563 3.8
Ti 242 120 23 5.6
Fe 18 141 730 21.8

Conclusion. The 3309 cm ' peak in the FTIR absorption spectra of rubies could be interpreted as struc-
tural —Ti—OH stretching vibration. This research revealed that the peak is useful for identifying whether a
gem has been heated. The Ti content, heat treatment, and the structural —OH stretching vibration are factors
that affect the occurrence of the 3309 cm ' peak. Nevertheless, it has been found that this peak can be used
for indicating the heat treatment only in those samples that have Ti content >100 ppma. An advantage of this
research is that the results can be applied to most rubies from major deposits. For example, rubies from
Mong Hsu and Mogok, Myanmar usually have a Ti content >200 ppma; those of Luc Yen, Vietnam have
>120 ppma, and Montopuez, Mozambique have >100 ppma.
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