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1. I!\l'RODUCTION 

Alumina production, like any other technology, requires 

evaluation of the raw material, the intermediates and the 

product. 

This evaluation is based on chemical, physico-chemi~al, 

~ineralogical and morphological analysis as well as tests 

of technological character. The knowledge of the principle 

and practice of these methods is essential for alumina 

technologists. 

The objective of this volume is to cover theoretical 

background of and ins true t ions to laboratory investigations 

in alumina production. 

The ore LicaJ background ~i ven in the text as "PRINCIPLES" 

covers the required basic knowledge for understanding a 

particular method, with the admitted objective of brushing 

up and not o! !.:nmprehens ion. 'l'he secrJi\tl part of the 

chapters gives "EXPERIMENTAL" details, materials, apparatus, 

etc., whilst the third one gives detailed "PROCEDURE" to 

foll ow carrying out certain experiments. Due to the 

diversity of the field covered, inspite of the editors 

best endeavour to keep this structure throughout the te~t, 

there are certain deviations fro~ it. 

This volu~e is a revise~ edition of the Laboratory ~anual 

of a previous joint UNIDO/HUNGALU group training held tn 

Budapest, in 1979. 

lt is necessary to provide a comprehensive guide lo the 

~horter group trainjng for alumina tcch11ologjsts than 
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that of t:1e one organj.zcd in 1979 for people of a wider 

field of interest. Due the shorter period of time available 

for laboratory practices, certain investigations cannot be 

completed, however, candidates are supplied with data of 

earlier experiments • 

For practical reasons, certain tables, forms, graphs, 

though part of this manual, are filed separately. 

We believe, this volume will somewhat contribute to the 

UNIDO's noble objective of "promoting the establishment 

and development of aluminium industries in developing 

countries by facilitating the transfer and adaptation of 

technology and the disseminatiol'l of technological 

information". 

Editors 
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2. LABORATORY SAFETY 

In compiling the present guide ou:.: objective has been to 

give safety engineering and fire protection information in 

accordance with the characteristics of the research field of 

our Institute. 

Our Institute is a dangerous plant by nature. The different 

chemical substsnces spell danger in addition to the machinery 

and equipment. These dangers can cause accidents, fire or 

other harms if th~y are not kr.own and the different rules are 

not complied with /t?,chnological rules, preventive mcascres 

and other safety engin~ering ~nd fire protection instructions/. 

Instructions for firP protection 

The charactf~ristics of our InsU t11tc bring al.Jout fire hazard 

as Wf'l l. The inflanunability of the suhstance~ and solvents 

used in th~ experiments and research work is different. Also 

the rules of the work to be carried out with them are varying 

accordingly from the point of view of f irc protection. 

The fire-service should get to know of the cast's of fire as 

~oon as possible. An alarm in due time ensures rapid 

intervention and efficient fire-fighting. Everybody is 

obliged to report observed fires and even extinguished fires. 

At our Institute ther~ are a two kinds of fire-alarm: 

by telephone, dialling Ci5, ttic telephone number of the fire 

service /outside line/, or by calling t!w portcr'H lodge of 

the Institute /domc~tic line/. The latter iH to be cnrri.<~d 

out by diullin!! the number 2~6 aml rrporling the following 

data on the case of fire: 



a./ \d10 reports the Jirc /the name of th1• caller/, 

b./ where did the fire brrak out jthc placf' of the fire/, 

c./ hhat kind of material is burning, 

d./ is there life-danger or not, 

e.i what is endangered /a cooling centre or sonte other 

p l ant i n the vi c in i t y / • 

The fi 1·ps and burning chemical substances must not be 

Pxtinguishcll with watc1·. 

• 
The fire extinguishers in the plant~ 1 premises and corridors 

are suitable to extinguish every kind of fire. -It must be 

rcmc~mbercd: they should not bf' used on a burning man! 

,\t our Instttutc carbon-dioxide, dry clwmical and gas 

extinguishers urc used. 

111<: huruin~ person is either pL1c<'d uwlf~r all emergency 

sho>•er aml tl1c water is rtlll over him, or i!:I ~·rapped tightly 

into <u1 extim',uishing hL111ket and hindcn~<l fr·om running. 

l t is expcd i en t to take off burning c I otlws. After 

<'Xtin!!uishing t•1e 1'i1·c, the person 1mrnt be taken to a 

doctor. 

T11c PXt iuguishing of sol.VP'It fires DIU:it always start at 

the cd~e of the fire, ~raclually progreflsing towards the 

seat of the fire. In r·as e of fires in c I us <'cl prcm is cs was tc 

~a::t poboning and anoxia must bo tnkcn into consideration. 

Fires of electric >rigi11 can hP extilll!,Ui~hed after cutting 

off the current. The regularly used fire extinguishers arc 

s u i ta I> l c for ex t l n ~ u i :i h i n ~ c l c e t r i c" f i rn u • 
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Rules for laboratories 

Rules, instructions a~d preventive measures must be put 

into force with a view to prevent accidents, poisoning 

and fires. The provisions of the preventive measures are 

obligatory for everybody - staying or working in the area 

under the ruling of the preventive measure - alike. The most 

important rules regarding to laboratories will be surveyed 

as follows: 

only the persons attached to the laboratories as well as 

the persons entitled to supervision may stay in the 

labora torics, etc. for run11ing thP, job. Unauthorized persons 

arc forbilldcn to stay there. Aft~r working hours nobody rnay 

remain there - except if he is particularly given orders to 

do so by the leader of the laboratory •. .\ single person may 

never work aloue in a labQra tory. Those \\-orkcn:> may be assigned 

to laboratory work who know all the peculiarities of the 

l abora tor y in r1ucs t ion: the labour processes carried out 

there, the equipment, the place of \\atcr, steam, gas, and 

electric disconncctor·s, <';ncrgency ventilation and lighting 

switches ancl can intervene in case of 1wPcl, i.e. cnn 

ope r·ate /turn on and off/ them, they know tlH' fire alarm 

and other alarm devices, they know how to use manual 

extinguishers and can act with the necessary competence in 

case of fire, accident. 

lt i3 essential that the mcan!i for allcviat.i11r_i; lhc 

consequences of the accidents that he.id tali.1~11 pl ace l:c at 

hand. T!le first-ajd box should always he fillccl with 

materials necessary f')r first aid and th<'re sho11ld be an 

cxpc1·t voluntaq: amhulancc worker in the L1hot·atory. Eyc

baths must b1~ i11troduc<•d: in case of acid ~ett.i11g: into tho 

eye it. mmit tw IJatlwcl in a:.! per cent '-JOLut.ion of sodium 

" -- 0 
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bi<:arbonatc, if it is an alkali, u "per (;'-'"t ':'Olution of 

boric or acetic acid must be used. 

l;as cylinde1·s may be gtorl'd in :itanding, fixed position 

only. 

~teals may be taken only in the appointed place, after a 

thorough h:.imh,asll. 

Smokill!!; is JH'rn11tt1~tl in lht_• laboratory, lrnt the pennissicn 

is granted or wi tlH!rawn by the leader of tlic laboratory. 

To smolw wUlt one's ha11ds -;tainPcl \dth chemicals spells 

poisoLirc; danger. L:iho1·ato1·y inst n1ments and chemicals may 

not he used 1'01· takini..r 0;1,.~s uwals. No food may be stored 

in the refrigerator togetlwr with chemical substance!3. 

Tlt1• c:lwmicdl suhsL_lllCl'S us1~d fu1· h·asltLll.!!:_ lahoratory vessels 

awl Jahor-atory instn11n1•11ts and matPrials n•maining as waste 

in tile coLll'se of \\Ork i11 gPrwral /acirls, alkalis, alcohols, 

other solv1·11ts, "tc./ may not tire discl1a1·~cd into the sink. 

Tile~' must he pus~1~d down for dnstruction in wcll-clost'd 

vessels rc!!_ularL~· used for this purp09<', taking into 

cnnsid1~ration thci1· chemical interactiuu. :\amcly the solvents 

~ettiug into tile canaJ hi JI cvaporat1~, thl'ir fumes may cause 

canal explosions, and acidic anll alkali. materials may destroy 

Jt i:-i strictly fnrh idllc'll to ,,·ear clot.hes made of synthetic 

fibres in lalJoratnrics wlll'1·r'. th1~n~ are laig!tL:: inflammable 

and cxplnsivc rnatc1·;ut:-;, sol\1~111.s i11 11s1'. Namely these 

cl.othPs an~ s11hjl'ct to st;il.ic 1·lcct1·icity and in mot.ion 

this !!l<~ctricity cau~c~s <:c11stant sparking. 

Jt. is fol'lii<ldc~n to fit tot'_•:t.!11·r ,,i1·,·s ;1lld cunls domestically 

1)r 0111·1·at.<' plf~ctr·ic motors 1111!'al'llH~d. Ev1•ry \~or·ker 111 tho 

I 
l 
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laboratory should know the personal protective wear 

introduced there /face-guard, safety goggles, industrial 

and household rubber gloves, PVC and r11bber aprons, gas 

masks/ and is obliged to use them if it is necessary in 

running the job. 

After hours every discon~ector must be turned on, which 

must be supervised by ~he leader of the laboratory or a 

person assigned to this job. After hours nothing which might 

cause a fire or an accident i ay be left in the laboratory. 

The laboratory must be closed after hours - even in the 

daytime - so that no unauthorized person can enter it. 

-, 
I 
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J. CHE~lICAL ,\\" . .\LYSIS OF' IUPXITE . .\~lJ ALUMIN~HE LIQUORS 

Intrcd11ctorv notes 

Analysis for the alumina industry involves !h'tcrminations 

of the main component~, accompanying components and 

impurities. 

This chapter .gives the basic methods in thP analysis of 

bauxite and alurniuatc liquors. Due to the lliversity of 

the field, the structure of this chapter is sornewhat 

different from tiH' rest ot tl1e Hanual. The text is 

divided into Hcthods c:ontaining paragraph:-; such as 

"Principle", "Apparatus", "Hcagcnts", "Procedure'' and 

"Calculation". 

l\Jethod l d!•scribc:oi th1' pn•pa1at i.on of commonly used 

rea,c;cnt solutions. ~olid r·ca~ent:-; an~ not l isled there, 

a.I though they arc rufcn·ed to \oihcrcver i. t i:::-1 necessary 

to use tllcrn. 

In ~let.hod 1 as well as in the analytical mnthods, 

water means distilled water, 

hot hater mean~ water of about. 10°c, 
all n~a~ent:-i ar~ to b<! of ancilytical or higher purity, 

\~c ighing means 1vcighin!.!; 011 an analytic.ii balance 

/u11lc..;s othcndsc stated/, 

vo1urnes of liqui.ds arc to h0 1111•<Jsurcd hy rr.cans of a 

rrraduatcd f'ylin·IPr, unless otherwise stated, 

items commonly u~cd in any ch~miea1 lnhoratory mo~· 

s onw t imPs hP omit tt~d f1·0111 tile Ii s ts undPr· "1\pparatm;", 

in accoruancn wit11 t.111~ SI syst.Pm, ~I st,;1111ls for 

conc<~ntration /molc/clmJ/ and moln ~tamli-1 for the 

umo1111 t of the s uhs t;i nce. 
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~IETHOD l - PREPARATION OF COMMONLY USED REAGENTS 

In the following Methods, from Method 4 on, you always 

fj~d a list of reagents. Their preparation is described 

in this Method. 

List of reagents 

The table below shows the list of analytical reagents and 

indicates the Method in which they are required. 

Table 1. 

Reagent 

Triacid mixture 

Sulphuric acid, 9 M 
Potassium permanganate, 2 % 
Mercuric chloride, 5 % 
Phosphorous acid~ 20 % 
Sulphuric acid, 0.5 M 
Diphcnylarnine sulphonic acid 
sodium salt /sodium diphenyl
ami nc sulphonate/ 

Potassium dichromate titra~t, 
0.00833 M 

St~nnous chloride solution, 
5 % 
Sodium hydroxide solution, 
lo M 

Hydrogen peroxide, 3 % 
Ethylene diaminc tetruacctlc 
ucid disodium salt titrant, 
/EDTA/, 0.12 M 

Methods 

lj 

4, 5, 6 
6 

5' 6 
5, 6 

6 

'.) t 6 

5' 6 

5, 6 

7 
7 

7, 9 

Preparation No. 

1 

3 
4 

5 
6 

7 

9 

10 

11 

l!.! 

I 
I 



Reagent 

Hydrochloric acid 6 H 
Ph~nolphtalein, alcoholic 
indicator solution 

Xilcnol orange indicutor 
solution 

Sodium acetate - acetic acid 
buffer solution, pH 5.5 
Zinc acetate or zinc sulphate 
titrGnt, 0.05 H 

IIydrochloric acid ti trant, 
0.1~91 H 

Sodium-potass ium-tartra t<• 
/Na-K-tartratc/ solution, 
~5 % 
Barium chloride solution, 
~o ~~ 

Zinc :icctutc titrant, 
O. 07~'1} M 

Ammoniurn acct.at.£' - acetic 
acid buffer solution, 
pH 5. 5 

10 

Hethods Preparation No. 

7' 9 13 

7' 8 

7' 9 15 

7 16 

7 17 

18 

19 

8 :20 

9 :21 

9 
• ) I) 

To lwlp !!,t1icla11<:<' till' reverse table below gi\·()8 the serial 

;rnmlJers of preparation mctllod~. 

Table <) - . 

A11alytieal mr) tt1od Preparation of reagent 

'1 L ' 
•) 

5 
., 

lj ' 5' 
~ H, 9 _, 
I ' 

() oJ 

3' '• ' 5' 6, 7, 8, 9 _, 
- l ()' I I , I :...! ' lJ, 111 , I 5, I 

l G' J/ 

·'"' 
!11 ' IH, I ') ' :.!O 

') I'' Ii' I 'j ' '...! I ' 
1)1) 

- ' 
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ProcedurJ::_ 

No. 1. Triacid mixture 

Note: Mix the components in the order giver., and 
nake the additions slowly, while s·~irring. 

For no reason should the order given here be 

.£!!.anged. 

H20 485 cm3 

tt
2
so4 

115 cm3 /cone., 96 %, 1. s:; g/cm3/ .. 
g/cm3 / HCl 200 cm.J /cone., 38 %, 1.19 

IINO} 200 cm3 /cone., 68 %, 1.42 g/cm3/ 

No. 2. Sulphuric acid, 9 M 

Note: It should be remembered that the acid should 

be poured into the wa~, not the 'hate:r into 

tho acid. 

Pour 500 cn3 of cone. sulphuric acid into 500 cm3 

of water slowly, with constant stirring. Cool and 

dilute to 1000 cm) with water. 

Wo. J. Potassium permanganate solution, 2 % 

Weigh 20,0 g potassium permanganate. Dissolve it in 

about 800 cm) of water. Make up to 1000 cmJ. 

No. 4. Mercuric chloride solution, 5 % 

Weigh 50 g HgCl,,. Add 10 cm) of cone. llCl, and 

dilute to 1000 ~m3. 
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No. 5. o-Phosphoric acid, ~O ~ 

Pour 125 cm3 of cone. phosphoric acid /85 %/ into 

500 cm3 of water and dilute to 1000 cm3 with water. 

No. 6. Sulphuric acid, 0,5 M 

Note: It should be remembered that the acid should 

be poured into the water, not the water into 

the acid. 

Pour :28 cmJ of cone. 112so4 into about 600 cm3 of 

water, sl0\¥ly, with constant ::;tirri11g, and dilute 

to 1000 cm3 • 

No. 7. DiphPn;vlamilH' sulphonic acid sorli11rn s::llt /sodium 

diplwnylaminc sulphonate/ indi<'.'lt.or solution, 0,1 % 

Dissolve 0.1 g in 100 cmJ of "'·ater, heating gently 

jf necessary. Filter if the solution iH not clear. 

No. 8. Pota<>~ium clic1Jr:..i1natc tit!"'ant, 0.00~)) ~I 

Dry a suffi_cicnt amount of ftncly powd<'rcd 

potassium uichromatc for ~ hours at 1'10°c. Cool in 

a d(•siccator. 01' this dry material weigh :2.4517 g, 

dissolve in hot ,\-ater in a hcakcr, cool and transfer 

to a JOOO cm3 volumC'tric fla~k. Hake up to the mark 

· t '>0°C d - • 

~otc: PotassiuJ11 dichromate is a primary standard. 

It is desirable to make it!i solution so that 

iL ~ill be exactly right without any 

aclju~ tmf~l! l. 

cmJ of o.Oof;::;::. ~I K.,Cr,,O..., s0Jutio11 l'cpresent~ 
- - ' 

0.00399~ g of Fe~O~. 

I 
I 

• 
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No. 9. Stannous chloride solution 1 5 % 

Dissolve 55.2 g of SnC1 2.2Hry0 in 500 cm3 of 6 M HCl 
and dilute to 1000 cm3 with-water. 

This solution can be kept ~or two weeks. 

No.10. Sodium hydroxide solution, 10 M 

Note: Use rubber gloves and protective go~gles when 

preparing this solution. 

Dissolve 410 g of sOlHum hydroxide in 590 cm3 of 

water, cool, make np to 1000 cm3 with water, 

No.11. ~ydrogen peroAidc ) % 

Dilute 100 cm3 of concentrated /30 %/ hydrogen 

reroxide to 1000 cm3 with water. 

No.12. E thylcnc diaminc tet rnac«;;t ic nc id cHs odium salt 

/EDTAL titrant 1 0.1~ M 

Dissolve 45.0 g of ethylene diamine tctrnacctic 

acid ll is od i um s a l t dihydrate in a '1caker in 750 cm3 

of water. Transfer to a 1000 cm3 volumetric flask 

and make up to the mark with water. 

Keep the solution in a polyethylene container. 

Note: Thts solution is not standardized because a 

blank is always made. 



No.13. Hvdro~hloric acid 6 M 

Note: It shoulc be remembered that the acid should 

be poure~ into the water, not the water into 

the acid. 

Pour 500 cm3 of cone. /38 %/ HCl into 300 cm3 of 

water. Cool and dilute to 1000 cm3 with water. 

No.14. Phcnolphtalein alcoholic indicator solution /1 %/ 

Dissolve 5.0 g in :JOO cm3 ethyl alcohol and dilute 

to 500 cm3 with water. 

No.15. XilcnoJ oranl!c indicator soluUon /o, l c:'oL 

Dissol ,.c 0.10 g in 100 cm.J of wa tc1·. 

No.16. Socli11m acetate - accti.c· aeid huffer solution, 

E!!_-.3 

Dissolve 1,0:-; g CILCOO~a. jllo)O and )~ cm3 of cone. - ) - -
/<J6 ~f/ :icetic aciu \dth water to 1.000 cmJ. 

Set the pH of the :solution to 5.5 by adding NaOH 

or acetic acid. 

For a conL·oI, cli 1 ute one cm3 of the buffer 

solution to 15 cm3 with water and take the pH 

value. 

No.I/. Zinc iH'Ptatc 01· zine sulphate 1.it.l'ant' o.o'.) n 

Wejgh J0.')8 g oJ Zn/c11_coo/,,.~11"0 or L'1.:.;t3 g of 
J -- -

Zn!:)(J1 .7ll.,O into a11 1000 cmJ volumct.rie flask. i>our ,_ -
10 cmJ of sodium <.tc'ctai<: - ace Lie acid buffer 

l 
I 
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solution /prepn. No.16/ into the flask and make up 

to the mark with water. 

Standardize the solution to Al 2u) standard solution 

as described below. 

~~p~r~t!o~ ~f_t~e_s!a~d~r~ ~1 2~3_s~l~t!o~ 
Weigh 2.1170 g of 99.99 % Al foil and place it in 

a silver dish. Place the dish in an 1000 cm3 

beaker that contains twenty to thirty cm3 of water. 

Add 10 g of NaOH pellets to the dish and pour 30 cm3 

of water to it. Cover both the dish and the beaker 

with watch glasses. When the ~issolution is over, 

transfer the contents of both the dish and the 

beaker quantitatively to a 2000 cm3 volumetric 

flask. Add 250 cm3 of 6 M HCl, cool and make up to 

the mark with water. 

One cm3 of this standard solution contains 2000 mg 

of A.i
2
o3• 

For the standardization of the 

pipette 50 cm3 of the standard 

a 300 cm3 Erlenmeyer flask and 

zinc titrant, 

Al 90~ solution into 
- , 3 

pipette 20 cm 

0.12 M EDTA solution. Shake well, add some drops 

of phenolphtalein and neutralize with 6 M mI~OH 

/preparation of 6 M NHl
1
0H: 500 cm3 of cone. NH40H 

diluted to 1000 cm3 with water/ to a pale pink 

colour. Add 10 cm3 of sodium acetate - acetic acid 

buffer, dilute to about 120 cm3, a~d some pieces 

of boiling stone and cover. Boil the content of 

the flask for five minutes. Cool, add 10 drops of 

0.1 % xilenol orange indicator and titrate it with 

the zinc solution to be standardized to u violet 

red colour /v/. 
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Make a blank with ~o.oo cru 1 of 0,1~ M EDTA 

/pipette!/, adding lUO cm3 l H ll!aCl and 10 cm3 of 

sodium acetate - acetic acid buffer solution. Add 

10 drops of 0.1 ~~ xi lcnol orange indicator and 

titrate it with the zinc-solution to be standardized 

/vj. 

One cm3 of the zinc acetate /sulphate/ solution 

represents _t g of M .,tL, t is calculated by the 
- :J -

fonnula: 

v - v 
t = _..:.o __ 

V - blank value, 
0 

10000 

V - burette reading. 

No.18. Hydrochloric ad.cl titrant, 0.1:.!')l '1 

Dilute 111-15 t:m 1 of t:onc. IICl /)'::i ~,/ to 1000 cm3 

with water. Standardize this solution to a K.HCOJ 

solution. 
Preparation of the KHCO.,. standard !-iOJution 
- - - - - - - - - - - -.>- - - - - - - -
Weigh 12.931 g of hllCO- and dissolve it to 1000 cm3 

J 

in a volumetric flask. 
Pipet.te :.?5 cm3 of the hliCO_ solution into a flask. 

:J 
Add some drops of methyl red - methylene blue 

indicator mixtun~ and ti.trate it \dth the HCl 

solution to a greyh;h green colou1·. Adel some picc{~:; 

of boiling stone to the solution, boil for ~ 

mi nut cs and cool. He peat titration, boiling and 

cooling. Titrate the solution to a viul,~t coluur. 

Uoil r.gain to check whether the solution gets grncu 

again. llcpeut titration tu a pcrmanenl viol1!L 

colour. 



. . . . ' . .. ... . .. . . . - "'. • ..,. ,. - "" • • • J ~ 

Dilute the HCl solution according to the results. 

Standardize the diluted solution as described 

befor~, with three parallel titrations. The 

tolerance is .:!: 0.0'25 cm3. 

No.19. Sodium potassiur.11 tartra"te /Na-K-!artrate/ solution, 

:25 % 

Dissolve 1000 g of the salt /KNaC411,106 .Ltn2o/ to 

4000 cm3 with water. Filter if necessary. This 

solution is generally neutral to phenolphtalein. 

If not, neutralize with HCl or NaOH. 

N~.20. Barium chloride solutio~, 20 % 

Dissolve 1000 g of llaCl,>.:.!H,,O to 5000 cm3 with ... 
water. Filter if necessary. 

No.:.!l. Zinc acctatP tit.rant., 0.0/8It M 

Weigh 17'.5 g of Zn/cn_cco/.>.'211,)0 on a general 
.J - - -

laboratory balance. Add '250 cm) of ammonium acetate 

buffer /see No.'2'2./ and dilute to 10 litres. This 

solution is slightly more concentrated than 

ueccssary. It ha8 to be standardize-d and diluted 

prorerly. 
For the standardization, pipette 50 cm3 of the 

Al,,O~ standard solution /see No.17./ and 25 cm
3 

- J of 0.1'..! M EDTA /sec No. 1'2/ into an Erlenmeyer flask, 

add some drops of phenolphtalein and neutralize 

with 6 M NH
11

011 /sec No.17./ to a slight pink colour. 

Adel sornr pieces of boiling stone and boil gently 

for 3 minutes. Cool, add 2 drops of xJlcnol orangr 

Jndlcator uncJ titrate with the zinc uc<>tatc !iOlution 

I 
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to be standardiz~d to a cyclamen colour /V/. Make 

a blenk witi: :25 clil3 EDT~ /pipett•.!!/ alone /V /. 0 

?he ztnc-ace:ate titra&t is ~~ /~ -V! times more - 0 . 

cuucentratej tri..111 necessary. Dil'1tc ;,roper] y and 

sta .. ,d&rdize again. The tolerance is ! 0,05 cnt3. 

No.22. Ammonium acetate - acetic acid buffer solution; 

pH 5.5 

Dbsolvc 500 g am111onium acetate in /Oo cmJ of water. 

Add 50 cm3 of cone. acetic acid and dilute to 

1000 cmJ. Set and control the pH /5.5/ as described 

in No.16. 

HETHOD '..! - DETEHMINATION OF MOIST'lIRE IN Alll-DHIED RAUXITE 

SA'IPLES 

The bauxite sample is dried at l)0°C 101· ) hours. The Joss 

of weight, expressed in weight percentH, a·cprcscnts 

moi~ tun!. 

Apparatus 

Weighing bottle, 

Analytical balance, 

Ovc-n~ 

De~ 1 c.: cat or w i th s il i cu g c 1 • 

I 
I 
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Procedure 

Cover the weighing bottle loosely and dry it in the oven 

at 130°c for 30 minutes. Cover, and cool in the desiccator 

over blue silica gel for 15 minutes. Put the weighing 

bottle close to the balance tor 20 minutes, open its cover 

for a second, and weigh it on the analytical balance /T/. 

Put 2-3 g bauxite in the bottle, cover and weigh /B/. 

Cover the weighing bottle loosely and dry it in the oven 

at 1J0°C for at least 3 hours. 

Cover, and cool in the desiccator for 15 minutes. 

Put the weighing bottle close to the balance for 20 

minutes, open its cover for a second, and weigh it ~n the 

analytical balance /c/. 

Calculation 

% Moisture a 100 • 
B - C 

D - 11 

T - weight of the empty bottle /g/, 
B - weight of the bottle with the sample before drying, 

C - weight of the bottle and the sample after dry 1.ng. 

I 
' 
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METHOD 3 - DETERMINATION OF LOSS ON IGNITION OF DAUXIl'E 

Principle 

Mineral components of bauxite form stable comp?unds at 

i100°c. The resulting loss of weight, minus moisture, 

represents the loss on ignition. 

Apparatus 

Platinum crucible aud cover, 

Electric muffle furnace, 

Analytical halance, 

Desiccator with silica gel. 

Procndun~ 

Ignite the platinum crucible and the cover at i100°c for 

J.0 minutes. Remove the covered crucible from the furnace 

and cool in the desiccator for 10 minutes. Weigh the 

crucible on the analytical balance /T/. 

Weigh 1-2 g of the dry bauxite sample tnto the crucible 

/B/, replace the cover and place it in the furnace. Heat 

carefully at 400-450°C for 10 minutes, then i~nito at 

1100°c for 2 hours. 

Tre.nsfcr 1.hc crucible, to the desiccator, cool fl·t' :.!O 

minute~ and weigh quickly /c/. 

I 
I 



C'~leulation 

% Loss on ignitiou 

o! l 

B - /C+ll/ = 100 • 
B - /T+H/ 

T - weight of the empty cr!lC ible / g/, 

il - weight of the crucible and the sample before ignition 

I g/, 
C - we i.ght of tha crucible and the sample after ignition 

/ g/' 
II - moisture of the air-clri~d bauxite sample /see Method 2/ 

/g/. 

~lEl'HOD ·'1 - DE'rERMINA1'JO:~ OF TOTAL SILICA iX BAUXITE ~\FTER 

ACIDIC DIGESTION 

Principle 

Bauxite i::; dissolved in a mixture of hydrochloric, nitric 

and ~ulphuric acid. After completion of the dissolution 

the SiOq content of the sample wil 1 be left undissolved 

in the form of silica gel. The mixture is then filtrated 

and the filtrate laid aside for further dete1~inations. 

The precipitate is washed and ignited at 1100°c. The 

resulting SiO., is contaminated with other oxides. The 

ignited precipitate is evaporated, in the presence of 

sulphul'ic acid, with hydrogen fluoride. The residue is 

nJ so ignited. 'rhe 1 oss or weight represents the correct 

amount of 8ilica in the sample. 

l 
I 
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Apparatus 

l J • l --

Beaker, capacity: 400 cm
3, 

Volumetric flask, capacity: 500 cmJ, 

Analytical funnel, 

Filter paper, medium speed, 

Platinum crucible, 

Muffle furnace, 

Desiccator, 
Graduated cylinder, capacity: 100 cm3, 

Washing bottle, polyethylene, 

Electric heater, 

Sand bath, 

Bunsen burner. 

Ile agents 

For the preparation of tt!eHc reagents sec Method I. 

'Iriacid mixture 

Sulphuric acid, 9 M , 

Hydrogen fluoride, cone. , 

Potassium pyrosulphate, solid /K2s2o7/. 

Procedure 

Weigh 0.9 - l.l g of air-dried bauxite ~ample on an 

analytical ba!ance and p.l ace j n the 1100 cm.J I.waker. Wet 



the sample with about 10 cm3 of water and add 80 cm3 of 

triacid mixture. Cover the beaker with a watch-glass, heat 

it on an electric hot plate until stilphuric acid fumes are 

given off. Remove the cc>ver, continue heating on a sand 

bath to dryness. 

All ow it to cool, then add ~O cm3 of cone. hydrochloric 

acid and 50 cm3 of water to th~ beaker. Heat it on the 

electric heater until all the salts are dissolved, leaving 

only the silica gel undissolved. Filter the solution 

t h«'"lugh a medium speed filter paper into a 500 cm3 

volumetric flask. Wash the precipitate with 300 c111
3 

of 

boiling wat~r /acidic stock solution/. 

Trans£er the precipitate, together with the filter paper, 

into a platinum erucible. Dnrn the paper, then ignite the 

crucible at lOOo0 c for Go minutes. Remove the crucible from 

the furnace, allow to cool in a desiccator for 15 minutes, 

and weigh /A/. Add 5-6 drops of 9 M sulphuric acid and 

b cm> of cone. hydrogen fluoride and carefully evaporate 

to dryness. Ignite the residue at 1000°C for !O minuteg, 

trans£er the crucible to the desiccator, allow to cool 

for 15 minutes and weigh /n/. 

After weighing, fuse the resillue with 3 g of potassium 

pyrosulphate on a Bunsen burner. Allow the melt to cool, 

then dissolve it with about 100 cm3 of the acidic stock 

solution. Transfer this solution quantitatively to tho 

volumetric flask. Make up to the mark and lay the 

re8Ulting ~olution aside for the determination of Al 2o3 , 

Ti0 0 and Fe,,o.,. 
.. .. J 

I 
I 



Calculat iu!! 

~ Silica = /A-Bf • 100 
G - II 

A - weight of the Cl'ucible and the precipitate /g/, 
B - weight of the crucible and the evaporation residue /g/, 
G - weight of the air-dried bauxite sample /g/, 
II - moisture o:f the air-dried bauxite sample /g/ /see 

Method 2/. 

ME'l.'HOD 5 - DETERMINATION OF TOTAL IRON OXIDF. IN BAUXITE 

Principle 

Iron is clett;rmhied ox id ime trically with pc.t .... ss ium 

dichromatc, after reductiou with SnC1 2 , in the acidic 

s1 ock solution described in ~fothod 4. 

Apparatw.; 

Pipette, capacity: 200 cm3 , 
Erlenmeyer flask, capa1"!ity: 500 cm3 , 

Durette, capacity: 50 c~3 • 

-, 
l 



Reagents 

For the preparation of these reagents sec Method 1. 

Sulphuric acid, 9 M, 
Hydrochloric acid, cone. /sp. g.: 1.19 g/cm

3
/, 

Mercuric chloride solution, 5 %, 
Phosphoric acid, 20 %, 
Diphenyl amine sulphonic acid sodium salt, indicator, 0,2 ~> 
Potassium dichromate titrating solution, 0.00833 M, 

Stannous chloride solution, 5 %. 

Procedure 

Pipette 200 cm3 of the acidic stock solution /sec Mctllofl 4./ 
into a 500 cm3 Erlenmeyer flu.sk. Put some glass beads in 

the flask and evaporate half of the liquid. Add 15 cm3 of .,, 
cc. HCl and 10 cm.J of 9 M HC}so,. 

- i 

Boil the solution and reduce th~ iron in it by the 

dropwise addition of stannous chloride sol!.ltion to the 

disappearance of the yellow colour. Add 2 drops excess. 

Cool quickly, add 20 cm3 of 5 % HgC1 2 solution with a 

quick movement. Wait one minute, then add 20 cm
3 

of 20 % 
H3PC\. 

Add 2-3 drops of sodium diphcnyl amine sulphonnlc 

indicator, and titrate immediately with 0.00833 M 

potassium dichromate solution to a violet colour. 



C3lculation 

% Pc,,0_ 
... ) 

:.!6 

= ~.sxvxo.00399~ x 100 
<i-H 

V - bun~t te reading / cm3 /, 
1 cm:' of 0.00833 M potassium dichromate solution 

represents 0.00399~ g of Fe 2o3 , 
G - weight of the air-dry bauxite sample /see Method 4/ 

/g/, 
H - moisture of the sample /see Method 2/ /g/. 

METHOD 6 - DETEllMINATION OF' TOT.:~L IRON OXIDE IN BAUXITE 

/ALTERNATIVE METHOD/ 

A bauxite Hample is fused "'i th pot ass itJm hydroxide. The 

melt is acidified and oxidized with potas8iUm permanganate. 

Tile exces8 of the permanganate is decompo8cd with cc. HCl. 

The iron is reduced by a small excess of SnCl •l' and 

tilratrd chromatomctrically, after an addition of HgC1 2 
and phosphorous acid. The indicator is diphcnylanaine 

::1ulphonic acid. 

Apparatus 

Silver dbh, 

C..:ruci b Io tong, 



I ...... _, 

Funnel, diameter: 10 cm, 

E 1 fl k · t -;oo cmJ, r enmeyer as , capac1 y: .J 

Burette, capacity: 50 cm3, 

Bunsen burner. 

Reagents 

for the preparation of these reagents see Method 1. 

Potassium hydr\Jxide pellets, 

Sulpl1uric acid, 9 M, 

Sulphuric acid, 0.5 M, 

Potassium permanganate solution, 2 %, 
~lcrcuric chloride solution, 5 %, 
Phosphoric acid, ~O %, 
Ethyl alcohol, 96 %, 
Sodium diphenylamine sulphonate, indicator solution, 

Potassium dichromate titrating solution, 0.00833 M, 

Stannous chloride solution, 5 %. 

Procedure 

0 •.l rl. 
f - I"' 

Weigh 0.5-0.6 g of air-dry bauxite bn an analytical 

balance and place in a silver dish. Add 7-8 g of potassium 

hydroxide pellets and 5 cm3 of ethyl alcohol. Burn the 

alcohol meanwhile moving the dish :..~ound and round. Fuse 

the content of the dish over the flame of a Bunsen bur11er. 

Heat the melt for about 5 minutes. Immerse the bottom of 

the dish in water to cool. When cold, dissolve the melt 



I 

in 50 cm3 of water. Transfer the solution with the 

precipitate to a 300 cm3 Erlenmeyer flask. Dissolve the 

precipitate left in the silver dish with jxlO cm3 0.5 M 

n
2
so

4 
and add to the flask. 

Add 15 cm.J of 9 M H
9
S01 to the flask /avoid lo~s of 

- 1 
material due to bubbling/. Boil the solution and add:!% 

potassium permanganate drop by drop to a permanent violet ., 
colour. Add 15 cmJ of cone. HCl, boil again and add drops 

of 5 % SnCl,> until the yellow colour disappears. Add an 

excess of two drop~. 

Cool quickly, add 20 cmJ of 5 % HgCl 0 solution with a 

quick movement. Wait one minute, then add ~O cm3 of ~o % 
H_P0 1 • 

.J I 

Add :.!-3 drops of sodium diphcnylamine sulphonate indicator, 

and titrate i!nmP.diat.ely with 0.00833 M potassium dichromate 

solution to a violet colour. 

Calculation 

= IOO • O.OOJQ92.V 
G-11 

V - burctte reading /cmJ/ 
1 cm3 of O.C0833 M potassium dichromatc solution 

represents 0.003992 g of Fe 00~, 
- :J 

G - weight of the air-dry bauxi tc sample /see Method '•/ 

I g/' 
H - moisture of the sample /see Method 'J./ /g/. 
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METHOD 7 - DETERMINATION OF ALUMINA IN BAUXITE 

Principle 

Alumina is separated from an aliquot of the acidic stock 

solution /see Method 4/ by 10 M NaOH in the form of 

soluble sodium aluminate. The other oxides /Fe2o
3

, Ti02 
etc./ will form insoluble hydroxide precipitates. Aluminium 

is determined in the filtrate with EDTA titration. 

Correction is made for the losses due to adsorption on 

the surfar.e of the hydroxide precipitates /see table at 

Calculation/. 

Apparatus 

Pipette, capacity: 200 cm3, 

Beaker, capac1ty: 400 cm3, 

Glass funnel, 

Analytical funnel, 

Volumetric flask, capacity: ~50 cm3, 

Support stand with two funnel support rings, 

Pipette, capacity: 100 cm3, 

Erlenmeyer flask, capacity: 300 cm3, 

Pipette, capacity: 200 cm3, 
Graduated cylinder, capacity: 25 cm3 and 100 cm3. 

Reagents 

For the preparation of these reagents see Method 1. 
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Sodium hydroxide solution, 10 M, 

Hydrogen peroxide solution, } %, 
EDT_<\ /ethylene diamine tet;raacetic acid dis odium salt/ 

solution, 0.12 M, 

Hydrochloric acid, 6 M, 
Phcnolphtalein, alcoholic solution, 1 %, 
Xilencl orange indicator solution, 0.1 %, 
Sodium-~cetate - acetic acid buffer solution, pH 5.5, 
Zinc acetate or zinc sulphate titrating solution, 0.05 M. 

Procedure 

Pipette !200 cm3 of the acidic stock solution /see Method 4/ 
) 3 into a L100 cm beaker. Boil ihe solution. 1\ud 25 cm of l M 

NaOII and 5 cm3 of } ~ hydrogen peroxide und boil the 

solution for at least j minutes. Cool, transfer the slurry 

quantitatively into a :!50 cm3 volumetric flask, and make 

up to the mark • 

.Filter the slurry into a dry 250 c1113 volumetric flask, 

using J argc pore filter paper e.nd the analytical filter 

apparatus shown in Fig. L. 

When working with the fi 1 tcr appara tu!:J, obsurvc the 

foll owing rules. 
Set the funnel supporting ring on the sta11d at. a height 

suitable for the flask that contains the slurry. The 

rubber disc fitted on the neck of the flask should fit on 

the edge of the funnel. 

<.:ompre~s the rubber tube fltted on the :-;tem of the funnel 

with the Hoffman clamp. Shake thu flask we L l. Stop the 
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2so nil Volumetric flask 

Stand 

Rubber plate 1~11 c•I 

10 c11 <1 Funnel 
15 cm <J Filter paper 

Rubber hose 

Hoffmann valve 

Analytical filter apparatus 
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.J-

mouth of the flask with a forefinger and set it in the 

upper support ring. Open ~he flask and release the Hoffman 

clamp. The slurry will now fill the funnel to a level 

defined by the mouth of the flask. This level will 

automatically be kept throughout the filtration. 

When the filtration is over, pipette 100 cm3 of the 

filtrate into a 300 ~m3 Erlenmeyer flask. Add :20 cm3 of 

0.12 M EDTA with a pipette. Mix well, then neutralize 

with 6 M HCI, using phenolphtalein indi~ator. Add IO cm3 

of pH 5.5 Na-acetate-acetic acid buffer, several pieces 

of boiling stow~:;, cover with a watch-glass and boil 

gently for 5 minutes. 

Cool to room temperature, add 10 drops of O. I ~~ xilenol 

orange indicator, and titrate with 0.05 M Zn-acetate to 

a violet-red colour /V cm3/. 

Make a blank titration daily, according to the following: 

Pour 100 cm3 of l M NaCl into a JOO cm3 Erlcr~cyer flask. 

Pipette '.!O cm) 0.1:2 M ED1'A solution into the flask and 

add 10 cm3 of pH 5.5 Na-acetate-acetic acid buffer. Add 

some drops of xilenol orange indicator and titrate with 

0.05 M Zn-acetate solution to a violet-red colour /V cm3/. 
0 

Calculation 

/V - V/ tx6.:.!5 
% Al~O- = 100 • ~-0~~~~----- ) G - II 
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V
0 

- blank value /cm3/, 

\ - burette reading /cm3/, 
t - weight of Al...,0- represented by 1 cm

3 
of the titrant 

"" ) 
/for a Zn-solution of 0.0500 H, t = 0.00:255 g/, 

G - weight of the air-dry bauxite sample /see Method~/, 
H - moisture of the sample /see Method 2/. 

Note 

The amount of Al:20j loss due to adsorption on the surface 

of the hydroxide precipitates can be e::1timatcd on the 

basis of the Al...,0- anc.J Fo<)O_ content of the sample: 
- .J - .) 

1'abl e 3. 

% Pc . ..,0-
- J 

15 :..!O 

% J\J .,o_ correction 
- .) 

'• 5 
o, 1 '.) O, !.!O 

50 o, 15 o,2c 

55 o, 15 0,!20 

Add the proper value to the result of the above 

calculation. 

o, '.::!j 
0,25 
o, 30 

~l 
l 



~lETHOD 8 - DETERMINATION OF CAUSl'IC SOD.·\ IN ALUMINATE 

LIQUORS 

Principle 

Interfering anions are precipitated with a large excess of 

barium chloride /co~-, Po?-, F-/, and an aliquot of the 
) I 

clean solution is tit rated with HCl for its alkal tty due 

to sodium hydroxide and sodium aluminate. 

Interference of the a1umirdum ions is elimiuatel.l ldth the 

addition of K-Na-tartrate. 

50 <..;WJ, 

) 
cm , 

l:lli3' 

Pipettes, capac1ty: 10, :.!U, :.!'), 

VoJmnctric flask, capacity: '.250 

Erl cumcycr 1 Lask, capaC' i ty: 300 

GracJua tecl cyl incl er, ca1•aci ty: :25 cm3. 

flcagcnts 

For thr preparation of thpsc reagents 8cc l\lcthod 1. 

Ilydro<.:hloric acid titrant, 0.1291 M, 

K-Na-tartrate solution, ~5 %, 
Uarium dllor·ide ::;olution, :.!O ~;,, 

Phcnolphtalcin indtcator solution. 
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Procedure 

Pour about 150 cm3 of water into a 250 cm
3 

volumetric 
flask. Add ~5 cm3 of barium chloride solution by means of 

a graduated cylinder and mix well. 

Dilute the aluminate liquor sample according to the table 

given below at Calculation. Pipette 20 or 25 cm
3 

of the 

diluted solution, also according to the table, into the 

volumetric flask. Make up to the m3rk with water and 

stopper with a rubber stopper. 

Let the precipitate settle and use the overlaying clean 

solution for analysis. 

Measure 20 cm3 of 25 % K-Na-tartratc with a graduated 

cylinder to a 300 cm3 Erlenmeyer flask. Add 0.5 cm
3 

phenolphtalein indicator. Pipette 50 cm
3 

of the clean 

solution into the Erlenmeyer flask. Titrate immediately 

with 0,1291 M HCl, until the solution is colourless /v/. 

Calculation 

= /V + 0,06/x4.00 

A 

A - volume of the aluminate liquor sample, calculated 

with respect to the dilution /cm3/, 

V - burctte reading /cm3/ 
1 cm3 o! 0.1291 M UGI represent~ ~.oo mg of Na 0 0 • ... 

.,. 
Correction for the indicator error: 0.06 cmJ. 
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~ote: In series analysis, samples of the same origin in 

the process liquor circuit are to be diluted uniformly. 

To avoid complications with liquor samples of different 

concentration&, it is advisable to introduce multiplication 

factors according to the following table: 

Table '• • 

Caustic suda Stock solution !lilution Mul t.ipl ica tiou 

g/dm3 cm3 em3 factor, c 

]00 - :..!00 '25/ !!)O :.!0/250 10 

2110 L60 -.!.5/:.!50 :.!5/250 8 

160 - 50 50/:.!50 :.!0/250 5 

50 - 25 10 original/~50 ::! 

below :!5 :20 original/:250 1 

Introducing the multiplication factor the calculation will 

be simpler: 

g/dm.J Na:..!Oc = /V + 0.06/ • C 

METHOD <) - DETER:'-flNATIO~ OF ALUMINA IN Al,UMINA'l'E LIQUORS 

Principle~ 

The alumina f'.Ontcnt of the alumiuate lic1uor sample is taken 

i11to EDTA complex with a knowu amount of EDl'A solution. The 

amount of Al,,U_ is delc1·mincd with a back t.itn1tion of the - ) 

cxc:e~~ EDTA, using xil~1101 orange indicator· and zinc 

ucctalc titrant. 



Apparatus 

Pipettes, capacity: 10, 20, 

Volu~etric flask, ca~acity: 

Erlenmeyer flask, capacity: 

37 

25, 

250 

JOO 

50 cm3 , 

cm3 
' cm3 
' 

Electric hot plate, 
Graduated cylinrler, capacity: 25 cm3, 

Watch-glass. 

He agents 

For the preparation of these reagents, sec Method 1. 

Effl1A /ethylene diaminc tetraacetic acid <.fisodium salti 

solution, 0.12 M, 

Zinc acetate titrant, 0.07843 M, 

Xilenol orange indicator solution /O.l %/, 
Ammonium acetate - acetic acid buffer solution, pH 5.5, 

Hydrochloric acid, 6 M, 

Ammonium hydroxide, 6 M. 

Procedure 

Dilute the liquor sample 

250 cm3 volumetric flask 

Method 8. Acidify with 6 

the sal!lc way and pipette into a 

the same volume as described in 

M HCl until all the Al/OH/- that 
) 

precipitates at the beginning dissolves. Dilute to the 

mark with water and pipette 50 cm3 into a 300 cm
3 

Erlenmeyer flask. Pipette 25 cm3 of 0.1~ M EDTA solution 
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into the Erlenmeyer flask. Add some drops of phenolphtalein 

and neutralize with 6 .M ammonium ~1ydroxide to a weak pink 

colour. Add :25 cm3 of ammonium acetate - acetic acid buffer 

and several pieces of boiling stones. Cover with a watcl~ 

glass and boil on an electric hot plate for 3-5 minutes. 

Cool and titrate the solution, adding :2-3 drops of xilcnol 

orange indicator, with 0.07843 M zinc-acetate to a yellow

cyclamen colour change /v1/. 

Run a hlank with ~5 cm3 of 0.12 M EDTA, titrating as 

described above /V
0
/. 

Calculation 

/V
0 

- v1/ x ~.oo 

A 

A - volume of the a Lt•mina te liquor sample, calculated 

with respect tu the dilution /cm)/, 

V - blank value /cm3/, 
0 ~ 

v
1

- burctte ~cading /cmJ/. 

1 cm3 of the 0.07843 M zinc acetate repre~ents 4.00 mg of 

Al ,,0-. .. ) 

Note: If the samples are diluted as described iu Method 8, 

the calculation will be simpler: 

~ 

g/dmJ AI 2o
3 

= /V
0 

- v1/.c 

C - mulLiplication factor /~cc Method ~/. 
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METHOD 10 -- DETERMINATION OF CAUSTIC SODA AND ALUMINA IN 

·ruE SAME ALUMINA LIQUOR SAMPLE 

Note: With the addition of this Method to the list of 

classical ones our aim was to demonstrate the possibilities 

which a fast and up-to-date instrumental method can provide 

in the everyday work of an analytical laboratory. The 

adaptability of this Method will depend on the domestic 

possibilities of the user. 

Principle 

'l'hermometric tltration is an instrumental method to detect 

the cud point of the titration 1·eaction. 

'l'he sign to stop ti tratj on comes from monitoring the 

velocity of the change in cell temperature, which 

necessarily occurs at the end point. For a detailed vi~w 

consult the Instructions Manual. 

Caustic soda - that is, the total alkality due to the NaOH 

and ~a/ Al/011/ 11 content of the sample - is determined by 

titrating with hydrochloric acid. The interference of 

Al~03 is eliminated with the addition of alkali tartrates 

prior to the titration. The carbonate ions will not 

interfere, because their heat of neutralization is 

cosidcrably lower than that of the OlC-ions. Consequently, 

the burette stops at the end point of the OH--ncutralization. 

I 
I 
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56.8 kJ /lj.6 kcal/ 

5.3 kJ /1.5 kcal/ 

When the titration of caustic soda is over, fluoride is 

~dded to the solution. Fluoride ions liberate hydroxyl 

ions from the tartrate complex: 

Al/OH/_. TAR + 6F- = AtF63- + jOIC +x. TAR 
:J x 

'l'hc OIC -ions can be t itratcd ld th hydroch Lorie acid. 

Appara twi 

Thermatic ·titrutor, 

Pipettes, capacity: 5, lLl, 20 cm3 , 
Volumotric flask, ~upari1y: 100 

) 
cm • 

Reagents 

Hydrochloric acid titrant, 2 M, standardized to fillC0 3 
Sodium-potassiuin-tartratc.'1H,>O, 360 g salt dissolved to 

' ~ 3 
1000 cmJ. Density: 1.161 g/cm • 

KF.~H~O, 517 g dissolved tu 1000 cm3 • Density: 1.244 c/cm3. 
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Proc1"'dure 

Cool the sample of alumina liquor to room temperature. 

Dilute and pipette an aliquot into a titration cell 

according to the following table: 

Table 5. 

Volume taken Volume taken Analyzed 
from the from the lbelume of 

Na2°caust Dilution stock original the 
solution solution original 

solution 

g/l cm3 cm3 cm3 

::;00-100 1: l 0 10 1 

100-'.jO 1:10 20 () 

50-:!0 5 5 
:.!0-10 10 10 

be! ow JO :!O ::!O 

Add :..!O cmJ of K-Na-tartratc into the cell. Make up to the 

~O cm 1 mark of the cell with water. 

Set the sensitivity of the titrator to level 3 by pushing 

the 5. 7. ''Sens" button /sec Instructions Manual/. 

Set the titration speed to 3 by turnin~ the 2.3. selector 

to position 3 /sec the Instructions Manual/. 

Set the comparison level to 9 by turning the 5.2. "Channel" 

selector to position 9 /sec the Instructions Manual/. 

Attach the cell to the titration head am titrate the 

s1Jlution with 2 M IICL 

Calculate the caustic soda by the calibration equation 

and the burctte reading /see Instructions Manual/. 
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When the titrativn of caustic soda is over, add 15 er) of 

KF to the titrated sample in the cell. 

Turn the ~. l l. and :2. 1:2. taps into '!suet ion" ;G) / 
position to refill the cylinders and reset the display 

/see Instructions Manual/, then titrate the solution with 

:2 n HCl. 
Calculate the alumina by it:: calibration equation and the 

burettc reading /see Instructions Manual/. 

Note: Sodium carbonate can a 1 so ~ie de ter:u.:.1;etl iu this 

solution. See the Instructions l\bnual, Analytical Methods, 

for cle tai h;. This procedta·p i~ omitted .from the laboratory 

experiments. 



4. Df~TER~IINATION OF ~L\ 1 ~ CO~IPOi\ENTS OF RED MUD BY ATOMIC 

_: BSORPTTON" SPECTHOMETHY /.us/ 

PIU\CIPLES 

:Scope of A.\S 

In the last twenty years atomic absorption spectroscopy 

/AAS/ has become the most widely used anelytical procedure 

for the determination of the metallic clements. This 

method has come iuto general use in the alumina 

industry due to its relatively low expenses and simple 

sample preparation t1~chniqucs. The detection limit of 

AAS L; low, especially b~- using: clcctrothcnnic atomization 

/ETA/, there fore, it can lw us cu for trace metal analysis. 

On the other hand, flame AAS can also be applieu for the 

<lctcnni nation of m·1jor metal Lie cons ti tnents with a high 

precision. J\ typi.ca1 relative standard deviation /RSD/ 

of I - O.) ~~ can easily be achicvcu by a conventional 

J lame k\:) inst rumen ls. Using a ni trous-ox.idc - acetylene 

flame one can analyse the refractory metals, wh-!.ch are 

very important in the alumina industry,because almost 

every sample contains Al, Si, Ti, etc. refractory 

clements. 

AAS can control technology through the analysis of the 

m~lin components of reel mud or bauxite, and products of 

<liffercnt di~cstion experiments, due to its good 

n~producibi1ity,litt1r, time- and sample consumption as 

well as operation r,conomy. 'l'o improve productivity u 

complete anaJytical ~y~tem .:.~ <>rganized. 



D<'scription of the method 

Sample dissolved in an appro1>riatc solvent is sprayed into 

a flame or evaporated clectrothermally. The atomized 

vapor is irradiated by resonant light from a special 

spectral lamp. The wavelength of the absorbed light is 

~haractcristic of th~ clement concerned and the absorption 

is proportional to its concentration in the vapour. 

The i·csonant I ight source provides the spectral lines of 

a single clcmt>nt, thu~ AAS is a single-clement method. 

Due to th·~ small number of re~onant lines, spectral 

in tcrfercuce has rarely to I.Jc cons idcn'd. 

~\tomization efficiency clcpcnlls on a number of different 

factors such as the vi:->eosity and surface activity of the 

solution, £tualit) of the component and the matrix to be 

analys<'cl, design or the atomizer, the uptake rate of the 

spt·aycr, the tf'mpcraturc dept.'nding OH the clwmical 

c:omposj tion of the flame and the cha1·actc1· of the gas flo"" 

/i.e. construction nncl -:;h:1pc of the lrnrncr head/. Thi• 

qual i t.y of the flame atomizing systC'm is Llc~isivcly 

impor· tan t concernin\:!; the accuracy of the analytical rcsul t. 

Tlie J\AS method is a rnlativc method, thus the light 

absorption of suitabl1~ reference solutions is compared 

\dlh that of the sample. Uecausc of the high precision 

t"f•qui red concerning the main £:ompon,~nts the standards 

hav1~ to he prepared vPry care fu 11 y, pre ft!rably with 

couccntratiom1 that bracket the unknown 8amplcs. 

I 
l 



I::~~ PER Im: Yl :\ L 

ThC' ,\ . .\S instruu1c>nt eo.1sists 'lf an atomizer, the resonant 

radiation source, light ubpers ion sys tcm and a light 

intensity meter. 

The task of th1~ tH'lrnlizer am) atomiz;er unit is to produce 

atomic yapour in ,,-llich the concentration of the co1uponent 

concerned is proportional to the concentration of the 

componcn t in the original sample. Sprayers, gas b1Jrners 

electrical I~- heated graphiil' tuhes or metal ribbons arc 

used for this purpose. The AA::i equipment is generally 

supplied with a flautt' aromiz1~r. Tile lwated graphite tube 

has become the most populat· amOH!!;S t different ETAs. ETA 

system as till' most scn:-;LtiP· analytical technique is 

ge11e1·aL1y used for trace anaJ~-sis of mt•tals. Its furthe1· 

advantage is that small amuunr of sample is required. 

llollo\,-e:athodc lamps an• !',l'llf~rally used in :\AS as light 

souru~s. For c1·1·tai11 1d1•1111~nts hig;hl'l sensitivity can be 

achi1·\-cd \~hen applyin..: elcc:trodPlnss tlisehargc lamps 

/LDL/. With tl1t• 11wdPrll ins1rume11ts usin~ modulation of 

tlw lieatine; curr1~11t, Ii f1! time of aheut :.!000 hours can 

he achiovccJ. In ,\;\ spectrometers normal Ly 3-6 lamp-

holdc n-; arc prov idecJ. 

,\ sin~L1· 01· in tlH' more sophi:;t icaicd instruments a 

doubll"-IH!am o1 tical s\stem S<'tTcs as a lig;ht dispersing 

unit. Corn·spondi11!! to tile' ultn1,·i.ol1·t. ancl visible rangu 

of ~ave length, 1urtltcrmon~, tlw tlwnn<d stress optical 

syst.1~m is used whicli is mad1~ of quar·t.z or quartz-lined 

1111its having a nlf'diurn 1·1·sl>lution p0\~-,~1.· /dispersion of 

1-fi 11111/111111,·. ,\ 1frutPriu111 l;1111p is nonnall~' im1tullcd for 

the cort'l'Ct LOii or the har:l\grr11111CI 1'<1diatio11. 
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Light intensity is measured by a photomultiplier. Modern 

elev ices contain a microp1·ocessor which provides digital 

display of absorption, enable auto-zero setting anJ 

mcasurem('nt under various integration tiu:es. Direct 

display Pf Ponccnt rat ion aml curve correction faci Ii ty 

is often 1n-o\·ided. The AAS instrument can also be used 

in cmis~Jion mode /as flame photometer/. 

Enabling, the analyses of large number of samples automatic 

sample changers arc expediently used. 

The automat.io11 of 1\1\::i is hi!!:hly dcvclupccl, modern AAS 

ins trumcnt~ inc lm.Je mi c roprucpssors. Due to the 

111ic1·01>ro1•cssurs, mo1.kr11 ins trumen tat ion i~. versatile and 

rcJat.ively Pasy to Ul:H!. 

Compl1~x ;aialytical svst1'lll h<1sl'd Oll AA::i . 

The parts of the complex 1\AS analytical system developed 

in J\LUTEllV-FKI arc as fol lows: 

a lHHllP made se11ucn t ia I fus io11 appara tuH, 

Pyc-Unic.am sample changer /SP1-i50/, 

P) 1~-llni cam AAS instrument /SP 1900/, 

Sulatron data transfer unit, 

Facit tape puncher, 

llcwlctt-Packard desk calculator /9830/. 

Tlw flow-chart of thb sy~tcm i~ shown in l''ig.:.!. 

Thi~ solut.io11s of n~d mud /or hauxitc/ samplrs made by 

fusion of ~amplP with strontium carbonatP - boric acid 

I 
l 



Samples 

-~--------

Standards ----------"SET IN" probes 

BCD Dato 

Corrections 

Electronic balance 
!Leco EB-25) 

I 
I 

Sample preparator unit 
I Home made sequential 

fusion app.l 

I 
I 

Sa mp le changer 
SP 450 

(Pye - unicorn J 

I 
I 

AAS 

(Pye- u n1cam SP 1900 I 

Data transfer 
( Solatron I 

Tape puncher 
( F acit l 

Calculator 
-D-a-tu-m.1 ... S-e-r i-a-l -N-0,-e-tc-. __ .., HP 9 830 

Printer 

Units Materials 
-----~ 

Data 

Fig.!.!. Flow chart of the AAS an;:lytical systeoa 

Laboratory 
report 



Jlux. and dissolved in diluted hydrochlorie ..ieid arc taken 

to the sample changer. 'L'he .-\AS ins trumeu t works w l th 

paramc tc1·s selected according to the componpnts to be 

dctenniuccl. The intcns i ty data are recorded on a punch 

tape and entered into the calculator. The result is 

p1· in Led as a laboratory report. 

Sodium concentration of red mud and bauxite samples is 

measm·ed by the samo AA ::tpectrometer in flame photometer 

mode. 

!lesu! ts are calculated from the iutcusity dala by a 

Texas SH 5'..! prograuuuall ii' pocket ca 1 cul a tor. 

PH 111 'EDI .HES 

.r..:;implr> pn'p11ratiu11 

\fri!!h in eight diJferent ai1·-u1·y red mud samples /O,:.! g 

of eacl1/ to platinum crucibles and :...! !! oJ flux /1:1 

mixture uJ strontium carbon:.itc and boric aci.d/. ·rake the 

c1·uciblcs to the sequential fusion apparatus after ignition 

of both flames. Set the tcmp0raturc of hutlt flames by 

adju::;ting the ratio of gas and oxy!.!;cn. S()lcct fusion time 

with the two push button::; of the electronic time selector 

/ahou t I - 5 minutes in the case of red mud samples/. 

Switch 011 the fu~io11 apparatus and wait about !tali' nn 

hour until fusion is finished. Take the crucibles to 

:.!OU ml beakers cont.ainin~ 10 ml of cc. hydrocllloric acid 

and 100 ml of di~tillt>d wat('l'. Let t.111~ 111ixl.ut'(' dissolv<' 

f1·om tl1t• ('l°UCible witl1out lacaLing /::;omP lloun.1 waiting/ 



and Lrunsfcr the solutiou to a ~00 ml volumetric flask 

h;tsl:iilg: the bt•akcr und crucible with distilled water and 

fill up to the mark. 

:-:-.llcl i nm ana 1 ys is 

\\-t'igil in 0.5 g of air-dry red mull samples as well as one 

::::1awLird red mud sample and transfer them to :.!50 ml 

heakcrs. Swirl the solid material with 50 ml of distilled 

\\at1'r, add ~.5 ml of :20 ~~ammonium nitrate and :.!.5 ml of 

1: 1 diluted nitric acid. Boil the mixture for 30 minutes. 

;-;1·1 the pll of the liot solution to 7 - t:i ldth 1:1 diluted 

ammonium hydroxide / abuu t ) ml/, acid t hrce drops of 30 % 
llj drogcn peroxide ~nd lJoi I for another three minutes. Let 

i r c.;ool and pour to '....!30 ml volumetric ilask. Fill up to 

1i11· mark \dth tli::;tillcd \'iatcr and take a suitable 

;11 icp1ot /e:enerally 5 ml/ to a 100 ml volumetric flask 

<ll"tc1· s<'dirucntatlon. Fill up to the mark \\it.i1 double 

di:>tilh:LI water and measure the sodium conc1~utration in 

r l.<1 111•: photometer mode. 

111-;t.allnt.ion of AAS 

I' I ace c lcar cups onto tl1c tray of Uw sample c.;hangcr and 

p1i1ir tile sample solutionf:l, "set in" probe solution and 

~•ta11dard solutions a~ well as distill1•d water to the 

Ii.fly cups according to the givr,n or<.l<~r. '1'!1e standard 

solu1io11s consist of rc<1uirccl quantity of flux, 

11\·drodiJodc ncid and difJcn~11t. \'Olurnes oJ lite Al, Fe, 1'i., 

Si, Ca, all(! ~lg ~tarn.Jard solution.-; J to ) iu growing orJcr. 
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The third standard solution can be used as "set in" probe. 

For checking of the operation of AAS analytical system one 

of the standard red mud solutions of known composition is 

applied on each tray. 

Having become famili:>..r with the construction and operation 

of the AAS, switch on the main instrument /SP 1900/, the 

sample changer, data transfer unit and the tape puncher. 

The basic installation of these instruments can be studied 

in the instruction manual /supplied/. 

Chpck tile acetylene, comprcssP.d air and nitrous oxide 

gas supply and set gas control valves to the required 

position. 

Cunt ion! 

Acetylene - air and acetylene - nitrous o:\:iclc mixtures can 

lw dangt•rous1y ex:plosiv<·· :-.i<>ver leave the instrument 

u:iattcndecJ with the flame burni11g. A proper exhaust 

=":-·~ tem mu,,i; be appl icd s incc toxir heav~1 metal vapors and 

pi·oduct may be formed • 

Turn the lamp selector knob to the required position for 

the selection of lamp of the element to be determined 

/see tables/, set the suitable lamp current and find t.he 

clement 1 inc by turning the monochromator· control to the 

rcqui1·ec.J wavelergth. I~ni te ant.I adjust the flame accordiug 

to the clt~ment. /For Al, Si, Ti analysi~ ac.:ctylenc -

11 i trow'! oxide flame is to be usecJ/. 

A:·qiiratc the 11 set iu" prolH! ~olution to tic flam•• and 

I 
l 
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sclC'ct Lite n~quired St'llsiliY1ty by turniug the -:;calc 

expansion knob in CL1llCPntration mode. 

For thP sodium uct*'nnination adjust the "·an~lcngth for 

the soll.ium D line: 589 nm. Set the sensitivity or scale 

e~pitnsion co11trol to giYc the reading Gou on the display 

fc-1· the lOU ppm stanuard solution aspirated. For zeroin,g 

use double uestiJled wat~r. 

,\1, Si, Ti, f'a Fe alld ~1.o: determination hY A.\S 

/ i/ Set tlw swnple charn;e-r to tray position l, 

/iii put the aspirator eapillary onto lhe sampling arm, 

/iii/ select the '1 scL' integration interval, 

/iv/ start the sample changer in double mode, 

/v/ ,.;tart data translcr and tap<' puncher, 

/vi/ wait until all tlw fifty sampj 1~s ;.u-c aspirated, 

'.\!otC': The opcrali.un of the inst1·umcnt Cun be 

cimtrol lccl by watching the values on the display. 

/vii/ chan~c the I <!ii1p for the next clcmf'nt in the 

/vii.i/ 

/ix/ 
1--.1 
/x.J/ 

sequence Al, Si, Ti, 

select the rAqui1·cd sensitivity range, 

repeat the previous procedures /i/ to /vi/, 

chanp;e ~as f1·om nltrous oxide to air, 

repeat pro<'edurc~ /i/ to /vi/ 1'01· Ca, Fe and Mg. 

Sc lium cln 1.:•rmination 

/i/ Install the inst1·u11w11t in flanw phot.omt~tcr mode, 

S1)Juet iutegrat.i.ou pPriod of 11 sPc, 



/iii/ measure the sodium intensity aspirating all the 

sampl'} solutions. 

Note: Check the intensity of the standard solution 

after every fifth sample. 

C<ilculation of the concentrations from intensity data 

Sodium 

A Texas SH 5~ programmable pocket calculator is used for 

the evaluation of sodium content of the samples. The 

moisture corrected equation and the calibration curve 

from ~.5 ppm to 15 ppm sodium solution arc recorded on a 

magnetic card. Loud j_n the program, type in the weights, 

moisturU:l and intensities of the red mud samples using 

the data Jile keys on the calculator and read the sodium 

content off the caJculutor dtsplay in percent units. 

Otlll'f' clPmcnts 

Collcet the weight, loss on ignition and sodium content 

data from other experiments. Take the punch tave with the 

recorded intensity data oh it to the computer IIP 9830. 

Calculate the result according to the user and program 

manual. 

Note: 'l'hc flow chart of the program can be seen in 

Fi~.J. Tho results are printed on the Helected 

printer. 
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1 Recording and correction 
of data 

Punched tape 

i 
; Tape reader 

orrection of 
1mispri nt, error, 
ldatum,serial no. 

~ __ ...__ ____ ...1--_---, 

Calculator ( HP 98 30) 

' Corrected data 
On mcgnetic tape 

(Star0 

Load data 

~ter intensities 

....... 
Data '-....., 

correction 
? 

t~) /Last"~ YES 
c~mponent 

? ."' . 
YES r-

1 Enter 

End 

l corrected 
data 

----

2 Com12uting 
Magnetic tape 

Calculator 

Tapewriter 

Laboratory report 

Start 

Headline 
formatting 

Computing of standard 
intensities and 

correction factors 

Generation of coli bra ti on 
curve sequence 

Selection of part 
of curve 

Computing 
of 

concentro.tion 
Print 

NO 
YEs End 

Fi~.). Flow e;har·l of a computerized ciat:1 p1·occssin5 syst•~m 



5. CllE~IICAL AKALYSIS OF ALl!~IINA 

Alumina produced by the Bayer-technology contains at 

least ys % of Al
9
0_. The properties of aluminium made - ) 

of alumina strongly depend on the impurities. The 

impurities which are the most important from the aspect 

of the aluminium metallurgy, Si02 , Fe!2o3 , Ti0!2' v2o5 , 
P.,o~, Cr,)O_, CuO, ZnO, MnO.,, CaO and total Na,)O can 

- J - ) - ~ 
simultaneously be determined by optical emission 

spectroscopy /OES/, wi~hout the need for dissolving 

the sample. Determination of the sulfur and carbon 

content of alumina is based on a ~ifferent principle, 

namely the infrared absorption of t!1c co, CO<> and ~J., - -
gases produced by buruing the sample in oxygen atmosphere 

in an induction 1·urnucc. During the practice, we shal 1 

fCJcus our at ten ti on to the former method, the OES. 

PRINCIPLES 

0 rip: i 11 o 1' at. om i c s P" ctr'.!. 

0ES is based on the phcll•)mcnon, that electrons having 

been excited from a so-called valence state to a 

liighP.r energy state through thermal or electric 

excitation, ,jump back to their ground /or lower energy/ 

::; ta tc l;y re 1 easing a photon of tlrn corresponding 

frequency, ,, : 
E = 111> 



I ~l J 

where E is the cner!!Y uiffcrence between the two states, 

h is the Plank's constant. The lifetimt• of such an 

t?X.C i ted s ta tc is of the order of 10-S sec. Since the 

,·arious clements have different energy level patterns, 

the frequency /01· the wavelength/ of thP emit tcd photons 

is characteristic of the element and the number of the 

cmi t ted photons depends on the concen tn1t ion of the 

e lemeuts concerned. 

Optical C'miss ion spt~c t1·oscopy /OES/ 

OES cons~ ·\s of the following procc8scs: 

at.omizalion and excitation of tile ~ample in the high 

temperature plasma /c.g.d.c. arc plasma, spark plasma, 

indu<:tively coupled plasma, etc./, 

resolution of the cmittud light by optical pri:,;ms or 

gratings, 

measurement of light intensity using photographic plates 

/sp(~ctrograph/ or 1,hotoelectron multiplier::; /spectro-

meterH/. 

The Pmission spect1·um of the plasma cons is ts of spectral 

line::; of atoms and ions, bands of mulcPules and a 

continuous hackground radiation. Wavelengths bet.ween 

180 nm and 800 mn are of particular importance for the 

purposefj of CUP.mica l analy!i is. 
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Relationship bctwc>en line intensity and concentration 

The relationship bctl\ccn the concentration c of the 

element in the plasma and the intensity l of its 

spectral line is given by the Malcipa equation: 

n 
I = Ac 

liherc • .\and n are ::;uitably chosen constants. 

The relationship holds for all spectral lines of the 

clement which arc free from self absorption - provided 

that the experimental conditions remain unchanged. The 

effects of the sometimes irreproducible experimental 

condition::; may be eliminated by the application of a 

reference clement whicl1, in most cases, is the host 

material. The line intensity of the element concerned 

und that of the reference material - is effected in the 

same way, therefore W<~ formulate the Mulcipa equation 

for the relative qua11tities: 

'. I I )"l , x x C=c-=a1 1 r \ r 

where C and C are the concentrations, I and I are x r x r 
thn line intensities of tile clcnu~nt to he analysed and 

the refcrenc~ material, r·cspcctivcly, a and '1i arc 

constants which can b<' determined experimentally. 

The l ogar i thmi c form of the cqua t ion is all ca!:iy-t o-handle 

linear relationship: 

Jg c'= 
I 

lg a + i l~ Ix = .. lg u +1~Y x,r 



57 

Accordingly, the l incar re lat ionsh ip he biccn the logarithm 

of the concentration and that of th<' intensities of the 

analytical line pair yicJds an analytical curve the slope 

of which is equal to l/'i /See Fig. '1./. 

In possession of tlw "olackcning curve" measured dcngi ties 

/keeping exposu1·c t: me constant/ can be converted into 

lg I = Y values. Table 6. lists the emission line pairs 

of clementa of importance in the OES of alumina. 

'Iable 6. 

Element 

Si Si 

Fe Fe 

v v 
'l'i Ti 

Lim~ pairs 

:.!~8.6 I AI 306.43 

.,-- -7/Al _,J.J 306. l(j 

j 18 .11 /Al ::;06. l(j 

}jl1. 9 I Al )06. l1) 

Conc~ntration 
range 

0.003 0.1 

0.003 - 0.1 

0.001 - 0.5 

0.001 - 0.1 

Photographic mcasur<'tnPnt of the li~ht iJ1t.0nsity 

Light is detected in OES using light sPn~itive photographic 

plates. On irradialion, a reduction of silver takes place 

in the emulsion and the plate blackens. We normally 

observe the deve 1 oped photographic p I a f,(•s by means of 

transmitted light, therefore, the optical density of 

the plate is defined as: 



where i and i arc the inciuent and transmitted light 
0 

intensities, respectively /in a photometer/. 

When a photographic emulsion is activated by radiation, 

the density, s, L a function of the wavelength, the 

intensity of the radiation, I, and the exposure time, t. 

·rhis function may be writ ten as 

S ::a k • I • tp 

where k and pare constants, the latter is a function of 

the wave length. 

Fig. :;. shows the above relationship in it~ Logarithmic 

form. The middle, ljncar region ot the curve is preferably 

used for analysis, but, for trace analysis, measured 

densities have to be corrected according to the 

characteristic e:urve of the emulsion to get intensities 

which relate to the concentration of the ~lf'mcnt through 

the Malcipa equation. 
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Fig.5. 
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lg c 

Scheme of an analytical relationship in OES 

unter 
exposure 

t = constans 

correct 
exp. 

over 
exp. 

lgI.f=Y 

solarization 

LHackcnin,!! curve of thn pho 1.ogr-uph i' .-:mul s ion 
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EXPERI:'IE~TAL 

~\pparatus 

~ ;.2!1 quartz spectrograph with photographic system, d.c. 

power supply, stopwatch, phototcclmical apparatus, 

spectrum projector, microdc1~itometcr, calculator. 

'latcrial~ 

Gruphi tc cup and need l c eJ cc trodes, graph i_ tc powder, 

standard series of alumina samples, <.;orunclum mortar, 

Agfa Gevaert 34-B-50 photographic plate. 

PIWCEl)(llU-: 

OE::l a11alysis consists of 1.lw following tasks: preparation 

of the sample, taking sp1:ctrograms, development, 

observation and evaluation of the plates. 

'fix standard alumina samples in a corundum mortar with 

hJgh-purity graphite in a ratio of l::.! and fili up the 

!!;raphi tc cup elcctrocles /three per sample aud per 

standard/ with the so obtained mixture. 

I~ix a filled cup electrode and a graphite needle 

c.:ounlf!rclcctrode into the electrode ~tamJ :..! nuns apart., 

I 
' 
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adjust tltl' clectroue gap iu the optica1 axis of the 

spectrograph. 

Adjust a 15 ;um slit onto the slit-head of the 

spectrograph and onto the filter. 

Connect the electrodes to the d.c. supply, applying the 

cup elect.rodes as the anode. 

With the discharge switch "OFF", switch on the d.c. 

supply and set the current to 6 Amps. 

Place the photogruphic plate into the spt.'Ctrograph 

cassette. 

Withdn.iw the cov~r· plate of the cassette, remove the slit 

cover. 

Swj u~lt 011 tlt1' lamp il luminaUng the wavcl.-ngth scale for 

5 ~cc<1ml::; and move tite cassette 011. 

Initiate a discha1·g<' U\ the discharge switch, let the 

sample c\'aporate <·omplctely, meusurc tile r.va:,,>oration 

time by tltc stopwatch. 

When the spcctn1gram i8 n~ady, ~wit('.h off the current, 

replace the slit cover and move the plate holder on. 

Before ~tarting tlH! next expo::rnro, change and adjui:Jt 

the cll~ctrodes, rnmovc the slit cap. 



l>:..: 

~lake every nc,,· svcctrogr.ims i!' the same way. 

,h thl' last exposure, tak1~ up a Fe spectrum with an a.c. 

arc between two iron cl0ctrodes. This will facilitate the 

use of the spectrum chart. 

Put the cover plate of the cassette back. 

Dcv0Jopmrnt of the pltotu;;raphic plate8 

Csc an .\frFA 1 llcvclopi~l!! bath at :.20 de;. C tempC'rature. 

Imm1~r ... H' tht' plate:; 1'01· '' minutes, rinse th1'm in water, 

then fix tlll'm for 15 minutes. Hinse agnin in wa tf!r for 

)0 minutes anll dry tht' plat('s. 

U1•nsitomctry of th<' plate·" 

Dct.crmitw the in tens it i1·:-; u[ tl!c an<J.lyl i<..:ii l Linc pairs 

/sf'.e Table 6./ from i.h<~ plate dcn~itica measured by the 

Zeiss G-II type microden~ i tomctet· /at taelicd to a TEXAS 59 

calculator according tu tile user's manual. 

On the basis of the cnleulat<?cl AY value::; nrnasure<l x,r 
in the standard serie~, plot tlw anal.ylical curves. 

f.n poss~ssion of t.llc b. Yx,r nllu0.s of tll<' unknown sampJe, 

read the unknown concentration of! tl!c analytical curvctj. 

I 
I 



63 

6. X-HAY DIFFRACTOMETRY 

PRINCIPLES 

X-ray diffractometric phase analysis of powder mixtures is 

based on two independent principles: 

a./ The powder pattern of a substance is characteristic 

of it, and can be used for identification ~uch as 

fingerprints are used for the identification of human 

b./ 

beings. 
Peak positions corresponding to direction9 /diffraction 

angles '2.0/ in which a positive inlerJerence of X-rays 

occurs, fulfil ttw Bragg-condition: 

;\ = :..!d.sin e /1/ 

where A is the wave Length of X-ray~, d is the spacing 

of particular atomic planes. Relative inte:iisitie~> of 

diffraction lines in a powder pattern of a substance 
'/ 0 arc determined by the strength of the local oscillat.or, 

namely the ato111s in the cry~tal lattice. 

Absolute intenaity I.. of the j-l11 line of substance 
lJ 

i in the pattern of a multicomponent powder mixture 

relates to t.hc wei1.?;t1t fraction x 1 /i = l, !.!, ••• , n, 

the number p!1ases in the mixture/ by the formula: 

I 
I 



where: 

I . . = 
1J 

K ..• :~. Il .. 
1. ,1 1. 1. J 

~i /UT 

K .. - is a constant depending on the apparatus, the X-ray 
.lJ 

wavelength and the structure of phase i, 

9 i - is the density of phase i, 

JJ-r- ~he to~al mass a~so~pt ion coejlicicnt of the specimen 

including phase 1, 1.e /uT = L x. /U. 4 ,JI J 
Since il.T depends on x., I. .-is not; strictly proportional 

,- 1 1.) 

to x .• The deviation is usually called the matrix 
1 

e ffcct, 

IL. - is tlu• relative inteusity of the j-tll lilw in units 
l .l 

of the strongest 011P.. 

Helationship /'.!./ between molar fraction x. and intensity I .. I 1J 

can not be c~tablished unless the sample 2onsists of an 

enounous number of very tiny crystals of 100 ;um in ~ize, or 

sui.clli)r, with completely r·andom oeiPntalion. 

Penny-or needle-Like c1·ystaJlites, however, tend to prefer 

ce r·t.:.d.n orientations. Preferred orientation j 11 certain 

crys tat I ugraphic dirP<..:tions m':ly drasticly effect mt>asurrd 

intensitio~ and, by any :Jteans, is to be avoided, if possible. 

Methods of X-ray diffract ometric phas c an<d ys is 

~rditativc analysis of a powder pattern /r.itt1er film or 

diffractou;ram/ start:,1 witl1 the measurement of pflak positions 

and tntensit.i<~s, and proceeds with the calculation of 

i 11 t e r p I an a r spa c in gs , us i 11 g: c q / l / . l' h c' 11 a co :n pa r i s j on o f 

tile datu with so:nc gystematic file of standanl patt<q·ns 

I 
I 



fol lows. Different types uf search for matches betweeu 

known and unknown patterns are used /Hanawalt, Fink, etc./ 

but a filter of data by any knowledge of chemical composition 

of the sample is of great importance. 

The \arious methods of quantitative XRD use different forms 

of CCf 1~1. 

Absolute intensity mrthod 

When only oue component is sought and its mcusurpd intensity 

i::; i·e fcrred to a sea ll' vo1·rcsponding to pure co:npuuent i, 

P'l· /'..!./ has the followin~ form: 

I. ./ 1/ x. = 1/ = 1u . /luT. x. 
1J 1 1 1 

/}/ 

wlwrc un I y JJ-T i::i uuknown. 

Dcpen<Jir:g 011 tlk diftcrcnce between tlH' mass absorption 

1.;oefl'ici.1•11t oi the phase i and the ri~st of thP sample, 

L·alibrati.on curves nny deviate from a straight lirn: either 

upwards or downward~. 

l'his mnthod 11ceds nuull~rous, complex and var1abl<' calihratton 

Jur m1,;lticomponent s:vstcms. However, it is a Just nwttiocl 

1'01· phase analysis of' sample!'! with phases of very simi Jar 

mas~ absorption coef'fi(;icnts. /E.g. mas:.; absorption 

coefficient of different aluminas is ver·y cJose to (~ach 

other, thu~ the calibration curve for an)' ot· 1lwm i~ a 

~traiglit Jine/. 
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Internal standard method 

Dependence of I .. upon the absorption can be eliminated 
l.J 

from eq /'2/ relating I .. to the t-th 1 ine intensity of the 
l.J 

phase s: 

I. ./I t = 
l.J s ' 

K ..• R . . 9 .x. 
l.J lJ s l. 

K t•R t9· .x s s , 1 s 

= cons t. · 
x. 

l 

x s 

/4./ 

~ow component s can be considered as an internal standard 

to which component i is referred. Since K .. contains l.J 
apparatir parameters as multiplyiIIg factors K . ./K t=k./k , l.J s 1 s 
1dierc k

8 
depend only on the phases i and s if we restrict 

ourselves to the strongest lines. The k factors are aften 

called i11t1rnsity conversion f~ctors /ICF-s/. Knowinf? 

L. ./!.. t versus x./x, one only needs to mix the sample 
,,. s l s 

1dth known amount of the standard material and to measure 

tile intensity ratios. Wei!!;l1t fraction of phase i can be 

n·ad off the calibration curve. Sin(;e tile absorption 

copfficicnt has' een e1iminated, eq. / 1t/ always represents a 

straight caJibration curve which can be characterised by 

its slo1le k./k • 
1 s 

Dilution with unknown method 

lL is sometimes easier to dilute the specimen with known 

nrnuunts of the component, the concentration of which is 

to he determined. ln this case neither the amount nor the 

identity of the standard component s need to be known 

/ d i1 ut ion with unknown method /. The intercept of the 

I i rw fitted to the intensity /in uni. ts of any 1 in~ in L()ll8 i ty 

uJ pl1ase s/ versus added-unknown-points wit.II the axis of 

ilLlded UGknown ~ivcs the fraction of the unknuwn component 

i11 the original !'!ample. /Fig.6/. 

l 
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2.0 40 60 80 100 

addition w °lo 

Fig.6. Dilution with unknown method. 'file straight line 

fitted to the intensity vs addition points 

intercepts the abscissa at - xi. 

Quantitative XRD without standards 

In the case of n identit'ied components in the spce;irncu, 

one has n equations of type /2/, but only /n-1/ measured 

in ten. i ty ratios co11sequently /n-1/ equa Uons of type / 11/. 
II aau only if the qualitative analysis is complete, one 

has a normalisation condition for molar fractions 
"' x.:I:x.=l which can be used as the n-th equation. 

J J•f J 
The solution of the linear equation system 

symmetrical form: (k. n 

xi = -2. L 
1 i jc1 

has a 

/5/ 



7'lethods introducing chemical information 

All the methods mentioned above require the knowledge of 

the calibration curves or ICF-s, or at lca..>t material 

ayailable of the purl:! unknown component with the same !CF 

as in the sample. In the case of minerals, like in bauxites, 

a very wide spread of ICF-s has been found, depending on 

the geohistory of the ore. The same applies for materials 

from different technological processes. The best one can do 

is to minimize the effect of ICF-s on the phase analysis. 

-~computer version of this algorithm for bauxites is presented 

in detail in the theoretical lectures /Vol • 1
1., Shapter '2/. 

rrF--s and composition of bauxite are listed in Tables 7 

and B., respectively. 

'l'he aims of this practice a1e the following: 

a./ introduction to the different experimental methods and 

probJems 01· XRD /sample pl'''!':.irat ion, choosing the right 

expc1·imental corulit.ions for the diffractometer, etc./, 

IJ./ cpJal it.ativc and quantitative evaluation of diffractograrn::i 

of artificial mixtures, 

c./ checking calcination performance by qu<rntitativc 

uetermination of corunt.lu111 content or aJumina san:plcs, 

u ./ checkin~ dissolution efficiency by qua 1 ita t ivc analysis 

of red muds, 

e./ applicu.tion of a eomplex method fur l.Jauxll.c phase 

analysis. 
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Tab lt~ S. Intensity C'On•rsion factors, thC'ir standard 

clC'viation and the relative intensity conversion factors 

Phase ICFh STD UICF 

Ilematitc ~.6 l l 

Bochmite 1 0.1 1 

Cancrinitc 5 C) 5 
.:5odalitc G <) 6 
Pcrm,·sh.i te 0 -) . - O. I o.; 
Goethitt~ " - o. ~' l ,, 

-•/ . -
Corundum 0. '• :2 u.o:; l). '• :.! 

Gihbsitc o. 11 \). ~ I " . -
Diasporc 1 o. :.! l 

l\au Li uj te :; . '• l.j 5. 1, 

Ca-aluminate ·• ) -
~a-ti ta11a tc ~ ·• l :.! J -
llmcnilc 

Siderj ti' O.) u. l 0. l) 

Magnetite o. } U • I O. I 

Lit 11 i ophor i t.e 1, • ~) '•. 9 
J\J1at.as c O."'i 0. j o. ti 
Calcite 0. '• (). :.! l 

Dolomite o. -'1 0 •I . - l 

(Juartz (). :.! O.l l 

Hutilc (). '1 0. 1 l 

Pyrite o.6 {' ') '• - J.) 

Cran<la I 1 t tc 5 
_, 

" - -

* Ile la U ve to bocluni tP 
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Table 7. Chemical composition of some bauxite phases 

Al 20
3 

Fe 2o
3 SiOt') TiO'> cao '.'fgO FeO P205 Mn

3
o4 co

2 s 1.0.I. ... ... 
% % % % % % % % % % % ~ 

Boehmi te 85 .o 15.0 
Gibbsite 65.4 34.6 

xDiaspore 85.0 15.0 
:x 100.0 

0 
Hematite 

'" x 89.9 10.l 'Goethi te 

Magnetite 103.5 31.1 -3.5 
:ii· 'Sideri te 68.9 38.0 31.1 

Pyrite 66.7 59.8 5;.5 -:n.J 
Ilmenite 52.6 52.7 47.J 
Anatase 100.0 

Rutile 100.0 
:>c Calcite 56.o 44.0 41t.O 
Dolomite 30.4 21.7 lt7.9 4i.9 
Quartz 100.0 
Crandal lite ::n.o lJ.5 3Zf .; 15.~ 

Lithiophorite 25.j 56.s 17.9 

x Phasns of variable composition /to be determined from line shifts/. 
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EXPERIMENTAL 

Sample preparation 

Specjmens are made from previously ground materials 

/particle size less than 63 ;um/ by pressing the powder 

into a thin aluminium sample holder /Fig. 7/. Put a piece 

of abrasive paper on the press tool and fit the sample 

holder onto the metal peg. Pour the powder on the rough 

surface of the abrasive paper and smooth it with the 

spatula. Put the counterpart on the top of it, slip the 

whole tool into the press and tighten it. Undo the press 

and the tool and cover the back of the sample with a 

flexible cover-plate. Gently slip the sample holder into 

the magazine until it hits the back of the magazine 
/Fig. 8/. Make a note of the sample position and identity. 

Fig.7. Hand press for preparation of powder samples 

.., 
I 
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DPscription or tht> diffravtomC'tPr 

The block diagram of a conventional XR cliffractom<'t<'r •·an 

hi' founcl in tlw Chaptl'l' ~-of \"Ol. 11 /sl'P fi£:llrC' !1.1
1
1/. 

XllD 0quipml'llt to ht' usPd tor !?;roup traininl! is hast>c1 on 

comml'rcial Philips units, but it has bP<'ll modifi<'<I to m;1k<' 

sPriaL Dlt' .. slll"l'llll'llts 11101·1' comfortahl1•. A fast rPturn motor 

has h<'Pll mountPd on th<' !!Oniomrt1'1· /Fi!!. 9.1, the chart 

motion and !oh a11!!lt- sta1·t of tilt' ~oniomPtl'r has h<'•'li 

s~·111·hronisPd such a \\a~· that the a11!!lc position ma1·kprs 

coincidf' \\·itll tlw thick linPS on thr r-hart to lwlp n·adi11!! 

pPali: positions •• \dditionally, a sampl<' SPl1•ctor unit is 

1•111111PCtl'd to I.hp autom;;t i<" Philips san1plP f'han!!1~1·. [\,o scalP1·s 

;ir·p usl'cl in a l"lip-t"lnp rnodt' to a\·oid \\°i1stin!! f·ount-.: du1·i11!! 

printin!! timP. Tlw print<'r is 1·0plac0d by a paprr· tape• pund1Pr 

to reconl clil"fract<H!Tams ror· off I ill<' <'Yaluation h\" a computl't·. 

PllOCEDLllE 

Switch 011 tll<' !!<'ll<'rator, tltt> ~oniomPtl'r -;upply, th<' samplP 

<·han!!:<'r c·ontrol unit, thP sample s0lrctor unit, tlw hi!!h 

Yoltae:<' supply of the scintillation cl0t0C'tur, the sf'al0r tt10 

rat0mf'tl'r and t110 rountrr· f'Ontr·ol unit. :'>lnkc stir<' that. tlu· 

f·oolin~ \\·at0r of th0 l!Pll<'rator and th0 X-ray tub<' is on. \oinit 

15 speond tll<'n turn the high volta~c 011 hy prcssin~ the two 

nd.j<"JCP!lt II.\'. buttons simultan<'Ously, than rclcasine: the one 

marked "0'', Turn th<· 11r up to 1,5 kV, tlwn the tube currPnt up 

to !10 mA. Insert t:llP fi I 10<1 ma!!azi.ne into the sample chane;<'r 

and fit the g0:u·s appropriate for th<' chosen ,goniom0tcr spN~d 

/s1'C' thl' possihlP combinations on ttw e:oniomctcr/. Sr>t. th<' 

ant!;ular limits hy lnosin!! and tic;ht<~nin!! th<' bolts L - low 

ane:IP limit and II - l1irrh an~I<' limit /sf•c Fil!. 9/. 

I 
I 
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Fig.8. Sample magazine 

Fig.9. Modified Philips goniometer with fast return 

motor /RM./. L - Low angle limit, H - high angle 

limit 



::;l'l th .. time eonstant ur th1' ratt•mett'r to thP lli!!:l1t·st \·alu1•, 

\•ihic-h satisriPs the c·omlition: 

I . I , u; 

\d1P1·1· s is thP !!OnimnPtPr· spt•1•1l /1le!!l"l'<' pr•r minutP/, 'C is th«' 

tim1' constant in srconds. This condition !!Uarant1•Ps th.1t pPaks 

\.-ill not be on•rint<•grated. SC't "sample S('l<"e:tor .. ~a.-itch to tlu· 

position of the sample in the ma!!azi1H' to hf' l'<'Conl1•d first and 

pn•ss button "Heady". Hecordin~ may hP startrd hy pusllitH! "START" 

on th1• front panPI of thP ''sampl<' chall!!Pl' C'o11trol". lh1•n open 

tit<> X-ray shuttl'r ...'. b~· pushin!! the buttons "...'." and "Sl111ttPr'' in 

tll1· '-':tllll' time. \ow thP diff1·a<:tomct1•r i~ n•ady for· 01wratiu11. 

Caution! 

X-L1:vs an• harmful to thP human holly, psprciall~· tD tltl' Pyt>s. 

Pl1•asP, do not touch th1• radiation sliiPlclin!! hf'U\<'Pll till' X-1·a~· 

t11hf' and t.111.' cl1•tPC:tor. In nonnal usl' thf' 1•quipmPnl i~ 

radial iunproof. ~llf•n hi!!h vol t.'t!!I' is nrr, 110 X-rays dl'I' 

!!I' n<' r·a t I'd. 

Quantit<itivP df'tPrmin;ltion of th<' -='-<tlumin;; /corunduml 

co11tPnt of an nlumina samplP bv tlw nbsolutf' int<'nsity 

mPthod 

Prrparr four parnllPI samplP.s from th<' material and llS<' tlw 

100 r;, alpha-c:orundum o.;t;inclnnl /availahl<' in th<' lahoratr.ry/ 

I 
I 
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as a reference, to the position l t_)f the magazint· • Starting 

the measurement the way ticscrihcd aboYe, take a short record 

of the reference sample from :2) to :.!6° /in :20/ with 1°/min. 

of goniometer speed. Use sensitiYity: :2 x lOJ cps. Find the 

diffraction peak of corundum at '.20=:25.6°. Set the lower angle 

limit slightly below :24 ° and mount the gear:,; which are 

appropriate for 0.5°/min. goniometer speed. Switch on the 

printer and turn the preset count swi tell to o0 /on the scaler/ • 

. Preset measurement time to 100 sees on the timer PW ll'.261. 

When the sample moves in, start the sea 1 er. When the scaler 

stops, reset it and preset measurement time to 200 secs • 

. .\fter this measurement count background for 100 secs aq;ain. 

When the next sample moves in, repeat tilt' whole procedure. 

rhe printer reads out the scaler when the scaler stops. 

Determine peak intensity by suhtracting the sum of the two 

intensities measured for JOO see;s from the one measured for 

:200 secs. /See Fig. LU. for explanation/. Calculate the 

concentration of o(-alumina hy relating the measured peak 

intcn::;itics of coru11dum in the unknown nnd in the standanl 

samples respectively: 

Cal<:ulate mean and :.;tandard deviations 101· the four paral lei 

samples. 

Quantitative detcrmi1rnti.on of hematite i11 ;111 unlm<nm 

ternary mixture by the dilution with unknown method 

Tl11· unknown mixtUl'P /sample "U"/ \di.It X hPit-?:ht per c<•11t 

l1Pmatit1• and two additional :-1amples wiill X+~O LJnd X+'10 

weight percent. of h1~matite arc suppl.i1~<1. 

I 
t 



Study the diffractogram of the unknown jchart available/. 

~lark and identify the peaks of hematite. Identify the re3 t 

of the lines /two phases/. Tables are available in the 

laboratory. Select the shortest :20 interval in which all 

the three phases have at least one single, nonoverlapping 

peak with high enough />30 percent/ relative intensity. 

Set the angle limits and take a 0.5°/min. record of the three 

samples /"U 11 
7 

11 U+:2011 , 11 U+li011
/ Within the vu~:.i<':li angle 

interval. 

De t<'nniuc the intcg1·atell intensities of tile peaks supposing 

a linear background and estimating the area of the peaks by 

that of a triangle /see Fig. 11/. Proceed as described 

in tl1c paragraph "Dilution wi.th unknown nwthod". Determine 

hematite content in Sample "U" from the interccpi on a graph 

similar tu 1''ig. 6. 

quantitative clctennin;1tion of all tile tl1n'1~ pllases in 

sctmpLP "li" without ~Lanclanls 

Detcnnine the further necessary peak intensities from the 

record of the sample "lJ" by the tri.ane;le method. •rake the 

standard intensity conversion factors /relative to corundum/ 

from the JCPDS Index and use the formula /5/. 

Qualitative analysis of a red mud diffractogram 

Mark anLI icl1~nt,ify tlw pcak!J on the chart and make a note of 

th1~ pha!-lP"'i prnticlll. in the samph~. Pay at.tP11lion to the 

al1111d11iu111 phascH left ill the mud and tiili<:ate~ he:iidc the 
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main red lliUd phases. Make use of the knowledge of the 

technology and data of the chemical analysis /available/. 

Quantitative phase analysis of a bauxite sample by the 

... u<aplex method described in chapter ~. of the vol. lt. 

/i/ by "hand evaluation" of the record 

/ii/ with the aid of the HP 9830A desk-top calculator 

/demonstration/ 

Procedure for hand evaluation: 

/ i/ Complete 11ual i tat i ve analysis of the diffractogram 

using determinative tables. 

/ii/ Determine foreign atom substitution in ~oethitc, 
hematite, c.liaspore, calcite or siderilc /if thr~re 
is auy / from l illl' shifts. Correct the com po:., it ions 

uccording to the calibration curves /line shifts 

versus mole per cc11t of substituted foreign atoms/ 

available in the laboratory. 

/iii/ Determine the integrated intensities of the lines 

on the chart by the triangle method make corrections 

for overlapping peak intensities. 

/iv/ Allocate oxides to phases accordinp; to the chemical 

composition of phases /Tab le 7. / making use of 

formulc /5/. The relative intensity conver:'.lion 

factors and their ~tandard deviation are given in 

I.he 'l1ablc 8. 

I 
l 
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/v/ Recalculate the phase c1Jmposition with modified relative 

intensity conversion factors /but within tlm interval 

marked in Table 7./ starting-from the point d./ if either 

the L.O.I., or the sum of the phase percentages 

significantly deviates from the values analysed chemically. 

T, ke part on the demonstration of computer version of the 

phase analitical method described above. 

I 
J 
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7. THERMAL METHODS OF ANALYSIS 

~RINCIPLES 

All the physical and chemical phenomena, like phase 

. transformations, chemical reactions, crystallization and 

others are accompdnied by changes in certain physical 

parameters of the matter, like mass, volume, internal 

energy, electrical resistance, etc. The phenomena a~d the 

matter can sensitively be studied by anaJysing changes in 

these parameters. 

Thermal methvds of aualysis include techniques in which 

som6 physiLdl parameter of the system is measured as a 

function of temperature, methods like thermogravimetry /TG/, 

differe~tiaJ thcr~ogravimetry /DTG/ and thermal analysis 

/DTA/, thermodilatometry, thermoluminescence, calorimetry, 

~,!iermometric ti trimetry, and others. In the fol lowing, we 

shaE restrict ourselves to TG, DTG and D11 analyses. 

Di!'forcntial thermal allalysis /DTA/ is a technique in 

whJch the heat effects, associated with transformations in 

the specimen, are recorded as a function of temperature or 

time as the substance is hcatt~d at a uniform rate. Heat 

or enthalpic changes, either exothermic or endothermic, 

are caused by phase trdnsitions - such as crystalline 

structure inversions, sublimation and vaporization, 

dehydration reactions, dissociation reactions or 

decomposition reactions, oxidation anJ rcductinn reactions, 

destruction of crystallinn lattice structurn, and other 

chemical reactions.GPn.~rally speaking, phase transitions, 

dehydrc::.tion, reduction and HOIDP, dccomposiUon reactions 
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produce endothermic, whereas crystallization, oxidationf 

and some decomposition reactions produce exothermic effects. 

In DTA, the sample temperature is continuously compared with 

the temperature of an inert material, the difference in 

temperature being recorded as a function of furnace 

temperature or time. 

For illustration the DTA c~rve of a kaolinite sample is 

shown in Fig. 12/a. The endothermic peak at 560°C 

indicates the loss of crystalline water, resulting in the 

destruction of the crystal structure. The exothermic 

maximum at 9~0°c corrcs1:onds to the crystallization of 

amorphous Al .,0- into gamma-Al 'Jo3 • 
~ y ~ 

Th<'rmogravi'Iletry is a tedllli'luc wf1cr<'bY a sample is 

continuoU'3ly i·:cic;!ied a~ it i~ lw:ltP<I at a constant rate. 

The resulting weight change vs. temperature curve so 

obtainec1 gives information concerning the thermal 

stahility and composition of the sample. To illustrate 

the princi~Je, consider the weight - loss curve or 

thermoe;ram of calcium oxalate hydrate, as given in 

Fig. l '.!/b. Part A u1 the curve corresponds to a stab le 

state of the substance with no c,hange in weight. Part B 

corresponds to a weight <:hange caused by the evolution of 

one mole of water per mole of sample, as described by th~ 

following reaction e11lJation: 

Ca/coo/,,.H<)O~ Ca/COO/<)+ 11.,ut - .. 
the next two weight change~; C aud D can be interpreted by 

the following e~uations: 

Ca/COO/ !2--. CaCOj· + cot 

caco, .;::.:=:: Cao + co) 
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Thermogravimetry makes quantitative determination of thP. 

weight changes possible by measuring the step heights 

on the curve. 

In differential thern.ogravimetry /DTG/, the rate of 

weight change, dw/dt,is recorded as a function of 

temperature or time. A series of peaks are now obtained, 

instead of the stepwise TG curve, with areas under the 

peaks proportional to the total weight change of the 

sample. 

Differential thermograrns can continuously be recorded 

using the principle of induction. A coil is attached 

to the beam of the thermobalance and suspended in 

l1omogcneous magnetic field. Sample weight changes cause 

a movement of the coil inducing a current, which is 

proportional to the velocity of the magnet, i.e. to the 

rate of change in weight. 

The advantages and disadvantages of the three methods 

mentioned above can be summarized as follows: 

DTA alld DTG curves are comparable, however DTA indicates 

even those changes of st~te that are not accompanied by 

loss in weight. DTG curves are more reproducible. 

Peaks on the DTA curves extend over a wider temperature 

interval, due to the subsequent warming /or cooling/ 

of the sample after reaction, depending upon the thermal 

conductivity and geometry of the sample. DTG indicates 

exactly the temperatures of the beginning, the maximum 

rate and the end of the change. 

-1 
I 
j 
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The area under tne DTG curve gives the change in weight. 

/To avoid tedious planimetry, TG curves are usually 

recorded simultaneously/. 

For the above reasons, DTA is primarily used for 

qualitative analysis, however DTG and Tli can be uset.1 

for quantitative analysis. 

Qualitative and quantitative thermal analysis of bauxite 

Decomposition temperatures of mcst of the f1·equently 

encountcrPd bauxite phases fall into a reasonably 

temperature range, therefore DTA, DTG- and rG are 

important in the phase analysis of bauxites. In the 

majority of bauxites minerals decompose 3eparately on 

heatin!! i.e. intPrphase n~actions do not take place. 

KnO\dll.!! the volatile component 01 each mineral, one can 

calculate the phase compos i U on from the loss in weight 

in a par·ticular temperature range charactf'ristic for 

the mineral /see Table 9./. 

Complete mineralogical analysis /either qualitative or 

quan t it at i\:e/ - can not be pc rformed based s ,,i c 1 y on 

DTA and 1rG of bauxites, because certain phases I for 

example hematite, anatasc, rutile/ are thermally 

i1wctiv<', some others have overlappi11g peaks. For 

example, ~ibbsitc bleeds ~.5 moles of water up to 

'100 dPgn~es C, Uw 1·1~st of water is lost at a high1>1· 

t<'mp1•rature together with the decomposition of l>ochmite. 

Tlwn~ftJrt' it is to b1• suhtractccl from t.11·~ w1~i~llt loss of 

bodunitf~. On tlu~ 1>1111>1· hand, hoehmit.1~ <:0111.ain:-i mon~ 



Tabl~ 9. Trans formations of frequently, encountered bauxite phases. Phases occtn"r ing most 

frequently in bauxites 

Minf'!ral 

Gibbsite 

Boehmi te 

L!>iaspore/ 

Kaolinite 

Formula 

Al 2o
3

.JH20 

Al 2o
3

.H20 

Al 2o
3

.2s102 .2H20 

Goethite Fe
2
o

3
.tt2o 

Sidt>rite FeC0
3 

Calcite CaC03 

Dolo:nite CaMg/C03/2 

Component 
lost 

3H20 

2.'/5H20 

0.25H20 

H
2

0 

2H20 

H20 

co
2 

co2 

2co
2 

Peak 
tempera-
tu re 
oc 

320-340 

540-560 

540-560 

590-610 

360-380 

510-530 

760-780 

f:s00-820 

960-980 

Tempera-
tu re 
range 

oc 

260-380 

500-600 

440-600 

560-700 

31!0-420 

480-560 

680-820 

520-920 

Calculation formula 

A1 2o3 % = 101.94.G/49.555 

Gibbsite % = 156.0.G/49.555 

Al 20
3 

% ~ 101.94.G/18.02 

Boehmite % = 119.96.G/18.02 

A1 20
3 

% = 101.94.G/36.03 

Si02 % = 120.12.G/36.04 

Kaolinite% = 258.10.G/36.04 

Fe 2o3 % = 159.70.G/18.02 

Goethite % = 177.72.G/18.02 

Fe 2o
3 

% = 159.70.G/72 

Siderite % = 231.70.G/72 

Cao % = 56.08.G/44.0l 

Calcite % = 100.09.G/44.0l 

CaOMgO % = 96.40.G/88.02 

Dolomite % = 184.42.G/88.02 

G - measured weight change in the given tE!mpera tu re range. For cal cu lat ing boehmi te the 

rPsidual 0.25 mole water of gibbsite is to be subtracted 

<Xl 
Vl 
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than 1 mole of /about 1. 33 moles/ water in bauxite samples. 

ln phases of variable composition, /due to isomorphous 

substitution of some atoms by others in the crystal 

lattice/ the volatile content varies, too. 

To overcome the above difficulties in therm..il analysis of 

bauxites, complementary information /data of chemical 

analysis, X-ray diffraction, IR spectrometry/ is of 

particular importance. 

Sample analysis of a boc hmi tic bauxite from Hal imba area. 

/Hungary/ is illustrated in Fig.I}. and its evaluation 

based on complementary methods in Table 10. 

EXPERIMEN'l'AL 

Dcrivatograph cJevclopeu by L. Erdcy, F. Pau1ik and 

J. Paulik and manufactured by the Hungarian Optical 

Works, crnnbines TG, DTG and DTA mcasuremrnts in one 

equipment. 

Description of the derivat.ograph 

The apparatus illustt·dted in Fig.14. consists of the 

following main Pdrts: 

Furnace with sample and reference /Al . .<L/ crudbfrs 
- .J 

\Jut h with thcrmucoup les for 1' and bi' n1Pasureme11ts, 

on a porc1dain tuhc attached to the heam of the 

ha lance / throu&!_;h the bot tom ot the f11t·1111cf~/. 



TG 4 mg moisture 
2mg ads.water 

6mg gibbsite 
5 mg go et h ite 

3 rng si derite 

DTG 79 mg boehmite 

OTA 

Mas.s 1000 mg 
Sensitivity 200 mg 

T °C ' 
I 

100 

Fig.13. 

555°( 

I 

;/ 
I I 

300 500 700 

Derivatogram oi' a bauxite sall1pl1· from Ilalimba 

.l'egion /Hungary/ 

mg 
0 

50 

I 
~100 

150 

__J 
900 
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TalJlc 10. Phase nnalvsi.s of a bauxit~ from lIHl..!..!1!1~a l'<'!!ion bHS<'<l on deri.\·atoe.r3phY 3nd 

ehemicEl analvsis 

fiiiJhsite 

Dochmite 

Kaolinite 

GoPthite 

Sic.Jeritc 

Hematite 

'ri tanoxidcs 

Calcite 

Dolomite 

Adf:lorberi water 

Total 

Chemical analysis 

L.0.I. % 
H2 0 co .. 

o.6 
7.9 
1.9 
0.5 

0.2 

11. 1 

I'..!. 8 

0.3 

0.3 
(). 9 

1. 5 

Al203 
% 

1. 2 

114. 7 

5' '• 

51. 1 

51. 5 

x Calculated from chPmical analysis 

Si0
2 

:1o 

6.3 

6.3 
(j. 3 

F-, 0 
e:..! 3 
% 

3.3 
0.7 

!:.!0.7X 

~/1. 7 

~'·. 7 

Ti0
2 

:{ 

~ • 5X 

2.5 
:..! • 5 

CaO 

% 

0 .11 

0.6 

1 • 0 

l • 1 

'.'lgO 

c1-
(J 

() • It 

0.4 
0. 11 

Phao;e 

% 

1 • " 
5 .2. 6 

13.6 

3.s 
1.0 

~0.7 

~'. 5 
0.7 
1 • 9 

0.2 

9S.8 

~19. '.) 
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Fig.14. Scheme of a dcrivatograph 

l - specimen, 2 - inert material, 3 - furnace, 

~ - thermocouple~, 5 - ceramic tube, 6 - balbncc, 7 - coil, 

10-13 - E1mplifiers, 14 - recorder 

I 

' 
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Balance with the sample and the reference upwards, 

as well a coil downwards, the latter moving in the 

field of a permanent magnet on one arm, and a core <'f 

differential trans former on the other, for TG. 

Moter case with a.c. voltage stabilizer and toroid 

transformer to set heating rate by a novel program 

disc. Heating rate is also corrected according to 

D1'A signal. 

Galvanometers converting currents of thermocouples, 

that of the moving coil and the differential 

trru1sformer into mirror deflections. 

Those arc then recorded as T, DTA, DTG and TG signals, 

respectively, using parts of the light of a halogen lamp 

6plit and l~ad tn thP mirrors bv optical fibers. 

Four channel recoroer. 

PIWCEDUHE: 

Switch on the dcrivatograph /type Q 1500/. Set the 

hpating rate to io°C/min, Uw starting volt.age of the 

motor to 77 V /this value was determined by calibration 

measurements/. 

Set tlw galvariomcters !'ref~. Set th~ galva110111ct<~rs to the 

following ranges: for DTA: 1/10 mV, for DTG: 1/15 rnV, for 

T: iooo 0 c .. -,ct :-.ia;n "'I'" to :.!0°C on the 1·ceo1·der and 

zero the Hi s iu:na I. 

I 
l 
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Put 1 g bauxite ground below 63;um into one crucible 

and Al •)o_ powder into the other crucible. The height - ) 
must be equal in the two crucibles. 

on the Cl.rm 

levels 

Lower the furnaces onto the cri;cibles. Set the balance 

free and wait for its neutral position, then set the 

DTG galvanometer free. Switch on the motors of recorder 

and of the writing heads. 

Switch on heating and the motor of the program-disc. 

After about 100 mins, the derivatogram is completed. 

Switch off the instrument, arrest the balance, lift up 

the furnace /a little/. 

Marh start, en..: and maximum ra le point on IH,\ and DTG 

curves, determine their values in degrees usi11~ the 

...:pecial nomograw ruler. 

Using peak temperatures in Table 9. icfonti fy phast>s in 

the bauxite sample. Project start and end point of Dl''I 

peaks onto TG curve. 

Head the weight losses of iucJivicJual phasPs orr 'I'll curvP 

/in mg / and express values in pe1·centages /sample muss: 

J g/. 

IJs(' fonnulec il1 'l'ahle <).in calculat1ng 1111• qua11ti.tati·11· 

mineral cumpu .. ition of tile surnpl<'. U:·.i~ d:ilit of i-IH'llli<:al 

ana I y:.; i :; and pre sent data in form of a tab In s imj l ar 

to Table LO. 

I 
j 
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Compare result with results of X-ray diffraction 

/available in the laboratory/. 

I 
l 
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8. ELECTRON BEAM METHODS 

PRINCIPLES 

Electron beam investigation::; arc based on the various types 

of interaction between the bombarding electrons and the 

material to get information about its morphology, structure 

and elemental composition. The most important and frequently 

used electron-material intera~tion processes are shortly 

discussed in this chapter. 

In a scanning electron microscope /SEM/ a finely focused, 

flj_gh energy /from a few keV up to 50 keV/ c!.ectron beam 

scans over a selected area of the sample. Different types of 

particles are generated by the high energy electrons such 

as: 

/i/ Backscatter·pcJ Plcct.rons. Part of the bombarding 

electrons arc scattered elastically /with no cnergy loss/ 

by the surface uf the sample especially at high angles. 

Their intensity is proportional to the atomic numbrr of the 

clement present in the irradiated volume of the sample, i.e. 

the higher the atomic number of the element, the brighter 

the detail in the picture is. 

/ii/ Secondary electrons emerge from the outer shells of 

the atoms of the sample due to the collision with the high 

cnerr;y bombarding electrons. Tlu~y have relatively low 

energies /only a few cV/, thus they can escape only from a 
vcl'y thin /about 10 nm/ surface layer, consequently they 

can be used to imat?;c t.hc surface of UH' samph~. The 

pr·otruding parts anrl edges of the sample, seem hri~htcr 

·,n tho ~ecoudary cll~ctron picture clue to the great.er number· 
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of electrons escaping from those parts than from cavities 

and holes. 

/iii/ Transmitted clN'trons can be used for imaginr, and 

crystal structure determination of very thin sample~ /from 

a few tenth of a nm to a few hundred nm/. 

/iv/ At:gcr elPctroJts ar·~ applied for C'hcmical a1ialysis 

of the surface la}Pr /a few atomic layers of thickness/. 

/v/ «\bsorbed c lcctrons are frequently usecl in semiconductor 

studies. 

/vi/ The energy of thP X-ray photons is characteristic of 

the C'lPments erritting th<'m. They come from a few ;um ·L11ick 

layer of the surface; X-ray photons gc1wratcd deeper arc 

absorbC'd 111 the sample. ElC'm'_mtal distribution of an clement 

of int<'rcst,linc profile analysis and point analysis can be 

p<'rformed by uctccting til<'sc photons. Elcnu•ntal analysis 

by electron hcar'l C'XCi tcd X-ray~ is often cal led microanalysis 

and the spectromctcr!5 a1·c cal led microarn 1 ysers or microprobes. 

Enc1gy dispp•·~·dve micrPanal~·sers make us~ of solid state 

detceto1·s, w.1ile mtcroprobcs apply crystal spe<:tromctcn1. 

Qual itativc P.lemental analysis can l;c made p1antitat.ive if 

the surface of the sample is flat and by using appro,riate 

st am.la rd samples. 

/vii/ ! ight photons ;11c ii.IHO g<'1Hffai.Ptl hy t.hP high energy 

elec:t.rons i·1 lumin<'scent materials. 

Morpholol!i«al investi..,.ation of al11mi11a hvdr·ate 

SE~f i11 sPC0111l; 1 1·y rlf'«lr<111 rnorlr~ ~i\'l'S \'aluahl1~ information 

about 1h1· mor·phnlogicr~I fu1tUl'f'!-l 1Jf tltP alumina hydrate 

l 
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seed and product and helps to understanti the mechanism of 

precipitation. It was found that alumina hydrates having 

the sa~e grain size distribution curves may have different 

technological properties due to the different morphological 

features of the particles. Having studied a great number of 

alumina hydrate samples the investigation of the following 

features were proved to have importance: 

character of grain size distribution, the minimum and 

maximum sizes, 

shape and comj}actness of the alumina hydrate grains, 

minimum and maximum length of the edges of individual 

crystals, 

fine ~tructure and defects of the individual crystals /e.g. 

irregular layered growth, etched pits, broken corners and 

edges, seC'ondary crystals, etc./. 

Hccent impact of image analysers make~ offers a riuanti tative 

cliaracterisation of the size distribution and shape of 

alumina hydrate grains. However, it has to be mentioned, 

that hy these systems the two-dimC'nsional features can 

only be handled. 

Investigation of_morpholog) and elemental composition of 

bauxite 

A scnnninp: electron micro"!copc suppl icd with an crwrgy 

disp .. rstvC' microanalyser make:-> it. po~slhle to study 

s imul tancous ly the morphological f'catur·cs and the clu~mical 



composition of bauxites. Un the bas is of the studies carried 

out on different k~rstic and lateritic bauxites taken from 

all ovPr the world the following morphological fe~tures 

were found to be of importance: 

size and shape of the smallest resolvable details /they can 

be individual crystals and non-crystalline particles/ 7 

sp~cc filling of bauxite. This feature rclatea to the porosity 

of the bauxite, i.e. there are big cavities and cracks in a 

loosely pack~u material and only small pores in a compact 

one, 

size and shap<' of grajns in the bauxite. 

All these features depend on the age or the ore, on the 

t.eMpcrature and tectonic pressure of thP. formation, 

consequently from the electron microscopic studies a lot of 

cone I us ions can be drawn or1 thP eircums tanl'cs of the 

formation of the hauxi te. 

Uy means of an energy dispersive microanalyser microvolumes 

anti larger nn~as in the bauxite can be analysed. rhe 

iuvestigation of elemental distributions of the main /Al, 

Si, Ti, fe/ and impurity /ca, Mg, s, P/ clrments is of 

great importance in the technological evaluation of bauxite. 

All these clements can he distributed homogeneously or 

enriched in some textural features /like shells or crust 

of spherical grains, individual crystals of minerals/. For 

C)~amplc, it is more favourable to lwvt! areas <~nrichcd with 

impurity elements than having a homogeneous llistritwtio11 

of them. 

Jn some cas1;s mirwral idP11ti1'i.caUon of iruliviclual par·tich!s 

can hn JH~rlormed l>y im'1!stigatina.; their morphology and 
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by semi-quantitative energy dispersive microanalysis. 

Quantitative microanalysis of individual crystals can be 

mad~ by an electron microprobe provided that particle size 

exceeds 5 ;um of homogeneous composition. 

EXPERIMENTAL 

Electron beam methods always need high vacuum to make sure 

that electrons reach the sample and are not absorbed in the 

atmosphere. Another common feature of these methods that 

sample surface has to be made conductive to avoid undesirable 

charging effects. 

Our SEM is a Philips SEM-505 type with about 6 nm resolution 

power in secondary electron mode. The most important parts 

of thP instrument are as follow: 

mic1 o~copc column: contains an electron gun, an electron 

opt ica 1 imaging ancJ scanning system, :i d('tector for secondary 

electrons: this is a photomultiplier ldth a collector plate, 

a detector for X-rays. The ~pecimcn ho1dcr is fixed to a 

goniometer which rotates, tilts and moves the sample. 

The vacuum system ~s connected to the body of the micr3scope. 

This system contains oil-diffusion and rotary pumps to get 

and maintain about b x J0-3 Pa pressure inside the column. 

By weans of power supply and electronic units the 

micros cope can uc supp 1 ied with the appropri.atc acce le re. t 1 ng 

voltage Bnd the spot size of the beam can be set, further 

ttw hrightncss and the contrast of tile <·athode-ray tubes 

can be controlled. 
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The mo£t important rarts of the EDAX 711 energy dispersive 

microanalyser arc as follows: 

the silicon detector: kept at liquid nitrogen temperature 

:-
0 rmits accurate measurement of the very low currents 

generated by X-rays and reduce the dark current and 

thermal noise. The electri(; charge collected by the 

detector is very small, since X-ray photons produce only 

a few hundred electrons each. Whose height is proportional 

to the X-ray energy. Electronic devices produce a train 

of pulses whose height is proportional to the detector 

current. 

These pl lses eire analysed by an 800-channcl analyser, 

which js (;Onnccted to a cathode ray tube /CRr/ to display 

spectra. 

On-line minicomputer /NOVA-3/1~ with dual floppy/ 

performs data aquisition and data reduction on the spectra 

/').g. tlw substraction of the background, stripping of t'1e 

clrmcnts, calculation of the intensity of th" elements, 

quantitativ~ analysis making corrections for the atomic 

number, absorption and fluorescence effects, etc./. 

A vacuum evaparator and a sputtering unit are used in the 

laboratory to cover the samples by a thin gold and/or 

carbon layer in vacuum. 
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PROCEDl7RES 

Preparation of SEM samples of alumina hydrate and bauxite 

Pa int two copper sample holden with some "carbon black" 

cornluctive paint. Spread a small quantity of alumina 

hydrate powder over one of them covering the surface 

uniformly. Break of a piece of bauxite of 4-5 mm in size 

and put it on the second sample holder with the freshly 

brokc11 surface upwards. Put the samples under the bell 

ja-:· of the evaporator, put sharpened carbon rods between 

the two electrodes, then put a few mms of gold wire 

into the W hasket. Cover the evaporator with the bell 

jar and pump the system to about 1 x 10-3 Pa. First 

evaporate carbon with 40 to 50 A, afterwards gold by 

about jO A. 

SEM + EDS of the prepared samples 

Use tl:e following parameters far morphological studies: 

accelerating voltage: 25 kV, 
spot size: 30 or JOO nm, 

for makin~ photo~raphs: the number of lines /per frame/: 

1000 or 2oco, line time: 32 msec, 

collector voltage of secondary detector: + )00 V. 

First C'Xamine the sample on the TV screen, and look the 

most characteristic features of the bauxite and alumina 

hyrlrat1! samplP, and take photo1,1;raphs with difforent 

magni f'icaticns. 
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In orde1· to ;>erfonn analy~is by the energy dispersive 

mic:roanalyser, use the follo"ing parameters: 

acceleratin!!; voltage: ~5 or ~O kV, 

spot size: 500 1un /high<'t· specimen current./, 

1.:ounting rate: minimum a few hundred counts/sec, maximum 

3000 counts/sec, 

an~lysis time: 100 seP, 

energy range: 0 - 16 keV. 

First examine the sample on the TV screen looking for 

chararteristic features of the bauxite. During analysis 

use the "Peak !dent." push-buttons for identification. 

Sl>itcli on thr. romputcr /k.ey swit....;ll/, put the supplied 

system rJbkettc into the slot of the \ffite hand diskette

drivc. Load the 011cratio!1 systci11 following t.lle instructions 

available in the laboratory. when the analysis is ready, 

use the following commands: Al /E~TER data from the multi

channel ana~yscr/, Ill /STOilE spectrum on diskette/ and 

A6 /l~TENSITY calculation of given elements/. Examine 

cliffcrr.nt parts of the sample and compare elemental 

composition of different particles. 



lUl 

9. SPECIFIC SURFACE AHEA DETER~II~ATION BY GAS ADSORPTION 

Mb 1' II U iJ 

Principles 

11he specific surface area /SSAi is an important 

characteristic of adsorbents, catalyst carri~rs, industrial 

fiilers and abrasives. 

In the alumina industry the magnitude of specific surfa<'e 

an~a of red mud can provide useful information about its 

scttiing, washing aud filtration behaviour, the SSA of 

alumina hydrate is used to control precipitation process 

/seed charge/, SSA of alumina provides means for cuutroJ 

the calcina t ion pro< ess, grad in~ tl1€ produced alumina for 

dry e;lea11i11g of fluorine containing gases. 

The specific surface area of a solid is the sum of the 

cxtcn1aJ and internal surfaces by unit wei~hL or unit 

vulumr! .Their external surface is given l.Jy the sum of 

geometrical surfaces of grains, in the case of non-porous 

solids it cnn ho calculated from the grair.-sizf' distribution 

curve prov iderl that the shape /of the par tic lcs/ is known. 

The intf>rnal surface is the sum of pore suefaccs, which 

rlcpcnds on the quantity and size of pon~s contained in 

the material. lt can be calculated from the pore size 

distribution curve. In highly porous solins, such as 

ar·tivP charcoal, sili.ca gel, zeoUtcs, etc. thr int1~rnal 

surfacP may he by orders of magnitude greater than the 

Hxternal ~urtace. 
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For determination of SSA the phenomenon of physisorption 

is extensively used, whereby the sample is exposed to an 

inert gas atmosphere at a constant low temperature and 

the adsorbed 6a:; quantity is determined by measuring the 

pressure variation due to the adsorption or desorption of 

a known volume of adsorbate /adsorption isotherm/. 

During physical adsorption, gases are loosely bound to 

the surface of the solid in a molecular form by lieak 

\'an der Waals furccs. A surface layer forms relatively 

quickly and is non-specific of the substance. The amount 

of gas adsorbed on the surface is reversibly dependent on 

pressu1c and temperature. For a given adsorbent - adsorbate 

pair: 
v = f/T, p/, 

where the funct.iona1 form of f depenc.I::; upon the properties 

of thP adsorbe11t as well as of the adsorbate. 

lu the context of surface area determinatiu11! the best 

known theory of physisorptio11 is that of Bnrnauer, Emctt 

nuJ Teller /19-:,s/. By the introduction of a number of 

simplifying as~rnmptions the BET theory provides an 

cxtention of the monolayer adsorption theory of Langmuir. 

Adsorption of the first layer is assumed tu take place 

on an array of surface sites of uniform e11ergy. Molecules 

i11 the first layer then act as sites for multi1ayer 

adsorptio~ which in the simplest case, leads to the 

development of an infinite number oi' lay(~rs at the 

saturation pressure p
0

• Under equilibrium c:ondlt.io11s, 

t lie ra tcs of condensation and evaporation ar;_• equa l<>d 

for Pach adsorbed layer. Summation of the amount adi·rnrhed 

in all the layers t!lP.11 gives the BE'r equation: 



p 

v/p -p/ 
0 

= 
1 

v c 
m 
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+ 
c-1 

v c 
'11 

p 

Apart from the pressure, p, the saturatiou pres:,;ure of 

the absorbate, p , and the volume of adsorbate, v, 
0 

adsorbed at pressure, p, the above equation contains only 

two constants v , which stands for the volume of adsorbate m 
representing a completely filled mono1<1yer, and c, which 

is related exponentially to the heat of condensation. 

'rl1e BET equation demands a linear relaticn between 

y = and 

Linearity of DET plots is restricted to a limited part 

of experimental isotherms - usur.lly wi thiu the p/p rangPo 
of O.O'.) - 0.30. For this region, parameters, c and v can 

m 
he determined from the slope and intercept or the y/x/ 
curv(i /Hee Fig.15/. Using those parameters, SSA can he 

calculated by the following formula: 

SSA = S .v /w o m 

where w is the wcie;ht Pf the specimen, s is a co11stant 
0 

representing surface area '!overed by l cm1 of adsorbate. 
" .., 

/S
0 

for N~ gas is 5.239 m-/cm~/. 

l'ht> commonly used adsorbates are ni trogcn, nxgon a~d 

butane. For d3termination of low surface areas /less than 
') 

I m-/ g/ krypton is u.H~d due to i Ls J ow vapor prcs'"lur<'. 

'rt1c ausorption r>rocess ]s more effect.iv<? at lm-1 

tPIDJlf'ratures /COO} in!!; medium liquid ni t1·ogPJ1, 8r)] id CO<> 

e t (;.I. 
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Cleaning the surface of the sample from pollutants 

/adhesive water and gases adsorbed on the sur!ace/ is 

essential before gas adsorption measurements, preferably 

without changing the structure of the sample. 

EXPERIMENTAL 

In~trument 

The instrument used in laboratory practice is a s orptometer of 

type Sorptomatic 1800, made by Carlo Erba, Italy. It 

cun he appJ ied Jor thf.~ mea~urement of comp Le le adsorption 

and desorption i::rntherms, it permits the determination of 
•) 

su1·face area above 1 m-/g and pore size ~istribution in 

the range of 1,5 - 30 nm. 

The adsorbate is high !'Jllrity nitrogen, adsorption is 

measured at liquid nitrogen temperature /-J9G 0 c, 77 K/. 

'rhc instrument consists of the following main parts: 

Sample tub<>, 
P lJw Line for admission /removal/ of the adsorha te, 

Circuit for measurement and recording of equilibrium 

pressures, 
Control circuit of liquid nitrogen level in the cooling 

bath, 

Cycle programmer. 

lt can bn operated either manually or ·iutomatically. 

-, 
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Sample preparation 

Sample is cleaned in a so-called degassing unit in vacuum 

of 10-5 bar, at a temperature of 100°c /in the case of 

alumina/, for at least two hours. 

PHOCEDUllE 

Put sample tube with degassed Sdmple into the instrument 

and pump it. 

Fill the Dewar flask with liquid !!itrogen. 

Set 11rcssurc of the adsorbate /nitrogen/ with the 

p1·essure regulator. 

SPt Yolume of the admission chamber /normal - Vsl' 

reduced - V I/''' V .11 ,./ with the PISTON switch to V ·J/q• 
S ~ ~ I ~ S . -

::->ct the uumber of successive charges of tl1c adsorbate. 

Start t.he ana Lys is hy switching "MODE :SI~LEC ron·• to "ADS" 

position and "OPERATLON MODE" to "PROGHAM~lED" position. 

The iustrume11t operates automatically. Equilibrium 

pressures are printed out after each admission cycle. 

Dal.a 01· tltc analysis are collected in a data sheet. 

Calculate S:3A values from the expcrimcntnl data usin~ a 

p1·ogram 01! tlw 1'EXA:-5 SH-59 calculator. Tile cons tant::i 

s1wcific lo Lhc instrument used in the fH'Ogn1m are 

a\ailnblc from the inMtructor. 
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IO. GRAIN SIZE ANALYSIS 

PRINClPLES 

A pm.-der is a m ·.xture of grains of di ffcren t dime us ions 

and shapes. The size of a spherical or cubic particle ean 

be characterized by one dimen~ion, whereas a number of 

parameters are necessary to define irregular shapes. 

The methods of grain size analysis - that is, finding 

the relative amount of grains of different sizes anrl 

statistically evaluating these d.:ita - may involve 

measurement of dimensions /direct methods/ measurement 

of sime other physical properties dependent upon the 

grain size /indirect methods/. The latter include 

measurement of paramc ters like change in e le".!trical 

resistance, light absorption and scattering X-ray 

absorption, settling velocity etc. 

The result of indirect methods are usually related to 

one or two derived diameters through appropricate modcJs. 

Direct methods 

The most important direct methods arc micros copy and 

sieve analysis. 

In microscopy, particle ::d:te distr·ih11tion is analys<•d by 

taking micrographs, in the range of I tu IOO;um and 

O.Ol to 5;um with optical and elcctru11 microscope!'!, 
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respectively. Micrographs a~e statistically evaluated 

either by using calibrated nets or, more recently, image 

analysers. The latter is suitably for quantitative shape 

analysis. 

Si~vc analvsis is the basic method vi grain size analysis, 

which provides a distribution 'lf the mean diameter, a 

distribution that suits physical reality t~\C best. For 

elongated particles the minimum dimension is measured. 

Sievr a11alysis is carried out with a set of sieves with 

openings following gconwtrical p:-ogrcssion. To let the 

£;:·<tins fal 1 through tlw apcrturt·S, ei lher the sieve set 

has to be moved mechanically, or the grains must be moved 

with some air or liquid ~trcam. 

Manual scn~ening is us1~d for coarse pmHJcrs /500 ;um and 

ahove/. 

Mcchanica 1 s icv ing ma~· i 11vo 1 ve shaken screens or v ihra ting 

screens. They arc suitable for m~dium ancl fine powders, 

res pee ti ve ly. 

,\ir jel sieves arc the most effective dry sieve analy8en1. 

Their range is 500 to lO microns. In an air jct sieve, 

the dry sample is placed on the sieve. A rotating slot, 

with a length ,jusl below the sieve radius, hluws an air 

jet which drives the grains upwards. Enough time e:ivcn, 

all the particles that arc smal 1 enough, fall through 

the sieve and are carried by the air stream to the 

collector. The analy-;is is carried out in t.hc nec;ative 

screen or·der, that is, the fin;t !'>ievr. to hr used is the 

.fi1w!it anct ttH~ residue of' the sample i:-1 "ci~hPd for loss. 
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Wet scrren unalvsine methods are used for fine and adhesive 

materials, or for materials b~ing originally wet. Screening 

may be carried out manually or mechanically. The former is 

performed in the negative order. The latter imitates the 

corresponding dry screen methods. Wet mechanical screen 

may generally be applied to a lower limit of 25 microns, 

with ultrasonic vibrators down to 5 microns. 

In a sedimentation test, settling rate /or time/ of 

particles, dispersed in a suitable medium is measured. 

If an irregularly shaped particle is allowed to settle in 

a liquid, its final velocity may be compared with that 

of a sphere of the same density settling under similar 

conditions. Mathcmalically, sedimentation is described by 

tlae movcmf"nt of such model-spheres. This simple 

hydrodinamic model gives the fo?mula for velocity of 

settling of a spherical particle as: 

where: 

v = 
0 113 

d-r 
l 

• g • 
(") 

D"-

V - velocity of settling /cm/sec/, 
0 

D equivalent spherical dia.Di ter /the diameter of a 

d 

1 

sphere having ti1e same velocity and density as 

the sample/, 
density of the sample /g/cm3/, 

drnsity of the medium /g/cm3/, 

vis~osity of the medium /poise/, 
') "l -

gravitational or centrifugal acceleration /cm/sec-/. g 

This analysis is fa~t, bceause the grains - even the 

~malk~t. ones - read• thei.r final velocity Jn fraction 

of a :-,ecoud. 
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Assuming the hydrodinamic conditions laminar flow to be 

fulfilled even for the biggest p3.rticles, /Reynolds' 

number, R<O.':!/ the Stokes approximation is good, and 

equivalent spherical diameters can be calculated. In this 

region during sedimentation, particles always move such 

a way, that the drag be of minimum. 'I'hus, calculated 

equivalent spherical diameters are close to the 

minimum dimensions that can be calculated from sieve 

analysis. 

Experimentally, settling rate can be determined by 

weighing /sedimentation balance/ or by measuring, for 

example, the light absorption of the suspension. The 

latter is called photosrdimentation. 

In this method, absorbancc is measured as a function of 

time /settling time/ and height in the cuvette 

According to the Stokes formula thus, the ~igger the 

particle, the earlier it settles. Lower regions get 

richer and richer in bigger particles. 

At a certain height, the total light absorption is that 

of the individual particles left at that height. 

This "c:om,Jlementary" information allows one to calculate 

cumulative particle size didtribution. 

Particle size an~lysers use a different principle. A 

very dilute suspension is made of the sample with some 

gas or liquid. The suspension is driven through a channel 

between the light source and the light detector in 

turbulent flow. As the particle passes the detector, 

the maximum abs orhance of the light is de ted cd 

/maximum dimension/. 

-,1 
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There is an optimum solid to liquid/gas ratio, at which 

standard deviation of the particular fractious is minimum, 

because for concentrated suspensions multiple scattering 

take place, -whereas at too low concentrations, statistical 

error is higher /sec Fig. 16/. 

Statistical evaluation of the particle sizes consists of 

plGtting either cumulative, or relative percentage 

frequency curves as A function of grair size "classes". 

A further evaluation that helps characterizing particle 

sizf: distribution by two-three parameter is to fit some 

d L tribution functions to these relative percentage 

distribution functions. 

Depending on the symmetry of the distribution, normal 

/Gaussian/ lognormal or so calle1 Rosin-Rammler functions 

are usually fitted to the curves. 

The functional form of the 

Rosin-Ramml~r distribution: 

SD= 100 • exp/- (a/df /, 

lognormaJ distribution: 

( 

100 ~J 
SF = d.~. fafi/ 

normal distribution: 

JOO d 

• ~/lnd-a/'2)· d exp » 

~' 

• ( /d-a/'.!.) • d exp - n 

'.!. d"" 
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ltihere 
d sien~ opening or graiu size, 

a, b,t!I- constants of the distribution. 

Using these fitted parameters different methods can be 

compared on a double logarithmic plot. The different 

characteristic diameters "seen" by the different methods 

result in a p3rallel sl1ift of the lines /see Fig.17/. 

PHOCEDL'RE 

Take part on a demonstration of the operation of an 

Alpine A ~00 LS air jct sieve. 

Determine particle size distribution function for an 

alu~ina sample using fully automatic computerized Fritsch 

Analysette ~O phutosedimcntomcter. Proceed :1s described 

in the Vscr 's ~lanual. 1'.YJH: in "da1nplc ident", and 

experimental parameters that arc asked by tlu~ computer. 

Pour the sample into the cuvctte and "start" the analysis. 

Parameters of the dis tribu ti on function arc automatically 

printed out. 

Determine grain size distribution function of the same 

alumina sample by fully-automatic. 

PA 7:.!0 particle size analyser. Proceed as described in the 

User's Manual. Distribution function is automatically 

printed out. 

'.iote: !'~o st.1mple pn·paration is 11cccssary in either casei:J. 

Compare rcsul ts of the t"o methods 011 a double 

1 o gar it hm i c p 1 o t , s i m i La r i o Fi. g. J 7 • 
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11. PREDESTLICATION OF BAUXITE 

PRI~CIPLES 

In the Bayer process the trca tment of bauxite with a caustic 

soda solution causes dissolution of silica as well as alumi~a. 
The silica in solution immediately begins to precipitate as 

a sodium-aluminium-hydrosilicate. 

In plant operation the sili~a present in liquors is a source 

of problems listed below. 

/i/ Sca~ing forms on the walls of pipes, prcheaters, 

autoclaves evaporators etc. at many different points in Lhc 

e;ircuit. 
/ii/ Significant amounts of 80da and alumina are lost· due 

to the formation of sodium-aluminium-hydrosilicates. 

/iii/ Silica contaminates the alumina produced. 

Pre des i l ication in the Bayer-process means conversion of ttw 

reactive silica portion present in bauxite, into sodium

aluminium-hydrosilicate before the operation of digestion. 

The aim of the predcsilication operation is to keep the 

formation of scale at minimum - enabling dissolved silica 

to be precipitated before digcstion,partly upon the easily 

cleanable surface of the predesilicatiun tank partly upon 

mud particles. In this way the possibility of scale formation 

during subsequent process operations, is reduced. 

Most of the :.;odium-aluminium-hydrosilicnt ! 7 formed during 

predesilication, leaves the plant as a r~d mud component. 

Tt is almost insoluble in the digestion fluid. 

~ 
I_ 
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Due to the long retention time predesilication procedure 

reduces the dissolved silica to an acceptably low level, 

decreasing also the degree of contamination of the alumina 

produced. 

Silica in bauxite 

Silica is a main component of different bauxite minerals. 

The so called unreactive silica appears in bauxite as 

quartz or rather as its polymorphic modifications: quartzite, 

opal, chalcedony. 

The reactive silica portion is present as ingredient entering 

into the composition of different aluminium silicates: 

kaolinite, illite, dickite, halloysite, chamosite, pyrophyllite, 

allophane etc. All of them, with the exceptjon of chamosite 

easily dissolve under conditions of predesilication. The 

dissolution of kaolinite is usually described by the equation: 

The structure of sodium-aluminate liquors containing silica 

No theory has been supplied up to now in the li teraturc 

concerning the structure of aluminate liquors, thus the 

crystallization mechanism ~f sodium-aluminium-hydrosilicatcs 

is not clear at present. However, different authors re~ort 

the silica as being present in sodium-aluminate liquors in 

the following forms: 



/ ·/ 1, 

/ii/ 

Na,,SiO~ - ) 
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fl_ 

or A1 6si6H 1 ~o30Na4 

/iii/ Na
2
Si0

3 
and complex anion 

/iv/ Na2Si03 and complex compound 

6Na:.!0.8Al::?O).Si02 .6H!!O 

/v/ complex compound 

mNa"O.nAl->O_.::?Si02 - - ) 

It was aJso reported, that, after dissolution, silica is 

present a:; Si00/0H/~-. This ioll reacts with alumina te ions 
.... -

forming complex anions as follows: 

•) 

SiO,JOII/~- + 
- - nA10; 

/n+m/
+ a11 ~/SiAl o<>/ 11011/ I + n _ n+ m 

+ /::!-m/OIC + aq 

These complex ions polymerize in the presence of Na+ and 

11,,0 and become nuclei for further crystallization. 

The complex ions react also with Na+ ions formin6 firstly 

amorphous, then crystallized sodium-aluminium-hvJrosilicatcs: 

~/SiAl 0 /OH/ //n+m/- + 2Na+ + aq ;::=! 
n 2/n+l/ m 

According to this ~xplanation prcdesilication proceeds as 

followi:J: 

l 
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.Ii/ formation of coUJplex auions in solution /fast/ 

/ii/ formation of solid phase nuclei, polymerization itast/ 

/iii/ growth of soaium-aluminium-hydrosilicatc nuclei -

crystallization ar.d adsorption of ions from solution 

/slow - limits the Yelocity of predesilication/. 

The nature of pre des il iC'ati on products 

The structure and composition 'Jf sodium-aluminium-hydro

silicates formed in the process of predesilication depend 

u~on temperature, conce11tration, molar ratio and presence 

of contaminants in the solution. 

Al though the formulae of the pre des il ication products 

reported in the li te1·a turc vary significantly, the majority 

of the authors classify t!Jem as sodalites. 

Prcdesilicati9n product usually is a mixture of Sildium

alumininm-hycfrosilie:atcs /sodalitcs, noselites, cancrinites, 

etc./ with various molar ratios of Na:Al:Si. These silicate8 

can be char8cterized by the formulae of natural sodalites: 

f.redesilication process 

Predc1dlication is performed in Hungarian alumina pLints 

at 95-l05°C in tanks connected in series C(juj ppcd with 

mechanical Htirrers. The retention time is usually 6-10 

hours. 
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Sodium-aluminium-hydrosilieates form in the slurry through 

the 1 iquid phase in two s t~ps from sol id to solid. Therefore 

the reaction can be followed by determining the concen tra ti on 

of SiO,) in the liquor or by measuring the Na.,O/SiO,> molar - -

ratio in the solid phase. 

Fig. 18. illustrates the change of silica content in the 

liquid and the solid phases of the treated slurry during 

predes il ication. 

The silica content in the liquor first inc1:case5 very fast, 

then decreases as sodium-aluminium-hydrosilicates separate 

from the solution; finally it reaches an equilibrium level. 

'I'he prodesilieation process can be characterized by its 

efficiency calculated from the solid pha::H~ analysis in a 

number of ways, e.g.: 

h 
• O 9 ,. 7 Na,,0 w ere. • o • 

SiO,) 

o.67 

mo I ar ratio of Na')O and i·eact i ve 

SiOq present in the predesil icatcd 

bauxi tc, 

o.67 molar ratio of Na<>O to SiO., in formed - -
sodiu.11-aluminium-hycJrosilicate /socJalitP-/ 
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where: 

NaqO 

FeqO.,. 
- J 

Fe qo_
1 

-
- JlX 

SiO'l b -_r x 

o.6t-9 

121 

Xa,1 0 • Fe .1 o_h _ 
-· - ) x 100 5~ 

Fe,)O_ • SiO,) b • o.659 
.. J _r x 

Na,>O content in the pre des ilicatcd bauxite, 

Fe~o3 c0ntent in the predesilicated bauxite, 

Fe'lO_ content of the bauxite to be processed, 
-- ) 

reactive Si0,
1 

content of the bauxite to be -
processed, 

weight ratio of Na<>O and Si0,1 in formed sodium-

-alurninium-hydrosilicate /sodalite/. 

Th.'.} pn~desilicatiou ef ficienc:y can also be cal cu lated 

from X-ra:v diffractometric phase analysis. This value can 

be defined as the ratio of SiO,) in sodali te to the total 

reactive Si0
2 

present iu the bauxite before treatment.: 

"1 = l_ 
J 

SiO., in soda l i tc 
• 100 % 

total reactive SiO'l 

The amount of SiO,, con tainct1 in sodal i tc is equal to the 

niffercnce between the total original reactive SiO,, and 

the reactive SiO,) le f L in the pre des il ica tcu bauxite in 

the form of soluble minerals - inost frequently in 

kaolinite. In this casP. the !lmount of silica being present 

in the l iqu1d phase is considered to have br~en just built 

in sodalite. Therefore the value of efficiency calculated 

in this way is higher than that of "l. 1 or '7.. 2 • 

The amount of the reactive SiO'l found in e.~. kaolinite 

is proportional to the integrated intensity 0
1
· the lrnol ini te 

peak. ·rhis intern-; i ty can be de tcrmined from the X-ray 
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diffractogram. For calibration the X-ray diffractogram 

of the untreated bauxite is taken. Using this relationship, 

the reactive Si0
2 

left in the predesilicatcd bauxite as 

kaolinite can be calculated from kaolinite'~ integrated 

intensity. 

The other method of defining predesilication eff~ciency 

is based on quantitative IR spectrometry of kaolinite. 

The efficiency can then be calculated as: 

= 

where: 

K - K I •) 

K 
l 

100 ~~ 

K
1 

conceutration of kaolinite in the untreated 

bauxite, 

K
0 

concentration of kaolinite in the prcdesilicated ... 
bauxite. 

To ~cterminc the concentration of kaolinite, one of its 

absorption peaks should be chosen in the IR-spectrum. 

Kaolinite absorption in the vicinity of wave number 

3700 cm-I is usually the least disturbed by the 

absorption of other phases in bauxite or red mud. 

The absorbance A - according to Lambert-Deer's law - is 

proportional to the component's concentration. 

A = E • c • d 

where: 
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E specific absorption coefficient, 

c component's concentration, 

d thickness of the sample. 

Keeping the amount of the samples constant for the 

purposes af predcsilication, efficiency can simply be 

calculated from the formula: 

'i4 = 

\\here: 

AL and A'.! are the absoi·bances of kaolinite in the 

untreated and in the prcdcsilicatcd bauxite, respectively, 
-1 measured at wave number of 3700 cm • 

lf higher accuracy is required, absorbanccs should uc 
eorrce:tcd, according to the chanµ;e iu phasl~ composition 

during predesllicatlon, first of all to ti.e concentration 

of iron. 

Efficiencies "l.
3 

and l '• describe in fact solubility of 

kaolinite, while i 1 and "l, 2 characterize the 

prcdesilication process on the basis of the amount of 

formed sodium-aluminium-hydrosilicates. Therefore "l _ 
_ ) 

and 'l i,. are always bigger than '?.. 1 and "l '...!. 

Although none of the presented methods concerning 

calculation of efficiency are perfect, any of them may be 

used for characterization of predesilication. 
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PROCEDURE 

Weigh in 40 g of bauxite into each of six digestion bombs 

and pour 150 ml of digestion liquor into each of them 

/the composition of both available from the instructor/. 

Place the bombs, safely sealed, into an oil bath 

preheate~ to 95°c. 

Sample the bombs after 0.5, l.O, 1.5, 2.0, 4.0 and 6.0 

hours of holding. Separate liquid and solid phases of the 

samples by centrifuge. 

Determine the following components of the liquid phase: 

Na 2ocaust. cont. /gpl/, Al 2o3 cont. /gpl/, Si02 cont. 

/gpl/, molar ratio. /Data available/. 

Prepare prcdesilicated bauxite samples for the solid 

phase analysis as follows: 

wash each sample three times, each time using 300 ml 

of washing liquor /temperature: 95°c, Na 0 0 t ... caus • 
cone.: :.! gpl/, 

0 
dry the samples at 110 c, for 12 hours, 

grind the dried samples to obtain fine particles 

below 0.1 or 0.06) ;um in size. 

Using data of analysis /Fe 2o3, Si02 , Na2o, loss on 

ignition/ calculate '7l i and '7.. 2 • 
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Follow the predesilication process as a function of time. 

Plot characteristic curves from data of the solid- 3.nd 

liquid phase analysis /data available/. 

Evaluation of typical results of previous expcrimC'ntg 

Calculate predesilication efficiency "l 3 from X-ray 

diffraction data available from the instructor. 

Calculate predesilication efficiency 't 11 from 1R 

spectrometric data obtainable from the instructor. 

Compare 12.J and ~ 
4 

with corresponding values of 

efficiency calculated from chemical analysis. 

Study the influence of varying conditions and 

concentrations of constituents in the predcsilication 

process /solid content, NaQO t concentration in - caus • 
liquor, temperature etc./ upon values of efficiency. 
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12. BAUXITE DIGESTION 

PRDiClPLES 

During digestion the aluminous minerals of bauxites are 

dissolved in form ot sodium aluminate according to the 

following reaction equations: 

Al,,O- 311.>0 + :.!Na OH = !!NaAl/011/ 11 .. ) 

Al :203 H.,o + :.!NaOH + 2H,,O = :.!NaAl/OH/ lf 

The dige8tion consists of the following partial processes: 

wcttening of the surface of minerals by the caustic 

solution, 

surface interaction between the soliti and liquid phases, 

dis8olution of the solid, 

sa tura ti on of the boundary Jaye r between the sol id and 

liquid phases, 

diffusion of aluminatc ions from the boundary layer into 

the liquor and of the reagent into the boundary layer. 

At given digestion parameters the following equation was 

proposed by Korcsmaros for description of the process: 

de D 

dt r 
• S • /ct - c/ • /c 1 - c/, = 

where 
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c 

c -t 

.u:;o
3 

conccntrat ion in the liquor /kmole m-3 /, 

AJ.,0- concenu·ation in the liquor in case of total - ) 
dissolution of the .U.)0_ content soluble by a given - ' ) 
digestion tcdmology /kmole m- /, 

criuilibrium Al.,0- concentration in the liquor 
- - J 

/kmolc m-J;, 
D diffusion coefficient of the aluminate ions /m'.!. <:J-

1
/, 

r thickness of tlw diffusion layer /m/, 
S characteristic surface for material transport of the 

o) - l 
a luminous minerab /m- k:molc /. 

Th<' dige.,tibi li ty of the batLxi te is inrlu<'nced by factor::; 

1 ike the chC'mical and minera L ugica l <'Ompos it ion, textura I 

and morphological propl'rties of the ore, such as degree or 
crystallinit~ of t.hC' aluminous ruincrab, the ::;ize of 

individual crystals, etc. 

From th<' point of \·iel' of clig.C'stibili1.y the mineral form 

or the aluminium content is of prjmar·y importance. l'hc 

most frequent aluminous minerals of bauxite in the onlt·r 

of decrca':jing digestibility ar·e the follol'ing: 

gibbsitc: 

boclunite: 

dia<:Jpore: 

Al:..!0).:;11~0 

Al .,0- .11.,0 
- J -

A I .,o":" .11.,0 
- J -

Gibbsitic bauxites ~nn be digested at Ul5°C at relatively 

low /100-1110 g/l k Na.,O/ caustic concent.r·ation. For 

dig('stion of bochmitic bauxites digc!-ition tcmper·ature of 

~00-'..!'10°C and higher / l~0-'..!'10 f!,/ l k ':l.a .. o/ caustic 

concentration are needed, while for diasporic bauxites 

'.!'10-~<.>0°c and CaO additive an' nccp:-;:;ary for au 

appropriate cfficif'nt di~f~stiou. 111 ra:·w uf ttw dtfforctll. 

-1 
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aluminous minerals the saturation concentration of Al~O-- _) 

or the equilibrium caustic Na.,0/Al,.,0- molar ratio in tha - - ) 

liquor are dif~erent, too. In Fig.19. the attainable 

equilibrium Na,>O/ Al.>O_ molar ratios at the dissolution 01' ... - ) 

gibbsite, boehmite and diaspore, respecth·cly, are plotted 

versus the caustic liquor concentration and the digestion 

temperature. 

According Lo recent investigations the bauxites having 

the same mineral composition but originating from 

different deposits, may have differCcnt digestibility, too, 

due to the differe11t degree of crystallinity. 

The smaller are thP indi\·icJual crystals, the larger the 

interface between the solid phase and the liquor, and 

consequently the higher the digestibility is. 

The i!1fluencc of bauxite texture is also important. Porous, 

loose J y packed bauxites can be more cas ily digested than 

compact ones. The digestibility of aluminous phases is 

highly impeded by oolitic structure occurring in some 

de pus its, whereby aluminous minerals are surrounded by 

ferrous crust, or aluminium and iron rich shells alternate. 

Besides the aluminous minerals - in simultaneous and 

consecutive reactions - other minerals of bauxite also 

react with the liquor causing AC,0- and NaOll 1 osses. 
- .J 

Some reaction products arc accumulated in form of 

dissolved salts in the Bayer circuit. 
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The objective of a labotatory digestion test 

Dissolution of the maximum amount of aluminous minerals 

from tlm bauxite is essential from the point of view of 

the efficiency of the Bayer technology, consequently, the 

digestion technology should be optimized by laboratory 

tests and fitted to the particular ore. 

r11arac:-tcris tic cur\·e of rH~es ti 011 

During the technological evaluation of the bauxite the 

fo llmdng studies should pre(;ede digestion test: chemical 

analysis, qualitative and quantitative mincralogic<.ll 

investigation and morphological studies. Knowing the 

mineralogical 3.nd textural properties of the given baux:ite 1 

the number of the digestion tests can be restricted to 

the range near to the expected optimum conditions. 

Knowing the mineralogical composition of the bauxite, 

/gibbsitic, boehmitic or diasporic/ and on the basis of 

practice and literature - the optimum digestion temperature 

and causti~ liquor concentration can be determined 

/see Pig.19/. The most important task left is to 

determine thL optimum bauxite - caustic liquor ratio i.o. 

the caustic Na90/Al 20~ molar ratio after digestion. ... ..) 

Not<': In the American practice the composition of the 

liquor is usually characterized by the so called A/C 

ratio which is defined as the weight ratio Al 00~/caustic ... _} 

Na.,CO~. - , 
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From ecunoilli<: points of view the maximum liquor saturation 

should be 1 sed, wlu~reby the aluminous minerals reasonably 

dis::;olve, too. This optimum bauxite-liqt:Gr ratio c~n be 

determined by constru~ting the so called characteristic 

digestion curve. To construct this curve 5-6 digestion 

tests arc performed at different bauxite - caustiC; 

liquor ratio and the _u,,o_ yield is plotted versus 
- y 

caustic Na,,0/Al,)O_ molar ratio /or A/C ratio/ measured - - ) 
in the liquor after digestion. Usi11g this characteristic 

<:urvc the lowest caustic Na,,0/Al._,,0- molar ratio /highest - - ) 

A/C: ratio/ c·rn be chosen which ensures the maximum 

efficiency of digestion. 

Calculations of Lc<:tmolo!!ical parameters 

The am<mnt of bauxi tf' m~ccssary to achieve 

the planned molar ratio aftcA· cJigcslion taking the 

expected NaOH and Al!.!0) 1ussps into account can h<' 

c:alculated on the basis of caustic solution and 

bauxite analysis data: 

where: 

G 

G = 
<>.: .o.608. °' / A-S/+O(. .o.60ij s 

o a o 

the mass of tnuxi te necessary to -1 Ii ter cam; tic 

liquor /kg/, 
k Na.,O conccn•ration oJ dige:-it.iu11 liquor /g/l/, 

k Na O/Al n_ molar ratio of' dic;Pst.ion liquor, 
:..! ~ ) 

plann~d mcdar rutio after dig1istiou, 

Al.,O_ content of tlw bauxite /g ,\l,,0-/kg bauxite/, 
- ) - J 

S iO,, content of the bauxt t.c / g S iO'.!./kg bauxite/. 
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Calcu1 at ion of Al~3 n~covery 

Knowing the chePJical ~cmposition of the' bauxite anc.J red 

mud, Al<>O_ recovery of digestion is calculated by the 
- :J 

following formula: 

/ Al,>O .. ,j . /Fe 0 03/b 1 _ , m ... x • 

I Al .,o_/b. • /Fe 0 0..,./ ... -) x .. _) .... 

100 /%/ 

The calculation is based on the equal amount of Fe~O
.. J 

both in the bauxite and the red muc.J. 

Fe .,o_ and <\1 "0_ content of the bauxite /bx/ and red - ) - ) 

mud /m/, in w ~ are in brackets. 

t'alcul:-it.ion of the Na:.!0/SiO., molar ratio 

The Na:.!O/SiO:.! molar ratio characteristic for the bound 

8oda losses can be calculated as follows: 

Na 20 
mo1ar ratio == 

~ wpct of red mud. 

The specific bauxite consumption can be determined by 

th& following formula: 

l 
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Q = /t/t alumina/, 

where: 
Q the weight of dry bauxite /t/ nee,iell for producing 

l t alumina /if no other losses would occur after 

digestion/, 

'2 % 
100 

a .u'.!o
3 

content of bauxite,/kg/t/. 

The equation relates to 99 ~~ Al .,0- in alumina product. - ) 

Tlw quantity of tlw prollueecl rcli mud for the production 

cJf l t alumina is the following formula: 

where: 

bx - bauxite, 

m red mud. 

/t mud/t alumina/ 

By means of the laboratory digestion tPsts a digestiou 

technology should be chosen which ensures m.~ximum Al :!O) 

yield at minimum energy consumption and minimum NaOH loss. 

Favourable settling properties of the red mud are also 

of grpat importance. 

A pa1·t icular technology ::ihould rely on optimal values of 

dignstion tcmperatun·, 

caustic liquor concentration, 
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holding time, 
NaqO/ Al<>O_ molar ratic; in the liquor after (1igestion, - - ) 
optimum a.mounts of digestion additives /for example CaO 

in case of diasporic bauxites/, 
achievable A1

2
o

3 
yield in case of optimum digestion 

parameters, 

r.xpectable amounts of bound NaOH losses, 

rate of dissolution of impurities. 

In some cases the aim of laboratory digestion tests is to 

produce red mud for othr.r laboratory investigations /red 

mud settling, causticization tests/. 

EXl'Efi1 MENTAL 

Equipml'nt 

In Fi~. ~O. an oil bath digester supplied with controlled 

electric heating and six steel autoclave bombs of ~00 ml 

arr. shown. ln this oil bath digester applicable in the 
0 0 

temperature range between 100 C and ~60 C the autoclave 

bombs can be rotated by a speed of 18-~0 rev/min to ensure 

the stirring of the bauxite slurry. To digest larger 

amount of slurry, 4-5 or 10 1, electrically heated, 

m<"chanicnlly stirred autoclaves can be used, as shown 

in Fig. '.:!l. 
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~ ~ 

Fig.:.!O. Gil bath equipment for digtt~tion 

• 
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Fig.:..!J. Laboratory autoclave~ supplied with mechanical 

8 ti lTP 1' 
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Matf'rials 

The representative bauxite sample is ground below 3:.!0/um 

and homogenized carefully. Plant caustic solution with all 

the organic and inorganic impurities is used. In shortage 

of such plant liquor synthetic sodium aluminate solution 

of appropriate concentration and Na,")O/ Al.,O- molar ratio ... ... ) 

can be made by dissolving aluminium chips in NaOH solution. 

PHOCEDljHE 

Wei ~h the 

a<.: cording 

1.2, 1.3, 

bauxite neeessary to six cJig(~siiou tests 

to the t'o 11 owing kNa.,u/ Al •lo_ mo Lar ratios: - - .) 

1.11, I.6 and 1.'). The volume of digesting 

liquor is 150 ml iu each case. 

Switch on the oil-hath digester and lwat it up to l00°C, 

pour 150 cm> of digesting liquor of given concentration 

in each of autoc 1 ave bomhs. Mid the quantity of ba'Jxi tc 

to the digestion li<1uor, charged in ordf'r of increasing 

molar ratio /decreasing weight of bauxite/. Then stir 

the suspengion well with a glass rocJ. 

Put the sealed autoclave bombs into the oil-bath and 

fjx them well, switch on the rotator and start heating 

the bath to the required digestion temperature. Having 

attained the required digestion temperature, carry on 

digesting the bauxite for :20 minutes /gihbsitic bauxite/, 

for 60 minutes /hoehmitic and diasporic bauxite/. When 

you Wf'nt to finish dit!;cstlon, switch. oJf the rotator, 

Lake the autoclave bombs out oJ the bath. After '1-5 



13'.:I 

minutes ~ool the autoclave bombs with running cold water 

to 50-6<;0 c. After cooling, open the autoclave bombs and 

separate the aluminate liquor from the red mud content of 

the digested slurry by centrifuge. Centrifugation is 

carried out for 10 minutes a. 3000 rev/min velocity. 

Separate the alumin::ite liquor for analysis. 

Ana1ysc the caust. Na:20 and _u~o3 content of the aluminate 

liquor. Wash the red mud samples in the following way. 

Prepare a diluted solution /'.';a:.!Ototal = ~ gpl concentration/ 

from the digestion pla1:t li11uor used for the digestion test 

and heat it to the boiling point. It corresponds to the 

concentration of the liquid pt1ase 01· the last washer in 

the n~d mull washing line • 

. l\tter remo"ing the aluminate Uquor, repulp the rema1n1ng 

red mud intensive1y in each of the cells with 400-500 cm3 

diJutcd solution made as above. rhen centrifugate again 

and after centrifugalion pour the caustic wash liquor away. 

Hepeat. lhe rep11Jping ancl centrifugation three times, put 

tlw separated red mud into a drying oven and dry overnight. 

at lJO dcg.C. 

Prepare and grind the red mud minus lOO;um for chemical 

anal)~is and minus 6J;um for X-ray diffractometry. 

The fol lowing chemical components hav1 to be determined 

111 the red mud of the digested bauxite: Fe 2o3 , AI 2o3 , 

S i 0 :..! , Ti 0. , , L. 0 • I. , Na:.! 0 • Ca 0 , Mg 0 • 

Chemical analysis and X-ray diffraction <lata of earlier 

tr-sts can be used for calculations. On thu basis of the 
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chemical composition of the bauxite and red mud, calculate 

the Al,.,O_ recovery in all the six experiments. 
... :J 

Construct the characteristic curve of digestion plotting 

-z values as a function of /Caust. Na,>O/ Al,>O_/ molar ratio 
- - :J 

in aluminate liquor /European Bayer/, and as a function af 

/ Al.,O_/caus t. Na,>co_/ weight ratio in aluminate liquor 
~ ) - ) 

/American Bayer/, re~pcctively. 

Determine the optimum molar ratio after digestion 011 the 

basis of the characteristic curves of digestibility 

according to the American and European Bayer. 

Calculate the Na,,0/SiOn molar ratio charactcris tic for the 

bound soda losi:.cs using the appropriate formula /sec 

PilINCIPLES/. 

Calculate specific bauxite consumption and red mud 

Jffuduc tion. 

l 
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13. ALUMINA HYDRATE PRECIPITATION 

PRINCIPLES 

Alumina hydrate precipitation is the decomposition of a 

s"pcrsaturated sodium aluminate solution in the presence 

of seed crystals according to the following reaction 

equation: 

NaAl/ OH/1 ~Al/ OH/_ + Na OH 
i ~ 

During precipitation of alumina hydrate the solution is 

approaching an equilibrium state. In practice, 50-55 % 
of aluminium can only be precipitated from the solution. 

The structure of the sodium aluminate solution and the 

details of the decomposition have not yet cleared up. 

On the basis of physical and physico-cheaical 

investigations it was concluded by Hungarian researchers 

that in a certain composition-, concentration and 

temperature range complicate aluminate complexes are formed 

by the polymerization of A1./0H/4 ions. These complexes 

arc in equilibrium with each other in the following 

hydration-dehydration processes: 
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Consequently decompos i ti011 of the solution and 

precipitation of alumina l1ydrate can be described as 

follows: 

Al/OH/; -H.,O > Al,,O/OH/6:..!- -H ,0,. Al60 /OH/~ 
2 
-OH-~ Al/OH/ -1 _ _ .. n -""t- n .l 

Crystallization consists of the following processes: 

/i/ 
/ii/ 

/iii/ 

/iv/ 

the growth of seed crystals, 

secondary nucleation, formation of new particles, 

a~glomcration! cemcntation of the seed crystals 

into composite grains, 

fragmentation, attrition of the bigger crystalline 

grains due to the friction effect on stirring. 

During the precipitation of alumina hydrate two 

requirements must be fulfilled: 

/i/ 
/ii/ 

to make precipitation as efficient as possible, 

to produce an alumina with grain size distribution 

aud physical properties suitable for aluminium 

smelting. 

Decomposition of the sodium aluminate solution and alumina 

hydrate precipitation can be highly influenced by varying 

parameters such as liquor concentration, initial Na.,O/ AJ.,,0_ ... - ) 

ratio, seed quantity, precipitation temperature, etc. 

Precipitation efficiency is unfavourabJ y influenced by the 

organic and inorganic impurities present in the Bayer 

process. The aim of the laboratory precipitation tests 

is to investigate the influence of the precipitation 

parameters and the effects of different impurities. 



The most impo1~tant methods used for characterization the 

seed and the product are as follows: 

grain size distribution by sieve analysis or 

photosedimentometry, 

determination of specific surface area by BET method, 

investigation of the morphological features by scanning 

electron microscopy, 

attrition tests to evaluate the stability of crystalline 

aggregates and agglomerates. 

Modelling the: precipitation proe:Pss 

Precipitation of alumina hydrate does 11ot strictly depend 

on lhc quality of the process~d bauxite, so the laboratory 

precipitation tests do not belong to the technological 

cval ua t ion of bawd tes. The basic parame ten; of 

precipitation are standardized in both t.he American and 

European Bayer technologies. Laboratory precipitation 

tests arc usually directed to help solving certain plant 

operational problems or studies of the kinetics and 

mechanism of the precipitatinn. 

Precipitation is difficult to modell in the laboratory 

because cooling rate and hydrodinamic conditions of plant 

precipitation are difficult to reproduce and they have 

a considerable influence on the crystallization. An 

additional difference is that the alumina hydrate seed 

stored in the laboratory can grow old an<I become inactive. 



143 

Taking these difficulties into consideration a perfect 

reproduction of plant conditions is far beyond a 

laboratory model test of precipitation. However, 

comparative laboratory experiments are important on well 

defined conditions. These comparative tests are made 

either isothermally or according to a given cooling 

program. 

Calculation of the seed quantitiy 

The seed quantitiy is characterized by the so called 

seed ratio: 

where: 

As - the Al:20} content of alumina hyclt·atc used for seed 

/g or kg/, 

AL - the Al 2o3 content of sodium aluminate solution 

/g or kg/, 

SR - seed ratio. 

The mass of wet seed corresponding to a given seed ratio 

is calculated by the following formula: 

where: 

G - the mass of wet alumina hydrate needed for 1 liter s 
sodium aluminate solution /g/, 

A initial AJ~o3 concentration in sodium aluminate 

solution /g/l/, 

SR - seed ratio, 

l 
I 
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156 g - -
k = 102 g - 1,5.J 

M the adhesive moi::Jture of seed/%/. 

Calculation of precipitation efficiency 

The pi·ecipi tat ion efficiency attained until the sampling 

is calculated by the following formula: 

Efficiency = 

where: 

c 
A \ 

s 
- l t ....s "· ~~~~--t-- • 100 

A s 

/%/ 

As starting J\1~03 concentration in the solution /g/l/, 

At - Al.,0":' concentration at the sampling /g/l/, 
..... ) 

cs starting Na 20 concentration in the solution /g/l/, 

ct - k Na2 o concentration at the sampling /g/l/. 

Taking into account that the caustic molar ratio of the 

solution is inversely proportional to ttw Al~03 content 

in the solution, the precipitation efficiency can be 

determined by the following formula, too: 

l\ - M 
Eff iciene:y s . 100 /%/, = 

Mt 

where: 

M caustic molar ratio of the starting solution, s 
Mt - caustic molar ratio at the time of Hampling. 

l 



145 

Plotting the precipitation efficiency versus the time, 

the so called precipitation curve is gained. 

EX PERIMEN1' Al. 

Apparatus 

A laboratory precipitation equipment is shown in Fig.~2. 

Predpitation bottles supplied with mechanical stirrer 

and a cover are immersed into a thermos tat which is 

controlled by temperature controll~r. Depending on the 

number of bottles, 6-1~ tests can be performed in 

parallel. Laboratory model of an air-lift agitated 

tank of 25 1 is shown in Fig.23. 

Such type of equipment can be useful in a plant 

laboratory where the materials necessary to the tests 

are available. 

Autoclave bombs rotaLing in a thermostat can also be used, 

for precipitation tcs ts. The agglomcra ti on phenomena arc 

usually investigated in such type of equipment. 

Materials 

In laboratory tests, plant sodium alumiuate solution 

with all the organic and inorganic impurities and fresh 

plant seed are generally used. If plant liquor of 

appropriate molar 1·atio is not available, the rcqulred 

solution can be made by dissolving calculated quantity of 
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washed, dri~d alumina hydrate /at 140°C in an autoclave/ 

and by diluting it. In some cases for studies of impurity 

effects synthetic sodium alwninatc solution is used, which 

can be preparej by dissolving calculated quantity of 

alumil'imn chips in pure NaOH solution and by diluting it 

to the desired concentration. Adding various impurities 

to the solution their influence on precipitation can be 

studied. 

PHOCEDliHE 

Makf' sure that the botth>s arc prehcatC'cJ to the initial 

temperature of precipitation. 

Pour 1 liter of sodium aluminatc solutio11 of appr0priate 

concentration and molar ratio into each llottle. 

Cover the precipi ta tor in unlcr to avoid '~vaporatiou. 

Wait for thermal equilibrium. 

Cv lcul a tc the seed quantity as des cribecJ in PHINCIPLES 

and weigh scccJ on a technical baia1.ce and add it to the 

preheated sodium aluminatc solution. Start stirring and 

hca ting cycle. 

De tcrminc precipitation c fi'iciency using tho following 

data of previou8 experimcHts: 

Ii I I i!Jjtial concentrations of tile solutiou: 

90 g/l Na P 
:...! c 

J lO g/1 >la, ,o 
- c 

1 "jO g/1 '-:a 0 
~ c 

J '10 g/J Na/>c.; 



/ii/ 
/iii/ 

/iv/ 

/v/ 
/vi/ 

149 

initial Na
9
0/ Al,>0_ molar ratio: 1. 6, 

- .. :> 
seed ratio: 2.0, 

precipiiation cycle: 50 hours, 

initial temperature: 6o0 c, 
cooling rate: 0.2°C/h according to a linear 

program, 

/vii/ adsorbed moisture of seed: 13 %, 
/viii/ sampling: after 1, 2, 3, ~~ 6, l~, 24, 30, 50 

hours, 

/ix/ plot tile precipitation efficiency versus time and 

compare the curves for various concentration. 

Note: Precipitation test is very lengthy hence 

laboratory practice can only cover starting the 

experiments and evaluating data of earlier tests. 
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14. CAl'STlZAl'ION 

PHI\CJPLES 

Tlw aim of this opPration js to !·cg£'11C'r-.itr caustic soda. 

l'hf' largest amount of •·austic soda is lost as ~a-Al

hydrnsilii.·atc, callPd ''l'liemieally bound soda'· forming in 

red mud. Thf' second Iart?:est source of loss is l:arbonate 

formation. 

Uoth t.)pcs oJ lossPs c:a11 b<> r·cduced b~ Ill<' c:austic--izatio11 

or n•d rnml. thP separal1•<I soda salt a11<I t.ltP liquors. 

Causti<·izatiun of n•d mud 

A \•iastf' rnatcriaJ of alumina pla11ts~ n~cl mud, contains 

sodium-aluminium-l1ytfrnsili<·ate /in shor·t: '.\1\S,'. Ito;; amount. 

composition and crystal structui-e depend 011 the alumina-to

siiira ratio of l.Jauxit<' and OJI thP paraJnPtt•rs of the Bayc1· 

prol:ess, such as tcmr•rrature, liquor ('Ofi(('llt.ration, liq110.· 

impurities, etc. 

Its <·ompusition is ge11rrally dcscrihPd as 

1/Na,,O •. \I .,o_. :..!:::i iO,,/. ~a.,X - - ) - -

whc•1·c 

dif1'Prent anions, 
·• cu:-, 
' 

" ..;o-- Cl . '• ' etc. 

liPllf'l't.llly, there arc ~w\eral lYi>Cs of \,\S forming log«•thPr·, 

Pac·h with a differ~nt effici<'ncy o~ caust.icization /Fi~.:..!'1/. 
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The gt•nl'nll e'tuat.ioH of the causticization rt.•action: 

NAS + Ca/OH/.,--•. jCaO.Al.,O-.kSiO,J6-:!k/ll,,O + NaOH - ) - -

lhat is, ealcium-aluminium-hydrosilicatc /in short: CAS/ 
is formed to replar.e ~AS, amt the chemically bound soda 

dissolves as NaOH. 

C_.\S is a hydro-?:arnet \d th a k value var·ying between 0.8 

and :.!.:.!. 1\ WPll causticized red mud has a k value in the 

range of 1.6 - 1.8. 

The eJ1icicncy uf red mud causticizatlon \·aries with the 

foll Oh in!!: par amt• Le rs: 

j ·I 11 

, .. I 
; 11, 

/iii/ 

il rises with ris iug tempera tun~, 

it saturates as a function of treatment time, 

it is propurtiO'l'll lt"i th the amount of lime until the 

CaO molar ratio of about ;, ttwn it turns flat, 

~a.,Ob d 
- Oil 

/iv/ it dses with decreasl11g initial solid concentration 

and 
/v/ decreasing solid content of the starting slurry. 

The inHuence of these parameters can b<' !'ttudied by 

laboratory experiments. Our laboratory program involves 

experiments <·oncerniu~ the influence of duration time and 

I ime acllli t ion. 



Causticization of soda 

A potential source of serious technological d0ficiency, 

soda salt form~ mainly from the carbonates of bauxite 

/calcite, dolomite, siderite/, to the detriment of caustic 

soda in the liquor. 

The solubility of soda greatly depends on the concen tra l io•t 

of the liquor and, to some extent of its impurjties /P, V, f, 

C , etc./. Ccnseqmrnt ly, the allowahl•• level of soda di ffcrs org 
in different plants. The so-ca I led American Hayer pror«>~s, 

that involves diluted li<1uor, allOl\s a sotla level of :!0-'jO r;. 
For Jllants working "lth European Rayer process, a lP\'t•I of 

only l:.!-Jlt cc can LP allowed without risking operational 

trouhles and decreasin~ yields. 

'l'here are several wa~·s to re2:enera tr. soda: 

the soda salt ean lw eaustieizt~d aftpr· its separation 

from the liquor. 

thu soda can be rcgt~nerated before die;est.ion, acldin~ 

lime to the bauxite slurry! 

and the soda ca11 be regenerat?d from lhe liquor on thl' 

washing 1 ine. 

·rtw fir:-.t way involves the separation and filtration of f.hp 

salt, and thl'SC operations are tedious n.uJ expensive. rtin 

sn<>ond way, also calJed "inside caustir.i:.ntion" involvt~s 

a ,·ery large <ipeci1'ic consumption of I ime and loss of 

alumina. 

Tiu• third way, rJlso r:alJNI ''outsidP e;4111st if·ization", h tlu• 

onr. e;i\:i11~ thP. best 1·<>sult.~. lh<'rcfor·1·, WP arc goin~ to llP<il 

with that one in detail. 



lilt> 11ualit~ of limt> /slaked or quick limt•/ has a great 

importame iu the soda (·austicization. BPltcr results, llmt 

is, murr effective utilization of lime aml smalle1· alumina 

Jossrs ean he achit~vt•d by quick lime. 

The outsidP causticization is based on thrPr reactio•1s: 

s I aki 11g or t hr L ime : 

l'nO + 11 .. o--- Ca/OH/,, + h;•at 

reaction of valcimu h~·dn•xide "-ith sodium carbonate: 

La/01V. + ~a .. co_--..:.!NaOll + raco_ - ) ) 

a111I \dlh sodium aluminatt·, ronnin~ t1·i-calci111n-al11minjmn

ltidrat<': 

'WaiOH/., + :.!\i1.\IO.,--jC.10.Al.,O_.xll.,O + :!NaOH. - - - ) -

The n11·Pl1urdsm of tlw prut·Pss is sho"n srlwmat.lt·ally in 

The effi<:inncy of soda eausticization <h~p<'mls on the 

technological paramcter·s the same way as that of red mud, 

see /i/ to /ivj. 

The uutsi<I<' caust.icization yields a maximum Etmount of soda, 

if the amount of total soda is co-ordinntPcl with the 

amt.u11t of soda in t.hc form of (•arbonale /l"ig.:.!6/. 

The optimum eausticization resuJt.s a1·is1~ if 

a ~low 81aking limn i8 used, 

the tempen1tt11·t~ i..; lwpt at 95°c, 
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Fig.25. The reaction mechanism for quick lime 

causticization 
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the duration of the operation is above L!!O minutes, 

tht.' simount of lime added is sub-stoichiometric, /about 

6J-80 ~~/, depending on the concentration of the solution 

to be causticized. 

E\PER I MENTAL 

/i/ CaustiC'izatiou of red mud 

Red mud from the last washing stage of th<' Almasftizito 

Alumina Plant is used for the experiments. The compositio11 

oJ boLh the lic1uid and solid phase are kuo"n· 

Tt11~ <:austic soda contPnt of the solution is equal to that 

uJ the overflow of the last washing sta,!!P! ~~ l) r- - !! 
•'l<l,> t: )o I -, ' - t?aus · 

c(c:111s t = 

Materials and C(jLJipnwnts 

Na 0 
:2 ca11s t 

. \1.,0 ... 
.:. ) 

Ued mud, so.I id l:Olltent: l kg, 

Di luted aluminate liquor, 3 1, 

= :2.19 • 

lj c·ovcred ves"lels, with stirrers, capacity: l liter, 

Thcrmoslate accomudAtin!! several ve~scls. 
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/ii/ rausticization of soda 

Lit111or from the washing line of the Al11asftizi to Plant is 

used. The amounts of Na 2ot, Na2ocb' and Na~Ocaus t, that is, 

the total soda, soda in carbonate form and caustic soda are 

known. 

Materials and equipments 

Quick lime, J>ctrticle size: )00 micron, l kg, 

Diluted aluminate liquor,~ I, Na ,0 t = 5.7 ~l , :_ caus 

~ = :.!.19 caus t 

It coYered vessels with stirreia, capacity: 1 liter, 

Thermostute aecomodating several vessels. 

PR~JCEDURE 

/ii Causticization of red mud 

E'p~rimental parameters: 

t t T = n5uc, empl'!ra ure, ., 

t = '• hours, duration, 

sol id 
fl 

runtent of the sJurry: :.!50 r· 

Pour it>O cm1 of slurry containing :.!50 T ~ollds into ca('h 

vt~s sc I • Add an amount n f' J ime cal cu Int ed b;v the 1·ormu I a 
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rao = n • 0.7 • 2.5 • Na~Obonded"56/6~ /g/ 

where 

n - amount of CaO / J, :.! , ::; , '• moles/, 

Na 0 - Na.,O, cll<>mica Uy bonded in the red mud " 2 bonded 

/Na2°total - Na20adherentl /~! 
• I I 

After ad.Hug th<' lime. cover the vessels a1:d place them into 

the thermostatc at 9y°C and start stirring. Take a sample 

of 100 cm3 
hourly trom one of the vessels, e.g. the one with 

} mole; ot CaO. Keep thf' ottwr vessels r· I osed ti I J the end 

of the four hours' t irne u f treatment. SP para te the s lurri •~s 

by means of a ceutrifu~P to solid and 1 iquid. Wash tilt~ rNi 
-
J mucl thn•e times, rrpulping with 11-500 cm or hot distilJerl 

wate1 and centr i fu~c. Place the rnud in an o\·cn at ll0°c to 

dry. lirind the mud to a grain size below ton microns amt 

have it. aualyzed by atomic absorptiou for F<',,o
3

, .u,
1
0_, 

- - ) 
SiO"' :\iu,,O, Cao, MgO, 'I'iO., contents. Also have a - -
determiuation oJ their· loss on ignitio•1 made. Have the 

canstif'izetl lir111or:-s a11alyzed for their ~a/> 1 otal' 
Na:.!O<·aus t, /\I :.!O) and S iO., contents. 

Eva I ua t. ion 

Ca1<-ulatc the efficiPH('Y uf caustiPizat.io11 as follows: 

'1caus t /rj ' ,.c 
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a Na,,O in causticized mud /%/, 
a N"a,,O in original mud /%/, 
b Pe:.!OJ in causticized mud /fol' 
b' Fe

2
o

3 in original mud /%/. 

Drav diegrams of the efficiency of red mud caustification 

as a fun•"!tion of 

I ime addition, 

treatment time. 

{!sf' the following formula to calculate the number of mol('S of 

Cao aJ lot. ted to J utl' 1 «> of regeneratetl Na,,O, for 

<:austicization with I. :2. 3, '1 moles of CaO and '• hours of 

duration: 

1 oo.r 6'.! 
n = • 

a· ,~ aust 56 

C CaO in eau·; ti~~ ized red mud /",;./, 

a Na:c.!0 in the 01· i ~ina l red mud /"I,./. 

/ii/ Causticizatio11 of soda 

Expcrjmcntal pai·ameters: 

t~mperature, T = 95°c, 
duration, t = :.! hours. 

-
Pour 750 cm~ of liquor into each vessel. Add ~5, 50, 75, 
100 % of the stoichi.crnctric amount o.f limP. to re~encn1t.e 

t he s o I u t i on • 
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.<\fter adding the different amounts of lime to the vessels, 

cover and place them to the thermostate at 95°c, and start 

stirring. 

When the two hours' time of treatment is o\·er, open the 

vessels and separate the ~lurries by means of a centrifuge. 

Discard the solid phases. Have all the liquors analyzed for 

their total soda, Na2ot' Na2ocb in carbonate form and 

caustic soda /NaJO t/. ;... caus 

Calculate the ttworpt ical dmnand oJ Lim<' Jrom the 

fol lo\\ in~ for·muL1e: 

\a,,CO.,. + Ca,'<HI/., = caco
3 

+ :.!NaOll~ consequently: 
- .J -

thPor<'tical ca/Oil/,, 

where 

71, 
= 0. 7 S • .N l .--• n 

r: J I 116 

N 1 • - Na,,co_-cuntcnt of the L i(1uor ;£.1.1 • 
<'u - J 

u.75 - dilution factor, 

7'• mole<.;u Lar :nnss uf l'a/Oa/ ., , 
106 - molecular mass of Na 2co3, 

/g,/ 

11 0.:!5, 0.50, 0.75, l.O: fractions of the th~oretical 

amount of limP. 

ronvcr·t the <.:;1lculatcd amount of Ca/011/., to the Cao bm:ds~ 

lJ:v thP follo"4ing fcrmula: 

;:ao' he ore ti ca I = Cn/Oil,'.\h"or~· ti<:a I 
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Calculate the efficiency of the causticization by the 

following formula: 

"'l.caus t 
100 /%/ 

Na,>co! final soda content of the solution /~/, .. ) T 
S't Na

2
co

3 
- soda content of thP. solution before treatment, 

"starting~ soda <;Ontent. 

Draw a diagram of the efficiency of soda causticization as 

a f1•nction of the lime additi~n. 

Knowing the caustic socia concentrations, the amount of 

rege,rwra ted sodium hyd 1·ux ide can 'llso he ca] cu lated i·or 

each lime addition. Calculatl~ first the <;austic soda 

itwrcasf', on the bT·ds of the causti(_; soda coucentrc.tions 

in each solution, be forr~ and after treatment, by "':he 

following formula: 

A Na 0 = u.75/~a ofinal - Na ostarti 1~.1 
~ '.! caus t ~ cam; t ~ ca us t' 

!'\·• OJ'inal - final cans tic solla content of the solution /l!.1 I, · "'.! ca us t 

Na Ostart._ caustfr sorta content of thl' solution, brfore 
2 caus t 

treatment, "starting" caustic :;oda. 

Calculate the number of Na::/J moles /N/ formed at the 

addition of l mole of lime by the fol lowi11f!: formula: 

N = 
'AN 0 I '~ a::! cnus t i 

6:2 
• ,... olheor ,,a . 

l 

mols of Na,>O t 
- caus . 

-1 
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i serial number of the lim~ addition and the caustic 

soda increase that belong together in the series of 

lime additions of 25, 50, 75 and 100 ~. 

Draw a diagram of the number of Na2o molB: yielded at the 

addition of l mo1eof lime, as a function of lime addition. 



15. RED ~ SETTLIKG 

PRI~CIPLES 

Industrial vs. laboratory srttling 

The most important parameter of the industrial settlers is 
-) 

specific loadabi!ity /kg/m- h/, tlw permissible solid mass 

flow through a horizontal cross section of unit area or the 

settl<•r. Experimental determination of spPcific loadability, 

in plant scale is tedious and expensive. Consequently a 

laboratory scalr investigation is nerdcd for an estimation 

of the plant µarameters. However, industric.l settlPrs 

operate continuously, which is very difficult to imitate in 

the laboratory. Therefore, laboratory batch settling can 

only be a model of the industrial scale processes. 

~lodclling is based on the fact, that during gravitational 

settling, laminarity condition is fulfilled, i.e. settling 

velocity of solid particles /relGtin' to the liquid/ is the 

same in both laboratory and industrial settlers, pravidcd 

that parameters, like temperature, solid to liquid ratio, 

viscosity, etc. arc the same. 

The objective of laboratory scale investigation is to 

determine settling rate as a function of the solid 

concentration. The whole concentration range between the 

feeding and dLc;cltargc> /underflow/ concentration is of great 

importa.1ce. 

A usual tube sedimentation cxperi~ent is carried out in a 

series of mm scul" glass tubes filled with the prepared 
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slurry of known solid concentration containing flocculant 

for speeding up settling. A settling diagram is derived by 

visual reading of the mud level as a function of time 

/II - t diagram/. 

Types of settling diagrams 

There arc two main types of H - t diagrams, similar to curve 

1 and n in Fig.:2/. Curve l shows a constant slope for shorter 

periods of time, later, reaching the so called critical point, 

the shape drops quickly. Curve :2 describes slurry with 

monotonously decreasing top velocity. 

Tlwory of sett line: and the flu.x diagram 

As a good approximation, local settling rate in the 

suspension is dependent only on the local solid concentration. 

Consequently, the solid flux, that is, the product of the 

solid concentration and the settling rate, also depends on 

the solid concentration only: 

S = S/c/ = c . u 

where ') 

S is the solid flux of batch settling, /kg/m-h/, 

u is the settling rate /m/h/, of the solid particles, 

c local solid concentration /kg/m3/. 

According to the experimental results, settling rate in real 

suspensions decreases with increasing the s~lid concentration. 

.. 

l 
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Consequently, the dominant factor in the product of c and 

u is the increase of c in the Im.- solid concentration 

range, and the> decrease of u at higher concentrations. 

Therefore, the curve of batch settling flux vs. concentration 

starts steep at the origo, turns flat, thPn decrl'as1'S 

monotonously through an inflexion point similar to Fig.~~. 

Th<' flux diagram or a suspension fully characterizes 

scttlin!! and thickcninE,T,. Solid concentrations cor-i-cspondin~ 

to th<' maximum and inflexion points as \\·ell as the height 

of thr maximum strongly rlC'pends en the charactPristics of 

the mud and of tile liquor. The typ<' :tnd dose of the arldrd 

flocculant has importan-:::<> 1 too. 

Fi!?;.:.!5. !,!;in~s the explanation of the sharp intcrL.tc<' of 

the mud ancJ the supC'rnatant /i.e. th~ transparent liquor/ 

on the top of thP slurry, as "'ell for the> thic:kenin!! 

process inside the suspension. 

Imaa:inc the settlin~ of an orie:inally llomO?:<'ll<'OUs slurry, 

correspor.ding: to point A on Fi~.:.!'j. FurthPnnor0, suppose 

that the solid particles in the top mud layer han~ 

different settling velocities. Conscqucutly,a bit later, 

the top mud layer has lower solid conc~ntration then that 

below it. Thus, flux and solid concentration in the upper 

layer correspond to a point on the curve locatPcl left to .A. 

The vector drawn from the origo to this point is strepcr, 

that is, scttli;ig velocity is higher than that in the layers 

below. So the particles left behind catch up with the others. 

Consequently, the solid concentration and settling rate for 

all particles in the interface layer will be thp same and 

the interface remains sharp. That results in a step like 

concentration variation /from cA to zero/ at the top of 

l 
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the mHd. Layers of solid concentrations between zero and 

cA do not exist in the interface layer. The discontinuity 

migratPs downwards by a velocity of UA /sec Fig.~S/. 

Thickcning of the slurry, i.e. incn'aS<' in the solid 

concentration causes an upward flO\\ of tlw liquid. :\ny 

solid cont:cntration state higher than the initial 

/homogeneous:' s 1 u rry concentration moYes u1n,ards from 

till' bottom of the slurry column, as a consequene:e of the 

incr<'ase of solid concentration at tt1e bottom. 

Slope of the posit ion Yee tors drawn to point S/ c/ on tlw 

flux curve ~ives the settling velocity /u/ of tlH' solid 

particlt~s, rni~ration velocity /r/ of a layPr of soi id 

(; 0 ll (; (' n tr at i 0 n c is g iv e 11 by the s I 0 r I' 0 f ti\(' tall!!(' 11 t 0 f 

the flux curve at concentration c. Conccntrati0n statPs 

with upward migration Vf'loctties lo\\·cr titan that of thf' 

I ayers be II ind, arc '' swa l lmH~rl" by fas tf'r st a tps. The rc fort> 

a discontinuity, similar to the one at the supl'rnatant-mucl 

intPrfaC<' can come about inside the slurr;>. TitP possihlP 

concpntrations inside the slurry arc d<'t<'r·mi1wd by tltP 

maximum lay~r velocity. 

The initial concentration state directly thickens at the 

bottom to solid concentration \d1ich is dcterminPd hy this 

maximum velocity, i.e. by the maximum slope secant i.f'. 

the tanl!cnt of the flux curve drawn from the initial 

conc~'ntration point. Consequently, the mentioned 

discontinuity always occurs in cases, in which the initial 

concentration is lower than that corresponding to the 

inflexion point of the flux curve. Otherwise thickening is 

continuous in the wholr volume of the slurry. 
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Laboratorv determination of the solid concentration 

profiles 

Flux diagrams can be derived from solid concentration, 

profiles recorded at diffcrrnt times during settling. The 

best method for the dt•termination of solid profilf•s of reel 

mud slurries is bast•d on the absorption of soft ~amma rays. 

The method is illustrated in Fig.:..!9. Similar to othC'r 

absorption methods, the attenuation of the radiation is 

measured as a function of hright and time. The transmitted 

intensity of the radiation is ~iven by 

T = 1 1 • c:x:p/-a. c/ 

\·;here 

r 1 - th<' transmittPd intensity, throu~h th" tube filled 

with clear supernatant "liquor, 

c the sol id concentration,/ kg/m</, 

a radiation attenuation coet"ficient, /m)/kg/, 

depending on the attenuation coefficient ancl of the 

dC'nsity both of the solid and of the liquid phase 

of the slurry. It is constant for a given reel mud 

suspension. 

Concentration profiles, so obtained for red mud slurries 

arc of three main types as seen in Fig. 30., dependent on 

the dose of flocculant. 

Derivation of the flux diagram 

The settling velocity, "c' of the solid particles, in a 

layer of solid concentration r, can be determined from a 
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series of concentration profiles. Fig.)l. shows a detail 

of the series, taken at time t and t+ t, respectively. 

The vertical line drawn at solid concentration c crossrs 

the profiles at heights zc and / z+&/ c. The layc r of 

concentration c migrates upward \\ith a velocity of 

r c 
b.z 

= At 

The total mass of solid particles passing throug;h this 

layer during At with a settling ratr of uc is: 

m = /U + u /.c.At c c 

referred to unit cross sectional area. 

However, this value is equal to the sum of stripPcl area, T, 

and the rectangular area, c • .iz, in Fi~. )1. Thus 

/U + u /.c = c (' 
T 
t 

Combining the tree equations, we get the solid flux: 

s = • c = T 
b. t 

The i·csult ~an be made more accurate if we calculate 

average value for all the pairs at the same eoncentratio11. 

Plotting the flux values as a function of the solid 

concentration we get the flux diagram. 
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Derivation of the settling velocitv 

The settling Yelocity of the p<1rticlC's passing through the 

laYer of solid concentr~tion c is of S /c. 
L' 

The simple model of Stokes describing tlw movement of a 

single sphere of diamet<'r D has to be corrf'CtPd taking 

the influence of th~ solid concC'ntration into account 

/Richardson - Zaki equation/: 

= ti • ;' 1-c b In 
UC 0 IS' SI 

WIH'l'C 

u
0 

- is the Stokes velocity, 
. - 'I 5\, - is the d.~nsi tv of th<' sol id /p: cm ; , 

n - is an empirical constant <lc~ppndin!!; on tlu· Hc~·nolcls 

numbPr. 

This equation holds for ideal /nonf1occulatcd, nonsolvatcd/ 

SUSp!~llS ions. 

raking the solvatcd floe structure of the red mud 

suspensions into account, the Michelson-Bolger formula 

applies: 

= u ./1 - k.c/
4

• 65 
0 

where k is the volume of floes produced by unit weight of 

dry so 1 id. 

Let us introduce the sol vat ion factor oc;, as a measure of 

immobilized liquor hound in the foes: 

v 
ex. = v 



l -1, 
I • 

wlwrc 
r - is the average volume of a floe, 

v - is the volume of solid particles in the floe, 

k. c = ot.. c/"' J"'s 

For ideal suspensions c<.. := l. 

\o."ri ting the ~lie he ls on-Bo lg er formula j nto 

1/11.65 
u 

0 
. Ii 

i t c an h <' s c 1' n , t ha t i n a s u i tab 1 c ch o s t' n co or d i n a t P 

system we gc't a lilH:ar c depP.ndcncc. 

The settling-ralP diagram in Fi~.)~., deriv<~d the \iay 

descr·ibccl above, shows two linear parts for a reel mud 

susp8ns ion. 

Stnkcs vc loci ties can be derived from both interCf'Jits 

/with the onlina ta/, she re as so 1 vat ion factors. 

From both linear sections, Stokes velocity and solvation 

factor, o<.., can be calculated. The former as the intercept 

with the ordinata, the latter from the condition 

CJ..·c* /g = 1, that is oc. = f>
5

/ c*, where c* is the in tcrcept 
s 

with the abscissa. 

Floe diameter, D, can be deri"ed from a modified StokP.s 

formula: 

D2 --
510.o(.U 0 .~ 

J's -..P1 
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for both sections. In the formula, f>s and .Pt art:' tile 

clt:'nsities of tll(' solitl aud liquid phasPs, rt:'siwctivt'ly, 

and l is the \-iscosity of t!1c liquor. 

EXPEil PIE \T ;\I. 

Tht• instrump11t us<'rl fur laboratory settling c'.:pcrimp11t is 

a Sort-!!amma-ray :\hsot·ption '.\todcl-scttle1· /SA~!/. devPIOpPd 

and manuL1t::turcd hy ALFTERV-FKI, Ilutlaµest, is il1ustratPd 

in Fi!!.:.'.q. 

:-)pttlin!!: of r1'd mud susp!'nsio11 is obsen·rd in a doublp-w;il l 

temperaturP co11trolled sl'clirnentation tube. Tlw inside 

diamct<·r of th<' tube is 6.5 cm, which is bi~ enou!!h fo1· 

t'limination of thP \,·all-c1'fPct, and for sPnsitiVt' 

measurcmPnt of the radiation absorptio1~. By opposit<' sidPs 

of the St'ttling tuht> a radiation source/!-.,.~ t~Bq ,\111-:.'. 11!/ 

and a sC'intillation detector is mounted on a C'Ommon 

<' l e ,- a t o r , w II i < · l 1 s C" a n s t ll P w ho l c l <> n gt h o f t he s e t ti i 11 !:!: 

tuhe in pr<'s<:t t imP int<•rvals. 

Tlin instrun!<'nt 1Jperate~ automatically, plots the solid 

conc(!!ltration profiles on an X-Y recorder, or uillcrts 

data in the mcmo1·y of ;i minicomputer. T!H• initi;il solid 

concP11t1·ation, J/c
0
/, and the supernatant intcn~ity, 1 1 , 

can lJ,) read of'f the X-Y plot, while c 0 has to ht> dct(•nninf'fl 

by separo.tinl!; tile mud in a Ct'ntrifugc. 

) • 6 {. of a ppr op r i at c 1 y pr c pa r" d red mud s l u r· r y i s us c d in 

a moclcl settling; <~Xp<'rimcnt on SAM. 



Time intervals between consecutive measurement::; of 

concentration profiles should be determined by estimation 

from the rC'sults of previous measurements. Profiles should 

be taken more frequently at the begiunir~g of the experiment 

then less and less frequently as scttl ing slows clown . 

.PROCEDURE 

Pr<'parc slurry from bauxite accordiu~ to t!H~ procedut·<'s 

1cscribed in chaptPrs l l and 1:2 of this volume. 

Prepare flo:..:culant solution hy boil irn.r calculatPd quantity 

of flour in 50 ml of distil led watPr· /or the way pn~scrih,,rl 

by the manufacturer if you us<' synttwt1c floccu1a11t/. 

Njx the flocculant solution \dth thP slutTy. 

Pour tlw slurry/cooled to 90 de!! L/ iuto the sedimPntation 

tube of contr·ollcd tempcratur<'. 

Start taking concentration profil<'s by SA'f /clPmonstration/. 

Evaluate results of previous experiments 

Drmi H-t diagram by t'<'<Hling mud IC'YC'ls off tile· profi IC' 

curves. Determine the initial settling rate of the 

mud level. 

Put the vertical positions of layers of constant solid 

concentrations onto the H-t diagram. Determine t.hc 

upward migration vclor:ity of those coriccntrations. 



l's ing the computer printed data, plot ba te:h flux 

diagram and settling velocity diagram. 

D"tcrmin<' the characteristic floe paramet1·rs u, D :t!HI 
0 

C( from both linear se<'tions of t!Je velocit~- dia~rarn. 
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IG. PIIYSIC..\L PftOPErlTIES OF ALL7~1I~ . .\ 

PHI~CIPLES 

\dH'll alumi11.-i trihydratf' is C'alciued, l•atPr is Plimi1wtPd, 

porosity is cn'atPd, and f'YC'ntuall~·, if tliP tl'mppraturP is 

pushprl hi!!ll 1•nou~h, thf' porosity disappPars and ;i I plla-

a lumiua is for·mpd. The porosity ld1ir·'1 exists lwtl\'P<'ll 

tPmpPratun's or calcination of approximate!~· )0l)
0 

and 

I l(Hl ° C , a t h h i (" It a 1 p ha i s r u rm e d , !! i \- 1, .., a 1 a r !! c· -.; u r r a c 1 • 

arf'a ld1i<:ll <·;111 adsorb Kater and/or oth1·1· !UlsPs. It i-.; tlH· 

,.xistt•nc1' of surfac·r area in th<' porPs •.,l!i<·l1 i.s tl1P basis 

Of' th·· d1·y SCl"Uhhill~ prOCC'SS \.-llicil is lit)\\ tfll' ilf:Cl'(ltl'd \\a~· 

to a!-islll'I' <'l1•a11 pffluC'nt from tltP smPI tin!! p1·ocPss. 

\•iltilf' Ke ca11 rPcognizr that tl!P tpr·m ''dP!!T<'I' of r·alci.nation" 

d<l!·s not lia\·e a sci<'ntific ha!-ds, it is a usPful <:'On<·1'pt 

ro1· hot.11 tlw produc1•r ancl tlw lJS('l" Of alumina. Tl11· producPr 

i s c o lH: • ~ r n <'cl ah o u t m <'as u r in g cl P !! r P < • o f ca l c · i r w t i o 11 b 1 • <·au s f' 

it is usually thl' h"<ly in ,,-ltich tw <'nsur<'!"i pn1c<•ss c'fll\(l"fil 

ill thC' calcination j>l"OCl'SS. Fo1· tire pun:llaser or alurni11;1, 

dP!!n•e uf calcination is a way oJ d1~tenninin!! ltuv.- mur·l1 

\,atPr 111· is huyin!! alun!! l\itl1 his alumina. For· t.IH· smPlt.Pr 

man, degr<'P of calcination hr'1ps dcfinr• l1nh· much ,,·;1tPr is 

prPs<'nt., which affC'ct.s his ore fa('tor. It is a ha~ to 

P!-itimat.P prorwrties ltllirh may affect his proc·P.ss 

0ffi<'icllcics in the Hall-!Ic~roult cell and mor<' r"cently 

to predict the operating efficiency of the dry sC'rubhi1112; 

pror·<'ss. ,\ measure> of cle~r<'c of calcination lthich is 

meaningful to both producer ancl user will facilit.ntP 

communication. 



I "'0 

~lost of the concprn of both the producer and th<> user ha;; 

b0t'n focused on the average property expressed as a 

spPcific measurl'nu'nt of tile dPgree of calcination. ,\s l•ith 

auy oth1~r avPra~c prop1~1·ty, one must !Jc aw an' or t hP spn·ad 

of the propPrty which this avPragc rcprPsents • 

.-\n'ra!!P propcrtiPs of alumina 

l'hesl' avPragc propprtif's ha\·e also often no s<:il'ntil'ic 

lllf'aning, they gin· onp or two numbers as a r1·sul t of 

prescrj bPd - somet imcs s tarnlardizcd - procPdun•s . 

.. \\·(·r·a!!c prop<:rtiPs of alumina can tie classifil'd into 

tll1·1~p !.!T(rnps: 

physical param0tPrs, like appar0nt <incl bulk cl<'nsit:v, ill!!.d<' 

of reposP, !!rain size cli~ 'ribution, ancl othc•rs, 

aclsorpt i 011 pararnf'tPrs, I ike benzene numbrr, loss (HI 

iro:11itio11, LOI, ancl fJLOI /LOI rnrasun·d 011 watPr-snturCltf'cl 

sampl<'s/, spC>cific surfae:r area, and otilc·rs, 

Pr:-.·stal lo!.!;rapl1ie p;ir;unet~r·s, Jik<' -Al,,O.,. r;1tio, 
) 

al.Jsolut<' oc- .... \1.,0.,. contrnt, distribution refract in' indPx - ) 

of iJ11Jividunl grnins, etc. 

However·, li.tcrature oft<~n refers all of tl11'm as physical 

prop<• rt i cs of alumina. These propc rt ies show te nrleuc ics 

of correlation. For sampln, specific.: surfa<:e area 

clc~r.r .•ases, density i ncreascs 

content. 

with incrcasin!.!; o<.-Al ,0.,. - ) 

o I 

·. 



. .\nglf' of repose and apparent density, howen~r, do not 

show any cot-rt>lation to tlw <x-.Al.,O.,. contC'nt. Alumiuas c·an - } 

h c c l as s i f i f' cl a l s o b y p r op l' r t i e s r c l a t i n g t o t h P s i z 1' , 

shape and surface of thl' indi\·itlual grains •. .\lumina of 

fine !.!t'.1ins ,'noury alumina/ is adhesive, its an~lc of 

r<>posi:, h1·nzf'lll' numOl'r, and apparent density is hi~llf'r 

than thus" of t Ill' coarser /sandy/ alumina. 

\on-uniformit:v of alumina 

Dep01Hlin~ on tilt> mineralo!!ical composition tJf th,. bauxitl' 

and t lw const>IJUl'llt din~r::->ity Of the lC'CllllulOLJ;iC:al 

c:onditions of till' BayPr process, thP n~sultaut alumina 

ma:-.· shm~· pr-rJ11011ncecl non-unifnrmit-:.·. 

rakin!.! only thf' calci11ation procf'ss into aCC'ount, clurinf!: 

iudust1·ial C'al('ination, there \dtl hen considf'rahlf' 

\·a1·iation in tllP timP/tf'mpPraturc cornbi.natio11 S<'Cll lJy 

i.ndividual partic:lcs. In t·otary Id.Ins, the <fr!!T1'l' of 

mixin!!;, short-cirr·uitin~ throu~llt the trav,~ljnrr lwcl, and 

<'·lut.ion 1'rom tt&<' h1·cl liy tlw uas flm~· will c1f'tf'rmine thP 

time/t<'mneraturc r0rrin11 which each particl.P umlPI"!!OPs. 

As an jJJustnition of the influene<' of sunw ealci11;1tio11 

pnram<'tP1·s, Fig.)"j, shllW"i a c:ompar·ision of corTP!ation 

bf't.\.;p(•n specific s:11·racc an~a and or. -alumina contPnt. 

for l ah or a t or· y / F i !! • "'/i . a/ and ind us tr i a ll y ca I c i n" cl 

/Fit!,.)).h/ nluminas. :-ipr·pad of properties of indiviclual 

alumina part.ic:lf's can tH~ determined by m(~asurinu ref'ntct.iv<· 

in<lr.x: dist.rjhution unclpr the miccoscope. 
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Fi!!;.Vl. compares the n•fractive index distribution for 

alumiuas f1-om t"·o different types of calcination kilns. 

TempPratun• of cli!!l'stion, molar ratio and othPr UayPr

parametf'rs havP also a !!rt'at importance, concerning thl' 

piiy·sical propPrtil•s of th<' rC'sultant alumina. 

DiffprP11ePs in co1Tt>lation cu1-,·cs come about ht'Caus<> tl:P 

onP-11umht>r a\·<'1·a!!e propprty i-; C'ompos<>rl of llift"i'rPnt 

spn•ads of propt·i-t ips. 

Flour\ \"s sand\· alumina 

Baspc( OJI tilt> ph~·si<:al pr·opPrti('S, t""O f"unclamPntal typPS 

r)f alumina ma~- lw disti11~uish0cl: 

ilour·y alumina, principally produced in Europp and ff'cl 

t0 Sudt>rhcr!!-t:qw cP1ls, 

sanely alumina produc0d in plants applying AmPrican 

t P c I in u l o !! y , ci n d p r C· c c s s Pc~ i n c e l l s w i t h p r" b a kc d 

<:Ill () d (' s . 

Floury alumina is a poorly flowinL>; powrJpr containin!!; an 

amount of fine, feathery crystals, tog0thcr with larger 

sphPri<:al particles, which originate from the hyclratc. 

l'hcse particles frequently show pronounced fragility 

res u l t in g fr om h i n <I c r c d I cc r y s ta 1 li z a t i on , bu t s om c t i ru cs 

they an' obviously grains of AI:..!03" San:ly alumina is a 

fair·ly uniform, r·p}ativcly coarse, freely flowing powder, 

with :1 particle sizP distrilrntion closely resembling to 

that nJ' tltP or·iginal hyrlratP. This type of alumina oftPn 
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contains grains of an undcrcalcined phase, O{-AJ.,O_, "'-hteh - ) 

is opaque and shows affinity for dye-stuffs. 

The most significant physical properties characterizing 

these two types of alumina arc as listed in Tabl<' 11. 

Table ll. ThP most important physical propL'rtiPs of 

n otu-Y and s andY al um i nas 

Physical propPrty Floury alumina Sandy alumina 

Loss on ignition 

Specific surface area 

Alpha alumina content 

0. ~)-1. :2 ~ 
.-, ., 

5-1 o m-I~ '1 O- t1 5 m-/ g 

60-70 r;, :20-)0 r~ .. 
Specific surface area /m-/g/ less than 10 more' t llan )5 -
Apparent density 

Angle of repose 

Grain size> 100 mesh 

0.95-1 t/m) 

'10-''5° 

O.S'1 t/m' 

0.1 ~ 

I.rain size<):25 mPsh 50-55 ~ 

"'-' - . ,o 
- ·- J-

:2-'-i -;;, 

6-10 ~ 

The objective of this practicP is to £,!;in~ a surn~y of 

some m0thods Khich serve as gradinrr thP alumina. 

Out of these, measurement of appan~nt dPnsity, an!!;le 

of repose and oe.-Al :..!O) content /hy crystal-optical 

method/ will he discu~scd in detail. 

A rcccut m<'thocJ, based on nuclear magnf'tic resonance 

/N~m/ will also he illustrated here, whicl1, dtH' to its 

speed can prove useful in process control. 

Specific surface area measurements, X-ray diffraction 

deter~~ :i:ttion of Cl(-Al,
1
0.,. is covered in other chapters 

- J 

of thh vol umc. 



In the following, principles and experimental details of 

the methods will be discussed. 

Determination of alumina phase composition by crystal

optical m<'thocl 

PR I \"CI Pl.E 

Hefractiun i11d1~x of alumina hyclrat<', transition and 

ex-alumina is cliffcrcnt. Phase transformations of alumina 

hydrate during caleination are followeC: by an increase 

in n~fraction index. A mcthucl llP.rclop<'d for thP 

ch•tcrmination of oc-Al 0 0_ content, based on thi:-; 
- .J 

phenomenon, can casily be carried out with a gooll 

reproduction. 

This simple me:hod is especially useful whcn /cxpcnsin•/ 

X-ray cliffractom<'tric flctermination of cx-Al,>O.,. cont1~nt - ) 

is not available. 

Wlwn a crystal of unknown refraction index is immersed in 

a reference liqui<.I of known refraction index, a conto~r 

1 inc, the so called necke 1 inc appears and moves towards 

the material of highc~r refraction index on raising tlw 

ocular of the microscope. 

The explanation of this phenomenon is shown in Fi~.35. 

'Che refraction index of cx.-Al"O_ is between 1.752 and 
... .J 

1. 768. The most suitable reference liquid is mcth·dene-

iodidc /n = 1.7'•/, because of its appropriate n·!'raction 

index and its relative stahility • f'haseH ot' a r·"fraction 
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hi!!lwr than I. /'1 are cal l<><i c-<'.-aluminu. Th1' o t lw r 

phases ar<' classifi<'cl as (5 -alu111ina. 

Till' r·ontour of «.-,\1:.!0) grains is light lJluc: 

i·aising th~ ocular, th<' Ucckt' lillt' mo,·es iruianls the 

!!rain. /F1·action I/. 
Transition alumina~ ·Jf lowc1· n'fr·actiun indPX ha\·p a 

nP!!ativP r·ontour anc: tht>ir rolour i::; y1'lloh-hr0\•n. 

/F1·ac-t ion II/. 

Concentration of different alumina phasps is 1lt'tr·rmined 

b~· counting alumina partiClf'.S of diffPr<'nt c1·~·stal-optieal 

propertiPs. 

EX Pi., ll l 'IE ~TAL 

Equipmr>nt and a<:ccssorics 

Transmission optical microsr·op", 

Ctiuntin~ <'quipnwnt, 

\(ethylPnc-iodiue, of rPfraction i11rl1•x 1.71,n, 

<dass r:OV<'r shPl't. 

Evn 1 ua t i..m 

K~yhoarcl equipment b used for counting. I'ht· rnt io or the 

two fractions can adequately h<' cal<;ulatccl only after 

counting ;:it least 1.000 points. [f the number of grains 

in fraction I. is A and that of fraction IL is n the 

pcrccntal!;C of o<-alumina is catculatecl hy 

I 
I 
! 
I 

! •. 



x = I 

I ._q 

A.100 

A+D 

th<' percentage of "non-Of." - say r-alumina is: 

PHOCEDliRE 

Cone and quart l-.r t t·e samp! c dm'n to 0.) ~. S\\<'<'P a little 

amount of alumina on tlw object carri0r !!lass usitl!! a 

small 1Jrus•1, put it thP covC'r shC'ct ancl dr·op a little' 

mctl1ylcnc-iodid0 by the siclC' of thP sample>. lly moving 

th<' sh<'cts, hPlp thP e:i-ains to d.istribute uniformly 

and to enter the liquid. 

Fix the prcparr:d sampl<' umlPr th<' olJj(~Ctivc lens and use 

magnification of )00/600 X. l's0 thP ocular micromct0r for 

countin~ the particle's of cliffPrcnt phasPs. 

Determine thr number of grains of frac1ions I. and II. 

by counti11~ the spots, taking only those gn.ins into 

account which arc 0'1 crossing lines. 

Compar0 results with results of X-ray diffractomctry 

/available from the instructor/. 

l 
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~tl'rminat ion of :rnglc of repose 

PHIXCIPLE 

!tough, a i r-dricll a 1 umina is ;1 l l o"·cd to fl ow through a 

funnel of definite' size from a given height, ldthout 

shaking, to a horizontal shcl't and tlw foot an!!lc of 

the formed con<' is measured. 

EquipmC'nt 

The 1~quipmcnt consists of tl!P following parts: 

Funnel, madP of stainl<'ss stc<'l, supplied with a mf'tal 

S iC\"C, 

Basc-shc<'t, made of stainless str>el or marble, polishc~rl 

surface, fixe<J horizontally, markNl with two mm-scalPd 

lines intersrctine: caC'h oth<'r unrlc!r the crntcr of the 

funnc I, 

Funnc1-ho1clcr, made of stainless stPcl fixed to the 

base-sheet, 

Height adjusting cylinder. 
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PROCEDl'RE 

Adjust the base line horizontal. Fit th<' height adjusting 

cylinder to the cc>ntP ... pin of the base-sh1'ct and screw 

the funnel into the holder. R!'mOn' the cylindcr and put 

it aside. 

Pour the air-clry, untreated :ilumina !;ample, L1to the 

middle of the funnel from a lwi!.!.11t of about '10 mm. 

Carry on the feeding unti 1 till' top of tlH' alumina con<' 

reaches the funnel. A frustum conc wi 11 he formecl which 

has a 6 mm dia!!lctcr upper shcPt. 

~lark the foot of the alumina conc round, 1ca<l th<' lPn!!ti1 

of the ,, diameters of the con<'. 

Repeat the procedure) timcs, make nor<' of tht> results. 

Evaluation 

Calculatf! the anf!;l<' of repose /R/ in degrcPs by 

'..!H 
R = arc tg ----

D - d 

where 
H height 0f alumina cone: the distance between the 

base sheet and the end of funnrl stem /mm/, 

D mean of the 1, diameters /mm/, 

d inside diameter of the funnel stem /mm/. 



Determination of apparent dens i_!r 

PRI~CIPLE 

. .\i1·-cJr~-, rah· alumina is allowed to fall into a cylindPr 

of a knmfl1 Yolumc, standing on a firm horizontal basl'. 

The mass of alumina is divided by the ,-olumc of th<' 

cylinder /calibrated with water and cxprcsse~ in gms/. 

The result is acccptcrt as apparent dt'nsitY •. .\lthough 

t.lw mPasurcmPnt is very simple, it should he JH'rformf'd 

\·cry careful 1 y. 

EXPE!l I'IE~T AL 

Ec1uipment 

Feeding funnel, made of glass. 

0.'lindcr, made of e:lass. ca11acity: :200 ccm volume, 

hcight-diame tcr ratio: about 6 to l. 

Driving shC'll, made of glass. 

~llj_ustablc holclf'r ring, mounted to a st<1ncl for fixing 

the feeding funnel. 
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PHOCLlJl'RE 

~kasun'ment of thc volume /l\1tc1· valuc/ of t.IH' evlind1'r. 

Weigh tlw mas::-> of the t>mpty Vl'~Si'l, pour· 1!istilletl \\atl'r 

tu th1' h1·im and ''''i!.!:h. The diffen•ne<' of thP tl\o valucs 

i s t h" ''a t <' r \·a l u 1' • 

DP t 01·m i 11<' t hP mass of a ln1m.-n \-o l umc u f a I um i na. ~loun t 

tlw fcP<lin!! ftm1wl \dth the' a.djustahlc holdcr to ti!(' 

fixed stand so that th<' stem of th<' fumwl han' th0 

same shaft as the cylind<'r, <'.ncl thP distance lwt\\N'll thP 

cd!!:t' of tlw cylimlrr and the st<'m of th" funnel be 10.0 1·m. 

Place t.l1P drivin!! shell on the cdgt' or till' cylin<ll'1· so 

that it is clos1~ to the stPm of the funnl'l, but do1·s not 

touch it. L1·t th(' air-rlry, r:n• alumina sampiP nm.- into 

thr middle~ of thr funnel frorr. a hci~ht of 1
1 cm \\·ith a 

c·onstant flm\, takinf!: care not to shake tl•c pquipnH'nt. 

Stop r1~edi11!! alumina \\·hen tlw cone formed hy the f.tl l in!! 

alumina ri:.,cs aho\·p the <'rlge of t.he cyl ind1~r. fipmon• the 

alumina PXCcss al1ov1' tile cylinder \·oJumc lift.in!! the 

f11nnrl \dth th1: au,justahl<' holclcr ring and pul I in!! tilt> 

d1·ivitH! slu•ll li!!;htly, pnss the cylimlcr without movi11~ it. 

Cle;111 tlle outPr sidr. of the cylind<•r and WPigh it. 

Evaluation 

The apparent cJpnsity /L/ is clcterminecl as the ratio of 

th<' mass of alumi.na ancl thctt wat<'r of th<' snmc volum<'. 
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Nuclear magnetic resonance detcrmi1H1tion ot water in 

aluminas 

~uclei brhavc as minute moving magrwts. If we put thr

spPcimrn in external ma!_';netic field aXl'S of nucl0i i.11 thP 

specimen orient in fix<'tl directions '•ith rf'l.-i.tion to tilt' 

applied fielcl. l'hes<' directions c-01-rPsponcl to dis<'rPtC' 

energy lcvPls. Transitions bct\\<'<'ll th('Se levC'ls a1·p caused 

by the application of ~n o:-;ci1latin~ ma~netic field Ith•' 

<.; amp 1 f' i s pl a c Ml ins id c a <' o i 1 / • 

lhf' amplitude of th<' r<'sonancc signal is proportional to 

the numb<'r of tltP particular nuclPi in tltP sampl<'. Ot!1er 

paramcte1·s Of the signal /wiclth, f'tC/ arc chara<'tl'l·isti.c· llf 

the en\·ironmf'nt nf thP nucl<'i. 

EXPEnI'.'!E~T.-\L 

The \~Ol equipment, simplifi0cl for l>atf'r dPtcrmination i,.; 

manufact ur0<l by KFKI, Budapest. It cons b ts of a tempera t urP 

controllt>d permanent ma~n0t and a com1lletc \".'Ul spN:t1·omPt.f'r. 

The derivative absorption amplitude is d0tected and displayM.1 

in percents /calibratio11 is ncc0ssary, u~ing a standard or 

know·n water l'Ontent/. 

PROCC:>l:RE 

Weigh'.:.! g of aluminas in eacll of ':< 8nmplc tubc~s. ~rasurc 

water content as described in tt1~ user's manual. 

Compare results with specific surface areas of t!'w ~:amplcs 

/data availnhle/. 
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