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Abstract A model developed for the estimation of the

diffusion coefficient based on Fickian diffusion is applied

to the dehydration of a Coober Pedy white play of colour

(precious) opal using thermogravimetric analysis (TG).

The model was originally applied to bulk and powdered

opal (opal with no bulk). In this paper the opal was graded

prior to TG analysis. The diffusion coefficient was calcu-

lated and is reported up to the critical point of water.
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Introduction

Australian sedimentary opal is an amorphous hydrous silica

with the general formula SiO2 � nH2O. Although there is

some conjecture in the literature, opal is most likely formed

by the diagenisis of inorganic silica through the dissolution

of silicate minerals such as feldspar followed by the pre-

cipitation of colloidal monodispersed silica spheres (150 to

350 nm in diameter) which sediment into the ordered

arrays responsible for the play of colour (POC) that is

characteristic of precious opal [1, 2 and references therein].

The process of opal formation results in relatively high

water contents which have been measured in the range

1–21% [3], and for the sedimentary Australian opal,

between 6 and 10% [4]. Four types of water have been

identified in opal; surface adsorbed water, molecular water

trapped in silica cages in the bulk of the opal, surface silanol

and bulk silanol water [1]. Although silanol water has been

observed by nuclear magnetic resonance [5, 6] and infrared

spectroscopy [7], the water in opal is predominantly

molecular water trapped in silica cages [7, 8] and, as a

consequence, the water is removed at relatively high tem-

perature (200–500 �C in a standard thermogravimetric (TG)

analysis experiment at heating rates of 0.25–2 �C/min [4,

8–10]). The temperature at which this water can be removed

can be significantly altered by the state of the opal sample

under investigation. Higher temperatures of dehydration are

observed for relatively large pieces of opal (‘lumps’ of mm

size). Much lower temperatures of dehydration are observed

for hand ground powdered specimens of opal [8, 9].

Based on the differences in the dehydration rate of opal in

lump and powder forms as measured by TG, a model for the

diffusion of water in opal has been developed [9]. The lumps

of opal are considered to be ‘bulk’ specimens. For these bulk

specimens, the first step in the dehydration process is con-

sidered to be the volatilisation of bound water (either

molecular or silanol) to free water. In this process a change of

state occurs, but no mass loss is registered by the balance. For

mass loss to be registered the free water must first diffuse to

the surface of the particle. Once a water molecule has arrived

at the surface, the molecule can then be liberated into the

atmosphere. During the liberation process, the balance reg-

isters a mass loss. Three types of water are, therefore, defined

in this model; bound water, wb, free water, wf, and liberated

water, wl, with the process of dehydration of bulk specimens

of opal being described by Eq. 1:
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SiO2 � nH2OðwbÞ ! ½SiO2 þ nH2O ðwf Þ�
! SiO2 þ nH2O ðwlÞ: ð1Þ

Hand ground powder specimens are considered to be

opal specimens which have no bulk as the path length of

diffusion is significantly reduced by the reduction in

particle size. Hand grinding the opal does not appear to

affect the water content and, hence, the mass loss measured

in a TG experiment [4, 8–10]. As the powder specimens are

considered to have no bulk, diffusion of water to the

surface of the specimen is considered not to contribute to

the mechanism of dehydration. Any water loss observed is,

therefore, ascribed directly to the removal of bound water

from the opal and is instantly registered as mass loss by the

TG balance:

SiO2 � nH2OðwbÞ ! SiO2 þ nH2O ðwlÞ: ð2Þ

The proportion of bound water in an opal specimen can,

therefore, be determined from Eq. 2 and Eq. 1 yields the

proportion of liberated water. As the initial amount of

water in the bulk opal should be equal to the sum of

amounts of bound (wb), free (wf) and liberated (wl) water:

wi ¼ wb þ wf þ wl ð3Þ

the proportion of free water may be determined.

Given that the rate of dehydration of bulk opal is gov-

erned by the diffusion of free water to the opal surface prior

to liberation, at low heating rates the dehydration of bulk

opal may be assumed to conform to steady state diffusion

(Fick’s 1st law) from infinite plane of the thickness of 2d
yielding Eq. 4 [9]:

D ¼ b
2d2q
Mp

dwl

dT
ð4Þ

where D is the diffusion coefficient, b is the heating rate,

q is the density of silica, M is the molecular mass of water,

T is the temperature and p is the vapour pressure of water

which based on the relative free volume in Australian opal

is assumed to be above the saturation vapour pressure

[9, 10].

Experimental

A white POC seam opal specimen derived from Coober

Pedy, South Australia was selected for this study as a large

volume of relatively homogenous specimen was available.

The opal was first fractured into small pieces and then

roughly ground by hand using an agate pestle and mortar.

The aim of hand grinding was to minimise the energy (and,

hence, heat) imparted to the opal during grinding. The

ground material was then graded using a small sample

sieve stack sizing the opal into fractions with [1.18 (S1),

1.18 to 1.14 (S2), 1.14 to 0.55 (S3), 0.55 to 0.41 (S4), 0.41

to 0.38 (S5), and\0.38 mm (linear dimension) particle size

(Table 1).

TG was carried out on a TA Instruments SDT2960

simultaneous TG-DTA instrument by placing 22–23 mg of

graded opal into a platinum crucible and heating at a rate of

1 �C/min to 1,200 �C in an air atmosphere with a purge gas

flow rate of 20 mL/min.

Results and discussion

The differential TG (DTG) curves for dehydration of the

Coober Pedy white POC opal are shown in Fig. 1 with the

peak positions, based on the centre of mass, listed in

Table 1. The centre of mass was taken as the measure of

the peak position as it is apparent that the curves show two

overlapping peaks around 230 and 280 �C which develop

as the grading size increases suggesting that the dehydra-

tion processes of this POC seam opal changes as the

temperature is increased. The change in the process of

dehydration is likely to be associated with a change in the

bulk structure of the opal. Previously it has been reported

that a peak in the expansion curve is observed at approx-

imately 211 �C as the Coober Pedy white POC opal

dehydrates [11]. Initially, linear expansion is observed.

Table 1 List of gradings, measured peak positions and estimated

values of d for a Coober Pedy opal displaying play of colour

Sieve

grading

Sieve size

(mm)

DTG

peak (�C)

Free water (wf)

peak (�C)

Estimated value

of d (mm)

S1 [1.18 267 233 0.185

S2 1.18–1.14 266 236 0.170

S3 1.14–0.55 271 241 0.155

S4 0.55–0.41 252 239 0.113

S5 0.41–0.38 226 212 0.098

S6 \0.38 190 – –

Fig. 1 DTG curves for graded samples of a Coober Pedy opal

displaying play of colour
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Above 211 �C, however, a significant decrease in the linear

dimensions is observed. The contraction was ascribed to

the sintering of the opal as well as the removal of silanol

water reducing the free volume and, hence, the available

pore structure for diffusion. This change in pore structure is

likely to be responsible for a change in the ease of diffusion

of water through the opal resulting in asymmetry of the

DTG peak. Despite the development of two peaks in the

DTG data, the general trend is for that of an increase in the

dehydration temperature as the grading size is increased up

to the S3 grade.

The mass loss determined from the TG measurements

was found to be 8.0 ± 0.2%. No relationship between sieve

size and mass loss was observed suggesting that the grinding

process did not significantly affect the water content of the

opal. As some variation in the absolute mass loss was

observed between TG measurements, in order to apply the

diffusion model to the data, the TG data for the graded

specimens of opal were first normalised to the averaged

measured water content (7.97%) based on the mass loss at

800 �C. A ten point linear smoothing (equivalent to 2 �C)

was also applied to the data in order to reduce the noise

developed through further manipulation of the data. The

normalised water loss curves are shown in Fig. 2 and are

labelled as bound water (wb). The liberated water (wl) data

were calculated from the bound water data and are also

shown in Fig. 2. These data also demonstrate that the rate of

dehydration is a function of particle size up to, apparently,

the S4 grade. Above this grade, the particle size appears to

have little influence on the rate of dehydration as the curves

for the S1, S2 and S3 grades all appear to overlap. Based on

Eq. 3 and using the S6 grade as the powder sample con-

taining no bulk, the proportion of free water (wf) was

determined for the S1 to S5 grades (Fig. 3). As is the case in

the bound water curves, the grading size effect is apparent up

to the S4 grade; the curves for the S3 to S1 are observed to

overlap.

The diffusion coefficient defined by Eq. 4 was deter-

mined for each of the sieve sizes and is plotted as a

function of temperature in Fig. 4. In calculating the diffu-

sion coefficient, the value of d was estimated to be equal to

a quarter of the sieve size. The diffusion coefficient is

observed to decrease with temperature in each case. A peak

is also observed in the S1, S2 and S3 data. The peak

position is centred around 210 �C for the S1 and S2 sam-

ples and 200 �C for the S3. These temperatures correlate

with the peak expansion curve observed at 211 �C in the

TMA data [11]. The change in the diffusion coefficient is,

therefore, consistent with the densification process that is

occurring in the specimen. This is exemplified by the

Log(D) versus T plot (Fig. 5) which shows a step in the

exponential dependence of the diffusion coefficient. Based

on this interpretation, it is now apparent that the shape of

the diffusion coefficient temperature curve for the Light-

ning Ridge specimen studied in Ref [9] is associated with a

similar densification process.

The magnitude of the parameter d was estimated as

being equal to the sieve size divided by four. Given that the

calculated diffusion coefficient apparently increases with

Fig. 2 Bound (wb) and liberated (wl) water curves for graded samples

of the Coober Pedy opal

Fig. 3 Free (wf) water curves for graded samples of the Coober Pedy

opal

Fig. 4 Temperature dependence of the diffusion coefficient using

values of d based on the sieve size divided by four
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increasing grading size, this estimate of d must, to some

extent, be in error. If the size grading for S5 is taken as the

reference, the overestimate of the values of d have been

made for the S1 to S4 grades may be accounted for by

reducing the value until overlap of the curves is achieved in

the region below 200 �C. Accordingly, the data shown in

Fig. 6 is achieved by reducing the magnitude of d to the

values listed in Table 1. Reducing the value of d also

separates the S1 grade from the S2 grade in the high

temperature diffusion regime. It should also be noted that,

although it is likely that the value of d is overestimated, a

shift in the data may also arise from the fact that the

powdered opal, S6, has a finite average particle size and is

not infinitely fine as is assumed in the application of Eqs. 1

to 3 in determining the proportion of bound, liberated and

free water.

Conclusions

A model based on the steady state diffusion from infinite

plane (Fick’s 1st law) has been applied to a graded Coober

Pedy white play of colour opal. Based on the application of

this model two regimes of diffusion with exponential

temperature dependences have been identified in the

dehydration of the opal. The presence of two regimes

correlates with a dehydration model that results in sintering

of the opal. A limitation of the model is in the estimation of

the characteristic diffusion path length; however, the sen-

sitivity of the method to the particle size suggests that,

using the volatilised water as a probe, this method may be a

useful method for the characterisation of the morphology

of opals or other amorphous substances.
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characterisation of the thermal dehydration of Australian sedi-

mentary opal. J Therm Anal Calorim. 2007;88:185–8.

Fig. 6 Temperature dependence of the log of the diffusion coefficient

using values of d estimated to give equivalent values of D below

200 �C

Fig. 5 Temperature dependence of the log of the diffusion coefficient

using values of d based on the sieve size divided by four

688 A. Smallwood et al.

123


	Application of a Fickian model of diffusion to the dehydration �of graded specimens of a precious Australian sedimentary �opal derived from Coober Pedy
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


