
 
www.tjprc.org                                                                                                                                                editor@tjprc.org 

 

CHARACTERIZATION OF INDIAN NATURAL MINERAL ANDALUSI TE  

USING XRD, OPTICAL ABSORPTION, INFRARED, EPR AND NM R 

 SPECTROSCOPIC TECHNIQUES 

G. ANBALAGAN 1 & V. SANGEETHA 2 

1Department of Physics, Presidency College, Chennai, Tamil Nadu, India 
2Department of Physics, D. G. Vaishnav College, Chennai, Tamil Nadu, India 

 

ABSTRACT 

Andalusite, a variety of aluminosilicate mineral has been investigated through optical absorption and EPR studies. 

The morphology of the sample shows dense, homogeneous single-crystal structure. Prominent X-ray powder diffraction 

lines observed at the d-spacing 4.5255, 3.9339, 2.7898, 2.2969 and 1.2834Å confirm the crystalline nature of andalusite. 

Andalusite shows prominent characteristic infrared absorption bands in the region 1200-900, 900-630 and 600-450 cm-1 

corresponding to Si-O. The spectrum shows a broad band near 3443 cm-1 which is due to H-O-H vibrations of adsorbed 

water. The optical absorption spectrum attests the presence of Fe3+ in the sample. The strong signals at g = 4.45 and at                

g = 5.17 are interpreted in terms of Fe3+ at two different environments. The other EPR signal at g = 2.14 suggest the 

existence of Fe3+ ion clusters. The NIR spectrum shows the presence of hydroxyl ions in the sample. 29Si spectrum with 
29Si line at  −80.052  ppm assigned to the Q1 silicate unit. 27Al spectrum with  27Al line at 14.626 p.m.  related to fivefold 

coordinated and octahedral aluminium sites. 
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INTRODUCTION 

Andalusite is a refractory aluminium silicate with the chemical composition Al2SiO5 or Al2O3SiO2. Ideally 

andalusite should contain 62.9% Al2O3 and 37.1% SiO2, but it hardly ever occurs in the pure form and contains a number 

of impurities [1]. Andalusite is orthorhombic having space group Pnnm, with four Al2SiO5 units in the unit cell. Its crystal 

structure was determined by Taylor [2] and refined by Burnham and Buerger [ 3]. AlVI AlV [O/SiO4] belongs to di-cationic 

oxyorthosilicates. Al3+ ions occur in two different coordinations. It contains chains of edge sharing [AlO6]
9- octahedra 

(Al1- sites) along the c-direction. The [SiO4]
4- tetrahedra is linked laterally by the edge sharing [AlO6]

9- octahedral. Each 

group of four octahedra encloses a flattened octahedron. This is occupied by a second type of Al (Al2- sites) which has five 

nearby oxygen positions. Half of Al3+ population is surrounded by six, and the other half by five O2- ions, respectively. 

[4,5, 7]. The length of Al-O bonds depends on the oxygen position in the structure of andalusite and the distances between 

Al1 and four oxygen atoms are Al1-Oa = 1.827Å, Al1-Ob = 1.891Å while the distance to the other two apical oxygen atoms 

is much larger (Al1-Od = 2.086Å ) [4-6]. This corresponds to a large distortion of the octahedron with an elongation in the 

direction Od-Al 1-Od. Study of polarized Raman and infrared spectra of single crystal of andalusite by Iishi et. al. [7] shows 

that Al-O bond in andalusite is 70% ionic in character, whereas the covalently bound SiO4 tetrahedra shows only 40%  

ionicity. The interatomic short range forces are strongest between Silicon and Oxygen, and rather weak around the five-
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coordinated Aluminium. Andalusite is made up by replacement of  a small portion of Al ions by ions of Fe, Mn, Ti, Cr and 

others. The role of Fe ions replacing Al ions is of special interest, with respect to the colour of the crystals. Substations in 

natural samples of andalusite are hardly restricted to low content of Fe3+ [8]. Andalusite is used in the manufacture of high-

alumina refractories and a small proportion being used for ceramic purposes [1]. Andalusite is the only mineral that can be 

used in its natural grain size as an aggregate in the manufacture of bricks. Among the known maser crystals, andalusite 

with Fe3+ has the highest value of zero magnetic field splitting. This zero magnetic field splitting is especially important for 

solid state masers of the millimeter wave band [9]. Coupled with Optical absorption spectroscopy, EPR technique is a very 

sensitive probe to confirm the oxidation states of transition metal ions and their site symmetries with reference to 

surrounding ligands. Hence, the present work has been undertaken with the idea of gaining further information on the 

visible and the EPR spectrum of andalusite mineral. 

EXPERIMENTAL METHODS 

Andalusite mineral used in the present investigation, was collected from Salem, Tamil Nadu, India. The crystals 

were mechanically separated from the ore and were used in a powdered form for vibrational measurements. 

The morphological study was performed with a JEOL JSM-5610 SEM. The sample was glued onto aluminum 

stub, using carbon tape (double sided adhesive) and they are coated with the help of gold coater. XRPD analysis was 

performed with a SEIFERT X-ray diffractometer with CuKα radiation (λ =1.54056 Å), Cu filter on secondary optics, 

45KV power and 20 mA current. FT-IR spectrum was recorded using Perkin - Elmer spectrum one FT-IR spectrometer in 

the region 4000 – 400 cm-1 at room temperature using KBr disc technique and each IR spectrum was acquired in 10 scans 

at 0.5 cm-1 resolution. X-band EPR spectrum of the sample was recorded on a Bruker EMX Plus, EPR spectrometer with a 

frequency modulation of 100 KHz , modulation amplitude 6.0G, receiver gain 2.0 × 103 and 6.32 mW microwave power 

and the spectrum was acquired in 8 scans. DPPH was used as a field marker. The optical absorption spectrum of the sample 

was recorded using Varian Cary 5E UV - Visible - NIR spectrophotometer in the range 200 - 2500 nm by employing mull 

technique. 

RESULTS AND DISCUSSIONS 

SEM and EDX Results 

The morphology of the sample shows dense, homogeneous single-crystal structure, in which there are virtually no 

channels of weakness along which slag can travel (Figure 1). Due to this, andalusite has excellent resistance to slag 

penetration and attack, especially by alkalis. The EDAX quantitative analysis of the sample was made and the results are 

compiled in Table 1. 

X-Ray Powder Diffraction Analysis 

The powder XRD pattern of the sample displays principal reflections at the d-spacings, 4.5255, 3.9339, 2.7898, 

2.2969 and 1.2834Å which shows the crystalline nature of the sample (Figure 2). These diffraction lines compare quite 

well with published powder X-ray data [10] and with data listed in Card No. 89-0887 of the X-ray powder diffraction file 

(PDF) maintained by the International Center for Diffraction Data [11]. The calculated unit cell parameters and 

crystallographic data are reported in Table 2. 
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Infrared Spectral Analysis 

According to the factor group analysis 96 vibrational bands are expected for silicate layer and charge-balancing 

cation . The scheme of vibrations is  represented as  

Γvib = 14 Ag +34Bg + 9 Au +39 Bu 

Experimentally 20 IR bands are observed in the region of 400-1200 cm-1 (Figure 3). The number of bands 

observed is less than half the number predicted by factor group analysis. This may be due to reasons such as, inability to 

obtain IR spectra below 500 cm-1, occurrence of some silicon – oxygen bending and metal – oxygen stretching vibrations 

in the              far-IR range [12] and accidental degeneracy and very weak intensities of certain modes. Since most of the IR 

bands are broad, it is likely that some bands are superimposed to give a broad spectral profile. 

    

Figure 1: SEM Microphotograph           Figure 2: X-Ray Powder Diffraction Pattern of Andalusite 

Table 1: Elemental Analysis of Natural Andalusite 

Element Weight % 
Al 46.93 
Si 40.25 
Fe 9.18 
K 3.54 
Ni 0.05 
Cu 0.06 

 
Table 2: Crystallographic Data of Natural Andalusite 

Mineral Space Group 
Cell Constants 

a ( Å) b ( Å) c ( Å) V( Å)3 
Andalusite 
AlVIAlV 
[O/SiO4] 

Pnnm(58) 
Z = 4 

7.9610 ± 0.0657 7.9183 ± 0.0747 5.5192 ± 0.0222 347.920 

 
Infrared spectrum of powder andalusite is presented in Figure 3. Infrared band positions of the present work 

perfectly agree with the spectrum of andalusite studied by Salje et.al. [13] and Iishi et al. [7]. Bands due to stretching 

nonbridging Si-O- vibrations appear in the range 1000 to 870 cm-1. IR spectrum of andalusite contains a major absorption 

peak at 1022 cm-1 and the peak has shoulders on both left and right flanks, which can be assigned to the stretching 
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nonbridging Si-O- vibration. Group of bands observed at 1119, 1065, 995 and 940 cm-1 corresponds to anti-symmetric 

stretching vibrations (υ1 and υ3) of the SiO4 tetrahedral [14]. The bands observed in the range between 900 and 630 cm-1 

can be ascribed to the bending vibrations of O-Si-O and Si-O-Si bonds [5,14]. Bands related to translations and rotations of 

the whole units occur at the lowest wavenumbers, 630 cm-1 [14]. The band observed at 546 cm-1 is assigned to Al-O 

stretching vibration of AlO6, and the bands observed at 485 and 458 cm-1 attributed to O-Si-O (SiO4) and Al-O- Al bending 

vibrations of AlO6 [15].  A strong band near 1000-1040 cm-1, associated with Si4+-O- is observed in the spectrum.                 

The exact position of this band is dependent on structural chemistry. Presence of large amounts of octahedral Fe3+ shifts 

this band to lower frequency. Two bands observed at 3793 and 3629 cm-1 are assigned to in phase, outer and inner OH 

stretch, respectively. These two bands could be attributed to the presence of two crystallographically distinct OH groups in 

the andalusite mineral site. The O-H band at 3629 cm-1 is similar in position in the spectra of Phyllosilicates, due to the 

octahedrally coordinated Al-OH hydroxides [16]. Two broad bands observed at 3443 and 1645 cm-1 are due to the 

stretching and bending vibrations of water molecules adsorbed by mineral lattice. According to Tarte [17] two types of 

arrangements, “isolated” AlO4 tetrahedra , which are found to absorb between 650-800 cm-1 in some aluminates and 

“condensed” AlO4 tetrahedra that absorb between 700-900 cm-1 in numerous aluminates and some transition alumina, can 

be considered for Al in tetrahedral coordination. Andalusite shows two absorption bands around 800 cm-1 (Figure 3) 

corresponding to “isolated” and “condensed” AlO4 tetrahedra in a random distribution in tetrahedral sheets. This accounts 

for the interpretation of broadening of the infrared absorption bands of andalusite. Similarly the bands observed at 546 and 

458 cm-1 indicate the presence of “condensed” and “isolated” AlO 6 octahedra. A sharp absorption at 742 cm-1 and a strong 

complex band envelope above 775 cm−1 suggests that andalusite consists of elongated AlO6 octahedra which contain planar 

AlO4 groups , comparable to the observation of Schroeder and Lyons [18]. 

 

Figure 3: Infrared Spectrum of Powder Andalusite 
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Table 3: Band Assignments in the Powder Infrared Spectrum of Natural Andalusite 

Present 
Work 

Lodzinski et al. 
[5 ] 

Schneider et al. 
[10 ] 

Iishi et al. 
[7 ] 

Assignments (Lodzinski et al) 

3793    OH stretching 

3638    
OH stretching, directly bonded to 
Si 

3443    
OH stretching symmetric, OH from 
water bounded by H bridges 

1119 1113vw - 1113 υ3 anti-symmetric, stretching, Si-O 
1065 1065w - 1065 υ3 anti-symmetric, stretching, Si-O 
1022 1021w 994  υ3 anti-symmetric, stretching, Si-O 
995 1009 970  υ3 anti-symmetric, stretching, Si-O 
940 952 937 951 υ3 anti-symmetric, stretching, Si-O 

910 sh 919vs 890 921 υ1 symmetric, stretching, Si-O 

839 824w  833 
υ4 anti-symmetric, bending, 
deformation Si-O-Si 

777  775  
υ4 anti-symmetric, bending, 
deformation Si-O-Si 

742    Al1,O translations 

713 720w 736 718 
υ4 anti-symmetric, bending, 
deformation Si-O-Si 

646 646 vw 685 649 
υ4 anti-symmetric, bending, 
deformation Si-O-Si; Al1 
translations 

634 634 vw 600 629 
υ2 symmetric, bending, scissor O-
Si-O; Al1 translations 

561    SiO4 rotations; Al1,O translations 
546 552m 518 553 Al2,O translations 
525    SiO4 rotations; Al1,O translations 
485 485vw 476 487 SiO4 rotations; Al1,O translations 
458 453w 453 452 SiO4 rotations; Al2,O translations 

 
Near Infrared Spectral Analysis 

The near infrared spectrum represented in Figure 4 displays sharp intense multiple absorption bands near 6600 

and 4000 cm-1, with supplementary broader and weak features near 5163 and 4742 cm-1. All these features can be 

attributed to vibration overtones and combination tones involving water fundamentals [19]. In general, whenever water is 

present in compound a characteristic band appears around 7000 cm-1 due to asymmetric OH stretch. When the band is 

broad it indicates that water molecules are relatively distorted and when the band is sharp it indicates that water molecules 

are located in well defined ordered sites [20]. Accordingly sharp absorption band observed at 6689 cm-1 is assigned to the 

first fundamental overtone of OH- stretching mode. This suggests that the water molecules are located in well defined 

ordered sites in andalusite. In the region > 7500 cm-1 electronic bands due to characteristic of Fe2+ and Fe3+ ions are 

observed. The bands in the range 6000-5500 cm-1 are assigned to combination modes of hydroxyl fundamentals of water. 

The bands in the lower range 5500-4200 cm-1 are assigned to the combination of OH stretching and the deformation modes 

of the Al-OH [21]. The spectral bands near 7092, 5263 and 5545 cm-1 are consistent with the presence of Al-OH species 

[22]. 
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Figure 4: Near Infrared Spectrum of Andalusite 

Optical Absorption Spectrum 

Ferric iron, Fe(III), has the electronic configuration Ar(3d5) with a half filled d-shell having one unpaired electron 

in each of the orbital. Hence, ground state configuration is t32ge
2
g and has only spin forbidden dd transitions. These occur 

from the ground state 6A1g(S) to the excited states 4T1g(G), 4T2g(G), 4A1g(G) 4E(G), 2T1g(D), 4Eg(D) and 4T1g(P) states in 

regular octahedron sites [23]. The spectrochemical analysis of andalusite reveals the presence of higher concentration of 

iron in the mineral. The optical absorption spectrum of the same shows the dominanace of Fe3+ ions (Figure 5). The 

spectral features due to the higher energy intra-cationic d-d transitions are obscured by intense absorption due to the O2-

�Fe3+ charge transfer process. The spectrum also shows a number of weak features, which because of their intensity, 

number and energy can be  ascribed, with a fair degree of certainity, to d-d transitions of octahedrally coordinated Fe3+ 

[24]. In the optical absorption spectrum of andalusite , the weak band observed at 14,388 cm-1 can be ascribed to the 

intervalence charge transfer band Fe2+- Fe3+ . It is well established that the colour and pleochroism of many silicate mineral 

is strongly influenced by polarized Fe2+- Fe3+ charge transfer bands in 14,000 to 19,000 cm-1 region of spectrum [24,25]. 

The weak absorption band at 17,094 cm-1 is assigned to the d-d transition 6A1g(S) →4T2g(G) of Fe3+ ions. The bands 

observed at 27,777, 25316, 23529 cm-1 are assigned to 6A1g(S) →4T2g(4D), 4T2g(G) and 4E,4A(4G) transitions. These bands 

are characteristic of Fe(III) ion occupying the octahedral sites in the mineral [26-28]. This fact also supported by the EPR 

spectrum shown in Figure 6. An absorption band observed at 20,833cm-1 is assigned to Fe2+ -Ti4+ intervalence charge 

transfer [29]. Weak bands at 19230, 20000, 21505 and 22222 cm-1 may be due to levels split from the octahedral ones by 

the distorted crystal field, or to a distribution of Fe3+ on sites other than octahedral. Researches on the rare earth garnets 

have shown that Fe3+ occupies the tetrahedral sites [30] [31]. It is apt to assign the above mentioned bands due to the 

presence of Fe3+ in tetrahedral sites. The transition of the bands has been assigned with the help of Tanabe-Sugano (1954) 

diagram of d5 configuration and with Tanabe- Sugano equations [31] and transition energies, the ligand field theory 

parameters Dq, B and C are calculated. The parameters that give a good fit to the experimental data are Dq=1375 cm-1, 

B=606 cm-1 and C= 3493 cm-1. The band positions, their assignments along with the calculated band energies are given in 

Table 4. The values of Dq, B and C are physically quite reasonable and are similar to those obtained in other Fe3+ 
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Figure 5: Optical Absorption Spectrum of Powder Andalusite 

Table 4: Optical Absorption Band Positions and their Assignments 

Transitions 
Band Position ( cm-1) 

Observed Calculated 
Fe3+ in octahedral site 
6A1(s)�4E(4D) 27777 27767 
6A1(s)�4T2(

4D) 25316 25343 
6A1(s)�4E,4A1(

4G) 23529 23525 
6A1(s)�4T2(G) 17094 17101 
Charge Transfer 14388 - 
Charge Transfer 20833 - 
Fe3+ in tetrahedral site 
6A1(s)�4T2(G) 

19230 
20000 

- 

6A1(s)�4E,4A1(
4G)   

21505 
22222 

- 

 
EPR Spectral Analysis 

A typical X-band EPR spectrum of the sample recorded at room temperature is shown in Figure 6. It exhibits four 

characteristic  resonance lines or group of lines at geff ≈ 2.1, 4.45, 5.17 and 6.05. Le Marshell et al. [32] investigated the 

EPR spectra of sillimanite single crystals and assigned two Fe3+ centers having geff = 4.2 and 5.1, to the isolated Fe3+ ions 

occurring at the tetrahedral and octahedral lattice positions. Based on the close similarity of andalusite and sillmanite 

crystal structures, the EPR signals at g = 4.45 and at g = 5.17 may be ascribed to the presence of Fe3+ ion in the tetrahedral 

and octahedral sites respectively. A resonance line around g ≈ 4.45 observed in the spectrum can be attributed to the 

presence of Fe(III) in a strong tetragonal crystal environment [33]. The other EPR signal at g = 2.14 suggests the existence 

of Fe3+ ion clusters [34, 35] Chaudhuri and Patra [34] showed that the line widths of the signal at g = 2.1 increases with the 

rise in concentration of Fe3+ ion in mullite. This indicates the presence of Fe3+ ion in the distorted octahedral position. Fe3+ 

ion has the stable electronic configuration of 3d5 with spherical charge distribution. It shows no preference between 

octahedral and tetrahedral sites but its behavior is controlled only by the size of the cations in the lattice. Thus Fe3+ can 

replace  or  . So the two EPR signals at g = 4.45 and at g = 5.17 are justified and the former may be assigned to 
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Fe3+ in the tetrahedral site and the later to Fe3+ in the octahedral site [32, 36]. 

 

Figure 6: X-Band EPR Spectrum of Powder Andalusite 

Nuclear Magnetic Resonance Spectral Analysis 

The mineral andalusite has been extensively studied via NMR and NQR, including single-crystal NMR [37-44]. 

The silicon- 29 NMR spectrum of Andalusite, an aluminium silicate exhibit a sharp chemical shift at -80 p.m. which is 

typical of SiO4 tetrahedra in silicates and aluminosilicates. The chemical shift of 29Si in silicates depends mainly on the 

connectivity  

 

(a)                                                                       (b) 

Figure 7: Solid State (a) Silicon and (b) Aluminium NMR Spectra of Andalusite 

Degree of the silicate tetrahedral [45]. Figure 7a shows 29Si spectrum with 29Si line at  −80.052  ppm assigned to 

the Q1 silicate unit. In any phase in which all Si sites are crystallographically equivalent should exhibit a single Silicon-29 

NMR peak.  Our result is consistent with this showing only one peak around -80 ppm, confirming Si is present only in 

tetrahedral coordination. The downfield 29Si chemical shifts in aluminosilicate are due to (i) lower network connectivity 

and (ii) aluminium substitution in silicate units. 27Al is a integer quadrapole (I=5/2) nucleus and obtaining a good NMR 
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spectrum of andalusite presents a great challenge because all the Aluminium nuclei are in highly distorted environments 

and hence give very broad peaks. Figure 7b shows 27Al spectrum with  27Al line at 14.626 p.m.  related to fivefold 

coordinated and octahedral aluminium sites. 

CONCLUSIONS 

The chemical analysis of the sample shows that iron is the only transition metal ion present with higher weight 

percentage. The bands observed at 1191, 1065, 1022, 995, and 940 cm-1 indicate the presence of the anti-symmetric 

stretching vibrations of SiO4 tetrahedra. The infrared bands corresponding to the bending vibrations of O-Si-O and Si-O-Si 

bonds were observed between 900 and 630 cm-1. The band observed at 546 cm-1 is attributed to Al-O stretching vibrations 

of AlO6 and band at 458 cm-1 is attributed to Al- O-Al bending vibrations of AlO6. The IR bands at 3443, 3629, 1645 and 

the NIR bands at 5163 and 4252 cm-1 indicate the presence of both molecular water and OH structural groups in the 

sample. The Optical absorption spectrum reveals the presence of iron in trivalent state. The EPR spectrum exhibits 

resonance signals characteristic of Fe3+ ions in tetrahedral and octahedral sites. Silicon and Aluminium NMR spectra 

reveals fivefold coordinated and octahedral aluminium sites. 
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