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FOREWORD

Apvances IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and
processing characteristic of ACS publications. Papers published
in ADvANCEs IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may
embrace both types of presentation.
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PREFACE

Isolation, quantification, and understanding of the role of increasingly

smaller quantities of matter is important in all scientific regimes and
in no case is this truism of greater applicability than in water chemistry.
Research trends, like fashions, vary in point of time. Recently, emphasis
on synthetic detergent biodegradability, pesticides, and other organics
has dominated the field. This attention has been prompted by actual or
potential physiological, sensory and esthetic effects. Development of
improved analytical devices such as ionization-detection gas-liquid
chromatography made it possible in many cases to conduct investigations
involving nanogram or smaller units of certain materials. Thus, the need
and the means to study trace organics developed simultaneously.

Trace inorganics, with the possible exception of radionuclides, have
not been the objective of as much attention as the organics. Nevertheless,
advances have been occurring and current development of improved
analytical devices and techniques promises to accelerate trace inorganic
research. Dissolved and colloidal inorganic materials are involved solely
and in complex mixtures with organic substances in corrosion, eutrophi-
cation, microbiological, and other processes of economic and general
concern.

The symposium which resulted in this publication was organized
as a result of discussions at the Gordon Research Conference on Micro-
contaminants in Water held in June, 1964. That conference was domi-
nated by organic-related findings. A need to summarize developments
concerning trace inorganics in water was deemed appropriate. Technical
programs with such broad objectives rarely satisfy all needs. This is no
exception. However, these papers constitute a representative progress
report.

The symposium and this publication divide naturally into three
parts: critical assessments of broad subjects; applied and fundamental
research reports; and analytical developments. Many of these papers are
contributed by investigators from chemical disciplines other than those
normally identified with water chemistry. This is as it should be for
maximum information exchange and research concept stimulation. The
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The Effect of Water Structure on the
Transport Properties of Electrolytes

ROBERT L. KAY
Carnegie-Mellon University, Mellon Institute, Pittsburgh, Pa.

The abnormal transport properties (conductances and vis-
cosities) of electrolytes in aqueous solution are explained in
terms of the effect ions can have on water structure. Various
theories that treat the solvent as a continuum are shown to
be incapable of explaining these abnormalities. The Frank-
Wen model is used to classify ions as electrostrictive struc-
ture-makers, Li*, F-, Ca*; hydrophobic structure-makers,
Bu,N*, Ph,B"; and structure-breakers, Cs*, I', Me,N*. These
effects can be detected by comparing data for aqueous solu-
tions with nonaqueous solutions, by investigating the tem-
perature coefficient of ionic mobilities and viscosity B co-
efficients, by comparing ionic mobilities in H,O and D.O,
and by comparing the particular hydrophilic properties of
the (EtOH),N* ion with its alkyl analog, the Pr,N* ion.

In the past few years considerable interest has developed in the struc-
ture of water in electrolytic solutions (25). This renewed interest is the
result of a number of extensive experimental investigations and the reali-
zation that many otherwise unexplainable observations can be accounted
for if water is considered as a structured medium rather than as a con-
tinuum. This paper will consist of a review of some of the more recent
advances that have been made in elucidating the factors determining the
properties of electrolytes in aqueous solution. Transport properties will
be dealt with almost exclusively since the author’s main interests lie in
that direction. Owing to the unique mechanism of proton conduction
in aqueous solution, acids and bases will not be considered and the
discussion will be limited exclusively to salt solutions.

The problem of explaining the magnitude of ionic mobilities in aque-
ous solutions has baffled the electrolyte chemist for a considerable time.
Two major factors have contributed to the slow progress in this field.

1
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First, water has been considered for so long as the typical solvent whereas
we now know this to be a poor assumption. It is one of the few solvents
in which three-dimensional structure can exist. These three dimensional
structures are formed by water’s ability to form hydrogen bonds in a
tetrahedral configuration. As a result of this high degree of hydrogen
bonding, water has a number of unique properties among which are its
exceedingly high heat capacity, viscosity, and dielectric constant and its
maximum density of 4°C. It is the only known liquid whose viscosity de-
creases with increasing pressure (22). Possibly better progress would
have been made in this field if a non-hydrogen bonded solvent like ace-
tonitrile had first received our undivided attention instead of water. The
lack of good data for ionic properties in any solvent other than water has
been a big handicap. For instance, for a considerable time we did not
know the temperature coefficient of ionic conductances in any solvent
other than water. This deficiency has been rectified only recently by the
measurements of transferance numbers and conductances in methanol
at 10°C. (36).

The second reason for slow progress in the field is the lack of a good
theory in which water is treated as a structured medium rather than as
a continuum. Considering the solvent in an electrolytic solution as a
uniform medium with the same physical properties as the pure solvent
has certain mathematical advantages, and this approach has enjoyed con-
siderable success. However, this success has been limited generally to
the prediction of the concentration dependence of various transport and
thermodynamic properties, and then only in extremely dilute solutions.
The continuum theory is not as successful in explaining the change in
magnitude of these properties as the solvent or temperature are changed,
as I shall point out later. The success of the continuum theory in pre-
dicting the concentration dependence is not difficult to understand. Inter-
ionic effects are longer ranged than ion-solvent effects and, therefore, are
sizeable effects in very dilute solutions. On the other hand, one must
go well above what is considered the dilute range (ionic strength 0.01)
before any one ion has an appreciable effect on the interaction of a
second ion with the solvent. One would expect that any effect of water
structure on the property of an electrolyte would be fairly concentration
independent in this dilute range and, consequently, would not interfere
with a continuum calculation. However, there are exceptions in the case
of very large ions. The continuum theory is not as successful in explain-
ing the temperature dependence of various properties of aqueous solu-
tions. It is interesting to note that the structure existing in water is ex-
tremely temperature dependent, owing to the fact that thermal energies
approach the strength of the hydrogen bonds involved. Thus, an appeal
to structural effects to account for the unexplained temperature coeffi-
cients of transport properties of electrolytes is certainly reasonable.
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Experimental and Results

In considering the dependence of limiting ionic mobilities on solvent
and temperature it is most useful to apply Stokes’ law (30). For univalent
ions (34) it is given by

Aofjo = 15~4/61l’1's (1)

and states that the limiting jonic conductance-solvent viscosity product
is inversely proportional to the radius, rs, of the moving ion. It should
be remembered at this point that the limiting ionic conductance is pro-
portional to the limiting ionic mobility, the proportionality factor being
the Faraday constant. Stokes’ law is based on the assumption that an
ion moves in the direction of the field by pushing solvent molecules out
of its path. This involves doing work in overcoming the viscous drag of
the solvent molecules and this viscous drag is assumed to be identical to
that of the bulk solvent.

An application of Equation 1 to experimental results for aqueous
and acetonitrile (4, 27) solutions at 25°C. is shown in Figure 1. Here
Ao 70 or the Walden product (37, 38) as it is sometimes known, is plotted
against the reciprocal crystallographic (33) or estimated (34) radii of the
alkali and tetraalkylammonium cations and the halide anions. Equation
1 or Stoke’s law is shown as the broken line and at first glance appears
to be an exceedingly poor representation of the data. Stoke’s law is not
as poor as it first appears if certain deviations, attributable to deficiencies
in the model on which it is based, are taken into account. Since smaller
ions must be solvated to some extent, they must carry a solvent sheath
through the solution. Consequently, the ordinate in Figure 1 should
represent the solvated rather than crystallographic radius. This could
possibly account for the ions lying below the Stokes’ line but it will not
account for those lying above the line. If complete “slippage” of the
solvent past the ion is assumed to take place, the numerical constant in
Equation 1 is reduced from 6 to 4. This helps but it is not sufficient and
a considerable number of ions still lie above the Stokes’ line indicating a
higher mobility than the theory predicts.

Another interaction between ions and solvent molecules besides
solvation has been identified by Born (1) and latter by Fuoss (13). A
moving ion can orient the solvent dipoles as they move through the solu-
tion. Owing to the finite time required for the relaxation of such orienta-
tions, a retarding force is exerted on the moving ion. Zwanzig (42) has
quantitatively evaluated this effect and showed that Equation 1 becomes

Aoo=15.4/8x[rg + A/rg] (2)

Here, the constant A depends on various dielectric properties of the
solvent. Frank (10) has discussed this result in considerable detail and
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showed that this theory predicts a maximum Ao of about 30 for aqueous
solutions at 25°C., whereas values as high as 75 have been observed. Kay
(27) has made a similar calculation for methanol solutions and obtained
a comparable result. There is little doubt that this Born-Fuoss effect
exerts some influence on ionic mobilities, but it certainly will not explain
the very high mobilities exhibited by some ions in aqueous solution.

T I 1 ' 1 _ 1 Ve 1 I I I 1 I
0.7 I Bricet ot /Stokes _
'g ookt ./ Law
- J ©H,0  25°C ]
06 ® CHiCN 25°C —
05— —
(o) = 4
IS
o) |
Qo4 —
= M84N’ -
03— Li*
0.2 |FBuNK[/ —
= Sn-AmgN* -
0.1 A T R R U U T BT N
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16

1/rg

Figure 1. The limiting ionic conductance-solvent viscosity product plotted as
a function of the reciprocal ionic radii for several ions in aqueous and aceto-
nitrile solutions at 25°C.

A further attempt to rectify the situation was introduced by Robinson
and Stokes (34) and extended by Nightingale (31). Noting that Stokes’
law appears to fit better for large ions in aqueous solutions (see Fig-
ure 2), and since Stokes” law holds only if the ions are large compared with
the solvent molecules, Stokes and Robinson assume that only the n-Am,N*
ion is large enough to fulfill this requirement. They then assumed that
the other tetraalkylammonium ions were not hydrated but deviated from
Stokes’” law owing to a size deficiency. In essence, they forced the Stokes’
line through the tetraalkylammonium ions, thereby producing negative
deviations for all the other ions in aqueous solutions. In this way they
were able to use solvation to explain the resulting negative deviations
and, in fact, calculated hydration numbers for each ion.
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Figure 2. An enlargement of the left-hand side of Figure 1

This approach suffers from one serious flaw. The basic assumption
on which this approach rests is that the Ao 7o product is invariant with
temperature, whereas Kay and Evans have shown this assumption to be
incorrect (9, 27). This can be seen in Figure 3 where the ratio C;0*" given
by

C10% = (Aen0) 25°c./ (Ao70) 10¢°. (3)

is plotted vs. the ionic conductance at 25°C. As a matter of fact, the
deviation of this ratio from unity increases with increasing size, suggest-
ing that interaction of these large ions with the solvent increases with
increasing size. This experimental result indicates that the calibration
curves and the resulting hydration numbers (31) obtained from this type
of correction to Stokes’ law are meaningless.

Two facts stand out in the conductance data shown in the first three
figures. All except the smaller halide and alkali metal ions appear to have
a large excess mobility (Figure 1) whereas the larger ions with hydro-
carbon surfaces exhibit a mobility deficiency (Figure 2) in aqueous
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solution compared with nonaqueous solution. At the same time, ions show-
ing a mobility excess in aqueous solution also have negative temperature
coeficients of A¢me in aqueous solution, whereas ions with mobility de-
ficiencies in aqueous solution have positive coefficients of Ayno (Figure 3).
Although the comparison in Figures 1 and 2 is only to acetonitrile solu-
tions, it has been shown (27) that the Aoy for methanol, ethanol, and
nitromethane (the only solvents for which precise transference numbers
are available) lie very close to the acetonitrile line and actually are identi-
cal as the ion size becomes large. Furthermore, the deviation of Cy?
from unity for methanol solutions have been shown to be small compared
with those in Figure 3 for aqueous solution (36).

1.06
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1.02

1.00
025

0.98

0.96

094

Lo L by Cse
20 30 40 50 60 70 80
Ao (25°C)

Figure 3. A plot of Equation 3 for aqueous solution against the ionic
conductance in water at 25°C.

Another transport property sensitive to solvent structural effects is
the viscosity B coefficient obtained from the Jones-Dole equation (23),

7 =1no(1 + A'C*% + BC) (4)

where 7 is the solution viscosity. The coefficient A’ is small and is the
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result of interionic forces that tend to interfere with the flow of one layer
of solution past another. It can be determined experimentally or cal-
culated from the Falkenhagen equation (18). Considering the solvent
as a continuum, B can be obtained from the Einstein equation (6, 7)

B=25v/c (5)

which predicts B to be proportional to the ionic volume since v is the
volume of the ions per cc. of solution and c is the concentration in moles
per cc. of solution.

Equation 5 predicts that the viscosity B coefficient should increase
with increasing ion size and should be independent of temperature and
solvent inasmuch as the ionic size is temperature and solvent independent.
The data for the alkali metal and halide ions (24) in Table I and for the
tetraalkylammonium bromides (28) in Figure 4 show that neither of the
predictions is verified by experiment.

Table I. Aqueous Viscosity B Coefficients and Dependence
on Temperature

t°C. Li* Na' K* Cs* cr Br Ir

15 0.162 0.086 —0.020 —-0.020 —0.06°

25 0.150 0.086 —0.007 —0.045 —0.007 —0.04* —0.069
35 0139 0.085  +0.005 +0.005 —0.03* —0.054

¢ Interpolated from date in Ref. 28.

Nearly all the ions show some temperature dependence in aqueous
solution, but at least for the tetraalkylammonium ions, very little in
methanol solutions (Figure 4). Instead of increasing, B decreases with
increasing size for the alkali metal and halide ions. The negative values
of B indicate that most of these ions actually decrease the viscosity upon
their addition to water. The B coefficients for the tetraalkylammonium
ions increase with increasing size; but for the larger ions, B is much
larger in aqueous than in methanol solutions and extremely temperature
dependent in aqueous solution.

These experimental facts can be explained in a consistent manner
by considering water as a structured medium and investigating the pos-
sible effect of ions on that structure. Numerous early workers, including
Lewis and Randall (29) in their famous treatise on thermodynamics,
considered the possibility that electrolytic properties for aqueous solu-
tions were influenced to a considerable extent by the presence of hy-
drogen-bonded aggregates of water molecules. Frank and Evans (11)
were among the first systematically to consider this problem by investi-
gating both entropies of solution and viscosity increments of ions in
aqueous solution. Gurney (16) collected much of the early data and’
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clarified some of the principles involved, particularly in regard to con-
ductance and viscosity data. Here, the model of Frank and Wen (12)
for ionic solutions will be used. It is somewhat more specific than that of
Gurney and has been expanded to include the tetraalkylammonium ions.

i Open Symbols - H,0
i Closed Symbols -CHzOH
1.5 —
i (EtOH)4NBr.
10} o
B | —cmeNn__
T -
- . BugNBr
i T <8 Pr,NBr
0.5 e d— e ——————, A—
E14N8r)
A M\X\i
| MEtOH)4NBr (Me‘NBr
~ —— 7 V —V
| 1 Il | 1 | |
0 10 20 30 40 50 60
Toc

Figure 4. Viscosity B coeﬂicientzﬁ;r the tetraalkylammonium
and tetraethanolammonium bromides in aqueous and methanol
solutions at several temperatures

In the Frank-Wen model, water in the vicinity of an ion is divided
into three regions as shown in Figure 5. In region A, the ionic charge
predominates and the water dipoles are completely oriented towards the
central ion. Although water in this region is exchanging rapidly (35),
it is immobilized to a considerable extent compared with bulk water; and
the ion is said to be electrostrictively solvated. Since water in this region
is more ordered than in pure water, the ion can be said to be an electro-
strictive structure-maker. Water in the second and third solvation sheath
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will be less immobilized until region B is reached. In this intermediate
region, the effect of the ionic charge has diminished to such an extent
that it can only partially orient the water dipoles; but such orientations
are still of sufficient magnitude to interfere with the formation of the
normal three-dimensional structures present in pure water. Water in
this region, therefore, has a lower degree of hydrogen bonding and
structure, and consequently, if the size of region B is very extensive, the
ion can be said to be a net structure-breaker. At much larger distances,
region C is reached where the effect of the ionic charge is insignificant
and the water dipoles are oriented solely by neighboring water mole-
cules, and this region will have the properties of pure water.

P

N\
)
7

)i
4

-
A B

{

\
\
Lw/

Figure 5. A model for aqueous
electrolyte solutions

It has been necessary to postulate another effect to account for the
behavior of the quaternary ammonium ions that possess large hydrophobic
surfaces. Water molecules at the surface of these large ions are in-
fluenced very little by either the ionic charge or the inert hydrocarbon on
their one side. Consequently, the water molecules on their other side can
orient these surface water molecules to a greater extent than normal and
can, in effect, result in a greater degree of hydrogen bonding or structure
to form along the hydrocarbon side chains. This type of ion can be con-
sidered to be a hydrophobic structure-maker; and this type of structure-
making plays an important role in the formation of clathrate hydrates.

Using this model, the conductance and viscosity behavior in Table II
can be accounted for. Note that in this table both dr,5,/dT and dB/dT
refer to aqueous solutions. Electrostrictive structure-makers are those
ions of large charge, Z, or extremely small crystallographic radius. The
relative properties in aqueous and nonaqueous solvents cannot be pre-
dicted since the relative size, dipole moments, basicity, etc., of the solvent
molecules will be the determining factors. The large solvation energy of
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small jons like the Li* or the highly charged La® ion should be much
greater than thermal energies in the temperature region considered here,
and consequently, the degree of solvation should decrease only very
slowly with increased temperature.

Table II.
(l\o’l]o)a@ Baq. a(l\o"lo) iB
Z/ Ty (/\oﬂa)nonuq. Bnonan aT aT Examples
Electrostrictive small small Li‘F-
Structure-Makers  large — — positive negative La3*
Structure-Breakers small >1 <1 negative positive Cs*, Me,N*
I, ClO,~
Hydrophobic very <1 >1 positive negative Bu,N*
Structure-Makers  small Ph,B-

Those ions with small charge-to-size ratios should be good structure-
breakers. They should have an excess mobility in aqueous solutions
since they are moving into the cosphere (region B of Figure 5) where
the degree of hydrogen bonding and, consequently, the viscosity are less
than the viscosity of pure water. This excess mobility should decrease
with increasing temperature since at higher temperatures there is less
structure to break. The viscosity B coefficient for structure-breakers
should be smaller in aqueous than in nonaqueous solutions or smaller than
that predicted from Equation 5 because these ions have depolymerized
the water and therefore reduced its viscosity. As a matter of fact, many
structure-breaking ions like K* and I- have negative B coefficients. How-
ever, a negative B is not a necessary condition for a structure-breaker.
Some ions like Me,N* are moderately good structure-breakers but have
positive B coefficients. Their structure-breaking properties are best seen
in the temperature dependence because these structural effects are sen-
sitive to temperature changes. As the temperature increases and the
amount of structure in the water decreases, the B for these ions increases
to a higher value more consistent with Equation 5.

Only extremely large ions with alkyl or aryl side chains have been
found to be good hydrophobic structure-makers. The tetraalkylammonium
and the tetraphenylboride ions are good examples. Owing to the high
degree of hydrogen bonding about the side chains, they appear to have
a mobility deficiency in aqueous compared with nonaqueous solvents
(Figure 2). This structured water on their surface is extremely temper-
ature sensitive, and as the temperature increases rapidly “melts,” produc-
ing a positive temperature coefficient for the Am, product (Figure 3),
and a large absorption of heat that appears in the extremely large ap-
parent molar heat capacity (12). The increased degree of hydrogen
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bonding about the surfaces of these ions results in a higher B in aqueous
than in nonaqueous solutions, and the temperature coefficient is negative
because this excess structural viscosity disappears as the temperature
increases (Figure 4).

It can be noted in Table II that the conductance behavior is just
opposite the viscosity behavior, which is as it should be. This is seen
more readily in Figure 6 where the temperature coefficient of the B
coefficients is plotted against the temperature coefficient of the limiting
conductance-viscosity product. Structure-breakers are now found in the
top left-hand quadrant, and hydrophobic structure-makers in the bottom
right-hand quadrant. Electrostrictive structure-makers, on the other
hand, should now lie quite close to the origin.

Most of the more familiar ions can now be placed in these three
groups. The strong structure-breakers include the K*, Rb*, Cs*, CI", Br", I,

> __I’ Br- R Structure
) Cl Breakers
o K* NO3 Na (EYOH)N*
(0]
Me N* LIt
_2 —
-4 EtaN*
103AB
AT
_8 L
Hydrophobic
-0 Structure
Makers
-2 ProN*
Ph,B~

_14 -

-16 BUQN*

! | 1 | 1 1
-2.0 -1.0 0
103AMo M)/ AT

Figure 6. A comparison of the temperature coefficients of viscosity B co-
ients and limiting ionic conductance-viscosity products
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and ClO," ions, while the Pr,N*, Bu,N*, and PhyB" ions are good hydro-
phobic structure-makers. The Li* and F~ ions are strong electrostrictive
structure-makers, as are the divalent and higher charged ions that are not
included here (27). The Na‘, MesN*, and Et,N* are borderline cases
that have properties of two or more of these groups. These ions will be
expected to act differently depending on the property being investigated,
since different properties are affected to different degrees by water struc-
ture.

| I L r T I T | T
o ///’ cst K* J
Ve
Ve
- 7 4
’
1.02|- v _
,/
L / I Naot E
- // O -4
| // Br-
, i
R T ‘IMe, Nt 4
1.0l cl- —~
r E'4 N+ -
1.00
Prq N+ 4
-] BPhg F- |
BugN*
| 1 | ] | ] | ]
.3 5 7 .9

I/rx

Figure 7. A plot of Equation 6 as a function of reciprocal ionic radii

The structural properties of these ions can be seen further by com-
paring their conductances in D-O compared with H.O (26). The results
are seen in Figure 7, where R, given by

R= ()\o’lo)Dzo/(Ao"]o)Hzo (6)
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is plotted against the reciprocal crystallographic radii. The higher degree
of structural order in D50 over that in H,O is evident from its higher en-
tropy of vaporization, melting point, and viscosity (25). Owing to this in-
creased degree of hydrogen bonding, structure-breaking ions should have
an enhancement of mobility in D,O over that in H,O and R should be
greater than unity. Structure-making ions of both kinds show R values
less than unity as would be expected. It should be noted that the Et,N*
ion shows up here as a structure-breaker although in most other prop-
erties it shows up as a very weak structure-maker (Figures 3 and 4).
The conclusions reached from conductance measurements are in good
agreement with those arrived at by Greyson (14, 15) from entropy data
for transfer of these ions from D,O to H,O.

Verification of the conclusion that the transport properties of the
tetraalkylammonium ions are affected by water structural effects has been
obtained by studying a most interesting ion, the tetraethanolammonium
ion, (EtOH),N* (3, 8). It will be remembered that the enforcement of
water structure on the hydrocarbon side chains of the larger tetraalkylam-
monium ions was the result of no interaction between the ions and water
molecules on their surfaces. If the terminal methyl groups in the Pry,N*
ion are exchanged for hydroxyl groups to form the (EtOH )N’ ion, an
interacting functional group is introduced into the otherwise inert hydro-
carbon chains. This functional group should interfere with the enforce-
ment of water structure, and (EtOH ),N* should show none of the struc-
ture-making properties of its alkyl analog, the Pr,N* ion. That this is
essentially the case can be seen in Figure 6, where the (EtOH),N" ion is
shown to have zero temperature coefficients of both the A, product and
the viscosity B coefficient in aqueous solutions in contrast to the large
temperature coefficients of the Pr;N* ion. Here again the results of trans-
port measurements are confirmed by heat capacity and also by heat of
transport data (40). If anything, the (EtOH),N* ion could be con-
sidered a slight structure-breaker as seen from a comparison of its
properties in aqueous and nonaqueous solvents (Figures 2 and 4).

Confirmation of the ideas expressed here has come from NMR re-
laxation studies (20, 21), dielectric dispersion (17), near infrared spectra
(2), and various thermodynamic measurements a few of which have been
mentioned. Another thermodynamic property, the apparent molar vol-
ume, is particularly interesting since it is very sensitive to structural
effects in the very dilute concentration range. For instance as shown in
Figure 8, the data for Bu,NBr in water (39) approaches infinite dilution
with a negative slope although the Debye-Hiickel limiting slope is posi-
tive. As a matter of fact, the large tetraalkylammonium salts actually
show a minimum at higher concentrations. It is interesting to note that
¢y for the nonhydrophobic (EtOH ),N* ion approaches infinite dilution
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with close to the correct Debye-Hiickel limiting slope and has a much
lower infinite dilution value of ¢, than its alkyl analog, the Pr,N* ion
(40). The same behavior is exhibited by BusNBr in methanol (32) as
shown in Figure 8, where no three-dimensional structural effects are to
be expected. The difference in ¢° of about 16 ml./mole must be at-
tributed to the volume increase in aqueous solution owing to water
structure enforcement after correction for the difference in the electro-
strictive volume of the bromide ion.

One item of evidence seemingly in contradiction to the above ideas
comes from a consideration of the chemical shift measurements of Hertz
and Spalthoff (19) for Bu;NBr in concentrated solutions and verified by
Davis and Kay (5) for the dilute range as shown in Figure 9. Their
results showed that the difference in the chemical shift between the water
protons in the solution and the methyl protons of the butyl groups in
Bu,NBr in aqueous solution decreased with increasing concentration.
This is equivalent to an upfield shift of the water protons; the same effect
on water as an increase in temperature and almost identical to the effect
of KBr on water. Thus, by this criterion, the BusN"* ion appears to be a
structure-breaker. However, the problem of accounting for the absolute
magnitude of chemical shifts is quite formidable, and no good theory is
available. A consideration of the temperature dependence of chemical
shifts should be much more sensitive to strictly structural effects. In that
respect, Bunzl (2) showed that structural effects cannot be detected in
the excess near infrared absorption of salts in aqueous solution but that

300
295
¢y
290
S~ BugNBr
ES] T T T R T T B
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Figure 8. The concentration dependence of the apparent molar vol-
umes of Bu,NBr in aqueous and methanol solutions at 25°C.
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Figure 9. The effect of concentration of Bu,NBr on the proton chemical shift
in water

such effects are quite distinct in the temperature dependence of such
absorption measurements.

Up to this point, only symmetrical ions have been considered,
although structural effects can also be identified in the case of unsym-
metrical ions. For instance, all the atoms in the NO;™ ion are planar and
consequently this ion can be a structure-breaker in the planar direction
but an electrostrictive structure-maker at 90° to the plane. Thus, this
ion could be said to be polyfunctional. As it turns out, the NO7; ion is a
net structure-breaker as shown in Figure 6. The cationic CH3—(CH:).—
N'—(CH3); and anionic CH3—(CH,),~SO4  surfactants can also be
polyfunctional, but as n becomes large, they should be net hydrophobic
structure-makers (8). Another class of polyfunctional ionic species are
the dipolar ions such as the amino acids,

" 0
|

R——C——¢C =
0

NHg
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Such ions have been shown to be structure-breaker if R = H (gly-
cine), but as R becomes butyl or larger, these dipolar ions have been
shown to be net structure-makers (27).

Concluding Remarks

The advantages of studying structural effects by conductance meas-
urements should be pointed out. They can be carried out rapidly with
such a high degree of precision that even small effects can be detected
with some confidence. Conductance data can be easily extrapolated to
infinite dilution thereby eliminating ion-ioh interactions as a complicating
process. Perhaps the greatest advantage is the fact that with transference
measurements, it is possible to determine the ionic rather than salt con-
ductances. This permits cations and anions to be compared at any tem-
perature without any kind of arbitrary split. Recently, a second unam-
biguous method of splitting has been introduced that enables ionic partial
molar volumes to be obtained from ultrasonic vibration potential (41)
without any arbitrary assumptions.
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Anions in Aqueous Solution

JACK L. LAMBERT

Kansas State University, Manhattan, Kan.

Recent innovations and improvements in methods for the
determination of trace concentrations of common anions in
water are reviewed and speculations are made regarding
future research in this area. Most noteworthy are potentio-
metric methods utilizing ion-selective electrodes, which may
replace many chemical methods in situations where repeti-
tive analyses must be made. The most interesting develop-
ments among the more conventional types of analyses are
spectrophotometric methods involving ion association com-
pounds in ion exchange, solvent extraction, and reverse
solvent extraction procedures. The possibility of increasing
the sensitivity of spectrophotometric methods by chemical
amplification of the absorbing species has received some
attention recently. Fluorimetric methods for anions are few
but the area is an attractive one for study because of the ex-
treme sensitivities attainable.

We are interested in anions because of their possible biological or
corrosive effects. Even if they are present in such small concen-
trations that they are essentially harmless, they may indicate sources of
pollution where they may be in sufficient concentration to concern us.
Since it would be impossible and probably pointless to attempt to discuss
all anions or even all types of anions here, this paper will be restricted to
those which are stable in the presence of dissolved oxygen and which are
found in natural waters, and domestic and industrial water supplies.
Specifically, the anions to be included will mainly be those covered in
the “Standard Methods for the Examination of Water and Waste Water.”
The literature reviewed is that from 1960 to the present, with some dis-
cussion of earlier work where necessary.

18
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The current literature on anions in aqueous solution continues to be
concerned largely with methods for their determination, with much effort
directed to the development of more sensitive, more convenient, or more
selective methods of analysis. The physiological effects of a few anions
in trace concentrations, such as fluoride, phenolate and its numerous
derivatives, and the phosphates of biological interest, continue to attract
the attention of biochemists. Since very little new information has come
to light regarding the corrosive or anti-corrosive effects of trace concen-
trations of the anions with which this paper is concerned, the main con-
cern of this review will be the current status of trace analytical methods
and possible new approaches. The treatment will be selective rather than
comprehensive.

From the view point of analytical chemistry, the literature is well
covered in various reference texts and reviews. A comprehensive review
of the literature up to 1957 is contained in “Methods of Quantitative
Inorganic Analysis,” by Kazunobu Kodama (18). Another more detailed
and selective book dealing only with anions is “Colorimetric Determi-
nation of Nonmetals,” edited by D. F. Boltz (6). The Analytical Chem-
istry Annual Reviews Issue in April of each year is invaluable for com-
plete surveys of the recent literature. For tested and reliable methods, the
usual source is “Standard Methods for the Examination of Water and
Waste Water,” (28).

The desirable characteristics of any trace analytical method are
appropriate sensitivity, convenience, speed, and selectively or specificity.
The suitability of a method depends upon the purpose for which it is
intended, and the competence of the analyst or operator. The continuous
monitoring of an on-stream chemical process will call for electrical
methods and meter readers or automated feed-back controls. On the
other hand, intermittent and diversified checks may call for chemical
methods and skilled chemists.

As any method of anion analysis may be applied if isolation tech-
niques such as evaporation, precipitation, ion exchange, or solvent extrac-
tion are employed, we shall limit the discussion to direct methods and
admit isolation techniques only if they are simple and rapid. The methods
apparently best suited to the direct analysis of trace amounts of anions
therefore are limited to selective membrane potentiometric, atomic ab-
sorption, fluorescence, and spectrophotometric methods following oxi-
dation-reduction or complexometric reactions, or solvent extraction. Most
of the traditional analytical methods—gravimetric, titrimetric, emission
spectrometric, and electrical methods involving oxidation and reduction
are less suitable, as are most radioactive procedures including neutron
activation analysis, except in special cases.
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Recent Developments

Of the electrical methods which have received attention recently,
the development of selective electrodes appears to hold the most promise.
Rechnitz (23) has recently written a comprehensive review on this sub-
ject. Anion selective electrodes consisting of sparingly soluble salts im-
bedded in a silicone rubber matrix were first prepared and studied by
Pungor and co-workers in Hungary (20, 21). Rechnitz described two
electrodes of this type as indicator electrodes for the direct potentiometric
measurement of sulfate ion, using barium sulfate as the salt in the silicone
rubber matrix, and of iodide ion, using silver iodide (7, 24, 25). Frant
and Ross (11) have reported an electrode which is specific for fluoride
ion. Single crystals of some rare earth fluorides, such LaF;, NdF;, and
PrF;, are unique among crystalline materials in having a high electrical
conductance. The electrode membrane described is a disk-shaped sec-
tion of LaF; doped with Eu®. As LaF; has a K, of 102 (and a solubil-
ity of between 107 and 108M), no correction has to be made for the
fluoride ion it introduces into solution. The electrode response is usable
from 10 to 10°M (down to 0.01 p.p.m.) between pH 5 and 8. Hy-
droxide ion, being similar to fluoride in charge and ionic radius, is the
only serious interference and can be eliminated by control of pH. The
electrode also can be used as an endpoint indicator in the titration of
fluoride ion by La(NOjs); solution. In an advertisement in Science (27),
Orion Research offered a new meter having specific electrodes for F-,
Ca?*, Cu?*, CI', Br, I', and ClO,", as well as total hardness and pH.

While flame photometry could be used for the determination of com-
plex anions containing metals (although for the most part anions are
nuisances at best in this technique), the companion technique of atomic
absorption has been applied to selenium by Rann and Hambly (22).
They have determined selenium in the 10 to 100 p.p.m. range, using the
2040 A. 3S — 3P! transition and a propane-air flame.

A specific and highly sensitive fluorescence method for cyanide ion
has been reported by Guilbault and Kramer (12). It differs from many
fluorescence methods, which involve the quenching of fluorescence by
the anion being determined, by producing an as yet uncharacterized
fluorescent compound through the reaction of quinone monoxime benzene
sulfonate ester with cyanide ion. Thirty common and uncommon ions
produce no interference with the reaction. The solution is excited at 440
my and the green fluorescence measured at 500 mu. Cyanide ion can be
determined down to 0.5 micrograms CN- per ml., or 0.5 p.p.m.

The use of solid phase ion (or ligand) exchange reagents is a par-
ticularly promising area of research for spectrophotometric methods.
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Typical of work in this area is the use of salts of chloranilic acid as selec-
tive ion exchange reagents. Chloranilic acid, 2,5-dichloro-3,6-dihydroxy-
p-benzoquinone, was first reported as a reagent for the gravimetric deter-
mination of cations such as Ca** by Barreto (2):

Ca?* + H,Ch — CaCh + 2H*

Coutinho and Almeida (9) later used the insoluble silver salt as a reagent
for CI

Ag,Ch + 2Cl- = 2AgCl + Ch?" (absorbs at 332 and 530 mp.)

Bertolacini, Barney, and Hensley, following the same line of reasoning
in a series of papers, developed a method for sulfate ion using barium
chloranilate (5), for chloride ion using mercuric chloranilate (1), and
for fluoride ion using thorium chloranilate (15).

BaCh + SO,2- — BaSO, + Ch?-
HgCh + 2CI- — HgCl, + Ch?-
ThCh, + 6F- — ThFg2" + 2Ch?-

Hayashi, Danzuka, and Ueno (13) described the use of the lanthanum
salt for phosphate determination

La,Ch, + 2PO,3 — 2LaPO, + 3Ch?"

These ion (or ligand) exchange reactions are subject to interferences
which may have to be removed, and mixed water-alcohol solvents must
be used to suppress the color of the blanks.

The solvent extraction of ion association compounds, in contrast to
the use of solvent extraction for isolation and concentration of inorganic
ions, is highly selective in nature. In general, cations of large size and low
charge tend to form salts which have low solubility in water but some-
times greater solubility in organic solvents. The solubility characteristics
of such compounds in aqueous solution has been discussed by Rich in a
recent book (26), but an extension of this study to those compounds
soluble in organic solvents is needed. It would appear that those which
form ion association rather than crystal lattice compounds are insoluble
in polar solvents and soluble in nonpolar environment. Examples of
solvent extraction with spectrophotometric measurement for inorganic
anions are the compounds formed by perchlorate ion with tris-(1, 10-
phenanthroline )iron(II) cation (31), which is soluble in nitrobenzene

2ClO4™(4q) + Fe(phen)j2*,,) —> Fe(phen);(ClOy), (red)
(sl. sol. H,0)

¢NO,
Fe(phen);(ClO,), — [Fe(phen);3(ClO,).]° (red)
(sol. 6NO,)
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and the compound formed between perchlorate and periodate ions and
crystal violet (14), which are soluble in benzene. The characteristic color
of the colored cation is carried over into the nonaqueous phase, perhaps
with some shift in absorption caused by either ionic interaction or the
influence of the extracting solvent.

A step further in the utilization of these solvent-extracted compounds
is their use as reagents. Irving and co-workers (8, 16) have reported
what they call a colored liquid anion exchanger based on this concept.
They use a xylene-hexone solution of tetrahexylammonium erdmannate.
Erdmannate ion is the yellow [Co(NHs)2(NO;)4] anion, which absorbs
strongly at 353 mu in aqueous solution. The exchange reaction is

NR{E-(org) + ClO;(aq) - NR{CIO;(OI'B) + E-(W)

Perchlorate ion down to approximately 5 x 10M, or 5 p.p.m., displaces
erdmannate ion at pH 6 to 10. Interferences from chlorate, chlorite, hy-
pochlorite, nitrate, and nitrite can be eliminated by fuming the sample
with concentrated hydrochloric acid after which the pH is adjusted to
within the permissible bounds. A rather large blank correction must be
made, but no significant effects were noted from variation in ionic
strength over a considerable range.

Two similar methods for phosphate ion which involve an amplifi-
cation reaction, solvent extraction, and reverse solvent extraction were
described at about the same time by Umland and Wiinsch (29) and
Djurkin, Kirkbright and West (10, 30). An acidic solution containing the
phosphate ion is treated with an excess of molybdate ion to form the
phosphomolybdic acid, which is extracted into a water-immiscible solvent
to free it of excess molybdate ion. The phosphomolybdic acid is then
broken down and re-extracted by an aqueous basic solution and the
molybdate ion determined colorimetrically through the use of 2-amino-
4-chlorobenzenethiol or thiocyanate ion. The effective molar absorptiv-
ities of the reagents are 359,000 at 710 mp. for 2-amino-4-chlorobenzene-
thiol and 150,600 at 470 my. for thiocyanate, which represent
multiplication factors of 10 and 12, respectively, caused by phosphate:
molybdate ratio in the extracted phosphomolybdic acid.

Research on soluble reagents for trace analysis of inorganic anions
has been centered largely on the exchange of a ligand (usually colored)
in a metal complex or chelate for a more strongly complexing anion from
the sample solution. Many of the extremely sensitive and reliable meth-
ods for fluoride ion have been based on this idea. The widespread use of
artificial fluoridation over the last two decades has prompted a large
amount of research on methods for the determination of this anion. The
Scott-Sanchis method, the Megregian-Maier method, and the SPADNS
method all rely upon the displacement of a chelating dye anion from a
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zirconium complex. The color of the displaced dye anion differs suffi-
ciently from the color of the zirconium chelate to permit the determi-
nation of the fluoride ion concentration as a function of the decrease or
change in hue of the solution. The study of reaction involving the for-
mation of a colored double complex of Alizarin Complexan (3-aminometh-
ylalizarin-N,N-diacetate or 1,2-dihydroxyanthraquinone-3-ylmethyl-N,N-
diacetate), Ce(III) or La(III), and F- resulted in a series of articles by
West, Leonard and co-workers (3, 4, 17, 19), and Yamura, Wade, and
Sikes (32). Alizarin Complexan forms two usable chelates of composition
1:1 and 2.5:1 with Ce(III), which are red and which react to add F- to
form a blue double complex. The authors describe this as the first re-
action reported in which fluoride ion forms a colored compound of which
it is a part. The method is sensitive down to 0.1 p.p.m. F~ and is tolerant
of most common interfering ions.
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Promising Areas for Future Research

It is safe to predict that most of the emphasis on analytical research
on methods for trace concentrations of anions in water during the next
several years will continue to be on spectrophotometric chemical
methods, and that interest in ion-selective electrodes for potentiometric
analysis probably will continue to grow. It remains to be seen whether
the scope of the latter method is limited. If these electrodes prove to be
as simple and effective as reported, they may revolutionize the monitor-
ing of water supplies and replace many chemical methods in situations
where large numbers of repetitive analyses must be made.
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Spectrophotometric procedures, including absorptimetric and fluo-
rimetric, will continue to be popular and important because they can be
sensitive and accurate, and because the necessary instruments are now
familiar laboratory tools. Intrinsically, fluorimetric methods can be sev-
eral orders of magnitude more sensitive than absorptimetric. To date,
most direct fluorimetric methods are for the determination of metals,
while anions are determined by their quenching action on fluorescent
compounds. Hopefully, other new direct fluorimetric reagents for anions
similar to the one described above for cyanide ion using quinone mon-
oxime benzene sulfonate ester will be developed either as the result of
chance observations or the application of increased fundamental knowl-
edge of the fluorescence process. There probably will be few if any
major advances in the quality of the instruments used in these methods;
improved methods mainly will be the result of more sensitive and more
selective analytical reagents.

An ideal analytical reagent for colorimetric analysis is one that reacts
rapidly and specifically (or selectively) to produce a colored substance
in direct proportion to the concentration of the ion being determined,
with no interference from other substances likely to be present. A mini-
mum of manipulative steps is desirable, both from the standpoint of eco-
nomical use of the analyst’s time and the decreased likelihood for error.
The most convenient reagent would be one that is soluble in the sample
solution and produces a colored substance that can be measured in solu-
tion or extracted into a water-immiscible solvent. Almost as convenient
would be a water-insoluble compound used as a reagent by itself or dis-
solved in a water-immiscible solvent. In any case, a minimal blank is
desirable. Examples of all these various types of reagents have been
reported in the methods described above, and it is reasonable to suppose
that more will be forthcoming.

Much of the research on analytical methods in recent years appears
to have been influenced by concurrent trends in research in other fields
of chemistry. For example, much of the work on colorimetric methods
for anions has involved ligand exchange with metal complexes, which
paralleled at a distance in time the research being done in inorganic
chemistry. Most of the colorimetric methods for fluoride ion, the close
control of which is important in the fluoridation of public water supplies,
have been of this type. Selective solvent extraction of colored ion asso-
ciation compounds in analytical chemistry is an outgrowth of the research
on solvent extraction for the isolation and purification of inorganic com-
pounds. An increased interest in fluorimetric methods is becoming appar-
ent as a consequence of photochemical studies in physical organic chem-
istry and theoretical work on molecular structure in physical chemistry
and physics.
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Much more study of ion association compounds involving inorganic
complexes and organic dyes for absorptimetric and fluorimetric methods
can be expected. Their selective solubility in organic solvents is another
fertile field to be investigated. Dyes by themselves constitute a broad
field for study. Much of the previous work on dyes has been on their
uses in the textile and photographic areas and as biological stains, and
the only commercially available dyes were those that had been found
suitable for those purposes. For example, dyes for textiles generally have
been designed for fastness to light, which is not a major consideration for
their use in spectrophotometric methods. Only recently have analytical
chemists begun in earnest to synthesize dyes tailored specifically to their
needs. As an example of dyes useful primarily to analytical chemists are
those to which an N-methyleneiminodiacetate group has been added for
purposes of complexation. Research on ion association compounds truly
should be interdisciplinary between all fields of chemistry.

It is never safe to make predictions regarding the future course of
research—certainly not about the research of others, and seldom about
one’s own. As trace constituents in water become a greater concern of
more people, and especially as support for studies in this area becomes
more available, research is almost certain to take new and unexpected
paths. What we can predict now is merely the probable course of events.
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Some Effects of Trace Inorganics on the
Ice [Water System

GERARDO WOLFGANG GROSS
New Mexico Institute of Mining and Technology, Socorro, N. M.

Trace inorganic impurities cause specific changes in the con-
ductivity, dielectric constant and dielectric relaxation, ther-
moelectric power, mechanical relaxation, and the microstruc-
ture of ice. Most of these effects are explained by changes
in the populations of ion defects and valence defects.
The freezing potential (Workman-Reynolds effect) occurs
when trace amounts (10°M to 10°M) of many inorganic and
some organic salts are present in a freezing solution. Selec-
tive ion incorporation induces a charge layer at the advanc-
ing phase boundary. Its effect on the overall distribution of
impurities between the phases is probably small. The dis-
tribution coefficient increases with freezing rate. For a
given ion species and freezing rate it is a function of all im-
purity species present in solution, their concentrations, and
the shape and surface structure of the phase boundary.
Typical values of distribution coefficients for ionic solutes
in ice range from 1075 to 1073.

Trace inorganics are the cause of specific electrochemical phenomena
at the phase boundary of growing ice; these are the freezing potential
and the preferential incorporation into the solid phase of certain ions
over others. The physical and chemical properties of the phases are more
or less deeply affected by such interface processes. These processes raise
fundamental questions concerning the mechanisms by which solute ions
are incorporated into the ice structure and what their positions and
effects are once they get there. This paper proposes to review these
phenomena, the experimental evidence available, and the theories that
have been formulated to account for them. A major difficulty in the
critical evaluation of the data is their great sensitivity to the experimental
conditions, which are difficult to define completely in most instances.

27
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Excluded from consideration is the voluminous body of literature con-
cerning heterogeneous reactions in three-phase and four-phase systems
(vapor, liquid, solid, condensation nuclei), which particularly interest
the atmospheric physicist. Also excluded are surface phenomena other
than those referring specifically to an advancing ice surface.

The Ice/Solution Interface

Electrical currents and potentials specifically related to a phase
change (heterogeneous reaction) were first described by Costa Ribeiro
(30, 31, 32) and by B. Gross (62, 64). Costa Ribeiro investigated the
phase-boundary potentials and currents that arise during the solidification
of certain dielectrics, such as carnauba wax, and of water. He reported
that the charge transfer was difficult to measure (by a Wulff single-string
electrometer) if the dielectric contained conducting impurities. Costa
Ribeiro called the phenomenon he discovered the thermodielectric effect.
He observed that the rate of charge transfer was proportional to the rate
of phase change.

Simultaneously and independently, Workman and Reynolds (158,
159) discovered and investigated the charge separation that takes place
during the phase change at the ice/water phase boundary as a result of
preferential ion incorporation. The samples grown by these investigators
consisted of columnar aggregates of crystals oriented with the c-axis
parallel to the direction of growth. In their classical paper (158), Work-
man and Reynolds described in detail the specific effects of ionic im-
purities on the sign and magnitude of the freezing potentials and currents.
They showed that these depend not only on the type of ions but also on
the concentration and pointed out the role of discharge currents but
denied a dependence on freezing rate. Workman and Reynolds were
particularly interested in these phenomena as a possible source of thun-
derstorm electricity. Their findings and conclusions were received with
skepticism. Schaefer (134), however, confirmed their experimental re-
sults and coined the term Workman-Reynolds effect.

Subsequently, other investigators (22, 56, 57, 109) made experi-
mental investigations of the Workman-Reynolds effect. B. Gross (63)
made a theoretical analysis of the thermodielectric effect for a perfect
insulator. Krause and Renninger (96) observed negative potentials of
the order of hundreds of volts with respect to the solution on penta-
erythritol crystals growing from a supersaturated solution. The potential
appeared to be proportional to the crystal volume; thus, discharge cur-
rents appeared to be absent, or minimal, as in the model of B. Gross.
Hence, the charging mechanism in this instance probably differed from
that observed for ice. A melting potential of opposite sign was observed.
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Mascarenhas (115) and Mascarenhas and Freitas (116) investi-
gated the thermodielectric effect at the liquid-solid phase boundary of
polycrystalline and oriented single crystals of naphthalene. They found
that the charge transfer depended strongly on the impurity content (in
contrast to Costa Ribeiro’s findings, purification reduced it by a factor
of 40). Single crystals showed up to 100 times higher charge transfer
than polycrystalline aggregates. If the crystal were grown in the c-axis
direction, the charge transfer was about 10 times higher than if growth
took place in a direction of the basal plane. The charge transferred per
unit mass was independent of solidification rate. For the ice/water sys-
tem, Cobb (26) found that in lake ice impurity content depended on
crystallographic orientation. However, no systematic laboratory studies
have been made. The charge-mass ratio is definitely dependent on freez-
ing rate (66).

Heinmets (72) investigated the freezing of solutions of HCI and
KOH. Cobb (27) systematically studied the electrical freezing effects
of a large number of ionic solutes as a function of concentration, of pH,
and of electrode material. G. W. Gross (65, 66, 67, 68) investigated the
effects of the freezing rate on freezing potentials and charge separation,
the effect of the interface processes during ice growth on the d.c. con-
ductivity characteristics of the solid phase, and the distribution coeffi-
cient. V. LeFebre (104) analyzed the potentials arising during ice growth
and related them to the electrochemical reactions taking place at the
phase boundaries. His model takes into account both the freezing rate
and the finite ice conductivity.

The preceding discussion suggests that the Workman-Reynolds effect
is one of a broad class of electrochemical phenomena connected with
heterogeneous reactions. This does not imply that the charge transfer
mechanism is the same in all cases. Electrons and holes may be involved
in certain cases (116, 127, 129). Impurities create or modify electronic
energy levels. By contrast, in the ice/water system, ions are the charge
carriers. Thus, the conceptual distinction between the thermodielectric
effect (in the freezing of nominally pure substances) and the Workman-
Reynolds effect (in the freezing of defined aqueous solutions) should be
maintained at least until such time as the mechanisms are better under-
stood. In comparing the experiments made with water and with other
dielectrics, such as waxes or naphthalene, it must further be borne in
mind that water and ice have a comparatively high conductivity, even in
the pure state, and this has important effects on the phenomena observed.

Phenomenological Description. Figure 1 shows a typical experi-
mental setup for measuring freezing potentials and currents. The ice is
grown on a platinum (or palladium) base or substratum that serves the
double purpose of heat sink and electrical ground. A platinum electrode
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dips into the solution. It is connected to an electrometer of high input
impedance; e.g., 10'* ohms. A low shunt resistance (10 K. in Figure 1)
affords the means of creating a closed circuit for the flow and measure-
ment of freezing currents. The current or potential are recorded on a
strip chart.

Platinum electrode
R,

Teflon sleeve § —— I0K 6/

Solution

&
Ice T Rb Re

Platinum base o

Regulated —

Heat Sink % R;

$Fn |

(a) (b)

Figure 1. (a) Experimental arrangement for the
measurement of freezing potentials (10 K. resistor not
in circuit) and currents (10 K. resistor shunting the
phases). V = electrometer; C = recorder. (b) Electric
analog of the system in the shunt case. R, = interface
barrier resistance; R, = external shunt resistance; R,
= ice resistance; R, = solution resistance; R, = ice
metal interface resistance; ¢ = interface charge sepa-
ration

If heat flow occurs through the base only, the freezing rate diminishes
according to the relation

dx/dt = At12, (1)

in which A is a constant that may be computed from heat-flow theory
(23); x is the distance from freezing base to ice surface; ¢ is time elapsed
since freezing began.

For the experimental arrangement used by Workman and his co-
workers, the interface generally is slightly convex.

G. W. Gross (68) has used an apparatus achieving constant freezing
rates. For the purpose of this discussion, constant and declining freezing
rates yield equivalent results.
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After freezing begins, the potential (or current) rises to a maximum,
then decays slowly. For a given solute, the shape and maximum value of
the potential curve depend on the concentration at the interface and on
the freezing rate. The instantaneous potential value at any moment is
the algebraic sum of the potential drops of a charging current, caused by
jon separation, and a neutralizing or discharge current through the phase
boundary.

Figure 2 shows maximum freezing potentials as a function of ionic
species and concentration. Figure 3 illustrates the freezing-rate and con-
centration dependence of the maximum potential.

On the basis of charge transfer characteristics, three groups of
solutes may be distinguished.

In Group I, typified by the alkali halides and ammonium fluoride,
the anion is preferentially incorporated into the ice. The solution elec-
trode shows a positive potential with respect to the base. Highest poten-
tials are typically observed for concentrations of the order of 10°M and
range from 20 to 40 volts. For ammonium fluoride, however, the highest
potential (27, 67) of nine volts occurs at a concentration of about 10M.
Shunting of the interface by a 10 K-ohm resistor (external shunt) results
in a freezing current that generally rises and decays faster than the open-
circuit potential. Electrolytic production of hydrogen and oxygen gas
occurs at the electrode and base, respectively (27). The maximum
charge flow takes place at a concentration of about 10*M, or 10 times as
concentrated as for the highest potential. Thus, for example, Cobb
measured 4.9 X 10'® electron charges per cubic centimeter of ice for a
3 X 10*M KF-solution.

A similar shunting effect is obtained by placing platinum or pal-
ladium wires in the freezing container itself so as to cross the phase
boundary (internal shunt).

For ammonium fluoride, Cobb measured a maximum of 0.25 X 1016
e/cm?® for a concentration of 4.5 X 10*M (a concentration more dilute
than for the highest potential).

Group II comprises ammonium salts (except the fluoride) and lead
salts. Ammonium carbonate, chloride, iodide, formate, acetate, and lead
formate and nitrate were investigated by Workman and Reynolds (158)
or by Cobb (27). The solution electrode gives a high negative potential
(>200 volts for ammonium carbonate at 1.5 X 10°M) that decays more
slowly than in Group I. Ion incorporation and charge transfer into the
ice are extremely small, often below detectability limits. The concentra-
tion dependence of the freezing potential is much smaller than in Group
I. Shunting the interface with a low resistance does not increase the
charge transfer.
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Figure 2. Freezing potential curves for different ionic species (a) and

concentrations (b). Freezing rate was 5 microns a second. Ionic dis-

tributions for the 2.5 X 107*M solutions (except NH ,Cl) are shown in

Figure 10. Potential of NH,ClI solution is negative with respect to the
ice, all others are positive

Group III consists of the halogen acids and of carbonate-free bases
of the alkali metals, carbonate-free ammonium hydroxide, and pure
water. This writer has investigated HF and HCI at constant freezing
rates and observed a small potential, of a few tenths of a volt, with the
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solution electrode negative. This potential builds up rather slowly, then
remains constant (in contrast with the true freezing potential, which
declines). It is interpreted as a diffusional potential, determined by the
thermal gradient in the sample and by the greater diffusion coefficient
of the hydrogen ion (13). More dissociation takes place at the warm end
and more hydrogen ions diffuse from the warmer to the colder end of
the sample than in the reverse direction. Latham and Mason (102)
theoretically and experimentally investigated these potentials, and Cobb
(27) investigated carbonate-free ammonium hydroxide. He reported a
potential of only 0.1 volt. Pure water does not show potentials other than
those related to thermal gradients. The slightest amount of impurity may,
of course, induce freezing potentials. Especially, such spurious potentials
may be caused by traces of ammonia plus carbon dioxide that either
remained in the distilled water or were absorbed from the atmosphere;
tobacco smoke is a source of ammonia.
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Figure 3. Dependence of the maximum potential on the freezing rate and
concentration. Potassium fluoride solutions (68)

Chemical and Charge Balance. The terms ion, and ion incorporation,
used in this paper, refer primarily to analysis results obtained from the
melted ice phase and from the supernatant liquid. It does not necessarily
follow that these impurities actually exist as ions in the solid phase.

Group I SoLutes. The anion is preferentially incorporated into the
solid. Charge balance is restored by hydrogen ions. Cations rejected
into the solution are neutralized by hydroxide ions. The number of hy-
drogen ions transferred into the ice equals, within experimental error,
the number of charges transferred according to the current record. The
difference between solute anions and solute cations in the ice increases
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with decreasing freezing rate (Figure 4). The anion concentration in the
ice, and therefore the over-all impurity content, is affected little or not
at all by a low-resistance shunt (Figure 5) but the solute cation concen-
tration decreases appreciably in favor of the hydrogen ion (Figure 6).
This difference between samples grown with shunt and those without
shunt decreases as the sample length (resistance) increases. It also
decreases with increasing freezing rate (Figure 7). This suggests that
the degree to which solute cations can be rejected by the solid phase
depends on the rate at which hydrogen ions can be made available to
restore electrical and chemical neutrality. For this neutralization current,
the shunt provides an alternate path which under certain conditions has
a lower resistance than the path through the interface (Figure 1). These
conditions are low ice resistance and low ice/metal contact resistance.
In Group I solutes, when these obtain, the electrolytic production of
hydrogen ions at the ice/metal interface and of OH" ions at the solution
electrode is favored over the transfer of neutralizing hydrogen ions
through the interface.
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Figure 4. Hydrogen-ion fraction in the melted ice (ratio of hydrogen-ion

concentration to all cations) as a function of average freezing rate for samples

grown with or without a shunt at continuously decreasing freezing rates (66).

The solute cations are increasingly replaced by hydrogen ions as the freezing
rate decreases

When a shunt is used, two factors are important for the interpreta-
tion of results: (a) The external shunt resistance carries only a fraction
of the total neutralizing current, depending on freezing rate and ice
length. (b) For an ice of a given composition, the ice/metal contact
resistance depends on the material of the base, the nature of the surface,
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and the treatment of the surface. Carlin (22) and Cobb (27) found that
electrolytic deposition of hydrogen on the base prior to freezing increases
the charge transfer through the shunt. The ice/metal contact resistance
is, in general, rather low for Group I solutes grown on platinum, pal-
ladium, or gold.

The effect of the shunt in Group I solutions may be interpreted in
terms of an interface resistance which is virtually in parallel with the
shunt resistance under the conditions specified above. Typically, the
interface resistance is of the order of 10° to 10® ohms per cm? of interface
(66, 67).

Cobb (27) showed that the freezing potential is very sensitive to pH
changes of the solution. He found that, in general, the maximum poten-
tial was obtained between pH values of 7 and 8. This is also true for the
Group II solutes.

Group II Sorutes. With these, the cation is preferentially incorpo-
rated and neutralized by OH" ions supplied from the solution. The solute
anion, rejected in part into the solution, is neutralized by hydrogen ions.
The high potentials in the Group II systems indicate a large interface
resistance. Ion incorporation is much smaller than with most Group I
solutes; frequently it is below the sensitivity of available analysis methods.
Atmospheric CO, interferes with the process by reducing the number of
available OH" ions. In contrast to Group I solutes, a low-resistance shunt
does not increase the neutralization current. LeFebre (104) showed the
reason to be a high potential barrier at the ice/metal interface, compa-
rable in size with the potential at the ice/water phase boundary (but
opposite in sign). The presence of this high ice/metal contact potential
makes it impossible to measure the true resistance of Group II ice.

Group III SoLutes. No ion separation takes place with HF and HCL
The only difference between these two acids appears to be that, for a
given mother solution concentration and freezing rate, the concentration
in the ice is smaller for HCIl. Basic solutions have not been systematically
investigated under conditions ensuring absence of carbonates.

Discordant Results. Heinmets (72) observed potential transients
from a few volts to close to 1000 volts when freezing HCI solutions on a
mercury base. The maximum potentials were observed for solutions of
10®M. The solution electrode was platinum. The potential transients
lasted from a few minutes to 15 minutes. He concluded that the hydrogen
ion is incorporated preferentially into the ice but he did not suggest a
mechanism by which charge balance would be maintained. Reproducibil-
ity, according to Heinmets, was poor.

Parreira and Eydt (122), working with solutions of NaCl (a Group
I impurity ), found that at concentrations below 10M the potential sign
changed, the ice becoming positive. The numerical values of potential
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in this dilute region were much higher (70 volts at 107M) than in the
region above 10°M (a maximum of about 10 volts for 2 X 107*M).
Reproducibility was good. Bi-distilled water (conductivity of 1.2 X 107
mhos. per cm.) gave potentials of 75 volts (ice positive). Workman and
Reynolds (158) reported a similar change in potential with concentration
and attributed it to residual ammonia in the water.

Levi and Milman (107) measured freezing potentials of 7 X 10"M
to 7 X 10°M NH,OH solutions and 4 X 10*M NaCl solutions at several
approximately constant freezing rates (2.8 to 26.7 microns a second).
They found a concentration and freezing-rate dependence of the poten-
tial similar to those discussed here. Their potentials did not diminish with
time. For NH,OH, this may be explained by the very high ice resistance.
For NaCl ice, perhaps, the runs were not long enough. Concentration
dependence implies a time dependence because of the concentration
buildup at the interface. Differential ion segregation was not observed
for NaCl ice because measurement errors were < 10%, a circumstance
also pointed out by De Micheli and Iribarne (36). Differential ion segre-
gation frequently is smaller; it is the difference between two relatively
large numbers and therefore is best determined by careful pH measure-
ments.

Discussion of Interface Models. THE WoRrkMAN-REYNOLDS MODEL.
These authors did not publish a detailed theory to account for the elec-
trical effects described. Their ideas are disseminated through papers and
private research reports (157, 158, 159) and have been summarized by
Loeb (110). Drost-Hansen (41, 42) recently gave a detailed discussion.
Water being one of the most polar molecules known, Workman and
Reynolds suggested that the incorporation of foreign ions into its struc-
ture reduces the energy of its crystal form and leads to the formation of
a nonpolar crystal. It is well known that minute traces of foreign sub-
stances help in the condensation and freezing of water. Workman and
Reynolds postulated, furthermore, that the electrical polarity of ice during
growth is determined in some measure by conditions of the substratum
prior to freezing. The solid substratum exerts an orienting effect on the
adjacent liquid layer. This influence is propagated for at least a mil-
limeter into the crystal grown on the substratum. The dipole field of
oriented water molecules in the initial ice layer, according to this con-
cept, accounts for the selective incorporation of ions of one sign into the
growing ice. Under the influence of this dipole field, liquid molecules
adjacent to the phase boundary are also oriented; selective incorporation
of ions thus continues while ice growth continues. The authors conceived
the interface structure as a double layer formed by ions selectively ad-
sorbed at the ice surface, layers of oriented water dipoles, and a diffuse
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ionic layer in the liquid. The thickness of this double layer would be of
the order of hundreds of Angstrom units.

Two difficulties remain to be explained: the change of polarity of
Group II electrolytes compared with those of Group I and the energy
requirements for jons to cross the potential barrier at the interface.

PoLariTY oF THE Puase Bounpary. Workman and Reynolds ex-
plained the change of polarity by assuming that the dipole orientation
depends on the ions present in the solution. Thus, the ions best suited to
the ice structure will always be accommodated regardless of sign. In the
beginning of freezing, a polarity reversal is sometimes observed. This was
interpreted to mean that the initial dipole orientation, perhaps determined
by the substratum as pointed out above, changes to accommodate the solu-
tion composition. Such reversals can, under certain conditions, be in-
duced at will by growing ice of one sign (say, of a Group I solution),
then pouring off the solution and replacing it by one of the opposite sign
(Group II). It is observed that, when the growth resumes, the polarity
remains at first that of the substratum ice (126). (However, an instan-
taneous polarity reversal occurs when a cold Group I solution is poured
onto a Group II ice. This sheds doubt on the validity of the above argu-
ment concerning the influence of the substratum.)

Camp (19) investigated the morphology of ice growth on different
substrates (glass, aluminum, Lucite, gold) and concluded that the two
dominant factors determining interfacial ice structure are the temperature
of the interface and the material of the substratum, but not its thermal
properties. It is not known if the different ice morphologies described by
Camp correspond also to differences in the electrochemical interface
phenomena.

Fletcher (50, 51; see 42 also) concluded on the basis of thermody-
namic arguments, that an ice surface can not have a surface orientation
because of the large loss of configurational entropy that this entails. The
surface energy may, however, be lowered if the surface is covered by a
thin water layer or quasiliquid film in which a transition from molecular
dipole orientation to the “normal random ice surface” can take place.
Fletcher showed that the dipole charge on this layer should be negative.
These investigations apply to the static ice surface.

It is conceivable that the presence of ionic impurities in the solution
during ice growth provides an alternate or concurrent means of surface
relaxation of fast growing ice crystals, as proposed by Workman and
Reynolds; or perhaps Fletcher’s oriented quasiliquid interface transition
layer alone is the seat of the freezing potential.

DeptH OF THE CHARGE LAYER. Workman and Reynolds pointed out
that in their model the energy required for a single ion to cross the
measured potential difference at the interface is equivalent to the latent
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heat of 3000 water molecules or 200 to 300 times the total energy of attrac-
tion per molecule in ice. They spoke of a “large-scale collective action”
at the advancing interface. To circumvent this difficulty, Gill and Alfrey
(57) suggested that a small contact potential, of a fraction of a volt, at
the ice/water interface causes the fixation of charges of one sign from
the water. As the interface advances, this charge is frozen in, a new
charged layer forms, and so on. Thus a volume distribution of charge is
created. The total interface potential is the sum of a large potential drop
across this volume distribution plus a small drop owing to the contact
potential at the phase boundary proper. Thus, the energy requirements
for differential ion incorporation would be much smaller than with the
Workman-Reynolds model. LeFebre (104) showed experimentally that
the concept of a volume distribution of charge adjacent to the interface
is correct. He allowed the interface to move past a very fine wire elec-
trode. From the potential decay curve and the freezing rate he was able
to compute a rough order of magnitude for the depth of the charged
layer, 0.1 cm. under the particular experimental conditions. From this
he went on to show that, for a total potential drop across the interface of
200 volts and for an actual phase boundary of the order of 10”7 cm. deep,
the potential barrier at the phase boundary is of the order of 10™ volts.
From this, and making use of rate theory, he concluded that the effect of
the interface potential on the distribution coefficient of the preferentially
incorporated ion (see Impurity Distribution in the Ice) is small (the
calculated difference was of the order of 2% ), a fact that had been found
experimentally by G. W. Gross (Figure 5, and (66)).

INTERFACE MODELS OF B. Gross anp V. LEFEBRE. B. Gross (63) gave
a theoretical treatment in which he showed that preferential ion incorpo-
ration because of different potential barriers and energy levels for positive
and negative ions gives rise to a frozen-in space charge on the solid side
and a surface charge on the liquid side of the phase boundary; this
accounts for the large potentials and the interface currents. This treat-
ment is valid only for nonconductors.

Lefebre’s model (104) takes into account the finite ice conductivity
by representing the interface as a capacitance shunted by a resistance and
a charge generator. He expresses the rate of charge addition to the ice
phase as a function of unequal distribution and diffusion coefficients for
cations and anions, of the ion distribution in the solution, and of freezing
rate. Assuming a charge distribution function for the volume charge, one
can then find an expression for the potential as a function of charge
density at the phase boundary and approximate the charge distribution
by a parallel-plate capacitance. Its magnitude and plate separation can
be expressed in terms of the interface potential, the thickness of the
charged layer (measured quantity) and the charge distribution function
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(assumed). Next, the discharge currents can be expressed as a function
of charge density and interface resistance. Similar expressions can be
formulated for the ice/metal interface and the potential drop through
the internal ice resistance. It is now possible to compute freezing poten-
tial curves and to relate the difference between the cationic and anionic
distribution and diffusion coefficients, the freezing rate, and the inter-
face resistance to the time and magnitude of the potential maximum.
Independent measurements of some of these parameters (such as, for
instance, the distribution coefficients) would be required to verify and
refine the theory.
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Figure 5. Anion distribution curve £or KF solutions grown at continuously

decreasing speeds with or without a shunt (66). C,= concentration in melted

ice (room temperature); C, = mother solution concentration. This curve sug-

gests that the large interface potential (of the order of 5 to 20 volts, depending
on freezing rate) has but a small effect on over-all solute partition

THE MopkL oF R. G. SEmeNsTICKER. This model (138) treats ice as
a protonic semi-conductor. Fluorine and nitrogen, substituting for oxygen
in ice, act as proton donors and acceptors, respectively. Specific energy
levels are associated with the characteristic proton configurations (va-
lence defects and ion defects, to be discussed later) created by thermal
motion or associated with these impurities. Seidensticker’s model quali-
tatively explains the freezing potential and the sign reversal depending
on the type of impurity. The polarization of the interface (positive or
negative) depends on the ratio of interface states to interface oxygen sites.
Normally bonded interface water dipoles present a negative charge to
the interface. An interface state is characterized by an oxygen atom with
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two associated protons, only one of which forms a hydrogen bond to
neighboring oxygen atoms and therefore presents a positive charge to the
interface. Their number is small if HF is the impurity; surface polari-
zation is negative. Their number is large with ammonia, and the inter-
face is positively polarized. If the number of surface states is exactly
one-half of the available surface sites, the polarization is zero. This
generalized qualitative model does not in its present state account for
the fact that only salts but neither their acids nor their bases give a freez-
ing potential. Seidensticker points out that for a quantitative evaluation
of the interface dipole potential two further steps are necessary: (1) a
detailed system of proton interface levels must be constructed; (2) the
effects of interface electron configurations must be analyzed.
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Figure 6. Hydrogen-ion concentration in the melted ice as a function of
average freezing rate for ice grown from 2.5 X 10*M KF solution at con-
tinuously decreasing speeds with and without a shunt (66)

Even if cationic and anionic distribution coefficients are identical,
charge separation processes can still occur at the advancing surface
because of the difference in diffusion coefficients. Actually, both distri-
bution and diffusion coeflicients differ for anions and cations, and are a
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function of concentration. This makes the analysis and interpretation
very complicated.

Summing up, Workman and Reynolds conceived the presence at the
ice/water interface of a dipole field (microscopic field) that attracts ions
of one sign thus generating the freezing potential (macroscopic field).
The dipole field is continually regenerated as the phase boundary ad-
vances. The same result is achieved by Gill and Alfrey’s contact poten-
tial. The magnitude of the macroscopic field can be estimated from
freezing-potential experiments; that of the microscopic field is unknown.
The models of B. Gross and LeFebre consider in detail the freezing
potential and relate it to the transfer of ions across the phase boundary.
They leave largely unexplained the cause for selective ion incorporation.
Seidensticker’s proton semiconductor model accounts for the freezing
potential in terms of “interface states.” Finally, differential diffusion is
theoretically capable of producing the freezing-potential effect.

4X|O—4 T T T T T T T

e
® No shunt i
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X Internal shunt

K* in the melted ice, M/L

-6
4x10 ] ] 1 ] 1 1 1
0 2 4 6 8 10 12 14 16

Average freezing rate, p/sec.

Figure 7. Potassium-ion concentration in the ice Erown at continuously de-
creasing freezing speeds from 2.5 X 10*M KF with or without a shunt (66)

NATURE OF INTERFACE PROCESSEs. At least three processes must be
considered in the analysis of the freezing potential phenomenon. They



Published on June 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0073.ch003

42 TRACE INORGANICS IN WATER

are differential adsorption at the phase boundary, differential incorpo-
ration into the ice structure, and differential diffusion into the liquid
away from the phase boundary. Theoretically each of these alone may
perhaps account for the measurements, but the evidence suggests that
they act in combination. Their relative importance cannot be fully
assessed at this time; only the most general and qualitative discussion is
possible.

DIFFERENTIAL ADSORPTION AT THE PHASE Bounpary. It is conceiv-
able that the structurally complex region of charge separation that
straddles the advancing phase boundary may start out as an ordinary
ionic double layer (32). Thus, if one could produce such a double layer
under equilibrium conditions and measure its potential as a function of
ionic species and concentration, one might be able to determine the
nature of the surface forces, the charge density, and the double-layer
conductivity. Unfortunately, the best one can hope to produce experi-
mentally is an ice/water interface in dynamic equilibrium, with melting
and freezing going on simultaneously. An interpretation of such measure-
ments would be difficult. Under actual experimental conditions, the
nonequilibrium stems from two sources: first, the displacement of the
interface due to ice growth and the consequent modification of the ion
distribution in the solution and of the charge distribution in the ice
adjacent to the phase boundary. A quasisteady state may be reached
after a short time. Second, the neutralizing current passing through the
interface. A fundamental issue is whether the charge separation is
caused by “chemical” adsorption of ions at an originally uncharged phase
boundary or whether it is determined by polar orientation of water
molecules according to the Workman-Reynolds concept (71). This ques-
tion could perhaps be answered if one could measure the equilibrium
phase-boundary potential in a pure water/ice system. The charge density
may be expected to depend on the mechanism of charge adsorption be-
cause the surface density of sites would presumably differ. The interface
conductivity may be responsible for the decline of the potential maximum
as the concentration increases beyond a certain value.

DIFFERENTIAL INCORPORATION INTO THE ICE STRUCTURE. Anions and
cations are incorporated into the ice structure at different rates; i.e., they
have different distribution coefficients (see Impurity Distribution in the
Ice). Differential incorporation may be contingent on differential adsorp-
tion as the initial step, but lattice as well as surface energy changes must
be taken into account. Costa Ribeiro (32) suggested differential carrier
transfer rates across the phase boundary as a source of the thermodielec-
tric effect.

DrrrerenTiAL Drrrusion. Distribution coefficients for ice are very
small, of the order of 10 to 10-3. Hence, a liquid boundary layer of high
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concentration quickly builds up at the interface. Its shape (width and
concentration amplitude) depend on the presence and intensity of con-
vection. Assume that convection is absent or negligible. Solute transport
away from the interface is then exclusively controlled by diffusion. If
diffusion coefficients for anions and cations differ, the ion with the lower
coefficient will be enriched relative to its counterion. Thus, a differential
incorporation and the consequent charge imbalance (leading to the
freezing potential) may occur even if the distribution coefficients for
both ions are identical and/or if no preferential adsorption takes place at
the equilibrium phase boundary. Deryagin and coworkers (40) showed
that differential diffusion of ions in the vicinity and toward the surface
of a moving particle may give rise to a diffuse or secondary double layer
(43) and to an electrical potential independent of and perhaps super-
posed on the zeta potential (diffusional Dorn effect). The nonequilibrium
feature is the most interesting aspect of this mechanism in connection
with the freezing potential studies. An analytical relation has been shown
to exist between electrokinetic nonequilibrium processes and the sec-
ondary double layer (43, 44). The freezing potential could perhaps be
likened to a diffusional Dorn effect in reverse, since diffusion is away
from rather than toward the phase boundary. However, the evidence
discussed in the next section does not point to differential cation-anion
diffusion as the principal factor in the process of selective ion incorpo-
ration. The available evidence suggests that of the three processes dis-
cussed, differential adsorption, differential incorporation, and differential
diffusion, the dominant role is played by differential incorporation.

CONCENTRATION DEPENDENCE OF FREEZING POTENTIAL AND SHUNT
CurreNT. As has been pointed out, in Group I solutes the freezing poten-
tial curve in any experimental run builds up to a maximum, after which
it declines as the concentration on the liquid side of the phase boundary
increases. The height of this maximum is itself a function of the initial
solution concentration and shows a maximum value at an optimum con-
centration that depends on the particular solute.

If the surface charge density is a function of the surface alone, that
is, if it is independent of solution concentration, the zeta potential also
decreases with concentration (139). At the low concentration end, the
potential must also decrease, perhaps when the concentration becomes
so low that the surface sites exceed the number of ions available to fill
them and the charge density therefore decreases.

It appears plausible that the freezing potential maximum corresponds
to an optimum combination of adsorbed charge density and interface
resistance. The charge transfer through an external shunt shows a similar
maximum size at an optimal mother solution concentration, which aver-
ages 10 times the concentration giving the optimum freezing potential.
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This maximum represents perhaps a maximum of the ratio of interface
resistance to ice resistance.

Still another explanation of the decrease of maximum freezing poten-
tial with concentration is possible. As discussed later in this paper, inter-
face morphology depends on the solute concentration and on the tem-
perature gradient in the liquid at the interface. A cellular structure (and,
eventually, formation of dendrites) is most likely to occur as the concen-
tration is raised, other conditions (freezing rate and temperature
gradient) remaining equal. Such a cellular or dendritic structure in-
creases the transport of solute (Tiller’s three-dimensional segregation,
see 149). If concomitantly the rate of ionic neutralization were also
increased (perhaps because of the larger interface area and, therefore,
greater availability of neutralizing ions) the potential could be expected
to decrease.
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Figure 8. Concentration dependence of the distribution coefficient for NH,,

HF, and NH,F after Jaccard and Levi (84). Two values, for 2.5 X 10*M

HF and NH,F, respectively, measured by G. W. Gross, are shown for com-

parison. The one for NH,F lies tolerably close to the extension of Jaccard and

Levi’s curve; the HF point is about three orders of magnitude lower. See text
for discussion
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Contact Electrification. Reynolds, Brook, and Gourley (126) showed
that if two pieces of pure ice of different temperature are brought into
frictional contact, charge separation occurs, with the warmer ice acquir-
ing a negative charge. If one of the two pieces of ice was made of 10*M
NaCl, however, it would become negative even if it were several degrees
colder than the piece of pure ice. The writers explained this phenomenon
in terms of melting and refreezing of a liquid layer at the contact and the
attendant charge separation according to the Workman-Reynolds effect.
They calculated from their measurements that this mechanism could
quantitatively account for charge separation in thunderstorms. Magono
and Takahashi (113) made similar experiments with somewhat different
results. Brook (13) described experiments suggesting that proton trans-
fer from one ice piece to the other could also account for the observations
without need for melting and refreezing. The determining factors are
temperature gradient and proton concentration. Latham and Stow
(103), working with pure ice, showed that the shape of the ice pieces,
impact velocity, and contact time, are also factors of importance.

Takahashi (143) obtained less clear-cut charge separation effects
when an ice rod was broken. This effect occurred even if no temperature
gradient was present, and its magnitude depended on crystallinity (mono-
or polycrystalline ice), bubble content, and temperature gradient.

(See further the discussion of thermoelectric effects in Miscellaneous
Investigations. )

Impurity Distribution in the Ice

In the preceding section it was shown that differential ion transfer
takes place at the phase boundary. This process can be modified by
using a shunt resistance or by changing the solution pH or by altering
the freezing rate. Differential ion transfer is a second-order phenomenon
superimposed on the rejection, from the solid, of the major portion of all
the impurities, anions and cations alike. Thus, the solute becomes dis-
tributed unequally between the phases. The parameter governing the
distribution is the solute partition coefficient, interface distribution co-
efficient, or simply distribution coefficient, defined as

_ G
=T @
where C,(i) is the solute concentration directly adjacent to the interface
on the solid side and C,(i) is the concentration directly adjacent to the
interface on the liquid side at any position of the phase boundary.
The coeflicient, k, to be discussed in this section, is different from the
thermodynamic equilibrium coefficient, k,, obtainable only at rates slow
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enough that no concentration gradients develop in the liquid phase
(strictly satisfied only with a zero freezing rate, or, perhaps, intense
stirring). For ice, k > k,. Values of k, can be extrapolated from actual
measurements. The interface distribution coefficient increases with the
freezing rate (25, 111). As a consequence of the process of rejection, as
soon as freezing starts, the solute begins to build up in front of the ad-
vancing interface. A steady state will eventually be reached when the
solute diffuses away from the interface as fast as it is rejected from the
advancing phase boundary. Thus, the shape and width of this boundary
layer of increased concentration (assuming no convection takes place)
is a function of freezing rate, distribution coefficient, and diffusion co-
efficient of the solute. If the liquid column is “infinite,” the solute con-
centration in the ice increases until the steady state is reached, at which
point the concentration in the ice must equal the mother solution con-
centration before freezing started (123).
The effective distribution coefficient is defined as

C,
'C_a)
where C, is the concentration of the bulk solution at a distance far away
from the interface. In a column of infinite length, this is the concen-
tration of the liquid before the start of freezing. The effective distribution
coefficient is computed from experimental data. In the nonsteady state,
it is a function of sample length. In the steady state it is equal to one
provided there is no convection. From the preceding discussion it follows
that in ice grown from a solution free of convection

ko <k < ke

The interface distribution coefficient is a measure of the distortion
the solute imposes on the lattice of the solid (148). The distortion is zero
if k = 1. For ionic solutes in water, it is always very much smaller than
one. This means that the solute weakens the binding between atoms,
increasing their interatomic distances. Consequently, the melting point
of the solvent is lowered.

In ionic crystals, trace element partition coefficients are inversely
proportional to the ionic radius of the impurity ion. Nagasawa (118)
obtained good agreement between experimentally determined coeffi-
cients and values calculated from the energy required for introducing
the impurity ion into the host lattice, if the substituting ion was larger
than the host ion. No such calculations have been made for ice.

Ionic distribution curves (Figures 9 to 17) are plots of the effective
distribution coefficient (or of solute concentration in the solid) against
sample length. They are used for evaluating the interface distribution
coefficient (Equation 2).

kef/ = ( 28)
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Figure 9. Effect of hindered diffusion on the solute distribution curves and
the apparent distribution coefficient

Much experimental and theoretical work has been done on distribu-
tion coefficients of metals and semiconductors. Little information is
available on distribution coefficients in the ice/water system.

Brill (10) and Zaromb and Brill (162) investigated aqueous solutions
of NH,F. Jaccard and Levi (84) studied NH;, HF, and NH,F and com-
pared the experimental curves, most of them obtained with stirred solu-
tions, with a theoretical analysis. G. W. Gross (68) made an experi-
mental determination of the diffusion-controlled distribution coefficients
for solutions of several fluorides and of HF. Blicks, Egger, and Riehl (8)
investigated radial concentration gradients. Jaccard (83) made a theo-
retical analysis for radial concentration gradients as a function of inter-
face curvature. The effect of thermal gradients in the liquid on the
interface morphology and on the distribution of impurities in the ice
phase have been studied, experimentally and theoretically, by Tiller
(144, 145, 146), and by Harrison and Tiller (69, 70), who also determined
distribution coefficients in ice at constant freezing rates.

Distribution Coefficient for a Diffusion-Controlled Process. Con-
sider an interface advancing into a solution. If transport of the rejected
solute occurs by diffusion only (no convection), the change of solution

American Chemical Society
Library
1155 16th St., N.W.
Washington, D.C. 20036
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concentration, ¢, with time and with distance, #’, from the interface is
given by
d2c dc dc
Dom+Ro =2, (3)
where D = diffusion coeficient, R — rate of advance of the interface
(rate of phase change). The distribution is assumed to be independent
of the sample radius and the radial angle, which is strictly true only if the
interface is horizontal (see discussion below). This equation has been
solved for the four additional conditions: diffusion in the solid is negli-
gible; k is constant; D is constant; the liquid column is infinite. Solutions
have been published by Tiller, Jackson, Rutter, and Chalmers (147), by
Pohl (125), and by Jaccard and Levi (84). Depending on the approxi-
mations and boundary conditions chosen, the three solutions differ slightly,
but for the very small distribution coefficients encountered in ice (of the
order of 10 to 1073), the resultant discrepancies are smaller than the
experimental uncertainties.
For k small and D small (true in the ice/water system), Pohl ob-
tained, for the concentration in the liquid at distance x” from the interface,

1—-k 1—k)R
Ci(x') uC(,{l-i' X [exp(—%x’)—exp(—(——DL—x')

e (- R |- @

Setting ¥’ — 0 and Rt = x, distance from the starting point of crystalliza-
tion, the composition of the solid becomes.

C,(x) = kC, (o,-"ﬁ) ~kC, { 1+ 1;—"[1 - exp(-(l—_Dk)ﬁx)]}.
(5)

Curves computed from this relation may be compared with experimental
curves obtained by plotting the solute concentration in the ice against
sample length (68, 84).

Applicability to the Ice/Water System. This discussion concerns
the restrictions imposed on the mathematical solution of Equation 3 as
they apply specifically to the ice/water system.

ConvecrioN NEGLIGIBLE. Because of the temperature-density rela-
tionship of water, it is difficult, if not impossible, completely to exclude
convection. The experimental evidence suggests, however, that if the
temperature difference in the solution does not exceed 2°-3°C., the ion
transport will be essentially diffusion-governed in the vicinity of the inter-
face even with a freezing rate as low as 5 microns a second. Convection
can theoretically be eliminated by letting the crystal grow downward into
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or pulling it out from the melt (92). Because the heat flow is through the
solid in this case, it is difficult to maintain a constant freezing rate, par-
ticularly in view of the low heat conductivity coupled with a high heat
of fusion, characteristic of ice. For the same reason, a large range of
freezing rates cannot be achieved with such a technique. This is in con-
trast to metals and semiconductors for which a practical technique has
been described by Tiller and Rutter (148).
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Figure 10. (a) Distribution curves for a 2.5 X 10*M solution of several

fluorides and of HCI. Growth rate 5 microns a second. No stirring. No rela-

tion exists between the apparent distribution coefficients (k; computed from the
slope of the cation curve) and the diffusion coefficients of the cations D,

DrFrusioN NEGLIGIBLE IN THE Soum. It is clear from diffusion
studies (11, 94, 140) that for the present purpose diffusion in the solid
may be neglected.

DistriBuTiON COEFFICIENT CONSTANT. Investigations by Jaccard &
Levi (84) and by G. W. Gross (68) indicate that k is more or less strongly
concentration-dependent (Figure 8). Since D is also dependent on the
concentration, the effects cannot be separated. At sufficiently high freez-
ing rates, however, a quasisteady interface concentration is established
quickly so that k and D may be considered as changing slowly.
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Figure 10. {b) Corresponding hydrogen-ion distribution curves. Freezing po-
tential curves for some of these solutions are shown in Figure 2.

DrrrusioNn CoerriciENT CoNsTANT. The diffusion coefficient is com-
puted from the equivalent ionic conductance, A,

300kT)\ .

=== . 6
D.=18% 10z, |F’ (6)
z = numerical value of valence (regardless of sign); F — Faraday;
=+ — pertaining to cation or anion, respectively. Typically, for the

electrolytes under consideration, at 0°C., the diffusion coefficient de-
creases by about 30%, because of the change in mobility, as the concen-
tration increases from infinite dilution to 1M, the interface concentration
range that appears to encompass most, if not all, of the cases here under
study. A further reduction, owing to nonideality of the solution in the vi-
cinity of the interface (87), is probably present but cannot be assessed.
The average diffusion coefficient for an electrolyte is given by (152)

D.D.. (7)

This expression is used when dealing with an electrolyte on a macro-
scopic scale. When dealing with dimensions on the scale of the double
layer, however, the difference between cation and anion mobilities may
become important. Because of electrostatic interaction, their effective
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Figure 11. Typical distribution curves for two chlorides. Growth

rate 5 microns a second. No stirring. The strong concavity up-

ward suggests a small distribution coefficient (and/or large dif-

fusion coefficient) and, therefore, rapid arrival of the diffusion
front at the extremity of the sample holder

difference is probably smaller than the differences between single ions
shown in Table I. The resultant uncertainty in the distribution coeffi-
cient could be avoided by using the ratio k/D as a distribution parameter.
At any rate, the error introduced by the assumption of a constant dif-
fusion coeficient appears smaller than the experimental uncertainty in the
solute distribution curves. The “limiting” diffusion coefficients used in
this paper (Tables I and II) were computed for 0°C. and infinite dilution.

TeE Ligump CoLuMN 1s INFINITE. Practically, this condition holds
until the diffusion of ions rejected from the phase boundary reaches the
end of the liquid column.

DrrrereNTIAL JoN INcorPORATION. Differential ion incorporation may
be due to different distribution coefficients of anions and cations or dif-
ferent diffusion coefficients or both. Furthermore, both coefficients are
concentration-dependent. The presence of more than one solute species,
electrically charged and which are incorporated at different rates, plus
the concentration dependence of these distribution rates, is not taken
into account by the analytical expressions discussed. As explained
earlier in this paper, the macroscopic (or freezing-potential) electric
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field exerts a rather small effect on the number of impurity atoms in-
corporated. It does affect the cation species in Group I solutes (Figures
6and 7).

The work by Baker (2, 3) and Malo and Baker (114) indicates that
nonionized solutes are rejected more efficiently from the solid than ions.
The presence of both ionized and non-ionized solutes in the freezing
solution reduces the separation efficiency of the latter.

TableI. Radius, Mobility, and Diffusion Coefficient of Monovalent
Ions at 0°C. and Infinite Dilution.

Tonic o D Tonic o D

Radius em?2/  com.2/sec. Radius em2/  com2/sec.
Ion A volt-sec. X 10° |Ion A volt-sec. X 10°
Cs* 1.65-1.69 44.0 1.075 I- 2.16-2.20 41.4 1.012
Rb* 1.48 43.9 1.072 | Br- 1.95 42.6 1.04
K* 1.33 40.440.7 0995 |CI 1.81 41.041.1 1.00
NH,* — 40.2 0.985 F- 1.33-1.36 27.5 0.671
Na* 0.95 26.0-26.5 0.635 OH- — 105.0 2.57
Li* 0.6-0.78 19.0-194 0465 |O2- 1.76° — —_—
H* — 225-240 5.86

¢ Univalent radius.

Table II. Average Diffusion Coefficient (0°C. and Infinite Dilution) of
Some Mono-Monovalent Electrolytes.

D D

cm? /sec. cm? /sec.
X 10° X 10°
CsCl 1.035 KF 0.80
KCl 1.00 NH,F 0.80
NH,CI 0.99 NaF 0.65
NaCl 0.78 LiF 0.55
LiCl 0.63 HF 1.21
HCl 1.71 KOH 1.43
CsF 0.83

Tiller and Sekerka (149) investigated mathematically the effect of
an external field on the distribution coefficient of ionized solutes in the
absence of convection. The distribution coefficient may be larger or
smaller than k,, or it may even be negative, depending on the field’s
strength and direction. This may become a valuable means of investi-
gating distribution coefficients in the ice/water system. Techniques
adaptable to this end have been proposed by Pfann and Wagner (124).
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Application of the Tiller-Sekerka model to the internal field of the
freezing potential leads to results both self-contradictory and in conflict
with experimental evidence. The major difficulty occurs when both se-
lective incorporation of negative ions (Group I solutes) and of positive
ions (Group II solutes) is considered, all other conditions being equal.
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At relatively high and at very low freezing rates, a quasisteady state
of interface concentration is rapidly established, in which diffusion and
distribution coefficients may be considered constant or changing only
very slowly.

It is concluded that, in many instances, existing theory for the dif-
fusion-governed solute partition gives reasonable approximations to the
distribution coefficient, particularly in view of the relatively low accuracy
of experimental curves.

In the presentation of this writer’s experimental results (below) the
term apparent distribution coefficient is taken to mean the interface dis-
tribution coefficient computed according to Equation 5 and the five
assumptions listed with Equation 3. The adjective apparent acknowl-
edges the fact that these assumptions may not be satisfied. The k-values
shown in Figures 9 to 17 are apparent distribution coefficients according
to this definition.

Nonuniform Freezing Rates. No Convection. An important case,
approximated by freezing-cup studies, is that of the freezing rate dimin-
ishing with time according to Equation 1. For this, Wagner (154) showed
that the interface concentration is constant and is given by

1
1= Var(1-k,) (A/VD)exp (%) erfe (v%)

(Compare further 69, 144, 145). k and D can be treated as constants.

For ice, while the experimental method under discussion ideally
yields a constant ion concentration in terms of total number of ions per
unit volume, the cation fraction consisting of hydrogen ions increases
with decreasing freezing rate (66) when Group I solutes are used, so that
the actual sample composition and conductivity vary continuously along
the length of the sample.

Convection-Governed Impurity Distribution with Uniform Freez-
ing Rate. The diffusion-controlled solute build-up at the interface can
be minimized by stirring the solution. Burton, Prim, and Slichter (17)
showed that, in this case, a steady state will be reached in which

k, .
k,+ (1 —k,) exp(—%)

d = thickness of the diffusion layer.

Cl= Ca (8)

k= (9)

Pfann (123) described an empirical procedure by which Equation 9
may be used to determine k, by using identical stirring conditions but
different freezing rates. It was applied to ice by Jaccard and Levi (84).
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Experimental Results. Jaccard and Levi (84) determined distribu-

tion coeflicients for solutions of HF, NH,F, and NH; (Figure 8) in a
range of rather high concentrations. They used uniform freezing rates
obtained by lowering a vertical tube with the solution (initially at room
temperature) into a freezing mixture at a constant velocity. Most of the
solutions were stirred below a snugly fitting polyethylene plug which was
maintained at a constant distance (a few millimeters) from the interface
to prevent or reduce heat convection (84). Such a plug (and stirring)
also eliminates concentration control by diffusion, however, and invali-
dates the assumption of an effectively infinite column for all but a very
short crystal length. As a result, distribution coefficients are high, perhaps
by orders of magnitude, compared with those for which the assumption
is valid (Figure 9). This is especially evident for HF (Figure 8). In this
case, however, the concentration dependence of the distribution coeffi-
cient may explain a major part of the discrepancy for another reason:
Since stirring decreases the interface concentration, a higher coefficient
may be expected in this case. Unpublished experimental results by G. W.
Gross confirm this view. Jaccard and Levi observed a very strong con-
centration dependence of their distribution coefficients. The coeflicients
for NH,F increase with concentration. Those for HF and NH; show a
minimum above 10"'M. This minimum may possibly correspond to the
solubility limit in the solid phase (Figure 8).

De Micheli and Iribarne (36) investigated the effective distribution
coefficients of a number of salts, acids, and bases at different freezing
rates and stirring very close to the interface. No attempt was made to
compute interface coefficients. No freezing-rate dependence was ob-
served; however, experimental conditions are not well defined in their
paper. Salts showed higher coefficients than their acids and bases. The
concentration dependence was higher in acids and bases than in the cor-
responding salts. The coefficients varied greatly, depending on the sub-
stratum on which the freezing was initiated, being ice or not ice. This is
perhaps related to the fact that the initial freezing rate is difficult to control
if a sample is grown from a substratum that is not ice. The coefficients
of De Micheli and Iribarne are expressed as the reciprocal of Equation 2a.

Levi and Milman (107) determined “apparent segregation factors”
(concentration of the supernatant to the concentration in the ice) for
NH; and NaCl solutions grown at constant freezing rates without stirring.
The results are inconclusive.

G. W. Gross (68) uses an arrangement somewhat similar to that of
Jaccard and Levi. Convection is minimized by maintaining a much lower
temperature gradient in the liquid (about 3°C. per 25 cm. column
length). A disk electrode of perforated platinum suspended at a constant
distance from the interface (2-3 cm.) measures the freezing potential. It
hinders diffusion only slightly (Figure 9) but is believed to reduce con-
vection. In some experiments, the interface shape can be controlled by a
supplemental heater riding on the freezing tube at the interface level

The results discussed below were obtained at a freezing rate of 5
microns a second, without stirring, and with a concave interface. The
mother solutions ranged from 103M to 103M. The concentrations in the
melted ice fell between 10®M and 10“M. The ice consisted of large
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grains (greatest dimension up to 2 cm.) with the c-axes oriented coni-
cally in the direction of heat flow. The solute concentrations in the melted
ice were measured, and apparent distribution coefficients were computed
according to Equations 3 to 5 and the assumptions discussed thereunder.
The detailed procedure has been described elsewhere (68).

Figure 10 shows distribution curves for one solution of each of the
alkali fluorides, except RbF, and for ammonium fluoride. The contrast in
apparent distribution coefficients exceeds an order of magnitude. No
obvious relation exists between apparent distribution and limiting diffu-
sion coefficients of the cations. The very low distribution coefficient of
HF comes as a surprise, since HF is supposed to enter the lattice sub-
stitutionally with a minimum of distortion. NH,F shows the highest dis-
tribution coefficient, as expected (67, 162), and HCI is lower than HF,
also as expected (65). Two typical chloride curves are shown in Figure
11 for comparison.

Figures 12 to 14 show distribution curves for KF, HF, and HC],
respectively, as a function of concentration. Within the concentration
range covered (see Figures) for KF as well as for CsF, the coefficient
increases with concentration; for HF it decreases; for HCI it remains
approximately constant. The curves for NH,F (Figure 15) indicate a
strong change of the coefficient with distance from the starting point of
freezing (strongly curved semilog plots; see Ref. 68), but the dependence
on tl&e mother solution concentration (C,) is weak in the range investi-
gated.

The hydrogen-ion distribution curves are nearly horizontal. This
means that at a given freezing rate the difference between solute anions
and solute cations in the ice remains approximately constant. For the
same reason, the hydrogen ion concentration does not appreciably affect
the distribution coefficients computed from the slopes of semilogarithmic
plots (68), except for some very dilute solutions, such as 5 X 10°M KF
(Figure 12), in which k could not be computed from the potassium dis-
tribution curve.

Figure 16 shows the effect of different stirring rates on the ionic
distribution curves for 4.8 X 10*M KF. An increased stirring rate causes
a marked decrease in the potassium concentration in the ice but a marked
increase in the hydrogen concentration. Stirring appears to increase the
availability of hydrogen ions at the interface. (I? the effect were pri-
marily caused by the decreased availability of solute cations, stirring
should cause an increase in freezing potential.) This may explain why
stirring reduces the freezing potentiaf even though it also reduces the
interface concentration, which tends to increase the potential. For 2.4 X
10*M HF (Figure 17), a maximum flattening of the ionic distribution
curve was obtained at about 160 r.p.m. This is taken to mean that under
the particular experimental conditions the diffusion layer thickness was
reduced to its practical minimum at this speed. At a concentration of
1 X 1073M, a stirring rate of more than 320 r.p.m. was required. For a
given stirring rate and solution, the results depend on the shape of the
stirrer, and its distance from the interface (about 1 to 2 cm. in these
experiments).
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Figure 9 shows the effects of different experimental arrangements on
the distribution curves of 2.5 X 10*M KF. In one instance, the per-
forated platinum electrode was replaced by a snugly fitting Teflon disk,
located about 3 cm. from the interface, provided with only two small
holes (% inch in diameter) to allow fluid transfer. The apparent dis-
tribution coefficient is about four times that found for unhindered dif-
fusion. Hydrogen ion transfer is appreciably less. Constitutional super-
cooling (see below and Ref. 146) in the interface region may perhaps
have contributed to this rise of the distribution coefficient. Qualitatively
similar results were found for HF.

T 1 T T 1 T T

HF SOLUTIONS
0-Co=047xI0‘M k=2xI0*
4-C,=095xI0*M k=2xI0*

0-C,=24xI0*M k=1x10"*
-C,=48xI0*M k=08xI0*
020} 4-Co=95xI0*M k=04xI0* i

6
Sample length, cm

Figure 13. Distribution curves for HF solutions of different initial
concentrations. Growth rate 5 microns a second. No stirring

Discussion of Experimental Results. RoLE oF DrFrusioN. Small
differences between cation and anion diffusion coefficients (differential
diffusion) theoretically can account for the differential ion distribution
even if the distribution coefficients themselves are assumed to be identi-
cal for cations and anions. If ionic distribution curves are determined
mainly by differential diffusion, then little information can be obtained
from them about the acceptability of different ions in the ice structure.
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Figure 14. Distribution curves for HCl solutions of different initial
concentrations. Growth rate 5 microns a second. Upward concavity of
1 X 10~*M solution suggests that column is no longer infinite at this point

Quite aside from a differential diffusion effect, differences in the limiting
average diffusion coefficients (as defined by Equation 7) may account
for different incorporation rates of a given pair of solutes; e.g., HF and
HCl. The experimental evidence, though fragmentary at this writing,
supports the view that diffusion, provided it is undisturbed is less im-
portant in shaping the distribution curve than other, perhaps structural,
factors. (Inasmuch as diffusion is one controlling factor of the interface
concentration, any process that disturbs diffusion, such as heat convec-
tion or stirring, will also affect the solute distribution curve as well as the
interface coefficient. )

If differential diffusion is the determining mechanism, the slower
ions should be preferentially incorporated into the ice structure and
should determine the sign of the freezing potential. A glance at Figure
10 shows that there is no correlation between the distribution coefficients
of different cations and their limiting diffusion coeflicients. The ions
potassium and ammonium have the same limiting diffusion coefficient
(Table I), which is about 48% higher than the diffusion coefficient of
F-. Yet the distribution coefficient for K*, in KF solutions, is about one
tenth of that for NH,* in NH,F of the same concentration.

On the other hand, the diffusion coefficients of NH4* and K* are very
nearly the same as that of Cl (Table I). NH,CI solutions show a high
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Figure 15. Distribution curves for NH,F solutions of different initial

concentrations. Growth rate 5 microns a second. (a) Ammonium ions.

(b) Hydnl)fen ions. The semilog plots of these distribution curves (68)

are curved and suggest a strong concentration dependence of the appar-

ent distribution coefficient. The hydrogen-ion fraction increases with
decreasing mother solution concentration

potential with the ice positive and therefore incorporation, which is very
small, of ammonium ions. KCI solutions of the same concentration show
a smaller potential of the opposite sign and a perhaps somewhat higher
incorporation of Cl- ions. Taken by itself, this could be interpreted quite
plausibly in terms of very small differences in diffusion coefficients only.
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Relatively small differences in diffusion coefficients may be paired
with high freezing potentials, as in the examples just given. For HF
solutions we have a large contrast between anionic and cationic diffusion
coefficients (the ratio exceeds 1:8), yet the freezing potential is negligible
within experimental accuracy. Thus the potential reversal in potassium
and ammonium chlorides is probably best explained in terms of differ-
ences in distribution coefficients rather than of diffusion coefficients.
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Figure 16. Ionic distribution curves for 4.8 X 10*M KF solution
frozen at a rate of 5 microns a second with different stirring speeds. The
potassium-ion fraction decreases and the hydrogen-ion fraction increases
as the stirring rate is increased. This may explain the reduction of the
freezing potential by stirring (if the liquid phase is close to 0°C.)

The remarkable steepening with increasing concentration of ion
distribution curves in solutions of KF and CsF may be explained by as-
suming that distribution and diffusion coefficients both decrease with con-
centration but that the diffusion coefficient decreases more rapidly. This,
however, is contradicted by the experimental evidence which shows that
the concentration dependence of the distribution coefficient is much
stronger than that of the diffusion coefficient. This writer feels that this
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increase may be attributed to the formation of localized regions of high
concentration because of the limited solubility of these compounds in
ice and as a result of constitutional supercooling (see below).

The difference between incorporation of HCl and HF (Figure 10)
qualitatively agrees with the large difference in the average diffusion
coeficients of these two compounds. Yet, in this instance, the computed
difference in distribution coefficients is of the same order. Thus, the
evidence here is inconclusive.

If diffusion coeficients were of decisive importance, then a large
increase in freezing rate should cause a decrease in potential, just as it
decreases ion separation (Figure 6). The converse is true. (A possible
reason: Some cations are trapped in interstitial positions rather than
incorporated into the ice structure. Therefore the decrease of ion sepa-
ration with rising freezing rate is only apparent.) Furthermore, stirring
should reduce or eliminate differential ion incorporation if it were
diffusion-controlled. Instead, in Group I solutes, stirring improves
differential ion segregation by continually bringing to the interface a
fresh supply of hydrogen ions. (Group II solutes have not been studied
and Group III solutes do not show differential incorporation under any
conditions. )

Structural Significance of ion Distribution Curves. The effect of
solutes, ionic and not ionic, on the structure of water has been the object
of much research, especially since the fundamental investigations of H. S.
Frank and co-workers (52, 53, 54, 88, 132, 133, 135). By contrast, rela-
tively little is known about the way solutes fit into the ice structure. Sub-
sequent sections of this paper review some pertinent evidence.

On the basis of thermodynamic arguments, Frank and coworkers
distinguished between structure-making and structure-breaking ions. In
trying to apply such concepts to ice, one must remember that ions that
are structure-making in water, that is, which surround themselves with a
domain of ordered and relatively immobile water molecules, may actually
distort the ice structure to a greater degree than those that are structure-
breaking in water and whose effective radius actually is smaller.

The smallness of the apparent distribution coefficients of ionic solutes
in water suggests that all of them impose a considerable distortion on the
ice lattice. Ionic distribution curves such as those discussed above show
that there are differences in degree. Furthermore, the distortion imposed
by a given ion depends also on its counterion. Thus, the ammonium ion
in combination with the chloride ion is largely rejected, but in combi-
nation with the fluoride ion it is absorbed more readily than any other
ion combination investigated. The freezing potential indicates that, even
in NH,F, F~ is somewhat more readily taken into the ice structure than
NH,'.
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Figure 17. Ionic distribution curves for 2.4 X 10*M HF. Growth rate
5 microns a second. Different stirring speeds

According to Frank and Wen (54), F- alone of the halogen anions is
structure-making in water. It is also the anion that appears to impose the
least distortion on the ice lattice.

In the fluoride salts of alkali metals, those cations considered struc-
ture-breaking by Frank and Wen, such as cesium, show the highest appar-
ent distribution coefficients (Figure 10). Conversely, lithium, a struc-
ture-maker in water, is taken into the ice lattice with greater difficulty.
From a consideration of Figure 10 we arrive at the following tentative
series, in order of decreasing acceptability:

NH,* > Cs* > Na* > Li* > K* > H".

This order is valid only for the fluorides. It is contingent on the
assumption that the observed distribution curves reflect a homogeneous
distribution of the impurity ions in the ice lattice without formation of
channel networks or interstitial zones of high solute content.

Much more research remains to be done on this topic before any
valid conclusions may be drawn.

Effect of Crystallographic Orientation. The investigations of Mas-
carenhas and Freitas (116) on naphthalene, and by Cobb (26) on ice,
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mentioned earlier, suggest that distribution coefficients in the ice/water
system may depend on the crystallographic orientation of the solid phase.
Future investigations should clarify this important point. This orientation
dependence of the distribution coefficient (if it is confirmed) might be
explained by an electric field effect on solute redistribution if the inter-
face contact potential were a function of orientation.

Relation Between Temperature Gradient, Interface Morphology,
and Impurity Distribution. The shape of the phase boundary is related
to the distribution of lines of heat flow. Heat flow characteristics not only
determine the rate of phase change but also the rate of transfer of solute
atoms as well as their spatial distribution within the phases.

CONSTITUTIONAL SUPERCOOLING. This condition occurs if the temper-
ature of the highly concentrated solution near the interface is below the
equilibrium liquidus temperature (147). A consequence of this condition
is the formation of cells, spikes, and finally of dendrites (146). Between
these, zones of very high concentration develop which may become
trapped in the advancing interface. The measured distribution coeffi-
cient for such a system will, of course, be too high. Constitutional super-
cooling occurs if (146, 147, 148).

G _mC,1-k

RSD F (10)
where G is the actual temperature gradient in the liquid near the inter-
face and m is the slope of the liquidus line at the interface. (In this
formula, both phases are assumed to have the same density.)

For the experiments already discussed, the calculation according to
Equation 10 indicates the absence of constitutional supercooling. How-
ever, the uncertainties in G and D are large. The increase in apparent
distribution coefficients with concentration for solutions of CsF and KF
suggests that constitutional supercooling did take place in some instances.

INTERFACE MorpHOLOGY. Harrison and Tiller (69, 70) studied the
effect of ionic solutes on the interface morphology of ice by direct obser-
vation. The solute build-up ahead of the solid/liquid interface leads to
constitutional supercooling and the formation, first, of a cellular interface
and, later, of dendrites as the degree of constitutional supercooling in-
creases. Working with freezing rates of 0.1 to 10 microns a second, the
authors found interface distribution coefficients < 10 for NaCl. The
increase of the distribution coefficient as cells and dendrites develop, is
presented for several equilibrium coefficients in a graph as a function of
freezing rate, diffusion coefficient of the solute, and radius of curvature
of cells and dendrites.

Jaccard (83) has derived expressions relating the curvature of the
interface to the radial distribution of impurities in the steady state. For
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a cylindrical sample with a concave interface, the concentration will be
higher at the cylinder axis. For a convex interface, the converse is true.
Since G. W. Gross’s samples were mostly grown with concave interfaces,
the coefficients may be expected to be too high (because some of the
outer mantle is melted away while the sample is processed for analysis).
Preliminary results obtained with an improved technique yielding per-
fectly plane interfaces appear to confirm this conclusion.

In addition to the radial concentration gradients caused by the heat
flow conditions, Blicks et. al. (8) found that impurities tend to accumulate
in a thin peripheral layer at the boundary between the ice and its con-
tainer.

Effect of Impurities on the Ice Structure

Lattice Constants. Truby (150) measured the lattice constants of
HF ice with x-rays; Brill and Camp (11) used a similar technique for
NH,F ice. In both instances, a shortening of the c¢/a ratio gives support
to the concept of substitutional (as opposed to interstitial) emplacement
of the impurities.

Electron Microscopy. An electron microscopic investigation by Truby
(151) of the advancing ice/solution interface established the existence
of a hexagonal honeycomb microstructure, the cells of which are typi-
cally 1/2 micron to 20 microns in diameter. The center of each cell con-
sists of a depressed concentric step dislocation, perhaps an expression of
surface strain. When solutions of increasing CsF content are frozen, these
depressions flatten out and finally disappear for 103M. (Thus they can-
not be the result of interface breakdown due to constitutional super-
cooling.) This observation seems to support the suggestion by Workman
and Reynolds that impurity ions are required by an advancing ice surface
to relieve strain energy. These structures appear to have the same char-
acteristics for polycrystalline ice grown at large freezing rates, for single
crystals grown slowly in the laboratory, and for single crystals from an
Alaskan glacier presumably grown extremely slowly (recrystallized over
a time span of perhaps hundreds of years).

Gentile and Drost-Hansen (55) observed that the microstructure
progressively develops with time and concluded that it depends on the
amount of cooling and aging of the ice after freezing has been com-
pleted. Stresses owing to cooling were believed to cause condensation of
vacancies into dislocation rings and formation of additional dislocations
by a Frank-Read mechanism.

Shifts in infrared interference and absorption spectra observed by
Vanderberg and Ellis (153) were attributed to changes in hydrogen
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bridging between water molecules, either as a result of aging or of vary-
ing growth conditions. These authors excluded strain as a possible ex-
planation. Vanderberg later found (personal communication to M.
Kopp) that these shifts had been caused by rather involved faults in the
equipment used. Introduction of a germanium filter eliminated the effects
which had been interpreted as a change in the absorption spectrum of
ice.

Effects of Trace Inorganics on the Electrical Properties of Ice

Experimental evidence indicates that charge transport in ice occurs
by proton transfer exclusively (34, 97, 160). Intrinsic electron conduction
appears to be excluded because of the width of the forbidden gap (7.42
e.v.) but extrinsic electron conduction is at least a possibility (61).

Effects of inorganic impurities on the electrical properties of ice
are of interest to such widely diverse branches of science as solid-state
physics, atmospheric physics, organic chemistry, biology, and psychology.
In atmospheric physics, the processes of condensation and charge sepa-
ration are influenced by and related to the electrical properties of the
solid phase. Ice has been called a proton semiconductor. A detailed dis-
cussion of this interesting concept is beyond the scope of the present
paper (46, 127, 128). From this point of view, ice is the simplest of the
proton semiconductors, a class that, for instance, includes the proteins
(129). Gosar and Pintar (58) proposed a theory of H;O" ion energy bands
in ice crystals that can account for the measured mobility value. A de-
tailed quantitative model of ice as a protonic semiconductor has recently
been developed by Seidensticker (138). The transfer of energy via
hydrogen bonds (130, 131) may be of fundamental importance for an
understanding of the transmission of nerve impulses and of information
storage in the brain; a mechanism for binary storage may be available in
the two alternate positions the proton can occupy on the hydrogen bond.

Electrical measurements on pure and doped ice give valuable infor-
mation concerning its structure. Granicher (59, 60) gave comprehensive
reviews.

Theory. LaTtTiCE DEFECTS. A convenient starting point for a dis-
cussion of the effect of trace inorganic impurities on the structure and
electrical properties of ice is the model of the ideal ice structure given
by Bernal and Fowler (5). Water molecules preserve their identity in
the lattice, that is, each oxygen atom has associated with it two hydrogen
atoms. The protons lie on the straight bonds connecting neighboring
oxygen atoms, with only one proton on each bond. If this structure were
strictly preserved under all circumstances, ice would be a perfect insu-
lator, since protons cannot move without violating these rules. Bjerrum
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(6) explained the appreciable electrical conductivity and the dielectric
dispersion of ice by the interaction of two kinds of structural defects that
violate the Bernal-Fowler rules.

(1) By rotation of a whole molecule about one of the four bonds
linking it to its nearest neighbors, a pair of valence defects is created:
The L defect is a bond between adjacent oxygen atoms not containing
any proton; the D defect is a bond with two protons. The rotating
molecule remains electrically neutral, except that a displacement of elec-
tron clouds takes place during the rotation.

(2) By displacement of a proton along an oxygen-oxygen bond, a
pair of ionic deEects is created, an OH" ion and an H30O* ion, with a net
charge transfer.

Once created, the valence defects or ions of each pair may migrate
independently, that is, the defects are completely dissociated from the
sites at which they originated.

The introduction of impurity ions alters the concentrations of these
four types of defects, thus giving rise to characteristic changes in the
dielectric dispersion and in the conductivity.

Grinicher and his coworkers first formulated a detailed theory, based
on careful experimental measurements (60, 61, 77, 80, 140, 141). Accord-
ing to this theory, valence defects and ion defects are completely inde-
pendent from and can not recombine with each other.

Onsager and Dupuis (119, 120), on the other hand, proposed that
the ionic charge is partly compensated by one or two associated valence
defects and is surrounded by a cloud of valence defects in a manner
reminiscent of the Debye-Hiickel ion atmospheres in aqueous solutions.
Conclusions from Onsager’s theory are qualitatively similar to those of
Granicher et al.

Dougherty (J. Chem. Phys. 43 (9), 3247, 1965) extended the theory
to include interactions between Bjerrum faults and their effect on relaxa-
tion in pure ice. He concluded that this effect is small. It may, however,
be considerable in HF ice. The interaction between ions and their atmos-
phere of Bjerrum faults is more important in an analytic treatment of ice
conductivity.

Zaromb (161) suggested that the formation or motion of ions by
proton displacements may be coupled to rotations of neighboring mole-
cules leading to the formation of valence defects.

Several investigators (28, 29, 45, 94) criticized as energetically un-
favorable the Bjerrum concept of a valence defect pair formed by rota-
tion of a rigid molecule in an otherwise undisturbed lattice. Alternative
mechanisms were proposed.

Based on the experimental observation that self-diffusion of water
molecules in ice has an activation energy similar to that of the dielectric
and mechanical relaxations (~13.5 kcal./mole), some investigators (121)
see a connection between the formation and migration of valence defects
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and the diffusion of interstitial water molecules or vacancies in the ice
lattice. Kopp (94) has discussed in detail how the formation and migra-
tion of vacancies (sites at which whole water molecules are missing) in
the ice lattice may facilitate the formation of valence defects at an ener-
getically more favorable level (“invested vacancies”) and how impurities,
such as HF or NH,F, may affect such processes. He supports his conclu-
sions with nuclear magnetic relaxation measurements and the known data
on diffusion, dielectric relaxation and elastic relaxation.

For diffusion of HF in ice, Kopp, Barnaal, and Lowe (95) propose a
mechanism of “intermittent interstitials,” that is, dissociation of HF,
ejection of F-, interstitial migration, and entrapment at vacant O~ sites
giving rise to one L defect per F- ion. Alternatively, an HF molecule may
be ejected in toto from its lattice position and migrate interstitially or
it may become associated with a vacancy and migrate together with the
latter.

Ramseier [J. Appl. Phys. 38, 2553 (1967)] found an anisotropy of
12% for the self-diffusion coefficients of tritium in ice, but the same
activation energy, in the directions parallel and perpendicular to the
c-axis. His numerical results are in substantial agreement with those
given in Table VII. He favors a vacancy mechanism with entire H.O
molecules diffusing.

While the theories discussed above are based on reactions between
defects, somewhat similar to reactions between chemical species, Seiden-
sticker’s proton semiconductor model (138) considers proton populations
as a whole. Each proton arrangement or “proton configuration state”
(e.g., an L defect, D defect, positive or negative ion) has a characteristic
energy level. From these energy levels the defect populations are com-
puted. Impurities introduce new energy levels and change the defect
populations. These changes are predicted by the model, and the results
are compared with those obtained from the earlier theories and the ex-
perimental data available. The model accounts for the experimental data
and, furthermore, has the advantages of both greater simplicity and of
being able to predict the effects of complex impurities, such as NH,F,
as well as of surface and interface effects, from the energy levels asso-
ciated with each species or interface state.

DiELectric DispersioN. This discusses the effects of impurities on
four characteristic properties, the dielectric constant, the a.c. and d.c.
conductivities, and the relaxation time. Brill (10) gave an excellent dis-
cussion of dielectric dispersion as it pertains to ice.

Ice is a (leaky) dielectric and may therefore contain polarization
charges from three sources making characteristic contributions to the
dielectric constant. At optical frequencies, the high-frequency dielectric
constant is caused by the displacement of electron clouds and of atomic
nuclei from their equilibrium positions. It is temperature-independent,
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having a value of about 3.2. In the kilocycle range, molecular rotation
gives rise to a Debye dispersion; the reciprocal of its characteristic angu-
lar frequency is the relaxation time. The translation of ion states is
thought to make only a relatively small contribution to this dispersion
(130, 131, 141). The static dielectric constant is extrapolated from the
Debye dispersion curve. The “Debye relaxation time” (Table III)
depends on impurity concentration and on temperature. At very low
frequencies or in a static field, “space charges” make a third contribu-
tion to the dielectric constant. It gives rise to a low-frequency dispersion
(Maxwell relaxation) that appears to be related to impurities. In this
frequency range, the dielectric constant is proportional to the sample
thickness and to the square root of the impurity concentration (at least
for low concentrations of HF). Although this dispersion is predicted by
theory that refers only to nonconducting solids (141), it is possible that
at least part of this contribution to the dielectric constant stems from space
charges accumulated at partly blocking electrodes; their contribution can
not be separated from bulk polarization.

When referring to a Debye dispersion, it should be kept in mind that
Debye’s theory applies exclusively to rotational polarization of molecules
with permanent dipoles, without net charge transfer (33, 90). The occur-
rence of an appreciable ionic transfer complicates the picture, as in ice
doped with ionic impurities. A further complicating factor is aging.
Steinemann observed that thin crystals (0.1 to 0.2 cm.) showed a decrease
of both the low-frequency dielectric constant and the low-frequency con-
ductivity, suggesting diffusion of impurity (HF) out of the sample into
the electrodes. Thicker samples (of the order of 1 cm.) were not affected.

CHARGE TRANSPORT. Transport of charges through the ice requires
the cooperation of both ions and valence defects, since the passage of a
defect of one kind and sign leaves the bond polarized against the passage
of a defect of the same kind and sign. Thus, transit of the next ion over
a particular bond must await passage of a D defect in the same direction,
or of an L defect in the opposite direction (see 80). For this reason, if
valence defects and ions are present in unequal numbers, the conductivity
will show a characteristic behavior, depending on the frequency of the
applied electric field.

At very high frequencies, the displacement of individual defects be-
tween direction changes of the field is small; hence, there is no or little
interaction between them, and the displacement is in phase with the ap-
plied field. The total conductivity is simply the sum of the contributions
from each type of defect, the defect with the largest contribution (the
majority defect) determining the over-all conductivity. (The majority
or minority character of a given type of defect is determined by the prod-
uct of concentration times mobility.) The dielectric constant is low.
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At lower frequencies (Debye dispersion region), charge transport is
limited by the minority carriers which form a “bottleneck.” Applied field
and current are no longer in phase; this results in a polarization and rise
of the dielectric constant from its high-frequency value. The conduct-
ances of the different defect types act as though in series. The minority
carrier determines the over-all conductivity.

The relative as well as the absolute number of majority and minority
carriers changes as a function of impurity concentration and of tempera-
ture.

RevaTion BETWEEN CoNpuctiviTy AND DIELECTRIC CONSTANT. Even
pure ice is a leaky dielectric and in the following considerations is repre-
sented as a capacitance shunted by a resistance (77, 140, 141).

In the presence of relaxation effects, the dielectric constant is con-
veniently written in complex form (33, 90):

¢ (o) = ale) ~iele) = 795> + e (11)

¢, — static dielectric constant ~ 100 about 0°C.; ¢, = high-frequency
dielectric constant = 3.2 (not dependent on temperature); + = relaxation

time = %L , where f’ is the Debye relaxation frequency (of the order

of kilocycles in “pure” ice); o — angular frequency. From Equation 11,
the real and imaginary parts of the dielectric constant follow as

a(o) =1‘+:;‘2% + e and (12a)

€ - @©
alo) = T2 o (12b)
The current through the sample is given by
= 00F + 20 = [0y + fueoe® (o) 1B (13)

j = current density; E = Eqeit is the electric field; D = ¢e*(w) E = elec-
tric displacement; ¢ = d.c. conductivity; ¢, = permittivity of free space
= 8.854 X 102 mks. The expression in brackets represents a complex
conductivity. Its real part is

01 =09 + eoez(w)m (14)
and is thus related to the imaginary part of the dielectric constant; ¢ and
o, are the magnitudes measured experimentally. The loss angle, 8, is
given by

tan § = 23 (15)
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The relaxation time, the d.c. and a.c. conductivities, the equilibrium
constants of ions and valence defects, and the mobility of valence defects
show a temperature dependence with characteristic activation energies
(Table III). The mobility of ions is held to be temperature independent
(tunnel effect). Magnan and Kahane (112), however, determined mo-
bilities at very low temperatures (—80°C. to —120°C.) which show a pro-
nounced temperature dependence (1.4 X 1073 to 1.2 X 107 cm.2volts™
sec.”l).

The activation energy, by definition, expresses the temperature de-
pendence of a rate constant and is obtained from the slope of an Arrhenius
plot. As used in the study of physical processes of ice, however, the
“activation energy” obtained from the slope of Arrhenius plots may have
contributions from enthalpies or heats of reaction other than an activation
energy sensu stricto. Thus, for instance, the “activation energy” of d.c.
conduction is assumed to be the sum of one half the energy of ionization
plus, perhaps, the activation energy of the mobility (see other examples
in Table III). The energy of ionization, however, expresses the tempera-
ture dependence of an equilibrium constant rather than of a rate con-
stant. It is thus the difference between two reaction enthalpies. For this
reason the term “apparent activation energy” (117) would be more ap-
propriate.

The measurements of conductivities and dielectric constants furnish
data for the computation of concentrations of the different types of de-
fects as a function of solute concentration and of temperature, as well as
interpretations in terms of lattice position, thermodynamics, and kinetics
of these defects (77, 79). The quantitative evaluation of these measure-
ments depends critically on the determination of the proton mobility, ion
concentration, and dissociation constant in pure ice (Table IV) made by
Eigen and coworkers (46, 47).

Experimental Results. Figures 18 to 24 show some effects of im-
purity ions on the electrical properties of ice.

HALOGEN Acmps AND ALkaLl Harmes. The most extensive work has
been done with HF, CsF, and KF (65, 67, 77, 140, 141). Samples grown
from dilute fluoride solutions (103M or less) at low freezing rates (5
microns a second or less) behave like samples from dilute acid solutions
because of differential ion incorporation that replaces part of the cations
by protons in the ice structure.

HF molecules are held to occupy oxygen sites in the ice lattice. Since
only one proton is associated with the fluoride ion, each acid molecule
introduces into the lattice one L type valence defect. In addition, HF is
held to ionize according to the mass-action law, so that at a given tempera-
ture the number of ions increases with the square root of the concentra-
tion. Thus, in ice doped with HF there are hydronium ions from the
dissociation of both the water molecules and the HF impurities. The
negative ions, OH™ and F-, are believed to have a very much lower mo-
bility and are therefore neglected. Table III gives the relations obtained
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by Grinicher et al. for the defect concentrations and conductivity of HF
ice. From these relations, the conductivity contributions of both valence
defects and ions can be computed as a function of impurity concentration
and temperature. Figure 19 shows the results for —3°C. The ions are the
minority carriers over the whole range of concentration and determine the
over-all conductivity which varies approximately as the square root of
concentration.

D.c. conductivity measurements at —15°C. for polycrystalline ice
doped with HF (Figure 20 and Ref. 67) show substantially the same
square root of concentration dependence, and so do Steinemann’s (140)
low-frequency results.

Figure 21 shows the static dielectric constant extrapolated from the
Debye dispersion (at —3°C.) as a function of HF concentration (140).
According to Grinicher (60) and Jaccard (77, 80), the two minima cor-
respond to impurity concentrations such that the conductivity contribu-
tions of valence defects and ions are equal. Therefore, dipole polarization
is absent or minimal and the dielectric constant approaches its high-
frequency value. The minima, according to this interpretation, retpresent
the points where the majority character of conductivity shifts: In
Regions I and III, valence defects are held to be majority carriers; in
Region 11, the ions predominate. This follows from the inference that at
very high HF concentrations ( Region III), valence L defects should pre-
dominate over ions since the former increase with the first power of con-
centration. Therefore, curves for valence defect conductivity and ion
conductivity (Figure 19) should intersect twice, thus delimiting region
II. Instead, they only approach each other between 103M and 10™*M but
not enough to alter the net minority character of ions over the whole range.
Jaccard (77) compared a.c. and d.c. conductivities in the critical con-
centration range and concluded that the ion majority character in Region
II is weak.

(Jaccard (77) based his ion conductivity calculations on experi-
mental data taken from Steinemann (140) but did not convert from units
of ohm?cm™ to ohm™m™. As a result, his computed dissociation con-
stant is two orders of magnitude too high. See his equation 2.4.11.)

An intersection of the computed curves probably does occur well
below —30°C. but at concentrations under 10°M.

Corresponding to Region II, the experimental low-frequency (140)
and d.c. conductivity curves (Figure 20) at —10°C. and —15°C., re-
spectively, should show a change of slope corresponding to Region II, but
they do not. Neither did Kopp observe clear slope changes correspond-
ing to the majority carrier transitions in high-g'equency conductivity
curves (92).

Summing up, experimental plots of ice conductivity vs. HF concen-
tration do not show slope changes indicative of a shift in the majority
carrier. Curves of ion conductivity against concentration (derived from
d.c. conductivity measurements) and of valence defect conductivity
against concentration (derived from high-frequency conductivity meas-
urements) do not intersect as they should according to the theory. The
experimental curves are not very accurate, so they are not conclusive.
l()lomputed curves depend on empirical parameters whose accuracy is no

etter.
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In conclusion: The arguments used in explaining the dielectric
minima (Figure 21) are plausible. Not so plausible is perhaps the con-
cept of extrinsic—(i.e., impurity-related), ionization according to the
mass-action law (since it implies a complete independence of ions from
the sites at which they formed) and, correspondingly, the concept of
complete independence of extrinsic valence detects. Further, the concept
of complete independence of ions and valence defects from each other has
been criticized on energetical grounds. If these three concepts can be
modified, sharply defined slope values and slope changes may no longer
be required to accompany changes in majority character of the different
carriers. A careful investigation of the apparent disagreement between
dielectric and conductivity data is therefore warranted.

The effect of HF on the dielectric relaxation time in ice will be dis-
cussed later, together with mechanical relaxation studies.

The following d.c. conductivity results by G. W. Gross are mostl
unpublished. Samples were prepared after techniques described in (67 3/

Table III. Formulas and Experimental Parameters Used in the
Calculations on Electrical Conductivities of Pure and HF-Doped Ice *

Pure Ice
Valence defects
Concentration [L] - [D] = K, = 2.5 X 103 exp. (—0.68 e.v./kT)
moles2cm. ™8

Mobility (rotation) u; =~ u, = u, =5.8 exp. (—0.235 e.v./kT) cm.2v'lsec.”
Effective charge g, = |q;| = |gp| = (0.43) (1.6 X 1071?) coul.
[Revised value: g, = 0.55 e. (Ref. 79)]
Conductivity ¢, = v/ K,N 44,q,
Debye relaxation 1_ 2A+/K,up, =2 X 101 exp. (—0.575 e.v./kT)
T
(This assumes [L] = [D].)

Ions
Concentration [H3O*] [OH"] =K, =4 X 10 exp. (—1.2 e.v./kT)
moles? cm.™®
Mobility (displacement along bond) u, =2 X 107! ¢m.2 v'! sec.™ (all
temperatures) (see also Table IV for other possible values)
u <<u,
Effective charge q; = |q,| = |q.| = (0.57) (1.6 X 107?) coul.

[Revised value: g; = 0.45 e. (Ref. 79)]

Conductivity oy = v/ K,,N ,u,q;
Over-all conductivity

High frequency: oo = 0y + 01 == 0y

4(7 T4
D.c.: 00%' T o 4(7‘
oot oy

}a,; >> o; (Ref. 80)

HF Ice
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Table III. Continued
Valence defects
Concentration: n, = [L] + [D] = N, [HF] (1 + f:l—lli‘a?) 12moles cm. 8
Mobility and effective charge as in pure ice
Conductivity: ¢, = n,u,q,
Debye relaxation (Ref. 140 and Ref. 77):
(a) Low concentrations and /or low temperatures (Region I of Figure 21)
1/+ shows little variation with concentration.
(b) Intermediate concentrations and/or higher temperatures (Region II
of Figure 21)
1/+=C[HF]2u,
(ion concentration = [HF]1/2)
(c) High concentrations or very low temperatures (—55°C.) (Region III
of Figure 21)
1/ =B[HF]uy = 1/7y exp. (—0.235 e.v./kT)
(L defect concentration = [HF].)

Ions
Ionization: [HgO*] [F-]
(of HF in ice) [HF]
moles cm.™3
Concentration: [H;0*] =N, (K,, + Kz[HF] )12
Conductivity: o; = [H30*]u,q,

= Kp =2.42 X 1078 exp. (—0.65 e.v./kT)

Over-all conductivity
High frequency: ¢, = oy + 0y

Oy0;
D-c: gy g TV
Uv+0']

“ Based on the work of Grinicher, Steinemann, and Jaccard (see Refs. 77, 140, 141),
except where otherwise noted. All concentrations are in moles cm.™3, The letters and
subscripts used in this table are defined as follows:

Letters Subscripts

A, B, C = constants D = D defects

D = D defect F = ions from HF molecules

e = electron charge i — ions in general (without regard to
= dissociation constant source and sign)

L = L defect L = L defects

N4 = Avogadro’s number v = valence defects in general

q = effective charge w = jons from H2O molecules

u = mobility + — positive or negative ions

¢ = conductivity

7 = relaxation time

and measurement methods were discussed in (65). Figure 22 and Table
V show activation energy measurements for HF ice. A peculiar flatten-
ing-out of the curves frequently occurs at the high temperature end. It
was not observed in KF ice. Ice with an HF content as low as 108M was
reported to show the same activation energy (67). The validity of this
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result may, however, be questionable because of the use of sandwich
electrodes (see below). The conductivity of KF ice (Figures 23 and 24)
is determined by its content of HF (because of differential ion incorpo-
ration ), but a sufficiently wide concentration range, so as to allow com-
parison with the HF curve (Figure 20), could not be achieved. The con-
ductivity of KF samples grown with a shunt (Figure 23) is about half
that of HF ice with the same hydrogen-ion concentration (as measured
in the melted ice at room temperature). Thus, perhaps, the potassium
ion reduces the mobility of the carriers. Aging effects (Figure 24) were
observed in KF ice grown without shunt (high potassium content), but
those grown with shunt were remarkably stable (Figure 23). In the KF

Table IV. Dissociation and Charge Transport in Pure Ice at —10°C.*

Measured values

d.-c. conductivity Activation energy

Author and reference Qlem.! keal. /mole e.v.
Johnstone (86) 1.1 X 10 19.6 0.85
Bradley (9) 1.4 X 10 12.3 053
Jaccard (77) ~ 10 13.8 0.6
Riehl (108) 4 X 1010 — —
Heinmets and Blum (73) 1.6 X 10~ 24.2 1.05
Eigen et al. (47) 10X 109+ 15% 1115 0.48
Bullemer and Riehl (15)

bulk ~10-? 8.5 0.37

surface ~ 109 ohms? 14to>30 0.61to> 1.3
Camp et al. (20) <2X 101 ~0 ~0
Kopp (93)

surface (snow) (.01to2) X 10™® 16.2 to 25.4 0.7to 1.1

Dissociation rate
constant (kp)

Mobility ratio Z— 10 to 100
“Effective” dielectric 3.2to 15
constant
Derived values

Equilibrium concentration of H* or OH" ions
Dissociation constant (Kg,o)
Mobilities: u,

u_
u, (Ref. 47)

k
Rate constant of recombination L
KHzO

* Ref. 46 unless otherwise indicated.

3 X 109sec.”!  22.5 kcal./mole

0.98 e.v.

3 X 10711M to 1.5 X 1071°M
2 X 10723M to 4 X 10722M

0.1 to 0.5 cm.2 volt™ sec.”?
< 5 X 102 cm.2 volt™! sec.”?
8 X 1072 cm.2 volt™ sec.”!

1013 to 1014 1 mole™ sec.™®
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Figure 18. Frequency dependence of the a-c conductivity and of the dielectric
constant after Steinemann (140). (1) Pure ice. (2) Slightly impure ice. (a)
Conductivity. (b) Dielectric constant. Curves for pure ice closely follow Equa-
tions 12a and 14, except for an incipient low-frequency dispersion that may
result from very slight impurity content or from electrode polarization. Debye
dispersion between 10° and 10* cps. As the impurity content increases (curves
2), the low-frequency dispersion (Steinemann’s F dispersion) becomes more
Zrominent and tends to coalesce with the Debye diszersion. Interpretation then

ecomes difficult. At still higher concentrations, the two dispersions separate
again (see Ref. 140). A slight anisotropy of the dielectric constant, observed
by Decroly et al. (34) for measurements parallel and perpendicular to the c axis

of single crystals, has not been considered

ice samples without shunt (samples > 1 cm. thick), conductivity in-
creased with age, while Steinemann (140) observed a decrease of the a.c.
conductivity in his thin crystals.

HClI ice (Figure 25 and Ref. 65) shows d.c. characteristics identical,
within experimental accuracy, to those of HF ice.

Levi and Arias (105) measured the d.c. conductivity of frozen solu-
tions of HF, HCI, HBr, HI, and HNO;. They found a similar concentra-
tion dependence (in both slope and magnitude) for all of these acids.
At the high concentration end (> 10*M), however, a departure occurs
from the square-root law similar to that shown in Figure 20 of this paper.
The authors attribute this behavior to the presence of an appreciable
fraction of trapped ions at these high concentrations. Results for sul-
furicl:l acid were inconclusive. Boric acid did not affect the conductivity
at all.

AmmontuMm Fruorme. Theories discussed earlier were primarily
formulated to take account of electrical measurements made on pure
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Figure 19. Valence defect, ion, and total conductivity
at —3°C. as a function of HF concentration (computed
from formulae and data in Table 111 of this paper)

ice and on ice doped with HF. No satisfactory account has yet been
given of the observations on ammonium fluoride ice. Ammonium fluoride
is very soluble in ice (99, 162), close to 10% by weight (~ 2.7M). Brill
(10) attributes this to the similarities in shape and polar groups of the
two molecules. Two oxygen atoms have the same number of outer shell
electrons as N + F combined. It is therefore believed that one NH.F
molecule occupies the sites of two water molecules in the ice lattice.
Complex changes take place in the defect equilibria (60, 119) of NH,F-
doped ice compared with pure or HF ice.

A.c. Measurements. Zaromb and Brill (162) found that the acti-
vation energy for dipole rotation (that is, for the relaxation time) is
about 4 kcal./mole. On the basis of Cole plots, they deduced the
existence of a spectrum of relaxation times. The “average relaxation
time” decreased with increasing concentration, as is true for HF ice.
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Later work on more carefully prepared samples indicated, however, that
both the activation energy of dipole rotation and the relaxation time are
independent of concentration (11, 12, 39).

To explain these results, Brill et al. postulated that, in the ice, each
NH,F molecule creates about itself a domain of strongly oriented water
molecules. Molecules at the domain boundaries rotate more easily, ac-
counting for a low activation energy (Table VI). Two factors are respon-
sible for the concentration independence of the relaxation time: (1)
Even the lowest concentration investigated contains more than the neces-
sary number of dipoles at the domain boundaries required to account for
the high dielectric constant; (2) the “normal” dipoles (those not related
to the domains) do not appreciably affect the relaxation time because of
their much higher activation energy of rotation. Hence, even a large
change in concentration has no effect on the relaxation time as long as
the domains do not overlap.

Camp (18) discussed further work with single crystals grown from
dilute solutions (6.7 X 10™*M to 1.1 X 103M). He found evidence that
at temperatures above about —30°C., thermally produced (intrinsic)
valence defects provide the major contribution to the dielectric polariza-
tion (activation energy 13.2 kcal./mole) while at lower temperatures,

5x|107% >
S S R I Y R
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|§ | o ,8)%000
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o) 1076 ° 94
o — s —
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Figure 20. Conductivity of HF ice at —15°C. as a function of con-

centration (in the meltedq ice at room temperature) (67). The devia-

tion of the experimental points £rom the straight line near the high
concentration end possibly marks the solubility limit
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Figure 21. Static dielectric constant as a function of HF concentration at

—3°C. after Steinemann (140). According to Jaccard (77), in Regions I and

111 valence defects (L defects in Region I11) are the majority carriers; in Region
11, ions predominate

impurity-produced (extrinsic) defects (0.6 kcal./mole) prevail (Table
VI). According to Camp, this new evidence indicates that local dis-
turbance about the impurity ions (Brill's domains) is not an important
factor, but, rather, that NH,F introduces valence defects with an excess
of one type over the other.

A.c. conductivity measurements (39) did not show a clear concentra-
tion dependence.

None of the workers with NH,F ice has attempted to relate its char-
acteristics in detail to those of HF ice.

D.c. Measurements. Workman (57), Brill (10), Iribarne et al.
(75), and G. W. Gross (67) reported that the resistivity of ice doped
with NH,F increases with concentration (Figure 26). Gross also re-
ported that the activation energy increases systematically (from 6.4 to
9.1 keal./mole) with concentration (from 8 X 10°M to 7 X 103M). Levi,
Milman, and Suraski (108) measured the d.c. conductivity of ice from
solutions containing different proportions of NH,F, NH,F + HF, and
NH,F + NH,OH. They found that the conductivity shows a minimum
slightly below the point where the concentration of ammonium ion equals
that of fluoride ion in the ice (Figure 27). This minimum is a function of
the ratio only, not of the absolute concentrations, of the two components.
G. W. Gross has observed a systematic change in hydrogen-ion ratio of
NH,F ice (Figure 15). Levi et al. suggest that the concentration de-
pendence of the conductivity may be attributed to a difference in cationic
and anionic distribution coefficients. (Their numerical values for these
coefficients are higher by orders of magnitude than those mentioned
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Figure 22. D.-c. conductivity vs. 1000/T for four samples of
(polycrystalline) HF ice (stronily oriented parallel to the c axis)
at different concentrations (in the melted ice at room temperature)

Numbers (1-4) relate these curves to data given in Table V. Essentially
similar results were obtained with single crystals (85). The dashed
vertical lines show the temperature range of Chai and Vogelhut's work
(24). Flattening in the high temperature region is similar to results of
Camp et al. (20) for very pure ice, not annealed, in the absence of sur-
face conduction and was attributed by these authors to the existence
of two conduction processes in series. Interpretation of the apparent
activation energies according to Grinicher, Steinemann, and Jaccar
is given in Table III. Samples were prepared with one or two HF
sandwich electrodes (85). Their number, concentrations, and time
(days) elapsed between sample preparation and first conductivity meas-
urement were as follows. Curve 1: one; 1 X 10-'M; 3.—Curve 2:
one; 1 X 1072M; 2.—Curve 3: two; 5 X 104M; one.—Curve 4: one;
5 X 10+M; 7.
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earlier in this paper, because they are effective rather than interface co-
efficients.) In their results, Levi et al. see evidence that the conductivity

of pure ice is one-half or one-third of that previously assumed (a view

shared by Camp et al., 20) and that the proton mobility is from one-fourth
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to one-ninth of Eigen and De Maeyer’s value, so that it becomes com-
parable in magnitude to the OH™ mobility.

In conclusion, reliable experimental data, or perhaps a completely
different approach, are needed to clarify the contradictory hypotheses
that have been formulated for NH,F ice. Above all, a quantitative theory
is needed that will explain both a.c. and d.c. measurements consistent
with the facts, as the theory by Grinicher et al. has done for HF ice.
Such an approach may be avaif;ble in Seidensticker’s model (138). By
assuming that NH,F exists in ice as isolated HF and NH; molecules, it

IO.5 B I T 1 T T T 1 L T T T T T ] T T 1 ]
B Co=25xI0*MKF j
i [HY =4x10°M(in the ice) d
“ External shunt
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0°F 10° .
e
—0 = -
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3
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5 -0 -23 -35 -46 -56 -65 -73 -8 -88
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Figure 23. Full line: temperature dependence of the conductivity of

KF ice grown with a shunt. (One sandwich electrode, prepared with 1 X

10*M HF. Sample stored four days at —20°C. before measurements.)

No appreciable aging effect after storage at —20°C. for more than 80
days between measurements

Dashed line: data for pure ice, after Jaccard (77). If Camp et al. (20) are

right, this represents mainlg surface conductivity, since the bulk conductivity

of pure ice, according to these authors, is nearly independent of temperature
within the range shown
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Figure 24. Temperature dependence and aging effects in

KF ice grown without shunt. Notice invariance of slope (ap-

parent activation energy). (One sandwich electrode, pre-

pared with 1 X 10*'M HF. Sample stored one day at
—20°C. before measurements)

arrives at the result that proton donors and acceptors are (nearly) com-
pensated. This would qualitatively account for the low conductivity.
The high solid solubility stems from the fact that in the case of com-
pensation there is no additional contribution from defect formation to the
free energy.

MisceLLanEous ImpuriTies. Iribarne et al. (75) and Levi and
Lubart (106) measured d.c. conductivities of ice doped with LiOH,
NaOH, NH,OH, LiF, NaF, LiCl, NaCl, KCl, RbCl, CsCl, and NH,Cl as a
function of concentration at —10°C. For the salts, they did not obtain a
clear concentration dependence of the conductivity. In any event, the
interpretation of such measurements is complicated by differential ion
incorporation, not taken into account by the authors. They did, however,
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assume different dissociation constants for the several ionic species, and
computed equilibrium concentrations. For NH,OH, they found a de-
pendence of conductivity on the square root of concentration, below
2 X 103M. NaOH ice showed the conductivity of pure ice below
1 X 103M. In ice containing low NH,OH concentrations, measurement
of the dielectric constant and of the conductivity as a function of fre-
quency yielded curves very similiar to those for pure ice; curves similar
to those for HF were obtained in highly doped NH,OH crystals. Inter-
pretation of these measurements is complicated by the presence of traces
of carbonates (unless the samples are grown and analyzed in a CO,-free
atmosphere) and by a high electrode contact resistance, as discussed in
the section on the ice/solution interface.

Table V. Impurity Concentrations and Activation Energies of the
Samples Shown in Figure 22.

Concentrations Activation
Average (moles per liter) energies (e.v.)
Curve freez. rate Str.-line Flat
No. (mm./min.) Mother Soln.  Melted Ice section section
1° 1.3 5% 10 1to2 X 10 0.32 0.24
2 1.5 1X 10 5 X 1076 0.26 0.26
3° 0.9 1X 108 2 X 1078 0.29 0.15
4 0.2 1 X107 5 X 108 0.31 0.06 or
0.21
Average energy: 0.29 = 0.03 0.16 = 0.10
or
0.21 £ 0.05

@ Stirred during freezing to prevent cloudiness and to ensure greater uniformity of
concentration.

Dielectric and conductivity measurements of NHs-doped ice were
discussed by Arias, Levi, and Lubart (1). They observed a dielectric
dispersion which, for all concentrations (2 X 10°M to 10'M), and tem-
peratures ( —10°C. to —40°C.) was qualitatively similar to that for pure
ice or ice of slight impurity content (Figure 18). The a.c. conductivity
curves also look like those of Figure 18. Above 103M the conductivity was
independent of concentration and about equal to the d.c. conductivity.
No specific expressions were given for the temperature and concentration
dependence. These results point to a role for NH; in ice quite different
from HF. Ionization appears to be much smaller in ice doped with the
former; or the difference is caused by the smaller mobility of hydroxide
ions as compared to hydrogen ions.

Seidensticker’s model (138) accounts for the d.c. and a.c. conduc-
tivity measurements on NH;-doped ice in terms of hybrid levels, that is,
levels where both Bjerrum (D) and ionic defects are present at the same
nitrogen site. If, further, the D defects associated with ammonia are only
slightly dissociated, the model predicts that both a.c. and d.c. conduc-
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tivities should exhibit a dependence on the square root of nitrogen con-
centration. This dependence is indeed suggested by the results of Arias
et al. (1) and Levi and Lubart (106), respectively.

Discordant Results. Chai and Vogelhut (24) observed an appar-
ently concentration-dependent change in the activation energy of d.c.
conduction in HF- and NH;-doped ice. They related this to the majority
carrier shift discussed above. They covered a very narrow temperature
range, thus introducing an element of considerable uncertainty (Figure
22). Their higher concentrations approach the solubility limit for HF in
ice. It is not clear if Chai and Vogelhut plotted conductivity vs. ice con-
centration or vs. mother solution concentration. Neither do they discuss
the concentration gradients in their samples. Their conductivity vs. con-
centration curves differ greatly from those of Steinemann (140) and of
G. W. Gross (Figure 20) for HF, and from those of Levi and Lubart
(106) for NH,OH. Chai and Vogelhut do not discuss these discrepancies.

Sources of Error in Electrical Measurements. This discussion mainly
concerns electrode effects, diffusion effects, and surface conductivity.

Nonpolarizing and low-resistance electrodes are extremely important.
The electrolytic discharge of hydrogen and oxygen at the electrodes gives
rise to troublesome polarization effects unless special precautions are
taken. Ingenious techniques have been proposed by different investi-
gators (9, 15, 46, 48, 49, 65, 67, 73, 77, 112). Krishnan, Young, and
Salomon (97) even constructed and investigated a reversible hydrogen
electrode in ice with fine platinum powder.

Sandwich electrodes minimize polarization effects and reduce the
electrode contact resistance by increasing the contact surface. Typically,
they may consist of a porous conductor saturated with a dilute HF solu-
tion or with the solution from which the sample was grown, frozen unto
the latter (65, 67, 77). They are particularly beneficial as anodes, which
suggests their role as proton sources. Grinicher et al. (61) explain the
depolarizing mechanism of these electrodes by a cancellation of two
space charges opposite in sign. At the same time, they state that the
“bulk of sandwich crystals is homogeneously crowded by defects which
were generated by the HF content of the electrode layers.” They con-
clude that this may explain the much higher conductivity and low acti-
vation energy of pure ice crystals prepared with such sandwich electrodes.
Kopp (92) found that the d.c. conductivity of such crystals increased
with time and (after 50 to 100 hours at —23°C.) reached a plateau.
The height of the plateau and time it took to reach depended on the
concentration of the HF-ice layer and the temperature. He measured the
HF content of slices of his samples. From these and nuclear magnetic
relaxation studies, Kopp (92) and Kopp, Barnaal, and Lowe (95) found
that the diffusion coefficient of HF in ice may be higher by as much as
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five orders of magnitude than the self-diffusion coefficient of HzO in ice,
measured for diffusion of 08, deuterium, and tritium in pure ice or in ice
doped with HF or NH,F (see Table VII). The results of Kopp et al.
may be affected by surface (as opposed to bulk) diffusion, but they raise
the definite possibility that the fluoride ion is much more mobile in the
ice lattice than had previously been assumed. If true, this would seri-
ously put in question many results based on measurements with HF
sandwich electrodes. G. W. Gross used HF sandwich electrodes with
doped samples over a wide concentration range (freezing solutions:
10M to 103M; electrodes: 10 to 100 times mother solution concentra-
tion). Effects clearly attributable to diffusion were not observed. Obvi-
ously, the role of fluoride-ion diffusion merits a most careful experimental
re-examination.

(Klinger (91) in his work on diffusion of HF in ice took precautions
to prevent surface effects. His numerical value for the diffusion constant
(Table VII) is only about one order of magnitude lower than Kopp’s.)

Proton donor electrodes consisting of platinized platinum in contact
with a thin layer of sulfuric acid or glycerol were used by Magnan and
Kahane (112) for d.c. measurements of pure ice at temperatures from
—80°C. to —120°C. and potential differences from 10 to 50 k.v. The
current through the samples was non-ohmic (space-charge limited proton
current). The effectiveness of these electrodes in preventing blocking
effects was not discussed.

Surface conductive effects in snow were investigated by Kopp (93)
who found that conductivity and activation energy were larger than ex-
pected from its ice content. Blicks, Egger, and Riehl (8) investigated
surface conductive effects in ice single crystals. They found a higher
concentration of impurities at the ice surface. Bullemer and Riehl (15)
found the same temperature dependence (8.5 kcal./mole) for the bulk
conductivity of pure and HF-doped ice.

Jaccard (81, 82) measured the surface conductivity of thin samples
of pure ice. He concluded from his measurements that in a surface layer
of at most 0.1 mm. thickness the d.c. conductivity is at least an order of
magnitude larger than in the bulk. This indicates perhaps that the
mobility, the charge carrier concentration, or both, are larger in this
surface layer than in the bulk.

Camp, Kiszenick, and Arnold (20) measured a.c. and d.c. conduc-
tivities of pure ice and concluded that the bulk conductivity may be
completely masked by the increased conductivity of a surface layer whose
thickness is also a function of temperature. This results in a fictitious
activation energy that is too high, in qualitative agreement with the find-
ings of Bullemer and Riehl. As a consequence, the conductivity of pure
ice may actually be orders of magnitude lower than the best values
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hitherto obtained (Table IV). G. W. Gross (unpublished results) has
observed that continuous application of constant d.c. voltages may result
in a progressive current increase that cannot be explained by Joule heat-
ing of the bulk but which becomes plausible if an appreciable fraction
of the current flows in a thin surface layer. (D.c. conductivity measure-
ments by G. W. Gross were generally made with rather high currents
(107°¢ to 107 amps.)
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Figure 25. Temperature dependence and reproducibility of conduc-
tivity of HCl ice. Upper curve: One sandwich electrode (1 X 10*M
HF); sample stored one day at —20°C. before measurements. Meas-
urements extended over three days. Lower curve: One sandwich elec-
trode (5 X 10*M HF); sample stored three days at —20°C. before
measurements. Measurements extended over niae days

According to Bullemer (personal communication), water electrodes
(47) make an almost ideal electrical connection to the ice surface but
are poor proton injectors into the bulk. Surface currents obtained with
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such electrodes are about 10 times those obtained with metal electrodes
(and these, in turn, are about 10 times the bulk currents). This explains
perhaps the high activation energies measured by Heinmets and Blum
(73) for pure ice.

Miscellaneous Investigations

Pruppacher [Z. Naturforsch. 22a, 895 (1967); J. Glaciology 6, 651
(1967); ]. Chem. Phys. 47 (5), 1807 (1967)] investigated the effect of
acids, bases, and salts on the growth rate and morphology of ice in super-
cooled solutions as a function of degree of supercooling and of concentra-
tion (10°M to 10"M). Special precautions were taken to limit the
number and size of solid particles introduced into the solutions with the
reagents. Drops varying from 0.5 to 2.0 c.c. in volume were used, or the
samples were contained in capillary tubes of 1.2 mm. internal diameter.
Pruppacher found that most impurities in concentrations higher than
103M caused a decrease in the growth rate relative to that in pure water.
The fluorides, however, caused an increase in the freezing rate for a given
degree of supercooling. Growth rates were of the order of centimeters
per second. The growth morphology (dendrites) was primarily deter-
mined (a) by the degree of supercooling, (b) by the impurity concen-
tration. The dendritic splitting angle was the most important morphologic
element measured. The reduction of the freezing rate in solutions stronger
than 103M was explained by the initial reduction of the amount of super-
cooling induced at the interface by the rejected impurities—i.e., by a
reduced rate of dissipation of latent heat because of a lowering of the
freezing point). The reduction of the freezing rate is, therefore, in part,
a function of the diffusion coefficients of the impurity ions in the liquid
phase. Furthermore, a correlation was found to exist between the amount
a given ion pair depresses the equilibrium freezing point and the freezing-
rate reduction caused by the same ion pair in supercooled solutions. This
specific effect was interpreted in terms of the structure-breaking and
hydrating properties of the ions. The increased freezing rate in fluoride
solutions remains unexplained.

Both twinning and a stepped-growth mechanism have been proposed
to explain the effect of degree of supercooling and of soluble impurities
on the dendrite morphology. In the latter mechanism, the ratio between
step height and distance between steps is affected—i.e., the ratio of
growth velocities parallel and perpendicular to the c-axis direction.
Pruppacher points out that neither of the two explanations is satisfactory.
He concludes that in aqueous solutions the rate of advance in the c-axis
direction is reduced more strongly than that in the basal plane.
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Table VI. A.c. Measurements on NH, F Ice

E-E _E
a )P kT

E: activation energy of dipole rotation in NH,F ice (1.7-5.7 kcal./mole)
E’: activation energy of dipole rotation in pure ice (13.2 kcal./mole)
a: 550 cal.

Temperature range: ~ —5°C. to ~ —45°C.

(2) Camp (18): L = 3.3 X 1015 exp. (—E'/kT) + 1.9 X 10% exp. (—E/kT)

r
E = 0.6 kcal. /mole (0.026 e.v.)
E’'=13.5 kcal./mole (0.59 e.v.)
Temperature range: ~ —5°C. to ~ —45°C.
(3) Dengel et al. (39): - =1.89 X 10% exp. (—E'/kT)

T
E’ = 13.2 kcal. /mole (0.57 e.v.)
Temperature range: —10°C. to —14°C.

(1) Brill and Camp (11): l=101‘5exp.(
T

Mechanical Relaxation. Mechanical relaxation in pure and doped
ice was investigated experimentally (136) and theoretically (4). Re-
laxation occurs in the frequency range of the dielectric Debye dispersion,
but the variation in the measured quantity (logarithmic decrement) is
only about 1/100 of that for dielectric measurements, The relaxation time,

7, is given by
1 0.58 e.v.
= 15 — e
- 3X10 [exp( kT )],

identical, within experimental uncertainty, with the dielectric Debye re-
laxation time (Table III). This led to the conclusion that both dielectric
and mechanical relaxation result from the same process, that is, a reorien-
tation of water molecules (142). Diffusion of lattice defects is rate-
determining. The introduction of suitable impurities into the lattice
should facilitate the relaxation process and reduce the activation energy
of the mechanical relaxation time. Walz and Magun (155) found that
this is indeed true for ammonium-fluoride ice. In analogy with the di-
electric studies by Camp (18), they found that at low temperatures, the
activation energy is low (2.3 kcal./mole or 0.1 e.v.; process controlled by
impurities ), changing to 13.4 kcal./mole (0.58 e.v.) at high temperatures
(intrinsic range). The reciprocal relaxation time

1 « [NH,F]2,
.
For ice doped with HF, Schulz (137) found

1 o [uFys.
.
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The activation energy of 6.8 kcal./mole (0.3 e.v.) is again similar to the
dielectric case. A transition to intrinsic defect control at higher temper-
atures was not observed.

In HF doped ice, Kopp (personal communication) found exponents
of 0.4 and 0.6 for the concentration dependence of the dielectric relaxation
and of the nuclear magnetic relaxation, respectively. He suggests that the
mass-action law does not hold for the relaxations.

Steinemann (140) found that, at a given temperature, the dielectric
relaxation time was inversely proportional to the HF concentration if the
concentration was high, and inversely proportional to the square root of
the concentration if it was lower. (The relations are listed in Table III.)
Thus, the concentration dependence of the dielectric relaxation time does
not follow a simple law. The formulation depends on the assumptions
one makes about the nature of the relaxation process or processes (ion
translation or molecular rotation), carrier concentration and dissociation,
and the energies involved.

Optical Production of Defects. Theoretically, this is a means to
change defect concentrations without introducing impurities or changing
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Fzgure 26. Conductivity at —15°C. and highest value of the freezing poten-

tial as a lfunction of concentration (melted ice, room temperature) for ice grown

from dilute ammonium-fluoride solutions. Curve of HF ice for comparison

(67). The ammonium-fluoride samples were prepared in pairs, with one

sandwich electrode made from 5 X 10-*M HF, and stored from two to 27 days

at —20°C. before measurements. No effects of diffusion Jrom sandwich elec-
trodes into the samples were observe
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the temperature. Thus, it would allow independent checks on some of the
parameters derived from electrical measurements. Camp (18) observed
that irradiation of ice with certain wave lengths increased the a.c. and
d.c. conductivities. Camp and Spears (21) made further experiments to
ascertain whether the effect was caused by production of defects by
photon interaction with water molecules or to thermal absorption and
dissociation. Both processes appeared to occur in the same region of the
spectrum (0.8 to 2.7 ). The authors concluded that heating is limited
to a thin surface layer of the sample and masks genuine optical responses
that may exist.

Hall-Effect Measurements. Bullemer and Riehl (16) made these
measurements. The experimental difficulties are great because of high
electrode resistance, polarization effects, surface conductivity, and a low
signal-to-noise ratio. Special palladium-black electrodes were used. The
majority carriers were found to have a positive sign, as they should if
they are protons. At —2°C. and —8°C., respectively, their concentration
was 1.0 and 0.4 X 10 cm.”, and the Hall mobility was 0.8 and 1.4
cm.2/volt-sec. These values are 10 to 20 times lower and higher, respec-
tively, than the results found by Eigen and De Maeyer from the saturation
current and dissociation field effect (Table IV).

Rectifying Ice “p,n® Junctions. These were constructed by Eigen
and De Maeyer (46). They placed in contact an HF ice, acting as a
proton donor, and an acceptor made of LiOH or NH,OH ice. Special
protonic electrodes consisting of semipermeable membranes, acid and
alkaline solutions respectively, and reversible electrodes were used. No
details have been published.

Thermoelectric Effects in Ice. This type of effect was mentioned
earlier in connection with Group III solutes and with contact electrifi-
cation. Latham and Mason (102) proposed a theory in which the roles
of Bjerrum defects and of electrode contact potentials were neglected.
In pure ice, they found the thermoelectric potential given by: V = 2AT
mv. They found that adding HCI increased and NaCl decreased the
charge separation with respect to that for pure water. Jaccard (78)
derived an expression for the thermoelectric potential difference per
degree of temperature difference (thermoelectric power) as a function
of mobility ratios of the defects (ion and valence defects, respectively),
their concentrations, their energies of formation and diffusion, and their
effective charge. Latham (101) reported that the thermoelectric poten-
tial in pure ice was greater than predicted by the theory if the specimen
was at temperatures above —7°C. He ascribed this to increased charge
transfer in a surface layer having a larger variation of conductivity with
temperature than the bulk ice. Non-uniformity of temperature gradients
also increased the charge transfer (100). Bryant and Fletcher (14)
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Figure 27. Ratio of the conductivities of doped ice (g) to

pure ice (g,) as a function of the concentration ratio of fluoride

ion to ammonium ion (in the ice). The conductivity ratio is a

minimum when the concentration ratio is close to one. After
Levi, Milman, and Suraski (108)

experimentally determined the thermoelectric power of ice doped with
HF and NHj, respectively. Their work qualitatively confirmed Jaccard’s
theory. The thermoelectric power is concentration-dependent. The
potential sign is opposite for NH; as compared with HF ice. This appears
to confirm the concept that NH; and HF act as acceptors and donors,
respectively, of hydrogen ions. The authors qualitatively corrected for
the electrode contact potentials by comparing results obtained with brass
and palladium electrodes.

Brownscombe and Mason [Phil. Mag. 14, 1037 (1966)] used an
electrodeless induction method to determine the thermoelectric power of
pure ice. The data are strongly scattered but, in the mean, lead to results
comparable with those of Latham and Mason (102). Measurements on
ice doped with HF and NH; showed fair agreement with values computed
from Jaccard’s theory (78).

The thermoelectric effect, in theory, is still another method for inves-
tigating the effects of impurities on the ice structure, and of determining
experimental parameters, such as effective charge and mobility ratios.
Since the potentials generated are of similar magnitude to electrode con-
tact potentials, the interpretation is difficult.
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Table VII. Diffusion in Ice

Diffusion
Diffusing Constant Temp. Activation Energy
Species (em.2 /sec.) (°c.) kcal./mole  e.v. Ref.
HF ~10711 -10 — — (140)
HF ~1011 -10 — — (92)
or
~10-8°
~10¢ -8
HF - _30} 138 06 (94)
HF 8 X 108 -13 — — (91)
~5 X 107
NH,F and _ge“ff‘f‘zo} — — (11)
~5 X 108 an
018 H2 ~10710 -18 — — (98)
o8 5 X 1011 —-20 — — (89)
o1 1.6 X 1011 —14.4 15.7 0.68 (35)
2 X 101 -7
HS R _33} 135 059 (38
H3 2.8 X 1011 -10 15.4 0.67 (76)
H3® ~2 X 10711 -10 14.5 0.63 (7)
H3° ~2 X 1011 -10 14.5 0.63 (37)

* Depending on method of evaluation, Kopp et al. (95) found that diffusion into a
piece of pure ice from one containing a high HF concentration, in intimate contact
with the former (diffusion couple), is limited by a “filter effect.” This means that,
regardless of actual concentration, only a limiting concentration of 1.4 X 103M can
be admitted to the pure ice. If this filter effect is not taken into account, the com-
puted diffusion coefficients will be too low by orders of magnitude.

® In pure and HF ice.
¢In NH4F ice.

Summary and Conclusions

Charge separation processes at the ice/water phase boundary are
primarily attributed to the incorporation into the ice lattice of certain
impurity ions in preference to others. An electrical double layer at the
interface consists of a deep zone of frozen-in charge on the solid side and
a diffuse layer of counterions on the liquid side. Hydrogen and hydroxide
ions provide the neutralization current, their availability determining the
interface resistance. According to the characteristics of the ion and
charge transfer reactions, inorganic ionic solutes may be divided into
three groups: (I) Alkali halides plus ammonium fluoride; negative ions
are preferentially incorporated into the ice; freezing potentials are
strongly dependent on concentration and freezing rate; an external shunt
intensifies the charge transfer. (II) Certain ammonium and lead salts;
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positive ions are preferentially incorporated into the ice, but their num-
ber is always small; freezing potentials are high; charge transfer is always
small. (III) Halogen acids, alkali hydroxides, and ammonium hydroxide;
no charge separation takes place; incorporation for the acids decreases
from the hydrofluoric to the iodic.

Differential ion transfer across the phase boundary is manifest in
small differences of distribution coefficients for the species of an ion pair.
The distribution coefficient for a given ion depends also on the other ionic
species present in solution and their concentrations. The apparent
distribution coefficients, determined from experiment, depend on both
freezing rate and concentration. Differential diffusion appears to play
only a secondary role. The apparent distribution coefficients for potas-
sium and cesium fluoride are higher than those for HF solutions of the
same concentration. They appear to increase with concentration while
those for HF decrease. The increase is perhaps explained by the forma-
tion of regions of higher concentration at cell or grain boundaries, or it
may be related to the possibility that most cations enter the ice lattice
interstitially rather than substitutionally. The interpretation of solute dis-
tribution curves in ice is difficult.

Impurities tend to concentrate at the boundary between ice and
container. Within the solid, their distribution depends on the shape of
the ice/water interface and on its surface structure (cells, dendrites, con-
stitutional super-cooling).

The crystallographic c/a ratio of ice doped with HF and NH,F is
slightly shortened. This confirms the concept of substitutional emplace-
ment of these impurity molecules. A hexagonal microstructure, which
develops as a consequence either of crystallization stress or of aging, is
relieved in highly doped crystals.

Electrical measurements of ice are difficult to interpret because of
polarization effects, surface conductivity, injection of defects and/or
impurity atoms from sandwich electrodes, diffusion effects, differential
ion incorporation, and concentration gradients due to nonsteady state
impurity distribution. Theories formulated for pure ice and for ice doped
with HF (KF and CsF) in terms of ion states and valence defects, quali-
tatively account for experimental data, although the problem of the
majority and minority carriers in doped ice, as a function of concentration
and temperature, requires further examination. The measurements on
ice prepared from ionic solutes other than HF, KF, and CsF are largely
unexplained. An alternative approach that treats ice as a protonic semi-
conductor accounts for results obtained for both the before-named im-
purities as well as ammonia and ammonium fluoride.
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Aluminum Species in Water

JOHN D. HEM
U. S. Geological Survey, Menlo Park, Calif.

Polymeric species of aluminum and hydroxide formed in
0.0IM NaClO, solutions 10733M in aluminum after adding
sufficient OH to reach pH 4.75 - 6.50 were identified by elec-
tron microscopy as gibbsite. The particles had diameters
near 0.10n. after 10 days of aging, when the molar ratio of
bound OH /total Al (r) was between 2.0 and 3.0. The amount
of OH in bridging positions in the polymer structure was de-
termined by the kinetics of dissolution of the polymer in
acid. When r exceeded 3 the precipitate formed was bayer-
ite. Standard free energy values determined, in kcal. per
mole, include: AIOH?*, —165.2; Al(OH),”, —311.7; A{OH);
(microcrystalline gibbsite), —272.3; Al(OH); (bayerite),
—274.0. Many natural waters contain enough fluoride that
predominant aluminum solutes are fluoride complexes.

Although it is the most abundant of the metallic elements in the outer
crust of the earth, aluminum usually occurs in natural waters in
concentrations below 100 micrograms per liter. High concentrations
occur rarely and usually are associated with water having a low pH. The
chemical properties of aluminum which control its behavior in water
have been studied extensively. This paper is based on current research
by the U.S. Geological Survey and on published literature. The principal
topics considered here are the processes by which aluminum combines
with hydroxide ions to form complexes and polymers, the influence of
these processes on solubility of aluminum and the forms of dissolved
species to be expected in natural water, and the relative importance of
fluoride and sulfate complexes of aluminum. The experimental work is
briefly summarized here. Details are published elsewhere (6).

Structure of Aluminum Solute Complexes

The structural patterns described here for aluminum species in water
are based on evidence obtained in our experiments as well as on data

98
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reported by others. The discussion of structure precedes the presenta-
tion of experimental results, however, in order to provide a logical frame-
work for interpretation of these results.

The O2 ion, the OH" ion and the water molecule have similar radii
and are of the correct size so that one may expect the dissolved aluminum
to be six-coordinated with water molecules. The form Al(HO)¢% is
generally agreed to predominate in acidic solutions. Figure 1 is a sche-
matic representation of the Al(H,O):* ion. The ionic dimensions are
not drawn to scale.

Figure 1. Schematic representation of aquo-
aluminum ion Al(H,0)s*

When the pH of the solution is raised, the first step is the loss of one
H' to give the unit AIOH(H,0);>. This ion has the same octahedral
structure as that in Figure 1, but the distance between the aluminum and
the hydroxide ion is slightly less than the Al-H.O distance. This mon-
omeric complex ion has been reported by many workers. In our experi-
ments, and in the work of others, however, these monomeric ions showed
a strong tendency to polymerize into larger units. The basis of the
polymerization process is the formation of a double OH bridge between
adjacent aluminum ions (8, 16).

Figure 2 shows a dimeric Al,(OH).(H.O)s* ion which is the
simplest species that contains the double OH bridge. The dimer was
described by Johansson (10). Larger structural units may evolve owing
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to the formation of more double OH bridges (8). The polymerization
tendency, or the tendency for these double OH bridges to be formed, is
increased by increased availability of hydroxide ions and increased con-
centration of aluminum, but polymerization into large units is a relatively
slow process at 25°C. Our results show that it may require ten days or
more for the particles to reach a diameter of 0.104, and Hsu (9) has re-
ported aging times of six months to a year were required before some of
his solutions became turbid. The diameters of aluminum hydroxide par-
ticles in the turbid solutions were not reported, but must have been sub-
stantially more than 0.10.

Figure 2. Schematic representation of dimeric ion Aly(OH),(H,0)s**

In a solution containing only the monomeric and dimeric ions the
molar ratio of bound OH to aluminum cannot exceed 1.0. As the molar
ratio (r) increases above 1.0 further deprotonation of the aluminum
species must occur, causing OH ions to appear at vertices of the octa-
hedra. These constitute sites for polymerization to give larger units.
Figure 3 shows how three dimers can join to form a branched chain
structure by sharing edges B-D with A’~C’; and B’-D’ with A”-C”.
The pattern in which the polymerization can occur appears from our
work to be restricted by the requirement that an aluminum ion can par-
ticipate in only one double OH bridge in the same plane. Although no
calculations of orbital configurations were made in this study, the
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Figure 3. Three dimeric ions which may unite to form branched chain
Ali(OH),o(H,0)s*

polymer was shown to evolve into gibbsite. In the gibbsite crystal lattice
the aluminum ions each participate in three double OH bridges, and
three planes are defined by the central aluminum ion and the two OH
ions of each bridge. Because of the geometric requirement, as polymer-
ization proceeds, a network of branched chains of octahedra is formed
and the structure ultimately becomes a sheet of coalesced six-membered
rings. Figure 4 depicts a single ring structure with the formula
Alg(OH);2(H20)12%. A solution containing no structures larger than
this would have an r of 2.0 or less. Larger structures such as that in
Figure 5 are required if r exceeds 2.0. In Figure 5 there are three
complete rings and two additional octahedra, giving the formula
Alg(OH )36(H20)24!%". The value of r in this unit is 2.25. The sheet
structures can increase in size by adding more octahedra around the
edges. In the structure of gibbsite, the sheets are stacked one above the
other, in an open packing arrangement (10).

The aluminum-hydroxide structures shown in Figures 2-5 utilize
only the minimum amount of hydroxide required to hold the units to-
gether. This is equivalent to assuming that the polymerization tendency
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Figure 4. Six-membered ring
Al(OH),o(H;0),,°

Figure 5. Sheet structural pattern. Composition of unit shown
Al14(OH);(H,,0),,'**

is so strong that coordinated hydroxide only occurs in bridging, or struc-
tural, positions, except in the monomer AIOH(H.0);?*. Figure 6 shows
the molar ratio of structural OH to aluminum required in various sizes
of chain, double chain, and sheet structures. If the bound OH occupies
only structural positions, the higher values of r require large units.
Smaller structural units than those specified by Figure 6 could exist at
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values of r above 2, if some of the bound OH were assigned to nonstruc-
tural positions.

In several of the studies of aqueous chemistry of aluminum that have
been made since about 1950, polynuclear complexing mechanisms have
been proposed to identify and describe the dissolved aluminum hydroxide
complex species (3, 10, 11). The formulae proposed have generally been
based on stoichiometric considerations and pH measurements assuming
the polynuclear species were ionic, and that equilibrium was attained.
The complex ions reported by Hsu and Bates (8) were single six-mem-
bered rings Alg(OH );2* or multiples of this unit. Johansson (10) iden-
tified a structural unit containing 13 aluminum and 40 oxygen atoms with
various numbers of protons in crystalline basic aluminum sulfate. Be-
cause this solid formed readily, the same structural unit of aluminum
was proposed as a solute species. Most of the proposed formulae for
polynuclear complexes, however, have not been derived from structural
considerations.

It is of interest to apply to some of the proposed polynuclear com-
plex formulae the structural pattern outlined here. For example, Kent-
tamaa (11) reported the species Al,(OH)10?". This would have to be a
chain structure. either straight or branched in which no more than six
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Figure 6. Calculated mole ratio of structural hydroxide to aluminum for three
structural patterns: A—chain, B—double chain, C—sheet polymer
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of the OH groups could be utilized in bridging positions. The remaining
four OH groups would have to be present in external positions, each one
tied to one aluminum ion rather than to two. Such a structure cannot be
ruled out as impossible, although in view of the polymerization tendency
of the aluminum hydroxide units, rather special conditions would prob-
ably be necessary to hold the chain length down to four aluminum ions.

The value of r in a solution containing only Al;(OH),0* ions would
be 2.5. Of the total bound OH, 60% would be held in the double OH
bridges and 40% would be nonbridging. The bridging OH is obviously
more firmly held in the structure of the aluminum hydroxide species than
is the nonbridging OH held at the edges of the units. For this reason
one would expect bridging OH to react differently from the nonbridging
OH when such structures are attacked chemically. A major part of the
laboratory studies described here has been concerned with means for
differentiating between bridging and nonbridging hydroxide in the
various complexes and polymers of aluminum and hydroxide.

Experimental Studies

The laboratory studies were designed to examine in detail the com-
position of aluminum species in dilute solutions having values of r be-
tween 0.5 and 4.0, after various periods of aging. The behavior of OH
bound to aluminum was examined by kinetic methods, precipitated
solids were identified by the electron microscope and x-ray diffractometer,
and equilibrium solubilities were calculated for stable and metastable
aluminum hydroxides.

The initial solutions contained aluminum perchlorate at concentra-
tions of 10734 or 1033¢M. They were maintained at constant total alumi-
num concentration and at an ionic strength of 0.01, and dilute sodium
hydroxide was added slowly to each to attain the desired value of bound
OH. The solutions were then aged in a CO,-free atmosphere at 25°C. in
polyethylene bottles.

Solutions 103-3*M in aluminum in which r was between 0.5 and 1.0
reached a pH near 45 and maintained this pH with practically no
change for as long as 12 months. Where r was getween 1.0 and 2.0, the
initial pH was generally between 4.5 and 4.75 but decreased slowly on
aging and did not stabilize until several months had passed. Where r was
between 2.0 and 3.0, the initial pH ranged up to about 6.5, but decreased
rather rapidly for the first few days and then more slowly. Most of the
pH change, however, usually took place within the first ten to 14 days.
The downward shift in pH was probably caused by release of protons
during the polymerization process. The downward drift of pH was much
less noticeable in solutions containing 1034 moles per liter of aluminum.

Determinations of aluminum were made by a complexing procedure
using ferron (14). After 1073-3*M aluminum solutions had been aged for
ten days, however, the aluminum in some of them became difficult to
determine by this procedure. A similar effect was reported by Hsu (7).
The solutions showing the effect most strongly were those where r was



Published on June 1, 1968 on http://pubs.acs.org | doi: 10.1021/ba-1968-0073.ch004

4. HEM Aluminum Species 105

between 2.0 and 3.0. The solutions had no visible opalescence, but when
they were filtered through plastic membrane (Millipore) filters with 0.10
micron pores, a considerable part of the aluminum was removed (Figure
7). The material on the filters was identified by x-ray diffraction as
gibbsite. Electron micrographs of this material (Figure 8) showed
hexagonal crystals mostly with diameters near 0.10 micron, although
some smaller particles also were present. Crystalline material in this
size range does not seem to have been looked for by other investigators
of aluminum chemistry.
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Figure 7. Percentage of aluminum ion aged solutions passing filter with
0.10, pores as a function of mole ratio of OH ggynq to total aluminum

The rate at which the polymerized material was attacked by acid
was systematically observed. Aliquots of unfiltered aged solutions with r
values ranging from 1.0 to 3.0 were acidified by addition of perchloric
acid and maintained at a constant pH for periods of two to eight hours
by continued addition of acid using a Radiometer automatic titrator. The
rate at which acid was consumed in these aliquots was a measure of the
rate at which the polymeric structure was destroyed by reaction of the
bound OH with H".
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Figure 8. Electron micrograph of polymerized alumi-
num hydroxide particles (microcrystalline gibbsite)

The results of two titrations are given in Figure 9, which is a plot of
the log of the concentration of unreacted bound OH against time. The
upper set of points were observed in titrating at pH 2.88 and 25.0°C. a
solution with r — 2.99, after 24 hours of aging. The bound OH in this
solution does not all have the same kinetic behavior but consists of a fast-
reacting portion, used up in the first 40 minutes, and a more slowly re-
acting fraction which persisted after that time.

The second set of points represented by X’s are for a second aliquot
of the same solution, titrated at the same pH after four days of aging.
The points which define the straight lines A and B represent the behavior
of the slowly reacting fraction of the bound OH. When these rates are
extrapolated to zero time, the intercept gives the initial concentration of
this part of the bound OH. The remainder of the total bound OH is the
fast reacting fraction. The first order rate constant for the four-day aged
material was 1.3 X 107 sec.”’. A rate about twice as fast is indicated for
the one-day aged material, but the data are not fully conclusive because
some of the faster reacting material could still have been present in the
latter part of the titration. In any event, however, the kinetic approach
provides a means of distinguishing between the bridging or structural
OH and the nonbridging OH ions which are bound to aluminum.

More than 30 of these rate studies were made, using the same tem-
perature but different pH’s, and using solutions with longer aging times
and having different r values. Some of these solutions were known to
contain only the microcrystalline gibbsite shown in Figure 8, and these
contained almost no fast reacting bound OH. The slowly reacting bound
OH in these solutions must have been present in bridging positions. In
eight of nine experiments where more than a few days of aging had
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occurred and where some microcrystalline gibbsite was known to be
present, the rate constant for the structural fraction of the bound OH at
pH 2.88 was between 1.2 X 107 and 2.0 X 107 sec.™. In the ninth experi-
ment, material aged 11 days (r — 3.00) gave a rate constant of 0.8 X 107
sec.’. In all the nine solutions, 8% or more of the bound OH was
structural.

In aged solutions where r was near or below 1.0, no structural OH
was found.
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Figure 9. Rate of reaction of bound OH with acid, pH — 2.88, tem-
perature 25.0°C. A—after one day aging; B—after four days aging.
°OHy = concentration of unreacted bound OH

These results and others for other titration pH’s gave a set of values
for concentration of nonstructural OH, and bridging OH. The total
aluminum and total bound OH in these solutions were known from their
original composition when they were made up. The pH was measured
and the ionic strength was 0.01. From these data it is possible to calcu-
late the solubility of microcrystalline gibbsite, and the stability of the
monomer AIOH(H;0)s?* and the standard free energies of formation
derived from these results are given in Table I. The calculations were
based on two assumptions:

1. All nonstructural OH is present as the monomer AIO<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>