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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 betwesn 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+ MgCl, 2 Hy0 is formed which is decomposed to a basic product
KMgCl3 34—2.90(0H) g, 10—0.15-

The thermal decomposition of carnallite (KCl « MgCly * 6 H20) has often been the
subject of thermoanalytical investigations. However, due to highly different methods
the known results do not allow any uniform statements concerning the dehydration
mechanism of this double salt. Some authors [1-5] give a two-stage decomposition
scheme

KCI * MgCly * 6 HyO — KCI » MgClp + 2 HoO + 4 K50 (1)
KCI » MgCly * 2 H0 ~> KCI - MgClp + 2 HoO (2)

where the elimination of water from the solid occurs without formation of a meit.
According to Van't Hoff and Meyerhofer [6] carnallite melts incongruently at 167,5°.

The position of the decomposition steps is especially influenced by the conditions
of investigation. In this way, Grube and Brauning [7] observe the reaction according to
Eq. 1 as early as at 80° with a pressure of 0.9 kPa. For the end of the dehydration
{Eq. 2) Laskievich [8] gives a temperature of 330° at ¢ = 10 K/min and of 270° at
g =25 K/min. In some cases a partial elimination of HCI with formation of basic
products is also described in the course of the second step [2—5].

The dehydration of carnallite with elimination of 4 Mol H70 according to Eq. 1
is also observed as a two-stage process [9-—-12]. In this case first of all a partial dehydra-
tion of the KCI + MgCl, * 6 H20 occurs with simultaneous formation 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% MgCly * 6 H;0 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 foilowing com-
ponents (the theoretical values are given in brackets):

H,0 =38.92% (38.90%); K+ =13.20% {14.07%);
Mg2+ =8.82% (8.75%); Ci— = 38.60% (38.27%).

The contamination of the material with NaCl amounts to maximally 1%. Free KCl and
MgClz * 6 H20 could not be detected. The carnallite was crushed in agate mortar and
rlassified to a size range between 0 and 100 um.

DTA 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 °C using the standard crucible set and different heating
rates at ¢ = 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 ¢ = 2.5 K/min. The difference between the
weight loss of the investigated sample (Q-TG curve) and the amount of HCI (EGA
curve) simultaneously determined by titration results in the formation of H,0 which
was eliminated from the carnallite. Additionally the difference temperature signal AT
of the sample was recorded compared to the a-Alp O3 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° (g =2-3 K/min) in polerized or unpolarized transmitted light by means of
the microscope heating stage ""Boetius” 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 MgCly * 6 HpO 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 KCl 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 MgCly hydrate phases which on reheating the sub-
stance result in the formation of MgCl; + 6 H20. This process is shown by the melting
peak at 116° (Ton = 110°). The occurrence of MgCly * 6 H20 which is not bonded
in the double salt, shows that during crystallization the tarnallite is only partly re-
formed according to the amount of KCl dissolved in the melt.

The MgClz * 6 H20 melt which was formed at 116° contains KCl and carnallite
as solid phase. During further heating up the two substances are dissolved in the
MgClz * 6 H20 melt, the value of fusion enthalpy of the carnallite is being consumed
for the endothermic process in the temperature range between the MgCly * 6 H30
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peak at 116° and the melting of the carnallite residue at Tgyn = 169°, 168° (curves 2

and 3). The gross composition of KCI +« MgCly - 6 H;0 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; g = + 1 deg/min

Fig. 2 Melt of carnallite at 170°
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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 HoO 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+ MgCly * 6 H0 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 Hy0/Mol KCI * MgCly * 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 decomposition with variation of the crucibles
(a =disk crucible, b = standard crucible — open, ¢ =standard crucible with cover, d =
labyrinth crucible). Heating rate 2 deg/min
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Fig. 4 Thermogravimetric 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 » MgCly * 2 HyO. 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 decompasition takes place from the solid
without formation of a melt. In the first step at 90-105° an elimination of
4 Mol HyO/Mol KCI « MgCly + 6 HoO can be stated, in the second step between 130
and 145° 2 Mol H20/Mol KCI » MgCl; * 6 Hy0 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 KMgCly go(OH)g.10.
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Fig, 5 Thermogravimetric (Q-TG) and gas titration curve (EGA) of carallite 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 fully disappear at 106°.

Figure 6 shows the dehydration behaviour of carnallite in the equilibrium atmo-
sphere of formed H,0 and HCI at a pressure of p = 100 kPa. The temperature dit-
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 meit (MgCl, * 6 H20,
saturated with KCI). KCI (s}, KCI - MgCly * 6 H,0 (s) and H20 (g} of the three-
component system MgCip—KCi—H70. KCI - MgCly « 6 HpO being completely
moliten, the system becomes divariant and water evaporates from the melt and the
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boiling temperature rises with increasing concentration of MgClo, and KC} in the
melt. The solubility of KCi in the melt increases in this concentration range [14].

During the process of thermal decomposition 1.8 Moi Ho0/Mof KCi « MgCly *
* 6 HyO 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 « MgCl, + 2 H,0. 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
(0 =100 kPa) in the labyrinth crucible. Q-TG = thermogravimetric curve, EGA = gas
titration curve, AT = temperature difference curve

At 180° a concentration of 238 Mol MgCl; /1000 Mol H,O 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 MgClo * 2 H,0 (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 MgCly * 2 H,0 (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
MgCly * 2 H20 (s) does not proceed in a complete way. After the elimination of
approximately 2.5 Mol H>O/Mol KCi » MgCl » 2 Ho0 the anisothermal formation
of the dihydrate KCI « MgCls * 2 H,O (3. step) is beginning at 184°.

At the end of the third step there are no appreciable components of free MgCl, *
* 2 H70 (s) and KCI (s}). This statement follows from quasi-isothermal investigations
on equimolar mixtures of MgCly ¢+ 2 HpO and KCI, as a result of which the decom-
position steps of the pure MgCly *+ 2 H,0O [15] were obtained at 230 and 290°. By way
of contrast, at 235° the dihydrate KCI - MgCls + 2 HpO is almost completely decom-
posed to a weakly basic product of the gross composition KMgCl, gg{OH)g 14 *
+ 0.16 H20 {4. step). The residual elimination of small amounts of Ho0O and HCI
occurs at 260° (5. step). The gross composition KMgCly g4(OH)p.1¢ 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 Ho0 is passed in any case. The final product of the thermal decomposition is no
pure KCI+ MgClp, but a basic product of the gross composition KMgCl,(OH),
(x =2.84-2.90, y = 0.10-0.16). The position of the decomposition temperatures is
determined by the partial pressures of HoO and HCI. With increasing partial pressure
the decomposition is shifted to higher temperatures.

p>100kPg p~1kPa
KCL- MgCly 6H-0

bierec
melt+ KCI(s)
[MCly BHQx KCL1-x KCI(s)]

-18Hz0 | 168-180°C

mell « KCl{(s) -4H0 | 90-105°¢
[MgCl3-6 2 H20x KCle1-x KCI(5)]

-22H,0} 180-230°C

[ KCl- MgCly-2H,0 KCl-MgCl, 2H;0

~171H,0

-onHe | 230°C
KMQCly g (OH)qs, -0.15H0 -19H;0] 130- 145 °¢
-013H ~omct
o538 | 2s0oc
KMgCl, 5, (OH)gyq KMGCl 50(OMIg
Cmmme e pomem—me J

KMgCl,(OH)

284$x€2.9C;005ys 016
Fig. 7 Decomposition scheme of carnallite under quasi-isothermal and guasi-isobaric conditions

In the literature [16] the complete dehydration of KCI « MgClp * 2 H0 as com-
pared with the dehydration of MgCl; * 2 Hy0 at lower temperatures was explained
by the fact that due to the metastable character of KCl + MgCly *+ 2 Ho0 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 MgClz * 2 H,O 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].
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Zusammenfassung — Die Schmelz- urd 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 von 20
bis 300°C untersucht. DTA Heiz- und Kiihizyklen 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 Schmeize und unter verminderten Druck aus der
festen Phase. Die Zersetung verlauft stets iiber KCI »+ MgCl, * 2 H,0 zu einem basischen Produkt

KMgCl; g4—3.9010H)g.10—0.16-

Pesiome — [nasnenue u pasnoXxeHne KapHaNIMTa NCCNeaOBaHO B 3aKpbITON CUCTEME B peXUME
AMHaMUYECKOTO Harpesa W 8 OTKPbLITOA CMCTEME - B AMHAMMYBCKMX M KBE3W-M30TEPMUHECKHX,
KBA3n-M306apHbIX YCNOBMAX B o6nact Temneparyp 20—300°. ATA u3MepeHWA UMKNOB Ha-
rpeBa U OXMAXKAEHWMA B 3aKPLITOA CUCTEME MOKa3anu MHKOHIPY3HTHOE MNABNEHWE W Chy4au
06pa30BaHMA pasnuuHLIX MMAPATOB XNOPUAE MArHWA. B KBa3U-M30TepMUYECKOM U KB33U-WU30-
6apHOM pexumax TepMudYeckKoe pa3nkKeHVe HayuHaeTcR Npu Aasnexnn okono 100 kMa us
pacnnaBsa, a Npu NOHMKEHHOM AABNEHKU — W3 TBEPAOro COCTOAHMA. B nio6om cnyvae oGpa3sy-
eTcA coeanHenne KC) » MgCl, - 2 H,0, kovopoe pasnaraetcA ¢ 06pa3oBaHueM OCHOBHOI conu

KMaCl3 g3—2.90{0H)p,10--0.16-
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