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Abstract The low-temperature heat capacity of
e-Mg,PO,OH was measured between 10 and 400 K by
adiabatic calorimetry. No phase transition was observed
over this temperature range. A relative enthalpy incre-
ment of 22,119 J mol~' and an absolute entropy value
of 127.13£0.25 T mol ™' K™' at 298.15 K are derived
from the results. The low-temperature heat-capacity
data are compared with the DSC data obtained from
143 K to 775 K and show marginal differences in the
common temperature range. The latter data are fitted by
the polynomial

C, = {316.62 — 2957 T~ — 563350 7>
+955.55x 10° T} J K" mol ™,

which allows extrapolation to high temperatures.

Keywords Adiabatic calorimetry - DSC calorimetry -
Magnesium phosphate - Heat capacity - Entropy

Introduction

Magnesium phosphates have received surprisingly little
attention from a thermodynamic point of view. They are
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yet of industrial interest, for instance as bonding materials
in refractories and mortars (Lyon et al. 1966), as rapid-
setting cements (Sarkar 1990; Yang et al. 2000) or as fer-
tiliser (e.g. Bolland et al. 1992; Sata 1997); they are also of
medical interest in urinary stones (Sutor 1974) and in bi-
omaterials (Driessens et al. 1995). As rock-forming min-
erals, although less common than other phosphates like
apatite, Mg-phosphates play an important role in late-
stage metasomatic processes around alkaline intrusive
rocks (as shown by the spectacular veins of bobierrite,
Mg3(PO,),:8H,0, and kovdorskite, Mg,PO,OH-3H,0,
in the Kola peninsula); they are also potential petrological
indicators in metamorphic rocks owing to their numerous
polymorphic relations. Indeed, early synthesis work has
revealed five polymorphs of Mg,PO,OH (labelled o to &,
Raade 1990) and three polymorphs of Mg3(POy), (e.g.
Berthet et al. 1972; Annersten and Nord 1980; Théodoret
et al. 1987; Jaulmes et al. 1997). Experimental phase-
equilibrium studies (Brunet and Vielzeuf 1996; Brunet
etal. 1998; Leyx et al. 2002) have explored the relations of
the Mg3(POy), polymorphs with four of the Mg,PO,OH
polymorphs and the mineral phosphoellenbergerite, ide-
ally Mg14(PO4)s(PO;OH)2(OH)s. The Mg3(POy), poly-
morphs include a low-pressure polymorph, the mineral
farringtonite found in meteorites, and a high-pressure
one, the Mg analogue of the pegmatite mineral sarcop-
side. Among the polymorphs of Mg,PO,OH, althausite
(0) and holtedahlite (y) were shown to be intermediate-
pressure minerals, € to be the low-pressure and
high-temperature phases, and f, which is the hydroxyl
analogue of wagnerite Mg,PO,F, to be the high-pressure
form. The latter phase and phosphoellenbergerite turned
out to be high-pressure minerals actually encountered in
ultrahigh-pressure metamorphic rocks (Brunet et al.
1998). However, this large body of phase-equilibrium
data remained so far unamenable to thermodynamic
treatment because of the dearth of thermodynamic data
even in a simple system as MgO-P,Os—H,O. Indeed,
farringtonite being the sole phase for which enthalpy of
formation, heat capacity, and entropy were known (Ste-
vens and Turkdogan 1954; Oetting and McDonald 1963;
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both reexamined by Lodders 1999), it is necessary to have
one more “‘anchor phase” in this system to extract the
thermodynamic properties (entropy, enthalpy of forma-
tion) of phosphoellenbergerite and the Mg,PO,OH
polymorphs from the phase-equilibrium data. The low-
pressure phase e-Mg,PO4OH was therefore an obvious
target for calorimetric work as it could be more easily
synthesised in large enough batches. We report here, low-
temperature adiabatic heat-capacity measurements as
well as intermediate- to high-temperature differential
scanning calorimetry (DSC) results on this polymorph.
The accurate entropy value derived will set tight con-
straints on the enthalpy of formation through the high
correlation existing between entropy and enthalpy values
extracted from phase equilibrium data.

Experimental techniques
Sample preparation and characterization

The &-Mg,PO4OH polymorph was synthesised hydro-
thermally at 60 MPa and 620 K in externally heated
Tuttle-type cold-seal pressure vessels for an approximate
duration of 2 months (see Brunet et al. 1998 for experi-
mental details). It was prepared from a stoichiometric
mixture of MgO (Alfa Aesar, 99.95%, fired at 1,300°C
before mixing) added to NH4H,PO, (Aldrich, 99.999%),
reacted with water, and baked at 600°C for 2 h. The
mixture was enclosed with 10 wt% deionised water in
gold capsules of 3 mm or 4 mm outer diameter, which
were sealed by arc welding. Nine runs were required to
synthesise 5.6 g of the compound, each of them yielding
500-800 mg of e-Mg,PO,OH, with a grain size in the
range 1-10 pm. Each batch was sampled in several places
along the length of the capsule, analysed by X-ray powder
diffraction and checked for purity. The cell parameters
obtained by whole-pattern refinement are a=8.2416 (3),
b=6.1338(2), c=7.4120 (3) A, V=374.69 (3) A, in good
agreement with Raade and Remming (1986) and Raade
(1990) data. No extra phase was detected in this way, nor
by examination under the scanning electron microscope.

Adiabatic calorimetry

Measurements were performed in the CAL V calorime-
ter of the Chemical Thermodynamics Group, Utrecht
(Van Miltenburg et al. 1987, 1998). This adiabatic cal-
orimeter consists of a cryostat for liquid helium and li-
quid nitrogen and a measuring compartment located
below the liquid-helium holder. The measuring part
consists of a sample vessel (volume 11 cm?) surrounded
by two temperature-controlled shields. The inner shield
is controlled to the same temperature as the vessel, the
outer shield to about 10 K below the temperature of the
inner shield. A regulated heater for the wires is used to
bring the wire bundle going to the vessel to the same
temperature as the vessel. In the insert of the vessel a

30Q Rh/Fe resistance calibrated by Oxford Instruments
is used as thermometer, and a 100-Q-resistance wire is
wound bifilarly around the insert and serves as the
heater. The calibration of the thermometer is based on
the ITS-90 temperature scale (Preston-Thomas 1990).
The accuracy of the heat-capacity measurements was
checked by measuring n-heptane and synthetic sapphire.
No deviations from the recommended values larger than
0.2% were found.

Before the compound was loaded in the calorimeter
vessel, it was evacuated at about 100°C for several hours
and stored under vacuum for 5 days in order to remove
physically attached water. A mass of 5.6 g was loaded in
the vessel, which was evacuated and then filled with
about 1,000 Pa of helium before closing. The helium gas
served as a heat-exchange gas. Measurements were made
in the intermittent mode, using stabilization periods of
about 600 s and heat input periods of about 500 s. Be-
low 30 K, shorter time periods were used. Several mea-
surement series were made, covering each temperature
region at least twice.

Differential scanning calorimetry

The higher-temperature measurements were performed
with a Perkin Elmer DSC 7 differential scanning calo-
rimeter at Institut fiir Geowissenschaften, Kiel Univer-
sity. The experimental technique was similar to that of
Bosenick et al. (1996), Fasshauer et al. (1998) and Benisek
et al. (1999). In the low-temperature region (143-323 K),
the measurements were made under a flow of helium gas
while the calorimeter block was kept at 93+5 K with li-
quid nitrogen, whereas, in the high-temperature region
(323-775 K), a flow of dried nitrogen was used, with the
calorimeter block thermostated at 293+1 K. Known
melting points and phase transitions were used for tem-
perature calibration (the phase transition and the melting
of cyclohexane at 186.09 K and 279.69 K, respectively,
the melting of In at 429.75 K and the phase transition of
Li,SO4 at 851.0 K); temperature accuracy is assumed to
be £1 K asdetermined by Bosenick et al. (1996). A single-
crystal synthetic corundum was used as the C,,-calibration
standard; its heat capacity was taken from Ditmars and
Douglas (1971).

The standard and the sample (around 60 mg) were
placed into Au pans. The measurements were performed
using the step-scanning method described in Bosenick
et al. (1996), with a heating rate of 20 K min~' over
temperature intervals of 100 K.

Results
Adiabatic calorimetry
The experimental data given in Table 1 form a contin-

uously measured set from 10 K to 400 K. As the
other data series did not show deviations above the



Table 1 Experimental molar heat capacities of e-Mg,PO,OH (adiabatic calorimetry)

15

TK) C,0K'mol™) T(K) C,dK'mol™) T(K) C, 0K 'mol™) T([K) C,(J K 'mol™) T(K) C,(J K "' mol™
717 0.20 84.16  36.30 158.61 85.82 227.62 119.42 296.15 144.01
8.98 0.21 85.03  36.90 160.55 86.93 229.25 120.12 299.11 144.82
11.09 0.24 86.66  38.09 162.49 88.04 230.89 120.80 302.07 145.58
13.13 0.25 88.24  39.20 164.41 89.04 232.51 121.44 305.02 146.57
1528 0.45 89.09 39.81 166.32 90.16 234.13 122.12 307.97 147.57
17.47 0.53 91.33 41.38 168.22 91.20 235.75 122.73 310.92 148.43
19.67 0.76 91.45 41.49 170.11 92.25 237.37 123.47 313.88 149.29
2197 1.12 93.74 43.13 171.98 93.26 238.97 124.05 316.84 150.05
2440 1.64 9431 43.48 173.84 94.21 240.58 124.67 319.79 150.96
2692 230 95.98 44.70 175.70 95.23 242.18 125.31 322.74 151.86
29.59  3.05 97.20 45.52 177.54 96.21 243.77 125.93 325.70 152.62
3241 4.10 98.17 46.26 179.37 97.16 24536 126.57 328.65 153.68
3528 5.34 100.01 47.53 181.20 98.10 246.95 127.18 331.60 154.44
38.19 6.52 100.31 47.76 183.01 99.03 248.53 127.82 334.55 155.26
40.65 7.77 102.75 49.59 184.82 99.92 250.11 128.48 337.50 156.04
42.94 9.01 105.41 51.45 186.62 100.83 251.69 129.16 340.46 156.78
4528 10.28 108.02 53.50 188.40 101.75 25326 129.65 343.40 157.44
47.67 11.70 110.57 55.19 190.18 102.62 254.83 129.87 346.36 158.15
50.10 13.15 113.07 56.88 191.96 103.49 256.40 130.66 349.31 158.89
52.57 14.65 115.52 58.52 193.72 104.30 257.97 131.26 35225 159.61
55.07 16.25 117.94 60.11 195.48 105.16 259.53 131.91 355.21 160.42
57.61 17.88 120.32 61.12 197.23 106.05 261.08 132.60 358.16 161.12
57.91 18.07 122.66 63.22 198.97 106.87 262.63 133.16 361.11 161.66
60.18 19.58 124.97 64.87 200.70 107.61 264.18 133.79 364.06 162.40
61.15 20.23 127.24 66.44 202.43 108.45 265.73 134.10 367.02 163.14
62.78 21.34 129.49 67.89 204.15 109.28 267.27 134.50 369.97 163.78
64.46 22.39 131.71 69.39 205.86 110.01 268.81 134.99 372.92 164.41
65.41 23.11 133.91 70.78 207.57 110.83 270.35 135.54 375.87 165.27
67.82 24.73 136.08 72.15 209.27 111.58 271.88 136.12 378.82 165.89
68.06 24.93 138.23 73.54 210.97 112.37 273.42 136.38 381.78 166.46
70.74  26.79 140.36 74.84 212.66 113.06 274.94 136.84 384.73 167.07
7123 27.25 142.46 76.16 214.34 113.85 276.47 137.37 387.68 167.70
7343 28.68 144.54 77.45 216.02 114.53 277.99 137.92 390.63 168.34
74.68 29.17 146.60 78.69 217.69 115.26 279.51 138.35 393.58 168.82
76.14  30.57 148.64 79.95 219.36 116.04 281.03 138.89 396.53 169.51
78.18  32.01 150.67 81.19 221.02 116.71 282.55 139.32 399.49 169.88
78.86 32.51 152.67 82.34 22268 117.38 288.46 140.94

81.56 34.42 154.67 83.54 22433 118.12 290.23 141.91

81.67 34.45 156.64 84.66 22598 118.81 293.19 142.91

reproducibility of the apparatus (about 1% below 30 K,
0.05-0.1% between 30 K and 100 K, and 0.03% above
100 K), they are not included in Table 1. In Fig. 1
however, all experimental data are given. No indication
of a phase transition was found in this temperature
range [implying that the & phase remained metastable
with respect to the low-temperature o phase (Raade
1990)] and the data were interpolated for every degree.
The results are presented in steps of 5 K or 10 K in
Table 2.

Calculation of the absolute entropy S, and of
the relative enthalpy increment (H(T)-H(0))

From the low-temperature heat-capacity data set, the
entropy and enthalpy values, given at selected temper-
atures in Table 2, were calculated by numerical inte-
gration. For this calculation, starting values of the
entropy and enthalpy are needed. The heat capacity of
the compound dropped rapidly below 10 K and the

difference with the empty-vessel experiment became too
small to give reliable results. The extrapolation of the
heat capacity to 0 K was made by assuming that below
10 K, the Debye low-temperature relation, C,=« T,
could be used. The value found for « by fitting the raw
data between 13 K and 25 K is 0.000109 J K~ * mol ',
resulting in the starting values of 0.036 J K~' mol~! for
the entropy at 10 K and 0.272 J mol ™" for H(10)—H(0).
Integration of the C,(7)/T function between 0 K and
298.15 K yielded a standard entropy value of
127.13 J mol~' K™, for which an uncertainty of 0.25
J mol~! K~ is proposed, on the basis of the accuracy of
the C, measurement.

High-temperature heat capacity

The mean of the C, values obtained from six series of
DSC measurements between 143 K and 775 K are given
in Table 3 together with the standard deviation. Fig-

ure 2 compares the data series obtained by adiabatic and
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Table 2 Thermodynamic properties at selected temperatures for
E-Mg2PO4OH

TEK) Com@K ' 'mol™) S50 K 'mol™") AHY (J mol™)
10 0.11 0.04 0.27
20 0.81 0.27 4.04
25 1.79 0.55 10.4
30 3.18 1.00 22.9
35 522 1.65 44.0
40 7.43 2.44 73.6
45 10.13 3.47 117
50 13.10 4.69 176
55 16.20 6.08 249
60 19.46 7.63 338
65 22.80 9.32 444
70 26.27 11.15 567
75 29.44 13.07 706
80 33.33 15.12 865
85 36.88 17.21 1,038
90 40.45 19.43 1,232
95 43.98 21.70 1,442
100 47.53 24.04 1,670
105 51.16 26.44 1,917
110 54.81 28.91 2,182
115 58.17 31.42 2,464
120 60.93 33.96 2,763
130 68.24 39.14 3,410
140 74.62 44.43 4,125
150 80.78 49.79 4,902
160 86.61 55.19 5,739
170 92.19 60.61 6,633
180 97.48 66.03 7,581
190 102.53 71.44 8,582
200 107.30 76.82 9,631
210 111.92 82.17 10,727
220 116.30 87.47 11,868
230 120.43 92.73 13,052
240 124.44 97.94 14,276
250 128.43 103.10 15,541
260 132.12 108.21 16,843
270 135.41 113.26 18,181
280 138.52 118.24 19,551
290 141.81 123.16 20,951
298.15 144.57 127.13 22,119
300 145.04 128.02 22,387
310 148.16 132.83 23,853
320 151.03 137.58 25,348
330 154.03 142.27 26,874
340 156.67 146.91 28,427
350 159.06 151.48 30,006
360 161.44 156.00 31,609
370 163.79 160.46 33,235
380 166.11 164.86 34,885

Molar mass=160.5887 g mol ™"

DSC calorimetry, which overlap in the range 143—
400 K. Over this range, the DSC data are marginally but
consistently lower than the ‘low-temperature’ adiabatic
data. Both data series are closest near 220 K with a
minimum difference of 0.6%; the discrepancy worsens
toward lower temperatures to reach 3.8% at 143 K and
remains near 1.7% up to the highest temperature
(400 K). However, the low-temperature adiabatic data
set remains within one standard deviation of the less
precise DSC data over the whole range.

For practical purposes, in particular the handling of
high-temperature phase-equilibrium data, the data set
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Fig. 1 Experimental heat-capacity data of e-Mg,PO,OH (adiabatic
calorimetry)

obtained at high temperature was fitted with the poly-
nomial representation proposed by Berman and Brown
(1985),

Cp=ko+ kT + kT
+ kT3 (where k) and &, < 0).

This formulation ensures that extrapolation outside the
range of measurement satisfies the high-temperature
Dulong and Petit limit. The parameters obtained from
the fit of the whole DSC data set are reported in Table 3;
the resulting curve is shown as the solid line in Fig. 2.

Discussion and perspective

The results obtained here are a first step toward the
derivation of an internally consistent set of thermody-
namic properties for the MgO-P,05-H,O system. As the
Hpand S, values derived from phase-equilibrium con-
straints for an ‘unknown’ phase are highly correlated,
the precise knowledge of an entropy value as determined
here sets in turn tight constraints on the H, value that
can be extracted from phase-equilibrium data, for
instance from experimental brackets on a reaction like

2¢ - Mg,PO4OH + Al,O3 corundum
= Mg;(PO,), farringtonite + MgAl, Oy spinel + H,O

(cf. Leyx et al. 2002), in which e-Mg,PO4OH is the only
unknown.

The entropy value derived here for &-Mg,PO,OH
may be compared with estimates made using summation
methods, for instance the one proposed by Holland
(1989), based on the volume-corrected additivity of fic-
tive oxide components and extended to phosphates by
Brunet et al. (2004). Using Holland’s (1989) S— values
for "M gO and high-entropy H,O (as the OH groups are
essentially unbonded, Raade and Remming 1986),
Brunet et al. (2004) values for P'"MgO and P,Os, and an
e-Mg,PO,OH standard volume of 56.3 cm?® mol™!
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Table 3 Experimental molar heat capacities of e-Mg,PO,OH (differential scanning calorimetry)

T (K) C, 0K ' 'mol™  ¢(C) (%) T(K) C, K 'mol™)  ¢(C) (%) T(K) C, K 'mol™) 4 (C) (%)
143.15  73.57 5.70 358.15  158.28 2.59 573.15  192.54 2.04
148.15  76.93 5.62 363.15  159.45 2.58 578.15 19322 2.10
153.15  79.98 5.65 368.15  160.57 2.53 583.15  193.96 2.26
158.15  83.36 5.65 373.15  161.66 2.56 588.15  194.64 2.48
163.15  86.16 5.58 378.15  162.76 2.53 593.15 19532 2.78
168.15  89.36 5.54 383.15  163.79 2.51 598.15  196.17 3.07
173.15  91.86 5.19 388.15  164.80 2.50 603.15  196.38 3.20
178.15  94.70 5.33 393.15  165.77 2.51 608.15  196.70 3.03
183.15  97.29 5.05 398.15  166.75 2.51 613.15  196.93 271
188.15  99.92 5.05 403.15  167.66 2.52 618.15  197.22 2.60
193.15  102.30 4.64 408.15  168.60 2.54 623.15  197.56 2.56
198.15  104.79 4.53 413.15  169.49 2.53
203.15  107.13 4.05 418.15  170.39 2.61 643.15  198.51 1.98
208.15  109.72 3.99 42315 171.32 2.60 648.15  198.96 2.02
213.15 11192 3.25 653.15  199.45 2.01
218.15  114.30 3.04 443.15  174.05 2.58 658.15  199.92 1.97
22315  116.90 2.81 448.15  174.86 2.54 663.15  200.37 2.00
453.15 17576 2.52 668.15  200.81 1.98
243.15  123.62 2.97 458.15  176.59 2.46 673.15  201.24 1.94
248.15 12545 2.92 463.15  177.44 2.43 678.15  201.61 2.00
253.15  127.76 3.10 468.15  178.29 2.38 683.15  202.08 2.02
258.15  130.48 3.05 473.15  179.07 2.39 688.15  202.41 2.03
263.15  130.73 3.24 478.15  179.79 2.35 693.15  202.89 2.02
268.15  131.87 3.27 483.15  180.54 2.34 698.15  203.35 2.04
273.15  133.53 3.22 488.15  181.29 232 703.15  203.81 2.10
278.15  135.17 3.29 493.15  182.03 232 708.15  204.24 2.14
283.15 13691 3.29 498.15  182.72 2.30 713.15 20477 2.19
288.15  138.37 3.21 503.15  183.42 2.37 718.15  205.29 2.21
293.15  140.14 3.23 508.15  184.17 2.35 723.15  205.96 2.41
298.15  141.60 3.00 513.15  184.83 2.34
303.15 14334 3.15 518.15  185.51 2.38 74315  206.63 2.12
308.15  144.90 2.76 523.15  185.88 2.40 748.15  207.03 1.98
313.15  146.46 2.74 753.15  207.53 1.96
318.15  148.03 2.40 543.15  188.27 2.15 758.15  208.03 1.99
323.15  149.72 237 548.15  188.92 2.15 763.15  208.49 2.00
553.15  189.64 2.07 768.15  208.96 1.97
343.15 15452 2.79 558.15  190.36 2.06 773.15  209.44 1.99
348.15  155.80 272 563.15  190.96 2.11
353.15  157.06 2.67 568.15  191.77 2.00

Berman and Brown (1985) fit: C,=316.62-2957 T™*>-563350 7>+ 955.55x10° T~

fit to DSC data
o DSC data
+ LT calorimetry

Istandard deviation of DSC data

405 T T T T T T
100 200 300 400 500 600 700 800

T(K)

Fig. 2 Comparison between low-temperature and high-tempera-
ture heat-capacity data of e-Mg,PO,OH

(Raade and Remming 1986), we obtain an estimated
standard entropy of 118.9(5.8) Jmol' K™' for
e-Mg,PO,OH, which is about 6% lower than, and

therefore only marginally consistent with the calori-
metric value. This discrepancy may be due to the narrow
basis of thermodynamic data on which the S—V
parameters for P'MgO and P,Os were derived (Brunet
et al. 2004); it emphasises the need for additional calo-
rimetric measurements on a variety of phosphates.
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