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Abstract

Opal is a hydrous silica (Si02.nH20) formed through a dissolution-precipitation process. The formation
process incorporates water into the structure as bound silanol and molecular water. As the water is
distributed in a range of states, multiple methods of characterisation are required to identify each state.
This study reports the results of temperature dependent FT-NIR and DSC investigation on natural opal
samples of the opal-A (amorphous) and opal-CT (poorly crystalline cristobalite with tridymitic stacking
faults) types. Significant differences in the melting behaviour of crystallisable water as well as differences in
the spectral characteristics of the non-crystallisable molecular water are observed. These differences are
ascribed to the different microstructures of the opal types.
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Introduction

Opal is a hydrous silica (SiO,.nH>0) which is formed through the aqueous dissolution of the silicate crust
followed by the precipitation of opaline silica [1-3]. The dissolution-precipitation process results in a range
of structural morphologies that have been described as; opal-A, amorphous opal; opal-CT, poorly crystalline
cristobalite with tridymitic stacking faults; opal-C, a more highly ordered form of cristobalite, and;
chalcedony, a microfibrous crystalline quartz [4-6]. The formation of each species is dependent on the
solubility of the species being precipitated and the concentration of silica in solution, thus, the most
amorphous silica species is transformed into more crystalline species following the Ostwald stepwise
process [4, 7, 8]:

Silica source —— Opal-A—— Opal-CT—— Opal-C—— Chalcedony

The precipitation process is driven by the thermodynamic stability of the precipitating phase, but the phase
produced is controlled by the kinetics of the precipitation, hence, the stepwise precipitation process is
followed [8, 9]. This precipitation process is responsible for the different morphologies and microstructures
of each type and how water is incorporated into the opal. This study will focus on the opal-A and -CT forms
as these forms fit the types of opal that are currently mined for their characteristic play-of-colour.

The dissolution-precipitation process in agueous media results in the confinement of water in the silica
network and microstructure. As a result, water is present in opal as chemically bound silanol (Si-OH)
functionalities and as molecular water [10-16]. The silanol species are found in internal surfaces such as
capillary pores and voids as well as being distributed through the bulk phase as isolated silanol
functionalities [10, 13]. Similarly, the molecular water exists in capillary pores and voids, as surface



adsorbed molecular water and as molecular water distributed through the cage or network structure of the
silica.

The characterisation of these water types in opal has been carried out using a range of analytical methods.
Near infrared (NIR) spectroscopy has been applied to the characterisation of both silanol and molecular
water and the influence of hydrogen bonding on these species [10, 13, 15, 16]; NMR spectroscopy has been
applied to the determination of the relative proportion of silanol functionalities in opal-A and -CT [17-21]
and a range of thermal methods have been applied in the characterisation of opal and water in opal [5, 11-
13, 21-29].

The characterisation of the states of water in opal is important for the understanding of gem quality opal, in
particular, its origins of formation and its subsequent stability to whitening and crazing once the opal has
been mined and processed as a gem [3, 12, 30]. Using DSC, for example, the confinement of water in opal-A
and -CT, based on the melting behaviour of crystallisable water, has aided the characterisation of the
microstructure through the estimation of the size and distribution of the water filled pores [12, 28, 29]. This
study furthers the investigation of the states of water in opal-A and -CT specimens by investigating the
melting behaviour of crystallisable water using DSC and temperature dependent NIR spectroscopy in the
temperature range — 100 to + 30°C.

Materials and Methods

The six opal samples characterised in this study were sourced from opal traders and miners. The samples
characterised are listed in Table 1. For FT-NIR analysis, samples of opal were cut into small pieces (circa 5 x
5 x 1 mm) with an Isomet low speed saw using deionised water as the cutting fluid. These samples were
first characterised by XRD to identify the opal type. For DSC and TG analysis, circa 2 mm pieces were broken
off the larger piece.

XRD was carried out using a Bruker Discovery D8 diffractometer set up in Bragg-Brentano configuration.
Diffraction patterns were collected under ambient conditions between 5 and 50° 20 with a step size of
0.04° using a Cu Ka radiation. Based on the diffraction patterns the opal samples were identified as either
opal-A or -CT. The results of this classification are listed in Table 1.

FT-NIR was carried out using a Nicolet iS50 fitted with an NIR source and optics (tungsten-halogen white
light source, CaF, beam splitter, InGaAs detector). Samples were placed on the hot stage of a Linkam LTS
420 accessory fitted with fused silica windows. The hot stage was loaded into the bench of the
spectrometer in transmission mode. A liquid nitrogen reservoir produced a cold flow of nitrogen gas which
was used to cool the assembly as well as provide a dry nitrogen purge to prevent condensation on the
windows. Spectra were collected from — 100 to + 30 °C at 10 or 5 °C intervals. The temperature was set and
approached at a heating rate of 2 °Cmin before allowing the sample to equilibrate for two minutes prior to
collecting the spectra. Spectra were collected from 4000 to 8000 cm™ at a resolution of 4 cm™ and averaged
over 64 scans. The water combination mode in the 4600 to 5400 cm™ region was baseline corrected using a
linear baseline for spectral comparison of the data. The baseline corrected data were used to calculate the
centre of mass (CoM) of the peak.

DSC was carried out using a TA Instruments Q2000 fitted with an RCS90 cooling system calibrated using

high purity hexadecane, indium, tin and zinc. Heat flow calibration was carried out using indium. Although
calibration had been carried out, Milli Q® water enclosed in TZero hermetically sealed aluminium pans was
used as a reference and was found to have a heat of melting of 322 Jg? (c.f. 334 Jg* listed in the Handbook



of Chemistry and Physics 60th Edition CRC Press). The measured value was used as the reference value for
the determination of the proportion of crystallisable water present.

Pieces of opal (20 to 25 mg) were loaded into hermetically sealed TZero aluminium pans and cycled
between + 20 and — 80 °C at a heating / cooling rate of 2 °Cmin with a 10 min isotherm after each heating
or cooling step. Each sample was cycled between + 20 and — 80 °C five times to identify the effect of
freezing on the melting behaviour of the water in opal. No systematic variation in the crystallisation or
melting process was observed for any of the samples, although variation was observed in peak area
measurement and is included in Table 1 as % standard deviation. The peak areas were calculated using a
weighted average baseline based on linear tangents to the DSC curve before and after the melting peak.
Due to the difficulty in measuring the onset temperature of the melting endotherm for the opal samples,
the melting endotherms were integrated and the degree of conversion was determined. The onset
temperature was set as the temperature at which 10 % conversion was reached. A similar calculation was
carried out for the pure water sample to use as the reference temperature for pore radius estimation. It
should be noted that the onset temperature for pure water melting was measured as -0.2 °C based on
conventional onset temperature measurement using the TA Instruments Universal Analysis software.

TG measurements were carried out using a Netzsch STA 449 F5 Jupiter configured in TG mode. Samples
(circa 40 mg of pieces) were loaded in platinum pans and covered with a platinum lid containing a pin hole.
The purpose of the platinum lid was to contain the opal specimens in the pans in case of explosive fracture.
This explosive fracture, resulting in ejection of pieces of opal into the furnace, occasionally occurs
particularly in the case of opal-CT specimens. Samples were equilibrated at 40°C in a flowing helium
atmosphere (40 mLmin) for 20 min before heating to 1000°C at a heating rate of 2°Cmin™. An empty pan
was also run in order to determine the baseline of the instrument. Water content was determined based
on the mass loss between 40 and 1000°C.

Results and Discussion
DSC Analysis

The DSC data for the six opal specimens and pure water are shown in Figure 1. As expected, pure water is
observed to melt at 0°C with a sharp onset that is typical for pure substances. The opal specimens all show
melting endotherms over a range of temperatures with onset temperatures below 0 °C. The onset
temperatures were determined as the temperature at which 10% conversion was reached by integration of
the melting endotherm and are listed in Table 1.

The observation of onset temperatures below 0°C suggests that the water is melting from confined pores
[31-33]. The degree by which the melting temperature is depressed reflects the size of the capillary pores
or voids which may be estimated based on the empirical equation from Ref [31]:

19.082

ATonset+0.1207 + 6m (1)

r(nm) = —
where 71 is the pore radius in nm, AT,,,... is the difference between the onset temperature of the melting
peak and that of pure water and 6, is the thickness of non-crystallisable layer of water molecules adsorbed
at the pore surface which, for the current study, was taken to be 1.12 nm based on the empirical
measurements on controlled pore silicas [31]. Equation 1 is an empirical equation determined by
measuring the onset temperatures of melting in controlled pore glasses. The basis of the equation has its



origins in melt depression based on the Gibbs-Thompson equation for melt depression as an inverse
function of crystallite radius and on the melt depression of a crystallised liquid confined in a capillary pore
as described by the Kelvin equation [31].

The pore radii for the samples investigated in this study have been calculated using Equation 1 and are
listed in Table 1. The values determined here are consistent with previous studies [12, 29]. The void or
capillary water melting temperatures are lower for opal-CT than opal-A and, hence, the calculated pore
sizes are correspondingly smaller for opal-CT than opal-A ranging from a radius of 1.6 nm for the Tintenbar
Brown Potch opal to greater than 50 nm for the Coober Pedy Shell Patch opal. The melting of crystallisable
water in the Tintenbar opal appears to be complete by — 5°C suggesting that crystallisable water is only
contained in capillary pores. The Mexican Red opal is similar and, although its melting range extends to
slightly higher temperature, melting appears to be complete by 0°C again suggesting that the crystallisable
water is contained in capillary pores. The opal-A samples, on the other hand, have onset temperatures
below pure water freezing suggesting that some of the crystallisable water is contained in capillary pores,
but the melting extends above zero suggesting that much of the crystallisable water is contained in large
pores or voids. The Coober Pedy Shell Patch sample exhibits the highest onset temperature suggesting that
crystallisable water is only contained in very large pores (> 50 nm in radius). These observations are
consistent with the results on previous investigations into the DSC characterisation of the melting of
crystallisable water in opal and are characteristic of the microstructures of these opals [12, 29].

The peak areas of the melting endotherm were determined to estimate the amount of crystallisable water
contained in each opal. Based on the total water content as determined by the mass loss at 1000°C using
TG (Figure 2), the proportion of crystallisable water was estimated and is listed in Table 1 for each
specimen. For this set of samples, the proportion of crystallisable water is mostly between 19 to 27 %, the
Mexican opal being the exception containing circa 40 % crystallisable water. These values are consistent
with the previously determined values for a range of opal-A and -CT specimens which range between 5 and
42 % [12, 29]. It should be noted that the amount of crystallisable water is not a function of the opal type.

The amount of crystallisable water determined for these opals suggests that there is a significant
proportion of non-crystallisable water in opal. Opal contains less than 30 % of the total water as silanol
water (opal-CT contains more silanol water than opal-A) [17] and, based on the data of this and previous
studies, the maximum crystallisable water content is 42% of the total water and it is generally much less.
The proportion of the non-crystallisable molecular water contained in opal in must, therefore, be greater
the 28%. Generally, the remaining water is attributed as surface adsorbed water in the case of capillary
water and isolated or clusters of water molecules distributed through the silica network [10, 12, 13].

FT-NIR Analysis

The FT-NIR spectra are shown in Figure 3 for spectra collected at + 25 and at — 80 °C. The spectra collected
at + 25 °C (Figure 2(a)) are characteristic of the spectra of opal-A and opal-CT [10, 15, 16] and water at
ambient temperature [34, 35]. Similar spectra of water contained in mesoporous silica [21, 36] and silica
glasses [37, 38] have been reported. There are three absorbance regions in the spectra; 4200 to 4600 cm™
corresponding to silanol (SiOH) O-H stretching and an Si-O-Si stretch combination mode (Vvsio2 + vou) [37],
4600 to 5400 cm™ corresponding to a water bending and stretching combination mode (v2 + vs) and 5400
to 7300 cm™ which is predominantly associated with water stretching combination (v1 + vs), but is also
composed at the high frequency end of the peak of free silanol stretching overtone (2von) [38-41]. The
silanol peaks in the 4200 to 4600 cm™ are observed to be more prominent in opal-A than in opal-CT [15].
Both opal-A and -CT have significant water combination mode peaks in the 4600 to 5400 cm™ and 5400 to



7300 cm™ regions. Although there is a silanol overtone mode (2von) around 7330 cm™, it diminishes
significantly in intensity with hydrogen bonding in the presence of water [38, 42] and is not observed in
these spectra. These assignments are based on the most intense modes in each region as the combination
and overtone spectra of water and silanol functionalities are complex and the position and intensity of the
peaks are sensitive to the environment and degree of hydrogen bonding of the functionalities [35, 38, 43].

The water combination regions are known to be sensitive to opal type and have been used to discriminate
between opal-A and -CT [10, 15, 16]. The opal-A spectra at + 25°C (top four spectra in Figure 3(a)) show
definite splitting of both the water combination modes into two peaks, 5280 cm™ and a shoulder at circa
5100 cm™tand 7110 cm™ with a shoulder around 6900 cm™, which indicate two general states of water that
correspond to bulk-like water and cage or more isolated water molecules [10, 12, 29]. The opal-CT water
combination modes in Figure 3(a) (Tintenbar Brown and Mexican Red opals) are more rounded and present
a single broad peak centred on 5240 cm™ and 6950 cm™ indicating a greater degree of hydrogen bonding
[35, 38, 43]. The water spectrum at 25°C, also included in Figure 3(a), shows both the combination modes
as rounded peaks at 5205 and 6930 cm™. These peaks are relatively broad and at lower frequency which is
characteristic of the significant degree of hydrogen bonding in bulk water.

As previously discussed, a proportion of the molecular water contained in the opal structure is crystallisable
and freezes as the temperature is reduced. For the opal samples studied here, the crystallisable water is
frozen below — 50 °C. Spectra at — 80 °C are included in Figure 3(b) to represent the frozen state for
comparison with the ambient temperature spectra. It is apparent that freezing of pure water results in a
significant shift in both the water combination modes to lower frequency, consistent with reported data
[34, 35, 44, 45]. A similar shift in water combination modes is observed for both the opal-A and -CT
specimens. As the crystallisable water is the only species affected by the frequency shift, the peaks
associated with the non-crystallisable water are accentuated with reducing temperature as they remain
relatively unchanged by the cooling process. For opal-A, relatively narrow peaks at 5255 cm™ and 7110 cm'™®
become distinct (top four spectra in Figure 3(b)) while, for the opal-CT specimens (the Tintenbar Brown and
Mexico Red in Figure 3(b)), the shifted band near 5090 cm™ exhibits a shoulder at 5255 cm™and a peak
develops at 7110 cm™. As these peaks are at relatively high frequency, they correspond to water which has
a lower degree of hydrogen bonding suggesting that these peaks are due to the water that is present either
as isolated molecules or in small clusters distributed through the silica network. The relative proportions of
these peaks suggest that opal-A contains a greater degree of this type of non-crystallisable water than
opals-CT.

The silanol functionalities in opal are present either as isolated silanol functionalities in the silica network or
as surface functionalities (in capillary pores and on the surface). As the intensity of these peaks is
dependent of the degree of hydrogen bonding [38, 42], the presence of these peaks (in the region 4200 to
4600 cm?) in the opal-A specimens suggest that these are associated with silanol functionalities distributed
through the silica network rather than at surfaces (top four spectra in Figure 3(a)). These functionalities are
not expected to be influenced by the freezing of water and are relatively unaffected by the reduction in
temperature (top four spectra in Figure 3(b)). For opal-CT an assessment is more difficult to make as the
silanol combination peaks are weak due to hydrogen bonding and overlap with the broad intense water
combination mode near 5100 cm™ (Tintenbar Brown and Mexico Red spectra in both Figure 3(a) and (b)).

Baseline corrected spectra in the 4600 to 5400 cm™region are shown in Figure 4 for temperatures from —
100 to + 30°C for pure water, Tintenbar Brown and Mintabie Grey opals showing the shift towards higher
frequency as the temperature is raised (shading represents change of temperature from dark — low
temperature, to light — high temperature). For water (Figure 4(a)), a sudden shift is observed as melting



occurs at 0°C while, for both the opal specimens (Figures 4(b) and (c)), a transition region is observed. In
order to follow the change in position of the water combination mode with increasing temperature, the
centre of mass (CoM) of the peak was calculated and is plotted in Figure 5. The sharp melting transition is
observed for the pure water sample, while for each of the opal samples a transition region for melting is
observed. This is consistent with the DSC data plotted in Figure 1 where a melting region is also observed
for all the opal samples whereas a sharp melting peak is observed for the pure water.

The CoM for the 4600 to 5400 cm™ region represents an average of the all states of molecular water
present (bulk water, surface adsorbed water and isolated cage water). For the pure water sample, the
range of states is associated with the bulk environment. On freezing the water molecules form a
tetrahedral coordination resulting in significant hydrogen bonding and a shift in the peak to lower
frequency (a red shift) [34]. As the temperature is increased, a blue shift in the frequency occurs until
melting whereupon a sharp and significant blue shift in the frequency is observed as the structural change
takes place (Figure 5). Above the melting point, a steady blue shift occurs with increasing temperature.
Given that the water in the opals is relatively pure (i.e. there are no other potential sites for hydrogen
bonding e.g. electrolytes present in solution [46]), the pure water sample data presented in this study
represents the limiting case for confined pore water crystallisation (i.e. the pure water sample represents
pores of infinite size).

The CoMs for the 4600 to 5400 cm™ region for the opal specimens are all greater than that of water
throughout the temperature range studied (Figure 5). The higher frequency of the CoMs indicates that on
average the molecular water is less hydrogen bonded in opal than in pure bulk water. As the frequency of
the CoM for the opal-A is higher than opal-CT, the molecular water in opal-A is less hydrogen bonded, on
average, than opal-CT. The temperature dependence of the CoMs can also be roughly separated into the
behaviour for opal-A and opal-CT. The CoMs for opal-CT are at significantly lower frequency in the frozen
state. This suggests a high proportion of crystallisable water in the opal-CT specimens. Previous DSC studies
[12, 29] and the DSC data presented above for this set of samples demonstrates that the measurable
proportion of crystallisable water is not a function of the type of opal. An alternative explanation of the
difference in the CoMs for opal-A and -CT is that crystallisation of the crystallisable water has an influence
on the structure and hydrogen bonding of the adsorbed ‘non-crystallisable’ surface layer of water. The size
and shape of the pores then becomes important; opal-A has relatively large interstitial voids which have
lower surface area to volume ratio than the relatively small capillary pores in opal-CT. Consequently, there
is a greater proportion of surface adsorbed (capillary) water that can be affected by the crystallisation of
water in opal-CT and, hence, the ‘average’ state results in a CoM at lower frequency.

The transition in CoM from the frozen state to the melt state again differentiates the opal-A and -CT
specimens (Figure 5). The melting process for the opal-CT specimens occurs over a wide range of
temperatures and melting appears to be complete below 0°C. For the opal-A samples the melting process
appears to begin at higher temperature than opal-CT and appears complete at 0°C for the Andamooka
Potch and the Lightning Ridge Honey or above 0°C for the Coober Pedy Shell Patch and Mintabie opals.
These observations are consistent with the DSC data and the concept of melting depression as a function of
capillary pore size.

At temperatures above melting, the CoM values again discriminate the type of opal (Figure 5). The CoM
values for opal-CT (Tintenbar Brown and Mexico Red) are greater than that of water, but are less than
those of the opal-A specimens (top four curves in Figure 5). This suggests that, for both opal-A and -CT,
there is a significant proportion of water which has a reduced degree of hydrogen bonding resulting in a
higher frequency for the CoM. Further, as opal-A has a higher frequency CoM than that of opal-CT, the



proportion of water molecules with reduced degree of hydrogen bonding is greater suggesting that opal-A
has a greater degree of water distributed through the silica network trapped in silica cages.

Comparison of the NIR and DSC

Firstly, no correlation can be made between the proportion of crystallisable water (deduced by DSC (Figure
1, Table 1)) and the position of the NIR absorptions bands in the 4600 to 5400 cm™region (Figure 5) as the
proportion of crystallisable water as determined from DSC measurements in opal is not a function of the
opal type (-A or -CT). The position of the NIR peak does, however, appear to be a function of the opal type
and, based on the calculated pore size, it is reasoned that the shift in the 5100 cm™ peak is associated with
the pore size and shape rather than the amount of crystallisable water present (although this must be a
factor in the position of the peak as well, as, for example, the Mexican opal has small pores, but it also has
the largest crystallisable water content and so a CoM tending towards that of pure water is expected). As
discussed above, the pore size in the opal-A samples is larger as the pores are formed primarily from
interstitial voids between stacking spheres whereas the pores in the opal-CT samples are predominantly
capillary pores [12, 29]. The increase in the surface area to volume ratio from large interstitial voids to
capillary pores increases the proportion of the non-crystallisable surface adsorbed layer. As the non-
crystallisable surface adsorbed layer is likely to be significantly hydrogen bonded, the difference in the
CoMs of the two opal types is likely to be due to predominance of this type of water in opal-CT. The higher
frequency for the opal-A CoMs is consistent with a greater proportion of the non-crystallisable molecular
water existing as isolated water molecules or water molecules present in small clusters distributed through
the silica network (i.e. less hydrogen bonded states of water).

The melting ranges observed in the DSC (Figure 1) correlate well with the shift of the NIR data (Figure 5). In
order to verify this correlation, the onset temperature of the shift in the NIR data in Figure 5 have been
estimated and are compared with the onset temperatures of the melting peak in the DSC curves (Table 1).
As both characterisation techniques follow the melting process, DSC through heat flow as the endothermic
melting process occurs and NIR through a change in the environment of the vibrating modes as melting
occurs, a relationship between the estimated onset of melting from the shift of the NIR data as a function
of the onset of the DSC melting should be observed. This relationship is plotted in Figure 6 and shows
excellent correlation; the slope is close to proportionality and the correlation coefficient (r? = 0.99) also
suggests an excellent relationship between the NIR and DSC data. The proportionality constant is slightly
greater than one which reflects either the error in the measurement or divergence from correlation or
both; the non-zero offset reflects the differences in the measurement type. Although there appears to be a
strong relationship between the NIR and the DSC data, it should be noted that the correlation is tentative
due to the spacing of the measurements in the NIR data.

Inspection of the DSC heating curves for each of the opal-A specimens reveals that part of the melting peak
in the DSC is above 0°C. This ‘superheating’ is normally ascribed to the relative position of the temperature
measurement thermocouple and the method in which DSC data is collected and, hence, the above zero
melting for the opal-A samples would typically be considered to be due the experimental process.
However, the elevated melting temperature for the Coober Pedy and the Mintabie opal specimens is
observed in the NIR data (Figure 5) suggesting that the elevated temperature melting may be a true
representation of the melting processes occurring in these opals and that melting for the Mintabie and
Coober Pedy opals is completed at + 5°C indicating the presence of a superheated ice. Such elevated
melting temperatures have been reported for the melting of water in confined pores in mineral specimens
[47, 48]. As the density of water increases on melting, the elevated melting temperature could be ascribed
to a state in which the ice is contained under negative pressure or in a tensile state. This state might arise if



the voids are only partially filled to a state where the increase in volume on the freezing of water to ice fills
the cavity. On melting, the vapour phase, which is in equilibrium with the liquid phase in the melt state,
fails to nucleate resulting in a reduction in the pressure and, hence, the ice exists under negative pressure
and melting is delayed to a temperature above 0°C [49]. Verification of this postulate is required, but
independent correlation between the DSC data and the NIR data suggests that this may be a reasonable
explanation of the observations.

Conclusions

The melting behaviour of water confined in pores in opal-A and -CT has been investigated using DSC and
temperature dependent FT-NIR. Both techniques demonstrate the presence of crystallisable water in opal
and that the melting behaviour is dependent on the opal type. The variation in melting behaviour in the
DSC has been ascribed to the difference in the microstructure of the opal types (capillary pores in opal-CT,
voids or large pores in opal-A). The DSC data also suggests that a significant portion of the molecular water
in opal is non-crystallisable.

The NIR data suggests that a proportion of the non-crystallisable water has a lower degree of hydrogen
bonding through the accentuation of a peaks at higher frequency. The higher frequency peaks are revealed
as the freezing of the crystallisable water shifts the highly hydrogen bonded water peaks to lower
frequency. The fact that the amount of crystallisable water is not a function of the opal type (-A or -CT)
suggests that it is the microstructure that is responsible for the differences in the NIR spectra; opal-CT has a
greater degree of hydrogen bonded non-crystallisable water in capillary pores while opal-A has a greater
degree of molecular water distributed though the silica network. Finally, the ice contained in the voids or
interstices in opal-A may be subject to superheating, although this is a tentative assessment of the
observations.

The temperature dependence of the melting behaviour of water using the DSC and FT-NIR spectroscopy
has aided the characterisation of states of water present in opal. Correlation of the data has helped to
deconvolve the states of water present and coupling the melting behaviour observed in DSC and NIR, has
provided further insight into the microstructure of these two types of opal. Further, the use of these
complementary techniques has provided information about the non-crystallisable water present in these
solution precipitated silicas demonstrating the potential of coupled techniques in materials
characterisation.
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Table 1.

Characterisation details of the opal samples investigated; opal type was based on XRD pattern, crystallisable water peak area was determined from a weighted
averaged baseline corrected melting peak, the water content was determined from the mass loss at 1000°C, % crystallisable water was determined from the
equivalent heat of melting for Milli Q® water enclosed in TZero hermetically sealed pans, the DSC onset temperature was determined as the temperature at which
10 % conversion was observed, the pore radius was determined from the DSC onset temperature, and the NIR onset temperature was estimated from the data in
Figure 5.

Crystallisable % DSC Onset DSC Onset NIR Onset
Opal Total Water . .

Sample Tyne Water Peak Area Content / % Crystallisable Temp. Pore Radius / Temp.

P /g ° Water /°C nm /°C
Andamooka Grey /
Honey Potch (A2) A 43+04 64+02 209+2.0 -15.94+0.7 2.3 -19.7
Lightning Ridge Honey
Potch (LR1) A -6.9+0.2 8.1+0.2 26.6+1.1 -89+09 3.2 9.1
Coober Pedy Shell A 47402 75+02 193+1.0 02+02 51 1.4
Patch
Mintabie Grey POC A -5.2+0.1 6.6+0.2 245+ 0.9 -2.0+0.1 9.9 -3.2
1(\)/Ipe:11)can Red (Fire CT 17.5+0.8 13.4+0.4 40.7+2.2 2307+ 1.4 1.7 33.8
Tintenbar Brown Potch | 6605 9.7+03 202417 | -365+27 1.6 44,9
(TBR1)
Milli Q® Water - 23224 +1 - - 0.3+0.01 - -
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Figure 1

DSC curves for samples of opal heated from — 80 to + 20 °C. Curves have been shifted for clarity. The
scale is 0.05 W/g between tick marks for the opal samples and 5 W/g between tick marks for water.
Onset for water melting is at — 0.2°C. The baselines used in calculating the melting peak areas have
also been plotted.



Mass Change / %
o ool | o

-14 T T T
0 200 400 600 800 1000
Temperature / °C

Figure 2

TG % mass change data plotted as a function of temperature for the opal samples: (a) Andamooka

Potch, (b) Mintabie Grey POC, (c) Lightning Ridge Honey Potch, (d) Coober Pedy Shell Patch POC, (e)
Tintenbar Brown Potch and (f) Mexico Red.
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Figure 3

Transmittance spectra for opal samples and water for spectra collected at (a) + 25°C and (b) — 80°C.
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Figure 4

Overlay of spectra of (a) water, (b) Tintenbar Brown Potch opal and (c) Mintabie Grey POC opal
collected from — 100 (darkest) to + 30°C (lightest).
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Figure 5

Plot of the centre of mass of the 5100 cm™ combination mode as a function of temperature for the
samples studied and listed in Table 1. For comparison, the melting of water is included.
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Figure 6

Plot of the onset of melting based on the FT-NIR data as a function of the onset of melting peak in
the DSC. Error bars in the NIR data reflect the separation of points at onset temperature.
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