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The thermogravimetric curve (TG) for the decomposition of carnallite (KCI" MgCI 2 - 6H20 ) 
at constant water vapor pressure (1 bar) was calculated from the phase diagram (solid-liquid 
equilibria) and vapor pressure data, and the calculated and experimental results were compared. 

Thermal analysis is a very useful method of surveying the thermal behavior of a 
compound. However, for the interpretation of the results by means of phase 
equilibria, one problem often arises: no kinetic data are available on the different 
phase transitions. Since thermal analysis is a dynamic method, the results are very 
closely connected with the accompanying experimental conditions and procedures. 
It is often very problematic to compare the results from different sources. 

For the investigation of salt hydrates or double salt hydrates, the quasi- 
isothermal, quasi-isobaric technique is often used. In the application of this 
technique, it is assumed that the decomposition process takes place not far from 
equilibrium. For binary systems, e.g. simple salt hydrates, this assumption can be 
proved within the temperature range in which liquid phase is present, by comparing 
the results of thermal decomposition with the solid-liquid-vapor equilibria. For 
ternary systems, e.g. double salt hydrates, the interpretation of the results of 
thermal decomposition is much more complicated, due to the higher degree of 
freedom. In addition, no information is available about the kinetics of the different 
phase transition processes for most systems. 

Many double salts of the type M'X.MgX2.6H20 (M' = [Li(H20)] +, K +, Rb +, 
Cs +, NH~- ; X = CI-, Br-,  I - )  have been investigated by DTA and TG [1-4]. 
However, for the most appropriate ternary salt-water systems, no reliable data exist 
concerning the solid-liquid-vapor equilibria at temperatures above 100 ~ except for 
the system KC1-MgC12-H20. For this system, the solid-liquid and vapor-liquid 
equilibria are known for temperatures up to 250 ~ . 
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The aim of this contribution is to compare the results of the thermal 
decomposition of carnallite (KC1-MgC12"6H20), as described in [1], with the 
recent results concerning the solid-liquid-vapor equilibria, to deduce how much 
information about the phase equilibria of ternary salt-water systems can be derived 
from the results of thermal analysis of double salt hydrates. 

Calculation of the TG curve of thermal decomposition 
of carnallite 

We wish to consider the equilibria in the presence of a liquid phase. Hydrolysis 
(formation of HCI) is neglected. Hence, the gas phase consists of pure water vapor. 
Due to the application of the quasi-isothermal, quasi-isobaric technique (labyrint 
crucibles) to double salt hydrates, the water vapor pressure during the decom- 
position process is constant and equal to the ambient (in general, atmospheric) 
pressure. 

From the phase rule, it follows for such a 3-component system (two salts and 
water) at Pw = const, that 

ph+ f = 4 

(Pw = water vapor pressure; ph = number of phases; f = degree of freedom). 
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Mol 2KC1/1000 tool I--120 
Fig. 1 Projection of the MgC12-rich part of the phase diagram of the system KCI-MgC12-H20 at 

120 ~ to 200 ~ boundaries between the liquidus surfaces; - - i s o t h e r m s ;  
. . . .  water vapor pressure Pw = 1 bar; mp = incongruent melting point of carnallite 
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In principle, only the tollowing two equilibria are important for the thermal 
decomposition of  a double salt hydrate in the presence of a liquid phase: 

(I) sl + l ~ s2 + g Pw = const; 9̀ = const.; f = 0 

(II) I ~ s + g pw = const; 9̀ # const.; f = 1 

s = solid phase; 1 = liquid phase; g = gas (water vapor); 9̀ = temperature. 
Reaction (I) represents an isothermal isobaric invariant equilibrium, where the 

two liquidus surfaces corresponding to s I and s2 and the surface for p~ = const. 
cross each other in the phase diagram, while reaction (II) takes place along the 
intersection curve between one liquidus surface and the surface for Pw = const. In 
the T G  curve for equilibrium (I), a vertical portion occurs, but equilibrium (II) 
has a curve which is neither horizontal nor vertical. 

A projection of  the MgC12-rich part of  the phase diagram of  the system 
KCI-MgCI2-H20 in the temperature range 120-200 ~ is given in Fig. 1. The results 
on the determination of  the solid-liquid equilibria are described in more detail in 
[5-8]. The thick lines in Fig. 1 represent the boundaries between the liquidus 
surfaces, while the thin lines are the isotherms. In the considered temperature and 
concentration intervals, the following solid phases are stable: 

- -  KC1 
- -  KCI. MgCI 2 �9 6H20 
- -  1.5 KCI. MgCI 2 �9 2H20 
- -  MgCI2 �9 4H20  
- -  MgC12 �9 2H20-KCI"  MgCI z �9 2H20 solid solution. 

The dashed line represents the intersection curve between the liquidus surface 
and the surface for Pw = 1 bar. To calculate this curve, the vapor pressure data on 
the system KC1-MgClz-HzO [9] were extrapolated to saturation by application of  a 
modified BET equation as described in [10]. 

During the decomposition process, the composition of the liquid phase has to 
follow the dashed line, if we assume that all decomposition steps take place under 
equilibrium. From Fig. 1, we can deduce 5 steps for the decomposition of carnallite: 

1. Carnallite melts incongruently at 167 ~ The resulting liquid phase already has a 

vapor pressure higher than 1 bar (1.3 bar). Hence, the loss of  water starts during 
and partly even before the melting process. The resulting liquid phase composition 
is represented by point 11 at a temperature of  166 ~ in the phase diagram (Fig. 1). 
During this step, solid KC1 is formed: 

KCI. MgC12 �9 6H20 ~all l  + bl KCIs+ cl HzOg ,9 = 166 ~ (1) 

2. A portion of  the solid KC1 is dissolved. The liquid phase composition moves 
from l 1 to 12, and the temperature increases from 166 ~ to 179 ~ : 
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axll + bl KCIs --*a212 + b 2 KCI~ + r H2Og 166 ~ ~< ~ ~< 179 ~ (2) 

3. At constant temperature, the double salt 1.5KC1 �9 MgC12 �9 2H20 is formed. All 
the solid KC1 is consumed in this process, while the liquid phase composition 
remains constant at 12: 

a212 + b 2 KCI~ --*asl 2 + b 3 1.5KCI" MgC12 �9 2H20 s + r H2Oo (3) 

= 179 ~ 

4. Further, 1.5KC1.MgCIz.2H20 precipitates in the temperature interval 
179 ~< O ~< 186.5 ~ The liquid phase composition changes to /3 :  

a3l 2 + b 3 1.5KCI" MgC12 �9 2HzOs 
(4) 

a4l 3 + b 4 1.5KCI �9 MgC1 z" 2H20 s + c 4 H 2 0  o 179 ~ ~< ,9 ~< 186.5 ~ 

5. At constant temperature, the double salt KC1. MgC1 z . 2H20 (end-member of 
the solid solution series) is formed through the consumption of all the solid 
1.5KC1. MgC12 �9 2H20. The liquid phase composition remains constant at 13 : 

a413 + b 4 1.5KCI. MgC1 z �9 2H20 s 

(5) 
--*aft3 + b 5 K C I "  M g C I  2 �9 2 H 2 0  s + C 5 H z O  o oq = 186.5 ~ 

(ai, bi, ci = stoichiometric coefficients). 

[ m o l K C l  ] 
Through introduction of  the vector mol MgC12 for the 

rnol H 2 0  

composition of  the different phases with [601 [94] 
11 = 185 , l 2 = 2 2 0  and l 3 = 238 , 

1000 100(3 1000 

Equations (1) to (5) can be solved. The values of the coefficients are listed in Table 1. 
Because of as = 0, in the last step all the liquid phase is consumed and the 
remaining phase is only KCI'MgC12"2H20.  

Table 1 Coefficients of Equations (1)-(5) 

i =  1 2 3 4 5 

al 0.00541 0.00455 0.00212 0.00185 0 
b~ 0.676 0.573 0.534 0.559 1 
c i 0.595 0.860 1.358 0.216 0.971 
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Discussion 

In Fig. 2, the experimental results of the decomposition of carnallite, taken from 
[1], are compared with the results calculated above. 

Ternperotu re ~~ 
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I I I I --- 
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u 

Fig. 2 Decomposition of KC1-MgCI 2"6I-I20 under quasi-isothermal, quasi-isobaric conditions. 
p = 1 bar; - -  experimental [1]; ,= calculated on the assumption that all steps take 

place under equilibrium 

The two curves are very similar. The main differences between them are the 
different lengths of the vertical portions at 179 ~ and 186.5 ~ . (Small differences in 
temperature of about 1-2 deg are within the limits of accuracy of the thermal 
analysis.) These two vertical portions represent the isothermal, isobaric invariant 
equilibria. At these temperatures, one solid phase has to transform into another 
one, while both the liquid phase composition and the temperature have to remain 
constant. These reactions take place only to a certain degree. A portion of the 
former solid phase does not react with the liquid phase, probably because it is 
covered during the reaction by a layer of the newly formed solid phase. 

Similar behaviour could be observed during the investigation of the solid-liquid 
equilibria of the. KC1-MgC12-H20 system by applying an "analytical" method. 
Even on equilibration of the solid-liquid system for more than one week (at 
constant temperature), the equilibrium was not completely established, if such a 
reaction as mentioned above had to take place. The liquid phase was in equilibrium 
only with a surface layer of the solid particles [7, 8]. 
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The simple assumption that the reactions which represent the isothermal, 
isobaric invariant equilibria take place only to about 60-70%, while the remaining 
unstable phase is considered to be inert, leads to the result shown in Fig. 3. Under 
these conditions, the liquid phase is not completely consumed in step 5. Further 
reactions for the formation of MgC12" 2H20-KC1. MgC12" 2H20 mixed crystals 
have to be formulated. In a 6th step, almost pure KCI'MgCIz'2H20 is formed, 
after which solid phases with even lower KC1 contents are precipitated. As we can 
see from Fig. 3, this assumption fits the experimental results very well. 

~ 
V 

Temperoture  ~~ 

170 180 190 200 
I I l t - I "  

Fig. 3 Decomposition of KCI.MgC12,6H20 under quasi-isothermal, quasi-isobaric conditions. 
p = I bar; - -  experimental [1]; - - - - -~calcula ted  on the assumption that the reactions at 
constant temperatures take place to 66% 

If the thermal decomposition of 1 mol carnallite were interrupted at 195 ~ the 
following solid phases would be present according to this model: 

- -  0 . 2 1  t o o l  KC1 
- -  0.09 tool 1.5KCI" MgC1 z �9 2H20 
- -  0.55 tool KC1, MgC12" 2H2 O 
- -  0.36 tool x KC1. MgC12 '2HzO; x<  1 
The conclusion can be drawn that all steps of decomposition which are 

monovariant, e.g. 0 ~ const., take place in accordance with the phase equilibria, 
even the dissolution of KC1 in step 2. The reactions atO = const., e.g. at invariant 
points, take place to approximately 60-70%. During the whole decomposition 
process, the liquid phase composition follows the intersection curve between the 
surface for Pw = 1 bar and the liquidus surfaces of the different solid phases. In 
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addition, the consistency of the three different sets of data (solid-liquid equilibria, 
vapor pressure data, and thermal analysis) is proved. 
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Zusammenfassung Die therrnogravimetrische Kurve TG der Zersetzung yon Carnallit 
(KC1. MgC12 �9 6H20 ) bei konstantem Wasserdampfdruck (1 bar) wurde basierend auf dem Phasendia- 
gramm (fest-fl/issig-Gleichgewichte) und auf Dampfdruckdaten berechnet und mit experimentellen 
Ergebnissen verglichen. 

Pe3mMe - -  Ha ocnoae qba3oBo~ )IrIarpaMMbi (paanoBecne Tnna xBep~oe xeno-xrI~KOCXl,) n Jlaa~emiz 
rlapoa, 6hL~a ablqHC.rleHa rpaBaa TF paaJIo}xeHrla rapnaJlmtza (KC1. MgCI 2 . 6H20 ) npri rIOCTOanHOM 
~aanennn napoB BO,~laI (1 6ap) n roTopaa 6~,taa conoczaBnena c 3rcnepnMeHTanbHo nafi~enno.~. 
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