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Abstract

The solid—liquid equilibrium diagrams of binary mixtures involving magnesium nitrate hexahydrate with cobalt nitrate hexahydrate, nickel
nitrate hexahydrate (partly), manganese nitrate tetrahydrate, and iron(lll) nitrate nonahydrate and of magnesium chloride hexahydrate with
cobalt and nickel chlorides hexahydrates and manganese chloride tetrahydrate, and the of two manganese salts were determined. Thos!
diagrams that showed a simple eutectic were fitted by the Ott equation and where the required BET parameters were available, the magnesiumr
salt rich parts of the liquidus were modeled by means of this method.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction for which some experimental data near ambient tempera-
tures were available. No liquidus curves of these systems
Solid—liquid phase diagrams of binary mixtures of salts were, however shown. Of course, many publications have
abound in the literature, but equilibrium diagrams of binary dealt with salt hydrates, including mixtures, in the presence
mixtures of salt hydrates have so far been published in few of excess water, for example the recent report by Ibnlfassi et
cases only. The complete diagrams over the entire compo-al. [6], but these are not really relevant to the present subject.
sition range were reported many years ago by Mokhosoev Inthe presentpaper, we reportthe solid—liquid equilibrium
and Got'manovdl] for several divalent metal nitrates and diagrams of binary mixtures of magnesium nitrate hexahy-
by Marcus et al[2] for magnesium chloride and bromide drate with cobalt, nickel (partly), manganese, and iron(lll)
hexahydrates. The present authors have recently reported thaitrate hydrates and of magnesium chloride hexahydrate with
complete phase diagrams for the hydrates of magnesium ni-cobalt, nickel, and manganese chloride hydrates, and of the
trate and acetate, and magnesium and aluminum nifi@tes two manganese salt tetrahydrates. Some of these diagrams
and of mixtures of ammonium alum with ammonium sulfate exhibit a single eutectic whereas others have indications of
and aluminum sulfatg3] and with ammonium nitrate, alu-  the formation of a congruently melting compound at a certain
minum nitrate, and ammonium iron(lll) alum as well as of composition.
aluminum nitrate with aluminum sulfafd]. Zeng and Voigt The solid—liquid phase diagrams of binary systems A+B
[5] reported isothermal ternary phase diagrams including cutsthat exhibit a sharp minimum (a eutectic) can be fitted with
for binary salt hydrate mixtures of lithium nitrate with mag- the semi-empirical Ott equatid]:

nesium and calcium nitrates and with lithium perchlorate, ;
T(x) = T*[1 + Xa;(x — x*)'] Q)

* Corresponding author. Tel.: +972 2 6585341; fax: +972 2 6585319,  Wherex=xg. In the A-rich sideT* = Tn(A), the melting
E-mail addressymarcus@vms.huiji.ac.il (Y. Marcus). point of component A, ang* =1 with one set of; parame-
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ters and for the B-rich side, beyond the eutedit = Tm(B) available analytical reagents and were used as received. The

andx* = 0 with a second set @& parameters. These param- water contents of the hydrated sakeN and NiN were

eters, however, have no relationship to the properties of themeasured by titration of the metal ions and no appreciable

individual salts A and B. deviations from the nominal contents were noted. Magne-
In certain cases, where the required information for the sium chloride hexahydrate (Gadot), Mg®&H,O, abbrevi-

individual salt hydrates is available, the liquidus can be mod- atedMgC, nickel chloride hexahydrate NigbH2O (BDH),

eled by means of the BET method. The needed data are theabbreviatedNiC, cobalt chloride hexahydrate Co&H,0O

BET parameters the number of sites per formula unit of the (Matheson, Coleman, and Bell), abbrevia@uC, and man-

salt, and, the excess condensation energy of water vapor onganese chloride tetrahydrate Ma@H,O (Baker’s Ana-

the salt for the two components A and B, as well as the molar lyzed and Merck), abbreviatddnC, were also the best avail-

freezing enthalpy of that component that crystallizes out of able analytical reagents and were used as received. Well crys-

the melt. This was done very recently for some cases by Zengtallized kaolinite AhSisO10(OH)s from Washington County,

and Voigt[3], by Marcus et al[4], and by Marcug8]. The GA, abbreviated Ka, was used as a nucleating and thickening

operative expression for this purpose pertaining to the salt A agent.

crystallizing from the mixture i8]:

' 1 1 2.2. X-ray characterization
Infaa(T, xa)ady (7, xa)] = O [T - T} D 2)

mA A Philips Automatic Powder Diffractometer was em-
whereas anday are the activities of the salt A and water W, ployed, with monochromatized Cu Keadiation. Crystals
calculated from the BET parametemsnde, Xa is the fraction of Mg(NO3)2-6H,0O (MgN), Ni(NO3)2-6H2O (NiN), and
of A in the binary A+ B mixture,Tna is the melting point Co(NGs)2-6H20 (CoN) were ground finely, and their powder
of pure A, anda is the hydrate number of A. The quantity diffractions were measured. The diffraction patterns agreed
RQrepresents the enthalpy of crystallization of A corrected with those in the literaturf9—11] (2000 JCPDS). Crystals of
for the excess enthalpies of the salt and water that constituteMnCl-4H,0 (MnC) and of Mn(NGs)2-4H20 (MnN) were

roughly 10% of it. The functiolQ, thus is: also ground finely and their powder diffractions were mea-
E . E sured. Their diffractograms agreed with those in the literature
0= (La — Hx — jaHy) 3) [12,13](2002 JCPDS).
R

whereL is the molar enthalpy of meltingdF is the partial 2.3. Phase diagrams of mixtures
molar excess enthalpy in the melt of salt A and of water W.

The functionD is (1/RT) times the chemical potential of A These were obtained for mixtures prepared on a mole
in the melt at equilibrium with the crystalline salt hydrate for fraction basis in the manner reported previougb5],
pure A (atxa = 1) at its melting poinTma: i.e., by following cooling curves (temperature versus time)

. and visually. An example of such cooling curves, for pure
D = In[aa(Tma, Daff (Tma, 1)] 4) Ni(NO3),-6H,0, is shown inFig. 1. Three cycles of melt-

The procedure followed by the computation program is to ing and cooling in an open test-tube, with 1% kaolinite as

vary the temperatur€ from T, downwards at a given frac-

tion xa until the two sides of Eq(2) become equal within a 80
preset limit, and that value dfis the liquidus point for this
composition. For further details see Rg]. 5.
70 7':2:1
2. Experimental
O "
L 65| oY
2.1. Materials .,
60 - i
Magnesium nitrate hexahydrate (Baker's Analyzed), .‘;“‘ J—
Mg(NOs),-6H,0, abbreviatedVigN, water content 6.02 ss | L el
0.01mol of water per mol salt, determined by EDTA * "
and by Karl-Fischer titrations. lIron(lll) nitrate nonahy- 50 . . . . .
drate Fe(NQ@)3-9H,O (Fluka), abbreviated-eN, nickel 0 5 10 15 20 25 30
nitrate hexahydrate Ni(N§),-6H,O (Arcos), abbreviated time/min

NII_\_I’ cobalt mt_rate hexahydrate CO(NQ'GHZO (Rledel de Fig. 1. Cooling curves of Ni(Ng),-6H,0 for two consecutive cycles of one
Haén), abbreviate@oN, and manganese nitrate tetrahydrate sample, ‘® tm=57.0°C)and ‘A’ (tm = 56.3°C), and for a different sample,

Mn(NOg)2-4H,0 (Merck), abbreviatenN, were the best  ‘® (t,=56.8°C).
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nucleating and thickening agent, were generally employed

and the freezing temperatures reported are the means of
the temperature halts noted in these curves, generally re-

producible to+1°C unless otherwise noted in the results.
When the freezing point of the melt was low, around or be-
low ambient temperatures, the viscosity was fairly high, and

in the case of eutectics the expected second haltin the cooling

curves could not then be observed.

3. Results
3.1. Individual salts

The measured freezing temperatures of the individual salt
hydrates are reported ifable 1. All the salts were melted
and frozen reversibly and reproducibly, including the yel-
low crystals ofFeN, melting to a clear brown liquid. Molten
CoC appears to be a solution of a mixture of the hexa- and
di-hydrates in the water of crystallization. The transition tem-
perature between the two solid salts obtaifieg] from the
vapor pressures ity =52.25°C, but in the present study it
was found that the hexahydrate crystallized out. Moltéd
appears to be a solution of a mixture of the hexa- and tetra-
hydrates in the water of crystallization. The transition tem-
perature between the two solid salts obtained from the vapor
pressure$l6] is ty =36.25°C. In our experiments, the hex-
ahydrate crystallized out from the melt at its freezing point.
MnC melted and froze reproducibly at 501 °C, below the
transition point to the dihydrate at 58, reported as its melt-
ing point[14].

3.2. X-ray characterization

Equimolar crystalline mixtures of magnesium nitrate
(MgN) with nickel nitrate (NiN) and with cobalt nitrate
(CoN) obtained either from the melt or grown from aque-
ous solutions showed the same powder diffraction patterns
[18], identical with that of pur€oN. In the diffractogram of
crystals grown from an aqueous solution or from the melt of
an equimolar mixture oMgN +MnN new diffraction lines
were found that did not belong to the components, signifying
a new compound that was formed.

Table 1
The freezing temperatures of the salt hydrates

Salt Tm (°C) this study Tm (°C) literature
Mg(NO3)2:6H2,0, MgN 89.5+ 0.5 89.5[4]
Co(NGs)2-6H20, CoN 51.5+ 0.5 55.5[14]
Ni(NO3)2:6H20, NiN 56.7+ 0.5 56.7[14]
Fe(NQGs)3-9H20, FeN 43.3+ 2.0 48.7[14]
Mn(NO3)2-4H,0, MnN 33.1+ 05 37.1[15]
MgCl,-6H,0, MgC 112.0+ 1.0 116.2[2], 117[14]
CoCh-6H,0, CoC 473+ 0.5 52.2516]
NiCl-6H20, NiC 30.2+ 0.5 36.2516], 60 [17]
MnCly-4H,0, MnC 50.0+ 1.0 58[14]
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Fig. 2. The liquidus of the phase diagranMgN + FeN. The freezing point
istm in °C; ‘@’ first series of experiments, ‘O’ second series of experiments,
‘A’ second break in the cooling curve, signifying the eutectic temperature;
‘- - -’ fitting by Eq. (1) with the parameters frorfable 2.

3.3. Solid-liquid equilibrium diagrams

The solid-liquid equilibrium diagrams of the salts deter-
mined in this work are shown iRigs. 2-9. Eq(1) was used
for fitting the phase diagram empirically by the Ott expres-
sion, with the resulting parameters shownTable 2. The
results of this fitting are also shown figs. 2-9.

In the solid-liquid equilibrium diagram of thdgN + FeN
system,Fig. 2, a eutectic is observed neafn=0.8 with
tm =10.84 2.0°C. The exact composition could not be deter-
mined since the melts were rather viscous at this low temper-
ature. In spite of the tendency of iron(lll) salts to hydrolyze,
the melting and freezing of this salt itself and in the mixtures
were reversible.

The solid—liquid equilibrium diagram oMgN + CoN
mixturesFig. 3, shows areproducible break in the continuous
decreasingm(Xcon) curve in the 0.3 Xcon < 0.35 region.
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Fig. 3. Theliquidus of the phase diagramgN + CoN. The freezing point
‘@’ istny in °C; ‘- - -’ fitting by Eq. (1) with parameters frorifable 2.
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Fig. 4. The liquidus of a partial phase diagranMgN + NiN. The freezing
point ‘@’ is ty, in °C; ‘- - -’ fitting by Eq. (1) with parameters froniable 2;
the second halt signifying the eutectic is O; aad are data fron1].

However, the X-ray diffraction results did not show the for-
mation of a new crystalline phase at that or the equimolar
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Fig. 6. Theliquidus of the phase diagramgC + CoC. The freezing point

‘@’ isty in °C; ‘-- - fitting by Eq. (1) with parameters frorTable 2. The

thin continuous curve was passed between the data points not included in
the fitting, 0.18< Xcoc <0.35. ' modeling by the BET method, Egs.

2-4).

composition, so that the origin of the small maximum in the gruently melting compound aiyjn =0.50[1] was also con-
curve atxcon = 0.40 is obscure, as is the reality of a eutectic firmed and its structure, determined by single crystal X-ray
at xcon =0.30. Still, two separate branches of the Ott fitting diffraction, is reported elsewhef&8]. TheMgN-rich part of
curves are obtained for the purpose of fitting the data. If the the liquidus curve has already been modeled successfully by
break in the curve is disregarded, then this diagram indicatesthe BET method8].

complete solid solution formation in the crystals, as indicated

The solid-liquid equilibrium diagram oMgN + MnN

also by the ready distribution of magnesium ions in the cobalt mixtures is shown inFig. 5 and appears to be of a sim-

nitrate hydrate crystal lattidd 8].

The solid—liquid equilibrium diagram éfigN + NiN, hav-
ing been already publishdd], has not been studied again
fully. Since, however, the reported] t, of MgN was
as high as 95C rather than the accepted 89, the re-
gion of the diagram diluted ifNiN was re-determined, as
shown inFig. 3. The existence of the eutectic@ty =0.30,
tm=70.44+0.5°C, was confirmed. The formation of a con-
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Fig. 5. The liquidus of the phase diagramMfN + MnN. The freezing
point ‘@’ is ty, in °C; ‘- - -’ fitting by Eq. (1) with parameters fronfable 2;

‘" modeling by the BET method, Eq&2)—(4).
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ple eutectic type, with a shallow minimum with =26.2°C

at 0.7< xunN < 0.9. However, no second halt in the cooling
curves was observed, so that the eutectic could not be char-
acterized more definitely. The Ott fitting parameters for the
MgN-rich branch is shown iffable 1. This system could be
modeled by the BET method, Eq2)—(4), as seen iRig. 4,
since the requiredande BET parameters were availalj§.

120
[ SN
|
100F %,
»
\
80| "
\
& N
e 60 Ld
\
i
A
40| \
\
P . -t
201 . ) o
“ e © ’/
P
0 I L ~—% L v 1
0.00 0.20 0.40 0.60 0.80 1.00
X

NiC2

Fig. 7. The liquidus of the phase diagram\gC + NiC. The freezing point
‘@’ istyin °C; ‘- - - fitting by Eq. (1) with parameters frorable 2. (The
data marked by O were not included in the fitting.).



Y. Marcus et al. / Thermochimica Acta 432 (2005) 23-29

120

100

27

60

50

£ 60+ 3 %
E \ =
Y
4 ‘L
L ]
40 % ) ,
A\ - ¥
y /
\ P /
20 1 \ M B
. ¢
\
0 883 ?Tﬁ L I
0.00 0.20 0.40 0.60 0.80 1.00 0 ' ‘ ' '
0.00 0.20 0.40 0.60 0.80 1.00
XMnC X

MaCl2
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for the eutectics. The dashed curves ‘- - -’ shows the fitting by(Exwith
parameters frorfiable 2, the continuous curve is drawn as an eye guide only.

Fig. 9. The liquidus of the phase diagramMfAN +MnC. The freezing
point ‘@’ is ty in °C; ‘—' fitting by Eq. (1) with parameters frorfable 2,
‘- - -’ part of the diagram that is not fitted.

The solid—liquid equilibrium diagram oMgC + CoC
mixtures shown inFig. 6 has a shallow eutectic with
tm=46.6+0.8°C at xoc=0.13 followed by a maximum
tm=52.140.8°C at x0c=0.20. This is then followed by  mixtures is shown iffrig. 8. It is characterized by two eutec-

a eutectic with the minima}, =5.24+0.8°C at x;0c=0.35. tics, at~2°C andxync ~ 0.4 and at-17°C andxync ~ 0.8,
However, no second halt in the cooling curves was observed,and an apparently congruently melting compound, with
so that the eutectic could not be characterized more definitely.ty, ~ 41°C at ¥ync ~ 0.65, i.e, 2 MnCj: 1 MgCl,. The first

In this system, too, both branches of the liquidus could be eutectic may be at an even lower temperature tha@,2
modeled by the BET method to a fairly long extent towards since complete freezing could not be observed in the cooling
the eutectics formed, ségg. 6. curves. However, this feature was reproducible over several

The solid—liquid equilibrium diagram &figC + NiC mix- cycles.
tures shown irfrig. 7is of a simple eutectic type, with arather Finally, the solid—liquid equilibrium diagram d¥inN +
broad minimaky, =3.5+ 0.8°C at xic ~ 0.55. However,as  MnC mixtures is shown inFig. 9. It has a clear eutec-
for the MgC + CoC mixtures, no second halt in the cooling tic at Xync =0.65 and 7.4 1.0°C, but possibly some fea-
curves was observed, so that the eutectic could not be chartures atxync ~0.3 and~0.5 may indicate compound for-
acterized more definitely. THdgC-rich part of the liquidus mation, although the data at O<¥wunc <0.45 were not

curve has already been modeled successfully by the BET
method[8].
The solid-liquid equilibrium diagram oMgC +MnC

Table 2

Parameters of the Ott E(fL)

System x-Range ™ ag a1 ap az
(1-x)MgN+xFeN 0.00-0.75 89.5 -0.85 -1.09 -0.23

(1-x)MgN+ xFeN 0.85-1.00 475 —4.38 4.37

(1-x)MgN+xCoN 0.00-0.35 89.5 0.51 2.32 1.81

(1-x)MgN+xCoN 0.45-1.00 51.2 0.83 —-1.38 0.55

(1-x)MgN+ xNiN 0.00-0.30 89.5 0.87 3.09 2.21

(1-x)MgN+xMnN 0.00-0.70 89.5 -0.85 —0.297 0.653 0.107
(1-x)MgC+xCoC 0.00-0.18 112 —428.99 —1318.00 —1350.75 —461.74
(1—x)MgC+xCoC 0.35-1.00 47.3 —0.952 -1.616 6.602 —4.057
(1-x)MgC+ xNiC 0.00-0.55 112 -2.83 -18.47 —60.22 —78.20
(1-x)MgC+xNiC 0.55-1.00 30.2 —4.04 7.99 -3.95

(1-x)MgC+xMnC 0.00-0.35 116.0 3.3 23.9 37.6 171
(1—x)MgC+xMnC 0.80-1.00 50.0 -17.0 31.8 -14.8

(1-x)MnN+xMnC 0.00-0.50 33.1 0.0 2.12 2.105

(1—x)MnN +xMnC 0.70-1.00 50.0 —2.48 2.48

2 A value that is~4 to 5°C lower than the accepted value.
b A further term is required witlay = —33.65.
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as well reproducible in the three cycles as outside this tems,Figs. 3 and 9, have some indication of a compound
region. being formed but not as well defined maxima in the phase
diagram between two eutectics, as e.g., in MgN + NiN
[1] andMgC +MnC (Fig. 8) mixtures. The features in the

4. Discussion MgN + CoNandMnN +MnC systems may, after all, be arti-
facts as no new phases could be detected by X-ray diffraction.
The freezing pointty, =tieezeOf the molten salt hydrates The modeling of at least some parts of the liquidus curves
and their mixtures provide the liquidus of the solid—liquid by means of the BET method indicates that the assumptions
equilibrium diagram. Those of the pure componeféhle 1, on which the method is based have some validity. Apart from
are sometimes lower than the melting temperatupes the formal description of the salt hydrate melts as if the water

recorded in the literature. One reason for this discrepancyis adsorbed on sites of the salt (disregarding its ionic disso-
is that the publishedlne; is commonly the temperature of ciation), there is the assumption concerning mixing rules of
the endothermic peak in a DSC determination that may lag the parameters ande¢ in the binary melt. These rules are:
behind the actual start of the melting of the sample. Another r=xara +xgrg ande=(Xaraea +xgrgeg)/r, so that a cen-
reason for the discrepancy may be small differences in thetral assumption for the modeling of the mixtures is that they
water contents of the salt hydrate. In the present study, thebehave ideally, as discussed previougy. The chemical
nominal water contents of the crystalline salt hydrates was potential of the component A in the binary melt of A+B,
confirmed within 0.05 mol water per mole salt, and a differ- given by the left hand side of Eq2) and calculated by
ing water content should not be a reason for incorrect valuesmeans of these mixing rules, is crucial for modeling the lig-
of the measureti, =tieeze Furthermore, the presence of the uidus. The successful modeling indicates that the excess en-
kaolinite as a nucleating and thickening agent caused the untropy of mixing is small. The excess enthalpies are taken
dercooling of the melt before freezing, if at all, not to exceed into account in Eq(3), and appear not to be large either,
2°C, see for examplEig. 1. A clear haltin the cooling curve  lending support to the assumption of near ideal mixing in
(temperature against time) resulted after the temperature rosé¢he melt.
to the equilibrium value.

Several interesting features were found in the phase dia-

grams determined in this study. In two cases Mg + FeN 5. Conclusions
andMgN + MnN systemsFigs. 2 and 5, there seems to be
a single eutectic at thEeN, respectivelyMnN-rich part of The meager information in the literature concerning the

the diagram. The mixtur®lgC + NiC Fig. 7, may also be of  solid—liquid equilibrium diagrams of binary mixtures of salt
this type, although the eutectic halt near the equimolar com- hydrates is augmented here with liquidus diagrams for seven
position (a second halt in the cooling curve) was not seen. systems over the entire composition range. These comprise
This system shares with tiMgC + MnC systemFig. 8, the mixtures of magnesium nitrate hexahydradg(N) with
continued existence of the liquid molten salt hydrate mixture cobalt nitrate hexahydrat€oN), with iron(lll) nitrate non-

to very low temperatures near the freezing point of water and ahydrate (Fel\ and with manganese nitrate tetrahydrate
a very steep decline af, from that ofMgC with increasing (MnN), and of magnesium chloride hexahydrat#gC) with
contents of the co-salt. A clear indication of the formation cobalt chloride hexahydrat€6C), with nickel chloride hex-

of a congruently melting compound is seen in the cases of ahydrate (NiC), and with manganese chloride tetrahydrate
MgC +CoC and MgC + MnC, Figs. 6 and 8. Attempts to  (MnC), as well as of the two manganese salts. The magne-
characterize the compounds by X-ray diffraction have so far sium nitrate rich part of the diagram with nickel nitrate (both
not been successful since no single crystals have grown fromhexahydrates) was re-determined. Three of these systems
saturated aqueous solutions of suitable compositions. On thgMgN + FeN, MgN +MnN, andMgC + NiC) have single eu-
other hand, powder X-ray diffraction of an equimolar mix- tecticsastheironly clear features and one (MgMnC) may

ture of MgN + MnN did indicate that a new compound was have a peritectic, in addition to a eutectic. One system, the
present, although the phase diagram did not show a corre-MgN + CoN one, does not appear to have a well character-
sponding feature. The phase diagranMgfN + NiN system ized eutectic. Three systems (MgN\NiN, MgC + CoC, and

was studied many years affd. However, since th&IgN in MgC +MnC) show maximal melting temperatures signify-
that publication was said to have a melting point of’@5 ing compound formation and the two eutectics around it (in
considerably higher than the accepted value of 88.8], the case dMgN + NiN only theMgN-rich branche is shown).
the melting points of the mixtures reported previoufly Some of the eutectics have very low freezing points, a0

and shown inFig. 4 cannot be correct. Still, the eutectic the melts being then fairly viscous, so that only the minima
temperature reported previously was now confirmed and thein the liquidus curves could be reported. In some of the sys-
system did show that a congruently melting compound was tems a considerable part of the liquidus of the magnesium
formed, as previously reported, and its single crystal X-ray salt rich part of the diagram could be modeled by means of
diffraction [18] showed its structure to correspond to that of the BET method. Where this could not be done this was due
CoN [11]. Finally, theMgN + CoN andMnN +MnC sys- to the BET parametersande, not being available either for
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the non-magnesium component (eMgN + FeN) or for the
congruently melting compounds (e.lylgC + MnC).
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