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Abstract

The stability of yttrium–acetate (Y–Ac) complexes in aqueous solution was determined potentiometrically at temperatures
25–175 �C (at Ps) and pressures 1–1000 bar (at 25 and 75 �C). Measurements were performed using glass H+-selective elec-
trodes in potentiometric cells with a liquid junction. The species YAc2+ and YAc2

þ were found to dominate yttrium aqueous
speciation in experimental solutions at 25–100 �C (log [Ac�] < �1.5, pH < 5.2), whereas at 125, 150 and 175 �C introduction
of YAc3

0 into the Y–Ac speciation model was necessary. The overall stability constants bn were determined for the reaction
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where terms in square parentheses stand for the molal concentrations [mol/kg H2O], and ci is the activity coefficient of
the ith species. With temperature increase from 25 to 200 �C, the values of logb1, logb2 and logb3 increase from 2.27 to
4.51, 3.86 to 7.86 and 4.63 to 10.24, respectively. Increase of pressure results in decrease of the stability of all three com-
plexes: logb1 decreases by 0.21 and 0.37, logb2 by 0.40 and 0.73, and log b3 by 0.57 and 1.01 when pressure increases
from 1 to 1000 bar at 25 and 200 �C, respectively. However, the effect of pressure on Y speciation is much less pro-
nounced than that of temperature and results only in a decrease of the predominance field of YAc3

0 in high-pressure
solutions. The calculated values of the partial molal thermodynamic functions for the overall formation reactions are:
DrS

� = 23.4, 42.5, and 54.5 cal/mol K, DrCp
� ¼ 73:2, 122.2, and 182.5 cal/mol K, and DrV

� = 16.1, 30.9, 44.3 cm3/mol
for YAc2+, YAc2

þ and YAc3
0, respectively. The revised Helgeson–Kirkham–Flowers (HKF) equation of state parameters

were generated for Y–Ac complexes.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Because of acetic acid high concentration and thermal
stability in natural waters, aqueous acetate complexes has
been very often invoked in the transport of metals and
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rare-earth elements in sedimentary brines and hydrothermal
systems (Giordano and Barnes, 1981; Giordano, 1994;
Shock, 1994). The rigorous evaluation of the role of metal–
acetate (Ac) complexation in the genesis of metal deposits re-
quires detailed knowledge of the thermodynamic stability of
Me–Ac complexes as a function of temperature and pressure.
This study is focussed on the improved understanding of
aqueous rare-earth elements (REE)–Ac complexation. It is
motivated by the role of the REE in natural systems. These
.
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Fig. 1. Pressure/temperature ranges of the experiments performed
with the different cells used in this study.
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elements are commonly used as geochemical tracers (Allègre
et al., 1968; Humphris, 1984; McLennan, 1989), and their
mobility in hydrothermal solutions is relevant to the safety
of nuclear waste disposals in geological environments (Kra-
uskopf, 1986).

The acetate complexes of a number of metals have been
studied at high temperatures (Al3+: Fein, 1991; Bénézeth
et al., 1994; Palmer and Bell, 1994; Zn2+: Hennet et al.,
1988; Yang et al., 1989; Giordano and Drummond, 1991;
Fe2+: Palmer and Drummond, 1988; Palmer and Hyde,
1993; Pb2+: Hennet et al., 1988; Giordano, 1989; Yang
et al., 1989; etc.). In contrast, the study of acetate complexes
of the REE at temperatures above 80 �C has been limited to
Nd–Ac (Wood et al., 2000) and Eu–Ac (Zotov et al., 2002)
whereas the effect of pressure on the stability of REE–Ac
complexes was quantified only for Eu3+ at 25 �C by Zotov
et al. (2006).

The aim of the present study is to evaluate the effect of
temperature and pressure on the stability of the aqueous
yttrium–acetate complexes. Due to their similar size and
charge, it seems likely that the behaviour of aqueous yttrium
is similar to that of the heavy REE (Ragnarsdottir et al.,
1998). The values of the cumulative stability constants

Y3þ þ nAc� ¼ YAcn
3�n; ð1Þ

�n ¼
YAcn

3�n
� �

½Y3þ� � ½Ac��n
�
�YAcn

3�n

�Y3þ � �n
Ac�

; ð2Þ

where n = 1, 2, and 3, and [i] and ci stand for the molal con-
centrations [mol/kg H2O] and activity coefficient of species i,
respectively, were determined at temperatures to 175 �C and
pressures to 1 kb using potentiometric measurements. Based
on these experimental data, the revised HKF (Helgeson–
Kirkham–Flowers) equation of state parameters for Y–Ac
complexes were generated.

2. MATERIALS AND METHODS

2.1. Preparation and characterization of experimental

solutions

Reagent-grade quality chemicals were used throughout
this study. Measurements at saturated vapour pressure (Ps)
(cells I and II described below in Sections 2.2.1 and 2.2.2,
respectively) were performed at LMTG (Géochimie et Biog-
éochimie Expérimentale, Toulouse, France). Experimental
solutions were prepared using doubly deionized water de-
gassed under vacuum. The HClO4 stock solution concentra-
tion (1.004 ± 0.007 mol/L) was determined by
potentiometric titration under N2 atmosphere using TRI-
ZMA� BASE 99.9% (Tris[hydroxymethyl]aminomethane).
These potentiometric titrations were performed automatical-
ly with the aid of Mettler 716DMS Titrino. NaClO4 stock
solution (56.80% ± 0.12) was prepared by dissolving Na-
ClO4ÆH2O in deionized H2O with subsequent filtration
through a Whatman phase separator. Concentration of Na-
ClO4 was determined by weighing salt dried at 160 �C until
the weight of the sample become constant. The Y(ClO4)3

stock solutions (about 0.5 mol/L) were prepared by dissolv-
ing under heating the weighed amounts of Y2O3 (99.99%),
heated overnight at 600 �C, in slight excess of concentrated
HClO4. The resulting solutions were filtered though a
0.45 lm Sartorius cellulose nitrate filter. Concentration of
free HClO4 in Y(ClO4)3 stock solutions was determined by
potentiometric titration using TRIZMA� BASE and verified
by titrations with HClO4 as described below in Section 2.2.1.
Sodium acetate used to prepare solutions was dried for sev-
eral days at 125–150 �C and stored in a dessicator.

High-pressure experiments (P = 1–1000 bar, cell III de-
scribed in Section 2.2.3) were performed at IGEM RAS
(Institute of Ore Deposits Geology, Moscow, Russia).
Experimental solutions were prepared using distilled water
degassed by boiling. After preparation, the Y(ClO4)3 stock
solution (prepared as described above for Ps experiments,
about 0.5 mol/L in �0.05 m HClO4) was filtered through a
SCHOTT glass filter No. 4. Concentration of HClO4 in this
stock solution was determined by two ways (i) direct pH
measurement in the solution diluted 30 times and (ii) poten-
tiometric titration of this diluted solution with 0.1 M HCl. In
both cases concentration of HClO4 was determined as
0.050 ± 0.001 mol/L.

2.2. Potentiometry

The potentiometric experiments were performed using
three different cell types depending on the P–T range. The
cell types are shown in Fig. 1 in P–T coordinates and de-
scribed below.

2.2.1. Measurements at 25–75 �C and Ps (cell I)

Potentiometric titrations at 25, 50, and 75 �C were per-
formed using a Schott H62 combination electrode with the
aid of a Mettler DL70 ES Titrino. Temperature was con-
trolled within ±0.1 �C using a water thermostat and mea-
sured with a Mettler Pt100 class B thermometer calibrated
at the melting point of ice. All solutions were prepared just
before titrations and degassed under vacuum. Titrant solu-
tions were stored under N2 atmosphere. Nitrogen was bub-
bled slowly through a test solution during titration. Prior



0               1               2               3               4               5

0

400000

800000

1200000

E
-f

u
n

ct
io

n

0               1               2               3               4               5

0

400000

800000

1200000

E
-f

u
n

ct
io

n

0               1               2               3               4                5

VHClO4
, mL

0

400000

800000

1200000

E
-f

u
n

ct
io

n

25oC

50oC

75oC

Fig. 2. Calibration lines for the Schott H62 electrode at 25, 50, and 75 �C. E-function corresponds to 10E=59:16 � ðV i þ V HClO4Þ=�Hþ , where E is
the measured e.m.f, 59.16 is the Nernst slope, Vi is the initial volume of test solution (�0.012 m Y(ClO4)3), VHClO4

is the volume of titrant
added (0.01 m HClO4), and �Hþ stands for hydrogen-ion activity coefficient.
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to this test solution, gas was saturated in 0.012 M Y(ClO4)3

solution kept at the same temperature.
The method of potentiometric titration is described in de-

tails in Zotov et al. (2002) and will therefore only be summa-
rized here. A two-step titration was used. First, electrode
calibration on the pH scale was carried out by acid-leg titra-
tion of initial 0.012 m Y(ClO4)3 solution (mass � 50 g,
[H+] = 0.00068 m) with 0.1 m HClO4 until pH � 2. Calibra-
tion curves are shown in Fig. 2. The method of activity coef-
ficients calculation is described below in Section 2.3
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(‘‘Calculation methods’’). These calibration lines demon-
strate strictly Nernstian electrode behaviour with correlation
coefficient R2 > 0.9999. Second, the alkaline-leg titration of
the obtained solution was performed to pH � 5 with a
0.25 m NaAc solution. During titrations the equilibrium
e.m.f. values were assumed to be attained when
dðEÞ

dt ¼ 0:025, 0.05 and 0.075 mV/min at 25, 50, and 75 �C,
respectively.

2.2.2. Measurements at 100–175 �C and Ps (cell II)

Design of the nonisothermal cell and details of experi-
mental protocol are given elsewhere (Pokrovski et al.,
1995; Zotov et al., 2002). Briefly, the cell consisted of three
high-temperature solid-contact glass pH electrodes produced
by ‘‘Izmeritelnaya teknika’’, Moscow, from glass No. 121
(electrode design and properties are described in Beliustin
et al., 1992), and Ag, AgCl, 3.5 M KCl external reference
electrode thermostated at ambient temperature

Temperature of the test solutions was controlled with an
accuracy ±1 �C using the externally calibrated K-type ther-
mocouple. Calibrations of the potentiometric cell were per-
formed using 0.01 m HCl + 0.009 m KCl, 0.08 m
HAc + 0.01 m NaAc, 0.025 m NaAc + 0.025 m HAc,
0.01 m Na2B4O7, and 0.01 m KOH + 0.01 M KCl solutions.
The last solution (KOH + KCl) was degassed under vacuum
just before measurements, and air was displaced with nitro-
gen after loading this solution into the cell. Measurements
of e.m.f. were performed during heating of the cell using
‘‘Econix-Expert’’ pH-meter produced by ‘‘Izmeritelnaya
tehnika’’, Moscow (e.m.f. resolution 0.1 mV, accuracy
±0.5 mV, input impedance 1012 X). E.m.f. stabilized immedi-
ately after reaching the desired temperature and did not
change within ±0.5 mV for at least 15 min at the same tem-
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Fig. 3. Calibration lines for cell (II) used in this study at 100–175 �C.
perature. Calibration curves for one of the three electrodes
are given in Fig. 3. Reproducibility of measured e.m.f. val-
ues, as determined by several measurements with the same
electrode and test solution, was in the limits of ±1.5 mV thus
yielding uncertainty on calculated pH values of ±0.02 pH
unit. Overall uncertainty on measured at 100–175 �C pH
was ±0.04 pH unit.
2.2.3. Measurements at 25 and 75 �C and pressure from 1 to

1000 bar (cell III)

Measurements were carried out using an isothermal poten-
tiometric cell (Fig. 4) described in detail in Zotov et al. (2006).
This cell consisted of pressure-compensated electrodes: two
pH glass electrodes and reference Ag, AgCl electrode

The cell body (internal volume �500 mL) was made from Ti-

alloy VT-8. The temperature of test solutions was measured
with the K-type thermocouple and regulated within ±0.2 �C
using a precision water thermostat. Pressure was maintained
with hydraulic hand-driven pump and controlled with a sap-
phire tensoresistive pressure transducer (to 1 kbar) and a
standard pressure gauge (0–1600 bar), both externally cali-
brated using a precision piston pressure gauge. The overall
accuracy of pressure maintained over the experimental solu-
tions was ±10 bar.

Design of test and reference electrodes is shown in Fig. 4
and described in detail in Zhdanov et al. (1994). Ion-selective
membranes for pH electrodes were produced by ‘‘Izmeritel-
naya tehnika’’ (Moscow) from glass No. 45. The lower part
of the glass electrode contained the internal reference solu-
tion (0.1 m HCl) with an Ag, AgCl internal electrode. The
upper part of the glass electrode body was filled with silicon
oil separated from the internal reference solution with a rub-
ber plug. A rubber tube attached to the upper part of the
glass electrode body and filled with silicon oil served as a
pressure transducer. Due to this design, the pressure inside
and outside the electrode was the same. The upper part of
the rubber tube was closed with a Ti high-pressure fitting
(Osadchii and Arzhatskii, 1991) with incorporated lead con-
nected to the input of a high-impedance multichannel mul-
timeter (e.m.f. resolution 0.1 mV, accuracy ±0.5 mV, input
impedance 1013 X, designed by N. Zhdanov in IEM RAS).
The reference Ag, AgCl electrode was mounted inside a flex-
ible PTFE tube with a ceramic plug serving as a liquid junc-
tion. Before an experiment, this tube was stretched and filled
with a 3 M KCl solution. Preliminary stretching of PTFE
tube provided a stable outflow of KCl solution from the li-
quid junction. The upper part of the reference electrode is
similar to the one of the pH electrode.

The potentiometric cell was calibrated at 25 �C as a func-
tion of pressure (1–1000 bar) using 0.01 m HCl, 0.08 m
NaAc + 0.02 m HAc and 0.01 m Na2B4O7 standard solu-
tions. The pH values of the solutions used for calibration
of the potentiometric cell are listed in Table 1. Results of cal-
ibration are shown in Fig. 5. As can be seen in this figure, the
slope of the calibration line is close to the Nernst value
(�58.48 vs. 59.16, respectively), and pressure has no effect
on the calibration line. This last observation, in agreement



Table 1
The values of pH for standard solutions used for cell (III) calibration at 25 �C and pressures to 1000 bar

Solutions Pressure (bar) pH Source of thermodynamic data

0.01 m HCl 1 2.05 Tagirov et al. (1997)
200 2.05
500 2.05
700 2.05

1000 2.05
0.08 m NaAc + 0.02 m HAc 1 5.24 Slop98 (Johnson et al., 1992), for HAc(aq)—Zotov et al., 2006 (Table 2)

200 5.21
500 5.15
700 5.12

1000 5.07
0.01 m Na2B4O7 1 9.18 Experimental data of Kryukov and Zarubina (1982)

200 9.06
500 8.91
700 8.81

1000 8.67

Silicon oil 

Separator

0.1m HCl 

Ag, AgCl 

Water
thermostat

Magnetic bar 

Ceramic frit 

Ag, AgCl 

3m KCl 

Reference
electrode

pH
electrode

Thermocouple
To the pressure

line

Fig. 4. Potentiometric cell (III) for measurements at pressures to 1000 bar.
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with previous results of Zotov et al. (2006), enables pH cal-
culation at any pressure from 1 to 1000 bar using the same
calibration line shown in Fig. 5. The deviation of experimen-
tal points from the calibration line (Fig. 5) was within
1.5 mV (or 0.025 pH units). The difference of pH values mea-
sured with two pH electrodes did not exceed 0.01 pH. Over-
all uncertainty of pH values determined using cell (III) was
±0.03 pH units in the whole range of the pressure (1–
1000 bar). However, it was found that the reproducibility
of pressure effect on pH (DpH) for the same solution is better
than the reproducibility of the absolute pH values. For
example, when pressure increases from 1 to 1000 bar (the
maximum pressure range studied in this work) DpH is deter-
mined with an uncertainty ±0.01. Therefore, in order to in-
crease the accuracy of calculated thermodynamic functions,
the values of DpH = pHP � pHP=1 bar were used in thermo-
dynamic calculations. These values of DpH were calculated
as

�pH¼pHP �pH1 bar¼�ðEP �EP¼1 barÞ=58:48 at 25 �C and

DpH¼pHP �pH1 bar¼�ðEP �EP¼1 barÞ=67:29 at 75 �C:

The slope �67.29 for 75 �C was calculated by adding the dif-
ference in the theoretical Nernst slope between 75 and 25 �C
to the experimental one determined at 25 �C. The resulting
slope (�67.29) was confirmed by measurements in buffer
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solutions at 75 �C and 1 bar (experimental slope at 75 �C,
1 bar = �67.2 mV/pH).

2.2.4. Calculation of pH from the measured e.m.f

Potentiometric cells with a liquid junction were used in
the present study. In these cells, the measured e.m.f. is
expressed as

E ¼ E� � RT=F � pH� ELJ ð3Þ

where E� is the standard potential of a potentiometric cell,
and R, T, and F represent the universal gas constant, temper-
ature in Kelvin, and the Faraday constant, respectively. ELJ

stands for the liquid junction potential which arises at the
contact of solutions of different composition/concentration.
The theory of the liquid junction potential and the methods
of it’s estimation are discussed elsewhere (Guggenheim,
1930; Harned and Owen, 1950; Bates, 1964). Design of the
reference electrodes used in the present study allowed a ref-
erence solution (concentrated solution of an electrolyte with
close mobility of ions, 3–3.5 M KCl) to flow slowly into a
test solution (the flow rate of �0.02 mL/h yielded KCl con-
centration in the test solution after experiment <0.001 m).
We assumed that this type of flow reference electrode elimi-
nated the liquid junction potential. The validity of this
assumption is confirmed by the following facts. First, it is
the common practice to use the concentrated KCl solution
in the salt bridge as it minimizes the liquid junction poten-
tials. For example, calculation of the ELJ values performed
using Henderson equation yields ELJ of 9.1 and 4.6 mV at
the contact of 0.01 M HCl with 0.1 M and saturated KCl
solutions, respectively (Eq. III.18 and Table III.1 in Bates,
1964). Guggenheim (1930) investigated the cells with liquid
junction both by theoretical analysis and experimental mea-
surements. This author considered four different types of li-
quid junction: (i) the junction with ‘‘continuous mixture
layer’’ (corresponding to Henderson’s formula), (ii) the
‘‘constrained diffusion’’ junction (Planck’s formula), (iii)
the ‘‘free diffusion junction’’, and (iv) the ‘‘sharp’’ junction.
Note that the theoretical estimation of the liquid junction
potential value is only possible for (i) and (ii) types of junc-
tion. Guggenheim (1930) noted that the ‘‘flowing junction’’
represented by two solutions stream toward each other (that
is similar to the liquid junction used in the present study) is
either ‘‘a special case of the ‘‘continuous junction’’, or else
represents a steady state determined by the shape of the
apparatus used and so too complicated for theoretical dis-
cussion’’. Numerous experimental results obtained using
cells with the flow reference electrodes and reported in the lit-
erature suggest that in these cells the liquid junction potential
value is lower than that predicted with Henderson equation
(in other words, the flow electrodes do not belong to the
‘‘continuous mixture layer’’ junction type), and that these
electrodes can be successfully used for accurate determina-
tions of thermodynamic quantities. This conclusion can be
illustrated, for example, with the aid of the pioneering paper
of Kryukov et al. (1976), who determined the first ionization
constant of carbonic acid at 50–150 �C using isothermal cell
without liquid junction and nonisothermal cell with liquid
junction:
Design of the reference electrode and liquid junction used by
Kryukov et al. (1976) and described in detail in Kryukov and
Starostina (1970) is similar to those of the present study. The
following values of the H2CO3 dissociation constant (logK1

(H2CO3)) were obtained by Kryukov et al. (1976) with the
cells without and with liquid junction, respectively:
6.28 ± 0.02 and 6.28 ± 0.01 at 50 �C, 6.28 ± 0.01 and
6.28 ± 0.02 at 70 �C, 6.37 ± 0.02 and 6.36 ± 0.01 at 100 �C,
6.55 ± 0.02 and 6.55 ± 0.03 at 125 �C, and 6.79 ± 0.02 and
6.80 ± 0.04 at 150 �C (Table 5 in Kryukov et al., 1976).
Moreover, measurements performed by Harned and Davis
(1943) with the isothermal cell without liquid junction

Pt; H2jCO2; NaHCO3; NaCljAgCl; Ag

yielded logK1 (H2CO3) = 6.29 at 50 �C, that is in excellent
agreement with results of Kryukov et al. (1976).

Second, the calibration lines showed in Figs. 2, 3 and 5
exhibit a slope dðEÞ

dðpHÞ close to the Nernst value. Besides, there
were no systematic deviations of the calculated lines from
experimental points over the whole pH range from 2 to 10.
This means that, even though there is a liquid junction po-
tential, its value is markedly less than the total uncertainty
of our measurements. To finish with the discussion on the li-
quid junction potential, we would like to give here a citation
from the classical work of Bates (1964) who stated that ‘‘the
partial corrections sometimes introduce larger errors in pH
values and dissociation constants than complete neglect of
the liquid junction potential’’ (p. 43). Therefore, in the pres-
ent study pH was calculated as
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pH ¼ ðE� � EÞ=S ð4Þ

where E� is calculated from the calibration line, and the elec-
trode slope S is assumed to be the Nernst slope for cell (I)
and is calculated from the calibration data for cells (II)
and (III).
2.3. Calculation methods

Speciation calculations were performed using the GIBBS
computer code for the Hch software package (Shvarov, 1999;
Shvarov and Bastrakov, 1999). Thermodynamic properties
of water and aqueous species were adopted from the Slop98
database (Johnson et al., 1992 and it’s last modification
Slop98). In this database thermodynamic properties of
H2O are adopted from Kestin and Sengers (1986), those
for OH� from Shock and Helgeson (1988), for Cl�, K+,
KOH0, NaOH0, and Y3+ from Shock et al. (1997), for
KCl0 from Sverjensky et al. (1997), for CH3COO� from
Shock (1995), for CH3COONa, (CH3COO)2Na� from
Shock and Koretsky (1993), and for BðOHÞ30 from Shock
et al. (1989). Thermodynamic properties for BðOHÞ4� were
calculated using B(OH)3 hydrolysis constant from Mesmer
et al. (1972), the HCl0 dissociation constant was taken from
Tagirov et al. (1997), and HClO4 and NaClO4 were assumed
to be completely dissociated at all temperatures. Thermody-
namic properties of CH3COOH0

ðaqÞ (HAc) were taken from
Zotov et al. (2006) and listed in Table 2. Zotov et al. (2006)
took thermodynamic values and the revised HKF equation
of state parameters (Tanger and Helgeson, 1988) for HAc
from Slop98 except a1–a4 parameters which were modified to
match the observed pressure dependence of pH measured in
acetate buffer solutions. Dissociation constants of acetic acid
calculated for 25–200 �C using listed above sources of thermo-
dynamic properties for HAc and Ac� agree within 0.01 log
units with experimental results of Mesmer et al. (1989).

The standard state adopted in the present study for the
aqueous species was unit activity for a hypothetical, one mol-
al ideal solution at a given temperature and pressure. For
pure H2O, the standard state corresponds to a unit activity
of the pure phase at a given temperature and pressure. The
Table 2
Standard patial molal thermodynamic properties at 25 �C and 1 bar a
Y–acetate complexes adopted in this study

Thermodynamic properties HAc(aq)
a Ac�

b Y

Df G�298 (cal mol�1) �94760 �88270 �
S�298 (cal mol�1 K�1) 42.70 20.60
C0

P;298 (cal mol�1 K�1) 40.3 6.4
V 0

298 (cm3 mol�1) 52.1 40.1
a1 · 10 (cal mol�1 bar�1) 9.3004 7.7525
a2 · 10�2 (cal mol�1) 12.5937 8.6996
a3 (cal K mol�1 bar�1) 0.3270 7.5825
a4 · 10�4 (cal K mol�1) �3.3494 �3.1385
c1 (cal mol�1 K�1) 42.0760 26.3000
c2 · 10�4 (cal K mol�1) �1.5417 �3.8600
x · 10�5 (cal mol�1) �0.1500 1.3182

a Zotov et al. (2006).
b Slop98, Johnson et al. (1992).
c This study.
activity coefficients of charged aqueous species were calculat-
ed according to Helgeson (1969)

log �i ¼ �
Az2

i

ffiffi
I
p

1þ B�a
ffiffi
I
p þ C� þ B � ðT Þ � I ð5Þ

where I stands for ionic strength, Cc designates the mole frac-
tion to molality conversion factor (Cc = �log
(1 + 0.0180153 m*)) and m* corresponds to the sum of the con-
centrations of all solute species. B• corresponds to the devia-
tion function at any given temperature; zi denotes the charge
of ith species. The ion size parameter å is taken from Garrels
and Christ (1965) for all charged species (for Y3+ and H+,
å = 9 Å; for Ac� and all complexes formed by this ion,
å = 4.5 Å; for OH�, å = 3.5 Å; for K+, å = 3 Å; and for
Na+ and ClO4

�, å = 4 Å). These values of å were found to
yield better agreement between calculated and experimental
pH values than å = 4.5 Å for all species (for example, at 25–
75 �C the value of

P
ðpHmeasured � pHcalculatedÞ

2 calculated for
all experimental points was found to be 3–5 times higher if
å = 4.5 Å was used for all species). For neutral species it was
assumed

log �n ¼ C� ð6Þ

Eq. (6) includes only term responsible for the transition from
mol fraction to molal concentration scale (see, for example,
Chapter 2 and Eq. 2.22 in Robinson and Stokes, 1959). The
apparent Gibbs free energies of Y–Ac complexes for each
temperature at Ps were optimized via minimizing the objec-
tive function F ¼

P
ðpHmeasured � pHcalculatedÞ

2 by means of
the Levenberg–Marquardt technique (Levenberg, 1944;
Marquardt, 1963). Calculated pH values were obtained
using the Gibbs free energy minimization method with the
aid of the GIBBS computer code. All calculations were car-
ried out in the computational language Matlab 7.1. Calls to
the external Gibbs free energy minimization routine were
realized through ActiveX component GibbsLib.dll. Conver-
gence was assumed to be achieved when F function values
for two subsequent cycles differed by less than 10�6.

Confidence intervals were calculated via a manual fit of
the experimental data with the aid of the GIBBS computer
code. The Gibbs free energy for each Y–Ac complex in its
nd HKF equation of state parameters for HAc(aq), Ac�, Y3+ and

3+ b YAc2+ c YAc2
þ c YAc�3;aq

c

163800 �255167 �345608 �434930
�60.00 �15.96 23.67 56.28
�12.6 67.0 122.4 189.1
�34.8 21.4 76.3 129.8
�2.0463 5.1976 12.2689 19.5214
�12.7741 4.9093 22.1747 39.8830

10.7611 3.8204 �2.9658 �9.9261
�2.2508 �2.9820 �3.6957 �4.4278
21.5366 57.5855 79.5978 116.9651
�5.6622 10.6202 21.8995 35.4761

2.4890 1.3299 0.1856 0.0
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predominance region was defined in such a way that the ob-
served pH value was computed for a given experimental
solution. During this calculation, the Gibbs free energies
for the other Y–Ac complexes were fixed at their final values.
These calculations were performed for each experimental
solution composition. Confidence intervals were then calcu-
lated using these computed Gibbs free energy values for
the 95% confidence level. Finally, the optimized values of
the apparent Gibbbs free energies for Y–Ac complexes,
together with the corresponding confidence intervals, were
recalculated as logbn = �DrG/2.303 Æ RT.
3. RESULTS AND DISCUSSION

3.1. Experimental results

The results of potentiometric titrations performed in cell
(I) are given in Appendix A. The composition of solutions
used in cells (II) and (III) are listed in Appendix B, and re-
sults of pH measurements in these cells are given in Appen-
dices C and D, respectively. Appendices A and C also include
calculated concentrations of free acetate ion [Ac�] and the
average number of acetate ions bound to Y

n ¼
Pn

1n � YAcn
3�n

� �
½Ytotal�

ð7Þ

Available experimental data suggest that REE hydrolysis is
not important at temperatures and pHs investigated in the
present study. For example, Deberdt et al. (1998) determined
at temperature to 150 �C that La3+ and Gd3+ hydrolysis
does not occur at pH 6 9. Wood et al. (2002) demonstrated
that Nd3+ is the only species present in equilibrium with
Nd(OH)3(cr) at 200 �C and pH up to 5.2. Besides, these authors
Table 3
Cumulative stability constants of Y–Ac complexes determined in the p

t (�C) 25 50 75

Initial regression of experimental data: YAc2+ and YAc2
þ are included into

are considered at 125–200 �C. All data are for Ps

logb1 2.28 ± 0.05 2.53 ± 0.05 2.78 ± 0.05
logb2 3.96 ± 0.05 4.37 ± 0.05 4.85 ± 0.10
logb3

Final values

Ps

logb1 2.28 ± 0.05 2.54 ± 0.05 2.79 ± 0.05
logb2 3.92 ± 0.05 4.31 ± 0.05 4.78 ± 0.10
logb3 4.63 5.31 6.06

500 bar

logb1 2.15 ± 0.05 2.70 ± 0.05
logb2 3.63 ± 0.07 4.64 ± 0.10
logb3 4.30 5.70

700 bar

logb1 2.11 ± 0.06 2.66 ± 0.06
logb2 3.56 ± 0.09 4.56 ± 0.11
logb3 4.20 5.58

1000 bar

logb1 2.06 ± 0.06 2.60 ± 0.06
logb2 3.46 ± 0.11 4.44 ± 0.12
logb3 4.06 5.42
found that, at t < 250 �C, hydrolysis proceeds to NdðOHÞ30

over a very narrow pH range which implies that intermediate
hydrolysis products, Nd(OH)2+ and NdðOHÞþ2, are not of
great importance. In the case of the present study this would
result in the precipitation of Y(OH)3(cr), because of the very
low solubility of this phase (<10�6 m) in the predominance re-
gion of the neutral complex, that was not observed in our
experiments. Note that the first hydrolysis constant and the
solubility product of crystalline Y hydroxide is close to those
of La, Gd, and Nd (CRITICAL database (Martell et al.,
1997) includes the values of logK = 6.3, 5.5, 5.38, and 6.0 for
the first hydrolysis constant, and logKs = �23.2, �20.7,
�25.7, and �23.1 for the solubility product of hydroxides of
Y, La, Gd, and Nd, respectively at 25 �C). Therefore, by anal-
ogy with rare-earth elements studied experimentally one can
suggest that, at the conditions of the present study, Y3+ hydro-
lysis is negligible.

At 25, 50, 75, and 100 �C two Y–Ac complexes (YAc2+ and
YAc2

þ) are sufficient to fit experimental data (n < 1.2 at 25–
75 �C and <1.6 at 100 �C, Appendices A and C). Incorporation
of YAc3

0 does not improve the fit quality. However, at 125, 150
and 175 �C introduction of the third complex YAc3

0 into the
speciation model is necessary to avoid systematic deviations
of calculated pH from measured ones (n increases to 1.8–2.3,
Appendix C). Introduction of YAc3

0 divides the value of the
objective function F by 2.3, 8.6, and 10.7 at 125, 150, and
175 �C, respectively, compared to the 2-complex model.

3.2. Experimental data reduction

3.2.1. Calculation of logbn (n = 1–3) for Ps

The preliminary values of the cumulative stability con-
stants (b1, b2, and b3) calculated via the experimental data
regression for 25–175 �C and Ps are listed in the upper section
resent study at 25–175 �C

100 125 150 175

the speciation model at 25–100 �C, whereas YAc2+, YAc2+, and YAc3
0

3.16 ± 0.10 3.48 ± 0.15 3.81 ± 0.05 4.15 ± 0.10
5.60 ± 0.15 6.11 ± 0.05 6.62 ± 0.05 7.21 ± 0.01

7.66 ± 0.10 8.49 ± 0.05 9.35 ± 0.10

3.18 ± 0.10 3.48 ± 0.15 3.81 ± 0.05 4.15 ± 0.10
5.52 ± 0.15 6.11 ± 0.05 6.62 ± 0.05 7.21 ± 0.05
6.85 7.66 ± 0.10 8.49 ± 0.05 9.35 ± 0.10
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as a function of the ligand number (the values of the thermodynamic
functions shown in this figure are listed in Table 4).
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of Table 3. To enable rigorous determination of b1 and b2 val-
ues at temperatures below 125 �C, it was necessary to evaluate
the stability (and concentration) of YAc3

0 at these conditions
as it was not possible to determine b3 directly via experimental
data regression. The DG�TðYAc3

0Þ (t = 25–100 �C) values
were calculated using the following procedure:

(1) The values of Df G�298:15, S�298:15, Cp
�

298:15, the Born
parameter x, and the HKF equation of state parame-
ters were computed for YAc2+ and YAc2

þ via regres-
sion of the experimental DG�T values (25–175 �C) with
the aid of the UT-HEL computer code (Shvarov and
Bastrakov, 1999). The values of V �298:15 were estimated
assuming DrV �298:15 ¼ 0 for reaction (1). These values
of DrV �298:15 were used as an initial approximation
(however, it was found that the use of the experimental
DrV �298:15 had no effect on the regression results for Ps,
see next section). The HKF model correlations for a1–
a4, c1, c2 parameters (Shock and Helgeson, 1988), and
between x and S� (Shock et al., 1989) were employed.

(2) The value of Cp
�

298:15ðYAc3
0Þ was estimated via linear

extrapolation of the nonsolvation contribution to heat
capacity DnCp

�
298:15 vs. the number of ligands n in Y–

Ac complexes (n = 0, 1, and 2) to n = 3 (this correlation
between nonsolvation contribution to the value of a
thermodynamic function and the number of ligands
was first proposed by Hovey, 1988 and applied to alumi-
num and gallium hydrolysis by Diakonov et al., 1996
and Bénézeth et al., 1997). The Born parameter of
YAc3

0 was set at x = 0 and, therefore, Cp
�

298:15 ¼ Dn

Cp
�

298:15. The c1 and c2 HKF equation of state parame-
ters were computed using this value of Cp

�
298:15ðYAc3

0Þ.
(3) The values of Df G�298:15 and S�298:15 were calculated for

YAc3
0 via the regression of experimental DG�TðYAc3

0Þ
data (t = 125–150 �C). The values of Cp

�
298:15ðYAc3

0Þ,
V �298:15, a1–a4, c1, c2 and x were fixed during the fit.
The value of V �298:15 was estimated as described above
for YAc2+ and YAc2

þ.
(4) The obtained set of Df G�298:15, S�298:15, Cp

�
298:15, and

HKF equation of state parameters for YAc3
0 was used

to calculate DG�TðYAc3
0Þ at 25–100 �C.

These new values of DG�TðYAc3
0Þ were fixed during the

new regression of the experimental potentiometric data at
25–100 �C. As a result a new set of DG�T values for YAc2+

and YAc2
þ was generated for these temperatures, and a subse-
Table 4
Calculated values of solvation (Ds) and nonsolvation (Dn) contributions
and volume ðV �298:15Þ for Y3+ and Y–Ac complexes at 25 �C, 1 bar

Born parameter
x · 10�5 (cal mol�1)

Entropy (cal mol�1 K�1)

S� DsS�
a DnS�b

Y3+ 2.4890 �60.00 �14.46 �45.54
YAc2+ 1.3299 �15.96 �7.73 �8.23
YðAcÞ2þ 0.1856 23.67 �1.08 24.75
YðAcÞ30 0.0 56.28 0.0 56.28

a DsS
� = x Æ Y = �5.81 · 10�5 Æ x; DsCp

� ¼ ! � T � X ¼ �3:09� 10�7 �
b DnS� = S� � DsS

�; DnCp
� ¼ Cp

� � DsCp
�, DnV� = V� � DsV

�.
quent estimation of DG�TðYAc3
0Þ (25–100 �C) was performed.

The procedure described above was repeated until the differ-
ence between the values of DG�T for YAc2+ and YAc2

þ calcu-
lated in two successive iterations became less than 0.015 kcal/
mol K (three iterations were sufficient to satisfy this conver-
gence criterion). The refined values of stability constants b1,
b2, and b3 are listed in the second section of Table 3. Table 4
shows the method of calculation of the values of nonsolvation
to standard partial molal entropy ðS�298:15Þ, heat capacity ðCp
�

298:15Þ,

Heat capacity (cal mol�1 K�1) Volume (cm3 mol�1)

Cp
� DsCp

�a DnCp
�b V� DsV �

a DnV �b

�12.60 �22.93 10.33 �34.8 �6.14 �28.66
67.03 �12.25 67.36 21.41 �3.28 24.69

122.41 �1.71 117.62 76.25 �0.46 76.71
189.06 0.0 189.06(c) 129.76 0 129.76

298:15 � !; DsV
� = x Æ Q = �x Æ 2.46848 · 10�5.
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contributions to entropy and heat capacity, and collects the fi-
nal values of x and the thermodynamic functions for Y3+ and
Y–Ac complexes. Fig. 6a shows that the calculated values of
DnS�298:15 and DnCp

�
298:15 depend linearly on the ligand num-

ber. In Figs. 7a and b is plotted the difference between mea-
sured and calculated pH of the experimental solutions as a
function of measured pH. The difference between the experi-
mental and calculated pH does not exceed ±0.016 pH units
at 25–75 �C and ±0.04 pH units at 100-175 �C, which is within
the limits of the experimental uncertainty.

3.2.2. Reduction of experimental data for 25 and 75 �C and

P = 500–1000 bar

The DG�T values for YAc2+ and YAc2
þ at pressures 500,

700, and 1000 bar were calculated with the aid of the GIBBS
computer code to match the pHP(calc.) values listed in the
last column of Appendix D. The calculated values of the sta-
bility constants are listed in Table 3. This initial calculation
was performed without YAc3

0. The values of the partial mol-
al volumes V � ¼ dðDG�TÞ

dP

� �
were computed for Y(Ac)2+ and

YðAcÞ2þ at 25 �C. The nonsolvation contribution to the par-
tial molal volume ðDnV �298:15Þ was estimated using these V�
values and the values of x determined from the measure-
ments at Ps (previous section, Table 4). The
DnV �298:15 ¼ V �298:15 for YAc3

0 was then obtained via linear
extrapolation of DnV �298:15 for Y–Ac complexes as a function
of the number of ligands (Fig. 6b). Calculated values of
V �298:15 are listed in Table 4. The difference between the
experimental and calculated pH does not exceed ±0.012
pH units (Fig. 7c). The error of calculated values of V �298:15

is ±2 and 6 cm3/mol for Y(Ac)2+ and YðAcÞ2þ, respectively.
These values of V�298.15 were used to compute the HKF
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equation of state parameters a1–a4 for Y(Ac)2+, YðAcÞ2þ,
and YAc3

0 with the aid of UT-HEL computer code.
The calculated set of HKF model parameters is given in

Table 2. It was found that introduction of YAc3
0 into the

speciation model (using HKF model parameters from Table
2) has very little effect on the calculated pH of experimental
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fit quality. Therefore, these values of HKF model parameters
were accepted as the final ones. The stability constants com-
puted with the aid of this set of HKF equation of state
parameters for temperature to 300 �C and pressure to 2 kbar
are listed in Appendix E.

3.3. Comparison with literature data

Previous studies of the stability of Y–Ac complexes were
performed at ambient temperature and ionic strengths 0.1
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lations throughout this study and listed in Section 2.3 ‘‘Cal-
culation methods’’). Regression of our potentiometric data
for 25 �C with the same value of å = 4.5 Å yields
logb1 = 2.49 and logb2 = 4.00. We believe that the difference
between these sets of data is due to the uncertainty of the
extrapolation of the literature values to standard-state condi-
tions (only data for two ionic strengths are available, which
may be insufficient for rigorous extrapolation).
Temperature dependence of the stability constants of Y,
Eu (data of Zotov et al., 2006), and Nd acetate complexes
(data of Wood et al., 2000 for 0.1 m NaCl) is shown in
Fig. 8. Positive entropies and enthalpies for the formation
reactions of Y and Ln–Ac complexes, resulting in sharp in-
crease of their stability with temperature, are typical of the
binding of ‘‘hard’’ class (a) acids and bases (Pearson, 1963;
Seward and Barnes, 1997). The large positive entropy for
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the formation of Y–Ac species (23.4, 42.5, and 54.5 cal/
mol K for b1, b2, and b3, respectively), as well as the high sta-
bility of these complexes (Appendix E) indicate that the
incorporation of Ac� takes place into the inner hydration
sphere of the strongly solvated Y3+ (coordination number
9 with possible structure of a capped square antiprism, Rag-
narsdottir et al., 1998; Floris and Tani, 2001). Fig. 9 shows
the pressure dependence of Y–Ac and Eu–Ac stability con-
stants. Positive volume change accompanying the formation
of Y–Ac complexes (16.1, 30.9, 44.3 cm3/mol, respectively,
for b1, b2, and b3) and Eu–Ac complexes (13.7, 29.0, and
41.3 cm3/mol for b1, b2, and b3) results in decrease of the sta-
bility of these complexes with pressure.

3.4. Speciation calculations

The speciation of Y in acetate-bearing solutions as a func-
tion of temperature and pressure is shown in Figs. 10a and b.
It can be seen that the predominance fields of YAc2

þ and espe-
cially YAc3

0 expand with increasing temperature. Unlike tem-
perature, pressure has only a small effect on Y speciation, with a
decreaseofthepredominancefieldofYAc3

0 whenpressureis in-
creased to 1 kb. A similar effect of pressure was found by Zotov
et al. (2006) in the study of Eu–acetate aqueous complexation.

4. CONCLUSIONS

Yttrium–acetate complexing was studied at tempera-
tures 25–175 �C and pressures 1–1000 bar (at 25 and
75 �C) using potentiometric cells with liquid junction
equipped with glass H+ selective electrodes. The values
of the stability constants, standard thermodynamic func-
tions and HKF equation of state parameters for the for-
mation of YAc2+, YAc2

þ, and YAc3
0 were determined.

The stability of all these complexes increases with increas-
ing temperature (DrS

� = 23.4, 42.5, and 54.5 cal/mol K for
the overall formation reactions of YAc2+, YAc2

þ, and
YAc3

0, respectively), and decreases with decreasing pres-
sure (DrV

� = 16.1, 30.9, 44.3 cm3/mol for these reactions).
Pressure, however, has a small effect on Y speciation in
the presence of acetate and only results in decrease of
the predominance field of YAc3

0 in high-pressure
solutions.
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APPENDIX A

Results of potentiometric titrations performed at 25, 50 and 75 �C and Ps, and log [Ac�] and n values calculated via manual fit
of the experimental data
m(Y(ClO4)3)
 m(NaAc)
 m(HClO4)
 pH
 log [Ac�]
 n
25 �C
0.01070
 0.00747
 0.00906
 2.82
 �3.97
 0.0083

0.01067
 0.00813
 0.00903
 2.99
 �3.78
 0.013

0.01064
 0.00889
 0.00900
 3.24
 �3.51
 0.024

0.01063
 0.00914
 0.00899
 3.33
 �3.47
 0.030

0.01062
 0.00937
 0.00899
 3.41
 �3.33
 0.035

0.01060
 0.00992
 0.00897
 3.57
 �3.15
 0.053

0.01058
 0.0102
 0.00895
 3.65
 �3.07
 0.064

0.01057
 0.0106
 0.00894
 3.73
 �2.99
 0.077

0.01055
 0.0110
 0.00893
 3.82
 �2.90
 0.094

0.01050
 0.0120
 0.00889
 3.99
 �2.73
 0.134

0.01044
 0.0136
 0.00883
 4.17
 �2.55
 0.196

0.01034
 0.0158
 0.00875
 4.34
 �2.38
 0.28

0.01028
 0.0171
 0.00870
 4.43
 �2.30
 0.33

0.01021
 0.0188
 0.00864
 4.52
 �2.21
 0.39

0.01003
 0.0229
 0.00849
 4.69
 �2.04
 0.52

0.00992
 0.0254
 0.00839
 4.78
 �1.96
 0.60

0.00979
 0.0284
 0.00828
 4.87
 �1.88
 0.68

0.00964
 0.0317
 0.00816
 4.95
 �1.80
 0.76

0.00937
 0.0380
 0.00792
 5.09
 �1.67
 0.89

0.00910
 0.0441
 0.00770
 5.20
 �1.57
 1.00
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m(Y(ClO4)3)
 m(NaAc)
 m(HClO4)
 pH
 log [Ac�]
 n
50 �C
0.01072
 0.00772
 0.00879
 2.93
 �3.89
 0.0193

0.01070
 0.00828
 0.00877
 3.09
 �3.71
 0.027

0.01068
 0.00876
 0.00875
 3.24
 �3.54
 0.039

0.01067
 0.00900
 0.00874
 3.31
 �3.46
 0.046

0.01064
 0.00949
 0.00872
 3.46
 �3.31
 0.064

0.01062
 0.0101
 0.00870
 3.62
 �3.14
 0.093

0.01058
 0.0108
 0.00867
 3.77
 �2.99
 0.128

0.01056
 0.0114
 0.00865
 3.86
 �2.90
 0.154

0.01051
 0.0126
 0.00861
 4.02
 �2.75
 0.22

0.01044
 0.0141
 0.00856
 4.17
 �2.59
 0.29

0.01035
 0.0162
 0.00848
 4.33
 �2.44
 0.39

0.01029
 0.0175
 0.00843
 4.41
 �2.35
 0.45

0.01023
 0.0189
 0.00838
 4.49
 �2.28
 0.51

0.01008
 0.0225
 0.00826
 4.65
 �2.12
 0.65

0.00988
 0.0269
 0.00810
 4.81
 �1.97
 0.81

0.00964
 0.0323
 0.00790
 4.97
 �1.83
 0.96

0.00924
 0.0414
 0.00757
 5.17
 �1.64
 1.14
75 �C
0.01086
 0.00487
 0.00877
 2.48
 �4.59
 0.0061

0.01079
 0.00653
 0.00871
 2.71
 �4.24
 0.0135

0.01074
 0.00757
 0.00867
 2.92
 �3.97
 0.023

0.01071
 0.00816
 0.00865
 3.07
 �3.80
 0.036

0.01068
 0.00890
 0.00863
 3.28
 �3.57
 0.060

0.01066
 0.00940
 0.00861
 3.41
 �3.42
 0.082

0.01063
 0.0100
 0.00859
 3.56
 �3.27
 0.11

0.01058
 0.0112
 0.00854
 3.78
 �3.04
 0.19

0.01053
 0.0123
 0.00851
 3.93
 �2.90
 0.25

0.01047
 0.0136
 0.00846
 4.08
 �2.75
 0.33

0.01040
 0.0153
 0.00840
 4.21
 �2.62
 0.44

0.01030
 0.0176
 0.00832
 4.38
 �2.46
 0.57

0.01012
 0.0216
 0.00818
 4.59
 �2.25
 0.76

0.01005
 0.0233
 0.00812
 4.67
 �2.18
 0.83

0.00998
 0.0249
 0.00806
 4.74
 �2.11
 0.91

0.00980
 0.0291
 0.00791
 4.89
 �1.97
 1.04

0.00969
 0.0316
 0.00782
 4.96
 �1.90
 1.11
APPENDIX B

Composition of test solutions whose pH was measured at 100–175 �C and Ps, (cell (II)), and at 25 and 75 �C and pressure
from 1 to 1000 bar (cell III)
Solution No.
 m(Y(ClO4)3)
 m(NaAc)
 m(HClO4)
 m(NaClO4)
 Parameters
1
 0
 0.0101
 0.0100
 0.0606
 100–175 �C

2
 0.0100
 0.0101
 0.0109
 0
 Ps, cell (II)

3
 0.0100
 0.0126
 0.0101
 0

4
 0.0101
 0.0151
 0.0101
 0

5
 0.0101
 0.0202
 0.0100
 0

6
 0.00502
 0.0201
 0.0101
 0

7
 0.0101
 0.0304
 0.0101
 0

8
 0.00502
 0.0251
 0.0102
 0

9
 0.00502
 0.0302
 0.0101
 0
10
 0.0101
 0.0403
 0.0101
 0

(continued on next page)
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Solution No.
 m(Y(ClO4)3)
 m(NaAc)
 m(HClO4)
 m(NaClO4)
 Parameters
11
 0.00842
 0.01259
 0.00977
 0
 25 and 75 �C

12
 0.00840
 0.0126
 0.00954
 0
 1–1000 bar, cell (III)

13
 0.00841
 0.01503
 0.00978
 0

14
 0.0150
 0.0200
 0.01022
 0

15
 0.0150
 0.0250
 0.01050
 0
APPENDIX C

Results of potentiometric experiments performed at 100–175 �C and Ps, and log [Ac�] and n values calculated via manual fit of
the experimental data
Solution No.
 pH
 log [Ac-]
 n
 Solution No.
 pH
 log [Ac-]
 n
100 �C
 150 �C
1
 3.54
 —
 0
 1
 3.60
 —
 0

2
 2.92
 �3.94
 0.058
 2
 2.83
 �4.29
 0.103

3
 3.58
 �3.27
 0.23
 3
 3.36
 �3.73
 0.29

4
 3.83
 �3.02
 0.42
 4
 3.64
 �3.45
 0.49

5
 4.23
 �2.62
 0.78
 5
 4.11
 �2.98
 0.91

6
 4.52
 �2.33
 1.06
 6
 4.57
 �2.55
 1.41

7
 4.71
 �2.13
 1.25
 7
 4.72
 �2.36
 1.55

8
 4.76
 �2.09
 1.32
 8
 4.87
 �2.23
 1.77

9
 4.9
 �1.95
 1.69
 9
 5.06
 �2.04
 2.1
10
 5.01
 �1.86
 1.60
 10
 5.06
 �2.02
 2.0
125 �C
 175 �C
1
 3.55
 —
 0
 1
 3.71
 —
 0

2
 2.86
 �4.10
 0.079
 2
 2.78
 �4.50
 0.129

3
 3.47
 �3.50
 0.26
 3
 3.25
 �4.00
 0.31

4
 3.74
 �3.22
 0.46
 4
 3.54
 �3.70
 0.51

5
 4.16
 �2.79
 0.85
 5
 4.04
 �3.19
 0.95

6
 4.53
 �2.44
 1.26
 6
 4.59
 �2.69
 1.57

7
 4.71
 �2.24
 1.42
 7
 4.72
 �2.52
 1.69

8
 4.80
 �2.17
 1.59
 8
 4.94
 �2.31
 1.96

9
 4.97
 �2.00
 1.92
 9
 5.14
 �2.11
 2.3
10
 5.01
 �1.95
 1.84
APPENDIX D

Results of pH measurements in acetate solutions at 25 and 75 �C and pressures from 1 to 1000 bar
Solution No.
 t (�C)
 P (bar)
 DE =
EP � EP=1
DpHexp. =
pHP � pHP=1
pHP=1

(exp.)

pHP=1

(calc.)a

pHP =
pHP=1(calc.) +
DpH (exp.)
pHP(calc.)b
11
 25
 1
 3.87
 3.946

500
 3.3 ± 0.3
 �0.056 ± 0.005
 3.890
 3.891

700
 4.6 ± 0.4
 �0.079 ± 0.007
 3.867
 3.868
1000
 6.4 ± 0.5
 �0.109 ± 0.008
 3.837
 3.834

12
 25
 1
 3.98
 3.989
500
 3.5 ± 0.4
 �0.060 ± 0.007
 3.929
 3.933

700
 4.5 ± 0.4
 �0.077 ± 0.007
 3.912
 3.911
1000
 6.8 ± 0.5
 �0.116 ± 0.008
 3.873
 3.876

13
 25
 1
 4.21
 4.208
500
 3.2 ± 0.3
 �0.055 ± 0.005
 4.153
 4.148
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Solution No.
 t (�C)
 P (bar)
 DE =
EP � EP=1
DpHexp. =
pHP � pHP=1
pHP=1

(exp.)

pHP=1

(calc.)a

pHP =
pHP=1(calc.) +
DpH (exp.)
pHP(calc.)b
700
 4.5 ± 0.3
 �0.077 ± 0.005
 4.131
 4.124

1000
 6.4 ± 0.5
 �0.109 ± 0.008
 4.099
 4.087
14
 25
 1
 4.38
 4.361

500
 3.2 ± 0.3
 �0.055 ± 0.005
 4.306
 4.310

700
 4.6 ± 0.4
 �0.079 ± 0.007
 4.282
 4.288
1000
 6.8 ± 0.6
 �0.116 ± 0.010
 4.245
 4.255

15
 25
 1
 4.55
 4.535
500
 3.5 ± 0.4
 �0.060 ± 0.007
 4.475
 4.479

700
 4.9 ± 0.3
 �0.084 ± 0.005
 4.451
 4.456
1000
 7.0 ± 0.6
 �0.120 ± 0.010
 4.415
 4.421

12
 75
 1
 3.86
 3.830
500
 2.2 ± 0.7
 �0.032 ± 0.010
 3.798
 3.796

700
 3.2 ± 0.6
 �0.047 ± 0.009
 3.783
 3.781
1000
 4.7 ± 0.8
 �0.069 ± 0.012
 3.761
 3.755

14
 75
 1
 4.19
 4.172
500
 2.0 ± 0.3
 �0.029 ± 0.005
 4.143
 4.140

700
 3.0 ± 0.3
 �0.044 ± 0.005
 4.128
 4.125
1000
 4.5 ± 0.4
 �0.066 ± 0.006
 4.106
 4.100

a calculated using b1, b2, and b3 values generated from the experimental data for Psat (Section 3.2.1, final values in Table 3).
b r = 0.006 pH units (standard deviation of calculated from measured pH at p = 500, 700, and 1000 bar).
APPENDIX E

Logarithms of the overall stability constants for Y–Ac complexes as a function of temperature and pressure (calculated using
HKF equation of state parameters listed in Table 2)

Pressure (bar)
t(�C)
 Sat
 500
 1000
 1500
 2000
logb1
25
 2.27
 2.15
 2.06
 2.00
 1.95

50
 2.54
 2.41
 2.31
 2.24
 2.18

75
 2.84
 2.70
 2.60
 2.52
 2.45
100
 3.15
 3.01
 2.90
 2.81
 2.73

125
 3.48
 3.32
 3.20
 3.11
 3.03

150
 3.81
 3.64
 3.51
 3.41
 3.32

175
 4.15
 3.97
 3.82
 3.71
 3.61

200
 4.51
 4.30
 4.14
 4.00
 3.89

225
 4.88
 4.64
 4.45
 4.30
 4.18

250
 5.28
 4.99
 4.77
 4.60
 4.46

275
 5.71
 5.35
 5.09
 4.90
 4.75

300
 6.18
 5.72
 5.41
 5.20
 5.03
logb2
25
 3.86
 3.63
 3.46
 3.34
 3.26

50
 4.36
 4.11
 3.93
 3.79
 3.68

75
 4.90
 4.64
 4.44
 4.29
 4.16
100
 5.46
 5.19
 4.98
 4.80
 4.66

125
 6.04
 5.74
 5.51
 5.32
 5.17

150
 6.63
 6.30
 6.05
 5.84
 5.67

175
 7.23
 6.87
 6.59
 6.36
 6.17

200
 7.86
 7.45
 7.13
 6.87
 6.66

225
 8.53
 8.05
 7.68
 7.39
 7.15

250
 9.24
 8.67
 8.23
 7.90
 7.63

275
 10.03
 9.31
 8.79
 8.42
 8.12

300
 10.90
 9.98
 9.36
 8.94
 8.60
(continued on next page)
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Pressure (bar)
t(�C)
 Sat
 500
 1000
 1500
 2000
logb3
25
 4.63
 4.30
 4.06
 3.90
 3.78

50
 5.31
 4.96
 4.70
 4.50
 4.34

75
 6.06
 5.70
 5.42
 5.19
 5.01
100
 6.85
 6.47
 6.17
 5.92
 5.73

125
 7.66
 7.25
 6.93
 6.67
 6.45

150
 8.49
 8.05
 7.69
 7.41
 7.17

175
 9.35
 8.85
 8.46
 8.15
 7.88

200
 10.24
 9.68
 9.23
 8.88
 8.59

225
 11.17
 10.52
 10.01
 9.62
 9.30

250
 12.17
 11.39
 10.80
 10.36
 9.99

275
 13.27
 12.30
 11.60
 11.09
 10.69

300
 14.50
 13.25
 12.41
 11.84
 11.38
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Bénézeth P., Castet S., Dandurand J.-L., Gout R., and Schott J.
(1994) Experimental study of aluminum–acetate complexing
between 60 and 200 �C. Geochim. Cosmochim. Acta 58, 4561–

4571.
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