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Solid–liquid equilibrium diagrams of common ion binary salt hydrate
mixtures involving nitrates and chlorides of magnesium,

cobalt, nickel, manganese, and iron(III)
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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(III) 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. Those
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iagrams that showed a simple eutectic were fitted by the Ott equation and where the required BET parameters were available, the
alt rich parts of the liquidus were modeled by means of this method.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid–liquid phase diagrams of binary mixtures of salts
bound in the literature, but equilibrium diagrams of binary
ixtures of salt hydrates have so far been published in few

ases only. The complete diagrams over the entire compo-
ition range were reported many years ago by Mokhosoev
nd Got’manova[1] for several divalent metal nitrates and
y Marcus et al.[2] for magnesium chloride and bromide
exahydrates. The present authors have recently reported the
omplete phase diagrams for the hydrates of magnesium ni-
rate and acetate, and magnesium and aluminum nitrates[3],
nd of mixtures of ammonium alum with ammonium sulfate
nd aluminum sulfate[3] and with ammonium nitrate, alu-
inum nitrate, and ammonium iron(III) alum as well as of
luminum nitrate with aluminum sulfate[4]. Zeng and Voigt

5] reported isothermal ternary phase diagrams including cuts
or binary salt hydrate mixtures of lithium nitrate with mag-
esium and calcium nitrates and with lithium perchlorate,
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for which some experimental data near ambient temp
tures were available. No liquidus curves of these sys
were, however shown. Of course, many publications
dealt with salt hydrates, including mixtures, in the prese
of excess water, for example the recent report by Ibnlfas
al. [6], but these are not really relevant to the present sub

In the present paper, we report the solid–liquid equilibr
diagrams of binary mixtures of magnesium nitrate hex
drate with cobalt, nickel (partly), manganese, and iron
nitrate hydrates and of magnesium chloride hexahydrate
cobalt, nickel, and manganese chloride hydrates, and o
two manganese salt tetrahydrates. Some of these dia
exhibit a single eutectic whereas others have indicatio
the formation of a congruently melting compound at a ce
composition.

The solid–liquid phase diagrams of binary systems A
that exhibit a sharp minimum (a eutectic) can be fitted
the semi-empirical Ott equation[7]:

T (x) = T ∗[1 + Σai(x − x∗)i] (1)

wherex=xB. In the A-rich sideT ∗ = Tm(A), the melting

E-mail address:ymarcus@vms.huji.ac.il (Y. Marcus). point of component A, andx* = 1 with one set ofai parame-
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ters and for the B-rich side, beyond the eutectic,T ∗ = Tm(B)
andx∗ = 0 with a second set ofai parameters. These param-
eters, however, have no relationship to the properties of the
individual salts A and B.

In certain cases, where the required information for the
individual salt hydrates is available, the liquidus can be mod-
eled by means of the BET method. The needed data are the
BET parametersr, the number of sites per formula unit of the
salt, andε, the excess condensation energy of water vapor on
the salt for the two components A and B, as well as the molar
freezing enthalpy of that component that crystallizes out of
the melt. This was done very recently for some cases by Zeng
and Voigt[3], by Marcus et al.[4], and by Marcus[8]. The
operative expression for this purpose pertaining to the salt A
crystallizing from the mixture is[8]:

ln[aA(T, xA)ajA
W (T, xA)] = Q

[
1

T
− 1

TmA

]
+ D (2)

whereaA andaW are the activities of the salt A and water W,
calculated from the BET parametersr andε,xA is the fraction
of A in the binary A + B mixture,TmA is the melting point
of pure A, andjA is the hydrate number of A. The quantity
RQ represents the enthalpy of crystallization of A corrected
for the excess enthalpies of the salt and water that constitute
roughly 10% of it. The functionQ, thus is:
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available analytical reagents and were used as received. The
water contents of the hydrated saltsFeN and NiN were
measured by titration of the metal ions and no appreciable
deviations from the nominal contents were noted. Magne-
sium chloride hexahydrate (Gadot), MgCl2·6H2O, abbrevi-
atedMgC, nickel chloride hexahydrate NiCl2·6H2O (BDH),
abbreviatedNiC, cobalt chloride hexahydrate CoCl2·6H2O
(Matheson, Coleman, and Bell), abbreviatedCoC, and man-
ganese chloride tetrahydrate MnCl2·4H2O (Baker’s Ana-
lyzed and Merck), abbreviatedMnC, were also the best avail-
able analytical reagents and were used as received. Well crys-
tallized kaolinite Al4Si4O10(OH)8 from Washington County,
GA, abbreviated Ka, was used as a nucleating and thickening
agent.

2.2. X-ray characterization

A Philips Automatic Powder Diffractometer was em-
ployed, with monochromatized Cu K�radiation. Crystals
of Mg(NO3)2·6H2O (MgN), Ni(NO3)2·6H2O (NiN), and
Co(NO3)2·6H2O (CoN) were ground finely, and their powder
diffractions were measured. The diffraction patterns agreed
with those in the literature[9–11](2000 JCPDS). Crystals of
MnCl2·4H2O (MnC) and of Mn(NO3)2·4H2O (MnN) were
also ground finely and their powder diffractions were mea-
s ture
[
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= (LA − HE
A − jAHE

W)

R
(3)

hereLA is the molar enthalpy of melting,HE is the partia
olar excess enthalpy in the melt of salt A and of wate
he functionD is (1/RT) times the chemical potential of

n the melt at equilibrium with the crystalline salt hydrate
ure A (atxA = 1) at its melting pointTmA:

= ln[aA(TmA, 1)ajA
W (TmA, 1)] (4)

he procedure followed by the computation program i
ary the temperatureT from Tm downwards at a given fra
ion xA until the two sides of Eq.(2) become equal within
reset limit, and that value ofT is the liquidus point for thi
omposition. For further details see Ref.[8].

. Experimental

.1. Materials

Magnesium nitrate hexahydrate (Baker’s Analyz
g(NO3)2·6H2O, abbreviatedMgN, water content 6.02±
.01 mol of water per mol salt, determined by ED
nd by Karl-Fischer titrations. Iron(III) nitrate nonah
rate Fe(NO3)3·9H2O (Fluka), abbreviatedFeN, nickel
itrate hexahydrate Ni(NO3)2·6H2O (Arcos), abbreviate
iN, cobalt nitrate hexahydrate Co(NO3)2·6H2O (Riedel de
aën), abbreviatedCoN, and manganese nitrate tetrahyd
n(NO3)2·4H2O (Merck), abbreviatedMnN, were the bes
ured. Their diffractograms agreed with those in the litera
12,13](2002 JCPDS).

.3. Phase diagrams of mixtures

These were obtained for mixtures prepared on a
raction basis in the manner reported previously[3–5],
.e., by following cooling curves (temperature versus ti
nd visually. An example of such cooling curves, for p
i(NO3)2·6H2O, is shown inFig. 1. Three cycles of mel

ng and cooling in an open test-tube, with 1% kaolinite

ig. 1. Cooling curves of Ni(NO3)2·6H2O for two consecutive cycles of o
ample, ‘�’ (tm = 57.0◦C) and ‘�’ (tm = 56.3◦C), and for a different sampl
�’ ( tm = 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 halt in 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 inTable 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 obtained[16] from the
vapor pressures isttr = 52.25◦C, but in the present study it
was found that the hexahydrate crystallized out. MoltenNiC
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
p x-
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Fig. 2. The liquidus of the phase diagram ofMgN +FeN. The freezing point
is tm in ◦C; ‘�’ first series of experiments, ‘©’ second series of experiments,
‘�’ second break in the cooling curve, signifying the eutectic temperature;
‘- - -’ fitting by Eq. (1) with the parameters fromTable 2.

3.3. Solid–liquid equilibrium diagrams

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

In the solid–liquid equilibrium diagram of theMgN +FeN
system,Fig. 2, a eutectic is observed nearxFeN= 0.8 with
tm = 10.8± 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(III) salts to hydrolyze,
the melting and freezing of this salt itself and in the mixtures
were reversible.

The solid–liquid equilibrium diagram ofMgN +CoN
mixtures,Fig. 3, shows a reproducible break in the continuous
decreasingtm(xCoN) curve in the 0.30≤ xCoN≤ 0.35 region.

F t
‘

ressures[16] is ttr = 36.25◦C. In our experiments, the he
hydrate crystallized out from the melt at its freezing po
nC melted and froze reproducibly at 50± 1◦C, below the

ransition point to the dihydrate at 58◦C, reported as its me
ng point[14].

.2. X-ray characterization

Equimolar crystalline mixtures of magnesium nitr
MgN) with nickel nitrate (NiN) and with cobalt nitra
CoN) obtained either from the melt or grown from aq
us solutions showed the same powder diffraction pat

18], identical with that of pureCoN. In the diffractogram o
rystals grown from an aqueous solution or from the me
n equimolar mixture ofMgN +MnN new diffraction lines
ere found that did not belong to the components, signif
new compound that was formed.

able 1
he freezing temperatures of the salt hydrates

alt Tm (◦C) this study Tm (◦C) literature

g(NO3)2·6H2O,MgN 89.5± 0.5 89.5[4]
o(NO3)2·6H2O,CoN 51.5± 0.5 55.5[14]
i(NO3)2·6H2O,NiN 56.7± 0.5 56.7[14]
e(NO3)3·9H2O,FeN 43.3± 2.0 48.7[14]
n(NO3)2·4H2O,MnN 33.1± 0.5 37.1[15]
gCl2·6H2O,MgC 112.0± 1.0 116.2[2], 117[14]
oCl2·6H2O,CoC 47.3± 0.5 52.25[16]
iCl2·6H2O,NiC 30.2± 0.5 36.25[16], 60 [17]
nCl2·4H2O,MnC 50.0± 1.0 58[14]
ig. 3. The liquidus of the phase diagram ofMgN +CoN. The freezing poin
�’ is tm in ◦C; ‘- - -’ fitting by Eq. (1) with parameters fromTable 2.
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Fig. 4. The liquidus of a partial phase diagram ofMgN +NiN. The freezing
point ‘�’ is tm in ◦C; ‘- - -’ fitting by Eq. (1) with parameters fromTable 2;
the second halt signifying the eutectic is O; and ‘�’ are data from[1].

However, the X-ray diffraction results did not show the for-
mation of a new crystalline phase at that or the equimolar
composition, so that the origin of the small maximum in the
curve atxCoN = 0.40 is obscure, as is the reality of a eutectic
at xCoN = 0.30. Still, two separate branches of the Ott fitting
curves are obtained for the purpose of fitting the data. If the
break in the curve is disregarded, then this diagram indicates
complete solid solution formation in the crystals, as indicated
also by the ready distribution of magnesium ions in the cobalt
nitrate hydrate crystal lattice[18].

The solid–liquid equilibrium diagram ofMgN +NiN, hav-
ing been already published[1], has not been studied again
fully. Since, however, the reported[1] tm of MgN was
as high as 95◦C rather than the accepted 89.5◦C, the re-
gion of the diagram diluted inNiN was re-determined, as
shown inFig. 3. The existence of the eutectic atxNiN = 0.30,
tm = 70.4± 0.5◦C, was confirmed. The formation of a con-

F
p
‘

Fig. 6. The liquidus of the phase diagram ofMgC +CoC. The freezing point
‘�’ is tm in ◦C; ‘- - -’ fitting by Eq. (1) with parameters fromTable 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, Eqs.
(2)–(4).

gruently melting compound atxNiN = 0.50[1] was also con-
firmed and its structure, determined by single crystal X-ray
diffraction, is reported elsewhere[18]. TheMgN-rich part of
the liquidus curve has already been modeled successfully by
the BET method[8].

The solid-liquid equilibrium diagram ofMgN +MnN
mixtures is shown inFig. 5 and appears to be of a sim-
ple eutectic type, with a shallow minimum withtm = 26.2◦C
at 0.7≤ xMnN ≤ 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 inTable 1. This system could be
modeled by the BET method, Eqs.(2)–(4), as seen inFig. 4,
since the requiredr andε BET parameters were available[8].

F t
‘
d

ig. 5. The liquidus of the phase diagram ofMgN +MnN. The freezing
oint ‘�’ is tm in ◦C; ‘- - -’ fitting by Eq. (1) with parameters fromTable 2;

’ modeling by the BET method, Eqs.(2)–(4).
ig. 7. The liquidus of the phase diagram ofMgC +NiC. The freezing poin
�’ is tm in ◦C; ‘- - -’ fitting by Eq. (1) with parameters fromTable 2. (The
ata marked by O were not included in the fitting.).
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Fig. 8. The liquidus of the phase diagram ofMgC +MnC. The freezing
point ‘�’ is tm in ◦C; ‘O’ and ‘�’ denote the halts in the cooling curve
for the eutectics. The dashed curves ‘- - -’ shows the fitting by Eq.(1) with
parameters fromTable 2, the continuous curve is drawn as an eye guide only.

The solid–liquid equilibrium diagram ofMgC +CoC
mixtures shown inFig. 6 has a shallow eutectic with
tm = 46.6± 0.8◦C at xCoC= 0.13 followed by a maximum
tm = 52.1± 0.8◦C at xCoC= 0.20. This is then followed by
a eutectic with the minimaltm = 5.2± 0.8◦C at xCoC= 0.35.
However, no second halt in the cooling curves was observed,
so that the eutectic could not be characterized more definitely.
In this system, too, both branches of the liquidus could be
modeled by the BET method to a fairly long extent towards
the eutectics formed, seeFig. 6.

The solid–liquid equilibrium diagram ofMgC +NiC mix-
tures shown inFig. 7is of a simple eutectic type, with a rather
broad minimaltm = 3.5± 0.8◦C at xNiC ≈ 0.55. However, as
for theMgC +CoC mixtures, no second halt in the cooling
curves was observed, so that the eutectic could not be char-
acterized more definitely. TheMgC-rich part of the liquidus

Fig. 9. The liquidus of the phase diagram ofMnN +MnC. The freezing
point ‘�’ is tm in ◦C; ‘—’ fitting by Eq. (1) with parameters fromTable 2,
‘- - -’ part of the diagram that is not fitted.

curve has already been modeled successfully by the BET
method[8].

The solid–liquid equilibrium diagram ofMgC +MnC
mixtures is shown inFig. 8. It is characterized by two eutec-
tics, at∼2◦C andxMnC ∼ 0.4 and at∼17◦C andxMnC ∼ 0.8,
and an apparently congruently melting compound, with
tm ∼ 41◦C at xMnC ∼ 0.65, i.e, 2 MnCl2: 1 MgCl2. The first
eutectic may be at an even lower temperature than 2◦C,
since complete freezing could not be observed in the cooling
curves. However, this feature was reproducible over several
cycles.

Finally, the solid–liquid equilibrium diagram ofMnN +
MnC mixtures is shown inFig. 9. It has a clear eutec-
tic at xMnC = 0.65 and 7.7± 1.0◦C, but possibly some fea-
tures atxMnC ∼0.3 and∼0.5 may indicate compound for-
mation, although the data at 0.3≤ xMnC ≤ 0.45 were not

Table 2
Parameters of the Ott Eq.(1)

System x-Range T* a0 a1 a2 a3

(1–x)MgN+xFeN 0.00–0.75 89.5 −0.85 −1.09 −0.23
(1–x)MgN+xFeN 0.85–1.00 47.5 −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
( −0.8
( −42
( −0.9
( −2.8
( −4.0
( 3.3
( −17
( 0.0
( −2.4
1–x)MgN+xMnN 0.00–0.70 89.5
1–x)MgC+xCoC 0.00–0.18 112a

1–x)MgC+xCoC 0.35–1.00 47.3
1–x)MgC+xNiC 0.00–0.55 112a

1–x)MgC+xNiC 0.55–1.00 30.2
1–x)MgC+xMnC 0.00–0.35 116.0
1–x)MgC+xMnC 0.80–1.00 50.0
1–x)MnN+xMnC 0.00–0.50 33.1
1–x)MnN+xMnC 0.70–1.00 50.0
a A value that is∼4 to 5◦C lower than the accepted value.
b A further term is required witha4 =−33.65.
5 −0.297 0.653 0.107
8.99 −1318.00 −1350.75 −461.74
52 −1.616 6.602 −4.057
3 −18.47 −60.22 −78.20b

4 7.99 −3.95
23.9 37.6 17.1

.0 31.8 −14.8
2.12 2.105

8 2.48
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as well reproducible in the three cycles as outside this
region.

4. Discussion

The freezing pointstm = tfreezeof the molten salt hydrates
and their mixtures provide the liquidus of the solid–liquid
equilibrium diagram. Those of the pure components,Table 1,
are sometimes lower than the melting temperaturestmelt
recorded in the literature. One reason for this discrepancy
is that the publishedtmelt is commonly the temperature of
the endothermic peak in a DSC determination that may lag
behind the actual start of the melting of the sample. Another
reason for the discrepancy may be small differences in the
water contents of the salt hydrate. In the present study, the
nominal water contents of the crystalline salt hydrates was
confirmed within 0.05 mol water per mole salt, and a differ-
ing water content should not be a reason for incorrect values
of the measuredtm = tfreeze. Furthermore, the presence of the
kaolinite as a nucleating and thickening agent caused the un-
dercooling of the melt before freezing, if at all, not to exceed
2◦C, see for exampleFig. 1. A clear halt in the cooling curve
(temperature against time) resulted after the temperature rose
to the equilibrium value.

Several interesting features were found in the phase dia-
g
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tems,Figs. 3 and 9, have some indication of a compound
being formed but not as well defined maxima in the phase
diagram between two eutectics, as e.g., in theMgN +NiN
[1] andMgC +MnC (Fig. 8) mixtures. The features in the
MgN +CoNandMnN +MnC systems may, after all, be arti-
facts as no new phases could be detected by X-ray diffraction.

The modeling of at least some parts of the liquidus curves
by means of the BET method indicates that the assumptions
on which the method is based have some validity. Apart from
the formal description of the salt hydrate melts as if the water
is adsorbed on sites of the salt (disregarding its ionic disso-
ciation), there is the assumption concerning mixing rules of
the parametersr andε in the binary melt. These rules are:
r =xArA +xBrB andε = (xArAεA +xBrBεB)/r, so that a cen-
tral assumption for the modeling of the mixtures is that they
behave ideally, as discussed previously[8]. The chemical
potential of the component A in the binary melt of A + B,
given by the left hand side of Eq.(2) and calculated by
means of these mixing rules, is crucial for modeling the liq-
uidus. The successful modeling indicates that the excess en-
tropy of mixing is small. The excess enthalpies are taken
into account in Eq.(3), and appear not to be large either,
lending support to the assumption of near ideal mixing in
the melt.
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as studied many years ago[1]. However, since theMgN in
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onsiderably higher than the accepted value of 89.5◦C [3],
he melting points of the mixtures reported previously[1]
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. Conclusions

The meager information in the literature concerning
olid–liquid equilibrium diagrams of binary mixtures of s
ydrates is augmented here with liquidus diagrams for s
ystems over the entire composition range. These com
ixtures of magnesium nitrate hexahydrate (MgN) with

obalt nitrate hexahydrate (CoN), with iron(III) nitrate non
hydrate (FeN), and with manganese nitrate tetrahyd
MnN), and of magnesium chloride hexahydrate (MgC) with
obalt chloride hexahydrate (CoC), with nickel chloride hex
hydrate (NiC), and with manganese chloride tetrahyd
MnC), as well as of the two manganese salts. The ma
ium nitrate rich part of the diagram with nickel nitrate (b
exahydrates) was re-determined. Three of these sy
MgN +FeN,MgN +MnN, andMgC +NiC) have single eu
ectics as their only clear features and one (MgN+MnC) may
ave a peritectic, in addition to a eutectic. One system
gN +CoN one, does not appear to have a well chara

zed eutectic. Three systems (MgN+NiN, MgC +CoC, and
gC +MnC) show maximal melting temperatures signi

ng compound formation and the two eutectics around
he case ofMgN +NiN only theMgN-rich branche is shown
ome of the eutectics have very low freezing points, <10◦C,

he melts being then fairly viscous, so that only the min
n the liquidus curves could be reported. In some of the
ems a considerable part of the liquidus of the magne
alt rich part of the diagram could be modeled by mean
he BET method. Where this could not be done this was
o the BET parameters,r andε, not being available either f
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the non-magnesium component (e.g.,MgN +FeN) or for the
congruently melting compounds (e.g.,MgC +MnC).
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