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ABSTRACT

Raman and IR spectroscopies, X-ray diffraction and chemical analysis have been used to characterize synthetic compounds
of the alunite supergroup of formula AB3(SO4)2(OH)s, with A = Na*, K*, H;0* and B = Al, Cr**, Fe**, V3*. For each A-site
cation, the proportion of B-site vacancies decreases in the same order as the effective ionic radius of the B-site cations (Al > Cr
> Fe > V). Raman and IR spectra of the compounds with B = Al and Fe3* (alunite- and jarosite-group phases) show very close
agreement with previously published spectra. The spectra for Cr- and V-based analogues show similarities to the alunite- and
jarosite-group phases, and particularly the latter. The Raman and IR spectra are similar in the high-wavenumber ranges (around
3400-3500 cm™"), but are different in the intermediate and, particularly, the lower ranges, <700 cm™!, probably owing to the
different responses of Raman and IR to SO4 and metal-O (M-O) group symmetries. The a parameter correlates well with v;SOy,
1,804 and v4SO,4 Raman and v4SO4 IR wavenumbers. There are differences in the OH-stretching regions, and shifts in the main
vSO4 and M-O peaks of the alunite-group phases, and Cr-, Fe- and V-based analogues with substitution of K, Na or H3O at the
A site in the Raman and IR spectra. Raman and IR spectroscopies are therefore useful in distinguishing these compounds.

Keywords: alunite supergroup, jarosite group, chromium, vanadium, Raman, infrared spectra, X-ray diffraction.
SOMMAIRE

Nous nous sommes servis de la spectroscopie Raman, la spectroscopie infrarouge, la diffraction X et 1’analyse chimique
pour caractériser les composés synthétiques du supergroupe de 1’alunite, dont la formule générale est AB3(SO,),(OH)g, avec
A = Na*, K*, H;O* et B = Al, Cr**, Fe**, V3*, Pour chaque cation au site A, la proportion de lacunes au site B diminue dans la
méme séquence que le rayon ionique du cation logeant au site B (Al > Cr >Fe > V). Les spectres de Raman et IR de ces composés
ayant B = Al et Fe3*, c’est-a-dire les composés des groupes alunite et jarosite, concordent trés étroitement avec les spectres déja
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publiés. Les spectres des analogues ayant Cr et V au site B ressemblent aux spectres des composé€s des groupes alunite et jarosite,
et surtout a ces derniers. Les spectres Raman et IR sont semblables dans la région des spectres ayant des nombres d’onde élevés
(dans la région 3400-3500 cm™"), mais sont distincts dans la région intermédiaire et, en particulier, dans la région des faibles
nombres d’onde, <700 cm™', probablement a cause des réponses différentes des spectres Raman et infrarouges aux symétries
des groupes SOy et aux liaisons métal-O (M-O). Le paramétres a montre une bonne corrélation avec les nombres d’onde v;SOy,
12504 et v4SO4 du spectre Raman, et v4SO4 du spectre IR. Il y a des différences dans les spectres Raman et IR dans la région
de I’étirement OH, et des déplacements dans les pics principaux vSO4 et M-O des phases du groupe de I’alunite, et de leurs
analogues a base de Cr, Fe et V avec substitution au site A impliquant K, Na ou H3O. Les spectres de Raman et infrarouges sont

donc utiles pour distinguer ces composés.

(Traduit par la Rédaction)

Mots-clés: supergroupe de ’alunite, groupe de la jarosite, chrome, vanadium, spectres Raman, spectres infrarouges, diffrac-

tion X.

INTRODUCTION

Minerals of the alunite supergroup occur in contami-
nated environments such as mine wastes, but also
more widely in archeological sites, acid sulfate soils,
saline lakes, hot springs and on Mars (Rewitzer &
Hochleitner 1989, Hayashi 1994, Hudson-Edwards et
al. 1999, Dutrizac & Jambor 2000, Elwood Madden et
al. 2004, Klingelhofer et al. 2004). In these environ-
ments, jarosite-group minerals scavenge potentially
toxic elements such as As and Cr, and store significant
amounts of H,O (Kubisz 1970, Hartig et al. 1984,
Ripmeester et al. 1986, Baron & Palmer 2002, Savage
et al. 2005, Squyres et al. 2006). Jarosite-group
minerals are also used in metallurgical processes to
remove unwanted iron and improve metal concentrates
(Dutrizac & Jambor 2000, Jiang & Lawson 2006).
Members of the alunite group occur as secondary
minerals after low-temperature weathering of Al-rich
minerals (e.g., feldspars), in hydrothermal veins and
in lacustrine environments (Scott 1987, Stoffregen &
Alpers 1992, Stoffregen et al. 2000). Characterization
of these minerals in these widely ranging environ-
ments is therefore important and desirable, as their
unique structure reflects the geochemical environment
of formation and governs their potential for further
assimilation of toxins.

Although Raman and IR spectroscopic analyses
have been carried out previously on alunite and
natroalunite, and jarosite and natrojarosite, no studies
have to date been carried out on end-member hydroni-
umjarosite and hydroniumalunite, or with the analogous
compounds in which the B site is occupied by Cr and V.
Analysis of a range of A- and B-site-substituted alunite-
supergroup phases will allow a better understanding of
both their structures and associated vibrational spectra,
and may help to distinguish these compounds. With
these aims, we have prepared synthetic alunite and
jarosite compounds, studied them with Raman and IR
vibrational spectroscopy, and characterized them by
chemical analysis and X-ray diffraction (XRD). We
use synthetic compounds to achieve sample purity and
to control the conditions of formation, in keeping with
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previous work by others (e.g., Sasaki & Konno 2000,
Sasaki er al. 1998, Grohol & Nocera 2002, 2007).
In this paper, we build on our previous work on the
structure, dissolution and incorporation of potentially
toxic elements in natural and synthetic members of the
alunite supergroup and computational models relevant
to these materials (Smith et al. 2006a, b, ¢, Hudson-
Edwards et al. 2008).

BACKGROUND INFORMATION

Members of the isostructural alunite and jarosite
groups of minerals have a general formula of AB3(7T04),
(OH)g, where A represents cations with a coordination
number =9 (Na*, K*, NH4*, H;0%), B represents cation
sites with octahedral (O) coordination (Al in members
of the alunite group, Fe* in members of the jarosite
group, but also Ga, Cr’* and V3, forming Ga-, Cr- and
V-based analogues of the alunite supergroup), and T
represents cation sites with tetrahedral (T) coordina-
tion (in general SOy, but also CrO4 and AsOy4: Jambor
1999, Hawthorne et al. 2000). Most members of this
supergroup show a non-ideal composition. Substitution
of H3O* at the A site appears to be ubiquitous (15-20%
H;0* was suggested by Brophy & Sheridan 1965),
although the exact proportions appear to be highly vari-
able, especially in low-temperature varieties. Vacancies
at the B site also occur, as does protonated H,O in the
form of hydronium, charge balancing Fe or Al deficien-
cies (Kubisz 1970, Hartig et al. 1984, Ripmeester et
al. 1986, Alpers et al. 1989). The chemical formula of
alunite-supergroup phases is therefore more correctly
written as (H30)i_x A\B3_, [(OH)s_3,(H20)3, (TO4)2].
Alunite-supergroup minerals have C’3, symmetry
owing to the bonding of SO tetrahedra with one O atom
bound to Al or Fe octahedra (Adler & Kerr 1965, Sasaki
et al. 1998, Frost et al. 2005b). Their space group is D34
(Wang et al. 1965, Menchetti & Sabelli 1976).

Raman and IR spectroscopies can give information
on the stretching and bending vibrations associated
with the interactions of atoms in minerals and other
materials. Several researchers have used Raman and
IR spectroscopy to study natural and synthetic alunite-
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supergroup minerals and compounds (e.g., Omori &
Kerr 1963, Adler & Kerr 1965, Powers et al. 1975,
Serna et al. 1986, Breitinger et al. 1997, 1998, Sasaki
et al. 1998, Drouet & Navrotsky 2003, Drouet et al.
2004, Bishop & Murad 2005, Frost et al. 2005a, 2005b,
2005¢, 2006a, 2006b, Savage et al. 2005, Hudson-
Edwards et al. 2008). The rationale for these studies is
that substitution in the structure of alunite and jarosite
will affect the vibrational IR and Raman spectra, and the
changes observed will depend both on the substituting
ions and on their position within the structure, as well
as on temperatures of formation. Each alunite-group
and jarosite-group compound should, therefore, have
distinct Raman and IR spectra, which can be used to
fingerprint the mineral or compound and give important
information on its structure and site symmetry.
Several authors have carried out Raman and IR
spectroscopic studies on natural and synthetic members
of the alunite and jarosite groups. Powers et al. (1975)
published IR spectra of synthetic jarosite. Serna et al.
(1986) reported infrared spectra and Raman data for
alunite, natroalunite and hydroniumalunite, and for
jarosite, natrojarosite, hydroniumjarosite and ammonio-
jarosite. Sasaki et al. (1998) published Raman and
FTIR spectra for synthetic K, Na, NH4, Ag and Pb
members of the jarosite group, but they did not cover the
OH-stretching range with the Raman spectra. There are
considerable differences between the data of Serna et
al. (1986) and those of Sasaki et al. (1998), an observa-
tion that is largely ignored by the latter authors. Drouet
& Navrotsky (2003) and Grohol et al. (2003) used
FTIR to study members of the jarosite — natrojarosite
— hydroniumjarosite solid-solution series, and Drouet
et al. (2004) applied FTIR spectroscopy, among other
techniques, to the study of synthetic jarosite—alunite and
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natrojarosite—natroalunite solid-solution. Breitinger et
al. (1997) published Raman and IR spectra for alunite,
along with a group analysis of the symmetry, and Breit-
inger et al. (1998) obtained Raman spectra of synthetic
jarosite, hydroniumjarosite, and their deuterated
versions. Grohol & Nocera (2002) carried out IR char-
acterization of synthetic hydrothermal Na—K—V-bearing
analogues of alunite, and Grohol & Nocera (2007) did
that for synthetic jarosite—hydroniumjarosite.

METHODS AND MATERIALS

Synthesis of alunite-group
and jarosite-group compounds

Alunite-supergroup compounds with A sites filled
with K, Na and H3O and B sites filled with Al, Cr, Fe
and V were synthesized using the volumes, reagents,
temperatures and stirring times indicated in Table 1.
For all compounds, the prepared solutions were placed
in covered beakers and heated in an autoclave with
constant stirring (400 rpm) at 1 atm. The precipitate
thus formed was allowed to cool and settle, and the
supernatant solution was decanted. The precipitate was
then washed several times with ultrapure water (18 M)
cm™), then dried at 110°C for 24 h. All reagents were
AnalaR grade (Aldrich).

Chemical analysis

For quantitative total elemental analysis of the Al-,
Fe- and V-bearing alunite-supergroup compounds,
approximately 30 mg of the dried synthetic compound
was dissolved in a polypropylene beaker by adding HCI1
dropwise until no solid remained. For the Cr-bearing

TABLE 1. CONDITIONS OF SYNTHESIS OF ALUNITE-SUPERGROUP COMPOUNDS

Compound  Volume Reagents Temperature  Duration® Reference
of solution of synthesis
K-Al 50 mL 0.3 MK,S0O, + 0.1 M AI(SO,),*18H,0 145°C 24 h (a) (1)
Na-Al 50 mL 0.3 M Na,SO, + 0.1 M Al,(SO,),*18H,0 145°C 24 h(a) (1)
H,0-Al 50 mL 1.0 M Al,(SO,),*18H,0 145°C 24 h(a) (1)
K-Cr 10mL 0.25 MK,SO, + 0.1 M Cr,(80,), 230°C 16 h (s) adapted from (4)
Na-Cr 10 mL 0.25 M Na,SO, + 0.1 M Cr,(S0,), 230°C 16 h (s) adapted from (4)
H,0-Cr 10mL 0.67 M Cr,(80,), 25°C 16 h (s) based on (4)
K—Fe 100 mL 1.0 M KOH + 0.351 M Fe,(SO,),*5H,0 95°C 4 h (s} (2}, (5)
Na-Fe 50 mL 0.3MNa,S0,, 0.1 M Fe,(SO,) + 0.01 MH,SO, 135°C 24 h (a) adapted from (2}, (5)
H,0-Fe 60mL 0.27 MFe,(S0,) 135°C 24 h (a) adapted from (2), (5)
K-V 10 mL Reagent-grade VCl, was dissolved in distilled water 145°C 24 h (a) (3)
to give a 0.4 M V** solution; 0.4 VCI, + 0.4 M K,SO,
Na—-V 10 mL Reagent-grade VCI, was dissolved in distilled water 145°C 24 h (a) (3)
to give a 0.4 M V** solution; 0.4 VCI, + 0.4 M Na,SO,
H,0-v 10 mL 0.4M Li,SO, + 0.4 M VC|, 145°C 24 h(a) (3)

Alunite-supergroup compounds are labeled according to the occupant of the A and the B sites. References to the literature: (1) Ripmeester
ot al. (1986), (2) Baron & Palmer (1996), (3) Dutrizac & Chen (2003), (4) Dutrizac & Chen (2005), (5) Smith et al. (2008c). * Duration of stirring

(s) or of autoclave experiment (a).
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compounds, approximately 30 mg was dissolved in 4
mL HCI and 1 mL HNOj3 using a MARS microwave
digestion instrument. The temperature was increased
to 200°C in 25 min and held at this temperature for
a further 25 min, using a power setting of 300 W and
pressure of 350 to 360 psi. After digestion, the solu-
tions were then made up to 50 mL with 2% HNOs3 and,
depending on the type of compound, analyzed for Al,
Cr, K, Na, Fe, S and V by inductively coupled plasma
— optical emission spectrometry (ICP—OES) on a Varian
Vista-Pro (axial configuration) using a simultaneous
solid-state detector (CCD).

X-ray diffraction

The jarosite-group products of precipitation were
identified using powder XRD analysis at 25°C with
a Philips PW1050 vertical powder diffractometer
utilizing Co Koy and Ko, (A = 1.7903 A) radiation
at 35 kV and 30 mA. The alunite-group and Cr- and
V-based products of precipitation were identified using
powder XRD analysis in Bragg—Brentano reflection
geometry on a Bruker D8 diffractometer equipped with
a position-sensitive detector and operating at 40 kV and
40 mA at 25°C. The diffractometer was fitted with a
Ge (111) monochromator, producing CuKa, radiation
(N = 1.54056 A). The monochromator slit was 2 mm,
the exit slit was 0.6 mm. The sample was mounted on
a Bruker zero-background silicon (510) sample holder.
For all XRD scans, the starting and the final 26 angles
were 5 and 110°, respectively. The step size was 0.007°
20, with 3.5 seconds spent per step.

Unit-cell parameters were calculated with a Rietveld
refinement using GSAS (Larson & Von Dreele 1998)
and the “model free” Le Bail method (Le Bail et al.
1988), where individual “|Fys!” are obtained by Riet-
veld decomposition from arbitrarily identical values.
In addition to the structure factors, free refinement was
made of the unit-cell parameters, constrained according
to the rhombohedral symmetry of the space group in
the centered hexagonal setting, background, profile
parameters, and the instrumental zero-point. In all cases,
a pseudo-Voigt profile was used.

Raman and infrared spectroscopy

Laser Raman microspectroscopic analyses were
carried out using a Renishaw RM1000 Raman spec-
trometer equipped with a thermoelectrically cooled
CCD detector and a 514.5 nm Ar ion laser. The instru-
ment was calibrated daily on a silicon standard at 520.5
cm™!. The system was operated in confocal mode with
the laser focused on the sample through the objective
lens (X50 — X100) of an Olympus petrological micro-
scope. Under these conditions, the Raman analysis was
restricted to an area less than 2 wm in diameter. The
laser power was reduced using neutral-density filters
and was typically between 1 mW and ca. 220 pW at
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the sample. Samples were inspected optically for any
laser damage, and none was observed. Spectra were
recorded over the wavenumber range 100 to 4000 cm™!
using an integration time of 10—45 s (total analysis time
in the range 100450 s). Errors on channel wavelength
positions were less than 0.1 cm™.

Peak fitting was performed using Galactic
GRAMS/32 software, which uses a mixed Gaussian—
Lorentzian curve. In order to test the variability of the
spectra, at least 10 spectra were obtained in the low-
wavenumber region for each sample. The variation
between individual spectra was small: for the Na—K-
bearing jarosite-group compounds, for example, 10
spectra gave an average wavenumber for the 1010 cm™!
band of 1010.58 cm™ (1o 0.377 cm™), and a mean
band-width (FWHM) of 8.56 cm™' (10 0.424 cm™). The
samples were therefore assumed to be homogeneous.

Infrared spectroscopy (IR) spectra were collected
with a PerkinElmer Spectrum One FTIR spectrometer
using the KBr pellet (13 mm) technique (McMillan &
Hofmeister 1988). Spectra were recorded in transmis-
sion mode immediately after pellet preparation; the
scanning range was 400—4000 cm™!, with a resolution
of 4 cm™!, and five scans were accumulated for each
sample.

RESULTS AND DISCUSSION

Composition and cell dimensions of synthetic
alunite- and jarosite-group compounds

The precipitates were identified as end-member
K-, Na- and H3O-bearing alunite- and jarosite-group
compounds by comparing their powder-diffraction
patterns with those reported in International Centre
for Diffraction Data Powder Diffraction Files (ICDD
PDF) (Fig. 1, Table 2). Where no ICDD PDF files were
available, previously published XRD data were used to
identify the compounds (e.g., Dutrizac & Chen 2003,
2005) (Table 2). All peaks produced by the precipitates
relate to the structure of the respective alunite- and
jarosite-group phases; the absence of additional peaks
indicates that no other phases are present at detect-
able levels. The calculated unit-cell parameters of the
alunite- and jarosite-group compounds and of Cr- and
V-bearing analogues are presented in Table 2.

Mole percentages of the A-, B- and T-site elements
in the alunite-supergroup compounds were determined
using the bulk-composition data and the modified
formula of Kubisz (1970). Deficiencies at the B site are
expressed by the B:SO4 molar ratio, which typically is
significantly lower than the ideal of 3:2 (Kubisz 1970),
with values as low as 2.20:2 to 2.57:2 (Hirtig et al.
1984). These deficiencies are charge-balanced by the
incorporation of HyO (hydronium) into the structure
and protonation of OH™ groups (Kubisz 1970, Hartig
et al. 1984, Ripmeester et al. 1986) (Table 2). The
formulas in Table 2 suggest that our alunite-supergroup
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TABLE 2. ELEMENTAL CONCENTRATIONS, UNIT-CELL PARAMETERS (WHERE AVAILABLE) AND ICDD PDF FILE
OR REFERENCES FOR SYNTHETIC ALUNITE AND JAROSITE-GROUP COMPOUNDS

AND Cr- and V-BASED ANALOGUES

Compound  Nominal Actual formula a(A) c(A) ICDD PDF
formula or reference
K-Al KAL{SO,),(OH), Ko7 (H30) 20 Al 17 (SO,), (OH)s 51 (H,0),.46 7.0074 17.1190 86-2165
Na-Al  NaAl,(SO,),(OH), Nay 5, (H;0)y 15 Al 55 (SO,), (OH); g (H,0), 0, 6.9916 16.6517 41-1467
H,O-Al  (H,0)AL(SO,),(OH), (H;0) Al (SO,), (OH)s 24 (H,0); 7, 6.9911 17.0062 70-3158
K-Cr  KCr,(SO,),(OH), Ko 58 (HsO)o 52 Crz.26 (80O,), (OH); 75 (H,0); 20 7.2543(7)  17.0712(17)  18-0381, (2)
Na-Cr  NaCr,(SO,),(OH), Nag g5 (H;0)o 14 Claso (SO.), (OH)y 50 (H,0)150  7.2268(9)  16.5633(20)  18-0381, (2)
H,0-Cr (H,0)Cr{SO,),(OH), (H:0)Cryg, (SO,), (OH); 45 (H,0) 5 7.2497(7)  17.0500(15)  18-0381, (2)
K-Fe  KFe,(S0,),(OH), Ko s (H30)g 16 F2.46 (SO4), (OH), 55 (H,0), 6, 7.3137(6)  17.0730(5)  22-0827
Na-Fe NaFe,(SO,),(OH), Nay 76 (H;O)y 24 F&266 (SO,), (OH)s 06 (H0)o06 not calculated 30-1203
H,O0-Fe (H,0)Fe,(SO,),(OH), (H:0) Fe, 4 (SO,), (OH)s 75 (H,0) 2 7.3577(1)  17.0149(4)  21-0932
K-V KV,(SO,),(OH), Ko 74 (H;O)o26 V274 (SO,), (OH)s 5, (H,0) 46 7.2614(51)  17.0068(54) (1)
Na-V NaV,(S0,),(OH), Nay 5, (H;O)y55 Va7 (8O,), (OH)s 54 (H,0)q66 7.3003(8) 16.8889(18) (1)
H,O0-V  (H,0)V,(SO,),(0H),  (H:0) V;45 (SO,), (OH)s 55 (H,0) 1. 7.3196(3)  17.0278(7) (1)

Alunite-supergroup compounds are labeled according to the occupant of the A and the B sites. References to the literature: (1)
Dutrizac & Chen (2003), {2) Dutrizac & Chen (2005). Chemical formulas were determined by HCI digestion (Al, Fe and V
compounds) or HCI-HNO, digestion (Cr compounds), followed by ICP analysis. We applied the modified formula of Kubisz

(1970).

compounds are not true end-member species, despite the
observation that their structures, as revealed by XRD,
match those of their respective end-member minerals.
Bulk-composition data showing similar deviations from
exact stoichiometry were given by Drouet et al. (2004),
but their range of H,O content was somewhat narrower
(0.54-1.8 moles/unit formula, compared to 0.04-2.49
in this study), and their temperatures of synthesis were
lower than those reported here.

For each A-site cation (Na*, K*, H;0"), the propor-
tion of B-site vacancies decrease in the order Al > Cr >
Fe >V (Table 2), which broadly mirrors the size of the
effective ionic radii of the B-site cations (Fe 0.645 A and
V0.64 A >Cr0.615 A > A1 0.535 A: Shannon 1976),
suggesting that the number of vacancies is inversely
related to the size of the B-site cation. A similar effect
was found by Drouet et al. (2004), who reported that the
proportion of B-site vacancies decreases with increasing
Fe-for-Al substitution in jarosite—alunite solid solutions.
Many authors have suggested that lower temperatures of
synthesis favor a higher proportion of vacancies (Alpers
et al. 1989, Stoffregen & Alpers 1992, Swayze et al.
2006). The relationship between synthesis temperature
(Table 1) and B-site vacancies for the alunite-supergroup
compounds prepared for this study (Table 2) does not
appear to confirm this hypothesis in that many of the
higher-temperature compounds have a high proportion
of vacancies (Fig. 2).

The alunite-supergroup compounds all have cell
dimensions near 7 A for a and 17 A for c, in agreement
with other studies (e.g., Hendricks 1937, Brophy &
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Sheridan 1965, Dutrizac & Jambor 1984, Kato & Mitra
1977, Dutrizac & Kaiman 1976, Stoffregen & Alpers
1992), although these dimensions are quite variable
(Table 2). Variations in a and c in synthetic compounds
belonging to the alunite supergroup have been attributed
to several factors, including variations in hydronium
content (a decreases and ¢ increases with decreasing
H;0%"), which can be related to the temperature of
synthesis for alunite- and jarosite-group compounds
with the same B-site cation (Alpers et al. 1989, Stoff-
regen & Alpers 1992), and different cations (other than
hydronium) at the A and B sites (Brophy & Sheridan
1965, Alpers et al. 1989, Stoffregen et al. 2000, Drouet
et al. 2004). Substitution at the A site will result in a
much greater variation in ¢ than in a (e.g., Brophy &
Sheridan 1965). Substitution at the B site has a signifi-
cant effect on the a parameter (which increases with Fe
content, for example, in the Fe—Al solid-solution series),
but little or no effect on ¢ (Stoffregen et al. 2000, Drouet
et al. 2004). In our samples, there is no clear relation-
ship between the A-site hydronium content of any of
the different alunite- and jarosite-group compounds and
their respective a and ¢ parameters. The a parameter,
however, exhibits a nearly linear correlation with the
ionic radii of the B-site cation (Fig. 3c), but not the
A-site cation (Fig. 3a), whereas the ¢ parameter shows
an approximately linear correlation with the ionic radius
of the A-site cation (Fig. 3b) but not the B-site cation
(Fig. 3d), in agreement with other studies (Menchetti
& Sabelli 1976, Stoffregen et al. 2000, Rudolph et al.
2003, Bishop & Murad 2005).
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The Raman spectra

Raman spectra for the alunite-supergroup compounds
are shown in Figure 4 in separate plots for each B site,
with the spectra for the A-site substitution shown. In
Figure 4, the spectra are shown across the whole range
of wavenumber, and also in more detail across each
range of interest. The wavenumbers of the peaks in
these spectra are listed in Table 3. These were assigned
on the basis of data from Serna et al. (1986) and Frost
et al. (2005a, 2006a, 2006b), and confirmed with
the assignments of Sasaki er al. (1998). The Raman
spectra show four main groups of bands: those due to
OH stretching or bending vibrations (3300 — ca. 3700
cm™), internal modes of the SO, group occurring over
two regions (430—-650 and 980—1200 cm™"), and B-site
M-O stretches (mostly less than 440 cm™). These are
discussed in more detail below.

The OH-stretching regions separate into two bands
in Al-dominant structures (Fig. 4a). Fitting of the spectra
yields two Raman peaks for all of the compounds
(Table 3) except the K—Cr and Na—V alunite-supergroup
compounds, which are too weak to clearly resolve the
peaks separately, or they may be too broad and overlap
(Figs. 4b, d). The wavenumbers of the vOH band for
the Al-based compounds are the highest, followed
by the Cr-, Fe- and V-dominant alunite-supergroup
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compounds. This is the same order observed above for
the number of B-site vacancies, which was linked to the
inverse of the magnitude of the effective radius of the
B-site cations or temperature of synthesis.

The other OH bands do not occur in all of the
synthetic compounds. The 8OH (HOH bend) is present
only in the Al- and Cr-dominant compounds (Table 3).
Peaks assigned to yOH only occur at 992.5 cm™!
(alunite), 997.0 cm™! (natroalunite), 998.5 cm™! (K-Cr
alunite-supergroup compound), 768.9 cm™! (synthetic
hydroniumjarosite) and 892.7 cm™' (synthetic K-V
alunite-supergroup compound), but not in the other
compounds.

The internal modes of the free SO42 ion give four
fundamental vibrations, which occur at intermediate
and low wavenumbers (in the free ion, these are: v;
983, vy 450, v3 1105 and v4 611 cm™'; Ross 1974).
However, within the alunite—jarosite structure, the Ty
symmetry of the tetrahedron will be reduced, removing
the degeneracy of some of the vibrations, and splitting
the bands (e.g., Frost et al. 2005a, 2005b). The D34
space group and C’3, symmetry of these minerals
suggests that one vy, one v,, two v3 and two vy vibra-
tions should be expected (Adler & Kerr 1965, Wang et
al. 1965, Hug 1997, Bishop & Murad 2005, Frost et al.
2006b). We have assigned these numbers of vibrations
for our Raman bands (Table 3), but there are some

TABLE 3. RAMAN WAVENUMBERS (cm™) OF ALUNITE-SUPERGROUP COMPOUNDS WITH THE A SITE
FILLED WITH K, Na AND H,O, AND THE B SITE FILLED WITH Al, Cr, Fe AND V

Assignment K-Al Na-Al  H,0-Al K-Cr Na-Cr H,0-Cr K-Fe Na-Fe H,0O-Fe K-V Na-V
Vou 3514.1" 3487.6" 3499.0' 3454.9 3446.6 34641 34150 3395.0' 3431.0 3479.9

Vou 3476.1" 3446.7" 3466.4' 3439.0 3391.9 3342.0 3277.0' 3365.0 3406.8 3442.0
Unassigned 25221

Unassigned 2420.3

Unassigned 1602.0 1706.0

v,(SO,”) 1197.4" 1189.6' 1184.8 1157.6' 1158.6' 1167.7"

S50H 1155.1"  1170.6" 11624’ 1184.8 1181.9 1124.2

v,(SO,>) 1081.9' 1090.4' 1082.0' 1119.5 11250 1054.2 1101.5' 1110.8' 1100.6' 11115 11174
Unassigned 1052.9 1020.0 1021.0 1018.8

Unassigned 1024.3

v,(SO,) 1026.7" 1029.0' 1030.6' 1018.4 1016.3 1022.7 1005.9' 1010.8' 1011.8' 10147 1017.7
Unassigned 1014.0 1016.6 995.1

yOH 992.5 997.0 998.5 768.9 892.7

v,(SO,”) 652.4 632.6 646.9

v,(SO,*) 656.1" 654.77 6529 6384 637.8 635.0 623.3' 622.7' 619.1'" 6309 628.8
M-O" or yOH® 563.4'4 578.9"*

yOH 505.5 516.4 511.2 620.6 614.9 616.6 569.6' 565.4' 564.5' 5977 590.2
v,(SO>) 488.4°  485.9* 486.6° 4735 4747 477.8 45264 451.3*° 458.0%° 463.4

v,(SO,>) 387.2*  401.7* 389.9° 4417 452.8 437.7 431.0>° 438.6*° 419.5%° 437.8 448.2
M-0 412.0'

M-0 383.4 387.9 375.3 354.3 364.1" 3585 365.2

M-0 297.2 299.1 294.7" 2813 305.6

M-O" or OH-O° 251.6" 248.1"*  261.8 292.3 266.8 222.2 225.6' 22741

Peak assignments for the alunite- and jarosite-group compounds are based on Serna et al. (1986)" and Frost et al. (2005a°, 2006a*,
2006b°); assignments for the other alunite-supergroup compounds are inferred. The H,O-V compound did not give an interpretable
spectrum. The strongest peaks for each assignment are shown in bold.
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FiG. 4a. Raman spectra of synthetic alunite-group compounds. Intensity values are not shown on the y axis because the spectra

have been normalized to enhance the peak contrast.

unassigned bands that may represent the band splitting
described by Frost et al. (2005a, 2005b) (e.g., 1014.0
cm™! for synthetic alunite, which may be a split part of
the v1SQOy, Table 3).

The M-O bands represent MOg octahedra (described
more accurately as MO,(OH), octahedra, Breitinger
et al. 1997). These bands occur at low wavenumbers
(<700 cm™") but, owing to the occurrence of v, and

663_vol_47-3_art_13.indd 671
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4S04 bands and lattice vibrations in this region, their
unequivocal assignment can be difficult. Nevertheless,
two groups of peak assignments have been made for
M-O vibrations for the Al- and Fe-based compounds:
those between 222.2 and 305.6 cm™!, and those
between 354.3 and 412.0 cm™! (Table 3). Frost et al.
(2006b) assigned peaks at around 240 cm™' to OH-O
hydrogen bonds for alunite and natroalunite. Peaks
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FiG. 4b. Raman spectra of synthetic Cr-based alunite-supergroup compounds. See Figure 4a for explanation.

of the Cr-dominant alunite-supergroup compound
have the highest wavenumbers, followed by the K-V
alunite-supergroup compound, the jarosite-group
compounds and, finally, the alunite-group compounds.
All the compounds also exhibit a single yOH vibration
between 505.5 and 620.6 cm™! (Table 3). The yOH
peaks assigned to the Cr-dominant alunite-supergroup
phases have the highest wavenumbers, and those to the
alunite-group compounds, the lowest, and each B-site
group have similar wavenumbers. The two peaks at
563.4 cm™! and 578.9 cm™ for alunite and natroalunite,
respectively, are assigned either to M—O (Serna et al.
1986) or yOH (Frost et al. 2006b).

IR SPECTRA AND COMPARISON WITH RAMAN

The IR spectra for the alunite-supergroup compounds
are shown in Figure 5, and their wavenumbers are listed
in Table 4. Peaks were assigned on the basis of data
from Serna et al. (1986), Sasaki et al. (1998), Bishop
& Murad (2005) and Frost et al. (2005a, 2006a, 2006b).
Like the Raman spectra, the IR spectra show four main
groups of bands: the OH stretching or bending vibra-
tions, two groups of SOy vibrations, and M—O stretches.
The measured IR range (4000—400 cm™), however,

663_vol_47-3_art_13.indd 672
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does not extend as low as the measured Raman range
(4000-200 cm™!). Minerals of the alunite and jarosite
groups may have bands occurring in both Raman and
IR spectra, as seen in the synthetic compounds prepared
for this study (Tables 3, 4). Background subtraction
is usually not necessary for the Raman spectra but
is complex for IR. The bands are generally narrower
and easier to resolve in the Raman spectrum, with less
overlap of bands.

In both the Raman and IR spectra, the OH-stretching
region shows one or two bands in the compounds of
alunite and jarosite groups (Table 3, 4). Peak fitting
for the Raman data shows that this band is made up
of at least two broad peaks. Fitting of the IR spectra,
however, generally yielded only one peak (two for the
natrojarosite and the K-V alunite-supergroup phase), in
contrast to the two fit by other authors (e.g., Serna et
al. 1986, Bishop & Murad 2005). We do not have an
explanation for this discrepancy, but suggest that it may
be due to broad, overlapping bands, as in some of the
Raman spectra (see above). Certain bands, such as the
SOH-bending region around 1630 cm™!, are far stronger
in the IR spectra than in the Raman spectra. Weak bands
also occur around 2900 cm™! in the IR spectra, but are
not seen in the Raman spectra; these may be due to C—-H
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FIG. 4c. Raman spectra of synthetic jarosite-group compounds.

stretches from organic materials that were inadvertently
introduced (G. Swayze, pers. commun. 2008).

The Raman-IR differences are more obvious in
the intermediate to lower wavenumber ranges. For the
K-V alunite-supergroup phase, for example, the Raman
spectra show two sharp and clearly defined peaks
(1014.7, 1111.5 cm™) and a much weaker band at 995.1
cm™! (Fig. 6). The IR spectra show three much broader
bands, at 1030.2, 1097.0 and 1188.3 cm™'. The 1014.7
cm™! (Raman) and 1030.2 cm™! (IR) bands, and 1111.5
cm™! (Raman) and 1097.0 cm™! (IR) bands overlap,
but their maximum (peak) positions are shifted. In the
low-wavenumber region below 700 cm™, the Raman
and IR spectra are completely different (Fig. 6). These
differences are likely due to the different responses of
Raman and IR to SO4 and M-O group symmetries

Comparison of Raman and IR with XRD

The unit-cell parameters for the alunite- and jarosite-
group compounds were compared with the main wave-
numbers of the Raman and IR bands. The a parameter
correlates well with v;SQy, v,SO4 and v4SO4 Raman
wavenumbers (Figs. 7a—c). Only the IR v4,SO4 wave-

@
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cm’ cm’

See Figure 4a for explanation.

numbers correlate well with the a parameter (Fig. 6d);
calculations were not possible for the v;SO4, 1,SO4 or
M-OH wavenumbers because of the lack of identifi-
able peaks for jarosite-group phases in the IR spectra
(Fig. 5, Table 4). The ¢ parameter does not correlate
with any of the vSO4 Raman or IR parameters. Similar
relationships between cell dimensions and spectroscopic
wavenumbers were recognized by Sasaki et al. (1998)
and Frost et al. (2006b).

Comparison of Raman and IR data
with those from other studies

A selection of the Raman wavenumbers for synthetic
alunite and natroalunite, and for jarosite, natrojarosite
and hydroniumjarosite are compared with previously
published Raman wavenumbers (together with the band
assignments) in Tables 5 and 6. A similar comparison of
IR spectra for these compounds and those from selected
other studies is shown in Table 7. The fits for alunite-
group and jarosite-group minerals and compounds
shown by some authors indicate more peaks than those
observed in this study, in particular Frost ez al. (2006b)
in Table 5, (2006a) in Table 6B, and Bishop & Murad
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(2005) in Table 7. We do not have a full explanation
for this, but suggest that it may be due to differences
in preparation and properties (e.g., symmetries) of the
synthetic alunite-group and jarosite-group compounds,
and especially, spectral peak-fitting procedures.

Despite the differences in absolute numbers of
peaks, there is very good agreement in peak wavenum-
bers between this study and the other investigations,
generally within 0.1 to 4 cm™!. Rare exceptions include
assignments such as the vOH Raman assignments for
synthetic jarosite and natrojarosite (Frost et al. 2006a,
Table 6) and several of the Raman assignments for
the synthetic hydroniumjarosite (Frost et al. 2006a,
Table 6). Our data thus confirm those in other studies,
and highlight the consistency of Raman and IR spec-
troscopic analysis of alunite and natroalunite, and of
jarosite, natrojarosite and hydroniumjarosite.

Use of Raman and IR to distinguish alunite-
supergroup phases

We have used Raman and IR spectra of synthetic
alunite and natroalunite, and of jarosite, natrojarosite
and hydroniumjarosite as the basis for comparison
with end-member K-, Na- and H3O-bearing Cr- and
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V-dominant alunite-supergroup compounds, which have
not previously been studied by both of these methods.
The resultant spectra shown in Figures 4b and 4c, and
wavenumbers reported in Tables 3 and 4, show that
subtle differences exist among these varieties. No single
band allows discrimination between the various compo-
sitions, but a comparison between various wavenumbers
does allow such differentiation.

The OH stretch around 3400-3500 cm™! for both
Raman and IR is in a different position for all of the
alunite-group and jarosite-group compounds and, as
discussed above, can be fitted as one or two peaks for
the Raman and IR bands. The 8OH band only appears
in the Raman spectra for alunite-group phases and the
Cr analogous compounds, and appears for all of the
samples in the IR spectra, where it occurs within a
very narrow range of 1631.2 to 1642.5 cm™!. The major
differences occur in the vSO4 and the M-O bands,
with respect to the numbers of peaks assigned for each
of these bands and shifts in peak position among the
compounds. These factors are due to potential errors,
non-unique models and differences in the bonding and
symmetry in the various synthetic compounds.

Serna et al. (1986) did not find any differences in the
mid-range wavenumbers of their IR or Raman spectra
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FiG. 4d. Raman spectra of synthetic V-based alunite-supergroup compounds. See Figure 4a for explanation.
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TABLE 4. INFRARED (IR) WAVENUMBERS (cm™") OF ALUNITE-SUPERGROUP COMPOUNDS WITH THE A SITE
FILLED WITH K, Na AND H,O, AND THE B SITE FILLED WITH Al, Cr, Fe AND V

Assignment K-Al Na-Al H,0-Al K-Cr Na-Cr H,0-Cr K-Fe Na-Fe H,O-Fe K-V Na-V  H,0-V
Vou 3488.3'° 3455.1° 3469.6' 3434.4 3409.2 3422.7 3384.4'7°3360.4'°°3369.9' 3412.2 33699 3413.2
Vou 3360.0 3388.3
Unassigned 2925.9 2929.3 2927.0
2v,(S0,*) 2076.0

or 260H
2v,(SO,*) 2233.1° 2240.1° 2191.3 21226 2130.0 21031 2024.4 2046.5° 2036.2 2041.9 2031.7 2047.0
or 250H
2v,(S0,”) 1970.6° 1991.0° 2007.0

or 200H
SOH 1641.8° 1638.9° 16425 1636.4 1634.0 1633.7 1634.8° 1637.6° 1636.0 1631.2 1633.8 1639.9
Unassigned 1458.1 1453.0 1455.0 1454.8
Unassigned 14211 14249 1423.7
Unassigned 1384.9 1394.2 1384.5
v,(SO,7)  1230.8"° 1223.1° 1228.0' 1211.3 1201.9 12116 1184.6'*°1186.9'%°1186.5" 1188.3 1192.3 1207.7
Unassigned 1092.1  1101.7 11013 1097.0 11068 1101.2
v,(SO,”) 1083.2'° 1095.6° 1091.2' 1051.6 1065.8 1050.8 1087.3°° 1095.5'>°1090.6" 1030.2 1041.3 1040.5
S0OH 1022.1°
v,(SO,7) 1026.2' 1029.1" 1029.4'" 1013.9 1019.8 1019.0 1006.0° 1010.1"% 1006.7" 1012.5 1016.1
Unassigned 988.6
Unassigned 864.7
Unassigned 842.4 841.1 659.6 701.7
v,(SO,”) 670.1"° 667.4"° 663.7 646.7 648.5 646.5 628.1'7° 629.8'*° 622.8' 642.8 641.5 641.9
Unassigned 597.9 606.0
Unassigned 592.2 568.2
v,(SO,) 623.6" 628.8° 627.0'
yOH 595.3"° 596.2"* 598.4'  555.1 564.4 562.4 574.1'%  565.1'%° 519.9 514.6 504.8
M-C 520.3° 512.9° 516.3' 477.0 475.8 420.3 514.6'%° 506.9° 427.8
M-O 489.9°  490.1' 477.1'%° 476.0°
v,(SO,)  425.8"° 438.2"° 427.9' 4047 412.3 44542 409.6

Peak assignments are based on those of Serna et al. (1986)', Sasaki et al. (1998)* and Bishop & Murad (2005)*; assignments for the other

alunite-supergroup compounds are inferred.

with different A-site cations (K, Na, H3;0, NH,) in either
jarosite- or alunite-group compounds, but did record
differences in the OH-stretching region. They suggested
that IR or Raman spectroscopy could distinguish alunite
from jarosite, but could not discriminate among various
members within each subgroup. By contrast, Sasaki
et al. (1998) found significant vibrational differences
with A-site cation substitution, suggesting that the
techniques could be useful for discrimination. In our
study, there are differences in the OH-stretching regions,
and shifts in the main vSO4 and M-O peaks of the
alunite-group compounds, and Cr-, Fe- and V-dominant
alunite-supergroup compounds with substitution of K,
Na or H30O at the A site in the Raman and IR spectra
(Figs. 4, 5, Tables 3, 4).

In terms of B-site substitutions, the Cr-, Fe- and
V-dominant alunite-supergroup compounds show minor
shifts in position and numbers of individual peaks (e.g.,
arising from 8OH, yOH and vSO;, vibrations) with the
same A-site cation. The jarosite-group compounds gave
the narrowest (most easily resolved) and most intense
Raman spectra (the IR spectra were mostly of similar

intensity and resolution), suggesting that they are the
most highly crystalline of the compounds we studied
(cf. Frost et al. 2005a, Hudson-Edwards et al. 2008).
This characteristic may be because Fe is the heaviest
element of the four B-site elements studied, and its
resulting stronger bonds may impart differences to the
vibrational modes within the compounds with different
A-site substitutions. Many previous workers (e.g.,
Powers et al. 1975, Breitinger et al. 1998, Drouet et al.
2004) have identified significant differences in Raman
and IR spectra for alunite- and jarosite-group end-
members (regardless of the A-site cation). We too record
differences between the alunite- and the jarosite-group
compounds. In our IR spectra, most of the alunite-group
compound peaks occur at higher values of wavenumber
than those for the jarosite-group compounds, which are
similar (Table 4). The same differences are observed
for the Raman peaks (Table 3), although there is some
similarity in the v;SO4 and lowermost M—O peak posi-
tions (Table 3). Breitinger er al. (1998) suggested that
the difference in OH wavenumber between jarosite-
and alunite-group end-members is due to changes in
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the bonding of the OH bridging groups to the metal
ions, as the lengths of the weak O-H...O hydrogen
bonds are the same in both compounds. These results
further reveal small but important structural differences
between jarosite- and alunite-group compounds, which
may arise primarily as a result of the different electronic
configuration of Al, compared with that for Cr, Fe and
V, which are metals of the first transition series.

CONCLUSIONS

Raman and IR spectroscopies can be used to distin-
guish synthetic compounds of the alunite supergroup
with A = (Na*, K*, H;0%) and B = (Al, Cr’*, Fe’*,
V3+), and synthesized at temperatures between 25°
and 145°C. Differences in the Raman and IR spectra
are most significant between the alunite (B = Al) and
Cr-, Fe-, and V-based compounds, especially in the
vSO4 and the M-O band regions. These spectral differ-
ences are due to potential errors and variations in the
bonding and symmetry in the synthetic compounds,
which in turn are related to the different substituting

@

IR spectra of synthetic alunite- and jarosite-group compounds and V, Cr-bearing analogues.

cations and methods of synthesis. The Raman and IR
spectra for each synthetic compound are similar in the
high-wavenumber range above 1200 cm™!, but diverge
in the intermediate and, especially, low-wavenumber
range, below 700 cm™'. These features are likely due
to the different responses of Raman and IR to SO, and
M-0O group symmetries. Our work emphasizes the
potential for these types of spectroscopy to be used to
characterize other synthetic and natural compounds and
minerals of the alunite supergroup.
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FiG. 6. Comparison of Raman (thin line) and FTIR (thick line) spectra for the K—Cr and K-V alunite-supergroup compounds in
the intermediate wavenumber region. Note the slightly shifted overlap of the spectra in the middle range between 1000 and
1200 cm™, particularly in the K-V compound, and the completely different patterns in the < 700 cm™! range.
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fits are shown for all plots. Symbols: 4 alunite-group compounds, [ ] compounds having Cr at the B site, A jarosite-group
compounds, X compounds having V at the B site.
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TABLE 5. COMPARISON OF MAIN RAMAN WAVENUMBERS {cm™)
FOR SYNTHETIC ALUNITE AND NATROALUNITE
WITH DATA FROM FROST et al. (2006b)

Alunite Natroalunite

Assignment This Fetal This Fetal
study (2006b} study (2006b)

Vo 3514.1 3524.5 3487.6 34917

Unassigned 3457.0

Vou 3476.1 3481.7 3446.7 34496

Unassigned 3423.8

Unassigned 1228.4

v,{80,5) 1197.4 1194.2

S0OH 1155.1 1158.0 1170.6 1167.5

v5(80,.2 ) 1081.9 1082.5 1090.4 1090.5

Unassigned 1052.9 1049.0

Unassigned

v,(SO,) 1026.7 1026.4 1029.0 1029.9

Unassigned 1027.0

Unassigned 1014.0 1013.6 1016.6 1020.6

yOH 992.5 998.7 997.0 997.5

Unassigned 989.7

Unassigned 961.0

Unassigned 773.3

Unassigned 665.3

v,{SO,) 656.1 655.3 654.7 653.6

v,{SO*) 644.0

Unassigned 621.0

M-0 or yOH 563.4 563.1 578.9 575.5

yOH 505.5 504.8 516.4 517.3

Unassigned 513.5

v,{80,”) 488.4 488.2 485.9 485.5

Unassigned 403.0

v,{S0,5) 387.2 388.7 401.7 400.7

Unassigned 373.4

Unassigned 329.6

M-0 or OH-0O 251.6 248.8

Assignments for the alunite compounds made for this study are the same as those
inTable 3. F et al.: Frost et al.
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TABLE 7. COMPARISON OF MAIN IR WAVENUMBERS {cm™') FOR SYNTHETIC ALUNITE, NATROALUNITE, JAROSITE
AND NATROJAROSITE FROM THIS STUDY AND FROM THE LITERATURE

Alunite Natroalunite Jarosite Natrojarosite

Assignment This B&M This B&M This Setal. D&N B&M This Setal. D&N B&M
study (2005) study (2005) study (1998) (2003) (2005) study (1998) (2003) (2005)

Vou 3515 3487 3410 3400
Vou 3488.3 3485 34551 3456 33844 3390 3385 3385 3360.4 3385 3359
Vou 3365 3360.0 3365

2v,(S0,*) / 250H 2293 2313

Unassigned 2929.3

2v,(SO,*") 1 250H 2076.0

2v4(80,%) / 250H 2233.1 2227 2240.1 2225 2024 4 2046.5 2195
2v,(S0,*) / 250H 2183 2143 2178 2167
2v,(80,%) / 250H 2124 2105 2120
2v,(80,%") / 250H 2078 2086
2v,(S0,*) / 250H 2024 2046
2v,(S0,*) / 250H 1970.6 1967 1991.0 1992
SOH 1641.8 1637 1638.9 1637 1634.8 1634 1634 1637.6 1640 1639
Unassigned 1453.0 1455.0

Unassigned 1384.9

v,(SO,”) 1230.8 1225 1223.1 1222 11846 1190 1187 1193 1186.9 1200 1187 1187
8H,0 1160 1150

v,(SO,7) 1083.2 1083 1095.6 1100 1087.3 1088 1088 1085 1095.5 1098 1095 1094
S0OH 1070 1061 1022.1 1025
v,(SO,») 1026.2 1028 1029.1 1025 1006.0 1028 1007 1005 1010.1 1021 1008 1010
Unassigned 988.6 989" 992* 1010 993* 997"
Unassigned 864.7

Unassigned 842.4

v,(SO,”) 670.1 668 667.4 666 659.6 660 666 663 675 673
v,(SO,%) 6236 622 628.8 628 628.1 630 629 630 629.8 630 629 631
yOH 595.3 594 596.2 597 5741 580 579 565.1 570 580
M-0 520.3 518 5129 512 514.6 520 517 508 506.9 509 505
M-0 500 4899 488 4771 478 478 474 476.0 476 476
v,(SO,*) 4454 445
v,(80,%) 4258 422 438.2 435 448 448

Sources of the literature data: B & M: Bishop & Murad (2005), S et al.: Sasaki ef al. (1998), D & N: Drouet & Navrotsky (2003). * Note
that Bishop & Murad (2005) assigned these peaks to v,(SO,*"), whereas we have adopted the v,(SO,*") as shown and left the peaks
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