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The melting and decomposition behaviour of carnallite was investigated in the closed 
system under dynamic heating conditions and in the open system under dynamic and 
quasi-isothermal and quasi-isobaric conditions in the temperature range between 20 and 
300 ~ DTA heating and cooling cycles in the closed system illustrate the incongruent melt- 
ing of carnallite and the occurrence of different magnesium chloride hydrate phases. The 
thermal decomposition under quasi-isothermal and quasi-isobaric conditions begins at a 
pressure of at least 100 kPa from the melt and under reduced pressure from the solid. 
In any case KCI �9 MgCI 2 �9 2 H20 is formed which is decomposed to a basic product 
KMgCI2.84-- 2.90(O H)O. 1o--o. 16" 

The thermal decomposit ion of carnaJlite (KCI �9 MgCI2 �9 6 H20)  has often been the 

subject of  thermoanalyt ical investigations. However, due to highly di f ferent methods 

the known results do not al low any uni form statements concerning the dehydrat ion 

mechanism of this double salt. Some authors [ 1 - 5 ]  give a two-stage decomposit ion 

scheme 

KCI �9 MgCI 2 �9 6 H20---~ KCI �9 MgCI2 �9 2 H20 + 4 H20  (1) 

KCI �9 MgCI 2 �9 2 H 2 0 - - *  KCI - MgC! 2 + 2 H20 (2) 

where the el iminat ion of  water ~;rom the solid occurs w i thou t  format ion of a melt. 
According to Van' t  Hoff  and Meyerhofer [6] carnallite melts incongruently at 167,5 ~ 

The posit ion of the decomposit ion steps is especially influenced by the condit ions 
of investigation. In this way, Grube and Br~uning [7] observe the reaction according to 
Eq. 1 as early as at 80 ~ wi th a pressure of 0.9 kPa. For the end of the dehydrat ion 

(Eq. 2) Laskievich [8] gives a temperature of 330 ~ at q = 10 K/rain and of 270 ~ at 

q = 2.5 K/min.  In some cases a partial e l iminat ion of HCI wi th  format ion o f  basic 

products is also described in the course of the second step [ 2 -5 ] .  

The dehydrat ion of carnallite wi th el iminat ion of  4 Mol H20 according to Eq. 1 
is also observed as a two-stage process [9 -12 ] .  In this case first of all a partial dehydra- 

t ion of the KCI �9 MgCI 2 �9 6 H20 occurs wi th  simultaneous format ion of a melt at 

167.5 ~ . 
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Within the scope of our complex investigations on chloridic double salts the aim of 
the present paper was to characterize the melting and decomposition behaviour of the 
carnallite taking into account the gas atmosphere during the decomposition. For this 
purpose the methods of dynamic and quasi-isothermal thermogravimetry, DTA and 
thermooptical analysis were applied. 

Experimental 

Sample material 

For the investigations natural carnallite from the deposit in the Werra region (GDR) 
was used, because artificial material prepared in the laboratory always continued to 
contain approximately 2% MgCI2 �9 6 H20 the presence of which was identified by 
the occurrence of a melting peak at 116 ~ during DTA investigations. 

The chemical characterization of the natural carnallite showed the following com- 
ponents (the theoretical values are given in brackets): 

H20 = 38.92% (38.90%); K+ = 13.20% (14.07%); 

Mg2+ = 8.82% (8.75%); C I -  = 38.60~ (38.27%). 

The contamination of the material with NaCI amounts to maximally 1%. Free KCI and 
MgCI2 ~ 6 H20 could not be detected. The carnallite was crushed in agate mortar and 
classified to a size range between 0 and 100/~m. 

D TA investigations 

To characterize the melting behaviour with constant gross composition of the 
carnallite, DTA measurements were carried out in a closed system using gas-tight 
crucibles (material EMO Ti -Pd 0.2). The investigations were performed on the 
Setaram equipment (France) in a cryostat using crucible holder suspensions with 

platinel thermocouples. 

Thermogravimetry 

The thermogravimetric investigations were performed under dynamic and quasi- 
isothermal conditions. 

The dynamic measurements were carried out by means of a derivatograph (MOM, 
Budapest) of the type 1500 ~ using the standard crucible set and different heating 
rates at q = 2; 5; 10 deg/min. 

The quasi-isothermal measurements were carried out by means of the derivatograph 
(Q-type) with coupled gas titration device (MOM, Budapest) [13]. A continuous 
determination of the hydrogen chloride eliminated from the carnallite could be 
carried out by means of a gas titration device. The automatic potentiometric titration 
was carried out at pH = 6 by addition of 0.1 N NaOH. 
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In the case of the quasi-isothermal principle of measurement a coupling exists 
between DTG signal and temperature controller so as to limit the rate of mass decom- 
position. A maximum velocity of weight loss of 0.6 mg/min as compared with the 
weighing range of 100 mg was chosen for the present investigations. In the periOds 
of constant weight the heating rate was q = 2.5 K/min. The difference between the 
weight loss of the investigated s~mple (Q-TG curve) and the amount of HCI (EGA 
curve) simultaneously determined by titration results in the formation of H20 which 
was eliminated from the carnallite. Additionally the difference temperature signal AT 
of the sample was recorded compared to the ~-AI203 used as an inert substance during 
investigations in the labyrinth crucible. 

In all thermogravimetric investigations the mass of the sample amounted to ap- 
proximately 250 mg. 

Optical investigations 

For the purpose of studying the phase changes during melting and dehydration of 
the carnallite optical investigations were performed in the temperature range of 20 
to 300 ~ (q = 2 - 3  K/min) in pol~.rized or unpolarized transmitted light by means of 
the microscope heating stage "8oetius" with viewing system PHMV 05, VEB Analytik 
Dresden, combined with the camera Pentacon super, VEB Pentacon Dresden. The in- 
vestigations were carried out in fused glass cells or using slides with cover glass. 

Results and discussion 

Figure 1 shows the DTA curves of three heating and cooling cycles of the carnallite 
in the closed system. In agreement with results given in the literature [6] the melt is 
formed at 167 ~ during the first heating. In the course of this incongruent melting 
process the double salt is decomposed to a MgCI2 �9 6 H20 melt saturated with KCI 
and to the solid phase KCI. This statement is supported by results of the thermooptical 
investigations. The characteristic polarization colours of the carnallite disappear at the 
melting point. At  168 ~ the material is completely molten. The octahedra of the solid 
phase KCI are clearly visible in the melt (Fig. 2). On cooling the system the crystalliza- 
tion of carnallite takes place with a slight overcooling, beginning at 152 ~ up to 162 ~ 
(curves 1 to 3 in Fig. 1). The following exothermic effects at 103 ~ and 76 ~ can be ex- 
plained by the crystallization of MgCI2 hydrate phases which on reheating the sub- 
stance result in the formation of MgCI 2 �9 6 H20. This process is shown by the melting 
peak at 116 ~ (ToN = 110~ The occurrence of MgCI2 ~ 6 H20 which is not bonded 
in the double salt, shows that during crystallization the carnallite is only partly re- 
formed according to the amount of KCI dissolved in the melt. 

The MgCI2 �9 6 H20 melt which was formed at 116 ~ contains KCI and carnallite 
as solid phase. During further heating up the two substances are dissolved in the 
MgCI2 �9 6 H20 melt, the value of fusion enthalpy of the carnallite is being consumed 
for the endothermic process in the temperature range between the MgCI2 �9 6 H20 
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peak at 116 ~ and the melt ing of  the carnaltite residue at TON = 169 ~ 168 ~ (curves 2 

and 3). The gross composi t ion of KC I "  MgCI 2 �9 6 H20 remains always constant 

during the investigations in the closed system. 
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Fig. 1 DTA curves of the melting and solidification behaviour of carnallite in the closed crucible; 
1 ; 2; 3 number of cycle; m = 42,36 mg; q = _+ 1 deg/min 
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As opposed to this the measurements in the open system give information on the 
occurring stable phases and mixed phases with a lower water content as compared 
with the carnallite. Within the scope of these investigations we paid special attention 
to the variation of the partial pressure of the gases H20 and HCI which occur during 
the decomposition of carnallite. In this connection it is known that the partial pressure 
of the gaseous components above the samples can be changed by variation of the 
crucible form. The partial pressure rises in the sequence disk crucible (1 kPa), standard 
crucible - open (5 kPa), standard crucible - with cover (20 kPa) and labyrinth 
crucible (100 kPa) [13]. 

Figure 3 shows the TG curves which are obtained in the mentioned crucibles 
with constant heating rate. From the results it can be seen that with rising partial 
pressure of the gaseous components the decomposition of KCI"  MgCI2 �9 6 H20 is 
shifted to higher temperatures. Irrespective of the crucible form all curves show an 
inflection point at a value of approximately 26% loss of weight corresponding to 
4 Mol H20/Mol  KCI �9 MgCI2 �9 6 H20. From the observed total loss of weight of 
more than 39% follows that already up to temperatures of 300 ~ HCI is eliminated 
from the carnallite. An increase of the heating rate results in the decomposition of the 
carnallite at higher temperatures (Fig. 4). However, under these conditions the decom- 
position steps are less clearly marked. 
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Fig. 3 Thermogravimetric curves of the carnallite decompositipn wi th variation of the crucibles 
(a = disk crucible, b = standard crucible - open, c = standard crucible wi th cover, d = 
labyrinth crucible). Heating rate 2 deg/rnin 
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Fig. 4 Therrnogravimetric curves of the carnallite decomposition at different heating rates 
(a - 2 deg/min, b - 5 deg/min, c -- 10 deg/min) - disk crucible 
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The results shown in Figs 3 and 4 verify the known intermediate stage of the 
carnallite decomposition, composed of KCI �9 MgCI2 �9 2 H20. The shown experimental 
effects of the partial pressure of the gaseous components and of the heating rate 
illustrate-the variety of the possible investigation results. Meaningful and reproducible 
results could be obtained under quasi-isothermal and quasi-isobaric conditions. 

Figure 5 shows the decomposition curve of carnallite with a low partial pressure 
of the gaseous components (approximately 1 kPa) which occur during the decom- 
position. Under these conditions the decomposition takes place from the solid 
without formation of a melt. In the first step at 90-105 ~ an elimination of 
4 Mol H20/Mol KCI �9 MgCI 2 �9 6 H20 can be stated, in the second step between 130 
and 145 ~ 2 Mol H20/MoI KC1 �9 MgCI 2 �9 6 H20 are eliminated. The decomposition 
of the dihydrate which is formed in the first step is accompanied by a slight elimina- 
tion of HCI resulting in a weakly basic product composed of KMgCI2.90(OH)0.10. 
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Fig, 5 Thermogravimetric (Q-TG) and gas titration curve (EGA) of camallite in the disk crucible 
under quasi-isothermal and quasi-isobaric conditions (p ~ 1 kPa) 

The decomposition of carnallite is verified by results of the optical investigations. 
The polarization colours of carnallite ful ly disappear at 106 ~ 

Figure 6 shows the dehydration behaviour of carnallite in the equilibrium atmo- 
sphere of formed H20 and HCI at a pressure of p ~ 100 kPa. The temperature dlt- 
ference curve shows a five-stage decomposition of carnallite. In the first step the 
carnallite melts at 167.5 ~ with a beginning dehydration. This behaviour is under- 
standable as the vapour pressure of the solid carnallite in the range of the melting 
temperature reaches a value of nearly 100 kPa. The extrapolation of the known 
vapour pressure values in the temperature range between 146 ~ and 160 ~ [7] resulted in 
a value of 115 kPa for the melting temperature of 167.5 ~ The thermogravimetric 
results of the first step show that an isothermal partial step is followed by the aniso- 
thermal dehydration. According to the phase rule during the process of the incon- 
gruent melting there is an invariant system with the phases melt (MgCI 2 �9 6 H20, 
saturated with KCI). KCI (s), KCI �9 MgCI2 �9 6 H20 (s) and H20 (g) of the three- 
component system MgCI2-KCI-H20.  KCI �9 MgCI2 �9 6 H20 being completely 
molten, the system becomes divariant and water evaporates from the melt and the 
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boiling temperature rises with increasing concentration of MgCI2 and KCI in the 

melt. The solubility of KCI in the melt increases in this concentration range [141. 
During the process of thermal decomposition 1.8 Mol H20/Mol KCI �9 MgCI2 �9 

�9 6 H20 are evaporated from the melt up to a temperature of 180 ~ At this tempera- 
ture further decomposition begins in two steps with the formation of dihydrate 
KCI �9 MgCI 2 �9 2 H20. Exact statements concerning the transition to the dihydrate 
cannot be deduced from the present thermoanalytical results, but the known solubility 
curve according to D'Ans [14] allows the following discussion, 
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Fig. 6 Results of  the carnallite decomposition under quasi-isothermal and quasi-isobaric conditions 
(p-~ 100 kPa) in the labyrinth crucible, Q-TG=thermograv imetr ic  curve, E G A = g a s  
t i trat ion cu rye, z~ T = ternperatu re difference curve 

At 180 ~ a concentration of 238 Mol MgCI2/1000 Mol H20 can be calculated from 
the water quantity which was eliminated during the first step. With this concentration 
the double salt lines with the solid phases MgCI2 �9 2 H20 (s) and KCI (s) lie in the 
vicinity of the 180 ~ isotherm so that it is possible to reach a double salt point at the 
beginning of the second step at 180 ~ taking into account the error of the thermo- 
analytical methodics. With the formation of a second solid phase MgCI2 �9 2 H20 (s) 
in addition to the already existing KCI (s) there is again an invariant system. In this 
way the isothermal course of the second step in Fig. 6 is explained. The transition to 
MgCI 2 �9 2 H20 (s) does not proceed in a complete way. After the elimination of 
approximately 2.5 Mol H20/Mol KCI �9 MgCI 2 �9 2 H20 the anisothermal formation 
of the dihydrate KCI �9 MgCI 2 �9 2 H2 O (3. step) is beginning at 184 ~ 

At the end of the third step there are no appreciable components of free MgCI 2 - 
�9 2 H20 (s) and KCI (s). This statement follows from quasi-isothermal investigations 
on equimolar mixtures of MgCI 2 �9 2 H20 and KCI, as a result of which the decom- 
position steps of the pure MgCI 2 �9 2 1"120 [15] were obtained at 230 and 290 ~ By way 
of contrast, at 235 ~ the dihydrate KCI - MgCI2 �9 2 H20 is almost completely decom- 
posed to a weakly basic product of the gross composition KMgCI2.B6(OH)0.14 �9 
�9 0.15 H20 (4. step). The residual elimination of small amounts of H20 and HCI 
occurs at 260 ~ (5. step). The gross composition KMgCI2.B4(OH)0.16 obtained from 
the thermoanalytical results could also be confirmed by chemical analysis. 
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The results of the decomposition of carnallite under quasi-isothermal conditions at 
p = 100 kPa and p ~ 1 kPa allow a specification of the decomposition scheme ac- 
cording to Eqs 1 and 2. Figure 7 shows the decomposition scheme. It can be seen that 
the decomposition of carnallite from the melt takes place at a partial pressure of the 
decomposition gases of at least 100 kPa. The step of the dihydrate KCI" MgCI 2 �9 
�9 2 H20 is passed in any case. The final product of the thermal decomposition is no 
pure KCI" MgCI2, but a basic product of the gross composition KMgCIx(OH)v 
(x = 2.84-2.90, y = 0.10-0.16). The position of the decomposition temperatures is 
determined by the partial pressures of H20 and HCI. With increasing partial pressure 
the decomposition is shifted to higher temperatures. 

p ~100kPo [. KCI " HgCiz 6H?O I p~IkPa 

}',67oc { 
melt, KCl(s) 

[MgCl2.6H2qx KCI.1- x KCi(s)I 
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rne[|. KCl(s) -4H20 90_I05oC 
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Fig. 7 Decomposition scheme of carnallite under quasi-isothermal and quasi-isobaric conditions 

In the literature [16] the complete dehydration of KCI �9 MgCI2 �9 2 H20 as com- 
pared with the dehydration of MgCI2 �9 2 H2 O at lower temperatures was explained 
by the fact that due to the metastable character of KCI �9 MgCI 2 �9 2 H20 this sub- 
stance must have a higher vapour pressure. However, the present investigations show 
that the decomposition of the two compounds begins at approximately 230 ~ in the 
labyrinth crucible. Under these conditions the beginning of the decomposition is in 
accordance with the increase in vapour pressure of the investigated compounds to 
p ~ 100 kPa. However, in the case of the decomposition of MgCI2 �9 2 H20 the com- 
plicated formation of waterfree final products results from the occurrence of a stable 
weakly basic monohydrate in the temperature range between 235 and 290 ~ [15]. 

J. Thermal Anal. 29, 1984 



EMONS et al.: DECOMPOSITION OF DOUBLE SALTS I. 579 

References 

1 N. Jockwer, Kali und Steinsalz, 8 (1980) 
55. 

2 A. le Bras, Rev. chim. minerale, 3 (1967) 
307. 

3 D. Ashboren, J. Appl. Chem. Biotechnol., 
23 (1973) 77. 

4 A. I, Suschkov, I, A. Troitzki and M. A. 
Ejdenzon, Metallurgie der Leichtmetalle, 
Gos. Nauchn.-Tekhn. Izd. Lit. po Chem. i 
Tsvetn. Met., Sverdlovsk, 1957, p. 357. 

5 M. Tittel, Freiberger Forschungshefte, 
Reihe A, A 123 (1959) 457. 

6 J. H. van't Hoff and W. Meyerhofer, Z. 
phys. Chem., 30 (1899) 64. 

7 G. Grube and W. 8r~uning, Z. Elektro- 
chem., 44 (2) (1938) 134. 

8 A. Laskievich and A. Langier-Kuzniarova, 
Arch. Mineral., 26 (1-2) (1965) 131. 

9 L. G. Berg and M. T. Saibova, Uzbek. 
Khim. Zh., 5 (1962) 54. 

10 A. I. Orechova, T. G. Raspopova and W. L. 
Brajalovkaja, Izv. Vyssh. Uchebn. Zaved., 
Cvet. Met., 17 (2) (1974) 78. 

11 L. G. Berg and M. T. Saibova, Nekotorye 
Vopr. Khim.-Technol. i. Fiz.-Khim. 
Analyza Neorgan. System, Akad. Nauk 
Uz, S.S.R., Otd. Khim. Nauk (1963), 
70. 

12 I. S. Rassonskaya, Freiberger Forschungs- 
hefte, Reihe A, A 123 (1959) 127. 

13 J. Paulik and F. Paulik, in G. Svehla (Ed.), 
Comprehensive Analytical Chemistry, 
Vol. X l l ,  Part A, Elsevier, Amsterdam, 
1961. 

14 J. D'Ans and G. Sypiena, Kaliverwandte 
Salze und Erd61, (6) (1942) 89. 

15 D. Petzold and R. Naumann, J. Thermal 
Anal., 19 (1980) 25. 

16 J. D'Ans, Kali und Steinsalz, 3 (4) (1961) 
126. 

Zusammenfa~ung - Die Schmelz- und Zersetzungseigenschaften des Carnallits wurden im ge- 
schlossenen System unter dynamischen Heizbedingungen und im offenen System under dyna- 
mischen und quasi-isothermen und quasi-isobaren Bedingungen im Temperaturbereich yon 20 
bis 300~ untersucht. DTA Heiz- und KiJhlzyklen im geschlossenen System verdeutlichen das in- 
kongruente Schmelzen des Carnallits und das Auftreten verschiedener Magnesiumchlorid-Hydrat- 
phasen. Die thermische Zersetzung beginnt unter quasi-isothermen und quasi-isobaren Bedingungen 
bei einem Druck von mindestens 100 kPa aus der Schmelze und unter verminderten Druck ausder 
festen Phase. Die Zersetung verl~iuft stets (Jber KCI �9 MgCI 2 �9 2 H20 zu einem basischen Produkt 

KMgCI2.84--2.90(OH)0.10-0.16. 

Pe=mMe -- I'lnaaneHHe H pa3no)KeHHe KapHan.qHTa Hccne/J, OBaHO B 3aKpbiTOR CHCTeMe B pe)KHMe 
s HarpeBa H e OTKpblTOH CHCTeMe - B ,O, HHaMHqeCKHX H KIBa3H-H3OTepMHqeCKHX. 
KBa3H-H306apHblX yCJ1OBHRX B 06naC~H TeMnepaTyp 20--300~176 ~ T A  H3MepeHHR U, HKnOB Ha- 
rpeaa H oxna)K~eHHR B 3aKpblTO~ CHCTeMe noKa3anH HHKOHrpy3HTHOe nnaBneHHe H cnyqaH 
oSpa3OBaHHR pa3nHqHblX FHApaToB X.rlOpH/L8 MarHHR. B KB83H-H3OTepMHqeCKOM H KBa3H-H30- 
6r pe)KHMaX TepMHqeCKOe pe3J10~KeHHe HaqHHaeTcR npH ,OjaBJ]eHHH oKono 100 Kna H3 
pacnnaBa, a npH nOHH)K6HHOM ,D, aBneHI~H -- H3 TBepAoro COCTORHHR. B RIO6OM cny4ae oSpa3y- 
eTCR cOe~HHeHHe KCI , MgCI 2 �9 2 H20, KOTOpOe pa3naraeTcR c oSpa3oBaHHeM OCHOBHOI4 CONH 

KMgCI2.84-2.90(OH)0. I0-0.16. 
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