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Total vapour pressures above liquid TII--NdI; mixtures have been determined us-
ing the boiling point method. The vapour phase composition has been determined
in the temperature range 950-1150 K by a condensation technique. It is confirmed
that the complex TINdI,(g) is formed in the vapour phase. From the experimental
data the logarithm of the equilibrium constant for the reaction

Til(g) + NdIy(g) = TINdI(g)

is calculated to be In K = —17.32 + 24270 (T/K)™'. The liquid shows negative de-
viations from ideal Raoultian mixtures, and the volatility enhancement factor for
NdI; at xngp, = 0.5 in the liquid mixture at 1000 K is 22.

The increasing interest in liquid-vapour equilibria
of lanthanide iodide (Lnl;) based mixtures is due
to the use of such salts in multi-vapour lamps.
The light quality of such lamps is determined by
the content of ionic species in the discharge re-
gion, which is again determined by equilibria be-
tween the gas phase and condensed liquids on the
inner lamp wall.

Some lanthanide-alkali-iodide mixtures [CsI—-
Lal;, CsI-Ndl;, MI-Cel;, MI-Sml, and
MI-Scl; (MI = alkali iodide)] have been investi-
gated by Liu et al.'? by mass spectrometry, ab-
sorption spectroscopy and vapour pressure meas-
urements. They found that the dominant lan-
thanide-containing vapour species was MLnl,
(Ln = lanthanide). The total vapour pressure of
lanthanide-containing species increased by a fac-
tor of 45 at 1000 K relative to the pure Lnl,.
Foosnas,* and Foosnes and @ye* investigated the
vapour phase above Lil—-Ndl;, CsI-NdI; and
TII—-NdI; mixtures by absorption spectroscopy.
Once again, the dominant species in the vapour
phase was MNdI,.

The volatility enhancement at 1100 K is 7.5 in
the Lil—-Ndl; and 8.9 in the CsI—Ndl, system.?

*To whom correspondence should be addressed.
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The standard enthalpy and entropy change for
the complex formation reaction

MI(g) + Ndl;(g) = MNdI(g) M

have been determined by Foosnes® for the Li, Cs
and Tl systems: AHY;, = —210 kJ mol™!, AHg, =
—205 kJ mol~! and AH}, = —113 kJ mol™'; ASY;
= ~115J mol"'K™!, AS2, = —93 J mol"'K"! and
AS3, = —60 J mol™'K~'. For the TII-NdI, sys-
tem, the changes in enthalpy and entropy for re-
action (1) are based on equilibrium constants de-
termined from molar absorption data for a shoul-
der in the absorption spectrum calculated over a
limited temperature range (=70°C). We there-
fore decided to reinvestigate this system using va-
pour pressure measurements to obtain more ac-
curate thermodynamic data for the TII—-NdI; sys-
tem.

Principles

An improved variation of the boiling point
method of Ruff and Bergdahl,® described by
Motzfeldt, Kvande and Wahlbeck,® was used in
the present study to obtain total vapour pressures
above TII-NdI; melts. A combination of total
vapour pressures and data on the gas phase com-



position, obtained by condensation of the equi-
librium vapour as described by Knapstad, Linga
and Qye,’ provides a method for calculating par-
tial pressures above the melt.

In the present system it is assumed that the va-
pour phase consists of the gaseous species TII,
NdI,;, TINdI, and TLI,. Relationships between
the partial pressures are given by equilibria

(2-(5):
TI (mix, ) =Tl(g) K, = Prfan() 2)
2 TlI(g) = ThI,(g)

NdIy(mix, I) = NdI;(g) K,= Pnaifana,()  (4)

K; = Pry,1,/Phy (3)

and
Til(g) + NdI;(g) = TINdI(g)

K= Pona/Pru - Prai,  (5)

For low pressures (<1 atm) activities may be de-
fined as

a = PP} (6)

where P, is the partial pressure of component i
and P} is the vapour pressure above pure liquid i.
K; may then be written as

K5 = Prinat/ana, - Plar, - @i Pra. )

The activity of TII, ay, in the liquid mixture at a
given composition and temperature may be cal-
culated in the following manner:

1. Py, is first set approximately equal to the total
pressure P,.

2. Pqy, is calculated from the equilibrium con-
stant [eqn. (3)] obtained from data in the lit-
erature®

log K, = —8.69 + 4780 (T/K)™!

+ 1.006 log (T/K). (8)

3. Pqyy, is then used to calculate the new vapour
pressure of TII by approximating Pr; by
Pio—Pryy,, i.€. assuming that Ppy > Pyg, +
Pringt, The activity of Tl in the liquid is then
calculated using eqn. (6), and the NdI, activity
is obtained by a Gibbs-Duhem integration.

4. The equilibrium constant K; may now be ob-
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tained. The calculated activities of TII and
NdI;, together with the vapour pressures of
pure TII®® and NdI,,'!! where

log(PRai/atm) = 31.838 — 7.047 log (T/K)

— 15490(T/K)™! )

are used in combination with eqn. (5) and the
mole fraction of Nd in the gas phase defined
by eqn. (10)

Prinat, + Pray,
2 Prinar, + Pnar, + P + 2 K3 Py

xnal(g) = (10)

By solving eqn. (10) with respect to the press-
ure of TINdI, and introducing this expression
into eqn. (7), we obtain

[xna(g) — 1}(PRuan) ™" + xna(g)(PRar,dnat,) ™"
K= .
' 1-2 xna(g) (11)

5. Having obtained a value for the equilibrium
constant K using this procedure, the above
calculation may be repeated to obtain a re-
fined value for K.

Experimental

The methods used in the present work are de-
scribed in detail elsewhere.®’ Only a few com-
ments specific to the present investigation will be
given.

Chemicals. NdI; was prepared by reacting Nd(s)
(p.a. grade, E. Merck AG) with doubly sublimed
I,(s) (E. Merck AG) at 990 K in sealed, evacu-
ated silica ampoules. The NdI; product was sub-
limed once at 990 K (sublimation time ~ 1
month) before use (see also Ref. 3). TII (p.a., E.
Merck AG) was recrystallized from the liquid
state (cooling rate 3 K min~'). Handling of salts
was performed in a glove box with a moisture
content of less than 5 ppm.

Vapour pressures. During a vapour pressure
measurement, weight changes of the experimen-
tal cell are recorded. Since TII(g) is the main va-
pour phase species in the present case, a change
in composition of the liquid mixture occurs dur-
ing a run. The new mole fraction of TII in the
melt, xp,;, may be calculated from
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xu= (v — Angy) -

(nfn + mRai, — Anng, — Angy)™! (12)
where ] is the number of moles of salt i and An;
is the loss of moles of salt i by evaporation. To
calculate An;, the vapour phase composition is
determined from condensation experiments and
the mass loss is obtained from the recorded cell
weight. By plotting the total pressure versus melt
composition at constant temperature for tem-
perature intervals of 40 K in the range 916
K-1116 K, the change in pressure due to com-
position changes is calculated according to

COTr — ab: o '
Po'= P+ tano (xy — xqy).

(13)
In this eqn., x3; is the initial liquid mole fraction
of TII and tan a is the slope of the line drawn be-
tween the points [P(x%y), x%ul, [P(x7), xu] on
the P, versus xq(1) curve.*

Composition of equilibrium vapour. The conden-
sate of the equilibrium vapour was dissolved in 4
M HNO; and the solution extracted with CHCl,.
NdI,; dissolves in H,O while TII dissolves via the
reaction

TII(s) + 2 HNO,(aq) =

Y I, + H,0 + TINO,(aq) + % N,O,(g). (14)

The CHCI; was used to extract the I, produced.
The concentrations of Nd** and TI* in the aque-

300
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550
Fig. 1. Total vapour pressures above
Tit—Ndl, liquid mixtures vs. (T/K)~' and melt 20
composition {x7, = 0.2, 0.42, 0.5, 0.8 and
1.0). =i Xy = 1,8 ===l Xy = 1.8+ W0

observed values, O: corrected values [eqn.

(13).

* Complete data sets which are the basis for the correc-
tion procedure are available upon request.
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ous phase were determined by Mikroanalytisches
Labor Pascher, Buschstr. 54, D-5300 Bonn
(FRG).

Results and discussion

In Fig. 1, total vapour pressures above TII—-NdI,
melts are plotted versus (7/K)"! for different liq-
uid mole fractions of TII. For pure TII(1), reason-
able agreement (1-2% deviation between ob-
served and literature values®?) is seen.

Results obtained by condensation of the equi-
librium vapour at three different temperatures
are given in Table 1. The weight of condensed salt
was determined either by weighing the cell before
and after dissolution of the sample or by chemical
analysis. The former method was difficult, since
the total cell weight was 350 g and the cell length
50 cm. Nevertheless, fair agreement (£2 %) be-
tween the two methods is observed. Chemical
analysis for Nd in control samples revealed an ac-
curacy of =5 mol %.

The corrected vapour pressures are fitted to an
equation of the form
log (P/atm) = a + b(T/K)™". (15)
The constants in this equation are given in
Table 2.

Using the total gas pressures together with the
equilibrium vapour compositions, as described
earlier above, the activities of TlI and NdI; in the
liquid mixtures and the equilibrium constant K

T T T T T T
04 -
03 + i
02 + -
5 01 F
o005 F
001 1 1 1 1 1 L1
085 09 095 10 105 M0 115 12 125
10° K/1
1 I 1 l 1 1 J
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Table 1. Mol % Ndl, in equilibrium vapour determined from condensation experiments.

Liquid composition T/K Mole fraction of Weight of Weight of A-B
Tii—Ndlymol % Nd in vapour condensed salt by condensed salt by - 100/%
[eqgn. (10)] weighing cell, analysis, A
Ag-g”! B/g-g”*
20-80 1145 0.0271 0.1573 - -
40-60 1051 0.0101 0.5639 0.5542 +1.7
60-40 947 0.00233 0.5176 0.5283 -20
Synthetic sample of Weight, Chemical analysis Weight from A-B
Til—Ndlymol % Ag-g’ of analysis, - 100/%
TH—-Ndlymol%  B/g-g~' A
93.53-6.47 1.047 93.23-6.77 1.051 -0.4

Table 2. Constants in eqn. (15), log (P/atm) = a + b (T/K)™", where P is the total equilibrium pressure above

Til—Ndi; melts.

Composition TIK a (SD) b (SD)

Tii—Ndly/mol %

100-0 830-870 5.42 (0.07) -5910 (60)
80-20 870~1000 5.10 (0.04) —5760 (40)
60—40 9101050 4.98 (0.03) —~5970 (30)
50-50 950-1080 4.95 (0.08) —6160 (80)
42-58 950-1080 4.77 (0.04) —~6170 (50)
20-80 990-1120 4.23 (0.02) —6100 (20)

Table 3. Raoultian activities and activity coefficients of TIl and Ndi; in TIl—Ndl, liquid mixtures at 1000 K.

Melt composition

XNl andl, YNdl, an hatll
0 0 1 1
0.2 0.03 0.15 0.70 0.88
0.4 0.18 0.46 0.32 0.54
0.6 0.50 0.84 0.12 0.30
0.8 0.78 0.98 0.044 0.22
1 1 1 0

of eqn. (5) are calculated. The activities are cal-
culated for a temperature of 1000 K.

The calculated activities are given in Table 3,
and the equilibrium constant is plotted versus

temperature in Fig. 2. It is assumed in the cal-
culation of Kj; that the activities of TII and NdI,
are independent of temperature. This assumption
is not strictly correct. However, the error in K is
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Table 4. Enthalpy and entropy changes and equilibrium constants for the reaction Ndi;(g) + MI(g) = MNdI(g).

Complex AH/kJ mol™ AS° mol T'K™! K(1000K)
LiNdl,(g)* -210.3 -1155 8.9-10*
CsNdl,(g)® -238 -105 8.9-10°
CsNdl,(g)* ~205.2 - 933 7-10°
—226.0° —-105.0 2-10°
TINdl,(g)® -113¢ - 60 580
TINdl,(g)° -200 -140 1040

“Ref. 3. “Ref. 1. “Calculated by different methods. “Quotation from Foosnaes:® “The enthalpy and entropy
which are calculated for the reaction are probably uncertain due to the reaction between Ndl, and quartz.”

°This work.
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Fig. 2. The equilibrium constant for the equilibrium
[ean. (5)] Tli(g) + Ndly(g) = TINd!,(g), plotted as In K
vs. (T/K)™".
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Fig. 3. Calculated partial pressures, P, = a,Py, above
TII—Ndl; liquid mixtures at 1000 K.
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of the same order of magnitude as that intro-
duced in K due to the £5 % uncertainty in the
values of xy4(g) determined from chemical analy-
sis of the condensed equilibrium vapour. The to-
tal uncertainty in the values of K can be esti-
mated to be less than 10 %.

The temperature variation of the equilibrium
constant for the reaction

TiI(g) + NdI;(g) = TINdL(g) ®)

may obtained from linear regression of the evalu-
ated values of K shown in Fig. 2.
In K5 = —17.32 + 24270 (T/K)™". (16)
From this eqn. we obtain AH; = —200 kJ mol ™"
and AS? = —140 J mol~'K~!. These values are in
accordance with the previous results'? for the
Lil—NdI; and CsI—NdJ, systems (see Table 4).

In Fig. 3, the partial pressures of the com-
ponents in the vapour above the TII-NdI,; liquid
mixture at 1000 K are plotted versus composi-
tion. The volatility enhancement factor for NdI,
is 22 at 1000 K, and xyq,(1) = 0.5.
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