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Uranium/ Neptunium / Plutonium / Americium / Redox / to test) non-validated numbers, thus obtaining an oper-
Hydroxide / Carbonate / Solid solution / ational TDB (0TDB). Qualitative information can typic-
Thermodynamic data base ally be made semi-quantitative by estimating maximum

possible values of formation constants, which can be ac-

counted for, by performing diatical sensitivity analysis
Summary. An operational TDB is generated from on their values for a given calculation, typically part of
the validated NEA-TDB by adding formation constants g performance assessment,side the scope of the present
109 8 00,6 =356 ApHy2=—37 for Np(VIl) hydroly- iy 'practical using of an existing validated TDB (build-
sis, possible maximum values for formation constants ofi,, o0 oTDB). (i) Selecting sets of thermodynamic values
several PUCO;); (OH); ! co_mplexe_s, _and so_lublllty prod- f ¢ bl Il K | h
ucts for compounds of tentative stoichiometries MOfor for systems reasonably well known, or COnversely, when
M =U, Np, Pu and Am), and by estimating hew numerical |ncon5|stent _experlmental mformatl(_)n is ava_lla_ble. (iii) Pos_-
values (typically E° =15, E° —14,  sible extensions of thermodynamic descriptions to solid

(AmMO,2t /AMO, ) (AmO, T /Am3+) . . . T
Efames /ams+) = 2.00 V/SHE). Beside checking the consistency solutions (SoS_), _Whlch will appear to encompass ionic
exchange equilibria.

of published experimental data, and performing sensitivity i
analysis of their interpretation as for any critical re- We already used an unpublished oTDB (Table 1) to
view work, activity coefficients and pH calibration also Plot Pourbaix diagrams, and estimated possible thermody-
appeared to be critical. Dramatic decrease in aqueou®amic stabilities of M@, for M = U, Np, Pu and Am [7],
Np(V) solubility is expected, when it is coprecipitated at keeping consistency with the NEA-TDB (by using the
trace concentration: solubility controlled by the hypotheti- same methodologies, auxiliary values and ionic strength,
cal ideal solid solution N 1NpO,(COy)«(s) (2=x>1),is |, corrections), and using analogies. This selection of data
calculated by solving the set of two thermodynamic equa-and corresponding discussion are in Table 1 and in its
tions [Na' 1>~ [NpQ,"[[CO% ¥ = K, 2together with (2x — footnotes

+ ] — _ —X x—1 .
i)/[x’;'!i%/)}/ [Ea ]a;le’( wgreéeﬂ}f: s_ollfjsbliliSGpKrsé{ji?ts ézf _th e We illustrate the selection of complexing and solubility

A %2 data for Np(V) in CQ* /HCO,~ aqueous media, a system

end-member compounds, all=27K2/(16Ks, is the equi- X L .
librium constant for lonic Exchange Np&yNar. Conversely, for which a sufficient set of thermodynamic data have been

equilibrium constant,D, of any ionic exchange equilib- Validated [6]. Conversely, a range of possible complexes
rium can be interpreted as ratio of solubility products of of the form PYCOs), (OH);“"*™* has been suggested; but
end-member compounds (eventually surface compounds). there is not enough reliable experimental information for
selecting their possible thermodynamic stabilities [6]. As
. a consequence, in typical environmental conditions £pH
Introduction 102 mol L-* [HCO; ) inconsistent solubilities of Pu(IV)
The Thermodynamic DataBase (TDB) of Nuclear Energyare calculated: 16 to 10*° mol L~ from equilibrium con-
Agency (NEA-OECD) [1,2] reflects present quantitative stants published in [8] and [9 or 10], respectively. For hand-
knowledge, as limited by the available experimental infor-ling this inconsistency, we will estimate maximum possible
mation, and by theoretical moidesounded well-established Vvalues of formation constants, based on recent experimental
and accepted thermodynamic descriptions of chemical sysdata [10] published too late to be included in [6]. A simi-
tems are needed. NEA has validated a consistent set d¢&r experimental work on Np(lV) was published [11a], and
data; when validation was not possible these critical re-used in [6]. We will use here the same methodology for Pu,
views [2-6] provided qualitative information, and dis- keeping consistency with our stepwise constan@and the
cussed not-selected numerical values. For describing agorresponding corrections for the RICOs),* /PUCOy)s*
tual chemical systems, it is needed to add (or at leasequilibrium [12], as validated in [6].
Finally we propose formula to extend thermodynamic
* Author for correspondence.pierre.vitorge(at)cea. fr. descriptions (hence corresponding TDB) to agueous solu-
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Tablel. Standards solubility product&g, , hydrolysis constantgg, ; and redox potential&y,

w- The numerical values (at 2& in standard con-

ditions: aqueous solutions &t= 0) were estimated as indicated in footnotes (see also Ref. [25]), where alternative values are also indicated. The
primary values (from which other values were calculated) are boldedr@sssndications of footnotes, values estimated by analogy are itaficised

and a question maPks added after species (first column) of unknown stoichiometry or possibly unstable. All ions are hydrated ions despite notation
(aq) is omitted for simplicity. e is the notation of electrochemists (see text).

M= U Np Pu Am
M3 +3e S M(9) ESo —1.646"° —1.7,,"¢ —2.000"° —2.06"°
M3 + e & M2E? Es, —2.5"2
M4 + e & M3 Ess —0.55,"¢ 0.214° 1.04,° 2.497> 10
MO," + e +4H" = M* 4+ 2H,0 Ez, 0.44,° 0.60,"¢ 1.055"¢ 0.481>49
MO,*" + & 5 MO,* Egs 0.085° 1.15,° 0.93,° 1.55"9"
bMO,*?+ e +2H* < MO,% +H,0 Es 2.0 2065 " 2450
®MO,(OH)s> 2+ 2H" + & = 2H,0+MO,(OH),* = 0.65," 0.865" 14"
M* +4e = M(s) Eio —1.3;5™ —124"° —1.255" —0.959"%*
MO,* +2€& 4 4H* S M3 +2H,0 Ezs —0.05,* 0.41,¢ 1.04,¢ Lges 9
MO,* +2€ +4H" S M* +2H,0 =) 0.26,5° 0.88,%" 0.98,"¢ 0.992>49
MO,%*" +3e +4H' < M3 4 2H,0 Egs —0.005° 0.66,"¢ 1.00;°¢ 1.490Pd9
PMO,(OH)> 24 4H' < "MO;* 24 5H,0 —log'y, 4 37.52bd 37.52° 37.52°
MO,OH* +H* < MO,* +H,0 —log'B;, , 5.2° 5.1° 5.5¢ 5.52
MO,(OH),(ag) + 2H* = MO,?" +2H,0 —log'6;, , 10.3' 13.22 13.,° 13,
MO,(OH);~ 4+ 3H* & MO,*" 4 3H,0 log'B;, 19.2° 19.22 19.22 19.22
MO,(OH),* +4H* < MO,? +4H,0 —log'6;, 4 33° 332 332 332
(MO,),OH** +H* < 2MO,** +H,0 —log'Bs 54 2.7
(MO,),(OH),*" 4 2H* & 2MO,* 4-2H,0 —log'B;, 5, 5.62° 6.27° 7.5° 7.5°
(MO,)3(OH),*" 4+ 4H" < 3MO,?" +4H,0 0GBy, 5.4 11.9°¢
(MO,)3(OH)5* +5H* = 3MO,*" +5H,0 10g°85, 55 15.55° 17.1,° 207" 20672
(MO,)3(OH);” + 7TH" < 3MO,*" 4 7H,0 —10g85, 57 310
(MO,)4(OH);* + 7H" = 4MO,** 4+ 7H,0 ~10G'B5, 4 21.9b¢
MO,OH(ag) +H* = MO," +H,0 —logB; , 11.32 11.3° 11.32 11.32
MO,(OH),” + 2H* = MO,* + 2H,0 —log8;, 23.6° 23.6° 2362 2362
MOH3 +H* & M* 4+ H,0 —log's;, 4 0.54° 0.20° 0.7:° 0.75°
M(OH)4(ag) + 4H" = M* +4H,0 —log'sy, . 75" 75" 7.5%° 7.5°
Me(OH);5>" 4 15H" < 6M*+ 4+ 15H,0 — 0GBy, 615 16.9°¢
MOH? + H* & M3 4+ H,0 —log's;, . 6.82 6.8° 6.9° 6.4°
M(OH)," +2H*" & M3 +2H,0 —log'8;, , 14.12 14.12 14.12 14.1°
M(OH);(ag) + 3H* = M3 +3H,0 —log';, 5 2572 2572 2572 25.7°
M(OH),” +4H* = M3 +4H,0 —log'sy, 4 40.05° 405" 405" 4y 05°
M(OH), +H* = M(OH)s(ag) +H,O —log’K; , 1yas® 1yas® L35 1557
MOs-2H,0(cr) 4 2H* < MO,*" 4 3H,0 l0g'KSyo 4.81° 5.47¢ 5.5° 5.s°
M3O5(S) + 8H' = M* +2MO,** +4H,0 319K Su o 2.46° 2.462 2.462 2.462
M;O0;(9) + 10H" & 2M* +MO,*" 4 5H,0 319K v 0 —7.66° —7.662 —7.662 —7.662
MO,OH(s)* + Ht = MO,* +H,0 log’Kg, o 472 4.7° 5.0% 472
M,0s(S) + 2H" = 2MO,* 4+ H,0 219K Sy0 3.702 3.70° 3.70° 3.70°
M405(9) + 14H" < 3M* + MO, +7TH,0 A1GK a0 —13.04° —13.042 —13.04 —13.04
M(OH)4(9)° + 4H" S M* +4H,0 log'Key o —2.0¢ —2.0° —2.0"Y —2.0°
M(OH)4(9)° = M(OH)4(aq) log'KSy 4 —9.52Y —9.52Y —9.5™ —9.52Y
MO, 61(9) +3.22H" £ 0.22M* + 0.78M* + 1.61H,0 logKe, 18.182 18.182 18.18° 18.18°
M(OH);5(9)°+ 3H" = M3 4+ 3H,0 log'K Sy 14.60° 14.60° 14.60° 14.60¢
M(OH)3(9)° = M(OH);(ag) log™KS, 5 —11.12 —11.12 —11.1° —11.1"
M30;(9) + 6H" = M* 4-2MO,* +3H,0 31K Sy 0 —13.73 1.72% —9.30** 9.61%
M40 (9) + 10H" & 2M* +2MO,* 4 5H,0 419K o 0 -19.11% —3.66% —14.67% 4.24%*

Co0oT®

: NEA-TDB reviews [2—6].

: Estimated by analogy (with a value in the same fine)
: Stoichiometry or numerical value needing experimental confirmation.
Calculated from Gibbs energies of formation (Section Treatment of Pata)
: Calculated from other values in the same column.
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Tablel. Continued.

f. We interpretedEy, ,, the formal potential of the Agy/Amq, redox couple in [26, Fig.9] with Equilibrium ACO)s C+ e S
Am(COy); %+ 2CQO,* [27]. For correctinggy, ,, to standard conditiorfswe assumedCO,* ]+ [HCO; ] = 2 M, despite the authors indi-
cated, they prepared solutions by reacting®{; + CO,(g) +H,O — 2Na" +2HCGO;™ rather corresponding to 2M Namedia: Ej, ,, =
1.30,+£0.02,V/SHE (1.960 hence not taking into account possible systematic errors on the calibration of the reference electrode, and
on the chemical model). The smaller valkg ,, = 1.19+0.05 was calculated possibly omitting molar to molal correction (formulagor
p. 277 in [3]), however the main differences are in thealues. Ey, ,, = 1.30; corresponds t&y, ,, = 0.94V/SHE in 1M CQ* media, con-
sistent with 092,+0.01 estimated by the authors. Assuming(8gamqv)/ Bz, amany) 2= 109(Bs, npavy/ Bs. npany) = Legs [6, P. 267], corresponding to
LagoV, Ejs = 2.4/V/SHES.

g: E4/3 2. 615y E5/4 =0. -838 Ee/s =1 5961 E5/3 =1 =727 E5/4 =1 217 E5/3 =1 683 E3/0 -2 0681 E4/o 897V/SHEC

h: As for the Amy,/Amg, study’, we interpretedEy ., [26, Fig.9], here with Equnllbrlum AMEPCO;);* + & S AmO,(COy)s™
Emuiy, = 0.76,+0.03, V/SHE (consistent with 07;+0.03; [3]) corresponding tcE;,, v, = 0.96,V/SHE in 1M CQ* consistent with
0.97:+£0.01 V/SHE estimated by the authors. The values of fagyvy /B3 mv)) = 14.19, 13.87 and 13.0 for M= U, Np and Pu respectively
(Ref. [6], p.267), correspond to 0.839, 0.820 and6® V respectively. Linear extrapolation to Am gives (8gamwi/ B3, amyv)) = 12.50 corres-
ponding to 075, V, adding this toEg ., v, = 0.764, E3 /5, = 1.50s V/SHE®. However,Ey .- = 1.6 V/SHE in 1M HCIQ, [28] is cited [3]; ap-
plying our| correction of 23 mV as for Np and Pu [,/ = 1.83 V/SHE.

ii Epe=204,23and 5 V/SHE in 1 M HCIQ, for Np, Pu and Am, respectively, [29, 30] cited in [31], pp.2—4 and 2-5, for Np and Pu, respec-
tively, and from [31] pp. 2-6. At =0 (pH= 0) An(VII) is destabilised by 19 m¥ E;; = 2.02;, 2.2, and 245,V /SHE for An= Np, Pu and
Am, respectively.

j: The formal potential for Np, Pu and Am measured in 1 M NaOH aqueous solution [3Ezyg = 0.582 [32] or 0587 V/SHE [33] (we used
0.585V /SHE) for Np,0.849V /SHE for Pu [34] and..05V /SHE for Am [35], we corrected these valued te- 0%, and assumed they akg, ., .

k: Bourgeset al. mixed Amy,, and Am, in CO,*>" /HCO,~ media, and measured [Ag] during the reaction (Table 1l 24 in [26]). Two equnllb-

ria are needed to describe such systems [36, 37]. Usifyg,(— E, ) measured by the same authdrsand mass and electron balance equa-

tions we determined redox speciation, assuming equilibrium was achieved; and Am,, were always less than 1% of total Am, hence the
reaction was 2AmMECO,);* + Am(COy);> + 2H,0+4CO,> — 3AMO,(CO,);> +4HCO,~ we estimated the potential of the solution,
and deducecE(;’/,II = 0.8, V/SHE assuming the medium was 1M J&¢D, + 1M NaHCQ, for equilibrium AmQ,(CQ,);> +4HCO, ™+
2e S Am(CO;)s> +2H,0+4C0O* . Extrapolation tol =0 gives EY i = 0.853V/SHE?. Assuming 1083 amv)/Bs amany) = 109(Bs npv/
Banpain) = —3o12+ lags = Lo1s (Ref. [6], p. 267), corresponding tagh V, Eg ;3 = 1454V /SHE®.
Maximum possible valu®.

I:

m: The same correction tb= 0 as for the corresponding Np value [6] was applied to the value measured At [38].

n: —log'Bi,u,.. = 9-83 is calculated from [6] corresponding to &g, , = —8.92.

0: —log'By,,4 = 6.93 (not 7.50) was tentatively discussed [6].

p: Minimum possible value calculated from the maximum valuedgg= —0.2 measured in concentrated KOH aqueous solution [39], extrapolated
to | =0, assuming measurements iB8M KOH: logKg, , = —0.35, corresponding te- log'’K}, , = 14.35.

q: Shoepités®.

r: Solubility calculated from this value needs experimental confirmation.

s: Compounds written £OH),(s) (A =M or MO,, and M= Np, Pu or Am) are often amorphous low temperature poorly characterised hydrated
hydroxide or oxide compounds (typically M@m hyd) or microcrystalline MQ@) when experimental solubility are consistent with these tabu-
lated data.

t: We prefer here analogy, to avoid propagating possible inconsistency in further analogy for mixed valence compounds.

u: log'Kgyu, 0 = —4.8 was estimated (but not selected) (Ref. [2], p. 130, Ref. [4], p.349).

Vi 10g' K)o = 1.53 and logk g, , = —8.3 were selected [6], however it was discussed whether this might correspond to detection limit,
and recent studies are indeed consistent witfkgg,,, , < —8.3.

W2 109K $p .0 = 17.0 and 15.2 were selected [3] for amorphous and crystalllne compounds, respectively. We measfgd lpg= —-11.1 [39]

x: Calculated (but not used) @s3log'Ks, o = 310gKg, oy o+ (Egs — E5,)/0.05916 and 4108,y o = 410gKsy, qy o+ (Egs — E5 )/
0.05916 when assuming M and My, (instead of M,y and M) in solid compounds MO (s) and M,Oq(S), the Np, Pu and Am values are set
to the corresponding U values f#t,,,,, , and’Kg,.,. , in this case 31083, ,y o = —23.11, —12.10 and—26.55 (instead of-7.66), and
4I0g‘Ks\,I+3IVO = —2848, —17.47 and—31.92 (instead 0f—13.04) for Np, Pu and Am, respectively. However, if M(V) is in MQ, while
U(VI) is in UO,,,, MO,,, would be more stable than estimated here.

y: Assuming the thermodynamic stable phase should bg(®MPDrather than amorphous hydrated compound as tabulated here, it was pointed
out logKg, , = —9.4 (or —134), —19.6 and—14.9 for U", Np® and Pu, while these 5-10 orders of magnitude difference is not reflected
in actinide(IV) “solubility” measurements (Ref. [6], p.324). &g, , = —9.5 is @ maximum possible value, we typically used0.14
(Table 2, Fig. 2b).

z: The activity coefficients are calculated by using the SIT formula (Eq. (12)) candlues [6], or estimatinge(Am(CQ,)s®~, Nat) ~
e(Np(COy)s™, KT) = —0.73, e(AmO,(COy)5>, Nat) ~ e(NpG,(COy)5>~, Nat) = —0.53, e(AmO,(CO,);*, Nat) = —0.15, e(NpO;*+, ClO, )
~ e(NpO,*, ClO,7) = 0.25, &(MO,(OH),*", Na") = —0.15, e(MO,(OH)¢>~, Na™) = —0.2.

bilities controlled by solid solutions (SoS). Semi-empirical (wherey = 1/x) in an aqueous solution:

models for describing several natural processes are still

under debate as typically coprecipitation, sorption on min- N& y(NpO,),COs(s) = (2~ y)Na" +yNpO," +COs*
erals or colloids, complexation by natural organic matters. 1)
A logical first step is the thermodynamic ideal description
before eventually adding empirical formulae( for non-
ideal SoS outside the scope of the present paper). However
thermodynamic description for ideal SoS was recently pro-  Na" 4+ NpO,* < NpO,* + Nar , )
posed [7, 13], we shall adapt it to Np(V) aqueous solubility,

and compare with the experimental results reported in thesince varying onlyy (i.e. at constant [C¢]) in Eq. (1) re-

first part of this paper. The dissolution reaction of the SoSsults in Eq. (2). The upperlined species are in the SoS. The

ractually includes the corresponding NW&lpO,* lonic Ex-
change reaction:
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equilibrium constant

5 _ [NpO; " JINa']
[Na"][NpO,*]

is Mass Action Law (MAL) for Eq. (2). For convenience,
we useyy, the mole fraction of X in the SoS, as concentra-
tion unit for [X]. However MAL for Eq. (1) has a different
form, because stoichiometric coefficients vary (throygh
in Eq. (1)), while derivingAG (for minimizing it) is used
to demonstrate MAL. We shafiropose a demonstration of
the new form of MAL for Eg. (1), that will evidence both

®3)

O [91KIM/KLE] <& [91KIM/KLE]

x (Batches)

@ Batches 8 weeks
A Precipitation1
© Precipitation2

@ Precipitation3

1og[Np(V)]total

-/NogINpO 5(CO 3),°]

7
-9 -8

-4 -3 0

log[CO 5]

-2 -1

Egs. (1) and (2) must be treated simultaneously. For congig. 1. Np(V) solubility in CO,2 /HCO;~ 3 M NaClO, agueous solu-
sistency, the solubility products of the end-member com-tions at room temperature: [77SIM] and [91KJMLE] are [16,17a],

pounds must be linked to the thermodynamic constants ofespectively. The other data [15] were measured in Nak©D

the SoS [14a], despite the end-member compounds are n@‘ﬁ

simultaneously stable, when the SoS is stable [14b].

Experimental details

For Np(V) experimental solubilities in HGO/CO:>” 3 M
NaClQ, agueous solution€¥’Np was counted by spec-

trometry at 29 keV with a pure Ge detector. The detection

limit was just below the lowest solubility shown in Fig. 1.

CGO; closed batches, or as proposed by |. Grenthe [2b] under bub-
ing CG,(g)/N2(g) mixtures (Cell) during several titrations and back
titrations resulting in a series of precipitatigdsssolutions. Small
symbols ¢, x) stress, the authosspriori excluded experimental data,
where equilibrium conditions were not obtained. Bolded lines were
calculated (Eqg. (4)) with log, =5.25, logB, = 8.15 and log3; =
10.64, and logK; = —10.65 and (doted line) los, = —12.10 for the
solids of stoichiometries NaNpGO; and NaNpO,(COs),, respec-
tively. The other thin lines were fitted on the corresponding data [15].
The solubility of the ideal solid solution Ma;NpG,(CO;),(s) (grey
doted line), is calculated by solving the set of Egs. (21) and (22), as-
suming the end-members are the two above stoichiometric compounds

The reference compartment of the combined glass electrodg = 1 and 2), see also Fig. 3.

was filled with a 3 M NaClQ@ aqueous solution, where solid

AgCl was added. Its slope was checked with 3 commer-

cial pH buffers atl = 0.1 M: in the range 3< —log[H"] <
10 it was within 985%-996% of the theoretical value
(59.16 mV/log unit at 25°C). It was calibrated withl =
3 M NaClQ, solutions: (i) 001 M HCIO, (— log[H] = 2),

(i) 0.1 M HCGO;™ /1 atm c_grbonic gas partial pressuRg,
(= log[H*] = 6.99), and (i) Q05 M HCO,~/0.05 M CO,*~
(—log[H"] = 9.62) as proposed by Grenthe [2b]. The re-
producibility of the measurements was withird®logH*]

2
0 - x K o KX 5 3 L
Xxxxxfx%g@fx XK <& O XK
?X"%X o 5%
-1 4 xX X &QD 41l
X&* W A
2 > @
ST RN T s
: Lm0 AA A
7 -3 1 * x R0 Ao PP, 5 6
O ¥ S
(@] X 9, >
> -4 A a, 7
o @ o ST
<99Q o [86LIE/KIM]
S+ o 1=0,3 mol.L™ 8 +
120days ¢ ¢ o ©
260 days ¢ ¢ © ©
6 %j Y -
0®% 455days ¢ © © & 9 -
%0 640 days @ & OO
7+ é>0 m m O [99RAIVHES] I=1molL" 10 L
AA AAA[MYAM/SAK] 220 days ®@ 00O
. x [96CAPVIT] 650 days QO .
-8 -7 -6 -5 -4 -3 -2 -1 0 -3 2 -1 0 1 2 3
(a) log[OH] O log[CO 521 - log[OH ]

Fig. 2. Pu(IV) experimental studies in GO /HCO;~/OH~ aqueous solutions: ira) the aqueous speciation for experimental studies of Pu(lV) is
reported. [86LIEKIM] (in NaClO,), [94YAM /SAK] (in 0.1 M KNO3), [96CAP/VIT] (a spectrophotometric study during the titration (2Na

CO,* +H,0+CO,(g) — 2(Na" +HCO0;7))) and [99RAVHES] (in KHCO, and 001 M KOH+K,CO;) are [18,9,12,10], respectively. White
symbols are for high values of ratj@€0;>"]/[HCO;™]; the darkest grey are the symbols as this ratio decreasds). éxgerimental measurements

of Pu(IV) solubility are plotted. The higher is the value of {i@0;> ]/[HCO;™] ratio, the thicker are the lines. Continuous and dotted lines are
calculated solubilities for the aqueous speciation of the studies from [9] and [10], respectively. The basic model to calculate the soluBity (Eq. (
included species: PyCam hyd), PuOH),(ag), PuCO;),* and PYCO;)s° [6]. To improve the fitting, several hypothetical species can be added

to the basic model (see text and Table 2).bhwe tentatively added the hypothetical specie6®),(OH);*>". For the data of [9, 18], the values

of log K¢, were assumed to be 0.8 and 2.1, respectively higher than for the data from [10]; this could as well reflect differences in pH calibration.



Thermodynamic data for modelling actinide speciation in environmental waters 627

logSx stable measured with specific electrodes, from these results (slope 2

logS1 - - - logS2 med
(%gtches) Bohos 4 woeks in Fig. 2a) we calculatedo, = 10-%° atm at pH< 9 con-

Precipitation1
Precipitation2
Precipitation3

Dissolution1 pH > 9.5 consistent withPco, originated in NaCGO; disso-
Dissolution2 lution protected from the air (NEO; is not a pH buffer).
Between these two domains of pH conditions, pH controlled
by NaHCQ dissolution (vertical lines in Fig. 2a) can be in-
ferred with no indication for possible contact with the air,
since NaHC@ s a pH buffer. We discarded the data of too
low total carbonate concentrations: aqueous speciations were
not reliable, and Pu(IV) carbonate complexation is certainly
negligible in these conditions. The corresponding solubilities
S S were even more scattered than in Fig. 2b.

e . : e %2

Batches 8 weeks  +  (Cell) sistent with equilibrium with air, andPco, = 10%% atm at
A
*

o> ex

10g[Np (V)] total -
(6]

o
~
o
o
o
oo
N
N
N
N
N
N
(o)
N
oo
N

Treatment of data and notations

When a chemical equilibrium cannot be directly studied
in laboratory condtions, typically because it is too slow at
25°C, we calculated the corresponding equilibrium con-
stant (Table 1) from standard Gibbs energies of formation
X g (kJ mol?) at 25°C [2-6]: A;G (M(s), M = U, Np, Pu, Am)
00 =0, A{G (U*) = —-476473, A;:G (PU#") = —578984,
©% S AG (Np**) = —598698, A;G (Np*) = —491774, AG
(UO;-2H,0(cr), Shoepite)= —163651, A;G (UO,6:()) =
—1123157,A¢G (UO,33(9)) = —1080572,A;G (UO,25(9))
= —1069125, A;G (H,O()) = —237.14, A;G (H»(9)) =0
13 e (reference state for hydrogen) andG (H*(aq))= 0.
016 018 1 112 1_‘4 1_‘6 1_‘8 2 ~ We omitted notation (aq) for ions: for simplicity we typ-
® . ically wrote Pd* instead of P& (aq). Typically, since Pu(s)
Fig.3. Possible stability of Na ;NpG,(CO;,), ideal solid solution: redu+ces waterG (PU) was -nOt directly m(iasured;fG
[NpO,*] was calculated (Eq. (41)) fror[Np(\;)]ml (the experimen- (Pu) gorresponds to reJraCtlon B — Pw(ag +3e
tal Np(V) solubilities (Figs. 1 anda))), and the experimental values (or equivalently P@) +3H_ (@9 — PU*(ag) + 1.5H,(g)),
of [CO* ] and [Na]. x (Eq. (22)) andK., (Eq. (21), b)) were cal-  Where all the species are in the standard sfagetige molal
culated assuming the compounds of stoichiometries NaR@®and activity of Pi#*(aq) is 1). However, these usual notations are
Eﬁsgﬁ%ﬁ?ﬁéﬂ;iﬁ Lare ;a'j)‘(?a%da;‘eg?:)V?S%L;hgolsﬁgﬁits‘gﬁgon- not convenient (and actually not used) when handling Pu
stg(b) the product as def?ned in Eq. (21) for the solid of stoic)r/ﬂometry in gas phase a_s typlcally StUdle.d with .ab Initio CaICUI.atlons'
Nao,1NpO,(COy)y. Nevertheless, in this paper wend notation “(aq)” for sim-
plicity. Notation “—" in typically Pu(s) — Pu*(ag +3e
) , . ) ) is to stress the conventiaty;G correspond to product minus
unit. Experimental sc_J!ub|I|t|e§_, X—rgy diffraction patterns (of (a5ctant. A more usual convention s for stressing equi-
samples after solubility equilibration) and treatment of theypi,m is achieved. Following the SHE convention, the cor-
data were given elsewhere [15], see also the caption Oifesponding Gibbs energy for reactiori H & — 0.5H,(g)

Fig. 1. _ (the definition for Notation &, of the electrochemists) is
The other Np(V) experimental solubilities were used asg _ A,G(SHE) = 0.5A;G(H,(Q)) — AG(H*) — AG(&),
published [16, 17], and were already reviewed [6, 15]: thenceAfG(e*) — 0kJmol* [19].
calibrations were different in [15] and [17], due to different Aqueous speciations in GB /HCO,~ are determined by
auxiliary data (CQ(g)/COs* equilibrium constant), and 2 parameters (among pH, [GO], [HCO, ], pH, Peo, -..)
possibly (in [17]) junction potential. The solid phases were ;.4 ot only one (Fig. 2a). However, the Np(V) solubility
also possibly different in these two studies. However, in [17] .oq its reported in Fig. 1 appeared to be correlated only to
it was not clear, whether the X-ray diffraction patterns were CO,2] this is consistent with the (relatively low) stabil-
those of the solid phase, before or after solubility equilibriaity of Np(V) hydroxides [6], and it was also shown, that no

were achieved. : i i+
o Np(V) soluble polymer is formed in these conditions [6, 15].
Solubility of PuQ(am,hyd) [8-10 and 18] and spec- Solubility of Np(V) was calculated as
trophotometry of Pu(lV) [12] data in HCO/CO,>~ were

|Ongx .

-1

12 logKsX stable Q.

W logKst W 'ogKs2

o
~

used as published (some details are given in the caption of [Np(v)], = [NpO,* ], (4)
Fig. 2). The data from [8] were sitarded, since they proba- 3
bly were a partial publication of Report [18]. The solubility o = Zﬂi [COZT, (5)
data from [8, 9, 18] were considered [6] to be poorly reliable =
due to possible oxidation of Pu(lV) in the agueous phase. In- B, = [NpO,(COy), 21/ ([COBZ—]i [Np02+]) ’ (6)

deed, at least some of the Pu solubility data reported in [8, 18] . ot -
had certainly been in contact with the air: pH aPgh, were [NPO, "1 = Ka/ (INa"T**[CO" 1) , (7)
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fora=1 or 2. B, = 1. Aqueous speciations controlled by Yy)una+ + Yiinpo,+ + icoz-), A/G is the Gibbs energy of the
NaNpQO.(CO;)(s) are the mixed dashed lines (Fig. 1) of reaction, ankK its equilibrium constant
equations
_ AG=) vy =-RTInK, (15)
logINpO,(CO5),"*] = log Ks1f3; + (i — 1) log[COs* ] . i
(8) INK=> vina. (16)

PuQ,(am hyd) solubility was calculated similarly
Eqg. (16) is MAL. Typically for Eq. (1)> viu’ = (22—

2 —1j—4 i
[PUV)] = Z Ks [COT TIOHTT™, © YR + YiRpo,+ T Hcoz-- When nows’s vary as a function
" s o - of y (Eq. (1)), Eq. (13) is no more correct [20], becanse
Ks.j = [PUCO); (OH); " J[OH"]*/[CO" ] are functions of both variablesandy (and not of the only
(10)  variable¢ at constany value as in Eq. (13)). For this reason

. . . Eg.(13)i lid, i itten:
Koo IS the solubility product for the compound of stoi- g (13) is no more valid, it can now be written

chiometry Pu@ controlling the solubility,Kg ; = Ks,8i ;. an. dv,
where ﬂi.j = [PUCOy), (OH)J (4—2ifj)+]/([co32—]i [OH—]J % dn; = v, dé + (a—y) dy = d¢ +Ed—y dy . (17)
[PU*]).
lonic strength () corrections were calculated from molal This change is reported in the classical demonstration of
activity coefficientsyy, of ions X, of chargez: MAL. We do not give all the details of these calcula-
tions, since it will appear the final results are two formula
log yx = —Z?Dpy + (X*, M)my, (11) (Egs. (21) and (22)) already independently published [14a]:

_ _ we will essentially show that these two formula must be
and with the values of(X* M) tabulated or estimated as solved simultaneously (not independently). Eq. (14) now

explained in [6] (see also the caption of Table By, = writes
0.509/1,, . .
%, Im is molal I, p (= m/M) is the molar (M= dv.
: m 0= i Wi d = i dy. 18
mol L) to molal (m= mol kg™*) conversion coefficient [6]. (Z ik ) E+8 (Z dy H ) y (18)
K< is the value of Molar Equilibrium Constait, in stan-
dard conditions (25C, I, = 0). From Eq. (11) Since & and y are independent variables, each term is 0
in Eg. (18). Now in Egs. (15) and (16); is changed for
logK® =logK + Anlog p— AZ?Dpy + Asm 8 = (i — png) anda; for g /ag, respectively, whergg and
+ AN logano (12) &are the chemical potential and the activity, respectively of

specied, in the SoS. They were constant and implicitly in-
where An is the algebraic sum of the stoichiometric co- cluded inK (andA,G) in Egs. (16) and (15); this is no more
efficients. Typically forKg; and g, AZZ=(4—2i —j)>  Possible sincéy’s now vary, as a consequenag and .
+4—j—4i,and(4—2i — j)>— j —4i — 16 respectively, and @lso vary; for this reason, they must be explicitly written. For
At j = &(PUCOy), (OH),* 2" M)+ (4— j)s(OH-, Na*) Nay_,(NpO,),COs(s) dissolution reaction (Eqg. (1)) the two
—ig(CO,2,Na*) and Asij = g(Pu(CO3)i(OH)J-(4‘2i‘”+, equations obtained from termg dnd dy in Eq. (18) are:
M) — je(OH-, Na") — ie(CO*, Na") — e(PU+, ClO, "),
where ins(X?, M), M = CIO,” or Nat, whenz > 0 orz < O, 0= (2= Y)dna + ¥onpo,+ + Scopz- » (19)
respectively. 0= —dna + Inpo,* » (20)

Solubilities controlled by solid solutions (SoS) were ) ) ] o

calculated by re-demonstrating Mass Action Law (MAL). respectlvely._ Eq. (19) will clearly give formula similar to
Since stoichiometric coefficients in Eq. (1) are not constantEd- (15)- USiNGnar =2, xnpo, =Y @ndxcoz =1,and
the usual form of MAL is not valid [20], because its demon- COmparing th_e reference states [14a] in the ideal (act|V|ty_
stration involves derivation: Eq. (13). Let us first recall MAL = concentration) SoS and end-member compounds of stoi-
for dissolution equilibria of a stoichiometric compound; it chiometriesx=1 and 2, Eq. (19) leads to

includes the following steps: Ko, = [Na' P*{[NpO,* [[CO T

dn; = v d§, (13) = (KZ/Ks) (Kso/KsD)* (16/27) 12— 1/5)%7*/x
(21)

0= Z“i dny = (Z vw) d=(AG+RTINK)AE, o new form of MAL for Eq. (1). Similarly, from Eq. (20)

' ' (14)  the classical form of MAL is obtained for Eq. (2) [14a]:

where, £ is the advancement variable for the chemical re- D = (2x—DINpO,"]/[Na"] = 27KG/(16Ks) . (22)
action, n; the number of moles of speciés of chemical
potentialy; and activitya;, whose definition is lay, = (u; —

w)/(RT), stoichiometric coefficients; < O for reactants
andv; > 0 for products (typically for Eq. (1) viu; = (2—

which is Eq. (3) for ideal systems. The stoichiometric co-
efficients in Eqgs. (2) and (19) appear to be the derivatives
(as a function ofy = 1/x) of those in Egs. (1) and (20),

respectively. This is a consequence of Eq. (17). Similarly,
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“log (EqQ. (22))” is the derivative (as a function gj of “log Section Experimental details), we tentatively interpreted as
(Eqg. (22))",i.e. “log (EqQ. (22))" is obtained by taking the reflecting Pu(IV) solubility, those results in [18] we assumed
log of each member of Eqg. (21), substitutirg= 1/y and  to be in NaCO; or NaHCQ aqueous solutions. Complexes
deriving. Alternatively, Egs. (21) and (22) could have beenM(CO;)s*, M(CO;),*” and M(OH),(ag) are enough to ac-
directly obtained by equalising chemical potentials in bothcount for available experimental solubilities of actinides(IV)
phases [14]: (for M = Pu see typically [6,12,22]) assuming some of
the measurements did not reflect actual M(IV) solubility
[Na'[[NpO, " 1[CO* ] = Kgas = Ka(2— Y)Y, (23)  as discussed just below. However(®D,),(OH),”" can as
[Na"*[NpO, T 1[CO5% 12 = Kea(ags)? well be used instead of MO,),* [10, 11]. We even tested
_ _ 3 other stoichiometries (Table 2), but this sensitivity analy-
= Kal(2=y)/197y/05, (24) sis exercise was not conclusive, as typically shown by the

wherea,; andag, s are the activities of the end-member com- Scattering of the data in Fig. 2b. For this graphical represen-
pounds, when included in the SoS. Egs. (23) and (24) cafftion, we took advantage, that at constaréxperimental

be deduced by linear combinations from Egs. (21) and (22)$0lubilities are expected to be on a single curve plotted
and conversely. Eq. (18) demonstrates that a set of two foras @ function of (I0gCG;™ ] —log [OH™]) (or logiHCO;"])
mula must simultaneously be solved, and facilitates usingvhen the major aqueous complexes are of stoichiome-
activity coefficients of individual ions, as based on statisticalties PUCO;);0H", PuCQ(OH); ", PUuCOy)(OH),",
physics even in SoS [21]. Linear combinations also lead td”WC0s)s~ or PUOH),(ag) (Eg. (9)). Fortunately these 3
termsKZ /Ks; or Ksy/Kg (in Egs. (21) and (22)), dks,/ K2

Typically: Table2. Equilibrium constants for Pu(lV) in C§& /HCO;~ aqueous
solutions. We estimated maximal possible valuesdpr (2™ column,
Kso/Ks1 = [Na+]f/2[CO32*]1/2 (25) Eq. (10)F consistent with (only) the set of experimental solubilities
published in [10], and deducedy (3 columny*. To cancel (or at least
is the constant of Equilibrium minimise) systematic deviations possibly originated in differences in

the solid phases controlling solubilities in different studies, we also es-
- " 2 timatedKg ;40 (last columny from experimental solubilities published
NasNpO,(COs)2(s) = NaNpQ,LCOs(s) +2Na” + CO;” in both [9, J1/0]. However, this does not specially eliminate possible dif-
(26) ferences in pH calibrationl. corrections were calculated (Eq. (12))
) . . with published values for the coefficients [6], ands;; = 0.3, 0.2,
We used subscript, to stress Eq. (25) is only valid, when — .05, -0.1, —0.15, —.72, —0.58% and —0.58 for aqueous species of
two stoichiometric compounds are simultaneously stable: irchargest-2, +1, -1, -2, -3, —4, —5 and—6, respectively.

those conditions the SoS is not stable. From Eqgs. (21), (22)

and (25) PL(CO3)| (OH)j(4—2ifj)+ |g K;.je |og ﬂio.je,b Ig K;_j/4_od.f
. . PU+ —58° 0 —-37.0
y: 2— ([Na+]/[Na+]l/2)\/[C032 ]/[Cosz ]1/2(3\/5/4) . PuOH+ —_44.8 132 _238
(27)  PuOH),(ag) <-101° <4799 <-1099
. PuCQ(OH);~ < -10% K470 <« 54"
We used Egs. (4), (10), (21) and (22) to plot the curves mPu(CO3)20I-3|‘ P _17‘%9 P 40_;g ~1.49
FIgS. 1, 2 and 3 PUCQ(OH)427 < —6; < 515 <« 84h
PWCO;),(0OH),* <-1189 <4629 <4.99
. . PWCOy)s™ <-2049 <3769 <-11¢
Resultsand discussion PU(CO;),(OH),> <_759 <5059 ~89°
Experimental solubilities of Np(V) in C§/HCO,™ aque-  PUCO:);0H" N < —16: < 42: < 2-92
ous solutions measured in diféent laboratories are reason- PUCO»)s(OH) <« <4l <40
ably consistent (Fig. 1). This was used to validate Np(V) Y™ -2 87 o
solubility products and complexing constants, together withE“(théoH';'F < _g}f’ < ‘3‘8;5 < ;51
other experimental results at differeinnot shown here for P“(CO3)4 or - < 1on < e < o
clarity) [6]. The log—log plot in Fig. 1 illustrates that MAL PiC&?EOHi%’ z _21‘,15 :2 a7 :2 o
. 4 . A +(OH), -
is valid over several orders of magnitude of concentratlonspu(CQ)se_ oo 356 1362

Nevertheless, critical reviewing revealed differences in the
solid phases, and in pH calibrations [6], problems often en-a: logkso = 10g(Bs0/Bs0) = 109(Ksso/Keso).  lgkg, = —1.36 and
countered, when comparing solution chemistry data from Aeso—Aeso =0.11 [12], where fixed, when 1§, ,=—21 and
different laboratories. X-ray results were tentatively inter- &so = —0.58 were fitted (Eq. (9)) on experimental solubilities in
preted by NpG*/Na' (2H,0) ion exchange in solid phases K ¢©s and (K.CO,+0.01M KOH) aqueous solutions respec-
. . tively. This also generated K2, ;= —22.4 ande, o = —0.7.

Nay,_1NpG,(CO;)«(S) [15 and references cited therein] (see p,. Ks.,, = Ksoob - '
below). c: Ko is the solubility product of Pu@am hyd). logKso= —58 [6]

Pu(1V) experimental solubilities in C& /HCO;~ aque- (—57.4 [40] was used in [10]).
ous solutions are scattered (Fig. 2b) whatever the graphicd;lf Elsltﬁrﬁ;eﬁafr] c/) rﬁsm:s%lju/fiﬁ?y data reported in [10]
repr(_asentat_lon used, and erS'al Interpretations Were_ f: Estimated from the solubility data reported in both [9, 10].
published: it cannot be reliable to extract thermodynamicg: maximum possible value.
data from such scattered experimental results. Despite pos: Adding this species does not improve the interpretation of available

sible contact with the air, that would oxidise aqueous Pu (see experimental informatioh
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last stoichiometries are those under debate, while the limseems to be a broad domain, when plotted as a function
iting carbonate complex RPGO;)s°", predominates only at of the stoichiometric coefficienk (thick grey lines are
very high| and [CQ*]. No thermodynamic interpretation for 2> x > 1, Figs. 3a and b). However, this only corres-
(as typically difference in [C& ] or [OH], | influence or  ponds to logCO;* ] = —2.40+ 732 (Fig. 1). The loglog
Pu(COQ,)s® formation) is enough to account for the scatter- plot best represents the exjpeental results because un-
ing of the data (Fig. 2b). For this reason, problems in thecertainty is roughly the same for each point, and val-
experimental measurements (or at least some of them) candating the using of MAL rather requires such Jdaog

not be ruled out. representations.

Beside possible unwanted oxidation in these measure- Non stoichiometric compounds (typically stoichiometric
ments as already pointed out [10], irreversible formationcoefficientx = 0.8) were tentatively proposed to interpret
of Pu(lV) polymer is ubiquitous. One must even avoid X-ray diffraction patterns. However, when the compounds
local conditions due to typically OHor pure water ad- are equilibrated with aqueous solutioms= 1 or 2 (for this
ditions, where the polymer is (irreversibly) formed. We reason, we chose these stoichiometries for the end-members
avoided this, by starting with the limiting carbonate com- of the hypothetical SoS). This was typically deduced
plex, which prevents direct #D coordination on Pt [12]. from slope analysis of series of dissolutigpeecipitations:
Polymer formation is a possible explanation for the scat-x = 0.53, 089+ 0.06, 098+ 0.09, 094+ 0.07 and 095+
tering of solubility data from Ref. [8 and 18]. It could 0.09, and corresponding ld¢, = —8.18, —10.43+0.46,
as well have been present in the work reported in [9],—11.334+0.59, —11.10+0.51 and—11.2240.65, respec-
and even in the results in,€O0; +0.01 molL~* KOH so- tively, were fitted from the experimental results of Fig. 1.
lutions reported in [10]. Successive filtrations or centrifu- Actually X-ray diffraction studies suggest a SoS of struc-
gations can detect polymers, when they form solid parture similar to those of compounds &f= 1 (rather than
ticles (gel, colloids); unfortunately it can very well be sol- of x = 2): another end-member compound can be cho-
uble. For this reason, we only determined maximum possen, typically with 1> x > 0.5 (x < 0.5 is not possible for
sible values (Table 2); but this does not allow determin-electroneutrality, whilex — oo (i.e. y = 0) corresponds to
ing stoichiometries of soluble polynuclear complexes. Forstoichiometry NaCO;). However, no compound of stoi-
keeping consistency with speaphotometric studies, we chiometry(NpG,),CO;(s) (i.e. x = 0.5) has been evidenced.
used our [12] validated [6] value df;, the constant of Experimental solubilities at higher temperature could also
PUCO;)s® /PUCO,),* Equilibrium, and obtained the for- suggest SoS for.B < x < 2. However, kinetics could as well
mation constants of RGO,)s*" and PCQ,),* by fitting interpret the shape of the solubility curves [23].
experimental solubilities (Table 2, Abstract). For improving  Furthermore, a dramatic effect on Np(V) solubility is
the fit, we tentatively added PQO,),(OH);*> to the ba-  only expected for small values of (high values ofx):
sic model (Fig. 2b), in an attempt to keep consistency withNpO," would be at trace concentration in a matrix of sto-
the four sets of data [9, 10,12, 18]. However, experimen-ichiometry NaCQO;, not treated here, since there is no ev-
tal problems can very well explain the observed increase indence of such matrix incorporating Np. However, other
solubility as compared to the solubility predicted with the matrix can be inferred (this is outside the scope of the
basic modeli(e. without any mixed soluble complex). For present paper). Coprecipitation of trace elements is well
this reason the basic model can very well be sufficient, odocumented, and indeed often treated (as lonic Exchange)
other species should be added as typicallyG®),OH", with Eq. (22), while Eqg. (21) becomes equivalent to MAL
PUW(CQ;,),(OH),*", or PUCO;),> according to the results of for the end-member compound of the major element. The
our sensivity analysis (Table 2). upper limit logCO,* | = —2.28 corresponds tox = 2,

Solubilities of actinides(IV), and the corresponding equi- when logCO,*] is higher, x is also higher, and a dra-
librium constants compare well [6, 10, 11]. There is no clearmatic decrease of Np(V) solubility is indeed predicted at
evidence of strong differences between actinides(lV) bedog[CO,* ] = —2.0 (grey dashed line on Fig. 1), if the SoS
haviours, even if uncertainties still exist on the stoichiome-were stable: this is not observed experimentally. As a con-
tries of their complexes in C® /HCO,” /OH- media; how-  clusion, only a SoS of stoichiometry< 2 might be formed.
ever in a quite narrow domain of chemical conditions. TheFor 2 > x > 1 its effect on solubility would certainly be
experimental problems discussed for Pu certainly exist foless than uncertainty. It might be metastable for £ > 0.5,
other actinides (possibly to adeer extend). It is not reliable while for dramatic lowering of Np(V) solubility (as expected
to extract stoichiometries and corresponding formation confor applications) it is needed to evidence a matrix, that would
stants of complexes from a limited set of measurements. Wancorporate Np at trace concentrations.
treated all the available experimental information (this will Eq. (2) can be obtained from Eq. (1) by deriving its
be published later for analogue actinides), in the same wagtoichiometric coefficients. Conversely, this suggests “in-
as M(CO;,),(OH),* was used to fit solubility data of several tegrating” any ionic exchange equilibrium, interpreted as
actinides M [10, 11]. building the ionic exchange sitese. the matrix (support-

Possible formation of Solid Solution (SoS) MNa- ing them) as characterised by the two end-member com-
NpO,(COs), () was already proposed and discussed [6, 15]pounds of the SoS. The ratio of their solubility products
When two stoichiometric compounds are simultaneouslyis fixed by the constant of the ionic exchange equilib-
stable, [CQ"] is buffered at 10§COs* 1,, = —2.40 in  rium. Integrating (MAL for this ionic exchange equilib-
3M Na" media (Eqg. (25)); while logCO,* ] varies in  rium) introduces another constant, which is enough to ob-
a narrow domain, when the SoS is formed:[0@:* ] = tain both equilibrium constants.€. solubility products of
—2.40+£%0%5. The theoretical stability of the ideal SoS both end-member compounds). For sorption end-members
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are rather surface compounds, the ratio of their solubil-
ity products can be measured as the equilibrium con-
stant of ionic exchange equilibrium. However, interpreting
dissolutionyprecipitation with equilibria similar to Eq. (1)
(and corresponding Eq. (21)) might very well be compli-
cated by the formation of multilayer stoichiometric com-
pounds, and by kinetics.

Before building TDB’s for new systems, their correct
thermodynamic description is needed. MAL for ideal sys-
tems is classically validated in the field of Solution Chem-
istry (i.e. systems are recognised or not to be ideal) by using

log/log plots, where slopes are interpreted as (integer) stoi-15.

chiometric coefficients. The same is not always tested for
other systems, where MAL is used (or semi-empirical for-
mula inferred from it). Determining the number of inde-

pendent reactions is also a key parameter for using MAL:16.
number of sites for typically sorption, ionic exchange [24] or 17

ion binding by natural organic matters.
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