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1. INTRODUCTION 

Mineralogical tools and me~hods are extensively used in 

the alumin~ industry. This fact can easily be understood re

ferring to the experiences of the technologists that the com

me~ cial value of bauxites, the expected behaviour of interwe

diate products in the Bayer process like red muds and other 

materidls rela~ed to it, as well as the q~ality of the alumina 

prepared in a definite plant can be only assessed if data char

acterizing the rr~rphology (structure, texture and porosity), 

qualitative and quantitative mineral composition and the quan

titative elemental (chemical) analysis are made available. 

The problems of bulk chemical analysis are tackle~ else

where in this work. Morphologic studies concern the shapes and 

dim~nsions of particles, grains which constitute the materials 

investigated as well as similar chdracteristics of the agglom

erates formed by the primary units. Chemical composition of the 

various morphologic units is a closely related information and 

the microdistribution of elements will be discussed in this con

text. From the point of view of mineralogy bauxite, red mud and 

alumina are composite materials. These multicomponent powder 

mixtures can be analysed for the constituent mineral phases 

which possess already uniquely defined crystal structures. 

Beyond the methods used for identification of the phases present 

(qualitative analysis), the methods of determining their pro

portions (quantitative analysis) will be described, too. 

This survey will concern both the classical and up-to

-date instrumental techniques most frequently used in miner

alogic evaluation of the three main groups of materials oc

curring in the Bayer alumina production. Emphasis will be 

placed on the quantitative procedures based on advanced 

physico-chemical principles. It can not be the aim of this 

paper to outline the full background of all disciplines ap-

- Oi\I 
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plied in the field of the mineralogical analysis, however, we 

will introduce each method by simple reasoning indicating the 

essential and specific informations gained by the perticular 

techniques and describing the necessary equipment, too. Among 

the diverse methods of mineralogical materials research X-ray 

diffraction (XRD), infrared absorption spectrometry (IR) and 

thermal analysis (TA) have preferred role and are being ex

ploited in alJ. sectors of alumina production. The common fea

tures of these research procedures will be described when 

~andlP-d first in the following text and only the specific 

differences underlined for the further applications. 

2. METHODS OF BAUXITE INVESTIGATIONS 

TEXTURAL INVESTIQ\TIONS 

The size, shape and mutual arrangement of the mineral 

grains and various ?articles forming any rock is referred to 

as its texture. We mean by textural investigations all those 

studies which yield information and accurate data about the 

distribution of chemical elements and mineral phas~s as well 

as about the size, form and distribu~ion of pores, flawes, 

etc. within the ore. Detailed classification of the 14 dif

ferent elements of texture and of the 19 simple types of 

textures found in karstic bauxites, together with the relative 

frequencies of these is given in the recently published book 

of BArdossy (1978). When determining the commercial value of 

a bauxite the textural features characteristic for the whole 

deposit must be emphasized and the rarely occuring ones must 

~e suppressed, however interesting or esthetically appealing 

they might be. Textural investigations can and must be ca1ried 

out with different special resolutions ranging from the mm 

dimensions down to the 1um sized dP.tails. 
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Macroscopic Studies 

Macroscopic characteristics of the texture can be re"ealed 

by the necked eye on a brok~n surface of the sample. In this 

way one could distinguish between the rather homogenf'?ous basic 

material of the bauxite and the inclusions occuring in it,like 

splitter of other rocks (inclusive bauxite), veins, pizoides 

or any other particles exceedinq in size 0.1 mm. 

Observing the colour and characteristic crystalline 

shape of some particles ideas can be put forward regarding 

the presence and distribution of iron minerals, clays, etc. 

In order to establish the textural type of a given bauxite 

deposit statistically significant amount of data must be c0l

lected and if the elements of texture are not very finely 

dispersed macroscopic methods can be preferable since a sur

face of say 50 x 50 mm2 area can be investigated in one step. 

Microscopic Studies 

For the pur?oses of textural studies by means of a light 

microscope microsections have to be prepared. These are finely 

polished almost plan-parallel slices of some 0.1 mm thickness. 

Fairly hard bulk material is necessary that one should be able 

to cut rather thin slices, glue them on a glass subs~rate and 

than polish to the required final thickness. 

Depending on the size of the particles to b~ discerned 

microphotographs are taken with magnifications between 2x and 

lOOOx. In bauxite microsections the parts of the rock rich in 

iron appe~r generally dark while other minerals are more or 

less transparent. Carefully evaluating the micrograph~ a quan

titative determination can be attained regarding the dispersion 

of the bauxite constituents pr.ovided the dimensions of the 

details are in the 
1

um range or above. (Fig.4,1) 

-~I 
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Fig.4.1 

QUANTITATIVE EVALUATION OF A MiCROSCOPE IMAGE 
JSING AN AUXILIARY SQUARE GRID 

The largest linear extension of the individual particles is 

summed both in horizontal and vertical directions for the 

phases marked differently (I,II,III,IV) and for the matrix (V). 

In the depicted image the per~entages of ~he five constituent 

are: 

I. 9.9 % 

II. 7.9 

III. 6.0 

IV. 5.8 

V. 70. 2 (matrix) 

(from Str6kai and al.: Asv~nytani prakt~.kum II. 
Tankbnyvkiad6, rludapest. 1970. p.108-109.) 

<.~ 
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Similar information can be gained from X-ray microradio

graphic studies. Here the Microsections are exposed to an X-ray 

beam Jniform in intensity over its cross-section and of adaquate 

wavelength. The shadow image is then recorded on a photographic 

plate held in contact with the microsection. Positive prints 

of this plate can be prepared in high magnifications (10-20x). 

Since the absorption of X-rays increases jn function with 

atomic number, light elements (Al,Si, etc.) are more transparent 

thar minerals containing heavier ones (Ti,Fe,Ca, etc.). G~0d 

photographic technique permits high resolution both in a geo

metrical sence \about 1 
1

urn) and in chemical constitution (third 

neighbours in the periodic table yield considerable difference 

in transmission when approrriate wavelength is used) . 

Although microsection studies give valuable contributions 

to texture studies, since the advent of powerful electronbeam 

methods the latter are more frequently applied partly because 

they require less tedious preparation of the samples. 

Electron beam studies 

Part of the challenge in many technological problems 

arises from the way in which some small, microscopic particles 

control the macroscopic development of the whole process. In 

~ineralogy often complex shapes have to be studied to resolu

tions of the order of 1 
1

um with a large depth of focus. In 

this range electron optical instruments are playing a highly 

significant role. Here we will deal with the applications of 

three major methods: X-ray microanalysis, scanning electron 

microscopy and transmission electrcn microscopy. 

Common feature of these investigations is, that they are 

based on the interactions of electrons with matE.Lia1s. The 

electrons are produced most commonly by thermionic emi!=ision 

from ~ heated tungsten filament (cathode). The emerging elec

trons are accelerated by a high voltage connected betweer the 
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hot wire a metal aperture (anode) . The electrons traveling 

with high speed in an evacuated column will be restricted by 

means of an electronoptical system of approp1iate lenses to 

a narrow and intensive beam impinging upon the sample. Fig.4.2 

illustrates the effects caused by the electron-material in

teraction. We intend to deal only with a few of these interac

tions, namely: 1) the production of X-rays exploited for micro

analysis (first of all in the electron probe microanalysers 

(EPMA) , 2) the appearance of secondary electron and that of 

backscattered ones is the basis of scanning electron mi~roscopy 

(SEM) and 3) the absorption as well as the phase shift of the 

transmitted electrons (the wave aspect of which is emphasized 

in this application) give rise to the possibility of image 

formation in the transmission electron microscopy (~EM) . 

Although the above three electron beam metods will be de

scribed separately, very useful combinati~ns of these have 

been developed, too. 

It seems to be reasorable to explain the scanning prin

ciple in this introductory phase, because it had been essential 

from the very begi.1111ings in EPMA ::ind SEM instrum~nts, however, 

recently it became extensively used also in TEM. 

In s~anning devic~s the electron beam is not stationary 

but the extreemly small spot of electron illumination (diameter 

about 1 
1

uro) is sweeped by a varying electrostatic field in a 

regular pattern accross a small area of the sample (e.g. a 

few rnm2 ) . The signal due to a selected effect of the electrons 

is then appropriately processed in an electronic channel and 

displayed on a cathode ray tube (CRT) . The cathod ray in the 

CRT in mooved in 3ynchronism with the primary electron beam 

bombarding the sample. Since the brillance in each spot of 

the CRT is made proportional to the electron-induced effect 

detected from the corres?onding point er the specimen, a 

one-tu-one mapping of the scanned surface occurs on the CRT. 

Control of the scanning pattern permits the observation dnd 



' I 

I :-\. 

EMISSION 
SEC()f()AA\; ELECTRONS 

llJ.CKSCA T TE A E 0 El[ C. T ROt6 
AUc.ER ElECTR0!6 
CHAIUCTEAISTIC I-RAYS 
CONTINUUM 
llOSSEl DIFFRACTION 

llCiHl 
CATHQOOlUMINES(.ENCE 

HEAT 

11 1 
I... . " .. z 
~ .... 

" z~ 
~ .. 
~~ . "'. 
~ w . ... 
-' ... 

TAJIGEl I 
SUAFACE 

4-7 
OEIECTION 

50NllllA TOR, "ltOTOflllUlTIPLllJI 
A ND AM'l. lfl ER 

AUGEli ~PECTRONETElt 

1- llAY SP£CTRONETtltS 
EDS AICI WOS 

PHOTOGAA"'*C 'llflll 
LIGHT fllllCAOSCOPE 
MONOCHllOMATOlt _,.C:)10MU. Tlf'll(lt 

SECONOtJIJ ElECTltOlt (f< SOe't)(NIUDt 

TRANSMITTED 
El EC IRN6 KOSSEl 

TAANSMISS!ON 

SP£CINEN 
CURRENT 

~---l-AAY AESOLUTION 
Ax 

INCIDENT Elf CTAON PA08E 

ir J 
~ : 
!I ! 
i! 
i ~ 

i 
Fig. 4.2 

A SCHEMATIC REPRESENTATION OF THE INTERACTION 
OF AN ELECT RON BEAM WITH A SOLID OF MODER ATE 

OR LOW ATOMIC NUMBER 



4-8 

photocraphic or chart recording of different regions of the 

s;:iecimen: spot-oy-sp:>t measurement, line sc.:in or surface scan. 

ELECTRON M:LCROPRC8E A)JALYSIS (EPJ.'-1.A) 

Electron microprobe analysis reveals the t~xlur.:il char

acteristics of ba~xite samples 1~ a sense that the special 

distribution of the constituting chemical elements ca~ be 

detected on a micro-scale. 

The samples for EPMA investigation must have a polished 

surface of optical quality. This can be achieved fairly simply 

when solid lumps of the mineral are available. The largest 

dimens~on of the piece mounted onto the sample holder should 

qen~rally not exceed 15 mm. However, usually a thin slice is 

cut from the mineral an~ then ground and polished by abrasive 

!tlaterials. Since some grains of t'.'le abrasive inevitably achere 

to the sample the former should oot conLain any elements to 

be analysed. Thus corundum abrasive must be avoided when pre

paring samples for the study of distribution of aluminium 

minerals, however diamond paste is an appropriate polishing 

material in most cases. Electrons have a very low penetration 

depth thus rather thin sections are sufficient. The specimens 

must be electrically conductive in order to escape from ef

fects cnnnected with static charging by the beam. Insulating 

mater~als can be rendered conductive applying a thin conductive 

layer on the surface (evaporated C,Cu,Ag,Au, etc.). 

The main parts of a microanalyser are: 

the electron optical column with ~va~uation system 

the spectrometers and divers detectors 

electronic operation and control system including 

power supplies 

computer controlled measuring and display units. 

• 

"'I 
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:_1e colurrn is evacuated by rotary and diffusion p'.lrnps 
-5 -6 :o 10 -10 Torr pressure. Safety circuits protect the in-

strument a~ainst working in insufficient vacuum. The electron 

optical system comprises an electron gun, a condenser and an 

electromagnetic stigrnator lens to correct for astigmatism. 

The electron probe at the analysing position can be observed 

by means of it.s catodoluminescent image t'1rough an optica~ 

microscope provided also with illuminator for visual abserva

tion and microphotography. The magnification goes tipically 

up to 400x, the resolving power should be better than 11um. 

Accelerating voltage and bea..~ current being fully stabilized 

prolonged measurements can be carried out effectively. The 

probe diameter can be reduced so far that the volume analysed 

by X-:ay spectrometry ca~ be restricted to about 2-5 1um
3

. 

Up-to date microanalysers incorporate several vacuum 

spectrometers so that three or four elements can be analysed 

simultaneously. Each spectrometer is equiped with several 

analyser crystals selected dccording to the chemical elements 

to be measured and detectors: proportional or scintillatiun 

counters. The spectrometer may scan a definite range of X-ray 

wavelength or be set to a particular value of wavelength. In 

the first case one can identify the elements present in a 

~icrovolurne, in the second a special distribution of an ele

ment can be surveyed. 

5 
The spectrometers detect any elements between B and 

It would be too lengthy to describe in all details the 

electronic circuits needed in a micr0analyser to ensure 

reliable good quality m~asurements. We must confine the 

discussion here to the statement that a signal is produced 

which yields quantitative information about the elements 

present in the irradiated volume. Usually a variety of 

devices are provided in order to display the produced signal(s): 

·~- '"!ll 
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1. the counts representing X-ray intensity can be read 

from scalers, digitally printed or recorded on 

punchP.d tape; 

2. strip chart recorders permit analogue representation; 

3. cathode ray tubes (CRT) are available to display 

on their screens the sigr.als coming from each spectra-

meter; 

4. rec~ntly the uperatior. of microanaiysers is controlled 

by microcomputers or microprocessors which also 

collect the measured data and if required process or 

store them. Data storage occurs usually with magnetic 

floppy discs. 

EPMA has been applied extensively in ~1-.2 textural in

vestigations on bauxites. This is reflected in many papers 

(B!rdossy and Panth6 1971; B!rdossy and Panth6 1973; B!rdossy, 

Vassel and Arkossy 1975; etc.). Below a few selected examples 

will be mentioned which may illustrate the kind of information 

electron beam microanalysis yields about differer1t textural 

features ot bauxite samples. 

Fig.4.3-A shows the reflected eiectron image of a baux

ite sample. It is trivial that in this ore grains of one 

mineral with 10-20 
1

um linear dimensions (pelitomorphous 

substance) are separated by a network of veins. E~ement 

distribution pictures further reveal that the grains consist 

mainly of ferrous material (Fig.4.3-B) while the aluminium 

content is zestricted to the fissures fFiq.4.3-C). The mineral 

form of the aluminious and ironous material must be deter

mined, of course, by some other structure sensitive methods. 

Spherical features (ooliths, pozoids, spastoids) form 

another important group of texture elements in bauxites. The 

reflected electron image of Fiq.4.4-A shows clearly a spherical 

p2.rticle of 0.4 mm diameter surrounded by a matrix. Also the 

layered structure of this purticle is clear. Several spherical 
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r';c] ls ...:dn he distin<iuished with v.:rying iron concentrations 

lF1g 4.4-B). The number of such shelis is usually 4-6 in the 

00lith~. Fiq.4.4-C shows that the matrix around ~ne oolith is 

rdther rich ic finely dispersed Mg. w~at may be interpreted 

JS due to dolomite. 

It is essential that in the pictures taken with different 

signals (reflected electrons, characteristic X-rays, etc.) 

the same area of the specimen should be photographed with 

constant magnificatior in orde• that the correlations among 

the different pictures could be established. 

The significance of this is demonstrated by Fiq.4.5-J\,B,C 

taken during the search for trace elements and the correspond

ing trace minerals in bauxites. The coincidence of Y L-alpha 

X-ray intensity (B.imaqe) with high PK-alpha intensity 

cc.image) at ~he exact position of a particle of about 1 1um 

size yives support for the view that here is f0und a grdin of 

xenotitr.e. Such trac-c minerals contain elements occuring in 

con<:~·ntrations less than 0.5 t. The trace elements can be 

hom0qenJusly distributed, or can be ~resent in well defined 

textur~l units (oolit~s, crusts, etc.) or in separate trace 

mincr~ls. The latte~ case is pr0ved for the bauxite giving 

rise to the imaqef. of fiq.4.5. Most impo:tant trace rr.inerals 

fcund in bcrnxites by Er>MA investiqations are chalcopyrite, 

s~1-;.ll<•rite, gc!Len.1, L.1rite, monazite, zircon, members of the 

!J,is!..niisite 9n:iui;. The study of trace minerals' and trace 

clemenrs' Jistributions can be used effectively as a key in 

the research of source rocks of bauxite deposites. 

In order tri indent ify minerals in bauxite textural 

!5t wlir>s by means of EPMJ\ the qu.Jntitative determination of 

,·,,n,·cr.1 r,1tinns i~: necess;iry. 

<_ *ii\ 
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Fig. 4.5 

A. 

lOµm 
~ .... 

MATCHING REFLECTED ELECTRON-/A/1 Y L-ALPHA /8/ 

AND P K-ALPHA /C/ X-RAY INTENSITIES PERMIT THE 

ASSUMPTION THAT A XENOTIME GRAIN WAS FOUND 

c. 
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Fig.4.6 shows the line scan of Zn K-alpha X-ray intensity 

(B) ?lcng a li~e displayed in the reflected electron image (A) 

Deflection from the horizontal straight line in this CRT rep

resentation is proportional to the Zn concentration. Com~arison 

with a standard sample permits the determination of Zn con

centration in the grain near to the centre of the image. 

Comparative line scans prepared with well selected char

acteristic X-ray intensities simultaneously in several channels 

of the recording electronics makes p0ssible to detect coincidence 

or anti-coincidence or lack of correlation between certain 

elements in minerals. In Fig.4.7-A the Si K-clpha and Fe K-alpha 

X-ray intensities change in the same direction along the sample, 

thus Si and Fe seems to be combined in the units of texture. 

On the other hanj, the line scans of 4.7-B derronstrate that 

Al and Fe are anti-ccincident in the same sample. Consequently 

these elements are included in different textural elements 

(e.g. one of them in the matrix and the other in some partic-

les) . 

The preceeding figures might have illustrated the use of 

CRT display for two dimensional imaging of elemental distribu

tions, the use of scanning and recording of X-ray intensities 

along a line for locating and measuring of high intensity in 

definite sites and the scalers provided within the electronic 

units can be applied for very exact analysis in selected points 

or silloil areas. Using appropriate reference specimens it is 

possiole to identify by electron probe chemical analysis the 

mineral species which constitute the the characteristic texture 

features. 

' 
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MEASUREMENT OF Zn DISTRIBUTION ALONG A LINE IN A 

BAUXITE SAMPLE 
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Si K-ALPHA AND Fe-K-ALPHA X-RAY LINf. SCANS, RESPECTIVELY. 
THE TWO INTENSITIES CHANGE SIMULTANEOUSLY 
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Fig. 4.7-B 

Al AND Fe CONCENTRATIONS SEEM TO BE COMPLEMENTARY ACCORDING 
TO THE LINE SCANS MADE WITH THE CORRESPONDING K-ALPHA X-RAYS 
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SCANNING ELECTROl-J MICROSCOPY (SEl-4 ) 

Scanning electron microscopes are used in mineralogic 

studies usually with six different detectors producing the 

following images: 

Image 

1. Secondary electron 

2. Backscattered electron 

3. Absorbed electron 

4. Trans~itted electron 

5. Cathodoluminescence 

6. X-ray 

Information 

Geometri~al relief 
(morphology) 

Average atomic number 
Geometrical relief 

Average atomic number 

Internal structure 

Distribution and concentration 
of fluorescent materials 

Distribution and concentration 
of chemical elements in the 
Na-U range 

From the "Informati~n' column of this table it can be 

seen that not all images give unique data, therefore the use 

of secondary electron images + backscattered electron images 

+ energy dispersive X-ray analysis seems to be a basic 

requirement in SEM studies and the other signals can be used 

additionally as the particular problem renders it indispen

sable. For bauxites the above combination is normally suffi

cient. 

Scanning electron microscopes yield magnifications 

between about 30x and 150.000x and the resolving power is 

approximately 6-7 nm. By this virtue they rartly bridgP the 

gap betw~en the optimal area of light microscopes and that 

of transmission electron-microscopes, and partly provide 

chciracteristic adval"tages as CCT:11arcd to these two revals. 

--. 
. ·~I 
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lne nerit that mineralogists appreciate highly is thcit 

SEM-s pJssess an extreemly large depth of focus. On the test 

image of Fig.4.8 three meshes are snown with low magnifica

tion ( 280) . 

The periodicity of the square grid n8arest to the observer 

is about 100 
1

um and the distance from the top mes~ to the 

bottom one is approximately 90 1um. Nevertheless, all three 

meshes can be clearly observed. The depth of focus becomes, 

of course, smaller with an increasing magnification, however, 

it remains still very good up to about 10.000x. This means 

that the morphology of crystals and individual mineral par

ticles can be studied excellently by means of SEM photographs, 

because the whole form, cavities, pores, etc. can be seen 

equally focused on the same image. 

Secondary electron images give a three dimensional im

pression similar to that accustomed to in the macroscopic 

world through our daily experiences. This can be well illus

trated e.g. by Fig.4.9. This can be enhanced by taking stereo 

pairs under slightly different angles of exposures. Since all 

SEM photographs are made using the signals of sen5ors ali~ned 

under a skew angle to the specimen surf ace the visual inter

pretation of forms and dimensions can be easily misleading so 

quantitative conclusions need a careful 8Valuation of stereo 

pairs. This can be aided by a computer program and the true 

three dimensional shape and size can be restored exactly in 

this way. 

Another advantage of SEM is the ease of sample preoara

tion. Bulky specimens can be observed directly without the 

neccesity of slicing and replication, thus rough "as broken" 

surfaces can be studied directly and the morpholoqy is not 

altered by the preparation procedure. 
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Fig. 4.8 

0.lmm 
~ ... 

IMAGES OF SOME MESHES USED FOR TESTING 
SEM APPARATUS 

Fig. 4.9 

SEM /SECONDARY ELECTRON/ IMAGE OF ANKERIT CRYSTALS 
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These properties render the scanning electron microscope 

an outstanding tool for the investigation of the texture of 

bauxites. Bardossy, Csanady and Csordas publishing SEM 

photographs for 46 karstic, 18 lateritic and a tichvin type 

bauxite deposite characterize each sample by means cf: the 

size and shape of individual crystal grains; morphology of the 

grain surface; size and form of grain aggregates (lumps and/or 

stacks); size and configuration of microcavities within the 

sample; interrelation of grains, aggregates and cavities or 

"space filling". 

The energy dispersive spectrometer permits to analyse the 

crystal depictec with an electron signal rapidly for the 

chemical composition. Thus the correlation of particular 

morphologic features observed (rods, spheres, cubes, flakes) 

with their composition can be established. Fig.4.10 sho~s an 

example of this kind of application. On the flat surface of 

an ankerite crystal strange tooth-like protrusions were observed 

in the SEM i~age. The Ca content measured by the analysis of 

the X-ray exited from the very crystals made possible the 

positive identification of these "teeth" as calcite. 

The energy dispersive analysis system using a semiconduc

tor detector and sophisticated electronics measures the enerqy 

of the X-rays emitted from the specimen and produces a spectrum 

of counts versus energy. The spectru~ is usually displayed on 

a video terminal which is equiped with a variety of labels 

aiding the evaluation. Fig.4.11-A shows a spectrum collerted 

by an EDAX-made instrument. It can be seen that here iron c~n 

be identified as a contributor to the spectrum without using 

any tables, graphs or alike. Sxploiti~g the capabilities of 

the usually coupled mini computer (semi-) quantitative analysis 

can be carried out. 
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Fig. 4.10 

TOTHLIKE CRYSTALLITES ON THE FLAT SURFACE 
OF AN ANKERIT CRYSTAL 

) ... 
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Csing the information already available in the images of 

bauYi=es selected for SEM investigation, the type, age and 

geologic history of the deposite can be assessed. E.g. the 

grain size increases with the pressure due to overburden and 

compaction is also a sign for high tectonic p~essures. 

Gibbsite, boehmite and other components can be identified 

referring to their characteristic morphology and texture. 

TRANSMISSION ELECTRON MICROSCOPY (TEM) 

In the majority of bauxites the individual mineral 

particles are too small to be studied by any instruments but 

electron microscopes. Fig. 4.11-B shows a particle size histo

gram typical for Hungarian bauxites. Here the particle di

mension falls in the subraicron range. (Bars drawn with con

tinuous lines represent the length - while those with dotted 

contour the width - distribution.) 

One of the difficulties in preparing minerals for electron

microscopic studies is to achieve the complete dispersion of 

the particles. Violent grinding in a mortar with ethyl alcohol 

or ultra-sound shaking in an appropriate liquid might help to 

separate the primary units from an aggregate. A drop of the 

diluted slurry is then allowed to dry on a mi~roscopic sample 

holder grid covered by a holey carbon film. Fig.4.12 is the 

micrograph of a bauxite saw.ple successfuly dispersed in some 

parts of the specimen to observe the distorted hexagonal shape 

of some individual particles (e.g. that one marked by an 

arrow). The result of a large nu~ber of observations can be 

summarized that kaolinite usually forms platy crystals, goethite 

appears needle like, gibbsite and hematite tend to be more 

isometric and some minerals crystallize in or are crushed to 

irreqular forms. These experiences form the basis of TEM iden

tification of mineral -::omponents and the determination of 

their particl~ sizes and the form of their aggregation. More 

definite but also labour some way of identification is to 

prepare ,1nd cv<..1luatc electron diffraction photoqraphs. Energy 

dispersive X-ray analysis can be applied also ir.. TEM to cbtain 

1¥(_ -ii!l 
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PARTICLE SIZE HISTOGRAM OF A BAUXITE 
SAMPLE BASED ON TEM MEASUREMENTS 

Fig. 4.12 

ELECTRONMICROSCOPIC ITEM/ PHOTOGRAPH OF A 

BAUXITE SAMPLE 



,._.,., 
, -. 

chemical data on particles as small as some times 10 nm in 

diameter. It is clear that TEM techniques yield the most 

detailed information about texture with the high~st power of 

resolution. The shape outline and morphology of the particles 

- as revealed by electron microscopy - vary to a great extent 

depending on mineralogical composition and origin of the 

sample. 

The evaluation of texture data from TEM microphotographs 

can be accelerated a great deal if up-to-date image analysis 

methods and apparatus is applied. In this case the particle 

size distribution is calculated and statistically handled by 

a computer which collects data via an optical digitizer 

system sensing the coordinatts of the perimeters of each 

particle. 

MINERALOGIC INVESTIGATIONS 

In this chapter the most important methods of identif ica

tion and quantitative determination of the mineral phases 

constituting the multicomponent powder mixture called: baux

ite are to be described. 

This information is of very high importance since as 

long as bauxite remains the major raw material source for 

alumina production its mineralogical composition will con

tinue to determine the operating parameters to be employed 

in Bayer plants. Improving of efficiency and economy by 

diminishing the specific caustic ~oss and enhancing the yield 

of alumina must be based on the knowledge of digestable 

alumina content as well as the form and quantity of silica 

present, i.e. on details of mineralogic characterization. 

Althogh the methods used for bauxite analysis are described 

separately in this section it must be noted that in the 

technological practice crosschecking with the information 

gained on the correspondin~ red muds must be carried out. 

• 
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The miner~ls that occur in bauxites used commonly in 

alumina industry are as follows: 

Gibbsite Al (OH) 3 
Hematite Fe 2o 3 

Boehmite Al OOH Goethite Fe OOH 

Kaolinite Al 2Si 2o5 COH) 4 
Magnetite Fe 3o 4 

Quartz Si02 
Siderite FeC0 3 

~i thi.qix:>ri te (Al,Li (ftt>2)00) 2 
Pyrite FeS 2 

Crandallite Cal-..13 (PO) ills .Hp Anatase 'iiO 2 

Chlorites an extended farr.il y Ru tile Ti0 2 
of minerals, with Calcite Caco3 cx:rrp:>Si tioos 
similar to e.g.: Dolimi te Caco3 
lO(MJ,Fe)0.2Al2o36Si02.BH20 

The full number of mineral species that had been ever 

detected in bauxites is well over fifty, however, these minor 

phases are in most cases interesting only from scientific 

point of view. Here we will regard only processes for the 

determination of the commercially important mineral components. 

X-ray Diffractometry 

X-ray diffraction has no parallel when the identification 

of crystalline components of a mixture is to be carried out 

and its sensitivity/accuracy performance is also excellent 

for the quantitative determination of many phases. 

When a solid is exposed to X-rays of a well defined 

wavelength (Fig.4.13.) besides the transmitted primary 10 

beam there will appear radiation surfaces of cones of revolu

tion around the incident beam as axis, like the one shown in 

the figure. When a powder, consisting of a mass of randomly 

oriented crystallites, is bathed in a narrow pencil of X-rays 

several cones of so called diffracted beams will be formed. 

The 28 opening angles of these cones and the relative inten

sities of X-rays in each of these cones define a definite 

"diffraction paftern" which is uniquely characteristic for 

<.~ 
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the crystal structure of the sa~ple irradiated. Having 

measured the 28 angle it is fairly easy to calculate the d 

spacing of those crystallograp~ic planes which gave rise 

to the diffracted cone in question: 

2d sin 8 =J... or d = 2.sin 8 

Several compilations are available where the diffraction 

petterns usually in terms of d (interplanar spacing) and 

1(1 (relative intensity) values of different materials are 
0 

systemized to b~ used for "fingerprint" identification 

purposes. The most complete file is that published and 

yearly updated by the Joint Committee for Powder Diffraction 

Standards (JCPDS). This Powder Diffraction File (PDF) records 

the diffraction patterns of almost 30.000 materials in 1979 

including both organic and inorganic substances. Th~ file is 

offered for sale in various forms ranging from card files 

through microfiches to magnetic tapes for computer applica

tions. Search for a definite reference pattern in this huge 

file is much easier if the number of possible candidates can 

be diminished by additional evidences (e.g. chemical data, 

type of material) . The mineral subfile (A.S'IM) consists of 

only about 5.000 patterns and in alumina technology the use 

of the latter will be sufficient for the purposes of qualitative 

analysis. 

Diffraction patterns of the individual phases in a 

mixture simply superpose. Identification becomes the more 

difficult the higher the number of components is because of 

the increasing probability of overlapping. Nevertheless, with 

appropriate techniques usually 10 or even more mineral com

ponents of a mixture can be identified reliably. 

'*'<_ ~ 
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Thus, in order to carry out mineral phase analysis by 

X-ray methods the diffraction pattern has to be recorded first. 

The equipment most commonly used for this purpase is the 

powder diffractometer including three main parts: 1) X-ray 

generator, 2) goniometer, 3) electronics (Fig.4.14). 

Generators produce radiation by applying a stabilized, 

quaziconstant potential of about 40-60 kV to a sealed off 

X-ray tube of 1,5-2,0 kW power. The tubes are water cooled 

to prevent the melting down of the ~node which is generally 

plated by copper yielding a strong beam at a k = 1,54178 ~ 
(0,154178 run) wavelength. A high degree of radiaticn safety 

must be provided for because X-rays are harmful to the human 

body. This is similarly required for the geniometer, where 

the beam is restricted to well determined directions by scl

limation (Fig.4 .15). 

The ideal specimen for X-ray powder diffraction analysis 

is completely homogeneous over the range of less then 1 1um, 

has constant particle size of between 1 and 20 1um and show

ing no preferred orientation or strain. Such a specimen may 

be difficult to obtain in the practice thus it is important 

to realize what problems are likely to arise if the specimens 

deviate from t~is ideal state. 

The actual volume of a specimen analysed is rather small 

- probably about 2 nun3 . In addition the penetration of the 

X-ray beam is also very small, particularly at low angles 

generally used in bauxite investigations, where it may be 

as small as a few tens of micrometers. It will be clear from 

those mentioned above that care must be taken at the sample 

preparation stage to ensure that the volume analysed would be 

really the representative of the whole. Where the particle 

size is large, a problem may arise simply due to particle 

statistics. Only crystallites having reflecting planes parallel 

to the specimen surface can contribute to the diffracted in-

.. .1 
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X-RAY BEAM 

CRY5 TAL Pl.A NE 

SPECIMEN 

CONE <:F REFLECTED RAYS 

Fig. 4.13 

DIFFRACTION FROM A POWDER SPECIMEN 

high voltage 

generator 

Fig. 4.14 

BLOCK DIAGRAM OF A TYPICAL X-RA\: 
DIFFRACTOMETER SET-UP 

---....-
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Fig.4.15 

GEOMETRY OF THE GONIOMETER 

Fig. 4.16 

DIFFRACTION PATTERN OF A MIXTURE 
OF ZnO AND Al203 
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tensity and where this number if crystallites is too small to 

suppose random distribution, ·an error of the intensity measure

ment results. Among normal circumstances this error may be as 

large as 5-10 %. Use of a device aliowing the spinning of the 

specimen in its own plane during the analysis gives a larger 

effective surface and thus reduces the chance of non-random 

distributiG~ ~~ the case of preferred orientation where due 

to the shape of the crystallites it is impossible to obt2in 

random orientation. Specim<m spinning will do little to over

come this preferred orientation and the best solution lies 

in the careful specimen preparation. Most X-ray mineralogists 

regard as optimal the backloading of powders into the specimen 

holder usually ~overed by a material possessing ~ough surface 

(e.g. abrasive paper). 

The sample is placed onto the goniometer which moves j_ t 

together with the detector around a common axis during the 

measurement in an adequate way to obtain g·:>Od qua:.:.. ':y diffrac

tion patterns consisting of "peaks" or "reflections" of 

measurable heights at definite 28 positions of the detector. 

The 28 diffraction angles belonging to the peaks can be read 

from such a diagram directly as the positions of the highest 

point of each peak or some more sophisticated procedures can 

be used for their definition, e.g. the mid-point of the cord 

drawn into the peaks at a definite height (1/2 of the maximal), 

center of the gravity, etc. The area under the peak gives a 

better measure for the diffracted intensity than the height. 

This can be approximated in practical measurements by different 

methods. 

The detector of the goniometer is a proportional or 

scintillation counter placed after a graphite monochromator 

which is almost indispensable in taking good quality diffracto

grams of bauxites. The signal of the detector is fed through 

some electronics to a recorder producing a diffraction pattern 

like that shown in Fig.4.16, or a punched tape storing the 

'~1 
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J1yitJl data of the diffraction measurement which can bP fur

'.rtt:r processed by a computer. A still higher efficiency is 

:~t.::iined when the goniometer operates under on-line control 

·Jf the computer which collects and evaluates the data. In this 

c3se it seems to be very comfortable if the set of sa~ples is 

placed in an automatic sample changer handling 30-40 samples 

without human intervention. 

The identification of crystalline phases by X-ray dif

fraction can be demonstrated using the example of the dif

fractogram shown in Fig.4.16. In this pattern one can recognize 

21 peaks which are enumerated in the orjer of 28 increasing 

angles. Measuring these angles of diffraction the d values 

(interplaner spacings of the corres~onding reflecting planes) 

listed in the second column of the table shown in Fig.4.17 are 

obtained with the aid of some 28 - d conversion tables or a 
} 

calculator (d = 2 .sinS ) . 

The intensities belonging to each peak can be determined by 

measuring the peak heigth along the scale of the strip chart 

and using the highest amplitude (I ) as a reference for all 
0 

nthers expressed in percentages of that (I/I .100). The 
0 

measured intensities for this case are given in the third 

column. 

Taking the 3 strongest peaks (labelled 9.6 and 2 in this 

pattern) one can make a systematic search in the Powder Dif

fraction File for any crystalline compound having the same 

strongest reflections. Here alpha-Al 2o3 can be suspected as 

giving diffractiJn identical to a subset of the pattern of 

fig.4.16. The complete set of diffraction data for alpha-Al 2o 3 
are to be found on the PDF card 10-173 (Fig.4.18). 

Now it can be checked whether all significant reflections 

of alpha-Al
2
o

3 
are present in the observed pattern. This side 

of the identification seems to be satisfactory. On the other 

hand there remained some unexplained peaks. The srongest ones 

'-~ 
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o( Al 2o3 ZnO 
Line a;R; I/I

0 a;R; I/I
0 

a;R; I/I 
0 

1 5 .68 2.5 

2 3.48 31 3.479 75 

3 2.814 62 2.816 71 

i 2.698 2 

5 2.612 42 2.602 56 

6 2.557 43 2.552 90 

7 2.482 100 2.476 100 

8 2.384 19 2.379 40 

9 2 .089 47 2 .085 100 

10 1. 914 20 1.911 

11 1. 743 19 1.740 45 

12 1.629 31 1. 626 

13 1.605 33 1.601 80 

14 1. 549 1 1.546 4 

15 1. 514 3 1. 514 6 

16 1. 478 25 1. 477 

17 1.408 15 1.404 30 1.407 

18 1. 382 ( 26) 1. 379 

19 1. 376 ( 30) 1.374 50 

20 1.360 11 1. 359 

21 1. 340 19 1.337 2 

Fig. 4.17 

TABULATED DIFFRACTION DATA FROM ZnO 
PLUS ~ -Al2 03 /MEASURED FROM THE 

DIFFRACTOGRAM OF FIG. 4.16 / 
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d 2.09 2.55 1.60 3.48 ot:._-Alp.,_ 

I/I, 100 90 80 7'5 Al{ila Alurni.11iun Oxide (Corundum) 
.l. 

R.:ld. CUJ<otl.>.-1.5405 FilterNi Dia aR I/Il hkl aR I/Il hkl 
' 

Cut off I/11 Diffra~...ateter 3.479 75 012 1.1382 2 311 

'~f .:'Jat .Bur .!:tandards (U.S.) Circ.539 9 3 
2.552 90 104 1.1255 6 312 

( 1959) 
-

2.379 40 110 1.1246 4 128 

Sys. Triagonal 
6 -

S.G. n
50

-R3c (167) 2.165 <l 006 1.0988 8 0.2.10 

a ~. 758 b c 12.991 A c 2.7303 2.085 100 113 1.0831 4 0.0.12 
0 0 0 

o( f3 r z 6 Dx 3. 987 1.964 2 202 l.078J 8 134 

Ref. BID. l. 740 45 024 1.0426 ! t! 226 

1.601 00 116 1.0175 2 402 -
1.546 4 211 0.9976 12 1.2.10 

C.aC nwf' £9 Sign 1.514 6 122 .9857 <'.l 1.1.12 
I 

2V D rrp Color 1.510 8 018 .9819 4 404 

~f. 1.404 30 124 .9431 ..:::: 1 321 

I 1.374 50 030 .9413 <'.l 1.2.11 
0 

SZllfl.>le annealed at 1400 C for four 1.337 2 125 .9345 4 318 

hours in an Ali°:, crucible. Spect. 1.276 4 208 .9178 4 229 

!anal. showed <O. l % K, Na, Si; 1.239 16 l.O. lC .9076 14 324 

<0.01 % Ca, Cu, Fe, MJ, Pb; 1. 2342 8 119 .9052 4 0.1.14 

< o. aJ 1 % B. Cr. Li , .M1, Ni. 1.1898 8 220 .8991 8 410 

Corundun structure. l.160C <'.l :.o6 .8884 <l 235 
0 

Patte'!Tl made at 26 C. 1.1470 6 223 plus 11 line~ to . 7931 

Fi g.4.18 

THE PDF CARD OF ALPHA-Al203 

__ ,_ 
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of ~hese are again looked for a matching pattern in the PDF. 

ZnO can account for these. Since these two standard patterns 

cover the whole of Fig.4.16, it can be taken as identified 

with a mixture of alpha-Al 2o3 and ZnO. 

The most simple procedure for determining the percentages 

of the phases present is to multiply the measured inter.sities 

\Ii) with appropriate conversion factors (ki) Nhic~ give how 

many percentages from a given crystalline phase (X.) correspond 
1 

to a unit of intensity of a particular reflecticn. 

The PDF gjves such intensity conversion factors for a lot of 

compounds or else they can be determir~d experimentally. This 

experiment had been accomplished for bauxites by Bardossy (1966). 

Where no reference material is blended to the •Jnknown mixture 

it must be admitted that the sum of all identified crystalline 

phases correspond to the total quantity of the sample 
n ,. 

L 

i=l 
x. = 100 % ) • 

1 

Perce~tages of the individual phases are then obtained using 

the following simple and symmetrical formula: 

x. = 
1 

n 
k. "'I. -1 
__J .:::_ 1 ) 

ki i=l ki 

The sensitivity for a component i in a given sample is 

d~fined as the rate of change in net signal output I. to 
1 

concentration increment, X. (%). This is given for the X-ray 
1 

analysis by: 

n 

S. = k. 2: 
1 1 i=l 

I. 
1 

k. 
1 

. 
4 
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The detection limit for a component i in a given sample 

is defined as the minimu~ concentration, X. (%), required to 
l. 

give an observable signal, Ii, which is usually taken a.3 

three standard deviations of the background intensity, 3~. 
Hence the detection limit for component i in a sample by the 

X-ray diffraction technique is: 

X. (det. lirn.) == 
l. 

where t is the time used for the background. 

The X-rc.f diffractogram may yield information about the 

structural details, too. The determination of unknown atomic 

arrangements l'."equires measurements on single crystals, however, 

in order to detect slight differences between arran9ements 

realized along the same basic model, accurate powder data are 

sufficient. This was proved recently several times using the 

method of pattern fitting structure refinement (PFSR). This 

~ethod needs rather big computer capacities. 

Evaluation of the bredth of the powder diffraction peaks 

offers some additional information about the dispersion and 

distortion of the crystallites. This can be understood recall

ing that a particular setup provides the sharpest diffraction 

peaks when the crysta~lites possess perfect lattice order and 

their sizes are about 0.1-5 
1

um. Defects in the lattice 

(strain, dislocations, etc.) as well as particles smaller than 

O.l 
1

um (100 nm) cause broadening of the peaks. Unfortunatelly 

these two effects can not be simply separated from the informa

tions gained by measuring the broadening of the peaks. However, 

in some cases it might be justified that all the broader.ing 

should bL regarded as due to particle size effects. 
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Then the relationship 

D = 
(3 cos 9 

can be used to calculate the mean crystallite dimensions (D) 

perpendicular to the reflecting planes corresponding to the 

peak evaluated for broadening (0). K is a cons~ant, which 

has usually a value of about 0. 9 ; A is the wavelength of the 

radiation applied; 8 is the angle of diffraction. 

THERMAL METHODS 

Several properties of minerals like chemical com?1 sition 

and bonding change when they are exposed to heat treatment. 

In thermal investigations the sample is placed in a controlled 

atmosphere and various parameters characterizing the physical

chemical state of the sample are measured or recorded as a 

function of the temperature varied according to a predetermined 

program. The most frequently used rr.~thods of thermal analysis 

are differential thermal analysis (OTA) , thermogravimetry (TG) 

and differential thermogravimetry (DTG) . Dilatometry and other 

thermal methods will not be concerned here because they have 

only secondary role in the bauxite analysis. 

Differential thermal analysis (DTA) is a technique in 

which the temperature difference between a substance and a 

reference material is measured as a function of temperature 

whilst the substance and reference material are subjected to 

a controlled temperature program. 

Thermogravimetry (TG) is a technique in which the mass 

of a substance is measured as a function of temperature 

whilst the substance is subject to a controlled temperature 

program. 

,_ ~1 
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The technique of differential thermogravimetry (DTG) is 

a.1.1 •• ~ .;t the same as that of TG, here the change is purely of 

nass per unity temperature variation ti G/ ti 7 plotted versus 

the temperature. DTG curves help to define the exact tempera

ture, where the rate of mass change is experienced to be the 

highest. 

OTA, TG and DTG measurements can be carried out each by 

a separate instrument designed particularly for that kind of 

thermal investigation, or else, by an equipment permitting 

th~ simultaneous recording of any two or all theree types of 

thermal curves. Among other combined thermogravimetric in

struments the "Derivatograph"-s developed by L.Erdey-F.Paulik 

and J.Paulik and manufactured by MOM, Budapest, have been 

frequently used in alumina technology both in R and D connected 

studies and in plant control, to1. 

The main parts of any setup used for thermal 2nalysis 

are: heat source, temperature regulating system, specimen 

holder and block, temperature measuring and recording system, 

mass measuring and recording system (microbalance) , apparatus 

to produce vacuum or maintain a desired atmosphere. 

A DTG curve can be obtained e.g. if the sample is heated 

in a furnace at a constantly increasing temperature while 

suspended from the pan of the balance to the lever of which 

a permanent magnet is attached moving freely inside a solenoid. 

When a change of weight occurs the magnet moves and the 

current generated in the solenoid is recorded by means of a 

recording drum. Nowadays this analogue ·~ay of differentiating 

is usually replaced by digital data processing, where the TG 

da~a are differentiated using on-line or off-line computer 

capzi::iilities. 

1 



:,..;!-::..::::er-.rs cc:::-r:e,: cu-:: o.t. different p:-i.ccs cnly if the instru

::.L·:-.:. J.rc l!cs ic'.1c,_: .J.L"c=Tding tc ccrr.non principles .:ind st.:rncar·..:. 

~r~cc~~:-~s :including ~rerara:ion of the s~cci~en, size of 

t!:,~ s:~c.::i:;,er., :-:ca.ting rate, position:.n::: of ti:e the:·rr.ccoupl.<:s, 

rc.c;e,,;:-i-'~ of t:-.e crucibles, etc.) are .:ipplicd. 

In the ~ineralogi2al investig3tion of bauxites thersal 

:--·.~·t:10~s arc used. in crder to gain con:plerr:cnl..1ry inforrn'1ticn 

l i~c her::.::. ti te, ru:ile, t h.-. 
··~ 

:,;:'.·.~-,~r)<..:5 3L.:::-:ir.u n:<ices possess no or only very slic,ht c!ia:r

:-.,-:s::.i2 ther:7tul cri~eria o-v,:!r tr.e ncr1.1.:1lly used tci:1:Jcrat:Jrc 

rzi:1-:;c o: 0-1.000 °c. However, fer some compo:-:cn'.:s t!'v"n:i~d 

analysis yields outstanding possibilities of identification 

':'hermogr av iine try and differential t'.1crmoc;c1 ·: i~c try .:ire 

:).::secl u;_:on weight chanqcs. When heating bciuxiu: sar::ples one~ 

could expect weiqht change due to 1,.:;ss of <1bs0rb:d water, 

cou:;,J er crystalline water (dehydration), dccomrJnsition of 

c.-!r!J0n~;t;~, sulphate, sulfide, pho'.pcJte ph.-:scs or orcpnic 

ccr.-,r-0r:·~:-. ts. The stL.lrt µoint of these ~-cactions as rcvc.:lled 

from the weight loss curves as well as the similL.lrly detected 

tc~t--cr.-1~11re of maximum rate cJnd the end po.int of Lhe rc.:ictions 

ar1· churacteristic for the phcJses involved. Tr.Pref<Jrc they 

c,rn be used to identify the components of bauxites and deter

mine their quantities. ~t ~ust be, however, also taken into 

a~count that gain in weight is possible e.g. when hc~ting 

su1'.)h,Hes in air and the metal resultinq from the dccor'.1posi

ticn oxidizes. 

... _~I 
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In cifferenti.:ll t!-lcrnal ar:alyses the difference is e:>.en_:·y 

~L .. ~~~d or released by the sample and the reference material, 

:-··: 0 :>':~tively, is soc.c;ht for. r·:hen reactions occc:r in any nL'l.te

,. ·· energy is absorbed (endothen.;ic events) or evolved 

.~~ -~er~ic events; irrespective of whether or not there is a 

· .... _'i~:::-:': ch.::nr;•2. Thus differential thermal analysis bC1.sed on 

::<·~::c;·_;_ring ene:::gy changes has the advantage that it can detec;:. 

s~c~ events like recrystallisation, crystal inversition, 

o;tr· .. ctur.::il transfor2ations, etc. in addition to reactions in

'.'ul :i:1g weight c!-:.a.ni;e. Curves obtained for energy changes are 

ini:. -rentl~· less qu.:intitative as those involving ·;1P.i9ht change::;, 

s~r~~e f~~tors like thermal conductivity and diffusity are in

\'·:J l :e:d in determining the magnitude of the effects observed. 

:~.:;vL·rtheless, with suitable safeguards quantit .tive applica

ti~~~ ~re also possible. 

All the curves des~ribed may be recorded as well during 

u·.e ;;,:,r, ling cycle, however, this device of checking rcver~ .:.::ii-

1 i '; of re~ctions is not very frequently used in the appli~J.

tic·r.:; to zil umina technolOI]'./. 

Oeterreination of quantities can be accomplished after 

c::li~ration of the instrument in question used under rcpro

c:tic1:-ilc conditions by means of standard samples. Effective 

riie :::r..;:i::; were es tab l. ishec by several resc.:irch workers for the 

r:<':,1s,_;rement of gibbsite, boehr~ite and rliaspore, kaolinite, 

qroe'.hitc, cc"llcite, dolomite and pyrite contenl of bc"luxites 

(f-: .. ·:. Kotsis /1974/). 

Differentiill calorimetry is another method based on 

e:·1e1 ;-; ch.:in<]es and (.}11inson, Mur.:it and Bouster stated in a 

rr• 1xirt ('976) t.h.:1t it is more accurate in the quantitative 

f;huS(l analysis of b.Juxites than the usuul thermal methods. 

·~-"ill 
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The wei~ht loss curves can be used directl~ to dctcr~i~c 

the qu3ntit'/ of water or other idcntific:i ·:olatil<-' cor:-.pc:-.cnts 

lcav~!1~ the sample. In order to identify ~reci~ely the c~sc~~s 

;c:-oduct~ sometimes the thcrr:.al .:i.ppar.Jtus is cor..pleted b·.· a 

Let us deal now systematically with the proble~s c~ 

ttermal ~nalysis as regards the main minera!ogi~a~ g~au~s of 

Al;.:'."",iniu~ :-linerals 

In this group gibbsi te, boehrr,i te 3:-~.: diasr~ore ~;re f:)und. 

DT:\ and DTG curves for gitbsite (,\1 (OH) 
3

) show a styonc; 
' i . ' b . 32 ° - 3· ) 1 · cr . .:.:u t.:.:_r;::ic µea.-: <:: c:,1ecn 0 C an<..: .:,Q C corrcsp0nci:1-; ':.·::i 

L1e crunge of 

little if at all with particle size. In adrlition to this ~ain 

pc.:~: L'.1ere appear two subsidiary smal i endothermic r-caks at 

about 250-300 °c and 525 °c. The temperature of the first pc~k 

is usually lower for synthetic samples, .:.oout 250 °c <:ind son:·..:1::i::. 

h~gher ~)r nntural ones: 275-300 °c. Therefore the second pc3k 

may appear either as a discrete maximum or as an inflexion en 

the main peak. 

Research workers agree thil~ the main characteristic o~ 

gibbsi te DTi\ is the strong endothermic pE'.:ik at about 320 °c 
<1nd DTG as well C\S TG evidences support tr.c view th.1t the 

peak at about 250-300 °c is due to the form1tion of some 

bochm1t0 while the other peak Cl! 525 °c incJicJtcs the dehydra

tion of the latter. Accordinqly weight loss is scp<1ratcd in 

thre•.~ steps, the si~cond of which is the most important. For 

accurate quantitative measurement of gibbsite by DTA high 

levels of gocthitc can hy disturbinq due to the partially 

u':crL1ppi.nq peaks. 

·~-~I 
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Sample 
Peak temperature 

DTG OTA 

Bo I 540 530 

Bo II 520 520 

Bo III 498 498 

Bo IV 510 500 

Bo V 480 470 

510 502 

Bo VI 460 455 

495 490 

oC 

Fig.4.19 

SIMULTANEOUS OTA: DTG OF BOEHMITES 

< ~1 
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33 mol % of the Fe for Al is possible to show up in the lattice 

of ~oethite. The single peak of the OTA, OTG curves is shifted 

according to the Al substatution in alumogoethites (SolymAr 

and Kenyeres, 1970): 

Temperature 
of peak, 0 c 310 325 340 355 370 385 400 

Mal % Al sub
stitution 0 5 10 15 20 25 

Fig. 4.21 represents the thermal curves of a Jugoslavian 

bauxite taken by means of a Paulik-Paulik-Ertley type MOM made 

Derivatograph. The goethite car.tent is low (about 1 %) while 

the Al substitution is high (about 20 %) . 

Should the determination of goethite in a bauxite sample 

be rendered difficult bacause of the interfering gibbsite 

peaks, goethite can be determined in the corresponding red 

30 

mud and its percentage in the initial sample is then calculated 

from the chemically determined ratio of the Fe 2o3 contents. 

This procedure is based on the fact that alumogoethite i3 not 

attacked by the caustic liquor below 240 °c. 

Silica Minerals 

In bauxites there might be present several silica minerals. 

Quartz does not give thermal effects in the usual range below 

1000 °c. Chlorites are less frequent then kaolinite, however, 

they have characteristic but rather complicated thermal curves. 

Kaolinite exhibits an e::1dothermic peak in OTA at about 

570 °c and the corresponding weight loss appears between 

560-680 °c. The determination of kaolinite is more advantageous 

fro~ the red mud where the silica content shows up as trans-

--·~"ij\I 
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SIMULTANEOUS TG, OTA OF OIA5PORE 
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,,DERIVATOGRAM" OF A GOE THI TIC BAUXITE SAMPL~ 
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f~r~ed to sodalite. This is especially true if boehmite and 

kaolinite are coexistent. Serious mutual interference is then 

caused by the fact that the dehydration reactions are almost 

isothermal for these two minerals. Another approach that has 

been reported as successful ~Sabiston, 1975) is to resort to 

a controlled atmosphere furnace assembly and expose the sample 

to positive pressure. This hds the effect of displacing the 

kaolinite dehydration towards higher temperatures without 

changing the position and size of the boehmite endotherm. 

Other Mine;:als 

Pyrite gives cow?lex thermal effects. The endothermic 

r-eaction in oxydizing ltmosphere begins at about 350 °c and 
0 0 0 

peaks appear around 440 C, 550 C attd 610 C. Nevertheless, 

pyrite can be detected very sensitively by thermal methods, 

i.e. percentages as low as 0.2 w% can be identified. 

The mean value published for the characteristic peak 

of calcite (Caco
3

J is 954 °c. Particle size and crystal size 

have important influence. 

Dolomite (CaMgco
3

l shows less variation in the peak 

temperatures of both its peaks. Averages values are 790 °c 

and 940 °c. 

INFRARED (IR) ABSORPTION SPECTROMETRY 

Several minerals of bauxite have structures which include 

hydroxyl groups with protons in an unique environment and 

these may be directly examined by infared spectrometry. 

This method of instrumental physical-chemistry is based 

on the fact that the absorption of radiation takes place in 

solids at particular frequencies characteristic for the 

states of chemical bonds in the material. In the 1-10
4 

1um 

'"'-~I 
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range uf wavelength - infrared region - absorpiton is due to 

the change in vibrational or rotational state of the molecules. 

Commertially available IR spectrometers work in a more re

stricted wavelength range of 2-200 
1

um, however, the latest 

apparatus exploiting the principle of Fourier transformation 

spectrometry, cover almost the entire spectrum of interest. 

Important applications of IR spectrometry are the identi

fication of minerals, their quantitative phase analysis in 

mixtures using the characteristic absorption bands, the det~r

mination of water content in materials as well as the study 

of bond strength (e.g. that o~ hydrogen bridges) by means of 

measuring precisely the shifts of certain IR bands. For the 

sake of such studies usually laboratory made sets of samples 

and natural minerals are compared. Identification of standard 

spectra (e.g. Farmer, 1974). 

When mineralogical investigations are extended to more 

subtle details of the structure IR spectror..etry can contribute 

a great deal to the results gained by other methods. For this 

purpose first of all the absorption bands have to be assigned 

to w~ll defined vibrations. A helpful technique in this respect 

is deuteration. When the hydrogens of OH, n2o, H3o+ or other 

groups are exchanged for deuterium the bands c0rresponding to 

vibrations relevant to these entities, and only these, will 

be shifted. Various chemical and thermal reactions can also 

be used to identify some of the band and assign them to definite 

bonds. Thereafter shifts of the bands, change in their intensity 

and shape might be interpreted in terms of structural modifica

tions. 

Basic parts of an IR spectrometer are: source of radia

tion, specimen chamber, some device permitting spectral 

resolution (prism, grating or interferometer), detector, 

recorder or data processor. 

,cq_ ~1 
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Powder samples are usually pelletized for IR studies. The 

pellets are preparea under high pressure in special moulds 

from a mixture of 2-3 mg substance under test and about 

600-800 mg KBr. 

Fig.4.22 shows standard IR absorption spectra of some 

pure aluminium mineral phases of bauxites. 

The characteristic frequencies of frequently encountered 

bauxite minerals are as follows: 

Kao 

750 

790 

918 

940 

1015 

1039 

1110 

3628 

3658 

3700 

Boe 

750 

1080 

1155 

3100 

Gib 

755 

800 

840 

975 

1030 

3290 3385 

3400 

3455 

3530 

3625 

Goe 

800 

897 

3130 

The underlined 

bands are strong ones. 

The lattice vibrationc of the various AlO units appear 
-1 x 

i:, the 700-800 cm wave number range, while the bands of the 

Al-0-H deformation vibrations and the Si-0 streching vibration 

are found between 800 and 1200 crn- 1 . The bands of higher wave 

numbers belong to the streching vibrations of 0-H groups par

ticipating in hydrogen bridges. 

... _.1 

' 
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1. GIBBSITE 

2. BOEHMITE 
3. OIASPORE 

Fig. 4. 22 

ABSORPTION IR -SPECTRA OF THE MAIN 
BAUXITE - FORMING MINERALS 

'"'-~1 
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Fig.4.23 shows the IR absorption spectrum of a Haitian 

bauxite in two wave number ranges together with the identifica

tion of the bands corresponding to gibbsite, boehmite and 

kaolinite. 

Fig.4.24 gives spectra for a JG~aica~ bauxite with less, 

but still pronounced amount of boehmite besides gibbsite. 

Bauxites having over 1 % boehmite are unacceptabl~ for low 

temperature (140 °c) Bayer plants since these are designed for 

dissolving only gibbsite. This can make understandable the 

significance of detecting low percentages of boehmite in 

bauxites by IR spectrometry. 

Additionally to the establishment of acceptability or 

unacceptability of a given bauxiLe for a particular process

ing plant by semi-quantitative estimates of the boehmite 

content, the "reactive silica" component of these bauxites 

Cdn be determined, too. 

J6nAs and SolymAr (1970) showed th't for the simultaneous 

quantitative determination of kaolinite, boehmite, gibbsite 

percentages and the modules 

(m = 

of bauxites the banes at 3100 (boehmite), 3455 (gibbsite) 

and 3700 cm-l (kaolinite) can be used most successfully. 

The specific extinction defined as the extinction 

(E ~ log I
0
/l, see Fig.4.25) referred to the grams of baux

ite in the pellet (E/g-bauxite) was found to be a good 

measure of the percentages of the mineral components. 
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INFRARED SPECTRA OF HAITIAN BAUXITE 
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Fig.4.25 

E = log lo /J 

DEFINITION OF IR EXTINCTION, DETERMINATION 
OF THE BASELINE IN AN IR ABSORPTION SPECTRUM 
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Fig.4. 26 

RELATIONSHIP BETWEEN• REACTIVE Si02' •1. 
AND THE INTENSrrY RATIO kao 910 cm-1 / gib 96S cm-1 
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Since significant deviations may exist between the inten

sities of the individual bands of bauxites of different origin, 

which is due apparently to the differences in their structure, 

particle size, degree of crystallinity, etc., the calibration 

curves "percentage of mineral component versus specific ex

tinction" can be applied only to ores of a particular deposits. 

In this case the error in the kaolinite determination is 

~ 1.7 % Al 2o3 , while+ 1.5 % Al 2o3 in the gibbsite determina

tion and+ 4.6 % Al 2o3 in the boehmite measurement. 

However, experience proved that the error is significantly 

larger if calibration based on a definite deposite is applied 

for other bauxites. In order to eliminate this problem the 

relative intensities were introduced. According to this method 

the sum of the specific extinctions ( ~i (E/g-bauxite>i] 

of all significant bands in the infrared spectra and the 

relative contribution of each band to the total absorption 

was calculated. The calibration curves plotted as this relative 

intensities against the quantity of mineral phase present in 

the bauxite were found to be satisfactory even for samples 

of random origin. 

In the work of J6nAs and SolymAr (1970) the "reactive 

SiO/ is determined via the (Al 2o3> kao indirectly in order 

to be able to calculate the module. White (1974) described 

another method useful when kaolinite is the major source of 

"reactive Si02". The intensity ratio kao910 cm-1 I gib965 cm-1 

for the characteristic kaolinite and gibbsite bands, respec

tively, may be used as a semiquantitative estimate of the 

kaolinite. When this ratio is plotted versus "reactive Si02" 

a distinct trend can be established for the relation between 

the amounts of "reactive Si02" and the kaolinite content 

(Fig.4.26). 
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Taking 5 % reactive silica as the upper limit for bauxites 

acceptable for Bayer plants, any bauxite having an intensity 

ratio kao910 cm-1 I gib965 cm-1 :> 1.5 would be inappropriate 

for processing. 

The presence of kaolinite in bauxites is also manifested 
-1 by the development of a shoulder at about 1100 cm . Fig.4.27 

shows the infrared spectra of five bauxite samples with total 

Sio2 contents ranging from 0.83 % to 20.72 %. It can be seen 

that as the Sio2 percentage increases the intensity of bands 

at 3695, 1100 and 910 cm-l increase simultanously. The in

tensity ratio gib3520 cm-1 I kao3620 cm-1 decreases with an 

increasing Si02 and kaolinite content relative to the amount 

of gibbsite. 

Another important mineralogical application of IR spectro

metry in the field of bauxite analysis is the determination 

of Al/Fe substitution in goethite. 

Fig.4.28 illustraL~s the changes occuring in the IR 

absorption spectra when Al substitutes the Fe in the goethite 

lattice. The evaluation of these spectra revealed changes 

both in the specific extinction and the shifts of the bands. 

The latter is more suitable for the determination of the Al 

content of goehttte because it seems to be less sensitive to 

grain size effects, hematite content and other parameters of 

preparation (J6nAs and SolymAr, 1970). (Pig.4.29). 

The shift of the absorption peaks yields information 

about the bond strength and reactivity of minerals. Boehmite 

can serve as an interesting example in this respect. When 

the band near the wave number 1085 cm-l is shifted towards 

lower values this reflects stranger H-bonding and vice versa. 

Fig.4.30 gives the relationship between boehmite yield 

(solubility) and the position of the above mentioned boehmite 

band for various bauxites (SolymAr and J6nAs, 1974). 

I<_ ~1 
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PARTIAL DISSOLUTION TESTS 

Most of the serious difficulties experienced during the 

mineralogical analysis of bauxites arose from the fact that 

this ore has a great number of components (10-15). This 

results in certain disadvantages in the course of almost all 

experimental procedures applied to bauxites. 

Several examples may be ref erred to in order to support 

the above statement. 

For example it is very difficult to achieve by means of 

grinding uniform dispersion in a bauxite sample because of 

the different hardness, cleavage and breaking characteristics 

of the components what results in smearing and very small 

particle size in respect of some minerals (boehmite, kaolinite, 

etc.) and almost no or very slight decrease in particle size 

of others (rutile, quartz) and, of course there is a third 

group of intermediate behaviour. 

In methods of identification and quantitative analysis 

of the components, where the basic information takes the 

form of an intensity or amplitude distribution-curve the 

overlapping of the maxima of the individual components pre

sents often difficulties. 

One way of diminishing the number of components in a 

bauxite sample in order to avoid these problems is to dissolve 

selectively a definite part of the contributing minerals. 

However, caution is required to ensure the insolubility of 

the mineral(s) being sought. 

Gibbsite and kaolinite are re~dily attacked by sodium 

hydroxyde whereas the caustic solubility rate of boehmite 

is relatively low. By increasing the Al 2o 3 content of a 

sodium aluminate solution to the level of boehmite saturation, 
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this reagent can be used to re~~ve gibbsite and clay minerals, 

leaving alumina monohydrate minera) (s) as well a• titania 

and Fe-minerals in their original state. 

For ferruginous bauxites the removal of iron minerals can 

often reveal hitherto undetected mineral phases. Use of 

classical nascent hydrogen reduction or the sodium dithionite 

procedure is equally effective for the selective leaching of 

hematite and goethite. 

Boilin~ for half an hour in 10 % chloric acid removes 

also the majority of the iron minerals, while aluminium, 

titanium and clay minerals remain unchanged. 

Selective solvent, their concentration, temperature and 

time of application or other parameters of the dissolution 

test must be specifically experimented for each aim to be 

accomplished. Before the final conclusions are drawn true 

selectivity should be critically checked. 

Both the solid residue and the dissolved component can 

be determined if systematic measurements are made before and 

after the dissolution steps. Taking for example the difference 

of the IR absorption spectra of ti"e untreated sdmple and 

the one subjected to the selectLve solvent, the resulting 

difference spectrum corresponds to the missing dissolved 

component(s). Experimentally, such difference spectra can 

be taken easiest if a two beam spectrometer is used and each 

of the samples to be compared is placed into one of ~he beam. 

Selective d~ssolution may be also very useful in X-r3y 

diffractornetry to get rid of the confusing interferences and 

enhance thereby the sensitivity, as it will be explained later. 

·~ 

'°'- ~1 

~ .. .. . . . - .... 



-.... ;-_ . ·-:. 

4-62 

MOSSOAUER SPECTROMETRY 

Mossbauer spectrometry is perhaps the youngest method of 

materials re&ea-ch finding its way to mineral characterization 

in the alumina industry. Since it is specifically bound to the 

presence of 57Fe ions it can be used only to study the pro

perties of iron minerals or other ones which are stain~d with 

iron. 

Mossbauer spectroscopy is a valuable adjunct to X-ray 

diffraction for defining the nature and distribution of iron

-bedring constituents (E.g. Hogg, Malden and Meads, 1975). 

A paper of Janot and Gilbert (1970) provides data on iron 

minerals not obtainable by other mineralogical techniques. 

Mossbauer spectroscopy afford data on the coordination of 
57 1 . d . f t. Fe, its va ency state, magnetic state an even in orma ion 

on crystallite size ( < 20 nm) b~yond the capabilites of 

X-ray diffraction. An ex~mple of such study can be found in 

the paper of Jeffer&on, Tricker and Winterbott0m (1975). The 

aim of this research was to determine whether 57Fe substituted 

in the kaolinite lattice for Al formed a ffiOre or less 

amorphous surface layer or was present as small crystalline 

goethite particles stuck to the surface. Investigating nine 

kaolinite samples from a variety of locations the different 

kinds of iron contaminations could be separated as well as 

specific ways could be recommended for cleaning the samples 

from iron, if possible. Attached fragments of goethite and 

thin amorphous coatings cuuld be easiJy removed by acid 

extraction, but the substituted iron, occupying sixfold 

coordinated positions in the kaolinite lattice could not be 

attacked by this may. 

...1 
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The concentration and arrar.gement of iron in aluminium

hydroxides can be determined hy this technique and undoubtedly 

its role will be increasing in the future studies on bauxite 

minerals. 

OPTICAL .METHODS 

Mineral particles are generally identifj_ed using a 

polarizing micr.oscope. Mineral particles of the main components 

of bauxites are in most cases too small to be studied in 

microsections using microscopic methods. Thus such studies are 

restricted to the larger particles {quartz, zircon, etc.) and 

to specially separated microminerals. 

The te~ "micro-mineralogical test• involves in the 

practice the investigation under the microscope of individual 

mineral particles with dimensions exceeding {0.06 mm). 

Since in many bauxite deposites the amount of such larger 

particles is relatively small it is best to start from larger 

quantities {0.5-1 kg). Loose types of bauxites are simply 

disintegrated with water and washed on an 0.06 mm sieve. The 

residue is repeatedly suspended in water and washed on the 

sieve. 

In the case of harder bauxites that will not readily form 

suspension in water, freezing or ultrasonic treatment is 

applien If this procedures prove in effective, the sample is 

boiled in 10 % HCl for about 0.5 hour. This method usually 

appears expedient, but has the disadvantage that mineral 

particles solubl~ in hydrochloric acid {e.g. apatite) will 

decompose. 

in ·;:o 

The washed and cleane1 particles are subsequently separated 

sieve fractions {0.06-0.l mm, 0.1-0.2 nm and 0.2-0.3 mm). 
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Each fraction is weighed on an analytical balance and its 

percentage by weight is calculated. The fractions are then 

separated into light and heavy fractions, ~sing a highdensity 

liquid (usually bromoform) • 

For identification of minerals, the generally known im

mersion method on the polarizing microscope is applied. The 

identified mineral particles are counted and a frequency table 

is composed. This table should be based on a number of iden

tified particles as large as possible. The acceptable mini

mum is 100 particles. Below this number, statistical distribu

tion is not sufficiently reliable. Voros, in his microminer

alogical study of bauxites from Gant, identified 1000 particles 

per sample. (1971) 

When the heavy fractions contain many ore particles, the 

magnetizable ones can be separated by mP.ans of magnetic grader. 

This method is not applicable to very dense and hard bauxites 

(e.g. Devonian bauxite from the North Ural). 

The dominating species in a mineralogical table may by 

detrimental mineral particles that got into the bauxite 

(quartz, rutile, turmaline, garnet, zircon, etc.) as well as 

larger antigeneous particles of diagenetic or epigenetic 

or1g1n (pyrite, gypsum, titanohematite, etc.) as in the case 

of Hungarian bauxites. It should be kept in mind that the 

results obtained by microscopy apply only to that part of the 

ore which was sperated by the method of preparation, which 

should be therefore representative. 

'"'-~1 
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OTHER COMPLEMENTARY .METHODS 

Among other complementary methods one could mention 

electron paramagnetic resonance (EPR) , nuclear magnetic 

resonance (NMR), neutron diffraction, high temperature dif

fractometry, Raman spectrometry, photoelectron spectrometry 

(ESCA) , X-ray spel:trometry and another "probe" method: ion

-probe micro analysis. 

These methods saem to be exploited in the studies of 

rather special problems mainly in the sphere of background 

research and not in that of technological or practical ap

plications. They are also fairly expensive. 

Nevertheless, some very important structural, mineral

ogical knowledge upon bauxite minerals resulted already from 

such "complemeLtary" investigations. 

For example the position of hydrogen ions and the exact 

arrangement of hydrogen bridges in aluminiumhydroxides could 

be determined exclusively by neutron diffraction. The eY.

perimental setup at the neutron diffractic,1 measurements 

is very similar to that of X-ray diffractometry, except the 

dimensions. A reactor generates the neutrons and since the 

wavelength of this "radiation" is orders of magnitude larger 

than that of the X-rays all parts of the apparatus, the 

required volume of the specimen, etc. are scaled up. Nonetheless 

the basic equation supporti~g this technique is the Bragg 

equation and the methods of interpretation are common with 

X-ray crystallography. The scattering changes not monotonously 

with the atomic number and light elements ~ave large scatter

ing factors. This is the reason why hydrogen ions show up well 

neutron diffraction studies. 

Such work on boehmite was carried out quite recently 

(Achiwa, Yamamoto and Kawano, 1977) putting an end finally 
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to a 50 years old dispute concerning the complete structure of 

this monohydrate mineral by fixing also the location of hydrogens. 

Raman spectrometry complements IR absorption measurements. 

In contrast to the latter one, here IrK>nochromatic visible light 

(produced preferably by a laser source) is used to illuminate 

the sample, however, the detected absorption effects are inter

preted similarly in terms of the vibrational and rotational 

states of the molecules. Combined application of the two tech

niques provides more convincing evidences in a much broader 

frequency range. Additionally Raman spectrometry permits the 

study of aqueous solutions, too. In case of solids the orienta

tion of bonds can be determined using polarized light. 

QUANTITATIVE PHASE ANALYSIS OF BAUXITE 

General experience have proved that the phase analysis of 

multicomponent mineral mixtures, like bauxites, can be accoffi

plished with the highest reliability if several methods 

(polarisation and electron microscopy, X-ray diffraction, IR 

spectrometry, thermal analysis, etc.) are used in a complemen

tary manner (B!rdossy, 1972). However, it seems to be reason

able to start the mineral phase analysis by X-ray diffraction 

measurements, because it can detect the widest range of 

phases, and switch over to an other method only if unresolved 

problems emerge. Several authors have put forward proposals 

for the quantitative diffractometric m~neral analysis of 

multico~ponent mixtures (B!rdossy, 1966; Moore, 1968; Chung, 

1974, 1975; Johnson, J978). The advent of highly automated 

X-ray equipment in the recent years has contributed a great 

deal to the fast and precise measurement of mineral content. 

Programmed controlls for goniometer scanning and integration 

of counts over selected ang~lar intervals, data processing by 

computers had reduced considerably the time needed for quan

ti ta ti ve analysis. Hence substantial cost savings can accrue 

from the use of quality control procedures based on automated 

... 
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quantitative analysis. However, total automation of bauxite 

analysis have not been achieved yet in the sense of a •sample 

in - result out• black box. Data acquisition and bookkeeping 

even in the form of a data bank present causes no problems in 

this respect, but the programs can hardly cope with the scarcely 

known crystallographic variability of these minerals and ex

treemly careful m::nitoring of automatic interpretation is nec

essary. Thus the use of interactive computer programs is jus

tified. 

Diffractometric quantitative phase analysis has a history 

of 40 years, but recent efforts have been concentrated essen

tially on the possibilities of avoiding lengthy calibrations 

and the need of well defined standard samples. Some problems, 

like preferred orientation and particle size distribution in 

the specimen, overlapping of the diffraction peaks and their 

shifts as well as changes in relative intensities due to solid 

solution effects and mineral individualities, the uncertainties 

of the intensity conversion factors (ICF-s) etc. render the 

quantitative phase analysis difficult in mos practical cases. 

Depending on the material system studied, one or more of these 

difficulties become dc~inant and others can be neglected. 

In bauxites 160 minerals have been identified so far, 

however, only 20 of them occur in rock-~~rming quantities. 

From these latters ones the following minerals are included 

in the phase library of the program developed in th~ X-ray 

laboratory of ALUTERV-FKI (BArdossy, Botty!n, Gad6, Griger and 

SasvAry (1979): boehmite, gibbsite, diaspore, corundum, goethite, 

hematite, pyrite, siderite, kaolinite, charnosite, anatase, 

rutile, calcite, dolomite, crandallite, lithiophorite and 

qua·:tz. ~he problem of the compositional variability generally 

encountered in the phase analysis of clay rocks is not present 

in the case of bauxites due to the tact that usually the only 

clay mineral compon~nt is kaolinite with fixed stoichiometry. 

During the analysis of a huge number of bauxite samples it 

•=<_ ~1 
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turned out that the main sources of uncertainties are here: 

isomorphous substitution, and 

the variation of the intensity conversion factors. 

In orde= to diminish these effects the following procedure 

has been adopted for computer implementatlon: 

It is assumed that the set of minerals included in the 

phase library covers all the components present in the samples 

and a complete identifica~ion is possible. 

After the determination of the extent of isomorphous 

substitution from peak shifts the correct ~Loichiometry of all 

phases is regarded as known. 

Conse~uently a matrix can be defined 

Q(i,j) = S(i,j) .r(i,j) .s(i)-l 

with elements characterizing the contribution of the j-th 

chemical constituent (oxide, iadical, etc.) to the i-th phase 

(0~ Q(i,j)< 1). 

Where 

s ( i) 

S(i,j) -

r(i,j) -

is the molar weight of the i-th phase, 

is the molar weight of the j-th chemical con

stituent occuring in the i-th phase, 

is a coefficient ~elated to the thermal 

decomposition of the i-th phase. 

The actual chemical composition of the sample can be 

determined up to 98-99 % by analysis for a definite number 

(J) of elements. Chemical analysis can be also automated if 

accomplished by atomic absc~ption spectrometry (AAS) or X-ray 

fluorescence analysis (XFA). The phase analysis will be con

sistent with the elemental analysis if the equation 
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H 

~ x(n) .Q(n,j) = e(j) (4.1) 

n=l 

is satisfied, where 

e(j) is the analysed quantity of the j-th chemical 

element, 

x(n) represents the weight percentage of the n-th 

component in the mixture, 

H is the number of identified phases. 

Equation (4.1) will be eo ipso satisfied if the phase 

percentages are calculated from the measured diffracted in

tensities and the chemical analysis data using the equation 

C(i,l) 

I (i) 

H 

x(i) = T(i) .e(l) / [oCi,l) .~ TCn>], where (4.2) 

n=l 

T ~ i \ = C ( i, 1) . I ( i' , and ( 4. 3) 

the relative intensity conversion factor 

(RICF) , refering to the 1-th chemical con

stituent, 
weighted average intensity of the i-th phase 

calculated from several measured integrated 

peak intensities. 

Remarkable is the use of C(i,1)-s in Eq.(4.2) through 

Eq. (4.3) permitting the conversion of measured intensities 

to phase peLcentages within a group of phases containing the 

---.I 
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sa~e chemical constituent (e.g. gibbsite, diaspore, boehmite 

and corundum containing all aluminium). Within each such 

group (1) one RICF can be set equal to unity by choosing the 

relevant phase arbitrarily as a reference for the very group. 

Subdividing the phases being analysed into as many groups as 

the number of main chemical elements, errors due tc the un

certainties of the ICF-es are not carried over to the next 

subgroup and each group is normalised in itself by an elemental 

analysis. 

The self-consistency of the mineral phase analysis ac

complished by the proposed method can be checked through 

three calculated figures: 

1. The sum of the calculated phase percentages should 

be ~99 %. Undetected material is deemed to be acceptable up 

to 1 %, however, higher deficiencies give rise to suspicions 

concerning serious faults in the identification or the presence 

of significant amorphous content. 

2. The total calculated loss on ignition (LOI) should 

match the measured LOI (determined in air in the temperature 

range 105-1300 C degree) 1). 

J. The calculated effective ICF-s for each phase should 

fall into the range determined empirically for the main 

bauxite components (BArdossy & al. 1977). 

Diffracted X-ray intensities are collected 0n punched 

tapes by a Philips diffractometer equipe1 with automatic 

sample changer. The measurements are made in the 28 range 

5-55° with o.os0 sampling. The data processing is carried out 

on a 16K byte Hewlett··Packard desk calculator programmable in 

BASIC language. 

'*'- ~1 
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The measured intensity data of a set of 38 diffraction 

patterns can be stored on casettes. The files allocated to the 

pattern contain all the data necessary to identify the samples 

and the conditions of the measurement. These files accomodate 

as well the quantities derived in the course of the calcula

tions. 

The data processing is completely automatic. The baseline 

is determined in three consecutive steps: 

a) the measured counts are gathered into groups of tens 

and th~n the average value within each subgroup is 

asigned to the first point, 

b) a set of averages monotonously decreasing with the 

scattering angle is selected, 

c) the final baseline is fitted to those points of this 

£?t which can be connected by straight lines with 

monotonously decreasing slopes. 

The intensities are ~hen corrected for the background 

scattering. The data are smoothed, the location, amplitude 

and integrated intensity of each peak is determined by a 

procedure in which the following conditions must be fulfilled 

for a peak position: 

(i) I(i-1) < I(i) > I(i+l) 

(ii) either three monotonously decreasing counts follow 

I(i) in both directions, or there are at least four 

monotonously decreasing counts in one direction, and 

(iii) the peak localized this way is statistically signi

ficant i.e. I(i) > 3. Vs(i), where I(i) is the 

measured count in the i-th point of sampling and 

B(i) is the corresponding background count. 

Integrated intensities are calculated for single peaks 

by sumarizing the counts from background to backgroun,i in both 

directions, where the observed count is regarded as background 

... _~I 
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if I(i)<3. v;(;}. Overlapping peaks are separated at the 

local minimum points. 

The interpretation and correction of the patterns are 

carried out in an interactive mode. The processed diffractogram 

is drawn by the X-Y plotter on a preprinted form containing 

some information useful for the evaluation of bauxite patterns. 

This includes bars positioned on the 28 scale corresponding to 

the most important reflections of bauxite mineral marks label 

the reflections calibrated for isomorphous substitutions (33 %) 

as weli as the reference lines (*) (Fig. 4. 31). 

The user definiable keys of the calculator are programmed 

to permit the operator a vide variety of easy corrections 

(recalibration of the 28 scale, deleting parasitic peaks, 

defining new ones, reintegration of the peaks, etc.) 

Ne~t the calculator searches for tl~ phases present and 

comes up with a printed proposal of preliminary identification. 

Once the preliminary qualitative analysis has been accepted by 

the operator, the program looks for a complete matching between 

the observed reflections and the data of the phase library. 

In the last subroutine the phase percentages are computed 

in four steps: 

1. The Q(i,j) matrix of Eq.4.1 is modified according to 

the subslitutions determined from the peak shifts (calibra

tion curve e.g. for goethite can be seen in Fig.4.32, the 

others for he~atite, diaspore, calcite, etc, are similar). 

2. Input of the chemical analysis data. It is appropriate 

to analyse bauxites for Al,Fe,Si,Ti,Ca,Mg,S,P,Mn,C and the 

loss on ignition. Because of +:.i1c interference of certain peaks 

it is recornrnandable is some cases to deteLmine ~heroically the 

non-reactive silica, too, which can be taken as quartz. 

Similarly it can be very useful to know separately the re-

'"- ~1 



• n,n_. ---

N;I 

,111rs--·---

""~~---·---~ 

4-73 
"''.;..-...-- -_-:"" 

IC -i .. 

___ i;~ ; 

---"ll!~llf ~'° :- az •. -
llllll{_ -· -: SI -___ _.'.·~··~d!..::::..:.:~=--=--=~-----, ,,.~ _.._ ·. . :::r 

t:•lt- ;fl!!,!,;.•: 

~ ·· .. ~ 
'Dl;I----~ 

hZ II 
Mll ] 

r?i.;1 ... :-'. ~ .... ·"."':'".= 
-----.w,~itiL. - -;.- "!.i!L, ' 

lll~---· -1 ~ - ·--. 

':;~-... -:~= : c;r,;;:•; !'I 

11l:f---

--' ....... 

,1:11;1--.---· ------~ 

I.II 

_j 

w 
...J 
a. 
~ 
<{ 
Vl 

w 
t-
>< 
~ 
co 
<{ 

u.. 
0 

~ 
<{ 

c;; a:: 
. C> 
~o 

.2' 0 
u.. <{ 

a:: 
u.. u.. 
0 
c 
w 
Vl 
\/') 

UJ 

8 
a:: 
a. 
a:: 
UJ 
t
:::> 
a. 
~ 
0 
u 



4-74 

Fig. 4. 32 

THE d111 LATTICE PARAMETER OF GOETHITE AS A 

FUNCTION OF Fe/Al SUBSTITUTION 
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spective amounts of bivalent and trival~nt iron ions. 

If a chemical analysis is r..ot available the program 

proceeds using the ICF-s from the library and a 

~ x(i) = 100 % normalisation. In this case step 3. is 

omitted, but consequently larger errors are likely. 

3. The calculation of phase percentages starts ~.'i th the 

column of the Q(i,j) matrix containing least no~-zero terms. 

The quantitj of this element is distributed among the relevant 

phases according ~o Zq.4.2 in order to yield the percentages 

of mineral components. On the at.her hand the amounts of other 

el e1!lP.nts req•1ired stoichiometrically fer the 

fixed are ~1.Wstract~a from the terms of the remaining columns. 

This procedure is repeated ur.til all chemical constituents are 

handle:d in t•.Jrn. The LOI is not tackled but used for control 

together with the sum of phase percentages and the calculated 

!CFS, which are all derived in this step. 

4. The final table of results is ~rinted, a sample of 

which ~an be seen on Fig.4.33. 

Compl~mentary diffra=tion pa~terna are taken for accurate 

determinations in the following cases: 

(i) If the clay ::nineral is not _kaolinite, the sample is 

treated with glycerine or ethylene glycol to see 

wnether this treatment leads to a shift of the basic 

reflection. 

This eventual shift is also studied an a sample 

heatnd to 500 °c. The patterns are interpreted by 

means of the inter~ationally established keys for 

clay mineral identification. 

(ii) The higher the iron content in the bauxite, the higher 

the average mass absorpiton coefficient and hence 

the limit of detection for individual minerals. For 

this reason, bauxite samples with Fe 2o3 percentages 

; .. 
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ALUTERV-FKI X-RAY LABORATORY 

BUDAPEST, 5.03.79. 

SAMPLE: FEJERMEGYE 

RECORD NO.: 1129 
• 

HEMt".TITE: 2.6 m% Al 2o
3 

d (110) = 2.512 d(llO)st = 2.515 A 

GOETHITE: 22.7 m% AlOOH d(llO) = 4.152 d(llO)st = 4.200 A 

Al 2o3 % Fe 2o3 % Si02 % Ti02 % LOI % Integr.i PHASE % ICF REL.DEV. 

HEMATITE 0.14 7.86 19972 8 .o 0.90 -0.1 

BOEHMITE 27.56 4.86 125 :~8 32.4 1.00 -o.o 
GOETHITE 1.86 9.94 1. 45 210·~5 13.3 1. 41 -1. 4 

GIBBS I TE 11. 29 5.97 22866 17.3 1.69 2.4 

KAOLINITE 9.51 11.20 3.37 10203 24.1 5.29 -0.1 

ANATASE 2.16 9872 2.2 0.49 1. 9 

RUT ILE o. 64 2351 o. 6 o. 61 2.1 

CRANDALL o. 45 0.18 587 1. 3 5.14 0.1 

ADS. H20 o. 36 o. 4 BOEHMITE REF. 

CAL.COMP. 50.81 l';'. 80 11.20 2.80 16.19 99.6 

ANALYSIS 50.80 17.80 11.20 2. 80 16.20 98.8 

Fig. 4.33 
THE FINAL TABLE OF RESULTS IS PRINTED, A 5AMPLE OF WHICH 

CAN BE SEEN ON FIG. 4. 33 
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exceeding 15 % are heated in boilin~ 10 % HCl for 5 to 

15 minutes. We do not aim at a CO:-'plete dissolution of 

the iron minerals, but only at the dissolution of their 

major part. Then a diffraction pattern is again taken. 

Here, owing, to the reduced mass absorption coefficient, 

minerals will be revealed which in the f irts diffrac

tion pattern did not reach the limit of detection (this 

is particularly important in the case of kaolinite and 

other clay minerals) • On the othe~ hand, peaks that are 

covered in the first diffraction pattern by the reflec

ti~ns of iron minerals also become identifiable. 

(iii) In gibbsitic bau.ites, quartz in the order of 0.1 % 

cannot be detected, owing to the interfering effect of 

gibb~ite reflections with the two most intensive quartz 

reflections (100-intensity ut 3.343 ~ and 19-intensity 

at 4.254 R> .In such cases we heat the sample for one 

hour at 350 °c. As a result, gibbsite will decompose, 

ils reflections will disappear and quart~ reflections 

become measurable in the new diffraction pattern. 

(iv) In bauxitic clays, with kaolinite content exceeding 
• 

50 %, the 100-intensity k~olinite reflection at 3.573 R 
usually totally conceals the strongest anatase reflec~ 

ticn at 3.51 i. To identify cnatase unequivocally, the 

sample is heated fer one hour at 550 °c and a new dif~ 
fraction pattern is made. In this pattern, the hitherto 

covered anatase reflections appear, since kaolinite is 

decomposed in the course of the heat treatment. 

Recourse to thermal analysis is made first of all to 

check or complete the results upon aluminium bearing minerals. 

On the basis of an example the thermal procedure will be 

discussed for a bauxite sample containing gibbsite, boehmite, 

diaspore, kaolinite, quartz and alurnogoethite. The DTG and 

TG curves of this bauxite and of three red muds obtained by 

digesting at three different temperatures are presented on 

Fig. 4. 34. No OTA curves are presented since for this actual 

case they offered no additional information and the selectivity 

·Z 
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DTG AND TG CURVES OF A MIXED BAUXITE AND 
OF RED MUDS CBTAINED ~EE DIFFERENT 

DIGESTION TEMPERATURES 
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of the DTG curves proved to be better. 

Identification of the constituents was not u.~equivocal in 

the bauxite derivatogram (A). As a result of digestion at 140 °c 
for 1 hour \R) gibbsite was removed and the kaolinite converted 

into sodium aluminium hydros~licate. One hour digestion at 

210 °c resulted in the dissolution of boehmite. Finally by 

adding 4 % Cao and digesting for l h at 240 °c diaspore was 

partially dissolved (D) . 

The procedure for calculating the mineralogic composition 

starts with the evaluation of Fig.4.34-C. From this the diaspore 

content is calculated. This value is then used to determine the 

diaspore content of samples B and C, based on their Al 2o 3 con

tent. Subsequently the boehmite percentage is determined for B. 

The boehmite and diaspore content now being known, the kaolinite 

content in sample A (i.e. the initial bauxite) can be calculated. 

The alumogoethite percentage and the composition of this mineral 

can be calculated in samples B and C. From these data the alumo

goethite and gibbsit.e content of the bauxite is calculated. 

Finally the mineralc1gic composition of the bauxite is found 

to be: 

6.4 \ 'Weight less Gibbsite 13.2 % A1p3 

1.4 % teight loss Al~thite 1.1 % Al203 8.9 % Fe2o3 
~.35 % teight loss Diaspore 13.3 % A1p3 
3.25 \ weight loss Boehmite 18.4 % A1p3 
1.1 % teight loss Kaolinite 3.1 % Al203 3.6 % Sio2 

The limit of detectability is somewhat lower in diffracto

metry than in the thermal analysis for almost all bauxite mi

nerals. However, amorphous organic matters cannot be detected 

by X-rays, while the derivatograph reveal~ its presence even 

in concentrations as low as 0.1 % C . Similarly, absorbed 
01g 

water the amount of which is usually 0.2-2.0 % in bauxites, 

can be measured only by thermal methods. The higher, the 

1 
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percentage of absorbed water is the more porous and fine grained 

the bauxite will be. On the other hand, it can be duely sus

Fected that such water is mainly absorbed by iron and manganese 

minerals, because samples treated with hydrochloric acid in

dicated lower percentages of absorbed water than the: original 

ones. 

IR absorption spectrometry has also its own merits in 

a quantitative phase analysis. It has to be mentioned that 

very small (2.5-3.0 wg) quantities of material are sufficient 

for a KBr pellet sample thereby permitting the separate study 

of smaller textural elements. The verification of the extent 

of isomorphous substitution determined by diffractometry can 

be accomplished, too. Further to the case of al.umogoethite 

ctlso ferridiaspore and ferriboehmite ~an be checked. 

Experiments performed with the aim to determine the limit 

of detectability of gibbsitu, boehmite, kaolinite, diaspore and 

goethite gave the following data: 

mineral 

gibbsite 

boehmite 

di as pore 

goethite 

kaolinite 

limit of detectability by 
IR absorption spectrometry, % 

3-4 

2-3 

> 10 

> 10 

2.5 in boebmitlc bauxites 

3,5-4 in gibbsitic bauxites 

5 in d:i..asporic bauxites 

... _ ~1 
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Finally the limit of detectability can be reduced below 

2.0 % for all bauxite components and i~ around 0.3 \ for ~he 

!Rost important ones if the reconmended complex method, selec

tive dissolutions and complementary techniques are exploited: 

Mineral 

Illite 

Chlorite 

Halloysite 
v--1:-:.a..-
.&'avi..1..1.1..1.. .. c. 

Chamosite 

Corundum 

Dias pore 

Gibbsite 

Boehmite 

Maqhemite 

Marcasite 

Pyrite 

Ma9netite 

Hematite 

Goethite 

Siderite 

Dolomite 

Calcite 

Quartz 

Ru tile 

Anatase 

Zircon 

Limit of detection 

usin9 the basic 
methods, % 

2.5 

2.2 

2.0 
1 r: ,. . _, 

1.2 

0.5 

0.5 

0.5 

0.5 

0.4 

0.4 

o. 3 

0.3 

0.3 

0.3 

0.2 

0.2 

0.2 

0.2 

0.1 

0.1 

also makin9 use 
of complement.aty 

methods, \ 

2.0 

1.8 

1.5 

1.0 

1.0 

o. 3 

0.3 

0.4 

0.3 

0. 3 

0.1 

0.1 

0.1 

0.2 

0.2 

0.2 

0.1 

0.1 

0.1 

0.05 

0.05 

0.05 

The error of the analysis is about + 2 % rel. 

' ., 
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A solid is referred. to as heterotypic i£ its. different 

:,r.ysical, chemical or structural parameters can not be speci

: ied by -'i single numerical val..u.e hU:C as. spread our in. a more 

rr loss wide range with some kind of characteristic distribu

tion. In order to describe.. sampl e.s correctl..y i.t is thus nee-

t.!SSary: 
a) to define exactly ' '1e parameter used for this purpose; 

(One can chose priJJiaJ:y meas~ li.k.e particl.e size, 

chemical composition, lattice dimensions, etc. or se

condary (derived) ones like IR absorption frequencies, 

the widths of X-ray reflections, etc.), 

b) to give the average value of the chosen parameter, 

and 
c) the distribution of measured.values around this aver-

age. 

Heterotypism is an almost inevitab.l..e~ general. feature of 

solids. Homotypism occurs in nature v~ry scarcely and can be 

~··t:ieved in synthetic materials only by extreemly careful con

L r0l of the preparation. 

We are talking about the individualism of a sample regar

ded as uniform because it had been collected at a certain site 

or prepared in a well defined manner if its studied parameter 

exhibits a different av~rage value or a different distribution 

around the average th~n a reference sample of the same solid 

species. 

From the above definitions it is clear that the recogni

tion as well as the distinction of heterotypism and individua

lism depend partlJ on points of views partly upon tne accuracy 

and resolving power of the instruments used for the investiga

t ion of solids. 

If a sample is regarded as integral entity it might by 

possible to study its heterotypism provided we dispose with 



4-83 

methods delicate and reliable enough to determine the distri

bution of any parameter or to reveal minor differences existin~ 

between the parameters measured in various fractions of the 

very sample. 

If certain samples are separate1 from each other, similar

ly accurate analyses can prove their individualism. As the ex

perimental technique of scientific research develops individua

lism ic:: speci1.ied more and more frequently and precisely. E.g. 

the structural variability of boehmite samples could not be de

tected by measurement of the diffracted integral i~tensities, 

however, the more advanced pattern-fitting structure refinement 

seemed to be successful in this respect. 

As already pointed out during the discussion of the most 

frequently used methods of mineralogical bauxite analysis, 

i.e. X-r~y diffractometry, thermal-analysis and IR spectrometry, 

the calibration parameters are dependent on this individualism 

or in other words on the origin oi the sample. These "mineralo

gical errors" give 1nore frequently than not the dominant 

uncertainties before the instrumental or methodic errors. 

B!rdossy and his co-workers (1977) pablished data concern

ing the range of intensity conversion factors (ICF) to be used 

in X-ray diffractometry: 

Mineral range of ICF 

boehmite l* 

gibbsite o.s - 1.2 

di as pore 0. 9 - 1.2 

kaolinite 1.4 - 8.0 

hematite o. 5 - 4.6 

goethite o. 8 - 4.5 

anatase 0. 3 - o. 7 

* arbitrarily selected reference 

' . 4 
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It should be noted that the individualism of some 

minerals has a very prominant influence on the ICF, e.g. for 

kaolinite the ratio might be 1:5, for hematite 1:9 and for 

goethite 1:6. Thus mineralogic quantitative phase analysis 

based on ICF-s can be accurate only if these are determined 

specifically for each d£posite. This is done either by means 

of standard minerals from the region is question, or if such 

samples are not at disposal, by comparing the X-ray results 

with ~omplete chemical analysis and derivatograms, IR results 

or any other independent evidences ar.d performing correcti~ns 

in order to gain self-consistent results. If long suites of 

samples are analysed in this way the mean value of the ICF-s 

can be established accurately enough to be applied in ~t 

rueasu.rement.::> of ~dlnple~ f.t·om t.he very deposite. 

Similar phenomena appear in IR absorption spectrometry 

and this fact led J6n!s and Solym!r (1970) to the introduc

tion of the "relative intensities" which are less sensitive 

to individualism. 

Rather substantial heterotypism is exhibited by the 

X-ray half-width of boehmite samples as deDK>nstrated on 

Fig.4.35. Heterotypism is re~resented here by the fact that 

the plotted parameters are not constant for the separated 

fractions. Individualism results in different curves for the 

sampl.es from various locations. 

Another interesting example of significant mineral 

variability is whown in Fig.4.36, where the shape of the 

X-ray reflection of some goethites is represented. 

Everything mentioned above has serious consequences for 

the reseach and development activity aiming at the improve

ment of the phase unalysis. This sets as a crucial task the 

study of real structures, the eludication of relationships 

existing betwee~ some well measurable paramters and the 

... _~I 
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WEIPA 

u.. u.. ~ 
~>; 60 ·------r----r-----P------1~ 
-j - I I r • 
~)( t 2 3 
...J w ORIGINAL BAUXITE 
I.I.I x ext-

Fig.4. 35 

THE RELATIVE BREADTH OF THE 020 X-RAY 
REFLECTION FROM THREE BAUXITES. 

THE ORIGINAL BAUXITES AND SOME FRACTIONS 
WERE MEASURED AS MARKED ON THE HORIZONTAL AXIS 
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d= 2424l 

dz 244Sl 

Fig.4. 36 

X-RAY DIFFRACTION TRACES OF GOETHITE IN BAUXITE 
I A- D/ AND MUDS /E.-J/ SHOWING VARIATIONS IN 

ALUMNIUM SUBSTITUTION 
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conversion factors used in almost all analytical methods. The 

ideal state would be if correlation could be found between 

well measurable features and the actual values of the 

calibration parameters. Such trial is in the field of X-ray 

diffractornetry to use the lllO I llll intensity ratio to 

select the appropriate ICF for kaolinite. 

A systematic work has been started to determine the 

structural variability of boehmite (Farkas, Gad6 and Werner, 

1977). Using several accurate methods it was proved for 15 

samples from widely dispersed locations that the ICF of 

boehmite does not change significantly (despite the fact that 

there are some definite changes in the stuctural parameters). 

Therefore 1 as a 

reference in the bauxite phase ai1alysis. 

3. MINERALOGICAL INVES'i'IGATION r;o RED MUD 

Since the basic mineralogical methods applied tc red mud'.; 

are identical with those described in respect of bauxites 

only the special features characteristic f0r red muds will be 

emphasized in this section. 

Fig.4.37 shows typical scanning electronmicroscopic 

images of a red mud and its components. 

From the technological point of view the determination 

of all components of red mud is essential. However, measurement 

of the aluminium containing phase3 is of greatest importance. 

These phases include: 

···-"'I 
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Fig. 4.37 

A. 

RED MUD 300° 

B. 

CANCRINITE 

C. 

C03-SODALITE 
10000 x 

SCANNING MICROGRAMS OF A RED MUD/A/ AND 
TWO OF ITS SIGNIFICANT COMPONENTS: 
CANCRINITE /B/ AND C03 SODA LITE /CI 
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a) the group of aluminium minerals left undigested, e.g. 

boehmite diaspore and partially substituted iron 

oxides, 

b) the phases formed in the reaction cf silica with 

aluminate liquor, i.e. sodalites and cancrinites, 

c) gibbsite formed by hydrolysis of the r~d mud, 

d) calcium aluminium silicates formed corresponding to 

equilibrium conditions in the presence of lime. 

The measurement of residual boehmite in the red mud is 

a suitable tool for checking the operation of the digesters. 

On the other hand if digestion is carried out under strictly 

defined conditions, the amount of boehmite in the red mud may 

serve as a measure of crystali'.nity, or may indicate stability 

of structure due to other causes, e.g. foreign ion doping. 

The determination of diaspore and aluIOC>compounds like 

alumogoethite, alumohematite and alumomaghemite allows to 

calculate the difference between theoretical and practical 

yields. 

The measurement of alumlna in sodium aluminium hydro

si l~cates permits to determine the combined and inevitable 

los:>es. 

Determination of calcium aluminates allow~ to fix 

optim~~ amounts o~ Cao to be added during dige£tion. 

Besides aluminium containing phases of primary importance, 

the determination of iron minerals - goethite, hematite, 

maghemi t.? - should not be neglected, since aluminium in

corporated in these minerals can be calculated exactly only 

if their percentages are known. On the other hand, the goethite 

and hematite contents and their ratio yield valuable informa

tion on settling properties. 



4-90 

Three methods are being used currently for phase analysis 

of red muds: X-ray diffraction, derivatography and IR spectro

metry. 

All three methods are suitable for dete~"1lli.ning the phase 

composition of red muds. However, if only a single method is 

to be applied, X-ray diffraction is doubtlessly the one that 

yields most information, since it allow~ fastest detection of 

~h~ largest nwnber of constituents and - with the exception of 

one or two phases - the limit of detectability is for this 

metho<l the lowest. 

The absolute values are less defined when IR spectrography 

is appliP.d., since excitation greatly depends on the degree 

of ~rystallinity. Also, the percentage and nature of foreign 

ions incorporated by isoltV'>rphous substitution substantially 

affect extinction. However, for the very reason that band 

widL~ depends on crystallinity to a large extent, IR spectro

metry, though less suited for exact quantitative determinations. 

yields highly valuable information in cases when red muds 

obtained in the same technological process from bauxites of 

different origin are being compared. 

Percentage~ can also be cetermined by derivatography. 

It must be admitted that this method is more influenced by 

the phase composition than diffractometry, since the values 

are liatJP. to become less distinct owing to superpositions of 

the peaks. 

~onetheless, certain phases will be particularly well 

determined by one or the other method. Thus, gibbsite is 

detectable by IR 3pectrography even when present in traces 

only. Similarly, In spectrometry permits to determine kaolinite 

in the solid mat~rial sl~rries desilicated before digestion in 

pe~centages as low as 1 %. This fact is of great importance, 

ber.duse X-ray diffraction allows to determine kaolinite only 

·~- "41 
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wren its quantity exceeds 2 %, whereas if desilication of the 

slurry is satisfactory, the resulting red mud will contain 

only 1-2 % kaolinite. Also kaolinite often exhibits flat, 

broad reflections, while its IR bands are always very in

tensive, independently of the crystallinity of the other pheses. 

De~ivatography is particularly suited for det~rmining 

absorbed and combined water as well as gibbsite formed by 

hydrolysis of the red muds. In addi~ion derivatography has 

the advantage that it is suitable for the determination of 

amorphous phases and that the shift of peaks indicating water 

release offers information concerning the stability of the 

internal structure. 

Thus the three methods effectively c0mplement each other. 

X-RAY DIFFRAC'l'OMETRY 

Qualitative identification of the crystalline rhase~ are 

being carried out using the PDF cards. If coincidences occur 

the relative intensities and reflections free from inter

ferences should be taken into account in course of the inter

pretation. 

The mineral components of rerl muds can be classified in 

the following manner: 
a) minerals deriving fro~ the p3rent bauxite; 

11ncha!'lged aluminium-oxy-hyd.coxides (boehm.l.te and 

diaspore) 
- iron minerals (hel'lati te, goethi te, lepidoci·oci te, 

11.monite} 
- unaltered accesr,ory phases (rutile, anatase, pyrite, 

calcite, dolomite) 

• 

'-~ 
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b) phases formed in course of the Bayer pro~ess: 

- hydroxy sodalites 

- titanium oxy-hydrate gel 

- NaHTiOj 

- gibbsite 
c) phases produced during the caustisation of red mud 

- calcium aluminium hydrosilicates 

- tricalcium aluminate 

- Ca(OH) residue 

The following data are used for tilt~ identification of 

the most frequently occuring phases: 

Component 

Gibbsite 

Boehmite 

Dia spore 

Quartz 

Dolomite 

Calcite 

Anatase 

Ru tile 

Goethite 

Alumogoethite 

Hematite 

Al ·..unohe::nati te 

Maghernite 

Sodalites 

C"incrinltes 

Calcium aluminate 

(3 Ca0.Al 2o3 .6 H20) 

Calcium titznate 

(CaO.Ti02) 

d ci> value of 
the diagnostic 
reflection 

4.83 

6.11 

3.98 

3.34 

2.88 

3.04 

3.51 

3.25 

4.17 

2.45 

2.69 

2.51 

2.51 

6.30 - 6.38 

4.61 - 4.70 

5.16 

1.91 

FDF card number 

12-460 

21-1307 

2-0355 

S-0490 

11-78 

5-0586 

21-1272 

21-1276 

17-536 

17-536 

13-534 

13-534 

25-1402 

20-1070 

20-257 

3-0125 

9. 365 

•• 

·~~I 
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For sodalites and cancrinites a range of d values has 

been published since the nature of salt impurities and anion 

concentration in the uigesting liquor, as well as digesting 

temperature and the molar ratio of the digesting slurry have 

a great effect on the nature of the sod~lite and cancrinite 

forr.1ed, namely whether t~e product will be hydroxide, chloride, 

carbonate or aluminium sodalite, normal or basic cancrinite, 

respectively. All these factors will influence the d value at 

which the reflection of the mixed crystal wi U appear. In 

additior., d values for sodalites an~ cancrinites may also 

change owing to structural reasons. The channel like structure 

characterizing these phases allows the incorporation of 

fcreign ior1s, which in turn results in a shi f>: of the d v.ilues. 

Shifts due to such causes or to isomorphous su~stitution have 

not been listed, s~nce th= extent of the shift is Jlways a 

function of the d~gree of substitution. Note that th'..s phenome

non can be substantial also in the case of 3 CaO.Al 2o 3 .6H 2~ 
and C3Ti0

3
• 

The following observations and experimentallv established 

facts can serve ~s a basis aiming the phase analysis of red 

iuds: 

(I) In order to control the efficiency oi certain 

techn0logical opP.rations, e.g. digestion, the knowl~dg1 of 

the complete phase composition of red mud is not always 

necessary. The determination of e.g. boehmite or gibbsita, or 

some other single phase may be s~tisfactory. Therefore a 

method is required permitting the determination of any con

stituent in itself, too. 

(II) The decisive factor affecting the c~ystallinity of 

the phases of red mud is not crystallinity of the bauxite, 

but the conditions under which the red mud w~s produces, first 

of all the tempe1·ature at which di<;estion was carried out. 

(III) Changes in cryst3llinity will manifest themselves 

in chang~s of peak heights and areas, resp .. of the reflection~. 

Tu eliminate this factor it is indispensable LO use a 

1 
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crystallinity reference. We found hematite best suited for this 

purpose, partly, because it always appears in a well crystallized 

form, and partly, because it is the only phase present in large 

amounts which does not react with aluminate liquor. In the case 

of red mud, aluminium minerals are unsuitable for this purµose. 

(IV) Changes in digestion temperature affect the 

crystallinity factor of all irdividual phases of the ma:erial 

to the same extent, even ~. f some of the phases undergo quanti ta

t i ve changes in the course of digestion. For exareple, much more 

cane inite than sodalite is formed in a digestion at 260 °c, 
while in a digestion at 200 °c the proportions - providing 

identical conditions and excluding the possibility of Cao 

excess - will be shif=ed towards sodalite. However, crystallinity 

of both cancrinite and sodalite formed at 260 °c is substantially 

ard to the same extent higher for both minerals, than when 

formed at 200 Ve. A similar change has been rbserved in the 

proportion of goethite to hematite as a function of digestion 

t:?mperature. 

(V) Findings of other research works connected with the 

formation connitions, appearence and structure of sodium alu

minium silicates can also be utilized. Such findings were: at 

180 °c only sodalite, at 230 °c sodalite and cancrinite, at 

higher tempeatures (240 or 260 °c) cancrinite or - derending 

on the molar ratio of the liquor - cancrinite and sodalite are 

formed. Alumina to silica ratio in cancrir.ite was always 

found to be 1:2, i.e. no excess Al 2o 3 was incorporated. For 

sodalite, this ratio was 1.09 to 1.10. Based on these ratios 

the determination of one of the co~stituents combined in 

sodalite or cancrinite - preferably Al 2o3 - allows the calcula

tion o~ Si0
2 

percentage. Sodalites formed under the conditions 

of the Bayer cycle can be characterized by the overall formula 
2- 2- -

3(Na
2
0.Al

2
o

3
.2Si0

2
)Na

2
X.aq, where X is co 3 , S0 4 , 2Cl , 

2.11.10;, 20fl-, or a mixture of these anions, corresponding to 

actual concentration and temperature conditions. Normal and 

b~&ic cancrinite is also characterized by this overall formula, 
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2- -where X is co
3 

or 20H . 

When technology is stable, the proportion of the listed 

anions, and consequently the composition of the sodalites 

formed, remains practically unchanged. If the salt level 

changes, the reflections will shift owint to changing com

position, but no changes will be observable in their heights. 

If the silica content in the bauxite increases (but remains 

identi.::al is type) and the salt level remains unchanged, the 

composition of ~odalites and cancrinites will remain unchdnged, 

but their percentage will change. 

Based on these experimental findings, the sodalite and 

cancrlnite content of red muds can be characterized by the 

alumina content, independently of the anions(s) taking part 

in their formation. 

THERMAL METHODS 

Thermal data for minerals which are common components of 

bauxites and red muds ~nd hav~ been discussed already will not 

be repeated here. Diagnostic data for some typical red mud 

components are given below: 

Phase 

Sodalite 

Ca-Al--Silicate 
hydrate 

ca-Al-Silicate 
hydrate 

Formula 

l,3Na20.Al2o3.l,7Si02 
1,7 HP 

~ao.A1p3 .2Sio2 
4 HP 

~ao.~1io3 .2Sio2 
2 H20 

calcL.nn hydroxiae ca COO) 2 

Component 
lost 

1,7 "P 

Peak 
temp. 

360-300 

360-300 

510 

350 

Temp. 
range 

100-400 

280-440 

47Cr550 

280-420 

·-.. _~I 
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Results of derivatographic studies upon sodium- and calcium

aluminium silicates can be sununarized as follows: 

The -~=ium aluminiwn silicates formed in course of the 

Bayer process e.dlibit sodalite structure with an 0.8~6 nm 

anit cell. Due to the presence of carbonate, sulphate and 

cloride compounds in hjgh concentrations - as already stated -

the overall formula of the sodalites can be writtP.n as 
2- 2- -

3(Na
2
0.Al

2
o

3
.2Si0

2
)NaX.aq where X may be co3 , so4 , 2Cl , 

20H- or a mixture of these anions. When the digestion is 

performed at 210-240 °c the calculations are recommended to 

be carried out actually using the formuls: 

(1.<:rl.3)N~o.Al2o3"1. 7Si02.l. 7H2o. Fig.4.36 shCMS derivatograns of 

sodalite and carbonate sodalite produced by the digestion of 

kaolinite. It may be seen that the water loss is 10 % in the 

temperature interval 100-400 °c and the exothermal reaction 

characteristic for the formation of nepheline mayoe observed, 

too. co
2 
escape~ at 800 °c. Cao transforms the sodalite 

during caustization to calcium aluminium hydrosilicates 

p0ssessing the formula 3CaO.Al2o 3 • (l-2)Si02 .C2-4)H 2o. 

Tricalcium alwninate losses 4 mole water at 320 °c.peak 

temperature and 2 mole water at 520 °c, while the hydrosilicate 
0 

of the above formula dehydrates at 320 C. Water loss of non-

-reacted Ca (Off).
2 

being present in excess occurs at 520 °c. 

Titanium oxyhydrate produced by the digestion of anatase and 

metatitanate precipitation lose their zeolitic water of 

about 12 % between 100 and 300 °c. Being aware of these 

relationships it is possible to determine by means of 

derivatography the approximate quantities of both sodium 

aluminium silicate and calcium aluminium silicate as well 

as the efficiency of ~austization. 

. .._ 
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IR SPECTROMETRY 

It has been explained in respect of the quantitative IR 

phase analysis of bauxites that synthetic minerals or mixtures 

prepared from pure concretions cannot be used for the con

struction of calibration curves since the intensity (extinc

tion coefficient} if the infrared bands of these may con

siderably differ from t~0se of the minerals found in bauxite. 

Therefore the calibration must be accomplished with standard 

bauxite samples of known phase composition, originating from 

the same or similar area as the sample to be analysed. 

Taking into account the above principles in the case of 

the analysis of red muds too, the calibration curves can be 

established on the basis of mixtures, containing r~d mud orig

inating from the industrial processing of the relevant bauxite. 

The amo~nt of the undissolved boehmite and that of the hydrar

gillite formed by hydrolysis in the red U1Ud as well as the 

kaolinite content of the desilicated slurries is - in ~he case 

of normal operation - only a few percent. Thus from that point 

of view it is important to detect these minerals even in low 

concentrations, and it was proved that this is possible using 

IR spectrometry (J6nAs, SolymAr and OrbAn, 1974). 

The calibration curve for the determination of boehmite 

based on its O-H stretching vibration band at 3100 cm-l is 

shown in Fig.4.39. 

The quantitative deterwination of kaolinite can be based 

~n the 3700 cm-l 0-H stretching band. The other characteristic 

band (917 cm-1), which is suitable for quantitative analysis 

in the case of bauxite, is now disturbed by the strong ab

sorption of sodalite ard cancrinite. 



4-99 

The quantitative determination of hydrargillite can be 

carried out on the basis of the 3455 cm-l or the 3530 cm-l 

O-H stretching band. The calibration curves can be constructed 

with the same mixtures as used for the boehmite calibratior~. 

Cancrinite has three infrared bands which do not appear 

in the sodalite spectrum, namely the bands at 560, 625 and 

1105 cm-1 . The 560 cm-l band is not suitable for the analysis 

of cancrinite in red mud because it coincides with a strong 

hematite band. Calibration curves based on the 625 and 1105 cm-l 

bands, respectively are reproduced in Fig.4.40. 

In the spectrum of pure sy~thetic sodalite (prepared in 

laboratory) there are two bands that do not overlr.p with the 
-1 

cancrinite bands (720 and 740 cm ), thus in principle it is 

possiblP. to dete£mine also th~ sodalite by a direct IR method. 

The infrared spectra of several industrial red mud samples 

have been studied and aithough this sarr.ples did contain 

sodalite the above mentioned two hands hardly appeared, if 

at all. It is very probable that sodalites of intermediate 

structures were presen~. Synthetic sodalites prepared in 

laboratory in the presence of various additives gave the 

720 cm-l bands intensively only in the case of chloride 

sodalite. 

During the Bayer process alurnogoethite gets into the 

red mud unchanged (unless special leaching conditions are 

opplied). Consequently in the spectrum of red mud the maximum 

of goethite band a~ound 800 crn-l appear.s shifted to 820-830 crn-l 

and its intenzity seems to be very low. For this reason and 

because the intensity of this band depends strongly on the 

aluminium content of goethite, this band is not suitable for 

quantitative analysis. Nevertheless, the wavenurnbzr at w~ich 

the peak appe~rs is characteristic for the alumini~rn content 

of the gocthite, thus it gives information upon on~ of the 

factors of aluminium loss in the Bayer pr~cess. 

I <_ *ii!l. 
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QGANTITATIVE PHASE ANALYSIS OF RED MUDS 

The method of computer aided diffractornetric quantitative 

Jnalysis can also be used for red muds, however, it fails if 

serious uncertainties exist as regards the chemical compos_tion 

of the crystalline components. 

The final data should be fixed by the complementary use 

of X-ray diffractometry, IR spectrometry and ~hermal analysis. 

The particular merits of these methods were underlined in the 

corresponding sections. 

The following limits of detection can be stated for the 

crystalline phases of red mud when the discussed methods are 

being applied: 

Phase 

Gibbsite 

Boehmite 

Soda lite 

Cancrinite 

Goethite 

Hematite 

Diaspore 

Chamosite 

Quartz 

c~lcium aluminate 

Calcium titanate 

Maghemite 

Limit of detectability 

0. 3 % 

0.3 % 

1 % 

1 % 

l % 

0. 5 % 

0. 5 % 

1 % 

0. 3 ?; 

l % 

0. 5 i 

1 % 
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4. MINERALOGICAL INVESTIGATION OF ALUMINA 

Alttiough the alumina (being the end product of the Bayer 

process is not a natural mineral but a synthetic material 

gained by the CJlcination of aluminium trihydrate, it can be 

well characterized using some mineralogic techniques. 

The main crystalline component of the Bayer alumina is 

normally corundum (alpha-Al 2o3) • The percentage and grain

size/shape of this depends upon the temperature of calcina

tion and the additives, if any. Other constituents are 

sodium-beta-aluminate, gamma-Al 2o3 and amorphous alumina. 

OPTICAL METHODS 

h very simple, inexpensive but rather time consuming 

reethod is based on microscopy. After staining alumina by 

methylen blue the corundum particles can be easily distinguish

ed under the microscope. The alumin~ powder must be dispersed 

on a slide glass and a raster is the field of view aids the 

systematic evaluation of a large number of particles. A 

mechanical counting device can render the bookkeepi>".g of the 

counts reliable and effective. 

Scanning e:ectronmicrosco~ic images, of cour~e, can be 

analysed similarly. However, the corresponding sophisticated 

instrumentation costs several oreere of magnitude more than a 

simple optical microscope and count register. 

X-RAY DIFFRACTION METHODS 

Ref erring to alumina studies the share of X-ray photo

graphic techniques may be equally important as that of 

diffractometric measurement~. This is due partly to the 

circumstance that alumina has very low iron content and, 

therefore, th~ use of a reflecte1 b~am rnonochromater is not 

... _~I 
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necessary. Another reason is that Guinier type photographs 

yield ac:urate powder data within a short time using very 

small samples. 

Photometric evaluation of such films can lead to quan

titative phase determination after appropriate calibration 

procedures. 

However, measurement of corundum percentages can be 

accomplished faster by means of diffractometry. This is 

especially valid for "normal" alumina produced without 

additives and calcined at a temperature not higher than 900 °c. 
For this material the measurement of a single reflection seems 

to be sufficient. Using pulse counting procedure the inte

grated intensity under the peak is measured and corrected 

for the background scattering measured at both side& of the 

reflaction. 

The calibration of this intensity as a function of 

corundum content can be carried out using synthetic mixtures 

of known composition. For accurate measurements it is ~Jsti

fied to control the counts obtained from standards embracing 

the compositional range represented by the unknown samples in 

each series of determinations. The error of the corundum 

percentage ootained in this way is lower than + 2 % arid only 

a few minutes of time is needed per sample (the more samples 

are controlled in one cycle the less the share of an individual 

measurement) . 

When the alumina had been doped or calcined at elevated 

temperatures exceeding 900 °c difficulties appear concerning 

the effects of preferred orientation. Although several pro

posals have been put forward to remedy this situation, no 

perfect solution is known yet. 

·~- "41 
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