Journal of Thermal Analysis, Vol. 33 (1988) 113-120

MECHANISM AND KINETICS OF FORMATION AND
DECOMPOSITION OF CARNALLITIC DOUBLE SALTS

H.—H. Emons
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Insufficient thermochemical data are available on the carnallitic double salts M!MgX3:6H,0
(M = Li (H,0), K, Rb, Cs, NH,; X = CL. Br, I). In the present work, findings relating to the salt
paragenesis are given on the basis of solution-calorimetric measurements. The melting and de-
composition behaviour is characterized by means of DTA and thermogravimetric investigations
under quasiequilibrium conditons. Except for Li(H,0) CI-MgCl, - 6H,0, the decomposition of the
chloridic carnallitic double saits always proceeds via the intermediate stage of the corresponding
dihydrate. For each of the different anions, a linear correlation is found between the degree of
hydrolysis of the hydrate water-free final products and the radii of the monovalent cations.

Mineral salts are of considerable importance in inorganic chemistry, and
especially in the fertilizer industry. Besides the simple salts, more or less
complicated double and triple salts can be found. Among the double salts,
those of the carnallitic type are of specific importance to the GDR because
more than three-quarters of the explored salt deposits consist: of carnallite
rock, the main constituent of which being carnallite KCI'-MgCl, 6H,O0.
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114 EMONS: MECHANISM AND KINETICS

A great variety of compounds of the carnallite type are obtained by iso-
morphic replacement of individual ions in the salt minerals, such as K*
by Rb*, Cs*, NH,", Li(H,0)" or H; 0" and C1~ by Br-or I". A survey is given
in Table 1. Special cases are HCI'MgCl, 7H,0O and LiCl‘MgCl, -7H,O.
In these compounds a water molecule is bonded to the monovalent cation
and occupies the cation site together with it [1].

In spite of the great practical importance of these double salts, detailed
investigations have been reported on only a few compounds. Frequently,
contradictory statements are to be found in the literature. So far, a compre-
hensive characterization of the double salts of the carnallite type, together
with a uniform description of the effects of the monovalent cation and
anion on their behaviour, has not been given. In the following, some selected
results of thermoanalytical and calorimetric investigations into the formation
and decomposition of the carnallitic double salts are given. The crystal-
lization kinetics of carnallite and the mechanism of dissolution determined
by tracer measurements have been published elsewhere [2, 3].

Table 1 Carnallite-type double salts

HC1'MgCl, - 7TH,0
(H,0MgCl,6H,0)

LiClI'MgCl, -7H, 0
Li(H,0)CI'MgCl, ‘6H, 0

KCl:MgCl, -6H,0 KBr-MgBr, 6H,0 KJ-Mgl, 6H,0

RbCi-MgCl, ‘6H,0 RbBr-MgBr, 6H,0 RbJ-MgJ, 6H,0

CsCi-MgCl, 6H,0 CsBr-MgBr, 6H,0

NH, Cl-MgCl, -6H,0 NH,Br-MgBr, 6H,0 NH, J-Mgl,-6H,0
Methods

The double salts were prepared by crystallization from ternary equi-
librium solutions at 25° and 50°. The compounds had a purity of at least
99%, except for KBr-MgBr; 6H,0, which was contaminated by starting
materials to an extent of about 4%. The solution-calorimetric measurements
were performed in an improved LKB calorimeter (type 8700) at 298.15 K.
Experimental details and evaluation methods for determination of the
crystallization enthalpy have been described in [4, 5].
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DTA investigations were carried out by means of the low-temperature
equipment (—150 up to +500°) manufactured by Setaram (France), in
Iockable Ti-Pd crucibles or closed glass ampoules.

Thermal decomposition was performed under near-equilibrium conditions
by means of the Q-derivatograph. The simultaneous acquisition of the EGA
signal of released hydrogen halide was carried out by means of a gas-titration
apparatus. A pressure of the decomposition gases 0.12 + 0.01 MPa was
achieved in the applied labyrinth crucible [6].

Results and discussion

Solution-calorimetric investigations into the determination of the crys-
tallization enthalpy and the calculated partial molar enthalpy of a compo-
nent allow important findings relating to salt paragenesis. This fact is il-
lustrated by the system KCl — MgCl, — H,O.

Figure 1 shows the course of the partial molar enthalpy of KCI, Hgc, vs.
the KCI content in the solution. In the absence of MgCl, (curve I), Hxc

-] } %’ l T >
-419
~420
-421
-422
-423

HyerokJ/mol

l__

e 1A Hye))

)

E ‘L

2 -436

= ~z.37}‘

S |

Fig. 1 = Dependence of the partial molar enthalpy of KC}, Hx ) (in kJ mo] ' 1) on its concentration

myc {in mol KCI kg™ H,0) at different contents of MgCl, in the solution curves II-V
(schematic); content of MgCl, (in mol MgCl,/kg H,0): 1 = 0; = 1;Il1 = 2; IV = 3;

V=4
Hy ¢y = partial molar enthalpy of KCl

ApH % ¢) = molar enthalpy of formation of KCI

AcHy o = molar enthalpy of crystallization of KCl
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falls with increasing KCIl concentration, until at saturation concentration a
characteristic value is reached where crystallization begins. The enthalpy
difference relating to the standard enthalpy of formation, AgpH¥y, is the
enthalpy of crystallization.

In the presence of MgCl, in the solution (curves II—V), the characteristic
value of the partial molar enthalpy of KCl is reached at the saturation
concentration with lower KCl concentrations. Decrease of the solubility of
KCl with rising MgCl, content in the solution is in agreement with the
course of the saturation isotherm of the MgCl, — KCl —H,O system [7].

By analogy with the precipitation of KC1, correlations with the crystal-
lization of double salts can be derived from the course of the partial
molar enthalpy of MgCl, in the ternary systems. Figure 2 shows the linear
rise of the partial molar enthalpy of [Mg(H,O)¢]Cl, with increasing MgCl,
content in the solution. This course is not influenced by the KCl content of
the solution. The saturation concentration of MgCl, is reached at the end-,
point at 5.8 mol MgCl, /kg H,O [7]. The difference relative to the standard
enthalpy of formation of MgCl, 6H,0, ApHygcl,-6n,0, in curve II is
the enthalpy of crystallization of MgCl,-6H,0O, with a value of about
—12 kJ/mol.
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Fig. 2 = Dependence of the partial molar enthalpy of magnesium chloride on the concentration
® — MgCl, solution, pure
X — in the presence of KCl, saturated
I — partial molar enthalpy. Hjmga,0),]c1,, solution
I1 — molar standard enthalpy of formation, Ar#¥tect, -6 1,0
I~ partial molar enthalpy, Hygcy, - 61,0, double salt

S
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The double salt point KCI'-MgCl, -6H,O(s) — KCI(s) is at a concentration
of about 4 mol MgCl, /kg H,O [7]. The results in Fig. 2 show that crystalli-
zation of MgCl, -6H, O (bischofite) cannot take place at this concentration.
The enthalpy difference between curves II and I, with a value of —4.5 kJ/
mol, is far below the crystallization enthalpy of bischofite. On the other
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hand, the difference relative to the partial molar enthalpy of MgCl, 6H,0 in
the double salt KC1'MgCl, ‘6H, O (curves III-I), with a value of —13 kJ/mol,
approximately corresponds to its crystallization enthalpy of —12 kJ/mol.
Accordingly, precipitation of the double salt KCI-MgCl, -6H, O in addition
to KCl, and not of MgCl, ‘6H, O, takes place at the double salt point.

Recently, we determined the standard enthalpies of formation of a
great number of single and double salts via solution-calorimetric measure-
ments. Consequently, extended studies of the salt paragenesis are possible.
The results will be published in the near future [8]. The thermal stabilities
of the double salts were studied in the closed system, maintaining the
constant gross composition of the system. Furthermore, the mechanism of
the thermal decompositibn was investigated in the open system.
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DTA curves of chloridic double saits (¢ = * 2 deg/min, m = 10-50 mg. DTA =#100 uv)
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A survey of the DTA diagrams of the chloridic double salts obtained in
the closed system is given in Fig. 3. The melting points of these compounds
are in the range from 153°

(CsC1-Mg(l1, '6H, 0) to 193° (RbCl'MgCl, ‘6H, 0).

Incongruent melting of KCI'MgCl, ‘6H,0 and congruent melting of RbCl-
‘MgCl, ‘6H, O are revealed by phase analysis. In the case of carnallite, KCl is
formed as a solid phase during melting [9]. Therefore, upon cooling carnal-
lite is only partially re-formed at 162°. During further cooling, MgCl, ‘6H, 0O
crystallizes out of the residual melt rich in MgCl,, which melts on reheating
(curve b) at an onset temperature of 110°. The formed melt dissolves the
crystallized carnallite with rising temperature. Consequently, the melting
peak of carnallite at 167° appears to be reduced.

At present, investigations into the solid phases in solid-liquid equilibria
are being performed for the phase-analytical characterization of the melting
and solidification peaks of

CsCl'MgCl, -6H,0 and NH, C1'MgCl, -6H, O.

The results of the thermal decomposition of the chloridic carnallitic
double salts under near-equilibrium quasi-isothermal and quasi-isobaric
conditions at a self-generated pressure. of the released gases of the order
of 0.12+0.01 MPa are summarized in Table 2. The decomposition reactions
begin after melting of the double salts, except for RbC1-MgCl, -6H,0, which
is decomposed in the solid state due to its high vapour pressure. Approxi-
mately isothermal decomposition stages exist under the chosen experimental
conditions. In each case, the dihydrate of the applied compound, MCI-
‘MgCl, 2H,0 (M = K, Rb, Cs, NH,), is the stable intermediate. Under the
hydrothermal conditions, the dihydrates are decomposed into basic
compounds, the phase compositions of which are not yet known.

The structural characteristics of LiCl-MgCl, 7H,O (see above) also become
apparent through its thermal decomposition behaviour. In contrast to the
other chloridic double salts, no dihydrate is formed. After release of water
at 310°, a product with the composition LiMg(OH), s5Cl, 45 is obtained.

The degree of hydrolysis of the hydrate water-free final products gives
some indications of the influence of the monovalent cation on the thermal
decomposition of the double salts. The degree of hydrolysis is defined by
the number of OH ions divided by the theoretically possible number of OH
ions (=3) according to the gross composition. Figure 4 shows the depen-
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Table 2 Decomposition schemes of the chloridic double salts under quasi-isothermal, quasi-isobaric

conditions in the labyrinth crucible
(TG = 100 mg. Q—TG == 0.6 mg/min, EGA of HCl with 0.1 N NaOH,pH = 9)

KCi-MgCl,-6H,0 RbCI-MgCl, '6H,0 CsCl-MgCl,6H,0 NH, CI'MgCl, -6H,0
l 167 °C 140-141°C
180 °C
incongruent melting lattice transformation
(xKC1+MgCl-6H,0), + | 153°C incongruent melting
+(1—xKCl)g melt dissolution of formed
167180 °C 170 °C solid until 185°C
(xKCI1+Mg(l, 4.2H,0), + 160 °C .
+ (1-xKCl), l 185°C
| 180-184°C
KCI-MgCl,-2H,0 RbC1-Mg(l, -2H,0 CsC1-MgCl; -2H,0 NH, C1'MgCl, -2H,0
l 235-240°C L 190 °C
KMg(OH)O'MClg‘% -0.15H,0 210 °C CSMg(OH)o.OQCbgg ‘0.5H,0 235°C
y 265°C v 220°C
KMg(OH)y.16Cl2.84 RbMg(OH)g 05 Clz 92 CsMg(OH) 05 Ch.gs  NH4Mg(OH)g14Cls g6
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Fig. 4 = Degree of hydrolysis & of the final products of thermal decomposition of the double salts

MX-MgX,-6H,0 until the complete release of hydrate water. as a function of the radius of

the monovalent cations M.
LX =72 X" =Br ;3. X =1~
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dence of the degree of hydrolysis of the final products on the (Pauling)
radius of the monovalent cations. It becomes evident that under quasi-equi-
librium conditions the degree of hydrolysis is lowered with increasing cation
radius. This rule is valid for each of the anions (curves 1—3). On the other
hand the degree of hydrolysis increases inversely with growing anion radius.
It can be seen that the exchange of the anions in the double salt has a greater
influence on the degree of hydrolysis than that of the cations. The structure
of the carnallitic double salts consists of a network of halide anions, the
closest packing being achieved with the Mg(H,0)4 2" octahedra [10], and
contains three times more anions than univalent cations in the unit cell.
The exchange of the anions has a greater influence on the lattice, and thus
on the properties, than the insertion of another cation into the octahedron
vacancies.
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Zusammenfassung — Die Kenntnis thermodynamischer Daten carnallitischer Doppelsalze MlMgX3 6H,0
(M = Li(H,0), K. Rb, Cs,NH,; X == Cl, Br, 1) ist bisher nur ungeniigend. Die vorliegende Arbeit enthilt
Angaben zur Salzparagenese auf der Grundlage losungskalorimetrischer Messungen. Das Schmelz- und
Zersetzungsverhalten wird mittels DTA und TG-Untersuchungen unter Quasi-Gleichgewichtisbedingungen
verfolgt. Mit Ausnahme von Li(H,0)MgCl;-6H,0 verlauft die Zersetzung der chloridischen Carnallit-
Doppelsalze stets iber ein intermediires Dihydrat. Eine lineare Beziehung wird zwischen dem Hyd-
rolysegrad des Hydratwasser-freien Endprodukts der Zersetzung und den Radien der einwertigen
Kationen fiir jedes der drei moglichen 3 Anionen C17, Br™ und I™ gefunden.

PE3IOME — Bce eile HeAOCTATOYHWM SBJIAETCH 3HAHWE TEPMOXMMHUYECKOI'O MOBeNeHUA NBOUHBIX Kap-
HAJUTMTHBIX coneil. B HacTosIIeil paboTe Ha OCHOBE KAJIOPHMETPHYECKNX H3MepeHHii pacTBOPOB TaKUX
coneil coenaHbl 3aKITIOUEHHA OTHOCHTENHHO MX napareHesmca. [InaBneHune B pasiiojkeHue cojledt 0xXapax-
Tepu30BaHO ¢ HoMolbio JATA 1 TepMOrpaBUMETPUIECKUX H3MeperHil B KBa3u-PABHOBECHBIX YCIIOBAAX.
3a uciomouermem coim Li/H, O/CI-MgCl, 6H, O, pasnoxeHne XNOPHUIHBIX KaPHAJMTHBIX JBOMHBIX CO-
7efi Bcerna IpPOTEKAET uepe3 MPOMEXYTOUHYI0 CTaiuio o0pa3oBaHMA COOTBETCTBYIOILEro NMIHMAIPAaTa.
Hafifena TMHeHHAR 33BHCHMOCTD MEXIY CTEfleHbIO THADONN3A KOHEUHBHIX NPOAYKTOB, CBOGOMNEIX OT
FUOPATHPOBAHHOM BOREL, H PAIMycOM ONHOBATIEHTHLIX KATHOHOB [UIS COMeH ¢ Pa3/THEIMK aHHOHAMM.
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