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Abstract

A combination of high-resolution thermogravimetric analysis coupled to a gas evolution mass spectrometer has been used to study the
thermal decomposition of metazeuner{@u(H,0), }(H.0)4[(UO,)(AsO,)],. Five stages of weight loss are observed at 48, 88, 125, 882
and 913C. In the first three stages 2, 4 and 2 mol of water are lost. In stages 4 and 5, seweuhds are lost and it is probable that
reduction of the anhydrous phase Cu[())@sO,)]. occurs. The stages of dehydration were confirmed by the use of evolved water vapour
mass spectroscopy. Changes in the structure of metazeunerite were followed by the use of Raman microscopy in conjunction with a thermal
stage. Two Raman bands are observed at 818 and 81‘lamdl are assigned to the symmetric stretching modes of the W@nits. The
UO, Raman antisymmetric stretching mode was observed at 898 dwio AsQ, stretching vibrations were observed until after two stages
of dehydration of the metazeunerite. The As@ bending modes show complexity with bands observed at 463, 446, 396 and 380 cm
Thermal treatment results in the removal of this degeneracyvIband of the AsQunits is observed at 320 cth Raman bands at 275 and
235cnT? are attributed to the, bending modes of the (UF* units. The use of the hot-stage Raman microscope enables low-temperature
phase changes brought about through dehydration to be studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Autunites are common minerals, yet have been rarely stud-
ied in terms of thermal analys[6—9] and certainly not in
There are more than 200 uranium minerals, many of terms of Raman spectroscopy. The minerals have a layer-like
which exist in Australian depositgl]. The chemistry of structure[8,10,11]. The cations and water are located in
uranium is important for the solution of environmental prob- the interlayer space. The mineral autunite has the formula
lems; for example the remediation of contaminated sites andCa[(UQ,)2(POy)]2-11H,O. The structure of a synthetic
the restoration of soils such as might be found at Woomera, autunite has been solvgd0]. Autunite is orthorhombic
Australia[2,3]. Uranyl phosphates and arsenates form one [10] and saléeite is monoclinijd2,13]. The structure con-
of the largest and most widespread group of uranium miner- tains the well-known autunite-type sheet with composition
als[4]. The minerals are known as autunites and also as the[(UO2)(POy)], resulting from the sharing of equatorial ver-
uranyl micas. Many of these minerals may be found in quite tices of the uranyl square bipyramids with the phosphate or
widespread parts of Australja]. The autunite group of min-  arsenate tetrahedfa4]. The calcium atom in the interlayer
erals are uranyl arsenates and phosphates with symmetriegs coordinated by severnd® groups and two longer distances
ranging from tetragonal to triclinic. The minerals have a gen- to uranyl apical O atoms. Two independeni@igroups are
eral formula M(UQ)2(X04)2-8-12H0, where M may be held in the structure only by hydrogen bondifig].
Ba, Ca, Cu, F&", Mg, Mn?+ or 1/2(HAI) and X is As or P. Most uranyl minerals are hydrated and as such water plays
a significant role in their structures. It is common for water to
- , play a major role in the degree of polymerisation because of
* Corresponding author. Tel61-7-3864-2407; . .
fax: +61-7-3864-1804. the asymmetric nature of hydrogen bonding systems. Water
E-mail address: r.frost@qut.edu.au (R.L. Frost). may bond to the interstitial cation or may simply be held in
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the structure through hydrogen bonding. Water groups play high-resolution thermogravimetry coupled to an evolved gas
an important role in satisfying bond-valence requirements. mass spectrometer and hot-stage Raman microscopy.
The role of water and the number of water units in the

empirical formula determines structural arrangements in the

uranyl mica interlayef4]. For example: 2. Experimental

CaU02)2(POy)2 - 11H,0 (autunite 2.1. Minerals
— Ca(UO2)2(POy)2 - 8H,0 (meta-autunite
Metazeunerite (M20948), was obtained from Museum
, Victoria and originated from Gilgai, New England, NSW.
Ca(UO2)2(POy)2 - 8H20 (meta-autunite The mineral was analysed by X-ray diffraction for phase
— CaUO2)2(POy)2 - xH20 purity and by electron probe using energy dispersive tech-
(partially dehydrated meta-autunite nigues for quantitative chemical composition.
Burns et al[15] proposed that uranyl mineral structures 2.2. X-ray diffraction
be based upon a topological arrangement of anions within
each sheet as a convenient basis for the classification of X-ray diffraction patterns were collected using a Philips
these sheefd 5]. The difference between the autunite group X'pert wide angle X-ray diffractometer, operating in step
and meta-autunite is simply the number of water molecules scan mode, with Cu Keadiation (1.54052 A). Patterns were
in the formula. One major difference between the autunite collected in the range 3—-9®6 with a step size of 0.02
and meta-autunite groups is their water content. The molesand a rate of 30 s per step. Samples were prepared as a ran-
of water in different autunite species may differ and as a domly orientated powder on a petroleum jelly coated glass
group range from 10 to 12mol. On the other hand, the slide. Data collection and evaluation were performed with
moles of water in the meta-autunite group ranges from 6 PC-APD 3.6 software. Profile fitting was applied to extract
to 8 mol. The structure and hydration state of meta-autunite information on the microstructure and structural defects of
have not been satisfactorily determined. Zeunerite is the min-metazeunerite and its alteration products. The profile fitting
eral{Cu(Hx0)4}(H20)s[(UO2)(AsOa4)]2 and metazeunerite  option of the software uses a model that employs 12 intrinsic
is the minera Cu(H20)4}(H20)4[(UO2)(AsO4)]2 [16,17]. parameters to describe the profile, the instrumental aberra-
The use of infrared spectroscopy to study the chemical tion and wavelength dependent contributions to the profile.
reactions as illustrated in the above thermal stages of de-
hydration is difficult in the lower temperature ranges. How- 2.3. Thermal analysis
ever, Raman spectroscopy combined with a hot stage lends
itself as the technique of choice for studying the chemicalre- Thermal decomposition of the metazeunerite was car-
actions during dehydration. The structures of copper-basedried out in a T Instruments incorporated high-resolution
synthetic autunites, namely torbernite, metatorbernite, ze-thermogravimetric analyser (series Q500) in a flowing ni-
unerite and metazeunerite have been so[i&ll Zeunerite trogen atmosphere (80 é&/min). Approximately 50 mg of
and metazeunerite are isostructural with torbernite and meta-sample was heated in an open platinum crucible at a rate
torbernite [16]. These minerals contain the autunite-type of 2.0°C/min up to 500C. With the quasi-isothermal,
sheet, of composition [(UD(AsOy)]~ or [(UO2)(POy)] ~, guasi-isobaric heating programme of the instrument the
which involves the sharing of equatorial vertices of uranyl furnace temperature was regulated precisely to provide a
square bipyramids with phosphate (or arsenate) tetrahedrauniform rate of decomposition in the main decomposition
According to Locock and Burngl6], there is a symmet-  stage. The TGA instrument was coupled to a Balzers (Pfeif-
rically independent BO group held in each structure by fer) mass spectrometer for gas analysis. Only water vapour,
hydrogen bonding, which in zeunerite forms square planar carbon dioxide and oxygen were analysed.
sets of interstitial water groups both above and below the
planes of the C# atoms. In the metazeunerite structure, 2.4. Hot-stage Raman microprobe spectroscopy
the sets of interstitial water are either above or below the
planes of the Cii cations. Upon dehydration of the zeuner-  The crystals of metazeunerite were placed and oriented
ite to metazeunerite, not only is there a loss of 4 mol of wa- on the stage of an Olympus BHSM microscope, equipped
ter but the space groups change and the orientations of thewith 10x and 50x objectives and part of a Renishaw
uranyl arsenate sheets change. Our interest in minerals withil000 Raman microscope system, which also includes a
clay-like structures causes our motivation in this research monochromator, a filter system and a charge coupled de-
as does the search for fundamental knowledge of mineralsvice (CCD). Raman spectra were excited by a HeNe laser
containing copper and arsenate ani¢p8,18,19]. In this (633nm) at a resolution of 2cmt in the range between
work, we report the thermal transformation of metazeuner- 100 and 4000 cm!. Repeated acquisition using the highest
ite, a copper-based uranyl arsenate using a combination ofmagnification was accumulated to improve the signal to
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noise ratio. Spectra were calibrated using the 5205'cm in Fig. 2. This figure shows the MS 18 curve and the
line of a silicon wafer. In order to ensure that the correct DTG curve. The two curves have the same patterns pre-
spectra are obtained, the incident excitation radiation was Cisely. The figure shows that evolved water vapour mass as
scrambled. Previous studies by the authors provide morethe metazeunerite is thermally decomposed. The tempera-
details of the experimental techniq{820-22]. Spectra at  tures of the mass gain are 47, 88.6, 136 and“Z57These
elevated temperatures were obtained using a Linkam ther-temperatures match the temperatures of the mass loss steps
mal stage (Scientific Instruments Ltd., Waterfield, Surrey, With absolute precision. The MS of water shows an addi-
England). Details of the technique have been published bytional evolved mass gain at 28'C which was not observed
the authors[2,18,19,23—-25]. Spectral manipulation such inthe HRTG patterns and is ascribed to adsorbed water.

as baseline adjustment, smoothing and normalisation was

performed using the GRAMSsoftware package (Galactic 3.2.1. Stagesof thethermal decomposition of metazeunerite

Industries Corporation, Salem, NH, USA). Metazeunerite may be written aCu(H20)s}(H20)4
[(UO2)(AsOq4)]2 [16]. The units in the square bracket rep-

resent the uranyl arsenate sheet and the remaining part of
the formula the interlayer contents. Writing the formula of
3.1. X-ray diffraction of metazeunerite metazeunerite as such shows the hydration of the" @ind
the additional water molecules held in place in the interlayer

The analysis of the sample labelled as metazeuneriteby hydrogen bonding. In the structure of metazeunerite, the
(M20948) from Museum Victoria is shown ifable 1and CW* is coordinated by four water molecules and by two
compared with the XRD data obtained from JCPDS data longer bonds to the apical oxygen atoms of the uranyl ions.
base. A study of the data in the table appears to showUranyl micas are layered structures with water playing a
that the mineral is a mixture of zeunerite and metazeuner-dominant role in their structures. In this case, the hydrated
ite. The d(001) spacing of 10.35A for the mineral used cations fit between the uranyl arsenate lay@drg. In the
in this research corresponds with the 10.3A of zeunerite. case of metazeunerite, the uranyl arsenate surface may be
The d spacing of 8.68 A corresponds to that of 8.63A for considered to be multiple units of (J&AsOs),, and func-

3. Results and discussion

metazeunerite. tions like a polymeric anion. The anion is counterbalanced

by the hydrated copper(ll) cation in the interlayer. Dehydra-
3.2. High-resolution thermogravimetric analysis and tion of metazeunerite results in the loss of water firstly from
mass spectrometric analysis the interlayer and secondly from around the copper(ll) ion.

The mechanism for the dehydration of metazeunerite is
The high-resolution thermogravimetric analysis of as follows:

metazeunerite is shown iRig. 1la and b. Four steps are .
involved with the loss of water and two with the loss or * 2298 L {CUH20)a}(H20)4[(UO2)(ASOw]2 .

- : : — {Cu(H20)4}(H20)2[(UO2) (AsOy)]2+2H20 (48°C)
reduction of arsenate anions. The first step occurs a€48 )

: e Stage 2: {Cu(H20)4}(H20)2[(UO2) (AsOy)]2
the second at 88C, the third at 138C and the last step o
. . . — {Cu(H20)2}[(UO2)(AsOs)]2 4+ 4H20 (88°C)
involving water at 255C. This last step appears as a broad )
: o Sage 3: {CuH20)2}[(UO2)(ASOn)]2
continuum over an extended temperature range from aroun ~s CU[(UOy)(ASOn)] + 2H,0 (125-250C)
150 to 250°C. The weight loss steps are 3.45, 7.05, 0.87 > A2 2
. - . e Sages4 and 5: Cu(UO2)2(AsOy)2

and 3.46%, respectively. The total weight loss is 14.83%. s CUO(UOY)2(AsOs)+0.5A8,0 (882 and 913C)
The theoretical weight loss for Cu(UR(AsOx)-8H,0 2(ASLY)+LOARS
is 14.05%. The difference between the experimental and The thermal decomposition of metazeunerite may be
theoretical mass losses may be accounted for by adsorbedonsidered as occurring in a sequence of stages. In stage 1
water. Whilst no low-temperature (<4CQ) mass loss is  at 48°C, 2mol of water are lost. In stage 2, 4 mol of water
observed in the HRTG experiment, a low-temperature water are lost and in stage 3 a further 2mol of water are lost.
vapour evolution is observed in the MS pattern. This may Thus, in three successive stages all 8 mol of water are lost
be attributed to the loss of adsorbed water. This means thatresulting in an anhydrous compound (Cu()&IAsO,)2).
the number of moles of water lost in the first step is 2, in It is not known whether this chemical retains its layered
the second step 4 and in the third and fourth steps 2. Thestructure or forms a three-dimensional structure with Cu
loss of arsenate occurs over two steps at 882 and®@13 linking the uranyl arsenate groups. The two higher temper-
(Fig. 1b). The mass loss steps are 8.3 and 4.1%. The theoature stages are attributed to the loss of arsenate #3sAs
retical weight loss for arsenate is 27.0%. This means thatIn these steps, it is not certain whether all the As is lost
about 50% of the As@units are lost at 882 and 91G. or that some is retained to higher temperatures in some
The upper temperature limits of the HRTG are 10G0and reduced form. The upper temperature limit of the HRTG is
it is thought that the remainder of the AgQnits may be 1000°C and any weight losses above this temperature are
accounted for by reduction of the U, As and even Cu at the not determined. It is probable that not all the arsenate is
higher temperatures. The mass spectrum of water is shownost at 882 and 913C even though the experimental weight
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X-ray diffraction data analysis of metazeunerite

Sample 00-017-0150 zeunerite 00-017-0146 metazeunerite
d (&) 26 (°) I (%) d (A) 26 (°) I (%) hkl d (A) 26 (°) I (%) hkl
10.35981 8.5353 100 10.3 8.578 100 002 8.86 9.975 100 002
8.68233 10.1884 86 6.81 12.99 30 101 6.63 13.344 5 101
6.76185 13.0934 2 5.2 17.038 70 004 5.57 15.898 80 102
5.49692 16.1245 1 4.98 17.796 50 103 5.1 17.374 60 110
5.19651 17.0634 38 4.58 19.365 5 112 4.38 20.258 30 004
5.05522 17.544 1 3.59 24.78 100 200 3.73 23.836 100 104
4.98093 17.8078 2 3.39 26.268 50 202 3.57 24,921 70 200
4.35188 20.4076 10 3.16 28.218 10 211 3.3 26.998 80 114
3.71212 23.973 6 3.06 29.16 5 212 3.13 28.494 5 105
3.60126 24.7224 8 2.95 30.273 30 204 2.98 29.961 40 212
3.55205 25.0705 2 291 30.699 5 213 2.77 32.292 10 213
3.46969 25.6756 1 2.86 31.249 10 116 2.69 33.28 20 106
3.3883 26.3033 3 2.74 32.655 30 107 2.57 34.882 40 214
3.29142 27.092 1 2.53 35.452 40 220 251 35.744 40 220
2.95158 30.282 1 2.46 36.496 30 222 241 37.281 30 222
2.74586 32.5838 2 2.37 37.934 5 301 2.29 39.312 10 302
2.69008 33.3073 1 2.32 38.784 20 118 2.24 40.227 20 310
2.60112 34.452 1 2.26 39.856 40 303 2.18 41.385 20 008
2.56742 34.9484 0 2.21 40.798 40 312 2.14 42.195 5 216
2.51501 35.701 0 2.18 41.385 20 217 2.08 43.473 30 304
2.31806 38.8507 0 2.08 43.473 60 314 1.993 45.474 40 314
2.2609 39.874 0 1.924 47.202 60 1110 1.925 47.176 10 322
2.20136 40.9648 1 1.794 50.856 50 400 1.857 49.015 5 208
2.17761 41.4319 8 1.765 51.753 5 402 1.833 49.699 5 306
2.1765 41.5619 5 1.735 52.716 5 411 1.796 50.795 30 218
2.08189 43.4313 11 1.708 53.615 10 318 1.776 51.409 30 316
2.08174 43.5478 5 1.69 54.233 10 413 1.742 52.488 5 0010
1.99829 45.3471 1 1.661 55.26 5 309 1.643 55.918 30 332
1.92617 47.1454 1 1.64 56.029 40 1112 1.602 57.48 20 308
1.85711 49.0114 0 1.602 57.48 40 421 1.586 58.115 20 420
1.79133 50.937 0 1.584 58.195 10 422 1.561 59.137 60 422
1.74286 52.4597 1 1.562 59.096 20 1013 1.422 65.599 20 1012
1.73512 52.7117 1 1.532 60.372 50 3110 1.395 67.034 5 1112
1.64176 55.9634 1 1.427 65.341 30 1114 1.377 68.029 30 3110
1.60295 57.4429 0 1.378 67.973 40 3112 1.352 69.465 10 418
1.56304 59.0523 0 1.362 68.883 30 1015 1.325 71.092 10 514
1.53298 60.329 0 1.355 69.29 30 505 1.284 73.729 5 428
1.48757 62.3729 1 1.312 71.906 20 3310 1.26 75.374 5 524
1.42421 65.4847 0 1.289 73.396 5 524 1.241 76.736 5 442
1.39459 67.0566 0 1.272 74.541 30 517 1.224 78.001 10 4110
1.36339 68.8029 1 1.245 76.445 40 526 1.208 79.236 5 1114
1.35969 69.0167 0 1.221 78.23 5 2016 1.175 81.926 30 2014
1.22465 77.9521 0 121 79.079 10 3312 1.16 83.219 20 603
1.1581 83.386 0 1.201 79.79 5 519 1.127 86.235 10 614

1.188 80.842 5 602 1.113 87.592 10 622

1.178 81.673 5 4113 1.101 88.796 5 3014

1.165 82.783 40 5110 1.09 89.934 30 529

1.146 84.469 20 4014 1.077 91.324 10 1016

1.133 85.668 20 4213 1.065 92.653 10 1116

1.127 86.235 20 3116 1.051 94.264 10 5210

1.117 87.199 5 616 1.039 95.699 10 608

1.092 89.724 50 5112 1.029 96.937 20 618

1.083 90.676 50 4410 1.016 98.606 10 4312

1.059 93.335 40 5310 1.006 99.94 10 5112

1.043 95.215 20 3217 0.999 100.9 20 2216

1.036 96.066 40 2119

1.022 97.827 40 5114

1.013 99.002 5 711

1.004 100.212 20 5312

1.001 100.623 30 6111

0.998 101.039 30 2020

0.995 101.46 40 3019

0.991 102.027 10 642
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TGA of Metazeunerite
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Fig. 1. High-resolution thermogravimetric analysis of metazeunerite.
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Fig. 3. Infrared spectrum of HOH bending region of the water.

loss does not match the theoretical weight loss. It may Fig. 4. It should be noted that the intensity of the hydroxyl
be possible that the A8s is condensing in the capillary  stretching region of metazeunerite is low and the hydroxyl
before reaching the mass spectrometer. stretching region occurs on a steeply sloping background
Burns has shown that the®t cation is almost always making the determination of the spectra difficult. In the
present in crystal structures as part of a nearly linear spectrum at 40C, four hydroxyl stretching bands are
(UO,)2* uranyl ion that is coordinated by four, five or six observed at 3748, 3537, 3394 and 3093 ¢niThe band-
equatorial anions in an approximate planar arrangement perwidths are 218, 97, 359 and 268ct In the structure
pendicular to the uranyl ion, giving square, pentagonal and of metazeunerite, there are two symmetrically indepen-
hexagonal bipyramidgR6]. The crystal structure of metaze-
unerite has been undertakf¥]. Hanic[27] reported that
the sheets [(U@)(AsOy)] are separated by layers contain-
ing the cations (Cu(bD)4)?T and several moles of 4O.
However, this structure presented by Hanic is clearly incor-
rect[16]. The infrared spectrum of the hydroxy! stretching
region of water of metazeunerite shows two intense bands
at 3280 and 2923 cmt with a band of much lower inten-
sity at 3407 cml. Bands in these positions are indicative
of strongly hydrogen bonded water. One possible model is
based upon the water molecules coordinating the copper
cation and at the same time hydrogen bonding to theAsO
units. The infrared spectrum of the HOH bending region of
water in metazeunerite is shownkig. 3. Only a single HOH
deformation band is observed at 1648¢mThe reason for
the tail on the lower wavenumber side of the spectrum may
be attributed téMOH bandg4]. The observation of a band
in this position is an indication that no free water is present 0.0015 1
[28]. All of the water is in a structured state either in the
interlayer or in the hydration sphere of the copper(ll) cation. 0.001 1

0.005

0.0045 -

0.004

0.0035 -

0.003 A

0.0025 -

Raman Intensity

0.002 -

0.0005 -

3.3. Hot-stage Raman spectroscopy of metazeunerite

3.3.1. Raman spectroscopy of the hydroxyl stretching 4000 3500 3000 2500
region using the thermal stage Wavenumber/cm®

The Raman _SpeCtra of the water OH stretching regio'j‘ Fig. 4. Raman spectra of the hydroxyl stretching region of metazeunerite
of metazeunerite for selected temperatures are shown inat 40, 80 and 126c.
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dent water positions at room temperature leading to four 3.4. Raman spectroscopy of the UO, and AsO stretching
water groups around the €U and four interstitial water  region using the thermal stage
groups. The observation of four OH stretching vibrations
suggests that there are four independent water molecules Cejka et al.[6,8,28,32]have reported the infrared spec-
in the metazeunerite structure. Locock and Buft6] troscopy of many uranyl minerals. The free uranyl ion
pointed out that in the crystal structure there are two free (UO2)?* with point symmetry h should exhibit three fun-
independent water molecules. The high wavenumber banddamental modes symmetric stretching vibratignbending
at 3748cnt! may be ascribed to this weakly hydrogen Vvibration v, and the antisymmetric stretching vibratiog.
bonded water molecule. Hydrogen bonds link these water The bending mode is doubly degenerate since it can occur
molecules into the square planar sets of water molecules.in two mutually independent plang28]. Hence, the linear
The water molecules which coordinate the?€laccount uranyl group has four normal vibrations but only three fun-
for the bands observed at 3537, 3394 and 3093'ciim the damentals. In a linear symmetric uranyl ion belonging to the
first stage of thermal decomposition, two water molecules Dgh point group, thev, band is found in the 900-750 crh
are lost at 48C. The Raman spectrum at 80 shows three  region and is Raman active but only appears in the infrared
OH stretching vibrations at 3436, 2953 and 281fém  spectrum in the case of substantial symmetry lowering. The
The position of these OH stretching vibrations suggests thatantisymmetric stretching vibration is active in the infrared
partial dehydration in the first stage caused stronger hydro-and inactive in the Raman. Lowering of the symmetry
gen bonding in the metazeunerite structure. Further heatingresults in the activation of all fundamentals. Farni@3]
above 80C results in the loss of four molecules of water reported the infrared spectral results of some autunite min-
per formula unit. In the Raman spectrum of metazeunerite erals. The values for torbernite were listediasmode at
at 100°C, four bands are observed at 3681, 3493, 3047 and915cnT?, v, as 465cm?, v3 as 1115 and 1023 cm and
2893cml, v4 as 615 and 550 crit. Farmer gave the position of the
Raman spectroscopy shows changes in the structure of(UO2)?" bands as; at 805cnt? for torbernite ands as
metazeunerite upon thermal treatment. The results from Ra-915 cntt. The interpretation of this assignment is open to
man spectroscopy support the concept that water is comingquestion. Cejka et all6] reported the infrared spectrum
off in stages. Previous studies have suggested that the waof sabugalite and suggested that the weak absorption band
ter is lost in a zeolite dehydration behavid@e]. In such at 810cnt! was attributable to the symmetric stretching
a situation, the water escapes through holes in a coherenmode of the (U@)?" unit and that the band at 915 cth
three-dimensional framework. Such a process is reversiblewas attributable to the antisymmetric stretching vibration of
such that upon cooling the water would refill the spaces in the (UQx)?* unit. Thev, bands of the (U@)?* units were
the zeolite-type structure. The variable hydration state of found at 298 and 254 cnt. Herein, lies the difficulty that
zeolite-type materials is not consistent with the dehydration both thev; bands of As@ and (UQ)?*+ are found at the
behaviour of metazeunerite. In contrast to porous materials, same spectral positions making interpretation by vibrational
the water molecules are required to maintain the structural spectroscopy difficult.
integrity. In this work, both the HRTG and the hot-stage =~ The Raman spectra of the As@nd UQ stretching re-
Raman spectroscopy shows that the dehydration takes placgion as a function of temperature are showRhi 5. The re-
as a series of steps. The question of reversibility of these sults of the band component analyses are reportéabte 2.
hydration steps remains to be proven. The transition of ze- The symmetric stretching vibration of the aqueous arsen-
unerite to metazeunerite may not be reversible. The reactionate anion (v) is observed at 810 cnt and coincides with

is as follows: the asymmetric stretching modesjv The bending modes
v2 and vy are observed at 342 and 398¢th respectively.
Cu(UO2)2(As0gy)2 - 12H,0O Herein, lies a problem in the vibrational spectroscopy of the
— CU(UO,)2(AsOy)2 - 8H20 + 4H,0 arsenate containing uranyl micas. The bands associated with

the AsQ stretching vibrations are coincident with the YO
Such a reaction involves the removal of one layer of wa- stretching vibrations. A band is observed at 890¢mand is
ter either above or below the €u layer. Such a reaction  sharp with a bandwidth of 10.0 crh. This band is assigned
involves the sideways displacement of this?Clayer rela- in accordance with the attribution of Cejka et al. to theJJO
tive to the uranyl arsenate layer. Such displacement is likely v3 antisymmetric stretching modes. The band is asymmetric
to mean that the zeunerite to metazeunerite transition ison the high wavenumber side suggesting two overlapping
non-reversible. Other researchers have investigated the debands. Such a concept fits well with the non-equivalence of
hydration behaviour of autunites, meta-autunite and other the two UQ bonds[16]. The band at 890 cnt shifts to
uranyl micas and found that the water content in existing 902 cnt? upon thermal treatment above BD. It is appar-
phases is constant and does not vary as with ze¢#@81]. ent that the loss of two water molecules according to stage
Dehydration was found to proceed in a stepwise fashion 1 in the HRTG results changes the position of theanti-
[30,31]. Such structural arguments agree with the proposi- Symmetric stretching vibration. These two water molecules
tions propounded in this study. are the two interstitial water molecules in the metazeuner-



126 R.L. Frost et al./ Thermochimica Acta 419 (2004) 119-129

Table 2
Raman spectroscopic analysis of metazeunerite at elevated temperatures
20°C 40°C 60°C 80°C 100°C 120°C Suggested assignments
Band centre (cm?) 890 890 902 902 902 902 UOv3 antisymmetric stretching
Bandwidth (cnT?) 10.0 16.0 18.2 30.9 17.4 19.2
Relative intensity (%) 6.6 6.83 6.6 9.9 4.3 4.9
Band centre (cm') 873 873 867
Bandwidth (cnT?) 26.2 11.0 16.3
Relative intensity (%) 4.0 0.5 0.87
Band centre (cm?) 844 842 UQ vy stretching modes
Bandwidth (cnT?) 19.1 17.0
Relative intensity (%) 8.8 8.0
Band centre (cm?) 818 822 813 822 813 810 YO, stretching modes
Bandwidth (cnT?) 75 9.8 28.6 46.8 36.5 39.0
Relative intensity (%) 45.8 215 32.0 32.0 30.4 37.1
Band centre (cm?) 811 811 801 807 804 805 U, stretching modes
Bandwidth (cnT?) 10.8 10.8 24.9 24.9 24.1 20.6
Relative intensity (%) 47.6 70.5 36.8 28.4 24.1 17.9
Band centre (cm!) 775 777 776 778 Water librational modes
Bandwidth (cnm?l) 30.5 34.5 34.3 24.0
Relative intensity (%) 20.2 23.2 26.2 34
Band centre (cm?) 463 461 v4 bending modes of AsD
Bandwidth (cnt?) 19.0 62.7
Relative intensity (%) 15.6 235
Band centre (cmt) 446 448 452 452 452 v4 bending modes of Asp
Bandwidth (cnT?) 20.1 17.4 37.3 37.3 37.3
Relative intensity (%) 26.4 23.2 25.5 25.5 25.5
Band centre (cm?) 396 398 v4 bending modes of AsD
Bandwidth (cn?l) 10.8 18.8
Relative intensity (%) 0.67 2.0
Band centre (cm?) 380 376 376 376 v2 bending modes of As®
Bandwidth (cnT?) 12.8 49.7 49.7 49.7
Relative intensity (%) 1.18 8.0 8.0 8.0
Band centre (cm') 320 318 322 322 322 vz bending modes of As©
Bandwidth (cnT?) 7.1 6.6 16.7 16.7 16.7
Relative intensity (%) 29.0 22.6 14.8 14.8 14.8
Band centre (cmt) 275 274 274 274 274 v2 bending modes of the (UQPt
Bandwidth (cnm?l) 11.0 12.8 43.6 43.6 43.6
Relative intensity (%) 0.87 2.0 10.1 10.1 10.1
Band centre (cm?) 235 241 v, bending modes of the (U™
Bandwidth (cnT?) 18.9 15.7
Relative intensity (%) 13.7 1.0
Band centre (cm) 218 214 197 197 197 Cu—Quranyi stretch (?)
Bandwidth (cnT?) 15.0 14.6 28.7 28.7 28.7
Relative intensity (%) 1.4 10.5 11.3 11.3 11.3
Band centre (cm?) 182 152 152 152 Lattice modes
Bandwidth (cnT?) 10.8 19.6 19.6 19.6
Relative intensity (%) 13.6 13.3 13.3 13.3
Band centre (cmt) 139 137 137 137 Lattice modes
Bandwidth (cnT?) 14.7 11.6 11.6 11.6
Relative intensity (%) 14 8.1 8.1 8.1

ite structure. The bandwidth of the 890/902chband in- first band shifts to 822cm' at 40°C. However, there
creases and then decreases upon thermal treatment with this a significant change in the relative intensities of the
maximum bandwidth at 8CC. 818/811 cm! bands upon heating from 20 to 40. These

In the 20°C spectrum, two bands are observed at 818 two bands are assigned in accordance with CEBhas the
and 811 cm? with bandwidths of 7.5 and 10.8 cth. The v1 stretching modes of the UQunits. It is possible that the
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Thermal treatment above 8Q results in the appearance of
an additional band at 844 cth, which is assigned to the
v1 AsO4 symmetric stretching vibration. The effect of ther-

021 120¢ mal treatment with dehydration results in the uncoupling of
the UG, and AsQ symmetric stretching vibrations. In the
106°C 80°C spectrum, the two U@stretching vibrations are ob-
I served at 822 and 807 cthand are broad with bandwidths

0.5 of 46.8 and 24.9 cm!. Significant changes are observed in

I
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3.5. Raman spectroscopy of the AsO4 bending region
using the thermal stage

the band profile in the 750-850 cthregion upon heating
80°C from 80 to 100°C. These changes are associated with the
loss of water in stage 2 of the dehydration steps &t@38
The Raman spectra above 8D show an additional band
at around 775 cmt. This band is assigned to a water libra-
tional mode. The band becomes Raman active aftéC60
and probably results from the hydrogen bonding of water to
the AsQy units. It is noted that the intensity approaches zero
in the 120°C spectrum.

The Raman spectroscopy of the ¥@nd AsQ bending
region has the advantage that the two bending regions are

Wavenumber/cm’™ well separated (Fig. 6). The Ag®ending region occurs be-

Fig. 5. Raman spectra of the Y@nd AsQ stretching region of metaze-
unerite at 20, 40, 60, 80, 100 and 12D

tween 300 and 500 cnt and the UQ bending region below
300cnT!. The bending modes £y of aqueous As@occur

_ N . at 342 cnm. Thus, the sharp band at 320 thfor metaze-
change in the band position of the 818chbandisduetoan  nerite is assigned to the OAsO in plane bending mode. The

intensity contribution from the symmetric stretching mode
of the AsQ units. Alternatively, the band is an additional
band brought about through a stronger bonding of the UO
to the C#* cations. Dehydration forces the €uto bond
to the UQ groups. This bonding is observed as increased
intensity in the~854 and 841 cm! bands. This means that
the two UG bands at~825 and 807 cm! are associated
with non-bonding or weak bonding. In the structure of ze-
unerite proposed by Locock and Burns, thé€is bonded
to two uranyl oxygens linearly at long interatomic distances
of 2.482 A. In the structure of metazeunerite, the Cy=
bond distances are 2.445 and 2.645A. Dehydration forces
the distance between the YOnits and the C#1 to increase
slightly. The reason for this slight increase is the shuffling
of the uranyl arsenate layer relative to the?Catoms. This
results in the additional band in the Y®tretching region.
Upon heating the metazeunerite to°&) the band profile
broadens and becomes more complex. The two bands now
shift to 813 and 801 cm' and are attributed to the YSym-
metric stretching vibrations. At the same time, an additional
band at 873 cm! is observed. This band is assigned to the
v3 antisymmetric stretching mode of the As@nits. The
non-equivalence of the two Ubonds affects the AsO dis-
tances and results in the non-equivalence of the Asinds.
In terms of Raman spectroscopy, this means that the;AsO
symmetric stretching vibration will be either inactive or of

Raman Intensity

0.008 T
0007 §
0.006
0005 {
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ot : ; ‘ : ‘
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T

20°C

Wavenumber/cm™

low int_enSit)_/- Alt_ernatively, the U@and AsQ symmetric Fig. 6. Raman spectra of the AsMending region of metazeunerite at
stretching vibrations couple and only one band is observed. 40, 80 and 126C.
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band at 20 and 4TC is sharp with bandwidths of 7.1 and identical positions. The further complexity is introduced
6.6 cnml, respectively. At 60C, the band is observed at because of the distorted structure of the metazeunerite unit
322cnt! with an increased bandwidth of 16.7 ch The cell. In the structure of metazeunerite the four AsO bonds
bending mode (1) of the AsQ is observed at 398 cnt are non-equivalent brought about by the non-equivalence
in aqueous systems. In the 20 spectrum, four bands are of the two UG bonds. Such non-equivalence results in
observed at 463, 446, 396 and 380¢dmThe latter two the lack of intensity of thes; AsO4 stretching band. This
bands are of low intensity. All four bands are quite sharp band only becomes observed after the initial dehydration
with bandwidths of 19.0, 20.1, 10.8 and 12.8¢mrespec- steps which results in the removal of the layered water
tively. At 40°C, three bands are observed at 461, 448 and structure. No symmetric stretching vibration is observed
398 cnt ! with considerably increased bandwidths. At@D until after significant dehydration has occurred at°80Q
and above, only a single band is observed at 452'che when a low intensity band at 827 cthis observed. The
significance of the changes in the spectrum ofithéend- structure of metazeunerite is such that the two UO bonds
ing region is the removal of the loss of degeneracy upon are non-equivalent. These results in the observation of two
thermal treatment. An additional broad band is observed atUO stretching bands observed at 818 and 811t low

376 cnm! and is assigned to a secongibending mode. intensity band is observed at around 890¢nand is at-
In the very low wavenumber region, three bands are ob- tributed to the UQ antisymmetric stretching vibration. A
served in the 298 K spectrum at 275, 235 and 218%rfihe complex set of bands is observed in the low wavenumber

bands at 275 and 235 crhare attributed to the, bending region. These bands are assigned to the Bénhding vibra-

modes of the (U®)?* units. The band at 218 cm is as- tions. Bands are observed at 275, 235, 218 and 182cm

signed to lattice vibrations. Other bands are observed aroundand are all assigned to Wvending modes. The complex-

182 and 139 cm! and are also described as lattice modes. ity of the UO, bending modes is observed up to 280
This complexity is lost only after dehydration.
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