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Abstract

Thermal transformations of natural calcium oxalate dihydrate known in mineralogy as weddellite have been undertaken
using a combination of Raman microscopy and infrared emission spectroscopy. The vibrational spectroscopic data was
complimented with high resolution thermogravimetric analysis combined with evolved gas mass spectrometry. TG-MS
identified three mass loss steps at 114, 422 and 69 the first mass loss step water is evolved only, in the second and third
steps carbon dioxide is evolved. The combination of Raman microscopy and a thermal stage clearly identifies the changes in
the molecular structure with thermal treatment. Weddellite is the phase in the temperature range up to the pre-dehydration
temperature of 97C. At this temperature, the phase formed is whewellite (calcium oxalate monohydrate) and abt@e 114
the phase is the anhydrous calcium oxalate. Above°@22Zalcium carbonate is formed. Infrared emission spectroscopy
shows that this mineral decomposes at around®@5@hanges in the position and intensity of ttie@Cand C—C stretching
vibrations in the Raman spectra indicate the temperature range at which these phase changes occur.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction [5,6]. These oxalates have equivalents in nature. The
ferrous oxalate is known as humboldtif@; the cop-
The use of chemicals such as calcium oxalate for per oxalate as moolooit8]; the magnesium oxalate
the calibration of thermal analysis equipment is well as glushinskitg9]; the ammonium oxalate as oxam-
known. Indeed such methodology has been used tomite[10]; the sodium oxalate as natroxal§td]. The
study the oxidative decomposition of calcium oxalate advent of the thermal analysis of oxalates of the above
[1,2]. The mineral calcium oxalate dihydrate found cations started in the 1960s and no doubt was related
in nature is known as weddellite. Such a mineral is to the advances in thermal analysis technology at the
found in renal calculi and the thermal treatment has time[12-17]. Some early studies attempted to analyse
been utilised as a method of identificati@4]. Other the naturally occurring oxalates as a result of lichen
metal oxalates have been studied by thermal analysisgrowth [18-20]. Thermal analysis has been used to
study the kinetics of formation of calcium oxalate di-
"+ Corresponding author. Tek+61-7-3864-2407: hydra_te to_ mimic what is occurring in re_n'al storﬁTéS]..
fax: +61-7-3864-1804. The kinetics of the thermal decomposition of calcium
E-mail address: r.frost@qut.edu.au (R.L. Frost). oxalate has been determing?2].
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The application of vibrational spectroscopy to the 2.2. Thermal analysis
study of oxalates has been going on for an extended
period of time[23—-25]. Many synthetic oxalates have Thermal decomposition of the natural oxalate was
been studied26,27]. Few oxalate minerals have been carried out in a TR Instruments incorporated high
studied by Raman spectroscof#8,29]. Studies of  resolution thermogravimetric analyser (series Q500)
the kinetics of the thermal decomposition of calcium in a flowing nitrogen atmosphere (80 &fmin). Ap-
oxalate monohydrate have been undertaken usingproximately 50 mg of sample was heated in an open
variable temperature DRIFT spectroscof80]. In platinum crucible at a rate of 52@C/min up to 500C.
mineralogy, this mineral is known as whewellite and With the quasi-isothermal, quasi-isobaric heating pro-
may also be formed as a result of plant growth. This gram of the instrument the furnace temperature was
study showed that the kinetic analysis of the dehy- regulated precisely to provide a uniform rate of decom-
dration process indicates that there are two reactionsposition in the main decomposition stage. The TGA
taking place, as well as the presence of two different instrument was coupled to a Balzers (Pfeiffer) mass
equimolar water molecule environments in the crystal spectrometer for gas analysis. Only selected gases
structure of calcium oxalate monohydrate. were analysed.

The presence of oxalates has been identified on the
surface of monuments and give an indication of break- 2.3. Raman microprobe spectroscopy
down[31,32]. The presence of oxalates has been found
in the prehistoric artwork of Australian indigenous The crystals weddellite were placed and orien-
peoples. Whether the oxalates resulted from the usetated on the stage of an Olympus BHSM microscope,
of plant material to ensure the primitive paintings ad- equipped with 10xand 50x objectives and part of
hered to the cave walls or whether the oxalates formed a Renishaw 1000 Raman microscope system, which
through algal/lichen growth is unknown. The presence also includes a monochromator, a filter system and a
of oxalates has been identified on the surfaces of fres- charge coupled device (CCD). Raman spectra were
coes and important art objed3-36]. The question  excited by a HeNe laser (633nm) at a resolution of
arises as to the removal of the oxalates without harm 2cn! in the range between 100 and 4000¢m
or destruction of the fresco. One potential method of Repeated acquisition using the highest magnification
oxalate removal and remediation of the frescoes may was accumulated to improve the signal to noise ratio.
be through low temperature thermal treatment. Such Spectra were calibrated using the 520.5¢ine of a
methodology may be of importance in the remedia- silicon wafer. In order to ensure that the correct spec-
tion of granite objects. The objective of this work is tra are obtained, the incident excitation radiation was
the analysis of the decomposition of weddellite using scrambled. Previous studies by the authors provide
Raman spectroscopy combined with a thermal stage more details of the experimental technig3¥—39].
and complimented by infrared emission spectroscopy Spectra at liquid nitrogen temperature were obtained
and high resolution thermogravimetry. using a Linkam thermal stage (Scientific Instruments

Ltd., Waterfield, Surrey, UK).

2. Experimental 2.4. Infrared emission spectroscopy (IES)

2.1. Mineral Details of infrared emission spectroscopy has been
previously published40—-42]. Spectroscopic manip-
The weddellite was obtained from the South Aus- ulation such as baseline adjustment, smoothing and
tralian Museum. The samples were phase analysed us-normalisation were performed using the Spectracalc
ing X-ray diffraction and the compositions checked software package GRAMS (Galactic Industries Cor-
using energy dispersive X-ray emission (EDX) mea- poration, NH, USA). Band component analysis was
surements. The mineral was found to be phase pureundertaken using the Jandel ‘Peakfit’ software pack-
and compositionally equivalent to calcium oxalate di- age, which enabled the type of fitting, function to be
hydrate. selected and allows specific parameters to be fixed
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or varied accordingly. Band fitting was done using a 450 and 500C. The GO stretching vibration is ob-
Gauss—Lorentz cross-product function with the min- served for oxalate in aqueous solution at 1496&m
imum number of component bands used for the fit- and for solid potassium oxalate at 1449¢mThe
ting process. The Gauss—Lorentz ratio was maintained band is at 1475 cm! for weddellite in the 298 K spec-
at values greater than 0.7 and fitting was undertaken trum. The observation of a single band in the 298K
until reproducible results were obtained with squared spectrum suggests the equivalence of tr®Gtretch-
correlations of? greater than 0.995. ing vibrations. No bands are observed in the infrared
spectrum at 298 K. Thus, at 298 K, the structure is cen-
trosymmetric. Symmetry loss through thermal treat-

3. Results and discussion ment would occur if the structure was no longer planar.
Mild heating to 50°C causes two bands to appear in
3.1. Raman spectroscopy using a thermal stage the Raman spectrum at 1490 and 1464 ¢nirhese

band positions correspond to that of the partially de-
Phases changes associated with the thermal treat-hydrated weddellite which is the mineral whewellite.
ment of weddellite can be followed by the use of a Ra- Thus, the bands correspond to that of calcium oxalate
man microscope in combination with a thermal stage. monohydrate[29]. The bands are observed at 1488
Such a suite of spectra are showFig. 1for weddel- ~ and 1462cm* in the 150°C spectrum. Thus, there
lite. The spectra clearly show changes in the Raman is a slight red shift with thermal treatment. The band
spectrum between 150 and 2(D and again between  positions are in agreement with previously published
data[29]. At temperatures above 15@, the bands are
observed at 1478 and 1466 th These bands cor-
respond to the symmetric stretching modes of anhy-
drous calcium oxalate. At temperatures above 450
A 50°C only a single band is observed at 1480 This band
corresponds to the€D symmetric stretching mode of
calcium carbonate.
JL 150°C The 298 K Raman spectrum shows a single low in-
tensity band for weddellite at 1628 crh This band
S

is attributed to the antisymmetric stretching vibration
which for a planar structure should not be observed in
250°C the Raman spectrum. However, the structure is prob-
ably a distorted square antiprigdi3]. This distortion
results in the observation of the forbidden Raman
bands. For aqueous oxalate the antisymmetric stretch-
ing (B2y) mode is observed in the infrared spectrum
at 1600 cmrL. This band is observed at 1631 cthin
the 50°C spectrum and at 1630 crh for the 150°C
spectrum. This band corresponds to treOCantisym-
450°C metric stretching mode of the calcium oxalate mono-
hydrate. This band was reported to be at 1632tm
which agrees well with the data reported in this work
550°C [28]. The observation of the antisymmetric stretching
vibration suggests that the thermal treatment of the
weddellite causes non-planarity in the structure. Ther-
. 1 mal treatment above 15C shows a shift in the band
Raman shift fcm positions. The two bands at 1490 and 1464 ¢rshift
Fig. 1. Raman spectra of weddellite in the 50-580temperature to 1465 and 1478 crmt whilst the band at 1631 cn
range. shifts to 1647 cm!. The position of this band
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corresponds with that of anhydrous calcium oxalate
[29]. Thermal analysis shows that water is lost over the
100-114C temperature range. Thus, the shift in the
C=0 stretching bands must be associated with water
loss. At temperatures above 480D, the two bands at
1465 and 1478 cm' become a single band observed at
1478 cmrl. The band at 1647 cnt disappears and is
replaced with a very broad band centred at 1618tm
Thermal analysis shows that there is a mass loss step
around 430C in which carbon dioxide is the evolved
gas. A further weight loss step occurs around 595

in which further carbon dioxide is evolved. Such a
temperature is above the upper temperature limit of
the Raman thermal stage. It is suggested that above
450°C, calcium carbonate is formed and above 590
carbon dioxide is lost and calcium oxide formed.

Emissivity

3.2. Infrared emission spectroscopy

The Raman data obtained by using a thermal
stage is complimented by the infrared emission spec-
troscopy. Here in situ infrared spectra are obtained
by using the hot weddellite as the emission source.
Fig. 2 displays the infrared emission spectra in the ,
1200-1900 cm? range. The phase changes observed  1s00 1300 1400 1500 1600 1700 1800 1900
in the Raman spectra are also observed in the infrared
emission spectra. Two bands are observed in the IE
spectra at 1686 and 1633 ctnin the 75°C spectrum. Fig. 2. Infrared emission spectra of weddellite in the 50-650
These bands show shift to higher wavenumbers with temperature range.
temperature increase. An additional band is observed
at 1700 cm! which shows an increase in intensity lution thermogravimetry. The high resolution TG
over the 300-450C temperature range. Thermal curve is shown inFig. 3a and the mass spectro-
treatment above 45@ results in a completely dif- metric curve inFig. 3b. The thermal decomposi-
ferent spectrum with bands observed at 1470 and tion of weddellite takes place in three stages at
1788 cntl. This latter band shows no intensity above 114, 422 and 592C with mass loss steps of 17.5%
550°C and the former band intensity approaches zero (93.6 — 76.1), 15.4% (75 — 57.1) and 24.9%
at 650°C. The Raman and infrared spectra are mutu- (55.9 — 31.0). These values compare with a theo-
ally exclusive up to 450C. The Raman spectra show retical mass losses of 21.6, 17.4 and 26.8%. Mass
intensity in bands in the 1470 crh region and only spectrometric analysis of the evolved gases shows
very low intensity is observed in bands in this position that three gases are evolved, namely, water, carbon
in the IE spectra. This mutual exclusion shows that monoxide and carbon dioxide. Water is evolved at

-1
Wavenumber/cm

the weddellite is bidentate and planar up to 460 96.7, 121.0 and 2551C. Carbon monoxide prin-
cipally comes off at 428C with a lesser amount

3.3. High resolution thermogravimetry coupled at 608°C. The carbon dioxide is emitted at 427

to a mass spectrometer and 604 C. Mass spectrometry shows that water is

evolved over the 97120 temperature range with
The Raman and IE spectra using thermal stagesa second water loss temperature range centred at
are supported by the evidence from high reso- 250°C.
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Fig. 3. (a) High resolution thermogravimetric analysis of natural weddellite. (b) Mass spectrometric analysis of weddellite.

3.4. Proposed mechanism of decomposition Decomposition takes place in three steps with the
loss of water in the first step, carbon monoxide in the
The proposed mechanism is as follows: second step and carbon dioxide in the third step. The

o mechanism is in agreement with previous studies
CaGOs - 2H0 — CaGOs +2H0 T =114°C which have been many and varigi4,44-47]. How-

CaGO4 — CaCQ +CO T =422°C ever, the evolution of CO may be brought into ques-
CaCG — CaO+ COp T = 592°C tion as little CO is observed as a product (Fig. 3b,
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mass 28). Previous studies have shown thad HCO C-C stretching regiorkig. 4shows the Raman spectra
and CQ are evolved consecutivel¢#]. Such studies  of this region as a function of temperature. The band
fit well with the proposed above mechanisms. The is observed in the 895 cni region. It is noted that the
thermal analysis of calcium oxalate is used as a stan- position of the C—C stretching vibration is 902t
dard for the calibration of thermal analysis equipment for the free oxalate ion. Previous studies showed that
and for teaching purposd48]. The combination of  the C-C stretching mode was observed at 896 and
thermal analysis and Raman spectroscopy has beerf04 cnm! for calcium oxalate monohydrate and anhy-
previously used and has show that the thermal treat- drous calcium oxalate, respectivé®g]. Upon thermal

ment of calcium oxalate dihydrate is calcj#9]. treatment the band shifts to 905cf This corre-
sponds to the C—C stretching mode of anhydrous cal-

3.5. Additional Raman spectroscopy using a cium oxalate[50]. Thermal treatment above 650

thermal stage results in no intensity in this band. An additional band

is observed at 866 cmt. This band may be assigned
Further evidence for significant changes in the struc- to a O—C—-0O bending mode. This band shows a slight
ture of weddellite may be obtained by a study of the blue shift and the intensity of the band approaches zero

50°C
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Fig. 4. Raman spectra of the 800-1000¢megion of weddellite.
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by 550°C. In a previous study which focussed on ob- bands are observed around 900¢nand a very low
taining the Raman spectra of calcium oxalate mono- intensity band is observed around 867 ¢niThere is a
hydrate between 134 and 210, multiple C-C bands  band at 788 cm which is assigned to a O—C—0O bend-
were observed indicating a mix of two phases, namely, ing vibration. The intensity of this band is constant
calcium oxalate monohydrate and anhydrous calcium over the temperature range up to 400 No change
oxalate[28,29]. The temperature of the phase transi- is observed in the IE spectra until 430, when two
tion differs from that observed in this work by both bands are observed at around 784 and 761'crAf-
Raman spectroscopy and by high resolution TG. The ter 500°C, these bands are no longer observed. Two
IE spectra for the 650—1000 crhregion are shownin  bands are observed at 872 and 711 ¢mith a low in-

Fig. 5. The data compliments the Raman spectra. No tensity band at 862 crt. The intensity of these bands

450°C
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Fig. 5. Infrared emission spectra of the 200-700¢megion of weddellite.
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Fig. 6. Raman spectra of the 200-700¢ntegion of weddellite.

decrease with temperature increase until above’650 becomes identical. Above 45C, the band becomes
no intensity remains in the bands. a single band at 49%C. The possible assignment of
The Raman spectrum of the low wavenumber region these bands is to O-Ca—O and C-C-O bending vi-
of weddellite is shown irFig. 6. A number of intense  brations. Previous studies based upon Raman spec-
Raman bands are observed in the 400-600'cre- troscopy suggested that dehydration occurred at 423 K
gion. The Raman spectrum of weddellite shows an in- [29]. This value seems high compared with the results
tense band at 505 cm with a broad band at 596 cm. of this work. This study suggested that the two bands
Previous studies have assigned the band at aroundat 523 and 505 cm" were due to Breit-Wigner cou-
500cnt?! to the bending mode of C-C—O and the pling. This work shows there is an intensity relation-
M-O ring and M-O stretching modg81,52]. The ship between these two bands which is temperature
band at around 596 cm is also associated with M—O  dependent.
stretching mode§51,52]. Importantly two bands are A number of intense bands are observed between
observed at 523 and 505 crhwith different inten- 200 and 300 cm! for these natural oxalates. Raman
sities. Above 150C, the intensity of the two bands spectroscopy does have the advantage that bands



RL. Frost, M.L. Weier / Thermochimica Acta 406 (2003) 221-232 229

below 400 cm! are readily obtained. This is impor-
tant to the study of oxalates as the M—O stretching
and O-M-0 ring bending modes may be determined.
In the Raman spectrum of weddellite, bands are ob-
served at 259 and 220 crh in the 298 K spectrum.
These bands are probably attributable to Ca—O ring
stretching or bending modes. Low intensity bands
are observed at 249, 223 and 209¢mThe spectra

in this work differs from previously published data
[28,29]. In the work of Duval and Condrate, a band
was observed at 209 ct for the monohydrate and

at 260 cn1? for the anhydrous calcium oxalate. The
position of these bands at 249, 223 and 209 tme-
mains constant over the 50-18D temperature range.
Above 150°C, two bands are observed at 261 and
235cntl. The intensity of the bands remains constant
over the 200-350C temperature range. From 350 to
450°C, the intensity of the 235 ¢t band decreases.
Changes are occurring in the intensity and position of
these very low wavenumber bands when no changes
are being observed in other higher wavenumber bands.
These changes suggest that structural changes are oc-
curring as a function of temperature on a molecular
level over the complete temperature range.

To complete the vibrational spectroscopic study of "
the thermal treatment of weddellite, the spectra of the 4000 3500 3000 2500
hydroxyl stretching region need to be studied even
though the Raman spectrum of water is difficult as wa-
ter is a very poor scatterer and infrared emission spec-
troscopy suffers from noise. Previous studies have ne-
glected the Raman or infrared spectra of the hydroxyl
stretching region during thermal treatme8,29].

150°C

Raman Intensity

200°C

Raman shift/cm™

Fig. 7. Raman spectra of the hydroxyl stretching region over the
50-200°C temperature range.

there are four Raman and four infrared bands would be

Figs. 7 and 8show the Raman spectra and infrared
emission spectra of the hydroxyl stretching region
of weddellite as a function of temperature. Multiple
bands are observed in the spectra. At60bands are
observed at 3493, 3444, 3351, 3261 and 3072'tm

The bands are observed at 3505, 3454, 3351, 3244,

3074 and 3017 cm'. At 150°C, four bands are ob-
served at 3483, 3353, 3249 and 3075 ¢nThe bands
show a red shift with thermal treatment. At 20D,
almost no intensity remains in these bands. Such an
observation is in agreement with the TG-MS data
which showed that a small amount of water is lost at
250°C. X-ray crystallography shows that the two wa-
ters molecules in the lattice are independdij. For

predicted. Also associated with the structure is zeolitic

water. Thus, six Raman bands should be observed in

agreement with the observed spectral results. This ex-
plains the multiplicity of bands observed in the Ra-
man spectra of weddellite. In weddellite, the calcium
co-ordination is in a distorted square antiprism and of

the eight oxygen ions, six belong to four oxalic groups

and two to water molecules.

A low intensity band is observed at 2946 chnThe
presence of this band may indicate some organic im-
purities in the mineral sample. Multiple band in the
Raman spectra show that at the molecular level more

than one type of bonding of water molecules is present.

The water molecules are held in the weddellite struc-

weddellite there are eight water molecules in the struc- ture in different ways according to the bond strength of

ture (z = 8) with space group4/m, this means that

the OH unitg53-55]. Such a conclusion was reached
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Fig. 8. Infrared emission spectra of the hydroxyl stretching region of weddellite.

by Christy et al. who used infrared spectrosc@g]. with a small temperature ramp rate. In the vibrational
Secondly thermal treatment may cause the conversionspectroscopic experiment, the process occurs more
of weddellite to whewellite. In the IE spectra bands rapidly.

are observed at around 3475, 3124 and 2939'cm

No intensity remains in the bands at 28D The re-

sults of the vibrational spectroscopy of weddellite are 4. Conclusions

in harmony with the thermal analysis results which

show that water is lost over the 100—112l tempera- The presence of weddellite is important in the
ture range. The HRTG experiment takes place slowly quest for the origin of life in hazardous and harsh
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