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Abstract. As the sintering temperature is raised from 250 to 600°C,
/NH4/ A1/804/3, NH4A1/SO4/2 and_AlZ/SO /3 form successively as the reaction products
of ha%loysite with /NH,/,SO,. The extractability of aluminium from the resulting
sinters with 5% H,SO, solution varies from 107 at 250°C . to nearly 100% at 600°C. The
structure of halloysite is progressively destroyed to give a substance of the silica
gel type in the final stage of sintering.

INTRODUCTION

Earlier investigations carried out by the authors have shown that
molten ammonium sulphate enters into reaction with the cations occupy-
ing the octahedral sheet of layer silicates to form sulphates soluble
in 5% H2804 solution. :

The present paper aimed to study the effect on temperature on the
course of this reactions. Investigations were carried out on halloysi-

te from Dunindw, described in Part I of this paper /p. 63/.

EXPERIMENTAL

Thermal curves for ammonium sulphate and its mixtures with hallo-

ysite in the proportions of 1:5 and 5:1 were obtained with a deriva-

*Institute of Geology and Mineral Deposits, Academy of Mining and Metallurgy in
Cracow /Krakéw, al. Mickiewicza 30/.
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o
tograph. The instrument settings were: heating rate 10 /min., thermo-

couples Pt-PtRh 10%, disk platinum crucibles, standard - sintered
A1203

To determine the kind of changes produclng
samples were heated to the temperature of the beginning and end of suc-
cessive peaks on the DTA curve, whereupon the samples were cooled ra-

pidly and their phase composition determined by X-ray method.

peaks on thermal curves,

Then the mixture with an excess of /NH,/,S0, /1:5/ was held in a
muffle furnace at varying temperatures for 0.5 h. The temperature was
raised by 50° over the range of 250-600°C. The phase composition of

sinters and the amount of A1203 extractable with 5% HZSO4 solution we-

re determined.

Infrared absorption spectra of the residue left after thetiextras=
ction of A1203 were recorded with a Zeiss UR-10 spectrometer.
RESULTS
Thermal curves for /NH4/2SO4 are shown in Figure 1. At 355°C  an

intense endothermic peak appears on the DTA curve, produced by the me-
lting of this compound and its decomposition into acid
/NH4/3H/SO4/2 and NH4HSO4.0
peak with a maximum at 430 C, caused by the decomposition of acid sul-

sulphates:
This peak passes into another endothermic
phates. It corresponds to a substantial weight loss on the TG curve.
The mixture of halloysite with /NH / SO4 yield more complex ther-
mal curves. When the sulphate is in excess /Fig. 2/, two additional
peaks have been recorded, both attended by a weight loss.The two first
intense endothermic peaks, produced by the melting and decomposition
of ammonium sulphates, obscure the peak associated with the formation
of aluminium-ammonium sulphates. At 420°¢ NH4A1/SO /2 was found to be
present. This sulphate decomposes to A12/SO4/ at 470°C with the evo-
lution of NH3, and the latter decomposes completely at 760 Pl The
X-ray diffraction pattern of a sample heated up to 780°C does not diz
splay any lines that would testify to the presence of crystalline pha-
ses. The only reflection recorded was a broad band d = 3.4 - 4.4 attri-
buted to amorphous silica. For the mixture of halloysite with a defi-
ciency of /NH4/ZSO4 /Fig. 3/ the following peaks have been recorded:
an endothermic peak of dehydration at 60°C, an endothermic peak of de-
hydroxylation at 535°C, and an exothermic peak at 980°C, all typical
of halloysite. The other peaks correspond to those on the curve for the

mixture with an excess of /NH4/2SO4.
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_tually the only one to form, whereas /NH,/,Al/SO,/, disappears.
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Fig. 1. Thermal curves of /NH / SO
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Investigations of the mixture of halloysite with an excess of
/NH4/ZSO , heated in a muffle furnace for 0.5 hour at temperatures ra-
ised by 50 C have revealed that ammonium sulphate first passes into
/NH,/3H/S0,/,, which then reacts with aluminium from halloysite to form
/NH4/3A1/SO4/3.
sinter over a temperature range of 250-400°C /Table 1/. At about 300°¢
/NH4/ H/SO4/2 begins to convert into NH HSO4, simultaneously NH,AL/
/304/2 appears in the sinter. Above 350°C the latter sulphate

This aluminium-ammonium sulphate is present in the

fsiwvirs
Alu-
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minium-ammonium sulphate is the principal component of the sinters up

to 500°C. At 550-600°C it is present only in trace amounts while alu-
minium occurs mainiy in the form of A12/SO4/3- (il
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\\ Fig. 3. Thermal curves of the mixture of halloysite with
o \ deficiency of /NH4/2804 1551/
The reaction taking place in sinters of halloysite with /NH4/2804
can be described by the following equations:
50 \ e
‘ 2/NH4/2804 Zyie /NH4./3H/SO4/2 o NH3
JJdl 1 : 2 A
i\ 2/NH,/ H/SO,/, + —3 Aly/81,05//0B/, = /NH,/3A1/S0,/ 4 + 2NH, +
i) ; 1
\\ *+ 3H,0 + 510, + S0; + —— 0,
o TG
» ‘ 1 1
— — —_—
% /NH4/3H/SO4/3 ey NH4HSO4 o 2NH3 + ZSO3 + 12 HZO o > O2

(w.t.%) — ¢
/NH4/3A1/SO4/3<__. NH4Al/SO4/2 () ZNH3 + HZO * SO3

1 . £ 3 :
2NH,HSO, + 5 Al,/81,05//0H/, = NH,B1/SO,/, + NH3 + 2=~ H,0 + Si0,

Fig. 2. Thermal curves of the mixture of halloysite with 4

excess of /Nl-lalzso4 11%5]
—_—
ZHN4A1/SO4/2 I %\12/504/3 &+ 2NH3 + 503 + H20
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i OB U R LR e |
Phase composition of the products of sintering of halloysite with
/NH, /,80, {45,
Temperature Phases
e
250 /NH4/2804>> /NHA/3H/SOZ‘/2>> /NH, [41/50,/ 4
300 /NH, [ 8/S0,/, 2> NH, HSO, = /NH4/3A1/?04/3 >> NH,AL/S0,/,
350 NH4A1/504/2',:;NH4H504 > /NH4/3H/SOA/23 /1\1}14/34\1/304/3
400 NH,AL/SO,/, > NH,HSO,3> /NH,/;H/SO,/, =2 /NH, [ 1A1/50,/ ,
450 NH,AL/SO,/,
500 NH,A1/S0,/,
550 Al,/S0,/,>> NH,AL/SO,/,
600 Al,/S0,/, > NH,A1/SO,/,

Silica SiO2 that appears as a reaction product corresponds to the
degraded tetrahedral sheet of halloysite left after the removal of alu-
minium. As shown by infrared spectroscopic analysis /see below/, this

sheet forms a substance with the gel-type structure due to three-dimen-
sional condensation.

Earlier studies /Part I, p. 61/ have shown that the heating of
halloysite with an excess of /NH4/2SO4 at 350°C results in that the
constituent aluminium becomes soluble in 5% H2504. This is a consequen-
ce of the disturbance of the structure of halloysite caused by the rea-
ction between aluminium and sulphate, and by simultaneous dehydroxyla-
tion of halloysite.

The present investigations aimed to determine the effect of sinte-
ring temperature on the degree of extraction /o(/ of aluminium from
nalloysite. The results are presented in Figure 4. At a sintering tem-
perature of 250°¢ the. extractability of aluminium is
/ol= 0.1/. With a rise in temperature to 350°c X for A1203
attaining a value of 0.65. With a further rise in

insignificant
increases
rapidly, the sinte-
ring temperature the increase in o becomes slower. At 600°C X is clo-
se to unity, which means that nearly all aluminium present in halloy-
site will go into solution.

Infrared spectroscopic analysis carried out on the insoluble resi-
due left after the treatment of sinters with 5% H,S0, was employed to
trace the structural changes occurring in halloysite

its sintering with /NH4/ZSO4 at varying temperatures.

in response to

The infrared
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mineral remains essentially intact. At 300 °c the lntEHSlty of bands

. associated with Al-O-H vibrations /3694, 3629, 918 cm / is considera-
bly reduced, and so is the intensity of the 690 and 539 cm b Si-0-Al
bands and the 435'cm_1 Si-0 band. Certain modifications have also been
observed for the group of absorption bands caused by Si-0-Si and Si-O
vibrations in the region between 1000 and 1100 cm—l. When the reaction
proceeds over a temperature range of 350—500°C, the insoluble residue
fails to display Al-O-H /918 cm 1/, Si-0-Al /539 cm 1/ or si-o /435
cm-l/ absorptions. The Si-O band at 470 cm—l, on the other hand, is
still visible in the spectrum.

The recorded infrared spectra show that in the discussed tempera-
ture range the octahedral sheet of halloysite undergoes complete des-
truction. The tetrahedral sheet is subject to certain rearrangements,
but its structure is largely preserved. At 550°C the spectrum shows
close similarity to the spectra of silica gels /a broad band at 1100

~cm—l, intense 810 and 470 cm™ !

bands/. This is a result of gradual
rearrangement of the defect tetrahedral sheet, left after the removal
of the octahedral sheet, towards three-dimensional condensation. In a
temperature range of 350-500°C additional bands appear in the spectra
at 610 and 1420 cm

ched ammonium sulphates, the presence of which has also been confirmed

1
. They have been attributed to incompletely lea-

by X-ray investigations.

DISCUSSION

The sintering of halloysite with /NH4/ZSO4 makes aluminium from

the structure of this mineral combine to form sulphates soluble in 5%
At o

H2504. Inltlally,oat 250 C,O/NH4/3A1/SO4/3 forms and persists in the
sinters up to 400 C. At 300 C NH4A1/504/2 begins to appear. As the
temperature is raised, its content increases and at 450-500°C it is
the only sulphate phase present in the sinter. Above 500°c aluminium-
—ammonium sulphate converts into A12/504/3.
: from
the sinters depends on the sintering temperature. It increases from 10%
of the total Al O

600°c.

The amount of aluminium that will go into 5% H2504 solution

content in halloysite at 250°C to nearly 100% at

The sint
ering of halloysite with /NH / SO4 and the treatment of

sint
ers with 5% HZSO4 solution leads to the destruction of the struc-

ture of halloysite. With a rise in the sintering temperature aluminium
is gradually removed from the octahedral sheet and the tetrahedral
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sheet undergoes rearrangement towards three-dimensional condenéation.

As a result of these processes, a structure of the silica gel type

forms at a temperature higher than 500°c.

Leszek STOCH, Wanda S. SIKORA, Leokadia BUDEK

STUDIUM REAKCJI KRZEMIANOW WARSTWOWYCH ZE STOPIONYM
SIARCZANEM AMONOWYM

CZESC 11. WPtYW TEMPERATURY NA REAKCJE HALOIZYTU Z /NHh/ZSoh

Sit'r.es 'z ¢ zie n lie

Wykonano na derywatografie badania termiczne siarczanu amonowego
/fig. 1/ oraz mieszanin haloizytu z siarczanem amonowym o proporcjach
1:5 i 5:1 /fig. 2 i 3/. W celu ustalenia rodzaju przemian, ktdérym to-
warzysza efekty cieplne na krzywych termicznych, ogrzewanie prowadzono
do temperatury poczatku i korca kolejnych efektdéw na krzywej DTA i po

szybkim ostudzeniu prdébki, rentgenograficznie okre$lano skiad fazowy.
Mieszanine z nadmiarem /NH4/2504 /1:5/ wygrzewano z kolei w piecu
muflowym w temperaturach 250-600°C. Okreélano skxad fazowy spiekdw oraz

ilosé A1203 dajacego sie wyekstrahowaé 5-procentowym roztworem HZSO4.
~ Przesledzono zmiany zachodzace w strukturze haloizytu pod wpiywem

gpiekania z /NH4/ZSO i traktowania H2504, na podstawie badan spektro-
skopowych w podczerwieni.

W zakresie temperatur 250-400 9¢ produktem reakcji jest /NH4/3A1/
/SO4/ W 300°C pojawia sie takze NH A1/so4/2, ktérego zawartos$é w

spieku wzrasta wraz ze wzrostem temperatury. W zakresie 450-500 e jest

on jedyng faza siarczanowag stwierdzona w spieku. Powyzej temperatury
500°C NH,A1/S50,/, przechodzi w Al,/SO4/3-

Iloéé glinu jaka mozna’ przeprowadzié do 5-procentowego roztworu
H2504 ze spiekdéw, zalezy od temperatury spiekania /fig. 4/. Wzrasta

ona od 10% catkowitej zawartosci A1203 w haloizycie, dla temperatury

250° Cc, do prawie 100% w 600 Qcs
Spiekanie haloizytu z /NH4/ Sb , a nastepnie traktowanie splekéw

roztworem H SO4 prowadzi do destrukc31 struktury haloizytu. W miare

wzrostu temperatury spiekania nastepuje stopniowe usuwanie glinu z

a warstwa tetraedryczna ulega przebudowie w kie-
w wyniku czego w temperaturze powy-

S%

warstwy oktaedrycznej,
runku tréjwymiarowej kondensacji,
zej 500°¢ powstaje struktura typu gelu krzemionkowego /fig.
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Krzywe termiczne /NHA/ZSOA ]

Krzywe termiczne mieszaniny haloizytu z nadmiarem /NH4/2804 (1125
Krzywe termiczne mieszaniny haloizytu z niedomiarem /NH4/2504 1521/
Krzywa zaleznosci stopnia reakcji ;o(/ glinu od temperatury spiekania

Widma w podczerwieni

a - haloizytu; b—Z - produktéw spiekania haloizytu z /NH4/2804 [1:5/

Q
peraturach: b - 250°C, ¢ - 300°C, d - 350°C, e - 400°C, f - 450°%, g-500°,
h - SSOOC, 7 - 600°C, po obrébce 5-procentowym HZSO4
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M3YYEHUE PEAKIHUH CIIOEBHIX CUIIMKATOB CO CIIJIABJIEHHEIM

CYJIBOATOM AMMOHUS

YACTb Il. BIMAHHE TEMNEPATYPH HA PEAKUMK TANNYA3UTA ¢ /NH4£2§E

4

PeswmMme

BEUH npoBenenn Tepmmueckue HCCrlenoBaHus Ha AepuBaTorpade cysbpara

AMMOHMA /QMTr. 1/ a Takxe cmecu ramiyasura ¢ cynbdaTom AMMOHHSI B NpPoO-

nopuuax 1:5 uy 5:1 /our. 2 u 3/. Ions onpenesieHus pona npeo6pasoBaHuy,

KOTOpPEM conyTCcTBylOT TenJioBHe 3¢dpek ThH Ha TepMuuyeckux KPUBHX , o6orpesa-

HHE npoMsBomusioch no TeMIepaTypH Havama u KOHLlA ouepenHHX 3¢
KpuBOo# ITA u nocine OHCTPOrO oxXnaxmeHus NPOG6HI,

dEeKTOB Ha
$asoBuM cocTas onpeness—
€TCH pPeHTreHorpaduyeckum METOLOM.

CMech ¢ u36HTKOM /NH4/ZSO4 /1:5/ B cBow Ouepenr BHIpeBanace p My-
denbHOR ey Tnpu TeMnepaTypg 250—600°C. Bun onpegmenén ¢a3oBuY cocras

CIIEKOB
¢+ @ TaKXe KOoJuYecTBO A1203, nawmeecs BEISKCTparuposare 5%

~BM pac
TBOPOM
ynawmue s CTPYKType rannyasura non
H obpa6oTku bpacTteBopom HZSO4 Ha OcHo-

- enoBaHuun. B AuanasoHne TeMnepartyp 250-
400- C IPOOYKTOM peakuuu ABNAeTCH /NH4/3A1/SO4/3.

€TCA Takxe NH4 Al/SO4/2, comepxaHue ko
HHEM TemnepaTyph. B AvanasoHe 450—500O

o
IIpr 300~ C nosens-
TOPOro yeennuusaeTcs C NOBHE-

C oH ABNAETCSH €OMHCTBEHHON OGHa-
PYXEHHOH B crnieke cynbspaTHOn dbazson. IIpu

TemMneparype cemme 500°c NH, a1/s0
NIePeXOnUT B Al,/50,/,. / e
Konnyectso AJIOMHHHUA, KOTOpOe MOXHO nepenecTtn us CNEeKOB B 5%-u#t pac-
TBOP sto4, SABHCHT OT TeMnepaTypy CNeKkauus /dur. 4/. Ouno BO3pacTaer
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fo)
4 Temrnepatype 250 C mo
or 10% MOJIHOI'O COOEepXaHUA A1203 B rajuiyasuTe Ip
600°C.
noutu 100% mpM TemnepaType
CriekaHMe Ta/ulyasuTa C /NH4/2504 U nocrnenywmas o6paboTka pacTBOPOM

emnepa-

H.SO, BemeéT K pa3pyuweH’w CTPYKTYPH rajuyasdra. [Io Mepe pocTa T 3]
Tasgpuiyec—

iju4cnexauna NPOUCXOOUT MOCTENeHHOe yNaJIeHHe AJOMUHHUA M3 OKTasap

uu éxpas-
KOI'o CJiosa TeTpasgpHYeCKHun CJION nepecTpavBaeTCsaA B HampaBJieH TP
’

o,
obpa-
epHOM KOHOEeHCaluH B pe3yjlbTaTe 4Yero Npd TemMneparype CBuule 500 C P
M

3yeTca CTPYKTypa Tuma cuiukarens /éur. 5/.

O0BBACHEHME OUTYP

our. 1. Tepmuuyeckue Kpusbe /NHA/ZSOA o
Our. 2. TepMMuecKuMe KpuUBbE CMECU rannyas3uTa C M36bITKOM / 4/ 259, s :
Our. 3. TepMMuecKne KpuBbie CMeCU rannyasumta C HefoCTaTKOM /NH4/ZSO4 /5:

1 cnekaHus
our. 4. KpuBam 3aBUCMMOCTM CTeneHu peakuumn /oc/ anoMuHWA OT TemnepaTyp

5. Uk-cnekTpsl : :
@ - rannyasuTta, b-—i -NpoayKTOB CnekaHuAa rannyasura ¢ /NH4/2504/1.5/

o o 5 o &
temnepatypax: b - 250°C, ¢ - 300°%, d - 350°c, e - 400°%C, f - 450°C, ¢
SOOOC n:s 550°C, i - 600°C, nocne o6paboTku 5%-biM pPacTBOPOM H2504

our.



