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Abstract

Complexation between thorium(IV) and malonate in 1.05 motkgaClO, was studied from 10 to 7@ by potentiometry and calorimetry.
Three complexes, THt', ThL, and Thls?>~, where L stands for malonate, were identified. The stability constants, the enthalpies and entropies
of complexation at variable temperatures were determined. Despite that the enthalpies of complexation become more endothermic, th
complexes become more stable due to increasingly larger entropies of complexation that exceed the unfavorable contribution of enthalpie
of complexation at higher temperatures. The thermodynamic trends are explained in terms of an electrostatic model and the change in tf
structure of water with temperature. The data are compared with previous results on the complexation of U(VI) and Nd(lll) with malonate
and other carboxylate ligands.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction use of these models for actinides is hindered by the lack of
parameters.

The necessity to treat and dispose of large amounts of The properties of water vary significantly as the tem-
nuclear wastes in a safe and economical manner has generperature is changed. For example, the dielectric con-
ated significant interest in recent years in the coordination stant decreases by about 3% and the ionic product
chemistry of actinides in solution, especially at elevated (K, =[H*][OH™]) increases by almost three orders of mag-
temperatures. It is well known that the temperature of the nitude[10] from O to 100°C. The change in the dielectric
waste in the storage tanks can be up t6@pwhile that in constant is likely to affect the complexation of actinides
the vicinity of the waste forms in the repository can be as because the actinide-ligand interactions are dominantly elec-
high as 100-300C [1,2]. Thus, complexation of actinides trostatic. The increase Ky could enhance the hydrolysis
with ligands in solution at elevated temperatures should be of actinides and weaken their complexation with other lig-
understood. However, the majority of the literature data are ands. Besides, the thermal perturbation of the structure of
obtained at or near 2% [3]. Though the data can be extrap- water at elevated temperatures certainly increases the degree
olated to higher temperatures with the van't Hoff isochore if of disorder of the bulk water, thus affecting the entropy of
the enthalpy of complexation is known and assumed to be complexation that involves the release of water molecules
constantf4,5], such attempts could lead to large uncertain- from the primary hydration sphere of the metalion to the bulk
ties. Theoretical models such as the HKF equation permit water. Therefore, the study of the complexation of actinides
the prediction of thermodynamic properties under geother- at elevated temperatures can provide insight into the nature

mal conditions with fairly good accurad$—8]. However, and energetics of metal-ligand interaction and improve the
fundamental understanding of actinide complexation.

* Corresponding author. For the above-mentioned practical and fundamental rea-
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actinides and lanthanides with carboxylic acids at variable

temperatures, including the complexation of Nd(lll), U(VI)
and Th(IV) with acetat§s,11,12] U(VI) with malonatd13],
Sm(lll) and U(VI) with oxydiacetatd14], as well as the
hydrolysis of U(VI)[15] and Np(V)[16]. This paper reports
the results of the complexation of Th(IV) with malonate from
10 to 70°C. The formation constants of three complexes

and the enthalpies of complexation are determined by poten-

tiometry and calorimetry. The effect of temperature on the
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The original electrode filling solution (3.0 mol drAKCl)
was replaced with 1.0 mol dni NaCl to avoid clogging of
the electrode frit septum by precipitation of KG'he EMF
of the glass electrode in the acidic region can be expressed

by Eq.(L).

E= E0+R—FTIn[H+] + pu[HT] (1)

whereRr is the gas constant,is the Faraday constant afds

complexation and the trends in thermodynamic parametersthe temperature iK. The last term is the electrode junction

are discussed in terms of an electrostatic model.

2. Experimental
2.1. Chemicals

In this study, all the concentrations in molarity refer to
25°C. All chemicals were reagent grade or higher. Dis-
tilled/deionized water was used in preparations of all solu-
tions. A standard sodium hydroxide solution (Aldrich, ACS

volumetric standard) was used to determine the concen-

trations of perchloric acid by potentiometry. Sodium mal-
onate (Aldrich) was used without further purification. Buffer

potential for the hydrogen ior\E; 1+), assumed to be pro-
portional to the concentration of the hydrogen ion. Prior to
each titration, an acid/base titration with standard perchloric
acid and sodium hydroxide was performed to obtain the elec-
trode parameters @ andyn. These parameters allowed the
calculation of hydrogen ion concentrations from the EMFs in
the subsequent titration. Corrections for the electrode junc-
tion potential of the hydroxide ion were not necessary in these
experiments.

Detailed experimental conditions of potentiometry are
provided inTable A.1of Appendix A. The EMF data were
collected at time intervals determined by the data collec-
tion criterion, i.e., the drift of EMF AE) was less than
0.1mV for 180s. Fifty to seventy data points were col-

solutions of sodium malonate/malonic acid were prepared lected in each titration. Multiple titrations were conducted

by adding calculated amounts of perchloric acid into solu-
tions of sodium malonate. The stock solution of Th(lV)
perchlorate was prepared from Th(IV) nitrate as follows.
Th(NO3)4-4H,0 was dissolved in water. Th(Ol{) was

precipitated by adding NaOH. The precipitate was cen-

at each temperature with solutions of different concentra-
tions of thorium (%, = 2.4-15 mmol dnv3) and perchloric
acid (% = 3.5-61 mmol dnT3). The initial volume of the
test solutions ranged from 30 to 50mt 25°C. The pro-
tonation and complexation constants on the molarity scale

trifuged, washed with water and re-dissolved with an excesswere calculated with the program Hypergya@]. To allow

of perchloric acid. The precipitation and dissolution were

comparison at different temperatures, the constants in molar-

repeated three times. The concentrations of thorium and freeity were converted to the constants in molality according to

perchloric acid in the stock solution were determined by
complexometry17] and Gran’s potentiometric meth@tB].
The ionic strength of all the solutions in potentiometry and
calorimetry was adjusted to 1.0 mol drat 25°C, equiv-
alent to 1.05molkg?!, by adding appropriate amounts of
sodium perchlorate.

2.2. Potentiometry

Potentiometric experiments were carried out at 10 and

85°C for the protonation of malonate and at 10, 25, 40, 55
and 70°C for the complexation of malonate with Th(IV) with

a variable-temperature titration setup. Detailed description
of the apparatus and the procedures are provided elsewher

[5,11,19] Electromotive force (EMF, in millivolts) was mea-
sured with a Metrohm pH meter (model 713) equipped wit

a Ross combination pH electrode (Orion model 8102). The 10g,q Am,j = 1000 Am,; — 0.02;

electrode is workable up to 10C. However, it was found

the method in the literatuf@1]. The equilibrium constant of
areaction in molalityKy) is related to that in molarityk(v)

by Eq.(2).

where is the ratio of the values of molality to molarity for the
specific ionic medium and equals 1.05%af solution per kg

of water for 1.0 mol dm?3 NaClQy at 25°C. =,y is the sum

of the stoichiometric coefficients of the reaction is posi-

tive for products and negative for reactants) and is equal to
—j for malonate protonationii* + L2~ = H;L0~2*) and for
Th(IV) malonate complexation (Ti+;L2~ = ThL;(4-2)).
Therefore, the correction of log from molarity to molality
follows Eq.(3), wherej = 1-2 for malonate protonation and

h j=1-3 for Th(IV) malonate complexation.

®3)

thatthe electrode frit glass septum could rapidly become dam-2.3. Calorimetry

aged at 85C in the Th(IV)/malonate titrations, probably due

to thermal expansion and contraction during prolonged vig-
orous washing with cold water between titrations. As a result,

the complexation titrations were conducted up t6C0

Calorimetric titrations were conducted with a solution
calorimeter (model ISC-4285, Calorimetry Sciences Corp.).
Details of the calorimeter have been given elsewfiEtg Its
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performance was tested by measuring the enthalpy of pro-3. Results

tonation of 2-bis(2-hydroxyethyl)amino-2-hydroxymethyl-

propan-1,3-diol. The results are29.1+0.3kJmot?! at 3.1. Protonation of malonate at variable temperatures

45°C and—29.3+ 0.3 kI mot! at 70°C and compare well

with those in the literature<28.4+ 0.3 kJmot! at 45°C The protonation constants and enthalpies from 25 to

and—29.34+ 0.2 kJ mot ! at 70°C) [22]. 70°C were previously reportefl3,24] The present work
Detailed titration conditions are provided Table A.2 has extended the temperature range to 10€8%s shown

of Appendix A. For each titration rum, values of the total in Table 7 the protonation constants and enthalpies at 10

heat generated in the reaction vesggly(;, j=1 ton) were and 85°C fit very well with previous values. As is typical

obtained as a function of the volume of the added titrant. of many carboxylic acids, the enthalpies of protonation of

These values were corrected for the heat of dilution of the malonate are small (from 0 to a few kJmé) and more

titrant (Qgil;), determined in separate runs. The net reaction endothermic at higher temperatures. Despite that the enthalpy

heat at the-th point ;) was obtained from the differ- becomes more unfavorable to the protonation at higher tem-

ence:Qr; = Qex; — Quil,j- The quantitiesAhs, 4 and Ak, wm, peratures, the protonation constants increase slightly when

the total heat/mol of malonate (in protonation titrations) or the temperature is increased, largely due to the increasingly

thorium (in complexation titrations), were then calculated more positive entropy of protonation at higher temperatures

by (Table .
The protonation constants and enthalpiesTable 1
Al = Z Or,j @) were u;ed in the calculgtion of the formation constants and
vH n enthalpies of complexation between Th(IV) and malonate.
Ahypy = Z (Qr];iQp]) (5) 3.2. Formation constants of Th(IV)/malonate complexes

at variable temperatures

wheren was the number of moles of malonate (in protona-
tion titrations) or Th(IV) (in complexation titrations) in the
calorimetric cell andQp; was the heat due to the protona-
tion reactions of the ligand. The enthalpy of protonation or
complexation was calculated by the computer program Leta-
grop[23]. The original version of Letagrop was appropriately
modified in order to usah,, y or Ak, m as the error—carrying

Results of two representative potentiometric titrations are
shown inFig. 1 The best fit of the data indicates that three
successive complexes form during the titration. The overall
complexation reactions are represented by equilibri@m
where L stands for malonate ajd 1, 2, 3.

variable. Th* 4L = ThLS'4 o (6)
Table 1
Protonation of malonaté=1.05 mol kg (NaClQy), the error limits representb3
T (°C) logBH,m 109 BH,m —AG (kJmol?) AH (kJmol ) AS (JK~Imol1) Reference
H* +L2" =HL~

10 5.06+0.01 5.04+0.01 27.3:0.1 -0.1+0.2 96+ 1 This work

25 5.10+0.01 5.08t0.01 29.0+0.1 2.07£0.03 104+ 1 [13]

5.09+0.02 28.9 2.0 1041 [24]

35 5.15+0.01 5.13t0.01 30.3:0.1 3.12+0.03 108+1 [13]

40 5.16 3.73 a

45 5.17+0.01 5.15+0.01 31.4+0.1 4.34+0.03 112+1 [13]

55 5.22+0.01 5.20+0.01 32.740.1 5.55+0.04 116+1 [13]

70 5.29+0.02 5.2740.02 34.6+0.1 7.08£0.08 122+1 [13]

85 5.32+0.02 5.30+0.02 36.3:0.1 8.94+0.05 126+1 This work
2H" + 12~ =H,L

10 7.66+0.01 7.62£0.01 41.3t0.1 —2.9+0.2 136+ 1 This work

25 7.69+0.01 7.65+£0.01 43.7+0.1 0.43£0.03 148t 1 [13]

7.68+0.03 43.6£0.1 0.5 148+ 1 [24]

35 7.82+0.01 7.78:0.01 45.9+0.1 2.58+0.03 15741 [13]

40 7.82 3.65 a

45 7.83+0.02 7.79:0.02 47.4£0.1 4,72+ 0.03 15741 [13]

55 7.91+0.02 7.87£0.02 49.4£0.1 6.84+0.03 165+ 1 [13]

70 8.00+0.02 7.96+0.02 52.3:0.1 10.06+0.08 172+1 [13]

85 8.05+0.03 8.01+0.03 54.9+0.1 12.24+0.06 181+1 This work

@ The values of logn,m andAH at 40°C were obtained by interpolation using the values at other temperatures (XD)}-85
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Fig. 1. Potentiometric titration of
I1=1.05molkg?! NaClQy. Titrant: Cy=0.400moldn3, Cralonate=
0.400 mol dm3. Initial cup solution §°) in ml: 30.2 (10°C), 50.7 (70°C).
Initial cup concentrations Gi/Cth, mmoldnT3): 3.530/2.387 (10C),
7.359/4.978 (70C). Symbols: ¢) experimental data (f4); dashed line —
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The calculated equilibrium constants and Gibbs free
energy of the reactions are givenTable 2 The data indi-
cate that the complexation between Th(IV) and malonate
is enhanced as the temperature increases. The stabilities of
ThL?*, ThL,? and Thlz?~ are about 4, 9 and 50 times higher
at 70°C than those at 2%C, respectively.

()

J

3.3. Enthalpy of complexation at variable temperatures

The experimental data of the calorimetric titrations are
shown inFig. 2, in the form of Ak, v versuse, wheren is
the average number of ligands coordinated to each Th(IV)
and defined as

> x [ML;])
Cwm

Values ofn were calculated using the formation constants
in Table 2and the total concentrations of Th(IV), proton
and malonate at each step of the titration. The enthalpies
of complexation were calculated from the calorimetric data
and summarized ifiable 2

Using the enthalpies and formation constant3able 2
curves simulating the calorimetric titrations were calculated
and shown irFig. 2 The good agreement between the curves
and the experimental points confirms the mutual consistency
of the calorimetric and potentiometric data on the complex-
ation as well as the reliability of the data on protonation. It
should be noted that no Th(IV) malonate complexes higher

n=

(8)

Table 2
Complexation of Th(1V) with malonaté = 1.05 mol kg (NaCIQy), the error limits represeni3
T (°C) log Am log Bm —AG (kJmol?) AH (kJmol 1) AS (JK~Imol1)
Th** + L2 =ThL2*
10 7.41+0.06 7.39£0.06 40.1£0.3 7.1+0.3 167+2
25 7.47+0.04 7.45+0.04 42.5£0.2 11.3+0.1 180+1
7.47+0.02 7.45+0.01 42.5£0.1 11.9+0.12 182+1
40 7.65+0.07 7.63:0.07 45.7+0.4 14.3:0.1 192+1
55 7.84+0.08 7.82£0.08 49.1+0.5 15.8+:0.2 198+ 2
70 8.03+0.15 8.0+ 0.15 52.6-1.0 17.1+0.2 203+ 3
Th**+212~ =ThL,
10 12.69£0.07 12.65+0.07 68.6- 0.4 12.1+0.4 285+ 2
25 12.84+0.04 12.8G+0.04 73.1+0.2 19.1+0.1 309t+1
12.79+0.03 12.75+0.03 72.8:0.2 20.4:0.42 313+2
40 13.170.09 13.13:0.09 78.7+0.5 23.4+0.5 326+2
55 13.55+0.08 13.5H-0.08 84.9-0.5 27.2+0.2 342+ 2
70 13.81+0.15 13.7#:0.15 90.5+1.0 29.9+0.4 351+ 3
Th**+3L2 =ThLs?~
10 15.91+0.07 15.85:0.07 85.9+ 0.4 15.0£0.5 356+ 2
25 16.54+0.06 16.48:0.06 94.1+0.4 23.1+0.2 393+2
16.28+0.12 16.22+0.12 92.6+0.7 25.0+1.2 394+5
40 17.30+0.12 17.24-0.12 103.4:0.7 30.2+1.2 427+ 4
55 17.88+0.09 17.82:0.09 111.9:0.6 34.7+0.3 447+ 2
70 18.24+0.15 18.18:0.15 119.4:1.0 39.2+0.6 462+ 4

@ Values from[24].
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Table 3
Temperature effect on the formation constants of 1:1 metal/carboxylate
complexes
B System (M + L— ML) Z1Z» K70/Kos Reference
E M L
= Nd3* Ac™ -3 2 [5]
3 U0oy2* —-3.2 25 [11]
<~ Th** -4 2.8 [12]
< uo,2* Ac™ —3.R 25 [11]
Mal?~ —6.4 2.8 [13]
Th** Ac™ -4 2.8 [12]
Mal?~ -8 3.9 This work

a Based on the effective charge on bfOin the literature[28,29]

species with higher charges is more sensitive to the change
Fig. 2. Calorimetric titrations of Th(IV) malonate complexatiavi, y vs.7- in temperature. This appears to agree with many data on

at different temperaturess 1.05 mol kg’l NaClQy. Symbols: experimental the 1:1 Comp|exes (M L) of lanthanides/actinides with Simp'e
data; line: calculated. Three titrations are represented at each temperaturecarboxylates particularly when compared between the sys-
The number of data points is reduced for clarity. Detailed titration conditions !

are provided irable A.20f Appendix A. _tems with one common species .(gither M or L). As shown
in Table 3 the temperature coefficient of acetate complex-
than MLg are identified in the potentiometric and calori- ation with Nd(lll), U(VI) and Th(lV) follows the order of
metric experiments in this work, though a solid compound |Z1Z5|: Nd(lll) < U(VI) < Th(IV). For the complexes of U(VI)
of bis(ethylenediammonium)tetrakis(malonato)thorium(lV), or Th(lV), the temperature effeck¢o/K>2s) is always higher
(C2H10N2)2[Th(C3H204)4(H20)], has been prepared froma forthe malonate complex than the acetate complex. However,
water/methanol solutiof25]. it should be emphasized that the discussions based on the
electrostatic model are mostly qualitative. Some experimen-
tal data do not agree with the predictions. For example, The
electrostatic model predicts that the complexation with a neu-
tral species should be insensitive to the change in temperature
((dlog B)IdT =0 if |Z1Z2| =0). Some systems seem to agree
with this prediction. For example, the stepwise formation of
Based on the modified Born-equation that describes the UO2(Ac)s~ and Th(Ack~, UO2(Ac)2° + Ac™ = UO2(Ac)s™
Gibbs free energy for a complexation reaction of electrostatic and Th(Ac)®+Ac~ =Th(Ac)s~, involves neutral species
naturg]5,11], the temperature effect on the complexation can (|Z1Z2|=0) and the formation constants were found to
be expressed as be insensitive to the temperature charjg&,12] On the
a1 NEZ1 Zo(1/ T — 1/6 contrary, the stepwise formation of Yal),2~ and
(logp) _ NeZ1Zo(1/T — 1/6) ©  Th(Mal)?~, UOy(Mal)®+Mal>~ = UOy(Mal),?~ [13] and
or 0.2302TRd12 Th(Mal),? + Mal?>~ = Th(Mal)3?~, has significant tempera-
where g is the stability constant of the complex aads

ture effects even thougi1Z>| =0. Such disagreements may
the dielectric constant of water at temperatlif@6,27] Z; reflect that electrostatic interactions should not be completely

andZ, are the charges of the two species that form com- ignored in the complexation with neutral species because
plexes. Other parameters in H§) are explained elsewhere of the inductive effect and charge distribution due to polar-
[28]. SinceT is always higher thad (=219 K) in the whole ization. More detailed and quantitative discussions on this
accessible temperature range for liquid water, the electro-subject will become feasible when data on more diverse com-
static model predicts thad (og 8)/dT> 0 if Z1Z» < 0. In other plex systems are available.
words, the complexation between species of opposite charges
is strengthened by the increase in temperature. This pre-4.2. Effect of temperature on the enthalpy and entropy of
diction has been found consistent with many data for the complexation
complexation of lanthanide and actinide cations with car-
boxylate ligands, including Nd(111) acetafg], U(VI) acetate
[11], Th(IV) acetatg12], U(VI) malonate[13], and Sm(lll) 10 to 70°C, both the enthalpy and entropy of complexation
and U(VI) oxydiacetat¢l4]. The data for Th(IV) malonate  for all three Th(IV) malonate complexes are positive. The
complexation from this work also agree with this prediction complexation is entropy-driven, characteristic of the inter-
(Table 2. action between the “A-character” cations and anif8§.

In addition, the electrostatic model predicts that the mag- As the temperature is increased, the entropy tefm.J)
nitude of the temperature coefficietl¢g 8)/9T, is propor- increases more significantly than the enthalpy, resulting in
tional to |Z1Z,|. In other words, the complexation between even larger contributions from the entropy to the Gibbs free

4. Discussion

4.1. Effect of temperature on the stability of complexes

Data inTable 2show that, in the temperature range from
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energy AG) and more stable complexes at higher tempera- 45
tures. The increase of entropy with the temperature could be
the consequence of a more disordered bulk water structure at B
higher temperatures due to the perturbation by thermal move-
ments. In the process of complexation, the highly ordered 36 -
solvating water molecules are released to an expanded and
more disordered bulk solvef21]. As a result, the net gain -
in the complexation entropy is larger at higher temperatures.
For most of the actinide/carboxylate complexation sys- 37
tems previously studied, the enthalpies of complexation
increase linearly as the temperature is increased. Thus, the
heat capacities of complexation can be considered constantin
the temperature regidb,11-14] However, as-ig. 3shows,
the enthalpies of complexation between Th(IV) and malonate
cannot be fitted with linear functions of temperature, suggest-
ing that the heat capacities of complexation are dependent
on the temperature. The curveshig. 3 represent second-
order polynomial fits, from which the heat capacities of
complexation ACp, are calculated to be (1614-84.6 x 7),
(2100.6—5.8x T) and (2348.5-6.2x T) JK~1 mol~1 for
ThL?*, ThL,? and Thlg?~, respectively (wherel is in

. 1
Kelvin). 0
270 290 310 330 350

T/K

k=
g
2
3

4.3.. Comparison between Th(mal)** and UO3(mal) at Fig. 3. Enthalpy of complexation between Th(IV) and malonate as a function
variable temperatures of temperaturel.= 1.05 mol kg * NaClQy. Symbols: O) ThL2*; (0) ThLy;
(v) ThLs2~; curves: second-order polynomial fits.

Thethermodynamic parameters ofthe 1:1 U(VI)/malonate
and Th(lV)/malonate complexes are compareBim 4. The UOy(mal) are positive and become more positive as the tem-
data can be summarized as follows. (1) The stability of both perature is increasedrig. 4b). These trends provide inter-
Th(mal¥* and UG(mal) is enhanced by increasing temper- esting insight into the energetics of the complexation. The
ature, but the former is affected more significantly than the enthalpy of complexation consists of the energy required
latter, suggested by the larger slope for Th(i#aily Fig. 4a. for dehydration of both the metal ion and the ligand, the
(2) The enthalpies of complexation for both Th(ralnd energy released when the metal ion and the ligand forms the

=20 40 75
(a) AG (b) AH () TAS
L
T, 30 30 65 g
o
g
=z f i 4
=4
3 40 20 551
=
% /D
) g 8
9 s0F 10F /‘7 45t
_(’0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 35 1 1 1 1 1 1 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
t/°C

Fig. 4. Comparison of the thermodynamic parameters for the formation efro&) (J) and Th(mal§* (O). =1.05molkg! NaClQy. Data for UQ(mal)
are from[13].
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complex, and the energy released when the dehydrated watetemperatures and, the Th(IV) complex is stronger and has a
molecules form hydrogen bonding with the bulk water. The larger temperature effect than the U(VI) complex.
positive enthalpies of Th(mal) and UGQ(mal) indicate that
the dehydration energy dominates, which is consistent with
the energetics of interactions between a “hard acid” and a Acknowledgments
“hard base”. The trend ok H becoming more positive with
the increase of temperature probably reflects that less energy  This work was supported by the Director, Office of Sci-
is gained from hydrogen bonding between the released waterence, Office of Basic Energy Sciences and Office of Biologi-
and the bulk at higher temperatures, because the bulk wateical and Environmental Research under U.S.A. Department
has a higher degree of disorder due to more thermal perturba-of Energy Contract no. DE-AC03-76SF0098 at Lawrence
tions at higher temperatures. (3) Entropy is the driving force Berkeley National Laboratory (LBNL) and by the Minis-
of the complexation and is responsible for the enhancementtero dell’'Universié e della Ricerca Scientifica e Tecnologica
of complexation at higher temperatures for both Th(IV) and (MURST, Roma) within the program COFINO2.
U(VI) complexes. As shown irrig. 4c, the TAS term is
much larger in magnitude and more sensitive to the tempera-
ture change thanH. TheT AS term dominates the trends in  Appendix A
AG. As a result, both complexes become stronger at higher

SeeTables A.1 and A.2

Table A.1

Experimental conditions of potentiometry

T(°C) Cup solution Titrant
VO (ml) Crh (mmol dnt3) C (mmol dnT3) CL (mmol dnt3) Cr (mol drm3)2 CL (moldm3)

10 304 4.743 7.013 0.0 0.400 0.400
309 1050 15.52 0.0 0.400 0.400
30.2 2.387 3.530 0.0 0.400 0.400

25 304 4743 47.27 20.07 —1.002 0.0
309 1050 54.95 19.75 —1.002 0.0
313 1497 61.12 19.50 —1.002 0.0
513 9.13 53.16 19.82 —1.002 0.0
304 4743 7.013 0.0 0.400 0.400
304 1050 15.52 0.0 0.400 0.400
313 1497 22.14 0.0 0.400 0.400

40 304 4743 7.013 0.0 0.400 0.400
309 1050 15.52 0.0 0.400 0.400
313 1497 22.14 0.0 0.400 0.400

55 507 4.978 7.359 0.0 0.400 0.400
309 1050 15.52 0.0 0.400 0.400
30.2 2387 3.530 0.0 0.400 0.400
30.2 4743 7.013 0.0 0.400 0.400

70 504 2506 3.706 0.0 0.400 0.400
50.7 4.978 7.359 0.0 0.400 0.400
51.0 7414 10.96 0.0 0.400 0.400

I=1.05molkg ! (NaClQy). Cth, Cx andCy. represent the stoichiometric concentrations of thorium, proton and malonic acid.
@ Negative values ofy stands for the concentration of hydroxideCy = Cop.

Table A.2
Experimental conditions of calorimetry
T(°C) Symbof Cup solution Titrant, NgL/H,L
VO (ml) Cth (mmol dnt3) Cr (mmol dn3) Ch (mol dm3) CL (moldm3)
10 O 200 4.097 10.677 0.400 0.400
200 9.186 23.940 0.400 0.400
200 18372 47.880 0.400 0.400
A 200 27558 71.820 0.400 0.400
2018 4.096 10.677 0.800 0.800
200 8.038 20.948 0.800 0.800
O 20.0 16037 41.896 0.800 0.800

200 32074 83.982 0.800 0.800
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Table A.2 Continued)

T(°C) Symboft Cup solution Titrant, NgL/HoL
VO (ml) Cth (mmol dnt3) Ch (mmol dni3) Cy (mol dmi3) CL (moldmi3)
25 O 20.0 4.097 10.677 0.400 0.400
O 20.0 16075 41.895 0.400 0.400
20.0 22965 59.85 0.400 0.400
A 20.0 32151 83.79 0.400 0.400
40 O 20.0 4134 10.773 0.400 0.400
O 20.0 16075 41.895 0.400 0.400
A 20.0 22965 59.85 0.400 0.400
20.0 8.038 20.948 0.400 0.400
55 O 20.0 4134 10.773 0.400 0.400
O 20.0 8.038 20.948 0.400 0.400
A 20.0 11485 29.925 0.400 0.400
70 O 200 4.134 10.773 0.400 0.400
O 20.0 8.038 20.948 0.400 0.400
A 200 11485 29.925 0.400 0.400

I=1.05molkg! (NaClQy). Cth, C andCy represent the stoichiometric concentrations of thorium, proton and malonic acid.
a Symbols used to show the titrations at different temperaturgir? of the article.
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