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Thermal diffusion in  (LICl, RH,0)
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Departement de Physique des Middeix (CNRS UMR 5586), Universitelaude Bernard, Lyon 1, 43,
Boulevard du 11 Novembre 1918, F-69622 Lyon-Villeurbanne, France

(Received 19 November 1998; accepted 3 February 1999

By means of an accurate investigation of the hydrodynamical behavior of the studied liquid, we
have been able to perform interdiffusion and pure Soret effect measureméhiGlinRH,O) with

R ranging from 6 to 100 and temperature fren®0 to 0 °C. The interdiffusion coefficient corrected

by a thermodynamic factor shows a characteristic evolution with concentration, which is a
straightforward consequence of the role of the ions in this direct transport phenomenon. The Soret
coefficient has revealed itself to be strongly negative, to increase with temperature, and to exhibit a
sharp minimum with concentration. By comparison with measurements in other aqueous alkali
chlorides, these results have contradicted the existing theory: negative Soret coefficients do not seem
to be associated with poorly organized water. Furthermore, the extremum in the medium
concentration range is likely to be related to the polarizing influence of the alkali ions on the outer
hydration shells. ©1999 American Institute of Physids0021-96069)50817-9

I. INTRODUCTION water per mole of salt, by the use of a holographic interfer-
ometry technique, which fulfills the two conditions men-
The existence of a matter flux in a thermally inhomoge-tioned above. It also gives the opportunity to derive the in-
neous mixture has been referred to as thermal diffusion, oterdiffusion coefficienD of the mixture from the kinetics of
Soret effect in condensed matter. The strength of the phehe experiment.

nomenon is determined by the Soret coefficint propor- The choice of the system is accounted for by its high
tional to the ratio of the resulting steady concentration graviscosity (it is a vitrifying liquid), and by the fact that its
dient and the applied temperature gradient. structure and transport properties are well known and can

The interest in this secondary coefficient has been reinguide the discussion on the thermodiffusive propertfes.
forced for some 10 years by theoretical as well as industrialiquids with standard viscosity~1 cPg are very difficult to
considerations. The  former include fluctuation maintain in a diffusive regime on earth and microgravity
hydrodynamicé and statistical mechaniésThe latter deal measurements are often need&dBut we must notice the
with new separation techniguesr hydrocarbons distribu- recent appearance of promising new technidde¥.One of
tions in petroleum reservoirs. them'” has in particular enlightened the problem of the dis-

But from our standpoint, the main significance of the crepant values oB; of organic mixtures obtained by various
study of thermal diffusion lies elsewhere. This phenomenoriechniques.
has revealed itself as being a very sensitive probe of molecu- The feasibility of our procedure has been proved, it can
lar interaction$. Corresponding to a nonequilibrium cross now be used to deepen our understanding of the transport
effect, the interpretation of the variations of the Soret coefproperties of aqueous alkali chlorides, by enlarging the tem-
ficient appeals to subtle models of atomic organization. Thigerature and concentration ranges of the measurements and
is particularly true for aqueous electrolytic solutidns. linking them to our knowledge of the molecular organization

But accurate and reproducible measurements of Soreif these liquids.
coefficients have turned out to be hard to obtain. Convective  The remainder of the paper is organized as follows. Sec-
motions are very likely to disturb the diffusion process. Theytion Il summarizes the experimental apparatus and proce-
may be due to hydrodynamic instabilitfesr to small para- dure. Sections Il and IV present the interdiffusion and ther-
sitic temperature gradients. mal diffusion results, the microscopic origin of which is

To avoid these disturbances, we had stated in a previoudiscussed in Sec. V. Section VI is a conclusion.
work that two conditions were compulsory to get reliable
Soret measurement First, the complete stability diagram
of the stu_d_ied liquid mixture must be _precisely de_term_ined i PROCEDURE
the conditions of the experiments, in order to identify the
feasibility domains of the Soret measurements. Second, the The complete experimental device and procedure are de-
absence of local motions in the fluid must be controlled durscribed elsewher®. As a summary, holointerferometry
ing the whole experiments. With this aim, after the pioneer-mainly differs from classical interferometry in the fact that a
ing work of Sancheet al,'* we have performed Soret coef- reference system is not needed: the initial state of the system
ficient determinations in concentrated aqueous lithiumis recorded on a so-called reference hologram. Interference
chloride (LiCl, RH,0), whereR is the number of moles of fringes then materialize isotherms or isomass fractions,
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TABLE I. The three phases of the procedure.

Phase AT AX Description
1 increasing Qconsidered constant search of the thermal convection threshold
2 ATH increasing(from 0 to Ax™) thermal diffusion
3 increasing Ax™ (considered constant search of the thermosolutal convection threshold

which permits one to measure temperature and concentratidom of the cell. So, provided that no local convection loop be
evolutions in the sample and, at the same time, to visualizereated in the liquid, this procedure permits reliable values of

the appearance of convection. the interdiffusion and Soret coefficients:
The sample is contained in a rectangular cell of interior 2
dimensions 30 mm(diffusion lengthx<10 mm (optical h ! A
Loon S e D= and S=1m—y A @
pathlength><10 mm, which is inserted in a cryostatic device, T Tdiff ( )

the temperature of which ranges frorl00 to+40°C. This  with 744 time constant of the thermal diffusiomn, initial

setup permits one to submit the liquid to a uniform verticalmixture concentration, andix.. stationary concentration dif-
thermal gradient. The entire device takes place on a vibratioference. The mole fractionis preferred to the mass fraction
free holographic bench. c for easier comparison with the literature values. Conven-
From a mechanical point of view, the large viscosity of tionally, S is positive if the denser component migrates to-
our liquid enables us to follow a very convenient proceduresyards the cold end of the cell.
OWIng to this property, the concentration relaxation time Our aim being an en|argement of the experimenta| con-
Teone IS MuUch greater than the temperature ang,,. The  ditions, the knowledge of the limits of the concentration and
ratio of both quantities is given by the Lewis numbee  temperature ranges is needed. Optical measurement methods
= Tiemp/ Tconc=D/D7~ 1073, Dy being the thermal diffusiv- are especially designed for concentrated solutions: in the
ity. In this condition, during a hydrodynamical study lasting case of high dilution, the Soret-induced concentration evolu-
a few hours, for which the convection threshold is searchegion does not yield significant enough variations of the index
for by increasing the temperature differenk® between the  of refraction. For(LiCl, RH,0), we have assessed that ho-
upper and lower ends of the cell, the concentration distribufography measurements are ineffective R 150.
tion is regarded as remaining constant. So the hydrodynamic  Considering temperature, the upper limit is the conse-
instabilities in the liquid are investigated for constant Soretquence of hydrodynamical considerations. At constsft
induced concentration differencAxth between the tOp and increasing temperature gives rise to an enhancemeﬁ@pf
bottom of the cell. (through the decrease of the viscosit$o all the composi-
With these assumptions, the stability diagram of the systions of the homogeneous mixture exceed the thermal con-
tem can be drawn in theRa;,Ra) plane.Ras is a dimen-  vection critical valueRa’™=1.7x 10° in the vicinity of 0 °C,
sionlessAx (solutal Rayleigh numbgandRa a dimension-  which makes pure Soret effect measurements impossible.

lessAT (thermal Rayleigh numbgr The lower limit can be ascribed to two factors. In the vicinity
of R=6, the liquid is easily vitrifying and the temperature
agh®AT BghAx can be considerably lowered without crystallization, but the
&= b; and Ra;=—"1r—. (1) molecular motions are then progressively frozen-in and dif-

fusion time constants become too laige to one year For

Here, « and 8 are the dependence coefficients of the densityX= 7+ the possibility of entering the metastable phase is lim-

on temperature and concentratianis the acceleration due
to gravity, h the diffusion length(height of the ce), and v

the kinematic viscosity. ConventionallyRa, is positive 10 . . . . > .
when heating from below an®a is positive when the stationary /,gonveggsg'a‘w
denser component migrates downwards. The three phases of g [ convective _ < regime . .
the procedure are summarized in Table I. - e o,

The investigation of this diagraitirig. 1) takes place in :‘ 51 diffusive |
the field of the study of free convection in binary liquid 2 ' regime
mixtures exhibiting a Soret effect and will not be developed oy i
here. But according to our purpose, from this sketch we can |

learn the critical value oRga (and subsequentlkT) under
which the Soret experiment must be performed. Whar
<ATjs imposed to the cell, a concentration differedoe .
progressively settles in the mixture. During the diffusion 107 Ra,

(bold arrow on the dlagramwe can be ensured to remain in FIG. 1. Stability diagramRas,Ra,) of a binary mixture submitted to tem-

th_e diffusive regime- Indeed, the appeal’:mg stabilizes the perature and concentration gradients in a 3:1:1 geometry for impermeable,
mixture, the heaviest component migrating towards the botrigid, and conducting boundary conditions.
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molality  (mol.kg ) FIG. 3. Corrected value®/T" of the interdiffusion coefficient ofLiCl,

T I . . RH,0O) as a function oR.
FIG. 2. Equilibriunt! and out-of-equilibriur®? phase diagram diLiCl, wa-

ter). The temperature of homogeneous nucleation of¥iead the investi-

gated mixtures are also displayed. ) ]
Thus, two data processings are useful to emphasize the

significant mechanisms. First, the sensitivity to the interac-

ited by the crystallization of ice, a few degrees under theions between the species is expressed through the influence
liquidus curve(see the phase diagram on Fig. 2 of the mixture ideality. Hence, to get rid of this dependence,

With these experimental conditions, we have performed® 1S usually corrected by a thermodynamic factor 1

the following measurements of the transport properties oft @/n ¥/dIn m,.ylgeing the activity coefficient andh the
our aqueous electrolyte. mixture molality:® Second, in order to distinguish the re-

spective influence of temperature and concentration on the
diffusion, the various mixtures are preferred to be compared
Il INTERDIFFUSION at equivalent temperatur@3 T eference W€ have choseft,
Our values of the interdiffusion coefficient dLiCl, the liquidus tempgrature, as the reference tempgrature WhiCh
RH,0) at several temperatures and concentrations are give%rmun.tS to equalize the therma! energy for the d|ff§: rent mix-
ures, i.e., to take the phase diagram into accaqbig. 2).

in Table Il. Despite the usefulness of such low temperatur houah of sliaht influence. this treatment is n v for
measurements in the study of the glass transition of this sys- ough of sig uence, this treatment 1s hecessary for a
roper analysis.

tem, these results are the first ones under the 0°C tem erB . . .
! ! ! P Figure 3 displays ouD/I" measurements ofLiCl,

ture. )
. . H,0) as well as the literature ones far/T,=1.01. The
Such a direct transport property is strongly related to thé\?alues ofl" are derived from data of Lobo and Quaresma’s

molecular mobility in the system. Like viscosity, this diffu- 9 . I )
sion phenomenon is for example tremendously affected b andbook™® The high dilution and ambient Femperature val-
es ofD are from the same source. As a first comment, the

the approach of the glass transition, the molecular dynamic . . .
being progressively frozen-in. agreement between the high and low concentration values is

a new proof of the reliability of our procedure. However,
experimental data of below 0 °C would be of great interest

TABLE II. Interdiffusion D and SoretS; coefficients of(LiCl, RH,O) for for computing more precise values BffT", thus avoiding

several temperatures and concentrations. extrapolations.
Literature values ofD/I" at constant temperatur@
R m(molkg™) T(C) D(10°m*sh) Sp(10°K™ =25°C are also displayed, which infer the noncrucial char-
6 9.95 509 0.66 —212 acter of the absolutdT) or relative (T/T,) temperature
—43.4 1.38 -1.72 choice of representation in the case of this transport phenom-
-29.1 2.43 —-1.26 enon. The temperature influence appears to be of secondary
-20.0 3.92 -1.23 part here.
-10.0 4.44 -1.04 . . .
Besides these minor remarks, the main feature of these
9.7 5.72 -355 1.76 -3.78 curves is the existence of a transition domain in the medium
—33.6 2.33 —3.84 concentration rangéR=100, i.e.,m=0.5 molkg™?). Below
—295 2:25 —3:54 this thresholdD/T" exhibits a rise and above it, a plateau.
-23.4 2.42 -3.06 s )
203 313 073 This kind of behavior has already been observed once and
can be interpreted as follow8.Starting from the infinite
30 1.85 —7.1 5.93 —3.76 dilution regime R~ ) and progressively decreasiRjeads
—30 581 —364 to a gradual growth of the part of the salt in the solution
60 0.93 -0.9 5.72 —-4.54 structure. But what is striking is the total lack of conse-
14 5.84 —4.57 guence of this growth on the behavior BfT", which re-
100 0.56 05 7.79 _757 mains approximately constant down Re=100.

In this way, it can be stated that the slight modification
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FIG. 5. Soret coefficient of aqueous LiCl, NaCl, and KCI as a function of
the molality.

of the H bond network of water induced by the ions down totrapolation$, and second, a molality representatitine most
R=100 has no incidence on the global transport propertiesised concentration unit in the literaturéigure 5 displays
If Ris still decreased, the influence of the ions on the orgat.iCl results at 0°C as well as Gaeg al’s results of ther-
nization of the liquid becomes significant and the self-mogravitational diffusion on NaCl and KCI at 30 € The

diffusion of Li* rapidly prevails over the interdiffusion following trends may be noticed:

behavior?® .
Keeping these direct diffusion results in mind, we can(')
now face our cross diffusion measurements.

IV. SORET EFFECT (i)

The values of the Soret coefficient @fiCl, RH,O) per-
formed in the same temperature and concentration conditions
as the interdiffusion measurements are listed in Table II,...

. . : i)

These values are displayed against temperature on Fig. Q
TheT correction and thd/T, renormalization are of no use

for this cross phenomenon, highlighting no characteristic be-
havior (for example see below Fig.)6We have added on

this graph the only other Soret experiments as a function of
temperature oifLiCl, water): Wood and Hawksworth’s con-
ductimetric measuremeRtsand Alexander’s thermogravita-
tional diffusion result$? Two first inferences may be drawn
from these curves:

(@ On the one hand, opposite to previous measurerfients
and statement¥, aqueous lithium chloride is not char-
acterized by a small thermodiffusive power with regard
to the other aqueous alkali chlorides. The strength o
the effect in the medium concentration range—one o
the largest ever measured in such systems—especial
contradicts this idea and justifies the enlarging of the
field of the experimental conditions we have under-
taken.

(b) On the other hand, the slow increaseSyf with tem-
perature is consistent with most previous reported worli
in aqueous alkali halideg:?22526

Aqueous LiCl exhibits a sharp minimum, in the same
way that aqueous NaCl and KCI, but relatively
deeper. This minimum is located in the medium con-
centration range.

Particularly looking at the NaCl and KCI results, the
curves exhibit a plateau at high dilution and a steep
decrease down to the minimum at medium concentra-
tion.

The LiCl curve is characterized by a shift towards the
negative values o6;. As a consequence, the Soret
effect is nearly always negative in LiCl solutions,
when it changes sign twice in NaCl and KCI solutions
when the concentration increases. This shift cannot be
attributed to the temperature difference of 30 °C be-
tween the two experiments. Indeed, Gasttal. report
that when temperature is decreased, the minima of the
S;=f(m) curves of the NaCl and KCI solutions in-
crease, which still accentuates the discrepancy with
the LiCl curve.

We want now to emphasize the similarity between two
%‘eatures of the interdiffusion and thermal diffusion curves,
Tdisplayed on the same graph irRaepresentation on Fig. 6:
}he existence of a plateau at high dilutidlarge R) and a
r)épid evolution withR at high concentratioigsmall R). But
this similarity is failing in the medium concentration range
where the Soret effect behavior is much more catastrophic
than the interdiffusion one. So these two phenomena are un-
likely to originate in the same molecular mechanisms over
he whole range of concentration. More precisely, thermal
diffusion, being a cross phenomenon, appeals to the ener-

The wide variation o5y againstR has led us to draw its getic bases of mass transport, evidencing therefore other as-
evolution as a function of the concentration. But this attempfpects of molecular interactions that direct diffusion.
has to be carefully considered, because it has needed ex- In order to elucidate the mechanisms accounting for such
trapolations, which are always delicate operations. First, wbehaviors, we will now consider the microscopic scale of
have chosen the 0°C temperatireeding the smallest ex- thermal diffusion.
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0 ‘ ' ' Jo.7 (LiCl, 6H,0), the progressive recreation of the H bond net-
-1r / ' work, characteristic of pure water when temperature is de-
-2 - 0.8 o creased, leading to the supercooling and vitrification of the
-; 3L 405 3 liquid.*?
o 4L {04 3 According to the Chanu—Gaeta model, all these proper-
2 b los aé ties imply for aqueous LiCl positive values 8f . Neverthe-
o L ' > less, the experimental results dismiss this expectatiog),
102 . RH,O) exhibiting much more negative values 6% than
r 40,1 aqueous NaCl and KCI. As the model turns out to be dis-
- 8[ . , , 0 crepant with the measurements, a new analysis seems to be
10 100 1000 10000 necessary.
R The consequence of the existence of a thermal gradient
FIG. 6. S; andD/T of (LiCl, RH,0) at reduced temperatui®@T,=1.01 as  in @ fluid is the modification of the dynamical state of its
a function ofR. species: the vibrational entropy becomes larger at the hot end

than at the cold end. According to Prigogine’s theorem of
nonequilibrium thermodynamicsa steady state amounts to
V. DISCUSSION a minimum of the entropy source strength. Therefore, if the
Among the very few theories attempting to interpret thetrend of the solute in an aqueous solution is to reduce the
Soret effect, one dealing with the inversion of the effect withlocal entropy(structure makey it will thus diffuse towards
temperature has already been discud8ekhother one, that the hot wall, to contend with the effect of the temperature
can be called the Chanu—-Gaeta mddélbased on the and to make the entropy source strength minimum, &nd
Franck and Wen's model of aqueous electrolyticwill be negative. According to these assumptions, a
solutions?®?°can be summarized as follows. Stating that en-structure-making ionic mechanism therefore leads to nega-
tropic considerations are the cornerstones of the understantive values ofSy, instead of positive values with Chanu—
ing of cross diffusion phenomena, this model assesses that@aeta’s hypotheses. This relates the large Coulombic influ-
the organization of the water molecules solvating an ion ignce of Li" on water, compared with Naand K*, to its
more ordered than the organization of molecules in pure wastrongly negative thermodiffusive character, in particular at
ter, the arrival of a migrating ion in a pure water region high dilution where it exhibits a negative plateau when the
yields a local decrease of entropy. This process corresponasher ions show a positive one.
to a heat liberation and leads the ions to diffuse towards the Though the two models are based on the same mecha-
cold wall (i.e., S;>0), in order to contend with the heat flux nism, Chanu and Gaeta consider it during the transient re-
due to the thermal gradient. gime, what seems to us tentative. So we consider the entropy
In the high dilution range, the water organization pre-heat transfer at the steady-state, where the nonequilibrium
vails, characterized by a high number of hydrogen bondslaws are better considered.
leading to a mostly tetrahedral structure. In the high concen-  Following these assumptions, the medium concentration
tration range, the ionic organization prevails, characterizedlomain, being the most negative$, should be associated
by ion—dipole interactions with a more spherical structurewith the most ordered configuration of the solvent. And the
yielded by the Coulombic atmosphere of the ions, and byhigh concentration range should correspond to a poorly or-
incipient indirect ion—ion interactions. dered liquid,S; being positive for the three salts. But these
Both these states amount to a high level of order in théwo structural considerations are clearly known to be wrong.
water molecules arrangement. For this reason, they corréFhis evidences the deficiency of a too macroscopic view of
spond to positive values &; in the KCIl and NaCl cases. In these phenomena.
the medium concentration range, the competition between Trying to lay out a molecular picture of the above-
these two types of structure, which are not consistent witmentioned structure-making mechanism irf lat high dilu-
each other, leads to an increased disorder in the water madlion, that N& and K" do not seem to experience, the rel-
ecules, according to Chanu and Gaeta. The minimum of thevant feature is very likely to be the polarizing influence of
S;=f(m) curve, corresponding to a positive to negative evo-the ions on the second and following hydration shells. In-
lution of Sy, originates in this structure-breaking mecha-deed, this polarizing effect is strong enough to encourage the
nism. pure water structurg¢by enhancing the spatial charge sepa-
We are now going to experience the compatibility of thisration of the water moleculgsn the outer shells. If this
theory with our new aqueous LiCl results. Recent structurabrientational influence is thus the basis of the negative values
investigations of theLiCl, 6H,0) systemi? and ab initioc  of Sy, the medium concentration range—where no more free
computation® have considerably strengthened the followingwater exists—could be the state where the ratio of water
early ided® about Li": the reduced electron cloud of this ion molecules under the polarizing influence of the ions is the
gives rise to a very strong electrostatic field in its neighbordargest and thei®; should be the most negative. This polar-
hood, drastically acting on the water molecules aroundizing effect may thus be the energetic molecular mechanism
Among the alkali ions, Li is thereby the strongest structure mentioned in the last section, hidden in isothermal diffusion
maker, using Frank and Wen's term. In the case of a highlyy the direct Coulombic and H bonds processes.
polar solvent like water, this polarizing effect explains, in The high concentration range is however still in ques-
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