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The solvation of infinitely dilute aqueous GIBr—, 1-, Cs, K*, M, and the corresponding salts

is analyzed by integral equation calculations along three near critical water isotherms according to
the recently proposed molecular-based formalism which connects the solvent environment around
individual ionic species with their macroscopic solvation behavior. Special emphasis is placed on
the temperature dependence of some solvation-related macroscopic properties that are identified as
potential candidates for the development of improved engineering correlations. Formal and integral
equation calculations are then used to interpret recent experimental data, and some relevant
theoretical implications regarding the modeling of high-temperature aqueous electrolyte solutions
are discussed. @001 American Institute of Physic§DOI: 10.1063/1.1343875

I. INTRODUCTION recognizing that the formation of these solutions involved
the coexistence of processes with disparate length scales, i.e.,
short-ranged(solvation) and long-ranged compressibility-
drive) phenomen&® In particular, the presence of
production from biomas&synthesis of textured materidis compressibility-driven phenomena makes near-critical hy-
drothermal systems extremely challenging to model, unless

and oxidation of chemical and biochemical wast®aVith we sort and isolate thesompressibility-driveh propagation
these applications come also new fundamental and techno- P propag

. . : of the density perturbation from theolvation-relategfinite-
logical challenges, such as metal corrosiaripgging solid . :
) eTET! ) : density perturbation phenomeffa.
deposition on reactor pipé&!! and catalysis of undesired : ; . "
> . In this paper, part Il of a series on ion solvatféR*we
reaction$? by solvated ions. F

Effort has been expended in the study of hydrotherma riefly review the main features of the molecular formalism

solutions to determine their thermodynamic, transport, anq; rt;ltlzglg(ttzlr?c%e;agﬁlraelI:Ligzy;{glé/ée I‘;’°$ﬁ'§:i\:§ﬁﬁ3%£?§$ed

spectroscopic properties in order to meet these technologic?

challenges in the design of effective processes’> A major ormalism by performing mtegra_l equation cal_culat|ons Of.
model aqueous electrolyte solutions for a variety of alkali

objective behind this enterprise is to generate a . :
. . etal halides(Sec. Ill), and use these results to interpret
fundamentally-based understanding of high-temperature sol- ; S
. . ; recent experimental data for aqueous alkali halide soluttons
vation of species over a wide range of molecular asymme- : . . ;
. . N e Sec. V). Finally, we discuss a molecular interpretation for
tries, including imperfect gases, ionic, polar, and nonpolal

compounds® Molecular asymmetry, the actual source of so-the success of the recently proposed regression approach for

: S . . the solute partial molar volumés?® and suggest a more
lution nonideality*” translates typically into pronounced gra- . : .

. . . appropriate alternative for the modeling of these systems.
dients of solvent local density around charged species. In

turn, these solvent inhomogeneities give rise to electrostric-
tion and dielectric saturation phenomena, which render tral. HIGH-TEMPERATURE SOLVATION OF
ditional solvation approaches inadequ#té>?° ELECTROLYTES

The failure of conventional solvation approaches for the  11q solvation formalism that we have recently presented
description of hydrothermal solutions can be understood b¥part Il of this serie¥) is based on the discrimination be-
tween the two length-scale phenomena associated with the
dAuthor to whom correspondence should be addressed. formation of the solution, i.e., solvation and compressibility-

Hydrothermal solution chemistry reveals a number of
potential applications in a wide range of disciplines, includ-
ing high-temperature microbiolody’ hydrogen-rich fuel gas
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driven phenomen&:?? This is achieved by splitting the spe- Equation(2) stresses that the integrand is finite at any state
cies total correlation functions into their direct and indirectcondition, and allows us to make contact with the micro-
contributions according to the Ornstein—Zernik©2) structure of the systefif,i.e. (see Appendix B of Chialvo

equatiort et al?¥),

The solvation of a salC”+A”- in a solvent at constant
state conditions, wher€”+ is the cation andA”- is the (ﬁ)w kTGO — 3
anion, can be portrayed by the followitigought experiment Xy Tp— vpkT(Cyy—Cyv), 3)

(see Fig. 1 of part )lon a system initially considered as a

pure solvent in whichv solvent moleculesv=v,+v_,  whereCJ, andC},, are the direct correlation function inte-

wherev, andv_ are the stoichiometric coefficients of the grals(DCFI) for the solvent—solvent and solute—solvent in-
saID are distinguishable by thegolutelabels. As such, this teractions (i_e_' the descriptors of the solution

system constitutes aideal solutionin the sense of the microstructurg?®2°andk is the Boltzmann constant.
Lewis—Randall Rulé/"*’ The experimentproceeds with the Another alternative expression for the driving force is
mutation of the distinguishable solvent molecules into the optained through the excess particle nunf3er,

final neutral ionic solut&€”+A”- to form the infinitely dilute

nonideal solutionThis process in which the originalsolute . " o )

species in thadeal solution(where solute—solvent interac- Nu,ex:4”PJ’0 [Guv(r) = gw(r)Jredr

tions are identical to solute—solute and solvent—solvent in-

teraction$ are converted into the neutral ionic solute, is =—K(&P/axu)°{p (4)

driven by the difference of free energyu(’(T,P)
—vul(T,P)], where subscripts) andV denote solute and that represents the number of solvent molecules around the
solvent species, respectively. solute in excess of that around any solvent molecule, i.e.,
Our goal is the unambiguous characterization of the solaround the solute in the Lewis—Randall ideal solution. Thus,
vation process by drawing rigorous connections between thafter invoking its solvation contribution N{j .(SR)
microscopic changes of the solvent structure around the mu= (k'®/ k)N ¢, (Ref. 28 we obtain
tating species and the relevant macroscdégiermodynamig
properties. As we discussed elsewBerihere are at least dP\*  N{ (SR
four equivalent ways of interpreting the driving force of the Xy - ke ©)
solvation process, from either a microscopic or a macro-
scopic perspective. For the sake of brevity, and to suppofyherex'®=(pkT) ! is the isothermal compressibility of the
our forthcoming analysis and subsequent interpretation, hefigeal gas at the state conditions of the solvent, and SR de-
we describe a few relevant expressions, considering the newotes a short-ranged contributiéassociated with the local
tral ionic solute as a hypothetical “molecular” entity in or- selvent density perturbatioro the corresponding diverging
der to derive the solute properties that are usually measuregy; U.ex- This equation emphasizes the explicit connection be-
experimentally. These results are then used for illustratiomyeen the pressure perturbatitat constan” and p) associ-
purposegfor the individual ion counterpart the reader should ated with the disruption of the solvent structure around the
consult part I} to interpret the most recent experimental solute and the corresponding effective change in the number
data, and to suggest fundamentally-based alternatives for thg solvating (directly correlated to the solutesolvent mol-
regression of experimental raw data. ecules. Note thall}; .(SR) does not involve any assumption
To display the four alternative interpretations we startregarding the size of the solvation shell, as opposed to the
from the exact thermodynamic expression for the drivingconventional definition of coordinatiofor solvation num-

force, bers which relies on an ambiguous choice of a radius based
on some structural information of the solvation shell. In this
(T P) = pal(T,P) = fp(P)(Eﬁ— Vm)d_l’, (1) sense N{ {SR) can be described as affectivesolvation
0 number(not to be confused with a coordination nunfdéd

since its knowledge allows us to reconstruct rigorously all
where the superscriptdenotes a residual quantity for a pure gther solvation properties.

(0) or an infinitely dilute() species at the indicated state Analogously, the pressure derivativeR/ dx,)7,, can be
conditions, respectivelyT is the absolute temperature;is  rewritten in volumetric terms 4%

the total pressurajy=vy is the partial molar volume of the

pure solvent such that= 1/} is its molar density counter- P\~ A Y
part; « is the solvent isothermal compressibility; ang is (%) =kTp(vy(SR —wvvy) (6)
the solute partial molar volume. We can now rewrite Eqg. Tp

in terms of the rate of change of pressua¢ constant tem-
perature and solvent densityaused by the structural pertur-
bation of the solvent around the solute, i.e?.P(&xU)?’p 24

so that the difference of chemical potentials in E.can be
macroscopically interpreted not only in terms of the finite
pressure perturbatiorsP/dxy)7 , as in Eq.(2), but also in

o 9P \* d terms of either the corresponding finite volumetric perturba-
ﬂbw(T,P)—vu{,"(T,P):f (—) —f, (2) tion (U(SR)—wvy), or the resultingeffective solvation
o \Xulg P numberN{; .,(SR) as follows:
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TABLE |. Molecular properties of the waterlike solveny).

p(P)
WPy~ (T, =T [ SR - i dp
0 Property Value
p(P) dp d, 2.8 A
=— ka NG SR —. (7) “ 1.85x 10 ®esucm
0 ’ P Qyy 1501 &
; 8 ; ; ayy 1.390 &
As we have already discus$éd® the properties avail- a Laar B
able from experiment are those of the hypothetical electro- QZXZX 2.63x 10" 8 esu ¢
neutral ionic salt. However, the salt properties at infinite di- Qyy —2.50x10 % esu cm
lution are actually linear combinations of the corresponding Q. —0.13x lO:ziesu cm
single-ion counterparts, and therefore, the solvation quanti-  ®xx 2.30<10" *esu cni

—0.96x 10 **esu cni

ies for sal n Xpr in terms of th rr ndin Qyyz
ties for salts can be expressed in terms of the corresponding 1 3% 10- % esy o

pressure, solvation number or density perturbation around 2z
the individual ions(the actual species in solutiprlhis will
not be addressed here since it has been discussed in much
detail elsewheré® sented by hard spheres with embedded point polarizabilities
In summary, in the preceding analysis we have giverand permanent electrostatic multipole moments including
equivalent ways to express the finite change of free energy iiuadrupole and octupoles as given in Tables | and Il. The
the solvation process that creates an infinitely dihgaideal ~ calculations were carried out by solving the reference
mixture from the originaldeal solution whenv solvent mol-  hypernetted-chaittRHNC) equations with solvent polariza-
ecules arenutatednto v, cations and’_ anions in solution.  tion effects treated at the self-consistent mean-f{gidMF)
The resulting solvation properties are well-behaved statelevel as described elsewhefel’ Details on these calcula-
dependent quantities; the enthalpic and entropic contributions for systems at normal conditions were presented
tions to the free energy change on solvation are discussed Rarlier?®*® and some others for high temperature solutions
detail elsewherd-?* Yet, their temperature and pressure de-are given elsewheré:?® In addition, and in contrast to the
rivatives will diverge at the solvent criticalif{}, a behavior ~normal unit charges, the ions bear only a 66% of the full
that implies an advantageo@nd not always well appreci- charge. The reduced charges were necessary to avoid the
ated exact cancellation between the corresponding divergerftollapse of solvent molecules on bare ions thus ensuring the
portions of the enthalpic and entropic contributions toconvergence of the integral equation calculations over the
([F(T,P)— »u!®(T,P)). These diverging contributions to entire solvent density range consideféd’
the partial molar enthalpy and entropy of the solute at infinite  In order to make a meaningful comparison between
dilution are not associated with the solvation procé:bg model predictions and experimental results, we first esti-
local perturbation but rather with the propagation of the mated the solvent critical conditions based on the divergence
perturbation across the system, and are characterized by tBéthe isothermal compressibility. According to the predicted
correlation length of the solvent. This feature suggests thésothermal density dependence of the isothermal compress-
need for a precise sorting between the two contributions, i.eibility, Fig. 1, the critical point of this waterlike solvent is
separating solvation from compressibility-driven phenom-Tc=643K andp.~0.20g/cni, i.e., the three isotherms con-
ena, to avoid working with unnecessary implicitly diverging sidered in this study are supercritical. The corresponding
quantities in the modeling of dilute solutions in highly- P—p—T behavior of the model solvent along the isotherms
compressible media. Note that O'Connell and643 K, 673 K, and 703 K is presented in Fig. 2.
colleague®3?3* have developed macroscopic models,
based on the regression of experimental data to determine tffe Integral equation results

direct correlation function integrals as functions of state con- e targeted the solvent properties including the dipole
ditions and composition, and subsequently, to calculate thgyoment, the dielectric constant, the pressure, the isothermal
thermodynamic properties of a variety of systems accordingompressibility, and the ion partial molar volumes at infinite
to the Kirkwood—Buff fluctuation theory of solutioris. dilution.34-%¢Based on these properties, and according to the
solvation formalism, we determined the properties of the
nine resulting salt$U) at infinite dilution, i.e., CsBr, CsCl,
Csl, KBr, KCI, KI, MBr, MCI, and MI, where M" might

IIl. INTEGRAL EQUATION CALCULATIONS AND
INTERPRETATION OF EXPERIMENTAL RESULTS

A. Models, methodology, and state conditions o o
TABLE Il. Reduced ion diameted =d,; /dy used in this work.

In this section we study the solvation behavior of a va-

riety of anions and cations, covering a wide range of ionic lon df

diameters 1.08d;/dy<1.96 (whered; and d, denote the K+ 1.08
diameters of the individual ions and the solvent, respec- cl- 1.16
tively) along three near-critical isothern43 K, 673 K, and Cs* 1.28
703 K), in the density range 0.0186(g/cn?)<0.81. In the IBf i'ii
present calculations the systems are defined as charged hard M 196

sphere ions immersed in a model agueouslike solvent, repre
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represent an alkylammonium catidhin particular, we focus 3 -800.0 F ) .
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) o . T e
vy, vy(SR), @P/dxy)T,, N e(SR), and some related B
microscopic analog&" [ ]
P g 15.0 —o— T=643K b
L T=673K ]
& 100 [
1. Salt partial molar volumes and their solvation v e
>
counterparts ¥ ;
) ) _ _ 2 50 .
In Figs. 3a8—11(a we display the isothermal density ]
dependence of the salt partial molar volumes along the thre 00 & B
supercritical isotherms. As we might have expected, base: ]
on the strength of the ion—water interactions relative to tha Y (C)
for the water—water interactions, these partial molar proper 00 04 0.2 03 0. 05 0.6 0.7
ties are negative and eventually diverge to minus infinity as solvent density

the solvent approaches its critical point. In the classification _
scheme used in the supercritical fluid community, these salt%LG-x(?;R')S?therm_a'f_d_‘tanls'té’_ldfpi’gl‘ence @ vg 'I (t?) UL\J/(SlR)' a”d(g)d
. 0 41 . Ue or an Infinitely aiute aqueous solution. volumes an en-
behgve as attr.actl@‘éo'r nonvolatilé! solutes, i.e., because sitios in units ofd?.
the ion—water interactions are stronger than the water—water
interactions, the volumetric perturbation in the process of
inserting the ions in water during the solvation process trans- ) .
lates into a volume contractiofsee below the pressure and solute—solvent model, the volumetric perturbation on the sol-

solvation number counterpartsObviously, for this type of vent structure becomes larger with decreasing ion sizes or
increasing ion charge density.

In all cases the partial molar volume exhibits a minimum
at a density smaller than the solvent’s critical density. This

W minimum shifts to smaller densities as the temperature in-
2500 [ o ] creases. The magnitude of; at this minimum is approxi-
= i o TooBK ] mately mversely_ proportional to théiameter d, given by
& 2000 [ T Tk e 1 dy=d,+d_, ie, dMl>dMBr>dMC|>QCs|>chBr>dK|
= 5 S ] >dcscp> degr>dke - Moreover, the partial molar volume
§ 150.0 - ] increases with solvent density and eventually becomes posi-
g 1000 © ] tive f_or densities twice the critical vaIue._Th_e trend of the
S, ' 1 density dependence of; at the crossover indicates that the
500 L ] larger the salt the more positive the resulting partial molar
: ] volumes. This behavior suggests that even attradiiem-
0.0 L ‘ S S S ‘ ‘ volatile) solutes at near-critical densities, such as strong elec-
00 02 04 o6, 08 10 trolytes in aqueous solution, might become repulsive solutes
solvent density (g/cm”) in denser environment&ee below the corresponding pres-
FIG. 2. Isothermal density dependence of the total pressure for the puréUr® and solvation number perturbation counterparts
waterlike solvent according to the RHNC calculations. Note also that the partial molar volumes at supercritical
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FIG. 4. Isothermal density dependence (ef vy;, (b) v{;(SR), and(c)

N e SR) for an infinitely dilute KBr agueous solution. Volumes and den- FIG. 5. Isothermal density dependence (ef vy, (b) vj(SR), and(c)

sities in units ofd\3/, Njex(SR) for an infinitely dilute CsCl aqueous solution. Volumes and den-
sities in units ofd3.

densities exhibit a negligibly small temperature dependence,

a behavior that will take center stage in the next section. Ihis quantity exhibits many of the same features as the cor-
fact, the temperature independencewdf is noted over a respondingu|(SR), in particular, the lack of temperature
wide supercritical density rangén this studypd\3,>pcdf’,, dependence for supercritical densities, and a maximum value
see Figs. ®)—11(b)]. Note that, in contrast to the behavior a.roundpd\3,%0.l which also appears to be independent of
of the full partial molar voluméy; , the solvation contribu- ~€ither the temperature or the type of ions.

tion v7;(SR) displays a clear minimum aroupd§,~0.02, a ) At subcritical densities, the solvation numbers
density that appears to be independent of either temperatul¥) e SR) are positive, reflecting the cosndition of attractive
or type of solute. At this minimum, the magnitudewgf(SR) (no_nvolatlle solutes. At the maximump(dy~0.1) these sol-
follows the same trend witd,, asv;;, i.e., the smaller the Vation numbers range from-18 for KCI to ~8 for MI.

salt size, the larger is the solvation contribution to the salfMoreover, as the solvent density increases, these solvation
partial molar volume. numbers decrease toward negative values, i.e., the solutes

become repulsivédvolatile) species. This crossover occurs
around pd3=0.6 for KCI, and moves to smaller densities
2. Solvation numbers with increasing ion size, i.e., tpd3~0.3 for MI. Conse-

In Figs. 30)-11(c) we present the isothermal density guently, while KCI behaves as an attractive solute over es-

dependence of the solvation numbéf . (SR) in compari- sentially the entirg range of densities studied herc(,()O .
son with the corresponding’;(SR). Because of the direct <3-30¢), the remaining eight solutes change their behavior

connection between the two quantitisee Eqs(5) and(6)], from attract-ive to repulsive spegies, as ino!icated by the nega-
. . tive solvation numbers atpdy=0.6 which vary from
NG, eX SR =v—puv(SR), @) N (SR)~—3 for KBr to N{; ,(SR)~ — 34 for MI.
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ion (than either T or M*) might exhibit a repulsive behavior
in the entire range of densities at supercritical temperatures.
Likewise, it is also possible to find smallé&éhan K or CI™)

q fth bali " : Mons such that their stronger ion—solvent interactions will
dence of the pressure perturbatiafP(dxy)z , . Because of -y nqjate into attractive ionsaly in the entire range of sol-
its direct connection to the solvation numeee Eq.(5)],  \,on¢ densities

there is only a weak change on the density and temperature

dependence of a(P/&xU)?p with respect to that of ) )

N{.e{SR), resulting from the explicit proportionality with C. Integral equation results vs experimental data

k'®=1/pkT. The pressure perturbatiorﬂl?/&xu)?p be- The main challenge for an experimentalist, beyond the
comes negative and exhibits a rather flat minimum at a suarduous task of performing accurate measurements, is the
percritical density, consistent with the attractimenvolatile  proper interpretation of the raw data. This is obviously not an
nature of the salt. However, and as already observed in theasy task, especially when dealing with potentially divergent
associated solvation propertie@,P(/axU)?p becomes posi- quantities such as the observed partial molar properties of
tive with increasing density, i.e., the salts change from attracinfinitely dilute solutes. In this section we would like to il-
tive to repulsive solutes. Obviously, this change of behaviotustrate how the formalism described in Sec. Il, in conjunc-
for the neutral salt depends on the magnitude and sign of thigon with integral equation calculations on model systems,
guantities for the individual ions, since al?/&xu)}ip can facilitate the interpretation of high-temperature solva-
=v_(dPlox_)7 ,+ v, (dPlox, )7 , [see Eq(39) in part ll].  tion, and guide the selection of quantities to be used in the
All'ions in this study display the same attractive-to-repulsivedevelopment of engineering correlations. For example, in a
transition with isothermal increases in densityot shown series of recent publications, Wood and co-workef$re-
explicitly in this pape), however, it is possible that a larger ported the most accurate values of partial molar properties

3. Salt pressure perturbation parameter
In Figs. 12—14 we present the isothermal density depe
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Ny o SR) for an infinitely dilute Csl aqueous solution. Volumes and den- Ni ¢{SR) for an infinitely dilute MCI aqueous solution. Volumes and den-
sities in units ofd?. sities in units ofds.

for a series of ionic and nonionic species at infinite dilutionmOIar volumes at infinite dilution within the temperature and
P density ranges 604T(K)<717 and 0.26p(g/cnt)

in high-temperature aqueous solutions. They proposed a SUC:H 60 respectively. To be more precise, Sedlbaateal
cessful regression of the raw data in terms of the quanti%etém;inedﬁ” and .subse uently develo :ad 2 simole .den-
Dyv=(k'®/x)vy,. This quantity exhibits an appealing weak ’ q y P P

temperature dependence in the range <550K) <725, Sity correlatlgn OfDUV’. for NaCl, L'C.:l' NaBr, and CfE’r‘
. . . Based on this correlation, and considering thgt=v_v™
which allows a rather simple and well-behaved density cor- .

relation to predic{in principle) v}, at any other supercritical tvovl, we were able fo estimateDgy(CsCl)
0] — o0 _ o0 00 N . -
state conditiorf® based solely on the thermodynamic prop- Dyy(CsBN)=Dyy(NaBr)+Dyy(NaCl) as indicated in the

erties of pure water. While the choice of properties involvedﬁgpensdg ' (?:gbseciléenﬂ)é, \1/3/7e dete;r_mneth{[ﬁxU)T’r 6}”? d
in the quantityD{;,, was not accidentdf in that it contains %ex( ) (Figs. an according fo the caicuiate
all the components to cancel the potential divergenag;in Dyy(CsCl) and the corresponding properties of pure water.

it is not clear whyD}},, should be more advantageous than The comparison displayed in F!gs. 15-17 is only n

. tended to show that the chosen intermolecular potential
other choices, or why the temperature dependence should bé : - .
negligible model is capable of predicting the same trends and magni-

In Fig. 15 we show the solvent density-dependence 0tude of the solvation quantities of interest, i.e., by capturing

D{jy along three supercritical isotherms for infinitely dilute he relevant physics underlying the solvation process.

QSCI aqueoqsllke solgtlpns as pred!cted by the integral equq\-/. DISCUSSION AND FINAL REMARKS

tion calculations(A similar comparison has already been

presented for CsBr in Ref. 28We also compare these re- We have characterized the solvation behavior of aqueous
sults with the corresponding data of Sedlbaeieal,® which  electrolytes and illustrated it with nine salts in high-
were determined from measurements yielding solute partigemperature solutions through integral equation calculations

Downloaded 26 Jul 2007 to 136.159.235.227. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



3582 J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 Chialvo et al.

v 500 e v 500 .
S r 1 § ¥ ]
S 00 F ] S 00 | ]
5 L ] 5 [ 1
3 500 b . S -50.0 | .
£ ¥ ] £ 3 1
~ [ —0— T=643K ] = [ - ]
g -1000 [ e To673K ] S -100.0 i :f—i;g‘gg .
~ R ~ L 1
5 i3 w3 T=703K 5 1T TNk :
S -150.0 § . S -150.0 F 3
§ r MBr ] § N MI ]
S 2000 [ . S 2000 [ ]
i (a) ] i ()
= -250.0 [t ] —~  -250.0 e e e e
& r 1 & E
~— [ ] ~ L
N 50.0 - B v 3
£ : 1 g 50.0 | ]
= - 1 =
) 00 [ ] Q r
i b ;: 0.0 B
= L 3 [
S 500 k 1 S i
£ it g _
= i —o— T=643K ~ -50.0 ]
3 . -y —e---T=673K ] 3 o ]
N 1000 £ - T=703K b N ]
s 5 ] S - ]
S 1500 | ] S -100.0 [f ]
& TV MBr ] ] ’ ]
= Z (b) = [
S  -200.0 s it S -150.0 [————
5.0 L& E ,
i 0.0 b
0.0 E r
5.0 3 ?
= F g -10.0 | 1
L 100} ] =
sz 150 - E > 200 [ —o— T=643K A 9
Tr ] [ —e---T=673K
20.0 | E 200 ; coeees T=703K \ ]
-25.0 | ] i ]
; © 1 » Ml (©) ]
B0 b B B0.0 Dot
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 ' 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
solvent density solvent density
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of simple (nonprimitive) aqueous electrolyte models, accord- Once again it is important to bear in mind that the excess
ing to thermodynamic and statistical mechanical views. Thenumber(or solvation numberN .,(SR) and its ion coun-
task was achieved by determining the individual propertieserparts should not be confused with the usual coordination
of six infinitely dilute ions in a waterlike solvent, and number, described in terms of the geometric arrangement of
through discrimination between the true solvation phenomsolvent molecules around a central speéfeSonsequently,
ena and the largely unrelated accompanying compressibilitythey cannot be compared with the conventional solvation/
driven phenomena. These solvation-related properties hawg/dration numbers obtained through NMR, EXAFS, neutron
unambiguous microscopic meaning and can be determinest x-ray diffraction measuremerft3*® The reason is rather
experimentally from the isothermal compressibility of the obvious, on the one hard]j . (SR) accounts for the solvent
pure solvent k and the infinite-dilution partial molar moleculesdirectly correlatedwith the central species in ex-
properties?* For the case under consideration we have thatess over that for thé_ewis—Randall ideal solution coun-
the solvation contribution toy; is given by, terpart, and encompasses unambiguous connections with all
— G o 0 solvation propertieé! On the other hand, the conventional
v (SR =(k'®Ik)(v,— vvy)+vuy, © definition considers the solute—solvent coordination within
wherevy,=v_v=+v,v7 ; the solvation numbet? an ambiguously defined solvation shell. Beyond the obvious

% T —; 0 ambiguity in the choice of the radius of solvation, which
Ny e SRI= (<) (= (vulov)), (10 translates into solvation numbers that depend on the method
and the pressure perturbation, of determination, there is no clear connection between these
9P\ = numbers and the relevant solvation properties. The rigorous
(—) =(vylvy)—v)/ k. (1D connection between structure and macroscopic properties is
IXy T.p given by statistical mechanical expressions involving either
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the total or the direct correlation function integrals over thepurposes and suggests some relevant questions regarding ei-
entire volume of the system. Therefore, the use of a portiogner the underlying microscopic mechanism or possible con-
of the totall correlation f.unc.t|on, that inside the solvation nactions betweed?,, and well-defined solvation quantities.
shell to define the coordination number, cannot account fokjnce we have recently partially addressed the first item, here
the remaining contributions to properties beyond the solvaye il tackle the second one, through the interpretation of
tion radius and requires the introduction of assumptions th%ﬁv in terms of the solvation quantitiesN? . (SR)
render the resulting approach unreliable. In summary, knOWI(&P/ﬂXU)$ v5(SR), and W(CEV—CSV) by i'r;evoking
edge of N .(SR) allows us to determingigorously all Egs.(3) (55’ (6), and(8), i.e.
solvation properties for the system under study, while the
more familiar concept of solvation/hydration numbers does
not.

Considering that one of the primary goals of our

D(jy=Dyy+ rvy(Cyy—C{y)

?/V_WNG,e)&SR)

molecular-based studies is to provide the fundamental under- gP \

standing needed to develop successful engineering correla- =D3V+E{’,K'G((97)

tions, we use the proposed solvation formalism as a powerful Uit

tool to interpret recent experimental data, and hopefully, to —DYy— 105+ 05(SR), (12)

guide the choice of the best combination of properties for
regression purposes. For example, the pronounced lack @fhere for convenience we defirﬁb?,VEUf’,(K'G/K)zDﬁﬁ}s’

temperature dependence of the predicted valud3pf for ~ which is a property of the pure solvent, i.e., the ideal solution
supercritical densities is an appealing behavior for regressiocounterpart ofD(j,,. Therefore, according to the above
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(OP/ox,),

(OP/dx,), =

( 8P/3xu)np”

FIG. 14. Isothermal density dependence 6P((9xu)°{p for an infinitely
dilute of (a) MCI, (b) MBr, and(c) MI aqueous solutions. Pressure in units
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A Div: VE?/(CSV_ Cﬁv)

= _WNS,eX(SR)

=05(SRI— oY

P )”
g,

(13

since this quantity depends exclusively on the solute-solvent
molecular asymmetriegthe sources of nonidealitigsand
thus, it measures directly the solvation strength.

ACKNOWLEDGMENTS

This research was sponsored by the Division of Chemi-

cal Sciences, Geosciences, and Biosciences, Office of Basic
Energy Sciences, and by the Environmental Management
Science Program{TTP OR17-SP2R under Contract No.
DE-AC05-000R22725 with Oak Ridge National Laboratory,
managed and operated by UT-Battelle, LLC. P.T.C. was sup-
ported by the Division of Chemical Sciences, Geosciences,
expressions and the observed behavior for the density depeand Biosciences, Office of Basic Energy Sciences, U.S. De-
dence of the solvation quantities, a more appropriate regregartment of Energy. P.G.K. acknowledges the financial sup-
port of the Natural Sciences and Engineering Research
Council of Canada.

200
15.0
10.0
50 |
0.0

5.0 |

-10.0 C

B e B S e s e B L

CsCl

vV experiment [
—0— IE: T=643K []
—e---IE: T=673K [
---0--- IE: T=703K 1

0.0

1.0 2.0 30 40 5.0
reduced solvent density

FIG. 15. Density dependence Df},, for CsCl aqueous solutions. Compari- FIG. 17. Density dependence of] .(SR) for CsCl aqueous solutions.

son between RHNC calculations and experimental data.

Comparison between RHNC calculations and experimental data.

Downloaded 26 Jul 2007 to 136.159.235.227. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 8, 22 February 2001 Solvation in high-temperature electrolyte solutions. 11l 3585

TABLE Ill. Coefficients for Eq.(Al). 5R. E. Mesmer, D. A. Palmer, and J. M. SimonsonAiitivity Coefficients

in Electrolyte Solutions2nd ed., edited by K. S. Pitzé€ERC Press, Boca
3 \/ 0.
10%a,(m/kg) 10%a, 10'a, 101%;, Raton, 1991, pp. 491—529.
CsBr —28.721 14.962 —28.467 18.576 A, A. Chialvo, P. G. Kusalik, Y. V. Kalyuzhnyi, and P. T. Cummings, J.
NaBr ~27.747 14.405  —27.386 17.784  Stat- Physl00 167(2000.
NaCl ~33.206 18274  —36.306 24.451 A. A. Chialvo, J. Chem. Phys2, 673 (1990.

3. R. Quint and R. H. Wood, J. Phys. Che8®, 380 (1985.
R. H. Wood, R. W. Carter, J. R. Quiet al, J. Chem. Thermodyr26,
225 (1994.
APPENDIX 20, E. Conway,lonic Hydration in Chemistry and Biophysi¢&lsevier,
Amsterdam, 1981
The regression proposed by Wood and co-workers fof*A. A. Chialvo and P. T. Cummings, AIChE 40, 1558(1994.

D:jv reads, 22A. A. Chialvo and P. T. Cummings, Mol. Phy84, 41 (1995.
ZA. A. Chialvo, P. T. Cummings, J. M. Simonson, and R. E. Mesmer, J.
Dijy=2a,+aip+ayp?+agp?, (A1) Chem. Phys110, 1064(1999.

] ) } ] 24A. A. Chialvo, P. T. Cummings, J. M. Simonson, and R. E. Mesmer, J.
wherep is the density of pure water in units of kgimand Chem. Phys110, 1075(1999.

the coefficients are given in Table Ill for the three salts 0f?°J. Sedlbauer, E. M. Yezdimer, and R. H. Wood, J. Chem. Therma@&fyn.

interest. 263 (1998.
Based on these values the expression for the CsCl bg;M- S: Gruszkiewicz and R. H. Wood, J. Phys. Cherm®, 6549(1997).
comes A. A. Chialvo, Fluid Phase Equilibri&3, 23 (1993.
A, A. Chialvo, P. G. Kusalik, P. T. Cummings, and J. M. Simonson, J.
DECJVZ —0.3418+ 1.8831X 1073p_ 3.7387« 1076[)2 Phys.: Condens. Mattdr2, 3585(2000.
29p_ G. Kusalik and G. N. Patey, J. Chem. PH§8.5110(1987).
+2.5243< 10*9p3_ 303, P. O’'Connell, inFluctuation Theory of Mixturesedited by E. Matteoli
and G. A. MansooriTaylor and Francis, New York, 1990Vol. 2, pp.
45-67.

1. Jeanthon, Antoine van Leeuwenhoek International Journal of Generalty \ H. Levelt Sengers, iBupercritical Fluid Technologyedited by T. J.

zand Molecular Microbiologyr7, 117 (2000). ) S Bruno and J. F. EIfCRC Press, Boca Raton, 1991pp. 1-56.
F. Canganella, A. Gambacorta, C. Kato, and K. Horikoshi, Microbiol. Res.32

154 297 (2000 A. V. Plyasunov, J. P. O'Connell, R. H. Wood, and E. L. Shock, Geochim.
j ) ' ) ) ) Cosmochim. Actéb4, 2779(2000.
3
z—lz.ogghmleder, J. Abeln, N. Boukigt al, J. Supercrit. Fluidsl7, 145 3. Seldbauer, J. P. O'Connell, and R. H. Wood, Chem. GEeg 43
40. Weiss, G. Ihlein, and F. Schuth, Microporous Mag&-6, 617 (2000. 34(2000' , )
5Y. Kim and D. P. Jung, Inorg. Chen89, 1470(2000. J. P. O’'Connell, A. V. Sharygin, and R. H. Wood, Ind. Eng. Chem. Res.

67. B. Wu, T. Tsukada, and M. Yoshimura, J. Mater. S8, 2833(2000. 35:“;’5' 2808(1996.

7J. H. Johnston, C. B. Milestone, P. T. Northcote, and N. Wiseman, App. J, J- G- Kirkwood and F. P. Buff, J. Chem. Phyif, 774 (1951).
53, 54 (2000. 36p, G. Kusalik and G. N. Patey, J. Chem. P88, 7715(1988.
8A. Shanableh, Water Re84, 945 (2000. 87p. G. Kusalik and G. N. Patey, J. Chem. P88, 7478(1988.
9D. B. Mitton, J. C. Orzalli, and R. M. Latanision, Physical Chemistry of ~ *®P. G. Kusalik and G. N. Patey, J. Chem. PH§8.5843(1988.
Aqueous Systems: Meeting the Needs of Industliyed by H. J. White, J.  *°P. G. Kusalik and G. N. Patey, Mol. Phy&5, 1105(1988.
V. Sengers, D. B. Neumann, and J. C. BelloBggell House, New York,  “°P. G. Debenedetti and R. S. Mohamed, J. Chem. P3s4528(1989.
101995, pp. 638-643. 413, M. H. Levelt Sengers, J. Supercrit. Fluidis215 (1991).
HggéBamer’ C. Y. Huang, T. Johnsen al, J. Hazardous MateBl, 1~ 42R_H. Wood, 5th International Symposium on Hydrothermal Reactions,

1 . Gatlinburg, July 20—24 199{personal communication
M. Modell, in Standard Handbook of Hazardous Waste Treatment a”d43Note that a misprint in the expression mﬁ,m&SR) has been detected in

Disposal edited by H. M. FreematMcGraw—Hill, New York, 1989. . )
12 X Tolrry R K;/minsky M T (I?I/lein and M. R. Klotz. J Sugercrit Eq. (19) of Ref. 28, and in Eq(52) of Ref. 24. In both cases the first term,
Fiuiciss 16’3(]:992 R ' T T " (1—n), should be deleted.
13A. A. Chialvo and P. T. Cummings, iddvances in Chemical Physics Y. Marcus,lon Solvation(Wiley, Chichester, 1985
Vol. 109, edited by S. A. RicéWiley, New York, 1999, Vol. 109, pp.  “°M. Magini, G. Licheri, G. Paschinat al, X-Ray Diffraction of lons in

115-205. Aqueous Solutions: Hydration and Complex Formaii@RC Press, Boca
14Geochemistry of Hydrothermal Ore Depositdited by H. L. Barnes Raton, 1988
(Wiley, New York, 1997. 4®H. Ohtaki and T. Radnai, Chem. Re33, 1157(1993.

Downloaded 26 Jul 2007 to 136.159.235.227. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



