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Thermodynamic and statistical studies of supersaturated ternary solutions
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The influence of chromium ions &r on properties of supersaturated aqueous solution of ammonium sulfate
(NH,),S0O, has been studied employing containerless electrodynamic levitation of single microdroplets of this
solution with known concentration of &r ions. The water activity versus solute concentration was measured
in three different sets of experiments corresponding to different initial concentrations ofoBis. Theoretical
treatment of the experimental results obtained is developed employing the theory of supersaturated electrolyte
solutions[Phys. Rev. E52, 1325(1995]. This treatment has allowed the following two conclusions. First,
spinodal concentration is a decreasing function of'Groncentration. Second, solute clusters formed in the
presence of G ions demonstrate complex behavior with respect to binding water molecalest: low and
moderate supersaturations, they bind more water molecules than clusters formed in the absence of an impurity;
and (b) at high supersaturations, they bind less water molecules than clusters formed in the absence of an
impurity. [S1063-651X99)12509-1

PACS numbse(s): 82.60.Lf, 82.60.Nh, 82.30.Nr, 64.60.My

I. INTRODUCTION finement of microdroplets of supersaturated solutions. Three
major advantages which make the ELT technique so attrac-

It is well known that small amounts of an impurity can tive for the study of metastable state and nucleation @e,
profoundly effect nucleation and crystal growth phenomenathe absence of container walls which usually serve as a major

For example, it was found that Pbion acts as a nucleation source of heterogeneities triggering heterogeneous nucle-

agent in a NaCl solutiod1], whereas C® ion inhibits  ation; (b) the levitation of ultrasmall volumegicoliters of

nucleation in KNQ solution[1]. The effect of K" and Fé"  the initially purified solutions; andc) the suppression of
ions on nucleation of ammonium-aluminum sulfates wasconvective flows. The first advantage is self-explanatory.
studied in Refs[2,3]. The study of C¥" impurities in differ-  The second advantage can be understood if one specifies the
ent supersaturated solutions has demonstrated that in thgirobability P(x=K) to have exacthK impurities in volume
presence nucleation and crystal growth are supprddsedl. Vo (Vo is the microdroplet volume wherex is the corre-

All these studies have been performed in bulk solutions andsponding random variable describing number of impurities

therefore, have only qualitative reproducibility. In addition, inside of the microdroplet. Assuming that the random vari-

no mechanistic understanding of these effects can be drawable x has the Poisson distribution, the probabiliB(x

from the bulk experiments. In particular, it is not possible to=K) has the form

distinguish whether the impurity affects the thermodynamics

of the system in some way or alters the kinetics of the

growth and nucleation processes. In order to obtain repro-
ducible results related to the effect, which impurity might
have, on nucleation and crystal growth, an accurate and semhereE(x) is the mathematical expectation of the event
sitive experimental technique is required. This technique=K, andNy, is the total number of impurities in the initial

should be capable of, at least, producing stable supersatgelution volumeV. Therefore, the probability to haw im-

rated solutiongmetastable states with a long lifetiméOne  purities inside of the microdroplet is the sharply decreasing

of the best experimental techniques capable of achieving thisnction of the microdroplet volum¥,. The third advantage

is based on containerless levitation of solution microdropletss again due to small solution volumes being levitated. There

in a solvent atmosphellg—21]. This technique has already is simply not enough room for the convective flows to de-

been employed in the study of impact of*Crions on the velop. In order to specify this statement, let us note that
properties of supersaturated state and nucleation of ammaeonvectional flows are proportional to the microdroplet ra-
nium sulfate[ (NH,),SO,] in aqueous solution. In this study diusR, ang’2 or R3. Therefore, even comparing with regu-
the dependence of water activity on (W80, concentra-  lar ul-size solution drops, the approximately®16r 1¢° fac-

tion was investigated at different £r concentrations. Pre- tor difference in sizes between thé-size drops angl-size

liminary results of this work was reported in R¢21]. levitated microdroplets would essentially reduce convec-

In our study we employ the electrodynamic levitator traptional effects to zero in these microdroplets.

(ELT) technique. This technique allows containerless con- Based on the foregoing, employment of the ELT tech-
nique allows a unique opportunity in the study of properties
of supersaturated solutions and nucleation phenomenon. This

* Author to whom correspondence should be addressed. Electronioicludes an opportunity to separate factors, affecting proper-
address: izmailov@duke.poly.edu ties of supersaturated solutions, such as solution supersatura-
TElectronic address: amyerson@duke.poly.edu tion and presence of impurities in the convection-free envi-
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— To Resevoir on the possibility of nucleation occurrence. For this purpose
microdroplets containing supersaturated solutions with impu-
[S— ¢ 0.2um filter rities of known character and concentration were levitated.
Therefore, a heterogeneous solution of known mean solute
o piezoelectric ng; and impurity nj,, concentrations was prepared and in-
rive Pulse l i . . . .
ceramic jected into the SVELT chamber in the form of microdroplets

of radius 5um. For a stationary microdroplet, trapped in the
A SVELT null point, its weightmgis balanced by the opposing
Charging electrostatic forcglUge,

v, 2 . 9Uqc
Thermistor de mg_c Z ! (1)
Yoo O whereq is the microdroplet electrical charg¥,, is the dc
] voltage which retains the microdroplet at the SVELT geo-
“Vac 2 metric center, 2, is the distance between the SVELT spher-
Capacitive oid electrodes, and is the SVELT geometrical constant.

Monometer Thus, by means of this equation and under the assumption
that the microdroplet charge remains unaltered during an ex-
periment, the relative change of the microdroplet mass can
be easily determined by measuring the balancing dc voltage
U4 required to balance the weightg of the charged solu-
tion microdroplet. The assumption of constant microdroplet
Salt Solaton in c_har_geq during the_ course of experiment can be easily veri-
Vacuum Pump - st Temp. Bath fied in each experimeri23].
In the levitation experiments, the massof the solution
FIG. 1. Schematic drawing of the SVELT experimental appara-microdroplet and the solvent vapor pressure in the SVELT
tus, including a levitation chamber of adjustable humidity and tem-chamber can be easily determingste expressiofil)] and
perature. directly measured, respectively. In all experiments per-
formed for this work, we first evacuate the entire solvent
ronment. In addition to that, the ELT technique has allowedrom the SVELT chamber in order to determine the com-
us to investigate the relative importance of these factors bjined massmg,y, of solute mg; and impurity m;,,, masses
controlling number of impurities in the microdroplets levi- (mgo,=mg+miyn,) by measuring the balancing dc voltage
tated. The study was conducted in a wide range of solutioifU 4, for the anhydrougdry) microdroplet and applying
supersaturations, with the upper limit approaching the supetelationship (1). After carrying out this measurement, the
saturation of the spinodal at the given temperature and presolvent vapor is allowed back to the SVELT chamber until
sure. The unique capabilities of the ELT technique in thecomplete deliquescence of the dry microdroplet. In the fol-
study of metastable state and nucleation were reported earligiwing measurements the balancing dc voltagegJ,, and
in detail in Refs[7-21]. In this paper we present results of solvent vapor pressure are recorded continuously while
an experimental and theoretical study describing the impaajradually evacuating solvent vapor from the SVELT cham-
of small amounts of ionic impurities such as*Cron prop-  ber by adjusting the needle valve. This procedure increases
erties of (NH),SO, aqueous supersaturated solution. the relative solute and impurity concentrationg andn;y,,
leaving the ratio of their masses=mj,,/mg;, constant.
Therefore, a deeper penetration into the supersaturated
(metastableregion at constant takes place. Evacuation is
continued at a slow rate until nucleation occurs. At the nucle-
ation point, the balancing dc voltagig,. drops precipitously.
The spherical void ELT(SVELT) technique first de- This drop is understandable from a thermodynamic point of
scribed in Ref[22] (see Fig. 1 for its schemajiavas em-  view: after nucleation occurs the solute concentration in the
ployed in order to determine the solute activighemical —microdroplet solution decreases dramatically, leading to a
potentia) as a function of supersaturation and impurity con-violation of thermodynamic equilibrium between the solu-
centration. This technique allows the containerless suspeition solvent inside the microdroplet and the solvent atmo-
sion of the electrically charged microdroplé&s-20 um in  sphere surrounding this microdroplet. Establishment of this
diametey containing supersaturated solution in the solventhermodynamic equilibrium initiates intensive evaporation of
atmosphere. The advantages of this technique, described atitt solvent from the microdroplet solution, resulting in a
discussed in Sec. | provide a unique opportunity to reacliramatic decrease of the microdroplet mass. After nucleation
extremely high supersaturations. These supersaturationggcurs the solvent evacuation is continued, to ensure that
which are usually 5-10 times greater than those obtainabldere has bene no charge loss during the cycle.
in bulk solutions, allow very deep penetration into the meta- Recording of the balancing dc voltag®l {) . together
stable zone. with the knowledge of  4J) 4y allows the expression of the
One of the objectives of the experimental study performechormalized solutég; and impurityn;,,, concentrations in the
was to distinguish the relative role of impurity concentrationmicrodroplet solution as follows:

II. SPHERICAL VOID ELT TECHNIQUE APPLICATION
TO THE STUDY OF TERNARY SUPERSATURATED
SOLUTIONS
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Mg 1 (Ugdary sults for the given solution microdroplet. Therefore, by sus-
nS|I:F “1+r (U wet pending the microdroplets of supersaturated solution with the
et @) known initial concentrationsg; and n;,,, we studied prop-

erties of highly supersaturated solutions and the dependence
of these properties on the depth of supersaturation and con-
centration of impurities.

n. =mimp= r (Udc)dry
mP m 1+r (Udc)wet

(in number density uniis

where Ugday and Ugdwe: are the balancing voltages for Ill. THERMODYNAMICS OF TERNARY
the dry and deliquescerttvet) microdroplets, respectively. SUPERSATURATED SOLUTIONS WITH
Therefore, the following two, experimentally justified, as- ELECTROLYTE SOLUTE AND IMPURITY

sumptions can be madéa) solute and impurities are non-
volatile, and(b) the solution microdroplet is in the partial
thermodynamic equilibrium with the surrounding solvent at-
mosphere. These assumptions allow achievement of the d
sired concentrationsg; and n;y,, inside of the solution mi-
crodroplet by adjusting pressure of the solvent vapor in th
SVELT chamber. Assumptiofb) means that the chemical
potentialsus, (T;ngy,r) and S (T;ng,r) of solvent in the
liquid (solution and gaseougvapon phases are equal.
Therefore, the activities

The metastable or supersaturated region is bounded on
one side by the saturatighinoda) line and on the other side
Ry the spinodal line, which mark the limits of the metastable
Zone. At concentrations above the spinodal, the solution is
gbsolutely unstable and rapidly phase separates. In a meta-
Stable state the dissolved solute molecules can associate with
each other into subcritical solute clusters. These clusters ap-
pear due to local fluctuations of the mean solute concentra-
tion ng,. However, it is energetically favorable for the sub-
critical solute clusters to dissolve rather than to grow.
Therefore, homogeneous nucleation occurs when clusters be-
come large enough for their growth to be energetically fa-
vorable. In this way a one-phase metastable state of a homo-
geneous supersaturated solution with the mean solute

concentratiomg, relaxes to a two-phase stable state by form-

should also be equal. Assuming that solvent vapor can bl%g a heterogeneous saturated solution with the solute con-

gggfédﬁ]r:{dz%s an ideal gas it is straightforward to demonéentration Nstsat 1NE €xcess solute concentratiadking

=nNg;— Ngirsar JOES iNto the creation of heterogeneities—the

A5W(Ting,T) = A5(T:0,00ex] Bub(T:ng, 1)1,

AGu(TiNgie, 1) =NGUT:0,00exd Bug/Tingy. 1)1,

L. G (T ) ) solid phase. In this two-phase solution the critical and super-
)\S'Z(T'ns't’r) - )\S'é(T’nS"’r) _P(Mnar)  P(Tingr) critical solute clusters, and their aggregates are identified
Asi(T:0,0 Asu(T:0,0) P(T;0,0 Psa(T) with the new solute-rich phase, whereas the solution itself is

identified with the solute-poor phase. Such a relaxation pro-
cess from a one-phase metastable state to a two-phase stable
state is known as a nucleation process. The next stages of the
metastable state relaxation are related to the growth of super-
critical solute clusters, which is followed by their coales-
cence.

=Ry(T;ngt,r), 3

where P(T;ng,r) and Ry(T;ng,,r) are the pressure and
relative humidity, respectively, of the solvent vapor which is
in partial thermodynamic equilibrium with the microdroplet

solution. The pressurB(T;0,0)=Ps(T) is the pressure of Let us consider a ternary solution consisting of a solute of

solvent vapor which is in equilibrium with the pure liquid trati . v of trati h
solvent([this pressure is the solvent vapor saturation pressur‘éogcen ral 'Omts"’ fan |mputr| yt_o CTie_n ra_lonimp_—lr ES'Il’
P.(T) at the given temperaturg|. The temperature depen- 2M¢ @ Solvent of concentratiofy,= 1 = Nsit™ Nimp= (1
dent relative humidityR,,(T) of the solvent atmosphere in- +r)ng. This speglﬂc arrange_mfant for the concentratlons
side of the SVELT chamber was measured employing thé'st: Mimp. andngy is characteristic of our experiment, and
VAISALA (Finland polymer sensors utilizing the means that there is only one independent concentration vari-

Ry-sensitive capacitance. The applicable temperature ran _Ie: solute concentrations. Under this con_d|t|0n th?
of these sensors is very wide, from-22 °C up to 60 °C, their ibbs-Duhem equation for such a ternary solution at a given

accuracy is at least 2%, and their resolution is 0.1%. Th&onstant temperature and pressur® has the forn{24]

solution solvent activity can be assumed to be dependent on
the microdroplet surface curvature and charge. However,
these effects are known to be insignificant for the size of N dusy | dpsi (Mw)sit dr“impzo @)
microdroplets used in our experimengs3]. dn dn (MW)imp  dn '

The experimental procedure described above allows con-
tinuous recording of the chamber relative humidity
Ry(T;ng;,r) and the balancing dc voltadé,.. In the result whereN andn are the solvent and solute concentrations in
of evacuation of solvent atmosphere inside of the lavitatomolal units, respectivelyigy, ust, anduiy, are the chemi-
chamber, the balancing dc voltagé,. decreases steadily, cal potentials of solvent, solute, and impurity, respectively;
and the solution in the microdroplet becomes more and morand My)¢; and My)imp, are the molecular weights of the
supersaturated until eventually nucleation occurs. Thessolute and impurity, respectively.
measurements¢recording$ were repeated severght least Let us now take into account that solute ammonium sul-
four) times to ensure the reproducibility of experimental re-fate (NH,),S0O,, and impurity chromium sulfate (G£SOy)5
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are electrolytes. In our previous research papt82Q we A(T;n,r)=el(Mws{1000nPg(T.n.r)
demonstrated that for strong electrolytes there exist the fol- @)
lowing expressions for the derivatives of their chemical po- D (T:n,r)=In(n)+3nY2p(T;r)+2np,(T;r).

tentials with respect to concentration
In deriving this expression we have taken into account that
d/"“s't: kb_T+ ECsn (T Y24c o(Tir), (58 f(Mw)sn/(Mw)imp< 1. This has always been the case in_ our
dn n 20 ' experimental study. Therefore, knowledge of the functional
parameterg(T;r) and p,(T;r) allows a determination of
(Mw)sit 1/2n_1/2 the solute activityA(T;n,r). In our previous study of super-
(MW)imp saturated electrolyte solutiorj49,20 we assumed the fol-
lowing simplified, but physically reasonable, description of
+en Z(T'r){r (Mw)stt } (5b) ions dissolved in the solvent of f_ixed dieleqtric constant
st (MWimp |’ (@) lons can be treated as rigid unpolarized spheres sub-
o merged into a continuous mediufsolvent.
where coefficients  Cg1(T;r), ConAT:r) and (b) lons do not move entirely randomly, since there exist
Cimp,i(T:T), Cimp A T:1) have to be determined by comparing coulomb forces between them. As a result of this, each ion
experimental data. Substitution of expressi¢da and(5b)  \which on average is spherically symmetrical.

duimp _ ke

1
dn n +Ecimp,1(T;r)[r

into the Gibbs-Duhem equatid#) yields the simple differ- (c) Nonpolar quantum bonds between ions as well as the
ential equation for the solvent chemical potential. Solution ofign-solvent interaction are neglected.
this equation is straightforward: (d) Two ions of opposite electric charge have a tendency
n (M) 32 to form an electrically neutral Bjerrum pair at the distance
waTinr)=——|1+r ﬂ}kBT— ——Caua(T:r) r<ras{T) (see Refs[19,20,2@). If the ions are of like sign
N (Mw)imp 3N the probability of their association is very small.
n2 Among results obtained in Reff19,2(0 for the special
— o—CeuATir), (6) case of binary supersaturated electrolyte solutions we utilize
2N and generalize the following two for the case of ternary elec-
Where trolyte solutions.
(a) Inside the region of solute concentrations where the
(Mw)sr 122 eIec_tronte solution is sgpt_arsaturatedetastablk there is a
Cov,1(T;1) = Cey,1(T1) + M) Cimp,2(T31), particular solute association concentratiog{T;r) when
Wimp the supersaturated electrolyte solution experiences a dramatic
(M)t 12 decrease to zero of its electrical conductivity. In other words,
Cov, 2o T;r)=Cg o(T;r)+ |1 —_ WSt Cimp A T.T). at this solute concentration the solution becomes nonconduc-
(Mw)imp tive since all ions are associated into electrically neutral

Bjerrum pairs, and their associatio@usters. Further pen-
Refs.[19,20] is in correspondence with the result presente tration into metastable zone leads back to the appearance of

in Ref.[25]. Therefore, an expression for the relative solvent ree ions andt,)tthus,dtg ng”fgg 2(:5r}g?i?]\gtﬁoﬁggn?rg?ilggcal
vapor humidityRy(T;n,r), a.k.a. solvent activity, acquires EXpression obtained In ke ’

n,{T;r) has the form

Analytical expression for the coefficieny (T;0) found in

the form
Ruy(T;n,r) = e~ [(Mw)s/1000NnD(T,n0), naudTi)= 3py(T;r) |2 o
(7) BT [5py(Tir)
. _ (Mw)sit 1/2 . . . . . .
<I>S|V(T,n,r)—1+r(|\/|—)_+n P1(T;r)+npy(T;r), (b) The analytical expression for spinodal concentration
Wime Nepir(T;T) in terms of the experimentally determinable func-
spint ! »
where tional parameterp,(T;r) andp,(T;r) has the form
o Cava(Tir) . CaTir) ) 9 [pyTin]? 1 3 pu(T;r)
PUTD= g PO T Moot T2 =32 Do) | ¥ 2po(Tir) & Tlpa(Tin)
In this expression Mly)¢,=18 is the molecular weight of 9| pu(Tir) 2 1 v (10
solvent (watep. The functional parameterp,(T;r) and 64| po(T;r) 2p,(T;r)

po(T;r) of expression(7) are strongly dependent on the

solute-impurity concentration ratio They can be identified It is understandable that these generalizations are correct

by direct comparison with experimental data, since the relawhen the concentration of one electrolyimpurity) is or-

tive humidity Ry (T;ngy) as the function of solute concen- ders of magnitude less than the concentration of another

trationn has been measured in our experiments for differenelectrolyte(solute, i.e., the ratio of impurity to solute con-

r. centrationg <1. This condition explicitly implies that direct
Integration of Eq(5b) gives the following simple expres- interaction between two electrolytes, solute and impurity,

sion for the solute activityA(T;n,r): might be neglected. The dependence on the solvent and sol-
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FIG. 2. (8 Water activityRy(T;n,r)=[Ry]adT;n,r) obtained using parameteps ,,{ T;r1) andp, o, T;r1) vs (NH,),SO, concen-
tration (in molal unitg in the case of an initial Gf concentration equal to 0.01 ppfthin solid line. The thick solid line represents water
activity Ry..(T,n) =Ry(T;n,0) in the absence of an impuritgh) Water activityRy(T;n,r)=[Ry].dT;n,r) obtained using parameters
P1avd T;r2) andp, 4 T;r2) vs (NH,),SO, concentratior(in molal unitg in the case of an initial &F concentration equal to 0.05 ppfthin
solid line). The thick solid line represents water activiB,.(T,n)=Ry(T;n,0) in the absence of an impurityc) Water activity
Ry(T;n,r)=[RyladT;n,r) obtained using parametgns ,,{ T;r 3) andp, .,d T;r3) vs (NH,),SO, concentratior{in molal unitg in the case
of an initial CF* concentration equal to 0.10 ppfthin solid line. The thick solid line represents water activiRy,,e(T,n)=Ry(T;n,0) in
the absence of an impurity.

ute chemical potentials on impurity comes through the detrials, corresponds to different initial concentrations,y,, of
pendence of functional parametgrg(T;r) andp(T;r) on  chromium sulfate (Op(SOy)3 impurity: Ngmp ;= 0.01 ppm,
the ratior. The complicated nature of this dependence is nof, imp.2=0.05ppm, andngmps=0.1 ppm. All experiments
addressed in our present research, and will be mvestlgatqﬂ)ere run with microdroplets of diametern at 25 °C con-
later. trolled with accuracy 10* um and +0.1°C, respectively.
The ammonium sulfate saturation concentratig, in the
absence of an impurity at 25°C is 5.78 m

Results for the solvent vapor activiigy(T;n,r;) at dif-
ferent initial concentrations of chromium sulfatg jmp; (i
=1, 2, and 3 are presented in Fig. 2. In this figure the solid

In this paper we present three different sets of experimenthin lines represent our experimental dataRy(T;n,r;) in
tal data obtained for the water activity of a supersaturatedernary solutions averaged over four trials for each initial
ternary electrolyte solution of ammonium sulfate (N$0O,  impurity concentrationng ;. Therefore, each solid thin
as a solute dissolved in water in the presence of a chromiurine is given in terms of expressiaf?) with functional pa-
sulfate (Cix(SQy)5 impurity. The experimental technique rametersp,(T;r;) and p,(T;r;) replaced by their averages
used in this study was the SVELT-based apparétas Sec. Py dT;ri) andp,q.d T;ri) over four experimental trials run
II). Each set of data, containing at least four experimentalor eachr; (i=1, 2, and 3

IV. TREATMENT OF EXPERIMENTAL DATA OBTAINED
FOR THE SUPERSATURATED TERNARY
ELECTROLYTE SOLUTIONS
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TABLE |. Each number is determined on the basis of four experimental trials run under the same
conditions. Percentage figures in parentheses, below actual numbers, give standard deviations in the deter-

mination of these numbers.

Initial Cr3* Prave(T.r)  Poawe(T.r) Discrepancy NassavkT;T) Nepin( T 1)
concentration between theory (molal unity  (molal unit9
(ppm) and experiment
averaged over
four runs(%)
Set1l 0.01 0.556 —0.063 2.5 28.50 59.49
(3.4% (8.8% (10.9% (1.4%
Set 2 0.05 0.860 —0.125 2.9 17.83 34.51
(4.6% (12.2% (13.8% (4.0%
Set 3 0.1 1.011 —0.149 34 16.62 32.31
(6.8% (13.8% (23.5% (12.6%
4
|on,ave(T;ri>=j21 [Pa(T:ir];, n=1 and 2,
where parameterp,(T;ri)]; and [px(T;ri)]; (j=1,....4) A 2
are determined by applying regression analysis to experi-
mental data for eacftrail run at the given initial impurity
concentratiomg i,; and temperaturé. Despite the fact that
expression(7) with functional parametergp,(T;r;)]; and R(n) 1.5 —
[p2(T;r;)]; was capable of describing experimental data in p—
eachj run (j=1,...,4) at each given initial impurity concen-
tration ng jmp; With an accuracy not less than 95%, the mean
functional parameterp, ,,{T;r;) and p, ., {T;r;) are not is 2'0 310 ”

that exact. Numbers for these parameters, given in Table I,

have a standard deviation up to 13.8%, and the accuracy of

determination of these parameters is a decreasing function of B

initial impurity concentration. Such inaccuracy is likely due

to imperfections in the control of initial impurity concentra-

tionsng jmp,1, @nd temperaturg, which deteriorates with in-

purity concentration. Comparison of the averaged activities

Ry(T;n,r;) for eachi=1, 2, and 3 with the case of no im-

purities present, i.er,=0, is given in the same Fig. @®lot

and data for the cage=0 were borrowed from our previous

paperd 19,20, and are given by solid thick lings . | L |
It should be noted that water activiig,(T;n,r;) in the 0 10 20 30 40

presence of impurities is always slightly below water activity

Ry (T;n,0) in their absence when soluies., ammonium sul-

fate) supersaturations are low. Somewhere at moderately C 5

high solute supersaturations*(r;), water activity lines

Ry(T;n,r;) crossRy(T;n,0) from below. This observation

is very important since it indicates that spinodal concentra-

tions of solute should be lowered when impurities are

present. The fact that at low supersaturatiéqgT;n,r;)

<Ry(T;n,0) can be easily understood if one takes into ac-

count that impurity ions bind some water molecules, which

inevitably leads to the decrease of water activity. This 1 l 1 I

additional binding of water molecules due to impurity leads 0 10 20 30 40

to an increase of the relative solute supersaturation with solute concentration in molal units

respect to water, which for any;>0 (i=1, 2, and 3 FIG. 3. RatioR(T;n,r;) of solute activityA(T;n,r;) at different

explains the following facts observed in our experimentsinjtial impurity concentrations; to its valueA(T; N, 1) at satu-

(@ NassakTiMi) <NassakT:0), and (b) ngiTiri)  ration at the given temperature and pressure, wherk, 2, and 3

<ngi(T;0). Therefore, at relatively low solute concentra- andng,=5.78 m. PlottingA corresponds t@,mp=0.01 ppm, plot-

tion, i.e. atn=nussqkT:r), the formation of electrically ting B corresponds tag ;,m,=0.05 ppm, and plotting corresponds

neutral Bjerrum’s pairs betweel(NH,),]** and [SO,]>”  to ngmp=0.10 ppm.

solute concentration in molal units

R(n) 15 -

solute concentration in molal units

R(n) 1.5 —
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ions is more intense in the presence of an impurity than inits In Fig. 3 we present results of our calculations for the
absence. It is also reasonable to conclude that the overadblute activityA(T;n,r;) at different initial impurity concen-
number of activefree) water molecules is a decreasing func- trationsr; (i=1, 2, and 3 normalized by solute activity at
tion of the number of Bjerrum’s pairs. The decrease of thesaturation at the given temperature and pressure. First its
solute spinodal concentration,{T;r) with the increase of grows with solute supersaturation, and then approaches an
the impurity concentration suggests enhanced nucleation igimost horizontal plato at supersaturations close to spinodal.
the presence of a €t ion impurity. This conclusion contra- gych a behavior suggests that at very high supersaturations
dicts results of previous observatiops-6] performed with  {here exists almost a constant ratio between numbers of un-
bulk solutions at low supersaturations. bounded electrically neutral Bjerrum’s pairs and unbounded

Further analysis of Fig. 2 demonstrates that in the regic"%olu'te ions in the solution. This suggestion also implies that,

qf solute concentratlor_ws>na_ssyang;ri) the nl_meer pf ac hounded into solute clusters, Bjerrum’s pairs do not contrib-
tive water molecules is an increasing function of impurity ute to the overall solute activity
u .

concentration. This can be explained only if one assume
that in this region of solute concentrations the impurity pro-
motes the formation of “water-depleted” solute clusters
leading to more active water molecules present in the solu-

tion. _ . The results presented above raise more questions than
In Table | the average spinodal concentrationsihey provide answers. Explanations which we have given for
Nepinav& T5Ti) @nd the average association concentrationghe data collected up to the present are hypotheseis rather
Nass,akT:Ti), obtained by utilizing parametens; o.{T;ri)  than final answers. What is important from a practical point
andp,,a{ T;r;), are given for different initial impurity con- of view is that we have so far found no explanation for the
centrations. In all cases studied it has been observed thghservation that Gt ions serve as inhibitors of nucleation.
there exists the approximate equalityss .,6T;ri)~n*(r).  This observation was established in bulk experiments at low
This means thaf(NH,),]*" ions are associated 100% into solyte supersaturations. In that work, however, no attention
the electrically neutral Bjerrum pairs, and their associationsyag paid to the effect of the &t ions on thermodynamic
at the unique solute concentration where water activity isproperties of the solutiottactivity of solvent, solute, etc.

V. CONCLUSIONS

insensitive  to  the presence of impurity, i.e. our conclusion about the effect of ¥rion impurity on
Ru[T:Nass avkTi1i).Fi1=Rul TiNass a0k T31i),0] for i=1, 2, pycleation in a supersaturated aqueous ammonium sulfate
and 3. (NH,),S0O, solution is actually opposite: €t ions might

It has to be emphasized that these and all other results arghrve as promoters of nucleation. In our current and forth-
conclusions in this paper are subject to experimental.errorcoming research we are planning to collect more accurate
For example, results obtained for the average spinodaiata which will allow us to address all the questionable is-
Nspinavd T31i) @nd associatiomass ok T;ri) concentrations  gyes discussed in this paper.
have a noticeable standard deviatiup to almost 24%

This is due to the fact that these concentrations are not di-
rectly measurable quantities, but are obtained by means of
Egs. (9) and (10) which are nonlinear with respect to the
measurable parameteug ., T;r;) andp, o, T;r;). The ini- The authors gratefully acknowledge the support of NASA
tial errors in determination of parameteps ,,{T;r;) and (Grant Nos. NAG8-1370 and NAG8-14pmnd the NSF
P2.adT;r;) are likely to be enhanced by the nonlinearities in (Grant No. CTS-962517%8The authors thank S. Arnold and
the dependencies Ok, 2, T;ri) @andn,es 4,6T;r;) onthese  A. A. Chernov for help in creating the experimental appara-
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