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Abstract: The hydrolysis of uranium(V1) in tetraethylammonium perchlorate (0.10 mol dm~2 at 25 °C) was
studied at variable temperatures (10—85 °C). The hydrolysis constants (*5,m) and enthalpy of hydrolysis
(AHpm) for the reaction mUO2" + nHO = (UO2)m(OH)2™"* + nH' were determined by titration
potentiometry and calorimetry. The hydrolysis constants, *f11, *32.2, and *fs 3, increased by 2—5 orders of
magnitude as the temperature was increased from 10 to 85 °C. The enthalpies of hydrolysis, AH,, and
AHs3, also varied: AH,, became more endothermic while AHs3 became less endothermic as the
temperature was increased. The heat capacities of hydrolysis, ACpyz,2) and ACpys 3), were calculated to be
(152 + 43) J Kt mol™t and —(229 £ 34) J K™ mol™?, respectively. UV/Vis absorption spectra supported
the trend that hydrolysis of U(VI) was enhanced at elevated temperatures. Time-resolved laser-induced
fluorescence spectroscopy provided additional information on the hydrolyzed species at different temper-
atures. Approximation approaches to predict the effect of temperature were tested with the data from this
study.

1. Introduction The properties of water vary significantly as the temperature
is changed. For example, the ionic produ€y, & [HT][OH])
increases by almost 3 orders of magnittdad the dielectric
constant decreases by approximately 356m O to 100°C.

) The increase irK,, is expected to have a great impact on the
the hydrolysis constants fim for mUO?*" + nHO = hydrolysis because the concentration of the hydroxide ion at
(UO2)i(OH),@™W* + nH*) were obtained, where and m the same concentration of the hydrogen ion becomes much
range 1-5 and 1-9. Values of other thermodynamic parameters phigher at higher temperatures. On the other hand, the change
are either very scarce (e.g., the enthalpy of hydrolysis) or i, the dielectric constant is likely to perturb hydrolysis reactions
unknown (e.g., the heat capacity of hydrolysis). The scarcity pecause most hydrolyzed species are electrically charged and
of important thermodynamic parameters at 25 and the  polynuclear. The degree of perturbation on different hydrolysis
absence of data at elevated temperatures greatly limit the abilityreactions could be different, which alters the speciation of U(VI)
to predict the chemical behavior of uranium in the processing in solution. Therefore, the study of the hydrolysis of U(VI) at
and disposal of nuclear wastes, where elevated temperatureg|evated temperatures can improve the fundamental understand-

Numerous studies have been conducted on the hydrolysis of
uranium(VI) in agueous solutions at or near 5, but very
few at elevated temperaturs’ In most of the studies, only

are likely to be encountered. ing of these effects.
The equilibrium data for the hydrolysis reactions at any
lIU?'tV‘ffS('jt?g'hP%dO\ia- e delle Superfici del C.ALR. of Pad desired temperature can be predicted by using thermodynamic
stituto ai Imica Inorganica e delle supertici ae .N.R. O Padova. . . .
s Argonne National Laboratory. principles, provided that the enthalpy anq entropy at the
' Lawrence Berkeley National Laboratory. reference temperature (e.g., 2&€) and their temperature

(1) Grenthe, I, Fuger, J. Konings, R. J. M., Lemire, R. J., Muller, A. B.; dependencies are known. However, such data, especially the
Nguyen-Trung, C.; Wanner, HChemical thermodynamics of uraniym

Wanner, H., Forest, ., Eds.; Elsevier Science Publishers B.V.: Amsterdam, temperature dependencies, are rarely available in the literature.
1992; pp 98-119. i ; ;

(2) Fuger, J.; Khodakovsky, I. L.; Sergeyeva, E. |.; Medvedev, V. A.; Navratil, Itis ther?fc_’re necessary to rer on apprOX|mat|on approaphes
J. D. The Chemical Thermodynamics of Actinide Elements and Com- for prediction. The approaches that have been extensively
pounds: Part 12, The Actinide Aqueous Inorganic Complek&EA: ; ;

Vienna, 1992: pp 3241. discussed include the constant enthalpy apprédeh constant

(3) Guillaumont, R.; Fanghanel, T.; Fuger, J.; Grenthe, I.; Neck, V.; Palmer,
D. A,; Rand. M. H.Update on the chemical thermodynamics of uranium, (4) Marshall, W. L.; Franck, E. UJ. Phys. Chem. Ref. Datt081 10, 295—
neptunium, plutonium, americium and technetiuMompean, F. J., 304.
lllemassene, M., Domenech-Orti, C., Ben Said, K., Eds.; Elsevier B.V.:  (5) Fernandez, D. P.; Goodwin, A. R. H.; Lemmon, E. W.; Sengers, J. M. H.
Amsterdam, 2003; pp 4647, 64, 716, 724728. L.; Williams, R. C.J. Phys. Chem. Ref. Datt997, 26 (4), 1125-1166.
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heat capacity approaélithe DQUANT equatiori,the Ryzhenke measured with an Amel pH meter (model 338) equipped with a Ross

Bryzgalin modeP and the revised Helgeseikirkham—Flowers combination pH electrode (Orion model 8102). The electrode is

(HFK) equatior®1! The applicability of the approximation  Workable up to 100C. The original electrode filling solution (3.0 mol

methods needs to be tested with reliable experimental data in admfshr"t"’t‘sst'“m C_ré:orl'de)_wasfrt‘";p'a‘l’edt Wgh fl_'to lmo' ﬁm(t’d'“rg "

wide ranae of temperature. perchlorate to avoid clogging of the electrode frit glass septum by the
The Ol:?jective ofpthis study is to experimentally determine precipitation of KCIQ. The EMF in the acidic region can be expressed

A . by eq 1.

the equilibrium constants and the enthalpy of hydrolysis of veq

U(VI) from 10 to 85°C. Differing from most previous studies,

the enthalpy of hydrolysis in this study has been directly

determined at variable temperatures by calorimetry. Such data,

for the first time, allow the calculation of the entropy of in Kelvin. The | is the el de iuncii il
hvdrolvsis at variable temperatures and the heat capacit Oftemperature in kelvin. The ast term is the electro eJun.ctlon potential
Y y P pacity Of¢y the hydrogen ion AE;n+), assumed to be proportional to the

hydrolysis from 10 to 85C. These important thermodynamic  concentration of the hydrogen ion. Prior to each titration, an acid/base
parameters provided valuable tools to evaluate the approximationtitration with standard perchloric acid and tetraethylammonium hy-
methods. Additionally, spectroscopic data of optical absorption droxide was performed to obtain the electrode parameteE aind

and time-resolved laser-induced fluorescence of U(VI) provided yn. These parameters allowed the calculation of hydrogen ion concen-
further information on the hydrolysis and the speciation of U(VI) trations from the EMF in the subsequent titration. Corrections for the

E=E°+ RTFIN[H'] + y,[H'] (1)

whereR is the gas constank is the Faraday constant, aidis the

in solution at variable temperatures. electrode junction potential of the hydroxide ion were not necessary in
) ) these experiments.
2. Experimental Section Detailed experimental conditions of potentiometry are shown in

2.1. Chemicals. All chemicals were reagent grade or higher. Tablfe S1 of th(_a Supporting Ir?formatior!. _Standardizeq tetraethylam-
monium hydroxide was added into an acidic U(VI) solutidf € 20—

Distilled/deionized water was used in preparations of all the solutions. . Th i N I )
Prior to use, the water was boiled and cooled in sealed bottles to reduce130 cnf). The EMF data were collected at time intervals determined

the amount of dissolved carbon dioxide. In this paper, all the by the data collection crit_erion; that is, the drift o_f EMKE) was less _
concentrations in molarity are referred to 25. than 0.1 mv for 180 s. Fifty to seventy data points were collected in

The stock solution of uranyl perchlorate was prepared by dissolving egch titrat_ion. Mult_iple titrations were conducted at each temperature
uranium trioxide (UQ) in perchloric acid (SigmaAldrich, Inc., 70%). with solutions of different concentrationS{® = 2-36 mmol dn?
The concentration of uranium in the stock solution was determined by andCy°® = 0'_4_11 mmol dnt?). The hyd_ronS|s constants of U(V1)
absorption spectrophotometry and fluoriméfrran’s titration method on the molarity scale were calculated with the program Hyperdtiad.
was used to determine the concentration of perchloric acid in the stock To aII_ow the comparison at different temperatures, th,e constgnts n
solutions. The titrant solution of tetraethylammonium hydroxide was mqlarlty should_usually be con_verted to the constants in molality by
prepared from a concentrated solution (Flukdp%) and standardized ~ USing the density of the solution, as suggested by Grenthe &t al..
against potassium hydrogen phthalate (Fluka, dried at@@svernight). However, such conversion is unnecessary for the_ system in this study,
Precautions were taken to avoid the exposure of the stock solution of SIN¢ the density of 0.10 mol drhtetraethylammonium perchlorate at
tetraethylammonium hydroxide to carbon dioxide in air. Gran's titrations 22 C IS 1.0005 g cm. The difference between the values in molarity
indicated that the content of carbonate in the stock solution was Iessand molallty_for this system IS neg_llglple._ )
than 0.5%. Tetraethylammonium perchlorate (Fluka, 99%) was purified 2.3. Calorimetry. The calorimetric titrations were conducted with

by recrystallization from water, washed with cold ethanol, and dried POth an isothermal microcalorimeter (model ITC 4200, Calorimetry
at 100-110 °C. The ionic strength of the working solutions was Sciences Corp.) at the Lawrence Berkeley National Laboratoryt (for

adjusted to 0.10 mol drd at 25°C by adding appropriate amounts of from 25 to 85°C) and an isoperibol calorimeter (model 87-558, Tronac)

tetraethylammonium perchlorate as the background electrolyte. at the University of Padova (fdrfrom 10 to 40°C). The microcalo-
2.2. Potentiometry. The potentiometric titrations were conducted ~Meter is operable up to 85C but not suitable at 16C due to the
at the University of Padova. The apparatus consisted of a 15@ein lack of a dry nitrogen purging system that was necessary to prevent

with a lid. Both the cell and the lid were water-jacketed and maintained co_ndensation inside the calorimeter. The isoperibol cal_orimeter is
at the desired temperatures by circulating water from a constant- Sultable for lower temperatures (up to #D). As a result, the titrations
temperature bath. It was important, especially for the titrations at above 40°C were exclusively conducted with the microcalorimeter at

temperatures above the ambient, to maintain the lid at the same Berkeley, while the titrations at 10C were exclusively conducted at

temperature as the cell to avoid water condensation underneath the Iid.ridova' The t|tr:t|onhs at 25| and :;io:bwere condéjctez aht both |
Details of the titration setup have been provided elsewHere. aboratories so that the results could be compared and the interna

The potentiometric titrations were performed inG{= —log[H*]) consistency of the data_in the Whple range of t_e?mperature (_from 10 to
region from about 2.5 to 5.5. No precipitation of U(VI) was observed 8§ ) \{va_sl_tifteg.zD?t;lleg expertlmerlltill contgltlonir?f Eglch]rlmgtry are
during the titration. Electromotive force (EMF, in millivolts) was shownin Table 5z of tné supporting Information. The hig &t

all the titrations was 5.5 to avoid precipitation of hydrolyzed U(VI)
(6) Puigdomenech, I.; Plyasunov, A. V.; Rard, J. A.; Grenthe, Mbdeling species. . _ )
in Aquatic ChemistryGrenthe, |., Puigdomenech, |., Eds.; Temperature The microcalorimeter uses a “twin” heat flow design to reach the

corrections to thermodynamic data and enthalpy calculations; NEA/ : P : ; ;
OECD: Paris, 1997; Chapter X. maximum sensitivity. The reaction heat is measured from the difference

(7) Helgeson, H. CJ. Phys. Chem1967, 71, 3121-3136. in the heat flows between the sample and the reference cells. The
(8) Ryzhenko, B. N.; Bryzgalin, O. V.; Shapkin, A.Geochem. Int1991, 28 volume of the cells is about 1.2 éniThe titrant is delivered into the

(5), 77-83. .
(9) Shock, E. L.; Helgeson, H. Geochim. Cosmochim. Acl®88 52, 2009~ sample cell through a long and thin needle from a 400r 250 uL

2036. syringe. The syringe is driven by a precision stepper motor that

(10) Tanger, IV, J. C.; Helgeson, H. @m. J. Sci1988 288 19-98.
(11) Shock, E. L.; Sassani, D. C.; Betz, Beochim. Cosmochim. Act097,
61, 4245-4266.

guarantees accurate delivery of the titrant. The performance of the

(12) Sill, C. W.; Peterson, H. EAnal. Chem1947, 19, 646-651. (15) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739-1753.

(13) Gran, G.Analyst1952 77, 661. (16) Grenthe, I.; Puigdomenech, I. Modeling in Aquatic ChemistryGrenthe,

(14) Zanonato, P.; Di Bernardo, P.; Bismondo, A.; Rao, L.; Choppin, G. R. 1., Puigdomenech, I., EdsSymbols, Standards, and Gamtions NEA/
Solution Chem2001, 30, 1—18. OECD: Paris, 1997; Chapter II.
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calorimeter has been tested by measuring the enthalpy of protonation
of tris(hydroxymethyl)aminomethane (THAM). The results (in kJ
mol™) are—47.7+ 0.3 (25°C), —46.8+ 0.2 (40°C), —45.8+ 0.5

(55 °C), —45.2 + 0.5 (70°C), and —43.1 + 0.8 (85 °C), which
compared well with the values in the literature46.0+ 0.3 at 45°C
and—46.2+ 0.3 at 70°C,'” —46.81+ 0.02 at 35°C, and—46.0 +

0.02 at 50°C.18 In the titrations of U(VI) hydrolysis, the initial cell
solutions ¢0.90 cnd at 25°C) usually contained 0:21.6 mmol dn13
UO,(CIO,), and 0.6-3.0 mmol dm?® HCIO,. The titrant (~20 mmol
dm~3 tetraethylammonium hydroxide) was added in small increments
(2—5 ul). After the titration was completed, the pH was measured
and the solution was examined by laser light scattering to be certain
that no precipitation of U(VI) occurred.

The descriptions of the isoperibol calorimeter were given elsewhere.
Two types of titrations were performed: (1) a forward titration where
a 20 cnd acidic solution of U(VI) was titrated with 0.1 mol dr#
tetraethylammonium hydroxide and (2) a backward titration where a
20 cn? solution of U(VI) (partially hydrolyzed) was titrated with 0.1
mol dn 3 perchloric acid.

Multiple titrations with different concentrations of YIO,), and
HCIO, were conducted at each temperature. For each titration,
additions were made (usually= 50—70), resulting im experimental
values of the total heat generated in the reaction €ellj(j = 1 ton).
These values were corrected for the heat of dilution of the tit@at),

which was determined in separate runs. The net reaction heat at the

j-th point @) was obtained from the difference,; = Qex; — Quil,.
Two quantities Ah, v and Ah, on, Were then calculated by

@)
®)

Ah, = (Qr,j - QpJ)/nM
Ahy oy = (Qrj = Q=M on

whereQ,; was the heat due to the formation of water at jttie point
andny was the number of moles of U(VI) in the cell angby was the
number of moles of hydroxide added at i addition. The enthalpy
of hydrolysis was calculated by the computer program Letagtop,
modified in this work to usé\h, v as the error-carrying variable while
assigning equal weight to all the titrations with different amounts of
U(Vvl).

Separate calorimetric titrations were conducted to determine the
enthalpy of water formation in 0.10 mol drhtetraethylammonium

6 100
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80

1 60
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Figure 1. Potentiometric titration of U(VI) hydrolysi¢,= 0.10 mol dn13
(C2H5)4NCIO,. Titrant concentration ((84s)4NOH) in mmol dnv3; 98.1
(10 °C), 102.0 (85°C). Initial cup solution ¥°) in mL: 130.0 (10°C),
110.1 (85°C). Initial cup concentration€u/Cy, mmol dn13): 5.83/0.855
(10°C), 6.47/0.863 (85C). Symbols: ©) experimental data (); (dashed
curve) fit (pCq); (solid lines) percentage of U(VI) species (rightixis).

3. Results

3.1. Hydrolysis Constants.The data of 25 potentiometric
titrations at 16-85 °C are provided in Table S3 of the
Supporting Information. Two representative titrations are shown
in Figure 1. In the region of @, from 2.5 to 5.5, the best fit
was obtained by including three hydrolysis species in the
calculation, i.e., the (1,1), (2,2), and (5,3) species defined by
the following reactions:

perchlorate at variable temperatures. These values were needed in the

calculation of the enthalpy of hydrolysis of U(VI).

2.4. UV/Vis Absorption SpectroscopyUV/Vis absorption spectra
of four U(VI) solutions (A-D) were collected at 10 and 8% on a
Varian Cary-5G spectrometer equipped with & 1 Peltier automatic
temperature controllee0.1 °C). Quartz cells (10 mm) were used. The
concentrations of free acid and U(VIE§ andCy in mmol dnT?) in
the solutions are (A) 0.1/0.1, (B)0.05/0.1, (C)—0.14/0.1, and (D)
“0”/0.01, where—Cy = Con and solution D was neutral.

2.5. Time-Resolved Laser-Induced Fluorescence Spectroscopy.
The fluorescence emission spectra and lifetime of the U(VI) solutions
(A—D) at 20, 40, 60, and 80C were studied at Argonne National

UO,”" + H,0 = UO,(OH)" + H" *Br1 (4)
2U0,%" + 2H,0 = (UO,),(OH),*" + 2H" *B,, (5)
3U0,*" + 5H,0 = (UO,),(OH);" + 5H" *Bs.5 (6)

This agreed with a previous study at 25 and°@where the
same species were observed before precipitation of U(VI)
occurrec?! The hydrolysis constants at different temperatures
are listed in Table 1. The values of log; have larger

Laboratory. The fluorescence was induced by a tunable pulsed dye lasetuncertainties because the concentration of the (1,1) species was

pumping the charge-transfer transition of U(VI) species. The laser
provided 5-ns pulses with a repetition rate of 10 Hz. The pumping

laser was tuned between 423 and 425 nm where the U(VI) species in
solution showed maximum absorption. The fluorescence decay was
measured on the selected emission at 515 nm. Each decay curve wa
averaged over 800 pulses using a digital storage oscilloscope.

(17) Smith, R.; Zanonato, P.; Choppin, G. R.Chem. Thermodyri992 24,
99-106.

(18) Grenthe, I.; Ots, H.; Ginstrup, @«cta Chem. Scand.97Q 24, 1067.

(19) Cassol, A.; Di Bernardo, P.; Portanova, R.; Tolazzi, M.; Tomat, G.;
Zanonato P. Inorg. Chem.199Q 29, 1079-1084.

(20) Arnek, R.Ark. Kemi197Q 32, 81.

usually low. The data indicate that the hydrolysis constants
increased by about 2 ordergsg*; and *32 ) or 5 orders (Bs3)

of magnitude, as the temperature was increased from 10 to
85 °C.

S 3.2. Enthalpy of Hydrolysis. The results of calorimetry at

40 °C were shown in Figure 2 in the form @th, m vS Pon.

The valuenoy is the average number of hydroxide on each
U(VI) and was calculated using the hydrolysis constants in Table
1 and the concentrations of U(VI) and OHThe enthalpy of

(21) Baes, C. F., Jr.; Meyer, N. [horg. Chem 1962 1 (4), 780-789.
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Table 1. Equilibrium Constants and Thermodynamic Parameters for U(VI) Hydrolysis, mUO22" 4+ nH,O = (UO2)m(OH),@m=1+ + nH* (1 =
0.10 mol dm~3 (C,Hs)4NCIO4. The Error Limits = 30)

reaction T,°C l0g *Bnm OF pKy, log *B°nm? AG®, n kJ mol~t AH, o AH, k3 mol™* ASyn J Kt mol™*
m=1n=1 10 —6.1+ 0.3 —5.9+ 0.3 32.1
UO2" + H,O = 25 —5.584+0.24 —5.40+0.24 30.8 46.5+ 3.7 53+ 13
UO,OHT + HT 40 —5.11+0.11 —4.924+0.12 29.5
55 —5.07+£0.24 —4.88+0.24 30.6
70 —451+0.11 —4.31+0.12 28.3
85 —4.244+0.15 —4.03+0.15 27.6 58t 7 85+ 30
m=2,n=2 10 —6.30+ 0.02 —6.09+ 0.04 33.0 51.5- 0.9 65.3+ 3.6
2UO2T 4+ 2H,0 = 25 —5.83+0.02 —5.62+ 0.04 32.1 48,2+ 1.7 544+ 6
(UO2)2(OH)2t + 2H* 40 —5.43+0.01 —5.214+0.03 31.2 50t 2 60+ 6
55 —5.064+ 0.03 —4.844+ 0.05 30.4 538 69+ 24
70 —4.73+0.03 —4.50+ 0.05 29.6 58t 3 83+ 7
85 —4.494+ 0.03 —4.25+ 0.05 29.1 61 2 89+ 6
m=3,n=5 10 —17.52+ 0.01 —16.90+ 0.04 91.61 128.&: 0.5 128.5+ 2.0
3UO2t + 5H,0 = 25 —16.37+ 0.02 —15.744+ 0.0 89.84 120.1 1.6 101.5£ 5.7
(UO2)3(OH)s" + 5H* 40 —15.354+0.01 —14.70+ 0.04 88.12 1192 99+ 6
55 —14.45+ 0.02 —13.78+ 0.05 86.57 1137 80+ 21
70 —13.61+ 0.02 —12.92+ 0.05 84.87 112t 3 79+9
85 —12.94+ 0.02 —12.22+ 0.05 83.78 116t 2 73+ 6
H™ 4+ OH™ = H,0 10 14.37+ 0.01 —60.84+ 0.1
25 13.78+ 0.01 —56.7+ 0.5
40 13.39+ 0.01 —52.94+ 0.5
55 12.99+ 0.01 —50.84+0.8
70 12.65+ 0.02 —48.6+ 1.2
85 12.36+ 0.03 —45.3+ 1.5

aCalculated by the specific ion interaction theory (SIT), discussions provided in sectiohldgl*3°: 1 at 25°C from the literature—5.25 + 0.24
(ref 3), —5.194 0.05 (ref 22),—5.1+ 0.1 (ref 23).¢ Calculated from the linear fit of log: 1 vs 1IT. 9log *°, 2 at 25°C from the literature=5.62+ 0.04
(ref 3), =5.76 &+ 0.04 (ref 22, 24),-5.56 & 0.06 (ref 23)..log *°s 3 at 25°C from the literature—15.55+ 0.12 (ref 3),—15.89+ 0.06 (ref 22, 24),
—15.46+ 0.09 (ref 23).

40 temperature, the maxima of the spectra were shifted to longer
wavelengths and the absorbance became significantly higher
from A to B and to C as the acidity decreased; (2) for solutions
A, B, and D, the maximum of the spectrum was shifted to a
longer wavelength and the absorbance was higher as the
temperature was increased from 10 to°&5 (3) for solution

C, though it is difficult to accurately identify the wavelength
of maximum absorption due to the split feature of the peak, it
is evident that the absorption increased when the temperature
was increased from 10 to 8%.

3.4. FluorescenceThe fluorescence emission spectra and

0.00 030 0.60 0.90 120 150 lifetime of solutions B and C were qbtalned at 20, 40, 60, and
_ 80 °C. When the temperature was increased, the fluorescence
oy lifetime of each solution decreased, whereas little change was

Figure 2. Plot of Ahym vs Now for the calorimetric titrations of U(VI) observed in the patterns of the emission spectra (Figure S2 of

hydrolysis at 40°C, | = 0.10 mol dnt3 (C;Hs)4NCIO,. (Symbols) ; ;
experimental data of eight titrations (The number of data points is reduced the Supporting Information). The decay of the fluorescence of

for clarity. Detailed conditions are in Table S2 of the Supporting Y(VI) ir! both solut@ons was Showr_‘ in Fi_gu"e S3 of the
Information); (line) calculated with the constants and enthalpy of hydrolysis Supporting Information and fitted with a single-exponential

in Table 1. function of time. However, it appears that, after the fluorescence
hydrolysis of U(VI) was calculated and listed in Table 1. intensity decreased by more than 2 orders of magnitude, the
Because the (1,1) species was insignificant at lower tempera-decay curves for both solutions start to deviate from the single-
tures, the uncertainties &fH; ; were usually quite high and its ~ exponential behavior. This may suggest the existence of minor
inclusion in the calculation did not improve the overall goodness uranyl species with a longer lifetime in the solutions. Therefore,
of the fit. As a result, the value afH; ; was obtained only at  attempts were made to fit the fluorescence decay with two
85 °C. In Figure 2, the calculated line agrees very well with exponential functions. It was found that, while the lifetime for
the experimental data of eight titrations, reflecting the mutual the first component did not change noticeably from that of the
consistency of the calorimetric and potentiometric data on the single-exponential fit, the result for the second component was
hydrolysis of U(VI). Typical raw data of the calorimetric  poor with very high uncertainty. We cannot rule out the presence
titrations are presented in Figure S1 of the Supporting Informa- of other uranyl species with longer lifetime in these solutions,
tion, with a titration thermogram from the microcalorimeter and but the percentage of such species is so low that reliable
a plot of Ahy, on vs Cu/Cy. calculations of the lifetime cannot be made. After all, the
3.3. UV/Vis Absorption Spectra. The UV/Vis absorption calculated lifetime for the dominant component is not altered
spectra of the four U(VI) solutions at 10 and 85 are shown whether the minor component is included. As a result, the
in Figure 3. A few trends are shown by the spectra: (1) at each lifetimes calculated by the single-exponential decay are accepted

5518 J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004
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Figure 3. UV/Vis absorption spectra of U(VI) solutions at 10 and 85, optical path= 1.00 cm,I = 0.10 mol dnT3 (C;Hs)4NCIO4. The approximate
wavelengths£ 1 nm) for maximum absorbance at 10 and°85 (A) 414, 419; (B) 425, 426; (C)-430,~430; (D) 423, 426Cx/Cy (mmol dnt3): (A)

0.1/0.1, (B)—0.05/0.1, (C)—0.14/0.1, (D) neutral/0.01.

Table 2. Fluorescence Lifetime for the U(VI) Solutions at Different
Temperatures

activation parameter

iati 040
speciation (%) lifetime E

solution® T,°C (0,1) (1,1) (22 (53) r,us kJ mol~! A

B 20 481 6.5 288 16.6 195 34834 7.6x 109
40 41.7 101 28.1 201 9.14
60 340 16.8 250 24.2 3.12
80 254 28.2 20.1 26.3 2.09

C 20 76 4.2 121 76.1 258 374237 1.4x 101
40 6.2 6.2 104 77.2 13.0
60 45 94 80 781 4.05
80 28 144 52 776 240

a ConcentrationsGor/Cy in mmol dnm3): 0.05/0.1 (solution B); 0.14/
0.1 (solution C)P Species: (0,1) Ug, (1,1) UG(OH)*, (2,2) (UQ),-
(OH)2T, (5,3) (UQy)3(OH)s™. ¢ Values for (5,3) species in the literature:
at 20°C (us) 25.3 { = 0.5 mol dn3)%5, 35.7 { = 0.5 mol dn13),26 23.0
(I = 0.1 mol dn73);2” Ea (kJ mof?) 22.9 ( = 0.5 mol dn73),27 37.6
(I = 0.5 mol dnv3).26

and shown in Table 2, together with the speciation of U(VI)

calculated with the hydrolysis constants in Table 1.

the Brpnsted-Guggenheim-Scatchard modé&i—3° has been
used to calculate the hydrolysis constants at zero ionic strength.
For reactions 4, 5, and 6, the hydrolysis constants at the standard
state (log $B°nm) are calculated by the following equations:

log *B,,+ 2D =log *°; 1 — A€y 4l , @)
log *52,2 +2D = log *ﬁoz,z —Aey )l (8)
log *B5 3+ 6D = log *°5 3 — Aeg 4, )

whereD = AlY3/(1 + 1.5A1,Y?), the Debye-Huckel term
used in the SIT method, argl is the ionic strength in molality.
Aem = 6(U020H+, C|O4_) + 6(H+, C|O4_) — 6(U022+,
C|O4_), AEZ,Z = 6((U02)2(OH)22+, C|O4_) + 26(H+, C|O4_) —
26(U022+, ClOs7), andAes 3= E((UOz)g(OH)5+, ClO47) + 5e
(HT, ClO4™) — 3¢ (UO,2, ClO47). The specific ion interaction
parameters (kg mot) at 25°C are the following:e(H™, ClIO,4)
= 0.144 0.02,e(UO2F, ClO47) = 0.46 & 0.03,(UO,OHT,

The temperature dependence of the fluorescence lifetime ClOs~) = —0.06 & 0.40,€((UO2)2(OH).?*, CIO;~) = 0.57 +
obeys the Arrehnius law (Figure S4 of the Supporting Informa- 0.07,e((UO2)3(OH)s", ClO4~) = 0.45+ 0.153 For the calcula-
tion), consistent with previous studies on similar hydroxo tion of log *3°,m at temperatures other than 25, the Debye-
complexe$526 The activation parameters obtained from the Huckel term was calculated with the values/fat different

Arrehnius plot are also shown in Table 2. The fluorescence of temperatured and the ion interaction parameters at’Z5were

solutions A and D was too weak to allow reliable analysis.
4. Discussion

4.1. Calculation of the Thermodynamic Parameters to
Standard State Conditions.As preferred in common compila-

used because the values at other temperatures were not known.
Using the interaction parameters at 25 may introduce some
errors into the log °nm- However, the errors are probably quite
small, since the ionic strength in this study is low and the values
of (e/dT), are usually< 0.005 kg mot! K1 for temperatures

tions of thermodynamic data, the standard state is defined asbelow 200°C .2 Besides, the values 0f{/dT), for the reactants
the infinite dilute solution, with pure water as the solvent. The and products may balance out each other soAldior many

SIT (Specific lon Interaction Theory) method originated from

reactions remains approximately constant up to 408? The

(22) De Stefano, C.; Gianguzza, A.; Leggio, T.; Sammartand, Shem. Eng.
Data 2002 47, 533-538.

(23) Brown, P. L.Radiochim. Act&2002 90, 589-593.

(24) Gianguzza, A.; Milea D.; Millero, F. J.; SammartanoM&r. Chem2004
85, 103-124.

(25) Eliet, V.; Grenthe, |.; Bidoglio, GAppl. Spectrosc200Q 54, 99-105.

(26) Kimura, T.; Nagaishi, R.; Ozaki, T.; Arisaka, M.; Yoshida, JZNucl. Sci.
Technol.2002 Supplement ,3233-239.

oulin, C.; Laszak, I.; Moulin, V.; Tondre, Qppl. Spectroscl998 52,
528.
(a) Bepnsted, J. NJ. Am. Chem. S0d 922 44, 877—898. (b) Bpnsted,

7

)
(28)
J. N.J. Am. Chem. S0d 922 44, 938-948.

) Guggenheim, E. APhilos. Mag 1935 57 (seventh series), 58843.

) Scatchard, GChem. Re. 1936 19, 309-327.

) Helgeson, H. C.; Kirkham, D. H.; Flowers, G. 8n. J. Sci1981, 1249-
1516.

(29
(30
(31
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Figure 4. Hydrolysis constants (A) and enthalpy of hydrolysis (B) of U(VI) at variable temperatures. Symkl¥ata from this work,| = 0.10 mol

dm=3 (C2Hs)4sNCIOq, (+) data from the literaturé] = 0.1-7.5 mol dnr3.

calculated log B°nm and AG°,, at different temperatures are
listed in Table 1.

pCh) from 10 to 85°C. Meanwhile, the increasing importance
of UO,OH™ at elevated temperatures can be correlated with the

Correction of the enthalpy data to the standard state requiresdecrease in the dielectric constant of water. Such decrease would

the knowledge ofde/dT), as well as the partial molar enthalpy
of water at the specific ionic strength and temperatére.
However, since the\e for many reactions remains approxi-
mately constant up to 10T (usually on the order of 16 kg
mol™1), a rough estimate of the correctioAH®nm — AHnm)

is <0.5 kJ mof?! at I, = 0.1 mol kg?, smaller than the
uncertainties of the experimentaiH,n. As a result, no
corrections for ionic strength were performed on the enthalpy
of hydrolysis from this study.

From the entropy of hydrolysis in Table 1, the standard molar
entropies of UGOHT, (UO,)2(OH)2, and (UQ)3(OH)s" at
25°C were calculated to be 24 13, —2 £+ 12, and 154 15,
compared with the estimated values of £750, —38 £+ 15,
and 83+ 30 J Kt mol~* for the same species in the literature.

4.2. Effect of Temperature on the Hydrolysis Constants
and Enthalpy. In Figure 4A, the hydrolysis constants from this
work are plotted as a function of temperature. Data from the
literature, approximately 30, 50, and 40 values of Ifg { log
*Ba.2, and log *Bsz at 25°C (I = 0—7.5 mol dn73) and a few
values at other temperatures,are also shown for comparison.

increase the electrostatic repulsion of the mononuclear “building
blocks” and decrease the formation of polynuclear and highly
charged species according to simple electrostatic m&éels.

In contrast to the hydrolysis constants, only a few data of
enthalpy of hydrolysis are available in the literature from 10 to
100 °C (Figure 4B)2 The literature values ofAH,, are
comparable with the data from this work, but thoseAdds 3
are much lower. It should be noted that most valueadf, m
in the literature were not directly determined by calorimetry at
specific temperatures. Instead, they were obtained by fitting the
hydrolysis constants over a temperature range. Besides, the error
in the enthalpy of formation of water could significantly affect
the accuracy oAHs 3, since five water molecules are involved
in reaction 6. We believe that the data from this work are more
reliable because (1) they were directly determined at variable
temperatures by calorimetry; (2) the enthalpy of formation of
water in the ionic media was independently determined by
calorimetry; and (3) consistent trends were observed over the
temperature range from 10 to 8& (Figure 4B).

The hydrolysis reactions 4, 5, and 6 are “isoelectric”, in which

~ All'three hydrolysis constants increase as the temperature isthe electrostatic contributions to the temperature dependence
increased but to different extents. Consequently, the speciationof the heat capacity of reaction may balance out to a large extent,

of U(VI) at elevated temperatures differs from that at lower

due to the equality of the same charge between the reactants

temperatures as shown in Figure 5, where two major trends canand product§. As a result, the heat capacity of isoelectric

be observed: (1) the percentage of free;aq) is much lower
at 85°C than that at 10C, indicating the enhancement of overall
hydrolysis at elevated temperatures; (2) the (1,1) species; UO

reactions may be small and independent of temperature. Data
from this study indicate thakCy 2) and ACys 3) could indeed
be considered constant from 10 to 85, suggested by the

OH™*, becomes more important at higher temperatures and lowerlinearity of AH, > and AHs 3 in Figure 4B. However, they are

concentrations of U(VI). The enhancement of hydrolysis at

not very small: ACy,2) and ACys 3) are calculated from the

elevated temperatures is mainly due to the increase of the degreg|opes in Figure 4B to be 152 43 and—229 + 34 J K1

of ionization of water that results in an increase of 2 orders of

mol~1, respectively.

magnitude in the concentration of the hydroxide ion (at the same 4 3. Effect of Temperature on the UV/Vis Absorption

(32) Plyasunov, A. V.; Grenthe, Geochim. Cosmochim. Aci®94 58, 3561~
3582.

(33) Grenthe, I.; Spahiu, K.; Plyasunov, A. V.Modeling in Aquatic Chemistry
Grenthe, 1., Puigdomenech, |., Eds.; Estimations of Medium Effects on
Thermodynamic Data; NEA/OECD: Paris, 1997; Chapter IX.
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Spectra. The effect of temperature on the absorption spectra
of U(VI) (Figure 3) can be discussed in conjunction with the
speciation diagram (Figure 5) and the “deconvoluted” spectra
of U(VI) species in the literaturé The speciation diagram
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Figure 5. Speciation of U(VI) solutions at 18C and 85°C, | = 0.10 mol dnv3 (CzHs)aNCIO,. (— —) UO2", (— — =) UO0HT, (—+-=) (UOZ)2(OH)2T,
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shows that the extent of hydrolysis increases from solution A in solution observed by Raman spectroscopy: 848 cm!

to B and to C. Solutions A and C contain mainly the 30 for UO,(OH)™, 854+ 2 cnr! for (UO,),(OH)2T, and 835+
and (UQ)3(OH)s™, respectively, while solution B contains 1 cnt! for (UO,)3(OH)s.38740 |t is known that the strong
several U(VI) species in comparable amounts. Previous chemo-bonding of equatorial ligands such as Okbuld weaken and
metric and statistical analysis indicates that the maxima of the lengthen the &U=0 bonds, but the exact nature of the

absorption spectra of U&F, (UO,)2(OH)2", and (UQ)3(OH)s™ electronic structure and bonding in the uranyl complexes is still
are at 414, 421.8, and 429 nm and the molar extinction unclear’” Further investigations are needed to understand the
coefficients are in the order Ug < (UO,)2(OH)2T < (UOy)s- mechanisms that lead to the significant changes of the vibrational
(OH)s".34 These explain the red shift of the spectra and the frequency in hydrolyzed U(VI) species.

increase in absorbance for solutions-A B — C at each As Table 2 indicates, the lifetimes and activation parameters
temperature (Figure 3). In fact, the spectra for solution C (Figure for (UO,)3(OH)s* from this study agree with some data in the
3) are very similar to the spectra for (U@OH)s" in the literature but differ from other®-27 Due to the absence of

literature, consistent with the speciation diagram that {}O  experimental details on data collection and processing in
(OH)s" is dominant in solution C+80%). Furthermore, when  previous studies, the reason for the difference remains unclear.
the temperature was increased from°@to 85°C, the further Solution B contains all four species in comparable amounts
red shift in wavelength and the increase in absorbance for each(Table 2). Consequently, the fluorescence properties could
solution were due to the higher degree of hydrolysis at higher reflect the overall effect of all the species or, more probably,
temperatures. This observation is in agreement with the resultsgepend on the species that has the highest absorption coefficient
obtained by thermodynamic measurements. and/or the highest fluorescence yield. (W40OH)s" is likely

4.4. Effect of Temperature on the FluorescenceThe to be such a species, since its molar absorption coefficient at
speciation of U(VI) indicates that solution C contains mainly 430 nm is much higher than the other speéfeas a result,
(UO,)3(OH)s™ (~80%) at all the temperatures (Table 2). As a the fluorescence lifetime and activation parameters for solution
result, the fluorescence properties (the spectra, the lifetime andp were very similar to but slightly lower than those of solution
its dependency on temperature) of solution C represent thosec where (UQ)3(OH)s* was dominant.
of (UO,)3(OH)s*. As the temperature was increased from 20 45 Test of Approximation Approaches.Values of log
to 80 °C, the fluorescence intensity and lifetime of (&J© *°, , and log %°s 3 from 10 to 85°C were calculated with the
(OH)s™ decreased, but the emission spectrum remained a|m03tapproximation approaches previously mentioned except the

unchanged. Based on the electqu_hogon coupling model on  revised HFK equation. The latter approach was not tested due
the basis of FranckCondon transitiod? the O=U=O stretch- {5 the lack of parameters for polynuclear U(VI) species.
ing frequency in (UQ3(OH)s™ was calculated to be ap-
proximately 750 cm?. This value is quite low in comparison  (36) Bartlett, J. R.; Cooney, Rl. Mol. Struct.1989 193, 295-300.

i i i i (87) Clark, D. L.; Conradson, S. D.; Donohoe, R. J.; Keogh, D. W.; Morris, D.
with those of U(VI)lIQGSOIIdS and aqueous solutions of IOW pH E.; Palmer, P. D.; Rogers, R. D.; Tait, C. Dorg. Chem1999 38, 1456
(usually > 800 cn11)%® and much lower than the symmetrical 1466.

i i i i i (38) Quiles, F.; Burneau, AVib. Spectrosc1998 18, 61—75.
stretching vibration frequencies of hydrolyzed U(VI) species (39) Nguyen-Trung, C.. Palmer. D. A.: Begun, G. M.. Peiffert, C.: Mesmer, R.
E. J.” Solution Chem200Q 29, 101-129.
(34) Meinrath, G Radiochim. Actal997, 77, 221—234. (40) Fujii, T.; Fujiwara, K.; Yamana, H.; Moriyama, H. Alloys Compd2001,
(35) Liu, G. K.; Chen, X. Y.; Huang, Mol. Phys 2003 101, 1029. 323-324, 859-863.
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Figure 6. Test of three approximation approaches for prediction of temperature effect on the hydrolysis of IU&/0,10 mol dnT3 (CzHs)sNCIOa.
(— ¢ —) experimental data from this study; (~) constant enthalpy of hydrolysis;-€—) constant heat capacity of hydrolysis;-¢—) DQUANT equation,

(+) Ryzhenke-Bryzgalin model.

Calculations with the constant enthalpy approach, the constantand 506+ 7 J K™ mol~L. From these, the values dR1/rs)
heat capacity approach, and the DQUANT equation are were estimated to be 2.68 and 6.27 for (WQDH)2" and
straightforward, and the parameters used in the calculation are(UO,)3(OH)s™. The formation constants were accordingly

from this work, includingAHnm2eg)y AShm2es) and ACyn,m).
The Ryzhenko and Bryzgalin modelpased on simple

calculated with eq 12 and converted back to the hydrolysis
constants for reactions 5 and 6.

electrostatic theories, describes the temperature dependence of The calculated values of logps*,, and log *3°s3 are

the formation of a mononuclear complex ™ + jL"™ =
ML;(m)+) It has been extended to analyze the polynuclear
U(VI) hydroxide complexeg? To use this model, the entropies
of hydrolysis for reactions 5 and 6 were converted to the
entropies of complexation for reactions 10 and 11:

2U0,%" + 20H = (UO,),(OH),*" (10)

3U0,%" + 50H™ = (UO,)4(OH)." (11)
by using the standard entropy of water formatlofcom the
entropy of complexation, a parametBl (a function of the
effective charge|ZwZ.|) and coordination geometry) and an
effective bond distancerds) were estimated. The formation
constants of polynuclear U(VI) hydroxide complexes at other
temperatures were calculated by

log K°; = log K°,44(298.15T) + (R1/r o) x

€N(lle; — lleygg)/(RTIN 10) (12)
whereK°t andK®,gg are the formation constantsaand 298.15
K, N = 13.895x 10° A J molL, and et and eygg are the
dielectric constants of water atand 298.15 K2

The entropies of complexation for (J(OH),2" and (UQ)s-
(OH)s™ at 25°C were calculated to be 216 6 J K- mol™!
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compared with the experimental data in Figure 6. All four
approaches provide quite satisfactory predictions of the hy-
drolysis constants at temperatures up te-80 °C. Deviations

start to increase as the temperature is increased, reaching 0.1
logarithm unit (-2 times larger than theo3of the experimental
data) at 76-80 °C for both log *3°,, and log *°s3 The
constant enthalpy approach provides the best prediction for log
*3°53, with deviations within the uncertainty of the data at
temperatures up to 8%C.
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