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Abstract—The temperature and concentration dependences of the molar adiabatic compressibility in
aqueous solutions of HCI, NaOH, and NaCl are analyzed in terms of the Onori approach and concept of
overlap of ion hydration spheres with increasing electrolyte concentration. The structural characteristics of
the hydration complexes of the ions are determined. The influence of the temperature and electrolyte con-
centration on the features of hydration of HCI, NaOH, and NaCl is discussed.

A powerful tool in studying hydration of ions is Vi = Xy = hX)Vp + X5V, (2)
the ultrasonic method based on measuring the sound
velocity in agueous electrolyte solutions and on deterwhere h is the hydration number of the electrolyte,
mining the adiabatic compressibility of the system [1].v; and v;, are the partial volumes of free water and
Dissolution of a substance in water is accompanied bigydrated ions,V; and V,, are the molar volumes of
compression due to electrostriction of the solvent anétee water and hydrated ions of tisalt, andX; and
to the partial loss of its degrees of freedom under thX, are the mole fractions of water and the solute.
influence of the electrostatic field of the ion. It was The effect of adiabatic pressur®)(variation on the
interesting to analyze the concentration and temperaolution volume is described by the derivative given
ture dependences of the adiabatic compressibility dfy Eqg. (3), under condition of constant entrofy
agueous solutions of HCI, NaOH, and NacCl as typical
representatives of different classes of compounds,(oV,/oP)s = (X; — hX)(8V4/0P)g + X,(dV/EP)s (3)
with the aim to gain insight into the structural features
of ion hydration. It should be noted that from the fourth Maxwell

: : lationship §SéV); = (0P/oT),, follows that dS =
All these substances in aqueous solutions are strorE ST T v _
electrolytes. The KO~ and OH ions have similar size gp/ oT)dV. Taking into account thatop/oT), =

1.33 A), exhibit abnormally high mobility in water, _[(CV/0T)p/(0VICP);] = a/f, we obtain at constant
;nd anz: involved in a Iagile gnetvvork gf hydrogentemperaturedS: (a/B)dV. In contrast to gases, in the
bonds. Sodium ions are strongly hydrophilic, wherea§°densed phase ~ 0.1 anddVis small; therefore,
chloride ions in interaction with water moleculesVariation ofP affectsS insignificantly, and this influ-
behave as hydrophobic species [2]. In view of thes§NCE €an be neglected. By definitiopg = —(1/V) x
facts, it was interesting to analyze the features of?V/oF)s whence follows Eg. (4):

hydration of compounds formed by these ions.

Vi, = BVi(X; — hX)) + XoBpVy, 4

Model of electrolyte solution. Variations in the P¥m = PVl ? 2 @
volume properties of electrolyte solutions were anawhere,V, and ,V,, are the molar compressibilities
lyzed in terms of a common model [3] assuming thabf the pure solvent and hydration complex. Substitut-
any solution is an ideal mixture of hydrated ions andng expression (4) fogV,, into relationship (5) for
“free” water. Variation in the compressibility of hy- the apparent molar compressibility, and expression (2)
dration water contributes to variation in the volumefor V,, into relationship (6) for the apparent molar
properties of electrolyte solutions. The total volume ofvolume, we obtain Eqgs. (7) and (8):
a solution containingy; moles of solventn,+ moles

of cations, andh, moles of anionsr{ = n+ + n;) is ok = (BsVm — B1IVIX)/Xo, ®)
sufficiently accurately described by Eq. (1), and the oy = (Vi — ViX)IXs, (6)
molar volume, by Eq. (2): G = BV — hBoVy, @)

Vo= (n - 2hhyvy + Zny, 1) ¢y = Vh — hVy. (8)
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Onori [5] studied aqueous solutions of some monoTable 1. Thermodynamic parameters of hydration of elec-
chlorides and showed that at atmospheric pressure thelyte ions at 298 K
temperature dependence of the compressibility of the

hydration complex can be neglected as compared to AHP 4 [11], ASD 4 [11],
L lon B, [10] ydr =77 yar, by
the compressibility of pure water, and the temperature n kJ mol J mof* K
dependences of the apparent molar compressibilities
of solutions can be considered at fixed solute concen-H* 0.069 -1094 -22.2
trations. OH- 0.109 -529 11.4
+

According to Gurney [6], increase in the electrolyte (N:I% 8'83? _g% 32'3

concentration leads to overlap of the hydration co- e - '

spheres of ions; as a resuft,andV,, decrease. Using
this approach, we analyzed the temperature and cop-_. , .
centration dependences of the compressibilities O\f\/elghts of water and the solute, respectively; aGd

; : Is the mole fraction of the electrolyte. The concentra-
agueous solutions of an acid (HCI), a base (NaOH).:
and a salt (NaCl). In our work we used data [7] on thetIon and temperature dependence$ iy, for aqueous

: . solutions of HCI and NaOH (Fig. 1) appeared to be
densityp of aqueous solutions of HCI and NaOH and_. -
on the ultrasound velocity in them. These quantities similar to those for NaCl [3]. The decrease iV,

were measured in the temperature range-318 K with increasing temperature at low electrolyte concen-

. rations is similar to the behavior of pure water; it
i)ndotgigac\%& O'Ih:OIg:?o rr:fgexfi?fé'ogsc r;r_gmar(l)doc’émeans that in the examined concentartion and temper-

10.2 m S, respectively. Data op andu for aqueous ature range the intrinsic structure of water and its
solutions of NSCI wer)é taken f?om [8, 9]; tﬂey cov- variation with temperature play a major role.
ered the range of solute mole fractions from 0.0045 to Consideration of the dependendgg/,, = f(X,) in
0.098 and the temperature range _from 298 to 318 Ka wide range of NaCl concentrations in water (Fig. 1a)
and their error wag20x 10° g cnt® and+0.3 ms%,  shows that there is a certain inversion point of the
respectively. Using these values@findu, we calcu-  molar compressibility, in whichBgV,, is virtually
lated the adiabatic compressibility coefficients by thendependent of temperatured(BsV,)/0T]g ~ 0. At
relationship Bg = (pudL. lower conc_entrations@[BSVm)/a'I']S < 0, and at higher
Before considering the features of hydration ofconcentrationsg(BsVy)/dTls > 0. As the electrolyte
HCI, NaOH, and NaCl, it should be emphasized thafoncentration is increased, the concentratiortfie
the heat of hydration of the Hion is higher (in the Water gradually decreases until all the water molecules
absolute value) than the heats of hydration of th®€Come involved in the hydration spheres of the ions.

other ions, including O (Table 1). This difference Cnder these conditionsy, = hX, and BgVi, = BV

is ascribed to formation of a covalent bond in theat X, = const. Such a state of solution corresponds to

hydroxonium ion HO* [10]. Therefore, the apparent the complete hydration boundary [12]. Presumably,

molar quantities and characteristics of the hydratiof®" @queous solutions of NaCl the complete hydration
d y oundary is attained af, ~0.065. In accordance with

complexes of the electrolyte in the case of aqueou q del iderati ¢ ch i th
HCI solution were determined assuming the presend@® accepted model, consideration of changes in the
electrolyte solution compressibility is limited to the

of H;O" and CT ions in the solution. : ,
concentration range below the complete hydration
To compare the hydration of various electrolytespoundary.
we calculated the molar compressibility coefficients

and the apparent molar volumes and compressibilities: The correlations between the apparent molar com-
pressibility ¢, of electrolyte solutions at constant con-

BV = (OVofP)gT, (9) centration and the molar compressibility of pure water
B,V; (Fig. 2) are linear, in accordance with Eq. (7).
oy = (10%mppy)(py — p) + Mylp, (10)  The BV, and h values obtained from these correla-

o = (10%mppy)(pePs — pBs) + MBdp,  (11) tions are listed in Table 2. It is seen that in all cases

BV, decreases with increasing electrolyte concentra-
Vin = My = X5) + MXl/p. (12)  tion.

Here, p, and p are the densities of water and the The linearity of relation (7)r(> 0.999) shows that
solution;Bg ; andBg are the adiabatic compressibilities in the examined rangp,V,, and h are independent of
of water and the electrolyte solution, respectivaly; temperature. Our results show that, as the electrolyte
is the solution molalityM,; andM, are the molecular concentration is increased, variation of the water com-
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= 80 01 h = hOexp(kXy), (13)
[ea
wherek is a constant characterizing the concentration
nBr dependence of the hydration number of the electrolyte.
It should be noted that the obtained hydration num-
bersh exceed the coordination numbers (in the usual
70 sence) of a stoichiometric mixture of ions, determined
by other methods, e.g., by NMR [14]. This is due to
3 the fact that the hydration number evaluated from the
651 compressibility data corresponds to the number of
> water molecules that are subject to the electrostriction
effect of the ion, altering the molar compressibility of
. . \ hydration water as compared t@re€’ water in solu-
0 0.02 0.04 tion. Apparently, this number differs from the hydra-
Xo tion number defined in terms of coordination chem-
istry.
Fig. 1. Concentration dependence of the molar adiabatic
compressibility of aqueous solutions: (a) NaCl Bt 298, The parameterk increases in the order HCI <
(2) 303, @) 308, @) 313, and §) 318 K; (b) (1) HCI, NaOH < NaCl (Table 3). Such a trend may be due to
(2) NaCl, and 8) NaOH at 298 K. competition of the contributions to hydration of more

(H*, OH~, Na") and less (C) hydrophilic ions. As a
pressibility in the hydration spheres of ions, alongmeasure of the hydrophilicity as the capability of ions
with variation of the water compressibility in the bulk to interact with water molecules, it is appropriate to
solution, starts to make a certain contribution touse the viscosity coefficier, from the JonesDall
variation of the solution compressibility. The hydra-equation [10]. Its positive values for the*HOH",
tion numbers of the electrolytes, listed in Table 2,and Nd ions and negative values for the "Gbns
decrease with increasing solute concentration becaué€able 1) suggests that the™@bn, as compared to the
of the overlap of ion cospheres. Thorough analother ions, is hydrophobic. ThIS conclusion can be
ysis of the dependencés= f(X,) shows (Fig. 3) that conflrmed by the enthalplesAHh OIr) and entropies
they are exponential [13] rather than linear [3]: (Ashyd,) of ion hydration, given in Table 1; these
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Table 2. Coefficients of Eq. (7) for aqueous solutions ofl1 electrolytes
HCI NaOH NacCl
vV, x 1011 BV, x 1011 BV, x 1011
Xyx108 | Pnvhx 107 ho | Xx108|  Pnvn<107 h | Xx10® | PnVhx107 h
2 cm® dyrrt mol?t 2 cm® dyrrt mol?t 2 cm® dyrrt mor?t
3.60 760.7 9.6 1.8 1655.8 30.3 4.52 1658.2 26.3
5.40 777.6 9.5 3.61 1653.3 30.0 8.76 1491.1 24.0
7.21 776.3 9.5 5.38 1634.1 29.6 134 1450.8 23.3
9.01 774.8 9.5 8.83 1596.4 28.9 18.39 1343.2 21.7
10.81 773.7 9.4 10.69 1577.5 28.5 27.91 1248.1 20.3
12.61 771.0 9.4 13.92 1547.7 27.9 40.48 1094.2 17.9
14.41 770.01 9.4 15.45 1534.2 27.6 57.27 972.9 16.0
16.21 769.0 9.3 17.64 1516.0 27.3 65.2 936.3 154
18.02 768.2 9.3
Table 3. Comparative characteristics of hydrated electrolyte ions at 298 K
Substance h© k [Eq. (13)] Von Vin B 1hV1hX101
' cm?® mol? cm?® mol? cm® dyn ! mol?t
HCI 9.6 1.98 45.6 17.1 45.2+0.7
NacCl 26.3 8.83 244 17.8 64.14+0.03
NaOH 304 6.57 13.3 17.4 54.1+0.2

guantities decrease (become more negative) as tloé Eq. (14) for HCI, NaOH, and NacCl solutions shows
ordering of water molecule around the given ion in-that the dependenc,V, = f(h) is linear (Fig. 4).
creases [11]. Hence, the capability of ions for hydrafor aqueous solutions of NaCl and NaOH in the ex-
tion decreases in the order' OH > Na" > CI". amined concentration range, the tefg,V,, is close
Thus, variation inh with concentration is more pro- to zero within determination error, whereas for the
nounced for less hydrophilic ions. For the compoundaqueous HCI solution this term cannot be neglected:
NaCl and HCI, containing the same Ginion,ky,c >
ki), which suggests that the Hon is more hydro- 3.4 *“O\%%Q
philic than N& [(ASS4)n < (ASpyg)nal. For the s 3
compounds NacCl andyNaOH contalnlng the samé Na
cation, Ky.c) > Kyaow Which reflects the different
interaction of the hydrophilic OHand hydrophobic

CI” ions with water. The hydrophobic character of Cl

was also noted in a paper [2] devoted to molecular-
dynamic simulation of aqueous solution of NaCl. s 2.8f

2.260
2.255

As the electrolyte concentration is increased, the 2.250

properties of the hydration complexes change. The 26 2.245

overlap of the hydration spheres of ions decreases the 2.240

volume of the hydration complex and its molar com- 24F 2.235

pressibility. The observed dependences fg¥,, on 2230 1 1 1
the hydration numbers can be described by the Zz‘uﬂﬂmuum/ 4 8 12 1620
equation [3] : X % 103

0 001 0.02 0.03 0.04 005 006 0.07

PhVh = BonVon + hBqpVip,

where B,, and B,, are the compressibilities of the
ions and ion hydration volume, respectively. Analysis

(14)

Fig. 3. Concentration dependence of the hydration
numbers of {) HCI, (2) NaCl, and 8) NaOH.
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Table 4. Volume compression¥; — V4, and molar volumes of electrolyte#,, and hydration wateW,;, for aqueous
solutions of 11 electrolytes at various temperatures

HCI NaOH NacCl

T, Von,  |(V1=Vap)| Vin T, Von, | (V1 = Vip)|  Vin T, Von,  |(V1=Vap)| Vin

K |cmPmort|cm3mort{cm3morl| K |ecm®mort| cnm®mol?! [em®mort| K |em3mol?t|{cm®mort|cm3mol?
278 44 .3 0.94 17.1 278 13.4 0.70 17.3 298 24.4 0.26 17.8

288 44.1 0.87 17.2 288 8.27 0.43 17.6 303 24.5 0.25 17.8

298 45.6 0.95 17.1 298 13.3 0.58 17.4 308 24.6 0.24 17.9

308 45,7 0.93 17.2 308 14.5 0.59 17.5 313 24.6 0.23 17.9

318 45,9 0.93 17.3 318 16.3 0.65 17.5 318 24.7 0.23 17.9
BopVop(HCI) = (34.64£0.75)x 10°*% cn?® dyne™ mol™. In terms of the model used in this work, the appar-

The factorp,,Vy, determined from the slope of func- ent molar volume should linearly correlate with the
tion (14) is constant, which suggests that the molahydration number afl = const:

volume and compressibility of water in the hydration

sphere of an ion are virtually independent of the elec- oy = Vo — h(Vy — Vyp), (15)
trolyte concentration. The parametgy,V;,, charac-

terizes the strength of interaction in the ion hydratiorwhereV; — V,,, is the volume compression, ang,
spheres. It is known [15] that strong acids and alkaliss the volume of voids containing a stoichiometric
interact with water considerably more strongly thammixture of ions. For the solutions under consideration,
salts. This is also confirmed by the molar compressiin the examined concentration range, relationship (15)
bilities of hydration water in the complexeB,(Vy,), is fulfilled with a fairly high accuracy r( > 0.99),
which decrease in the order NaCl > NaOH > HCI. Theconfirming independence of,, and V; — V;;, from
greater structural ordering of aqueous solutions of HCtoncentration [5]. At the same time, despite the fact
and NaOH, compared to NaCl, may be due to thehat the data on density of aqueous HCI and NaOH
possibility of hydrogen bonding of theg@" and OH  solutions, used in this work, are quite reliable, at low
ions with water dipoles [10]. concentrations the accuracy ef is insufficient. As
shown in [16, 17], adequate description of the concen-

2 4 tration dependence @, is possible in the concentra-
tion rangem < 0.2 mol kg~, provided that the abso-
1.6+ lute error of density determination does not exceed
- +2 % 10° gent™.
g As seen from Table 4, certain increase\gf, with
T, L4 - temperature is typical of all the systems studied. The
g 2 0.780- molar volume of water in the ion hydration sphere
- =he depends on the particular electrolyte and decreases in
5 1.2F ‘go 774 the order NaCl > NaOH > HCI, in contrast to solu-
2 R tions of alkali metal chlorides in which it is virtually
» g constant [5, 13]. These values indicate that in the hy-
= 10l w0172 dration sphere water is in the compressed stde €
S = V, = 18.068 cmmol™ for pure water at 298 K).
X 0.768
N Y Thus, the approach based on the Onori method
0.8L / & 930935940945 appeared to be advantageous in studying the structural
p 1 h aspects of ion hydration in electrolyte solutions on the

basis of the molar characteristics of compressibility.
We found that, as the electrolyte concentration is in-
creased, the compressibility of hydration water in the
Fig. 4. Molar adiabatic compressibility of the hydration ~ cospheres of ions, along with the compressibility of
complex BV, as a function of the hydration numbér water in the bulk solution, contributes to variation
of the electrolyte: 1) HCI, (2) NaCl, and 8) NaOH. in the volume properties of acid (HCI), base (NaOH),
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and salt (NaCl) solutions. The decrease in the molar
compressibility of solutionsBgV,, with increasing
temperature is similar to the behavior of pure water. 5.
Apparently, in the examined temperature range the
variation of the state of bulk water (beyond the hydra-
tion spheres of ions) plays the major role. As the
electrolyte concentration is increased, the hydration
numbers of the ions decrease owing to overlap of the’-
hydration spheres; the dependerices f(X,) can be
approximated by an exponential function. NaOH has 8-
the highest hydration numbér® at infinite dilution.
We found that variation irh with the concentration 9.
is less pronounced for hydrophilic 8%, OH", Na")
and more pronounced for hydrophobic {Clions.
The lower molar compressibility of hydration water 1q.
(B4pV4p) for HCI and NaOH, compared to NaCl, un-
ambiguously indicates that, as compared to the salf,
the acid and base interact with water more stronglsybz'
and form more ordered aqueous solutions. This is al
confirmed by the thermodynamic parameters of hydra-
tion of the electrolyte ionsAHp 4, ASp,q), Which
become more negative in the series‘,éﬂa", OH-,
H*, as the ordering of water molecules around the ion
increases. The molar volume of water in the hydratiord3.
sphere of ions decreases in the order NaCl > NaOH
> HCI (Vq < Vy).

14,

REFERENCES

1. Physical Acoustics. Principles and Methodslas-
on, W.P., Ed., New York: Academic, 1964, vol. 2, 15.
part A.

2. Sigon, F., Servida, A., and Galashev, AFh, Strukt.
Khim., 1996, vol. 37, no. 2, p. 299.

3. Onori, G.J. Chem. Phys1988, vol. 89, no. 1, p. 510.

4. Campbell, J.A., Chemical Systems: Energetics, 17.
Dynamics, StructureSan Francisco: Freeman, 1970.

16.

363

Translated under the titl&ovremennaya obshchaya
khimiya, Moscow: Mir, 1975, p. 334.

Onori, G.,IL Nuovo Cimento1989, vol. 11D, no. 10,
p. 1467.

6. Gurney, R.W.]Jonic Processes in Solutiohlew York:

McGraw-Hill, 1953.

Hershey, J.P., Damesceno, R., and Millero, F.J.,
J. Solution Chem1984, vol. 13, no. 12, p. 825.

Lo Surdo, A., Alzola, E.M., and Millero, F.J.,
J. Chem. Thermodyn1982, vol. 14, no. 7, p. 649.
Millero, F.J., Vinokurova, F., Fernandez, M., and
Hershe, X.,J. Solution Chem.1987, vol. 16, no. 4,
p. 231.

Gordon, J.E.The Organic Chemistry of Electrolyte
Solutions, New York: Wiley, 1975.

Marcus, Y.,lon Solvation,New York: Wiley, 1985.

. Mishchenko, K.P. and Poltoratskii, G.MTermo-

dinamika i stroenie vodnykh i nevodnykh rastvorov
elektrolitov (Thermodynamics and Structure of
Aqueous and Nonaqueous Electrolyte Solutions),
Leningrad: Khimiya, 1976.

Afanas’ev, V.N., Kushtov, D.Ya., and Tyunina, E.Yu.,
Available from VINITI, Moscow, 1999, no. 2934
V99.

Vashman, A.A. and Pronin, l.SY,adernaya magnit-
naya relaksatsionnaya spektroskopiygdNuclear
Magnetic  Relaxation  Spectroscopy), Moscow:
Energoatomizdat, 1986.

Luck, A.P., Acta Chim. Acad. Sci. Hung.1986,
vol. 121, nos. 12, p. 119.

Afanas’ev, V.N., Tyunina, E.Yu., and Davydova, O.l.,
Available from VINITI, Moscow, 1995, no. 3098
V95.

Stolypin, V.F., Petrenko, V.E., and Kessler, Yu.M.,
Zh. Fiz. Khim., 1985, vol. 59, no. 8, p. 1960.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 72 No.3 2002



