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HIGH-TEMPERATURE RELATIVE ENTHALPIES AND RELATED
THERMODYNAMIC PROPERTIES OF Na,Ti O,

By M. J. Ferrante '

ABSTRACT

Relative enthalpies of high-purity disodium hexatitanate (Na,Tig0,5)
were measured at the Bureau of Mines to provide new thermodynamic data
needed to advance the technology of materials. Measurements from 298.15
to 1,478 K were made by drop calorimetry with a copper block. Tabulated
values are listed for the standard relative enthalpy, heat capacity, en—
tropy, and Gibbs energy function between 298.15 and 1,500 K. Enthalpy
data are also given in equation form and are combined with thermodynamic
data from the literature to derive values of standard enthalpiles of for-~
mation, Gibbs energies of formation, and logarithms of the equilibrium
constants of formation. Similar calculations were made for the reaction
of Na,0 with TiO,.

INTRODUCTION

Relative enthalpies of disodium hexatitanate (NazTi6O13) were deter-
mined at the Bureau of Mines as part of a continuing program to investi-
gate metallurgically important titanium compounds for the extraction
of titanium from its ores. (Sodium titanates are formed when titanifer-
ous 1ron ores are smelted under a slag containing sodium carbonate,)
Because no high-temperature enthalpy data were available to study reac-
tions involving Na,Tig0,3, the present investigation was undertaken to
supplement related studies conducted at the Bureau by Stuve (1),2 Ben-
nington (2), Shomate (3), and Naylor (4). N

The measurements of relative enthalpies were made with a copper~block

« calorimeter capable of yielding highly reliable results. These results
were combined with auxiliary data from the literature to derive complete
thermodynamic properties at elevated temperatures for Na,Tig0y3. Unless
designated otherwise, Na,Tis0,5 refers to the stable phase that exists
between O and about 1,500 K and has a monoclinic crystal structure as
shown on Powder Diffraction File (PDF) card 14-277.

Tresearch chemist, Albany Research Center, Bureau of Mines, Albany, OR.
2Underlined numbers in parentheses refer to items in the list of references at the
end of this report.



MATERIALS

Enthalpy measurements of Na,Tig0,; were
made with the same  high-purity sam-
ple used by Stuve to determine low-
temperature heat capacities and by Ben-
nington to determine the enthalpy of
formation at 298.15 K. The Na,Tiz0y5 was
made by heating a stoichiometric mixture
of titanium oxide (TiO,;) and sodium car-
bonate (Na,COs) at 1,273 K for 3 h, 1,143
K for 17 h, and 1,323 K for 2 h, After
an adjustment for a slight deficiency
of sodium, the pulverized sample was

heated at 1,023 K for 15 h and finally
at 1,323 K for 2 h, Chemical analyses of
the powdered product showed 88.55 wt %
TiO, and 11.43 wt % Na,0, compared with
the stoichiometric composition of 88.55
and 11.45 wt 7%, respectively. Less than
100 ppm metallic impurities were detected
by optical emission spectroscopy. X-ray
poyder diffraction analysis showed that
the pattern matched that listed in PDF
card 14~277.

EXPERIMENTAL WORK AND RESULTS

Enthalpies relative to 298.15 K were
measured with a drop calorimeter in an
isothermal jacket., In this method, an
encapsulated sample was heated in a fur-
nace to a known temperature and dropped
into the copper block. In order to pro-
vide a nearly dsothermal region for
heating the sample, one furnace with a
cylindrical heat sink of silver was
used to 1,200 K, and another furnace with
a cylindrical heat sink of platinum was
used between 1,200 and 1,800 K. The
temperature of the sample in both fur-
naces was measured with platinum versus
platinum~10 wt 7% rhodium thermocouples,
which were frequently calibrated against
the melting point of gold. The tempera-
ture of the calorimeter was measured with
a resistance thermometer of the trans~
posed bridge type that is wound around
the copper block, which provides a sig-
nificantly greater temperature sensitiv-
ity than a single winding. The use of
the resistance thermometer in conjunction
with a six-dial potentiometer and nano-
volt null detector can resolve changes
equivalent to +50 pK or *0.02 yV. Before
and after a series of enthalpy determina-—
tions for each substance, the calorimeter
is calibrated electrically, and its con-
stancy serves as a check on the precision
of measurements. The average deviation
of the electrical calibrations was 0.02%.
The enthalpy of periclase (Mg0O) was also
measured before and after a series of

enthalpy determinations for each sub-
stance, which served as an overall check
of the entire equipment. Results of
the Mg0 measurements agreed within 0.1%
with the values derived by Pankratz (5)
from studies conducted by Barron (6),
Victor (7), and Pankratz (8). Detailed
descriptions of the construction and op-
eration of the drop calorimeter and fur-
naces are given by Ferrante (9).

Measurements of relative enthalpies
were made with Na;Tig0y5 sealed in a cap-
sule of platinum~10 wt % rhodium (Pt-10
wt %2 Rh). The powdered Na,Tig0;; was
loaded 1into the capsule in ailr. After
the capsule was evacuated and backfilled
with approximately 1 atm of ultra-high-
purity helium, its neck was squeezed
gastight, The neck of the capsule was
then sealed by arc-welding with a non-
consumable electrode under a stream of
inert gases. A sample mass of 8.90843 g
was sealed 1in 9.96850 g of Pt-10 wt %
Rh, This amount of Pt-10 wt Z Rh ac-
counted for approximately 16% of the
measured enthalpy. Enthalpies of the
empty capsule were determined in separate
tests. The mass of the capsule and sam~
ple was periodically checked for constan-
cy by weighing between enthalpy measure-
ments., All weighings were corrected to
vacuum. A density of 3.51 g/cm® was used
for NajyTig0y3, and the molecular weight
of 541.,25174 conforms to the 1981 Table
of Atomic Weights (10).



TABLE 1. -~ Experimental measurements of

relative enthalpies for Na,Tig0,3(c)

T, K H°~H349g, | Deviation, | Run T, K H°-H; 44, | Deviation, | Run
kecal/mol % kcal/mol A
402.8| 10.633 0.13 1 1,002.3| 82.377 0.16 7
502.8| 21.676 -.05 2 1,103.2| 94.935 ~-.07 8
602.3| 33.229 -.05 3 1,195.0| 106.716 ~-.04 9
702.3 | 45.217 .01 4 21,265.7| 116.005 .06 10
1802.1| 57.141 -.42 14 21,371.9| 129.978 .03 11
802.1| 57.383 .00 5 21,478.1| 144.221 -.01 12
902.0| 69.771 .07 6 1,21,576.7| 209.267 24.6 13

IThese runs were discarded; see "Discussion" section for reasons.
2purnace with platinum heat sink used; other measurements used furnace with

silver heat sink.

Relative enthalpies are expressed in
terms of the  thermochemical calorie
where 1 cal = 4,1840 J. The results
of enthalpy measurements were converted
to kilocalories per mole and are listed
in table 1 in order of increasing tem-
peratures as standard enthalples relative

to 298.15 K (H°-Hjgg). The temperature
(T) 1is 1n kelvin as defined by the
International Temperature Scale of 1968
(11). Table 1 also shows the percent de-
viation between the  experimental and
smoothed values, The smoothed values are
given in the "Discussion” section.

DISCUSSION

The relative enthalpies of Na;Tig05
were fitted with a smooth curve by a
least squares technique. The fit was
made with a polynomial function in
terms of temperature by using a modified
form of the computer program described
by Justice (12). Care was taken during
this fitting process to smoothly merge
the high-temperature values with the
low~temperature data between 250 and
298.15 K reported by Stuve (l). These
low~temperature data were given more
weight than the high-temperature enthalpy
measurements mnear 400 K, The precision
of measurements at this temperature is
significantly less than it is above 500 K
because of the small amount of heat mea-
sured. The polynomial giving the best
fit to the experimental measurements
was selected. The polynomial was then
used to calculate smooth values of
standard enthalpy (H°-H3g44) and related
thermodynamic properties of heat capacity
(Cp°), entropy (S8°), and Gibbs energy
function [-(G°~H34g)/T]. These values

are listed in table 2 at selected temper-
ature intervals above 298,15 K. A sim-
plified standard equation, instead of the
polynomial, 1is given later to represent
the smoothed enthalpies because the poly-
nomial can have up to 10 terms, with each
term having 17 digits. Rounding of these
numbers results in significant differ-
ences from the precise smooth values giv-
en in tabular form. The tabulated values
are listed to three decimals to maintain
internal consistency among the values,
even though the experimental precision
does not warrant this exactness,

The selected polynomial was also used
to calculate smooth values of relative
enthalpies at the temperatures of the ex-
perimental measurements. These smooth
enthalpies were compared with the mea-
sured enthalpies to derive the deviations
shown in table 1. The standard devia-
tion of the measured enthalpies from the
smoothed values was 0.08%. The absolute
uncertainty of the smoothed values was
estimated to be +0.3%.



TABLE 2. —~ High-temperature thermodynamic properties of

T, K cal/(mol-K) H°-Hy g,
cp® s° ~(G°-Hj4g)/T | kcal/mol

298.15 94.940 95,270 95.270 0
300 95.210 95.858 95.271 176
400 106.690 124,963 99.162 10.320
500 113.708 149.585 106.850 21.368
600 118.103 170.736 115.777 32.975
700 120.888 189.167 124.974 44,935
800 122.751 205.438 134,035 57.122
900 124,197 219.981 142,791 69.472
1,000 125.593 233,138 151.178 81.960
1,100 127.183 245,181 159.184 94,597
1,200 129.106 256.327 166.820 107.408
1,300 131.388 266.749 174,110 120.430
1,400 133.954 276.578 181.082 133.695
1,500 (136.623) | (285.911) (187.762) (147.224)

NOTE.--Values in parentheses are extrapolations.

No enthalpy measurements for
were found in the literature.
lationship between the measured and

enthalpies of
shown

smoothed
vestigation is
figure 1 as

the mean heat
(H°-H34g)/(T-298.15), versus T.
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FIGURE 1. - Variation of mean heat capacity with

temperature for NayTi,045(c).

continuity was established down to 250 K
during the merging of the high- and low-
temperature data, the curve of figure 1
was extended down only to the low—
temperature value of 300 K.

Enthalpy measurements were discontin-
ued when it became apparent that the
last valid experiment on the smooth curve
was 1,478.1 K. The next measurement, at
1,576.7 K, showed by its high thermal
effect, equivalent to 24.6% or 51.5 kcal/
mol above the smooth curve, that a sig-
nificant change in the Na,Tig0Oy; had
occurred. The change was found to be
irreversible when it was not possible to
reproduce an enthalpy value previously
obtained at a lower temperature. This
measurement at 802.1 K was -0.42% or
-0.239 kcal/mol below the smooth curve,
which is about four times 1larger than
the precision of the calorimeter. The
average deviation of the 12 valid mea-
surements from the smooth curve was
0.06%. A subsequent experiment at 1,627
K was aborted when the 1liquefied sample
leaked from the capsule. X~-ray powder
diffraction analysis of the capsule con-
tents after melting showed primary phases
of Na,Tig0O,3 and disodium trititanate
(Na,Tiz0;) with a minor phase of rutile



Because the temperature at which
Na,Tig0y5 takes place is
the smoothed data
only from

(Ti0,).
the change in
not precisely known,
of table 2 were extrapolated
1,478.1 to 1,500 K.

The smoothed enthalpies
a simplified algebraic form to
ter meet the needs of wvarious
The equation given below was derived
from the smooth enthalpies of table 2
by Kelley's method (13). Because this
equation contains a maximum of 4 terms,
it gives less precise values than the
tabulated values that were calculated
from the polynomial; however, it 1is ob~-
viously more convenient to use a sim-
plified equation that has 6 or fewer
digits in a maximum of 4 terms rather
that a polynomial with 17 digits in a
maximum of 10 terms. The equation has
been widely adopted as the standard
form for the algebraic representation of
high-temperature enthalpy values because
it gives an adequate fit of the values
without introducing wundue complexity.
The equation is given below with the
temperature range of validity and the

are given in
bet~

users.

average deviation from the smoothed data

shown in parentheses.
H°-Hj gg, kcal/mol = 115.444 x 10°3T
+ 6.626 x 1076T2 + 21.739 x 1027 !
- 42.300
(298-1,500 K; 0.1%).

Standard enthalpies of formation
(AHE®), Gibbs energy of formation (AGE®),
and logarithms to the base 10 of the
equilibrium constants of formation (log
Kf) were derived as functions of tempera-
ture for Na,TigO(3 by combining relative
enthalpies from the present investigation
with supplementary data from other inves-—
tigations. The results of these calcula-
tions are listed 1in table 3. Calcula—-
tions were also made for the reaction of
Na,0(c) with TiO,(c), and these are shown
in table 4. For Na,Tig0;3, Sjgg Wwas
taken from Stuve (1) and AHf,gg from
Bennington (g). The remaining auxiliary
data were obtained from Pankratz (5).

TABLE 3. - Formation data for 2Na(c,f,g) + 6Ti(c) + 6.5 0,(g) = Na,Tig0y5(c)

T, K kcal/mol Log Kf T, K kcal/mol Log Kf
AHE AGE® AHE° AGE®
298.,15{-1,510.900{~-1,423.906]|1,043.738 1,000 -1,504.399(|~1,221.318| 266.915
300 -1,510.899-1,423.358|1,036.903 1,100 -1,503.306|-1,193.103 237.045
1371 -1,510.676|-1,402.658| 826.272 || 21,156 -1,502.707|-1,177.297| 222.573
371 -1,511.920|~1,402.658 826.272 1,156 -1,508.809|-1,177.297 222,573
400 ~1,511.754|-1,394.124 761,704 31,177 ~1,508.452{~1,171.277 217.484
500 -1,510.797|~1,364.825 596.557 1,177 -1,555.022|~-1,171.277 217.484
600 -1,509.524|-1,335.748 486.540 1,200 -1,554.539|~1,163.789 211.952
700 -1,508.167|-1,306.858 408.014 1,300 -1,552.398|~-1,131.308 190.188
800 -1,506.835|-1,278.206 349,185 1,400 -1,550.190{~1,099.002 171.560
900 -1,505.583{-1,249.693 303.463 1,500 -1,547.870}~1,066.853 155.438
'Melting point of Na. 2q-8 transition of Ti. 3Boiling point of Na.
TABLE 4. - Thermodynamic data for Na,0(c) + 6Ti0,(c)! = NapTig0;5(c)
T, K keal Log Kr T, K kcal Log Kr
AHE® AGE® AHr° AGE®
298.15| -57.180 -58.683 43,015 800 -57.907 -60.991 16.662
300 -57.179 -58.689 42.755 900 -58.187 -61.363 14.901
400 -57.207 -59.193 32.341 1,000 -58.509 -61.699 13.484
500 -57.272 -59.684 26.088 1,100 -58.939 -61.995 12.317
600 -57.424 -60.147 21.908 1,200 ~-59.595 ~-62.249 11.337
700 -57.651 -60.592 18.918 1,300 -60.655 -62.424 10.494

'Rutile.




REFERENCES3

1. Stuve, J. M, Low~Temperature Heat
Capacities of Sodium Hexatitanate. J.
Chem. and Eng. Data, v. 27, 1982, pp.
391-392.

2. Bennington, K. 0., and R. R,
Brown. Thermodynamic Properties of Three
Sodium Titanates. BuMines RI 7778, 1973,
13 pp.

3. Shomate, C. H. Heat Capacilties
at Low-Temperatures of Na,Ti0s, Na,Ti,04
and Na,Tis0;. J. Am. Chem. Soc., v. 68,
1946, pp. 1634-1636.

4, Naylor, B. F. High-Temperature
Heat Contents of Na,Ti0;, Na,Ti,05 and
Na,Tiz0y. J. Am. Chem. Soc., v. 67,
1945, pp. 2120-2122.

5., Pankratz, L. B. Thermodynamic
Properties of Elements and Oxides. Bu-
Mines B 672, 1982, 509 pp.

6. Barron, T. H. K., W, T. Berg, and
J. A. Morrison. On the Heat Capacity of
Crystalline Magnesium Oxide. Proc. R.
Soc. London, v. A-250, 1959, pp. 70-83.

7. Victor, A. C., and T. B. Douglas.
Thermodynamic Properties of Magnesium Ox-
ide and Beryllium Oxide From 298 to 1,200
K. J. Res, NBS, v. 67A, 1963, pp. 325-
329.

8. Pankratz, L. B., and K. K. Kel-
ley. Thermodynamic Data for Magnesium

3A title enclosed in parentheses 1is a
translation from the language in which
the work was published.

= U.S. GOVERNMENT PRINTING OFFICE: 1986--605-017/40,023

Oxide (Periclase). BuMines RI 6295,
1963, 5 PP.

9, VFerrante, M. J. High-Temperature
Enthalpy Measurements With a Copper-
Block Calorimeter. Paper 1n Proceed-
ings of the Workshop on Techniques for
Measurement of Thermodynamic Properties,
Albany, Oreg., August 21-23, 1979, comp.
by N. A. Gokcen, R. V. Mrazek, and L. B.
Pankratz. BuMines IC 8853, 1981, pp.
134-151.

10. International Union of Pure and
Applied Chenmistry, Inorganic Chemistry
Division, Commission on Atomic Weights.
Atomic Weights of the Elements 1981,
Pure and Appl. Chem., v. 55, 1983, pp.
1101-1136. .

11. Comite International des Poids
et Mesures (International Committee on
Weights and Measures). The International
Practical Temperature Scale of 1968,
Amended Edition of 1975. Metrologia, v.
12, 1976, pp. 7-17.

12, Justice, B. H. Thermal Data Fit-
ting With Orthogonal Functions and Com-
bined Table Generation. The FITAB Pro-
gram. Univ., MI, " Ann Arbor, MI, contract
C00~1149~143, 1969, 49 pp.

13. Kelley, K. K. Contributions
to the Data on Theoretical Metallur-
gy. XIII. High-Temperature Heat-Content,
Heat—~Capacity, and Entropy Data for the
Elements and Inorganic Compounds. Bu-
Mines B 584, 1960, pp. 6-7.

INT.-BU,OF MINES,PGH,,PA, 28247



