Hydrogen Isotope Fractionation in Aqueous Alkali Halide Solutions
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The D/H ratios of hydrogen gas in equilibrium with aqueous alkali halide solutions were deter-
mined at 25°C, using a hydrophobic platinum catalyst. The hydrogen isotope effect between the
solution and pure water changes linearly with the molality of the solution at low concentrations, but
deviates from this linearity at higher concentration for all alkali halide solutions. The magnitude of
the hydrogen isotope effect is in the order; KI>Nal>KBr> CsCl = NaBr> KCl> NaCl> LiCl, at
concentrations up to a molality of 4 m. The sign and trend of the hydrogen isotope effect is different
from that of oxygen. In aqueous alkali halide solutions, the hydrogen isotope effect is influenced
by both the cation and the anion species, while the oxygen isotope effect is mainly caused by the
cation species. This suggests that the mechanism of hydrogen isotope fractionation between the
water molecules in the hydration spheres and the free water molecules differs from the mechanism
of the oxygen isotope fractionation. The hydrogen and oxygen isotope effects for alkali halides,
except LiCl and NaCl, may be influenced by changes in energy of the hydrogen bonding in free water
molecules.
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Introduction

It is well known that the hydrogen and oxygen
isotopic composition of water vapor in equilibrium
with liquid water changes when a solute is added [1-8].
In order to explain this isotopic fractionation, the
following model has been accepted [1—14]: In aqueous
solutions the presence of two species of water
molecules is assumed: water forming the hydration
spheres and ‘free’ water (or ‘bulk’ water). This results
in the fractionation of the D/H and 8Q/!¢O ratios in
water vapor that is assumed to be in equilibrium with
free water and hydration water.

The fractionation of hydrogen isotopes is usually
measured by the vapor-liquid equilibration technique
[1_6] The ratio [(D/H)solution/(D/H)vapor]/[(D/H)pure water/
(D/H)yapor] Was found to be smaller than unity for
most salt solutions, except for Na,SO, and K,SO,
solutions, by Stewart and Friedman [1] and Sofer and
Gat [2]. In both studies it was concluded that, except
for the Na,SO, and K,SO, solutions, the D/H ratio
of water molecules bound to ions is lower than that of
free water molecules. For non-electrolytes, Kakiuchi
and Matsuo [3] measured the effect of urea solutions
at 15 and 25°C and concluded that HDO is isotopi-
cally enriched in the urea-water cluster with hydrogen
bonding.
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Recently, Horita et al. [4—6] measured the effects of
hydrogen and oxygen isotopes in single salt solutions
from 50 to 100°C [4], mixed salt solutions [5], and
NaCl solution up to 350°C [6]. However, the vapor-
liquid technique is not suitable at low temperatures
and high concentrations because it is difficult to sam-
ple enough water vapor for mass spectrometric analy-
sis. Kakiuchi [7, 8] developed a new method to deter-
mine the D/H ratio of water vapor over an aqueous
solution using a hydrophobic platinum catalyst. With
this method the D/H ratio of hydrogen gas equili-
brated with water vapor over aqueous lithium chlo-
ride and pure water solutions at 25°C [7], and hydro-
gen gas equilibrated with water vapor over aqueous
sodium chloride and pure water solutions from 10 to
95°C [8] was measured.

Solvation of a solute causes changes in the energy
state of water molecules and thereby changes in the
distribution of isotopes between water molecules. On
the other hand, the vapor pressure for pure H,O and
D, 0 solutions changes when dissolving a solute in the
respective liquid phase. In the aqueous alkali halide
systems, the vapor pressure difference between solu-
tions in H,O and D, O has been measured by Pupezin
et al. [15] and Jakli et al. [16] at the same aquamolality.
Another important thermodynamic property related
to this study is the change in free energy associated
with the transfer from H,O to D,0. Greyson [17, 18]
investigated the influence of a solvent on the electro-

0932-0784 /97 / 1100-0811 $ 06.00 © — Verlag der Zeitschrift fiir Naturforschung, D-72027 Tiibingen

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fiir Naturforschung
@ ® @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fur Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu ermdglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



812 M. Kakiuchi -

motive force of an ion exchange membrane cell and
estimated the free energy of transfer of alkali halide
salts.

In this study we present results of the hydrogen
isotope fractionation between pure water and hydro-
gen gas, and aqueous alkali halide solutions and
hydrogen gas, and attempt a more quantitative under-
standing of the hydrogen isotope effect. The experi-
mental data of the hydrogen isotope effect are com-
pared with those of oxygen, and the isotope frac-
tionation between hydration water and free water in
aqueous alkali halide solutions, and related thermo-
dynamic effects are discussed.

Experimental
Experimental Procedure

The experimental method used in this study is es-
sentially similar to that used and described in previous
papers [7, 8]. Reagent grade alkali halide salts were
thoroughly dried in vacuum at 100°C for a few hours
prior to dissolution. In order to facilitate the measure-
ment of the D/H ratios of hydrogen gas with a mass
spectrometer designed for natural abundance mea-
surements, the deuterium content of water was ad-
justed to a D/H ratio of about 5.9 x 10”4, The D/H
ratios of hydrogen gas in equilibrium with aqueous
solutions made-up from the deuterium-enriched water
are generally around ratios of about 1.5x 107 %, be-
cause the fractionation factor between liquid pure wa-
ter and hydrogen gas at 25°C is 3.81 [19]. In order to
minimize the effect of contamination from ambient
water vapor to the solvent, the deuterium-enriched
water was prepared gravimetrically from heavy and
normal water for each experiments with different so-
lutes and concentrations.

The hydrogen gas-liquid water equilibration appa-
ratus is identical to the one used in [7, 8]. The solu-
tions are gravimetrically prepared by dissolving dried
alkali halide salts in the deuterium-enriched water.
The equilibration apparatus in which the hydrogen
gas and liquid water sample is stored is immersed in
a water bath at 25.0+0.1°C, which is regulated by a
thermostat. Aqueous solution samples of sodium- and
potassium iodide are covered with a light-intercepting
film in order to prevent the production of I5 ions by
daylight. The time required for equilibration was es-
tablished by repeated analyses of the isotopic compo-
sition of the hydrogen gas in contact with the aqueous
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alkali halide solutions collected sequentially. Pure wa-
ter required several hours to obtain a constant iso-
topic composition, but for concentrated solutions of
alkali halides more than a few days were required.

After equilibration the hydrogen gas was separated
from the liquid phase and the catalyst, and then the
water vapor was removed by cooling it down to liquid
nitrogen temperature. The hydrogen gas was collected
using a Toepler pump, and then analyzed for its D/H
ratio.

Isotopic Analysis

The isotopic analysis of aqueous solutions using the
H, equilibration method is described in [7, 8]. In this
method, one uses pure water (pw) and an aqueous
solution (sol) which have the same isotope ratio (R;)
in the liquid state (L). The ratio (fp) of the D/H ratios
of R%¥ and R of the water vapors (V) in equilibrium
with these liquids is determined by measuring the D/H
ratios of RE* and R of hydrogen gas (g) in equilib-
rium with these water vapors. This is possible because
at equilibrium RE™/RY" is equal to R"'/RY", so that B
is defined as,

Bo=RE"/RY (1)
and consequently
Bo=RE"/RS. @)

In this study, liquid water with a D/H ratio of
59x10~* and a tank hydrogen gas with a ratio of
3x 107 ° were used. Although the molar ratio of hy-
drogen gas to liquid water was low during the exper-
iments, the D/H ratio of liquid water changed slightly
after equilibration with the hydrogen gas, because the
D/H ratio of the two substances differs considerably.
In order to obtain the S, value relevant to the initial
liquid water, the following material balance correction
is necessary:

R =[1+(ng/ny)/oy ] Ry—[(ng/n )/ — ] Ry, ©)

where, n; and n, are the respective molar amounts of
liquid water and hydrogen gas, o, _, is the D/H frac-
tionation factor between liquid water and hydrogen
gas, and R} is the D/H ratio of hydrogen gas in equi-
librium with the initial liquid water (R} ). The value of
R, is measured and R;, n./n; and oy _, are known.
Thus R, can be determined by means of (3). RE” and
R¥'in (2) are the R, values determined for pure water
and the aqueous solution, respectively.
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Measured D/H ratios (R) are usually expressed in
terms of & D values (the delta notation) relative to a
standard value R_, defined as

8 D=[(R/R,)—1]x 103, @)

Equation (3) can be rewritten using the delta nota-
tion, by replacing the R’s by (1+1073 5 D) R,

6Dc=[1 +(ng/nL)/aL—g] 5 Dg—[(ng/nL)/aL—g] 5 Dlg (5)

where, 6 D, is the calculated value of hydrogen gas in
equilibrium with the initial liquid (corresponding to
R,), 6 D, is the measured value of the equilibrated
hydrogen gas (R,), and é Dj, is the value of tank hydro-
gen gas used for the equilibration (R}). Typical exper-
imental values are n, =0.3 mol (corresponding to ca.
5 ml of pure water), n,=0.4 mmol, ; _,=3.81at25°C
[19], and & D, = —800%o. Equation (2) can be rewrit-
ten as follows using the delta notation:

" Bo=RZ*/R¥'=(1+10726 D2*)/(1+1073 6 D), (6)

where, § D?™ and 6 D5 are the 6 D, values calculated
in (5) for pure water and the aqueous solution, respec-
tively.

Results

Results of the f determinations of the alkali
halides, with concentrations up to 8 m at 25°C, are
presented in Table 1. Each data point represents the
average value of several measurements. The overall
error is estimated to be smaller than +2 in terms of
103(Bp—1). As shown in Table 1, the values obtained
for & D5* are higher than those of § D%, and all the B,
values are smaller than unity. This indicates that the
D/H ratio of the hydrogen gas (the water vapor) equi-
librated with an aqueous solution is higher than that
of the hydrogen gas (the water vapor) equilibrated
with pure water.

In Figs. 1 and 2, the 103(B,—1) values are plotted
versus the molality of alkali chloride, and sodium and
potassium halide solutions, respectively. For com-
parison, 103(8,—1) values are calculated from the
results of Stewart and Friedman [1] and Sofer and Gat
[2] at 20°C, and are also plotted. The difference in
103(Bp—1) values, because of the 5°C temperature
difference, is estimated to be within experimental er-
ror. While the data of Stewart and Friedman [1] show
good agreement with the data derived from this study,
the data for NaCl by Sofer and Gat [2] do not. In
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general, the larger the radius of the alkali and/or
halide ions, the more negative the values of 10° (8, —1).
The magnitudes of the hydrogen isotope effect be-
tween the solution and pure water are in the order
CsCl>KCl>NaCl>LiCl, KBr>NaBr, Nal>NaBr
>NaCl, and KI>KBr>KCI. Nal and Kl have very
similar effects. These results indicate that both the
alkali metal cations and halide anions influence the
hydrogen isotope effect in aqueous alkali halide solu-
tions.

As shown in Figs. 1 and 2 for the alkali halide solu-
tions, the values of fp,—1 seem to depend linearly on
the molality. The salts with the highest solubilities
(e.g., LiCl and NaBr) have a linear relation between
Bp—1 and the molality up to concentrations of 8 m.
However at higher concentrations, for some salts (e.g.,
CsCl and K) the values of S, —1 deviate clearly from
this linearity. The ratios between the values of S, —1
and molality, 10* (8, —1)/m, in aqueous alkali halide
solutions are listed in Table 2. The linear curves are
calculated from the data at concentrations up to 4 m.

Discussion

Hydrogen Isotope Fractionation between
Hydrated Water and Free Water Molecules

Water molecules co-ordinated to a solute ion or
molecule have different energies to free water molecules
that are not involved in the hydration sphere of the
solute. The difference in energy between the two water
species results in unequal partitioning of hydrogen
and oxygen isotopes between the two species.

Let us assume that an aqueous alkali halide solu-
tion is composed of two species of water molecules:
free water (H,O(f)) not interacting with cations or
anions, and water bound in the first hydration sphere
of cations and anions (H,O(h)). Between these two
species there is an isotopic exchange reaction

H,0(h)+ HDO (f)=HDO (h)+ H,O(f). (7

The equilibrium constants for the isotopic exchange
reaction (¢p) can be expressed as

ep=Ry/R;, @®)

where R, and R; are the D/H ratio of water bound in
the hydration sphere of a solute and that of free water,
respectively.
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Table 1. Values of 6 D3 and 6 D™ (41 standard deviation) as func-
tions of the molality of aqueous alkali halide solution up to 8 m, and
values of B, calculated by (6), at 25°C. Values in parenthesis are the

number of measurements.
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Table 2. Calculated values of the slope of the line
10*(Bp—1) versus molality, 103(8,—1)/m, for
various alkali halide solutions at 25°C from our
works in Table 1. ‘Av.” is the average slope which
is calculated from the values up to 4 m.

Salt Molality & D' 5 D™ B 103(B,—1)
° = Salt m Bo 103(Bp—1)/m Av.
LiCl'  19m 672415 (1) 645+21 (5) 09975 —2.5+26 :
31m 725426 (9)  686+19 (4 09964 —36+32 LiCl 1.9 0.9975 =13
50m 43403 (5 —1.1+05 (4) 09946 —54+06 3.1 0.9964 =12 =1.2
6.0m 760+18 (3)  702+16 (3) 09946 —54+24 50  0.9946 —11
79 m 757411 (5) 67.6+12 (6) 09925 —7.5+1.6 60 09946 —09
NaCl? 20m  —329+12 (4) —375+07 (5) 09952 —48+14 79 09925 —09
40m  —230+05 (6) —31.6+05 (7) 09912 —88+07 NaCl 20 09952 —24
60m  —21.7403 (5) —340+06 (5 09874 —12.6+07 40 09912 =97 -23
KCl 20m  —454+405 (2) —509+404 (3) 09942 —58+06 6.0 09874 —21
30m 17.6+0.3 (4) 97407 (5) 09922 —78+08 K(I 20 09942 —29
40m  —412+408 (4 —508+08 (4) 09900 —100+1.1 30 09922 36
48m? 30.9+0.2 (5) 195403 (9) 09889 —11.1+04 4.0 0.9900 =9 5 e B
CsCl 20m  —444+404 (1) —503+06 (8) 09938 —62+0.7 48*  0.9889 -23
26m  —422+03 (6) —494+04 (4 09925 —7.5+05
41m  —384+05 (4 —498+03 (5 09881 —119+06 CSCI %‘2 8'3332 - g_; 30
49m  —37.7405(10) —499+02(11) 09873 —127+0.5 : : e =2
74m  —319+04(10) —48.6+03 (8) 09827 —17.3+0.5 41 09881 —2.9
8.0m 185402 (7) —1.5+07 (6) 09804 —19.6+0.7 49 09873 —26
74 09827 —23
NaBr  20m —458+0.7 (4 —-509+13 (3) 09947 —53+15 8.0 0.9804 -25
30m —269+03 (7) —357+02 (4 09910 —9.0+04
S0m  —209+08 (5 —33.5+06(10) 09871 —129+10 NaBr 20 09947 —2.7
6.0m 527403 (5) 364104 (7) 09845 —155+0.5 30 09910 30 =29
75m  —154+03 (7) —354+03 (5 09797 —20.3+04 50  0.9871 —26
KBr  20m 341404 (8) 273404 (9) 09934 —6.6+06 g'g 8-3?3; B %?
30m  —261405 (7) —362+02 (6) 09896 —104+0.5 : : g
50m —209+13 (7) —369+12 (7) 09837 —163+18 KBr 20  0.9934 —33
Nal 20m —255+04 (6) —333+05 (6) 09920 —8.0+0.6 3.0 0.9896 =35 =34
40m  —152+406 (1) —307+07 (1) 09843 —1574+09 50 0.9837 —33
6.0m —141£03 (7) —-36.1£04 (5) 09777 -2231+05 Njg] 2.0 0.9920 —40
8.0m 653407 (8)  365+05(10) 09730 —27.0+09 40 09843 _39 40
Kl 20m  —229+05 (5 —31.5406 (7) 09912 —88+08 60 09777 —37
40m  —207+0.6 (7) —360+04 (7) 09844 —156+0.7 80  0.9730 —34
6.0 m 431403 (8)  20.5+0.1 (5 09783 —21.7+03
Kl 20 0.9912 —44
8.0m 438+04 (9) 1674104 (6) 09740 —26.0+0.6 40 09844 ~3%9 _42
The D/H ratios of hydrogen gas, § D' and 6 D®¥, are expressed as 6 D, 6.0 0.9783 —-3.6
values relative to the laboratory standard. The values of § DP are 80 09740 33

scattered because the pure water used as a solvent for the alkali halide
solutions was prepared by diluting the heavy water independently for

each concentration.

* Saturation

! Recalculated values by using (5) and (6) from previous work [7].

2 Values from previous work [8].
3 Saturated solution.

From mass-balance considerations, we obtain the
following relationship for alkali halide solutions:

n, m R, +(55.5—n, m) R;=55.5 R}, ©)

where n,, is the hydration number of the solute, m is
the molality of the solution, and R{*' is the D/H ratio
of the solvent.

Assuming that free water is identical with pure wa-
ter, the isotopic fractionation factor between water

vapor and free water in the lower concentration range
of alkali halide solutions should be equal to that be-
tween water vapor and pure water, i.e.

R{™/RY"=R(/RY', (10)

and R{*'/R; is equal to (R{®'/RY") (RY'/R;), which is
the same as B, according to (1) and R{°' = RP™. There-
fore, (9) can be rewritten as follows, using fp:

Ny, m ep+(55.5—n, m)=55.5 fp. (11)
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Rearranging (11):
Po—1=n,(ep—1)m/55.5. (12)

Equation (12) requires a linear variation of S, — 1 with
molality, if the hydration number (n,) is constant at
lower concentrations, and the fractionation factor (¢p)
depends only on temperature and not on molality.
Figures 1 and 2 show that the value of 10°(f,—1)
varies linearly with molality at low concentrations. In
the case of a salt deviating from this linearity at higher
concentrations (e.g., CsCl and K1), it is possible that
the hydration number is not constant up to saturation
and/or that the fractionation factor is dependent on
the molality. Even though it is obvious that the hydra-
tion numbers depend on concentration at higher con-
centrations, the values of 10*(B,—1)/m in the lower
concentration range of aqueous alkali halide solutions
up to 4 m were averaged in Table 2. Assuming a con-
stant hydration number (n,) and a constant fraction-
ation factor (gp), in (12), B, — 1 varies linearly with the
molality. In order to evaluate the fractionation factor
(ep) for aqueous alkali halide solutions with constant
hydration number (n,), we assumed the sum of the
hydration numbers for alkali halides. Bernal and
Fowler [20] theoretically concluded that singly
charged ions are 4-coordinated in aqueous solution.
On the other hand, by X-ray diffraction the hydration
number for all alkali cations and halide anions was
experimentally determined to be 4 or 6 [21]. Therefore,
we can evaluate the hydrogen fractionation factors
(ep) between water bound to solute and free water in
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the lower concentration range up to 4 m, assuming
that the added hydration number of alkali metal and
halide ions is 8, 10 or 12. The ¢, values obtained are
shown in Table 3. All the ¢, values are smaller than
unity, indicating that the D/H ratio of the water
bound in hydration spheres of solutes is lower than
that of free water molecules, as shown in (8). The
fractionation factors (¢p) depend on the alkali halide
salts and depend on both the cation and anion. This
indicates a constant fractionation factor between the
hydration water of the cation or anion and free water
in the lower concentration range. On the assumption of
a constant hydration number (n,,) for individual ions
in aqueous alkali halide solutions, the values of the
hydrogen isotope fractionation factor (¢p) for the ions
decrease from unity with an increase of the ionic ra-
dius of the solute in the order Cs* >K*>Na* >Li"
for cation and I~ >Br~ > Cl~ for anion, as shown in
Table 3. Based on the ¢, values, the magnitude of the
hydrogen isotope effect seems to be due to the contri-
bution of anions rather than that of cations. In the
following part of this paper we discuss the fraction-
ation factors (ep) with respect to the ionic species of
the alkali halides, based on the more reliable hydra-
tion numbers of individual ions.

Oxygen Isotope Fractionation
in Aqueous Alkali Halide Solutions

In order to compare the hydrogen isotope effect in
aqueous alkali halide solutions obtained in this work

Table 3. The hydrogen and oxygen fractionation factors (¢, and &1s) between the water molecules bound to solute and free
water molecules, in aqueous alkali halide solutions at 25°C. The sum of hydration numbers of solute is assumed with the
hydration number of 4 or 6 for all alkali cations and halide anions.

Solute 10*(Bp—1)/m &

103([3130-1)/m* €180y

Sum of hydration numbers

Sum of hydration numbers

8 10 12 8 10 12
LiCl =12 0.992 0.993 0.994 0.12 1.0008 1.0007 1.0006
NaCl -23 0.984 0.987 0.989 0.00 1.0000 1.0000 1.0000
KCl —=2.7 0.981 0.985 0.988 —0.14 0.9990 0.9992 0.9994
CsCl -30 0.979 0.983 0.986 —0.21 0.9985 0.9988 0.9990
NaBr -29 0.980 0.984 0.987
KBr —-34 0.976 0.981 0.984 -0.17 0.9988 0.9991 0.9992
Nal —40 0.972 0.978 0.982 —0.08 0.9994 0.9996 0.9996
—0.03 0.9998 0.9998 0.9999
Kl —4.2 0.971 0.977 0.981 —0.20 0.9986 0.9989 0.9991

* Calculated values from the data compiled by Bopp et al. [13].
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with the oxygen isotope effects [3—6, 9—14], the oxy-
gen isotope fractionation is analogously defined as

Biso=R(**OR*/R(**O)

=R(**0)5,/R(**0), (13)
where R(120) is the *#0/*°O ratio of oxygen specified
by the indices V, CO,, pw and sol, respectively. Neg-
ative Bisp— 1 values indicate that the 180/*°O ratio of
water vapor and carbon dioxide equilibrated with
aqueous solutions is higher than that of water vapor
and carbon dioxide equilibrated with pure water. The
values of (Biso—1)/m calculated from the data com-
piled by Bopp et al. [13] at 25°C are listed in Table 3.
For alkali halide salts, fisg—1 was found to be posi-
tive for LiCl, nearly zero for NaCl, and negative for
KCl, CsCl, KBr, Nal and KI. Assuming a constant
hydration number (n,), we can similarly evaluate the
oxygen fractionation factors (£:sg). The €15 value of
LiCl is higher than unity, which indicates that the
180/160 ratio of the hydration water is higher than
that of free water. The ¢:sg values, except for LiCl and
NaCl, are all smaller than unity, which means that
H, '80 is depleted in the hydration water.

Comparison of the hydrogen and oxygen isotope
effects in Table 3 shows that all the hydrogen isotope
fractionation factors (ep) are smaller than unity, and
that the &1sq value of LiCl is larger than unity, the &isq
value of NaCl is near unity, and the other values for
alkali halides are smaller than unity. This indicates
that the water molecules in the hydration spheres of
alkali halide, except LiCl and NaCl, are enriched in
lighter isotopes. Both the hydrogen and oxygen iso-
tope effects are obviously dependent not only on the
cations but also on the anions. While the hydrogen
isotope effect seems to depend mainly on the anion
rather than the cation, the oxygen isotope effect de-
pends mainly on the cations rather than the anions
[13, 14]. These results indicate that the mechanism of
the hydrogen isotope fractionation between hydration
water and free water is clearly different from that of
oxygen isotope fractionation.

According to O’Neil [22], heavier molecules of wa-
ter are enriched in ice rather than in liquid water at
0°C. The hydrogen bonding network is more struc-
tured in ice than in liquid water, and D,O is more
structured than H,O in the liquid state. If the energy
of hydrogen bonding in ice or D,O is larger than in
liquid water or H,O, then the heavier isotopes, D and
180, are enriched in the hydrogen bonded site, arising
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from the difference in the zero point energies. It is
generally accepted that liquid water consists of hydro-
gen-bonded ice-like clusters of water molecules and
non-hydrogen-bonded water molecules at equilibrium
conditions (e.g., [23], [24]). The fractionation between
hydration water and free water results from the energy
difference of the hydration water and free water which
is caused by a change in the structure of liquid water
upon addition of solute. In the hydrogen and oxygen
isotope effects caused by alkali halides, except LiCl
and NaCl, the fact that free water molecules have the
same structure as pure water, but are enriched in D
and ‘80 atoms, can be attributed to the increase in the
energy of hydrogen-bonded clusters in free water, rel-
ative to pure water. Since heavier isotopes prefer to be
incorporated into a site with a stronger bond, D and
180 atoms are enriched in the hydrogen bonded sites.
In addition, the fact that the hydrogen bonding site of
water molecules in free water are enriched in D atoms,
corresponds with the fact that the vapor pressure of
D,O0 is lower than that of H,O, because the hydrogen
bonded network of D,O is stronger than that of H,O.

Vapor Pressure Isotope Effect of Alkali Halide Solutions

The most important work in relation to the present
study is the vapor pressure measurements in both
H,O and D, O containing alkali halides, because they
directly measure the isotopic free energy ratios of a
solvent. The solvent vapor pressure isotope effect be-
tween H,O and D,O is determined in terms of '

Aln R} o =In(P} o/P} 0)—In(P{ 0/PB.0), (14)

where the superscript 0 denotes pure water, and m
represents the aquamolality which corresponds to the
molality of the solute in 55.5 mol of solvent. Data of
Aln R} o and In By, of alkali halide solutions at 25°C
are shown in Table 4. The values of Aln R ,, for alkali
halides and some salts were measured over a broad
temperature- and concentration-range by Pupezin
et al. [15] and Jakli et al. [16]. The measured values of
Aln Rp  are positive except for the value obtained
for 2 m LiCl, and the values become larger if salts are
added to both solvents. Positive Aln Rp o means that
the vapor pressure depression is smaller for D,O than
for H,O0.

The relationship between In f, and Aln Rj  can
be expressed as Infp=—1/2Aln R} o, if for an
aqueous solution one assumes that the behavior of
H,0-HDO-D,O mixing is ideal, and both equilib-
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rium constants of the isotopic disproportionation re-
action on liquid and gas phase are equal. In this case,
the law of the geometric mean of vapor pressure,
Pupo=(Py.o Pp.o)/?, is always established. In the
case of pure water, as mentioned in [8], the D/H frac-
tionation factor between liquid and vapor is the same,
within experimental error. Evidently, as a rule, the
absolute values of In i, and Aln R} o become larger
if an alkali halide is added to a liquid. This co-varia-
tion of In B, and Aln Rp o can be interpreted as fol-
lows. The f, measurements on H,O-HDO mixtures
show that HDO is less attracted by the solute than
H,O. Therefore, the degree of the vapor pressure de-
pression of D,0O is smaller than that of the vapor
pressure depression of H,O when the solute is dis-
solved in the liquid phase. Although the qualitative
trends with concentration of the alkali halides are the
same in Table 4, the differences between the values of
In By, and those of 1/2 Aln R o are remarkably large
at the various concentrations of alkali halide. This will
be discussed in [25].

Free Energy Change of Transfer from H,O to D,0 of
Alkali Halide

The energy difference of solute in H,O and D,0 is
generally expressed as the free energy change of trans-
fer from H,O to D,O. The free energy change can be
related with the equilibrium constant of the isotopic
exchange reaction between hydration water bound to
alkali halide and free water as similar to (7):

H,O(h)+D,0(f)=D,0(h)+H,O(f). (15)

Greyson [17] measured the electromotive force (emf)
of electrochemical cells of several alkali halide salts
containing D,0 and H,O solutions. The cell poten-
tials were combined with available heat of solution
data to determine the entropy of transfer of the salts
between the isotopic solvents. The thermodynamic
properties for the transfer from H,O to D,O, calcu-
lated from the emf data by Greyson [18] and for the
solubilities of alkali halide at 25°C in H,O and D,0O
from [26] are shown in Table 5. The change of free
energy (AG?) measured by electrochemical cells with
dilute solutions suggests that alkali halide salts except
LiF, NaF and KF have a higher standard free energy
in D,0 than in H,O, and the solubility suggest that
alkali halide salts, except LiF and LiCl, are more sol-
uble in H,O than in D,0. The enthalpy change (4H?)
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Table 4. Comparison of 10*Aln RJ o and 10%In B, values
for alkali halide salts at 25°C. :

Solute Molality 10°Aln R o 10°In By,
LiCI! 20m —-0.1 —2.6*
40m 0.1 —4.7*
6.0 m 0.8 —54*
NaCl! 20m 0.3 —4.8
40m 1.0 —8.8
6.0 m 2.3 —12.7
KCI! 20m 0.4 —5.8
40m 1.8 —10.1
CsCI™ 20m 1.4 —6.2
40m 44 —12.0*
6.0 m 7.1 —16.5*
NaBr? 20m 0.0 —53
40m 0.9 —11.0*
6.0 m 39 —15.6
8.0m 10.2 —219*
Nal? 20m 0.3 —8.0
40m 1.6 —159
6.0 m 4.7 —22.6
8.0m 10.1 —274

* Estimated values from this work.
! Pupezin et al. [15].
2 Jakli et al. [16].

Table 5. Free energy (AG!), enthalpy (AH?) and entropy
(AS?) of transfer from H,O to D,0, and solubilities in H,O
and D,O for alkali halide salts.

Solute  AG! AH? AS? Solubilities ! Xp.o/
(cal/ (cal/ (cal/ ——— Xu,0 4
mol) mol) mol) H,O0 D,O

LiF —58 —155 -0.33 115

LiCl 32 420 1.30 1990 20.28 1.014

LiBr 67 560 1.65

Lil 100 720 2.08

NaF —28 10 0.13

NaCl 110 510 1.34 6.145 576 0943

NaBr 170 650 1.61 9.20 9.07 0988

Nal 230 810 1.95 1234 1218 0989

KF -3 60 0.21

KCl 130 560 1.44 4.80 438 0919

KBr 180 695 1.73 5.7 5.10 0902

Kl 240 865 2.09 8.90 8.07 0919

! Solubilities are expressed as moles of solute per 55.5 moles
of solvent.
2 Solubility ratios are expressed as molar fraction ratios.

for alkali halide salts correlates with the change in
entropy (AS?), as shown in Table 5.

Based on the data of the free energy change of trans-
fer from H,O to D,0 (AG?) and those of the hydrogen
isotope fractionation factors (ep), we can conclude that
the water molecules bound to alkali halides, except
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Fig. 3. Variation of the hydrogen fractionation factor (ep)
between hydrated water and pure water molecules obtained
by assuming the sum of hydration numbers of 8, versus the
change of free energy for the transfer from H,O to D,0 (AGY?)
in aqueous alkali halide solutions at 25 °C obtained by Grey-
son [18].

LiF, NaF and KF, prefer H atom to D atom. The
negative correlation of the hydrogen isotope fraction-
ation factor (gp) obtained by assuming the sum of the
hydration number 8 and the free energy change of
transfer from H,O to D,0 (AG?) in aqueous alkali
halide solutions at 25°C are shown in Figure 3. Al-
though the results of the free energy change of transfer
are obtained for dilute solutions, these values have a
linear correlation.

Krishnan and Friedman [27] estimated the free en-
ergy of transfer (AG?(*°O — '#0)) from H,'°O to

[1]1 M. K. Stewart and 1. Friedman, J. Geophys. Res. 80,
3812 (1975).

[2] Z. Sofer and J. R. Gat, Earth Planet. Sci. Lett. 26, 179
(1975).

[3] M. Kakiuchi and S. Matsuo, J. Phys. Chem. 89, 4627
(1985).

[4] J. Horita, D. J. Wesolowski, and D. R. Cole, Geochim.
Cosmochim. Acta 57, 2797 (1993).

[5] J. Horita, D. R. Cole, and D. J. Wesolowski, Geochim.
Cosmochim. Acta 57, 4703 (1993).

Hydrogen Isotope Fractionation in Aqueous Alkali Halide Solutions 819

H, 80 for alkali metal ions at 25 °C, deduced from the
data of Feder and Taube [9]. The AG? (O — '80)
values are apparently much smaller than the AG? val-
ues of the free energy of transfer from H,O to D,O.

Conclusions

1. The D/H ratios of hydrogen gas (the water vapor)
in equilibrium with aqueous alkali halide solutions
are higher than the D/H ratio of hydrogen gas (the
water vapor) in equilibrium with pure water.

2. The D/H ratio of water molecules bound in the
hydration sphere is estimated to be lower than that
of free water for the alkali halide salts.

3. The magnitude of the hydrogen isotope effect of the
alkali halide salts are in the order KI> Nal>KBr >
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4. The hydrogen isotope effect is markedly different
from that of the oxygen isotope effect.

S. The hydrogen and oxygen isotope effects for alkali
halides, except LiCl and NaCl, may be influenced
by energy changes in hydrogen bonding in free wa-
ter molecules.

6. The hydrogen isotope effect obtained in diluted so-
lutions of HDO in H, O is positively correlated with
the change in the free energy of transfer from H,O
to D,O calculated from the measurements of the
electromotive force in H,O and D,O.
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