Thermochimica Acta, 30 (1979) 127-139
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

SINTERING OF KAOLINITE WITH AMMONIUM FLUORIDE

A. M. ABDEL REHIM
Mineral Technology Laboratory Geology Department, Alexandria Univessity ( Egypt)
(Received 5 December 1977; revised 24 April 1978)

ABSTRACT

The present work represents a study of the influence of ammonium fluoride on
the thermal behaviour of kaolinite by using a derivatograph. The sintering of kaolinite
with ammonium fluoride was found to be complicated. Different products of sintering
are obtained, depending on the temperature and the amount of ammonium fluoride.
They were identified microscopically and by using a Siemens Crystalloflex diffracto-
meter. These include an ammonium aluminium fluoride complex, cryptohalite,
aluminium fluoride, mullite, topaz and corundum. The DTA curves (using kaolinite
and ammonium fluoride mixes of ratio 1:1) indicate the formation of the ammonium
aluminium fluoride complex and cryptohalite at 120-280°C and the appearance of
aluminium fluoride, topaz and mullite at 640°C. The intensive formation of topaz
takes place at 750°C and its subsequent dissociation at 940°C with corundum
formation. The very small endothermic peak at 1010°C represents the formation of
mullite. In experiments using mixes of kaolinite-ammonium fluoride in the ratios
1:1 and 1:1.3 the end-product of sintering consists of corundum and mullite. When
using mixes of the ratio 1:1.7, aluminium fluoride constitutes the main composition
of the end-product.

INTRODUCTION

The thermal behaviour of kaolinite is well known' ™. The DTA curve shows a
sharp endothermic peak between 600 and 750°C, representing its dehydration and
loss of constitutional OH radicals when its structure breaks down. When kaolinite is
heated beyond 800°C, its layered structure is further disrupted and cannot be re-
constructed by rehydration. The DTA curve shows also a sharp exothermic peak
between 950 and 1000°C. The final products of decomposition are mullite and
cristobalite.

The fluorinating action of fluorine, fluorides and hydrogen fluoride are well
known®~ 12, The solid fluorinating agents are very important, since they have many
advantages. Ammonium fluoride and bifluoride have been paid much attention as
important fluorinating agents. Their melting and evaporation temperatures are
relatively low. The reactivity of ammonium bifluoride is close to that of anhydrous
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hydrofluoric acid and it can be successfully applied as a fluorinating agent for many
purposes® 10 12

The DTA curve of ammonium fluoride3- !'! shows a small endothermic effect
at 110°C and two large and sharp endothermic peaks. The first at 158 °C corresponds
to the liberation of ammonia and the formation of ammonium bifluoride. The
second, at 225°C, represents the dissociation of the resultant ammonium bifluoride
into hydrogen fluoride and ammonia vapours. The thermal properties of ammonium
bifluoride are well known®~'° *2, The DTA curve shows two large and sharp
endothermic effects. The first effect at 126°C represents its melting, the second, at
260°C, indicates its decomposition.

The reaction of aluminium with ammonium bifluoride was reported to take
place at 120°C*2. This temperature is practically identical with the melting point of
ammonium bifluoride. The X-ray diffraction data for the reaction products indicate
the presence of ammonium tetrafluoroaluminate and aluminium fluoride besides
ammonium aluminium hexafluoride.

" The reaction of silicon with ammonium bifluoride takes place at 80°C!2. The
products of the reaction are ammonium silicon hexafiuoride and a binary salt (NH,),~
SiFg - NH,4F.

This work represents a derivatographic study of the influence of ammonium
fluoride on the thermal behaviour of kaolinite. Also, the reaction of sintering and its
mechanism were studied. Different products are obtained, depending on the tempera-~
ture of sintering. They are identified microscopically and by X-ray diffraction analysis.

EXPERIMENTAL

This work was carried out with kaolinite collected from Kalabsha area, near
Aswan, Egypt. Most mineral impurities such as quartz, rutile, and others were
separated from it. Its chemical composition is given in Table 1. The kaolinite content
was found to be 99.19 in the purified product. Its X-ray diffraction pattern shows

TABLE 1

CHEMICAL COMPOSITION OF KAGLINITE

Chemical component Content (%)
SiO2 46.34
Al=03 38.82
Fe203 0.18
FeO 0.10
MnQO 0.00
TiO2 0.21
CaO 0.00
NasO 0.04

H:0 14.26
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onty the Kaolinite peaks. which are sharp and intense. o peaks of any mineral
impurity have been detected. The X-ray powder diffraction data of the processed
kaolinite agreed with those given in the ASTM index.

Work techniques

Starting materials. Starting materials usually consisted of kaolinite mixes.
Kaolinite powder and ammonium fluoride were mixed together in particular amounts
(corresponding 1o ranos of kaolinite: ammonium fuonde = 3¥:3, 1:3.3, and 1:1.7).
Mixes were processed by repeated grinding in an automated agate mortar followed by
sieving until all the powder passed through a 200-mesh sieve. The mixes were then
ground with a pesife and mortar for 1 i to achieve homogeneity.

Apparatus. Experiments were carried out using platinum crucibles, heated in an
electrical furnace with the removal of the evolved gases (namely, ammonia, silicon
tetrafluoride, hydrogen fluoride), which resulted from the sintering reaction. The
temperature was regulated automatically with an accuracy of +5°C.

The thermal investigation of the sintering of kaolinite with ammonium fluoride
was studied by using the MOM derivatograph®3 14, This apparatus records simulta-
neously four curves; the change of temperature of the sample (7), differential thermal
aralysis {STA), HATIOErEITETIC QIEET (TO7 Juamitanvely nr my, and oane
denvanyve hermogravimene corve {DYU) on a singde sampie ppder copiroded
conditions.

The parameters during the test were as follows: Platinum crucible, medium
size; mErr maenal, akuninium ox0e. Weighr of mix ranges from 0.5 to } g; tempera-
ture range, ambient up to 1200°C, sensitivity of DTA circuit, 1/5, 1/10; sensitivity of
DTG circuit, 1/10; weight used in TG curve, 1000 mg; heating rate, 10°C min~ . The
DTA and temperature measuring thermocouples were Pt—Pt/Rh wire. The atmosphere
was air and the volatile silicon tetrafiuoride and other gases were removed as formed.

Phase identification

X-ray procedure. The phases of the products of kaolinite sintering with
ammonium fluoride were identified both microscopically and by X-ray analysis
using a Siemens Crystalloflex diffractometer. The finely ground sintered material was
mixed with sodium chloride as a standard. Its peaks occurring at 26 = 31.38° and
45.44° were used for corrections. Nickel-filtered copper radiation was used. Exposure
time was 1 h. Intensities were collected to maximum 260 = 85°. The sensitivity of the
experiment was 4 X 10* impl/min and the statistical error was 1.5%.

RESULTS AND DISCUSSION

For studying the influence of ammonium fluoride on the thermal behaviour of
kaolinite, DTA experiments were carried out using different amounts of ammonium
fluoride. Mixes of ratios kaolinite: ammonium fluoride = 1:1, 1:1.3 and 1:1.7 were
used. The obtained thermal analysis records were evaluated on the basis of the
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Fig. 1. Derivatogram of kaolinite sintering with ammonium fluoride of ratio 1:1.7. Weight of sample,
1000 mg; heating rate, 10°C min~1; DTA, 1/10.

literature data” ~ 12 13720: 22 {g explain the reactions which may be connected to
certain peaks of the DTA curve.

Using mixes of kaolinite and ammonium fluoride of ratio 1:1.7

The thermal analysis data for kaolinite mixes of ratio 1:1.7 are shown in
Fig. 1. The first small endothermic peak at 120°C represents its reaction with kaolinite
with the formation of ammonium aluminium hexafluoride and ammonium silicon
hexafluoride (cryptohalite). This temperature is practically similar to the melting
point of ammonium bifluoride. The endothermic peak at 140°C may represent the
decomposition of ammonium aluminium hexafluoride with the formation of ammoni-
um tetrafluoride. These processes are connected with a remarkable decrease in weight
(TG curve) due to the volatilization of ammonia and other gases. The large and sharp
endothermic peak at 290°C represents the intensive dissociation of cryptohalite and
unreacted ammonium bifluoride. The weight of the sample sharply decreases due to
the volatilization of silicon in the form of silicon tetrafluoride and the removal of
ammonia and water vapours. The endothermic peak at 330°C may represent the
dissociation of ammonium aluminium tetrafluoride with the formation of aluminium
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Fig. 2. X-ray powder diffraction patterns of the products of kaolinite sintering with ammonium
fluoride of ratio 1:1.7. A, B, C, D, E and F at temperatures 120, 140, 290, 330, 725 and 855°C,
respectively. A = NH3AlF,; B = (NH4)2SiF¢ (cryptohalite); C = (NH4)3AlFs; T = topaz; M =
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temperature, yielding first ammonium aluminium tetrafluoride and subsequently
aluminium fluoride.

The small endothermic peak at 725 °C indicates the reaction between aluminium
fluoride and relict grains of unreacted kaolinite with the formation of topaz. It was
reported previously that the formation of topaz from the reaction between kaolinite
and aluminium fluoride takes place at 750°C!¢~18. 21. 22 Tgopaz loses silicon
tetrafluoride at 855°C, as indicated by some decrease of the sample weight at this
temperature. In the presence of excess aluminium fluoride, the dissociation of topaz
takes place simultaneously with its desilication with the formation of corundum or
o~-aluminium oxide. The results are in good agreement with literature data, as topaz
loses silicon tetrafluoride on heating above 827 °C and its decomposition to corundum
takes place at 950°C15~17. 22,

The products of the runs at 120, 140, 290, 330, 725, 855 and 1000°C were
identified both microscopically and by X-ray diffraction. By microscopic examination
of thin sections of these products, it is observed that few kaolinite grains appear in the
runs at 120, 140 and 290°C, indicating fluorination of kaolinite with ammonium
fluoride with the formation of silicon and aluminium complexes. At 725°C, the
product consists mainly of aluminium fluoride with topaz and few grains of mullite.
At 1000°C, aluminium fluoride constitutes the main composition of the end-product
with a considerable number of corundum and mullite grains and few topaz grains.

The X-ray diffraction patterns of such products are shown in Fig. 2. The
product of the run at 120°C (Fig. 2A) consists of ammonium aluminium hexafluoride
(NH,);AlF, and cryptohalite (NH ,),SiF. The product of the run at 140°C (Fig. 2B)
consists mainly of ammonium aluminium tetrafluoride, NH,AIF,, and cryptohalite.
At 290°C (Fig. 2C), ammonium aluminium tetrafluoride constitutes the main compo-
sition of the product with little cryptohalite. At 330°C (Fig. 2D), aluminium fluoride
constitutes the total composition of the product with an unidentified phase. Topaz is
present in a considerable amount with aluminium fluoride and little mullite, in the
product of the run at 725°C (Fig. 2E). Topaz peaks are less intense in the product of
the run at 855°C (Fig. 2F). Aluminium fluoride constitutes the total composition of
such product with some corundum and few topaz and mullite grains. The aluminium
fluoride peaks are narrow, sharp and intense, suggesting good crystallinity. The end-
product of sintering at 1000 °C shows the intense peaks of aluminium fluoride and the
very small peaks of corundum and muilite, as in the X-ray data at 855°C, but here the
topaz peaks have completely disappeared.

The microscopic study of the products of kaolinite sintering with ammonium
fluoride is consistent with their X-ray diffraction patterns.

Using mixes of kaolinite and ammonium fluoride of ratio 1:1.3

The thermal analysis data for kaolinite mixed with ammonium fluoride of ratio
1:1.3 (Fig. 3) show similar peaks at similar temperatures to that obtained by using
mixes of ratio 1:1.7, but here the end-product of sintering consists mainly of mullite
and topaz with little amount of aluminium fluoride. This is due to the small amount
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Fig. 3. Derivatogram of kaolinite sintering with ammonium fluoride of ratio 1 : 1.3. Weight of sample,
1000 mg; heating rate, 10°C min—!; DTA-1/10.

Fig. 4. Derivatogram of kaolinite sintering with ammonium fluoride of ratio 1:1. Weight of sample,
1000 mg; heating rate, 10°C min—1; DTA-1/10.

of ammonium fluoride in the initial mixture and consequently the deficiency of
fluorine.

Using mixes of kaolinite and ammonium fluoride of ratio 1: 1

The thermal analysis data for kaolinite mixed with ammonium fluoride of ratio
1:1 are shown in Fig. 4. The first two large and sharp endothermic peaks at 120 and
280°C represent the formation of ammonium aluminium hexafluoride and crypto-
halite and their subsequent dissociation into ammonium aluminium tetrafluoride and
silicon tetrafluoride and ammonia, respectively. This is accompanied by a considerable
decrease in weight due to the liberation of ammonia, silicon tetrafluoride, hydrogen
fluoride and water vapours. The small and wide endothermic peak at 640°C represents
the reaction between kaolinite and the resulted aluminium fluoride or due to the
dehydroxylation of kaolinite. The latter process is greatly delayed in the presence of
aluminium fluoride. Earlier studies® refer to a possible explanation of this phenom-
enon by a bond formation between kaolinite and aluminium fluoride and the
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Fig. 5. :X-réy diffraction patterns of the products of kaolinite sintering with ammonium fluoride of
ratio 1:1. A, B and C at temperatures 750, 940 and 1010°C, respectively. T = topaz, M = mullite
and Cr = corundum.

eventual development of a fluoride containing the aluminium fluorosilicate phase
during the reaction. Under dynamic conditions, this amorphous phase may develop
only in a much lower quantity, as in the range concerned, the period of heat treatment
is short.
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The endothermic peak at 750 °C represents the intensive formation of topaz, due
to the reaction between the resultant aluminium fluoride and the unreacted kaolinite.
The small endothermic peak at 880°C may correspond to the reaction between
mullite and aluminium fluoride. The small endothermic peak at 940°C indicates the
decomposition of topaz, accompanied by a little decrease in weight, due to the removal
of volatilized silicon tetrafluoride. The very small endothermic peak at 1010°C
represents the formation of mullite from the dissociation of topaz in the absence of
aluminium fluoride.

The products of the runs at 120, 280, 325, 640, 750, 880, 940 and 1010°C were
studied and identified microscopically and by X-ray diffraction. It is found that the
products obtained at 120, 280 and 325°C are of the same composition as those
obtained in sintering experiments using mixes of kaolinite and ammonium fluoride of
ratio 1:1.7. The product of the run at 120°C consists of ammonium aluminium
hexafluoride and cryptohalite. Ammonium aluminium tetrafluoride constitutes the
main composition of the product at 280°C with few grains of cryptohalite. The
product obtained at 325°C consists of unreacted kaolinite with aluminium fluoride.

By microscopic examination of thin sections of the sintering products at 640,
750, 940 and 1010°C, it is observed that aluminium fluoride is present in a considerable
amount with topaz and some mullite in the product obtained at 640°C. At 750°C,
the product consists mainly of topaz, with few grains of mullite. No aluminium
fluoride grains were detected. The products of sintering at 940 and 1010°C consist
mainly of mullite and corundum, with few topaz grains.

The X-ray diffraction patterns of the products of sintering at 750, 940 and
1010°C are shown in Fig. 5. Topaz constitutes the total composition of the product at
750°C (Fig. 5A). Faint peaks of mullite are observed and all aluminium fluoride
peaks disappeared in this product, indicating its absence. This means that all the
resultant aluminium fluoride is consumed in the formation of topaz. The product of
the run at 940°C (Fig. 5B) consists mainly of corundum and topaz with some mullite.
Mullite is the end-product of sintering at 1010°C (Fig. 5C) with some corundum and
topaz. Mullite peaks are well defined and intense. This is in good agreement with the
microscopic study of its thin section. No aluminium fluoride peaks have been detected.

Therefore, the main product of sintering of kaolinite with ammonium fluoride
of ratio 1:1 at 1010°C is mullite due to the deficiency of fluorine. This means that the
dissociation of topaz in the absence of aluminium fiuoride takes place with the
formation of mullite. This is in good agreement with literature data, as topaz liberates
fluorine on heating to 900°C and mullite is produced .

In general, the X-ray peaks of the products of sintering of kaolinite with
ammonium fluoride, (namely, ammonium aluminium fluoride complexes, crypto-
halite, aluminium fluoride, topaz, mullite and corundum or «-aluminium oxide) are
narrow and intense, suggesting good crystallinity. The X-ray data of these synthetic
minerals are consistent with those of the corresponding ASTM values of the natural
minerals.
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The products of the reaction of kaolinite with ammonium fluoride are different,

AepRaing wUs e Cumagaraiaee af Gateriag 2nd e awmaunt of ammanivimn Buoride.
The mechanism of the reaction is complicated and can be considered as the foltowing.

At [20°C: The reaction of kaolinite with ammonium fluoride takes place with the
formation of ammonium alumininm hexafluoride and crvntohalite

A A O A Ny AR iR iy AL ARA IR QAR LAY PR iaeiits.

Al,Si,05(OH) 4 + 24 NH,F — 2 (NH,),AlF, + 2(NH,),SiF, + 14 NH; + 9 H,0

Ar 140°C: Ammonium aluminium havafluarida ic ninctahle and heoinsg to decompose
A ALE XTI Fi ‘llllllulllu i ulullllll LR AIWACLIIUULLIUL 1D ULIIOLQLULYy UL Uvslll\, LAV g u\-\-ulllyva\—

hlgher temperature, yielding the more stable ammonium aluminium tetrafluoride,

accora ug to
(NH,);AlF; - NH,AIF, 4+ 2 NH; + 2 HF
ot the ceactiaa of kaalinite with ammonium Buoride takes place at 140°C, according to
Al;Si,05(0OH), + 20 NH,F — 2 NH,AIF, 4+ 2 (NH,),SiF¢ <+ 14 NH; + 9 H,O

At 290°C: Cryptohalite is unstable and dissociates with the liberation of ammonia,
sificon tetrafivonde and hydrozen ducnde

(NH,),SiFs — 2 SiF, + 2 NH; + 2 HF

or the reaction of kaolinite with ammonium fluoride takes place at 290°C, according
io

ALSi,O5(OH), 4+ 16 NH,F - 2 NH,AIF, + 2 SiF, 4+ 14 NH; 4+ 9 H,O

At 330°C: The dissociation of ammonium aluminium tetrafluoride takes place with
the formation of aluminium fluoride

NH,AIF, — AIF, -+ NH, + HF

or

Thannr farmatiny - T

a rocnltad alnmininm flivaride mavw react with Lanlinite 1 hudeal

i upub!u' TrieeiviIg . A EAlW S WIUALVWANL CRALABERRARIALILIE LAIVAVL AN 1110 AWiiWw L TYSLIL DAV ARRARAN, ALL MAYWMAIA UL
ysis-like manner or with the water produced by dehydroxylation of kaolinite. Above
NMNOLMM T e Zaat o > NN Iy o8 L. Tl . — aerman  azom Y aae ot £ it ol
JUU , d.lulllllllu 1NUOL I Wil ILYULOLYZC CVUIL UIIUCl  HIc Clicet ot Llllprll riv

moisture?3.

2 AlF, + 3 H,0 - ALO, + 6 HF
ALSi,O0,(OH), + 6 HF — Al,(Si0,)(OH,F), + 3 H,O + SiF, + H,

EYAR

or,

ALSi,0,(0H), + 2 AlF; —» AL(SiO,)(OH,F), + ALO; -+ SiF, + H,

Taonaz Corundum

A VRS A A CARALSNERAL

The reaction of kaolinite with aluminium fluoride with the formation of topaz takes
place at 725-750°C.
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Mullite formation: Under dynamical conditions, mullite formation proceeds in two
ways. One starts from kaolinite, due to the deficiency of fluoride ion

2 Al,Si,05(0OH)4 ﬂf_’_ﬂ 2 A1,03.5i0, + 3 Si0, + 4 H,0

or,
ALSi,O,(OH), + 2 AIF, - 2 ALLO,.SiO, -+ SiF, -+ 2 HF 4 H,O0

The second, from the dissociation of topaz, as indicated by the very small endothermic
peak at 1010°C

AL (SiO)(OH,F), — 2 Al,0,4.5i0, + F, + 2 OH
Topaz Mullite

Corundum formation: Corundum or c-aluminium oxide may be formed in different
ways, either by the hydrolysis of aluminium fluoride or the desilication of topaz or
mullite with aluminium fluoride according to the following equations

. 940°C .
AL, (S:0,)(OH,F), + 2 AlF; -~ 2A1L,0; +SiF; 4+ 2F, +H,

Topaz Corundum

Also,

3(2 Al,0,.Si0,) + 4 AlIF;, —» 8 ALO, -+ 3SiF,
Mullite Corundum

From the results, it can be concluded that topaz dissociates at 1010°C with the
liberation of fluorine and hydroxyl groups with the formation of mullite. In the
presence of aluminium fluoride, desilication of topaz takes place at 940°C with the
formation of corundum or «-aluminium oxide.

CONCLUSIONS

The thermal analysis study of sintering of kaolinite with ammonium fluoride
has revealed that the reaction mechanism is a complicated one. Different products of
sintering are obtained, depending on the temperature and amount of ammonium
fluoride. Using mixes of kaolinite and ammonium fluoride of ratios 1:1, 1:1.3 and
1:1.7, the products are identical at low temperature. The DTA curves show an
endothermic peak at 120°C, representing the formation of ammonium aluminium
hexafluoride and cryptohalite. The endothermic peak at 280-290°C represents the
dissociation of cryptohalite and the rest of the ammonium aluminium hexafluoride,
with the formation of ammonium aluminium tetrafluoride. The last product decom-
poses at 330°C, with the formation of aluminium fluoride. The intensive formation of
topaz takes place at 725-750°C, with its subsequent dissociation at 940°C. At
temperatures, higher than 900°C, the end-products of sintering are different:
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(1) Using mixes of ratio (1: 1), mullite is the end-product of sintering at 1010°C

with corundum and topaz impurities. This is due to the deficiency of fluorine.

(2) Using mixes of ratio (1:1.3), the end-product consists mainly of mullite,

corundum and topaz with little aluminium fluoride.

(3) Using mixes of ratio (1:1.7), aluminium fluoride constitutes the total

composition of the end product of sintering with mullite and corundum impurities.
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