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ABSTRACT

Measurements of relative densities and relative massic heat capacities have been
made for several aqueous rare earth chioride and perchlorate systems,

Densities and relative massic heat capacities of acidified aqueous perchlorates of
yitrium, yiterbium, dysprosium, and samarium as well as the.chlorides of ytirium,
yiterbium, dysprosium, samarium and gadolinium have been measured at the
temperatures 288.15, 298.15, 313.15 and 328.15 K. Using the density and massic heat
capacity data, apparent molar volumes and apparent molar heat capacities have been
calculated. These data have been modeled using the Pitzer ion interaction approach as
well as the Helgeson, Kirkham and Fléwérs equations of state. Apparent molar volumes
and apparent molar heat capacities previousiy presented in the literature have been
compared to the data presenied here. Single ion apparent molar volume and apparent
molar heat capacity contributions were calculated. Infinite dilution properties have been
compared to existing models used to predict infinite dilution properties.

Densities of aqueous perchloric acid and ytterbium perchlorate at the temperatures
from 348.15 to 423.15 K and at pressures from 10.00 to 30.00 MPa were measured.
Apparent molar volumes were calculated from the density measurements. The apparent
molar volume data were modeled using Pitzer ion interaction theory as well as HKF

equations of state. Models presented are compared Lo existing models.
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1 INTRODUCTION

1.1 The importance of trivalent metals

The rare earth elements, of lanthanides, have many industrial and scientific uses. For
example they are used to make magnets which exhibit unusually strong magnetic fields
because of the number of unpaired electrons cqntained in the partially filled 4f atomic
orbitals of the lanthanides. To create permaneni magneis at room temperature, rare ¢arth
metals must be alloyed with other metals, for example iron, to strengthen the atémic
interactions, which are relatively weak in lanthanide metals {Sabot and Maestro,1995).

The magnetic properties of certain lanthanides may also be used in the technique of
nuclear magnetic resonance (NMR) épectroscopy to broaden the NMR signals of organic
molecules to which they are coordinated {Sabot and Maestro, 1995).

Certain lanthanide compounds also have very strong luminescent and phosphorescent
propetties. .The light emission from lanthanide complexes is characterized by narrow
band emissions. Discrete emission bands result in distinct observed colours, making
lanthanide complexes ideal as phosphors in the construction of cathode ray tubes (Sabot
and Maestro, 1995) and fibre optic applications (Kawa and Frechet, 1998).

In_nuclear chemistry research, aqueous solutions of trivalent lanthanide salts are often
used as surrogates for the more radioactive actinide salts.  Thermodynamic
experimentation on aqueous actinide salt solutions is often made impossible, or
undesirable, by the danger of radiation exposure, while experimentation on aqueous
lanthanide-containing solutions is relatively harmless.  Additionally, the predominant

ionic state for lanthanides is 3+ while actinides form a mixture of valence states making



measurement of the trivalent property difficult. The results from thermodynamic studies
of mixed valence states would result in an average property of the mixture.

Waste produced by high-level liquid nucleaf reactors contains a large numbér of
highly radioac_ti\}e lanthanide isotdpes, such as #Ce, Mpr, °'y, “'Ce Pr and **Ce
(Marriott, 2001). Proper separation and extraction requires knowledge of the solubility of
these dangerous.isotopes and their complexes, Thermodynamic and volumetric data can
be used to provide this info.rrﬁation. |

Lanthanides are most often exiracted from the minerals monazite ((Ce,La)PO4(cr)),
bastnasite  {{Ce,La){(CO3)F(cr)), loparite ((Ce,Na,Ca) (Ti,Nb)Os(cr), and xenotime
(YPOylcr)) (Sabot and Maesiro, 1995). Rare carth elements (REEs) are also abundant in
the ionic ciays of the Chinese provinces of Jiangxi, Nei Mongol and Sichuan. The
- chemical formuiae supplied above only represent the most abundant lanthanides found in
e’acﬁ mineral. Due to the similar chemical behaviour along the series, all paturaily
occurring lanthanides tend to be found together. The ionic clays are the rare earth rich
reméins bf rare éanh mineral formations which have been exposed to prolonged erosion
and weathering. In most instances, the lighter rare earths are predominant, with the
heavier rare earths being found in greater quantities in xenotime and the ionic clays.
Separation of individual rare earths is difficult due to the similarity of each rare earth to
its neighbours in the periodic table. Separation is thus usually accomplished through
repeated Tractionation although recently, separation has been achieved through
chromatography (Nesterenko and Jones, 1997). Once again, to achieve efficient

separation, solubility and thermodynamic data are required.



1.2 Thermochemical investigations of the rare earth chlorides and perchlorates

The ﬁvide variety of uses and applications of rare earth compounds illustrates the -
importance of and need for precise thennocheﬁiical data .for rare earth species.
Extraction and separation of individual lanthanides, the recovery of fadioactive isotopes
of the lanthanides from nuclear waste, and gcochemical modeling all require high quality
thermodynamic data over a range of temperature and pressurc conditions.

The majo’rity of volumetric and thermochemical studies of REE-containing agueous
solutions have been restricted to p = 0.1 MPa and T = 298.15 K, the only exceptions
being the temperature dependent density; and heat capacity determinations performed by
Xaio and Tremaine (1996, 1997) and the temperature dependent volumetric study of
Spedding and coworkers (Gildseth, 1975; Habenschuss, 1976; Spedding, 1975a, 1975b,
1975¢, 1966a and 1966b), Pred..ict'ions of thérmochemical and volumetric properties of
trivalent metal cation-containing aqueous solutions at elevated temperatﬁres and
pressures have been reported by Shock and Helgeson (1988) who used the semi-empirical
Helgeson, Kirkham and Flowers (HKF) equations of state to model available partial
molar volumes and.l.leal capacities at infinite dilution.

The work presented in this thesis attemps io provide some of the experimental? data
missing within the literature for aqueous trivalent cation containing solutions. The thesis
takes the .foilowing. form:

Chapter 2 describes the instrumentation and techniques wused to acquire
thermochemical and volumetric data reported in Chapters 4, 5 and 6. Also covered is the

method of standardization for each aqueous rare carth salt solution.



Chapter 3 reports the models that were constructed using experimental data and
describes the theoretical basis and development of each model explored within this thesis.
In particular, the analyses presented in this thesis focus on modified Pitzer ion interaction
equations and the equations developed by Heigeson, Kirkham and Flowers.

Chapter 4 reports apparent molar volumes and heat capacities for aqueous solutions
of Y(CIOy4)3, Yb(CIO;3, Dy(ClO4); and Sm(ClOg); at p = 0.1MPa and T = (288.15,
298.15, 313.15 and 328.15) K. This chapter also provides a comparison of these data
with those previously reported in the literature. Also presented are models of the
temperature and composition surfaces of the apparent molar propertics created using
modified Pitzer ion interaction equations.

Chapter 5 reporis apparent molar volumes and heat capacities for aqueous solutions
of YCls, YbCl;, DyCls, SmCl; and GdCl; atp = (0.1MPa and at temperatures T = {288.15,
298.15, 313.15 and 328.15) K. As with the perchlorates, modified Pitzer ion interaction
equations were used to model the reported apparent molar data over extended
temperature and composition ranges.  All data as well as constructed medels are
compared with existing literature values.

The final chapter of this thesis, Chapter 6, reporis densities and apparent molar
volumes for aqueous ytterbium perchlorate solutions at p = (10, 20 and 30) MPa and T =
(348.15, 373.15, 398.15 and 423.15) K. Because these measurements were made in
solutions containing an excess of perchloric acid, densities and apparent molar volumes
are also reported in this chapter for aqueous perchloric acid solutions over an extended

temperature and pressure range. The volumetric properties of these systems have been



modeled and apparent molar volumes at infinite dilution have been compared to those

which can be estimated using previously reported HKF equations of state.



2 METHODS bF DENSITY AND HEAT CAPACITY COLLECT’ION
2.1 Heat cﬁpaci_ty measurements | |
2.1.1 The Picker flow microcalorimeter

The Picker Fldw Micfocalorimeter is used to measure the massic heat capacity of
a liquid relative to ihe maséic heat capacity of a referenc.e Iiquid.

Two solutions will be referred to in this discussion of the instrument: a reference
liquid, referred to as A, and the liquid undergoing investigation, referred to as B. In the
experiments described in this thesis liquid A is pure water.

.Figure 2.1 illustrates the inner workings of the Picker Flow Microcalorimeter.
The Picker F!ow Micfpcalorimeter contains two identical cells which are connected in
seri_eé by a dela.y ioop. The flow rate of liquid through each cell is identical. The cells
are isolated within an evacuated chamber which is thermostatted to an initial temperature
(T)). ’femperature regﬁlation is provided by a Techneurop Programmable Circulating
Thermostat that is capable of maintaining temperature to +/- 0.001K. Each cell is
constructed from a length of stainless steel tubing (i.d. 0.020”) to which a zener diode is
attached. The zener diode serves as a precision heater that is capable of supplying precise
amounts of thermal energy to the liquid in the cell. Downstream from the diode is a
thermistor that rcgisters any temperature change of the liquid in the cell with a
correéponding change in resistance. Iun this way the thermistor serves as a precise
temperature probe. Increased thermal transfer between the liquid within the cell and the
heater and thermistor is achieved by flattening the stainless steel tubing at the points of

attachment,



Figure 2.1  Diagram of internal workings of the Picker flow microcalorimeter.

Thermzsaing Fhuit

Thye rmdzoo|

Zerer diode

Swstedny _j I | — A ’ Celt 1
Enflon — et

._)..

Thermossaring Fhed
F

L__I I -:—- . \\\\ Cell 2

T Lener Jiode

Svatem
Curflow
—

.

4 1laermestea

Ttermostaricg Fluid

|



The basic operation of the calorimeter is as follows: a liquid thermq'statted to temperature
‘T, enters cell 1, passes the zener diode and is heated to achieve a temperature increase,
AT. The liquid then continues past the heater and the liquid's final temperature, Ty AT =
Te-Ti) is measured using the thermistor. The same AT in each of the éalorimeter‘s cellsis
maintained using a feedback cil‘;cui_t. As the resistance of a thermistor changes, the
feedback circuit adjusts the vol tége applied to the corr_esponding zener diode. The
resulting input of thermal energy is automatically adjusted to achieve the desired Tr. The
difference in voltage applied to the zener diodes is the signal from which all massic heat
capacity values are calculated. Voltage differences are recorded as a function of time by
an IBM pompatible PC which uti],izes an “in-house”™ data collection and storage program.
A single cell flow calorimetér can be constructed to yield absolute volumetric heat
capacities the values of which depend on flow rate. The Picker Flow Microcalorimeter
can be thought of as two single celled instruments connected in series. This arrangement
is suited for the measuremnent of volumetric heat capacity ratios. Equation 2.1 can be

‘used to calculate the volumetric heat capacity of liquid B, relative to reference liquid A,

In this equation, AWp4 is the difference between the voltage applied to the heater attached
to the cell containing liquid B and the voltage applied to the heater attached to the ccli

containing liquid A. W, is the voliage required to produce AT in both cells when they are



filled with liquid A. o, and op are the volumetric heat capacities of liquids A and B
respectively.
~ Massic heat capacities can be calculated from volumetric heat capacities using the

densities of liquids A and B, g and pp_ and equation 2.2:

Coi _ ﬂa{l AWy, ] (2.2)

Cp,A Py W,

In this equation C,, and C,p are the massic heat capacities of liquids A and B
respectively.  The operation of the Picker Flow Microcalorimeter requires the
introduction of different liquids with minimal interruption. This is achieved through the
use of ‘a four-way liguid chromatography valve. This valve allows switching between
two different liquid reservoirs, one containing liquid A and the other containing liquid B.

~ Following the first measurement of the massic heat capacity of liquid B relative to
liqui& A, a second measurement is performed in which the roles of the two calorimeter
cells are reversed. A second massic heat capacity can then be determined using the

slightly altered equation:

Coa _Pufy, 8Wa } 2.3)
Cp,B pA W

0

Here the difference in power output, AW ,3, is opposite in sign to the difference in power,

AWpy, used in equation 2.2. Having two values for C, 3, normally the average of the two



Figure 2.2
capacity measurements
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is used in further analysis. If, however, one value of C,p is subject to large errors the
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other vatue of C,,z1s normally error free and can be used in place of the average.

experimental set-up the flow rate was optimized by adjusting the height of the liquid
reservoirs relative to the drain flask. Initially the flow rate must be set to achieve ideal
peak shape. This is accomplished by applying a known amount of power to one of the
zener diodes and observing the shape of the voltage versus time profile of the resulting

signal. Figure 2.2 illustrates how the flow rate affects the voltage versus time profile.

The initial set-up of the calorimeter is vital to its operation.

Once the flow rate is optimized, AT can be determined by measuring the change in

10
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Figure 2.3  Example of output from Picker flow microcalorimeter.
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temperature due to heating from the zenef diodes. The zener diodes can be supplied with
one of three different base power levels, 2, 20 or 100mW. Each setting results in a
different AT. AT must be known brecisely so that the thermostatiing sysiem can be
_ Correctly set. To determine AT the thermal regulator unit is first set to the experimental
temperature (T%). The temperature of the system is then measured with no voltage
applied to the zener diodes (T W), and again with the zener diodes energized (T W,,).
The difference between T° W,, and T° Wi 1s the AT achieved at the selected base power
setting. The thermal regulating unit can now be fixed at the temperature T° — AT/2 for
the duration of the experiment.

Figure 2.3 provides an example of experimental output, which will be referred to
in the description of a hypothetical experiment that foliows. Prior to any measurements
being taken, the calorimeter is filled with pure, deionised, degassed water. The baseline
signal in section A of figure 2.3 shows AW (AW ) when both cells are filled with liquid

A. The difference in voltage applied to the two zener diodes at this point has been nulled.

11



The four way liquid chromatography valve is then used to introduce iiqui& B into the
calorimeter. As liquid B flows through the calorimeter, it begins to filt cell 1. Figure 2.3,
section liquid B shows that as liquid B enters the first cell, AW changes. With the first
cell entirely filled with liquid B and the:séco'nd cell filled with liquid'A, the difference in
power applied to both diodes, AWg,4, will plateau.

After filling the delay line, liquid B bégins to fill.cell 2 and the power output to
| the zener diode attached to cell 2 will change to maintain AT. When liquid B has
completely filled cells T and 2, AW (AWgg) will again be zero. These changes are
illustrated in sections D and E of figure 2.3.

Aftef another section of baseline has been collected (liquid B in both cells), the
liquid chromalogréphy valve is switched to reintroduce liquid A into the calorimeter. At
this stage, cell 1 will fill with liquid A, leaving the cell 2 filled with liquid B. This
introduction provides a second measurement of AW, this time AW »p (Fig 2.2, Sections F
and G). Following the measurements of AWgs and AW 45, liquid A will once again fill
both cells and AW (AW 44) will return to its original value.

An electrical calibration of both cells can now be performed. Calibration of the
cells is performed by applying a known amount of power to one zener diode while the
second zener diode maintains a temperature rise of AT. Both cells 1 and 2 are calibrated
in this way and the resulting change in voltage difference can be seen in sections J and L

'of figure 2.3. This allows the value of Wy to be known with great accuracy. No system
is perfectly isothermal and the calorimeter used here is not an exception. To compensate
for the less than perfect transfer of heat from the thermostatting system to the sample and

reference liquids, a heat leak correction factor is used. The correction factor is

12



determined by measuring the relative volumetric heat capacity of aqueous sodium
chloride solutions relative to water. The apparent and massic heat capacities of aqueous
sodium chloride solutions are well known. The heat leak correction factor, f, is

determined by:

fz{ o )AWAB :( Wy \AW, | 2.4
T, .

where subscript B now refers to a solution of aqueous sodium chloride of known

concentration. For the instrument used in the siudies reported in this thesis f=1.010609.

2.2 Density measurements

Densities are nceded to convert volumetric heat capacities to massic heat
capacities, and are also used in the calculation of apparent molar volumes. .Two types of
dfmsinﬁeter were used in the research presented in this thesis: a commercial Sodev 02D
vibx_”ating tube densimeter for clese to ambient temperature and ambient pressure

measurements and a “home built” instrument for measurements at elevated temperatures

and pressures.

2.2.1 The Sodev 02D vibrating 'tube densimeter

Most vibrating tube densimeters are comprised of three eler.nents:. a vibration
sustaining drive, a vibrating tube, and a me_thod of measuring the time period of
oscillation of the vibrating tube. The tube in the Sodev densimeter is made from stainless

steel and is contained within a thermostatted chamber that is kept at a selected constant

13



temperature in the range of 283.15<T (/K)<333.15 by a Techneurop Programmable
Circulating Thermostat.

Sustained vibration of the tube is achieved magnetically. Current is passed
through the tube and induces a magnetic field around the tube. The vibrating tubc passes
through a magnetic pickup, which is used to both sustain and measure the time period of
oscillation.  The magnetic pickup is electrically connected to a resistance feedback circuit
allowing the oscillation of power applied to the magnetic pickup to correspond to the
natural resonance frequency of the vibrating tube. The oscillation of the feedback circuit
follows changes in the resonance frequency of the tube due to changes in the density of
the liquid within the vibrating tube. Figure 2.4 shows an illustration of the main
components of the Sodev instrument.

When filled with a fluid sample the vibrating tube can be regarded as a simple
harmonic oscillator for which the undamped resonance frequency, w,, may be obtained

from the equation:

w, = £ ) (2.5)
m

In this equation, K" is the spring constant and m is the mass of the vibrating system.

This mass is the sum of the mass of the metal tube and the mass of the fluid it contains,

The internal volume of the tube does not change, therefore the mass of the fluid within

14



Figure 2.4  IHustration of the Sodev 02D ambient pressure vibrating tube
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only varies as its density changes. The density of the liquid within the tube, p, is related
to the time period of oscillation of the tube, 7, by the equation:

p=c+Kr*, (2.6)

where ¢ anci X are constants which depend on the physical characteristics of the tube, but
not on the fluid filling it. The K constant can be determined by measuring the time
periods of oscillation of the tube containing substances of known density. Using
reference substances 1 and 2 a temperature dependant value of K can be determined by

the equation:

K=2"F @)
a7

The reference substances used for calibration are pure degassed water and air.
The density of air can be accurately calculated when the temperature, pressure, relative
humidity and partial pressure of water at the recorded laboratory temperature are known.
The vibrational time period of the tube filled with air along with the time period of the
tube ﬁl!ed with pure water are used in cquation 2.7 to establish the K constant. Values
for the density of pure water were taken from Kell (1967): p; = (0.9991010, 0.997047,
0.992219 and 0.985696)g/cm3 at T = (288.15, 298.15, 313.15 and 328.15} K. Time
periods of oscillation of the vibrating tube were measured with a Phillips PM 6611
Universal Counter and averaged every 10000 counts. The Universal Counter was

interfaced to a PC that automatically collected and stored time period data.

16



Figure 2.5  Example output from the Sodev 02D ambient pressure vibrating tube
densimeter.
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The rearrangement of equation 2.7 gives an expression that can be used to

determine the density of a sample solution relative to the density of pure water:

Pt 7 Papo = K (T.ir - T;rzo ) (2.8)

Ambient pressure densimetric measurements were performed in series with the
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calorimetric measurements, so that the sequence in which solutions are introduced into
the instrument follows that described in section 1.1.1. An example plot of time pericd of

oscillation versus time for a typical densimetric measurement is shown as fig 2.5.

2.2.2 The high temperature and pressure vibrating tube densimeter

Figure 2.6 shows a block diagram of the high temperature and pressure vibrating
tube densimiter. The operation of this instrument is quite similar to the operation of the
Sodev instrument, however there are some differences.

The signal in the high temperature and pressure instrument is achieved through an
optically coupled feedback circuit. Light from a small incandescent automotive bulb
(part number SL.1487) is directed by a 2mm Pyrex glass rod to one side of the vibrating
tube. A second Pyrex glass rod Icads from the opposite side of the tube to a photocetll.
With the tube at rest, the path from one glass rod to the other is blocked and the photocell
receives no light. When the tube begins to vibrate, it temporarily opens the path from one
rod to the other, allowing light to reach the photocell. This square wave signal is
received by the photocell and an optically coupled amplified feedback circuit supplies an
alternating current to the vibrating tube. A small permanent magnet is positioned near
the tube and the combination of the magnetic field and the AC current in the tube forces
the tube to oscillate according to the feedback frequency. The signal from the photocell
is sent to an Optoelectronics model 8040 multifunction counter timer that averages every

1000 counts. The counter timer is interfaced with a PC which manages data collection

and storage.
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Figure 2.6  Block diagram of the High Temperature and Pressure Vibrating Tube
Densimeter.

1) Pure water reservoir 2) HPLC high pressure pump 3) 6-port HPLC injection valves
4)Delay loop 5)Coiled stainless steel tubing to allew solution to reach equilibrium
temperature 6) Fixed metal block, one half electrically insulated from the other.
7)Vibrating tube 8)Fixed magnet 9) Glass rods 10) Light source 11) Photodetector

12)Pressure detector 13) Stepping motor controlied needle valve 14) Pressure control box
15) Electronic

counter

¢

19 -



Thermostaﬁng for i:he high temperature and pressure instrument is achieved
through several electric heéters comrolléd by Omega model CNO0G0A Series Mmiature
Autotune Temperature Controllers. To reduce temperaturé fluctuations, several l.ayers of
fibregiass insulation separaté the thermostatted system from laboratory conditions.

System pressurization is achieved \ﬁth a Wa].ters 501 HPLC pump which feeds
liquid to the system. Pressures are controlled u'sing' a Whitey SS-21RS82 high-pressure
needle valve. connected to a stepping motor. The stepping motor is controlled by a
feedback_ circuit that uses the output from a pressure transducer to maintain a constant
pre.ssure. The stepping motor maintains pressure in the system by opening or closing the
needle valve thus restricting or increasing fluid flow.

| Sample and refereﬁce solutions are introduced using two sample loops and six
port injection va.lves. | Dehsity measurements of samples were always duplicated, and
calibration measurements were performed prior to and following each pair of sample
' measuremems;. The calculation of the density of a sample solution utilizes equation 2.8.
In the measurements described in this thesis concentrated solutions of agueous sodium
chloride were used as one reference. Pure water was the second reference. The densities
of these reference liquids were obtained from a program supplied by Archer (1992).

Figure 2.7 illustrates a typical signal output from the high temperature and
pressure vibrating tube densimeter. The high amplitude peaks are the time periods of
oscillation of the vibrating tube entirely filled with concentrated aqueous NaCl solution.
~ The time period of these peaks and the time period of oscillation of the baseline allow the

calculation of K using equation 2.7. The smaller peaks are due to a sample filling the
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Figure 2.7  Example of output from high temperature and pressure densimeter
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tube. The heights of the peaks were measured using the graphical data analysis program,

Spectracalcm.

2.3 Assignment of uncertainties

2.3.1 Uncertainties in apparent molar volumes and heat capacities from Picker
flow microcalorimeter and Sodev 02D vibrating tube densimeter

Apparent molar volumes may be defined using the equation:
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M -
V¢ — 2 ps P,, , (2.9)
ps m2)ospw

and are therefore a function of p,, the density of the solution, p,.. the density of water
under the same conditions, m;, the molality of the solution, and M, the molar mass of the
solute. The uncertainty, 6V, can be estimated using the standard propagation of errors
method. Contributions to 6V, from uncertainty in the molar mass of solule and
uncertainty in the density of pure water are assumed to be negligible, thus the total

uncertainty in the apparent molar volume of a solution may be approximated by:

av, Y’ v, Y
V= Il =21 80+ —L| on®
' ap, dam

2 m’p p,

2 2
— mM +11 0'5,{952 +[ p'ﬁyow } &nz
mp,

{2.10)

In this equation & is the standard deviation of concentrations resulting from multiple
titrations of the stock acidified aqueous rare earth salt solution and dp; is the estimated
uncertainty in the densities of solutions resulting from measurements using the Sodev
02D vibrating tube densimeter and is equal to 0.00500 kg m>,

The same approach is used to approximate uncertainties in apparent molar heat

capacities, 0C,, 4, using the equation:
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2V p.s

C. . .
C,,=M,c,, +22_"rr 2.11)

where ¢, is the massic heat capacity of the solution and ¢, is the massic heat capacity
of pure waier under the same temperature and pressure conditions. Again, the
contribution to &C,, 4 from the molar mass term and the pure solvent property is assumed
to be negligible. The uncertainty in the apparent molar .heat capacity of a solution is then

approximated as:

2 2
oC aC
5CM - 2.8 pS2+ 2. &nz
de, dm
mM+1V ., (€ =CouY o,
= ] e &:N | ", (2.12)
m m

where o, is the uncertainty in massic heat capacity measurements made with the Picker

flow microcalorimeter. &C , is estimated to be 7x10°J K7 mol.

2.3.2 Estimation of uncertainties in apparent molar volumes at high temperatures
and pressures
The uncertainty in the densities measured using the high temperature and pressure
vibrating tube densimeter {measurements reported in Chapter 6), dp, is determined using

the relationship:
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Sp = \faﬁpez +ohp”, (2.13)

where cAp, is the estimated random error associated with experiments and o4g; is the
estimated random error from the calibration constant of the instrument, K, which is a

function of both temperature and pressure.

The calculation of ¢Ap,. is based on the equation:

I (2.14)

where K is the calibration constant of the instrument calculated from one reference
solution peak and K,,, is the average calibration constant which is used to calculate the
density of a given solution. Equation 2.14 gives twice the relative deviation of the
calibration constant from the mean of the calibration constants obtained before and after
the sample solution densities have been measured. odp. for a given solution is thus

given by the equation:

2
+
O-A)Oc = (JDI —IDO )_ (OKKavg +Kavg TPZ ~[E§Juu5€££] ’ (215)

where p is the time period of vibration with the vibrating tube fitled with sample solution
and 7; and 73, are the time period of vibration with the vibrating tube filled with pure

waler before and after the sample has filled the tube, respectively.
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The uncertainty in the density due to the difference between consecutive

measurements of tdentical solutions can then be calculated using the equation:

ohp, :‘(pl _po)u(pz ”"'po) ’ ' (2.16)
where p; and py are two measured densities of one sample solution.

To arrive at a final expression for 6V, resulting from measurements using the high
temperature and pressure vibrating tube densimeter the root mean square of the
uncertainty due to density and uncertainty due {o concentration is calculated using

equation 2.10 where Jdp, is replaced by dp from equation 2.13.
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3 DATA MODELING

Mcasurements of thermodynamic properties result in data at discrete concentrations,
temperatures and pressures. To maximize the utility of a; given data set, it is necessary to
utilize theofeticallf based equations to precisely model the surfaces of themlodyhamic
properlies. .-The most prevalent theories used for the modeling of thermodynamic
properties of aqueous electrolyte solutions are arguably the Debye-Hiickel theory
(1923,1924), Pitzer ion interaction theory (1991) and the equations of state reported by

Helgeson, Kirkham and Flowers (HKF) (1976,1981).

3.1 Ionic activity

| An understanding of ionic activities.is integral to any discussion of Debye-
Hiickel and Pitzer theories. The activity of a given agueous species is expressed as the
product of its concentration.and its activity coefficient. The magnitude of the activity
coefficient depgnds on the concentration scale being used. Although single ion activities
- are frequently required it is not possible to directly measure them. For an aqueou$ salt

solution, M,1X,3.q, the mean ionic activity {a,) is defined as:

1 1
o2 Y 1 2 z
a, =ap, =layai ) =lmimfyay i, (.1

where ay and ax. my and my, y and yy are the activities, molalities, and activity
coefficients of the ions M and X respectively and v is the sum of the stoichiometric

coeflicients vl and v2. The mean ionic activity coefficient is defined by the equation as:
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y. =y )1 (3.2)

and, in a similar fashion the mean ionic molality is given by:

m, = (m;;,mf )v . (3.3)

Activity coefficients are found to depend upon the system ionic strength, L. Ionic strength

may be defined using the equation:

[=——— =gm, (3.4)
2

where m; and z; are the molality and charge of a given ion i and @ is a valency factor.

3.2 Debye-Hiickel equations
Debyc-Hiickel theory relates mean ionic activity coefficients to ionic
strength. With respect to a solution of the aqueous salt, My X2, the Debye-Hiickel

equation takes the form:

-4z 2z |NT
Iny, = _lJ— (3.5)

1+;Br\/17
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where z, and z. are the charges on the cation and anion, / is the ionic strength, d is the
Debye-Hiickel distance of closest approach in angstroms and 4 y and B, are constants

which depend on the dielectric constant of the solvent at a given temperature and

pressure. These constants are defined using the equations:

3
T e A a— - (3.6)
1000 % 2.303{keT ) |

and:

87zNAef_
4 1000keT -~

where N, is Avogadro's number, py is the density of the solvent, e is the charge of one
electron, £ is the Boltzmann constant and ¢ is the dielectric constant of the solvent.
At concentrations approaching infinite dilution, the B, term, equation 3.7,

becomes negligible, resulting in the Debye-Hiickel Limiting Law (DHLL). The DHLL

takes the form:

lny, =-4,

z.z VT, Y
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and relates the mean ionic activity coefficient directly to the square root of the ionic
stren.gth of the solution. A full derivation of the DHLL can be found in Lewis and
Randall (1961). | |

By incorporating the DHLL into matﬁématical models of measured
thermodynamic properiies, extrapolation from the experimentally measured region to
infinite dilution is aided. Debye-Hiickel theory is based on the linear relationship

between the mean ionic activity coefficient and the square root of ionic strength (VI ) at

low concentrations.
3.3 Relating Debye-Hiickel equations to measured properties

The chemical potential, u, of a species, i, may also be referred to as the

pariial molar Gibbs energy;

U, = (QQJ . (3.9
on
Ly T.p

In this equation, G is the Gibbs energy, #; is the number of moles of species i, #; is the
number of moles of all components within the system except i.

The chemical potential of a given species i in an aqueous solution is defined

by the equation:

4, = u° +RTIn{a,), (3.10)

29



where £ is the chemical potential of species 7 at any defined standard state, R is the ideal
gas constant, and a; is the activity of species i. As mentioned above, the activily of a-
single ion in solution cannot be measured, but the chemical potential of a simple salt in
solution can be expressed in terms of the mean ionic concentration and mean onic

activity coefficient. The chemical potential of a simple salt becomes:
o = Moy FVRT In(m,y_ )= piy +vRT In(m, )+ vRT Infy, ). (3.11)

The volume of a solution is the partial derivative of the Gibbs energy with

respect 1o pressure under conditions of constant temperature, 7T

V___[EE] _ (3.12)
dp r

e (3.13)
dp |,

V. = O | 4R —‘?-!9"_’-%} o] 272 (3.14)
o |, N ap |,
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The molal concentration and the infinite dilution chemical potential do not vary with
pressure.  Equation 3.14 can thus be simplified to give the partial molar volume of an

aqueous salt (¥7) in terms of the mean ionic activity coefficient:

v =ve _rr| 2107
ap m,T
o4 12,z |T)

=V’ —yRT
dp

m. I

=V AT, (3.15)

where V# is the partial molar property at infinite dilution, Ay is the Debye-Hiickel

limiting slope for partial molar volumes and R is the ideal gas constant. Av is defined

- a4
AV=2RT( ”]. - (3.16)
r

Similarly, the heat capacity of a solution is the partial derivative of the enthalpy of the

solution with respect to the temperature at constant pressure, p:

c :(9@] . (3.17)
e ol .
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The partial molar heat capacity of an aqueous solution, C,,;, is defined by:

Cp,i -— [%J
of |, .,

2
—C7 R T d 1n2;v: LT diny.
’ oT Y A

=C2, ~wANT | - (3.18)

In equation 3.18, A s (also commonly referred 1o as Ac} is the Debye-Hiickel limiting

slope of partial molar heat capacities defined as:

- .| 624, -

As =2RT ¢5T£“ . (3.19)
p

3.4 Pitzer theory

For very dilute solutions, the DHLL can be used to approximate the behaviour of
a partial molar property because interactions between individual ions are small.
Assuming a random, uniform distribution of ions in a dielectric medium, the average
distance between ions in a dilute solution will be greater than the distance between ions
in a more concentrated solution (Robinson and Stokes, 1959). The strength of
interactions between charged particles is inversely proportional to the distance between

particles squared (Serway, 1996). Thus with increasing concentration interactions
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betweeﬁ ions become stronger as the distance between ions decreases. . Pitzer theory
considers the interactions between individual ions and extends the predictive abilities of
Debye-Hiickel theory. This is.accomplishecl through the addition of a series of virial
concentration terms. - A virial equation consists of a base equation followed by a
polynomial of one of its variables. The Qirial equations reported by Pitzer can be seen as
a sum of concentration terms, where each term represents ionic interaction one degree
higHe‘r than the previous term. The first term (B considers interactions between pairs
of ions, the second (Cyy) considers groups of three ions etc. The expansion cbuld well
extend indefinitely, or at least until all ion-ion interactiohs were considered. Fortunately,
for the low ionic strengths investigated in this thesis, the tertiary and higher order terms
become insignificant due to reiatively large mean interionic distances.

The Gibbs energy of an aqueous electrolyte can be. expressed as the sum of the
ideal or infinite dilution Gibbs energy and the non-ideal or excess Gibbs energy (Pitzer,
1991). The Gibbs energy of a given electrolyte can be divided into the ideal, G°, and non-

ideal, or excess, GEX, contributions:
G=G"+G*¥ {3.20)

The Pitzer expression for the excess Gibbs energy is:

C |
anT = % 7 in(l-l-b\/f)-i- mz.(ZVMVX )[BMX +m(szM )CMX ], (3.21)
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-1/2

Ymol . B,, and C,,, are the second

where b is a universal parameler with b = 1.2kg
and third virial coefficients.
The volume of an ionic species is equal to the standard state volume plus the

partial derivative of the excess Gibbs energy with respect 1o pressure at constant

temperature and solution composition:

Ex .
y=pe 4| 98 | (3.22)
dp T.m

An apparent molar volume for a solution containing only solute i is defined by the

equation:

V = V _nsofvent Vsofven; (323)
.

i

For some thermodynamic parameter Y, the relationship between partial, Y;, and
apparent, Y 4;, molar properties of solute i is given as:

3y,

Y, =Y, +n, (_J _ : (3.24)
’ on, | :
T.pan,

t

The Pitzer equation for apparent molar volumes then becomes:

[W(z,, 2, )4, inft+ 6T )

2b

Vea =Vt }-k 2|VMVX§RT(MBAV£X +m* (v, 2, )CA‘;X), (3,25)

34



where V', is the apparent molar volume at infinitc dilution, Bl and C,, are the

second and third volumetric virial coefficients. Note also that the Debye-Hiickel limiting
slope for apparent molar volumes, 4,, is used. Apparent molar limiting slopes relate to
partial molar limiting slopes by:

4, %ZY (3.26)

Heat capacity relates to the excess Gibbs energy as the second partial
derivative of the excess Gibbs energy with respect to temperature, holding pressure and

solution composition constant:
C,=Co+ (o} Tz[a(G“_,/T)/aTL_m }/ oT )p‘m 3.27)

An apparent molar heat capacity is defined in an analogous manner to the apparent molar

volume.

A, In(+ b7
c ¢2=C;2+VIZMZXE Jz;( J—)mvavXRTZ[mB,(;X + (02, JCi (3.28)

9.

The equation for apparent molar heat capacities therefore takes the form:

Cp,¢=2 = C;,z + {V(ZMZX {%] 1n(1+b«/7)}

—ZVMVXRT?”[B;:,X —~m2(vaX )C;‘:,X], (3.29)
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Where R is the ideal gas constant, and C , is the apparent molar heat capacity at infinite

dilution. In addition B'yx and C'ux are the second and third thermochemical virial
coefficients. The volumetric and thermochemical virial coefficients are related to
temperature and pressure derivatives of the activity virial coefficients and complete

derivations can be found in the compilation by Pitzer (1991).

3.5 Helgeson Kirkham and Flowers equations
The HKF equations are semi-empirical equations that are comprised of structural
and electrostatic contributions. For a given thermodynamic property, Y, the partial molar

property at infinite dilution (cqual to the apparent molar property) may be expressed in

the form:
Vo = Yo +Y, (3.30)

where Y¢ is the structural contribution and ¥; is the electrostatic contribution. For

partial molar volumes, the structural contribution, ¥y, is given by the equation:

a; a,

“6) (w+pNr-8)

AVS =aq, + (3.31)

(‘P:pj+(T

where © and W are arbitrary solvent dependent parameters and are assigned values of ©
= 228 K and ¥ = 2600 bar (Helgeson, ef al., 1981) for water. a; (i=1-4) are fitting

coefficients. The electrostatic contribution to the volume, V;, is given by the equation:
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Ve =—aQ (3.32)

where @ is an effective Born coefficient specific té the salt under study aﬁd @ is a Born
function that is related to the derivative of the dielectric constant of the solvent with
respect {0 pressure. Values of @ were calculated from the compilation of singie ion
values reported by Shock and Helgeson (198R8).

The structural contribution to the partial molar heat capacity is given by the

equation:

ACs =c = Jta3(p —p,)+w}, (3.33)

ey Th-ey @+p)

where p, is a reference pressure of 1 bar. The elecirostatic contribution to the partial

molar heat capacity is given by:
Cp =X, (3.34)

where X is a Born function that is related to the derivative of the dielectric constant of the
solvent with respect to temperature.
At constant pressure, the structural contribution to the partial molar volume

takes the form:
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Ve=vy -2, ' 3.35)
s =W T (

where:

v, =a, + % (3.36)
W+p

and

v, =a, e (3.37)
Y+p

Similarly, under the condition of p = p,, structural contributions to partial molar heat

capacities may be represented by the equation:

¢,

(r-ey

Coy=c, + (3.38)

3.6 Application of data modeling

Volumetric and thermochemical data reported in Chapters 4 and 5 have been
modeled using Pitzer equations previousty used by Xaio and Tremaine (1997). Xaio and
Tremaine showed that these equations adequately represent the ionic strength dependence

of apparent molar volumes and heat capacities of aqueous trivalent metal chlorides and
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perchiorates at a constant temperature, 7. The equation used to model appareni molar

volumes in Chapters 4 and 5 takes the form:

64, Inll + 5T -
V,, =V, 42w VT + 20, v, RTm, B, (3.39)
where:

B;X — ﬁ(O)V + ZIB(I]Vf(I). (340)

JU) is a function of ionic strength defined as:

rO=l-fi+ el oot (3.41)

The equation used to model apparent molar heat capacities in Chapters 4 and 5 is:

64, Inll + b1

Cppa =Cpn+— ﬂ( \/_)“' 20y vy RT*m By (3.42)
where:

Byy = B + 24V f(1). (3.43)
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As will be seen in later chapters. these equatioﬁs have been successfully used to model
the volumetric and thermochemical properties of rare earth perchlorate and chloride
systems. Values for the Debye—Hiické] limiting slopes were taken from the compilations
reported by Archer and Wang (1990).

Modified Pitzer equations have been used to model the temperature and
concentration dependences of volumetric and thermochemical properties.  These
modified equations use the Helgeson, Kirkham and Flowers equations that were utilized
by Tanger and Helgeson j(1988) to model the temperature dependences of apparent molar

properties at infinite dilution. These equations take the same general form as equations

3.37 and 3.39 where:
v
Vﬂ ] -+ Z —_ 3.44
2 =W ) @Q { )
B =vi+v,T (3.45)
[)’W :v?s~l-v6 +v.T (3.46)
c
Coo=¢c. +—2 4+ oTX (3.47)
P2 t (T__G)z
ﬂw __fia_+ (3.48)
=7 c,+te T .
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£Y z%f—-]—c? +¢, T ' ' (3.49)

Values for Q and X were calculated using the equations for the dielectric constant of
water provided by Johnson and Norton (1991). Values for the fitting constants ¢; (i = 1
through 7) and v; (i=1 through 8) were obtained through regression analyses.

For the high temperature and pressure volumetric measurements of HC]OA and
Yb(ClO4)3, pressure dependent terms were added to equations 3.43, 3.44, 3.46 and 3.47.

The specific equations are presented in Chapter 6.
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4 RARE EARTH PERCHLORATE STUDY

4.1 Previous studies

Néarly all thermodynamic studies of the rare earth ﬁerchlora[es reported in the
literature have been performed at close to ambient temperature and pressure conditions
(T=298.15K, p=0.1MPa). Much of this work was corﬁpleted by Spedding and co-
workers (1975) using pycnometric measurements to obtain density and volume data and
an adiabatic single-can solution calorimeter to determine massic heat capacities. More
recently Xaio and Tremaine (1997). have investigated temperature dependences of the
apparent molar volumes and heat .capaciiies of several aqueous rare earth perchiorate
systems. Babakulov and Latysheva (1974) have also made heat capacity measurements
using.a double adiabatic calorimeter on aqueous solutions of the Group III metal
perchlorate Y(ClO4);. These authors reported values for the apparent molar heat
capacities of Y(ClO4); at 7= 298.15K at various concentrations in the range 0.1-4.05 M

Work described in this chapter addresses the lack of high precision volumetric
and thermochemical data in the literature for trivalent metal cations by probing the
temperature dependences of the apparent molar volumes and heat capacities of selected
aqueous rare earth perchlorate systems. This work also yields single ion volumes and

heat capacities for the selected trivalent metal cation containing systems.
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4.2 Experimental

4,2.1 Stock solution preparation

The proceduré used to prepare stock solutions of aqueous rare earth perchlorate
solutions followed that previously described by Spedding ez al. (1966) with several minor
variations. .Smck solutions of the rare earth perchlorates were prepared by adding slightly
more than equivalent pure rare earth oxide to approximately 1.2M aqueous perchloric
acid at approximately 7 = 353K. A cloudy solution was obtained on the addition of the
metal oxide sample. The solution was aliowed to cool, and the pH was measured.
Additional 0.1 M perchloric acid was added to achieve pH <3. The solution was heated
again until further dissolution of the metal oxide could not be observed. At this stage, the
solution was cooled and the pH measﬁred again.. If the pH was. above 3,.a(.:’tditi0na]. dilute
perchioric acid was added to further decrease the pH to below 3. This process was
repeated until the heating, dissolution, cooling cycle, produced no change in the pH of the
system. Keeping the pH below 3 ensured that there was no formation of rare carth
hydroxide species. At this stage the solution was.vacuum filtered through a fine, sintered
glass filter funnel and stored in a sealed volumetric flask. The filtrates were found to be
free of colloidal particles. .The time required to prepare the acidified aqueous rare earth
perchlorate sotutions varied depending upon which rare earth oxide was used and ranged
from several days to less than 30 minutes.

The oxides used were Y03 (99.99 moi%), Yby03 (99.9 mol%), Dy2O5 (99.9
mol%), and Smy0sy (99.9 mol%) from Aldrich Chemical Company (Cat. No. 20,516-8,

24,699-9, 28.926-4, and 22,867-2 respectively). The perchloric acid was obtained from

43



BDH Chemicals. All water used was distilled then further purified by an Osmonics

model Aries High-Purity D.1. Loop that polishes water to a resistance of 18.3M£2.

4.2.2 Stock solution standardization

Stock solutions created by the above description contained only fare earth
perchlorate salt and a slight excess of perchloric acid. The molarities of the perchloric
actid in  the stock  solutions  were .d_ei:erm'iried by titratim_x with
tristhydroxymethyl)aminomethane (99.944+0.01 mol%, obtained from US Department of
Commerce, Nétional Bureau of Standards) using xylenol orange as the indicator. The
molarities of rare earth perchiorate salts were détennined by titration with the disodium
salt of ethyi_enediaminetetraacet_ic acid (EDTA) (obtained from BDH, 99.0-101.0% assay)
buffered to pH=5.5 using an acetic acid sodium acetate buffer solution. Methyl-red was
used as the indicator in the EDTA titrations. Solutions of EDTA used in the titrations
were prepared according to the procedure outlined by Skoog ez af. (2000) The densities
of the Stock acidified aqueous rare earth perchiorate solutions were measured at the
temperatures at which the titraticns were performed. These densities were used to

convert the molar concentrations to molal concenirations.

4.2.3 Sample preparation

To obtain both the concentration and temperature dependences of both the
apparent molar volumes and apparent molar heat capacities of the perchlorate saits, four

sets of ten solitions ranging in concentration (0.0264 o 0.3974m, 0.0162 10 06.2155m,
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0.0221 to 0.3968m and 0.0350 to 0.4182m for Y(ClOg)s; Yb(CIOy)s, Dy(ClO.); and
Sm{CIO,};, respectively) were prepared. Solutions were prepare.d by mass by dilution of
the stocks of each salt with pure, degassed water. Relative densities and massic heat

: c_apacities were measured at 7=(288.15, 298.15, 313.15, and 32815 K and p = 0.1 MPa.

4.2.4 Measurements

All volumetric and heat capacity data were collected as described in Chapter 3 of
this thesis. The determination of apparent molar heat capacities and apparent molar
~volumes of the aqueous rare earth perchlorates required several additional calculations.

Measured relative massic heat capacities (C,-C;) of the acidified rare earth

perchlorate solutions may be used to calculate experimental apparent molar heat

using the equation:

capacitics of the acidified rare earth perchlorate solution (C ;)

Jb.exp
S I m, +m,

_ Cp{1+(sz2)+(m3M3)}_C;}
In this equation, C, is the massic heat capacity of the sample solution and C, is the
massic heat capacity of pure water (Stimson, 1955), mj, m3 M, and M; are the molalities
and molar masses of the salt and the excess acid, respectively. In a similar manner,
experimental apparent molar volumes (V,.,) may be calculated from measured relative

densities {(p-¢”) using the equation:
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1+(m2M2)+(m3M3)m_1_

Vgﬁ,éxp = p ) : p (42)
i, +in;

where o is the measured density of the solution and p° is the density of pure water (Kell,
1967).

The calculated experimental apparent molar properties (Vgexp and C,, 4 exp) may be
represented using Young's rule as the sum of the apparent molar contributions of the rare

earth perchlorate salts and perchloric acid in water. Young's rule takes the generic form:

ey Ty 4, 4.3)

4.3
m, +m, m, +m,

Y

¢.2xp

In equation 4.3, ¥ is the thermodynamic property of interest and & is an excess mixing

term. This term is defined by the equation:

PR

S=ky,| MMy (4.4)
J [(mz +m3) }

where k73 is the binary intcraction coefficient and 7 is the jonic strength of the system.
For all acidified aqueous rare earth perchlorate solutions in this study, the contribution of
& is assumed to be negligible. Values for 6 tend towards zero when the concentration of

one species is much higher than the concentration of the other in a given mixture. This
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condition applies to nearly all the solutions investigated in this study. By assuming the
contribution of ¢'to be zero, any real contribution will affect the apparent molar property
of the aqueous salt solution (values of ¥,; for HCIO, being those previously réported by
Hovey (1988)). Solutions of Y{(ClO,); investigated at 288.15 and 328.15 K are the only
systems in which perchloric acid concentrations in the mixtures were not significantly
lower than those of the salt. No irregularities were observed in the apparent molar
properties of this system at 288.15 and 328.15 K when compared with those obtained at
other temperatures.

The calculation of the required apparent molar properties of the aqueous

perchiorate sait solutions can be obtained by rearranging equation 4.3:

m m, +m
o ) »
Hl, + My ",

Tables 4.1-4.4 list the concentrations, rclative densities, relative massic heat capacities,
apparent molar volumes.and apparent molar heat capacities along with uncertainties for

the solutions investigated. Uncertainties were calculated using the procedure described in

Chapter 2.

4.3 Data modeling

As indi.cated in Chapter 3, two forms of data modeling were performed. The
concentration dependences of isothermal appareni molar volume and heat capacity values
for each aquecus perchlorate salt were modeled using Pitzer ion intefaction equations.

For apparent molar volumes this equation takes the form:



Table 4.1

313.15, and 328.15) K. Uncertainties are given in parentheses.

The concentration dependences of relative densities, relative massic heat
capacities, apparent molar volumes and apparent molar heat capacities of aqueous
solutions of Y{CIQ4); , component 2, in HCIOQ, (component 3) at 7 = (288.15, 298.15,

m3z m3 Pexpt — o Vli).cxpt VQJ Cpexpt™ CPO Cp,¢,expt Cp,¢,2
/mol kg ' imol kg Akgm3 /em3mol! Jem3mol” A K-1g?t /JK1mol! /J K-! moll
' r=288.15K
0.02642 0.02636 9.389 6543 (1.73) g7.79 (1.74) -0.05782 -88.1(11.8) 1444 (11.2)
0.04317  0.04307 15295 6558 (1.71) g7.9g(1.72) -0.09313 -81.2(10.7) _135.6 (10.8)
0.07194 0.07177 25337 6596 (1.68) 88.65(1.69) -0.15178 -71.7 (10.3) -123.8(10.5)
0.10150 0.10125 35.566 66.16 (1.65) 89.00 (1.67) -0.20969 -64.0 {10.1) -114.4 (10.3)
0.12980 0.12949 45,262  66.37 (1.63) R89.39 (1.64) -0.26316 -57.7(9.9)  -106.9 (10.1)
0.15565 0.15528  54.020 66.60 (1.61) 89.82 (1.62) -0.30992 -51.0 (9.7) -97.6 (9.9
1.18852 0.18807 65.061 66.83 (1.58) 90.26 (1.60)  -0.36705 -42.8 (9.5 -85.9{9.7)
0.22752  0.22698 78006 67.07 (1.55) 90.75(1.57) -0.43184 -34.1 (9.3) -73.3 (9.5
0.27511 0.27445 93.601 67.31(1.52) 91.24(1.53) -0.50710 -25.0:(9.0) -60.2 (9.2)
0.30683 0.30610 103.867 67.47 (1.50) 91.56 (1.51) -0.55489  -193 (8.8)  -515 (9.1)
- T=29815K
0.03616 (.00025 10.583 93.08 {(1.13) 93.41(1.15) -0.06065 -78.8 (6.7) -79.3 (7.0)
6.07259 0.00050  21.118 93.79 (1.11) 94.12(1.12) -0.11900 -63.8 (6.4) -64.2 (6.7)
0.10907 0.00075. 31.579 94.20 (1.09) 9454 (1.11) -0.17497 -50.4 {6.2) -50.7 (6.5}
0.14517  0.00099  41.818 9467 (1.07) 95.01 (1.09) -0.22857 -41.5 {6.1) -41.9 (6.4)
0.18453 0.00126 52.891 95.04 {1.05) 95.38 (1.07) -0.2R479 -32.3 {6.0) -32.5{6.3)
(.22290 0.00153 63.580 95.39(1.04) 95.74 (1.06) -0.33768 -24.4 (5.8) -24.6 (6.2)
(0.26599 0.00182 75.489 . 95.66 (1.02) 96.01 (1.04)  -0.39501 -16.8 (5.7) -17.0{(6.1)
0.30140 0.00206  85.164 . 9595 (1.01) 96.30(1.03)  -0.44029 -10.2 (5.6) -10.4 (6.0
0.35266 0.00241 08.998 96.41 (0.99) 96.76 (1.01)  -0.50365 -2.2 (5.5) -2.4 (5.9)
0.39744 0.00272 111.027 96.59 (0.97) 96.94 (0.99)  -0.55683 42 (5.4) 4.1 (5.8)
. T=31315K
0.03534  0.00024 10.139 9792 (1.12) 98.27(1.14) -0.05775 -35.2 (6.6) -35.4(6.9)
0.08089 (1.00035 23.008 99,09 (1.09) 99.45(1.11) -0.12830 -14.7 (6.2) -14.9 (6.5)
0.11884  0.00081 33614 9960 (1.07) 99.96(1.09) -0.18461 -4.1 (6.0) -4.3{(6.3)
0.16199 0.0011F  45.543 100.10 (1.05) 100.47 (1.07) -0.24628 50(5.9 4.9 (6.2
0.20487 0.00140 - 57.312 100.31 (1.03) 100.68 (1.05) -0.30519 128 (5.7) 12.7 (6.1)
0.24231 0.00166 67.474 100.56 (1.02) 100.93 (1.04) -0.35511 17.5 (5.6) 17.5 (6.0}
0.28709 00019  79.535 100.76 (1.00) 101.14 (1.02) -0.41282 22.7 (5.5) 22.7(5.9)
0.39744 000272 108718 101.27 (0.96) 101.64 (0.98) 0.54531  37.1(53)  371(5.7)
T=328.15K
0.03003 0.0299¢6 10.062 7417 (1.67) 100.21 (1.69) -0.06108 -12.7 10,2y -35.4 (10.4)
0.05425 0.05412 18.069 74.58 {1.65) 100.94 (1.66) -0.10766 0.7 (9.8 -12.4 (10.0)
0.08435 0.08415 27937 74.80 (1.62) 101.34(1.63) -0.16402 7.1 (9.5 -3.9(9.7)
0.11216 0.11189 36956 75.00 (1.60) 101.74 (1.61) -0.21411 12.7 (9.3) 4.5 (9.6
0.14090  0.14056 46175 75.20 (1.57) 102,18 (1.59) -0.26486 14.9 (9.2) 6.5 (9.4)
0.17405  0.17363 56,707 7537 (1.55) 102.57 (1.56) -0.32094 19.2 (9.0) 12.5(9.2)
0.20563 0.20514  06.642 7548 (1.53) 102.88 (1.54) -0.37318 21.0 (8.9) 14.1 {9.1)
0.24458  0.24340 78.788 7556 (1.50) 103.13(1.51) -0.43456 25.1 8.7 19.9 {8.9)
0.27566 0.27501 88.404 7556 (1.48) 103.23(1.49) -0.48184 28.0 (8.5) 24.0 (8.8)
(0.30683  0.30610 97948 75.58 (1.46) 103.37 (1.47) -0.52717 31.8 (8.4 30.2 (8.6)
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Table 4.2

e The concentration dependences of relative densities, relative massic heat
capacities, apparent molar velumes and apparent molar heat capacities of agueous
solutions of Yb{CIO4)3, component 2, in HCIO, (component 3) at T = (288.15, 298.15,

313.15, and 328.15) K. Uncertainties are given in parentheses.

m

Pexpt - Pﬁ qu,expt

Cp_.¢o,exp£

m3 Viz =~ <p expi—Cp_ Cpo.2

fmol kg '/mol kg' kg m? /em3 mol? /em3 mol? AK1 gl /1K mol-! /J K1 mol-!
: T=28.15K o

0.01624 0.00614 6.600 74.04 (1.42) 85.81{1.44) -003669 -105.7{(8.9y -132.1(9.1)
0.04141 0.01567 16,747 74.71{1.38) 86.67{1.39) -0.09203 -99.5 (7.8) -126.5 (8.1)
0.05786 0.02190  23.349 74.88 (1.36) 86.89 (1.38) -0.12732  -96.5(7.7) -123.9(7.9)
0.G67618 0.02883 30,656 75.12 (1.35) 87.19(1.36) -0.16529 -88.2 (7.5 -114.6 (7.8)
0.10229 0.03871 41,024 75.32(1.33) 87.45(1.34) - -0.21R22 -81.4 (7.4 -106.6 (7.6)
0.12062 0.04564  48.239 7557 (1.31) 87.79(1.33) -0.25410  -75.4(7.3) -99.4 (7.5}
0.14704 0.05564 58599  75.80 (1.30) 88.10¢1.31) -0.30495  -70.4(7.2) 941 (7.4)
0.16633 0.06294 66195 75.64 (1.29) 87.87{1.30) -0.34102  -66.6 (7.1} 90.0 (7.3)
0.19509  0.07383  77.398 7570 (1.27) 87.95(1.28) -0.39321  -60.6 (6.9) -83.1(7.2)
0.21549 0.08155 . 85.223 75.98(1.26) 88.33 (1.27) -0.42894  -557(69) -77.4(7.1)
: : T=29815K _

0.01974 0.00747 7.914  77.48 (1.40) 89.93 (1.41) -0.04345 -68.4 (B.4) -89.0 (8.6)
(:04036  0.01527 16110 78.11(1.36) 920.77 (1.38) -0.08723 -35.6 {7.6) “73.2(7.9)
0.06006 0.02273  23.893 78.47(1.35) 91.24(1.36)  -0.12785 -47.1(7.4  -62.8(7.7)
0,068326 0.03151 33.004 78.75(1.33) 91.62 (1.34) -0.17437 -394 (7.3) -53.6 (7.5)
0.10180 0.03852 . 40.255 7889(1.32) 91.81(1.33) -0.21055 =33.8(7.1) -46.8 (7.4)
0.12286 0.04649  48.441 79.07(1.30) 92.06 (1.32) -0.25097  -30.2(7.1)  -42.9(7.3)
0.14413 0.05454  56.643 79.35(1.29) 92.44(1.30) -0.29053  -25.2(7.0) -37.0(7.2)
0.16848 0.06376 66.014 7945 (1.27) 92,58 (1.29) -0.33464  -20.2 (6.8) 2311 (7.1)
0.18972  0.07179 74160 79.48 (1.26) $2.63 (1.27) -0.37258  -17.9(6.8) -28.8(7.1)
_ . ) T=313.15K

0.02464 0.00932  9.657 8282 (1.37) 9654 (1.3%) -0.05253  -22.0(7.9) -31.7 (8.1)
0.04156 0.01573 16.250 8299 {1.35) 96,75 (1.36) -0.08731 -12.1 (7.4 -19.2(7.7)
0.08425 0.03188 32,732 83.42 (1.31) 97.33(1.33) -0.17208 -1.207.1) -6.2 (7.4)
010104 0.03824 39.154  83.61 (1.30) 97.58 {1.32} -0.20422 24 (7.0) -1.9 (7.3
011796 0.04464 45605 83.70 (1.29) 97.72(1.31) -0.23569  7.5(6.9) 4.5 (7.2)
0.13677 0.05176  52.746 83.80 (1.28) 97.86{1.30) -0.27051 9.3 (6.8) 6.4 (7.1)
0.16529 0.06255  63.523 83.89(1.26) 97.99(1.28) -0.32183 12.6 (6.7) 10.2 (7.0
0.18599 0.07038  71.291 83.96(1.25) 98.11(1.27) -0.35814 14.8 (6:6) 12.6 (6.9)
0.21549 0.08155  82.290 84.07(1.23) 98.28 (1.25) -0.40813 19.3 (6.5) 17.9 (6.8)

. T=328.15K

1.01658 0.00628 6.424 8513 (1.40) 99.20 {1.41) 003533 -12.9 (8.5) -20.2 (8.7)
0.04105 0.01553 15,841 85.40 (1.35) 99.52 (1.36) -0.08587 -3.8(7.4) -9.6{7.7)
0.05810 0.02199 22352 85.70{(1.33) 99.9G{1.35) -0.12009 1.5 (7.2} -3.2(7.5)
0.07530 0.02849 28,926 85.57 (1.32) 99.72 (1.34) - - -
0.10134 0.03835 38.739  86.12 (1.30) 100.47 (1.32) -0.20415 8.7 (7.0) 4.8 (7.2)
0.1199%  0.04541  45.757 86.18 (1.29) 100.55 (1.31) -0.23880 13.4 (6.9) 10.7 (7.2)
0.14712  0.05567 55.866 86.48 (1.27) 160.98 (1.29) -0.28787 19.6 {6.7) 18.4 (7.0)
0.16387 0.06201  62.102 -86.51 (1.26) 161.02 (1.28) -0.31804  20.0 (6.7) 18.5 (7.0
0.19439 007356  73.374 86.63 (1.24) 101.21 (1.26) -0.37043  26.1 (6.6) 26.2 (6.9)
6.21549 (08155 81.129 -0.40602 28.6 (6.5) 29.7 (6.8)

86.67 (1.23) 101.29 (1.25)
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Table 4.3

The concentration dependences of relative densities, relative massic heat
capacities, apparent molar volumes and apparent molar heat capacities of aquecus
solutions of Dy(C104)3, component 2, in HCIO, {component 3) at I = (288.15, 298.15,

313.15, and 328.15) K. Uncertainties are given in parentheses.

ma ms3 Pexpl _PO ng,expt ng,Z Cp EJ\Pl—'CPO Cp.¢.exp1 Cp.¢,2
/mol kg /mot kg /kgm3 /em3 mol” /em3 mol” A Kt g! K1 mol! /J K-t mol-!
T=28815K
0.03067 0.01409 12,106 75.81 (1.18) 90.87 (1.20) -0.06838  -959(7.1) -125.7(7.4)
0.06230 0.02862  24.484 76.06 (1.16) 91.16 (1.17) -0.13573  -85.9(6.6) -114.9(6.9)
0.09216 0.04234 36,031 7659 {(1.14) 91.91 (1.15) -0.19637 -74.0(6.4)  -100.4{6.7)
0.1284C 0.05899 49936 76.90 (1.11) 92.34(1.13}) -0.26725 -649(6.3)  -90.0(6.6)
0.15970 0.07337 61.815 77.23 (1.10) 92.81 (L.11} -0.32605  -58.1(6.1)  -82.3(6.5)
0.18742 0.08610 72,268 77.42(1.08) 93.09 (1.10) -0.37567 -49.8 (6.0)  -71.9(6.4)
0.23068 0.10598  88.432 77.69 (1.06) 93.47 (1.08) -0.45087 -41.8{59)  -62.6(6.2)
0.26765 0.12296  102.061 77.99 (1.04) 93.91 (1.06) -0.51115  -32.0(5.7)  -30.1{(6.1)
0.30446 0.13987 115574 7810 (1.02) 94.08 (1.04) -0.56993  -26.5(5.6)  -43.6 (6.0}
0.34677 0.15931  130.895 78.34 (1.00) 94.43 (1.02) -0.63431  -19.6 (5.5)  -35.1(5.8)
T=29815K _
0.02211  0.01016  8.632 78.89 (1.19) 94.65{1.21) -0.04826 -60.3(7.3)  -81.9(7.6)
006052 0.02780¢  23.477 79.23(1.15) 95.08 (1.16) -0.12818  -44.0(6.5)  -61.8 (6.8)
0.09235 004242 35618 79.64(1.13) 95.67 (1.14) -0.19121  -33.3(6.3)  -485 (6.6)
0.12632 0.05803  48.470 80.09 (1.11) 96.32(1.12) -0.25588  -25.0(6.1)  -38.3{6.4)
0.15832 0.07273  60.406 80.49 (1.09) 96.92(1.10) . -0.31433  -17.8(6.0)  -29.5(6.3)
0.18202 0.08362  69.219  80.72(1.07) 97.25(L.09) -0.35671 -149(5.9)  -26.4(6.2)
0.22864 0.10504  86.433  80.86 (1.05) 97.49 (1.07) -0.43679 -89 (5.7 -19.7 (6.1)
026707 0.12270  100.258 81.46 (1.03) 98.39{1.05) -0.49790  15(56) ~  -62(59)
7=313.15K '
0.03141 0.01443  11.978 83.68 (1.16) 100.80 (1.18) -0.06650  -22.4(6.7)  -35.1(7.0)
0.09373 0.04306 35399 84.25 (1.11) 101,51 (1.13) -0.18927 2.0 (6.1) -3.1 (6.4)
0.12549 0.05765  47.183 84.41 (1.09) 101.76 (1.11) -0.24875 6.8 (6.0) 2.6 (6.3)
0.15858 0.07285 59341 84.62(1.08) 101.98 (1.10) -0.30856  11.1(5.9) 7.6 (6.2)
0.19432 0,08927 72.346 84.82 (1.06) 102.40 (1.08) -0.37008  18.0(5.7) 16.4 (6.1)
0.23177 0.10648  85.865 8493 (1.04) 102.60 (1.06) -0.43257  22.4(5.6) 21.6 (6.0)
0.26614 012265  98.140 85.06 (1.02) 102.84 (1.04) -0.48786  26.0(5.5) 25.8 (5.9)
_0.30702 0.14104 112594 8521 (1.00) 103.10(1.02) -0.55117  29.9.(5.4) 302(5.8)
7=32815K '
0.03033 0.01393  11.432 85.64 (1.16) 102.91 (1.18) -0.06398  -14.7 (6.7  -259(7.0)
0.05839 0.02682  21.873 86.34 (1.14) 103.87 (1.15) -0.12015 1.2 (6.3) -4.9 (6.6)
0.09059 0.04162  33.767 86.61 (1.11) 104.26 (1.13) -0.18201  13.0(6.1) 10.6 (6.4)
0.12163 0.05588  45.106 86.93 (1.10) 104.72 (1.11) -0.24006  17.1 (6.0 15.3 (6.3)
0.15873 0.07292 58508 87.31 (1.08) 105.30 (1.09) -0.30636  23.9(5.8) 24.0 (6.1
0.19856 0.09122 72,773 8750 (1.05) 105.62 (1.07) -0.37582  25.3(5.7) 24.8 (6.0
0.22556 0.10362  82.368 8758 (1.04) 105.98 (1.04) -0.42086  28.2(5.6) 28.2 (6.0
0.26247 0.12058 95370 8770 (1.02) 106.03 (1.03) -0.47909  35.7 (5.5) 38.3 (5.8)
0.30224 0.13885 109.289 87.70 (1.00) 106.00 (1.01) -0.54067  39.3(5.4) 42.6 (5.7)
0.34677 0.15931 124.747 87.65(0.98) 102.91 (1.18) -0.60709  42.4 (5.3} 46.1 (5.6)
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Table 4.4

: The concentration dependences of relative densities, relative massic heat
capacities, apparent molar volumes and apparent molar heat capacities of agueous
solutions of Sm{(Cl0y4)3, componeni 2, in HCIO,4 {component -3} at 7= (288.15, 298.15,

313.15, and 328.15) K. Uncertainties are given in parentheses. .

m2 M3 pog -~ Veewr. Va2 Cew—S%  Cpget  Cpoz
/mol kg™ /mol kg’ /kgm?3 fem3 mol? fem3mol® AK-1gl JK-1mol! /J K1 mol!
: T=28815K
0.03501 0.00102 12.628 R7.01 (1.23) 88.30(1.24) - - : -
0.07204 - 0.00211 25.822 88.04(1.20) 89.34(1.21) -0.14292 -154.3(6.9) -158.2 (7.1)
0.10848 0.00317 38.680 B8.71 (1.18) 90.04(1.19) -0.21094  -145.1 (6.7) -148.9(7.0)
0.14535  0.00425 51.576 £9.22 (1.15) - 90.56 (1.17) -0.27582 -127.9(6.5) -131.5(6.8)
019184 .. 0.00561 67.673 B89.77 (1.13) 91.13{1.15) -0.35300 -117.3(6.3) -120.7 {6.6)
0.23202 - 0.00679 81.462 90,12 (1.11) 91.48(1.13) -0.42085 -109.7(6.2) -113.0(6.5)
0.27656  0.00809  96.574 90.56 (1.09) 91.94 (1.11) -0.48829 -92.9(6.0) -95.9 (6.4)
0.32349 0.00946  112.351 90.93(1.07) 92.32(1.09 -0.55778 -83.2(5.9) -86.0 (6.2)
0.37015  0.01083  127.837 91.36 (1.05) 92.76 (1.07) -0.62345 -73.3(5.8) -75.9 (6.1)
041822 001223 143.658 91.69 (1.03) 93.10(1.05) _-0.68889  -65.9(5.6)  -68.4(60)
: T=298.15K
0.03542 0.00104 12.552 92,59 (1.21) 93.99(1.23) - e -
0.07376 0.00216  26.013 9298 (1.18) 94,39 (1.20) -0.14166 -94.3 (6.6) -96.9 (6.9)
0.11131 0.00326 39.076  93.34(1.16) 94.76 (1.18) -0.20895 -80.0 (6.4) -82.4 (6.7)
0.15052 0.00440 52.573 93.81(1.14) 95.25(1.16) -0.27594 -68.2 (6.3) -70.4 (6.6)
0.19182  0.00561 66.643 9426 (1.12) 9571 (1.14) -0.34382 -58.4(6.1)  -60.4 (6.5)
0.23340 . 0.00683 80.700 9453 (1.10) 95.99 (1.12) -0.40933 -49.6 (6.0) -51.5 (6.3}
0.27750  0.00812 95.519 94.63 (1.08) 96.09 (1.10) -0.47671  -41.8 (5.9) -43.6 (6.2)
0.32201 0.00942 110,160 9523 (1.06) 96.72(1.08) -0.54084  -353 (5.7 -36.9 (6.1)
0.36945 0.01081 125.709 95,52 (1.04) 97.01 (1.06) -0.60700 -28.7 (5.6) -30.3 (6.0
041822 001223 141.534 95.76 (1.02) 97.27 (L04) -0.67170  21.3(5.5  -22.7(58)
T=31315K
0.03613 0.00106 12567 97.76 (1.24) 99.25(1.25) -0.06955 -67.2 (7.1) -69.3 (7.3)
0.11289 0.00330 38.874  98.56 (1.19) 100.08 1.20) -0.20636 -33.1 (6.5) -34.4 {6.8)
0.15014 0.00439 51.454 9892 (1.17) 100.46{1.18) -0.26874 -23.51(6.3) -24.6 (6.6)
0.19211 0.00562 653,487 99.29 (1.14) 100.84 {1.16) -0.33628 -14.8 (6.2) -15.7 {6.5)
0.23219 0.00679 78770 99.55(1.13) 1011 (1._]4) -0.39840 . -8.4(6.1) -—9.3_(6.4)
0.27781 0.00812 93.738 99.83 (1.10) 101.40 {1.12) -0.46690 -4.3 (5.9 -5.1.(6.3)
0.32111 0.00939  107.839 99.96 (1.08) 101.54 (1.10) - -0.52902 1.7 (5.8) 0.0 (6.1)
0.36772  0.01075 122.828 100.21 (1.06) 101.80 (1.08) -0.59315 6.0 (5.7) 5.4 (6.0)
(041822 001223 138938 100.35(1.04) 101.94 (1.06) -0.65940  122(.6) 11769
. '=32815K
0.03665 0.00107 12.580 100.62 (1.24) 102.16 {1.25) -0.07003 -52.4 {7.0) -54,1 (7.3
0.0726%  0.00213 24813 101.29(1.21) 102.85(1.23) -0.13503 -28.8 (6.6) -30.0 (6.9)
011101 0.00325 37674 101.91 (.19 103.49 (1.200 -0.20112 -13.4 (6.4) -14.2 (6.7
0.13092  0.00441 50.956 102.27 (1.16) 103.86 (1.18) -0.26782 -6.5 (6.3) -7.1 (6.6)
0.19122 0.00559 64.236  102.58 (1.14) 104.18 (1.16) -0.33246 0.1 (6.1) - 0.5 {6.5)
0.23313 0.00682 77916 102.83(1.12) 104.45(1.14) -0.39760 3.6 (6.0) - 3.1(6.3)
0.27777 0.00812  92.354 103.05 (1.10) 104.67 {1,12) -0.46339 11.0 (5.9} 10.6 (6.2)
0.32202 000942 106.560 103.13 (1.08) 104.76 (1.10) -0.52607 17.1 (5.8) 16.9 (6.1)
0.370M 0.01082  121.757 103.35 (1.06) 104.99 (1.08) . -0.59141 22.7 (5.6) 22.6 {6.0)
0.41822 0.01223  136.877 103.52.(1.04) 105.17 (1.06) -0.65469 26.9 (5.1) 26.9 (5.9
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Vi,

) {6;11,. Inft + 5/7)

- } =V? + RTIBY +2RTIRY (1), (4.6)

For apparent molar heat capacities equation 4.7 was utilized:

- {GAJ Inft +57)
Croz™ b

}: Co, - RT*IBY - 2RTIBY f{I). (4.7)

The coefficients and constants used in these equations have been defined in Chapter 3.
Values for V), i A C, [)‘0" and " were obtained through regression anatyses and
are reported in table 4.5.

The temperature and concentration dependences of the apparent molar volumes
and the apparent ﬁmlar heat capacities of the investigated salts were modeled using
modified Pitzer ion interaction equations. In these equations, the £ Y, and Vin

constants from equations 4.6 and 4.7 were modeled as a function of temperature. HKF

equations of state (Shock and Helgeson, 1988) were used to model the temperature

dependences of V; and C_, values. These equations take the forms:
: a Vz
Vy =vy i —al) (4.8)

BY =v,+v,T (4.9)
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Table 4.5 Estimates of parameters to the Pitzer ion interaction model equations,
shown as equations (4.6) and (4.7), for aqueous solutions of Y(ClO.)3, Yb(ClO4};,
Dy(Cl04)3, and Sm{ClIQ,}5 at T = (288.15, 298.15, 313.15, and 328.15) K and p = 0.1
MPa.

T v, 10° g~ 10° Co'a 10° & 10t
K jem’mol’ fem’kg mol™T! fem’ kg mol '3 A K'mol’ kg mot! K2 kg mol™ K
Y(C104);

28815 85.1240.14 4.095{0618  -433110.424 -188.08t1.73 4.658+0.265  -2.589:0.18i
298.15 90.32+40.09 1.077+0.307  -3.53140.237 140.49+1.12  1.019+0.126  -1.341+0.973
313.15 94.45£0.11 -2.693+0.372  -2.190+0.277 -101.68+1.46 —0.3545 £0,1563 -1.464+0.116
32815 96.08+0.18 -1.545£0.659  -4.042+0.470 -105.57+6.20 -1.64840.676  -1.337 2 0.482

. Yb(C10y);

288.15 83.46+0.22 -2.933t1.978  -1.96140.942 -166.79t4.00 5.633t[.243  -3.553+0.601
20815 87.1240.13 -2476+1.272  -1.727+0.568 -141.65+132 -0.8389 +0.4434 -0.5571 0.2009
31315 93.57+0.13 -3.881+1.008  -4.990+0.490 -89.44+2.45 -1.100+0.606  -1.557+0.299
328.15 96.29+0.30 3.557+2.405  7.577+1.146 -68.79+2.31  2.218+0.581  -3.662+0.277

Dy(ClO,);

288.15 87.98+0.27 2.285+1.075  -3.677£0.779 -171.58t4.84 3.891£0.657  -2.71940.476
20815 92204037 7.42522226  -6.221%1.272 -133.19:4.03 1.199%0.807  -1.523+0.461
31315 97.99+0.13 -1.773H0.528  -6.390+0.353 -101.6143.06 1.0130.400  -1.1830.267
32815 98534022 -3.987+40.793 . -2.558 40.568 -95.26%5.45 12220587  -1.525+0.421

28815 85.0040.07 0.931510.2192 -1.402+0.173 -234.67+6.08 3.001 +0.756  -1.057+0.715
29815 91163021 2.14240.662  -4.758+0.524 -187.01+1.39 0.122240.1062 -0.2829 +0.1013
31315 95.9240.16 -0.4445 +0.4439 -4.547 £0.3549 -142.9342.23 -1.09620.201  -0.6303 £0.1634

32815 97.95+0.09 -2.625+0.26%  -3.744+0214 -131.58 +4.62 -1.288+0.399 -0.9746 +0.3219
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ind -_'%fm+v6+v7T
C!,=c +—£3—+GJTX
2.2 . ! (Tﬁ®)2

. C
BY =te, +e,T
T

¢
AY ==5tc, +e, T
T

(4.10)

4.11}

(4.12)

4.13)

The fitting parameters v; (i:i -7} and ¢; {i=1-8) for all perchlorate salts analysed were also

obtained through regression analyses and are reported in Tables 4.6 and 4.7. Valués for

V; and C7, calculated from the HKF equaﬁons differ slightly from those obtained from

equaﬁons 4.6 and 4.7. The single temperature fits do not include temperature dependent

terms, and predict the infinite dilution values using only the concentration dependent

measurements at a particular temperature. The global fits, on the other hand, place

emphasis on changes in the thermodynamic properties as a function of temperature and

concentration. The emphasis on a larger data set causes the rapidly changing values of

V42 and C,y - at low molalities to be less well modeled. For this reason both modeling

techniques were used.
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Table 4.6 Estimates of parameters to equations (9), (10), and (11) which model the

temperature dependences of V, 7 values for aqueous solutions of Y{(ClO4)3, Yb(C104)3,
DY(C104)3, and SI’H(C104)3 atp = 0.1 MPa.

Parameler Y(CI0);  Yb(CIO4s Dy(ClO4); Sm{CIO4)5

vy Mem® mol™) 13590+098 13518070 137.11+£1.42  139.35+0.68
v, Hem® K mol™) 2198471 2220446 20964105 2393 % 50
10 v /(kg mol™* MPa™') 2550 +1.393 4513+1.274 580422036, 3.028+0.780
10° vg/(kg mol™ K MPa™!) -0.8381£0.4534 -1.580 £0.380 -1.874£0.657 -0.9856+0.2525
vs (kg mol ' K MPa™) 81.59+10.17 -1.412+0.395 30.23£15.14  5226+6.50
v /(kg mol™* MPa™) 0.5378 + 0.0607 - -0.2115 £ 0.0901 -0.3292 £ 0.0386
10% o7 /kg mol” K MPa!)  -8.946+0.914 - 3547 +£1.353  5.044%0.577

Table 4.7 Estimates of parameters to equations (12}, (13), and (14) which model the

temperature dependences of Cp g values for aqueous solutions of Y(Cl&s)a, Yb{ClOy4)3,
Dy(CiOy)3, and Sm(CIQy); at p = 0.1 MPa.

Parameter

Y(C104)W3A .,X13£C104)3 Dy(ClOy); Sm(ClOy);

¢; /0 K mol™)
107¢,/(J K mol™)
ci/kg mol? K™

10% ¢4 /kg mol? K2)
10° ¢5 Itkg mol! K
cs/kg mol K

c7 kg mol! K2

10° ¢g /(kg mol ! K)

198.47 £ 5.60 228331633 20036+ 7.06 171.69+5.72
-6.636 + 0.280 -7.123+0.322 -6.274 £ 0.361 -7.542 £ 0.359
-1.991 £+ 0.264 -1.640 + (.687 -1.532£0.3%2 -1.377 £0.196
1.254 £0.170 1.034 £ 0.444 0.9636 £ 0.2536 - 0.8654 +0.1263
-1.969 £ 0.273 -1.629 £0.715 -1.511 £ 0.409 -1.355 £ 0.203

11.40£1.31 6.824 + 2,480 7.728 £ 1.821 4,995+ 1.153
-0.07355 £0.00831 -0.04405 + 6.01588 -0.04970 £ 0.01164-0.03253 £ 0.00726
11.88 £1.32 7173 +£2.537 8.022 +1.856 5309 +£1.142
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4.4 Comparison of our experimental data with existing experimental data

The himited data existing for these systems agrees favourably with the data collecied
in this study. Figure 4.1 describes the apparent molar volumes of Yb(ClO4)3 measured at
T = 298.15K and compares the values obtained in this study to those reported by Xaio
and Tremaine (1997). The V4, values reported by Spedding, Baker and Waﬁters (1975)
are also shown in this plot. Values for V;» obtained in this study deviate from_ those of
Xaio and Tremaine (1997) by less than 1 cm’mol”. Even better agreement is achieved
with the V> data of Spedding et al. (1966). C, 4, values for Yb(C1O4); at ' = 298.15K
are compared in figure 4.2. Again, good agreement is found for experiniental data
presented here and the data collected by Xaio and Tremaine (1997). The heat capacity
data collected by Spedding er al. (1975) agreed with the data from this study at higher
concentrations, but at lower concentrations there is significant deviation. This is most
tikely due to the differing measurement techniques used in the two studies. The batch
calorimetry technique used by Spedding er al. (1975) does not produce massic heat
capacities with the precision achieved by the flow calorimetry technique used in this
study. Figure 4.3 compares the data presented here to the apparent molar heat capacity
data collected by Babakulov and Latysheva (1974). It can be seen that, like the
comparison with Spedding's Yb(C1O,); data (1975), good agreement is found for higher

concenirations but at lower concentrations the agreement is poor.

4.5 Comparison with existing HKF models
Shock and Helgeson (1988) have compiled thermodynamic data for many

different ionic systems and used the HKF equations of state to predict single ion
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Figure 4.1 Comparlson of V, > values for YB{CIQ); at T=298.15K and p—(} i MPd
to available literature values.
(s) data reported in this study, (+) Spedding (1966), {x) Xalo and Tremame (1997)
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Figure 4.2  Comparison of C, 4 » collected at T=(298.15, 328.15) K and p=0.1 MPa
in this study to literature data.

Spedding and co-workers (1975), Xaio and Tremaine (1997). (o) data collected in this
study, (+) Spedding et al., (x) Xaio and Tremaine.
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Figure 4.3  Comparison of Cp, 2 data for Y(CIOg3g at T=298.15K and p=0.1
MPa cellected in this study te that reported by Babakulov and Latysheva (1974).
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thermodynamic property values, including values for apparent molar volume and
apparent molar heat capacity for a large number of ions. Among the systems compiled
were several trivalent cations, including Y, yb*, Dy3+ and Sm®", as well as the
perchlorate anion, ClO4. The majority of rare earth thermodynamic data available at the
time of the Shock and Helgeson study was reported by Spedding and co-workers {1966,
1975). Table 4.8 compares infinite dilution apparent molar volumes and heat capacities
to those reported in the literature. Figures 4.4-4.7 compare the infinite dilution apparent
molar volumes predicted by Shock and Helgeson (1988) to the single temperature and
temperature-dependent infinite dilution apparent molar heat capacities obtained in this

study while Figures 4.8-4.11 compare the apparent molar heat capacities at infinite
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Table 4.8 Comparison of our calculated V°; and C,.2” values with those previously
reported in the literature for aqueous solutions of Y(C104)3, Yb(ClO4)3, Dy(ClOy);, and
Sm(ClOy); at T=298.15K and p = 0.1 MPa.

Species cmrniol'l ] KCPI;OI :
Y(C104); 90.32 (0.09}, 91.91° —140.49 (1.12), ~150.5,
Yb(CIO.); 87.12 (0.22), 88.325° 87.88 ~141.65 (1.32), -137.7°, -
(0.10)°, 87.70° 280.3% °-137.9 (2.0)°, -137.65°
Dy(ClO4); 92.20 (0.37), 91.593%, 91.42° ~133.19 (4.03), -150.1°, —
212.0%, -150.02°
Sm{Cl0,)3 91.16 (0.21), 90.393% 89.87° ~187.01 (1.39), -197.2°, -

251.6% -197.13¢

— (Spedding, Shiers, Brown, Derer, Swanson, Habenschuss, 1975), ” ~ (Xaio,
Tremaine, 1997), © — (Sabot, Maestro, 1995), ¢ {Spedding, Baker, Walters, 1975), © —
(Criss, Millero, 1999) Uncertainties of our values are reported in parentheses

Figure 4.4  Comparison plot of infinite dilution apparent molar volumes of
Y(CIO4)3 atp:[}.l MPa.

(») equation 4.6, - - - - - - - — Equation 4.8, — Shock and Helgeson (1988).
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Figure 4.5  Comparison plot of infinite dilution apparent molar volumes of
Yb(Cl10y); at p=0.1 MPa.

(+) Equation 4.6, (+) Xaio and Tremaine (1997), - - - -~ - - - — Equation 4.6,
~ Shock and Helgeson {1988).
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Figure 4.6 = Comparison plot of infinite dilution apparent molar volumes values of

Dy(ClQy); at p=0.1 MPa.
{s) Equation 4.6, - - - - - - - Equation 4.8, — Shock and Helgeson (1988).
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Figure 47  Comparison plot of infinite dilution apparent molar velumes values of
Sm(ClOy); at p=0.1 MPa.

() Equation 4.6, - - - - - - - - Equation 4.8, . — Shock and Helgeson (1988).
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Figure 48  Comparison plot of infinite dilution apparent molar heat capacities of
Y(ClOy); atp=0.l MPa.

(¢} Equation 4.7, - - - - - - - — Equation 4.11, — Shock and Helgeson (1988).
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Figure 4.9  Comparison plot of infinite dilution apparent molar heat capacities of
YB{CIO,); at p=0.1 MPa.

() Equation 4.7, (+) Xaio and Tremaine (1997), ------ - — Equation 4.11,
~ Shock and Helgeson (1988). .
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Figure 4.10  Comparison plot of infinite dilution apparent molar heat capacities of
Dy(ClO4)3 atp:(),l MPa.

(#) Equation 4.7, Broken line — Equation 4.11, Solid line — Shock and Helgeson (1988).
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Figure 4.11 Comparison plot of infinite dilution apparent molar heat capacities of
Sm(CI10,); at p=0.1 MPa.

{e) Equation 4.7, - - - - - - - — Equation 4.11, ~Shock and Helgeson (1988).
-50 T N T T — —

-100

-150 |

_.QIDUZ L - - -~

il K mal™
-
“'\\

280 - ~ / - . —

9
2

Cp

300 |- S ]
.350 L e

-400 |- . | = -

S48 | | 1. - : .i
280 290 o0 N0 2320 330 340
Temperature I 70 '

dilution. In cach plot, although the infinite dilution curves produced by each model
intersect at one temperature, the overal! temperature dependences predicted by Shock and
Helgeson (1988) deviate from the empirically determined temperature-dependent
apparent rhoiar volumes and apparent molar heat capacities. There is greater deviation in
the infinite dilution apparent molar heat capacity predictions. For the Dy(ClO,)3 system
this difference reaches a maximum of 100 JK mol™.

Batch calorimetry necessitatés solutions of high concentrations relative to the

more sensitive Picker flow technique utilized in this study. For accurate prediction of
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infinite  dilution properties, .éxperimental heat capacity values at low solutipn
concentrations are requi.red.

| In addition, the temperature dependences of the apparent molar properties of the
trivalent rare earth cations were queled by Shock and Helgeson (1988) using only data
collected at 298.15 K. The measurements made in this study ﬁere taken at T=(288.15,
298.15, 313.15 and 328.15) K, allowing empirical modeling of the infinite dilution

apparent molar volumes and apparent molar heat capacities.

4.6 Single ion values
The thermodynamic properties of an agueous salt solution can be represented as

the sum of the contributions made by its constituent ions. Using the conventton that
Y%ms = 0, the infinite dilution apparent molar heat capacity and volume values of the
trivalent cations investigated in this study can be determined. Single ion values for the
perchlorate anion can be obtained from the apparent molar volume and apparent molar
heat capacity data reported by Hovey (1988) for aqueous perchloric acid solutions. Using

the convention identified above:
Yrjo; = Yo, {4.14)

The infinite dilution values of the investigated trivalent metal cations can be

obtained from the equation:

Yo =Yicion, =3y | (4.15)
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where R identifies the trivalent metals examined in this study. The single ion values

calculated in this manner are reported in table 4.9 along with those previously reported by

Marriott er al (2001}, Marriott’s values of V;RB were calculated from experimental Vy

data reported by Xaio and Tremaine (1997) and Spedding ef al. (1966, 1975), while

Marriott’s values of C; gpv were iaken directly from the compilation of Criss and

Millero (1999).

Criss and Miliero (1999} compiled data reported by Spedding (1975) and Xaio
and Tremaine (1997), fitting all reported data for all salts (CI', Ci0O4, and NO3z) with a
common cation to a single Pitzer equation. The calculations used by Criss and Millero
(1999) do not mention any correction to compensate for the differing amounts of
complex formation resulting from different anions. Modeling data in this way does not
lead to the most precise values for single ion heat capacities. Instead, average values
resulting from the dissociated salts and any complexes present are obtained. In addition,
as mentioned earlier, the heal capacities reported by Spedding er al. {1975) are of lower
preéision than those reported hére at low salt concentrations.

In spite of the above, the single ion apparent molar data reported herc and those
reported by Marriott agree well, with 2 maximum difference of 1.7cm’mol™ for volumes

and 14.6 JK 'mol™ for heat capacities.

4.7 Conclusions

The literature is far from complete with respect to thermodynamic data for

aqueous salts of the trivalent rare earth cations. Many systems have not been studied and
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Table49 A comparison of literature and calculated Vo°(R”) and Cp2"(R™) values
for R* = (Y?*, Yb™, Dy**, and Sm™) at T'= (288.15, 298.15, 313.15, and 328.15) K.

T V2°(RY)
K jem®mol™!

. -Y3+ Yb3+ Dy3+ Sm3+ C}04'""
288.15 -42.38 (0.4) -44.0 (0.4) 2395 (0.4 -42.5 (0.4) 42.5 (0.2)
298.15 -42.0 (0.4), -45.2 (0.4), -40.0 (0.5), -41.1 (0.4), 44.1 (0.2)

-40.21° -44.425 (0.3)*  —-40.70 (0.3)" -42.25 (0.3)*
313.15-43.6 (0.4) -44.4 (0.4) 40,1 (0.4)  -42.1 (0.4) 46.0 (0.2)
328.15 -47.0 (0.4) -45.9 (0.5) 43.7 (0.4  -44.3(0.4) 47.4 (0.2)
CpZD(R3+)
3K 'mol
Y3+ Yb3+ Dy3+ Sm3+ C104—
288.15 -47 (4) -26 (5) -31 (6) -94 (10) 47 (2)
298.15 -65 (4), -67 (4), -58 (5), -112 (4), 25 (2)
70 (10)* -57.2 (5" —69.6 (10)* -116.7 (10)*
313.15-78 (4) -65 (4) -78 (4) -119 (4) -8 (2)
328.15 -91 (7) -54 (4) -80 (6) -117 {6) -5 (2)

* ~Marriott , 2001.

nearly all that have were investigated by Spedding and co-workers at T = 298.15K. The
calorimetric techniques used by Spedding and co-workers were not suited to low
concentration measurements and thus extrapolations to infinite dilution were not precise.
The data presented here achieve greater precision at low molalities than those of
Spedding and co-workers, and thus can be used with greater confidence for infinite
dilution extrapolations.

The only temperature dependent measurements of apparent molar heat capacities
thus far are the experiments performed by Xaio and Tremaine (1997) which are limited to

six perchlorates and one chloride. Further, the predominant model used by geochemists
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for calculation of elevated temperature and pressure apparent molar volumes and heat
capacities (HKF equations of state reported by Shock and Helgeson (1988)) are based on
what we have identified as less precise thermodynamic data than those reported in this
study. The data reported in this chapter provide some of the temperature dependent

information required to fully characterize the thermodynamics of the trivalent rare earth

salts.
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5 RARE EARTH CHLORiDE STUDY

The previous chapter reported volumetﬁc and thermochemical properties for
aqueous solutions of several perchlorate salts containing trivalent metal cations. To
complement the perchlorate salt investigation, this chapter reports volumetric and
thermochemical properties of aqueous solutions of the corresponding trivalent metal
chlorides. Relative densities and massic heat capacities have been measured at four
temperatures énd apparent molar volumes and heat capacities have been calculated. The
concentration and temperature dependences of the apparent molar volumes and heat
capacities have been modeled using the Pitzer ion interaction equations discussed
previously in Chapte'rs 3 and 4. Calculated infinite dilution apparent molar properties of
the aqueous chloride salts provide an iﬁdependent check of the single ion thermodynamic
data calculated in the pre\;i()us chapter.

This chapter also considers the effects of complex ion formation within the
aqueous chloride salt systems and provides qualitative evidence in support of the earlier

complex formation studies reported by Wood (1990a, 1990b).

3.1 Previous studies

Spedding and co-workers (Spedding, 1966b, 1975; Habenschuss, 1976; Gildseth,
1975) have reported the apparent molar volumes of many aqueous rare earth chloride
systems. The required densities were measured using a variety of techniques including a
magnetically controlled float (Spedding 1966b), dilatometry (Habenschuss, 1975;
Gildseth, 1976) and pycnometry (Spedding, 1975). The dilatometry studies comprised

measurements at temperatures ranging from 7' = 278.15K to T = 353.15K while the
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magnetically controlled float and pycnometric experiments were performed at 7 =
298.15K. Al studies were performed at p = 0.1MPa. Spedding and coworkers
{Spedding, 19662, 1975¢) also reported the apparent molar heat capacities of many
aqueous rare earth chloride systems at 7 = 298.15K and p = 0.1MPa. 'these
measurements were invariably made using an adiabatic batch calorimeter (Spedding et
al., 1975¢). Pitzer ef al. (1978) used a single equation to reevaluate the apparent molar
volumes reported by Spedding et af. (1975b) which resulted in revised infinite dilution
values. Shock and Helgeson also utilized the volumetric and thermochemical data
reported by Spedding and coworkers (Spedding, 1966b, 1975b, 1975¢, 1979, 1975d) to
construct HKF equations of state for the aqueous trivalent metal cations and the chioride
anion. The apparent molar volumes and apparent molar heat capacities reported by
Karapet'yants ez al. (1976) for aqueous solutions of YCl; at 7' = 298.15 and p = 0.1MPa

provide a useful comparison for the values reported by Spedding and coworkers (1975b,

1966a).

5.2 Experimental
The preparation of stock acidified metal chloride solutions follows the procedure
detailed in Chapter 4, the only significant change to the procedure being the replacement

of perchloric acid with hydrochloric acid.
5.2.1 Stock solution preparation

Samples of pure rare earth oxide were dissolved in less than equivalent

hydrochloric acid (BDH 36.5-38.0% assay). Excess hydrochloric acid was added to the
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stock metal chloride solutions after all the oxide .had dissolved to ensure a final pH:Iess
than pH = 3. The acidified stock solutions were filtered through fine sintered glass
crucibles and subsequently found to be free of colloidal particles by shining a light

through the solution and observing that no cone of light formed.

5.2.2 Stock solution standardization

Standardizations of the rare earth. chloride stock solutions were performed
according to the procedure detailed for the rare earth perchlorates in Chapter 4.

The concentrations of the trivaleht metal cations in the various stock solutions
were determined by titrating aliquots of each stock solution with EDTA. Xylenol orange
was used as the indicator and the system was buffered to pH 5.5 using an acetic
acid/sodium acetate buffer.

The acid concentration in each stock solution was determined by titration with the
standard reference material tristhydroxymethyl)aminomethane (THAM, 99.94+0.01
mol%, obtained from US Department of Commerce, National Bureau of Standards) using
methyl red as the indicator.

The density of each stock solution was measured at the temperature at which the
titrations were performed aliowing conversion from the molar concentration scale to

molal concentration scale.
5.2.3 Sample preparation

Samiple solutions of the aqueous rare earth chloride were prepared by diluting

portions of the stock solutions with pure, degassed water, For each investigated system,
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four sets of ten solutiéns .that ranged in concentration (0.05489 to 0.69779 mol kg™ for
YCl3, 0.04560 to 0.46912 mol kg for YbCls, 0.03274 to 0.35480 mol kg! for DyCls,
(.03659 to 0.39817 mol kg’1 for SmCls, and 0.03523_t0 0.38566 mol kg"1 for GdCls) were
prepared by mass using a Mettler Toledo AT201 balance. Solutions were stored in glass

25mL volumetric flasks and used within 24 hours of preparation.

5.2.4 Measurements
Relative densities and relative massic heat capacities of acidified aqueous yttrtum

chloride and four rare earth chiorides (YbCl;, DyCls, SmCl; and GdCls) were measured
using the Sodev model 02D vibrating twbe densimeter and the Picker flow
microcalorimeter. Measurement details have been described in Chapter 2. Experimental
* apparent molar volumes and heat capacities were calculated {rom the measured relative
properties using equations 4.1 and 4.2. The apparent molar properties of the agueous
trivalent metal salts were calculated using equations 4.3 and 4.4. The required apparent
molar properties of aqueous hydrochloric acid, utilized in the calculation of values of V,»
and Cpy 2, were calculated from equations reported by Sharygin and Wood (1997) and
Ballerat-Busscrolles et al. (1999) respectively. Concentration and temperature
dependences of the measured and calculated properties are reported in tables 5.1 through
5.5 for YCl3, YbCl;, DyCly SmCly and GACl; respectively.

Figures 5.1-5.10 illustrate that the apparent molar volumes, V,,, reported in tables
5.1 through 5.5, at 7 = 298.15 K, differ by a maximum of approximately 1.5 cm’mol”’

from those  reported by Spedding et  al. (Spedding, 1966b,
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Table 5.1

The concentration dependences of relative densities, relative heat
capacities, apparent molar volumes and apparent molar heat capacities for acidified
aqueous soluticns YCls, component 2, in HCI (component 3) at T = (288.15, 298.15,
313.15, and 328.15) K.

m2 M3 Pept — " Vi expt Voz  Cpexpt— cp Cpoemp Cra2
/mol kg™ /mol kg' kg m3 /em3 mol” /em3 mol ' A K-1 gl /K- 1mol! /I K-l mol-!
T =288.15K
0.12499  0.00655  21.897 16.33(0.19) 16.21 (0.49) -0.14387  -362.7(1.4) -376.3 (4.5}
0.18489  0.00993 32997 17.11{0.19) 17.03 (0.49) -0.21269 -348.1(1.3) -361.2 (4.5)
0.25162  0.01352  44.677 17.74(0.18) 17.69 (0.49} -0.28207 -333.2(1.2) -345.8 (4.5)
0.31833  0.01710  56.194 18.47(0.18) 18.45(0.48) -0.34956 -324.1(1,2)  -336.4(4.5)
037544 0.02038  66.682 18.99(0.17) 19.00 (¢.48) -0.40777  -312.7(1.2)  -324.6(4.5)
0.45799  0.02460  R0O.005 19.68(0.17) 19.72 (0.48) -0.47987 -300.7{1.1) -312.2{4.4)
0.52598 - 0.02825 91465 20.17(0.17) 20.23 (0.48) -0.54016  -262.2(1.1)  -303.4(4.4)
0.58615 0.03149 101.534 20.56(0.17) 20.64 (0.48) -0.59141 -284.8(1.1)  -295.7 (4.4)
0.06005 0.00323  10.867 15.12(0.21) 14.96 (0.49) - - -
0.67834  0.03644 116908 21.03(0.17) 21.12 (0.48) -0.66644  -273.6(1.1)  -284.1 (4.4)
T=298.15K
0.05651  0.00010  10.140 15.25(0.77) 15.24 (0.89) -0.06594 -362.7(5.2)  -363.11(6.7)
010005  0.00017 17.860 16.03(0.76) 16.02 (0.88) -0.11427 -347.5(4.9) -3479(6.0)
0.14260  0.00025  25.347 16.65(0.75) 16.64 (0.87) -0.16004 -336.6(4.8)  -337.0(6.5)
0.18%12  0.00033 33485 17.20(0.74) 17.19(0.87) -0.20876  -327.7(47) -328.1(6.4)
0.24214  0.00042  42.671 17.85(0.73) 17.85(0.86) -0.26244 -318.2(4.7  -3184(6.3)
0.29200 0.00051  51.266 18.32(0.72) 18.32(0.85) -0.31169  -311.4(46) -311.7 (6.3)
0.34351  0.00060  60.083 18.79(0.71) 18.79(0.84) -0.36024  -302.2(4.5) -302.4(6.2)
0.396036  (.00069  69.064 19.26(0.70) 19.26 (0.83) -0.40925 -295.6(4.4)  -295.8 (6.2)
0.45211  0.00079  78.495 19.68(0.69) 19.68 (0.83) -0.45%01 -288.1{4.4)  -288.2(6.1)
_0.50807 0.00088  87.908 20.06(0.69) 20.06 (0.82) -0.50722  -280.6(4.3)  -280.7 (6.1)
T=31315K
0.05490  0.00010 9,786  15.63(0.78) 15.62 (0.90) -0.06224 -329.1 (5.0) -329.5 (6.6)
0.09782  0.00017 17.372  1616(0.77) 16,15(0.89) -0.10876 -316.4{(49 -316.8(5.5)
0.14228  0.00025 25134 16.97(0.76) 16.97 (0.88) -0.15536 -305.6(4.8) -305.9(6.4)
019151 0.00033 33687 17.57(0.75) 17.36 {0.88) -0.20536  -205.7{4.7) -296.0(56.3)
0.24154  0.00042  42.324 1R.08{0.74) 18.07 (0.87) -0.25454 -286.9{(4.6) -287.1(6.3)
0.29343  (.00051 51192 18.66(0.73) 18.66 (0.86) -0.30394 -278.5{4,5) -278.8(6.2)
0.34322  0.00060 59.685 19.05(0.72) 19.04 (0.85) -0.34970 -270.6(4.4) -270.7(6.2)
0.39683  0.00069 68.735 1954(0.71) 1954 (0.84) -0.39852 -265.5(4.4) -265.6(6.1)
044726 0.00078 77210 19.93(0.71) 19.93 (0.84) -0.44228 -258.7(43) -258.8(6.1)
050807 000088  87.365  20.37(0.70) 20.37 (0.83) -0.49394  -252.1(42) -252.1 (6.0)
T=328.15K
0.06126 0.00329 10.928 15.48(0.21) 15.29 (0.50) -0.06948  -306.5(L7) -317.4(4.6)
0.12007 0.00645 21.286 16.34(0.20) 16.22 (0.49) -0.13148 -281.0 (1.3)  -292.5 (4.5)
021243 0.01141  37.336 17.55(0.19) 17.45 (0.49) -022435 -261.5(1.2) -268.6 (4.5
0.35387 0.01901 61.460 19.06(0.18) 19.02 (0.49) -0.35647 -239.9(1.1)  -244.4 (4.4)
0.48080 0.02583  82.728 20.13{(0.18) 20.15 (0.48) -0.4666% -225.7(1.1) -227.9{4.4)
0.57535 0.03091  98.361 20.82(0.17) 20.87 (0.48) -0.53344 -215.2(1.0) -215.6(4.4)
0.28333  0.01522 49,539 18.19(0.19) 18.12{0.49) -0.292435 -2515{(12) -257.4(4.5)
0.67834 0.03644 115173 21.53(0.17) 21.61 (0.48) -0.62332 -205.9(1.0) .202.0{4.4)
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Table 5.2 The concentration dependences of relative densities, relative heat
capacities, apparent molar volumes and apparent molar heai capacities for acidified
aqueous solutions YbCl;, component 2, in HCI (component 3) at T=(288.15, 298.15,
313.15,and 328.15) K

mz m3 f)expt - po V¢ expt V@ 2 Cpexpt CPO Cp,(p,cxpt 7 Cp!‘?’z
/mol kg™ /mol kg’ /kgm3 /cm3 mol fem3 mol' A K1 gl /T K-1 mol-! /7 K-I mol!
= 288.15 K

0.04560 0.03721  12.374 14,71(0,54) 11.90{0.78) -0.07769  -262.7 (4.1) -369.4 (5.9
0.08643  0.07052  23.321  15.37(0.62) 1297 (0.77) -0.14373  -251.1{4.00 -341.6(5.9)

0.12814  0.10455 34.419 1583(0.61) 13.74 (0.76) -0.20875 -2431(3.9) -319.3(5.8)
0.17891 0.14598  47.829 16.33(0.60) 14.49 (0.75) -0.28506 -236.0(3.7) -296.0 (5.7
0.21863 0.17838 58183 16.79(0.59) 15.57 (0.74) -0.40542 -222.9(3.6) -253.8(5.6)
0.26436 021570  70.152 17.00(0.58) 16.04 (0.73) -0.47482 -216.8(3.6) -231.1 (5.6)
0.31617 025797 83581 17.30(0.57) 16.47 (0.72) -0.53889 -211.0{3.5) -209.2(5.5)
0.36607 029868 96.427 = 17.57(0.56) 16.78 (0.71) -0.60294  -205.8 3.4} -188.0 (5.5)
0.41765 034077 109.656 17.79(0.55) 17.32 (0.71) -0.66253 -198.4 (3.3} -162.3 (5.4)
046912 038277 122616 18.16(0.55) 11.90 (0.78) -0.07769  -262.7 (4.1)  -369.4 (5.9) _
T=298.15K
0.04700 003835 12,644 15.70(0.63) 13.34 (0.78)  -0.07115 -234.3(40) -328.6 (5.9)
008696 0.07096 23.299 16.13(0.62) 13.98 (0.76) -0.13397 -2243(3.9) -304.6 (5.8)
0.12877 - 0.10507 34351 16.59(0.61) 14.69 (0.76) -0.19751 -217.7(3.7) -2853 (5.7
0.17299  0.14i14 45948 17.00(0.60) 15.35(0.75) -0.26176 -209.8 3.7)  -262.6 (5.6)
0.21789 017778 57.686 17.27(0.59) 15.75 (0.74) -0.32515 -204.4(3.6) -243.8 (5.6)
0.26646 021741 70252 17.64(0.58) 16.34 (0.73) -0.39042 -197.2(3.5) -220.7 (5.5)
0.31144 025411 81836 17.90(0.57) 16,75 (0.73) -0.45024 -194.4 (3.4) -2058 (5.5)
0.36232 029563 94.860 18.17(0.56) 17.17 (0.72) -0.51442 -189.1 (3.4) -1850(5.5)
0.41247 033655 107.639 18.38(0.55) 17.49(0.71) -0.57617 -185.4(3.3) -167.1(5.4)
046912 0.38277 122.059 18.53(0.55) 17.67 (0.71) -0.64206  -179.7 (3.2) -143.8 (5.4)

T=313.15K o
0.04627 0.03776 12390 15.76(0.64) 13.23{0.78) -0.07460 -213.0(3.9) -298.6 (5.8)
0.09019  0.07359 24043 16.23(0.62) 14.09 (0.77) -0.14208  -203.8 3.8) -276.4 (5.7)
012947  0.10564 34330 16.83(0.61) 14.86 (0.76) -0.19955 -194.5 (3.6} -253.2(5.6)
0.17340 014149 45789 17.23(0.60) 15.48 (0.75) -0.26247 -189.6 (3.6} -236.6 (5.6)
0.22124 018052 58178 17.61(0.59) 16.08 (0.74) -0.32715 -18L.0 (3.5 -212.0 (5.5)
0.26686 021774 69927 17.90(0.58) 16.53 (0.74) -0.38769 -176.7 3.4  -195.1 (5.5)
0.31404  0.25623 81994 18.18(0.57) 16.98 (0.73) 044796 -172.1(3.3) -177.1 (5.9)
0.36287 0.29607 94391 18.47(0.56) 17.44 (0.72) -0.50810 -167.6 (3.3) -158.6(5.49)
0.41602 033944 107.840 18.70(0.56) 17.79 (0.71) -0.57269 -1652(3.2) -142.8 (5.4)
046912 038277 121.192 18.92(0.55 18.11(0.71) -0.63352  -160.8 (3.2) -123.2(5.3)

T=328.15K
0.04571  0.03729 12.242 14.83(0.65 11.56 (0.79) -0.07319 -206.2(3.9) -289.9(5.8)
0.08617  0.07031 22939 15.58(0.63) 12.71 (0.77) -0.13472  -195.5(3.8) -266.2(5.7)
013030 0.10632 34474 16.31(0.62) 13.89(0.76) -0.19882 -1852(3.6) -241.3(5.6)
0.17343  0.14151  45.674 16.78(0.61) 14.65(0.76) -0.25903 -177.4(3.5) -220.0(5.6)
0.21880  0.17852 57410 17.11(0.60) 15.16(0.75) -0.32044 -171.5{3.4) -201.3 (55
0.26908 0.21955  70.310 17.48{0.59) 15.74(0.74) -0.38653 -166.9{(3.4) -183.5(5.5
0.36496  0.29778 94666 18.07(0.57) 16.69(0.73) -0.50697 -160.6 (3.3} -153.0 (5.4)
0.41892 034181 108222 18.39(0.56) 17.20(0.72) -0.57014 -155.5(3.2) -132.6 (5.4)
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Tahle 5.3

The concentration dependehces of relative densities, relative heat
capacities, apparent molar volumes and apparent molar heat capacities for acidified
aqueous solutions DyCls, component 2, in HCI {(component 3} at T = (288.15, 298.15,
313.15, and 328.15) K.

m3 Pexpt — po V¢ expt V-¢P=2

vV Cpexpi— Cpo Cp,¢,expl Cp‘q,,z
/mol kg /kgm3 /em3 mol” fem3 mol? TK-' gl 1 K-1mol J K- mol-!
| | T=288.15K '

0.03274 000494 8365 16.10(0.38) 15.81(0.59) -0.05064 -358.1{3.00 -392.6(5.3)
0.06584 = 0.00993 16.755  16.80(0.35) 16.59 (0.57) -0.10043  -351.6 (2.4) * -384.3(4.9)
0.10470  0.01579 26539 17.50(0.34) 17.37(0.56)  -0.15690  -341.7(2.2) -371.8 {4.8)
0.12878° 0.01942 32566 17.90(0.34) 17.82(0.56) -0.19085 -335.3{2.1) -363.7 (4.8)
0.17066  0.02574 42,988 18.54(0.33) 18.55(0.56) -0.24821  -325.1 {2.0) -350.6 (4.8)
C.19712  0.02973 49572 18.76(0.33) 18.79(0.56) -0.28372  -320.5(2.0) -344.4 (4.7)
0.23135 0.03489  58.033 19.14(0.33) 19.21(0.56) -0.32820 -313.1 (2.0) -334.6 (4.7)
0.26314  0.03968  65.896 19.34(0.32) 19.44(0.55) -0.36846 -306.7(1.9) -326.1(4.7)
0.29242  0.04410  73.091 19.60(0.32) 19.72(0.55) -0.40462 -300.9 (1.9) -318.4(4.7)
0.35480  0.05351  88.322  20.14(0.31) 2033 (0.55) -0.48039 -293.2 (1.9) -3072(4.7)

T=298.15K
. 003522 0.00531 8.948  16.91(0.37) 16.67 (0.58) -0.05297 -323.1(2.9) -354.2(5.3)
0.06653  0.01003 . 16.823 17.77(0.35) 17.63(0.57) -0.09866 -315.8 (2.3} -345.2(4.9)
0.10066 © 0.01518 - 25.359  18.42(0.34) 18.37(0.56) -0.14666  -304.7 (2.1) -331.5(4.8)
0.13367  0.02016 33,575 18.92(0.34) 1892 (0.56) -0.19215  -2085(2.0) -323.5(4.8)
0.16746 0.02526 41.949  19.33(0.33) 19.39(0.56) -0.23711 . -2905 (2.0) -313.2(47)
0.20339  0.03067 50816 19.71(0.33) 19.81 (0.56) -0.28366 -283.2(1.9) -303.6(47)
0.24018  0.03622  59.882 19.98(0.32) 20.11 (0.55) -0.33048 -278.0(1.9) -296.5(4.7)
0.27469  0.04143 68321 20.31(0.32) 20.48 (0.55) -0.37226 -270.0(1.9) -286.0.(4.7)
0.31488  0.04749 78111 20.66(0.32) 20.87 (0.55) -0.42164 -267.7 (1.8) -282.0{(4.7)
0.33480  0.05351  87:.864 20.81(0.31) 21.03(0.55) -0.46806 -261.6(1.8) -273.5(4.9

T=31315K
0.03483  0.00525 8,820 16.64(0.33) 16.32(0.59) -0.05146 -2999(2.9) -329.0(5.3)
0.06254  0.00943 15756  17.62(0.35) 17.41 (0.57) -0.09110 -291.4{2.3) -318.9 (4.9)
009454  0.01426 23727  18.31(0.34) 1819 (0.57) -0.13501  -277.4(2.1) -302.1 (4.8)
0.13519  0.02039  33.78¢  19.05(0.34) 19.02 (0.56) -0.18944  -266.6 (2.00 -288.6 (4.7)
0.16974  0.02560  42.298 19.49(0.33) 19.51 {(0.56) -0.23479 -261.8(1.9) -282.1(4.7)
0.19682 . 0.02968 48927 19.89(01.33) 19.96 (0.56) -0.26849  .253.2(1.9) -271.4(4.7)
0.22077  0.03329 54785 20.13(0.33) 20.23 (0.56) -0.29867 -250.7(1.9) -267.7 (4.7)
0.25676  0.03872  63.554 20.49(0.32) 20.64 (0.55) -0.34318 -247.1(1.9) -262.4 (4.7
0.30399  0.04585 74947 21.07(0.32) 21.30(0.55) -0.39876 -238.81(1.8) -251.3(4.7)

035480 0.05351  87.128 21.63(0.31) 21.92(0.55) -0.45629  -230.2(1.8) -239.6 (47)

T=328.15K
0.06587  0.00993  16.576 16.52(0.38) 16.15(0.59) -0.09500 -278.8 (2.8) -304.3 (5.3)
0.09683  0.01460  24.278 17.19(0.36) 16.90 (0.57) -0.13712  -266.2(2.3) -289.9(4.9)
0.13300  0.02006  33.220 17.87(0.35) 17.67 (0.57) -0.18487 ~ -2549(21) -276.1 (4.8)
0.16902  0.02549  42.101 = 18.30(0.34 18.15(0.57) -0.23105 -2459(2.0) -264.8(4.7)
0.19955  0.03010 49560 18.80(0.34) 18.71 (0.56) -0.26966 -241.5(1.9) -258.8 (4.7)
0.23763 ~ (.03584  58.848 19.24(0.33) 19.20(0.56) -0.31616 -234.4 (1.8) -249.6 (4.7)
0.27472 0.04143  67.903 19.46(0.33) 19.45(0.56) -0.36094 -230.7 (1.8) -243.7 (4.7)
0.31113 0.04692 76.741  19.73(0.32) 19.75(0.55) -0.40299  -2245(1.8) -235.9 (4.7)
0.35480  0.05351 87.239  20.17(0.32) 20.24 (0.55) -0.45232 -218.6(1.8) -232.3 (4.7)




Table 5.4 The concentration dependences of relative densities, relative heat
capacities, apparent molar volumes and apparent molar heat capacitics for acidified
aqueous solutions SmCls, component 2, in HC! {(component 3) at 7" = (288.15, 298.15,
313.15, and 328.15) K.

m2 M3 Pept = Vi expt Vor  Cpap—€  Cppem Cpoz
/mol kg fmol kg’ kg m3 /em3 mol” /em3 mot® IK gt JK-1mol! /J K-1 mol-!
' T=288.15K

0.03689 0.00004 8.975 13.17(0.52) 13.16(0.69) -0.05584 -4529 (3.7) -4532(5.7)
0.07422  0.00008 17.968 14.19(0.50) 14.18 0.67) -0.10985 -433.0(3.2) -433.4(5.4)
0.11163  0.00012 26933 14.88(0.49) 14.87 (0.67) -0.16214 -4189(3.1) -419.2(53)
0.14948  0.00015 35966 15.38(0.49) 1538 (0.66) -0.21362 -408.8 3.0) -409.1(5.3)
0.19711  0.00020 45839 15.95(0.48) 15.94 (0.66) -0.26851 -398.8 (3.0) -399.0(5.2)
0.22988 0.00024 55043 16.21(0.48) 16.20 (0.65) -0.31795 -389.6 (2.9) -389.8(5.2)
0.27007 0.00028 64.465 16.76(0.47) 1675 (0.65) -0.36814 -382.5(2.9) -382.8(5.2)
031188  0.00032 74283 17.10(0.46) 17.10 (0.65) -0.41873 -375.0{2.8) 375.2(5.1)
0.35522  0.00037 84.403 17.45(0.46) 17.45(0.64) -0.46936 -366.7 (2.8) -366.9 (5.1)

0.39854  0.00041 94504  17.74(0.45) 17.74 (0.64) -0.51912  -360.7 (2.7)  -360.9 (5.1)

T=29815K
0.03840  0.00004  9.256  14.85(0.35) 14.85{0.71) -0.05646 -411.5(3.7) -411.8 (5.7
0.07533  0.00008 18.115 1532(0.53) 15.31(0.70) -0.10781  -385.5(3.3) -385.8 (5.4)
0.11217  0.00012 26,891 1592(052) 1592 (0.69) -0.15772 -373.1(3.2) -373.4(5.3)
0.15111  0.00016 36102 1653(0.51) 16.53 (0.68) -0.20904 -363.5(3.1)  -363.8 (5.3)
0.18978  0.00020 45241 16.93(0.51) 16.93(0.68) -0.25882 -356.8 (3.0) -357.0 (5.3}
0.22702 000023 53992 17.32(0.50) 17.32(0.67) -0.30533  -349.9 3.0) -350.1(5.2)
0.26599 000028 63.115 17.69(0.50) 17.68(0.67) -0.35261 -342.8 2.9 -343.0(5.2)
030393 0.00031 71960 18.03(0.49) 1803(0.67) -0.39740 -336.1 (2.9 -336.3(5:2)
034574 0.00036 81676 18.35(0.49) 18.36 (0.66) -0.44546 -329.4 2.9) -329.5(5.2)
0.39817  0.00041  93.804 18.75(0.48) 18.75 (0.66) -0.50412 -322.1 (2.8) -322.3 (5:1)
. T=31315K
0.03712 000004 8912 1473(052) 1473 (0.69) -0.05283 -363.7 (3.5) -364.0 (5.5)
0.07495  0.00008 17.919 15.64(0.50) 15.64 (0.67) -0.10431 -345.3(3.1)  -345.6 (5.3)
0.11101 000011 26451 16.29(0.49) 16.29 (0.67) -0.15180 -333.3 (2.9 -333.5(5.2)
0.15040 000016 35711 16.96(0.49) 16.96 (0.66) -0.20247 -325.0 (2.9) -325.2(5.2)
0.18978  0.00020 44.940 17.44(0.48) 17.43(0.66) -0.25147 -3165(28) -316.7 (5.1)
0.22985 000024 54.293 17.84(0.48) 17.84 (0.65) -0.30004 -309.3 (2.7)  -309.5 (5.1)
0.26960 0.00028 63.520 18.23(0.47) 18.23(0.65) -0.34649 .301.1(2.7) -301.2(5.1)
031276  0.00032 73.516 18.61(0.46) 18.61(0.65 -0.39596 -294.6 (2.7) -2947 (5.1)
0.35496  0.00037 83.241 18.96(0.46) 18.95(0.64) -0.44283 -288.2(2.6) -288.3(5.0)
0.39854  0.00041  93.255 19.26(0.45) 19.26 (0.64) -0.49307 -283.2(2.6) -283.3(5.0)

: T=328.15K
0.03753  0.00004 8997 13.60(0.53) 13.60(0.69) -0.05306 -353.3(3.5 -353.6(55)
0.07398 0.00008 17.646 14.72(0.51) 14.71(0.68) -0.16207 -331.8 (3.0) -332.0(5.3)
0.11156  0.00012 26517 15.41(0.50) 15.41 (0.67) -0.15082 -316.5(2.9) -316.7(52)
0.15097 0.00016 35763 16.08(0.49) 16.07 (0.67) -0.20021 -303.4 (2.8) -303.6(5.1)
0.18826  0.00019 44452 16.68(0.49) 16.68 (0.66) -0.24588 -295.2(2.8) -295.3 (5.1)
0.22964  0.00024 54.068 17.19(0.48) 17.19 (0.66) -0.29489  -285.8 (2.7} -2859 (5.1)
0.27003  0.00028 63.414 17.62(0.47) 17.62 (0.65) -0.34144 -278.1(2.7) -278.2(5.1)
0.31278  0.00032 73268 18.02(0.47) 18.02 (0.65) -0.38874  -268.6 (2.6) -268.8 (5.0)
0.35363  0.00037 - 82619 18.45(0.46) 18.45 (0.65) -0.43290 -261.3(2.6) -261.4(5.0)
0.39854  0.00041 92.877 18.83(0.46) 18.83 (0.64) -0.47998  -253.5(2.5) -253.6 (5.0)
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Table 5.5 The concentration dependences of relative densities, relative heat
capacities, apparent molar velumes and apparent molar heat capacities for acidified
aqueous solutions GdCl3, component 2, in HCI (component 3) at 7" = (288.15, 298.15,
313.15, and 328 15} K

) mz : m3 pexpl P° Vq) expi V(b 2 CP ex;t : VCVPO CP d.expt CP 9.2
/mol kg' /molkg” /kgm3 femd mol! /em3 mol! A K1 gt A K-1mol! /J K-1mol!
T =288.15K

0.03018 0.00064 2.640 16.75(0.31) 16.88 (0.53) -0.10761 -398.4 (2,00 -403.1 (4.7)
007254 (.00132 17.892  16.91(0.29) 17.53(0.53) -0.16140 -386.3 (1.8) -390.8 (4.7)
0.11079  4.00201 27.222  17.55(0.28) 17.83(0.53) -0.19285 -379.5(1.7) -383.7 (4.6
0.13377 . 0.00243 32,815 17.84(0.28) 18.52(0.53) -0.26037 -367.6(1.7) -371.4 (4.6
0.18445 0.00334 45.074 18.52(0.27) 18.93 (0.52) -0.31093 -360.0 (1.6) -363.5(4.6)
0.22361 0.00405 54504 18.93(0.27) 19.28 {0.52) -0.35827 23526 (1.6)  -355.8 (4.6)
0.26142  0.00474 63.578  19.27(0.26) 19.65 (0.52) -0.40685 23462 (1.6)  -349.1 (4.6)
0.30112 000546 = 73.056 19.63(0.26) 19.97(0.52) -0.45802 -339.3(1.53) -341.9 (4.6)
0.34422  0.00624 83.325  19.95(0.26) 20.23(0.52) -0.50572 -332.7(1.5) -335.0 {4.6)
0.38566 _0.00699 93169 20.21(0.25) 1688 (0.53) -0.10761 -398.4 2.0) -4031 (4T)
T=29815K
0.03523  0.00064 8.678 16.85(0.32) 16.82 (0.55) -0.04860 -387.2(2.6) -392.1 (_5.0)
0.07209  0.00131 17.690  17.58(0.29) 17.56 (0.53) -0.10085 -366.5 (1.9 -370.9 4.7
0.10917  0.00198 26.686 18.28(0.28) 1R.27 (0.53) -0.15175 -353.9(1.8) -358.0 (4.6)
0.14680  0.00266 35.783  18.82(0.27) 18.82(0.53) -0.20172 -3423 (1.7 -346.0 (4.6
- 018567  0.00337 45.137 - 19.28(0.27) 19.28 (0.52) -0.25204  -333.7(1.6) -337.2 {4.6)
0.22295  0.00404 54,059  19.70(0.27) 19.71(0.52) -0.29887 -326.0(1.6) -329.2 (4.6)
0.26000  0.00471 62901  20.05(0.26) 20.06 (0.52) -0.34429 -319.3(1.6) -322.2 (4.6)
(.30344 0.00550 73.219  20.43(0.26) 20.45 ((1L52)  -0.39608 -312.2(1.5) -314.8 (4.6)
0.34212 0.00620 82371 20.74(0.26) 20.76 (0.52) -0.44092 -306.3 (1.5) -308.6 (4.6)

0.38566  0.00699  92.642 21.04(0.25) 21.07 (0.52) -0.49011 -300.2(1.5) -302.2 (4.6)

- T=313.15K -
0.03355  0.000064 8.714  16.76(0.32) 16.72 (0.55) -0.05158 -353.8 (2.6) -358.3 (5.0)
0.07090  0.00129 17.319  17.6%0.29) 17.67 (0.53) -0.10065 -335.9 (1.9)  -340.0 (4.7)
0.10727 0.00195  26.168 17.75(0.28} 18.94 (0.53) -0.20008 -308.6 (1.6)  -311.9 (4.6)
0.14653  0.00266 35540 18.95(0.28) 19.38 (0.53) -0.24573  -300.8 (1.6)  -304.0 (4.6)
0.18262  0.00331 44,180 19.38(0.27) 19.87 (0.52) -0.29598 -292.8 (1.6) -295.7 (4.6)
(.22352 = 0.00405 53.919  19.87(0.27) 20.21 (0.52) -0.34213  -287.1(1.5) -289.7 {4.6)
0.26194  0.00475  63.044 20.20(0.27) 20.56 (0.52) -0.38878 -281.8(1.5) -284.1(4.6)
0.30175 0.00547  72.457 20.54(0.26) 20.84 (0.52) -0.43632 -2778(1L.5) -279.9 (4.5)
0.34308 0.00622  82.208 20.82(0.26) 21.08 (0.52) -0.48276 -270.3(1.5) -272.0 (4.5
_0.38566  0.00699 92,228  21.06(0.26) 16,72 (0.55) -0.05158 -353.8 (2.6)  -358.3 (5.0)_
T=328.15K
0.03641  0.00066 8.935 15.10(0.32) 15.03(0.55) -0.05194 -329.3{2.5) -333.4(5.5)
0.07211  0.00131 17.579  16.28(0.29) 16.23(0.54) -0.10072 -312.6{(1.9) -316.3 {(4.7)
0.10958  0.00199  26.643 17.08(0.28) 17.05(0.53) -0.15033  -300.9(1.7) -304.4 (4.6)
0.14761  0.00268 35754 17.83(0.28) 17.81 (0.533) -0.19925 -292.0(1.6) -295.1 (4.6}
0.18825  0.0034] 45.498 18.30(0.27) 18.28 (0.53) -0.25013  -284.4(1.6) -287.4(4.6)
0.22282  0.00404 53706 18.72(0.27) 18.71(0.53) -0.29215 -278.1(1.5) -280.8 (4.6)
0.26063  0.00473 62,652 19.11(0.27) 19.11 (0.52) -0.33682 -271.2(1.5) -273.6 (4.6)
0.30075  0.00545 72192 19.26(0.27) 19.26 (0.52) -0.38320 -265.4(1.5) -267.6 (4.6)
0.34182  0.00620 81795 19.79(0.26) 19.79 (0.52) -0.42899  -258.5(1.5) -260.4 (4.5)
0.38566  0.00699 92102 20.04(0.26) 20.04 (0.52) -0.47717 -253.6(1.4) -255.2 (4.5)
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Figure 5.1 A comparison of V' values for YCI; at T = 298.15 K reported by
Spedding to those reperted by Karapet'yants and those reported here.
{s) Data reported here, (+) Karapet'yants ez al. (1976}, (X) Spedding er af. (1975b)
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Figure 5.2 Comparison of experimentai Cy42 values for YCl; at T = 298.15 K
reported here to those reported by Karapet’yants et al.
(e} Data reported here, (X) Karapet'yants ez al. (1576)
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Figure 5.3  Comparison between experimental ¥ values for YbCl; at 7' =
298.15K.

(s} Data reported here, (+) Spedding et al., 1966b, (X) Spedding et al., 1975b, and (0)
Habenschuss and Spedding, 1976
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Comparison between experimental Cp 4> values for YbCh at T =

Figure 5.4
298.15K. : _
Data reported here (s) and those reported by Spedding and Jones (1966a) (X)
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Figure 5.5 Comparison between experimental ¥4, values for DyCl; at 7' =

298.15K.

Data reported here (=), Spedding et al. in (+) 1966b, (X)

Spedding, 1976
22

3523_

18

3. -1
femn” mol )

L' 2]
42
=

14

12

1975b, and (0) Habenschuss and

81

[ | 1 1” S
@ & &
& g
&
- & —
X
[}
_ . © _
o +
. ® )
#
-t
|3 —
! { | |
0 0.1 0.2 0.3 0.4 3._ 0.5
m fimol kg™



Figure 5.6  Comparison between experimental C, 4, values for DyCl; at T =
298.15K .

Data reported here (o), Spedd_ing and Jones, 1966a (X)
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Figure 5.7 Comparison between experimental Vi, values for SmCl at T'=
298.15K.

Data reported here (¢), Spedding et al. in (+) 1966D, (X) 1975b, and (&) Habenschuss

and Spedding, 1976
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Figure 5.8
298.15K.

Comparison between experimental C, 42 values for SmCly at 7' =

Data reported here (o), Spedding, Walters and Baker (1975¢) (X)
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Figure 5.9  Comparison between experimental V4 values for GdCl at T'=
298.15K.

Data reported here (s), Spedding e al. 1566b (+), Spedding et ai. 1975b (X) and

Habenschuss and Spedding, 1976 ().
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Figure 5.1¢ Comparison between experimental (:I},,gg values for GdCl; ét T=
298.15K. ’ _

Data reported here (o), Speddi_ng, Walters and Baker, 1975¢ (X)
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1975b; | Habenschuss, 1976; Gildseth, 1975). Experimental apparent molar heat
'cépacities measured at 7' = 298.15K differ from those reported by Spedding et al. (1966a,
1975¢) by approximately 7 JK'mol”. A much greater deviation is observed in the case
of ytterbium chloride, with differences of approximately 50 JK'mol” at the highest
concentration reported in this study. Agreement with the C, 4 values reported by
Karapet'yants ef al. (1975) {or aqueous solutions of YCl; is good. The apparent molar
volumes at. T = 298.15 K reported here for YCl; are indistinguishable from those reported

by Karapet’yants et al. {1976).

5.3 Data modeling
The isothermal concentration dependences of the apparent molar volumes of the

aqueous trivalent metal chloride salts were modeled using a Pitzer ion interaction

equation:

V¢,2

b

_ {614;, In(l + b\/?)} —Ve RTIﬂnV n ZRT[ﬂIVf(f). (5.1)

Similarly, the isothermal concentration dependences of the apparent molar heat capacities

were modeled with the equation:

C,onm J[6AJ l.n(;+ b\ﬁ)} =C°, - RTAUBY — ZRT?‘Iﬂ“f(I). (5.2)
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The coefficients and constants used in these equations have been defined in Chapter 3.

.Values of the coefficients ﬁg V, ﬁ{ v V;, [)w, ﬂ” and C;;Z were .determine.d using
' regres.éion.analy.ses and are reported together with standard errors in tabie 5.6. Table 5.7
conipa’res v, and C;:Z values obtained at T = 298.15K in this study to those previcusly
reported in .the literature. The infinite dilution appérent molar volumes reported here
agree well, within experimental uncertaiﬁty, with all literature values, deviating less than
2 em’mol’!. The deviation between the infinite dilution heat capacities reported here and
those reported in the literature reached a maximum of about 60 JK 'mol™.
The temperature and concentration dependences of the apparent molar properties
were modeled using modified forms of the Pitzer ion interaction equations. In these

equations, the temperature dependences of the [)‘W, ﬁ" v vy, ,ﬁo J, ,6’” and C ;,z coefficients

of equations 5.1 and 5.2 were modeled usi_ng equations 5.3 through 5.8.

Y .

Va — 4 2 _ 5.3

2 =Y -8 wQ (5.3)

ﬂm/ =v, +v,T (5.4)

A =24y 0 T (5.5)
C

C°=c, +—2 4+ @TX (5.6}

P2 1 (T—@)2
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Table 5.6

Estimates of parametets to the Pitzer ion interaction model equations,
shown as equations (5.1) and (5.2) within the text, for aqueous solutions of YCl3, YbCl;,

DyCl;, SmCl; and GACl; at 7= (288.15, 298.15, 313.15, and 328.15) K and p = 0.1 MPa

r |1 10* 57 10° g’ C°s 10° &7 10° g~
K /Cm3 I’H()l’1 Jfem? kg mol ' I fem? kg mol' 1! T -rnof1 [kg mc;]'lK'2 /kg mo.}']K'2
YCly :
288.15 10.90£0.16  1.766+£0.215  -1.58420.28% -466.121£3.84 13.384£1.267 -7.51542.156
298.15 11.28x£0.09 1.742+0.180 -2.648+0.185 -430.80+1.50 8.013+1.022 -15.235+1.053
31315 11.37+0.19 1.572+0.379  -3.748+0.386 -403.59+1.70 3.717+1.073 -18.723+1.092
32815 10.45£0.19  1.492+0.241  -4.659+0.321 -409.70+3.24 1.783+1.228 -13.570+1.635
: Yb(l,
288,15 7.895+0.145 1.153+0.308 -0.996+0.317 -438.0443.04 74.25+2.23 -1557+2.33
298,15 9.304+£0.237 0.581+£0.470  -2.222+0.486 -405.9142.98 55.634+1.969 -16.38+2.077
313.15 8.692+0.134  0.342+0.251  -2.593+0.261 -385.39+4.57 42.511+2.721 -16.755+2.87
328.15 5951£0196 055310415  -182740.390 -388.094.41 2886742821 1311270
DyCl;
288.15 12.47+0.15 1.5931£0.629  -1.571+0.441 -440.60+3.91 42401558 . -24.60+3.91
298.15 12.9140.08 -0.393+0.311 -0.960+0.225 -412.40%3.90 24.01%4,97 -20.87+3.59
313.15 12.26+0.12  1.714%0.450 -2.142x0318 -398.28+4.01 13.48+4.80 -16.81+3.39
328.15 10.10+0.26  -0.93140.674  -1.8840.560 -413.47+3.27 -8.428+2.609 -3.88442.168
SmCl; -
288.15 9.796+0.101 1.005£0.349  -1.405+0.267 -513.0041.02 10.87+1.21 -3.389+0.942
298.15 11.55i0.] 7 2.173+0.577 . -3.555#0.441 -461.03+2.47 9.421+2.011 -15.02+1.84
313.15 10.74+0.08 0.469£0.250 -2.706+0.192 -431.48+1.41 3.593+1.420 -15.68+1.171
32815 9.03420.076 0.667+0.230  -3.27610.176 -433.33+1.54 4.079+1.404 -13.19+1.1C¢
GdCL;

28815 12.5640.11  0.760£0.302  -1.44340.266 -477.20+0.97 12.90+0.89 -7.558+0.794
298,15 13.40+0.10 1.392+0.353 -2.56940.262 -457.71+0.69 3.655t0.814 -3.606:+0.615
313,15 12.73+0.07 -0.304+0.260 -2.314+0.190 -433.35%2.30 -5.581+2.540 -6.433+1.884
328,15 10.21+0.14 -1.407+0.439 -2.001+0.328 -405.13£0.90 2.625+0.870 -19.83+0.66
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Table 5.7 A cbmparison between V," values obtained in this study and those
previously reported in the Jiterature at 7 = 298.15 K and p = 0.1 MPa.

Chloride VZO (current study) ’ VZO {literature) Cp,OZ (eurrent stu]dy) ) Cp.OZ gliteraturgl
Salt fem® mot? fem® mol™ K mol T K mol

YCls 11.28+0.09 13.354+0.13°, 13.35% 12.5°,- 4308+ 1.5 .-418.4°
13.19 +0.12°

YbCl; 9.304 + 0.237 9.22+0.12°, 9.433 £ 0.16", —405.9+3.0 —438.7% -436.15'
8.16°

DyCl; 12,91+ 0.08 12.82+0.04% 12.903 + 4124+ 3.9  -450.6%, -448.52'
0.07° 12.16°%, 12.83%, 12.70 +
0.06' N

SmCl; 11.55+0.17 11.42£0.02% 11.374 + -461.0+25 —519.4" 49563’

| 0.08°, 10.68°, 11.15 + 0.04' N

GACl; 13.40+0.10 13.30 £ 0.04% 13.319 % —457.7+£0.7 —492.9", —446.62'

0.07° 12.82%, 13.08 + 0.04

“ Spedding et al., 1966b; ° Spedding er al., 1975b; © Habenschuss ef al., 1976; d
Pitzer et al., 1978; © Karapet'yants ez al., 1976; " Marriott er al., 2001; ® Spedding, 1966a;
" Spedding et al., 1975¢; | Criss and Millero, 1999
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¢
ﬁOJ:}i+c4+csT | {(5.7)

c
pY="se, el 5.8)

Values of the fitting constants v; (i=1-7) and ¢; (i=1-8) were determined through
regression.analyses and can be found along wiih their uncertainties in tables 5.8 and 5.9
respectively. Equattons 5.3 and 5.6 take the form of the HKF equations of state. The
first two terms in each of these equations represent the structural contribution to the
apparent molar property at infinite dilution while the third term represents the

electrostatic contribution.

5.4 Single ion values
Single ion apparent molar volumes and heat capacities were calculated from the

infinite dilution apparent molar properties reported in table 5.6:

YO

Ri*

S (5.9)

Ci~

V°(CI) and C;, (CI) were calculated from the equations reported by Sharygin and

Wood (1997) and Ballerat-Busserolles et al. (1999) for aqueous hydrochloric acid and

V'(H") and C oz (H") are equal to zero.
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Table 5.8 Estimates of parameters to equations {5.3), (5.4}, and {5.5) which model

the temperature dependences of Vy; values for aqueous solutions of YCls, YbCls, DyCls,
SmCl; and GdCl; atp = 0.1 MPa.

Parameter

YCl3 YbCly DyCl;

vy /{em® mol™)

vy Hem® K mol™)

10* v3 /(kg mol ! MPa)

10% vy /(kg mol ™ K™ MPa™)
vs (kg mol! K MPa™)

37.26 £ 0.61 31.59 + 0.57 36.11 £ 0.47

-483.64 £ 46.00 -270.37 £ 37.18 -316.57+31.43

7.967 + 3.189 2410£4.15  0.5984 £0.4663

22067 +1.029 -7.749+1.328 -

38.25+5.17 -0.566 £ 0.194 -66.75 £ 5.33

10 vg /(kg mol’ MPa™) -2.339 £ 0.309 - 4.476 + 0.336
10* v; /kg mol? K MPah)  3.447 + 0.464 - -7.538 + 0.528
Parameter SmCl, GdCl;
vi /{em® mol ™) 38.60 + 0.84 34.84 + 0.74
vz Hem® K mol™) -656.75 £ 62.09 -203.51 £ 58.72

- 10% v3 /(kg mol” MPa™) -19.17 +11.21 19.63 £ 8.78
10° vy /(kg mol* K™ MPa™) 6.583 + 3.628 6.229 + 2.823
vs /(kg mol’ K MPa™) 11.01 £ 2.54 -55.87 + 6.57
10 v /(kg mol™ MPa™) -0.3869 + 0.0825 3.622+0.376
10% v; kg mol” K MPa™) - -5.935 + 0.540
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Table 5.9 Estimates of parameters to equations (5.6}, (5.7), and (5.8) which model

the temperature dependences of Cyy 2 values for aqueous solutions of YCls, YbCl;, DyCls
SmCl; and GdCl; atp = 0.1 MPa. :

Parameter

YCls YbCls DyCls
¢1 /I K mol™) -66.47 + 5.14 -40.79 + 3.28 -69.69 + 6.87
107 ¢, /(0 K mol™) -4.872 + 0.305 4903+£0.110  -4.027 +£0.332
10 ¢5 /kg mot™ K -4.948 + 1.010 -5.651 +0.445 661942735
10° ¢4/ (kg mol* K% 3.099 + 0.656 3.300 + 0.286 3.962 +1.757
10° ¢5 /tkg mol™ K) -4.853 + 1.060 -4.901 + 0.460  -5.928 + 2.815
co/lkg mol” K1) -1.504 £0.698  0.04825 £ 0.00480  2.418 £1.418
107 ¢ /(kg mol™? K% 0.987 + 0.442 - -1.440 *+ 0.899
10° ¢g /(kg mol ™! K) -1.568 + 0.698 - 2.175 + 1.420
Parameter SmCl, GdCl;
c1 /K mol™) -74.06 + 3.51 -65.07 + 7.01
107 ¢,/ K mot™) -6.545 + 0.175 -6.152 +0.418
10 ¢3/(kg mol ™ K -7.408 + 0.480 6.485 + 2.611
10° ¢4 /(kg mol? K?) 4.758 +0.323 -4.306 + 1.680
10° ¢5 /(kg mol”! K7 -7.640 £ 0.546 7.123 + 2.699
cs/(kg mol’ K1) -0.2002 £ 0.0599 -7.139 + 1.428
10% ¢ /(kg mol? K9 0.07653+ 0.01936 4557 + 0.901
10° cg Hkg mol ! K% - -7.225 + 1.421
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The single ion apparent molar volume and apparent molar heat capacity values
reported here have been compared to those presented by Shock and Helgeson (1988),
 Pitzer et al. (1978), and Marriott et al. (20(}1). Single ion apparent molar volumes and
apparent molar heat capacities of the trivalent metal cations investigated bere are
compared to those in the literéture in Table 5.10. Figure 5.11 compares the infinite
dilution apparent molar volumes of the trivalenf REE. cations reported here with the HKF
equations of state reported by Shock and Hélgeson (1988). Although the difference
between the two predictions is only approximately 2 cm’mol’ the values reportéd here
are based on density measurements performed at lower concentrations than those of
- Spedding and coworkers on which the equations of Shock and Helgeson are based.
Extrapolating to infinite dilutions usiné low concentration data is more reliable than using

high concentration data.
Figures 5.12 and 5.13 show comparisons of the C, (R*) presented here to those

repotted by Shock and Helgeson (1988). The apparent molar heat capacity curves only
approach each other at high temperatures, with the differences increasing with decreasing
temperature. The deviation is largely due to Shock and Helgeson’s use of the lower

precision batch calorimeter measurements reported by Spedding and coworkers (1966a,

1975¢).
For this study, the C;)Z (CI') values, obtained from C;gz {HCD), reported by
Ballerat-Busserolles ez al. (1999) were used at all temperatures. At 7'=298.15K the C, ,

(CT') reported by Tanger and Helgeson and used by Shock and Helgeson (1988) was

-123.2 JK 'mol™ compared with the value of -120.8 JK 'mol! used in this study. This

accounts for a difference between the €/, (R*) values reported here and those
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Table 5.10 A comparison of literature and calculated V>"(R**) and CPZU{R3_+) values for
R™ = (Y", Yb™, Dy™, Sm™, and Gd™) at T = (288.15, 298.15, 313.15, and 328.15) K.

T VZO(R3+)
/K Jem® mol !
Y Yo' byt
288.15 -41.4 -44 .4 -39.8
298.15 -42.2, —40.21% -44.1, -44.425 (0.3)* -40.5, —40.70 (0.3)°
313.15 -42.6 -45.3 41.7
328.15 -43.0 475 434 -
Sm** Gd* . cr
288.15 -39.7 17.439
-42.5 -40.74b
298.15 -40.0, -40.495 (0.3)%, 17.811
-41.9, -42.25 (0.3 -41.21°
313.15 -43.2 -41.3, -42.38° 17.995
328.15 -44.4 -43.2, -42.13° 17.817
T CPZO{R3+)
/K /1 K1 mot™
Y3+ Yb3+ Dy3+
288.15 -71.0 (7.8) _42.9 (8.0) -45.4(8.4)
298.15 -68.4 (7.6) -43.5 (8.0) -50.0 (8.4)
—70 (10)* —-57.2 (5)* -69.6 (10)*
313.15 -64.5 (7.6) -46.3 (8.7) -50.2(8.4)
328.15 -75.7 (8.3) -54.1 (8.6) -79.5(8.4) B
288.15 -117.8 (7.5) -82.0(7.5) -131.72
298.15 -98.7 (7.8) 95.3 (7.5) -120.79,
~116.7 (10)* 67.7 (5)%, -73.6" -126.23%, ~126.32°
313.15 94.3 (7.8) -113.03
-92.4 (7.6) -87.5° -114.76b
328.15 -71.1 (7.5) -111.33
-99.3 (7.6) R7.7° -110.17b

* — Spedding et al., 1966a; ®_ Xaio and Tremaine, 1996
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Figure 5.11

(@) Equation 5.1, Broken line — Equation 5.3, (X) Habenschuss and Spedding (1976),

Solid line — Shock and Helgeson (1988).
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Figure 5.12 Comparison of infinite dilution apparent molar heat capacities of
YbCls. '
(#) equation 5.2, broken line — equaticn 5.6, solid line - Shock and Helgeson (1988)
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Figure 5.13  Comparison of infinite dilution apparent molar heat capacities of

(@) equation 5.2, broken line
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reported by Shock and Helgeson of 7.2 JK 'mol” due only to the difference in C, , (CL).

The more recent study reported by Xaio and Tremaine (1996) uses the value of -126.23

JK 'mol™ for C,, (CI'} at T = 298.15K taken from Tremaine et af. (1986) whereas the

study by Marriott ez al. (2001) use the C;, (Cl) value reported by Criss and Millero

(1999) of -126.32 JK 'mol™ at T =298.15K. These values could account for differences of

approximately 19 JK 'mol™ beiween values for C;"z (R*) reported in the various studies.

A plot of C7, (CI) values utilized in this study and those previously reported in the

literature versus temperature is shown as figure 5.14.

5.5 Comparison with perchlorate data
The level of complex formation found in aqueous solutions of the chloride salts of

trivalent REEs is expected to be observable but not significant, while complex formation
in an aqueous solution of a perchlorate salt is thought to be negligible under the
conditions encountered in this study. In chloride solutions the dominant complex formed

is thought to be RC12+(aq). A method to illustrate the degree of complex formation is

presented by Marriott et al. (2001). The magnitudes of V> ~Vy." and Cpgz- C;Jz as a

function of the square root of ionic strength are indicative of complex formation within a

system. Plotting V2 -V, or Cpg2- C;!Z versus the square root of ionic strength produces

a nearly linear relationship. The slope of the relationship will change with the degree of
complex formation. For example Marriott et al. (2001) used this procedure successtully

10 illustrate the high degree of complex
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Figure 5.14 Comparison of Cp“(CI-) in this thesis to the literature.

(e ) Ballerat-Busserolles ef al. {1999), (X) Xiao and Tremaine {1996), (+) Tanger and
Helgeson (1988), (0) Criss and Millero (1999)
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formation in aqueous rare earth sulfate solutions. When compared 1o the sulfate solutions

values for Vy»~V,2" and Cp_ggg—C;’z for the chloride and perchlorate solutions are

dramatically smaller implying a much lower degree of complex formation. From these

observations, it was rationalized that, whereas the apparent molar properties of the
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perchlorate and the chloride salt solutions could be successfully modeled using equations
which emphasize ion interaction, the properties of the sulfates are best modeled using
equations which emphasize complex fbrmation.

The method wutilized by Marriott et al. (2001) was applied to the apparent molar
heat capacities and app'arent molar velumes reported in Chapter 4 for the perchlorate
systems and the C, 42 and Vﬁglvalues reported for YCl;, YbCls, DyCl;, SmCl; in this
chapter. Figures 5.15-5.18 show V4, — V42" for SmCl; compared to V2 — Vy2° for
Sm(ClO4)3 at the investigated temperatures. Comparing each temperature it can be seen
that the degree of complex formation appears to increase with increasing temperature, in
the manner predicted by Wood (1990a, 1990b). The comparison plots for the other
trivalent metal salts showed similar but less pronounced change in slope with
temperature. |

A corresponding increase in slope with temperature is not apparent when Cp 42-

C,, values of the trivalent metal chlorides and perchlorates are compared. Conclusions
are difficult to draw from the heat capacity comparisons due to the differences in Cp, $2-
C,, being comparable iﬁ magnitude to the sum of the uncertainties in C,, 42 for the
chlorides and perchlorates.

When comparing the C, 42-C

and V4,-Vy42" comparison plots reported here to

pa
those of Marriott ef al. (2001) we see that the deviation of the chloride Cp42-C, , and

V42—V42° values from those of the perchlorate salt are insignificant when compared to the

deviation of the sulfate from the perchlorate salt. While differences

101



Figure 5.15 Change in apparent molar volume of SmX; at T = 288.15 K with

concentration.
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Figure 5.16 Change in apparent molar volume of SmXj;at T = 298.15 K with

concentration.
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Figure 5.17 Change in apparent molar volume of SmX; at T = 313.15 K with

concentration.
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Figure 5.18 Change in apparent molar volume of SmXsat T = 328.15 K with

1.6

concentration.
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between V42-Vy2° of the chloride salts and the perchlorate salts reached a maximum of
~5cm’mol”, the difference between Vy~V,42° of the sulfate salts and the perchlorate salts
reached a maximum of approximately 50cm’mol”, Similarly, the difference in Cp,42-

C . between the chloride salts and the perchlorate salts only reached a maximum of 50

JK 'mol™, while the difference in Cpy2- C, , between the sulfate salis and the perchlorate

salts may be as large as 1000 JK 'mol ™.

5.6 Conclusions

It has been qualitatively shown that complex formation is present in dilute
solutions of trivalent metal chloride salts, however, the degree of complex formation is
thought to be very small at all temperatures investigated in this study. Differences
between single ion apparent molar properties calculated from the perchlorate salts and
those reported in this chapter are generally small, being within the sum of experimental
uncertainties. It is recommended that the values derived from the perchlorate
measurements be used in all studies requiring single ion values because of the small
amount of complex formation found to be present in aqueous solutions of the rare earth

chlorides.
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6 HIGH TEMPERATURE AND PRESSURE VOLUMETRIC

MEASUREMENTS

6.1 Previous measurements

No previous studies reported in the literature have investigated the pressure and
temperature dependence of apparent molar volumes of aqueous rare earth perchlorate salt
sotutions in the temperature and pressure range reported in this chapter. However,
theoretical models have been published which permit the estimation of thermodynamic
properties for these systerns at infinite dilution over extended temperature and pressure
ranges (Shock and Helgeson, 198R). Although ytterbium perchiorate was the main focus
of the study presented here, no reports of volumetric measurements on perchloric acid at
elevated temperatures and pressures could be found in the literature, thus necessitating
the measurement of densities for aqueous perchloric acid solutions over the same

temperature and pressure range as used in the ytterbium perchlorate investigation,

6.2 Experimental

6.2.1 Solution preparation

Solutions of perchloric acid were prepared by dilution of concentrated perchloric
acid (BDH Chemicals). Perchloric acid selution samples were sealed in glass volumetric
flasks.

Solutions of acidified ytierhium perchlorate were prepared by dissolving
yttefbium oxide in approximately 1.2 M perchloric acid ihat was heated to approximately

T = 353 K. The solution was stirred unti] the dissolution of the oxide appeared to have
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stopped. The solutioh was then cooled and the pH mcasured. If the pH had risen above
3, additional 0.1 M perchloric acid was added and the solution was agaih heated. When
no more oxide appeared to dissolve, the solution was allowed to cool and the pH
measured. This heating and pH measurement/adjustment cycle was continued uniil the
pH of the solution no longer rose above 3. The solution was then vacuﬁrn filtered using a
fine sintered glass filter funnel. The final solution was subsequently stored in a sealed

glass volumetric flask and was found to be free of colloidal particles.

6.2.2 Standardization of stock solutions

The stock acidified ytterbium perchlorate solution was standardized using
titrimetric analysis. The perchloric acid present in the ytterbium perchlorate stock
solution was determnined by titration with tristhydroxymethyl)aminomethane (THAM)
(99.94£0.01 mol%, obtained from US Department of Commerce, National Bureau of
Standards) using xylenol orange as the indicator. To determine the concentration of Yb*
in the stock solution, the solution was titrated with the disodium salt of
ethylenediaminetetraacetic acid (EDTA) (obtained from BDH, 99.0-101.0% assay)
buffered to pH=5.5 using an acetic acid sodium acetate buffer solution. In this titration,
methyl red was used as the indicator. Solutions of EDTA used in the titrations were
prepared according to the procedure outlined by Skoog er al. (2000). The final Yb*
concentration was calculated as the average of multiple trials.

The concentration of the perchloric acid stock solution was determined using
three separate methods. Initially, samples of the perchloric acid stock solution were

titrated with THAM in the same manner used for the determination of acid in the stock
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viterbium perchlorate solution. As. an additional check on the perchloric acid
conceﬁtration, both thentiometric and conductimetric titrations were performed.
Potentiometric and conductometric titrations provide objective endpoints to titration
while visual indicator titrations may be subject to determinant errors related to end-point
determination. Unfortunately it was not possible to successfully complete potentiometric
or conductomeiric titrations of the rare earth stock solutions due to the formation of rare
carth hydroxide species with increasing pH.

- Potentiometric titration involves measuring the change in potential difference
across 4 glass membrane electrode as titrant is added to the analyte. For the titrations
performed in this study, a 10.00 mL aliquot of perchloric acid was titrated with 0.1 M
sodium hydroxide (standardized against dricd KHP (potassium hydrogen phthalate)).
Titrations were followed using a glass combination electrode (Fisher, catalogue number
13-620-108) connected to a Fisher Scientific Accumet® pH Meter 915. Plotting
measured potential versus volume of sodium hydroxide added gives a typical strong/acid
strong base titration curve. Figure 6.1 shows the results of plotting potential versus
volume of sodium hydroxide added. Plotting the second derivative of the potential with
respect to the volume of sodium hydroxide added, as seen in figure 6.2, allows
determination of the equivalence point with enhanced precision. To obtain a plot of the

second derivative of the potential, the difference between adjacent potentials (AV) was

calculated, then the diffcrence between adjacent AV values was calculated and plotted.
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Figure 6.1  Typical acid-base titration curve. -

The vertical line segment represents the equivalence point of the titration.
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Cdnductimetric titrations measure the change in conductance of a solution as
titrant is added using a resistance cell. The resistance cell consists of two platinum
cohtacts set a fixed distance apart from each other on a glass rod. The contacts are
connected to an Industrial Instruments Conductivity Bridge Model RC 16B2 and the
glass rod is immersed in an electrolyte ensuring that both contacts are covered by
electrolyte. The resistance of the probe does not change over the course of the titration,

any change in
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Figare 6.2 = Typical plot of the second derivative of potential versus volume of
titrant added in an acid-base titration.

The vertical line in the centre of the plot indicates the equivalence point of the titration.
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conductance results entirely from a change in conductance of the electrolyte in which the
conductivity cell is immersed. In the case of the perchloric acid titrations, 10.00 mL of
the perchloric acid stock solution werc placed in a tall-form flask and distilled water {~90
mL) was added io ensure that both contacts of the resistance cell were submerged. The
initial conductance of the solution was then measured. Sodium hydroxide was added to
the perchloric acid solution in 1.00mL aliquots and the conductance of the resulting

solution was measured after each addition. The profile of conductance versus volume of
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sodium hydroxide added can be seen in figure 6.3. To facilitate the determination of the
exact _équivalence point of the titration,. linear regression was applied. to the set of
conductance Mmeasurements occurring before the equiv.alence point and also to the
conductance data set collected following the equivalence point. The intersection of these
two straight lines indicates the equivalence point of titration exactly. Initially. as sodium
hydroxide was added to the perchloric acid solution, the sddium hydroxide neutralized
the perchloric acid in solution and the conductance of the solution decreased as the
concentration of aqueous H' decreased. When all of the perchloric acid had been
neutralized, excess sodium hydroxide added to the titration flask caused an increase in
conductance of the solution.

Volumetric measurements were performed on solutions that were prepared by
weight, making use of the molal concentration scale necessary. To convert from
calculated molarity to molality, the density of both the perchloric acid and acidified
yticrbium perchlorate stock solutions was measured at the temperatures at which
titrations were performed. The molal concentration of ytterbium perchlorate, m;, in an

acidified solution can be converted to molal concentrations using the equation:

- 1000c¢,
? (1000p)_(C3M3)"(CzM2)‘

(6.1)

In equation 6.1 the terms c¢;, ¢3, M> and M are the molar concentrations and molar
masses of the rare earth salt and acid, respectively and p is the density of the acidified

ytterbium perchlorate solution at the temperature at which the titration was performed.
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Figure 6.3  Typical plot of conductance versus volume added for a titration of
perchloric acid with sodium hydroxide.

Regression analysis of each line gives a value for the equivalence point of the titration.
The dashed iines represent the values returned by regression analysis and the intersection
of the dashed lines is the equivalence point of the titration.
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6.2.3 Preparation of sets of solutions
For each set of temperature/pressure conditions at which volumetric

measuremenis were made, 8 to 10 solutions in the concentration range m = (0.01624 to
0.2531 M Yb(C1O4); and 0.02725 to 0.4000 M HCIO,) were prepared. Solutions were

prepared by mass using a Mettler Toledo AT201 balance by dijuting a known mass of
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stock solution with a known mass of pure water. The reference solution used in the
collection of relative density measurements was a concenirated {approximately 5.0 M)
soluﬁion of aqueous sodium. chioride. The reference NaCl(aq) solutions were pre'pared by
dissolving a known mass of dried NaCl{s) with pure water by mass. All water used was
distilled and purified by an Osmonics model Aries High-Purity D.I. Loop that polishes

water to a resistance of 18.3ME2.

6.3 Modeling of experimental data
Solution densities for the aqueous perchloric acid and acidified Yb{C104)3; were

measured using a high temperature and pressure vibrating tube densimeter following the
procedure described in Chapter 2. The density of the NaCl(aq) reference solution was
obtained from Archer’s program for the thermodynamic properties of aqueous sodium
chloride (Archer, 1992). Experimental apparent molar volumes, V.., for the acidified
perchlorate salt solutions were calculated from experimentally determined solution

densities using equation 6.2:

1+(m2M2)+(m3M3) 1

Io P’
Vo = (6.2)
how 1000(m, +m, )

In equation 6.2, p" is the density of pure water at the temperature and pressure at which
measurements were made, values of which were taken from Archer (1992). The
concentration dependences of relative densities and apparent molar volumes of aqueous

solutions of perchloric acid and Yb(ClOy4)3 at T = (348.15, 373.15, 398.15 and 423.15) K
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and p = (10, 20 and 30) MPa are reported in Tables 6.1-6.4 and 6.5-6.8 respectively along
with uncertainties of apparent molar volumes. Uncertainties were calculated using the

procedure described in Chapter 2.

6.3.1 Modeling of perchloric acid volumetric data

Apparent molar volumes of solutions of perchloric acid are required to determine
the contribution of perchloric acid .to the apparent molar volume of the acidified rare
earth perchlorate salt solutions. The tempcraturé and pressure range of the perchloric
acid data set was expanded by including the volumetric data reported by Hovey (1988) at
the p = 0.1MPa and 7T = (283.15, 298.15, 313.15 and 328.15) K. The latter data (Hovey,
1988) were also used in the calculations presented in Chapter 5. The equation used to
model the con.lbined' apparent molar volume daté sets. for aqueous perchloric acid
solutions takes the form utilized by Simonson (1994) in the modeling of volumetric data
for aqueous sodium chioride. solutions. This Pitzer ion-interaction equétion takes the

form:

V,=V7+ (f—’ij ln[l +b [ﬁﬂ + ZRT(—m—)[BV + (;m;Jc"] , 6.3)
b m’ m’ m’

where 4y is the Debye-Huckel limiting slope taken from Archer and Wang (1990), & is a
constant equal to 1.2, R is the idcal gas constant, and »2° is a standard concentration equal
to 1 mol kg™ V4 is apparent molar volume at infinite dilution and in its expanded form

is represented by the equation:
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Table 6.1 The densities of pure water, the concentration dependence of relative
densities and apparent molar volumes of aqueous solutions of perchloric acid at
temperature T = 348.15 K and pressures p = (10, 20 and 30) MPa as well as the
uncertainty in each apparent molar volume {6V2).

Concentration T p I pr Viep V42
jmol kg™ K iMPa Jgem”  sgem™  jom’ mol! femimol’
0.0606 347.36 10.00 0.979662 0.003267  46.23 .02
0.0606 347.38 10.00 0.979652 0.003261 46.34 0.12
01178 347.27 10.00 0.979716 0.006051 48.71 0.16
0.1564 347.28 10.00 0.979714 0.008028 4B8.68 0.89
0.1992 347.33 10.01 0979688 0.010104 49.18 0.06
C.1992 347.34 10.01 0979680 0.010108 4917 0.08
0.2354 347.31 10.01 0978688 0.011935 4912 0.07
0.2354 347.27 10.01 0.979721 0.011818 4919 0.07
0.2742 347.10 10.01 0979820 0.013613 48.98 0.10
0.3153 347.01 10.01 0.979874 0.015863 48.33 0.22
0.3153 347.07 10.01 0.979840 0.015832 48.10 0.22
0.3545 347.09 10.01 0.979829 0.017846 49.19 .17
0.3996 34712 10.01 0979811 0.020118 48.08 0.13
0.3996 . 34712 10.01 0979810 0.020066 49.21 0.13
0.0384 346.29 20.02 0.984572 0.002075 46.16 2.62
0.0769 346.49 20.03 0.984466 0.004016 47.95 0.83
0.0769 346.53 20.02 0.984441 0.003972 48.54 0.62
0.1170 346.78 20.04 0.984303 0.006045 48.42 0.4
0.1170 346.88 20.03 0.984238 0.006093 48.00 0.41
0.15456 346.85 20.02 0.984256 0.007897 48.94 0.13
0.1546 346.89 20.03 0.984234 0.007881 49.05 0.13
0.2010 346,99 20.02 0984180 0.010295 4B.68 0.84
0.2377 346.90 20.03 0.984227 0.012133 48.77 0.37
0.2377 346.84 20.03 0.984266 0.012064 49.07 0.37
0.2758 346.92 20.03 0.984218 0.013987 49.02 0.26
0.2758 346.92 20.03 0.984218 0.014028 48.87 0.26
0.3056 346.85 20.02 0.984252 0.015477 49.01 0.23
¢.3611 346.76 20.04 0.984316 0.018239 49.02 0.08
0.3511 346.81 20.04 0.984283 0.018218 49.09 0.08
0.3996 346.77 20.04 0.884306 0.020172 48.93 0.11
0.3596 346.73 20.04 0.884332 0.020213 48.83 0.1
0.0488 346.48 29.95 0.988617 0.002618 46.61 1.24
0.0488 346.54 28,95 0.988581 0.002677 4537 1.24
0.0781 346.54 2592 0.988573 0.004218 46.15 2.80
0.1186 248.79 28.91 0.888423 0.006156 48.18 0.22
0.1186 346.83 29.91 0.988398 0.006182 47.96 0.22
0.1544 346.97 29.94 0.988333 0.007245 4858 0.21
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Table 6.1 Continued

Concentration T p P pr Vi exp V42
/mol kg'] MK MPa ;fg.cm‘3 g e Jem® mol” jem’mol™

0.1544 347.03 29.93 0.988296 0.007977 48.37 0.21
0.1965 347.31 29.91 0.988129 0.010087 48.58 0.7¢
0.1965 347.55 29.90 0.987986 0.010235 47.81 0.76
0.2351 347.71 29.93 0.987901 0.012012 48.73 0.07
0.2351 347.75 29.61 0987872 0.011997 48.80 0.07
0.2766 347.71 29.81 0987897 0.014123 4867 0.40
0.2766 347.69 29.93 0.987916 0.014235 48.25 0.40
0.3148 347.68 29.52 0.987917 0.015054 48.97 1.32
0.3581 347.52 29.81 0.987960 0.018134 48.90 0.79
0.3596 347.32 29.82 0.988082 0.020256 48.75 0.48
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Table 6.2 The density of pure water, concentration dependence of relative densities
and apparent molar volumes of agqueous solutions of perchloric acid at temperature 7=
373.15 K and pressures p = (10, 20 and 30) MPa as well as the uncertainty in each
apparent molar volume (8V2}.

Concentration T p e o V? exp V42
fmal kg’1 K MPa /g cm’® /g em?  fem’ mol! sem’mol™
0.0432 371.63 10.05 0.964044 0.002222 48.72 1.65
0.0432 371.66 10.05 0964022 0.002156 50.37 1.65
0.0773 371.77 1005 0.963946 0.003970 48.M1 0.12
0.0773 37182 1005 0.963916 0.003964 48.80 Q.12
0.1174 371.85 10.06 0.963894 0.005980 49.11 2.02
0.1585 37200 1005 0563785 0.008085 48.90 2.20
0.1967 372.02 10.04 0.963770 0.009817 49.98 1.80
0.2354 37228 10.05 0.963592 0.011873 4932 1.25
0.2354 372.31 10.05 0.963565 0.011595 50.80 1.25
0.2751 372.36 10.05 0.963531 0.0136865 50.05 1.60

¢.3117 372.40 10.05 - 0.963507 0.015523 49.82 0.31
0.3117 372.44 10,05 0963478 0.015430 50.14 0.31
0.3535 372.44 10.05 0963474 0.017576 49.80 0.33
0.3535 372.42 10.05 0.963488 0.017463 50.14 0.33
0.3996 37250 10.05 0.963435 0.019654 50.25 0.10
0.3996 37257 10.05 0.863387 0.019622 50.34 0.10
0.0432 37157 20.01  0.568552 0.002209 49.06 2.32
0.0432 37164 20.0t 0968512 0.002303 46.73 2.32
0.0773 371.80 20.02 0.968400 0.003955 48.94 0.31
0.0773 371.891 20.02 0968321 0.003978 4863 0.31
0.1174 37214 20.01 0.968162 0.005951 49.40 0.54
0.1174 372.21 - 20.02 0968120 0.006011 4B8b 0.54

0.1685 37223 20.03 0.968102 0.007979 49.64 0.01
0.1585 372.25 20.03 0.968092 0.007981 49.63 0.07
0.1967 372.30 20.01 0.968056 0.010001 49.00 1.13
0.2354 372.46 20.00 0.967938 0011938 49.05 1.24
0.2751 37248 20.01 08967926 0.013761 48.70 0.34
0.2751 372.49 20.01 0.9867922 0.013672 50.04 0.34
0.3535 37267 20.02 00967798 0.017719 49.38 0.23

0.3996 37282 20.00 0.967622 0.019844 49.76 0.13
0.3996 373.03 20.02 0.8967551 0.019786 49.89 0.13
£.0402 371.48 30.06 0973006 0.002009 4799 3.21
0.0780 371.77 30.05 0.972940 0002221 47.95 212
0.0790 371.86 30.04 0.972806 0.004121 50.08 2.12
0.1137 37225 3004 0.872744 0.003962 47.70 206
0.1137 372.36 30.04 0972475 0.005945 49.79 2.06
0.1653 37253 30.04 0.972403 0.005721 50.04 0.18
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Table 6.2 Continued. _

Concentraton T~ p Joa o Vi oxp V2
/mol kg'l K MPa /g cm™ /g em™  Jom’ mol” /em’mol’

0.15563 37246 30.04 0.872337 0.007742 50.20 0.16

0.1935 372.73 30.04 0972149 Q.009728 49606 0.36

0.1935 372.75 30.05 0.972139 0.009709 49.75 0.35
0.2353 372.89 30.05 0972044 0.011700 50.13 0.85

0.2363 372.97 30.04 00971982 0.011819 49.59 0.65
0.3146 373.33 30.04 0.971740 0.015699 49.72 0.28
0.3146 373.35 30.06 0.971734 0.015613 50.01 0.28
0.3529 373.37 3004 0.971712 0.017610 4964 0.33
0.3529 373.27 3006 0971781 0.017497 49.98 0.33
0.39¢6 373.30 3005 0971763 0.020103 49.08 0.64
0.3996 373.33 30.05 0971739 0.019854 49.74 0.64
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Table 6.3 The density of pure water, concentration dependence of relative densities
and apparent molar volumes of aqueous sotutions of perchloric acid at temperature T'=
398.15 K and pressures p = (10, 20 and 30) MPa as well as the uncertainty in each
apparent molar volume (8V,2).

Concentration T p i o Vﬁa exp V2
jmol kg'! K MPa  fgem™  igem”  fem’mol! fom’mot’
0.0382 398.47 10.01 00943695 0.001940 50.70 4.65
£.0392 30895 10.01 0943311 0.002103 46.03 4.65
0.0778 388.76 10.01 0.943460 0.0604018 48.30 2.04

0.1170 390.08 10.01 0843199 0.005746 51.01 0.83
0.1580 388.27 10.01 (0.943049 0.007910 49.81 2.36
0.2341 - 39932 10.02 0943007 0.011327 51.51 0.84

0.2740 399.35 10.01 0942983 0.013212 51.58 0.04
0.2740 39935 10.01 0942082 0.013201 5182 0.04

0.3159 39929 1001 0.943026 0.015421 50.81 0.53
0.3159 389.34 10.01  0.942994 0.016275 51.33 0.53
0.3547 399.30 10.01 0.943025 0.017177 51.13 0.32
0.3547 388.26 10.01 0.943051 0017152 51.21 0.32
0.3998 399.24 10.01 0.943071 0.019474 50.68 0.64
0.3996 386.13. 1000 0.943156 0.019238 51.34 0.64
0.2755 388.50 20.06 0.848785 0.001707 51.82 1.51

0.3138 398.63 20.07 0.948748 0.001556 52.40 0.28
0.3138 398.66 20.08 00948712 0.003329 52.68 0.28
0.3534 308,72 20.07 0948709 0003130 51.74 0.44
0.3534 398.73 20.07 0.948632 0.005566 51.29 0.44
0.3996 398.70 20.07 0.948519 0.0085295 B1.73 5.80
0.0414 396.86 30.07 0.948478 0.007193 48.63 4.39
0.0414 397.02 30.08 0.948535 0.0086198 51.04 4.39
0.0824 397.45 30.08 0948541 0008921 50.0C 2.23

0.0824 39763 30.09 0.948621 0.011097 4775 2.23
0.1228 397.52 30.08 0.948592 0.010883 46.92 3.51
0.1229 397.47 30.08 0.948565 0.013227 50.47 3.51

0.1638 397.47 30.08 0.948466 0.014872 50.19 4.08
0.1993 39743 30.08 0.948442 0.014795 50.23 14.92
0.2409 397.74 30.14 0.948390 0.016931 50.34 1.07
0.2409 39778 3013 0.948385 0017076 49.72 1.08
0.2815 387.83 30.16 0.948408 0.019101 50.94 1.51
0.3604 397.96 30.08 0948424 0.016234 50.25 0.38
0.3604 38788 30.08 0.954557 0002209 50.85 0.38
0.4030 397.68 30.07 0.954438 0.002043 4998  0.50
0.4030 397.56 30.07 _0.954103 0.004130 50.50 0.50
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Table 6.4 The density of pure water, concentration dependence of relative densities
- and apparent molar volumes of aqueous solutions of perchloric acid at temperature T =
423.15 K and pressures p = (10 and 20} MPa as well as the uncertainty in each apparent
molar volume (5Vy2).

Concentration T D o o0 Vig exp Vg2
Jmel kg'] /K MPa /g em™ /g em”  jem® mol” sem’mol’
0.0397 421.25 10.01 0.924041 0.002424 49.28 12.07
0.0997 42151 10.01 0924097 0.002012 49.53 8.16
0.1164 42154 10.01 0.223859 0.0065013 49.64 1.68
0.1164 421.64 10.01 0.923835 0.005841 47.97 1.68

0.1546 421.76 10.01 0.923743 0.008008 4710 0.50
0.1546 42165 10.02 0.923634 0.008077 47.07 0.50
0.1958 421.36 10.01 0.923736 0.008081 49.65 0.76
0.1959 421.34 10.01 0.924003 0.009793 49.04 0.76
0.2343 421.15 1001 0924014 0.002884 49.24 0.73
0.2343 42110 10.02 0924190 0.011776 49.49 0.73

0.2750 42120 10.02 0.924234 0.011726 49.55 2.09
0.3166 421.09 10.02 0.924146 0.013717 48.49 2.16
0.3996 421.38 10.01 0.924247 0.016055 49.25 1.65
0.1183 421.27 20.01 0.923980 0.019927 51.41 373
0.1589 421.08 20.00 0.929393 0.005760 47.97 3.97

0.1860 42119 20.00 0.929560 0.008185 50.35 0.62
0.1860 421.26 20.01 0.9224657 0.009684 49.79 0.63

0.2371 421.67 20.00 0929405 0.009780 47.57 2.40
0.2753 42188 20.01 0929039 0.012265 438.64 4.08
0.3106 421,50 20.01 0.28846 0.013960 46.27 2.14
0.3996 421.34 20.01 0.929187 0.0168370 45.23 0.39

0.3996 421.26 20.01 0.929333_ 0.021338  45.64 0.39
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Table 6.5

The density of pure water, concentration dependence of relative densities
and apparent molar volumes of agueous solutions of Yb{(ClOg)3at 7= 348 15K andp =

{10, 20 and 30) MPa as well as the uncertainty in each apparent molar volume {5Vy2).

- my ms T p I pEL Viep Ve o Ve
/molkg /molkg’ K MPa  fgem>  Jjgom® jom’ mol’ iem’mol! scm’mol’
0.0231 0.000343 347.30 10.04 0979361 0.008402 101.15 101.93 1.15
0.0548 0.000815 347.77 10.04 0.979438 0.019845 10185  102.63 0.84
0.0548 0.000815 347.73 10.03 0.979460 0.019891 101.00  101.78 0.84
0.0849 0.001262 347.70 10.04 0.979461 0.030533 103.06 103.87 0.87
0.0848 0.001262 347.69 10.04 0.979485 0.030603 102.25  103.04 0.87
0.1182 0.001772 34792 10.04 0.979350 0.042684 103.47  104.28 0.08
0.1192 0.001772 348.03 10.04 0.979285 0.042680 103.48  104.29 0.06
0.1499 0.002228 348.08 10.03 0.979252 0.053433 103.98  104.80 0.49
0.1499 0.002228 34810 10.04 0979246 0.053486 103.63  104.44 0.50
0.1890 0.002809 348.11 10.05 0.979244 0.067194 103.37 104.18 0.48
0.1890 0.002809 348.06 10.03 0.979265 0.067147 103.62 104.43 0.48
0.2163 0.003215 34811 10.05 0.979242 0.076481 104.41 105.24 0.15
0.2163 0.003215 348.13 1004 0.979223 0.076518 10424  105.06 0.15
0.2531 0.003761 348.06 10.05 0.979270 0.089092 10457  105.39 0.60
0.2531 0.003761 348.03 10.04 0.979288 0.088992 10496 10579 0.60
0.0242 0.000360 347.53 20.04 0.983864 0.008809 102.48 103.28 432
0.04856 0.000723 347.54 20.04 0.983858 0.017641 10239  103.19 0.21
0.0486 0.000723 347.54 20.04 0.98385% 0.017646 102.30  103.09 0.21
0.0751 0.001116 347.65 2004 0883797 0.027091 10347  104.29 0.43
0.0751 0.001116 347.61 20.05 0.983822 0.027058 103.91 104.73 0.43
0.1046 0.001554 347.54 20.06 0.983869 0.037588 103.73 104.54 0.23
0.1046 0.001554 347.48 20.05 0983902 0.037568 10393  104.74 0.23
0.1382 0.002053 347.57 20.05 0983846 0.049514 103.57 104.39 0.23
0.1382 0.002053 347.60 20.05 0.983830 0.049509 10360 10442 0.23
0.1776 0.002639 347.50 20.06 0.983896 0.083176 104.70  105.53 0.41
0.1776 0.002639 347.46 20.06 0.983914 0.063220 10446  105.29 0.41
0.2227 0.003309 347.61 20.06 0983831 0.078781 10502 10586 0.09
0.2227 0.003309 347.76 20.04 00983732 0.078795 10484  105.77 0.09
0.2531 0.003761 347.65 20.04 0.983796 0.089348 10468 10551 0.12
0.2531 0.003761 347.56 20.04 0.983849 0.089340 10472 10555 0.12
0.0242 0.000360 346.80 30.03 0.988467 0.008821 103.21 104.03 0.78
0.0242 0.000360 246.77 30.01 0.988476 0.008838 10250  103.31 0.78
0.0486 0.000723 346.71 3002 0988512 0.017682 102.77  103.58 0.48
0.0486 0.000723 346.73 30.03 0.988507 0.017690 102.62  103.43 0.48
0.0751 0.001116 346.71 30.02 0.988514 0.027178 10355  104.36 0.26
0.0751 0.001116 346.67 30.01 0.988535 0.027175 10359  104.41 0.26
0.1046 0.001554 346.80 30.02 0.988465 0.037626 10454  105.37 1.06
0.1046 0.001554 347.15 30.01 0.988257 0.037716 103.64  104.46 1.06
0.1382 0.002053 347.27 3002 0.988192 0.049587 104.15  104.97 0.58
0.1382 0.002053 347.43 30.01 0.988097 0.049669 10354  104.36 0.58
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Table 6.5 Continued.

.ma

m; : T p g e Vi ep Va2 Nz
/moi kg'1 /mol kg K /MPa /g em” /9 em™  Jem’ mol? sem’mot! fem’mot?
0.1776 0.002639 2347.73 30.02 0.98792% 0.063365 104.65 105.48 049
0.1776 0.002639 347.83 30.02 0.987870 0.063460 104.12 104.94 049
0.2227- 0.003302 347.40 30.01 0988117 0.079040 104.93 105.76 0.33
0.2227 0.003309 347.34 30901 0988150 0.079018 1065.03 105.87 0.32
0.2531 0.003761 347.12 30.03 0.988283 0.089529 105.08 105.89 0.47
0.2531 0.003761 347.056 230.92 0.988319 0.089637. 104.65 105.49 0.47

123



Table 6.6 The density of pure water, concentration dependence of relative densities
and apparent molar volumes of aqueous solutions of Yb{(ClOyg)3at 7=373.15K andp =

(10, 20 and 30) MPa as well as the uncertainty in each apparent molar velume {6V2).

m, =~ Ms T p o pp Vi exp Vo Vg2
/mol kg'1 jmol kg™ K /MPa /q cm? g em” . fem’ mol? jem’mol! jemPmol!
0.02256 0.000334 372.44 10.05 0.963476 0.00802%t 104.33 105.14 0.42
0.02256 (.000334 372.35 10.05 0.963538 0.008028 104.02 104.83 0.42
0.0536 G.000727 37261 10.06 0963362 0.018073 103.91 104.70 2.90
0.0813 0.001208 372.33 10.05 0.963552 0.028835 103.97 104.76 0.87
0.0813 0.001208 372.32 10.05 0.863565 0.028765 104.86 105.66 0.87
01121 0.001666 372.53 10.06 0.963415 0.039706 103.31 104.07 0.92
0.1121 0.001666 372.55 10.06 0.963400 0.039603 104.25 105.03 0.92
01416 0.002105 37265 10.05 0.963325 0.049810 104.86 105.64 0.23
0.1416 0.002105 372.78 10.16 0.863289 0.049842 104.62 105.40 0.23
0.1793 0.002865 37292 10.06 0.9563141 0.062821 104.76 105.53 0.61
0.1793 0.002665 372.92 10.05 0.963135 0.062812 104.80 105.58 0.61
0.2084 0003068 37267 10.06 0963321 0.072015 105.38 106.16 1.03
0.20684 0.003068 37281 10.05 0.963358 0.071880C 106.05 106.83 1.03
0.2531 0.003761 37257 10.06 0.963384 0.087948 105.11 105.86 0.30
0.2531 0.0037681 372.44 10.06 0.9634871 0.087989 104.83 105.69 0.30
0.0225 0.000334 372.95 20.06 0967621 0.008077 102.88 103.67 3.31
0.05836 0.000797 372.88 20.06 0967674 0.019218 102.30 103.06 2.45
0.0536 0.000797 372.78 20.06 0.967743 0.019095 104.68 105.48 2.45
0.0813 0.001208 37258 20.07 0.967884 0.028789 105.73 106.53 3.36
0.0813 0.001208 37250 20.06 0967939 0.029051 102.43 103.18 3.36
0.1121 0.001666 372.35 20.06 0.968038 0.038875 103.00 103.75 117
01121 0.001866 372.33 20.05 0968052 0.032760 104.05 104.82 1.17
01416 0.002105 372.41 20.05 0.967998 0.060125 103.83 104.58 0.44
0.1416 0.002105 372.47 20.06 0.967956 0.050129 103.79 104.54 0.44
0.1793 0.002665 372.72 20.04 0.967772 0.062933 105.32 106.09 1.02
0.1793 0.002655 372.71 20.04 0.967781 0.063104 104.37 105.12 1.02
0.2064 0.003068 2372.53 20.04 0.957908 0.072175 105.76 106.53 0.64
0.2084 0003068 37248 20.03 0.967934 0072282 10525 106.01 0.64
0.2531 0.003761 37223 20.06 0.868118 0.083162 105.44 106.19 0.80
0.2531- 0.003761 372,09 20.02 0.968204 0.088108 105.68 106.43 0.80
0.0231 0.000343 372.28 30.07 0.972459 0.008310 103.37 10417 2.19
0.0231 0.000343 372.40 30.06 0972383 0.008358 101.20 101.97 2.19
0.0548 0.000815 372.41 30.06 0972373 0.019597 104.65 105.36 1.84
0.0548 0000815 372.46 30.04 0.972334 0.019691 102.79 103.58 1.84
0.0849 0.001262 372.43 30.04 0.972352 0.030240 104.68 105.48 1.21
0.0842 0.001262 37256 30.06 0972274 0.030141 105.85 106.67 1.21
011892 0.001772 372.69. 30.06 0972188 0.042288 104.94 105.73 0.73
0.1192 0.001772 372.74 30.07 0.972159 0.042373 104.21 105.00 0.73
0.1499 0.002228 372.72 30.07 0972168 0.052861 105.98 106.79 1.03
0.1499 0.002228 372.77 30.07 0.972133 0.053013 104.95 105.74 1.03
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Table 6.6 Continued.
m; M3 T p g o Vg exp Viz Va2
imol kg'] imolkg' K MPa fgem”  jgem®  fem’ mol! jem’mol! jem’mot !

0.188C 0.002809 373.06 30.08 0.971938 0.066379 105.80 106.60 0.85
0.1880 0.002809 373.09 3002 0.971921 0.068B35 104.98 105.76 0.85
0.2163 0.003215 373.08 30.08 0.971932 0.075857 105.44 106.23 019
0.2163 0.003215 373.04 30.09 0971954 0.075815 105.64 106.43 0.1%
0.2531 Q.003761 373.02 30.09 0.871972 0.088330 10574 106.51 0.22
0.2531 0.003761 372.84 30.08 0.972024 0.088288 105,87 106.65 0.22
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Table 6.7 The density of pure water, concentration dependence of relative densities
and apparent molar volumes of aqueous solutions of Yb(ClO4)3 2t T=398.15K andp =

(10, 20 and 30) MPa as well as the uncertainty in each apparent molar volume (5Vy2).

m, ms T p I PP Vgep. Vg2 o Vs
fmolkg' /molkg’ K MPa /gem®  fgom®  fem® mol’ jom’mol”’ iem’mot!

0.0300 0.0004456 308.33 10.03 0.243785 0.010675  99.25 99.98 3.62
0.0300 0.00044€6 398.50 10.03 0.943682 0.010773 95.60 96.28 3.62
0.0482 0.000726 398.66 10.12 (.943597 0.017408 9777 88.47 3.50
0.0489 0.000726 398.76 10.03 0.943478 0.017250 101.26 102.01 3.50
0.0733 0.001080 398.92 10.03 0.843345 0.025868 100.51 101.24 1.73
0.0733 0.001090 388.98 10.04 0.843303 0.025987 98.74 99.45 1.73
0.0960 0.001426 398.91 10.04 0.843353 0.033804 100.35 101.07 1.21
0.0960 0.001426 398.87 10.03 0.943380 0.033912 99.15 99.85 1.21
01210 0.001792 398.92 10.03 0.843346 0.042442 101.13 101.86 0.78
0.1210 0.001799 398.89 10.03 0.9432%0 0.042530 100.33 161.05 0.78
0.1443 0.002144 399.03 10.02 0.943251 0.050609 100.15 100.86 0.18
0.1443 0.002144 358.03 10.11 0.94329% 0.050587 100.33 101.04 0.16
0.16897 0.002522 399.07 10.04 0943221 0.058225 101.16 101.87 2.186
0.1507 0.002522 398.08 10.03 0.943201 0.050593 9885 99.54 2.16
01919 0.002852 399.08 10,04 0.943212 0.086412 103.35 10410 2.52
01319 0.002852 398.97 10.04 0.943304 0.066888 100.76 101.47 2.52
02215 0.003282 398.82 10.03 0.943424 0.076775 101.83 102.55 0.94
0.2215 0.003292 398.74 10.02 0.943487 0.076970 100.93 101.63 0.94
0.2531 0.003761 398.47 10.02 0.943703 0.087762 100.69 101.38 0.53
0.2531 0.003761 398.30 10.02 0.943846 0.087826 100.46 101.15 0.53
0.0245 0.000364 397.89 20.06 0.949045 0.008754 98.69 9942 81
0.0453 0000673 388.03 20.05 0.948932 0.016150 99.17 99.90 1.39
0.0453 0.000673 388.06 20.06 0.948913 0.016206 o7.81 98.52 1.39
0.0708 0.001052 398.17 20.07 0.948832 0.025138 99.60 100.33 1.73
0.0708 0.001052 398.23 20.07 0.948782 0.025025 101.29 102.04 1.73
0.0851 0.001414 398.42 20.07 0.948625 0.033640 100.46 101.20 0.35
0.0851 0.001 414 398.44 20.05 0.948606 0.033654 100.29 101.02 0.35
01201 0.001785 398.34 20.06 0.948690 0042259 101.47 102.21 0.60
01201 0.001785 398.44 20.06 0.948607 0.042328 100.83 101.57 0.60
01473 0.002190 398.54 20.05 0.948523 0.051535 102.59 103.35 0.89
0.1473 0.002190 398.63 20.05 0.948453 0.051661 101.67 102.41 0.89
0.1685 0.002504 398.71 20.05 0.948390 0.058892 102.08 102.83 0.14
0.1685 0.002504 388.70 20.04 0248395 0.058871 102.21 102.86 0.14
0.1984 0.002948 388.69 20.04 0.848406 0.068962 103.08 103.84 0.77
0.1984 (0.002949 398.66 20.03 0.948420 0.069121 102.25 103.00 0.77
0.2220 0.003299 398.57 20.05 0.948501 0.077038 102.80 103.56 0.18
0.2220 0.003299 398.56 20.06 0.948517 0.077011 102.94 103.62 0.18
0.2531 0.003761 358.66 20.08 0.948437 0.087631 102.50 103.25 0.35
0.2531 0.0037681 398.65 20.04 0.948430 0.087685 102.28 103.02 0.35
0.0464 0.000620 398.31 30.04 0.953564 0.008188 94.23 100.02 6.21
0.0750 0.001115 39856 30.05 0.953222 (.026830 953.24 098.95 7.80
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'T'able 6.7

Continued

my M3 T p F o Vi exp Viz 8Vy2
molkg' /molkg” K mPa fgem”  igem”  jom® mol! fem’mol? jem’met’
0.0939 0.001395 398.64 30.05 0.853164 0.033244 101.27 102.03 290
0.0839 0.001395 .398.63 30.04 0.953170 0.033509 98.30 99.01 2.90
0.1183 -0.001773 398.58 30.05 .0.953213 0.042143 101,30 102.05 11.97
0.1428 0.002123 398.56 30.05 0.953226 0.050544 9876  100.49 2.27
0.1428 0.002123 388.55 30.05 0.953229 0.0650218 102.15 102.92 2.27
0.1717 0.002552 388.57 30.06 0.953220 0.060252 101.81 102.57 4,83
0.2001 0.002874 388562 30.05 0,953175 0.068731 103.40 104.18 1.58
0.2001 0.002974 3G8.62 30.04 0.953175 0.069996 102.03 102.80 1.58
0.2224 0.003306 398,59 30.06 0.953206 0.077402 103.06 103.84 1.01
0.2224 0.003306 388.59 30.05 0.953205 0.077639 101.97 102.73 1.01
0.25631 0.003761 398.58 30.05 0.953209 0.087761 103.24 104.02 0.40
0.2531 0.003761 398,55 30.06 0.853239 0.087653 = 103.68 104.47 0.40
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Table 6.8 The density of pure water, concentration dependence of relative densities
and apparent molar volumes of aqueous solutions of Yb(ClOg)zat 7=423.15K and p =

(10, 20 and 30) MPa as well as the uncertainty in each apparent molar volume (6V2).

my M3 T p o pp Vi exp Va2 V4o
/motkg® /molkg’ & MPa igem”  Jgom®  fem’molt fem’mal? remPrmol’
0.0235 0.000349 421.83 10.05 0.923590 0.008367  92.01 92.64 0.82
0.0235 0.000349 421.94 10.18 0.9234768 0.008351 92.76  93.40 0.82
- 0.0474 0.000705 42179 10.05 0923625 0.016716 9556  96.25 1.92
0.0474 0.000705 421.76 10.05 0.923657 0.016796 9364  94.30 1.92
0.0710 0.001055 421.66 10.05 0.923744 0.024998 9509  95.23 1.74
0.0710 0.001055 421.56 10.05 0.923840 0.025104 9344  94.11 1.74
0.0936 0.001391 421.23 10.05 0.924132 0.032838 9599  96.70 0.76
0.0936 0.001391 421.20 10.06 0924161 0032772 9678 9751 0.76
0.1193 0.001773 421.55 10.05 0923845 0.041800 9552  96.24 0.33
0.1193 0.001773 42152 10.05 0023869 0041818 0536  96.08 0.33
0.1452 0.002158 421.68 10.05 0923729 0.050677 96.11 96.85 0.28
0.1452 0.002158 421.60 10.05 0.923800 0.050664 96.23  96.97 0.28
0.1726 0.002565 421.57 10.04 0923822 0059930 97.18  97.95 2.25
0.2008 0.002984 42159 10.05 0923809 0.069486 97.53  98.32 0.19
0.2008 0.002984 421.57 10.05 0923824 0.069453 97.71 98.51 0.19
0.2248 0.003342 421.38 10.05 0.924000 0077640 9756  98.37 0.17
0.2248 0.003342 420.65 10.05 0.924661 0077601 9795  98.75 0.17
0.2531 0.003761 420.88 10.05 0.924446 0086868 9896  99.79 0.46
0.2531 0.003761 42097 10.05 0024366 0086988 9842  99.25 0.46
0.0253 0.000376 421.48 20.00 0.829200 0.009069 91.88  92.52 4.35
0.0253 0.000376 421.47 20.01 0929221 0008972 9623  96.93 4.36
0.0490 0.000728 421.28 20.00 0.929384 0.017281  97.27 98.00 2.23
0.0490 0.000728 421.32 20.01 0.929351 0017379  95.01 95.71 2.23
0.0718 0.001087 42134 20.02 0929342 0025409 9514 9585 2.62
0.0718 0.001067 420.74 20.02 0.929866 0.025237  97.98 98.73 2.62
0.0959 0.001425 421.49 20.01 0929195 0033781  95.92 96.66 0.94
0.0959 0.001425 421.45 20.01 0929232 0033722  96.61 97.87 0.94
0.1198 0.001781 421.06 20.02 0929588 0041878 98.27  99.06 0.73
0.1198 0.001781 421.08 20.00 0.929557 0.041936 97.72  98.50 0.73
0.1432 0.002128 421.15 20.01 0.929500 0.050105  96.96 97.75 0.18
0.1432 0002128 421.04 20.03 0929605 0.050126  96.83 97.62 0.18
0.1702 0.002530 420.92 20.03 0.929718 0.059313  97.71 98.52 1.48
01702 0.002530 420.90 20.01 0929726 0.059072 9925 10009  1.48
0.1994 0.002964 420.93 20.01 0.929693 0.069213  98.22 99.07 1.59
0.1994 0.002964 420.83 20.00 0.929777 0.068934 9976 10062  1.59
0.2260 0.003359 420.89 20.01 0929734 0.078056 99.20  100.08 057
0.2260 0.003359 420.92 20.00 0.929697 0.078136  98.81 99.68 0.57
0.2631 0.003761 420.68 20.00 0929915 0087113 9951 10041 027
0.2531 0.003761 420.72 20.01 0929878 0.087062 99.71  100.62  0.27
0.0437 0.000650 421.63 30.02 0.934218 0.015570  95.02 95.74 0.70
0.0437 0.000650 421.59 30.02 0.934250 0.015545 9567  96.40 0.70
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Table 6.8 Continued
m; Mg T p 7 o Vg exp Vg2 V2
/molkg! /molkg’  k  mPa /igem”  igem™ fem® mol! sem’mol” fom’mol?
0.0700 0.001040 421.45 30.03 0.934383 0.024752 96.90 97.66 -0.64
0.0700 0.001040 421.33 30.02 0.934480 0.024711 97.58 88.35 -0.64
0.0946 0.001407 421.19 30.02 0.934595 0.033397 97.00 897.78 -0.38
0.0046 0.0601407 42117 30.02 0.934614 0.033381 87.19 97.97 -0.38
0.1215 0.001805 420.90 30.02 0.934842 0.042586 98.68 99,51 -0.22
0.1215 0.001805 420.83 30.02 0.834904 0.042564  98.90 99.74 -0.22
0.1427 0.002121 420.74 30.03 0.934989 0.049983 ©8.40 99.24 -0.46
0.1427 0.002121 420.92 30.03 0.934833 0.049889  98.84 99.69 -0.46
01760 0.002616 421.27 30.03 0.834835 0.061252 98.39 100.29 -0.42
0.1760 0.002616 421.28 30.03 0.934523 0.061241 9948 100.36 -0.42
0.1984 0.002949 421.12 30.03 0.234658 0.068733 100.45 101.39 -0.34
0.1984 0.002942 421.19 30.03 0.934602 0.068788 100.14 101.07 -0.34
0.2209 0.003283 421.26 30.04 0.934542 0.076388 100.26 101.21 -0.40
0.2208 0.003283 421.36 30.04 0.934462 0.076449 99.93 100.89 -0.40
0.2531 0.003761 421.22 30.04 0.934578 0.087319 99.98 100.96 -0.26
0.2531 0.003761 421,04 30.03 0934733 0.087311 100.05 101.03 -0.26
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where fr is the isothermal compressibility of the solvent, p° is equal to 1 MPa, 7° is ¢qual
to 1 K and T, is equal to (T/7")-227.
The second virial coefficient B” shown in equation 6.3 may also be expanded to

give:

2 2
B":v5+v6L+v{T] +v—8+v9[1] £, 6.5)
7° T

where v; {i = 1-9) are fitting parameters. Values of the fitting parameters were
determined using regression analysis and are reported along with their standard errors in
Table 6.9. Contributions from the third virial coefficient, C*, were found to be
statistically insignificant over the range of concentrations investigated in this study.
Figure 6.4 plots the difference between each observed data point and the
corresponding value calculated by the model .presented above. The random scattef of
data points serves to illustrate that there is no dependence of the magnitude of the

residuals on the molality of perchloric acid.
6.3.2 Modeling of ytterbium perchlorate volumetric data

Apparent molar volumes for the aqueous Yb(ClO4); solutions were calculated

using Young’s rule. Young's rule for apparent molar volumes is written in the form:
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Table 6.9 Estimates of parameters to equations 6.4 and 6.5 which model the

temperature and pressure dependences of V> values for aqueous solutions of perchloric
acid. '

Fitting Parameter  Value  Standard Error
vy flem”mol)  44.05 3.20

v (lem®mol™®)  25865.59  10439.21

v; (fem’mol™)  -22.1x10° 4.4x10°

vs (fom® mol™) -109.51  43.53

10-6 vs (fem® T -0.0162  0.004895
10-6 vg (fom’ Ty -3.7x10°  0.71x10°
10-6 v7 (e’ JY)  22.3x107°  5.5%10°
10-6 vg Y’ Ty 281 066

10-6 v e’ T -5.00x10® 3.05x10°

m m :
V,..=V, | 32— |+V,,| ——|+7, ' 6.6)
[(mmﬂ ((mm)] ‘

where Vi, Vis, ma, and m; are .thc apparent molar volumes and concent_ratior}s of
ytterbium perchlorafe and perchloric acid respectively. Apparent molar volumes of
aqueous perchloric acid were calculated at each required concentration using equations
6.3-6.5. & represents an excess mixing term that has been assumed to be equal to zero in
any solution in. which the concentration of 6ne species is much greater than the
concéntration of the other.

In a similar manner to the modeling procedures presented in Chapters 4 and 5,
Pitzer jon interaction theory was used 'aé the basis for modeling the temperature, pressure
| and concentration dependenée of the apparent molar volume of aqueous Yb{ClO.);

solutions. Thc apparent molar volumes of Yb(CIQy4); at p = 0.1 MPa and 7 = (288.15,
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Figure 6.4  Plot of observed V,, — calculated V,; versus the square root of the
perchloric acid molality.

The dashed lines represent 1.96 standard deviations from the mean residual of () {0)

Hovey (1988), (X) This Chapter.
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298.15, 313.15 and 328.15) K presented in Chapter 4 were appended to the data set
presented in this chapter to increase the number of degrees of freedom within the
modeling analysis.

The Pitzer equation used in Chapter 4, equation 4.6, and several variations

thereof, were used to model the set of apparent molar volumes of aqueous solutions of
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Yb{ClOy4);. The best form of Pitzer e(juation was selected by examination of the standard
- error of the predicted values and also by inspection of calculated residuals. The equation

that was found to best model the apparent molar volumes of aqueous solutions of

Yb(ClOy,); tak_es the form:

Vo — [6‘4" 1“(;*' Al )J =V, +6m,R(T - 355.5)5°
+12m,R(T — 355.3)f (D S, - . (6.7

where V', A and ' may be expanded to give:

1% v

Vr) — + 2 + 3 _— . (6-8)

¢$ 7N p+¥ T-6 0
B’ =v,(p—15.00)T - 355.5) | (6.9)
and:

| Vs

=24y +y_(T-355.5). 6.10)

B (T—355.5) Vs v?( )

In these equations, w is the effective Born coefficient that is specific to Yh(ClQy); for
which a value was calculated from the single ion compilation reported by Shock and

Helgeson (1988). The terms W and © are solvent dependent parameters equal 1o 260
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MPa and 228 K respectively. The constants 77 = 355.50 K and p = 15.00 MPa were
selected as the midpoints of our investigated temperature and pressure ranges. Values for
the v; (i = 1-7) fitting parameters were determined using '.reg'ression analysis and are
reported along with standard errors in iable 6.10.

Figure 6.5 presents the difference between the observed apparent moiar volumes
of aqueous solutions of Yb(CIO,); and those predicted by equations 6.7-6.1.0. versus the
square root of Yb(ClO4): molality. With few exceptions, all residuals have absolute

magnitudes less than 2 em’mol .

6.4 Comparison of infinite dilution values with HKF predictions

The HKF equations of state reported by. Shock and Helgeson (1988) used
available data to predict infinite dilution apparent molar properties over a wide range of
temperatures and pressures. A comparison between the infinite dilution apparent molar
volumes of aqueous perchloric acid predicted by the model presented here to the HKF
equations of statc reported by Shock and Helgeson can be seen in Figures 6.6-6.9. The
infinite dilution apparent molar volumes produced by the model reported in this chapter
and those reported by Shock and Helgeson agree within 1 em’mol”. This confirms the
quality of the apparent molar volume fit presented here due to the quality of the data upon
which Shock and Helgeson based their equations of state. Figures 6.10-6.13 compare the
infinite dilution apparent molar volumes of yiterbium perchlorate produced by the model
presented here to the values predicted by Shock and Helgeson’s HKF equations of state.

The discrepancy between the infinite dilution apparent molar volumes presented by
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Table 6.10 Estimates of parameters to equations 6.9, 6.10 and 6.11 which model the
temperature and pressure dependences of V,,, values for aqueous solutions Yb(CLO4)s.

Fitting Parameter Value  Standard Error
vy (Jem® mol™) 140,74 2,53
v2 (fem® mol MPa) -1121.05 715.62
v3 {fem’® mol ' K) -2279.87 70.04
10° v, (/kg mol’’ MPa?) -2.31 0.10

vs {/kg mol'KMPa)
ve (kg mol™ MPa™)
10 v (kg mol ™ K MPa™)

-0.03423 0.002726
-0.00029 0.00003
6.11x107 4.98x107
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Figure 6.5  Plot of observed V,; ~ calculated V,; versus the square root of th
Yb(C10,); molality. '

The dashed lines represent 1.96 standard deviations from the mean residual of 0. (O)
Chapter 4 Data, (X} This Chapter '
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Figure 6.6  Temperature dependence of apparent molar volume at infinite
dilution of aqueous perchloric acid at pressure p = 0.1 MPa.

Shock and Helgeson (- - - - - - ). values reported in this chapter ( ).
a0 | . . _ - |
e o |
o~ 46 b -
[
E
é 44 + -
e
42 + -
40 + -
34 ! | | i |
280 240 300 210 320 330 3440

TR

137



Figure 6.7 Temperature dependence of apparent molar volume at infinite
dilution of aqueous perchloric acid at pressure p = 10 MPa. :
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Temperature dependence of apparent molar velume at infinite

440

Figure 6.8
dilution of aqueous perchloric acid at pressure p = 20 MPa.
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Figure 6.9  Temperature dependence of apparent molar volume at infinite
dilution of agueous perchloric acid at pressure p = 30 MPa.
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Figure 6.10 Temperature dependence of apparent molar volume at infinite

dilution of Yb(C104); at pressure p = 0.1 MPa.
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Figure 6.11 Temperature dependence of apparent molar volume at infinite

dilution of Yh(C10,); at pressurep = 10 MPa.
).

Shock and Helgeson (- - - - - - - - ), values reported in this chapter

100 i ! J

G5

[}
o

demmol™

v °
?

85

g0
420 440

360 380 400

340
Tk

142



Figure 6.12 Temperature dependence of apparent molar volume at infinite
dilution of Yb{(ClO,); at pressure p = 20 MPa.
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Figure 6.13 Temperature dependence of apparent mola.r volume at infinite
dilution of Yb{ClO,); at pressure p = 30 MPa,
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Shock and Helgeson and those presented in this chapter do not exceed 5 cra’ mol™ and
for most temperature and pressure conditions, the difference between the two values is

much smaller.

6.5 Conclusions
The greatest difficulty associated with measurement of apparent molar volumes of

acidified solutions of trivalent metal salts at elevated temperatures and pressures is
producing volumetric data for solutions of pure perchloric acid at elevated temperatﬁres
and pressures. Corrosion by perchloric acid of the stainless steel tubing in the high
temperature and pressure densimeter caused many serious leaks. The presence of trace
metal perchlorates in the high temperature and pressure densimeter during measurement
of aqueous perchloric acid is the most obvious cause of the relatively high uncertainty of
the apparent molar volume values. The low concentration of perchloric in relation to the
concentration of ytterbium perchlorate results in a correction term which has a much
smaller uncertainty that the uncertainty in the property of the ytterbium perchlorate itself.
Despite these difficulties, two models have been presented in this chapter, one
modeling the concentration, temperature and pressure dependences of the apparent molar
volumes of Yb(ClOss{aq) over a larger temperature and pressure surface than
| investigated previously. The second model reported the concentration, temperature and
pressure dependences of perchloric acid over the same temperature and pressure surface
and is instrumental in the modeling of not only Yb(Cl0,);(ag) but of any further trivalent

metal perchlorate at elevated temperatures and pressures,
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