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Three precise calerimetric metheds, viz., low-temperature adiabatic, high-temperature
drop, and solution-reaction, have been used to determine as & function of temperature the
key chemical thermodynamic propetties of a pure sample of achoepite, UO;(OH);-1;0. The
following results have been oblained al the standard reference temperature T = 208.15
K: standard molar enthulpy of formation A(HZ(T) = ~1825.4£2.1 kJ mol~}; molar heat
capacity Co o (T) = 172.07£0.34 JK=! mol™'; and the standard molur entropy S9(T) -
188.5440.38 JK~! mol™!, The molar enthalpy increments relative to 298,15 K and the
molar heat capacity are given by the polynomials: {H3(T) - HZ(298.15 K)}/(J mol') =
~38209.0 + 84.2375 (T/K) + 0.1472958 (T/K)? and Cp(T)/(JK™" mol~?) = 84.238 +
0.294592 (T/K}, where 298.15 K < T < 400 K. The present result for A¢HD, at 298.15 K
has been combined with three other closcly-agreeing values from the literature to give a
tecommended weighted mean AcHY, = —1826.441.7 ki mol 1, from which is calculated the
standard Gibbs energy of formation 4;GZ = —1637.0+1.7 kJ mol~! st 298.15 K. Complete

thermodynamic properties of schoepite are tabulated from 298.15 to 423.15 K.



Introduction

Schoepite, UQy2H;0, ia, on the basis of X-ray diflraction and infrared spectroscopic
evidence (1), more accurately depicted as UQa(OH)3-H70. However, the more compact for-
mula will be used for convenience in the present paper. The hydrate has an orthorhombic
unit cell (Pbna) with a = 1.3977 nm, b = 1.6696 nm, and ¢ = 1.4672 nm, and there are 32
molecules in the cell. Uranium exhibits eight-fold octahedral coordination; the structure is

layered with the hydrate water situated between the layers (2),

Our current lechnical interest in schoepite arises from modelling studies connected with
the burial of nuclear waste. Specifically, the question being addressed is the fate of dissolved
uranium in contact with concrete st 298.15 K. Under such conditions, and on the basis
of existing thermodynamic values, schoepite ia calculated to be the phase that limits the
uranium aciivity in solution (3).

The objective of the present research was to obtein by high-precision calorimetry the
following molar thermodynamic properties of a single specimen of pure schoepite: the sian-
dard enthalpy of formation A;HS at 298.15 K; the low-temperature heat capacity Cg,m and,
thence, the standard entropy S2; and the enthalpy increments relative to 298.15 K, up to

the limit of stability of the material.

Expenimental

Schoepite was prepared at ECN by hydration of anhydrous, amorphous UQy which had
been obtained by thermal decomposition at 625 K of ammonium diuranate (NH,);U;05.
The UOy was hydrated by equilibeation with water which was stirred in a round-bottom
flask equipped with a reflux condenser. The hydration was performed initially for 5 d at
315 K, and then for 14 d at 345 K, after which the sample was cooled slowly, filtered, washed
with water, and dried in the air ot room temperature. The X-ray diffraction patterns were
identicel to those in the literature for schoepite (2). By ignition to UsOy, the uranium

content of the preparation was determined to be (73.8940.01) mass pet cent, very close to



the theotetical value of 73.91 per cent. The schoepite was boiled with deionized H,0 and the
supernatant aqueous exiract was analyzed by jon chromatography. Only F~(aq), NOJ (aq),
502 (aq), NH{ (aq), and Na*(aq) were detected, but all were at or below the 1 x 10~€ mass
fraction level. All the analytical results, therefore, indicate that our sample of schoepite was
very pure.

For the low-temperature heat-capacity meas:rements, 7.6699 g of schoepite was loaded
into the calorimeter (laboratory designation 6-GS-1) with gentle tamping. The calorimeter
was constructed from oxygen-fice high-thermal-conductivity copper, had an internal volume
of 5.976 cm® at 208.15 K, and was sealed by means of a gold gasket. Prior tests liad shown,
us expected, that intimate vontact between copper and schoepite produced no reaction. The
calorimeter was cooled to 195 K, evacuated, and 2.317 x 10~% mol of He was introduced to
act as an exchange gas and promote rapid thermal equilibration. For buoyancy and volume
cortections, the density of schoepite was taken as 4.65 g cm™? (2). Descriptions of the
cryostat, peripheral equipment, the calorimetric procedure, and other relevant details are
available in the literature (4).

Qut determination of the standard molar enthalpy of formation was based on solution.

calorimetric measurements of the enthalpy of the resction:
(" U0; - 2E30(cr) + 2HF(aq) = UO2Fa(aq) + 3H;0(ag).

The calorimeter, an LKB-8700 model {LKB Produkier, Bromma, Sweden) was equipped
with a stirrer and a 100-cm® reaction vessel made of 18-ct gold. Calorimetric specimens
of schoepite, each of mass ~0.56 g, were weighed in air and encapsulated in Teflon as de-
scribed in an eatlier publication (5). The calorimeter was calibrated electrically immediately
before and after each enthalpy of recction measurement, and the arithmetic mean of the
valuea was used for the encrgy equivalent of the calorimetric system < e(calor)>. The reac-
tion of schoepite with HF(aq), prepared by dilution of reagent-grade acid, was quite rapid

and the calorimeter reached equilibrium about 600 s after the sample came into contact



with the solution. Temperatutes were recorded automatically with a quartz-crystal ther-
mometer (Hewlett-Packard, Model 2804-A) interfaced with & computer which calculated the
corrected tempetature rie for each experiment and calibration. In order to check the per-
formance of the calosimetric system, we measured the specific enthalpy of protonation in
0.1 mol-kg ! HCl(aq) of tris (hydroxymethyl) aminomethane, Nalional Burcau of Standards
Reference Material 724s. Our result, —(246.09£0.11) J-g~', overlapped the certified value
of —(245.76£0.26) J.g~!, and indicated that the calorimeter was operating properly.

The drop-calorimetric system (6) wsed for the enthalpy measurements consisted of
a resistance-heated molybdenum-core furnace and a copper-block calorimeter. Furnace-
temperature measurements were made with platinum-to-(platinum + mass fraction 0.1 of
thodium) thermocouples. Calorimetric temperatures were determined with a quartz-crystal
thermometer (Hewlett-Packard Model 2804-A). The energy equivalent e(calor) of the empty
copper-block calorimeter was determined by electrical calibration.

The schoepite (mass 8.7960 g) was loaded into a (platinum + mass fraction 0.1 of
thodium) capsule (mass 19.1948 g and internal volume 6.42 cm?), which was then welded
shut. The capsule also contained 1.85 x 107% mo! of air. Enthalpy messurements were
also conducted on an empty capsule of similar mass and dimensions in order to correct for
the eathalpy of the capsule. Experiments were performed at temperatures between 350 and
500 K. However, the enthalpy values at T > 425 K, when plotted against temperature, lay
on a different line than those at lower temperatures. This suggested that the sample had
decomposed or undergone a transition. Upon completion of the experiments, the capsule was
opened and the schoepite examined. The material was visibly wet and readily lost mass when
exposed to the sir, It was concluded that the schoepite had undergone decomposition to some
form of dehydrated schoepite and water. Hence, only the enthalpy values at approximately

350, 375, and 400 K are valid for pure schoepite.



Results

The molar heat capacities CS,m(T) of schoepite given in Table 1 were calculated as
the difference, with some minor corrections, between the values obtained wilh the loaded
calorimeter and the results of a prior set of experiments with the empty calorimeter.

Such a correction had to be made to allow for decomposition of the achoepite. There
is convincing evidence ftom the studies of Dawson et al. (7), Lindval’ and Kuznetsova
(8), and Perez-Bustamante et al. (9) that schoepite undergoes dehydration upon heating.
Thus, in the low-temperature heat-capacity measurements made at T > 273.5 K, a small
pari of the electrical energy input contributed to dehydration of the schoepite, and not
heating of the sample, as would have occurred in the absence of the decomposition. There
is, unfortunately, no experimental vapor-pressure equation for the decomposition of schoepite
which would enable us to make & precise correction for the thermal effect of dehydration.
We have, however, constructed an approximate equation on the basis of our present A¢HZ
value for schoepite and that for dehiydrated schoepite (10) and Hz0(g) (11), along with an

estimated standard entropy change for the dehydration. That equation is as follows:
2] logyo(p/p°) = - 2523.8(K/T) + 6.722.

Because of the vaporization correction, the original (uncorrected) heat-capacity values have

been reduced in Table 1 by (JK™! mal=1): 0.08 at 273.50 K; 0.15 at 283.59 K; 0.28 at

293.67 K; 0.50 at 303.69 K; 0.81 at 313.23 K; 1.32 at 323.62 K; 2.07 at 333.70 X; and
3.17 at 343.88 K. Thus, akove 330 K, the correction exceeds one per cent of the calculated
heat capacity, Although the uncertainty increases above this temperature, the correction is
only 0.25 per cent at 298.15 X and the corresponding errors are not significant here. Other
minor corrections were made for differences in the amounts of helium, Apiezon-T grease
(Metropolitan-Vickers, U.K.), copper, and gold between the results for the empty and filled
calorimeters. A small curvature correction equal to —(d*Cpm/dT?)(AT)?/24 was applied

to each heat-capacity determination.

(3]



At 5 K, the heat capacity of the sample was 35 per cent of the total, at 20 K it was 34
per cent, at 100 K it was 19 per cent, and from 200 to 350 K it was about 25 per cent. The
values given in Table I are estimated to be uncertain by £5 per cent newr 6 K, +1 per cent
near 14 K, and by £0.2 per cent above 25 K. A plot of Cp (T) against <T> showed the

normal sigmoidal shape and exhibited no anomalies.

The experimental heat capacities in Table 1 weze fitted by means of a weighted least-
squares procedure using two polynomials in T, one for the region bhelow 40 K, the other for the
region above 20 K. The standard deviations from the fits were £0.14 per cent and +0.15 per
cent, respectively, with the polynomials merging smoothly at 23.5 K. In the region below the
lowest experimental determination, it was assumed that Cp,, = AT, At T = 6 K, CJ (T)
= 0.3955 JK~! mol™!, {SS(T) - §2(0)}= 0.1318 JK~! mol~!, and {HS(T) - H3(0)}=
0.5933 J mol~!, Above 6 K, the thermodynamic properties were obtained by appropriate
integrations of the two polynomials over their respective temperature ranges, and values at
selected temperatures are given in Table 2.

Calorimetric results for the reaction of achoepite with HF(aq) ate given in Table 3 and
the column headings are explained in a footnote. The AyupH term was calculated based upon
the assumption that the internal volume of each ampoule was 1 cm® and the molar enthalpy
of vaporization of water was taken as 44016 J mol~! (11). The apparent sample masses were
converted to mass bused on a density of 4.65 g cm=? for schoepite (2). The thermochemical
cycle for the derivation of A¢HD, of schoepite is shown in Table 4. The enthalpies of reaction
of 7-UOy and of schoepite with HF(aq) are taken from an earlier study (12) at this laboratory
snd from Table 3, respectively. Standard molar enthalpies of formation of 4-UQ; and H30(1)
are CODATA -sclected values (11),

The drop-calorimetric results are presented in Table 5. The entries in the table have
their usual meanings (13). The correction for the water-vapor pressure over the schoepite
sample was calculated from equation (2) except for the experiment at 400.55 K, where the

equilibrium vapor pressure was taken to be that of water at the same temperature. These



enthalpy values, s well as those between 298.15 and 350 K obtained by low-temperature

calorimetry, were fitted by the method of least squares to various polynomials. The following

fit was satisfactory:
3] {HS(T) - BZ(298.15 K)}/(J mol™") = -38209.0 -+ 84.2375(T/K)

+0.1472958(T/K)? (29815 K < T < 400 K).

The fit was constrained to give {Hg(T) — H3(298.15 K)} = 0 and €9 (T) = 172.07 J K~
mol~ at T = 298,15 K. The heat capacity of U03-2H30 between 298.15 and 400 K ia given

by the first derivative of equation (3):

[4) Co n(T)/(JK™" mol™T) = 84.238 + 0.284592(T/K).

Discussion

There have been no previous determinations of the low-temperature heat capacity or
high-temperature enthalpy incrementa of schoepite. An earlier estimate (14) of the standard
entropy at 208.15 K, 17648 JK=! mol~?, is somewhat lower than the experimental result,
188.54£0.4 JK~! mol~1.

The standard molar enthalpy of formation has previously been reported by Santalova
et al. (15}, Drobnié and Kolar {16), and Cordfunke (17). Santalovs et al. mensured the
enthalpy of reaction of schoepite with HF-267H70. In theit experiments, the HF was more
dilute than ours, and n(UO3*)/n(HF) was aleo quite different. It is not surprising, therefore,
that the enthalpy of reaction of schoepite given by Santalova et al,, —72.740.9 kJ mol~!,
differs from our value, —76.25::0.35 kJ mol~, The magnitude of the difference is, perhaps,
unexpected. When the Santalova et al. result is combined with their enthalpy of hydrolysis
of UFg(cr) and the best modern AgHg, values for U'g(cr) (18), HaO(1) (11), F-(aq) (11),
and the enthalpy of dilutiou of HF(aq) (19), A(HZ(UOy-2H;0, cr) = —1831.1+4.4 kI mol-}

is obtained, in fair agreement with the present result.



Drobni¢ and Kolar measured ditectly the enthalpy of hydration of a highly-reactive

specimen of UOy(am):
[} UOs(am) + 2H20(1) = UOy - 2H30(cr).

Their corrected results give AHS = ~45.9+0.4 kJ mol~? for reaction (5). Combina-
tion of this value with selected A;HSs for UOs(am) (18) and Hp0(l) (11) yields A(HY, =
—1825.9+2.0 kJ mot~! for schoepite, in excellent agreement with the present determination,

Cordfunke has measured the enthalpies of reaction of 4-UOy and schoepite with ~6 mol

dm=3 ENOy. Bis reported values yield A,HS, = —30.240.3 k) mol~! for the reaction:
(6] UOs(c1,7) + 2H30(aq) = U0y - 2H0(cr),

where H;0(aq) is for & medium of ~6 mol dm™! ENOy. We have taken AcHp {130,
aq) = —286.4420.04 kJ mol™! (11,18) and calculate AfHC (UOy2H;0) = —(1826.942.0)
kJ mol~"; this result also agrees very well with the present determination.

The weighed mean value of A¢HS, from the four studies just discussed yields AfHZ
(UOs-2H,0, cr, 298.15 K) = ~1826.4:1.7 kJ mol™?, which is our recommended value for

the formation reaction:
5
[7] Uler) + 2Ha(g) + ;05(8) = U0y 2Hz0(cr),

The thermodynamic quantities determined in the present study have heen combined with
auxiliary quantities from the literature for U(18), Ha(11), and O4(11) to compute the com-
plete set of properties given in table 6.

It is believed that the thermodynamic properties of achoepite determined and reviewed
in the presen® study may be used with a high degree of confidence in thermodynamic calcu-

lations and modelling studies such as those referred to at the beginning of this paper.
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TABLE 1. Experimental low-temperature molar heat capacities of schoepite (p° =0.1013 MPa)

0 [} 0 4]
<T> Com <T> Cg,a_n <T> Cg,m <T»>» Cg,m
JK™ mot” J K™ mol™ J K™ mol™ K~ 1% mol~

1.59 0.7220 27.24 1272 8ni 65.33 197.07 131.78

7.68 0.7498 28.90 13,39 89.69 67.62 202,22 134.42
11.68 2117 29.18 14.M4 93.50 70,76 207.06 136.88
12,23 2.362 29.98 15,07 97.21 1342 212.48 139.60
12.99 2.741 31.65 16.51 102.13 76.82 217.06 142.19
13.66 3.095 34.77 19.23 107.70 81.01 222.73 145.02
14.26 3.424 35.87 20.14 112.21 84.29 227.08 147.02
14.97 3.830 39.43 23.29 118.23 88.64 232.72 149,13
15,30 4.026 41.97 25.55 122.22 91.30 231.10 151.32
15.62 4.231 43.40 26.86 126.82 94.53 242.70 154.44
17.00 5.099 46.21 25.37 128.62 95.62 24111 155.67
17.21 3.245 41.79 30.76 132.23 97.86 252.68 158.20
17.59 5.501 50.91 33.60 136.91 100,56 257.13 159.55
17.94 5.724 52.65 35.16 142.23 103.78 262.68 161.54
18.30 5.969 55.09 31.34 146.94 106.43 263.44 162.09
19.02 6.467 5749 39.54 152.24 109.20 266,91 163.24
19.19 6.609 59.74 41.51 156.98 111.59 273.50 165.15
19.92 7.193 63.56 44.85 162.24 114,55 283.59 167.02
21.13 7.950 66.72 47.69 i67.03 116.96 293,67 170.65
21.93 8.551 70.45 51.05 172.23 119.55 303.69 174,50
2341 9.659 73.71 53.86 177.04 121.89 313.23 176.53
23.95  10.08 78.17 57.68 182.26 124.32 323.62 180.57
2532 1115 81.62 60.60 187.06 126.56 133.70 183.77
2099 1171 86.87 55.07 192.22 129.32 343.88 186.91




TABLE 2.  Standard molar low-temperatute thermodynamic propertics of schoepite

(p® = 0,1013 MPa)

0 a o] [¢] 0 0
T GE‘“ ST‘T) Hm!T!‘Hrnfo! -{G (T} - K (0)}/T
K JK™ mol™ JK™ mol” J mol™ J K™ mol™

10 1445 0.535 3.97 1.383
20 7.157 3.083 44.0 8.829
30 15.07 7428 153.8 2.300
40 23.82 12.95 348.0 4,253
50 32.78 19.23 630.8 6.611
60 41.13 25.99 1003 9.272
70 50.62 3310 1465 12,18
80 59.27 40.42 2015 15.24
50 67.57 47.89 2649 18.45
100 75.45 55.42 3365 2117
110 82.88 62.96 4157 25.17
120 89.85 70.48 5021 28.63
130 96.36 77.93 5953 32.14
140 102.43 85.30 6947 35.67
150 108.07 92.56 8000 39.23
160 113.36 99.70 9107 42.78
170 118.39 106,73 10266 46.34
180 123.33 113.63 11475 49,88

190 128.23 120.43 12732 53.42



TABLE 2. continued

0 ) 0 0 0 o
T Com ST(T) Ho(T) - HFM —{Go(T) - Ho{0)}/T
K JK- J K% mol™ J mol™ J K™ mol”™

mol™
200 133.23 127.14 14039 56.94
210 138.32 133.76 15397 60.44
220 14342 140.31 16808 63.92
230 148.36 146.80 18265 67.38
240 152.96 153.21 19772 70.83
250 157.09 159.54 21322 74.25
280 160.69 165.77 22912 17.65
PAL] 163.83 171.90 24535 81.03
280 166.73 177.91 26188 84.38
290 169.60 183.81 27869 8r.n
300 172.65 189.61 20580 91.01
310 175.92 195.32 31323 84,28
320 179.29 200.96 33099 97.53
330 182.56 206.53 34908 100.74
340 185.68 212.02 36750 103.94
350 188.86 21745 38422 107.10
360 191.99 222.82 40527 110.24
273.15 164.7610.33 173.804-0.35 25052150 82.08+0.16

298.15 172.0740.34 188.544:0.38 29261+59 90.40+0.18
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TABLE 3.  Calorimetric results for the resction of U0y-2H;0 with HF(aq); T =
2908.15 K, p° = 0.1013 MPa *

Bl no. S Ejgc;g‘?r) > 'Alg: < c(ca.lor)J> (-ad,) AVEPH % AB—H;[[M
1 439.30 0.30143 —-132.418 —-0.052 0.56048  -236.35
2 439.43 0.30211 —132.756 -0.052  0.56299 -235.90
3 439.65 0.30118 -132.414 -0.052 056142  -235.95
5 439,51 0.30190 —132.688 -0.052 0.56352  -235.56
6 . 440.55 0.30471 -134.240 -0.052 0.56191 —238.99
7 439.31 0.30398 —133.541 -0.052 056189  -237.76

< AHp/M >= ~(236.75 £ 0.55) J g~

*The headings in the table are as follows: < ¢(calor) >, the mean energy equivalent of the calori-

metric system; A, the corrected calorimetric temperature increase; AvypH, the correction for

saturation of the air in the ampoule with water vapor; m, the mass of schoepite reacted; and

A;HmfM, the specific enthalpy of reaction of schoepite with HF(aq).

®Mean and standard deviation of the specific enthalpy of reaction.
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TABLE4.  Thermochemical cycle for calculation of standard molar enthalpy of
formation of schoepite (T = 298.15 K, p° = 0.1013 MPa).

. AH
Reaction m

i. UOs(er,y) + 27.540(HF - 115.30H,0) = UO3* . 27.540F - . 25.540H+

3176.362H,0 -106.184:0.38 *
2. UO*.27.540F - 25.540H* . 3176.362H,0 = UO; - 2Ha0(cr)+

27.540(HF - 115.227H,0) 76.2540.35 b
3. 27.540(HF + 115.227H; 0) + 2H,0(1) = 27.540(HF - 115.30H;0) 0.00
4. Uler) + 303(g) = UOs(cr,7) ~1223.842.0 ¢
5. 2Ha(g) + Oa(g) = 2H;0(1) -571.6640.08 ¢
6. Uler) + 304(g) + 2fia(g) = U0y - 2H30(cr) -1825.4+2.1 °©

*Taken from earlier work (12) at this laboratory.

bBased on < AH,/M > from Table 3 and the molar mass of schoepite M = 322.057 g mol~1.
“Based on a previous ctudy (19) at this laboratory.

4CODATA selected value (11).

*Standard molar enthalpy of formation A¢H, of schoepite, the sum of reactions 1 through 5.
The uncertainty is the square root of the sum of the squares of the uncertainties (standard

deviations) of Lhe reactions.



TABLES.  Drop-calorimetric results for schoepite (p° = 0.1013 MPa)

14

T A ¢(calor)(~A8) AH(capsule) AH(H20) AH(corr) H2(T) - H2(298.15 K) -
E X 7 7 7 7

J mol™
350.57 0.09174  -401.54 142.25 2.10" 0.11 9411.7
376.43 0.13963  -611.14 213.12 5.99" 0.22 14344.1
400.55 0.18685  -817.81 279.62 13.96' 0.40 191774

*{HY(T) - H3(298.15 K)} = —{e(calor)(—A0) + AH(capsule) + AH(H,0) + AH(corr)}/
(0.027315 mol). The capsule contained 0.027315 mol of UO,-2H;0.
bCorr.~tion for the vaporization of HO is based on equation (2).

“Correction made on the basis of the enthalpy of vaporization of H;0(l).



TABLE 6.  Thermodynamic velues for schoepite (R = 8.31451 J.-K~l-mal™};
p° = 101.325 kPa; T' = 298.15 K)

o]

T Con  ALHC .  #2v ATSe . AHS A
r B OEE T F R e
298.15  20.695 0.00 22676 22676  —210.66 —196.86

300 20.760 38.49 22805 22676  -219.66 -—196.T3

320 21470 460.6 24.166 22728 -219.63  -—195.30

340 22.178 B97.2 25489 22850  ~219.58 -193.85

360 22886 1348 26.777 23033 21951  -192.40

380 23.595 1218 28.034  23.264 -219.44  -150.94

400 24.303 2291 20.262  23.534 ~219.34  —189.45

423.15 25.124  2BB4 23.885  30.652 ~-219.23 -187.82

*ATES = HY(T) - BY(T).
b8, = ~{G(T) - BY(T/T.

“A7S?, = S8(T) - 5%(0).
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