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Abstract

The solid-liquid phase diagrams of binary mixtures of magnesium nitrate hexahydrate with magnesium acetate tetrahydrate and with
aluminum nitrate nonahydrate and of ammonium alum with ammonium sulfate and with aluminum sulfate octa- or hexadecahydrate are
presented. The phase diagrams of ammonium alum with ammonium- and with aluminum sulfate, exhibiting a sharp eutectic, were fitted by
the Ott equation. The magnesium-nitrate-rich part of the diagram with aluminum nitrate is modeled by the BET method.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Systems that exhibit a sharp minimum (a eutectic) can
be fitted with the semi-empirical Ott equatiff]. For the

Mixtures of hydrates of inorganic salts may form contin- systems considered in this paper, only the alum-rich part of

uous solid solution$l,2], eutectics, peritectics, and even- the (1 — x)AAl + xAS phase diagram and the entife—

tually congruently melting compound®,3]. In a project x)AAIl + xAlIS phase diagram, whereis the mole fraction,

aimed at obtaining thermodynamic properties of salt hy- can be so fitted with equations:

drates that could eventually act as phase change materials .

for thermal energy storage, the solid—liquid phase diagrams 7(*) = T [1 + Z“i (x — x*)l] (1)

of several such mixtures were studied. Interest was focused . . .

on mixtures with melting points between 60 and $@Qand In the AAL-rich S'de_T* = Tm(AAI) and x* = 1 with one_set .

four such systems are described here. These are common—io@lt ;‘;f:ﬁgﬁfzgmcg Qfoﬁﬁjsnn;)ttbn;?:tt;% tn]etﬁfégggnséde

mixtures, with either a common cation or a common an system, in the AAl-rich sidel™ = T(AAD) and x* — 1

ion. Two of them are based on magnesium nitrate hex- >~ . .
: : . ) ; with another set of; parameters and for the AlS-rich side,
ahydrate (MgN in the following) that is well-characterized beyond the eutectid™ = Tm(AIS) andx* = 0 with a third

and melts reversibly: its mixtures with magnesium acetate { ofa :
tetrahydrate (MgA) and with aluminum nitrate nonahydrate SEl ofg; parameters. N .
The liquidus of salt hydrates and their mixtures can, in

(AIN). The other two mixtures comprise ammonium alum " :
(AAI) mixed with ammonium sulfate (AS) and with alu- principle, be. modeled by the BET meth¢fl6]. This ap-
proach requires data on the vapor pressures of the aqueous

minum sulfate hydrate (AIS). The alum is the dodecahy- : X : .
drate, again well-characterized and melting reversibly, but salts at their melting point, but of the systems examined here
' ’ data are available only for MgN. Modeling was, therefore,

AS is anhydrous and AlS is nominally the octa- or hexadec- applied only to the Mgt AIN system. The following ex-
ahydrate. The solid-liquid phase diagrams of these mIXtureSpression[5] was first employed to obtain theandr BET

were studied. - Ph
parameters for MgN from the vapor pressures, yielding the
water activitiesaw:
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wherem is the molality of the salt. The parameterepre- by EDTA (back) titration of the aluminum content and was
sents the number of binding sites for water in the salt and found to be 1210+ 0.03 mol per mole saltAS ammonium

¢ = exp(e/RT), wheree represents the difference between sulfate (Malinckrodt) ((NH)2SO4) was used as received.
the molar enthalpy of “sorption” of water on the salt and the MgN: magnesium nitrate hexahydrate (Baker's Analyzed)
molar enthalpy of liquefaction of water. The activity of the (Mg(NOg3)2-6H,0), water content 6.0 0.01 mol of water

salt is given by the following BET expressi¢s): per mole salt, determined by EDTA and by Karl-Fischer
5551 A r c—1 titrations. MgA: magnesium acetate tetrahydrate (Merck)
—  1-5i-: " A (3 (Mg(CH3CO,)»-4H,0) water content A0 &+ 0.02 mol of

water per mole salt, determined by EDTA titration. Several
from which as = 1" is obtained. The enthalpy of fusion samples of the latter were tested for their water loss in a
of MgN, L, and the excess partial molar enthalpiég and vacuum oven at 45C, and found indeed to lose practically
HE,, calculated according to the BET expressiffisyield 4.0mol of water per mole of saltka: well-crystallized
the quantity(L — H_E — 6H\',5v)/R, there being six moles of  kaolinite from Washington County, GA, was used as a
water per mole magnesium in MgN, employed for obtaining nucleating agent.
the liquidus temperature.

It is assumed[6] that the BET parameters in the 2.2. X-ray characterization
MgN + AIN (M and A, for short) mixtures are the

mole-fraction-weighted means A Philips Automatic Powder Diffractometer was em-
XMIMEM + XAFAEA ployed, with monochromatized Cu Keadiation. Crystals
r=(xmrm +xara) and &= 4) of AI(NO3)3-9H,O (AIN), Alx(SOs)z (A1S) 16.3H0,

' Mg(NOs)2-6H,0 (MgN), and Mg(CHCO,)2-4H20 (MgA)
andc = exp(¢/RT), as before. The values of andea for were ground finely, and their powder diffractions were
AIN cannot be obtained due to lack of water vapor pressure . aasured. The diffraction patterns agreed with those in
data at elevated temperatures, so they had to be estimateg,o jiterature (in the case of AIS with that of nominally
from room temperature data. The liquidus is then obtained Al»(SOy)3-17H,0) [2000 JCPDS]. The possibility of a re-
iteratively at various assumed temperatuiefor a given action of ammonium alum with kaolinite (Ka), used as the
compositiony = xa from: nucleation agent, while the AAl was molten, was examined
by keeping 5 and 15wt.% of Ka in the melt for several
hours. After cooling and solidification the samples were

{L — HSE — GH\',EV } [1 1 ] ground and subjected to X-ray powder diffraction examina-

In[as(T, x)ad, (T, x)] — Infas(Tm, L (Tm, 1)]

R T T, (%) tion. No lines other than those of pure crystalline AAI and
m
Ka were found.
with Tr, being the melting point of MgN, until equality of
both sides oEq. (5)is attained. 2.3. Phase diagrams of mixtures

Mixtures of two salt hydrates were prepared on a mole

2. Experimental ratio basis, ground lightly together, and samples of approx-
imately 20g were placed in an open test-tube and melted
2.1. Materials in an oil bath at<10°C above the melting point. A glass

tube with a sealed end having externally little glass bumps,
AIN: aluminum nitrate nonahydrate (Riedel-DeHaen) in which a digital thermometer (Ertco-Hart, model 850C)

(AI(NO3)3-9H,0) was used as received. Its water content probe was inserted with silicone oil as a heat transfer agent,
was determined by EDTA (back) titration of the aluminum acted as a manual stirrer. Cooling curves were taken, de-
content and was found to be slightly below 9 mol per mole termined with the digital thermometer, temperatures being
aluminum. A sample from a new bottle (Fluka) showed read to 0.02C every 30s, stored, and presented graphi-
slightly more than 9mol of water per mole salt, deter- cally in an automatic manner. Generally, the sample tube
mined by weighing after drying in a vacuum oven at°’@0 was freely suspended in air for the melt to cool, but in
and 9.18+ 0.02mol of water per mole salt, determined some cases it was surrounded by insulation in order to slow
by EDTA (back) titration.AIS: two batches of aluminum  down the cooling. Some melts refused to crystallize with a
sulfate (Baker’ Analyzed) were used: one is nominally halt in the curve without a nucleating agent (then 1% by
Al2(SOy)3-18H,0 and the other AlSOy)3-16H0, but mass of Ka was added to promote crystallization) but in
they actually contained 168 0.2 mol water per mole salt, some cases the melts cooled to a glassy mass. Three cy-
from the water loss on heating to constant weight. They cles of melting—freezing were generally carried out, with re-
were used as receive8Al: ammonium alum (Baker's Ana-  sults reproducible withig=1 °C. Supercooling of 2—4C was
lyzed) (NH1AI(SO4)2-12H,0) was ground to smaller crys-  found in most cases, but in some the supercooling amounted
tals before being melted. Its water content was determinedto 10°C.
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Table 1
Water loss on cycling of salt hydrate mixtures after several melting and solidification cycles

Vessel Composition Cycles Moles water per mole salt
Nominal Before After Loss
Open 0.25 AIN + 0.75 MgN 3 6.75 6.80 6.64 0.16
0.50 AIN + 0.50 MgN 3 7.50 7.40 6.20 1.20
0.75 AIN + 0.25 MgN 3 8.25 7.95 7.80 0.15
0.20 MgA + 0.80 MgN 3 5.60 5.51 5.40 0.11
0.30 MgA + 0.70 MgN 10 5.40 5.36 5.08 0.28
0.35 MgA + 0.65 MgN 10 5.30 5.20 5.08 0.12
0.40 MgA + 0.60 MgN 10 5.20 5.18 4.86 0.32
Closed 0.30 MgA + 0.70 MgN 10 5.40 5.36 5.37 -0.01
0.40 MgA + 0.60 MgN 10 5.20 5.18 5.17 0.01
3. Results in some of the literaturg7,8], 86—88C; in fact a much

higher temperature, 12C, was required to yield a clear
liquid (see[10,13], wheret,, was shown to depend on the
water content). The melt of our sample of AlS then showed

3.1. Sability of the materials on cycling

The water contents of portions of ca. 10 g of certain mix- a break in the cooling curve at 933, taken to bep,.

tures of salt hydrates were determined before and after cy-

cling through melting and solidification, in both open and 3.3. Mixtures of MgN and MgA

closed vessels. Representative samples of these mixtures
were analyzed for their metal ion contents by EDTA titration,

The phase diagram is shownkig. 1. The main features

from which the water contents were deduced. The resultswith increasing MgA content are a maximum negiga =
are shown iriTable 1. In open vessels the mixtures lost ca. 0.32,ty, = 65°C, and two minima (eutectics) surrounding it,
0.02-0.05 mol of water per mole of salt per cycle. In closed one nearga = 0.28, rm = 61°C, the other neatyga =
vessels a minimal amount of water condensed on the upper0.38, 1, = 62°C. On further increase of the MgA content
(cooler) walls of the vessel but the overall loss of water was in the region 045 < xmga < 0.75 three cycles of cooling

<0.002 mol of water per mole salt per cycle. In mixtures
containing magnesium nitrate and acetate the loss of CO Table 2

by possible oxidation and decomposition of the acetate wasMelting points of salt hydrates

checked by elemental analysis after the cycling. The results st

were inconclusive as regards minor changes, but no major
changes in the composition of the salts was detected.

3.2. Individual salts

The melting—freezing pointd;,, are shown inTable 2,
together with data from the literature. Molten MgN crystal- 5y
lized readily atty; = 89.5+ 0.5°C. The MgA did not melt
readily to a clear liquid and generally showed no breaks in
the cooling curves, except in one case, at@sPure AIN
crystallized aty, = 71.0+0.7°C with ~8°C supercooling.
However, in other experiments pure AIN on cooling from AIS (18-hydrate)
the melt did not show a break near this temperature, but on
the contrary, a clear break was obtained at43°C, with
2-4°C supercooling. This may signify that water was ab- 16 3-Hydrate
sorbed, resulting in a higher hydrate with a lower melting
point. For pure AAIl large supercooling was noted and the
following nucleation agents were used. The values of the
melting pointty, for 1% soda-lime particles are 91.1°C MaN
(average for four cycles). For 1 and 1.5% powdered silica
tm = 90+ 1°C (average for four samples), for 3 and 4%
tm = 89+ 1°C (average for seven samples). Pure AS, not
being a salt hydrate, was not subjected to melting and crys-

tm (°C) Melting Reference
AAIl 94.5 [8]
80-94 [9]
93.8 [7]
11.9-Hydrate 94.0 Congruent [10]
93.5 Congruent [11]
90$+1 Congruent Present work
73 [8]
73.5 [12]
74.2-76.2 [7]
70 [9]
71.0+ 0.7 Present work
86 dec [8]
18-Hydrate 88 [7]
17.4-Hydrate 77-108 Gradual [10]
15.4-Hydrate 90 [13]
93.3 Present work
MgA 80dec [8]
68 [14]
67.2 [15]
~95dec [8]
89 [7]
95 [9]
90.3 [16]
89.5 Congruent [17]
89.5+ 0.2 Congruent Present work

tallization. AIS melted at a higher temperature than reported
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Fig. 1. Phase diagram of MgNMgA. The freezing point gy, in °C; () first series of experiments®) second series of experiment§)) literature data.

curves were obtained, with and without 1% Ka. Increasing 3.4. Mixtures of MgN and AIN

difficulty of crystallization, i.e., no definite halt in the tem-

perature decrease in one of the cycles and solidification to a No nucleating agents were used in a first set of experi-
glassy mass, were noted. The Ka did help somewhat in en-ments. Supercooling of 2-°€ was found wher40% mole
suring crystallization. The main feature of the phase diagram AIN was present, but below this (except for pure MgN) su-
in this region (se€ig. 1) is the apparent formation of a con- percooling up to 10C was noted. The main features of the
gruently melting (f = 83.040.3°C) mixture neanpga = phase diagrankig. 2, are a shoulder near 40% mole AIN,
0.65. Mixtures with more than 80% mole MgA did not crys-  signifying possible compound formation, and a eutectic at
tallize at all (no break in the cooling curve) but formed a 42+ 2°C near 80% mole AIN. Subsequently, mixtures of
glassy solid when sufficiently cooled, even in the presence the two salts with 1% Ka were melted and cooled for three
of Ka. A mixture of MgN+ MgA with xmga = 0.67 (mole cycles with well-reproducible results. These essentially con-
fraction, 1:2 nitrate to acetate) was melted, crystallized, and firmed the previously obtained results (one to three cycles
some of it was inserted in a vacuum oven overnight at room but without Ka), sed-ig. 2.

temperature. A powder diffractogram was taken and some

characteristic lines of the original components, but also lines 3.5. Mixtures of AAl and AS

corresponding to a new 1:3 compound (see below) were

found. A similar mixture withxyga = 0.75 (1:3 nitrate to Supercooling of 0.2-4.0C was generally found before
acetate) was similarly prepared (melted and crystallized) andthe halt in the temperature decreaeg, signifying crystal-

its powder diffraction was measured. The diffraction patterns lization, was noted. The halt temperatures were reproducible
of the un-dried and dried powder samples were measured,to 1°C. Mixtures withxas > 0.9 failed to melt. The result-
and no difference was found. A large proportion of the lines ing phase diagram is shown Fig. 3, the fitting curve up
(67%) corresponded to those of the new compound (see beto xas = 0.6 according to the Ott equation (1) wiffi* =
low), but characteristic lines of the original components or T (AAl) = 363K andx* = 1. The parameters are shown
other phases were also found. in Table 3.

The crystalline double salt that arises in the MgA-rich A broad minimum in the curvey, ~ 68°C, is noted in
part of the MgN+ MgA phase diagram was character- the range of ca. 8 < xas < 0.8. Melts in the range of
ized by both powder X-ray diffraction and single-crystal 0.45 < xas < 0.75 exhibited a second halt in the cooling
diffraction with crystals grown from the melt and for the curve,tp, also shown irFig. 3, corresponding to the eutectic
latter method also from aqueous solutions. The composi-in this system. Mixtures up taas = 0.6 could be cycled
tion [Mg,(CH3CO;,)3(H,0)6] TNO3~ was confirmed by el-  through melting and crystallization for a second and third
emental analysis, X-ray diffraction and Raman spectroscopytime with ty, reproducible to 2C. However, beyond this
as described elsewhef@). composition the melts in the second cycle cooled to a glassy
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Fig. 2. Phase diagram of MgM AIN. The freezing point igp, in °C; (#) first series of experiments@) second series of experiment§)) literature
data from[8] and () from Table 3, (—) BET curve withe = 6.4 and (——-) withe = 6.1 kJ mol L.

mass without a significant halt in the temperature. Addition added, or 1 drop of concentrated sulfuric acid was added to
of more Ka, to 5%, did permit crystallization of a mixture 20g sample (to counteract possible hydrolysis). The results
with xas = 0.65 in a second cycle, for which the second are shown iffable 4. For the first cycle, the values shown in
halt, tp, was also observed. Fig. 3were found. On subsequent cyctgsdeclined slowly
The cycling behavior of the AAFAS mixtures was inves-  for xas = 0 and 0.1, but foxas = 0.4 it first rose consider-
tigated further foncas = 0, 0.1 and 0.4, ten cycles being fol-  ably for the second cycle and then declined slowly for further
lowed. In different runs, no additive was used, 1% kaolin was cycles. This behavior was observed irrespective of whether

100

90 1

80

t J°C

‘\]
o
T
i
Hie— Fm
o

60

50 1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00

XAS

Fig. 3. Phase diagram of AAF AS. The freezing point iy in °C; (@) tm in series of experimentsA() t, of the eutectic. The curve up tons = 0.6
was calculated fronkq. (1) with the parameters iffable 3.
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Table 3 Table 4
Parameters of the Ott equation (1) for the alum containing systems Freezing temperatures on cycling of ammonium alsammonium sulfate
mixtures, from cooling curves
System X range T ao a1 a
| Cycle no. Additive Neat AAI 10% mole  40% mole
(1—x)AAl +xAS  0-0.60 365 —0.171 -0.342 —0.174 AS + AAI AS + AAI
(1—x)AAl +xAIS  0-0.31 363 -0.394 -0.764 —0.370 -
(1—x)AAl +xAIS 0.31-1.00 367 —0.092  0.187 —0.098 1 None 91.0 80.7
HaSOy - 91.0 80.5
1% kaolin 91.4 90.7 81.0
Average 91.4 90.9 80.7
an additive was used or not. The risejnfrom first to sec- 2-5 NOS”e 90.7 8223 8283-8
ond cycle was also observed fof30< xas < 0.6 (where, H2SQr - : :
1% kaolin 90.6 90 88.3
except forxAs = 0.4, only three cycles were foIIowgd). un- Average 90.7 89.3 88.5
dercooling of from near 0 up to“®€ was observed, increas-
i i d cycling, again whether an additive was usedG_lO None 87:5 8.4 88.0
ing on increased cycling, ag H,S0u - 86.0 872
or not. 1% kaolin ~ 92.0 b 87.8
Average 89.8 86.2 87.7

3.6. Mixtures of AAl and AIS

@ No halt in the cooling curve was observed (cooling too fast?).

b Up to 6 cycles only; beyond this a glassy solid resulted on cooling,
This system has a single, well-characterized eutectic atwith no distinct halt in the curve.

tm = 77.0+ 1.0°C andxas = 0.31 4+ 0.03. Freezing ¢ Fo”utrhfurtherI cycles ;v;rse c;;r;edocout, with average= 79.3°C;

POimS were r?prOdUCible t-1°C i_n thrge cycles c_)f melt- 0V?’rcayclinegn gzl(;ejgt)mtg thé eigch r::yclle was possible; beyond this a

ing and freezing. The problem with this system is the un- gjassy solid resulted on cooling, with no distinct halt in the curve.

certainty within 0.03 of the mole fraction of AIS, due

to the uncertainty in its water content. The parameters of 4. Discussion

the Ott equation (1) withil™* = T, (AAl) = 363K and

x* = 1 for xpas < 0.31 andT7T* = Tin(A1S) = 367K It has been shown by Guion et ] among others, that

and x* = 0 for xas > 0.31 are shown inTable 3and the melting points of salt hydrates reported in the literature

the fitting curves inFig. 4. On cycling in an open ves- vary considerably. For the salts dealt with in this paper the

sel water is lost and the melting poing, increases. Thus, values are shown iffable 2, including the presety; val-

at the eutectic compositiony, increases up to 84C and ues. Our value for AAl is somewhat lower than others’, but

for 0.75 < xas < 0.95 ty values of 96+ 1°C were the supercooling in the present study was considerably re-

observed. duced, and our value is well-reproducible and appears to be
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Fig. 4. Phase diagram of AALAIS. The freezing point igy, in °C; (@) first series of experiments(Y) second series of experiments. The curves were
calculated fromEq. (1) with the parameters iffable 3.
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reliable. MgA could not be melted to a clear melt, and the  The liquidus is then obtained iteratively over a range of
partly liquefied material (the salt dissolving in its water of temperature$ for a given compositiom = xa from Eq. (5),
crystallization) solidified into a glassy material. The other or, with 7T,,, = 363K
i}:;uerde lizlrtastl:];aediga\gl-ues agreeing with the better character Infas(T. X)aSV(T, 0] — In[6.2 x 1078 x 0.2064]

The only mixture of salt hydrates studied here for which ~ _ 3702[E _ i} (6)
a phase diagram was reported in the literature is MgN

T 363
AIN, for which the data by Mokhosoev and Gotmanova | equality of both sides of the equation is attained. The
[9] are shown irFig. 2. Agreement is poor, in particular as

s o . resulting (T,Xx) curves are, however, quite sensitive to the
regards the position and the depth of the minimum in the |, ;e ofe chosen (much less to that of, and are shown

phase diagram. Itis noteworthy that these authors reported 8, £ig 5 for both values of used. It is seen to agree well
much too high melting point for MgN, 9%, contrary tothe iy, the present data for = 6.4 but also more or less with
accepted value (Table 2) of 89-90. The water contents o jiterature onef9] for ¢ = 6.1. Thus, the BET modeling,
in the samples used by Mokhosoev and Gotman@la |5cking independent values fox andca, cannot be used

was not specified in the experimental description, only the to validate either set of experimental liquidus values.
nominal contents were reported, so the discrepancy may be

due to deviating water contents in their sample.

In order to examine the validity of our results for MgiN 5. Conclusions
AIN, an attempt was made to calculate the liquidus for this
system by the BET methoi,6]. This could be applied in The solid—-liquid phase diagrams of binary mixtures of salt
the MgN-rich part of the phase diagram only, since reliable hydrates are presented. That of magnesium nitrate hexahy-
water vapor pressure data required for the application of the drate (MgN /i, = 89.5°C) with magnesium acetate tetrahy-
BET method are restricted to aqueous magnesium nitratedrate (MgA) has a small maximal melting point, 85 at a
at the temperatures involved. According to this method, the ~2:1 ratio, but a larger one, 8% at ~1:2 ratio. However,
activities of water,aw, and of the salt (here magnesium the substance that crystallizes from the latter melts has the
nitrate), as, are calculated at increasing AIN contents at composition [Mg(CH3zCO;)3(H20)6)]TNO3~. Mixtures
various temperatures to yield the liquidus, where pure  of MgN with aluminum nitrate nonahydrate (AlNg =
MgN is at equilibrium with the melt. 70°C) have a eutectic at 4Z at a ~1:4 ratio. Mixtures of

Eqg. (2)was first employed to obtain theandr BET pa- ammonium alum (AAlfm = 90°C) with ammonium sulfate
rameters for MgN from the vapor pressure data of Mashovets (AS) has a eutectic at 6& at a ratio of~1:3. Mixtures of
et al. [18] at 90°C = 363K = Ty, the melting point of  AAl with aluminum sulfate octa- or hexadecahydrate (AlS,
MgN. A least squares evaluation of the left-hand side of r,, = 93°C) have a eutectic at 7C at a ~2:1 ratio. The
Eqg. (2)againstay yieldedr = 4.92 andc = 107. Previous  |atter two phase diagrams, exhibiting a sharp eutectic, were
reports of these parameters relate to lower temperatures: atitted by the Ott equation. The magnesium-nitrate-rich part
40°C r = 5.70 andc = 21.9[19] whereas at room temper-  of the diagram of MgN with AIN was modeled by the BET
aturer = 5.58 andc = 43.4[20]. For molten MgNm = method. The BET parameters at the melting point of MgN
55.51/6= 9.25 anday = 0.2064, interpolated in the water arec = 107 andr = 4.92, obtained from literature water
activity data[18]. The activity of the saltis given by the BET  vapor pressure data on concentrated solutions, but for lack
expression (3), from which = 0.0343 is extricated, hence  of corresponding data for AIN its parameters had to be esti-
as = A" = 6.2 x 1078 is obtained. The alternative deriva- mated. Good modeling was achieved wite 9 andr = 11.
tion of Voigt [20] yields practically the same resulty =
6.6 x 10~8. Further required quantities are the enthalpy of
fusion of MgN[17,21], L = 38.5kJmot?, and the excess  Acknowledgements
enthalpiesi§ = —1.32kImof?! and HE = 1.50 kI mot L,
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