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Abstract. Thermal transformations and weight loss in the range 20—1000°C
of synthetic alkali-hydronium jarosites were investigated. Chemical constitution
expressed by the following general formula A;-x(H3O)xFe;—y[(OH)g—gy(H0)sy(SOy)s]
was confirmed. The DTA curves show six (or five) endothermic and three exother-
mic peaks at temperatures depending on monovalent cation present. The first four
endothermic reactions are connected respectively with: dehydratation (removal
of H,0 molecules, 190—340°C), deprotonation (removal of H;OT ions, 240—440°C),
dehydroxylation (removal of OH  groups, 300—510°C), and removal of OH™ or Hy;O
‘rapped in the collapsed framework of decomposition products (about 540°C). The
{ifth reaction between 560—930°C is due to the loss of SO, and the sixth at 880°C
(recorded only for Na, HyO-jarosites) to melting of Na,SO;. It was assumed that
out of the three exothermic reactions the first at about 510° corresponds to the
formation of a— Fe,Oy, the second at 580° probably to liberation of ,,post-anionic-
cages” energy, and the third at 700—780°C, splitting the sulphate dissociation peak,
to alkali sulphate formation.

INTRODUCTION

Synthesis of alkali jarosites has yielded alkali and iron deficient
minerals with excess water, part of which causes a change of the unit
cell dimensions (Kubisz 1961, 1970). Some natural minerals are probgbly
of similar type (Kubisz 1964). It was suggested that hydroxyls of iron
coordination polyhedra are partly converted to H,0 molecules (refered
to as ,,additional water”) to balance the lacking Fe’* charge, and alka-
lies are substituted by H;O* ions. The aim of the present paper was
to confirm the proposed (Kubisz 1970) chemical constitution by means
of thermal analysis.

Considering the general formula of jarosites two types of endothermic
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reactions are to be expected: decomposition of hydrogen-oxygen com-
plexes (H,O*, HO, OH") and decomposition of sulphate reaction pro-
ducts.

The mechanism of reactions connected with water expulsion is .relati-
vely complicated as compared with that of SO; removal. According to
different activation energies three processes of this type should be di-
stinguished: dehydration (removal of H,0), deprotonation (removal of
H,0%), and dehydroxylation (removal of OH™).

The temperature of dehydration process is determined by the binding
energy and lattice positions of H,O molecules, and structure type of the
crystal lattice (disregarding the experimental factors).

Deprotonation and dehydroxylation (compare Freund 1965) are two-
_steps reactions. In the first step the proton is transfered via hydrogen
bonds to the nearest OH~ group (or 02-) forming a HyO molecule:

deprotonation = HOF »H0 +H | OH" + H+* = H,O
dehydroxylation = OH™ — O~ + HY Jor 02 =2HI O

The activation energy of this process depends on the transfer distance
Oq — Oy, the height of the potential barrier between donnor (Og4) and
acceptor oxygen (Op), and on O—H bond energy. In the second step of
the reaction the resulting H,O molecule migrates to the crystal surface.
The velocity and direction of migration of H,O molecule depend simi-
larly as in the case of the dehydration process on its lattice position and
crystal structure type.

The products remaining after removal of hydrogen-oxygen complexes
are in an activated state. According to Freund (1965) the energy stored
in resulting lattice vacancies (post-ionic ,,cages”) is liberated sponta-
neously, the corresponding exothermic effect following close the endo-
thermic ones.

According to the general considerations presented above at least
three distinct ,,water loss” reactions should occur in the investigated
jarosites. The temperature of dehydration being the lowest, that of de-
protonation intermediate, and that of dehydroxylation the highest.

EXPERIMENTAL WORK

The thermal studies were performed with the Derivatograph (after
F. and J. Paulik and L. Erdey) registering simultaneously the T, DTA,
TG and DTG (derivative of the TG function) curves (Fig. 1). The sample
was placed in a platinum crucible, and the temperature measured indi-
rectly in its hollow bottom. Heating rate of 10°C/min was applied.

The different peak temperatures and shape of curves (Fig. 1) obtai-
ned are partly due to differences in the amount of sample (’fabs. 1, 2).

DISCUSSION OF RESULTS

In the case of pure hydronium jarosite which d i i
’ S U / oes not T
tional water” the liberation of hydrogen-oxygen com];i(éx:so ngfégegcalcsldiln
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a different manner as in alkali-hydronium jarosites. Four steps may be
distinguished: deprotonation-dehydration-main dehydroxylation-final de-
hydroxylation.

4H3OF€3 [(OH)G(SO4)2] — 4H20 “F 4Fe3 [(OH)stO(SOq)z]
4H,0 + 4Fe; [(OH)s5(SO4)2] — 9H,0 + 2Fe(OH)SO, + 2Fey(SO4)3 e
=F SFGZO;; — Hzo =F FeZO(SO4)2 =F 2Fez(SO4)3 [1}

The ratio of water molecules expelled in the above reactions should
be equal to 4:4:9:1. However, due to similar activation energies the first
three reactions are not distinctly resolved. Therefore it was impossible
to establish the exact amount of water (Tab. 2) lost in particular reac-
tions.

In the investigated alkali-hydronium jarosites thermal dissociation
is more complicated. ,,Additional water” is expelled first, prior to de-
protonation and dehydroxylation and in higher temperatures alkali sul-
phates A;SO4 (A = K, Na) form, besides iron sulphates.

Additional water, filling iron vacancies, is removed between 190—
340°C. This process being accompanied by a change of unit cell volume
(Kubisz 1970). Maximum of the reaction lies at 260—270°C, depending
on the cation present (Tab. 3) and relative amount of this water. The
corresponding peak on DTA curves is assymetric and sometimes clearly
split (S-4). This may be evidence of two kinds of additional water. One,
.,compensating”, localized in FeO,(OH, H,0); polyhedra, and one in iron
lattice vacancies. Considering that iron oxy-hydroxide and hydrated
iron sulphates, which may be present as slight admixtures, lose water
in the same temperature interval, the true nature of the endothermic
process described was ascertained by carrying out DTA curves of arti-
ficial mixtures of S-29 and varying amounts of FeO - OH and Fey(SOy); -
- 9H,0. These mixtures give three more endothermic reactions (140°,
190°, 320°C) distinctly resolved from the peak representing the loss of
additional water.

Deprotonation H;O+ — H,O + HF and the removal of resulting H,O
molecules takes place at about 320°C in the case of pure hydronium jarosi-
te. The proton of hydronium ion jumps either to sulphate oxygens Og or
fo hydroxyl oxygens Op which most probably lie at a distance less than
3.0 A from the monovalent ion. Assuming per analogy with H;OGa;
[(OH)4(SO,),] (Johansson 1963) that hydronium in jarosites is closer to
O, oxygens than it is to Os oxygens, it is more likely for the proton to
join hydroxyl groups. Statistically, however, a fraction of hydronium
protons will react according to the scheme:

H,0 Fe, [(OH)§(SOs).] - H,O + Fe; [(OH)(S0,0H SO,] — 3H,0 +
+ FeH(SO,); + Fe,Os. [2]
Which means a three-steps loss of water (compare reaction scheme 1).
In alkali-hydronium jarosites deprotonation occurs at much higher
temperatures (at about 410°C).
Dehydroxylation is connected with destruction of jarosite framework
and formation of various sulphates and Fe,O;. Maximum of this reaction
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Table

Gravimetric data on the endothermic reactions of Na, H;O-jarosites
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of reaction (°C), ¢ — weight loss in the given temperature interval

bound with Nas,O (weight, %).

a — temperature interval of reaction (°C), b — peak temperature
(weight, %), d — initial weight of the sample (mg), e — amount of SOg



lies at about 390—480°C. The removal of Hy,O* ions coordinated to OH~
groups causes the dehydroxylation temperature to be the lowest
(390-:10°C) in pure hydronium jarosite. It is intermediate in Na, H,;0-
(440£10°C), and highest in K, H,O-jarosites (460+10°C, Tab. 3).

Exothermic peak at about 510°C following close that due to dehy-
droxylation may be attributed partly to the crystalization of o-Fe,O;
(Kulp and Adler 1950) and partly to the liberation of energy stored in
,,post-anionic cages” (Freund loco cit.).

Table 3
Endothermic reactions’in alkali-hydronium jarosites
Mean temperature Mean peak
Loss of Jarosite interval of the reaction, temperature (T max),
OC OC
K { 190—340 260
H,O Na [ 220—320 270
H,0 | ?
K 340—440 420
H;0+ Na 320—400 390
H;0 240 —350 340
’ K 3407—510 480
OH& Na 3207 —470 440
H;O 3007 —480 390/410/
K 560—930 800/730/
SOy Na 560—810 730/670/
H;0 560—800 750

* In the evaluation of mean temperatures S-25 and S-10 have been treated as hy-
dronium jarosites, together with S-17 (S-2C).

Decomposition of hydroxyl containing reaction products Fe(OH)SO,
or Fe [SO;0H SO4] and liberation of H,O trapped in the collapsed jaro-
site structure occurs at about 520—550°C. The high activation energy
of this reaction is due to low migration ability of H,O in the collapsed
framework rather than to exceptionally high bond energy of these hy-
droxyls, as suggested by some authors (Cvietkov and Valiashihina 1955).

The second (very weak) exothermic reaction about 580°C may be
due to liberation of ,,post-anionic cages” energy, like the former one,
or according to Cvietkov and Valiashihina (1955) to o — vy transition of
Fezog.

In the temperature interval of 560—780° (810°) in Na, H;O- and
560—850° (930°C) in K,H;O-jarosites respectively decomposition of
Fey(S04)s, Fe,0(S04), and AFe(SO,), and crystallization of A,SO, takes
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place (A = K,Na). The removal of SCj; is, however, not complete. Part
of it (2—4%, Tab. 1, 2), trapped in the collapsed sulphate framework is
liberated after the main reaction (small shoulders on the main peaks
between 780—930°C, Fig. 1), and a small amount still remains up to
1000°C in the decomposition prcducts.

The sulphate dissociation peak (Fig. 1) is clearly split. Similar phe-
nomenon noticed in other substances is attributed (e.g. Mackenzie 1957)
to the presence of several grain classes, or to the formation of transi-
tional phases (Stoch, Zabinski 1964). In the authors opinion this
could hardly be the case in the investigated jarosites. More probably the
splitting is due to exothermic crystallization of alkali sulphates A,SO;,
with molar ratio A;0:80; = 1:1 (A = K,Na). Their formation from jaro-
site dissociation product AFe(SO.), (A,0:SO; = 1:4) requires complete
destruction and reorganization of its structure:

2AF€(SOq)2 = AzSO4 i Fezog A 3503

The heat of formation of K,SO, is higher than that of Na,SO,, there-
fore the corresponding exothermic peak is more intense in K, H;O-jaro-
sites (Fig. 1). There is another phencmenon supporting the proposed
explanation of the discussed splitting: The amount of SO; liberated
before the exothermic deflection (splitting) is inversely proportional to
the amount of A,O present in the particular sample (Tab. 1, 2). This is
not so easy to note in the case of Na,H;O-jarosites where the exother-
mic reaction maximum is difficult to determine (Tab. 2).

The melting of A,SO, may be observed only on Na,H;O-jarosite cur-
ves (endothermic peak at about 880°C, Fig. 1). K,SO; melts above 1000°,
at 1069°C.

The slight deflection on sulphates dissociation peak (at 645°C) of
pure hydronium jarosite (Fig. 1) is most probably due to successive de-
composition of Fe,O(SOs), and Fe(SOs);. This deflection is sometimes
seen around 700—760°C on A,H;O-jarosite curves (e.g. S-24, 5-29).

Synthetic K,Na,H;O-jarcsites have been investigated thermogravi-
metrically by Brophy and Sheridan (1965) using a static point method
of heating. The samples were held for 24 hours at each temperature
point. The resulting TG curve given in their paper shows three water
expulsion reactions at 80—150°, 240—280°, and 365—470°C, which they
attribute to the loss of adsorbed water, hydronium and hydroxyls res-
pectively. The reaction temperatures recorded agree well with 1n}t1a1
temperatures found by the present author for corresponding reactions
in high hydronium minerals (around 150—190°, 210—250°, and 320—
370°C, respectively). This is not the case with temperatures of reaction
maxima. It must be remembered, however, that only the initial tempe-
rature (if measured in the same manner) is the characteristic one for
any given reaction. While the temperature of reaction maximum is
a complex function of e.g. graining, weight, and shape of the sample as
well as of heating rate and type of sample holder (Stoch 1967). Thus the
present author do not agree with Brophy and Sheridan’s assignment
of the first two reactions. It is more likely that the first reaction recor-
ded by these authors is due to the loss of ,,additional water” and the
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cecond one to deprotonation (H;O* -+ OH- — 2H,0). It is highly impro-
bable that adsorbed water should be held up to 150° in well crystallized
materials like jarosites.

CONCLUSIONS

The results of thermal investigations have shown that three kinds
of isoelectronic hydrogen-oxygen complexes are present in the structu-
re of synthetic jarosites with deficient iron content. The H;O*t ions,
occupying the monovalent cation positions, the H,O molecules, and OH~
anions, the latter forming coordination polyhedra around Fe?* ions (or
filling iron vacancies). Chemical analyses of some natural jarosites (Ku-
bisz 1964) show that similar iron deficient minerals do exist in nature.
The analysis of data supplied by thermal investigations supports the
chemical constitution of jarosites put forward by the author (Kubisz
1970):

Ay (H;O)x Feyy [(OH)s-sy (Hy0)3y (SO4)2]
(A = K+,Nat, Agt, NH,*, ..., or 1/2 Pb)

Expulsion of structural water molecules (dehydration) takes place
between about 190—340°C. The peak temperature of this reaction being
the higher the greater the water content, and beside of this higher in
Na,H,O-, than in K,H;O-jarosites (Tab. 3). Deprotonation, consisting of
proton transfer from H;O* to hydroxyl or sulphate oxygens and sub-
sequent removal of resultant H,O molecules, occurs between 240—440°C.
The peak temperature of this process is lowest in high hydronium ja-
rosites (320—340°C) intermediate in Na,H;0- (o> 390°C) and highest in
K,H;0-jarosites (> 420°C) with low hydronium content.

Dehydroxylation takes place in two steps. The destruction of iron-
-hydroxyl octahedra in the interval of 300—510°C, and the removal of
trapped” water between 510—560°C. Maximum of the main reaction
shifts by some ten degrees to lower temperatures from K,H;O- and
Na,H,0-, to H;O-jarosites with increasing hydronium content (Tab. 3).

The process of SO; expulsion from the dehydrated jarosite between
560—930°C (highest in K,H;O-members, Tab. 3) is interrupted by exo-
thermic reaction of alkali sulphate (A;SO,) crystallization. Maximum
of SO, loss reaction lies at about the same temperature in H;O-, and
Na,H,;O-jarosites. It is however, by scme ten degrees higher in K,H;0
members.

Evidently K-O bonds are stronger than Na-O bonds in AFe(SOy);
which must be destroyed first, prior to SO, removal.

1t was established that deprotonation, dehydroxylation as well as
SO, removal require much higher temperatures when K* ions are pre-
sent in jarosite structure. On the other hand hydronium ions which are
expelled first in the course of thermal transformations, thus emptying
monovalent cation positions of the framework, lower all reaction tem-
peratures.
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Jan KUBISZ

STUDIUM SYNTETYCZNYCH JAROSYTOW ALKALICZNO-
-HYDRONIOWYCH II: BADANIA TERMICZNE

Streszczenie

Badania termiczne serii syntetycznych potasowo-hydroniowych i so-
dowo-hydroniowych jarosytow, wykonane na derywatografie, potwier-
dzily zaproponowang (Kubisz 1970) konstytucje chemiczng mineralow
tej grupy. Na krzywych DTA (fig. 1) zaznacza sie szes¢ (lub pie¢) endo-
i trzy efekty egzotermiczne. Ich temperatury zaleza od rodzaju jedno-
warto$ciowych kationow (tab. 3) wystepujacych w danym jarosycie.
Pierwsze trzy efekty endotermiczne przyporzadkowano odpowiednio:
dehydratacji — usunieciu drobin ,,dodatkowej wody” (190—340°C), de-
protonacji — usunieciu jonow HzO* (240—440°C) oraz dehydroksyla-
¢ji — usunieciu grup OH~— (300—510°C). Czwarty (okolo 540°C) odpo-
wiada zapewne wydzieleniu grup OH- lub drobin H,O uwiezionych pu-
tapkowo w zapadnietej wiezbie krystalicznej produktow rozpadu, piaty
(560—930°C) zwigzany jest z wydzieleniem SO;, a szosty (880°C) —
zaznaczajacy sie tylko na krzywych jarosytow zawierajacych s6d — z to-
pieniem Na,SO4, ktory tworzy sie w czasie przemian termicznych. Ubyt-
ki ciezaru probek podano w tabelach 1 i 2. Efekty egzotermiczne przy-
pisano odpowiednio: pierwszy, okolo 510°, krystalizacji a-Fe;O;, drugi,
okoto 580°, wydzieleniu energii z ., klatek poanionowych” (Freund 1965),
a trzeci, okoto 700—1780°C, rozszezepiajacy przegiecie zwiazane z dyso-
cjacja siarczanow zelaza, krystalizacji siarczanow alkaliow.




OBJASNIENIE FIGURY

Fig. 1. Przyktady krzywych derywatograficznych syntetycznych jarosytow alkalicz-
no-hydroniowych s
DTA ‘— krzywa termicznej analizy roznicowej, DTG — krzywa roznicowa termogra-
wimetryczna, TG — Kkrzywa termograwimetryczna, S-2¢ — jarosyt hydroniowy, S-25,
S-29 — K,HgO-jarosyt, S-10, S-28 — Na,HgO-jarosyt

SIin KYBHUILI

M3YYEHUE CUHTETHYECKHUX HIEJJOYHO-TUAPOHHEBBIX
GPO3UTOB: 1L TEPMUYECKME MCCJEINOBAHUSA

PeswowMe

TepMuuecKie HCCIeN0BAHUs CEPHH CHHTEeTHUECKHX KaJui-Ti/POHHEBBIX
J HATPHii-THAPOHHEBBIX SPO3HTOB, NPOH3BENECHHBIE Ha nepuatorpade, moji-
TBEP/MJIH paHee BHICKa3aHHOE MPEONOKEHHE (Ky6uur 1970) o XMMHYECKOM
coCTaBe MMHEpPAJoB 3TOH TPYMMbL. Ha xpuspix ATA (¢bur. 1) mameuaercs
mecTh (MJaM MSITb) SHIAOTEPMHUYECKHX H TPH sk3oTepMuuecknx apdexra. Mx
TeMIepaTyphl 3aBHCAT OT THMA OHOBAJNEHTHBIX KATHOHOB (raba. 3), Haxo-
AsmEXcst B AaHHOM sipo3nTe. Tpu nepBhIX SHAOTEPMHUCCKHX st dexra CBs3bI-
3AIOTCSL COOTBETCTBEHHO: C JerHiparainueil — ylaJleHueM MOJIeKyJ ,, oMol
nuTenbHOM Bombl” (190—340°C), menpoToHaUHel — yAaJeHUEM HOHOB H;O0+
(240—440°C) u JernapoKcHaauueil — ylaJeHHeM Ipyri OH  (300—510°C).
UersepThlil 3HAOTEPMUUECKHT S (EKT (oxosio 540°C) COOTBETCTBYET, IOBE-
DOSITHOCTH, BDLIIEJIEHHIO TPy OH  wuan moaeryn H,O, sax/ioueHHbIX B JO-
BYIIKAX KPUCTAJLTHYECKO# PeleTKH POLAYKTOB pacllaa, st (560—930°C)
cpsizan ¢ poieqenuem SOj, a MECTOH, OTMEUAIOLIMICS UL Ha KPUBBIX 51pO-
3UTOB, COJEpPXAIlHX HATpHi, C TIaBJIEHHEM Na,SO,, KOTOpbIH BO3HHKAET
B mpolecce TepMHuecKHX usmenenmii. Ilorepu Beca 06pasLoB MpUBELEHDI
5 Tabaunax 1 u 2. Dk3orepmuueckre 3Q@QEKTH CBI3bIBAIOTCS COOTBETCTBEH-
no: mepseit (oxomo 510°C) ¢ KpucraiaHsauuen a-Fe,0;, BTOpPOil (0KOJIO
580°C) c BbijeJeHHeM 3HEepPruH H3 ,,OCTeanHOHHBIX aueek”’ (Ppoitnn 1965)
i, Hakonew, Tpetnii (okomo 700—780°C), pacluenIsioMHit neperu6, CBg3an-

Hblf ¢ JuicconManmei cyabdaToB jKeaesa, ¢ KPUCTAJJIH3AlHed IIeJOUHBIX
cyabdaToB.

OBBbJACHEHHUS K ®PUTYPE

Pur. 1. anMepr Aepnsa'rorpacbnqecxux KPHBBIX CHHTETHYECKHX 111€JIOYHO-THAPOHHEBbIX Apo-

3HTOB
DTA — XpHBasi TCPMHYECKOro auddepenHanbHoro aHanusa, DTG — nuddepennnanbHas Tep-
MorpaBiMeTpHueckasi KpHuBas, TG — TepMOrpaBHMETPHYECKAsl KpHBad, S-2C — ruapoHHeBblit

Spo3uT, S-25, S-29 — K,HgO-sipo3ur, S-10, S-28 — Na,H3O-apo3ur



