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The ionic exchange properties of bone mineral, as represented by a sample of hydroxy apatite, have beeu studied nnder a

variety of conditions using radiophosphate and radiocalcium as tracers.

The time course of the over-all exchange process

appears to occur in a series of steps corresponding to the physical location of the exchangeable phosphate groups in the crys-
tals themselves, 7.e., the hydration shell, the lattice surface and interior lattice positions.

Many of the chemical and physiological proper-
ties of bone have been attributed recently to the
surface chemistry of the inineral crystals of bone.?
Thus far, the principal contributions in the devel-
opment of this field have been derived from the
study of the ionic exchange of the crystal surfaces
of bone preparations with the aid of isotopes.?—S
Unfortunately, the methods used?a® have been te-
dious and lacked the precision required to elucidate
the actual mechanisms involved.

An apparatus recently described by Schweitzer
and Nehls’ has been applied to a comnprehensive
study of the exchange process with hydroxy apa-
tite—the prototype 1nineral of bone.? The results
permit a kinetic analvsis which confirms and ex-
tends earlier studies of Kolthoff and collaborators’
of the surface chemistry of a number of inorganic
precipitates.

Materials.—While the bone mineral shows con-
siderable variation in composition, it alwayvs exhib-
its the X-ray diffraction pattern of hvdroxy apa-
tite.? To eliminate possible variations, a single,
well-characterized? preparation of commercial
hydroxy apatite was utilized for these studies. In
some instances, as designated, another apatite was
also investigated for comparison. Both apatite
preparations have been characterized by X-ray
diffraction and have been carefully analvzed.!

The apparatus employed in these studics was
like that of Schweitzer and Nehls? except for a spe-
cial sampling device.!* This sampling device which
1s operated by a pressure reduction afforded by
cither a mercury leveling bulb or a 50 ml. svringe
deserves detailed attention. It has receutly been
shown that basic calcium phosphates and, thus,
presumably, bone crystals show a marked tendency
to form colloidal suspensions.'? Some fite, sin-
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tered-glass filters gave a good separation of the solid
from the solution; however, other filters of the
same type proved unsatisfactory. Itisnecessary to
determine the proper filter by comparing the fil-
trate with supernatant solutions of an equivalent
sample centrifuged at 80,000 X gravity, a separat-
ing force which insures the removal of all suspended
particles.'? A fine filter of nominal maximum pore
size of 5 u has been found quite satisfactory, while
a filter having pores of 14 u gave inconsistent re-
sults.

Experimental

Procedure.—To 700 ml. of a test solution (for most prr-
poses a potassium phosphate~calcium chloride solution con-
taining 5 ug. of P and 10 ug. of Ca per mli. which has been
adjusted to pH 7.2 by the addition of NH,OH has been found
to be optimal) is added one gram of the apatite or bone prepa-
ration to be studied. The crystal suspension is stirred for at
least 24 hours to attain solubility equilibrinm. Then, 1 ml.
of carrier-free radio phosphate (P32) solution is added.
In some instances high specific activity Ca% was used in-
stead. The level of radioactivity is previously adjusted
it this aliquot to give on final dilution approximately 1000
counts per min. per mi. in the suspension liquid. Because
the exchange reaction is very rapid, it is necessary to de-
termine the initial level of radioactivity by a separate dilu-
tion of an identical aliquot of P32 to 700 ml. with the buffer
solution containing no crystals. In these experiments, the
radioactive P32 was assayved using l-ml. aliquots and a thin
utica-wwindow G-M counting tube equipped with a commer-
cial scaler. Ca* was determined similarly by drying 0.1-
nl. aliquots on aluminuin foils to iucreasc counting effi-
ciency.

The course of the exchange is followed by periodic re-
movals of one-ml. samples of filtrate through the sampling
tube. Each sample is then assayed for radioactivity. A
final large portion of filtrate is removed to provide for the
accurate analvsis of total concentrations of caleium and
phosphate at the solubility equilibrium.!? These aliquots
were analvzed for phosphate by the mnethod of Fiske and
SubbaRow!3 and for caleium by a titration with disodium
cthylenediamine tetraacetate. !

The Kinetics of the Exchange Process

The Surface Hypothesis.—It is helpful to cou-
sider other known facts concerning the hydroxy
apatite solution system in relation to the data to be
obtained by this approach. In an aqueous me-
dium, the crystals possess a hydration layer con-
taining exchangeable ions®™ and the crystals them-
selves possess a net positive charge.®’® While
many details are lacking, the system may be repre-
sented schematically as in Fig. 1 where it is seen
that an exchangeable ion may occupy a number of
positions: (1) in the bulk solution; (2) in the
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hydration layer; (3) in the crystal surface; (4),
(5), (8)—and a number of positions in the lattice
interior.

AQUEOCUS PHASE
A

INTERIOR SURFACE -~

() {0)

~— / HYDRATION BULK
UTION
GRYSTAL SHELL SOL o]

Fig. 1.—A schematic representation of a cross-section of the
crystal:solution interface,

With no foreknowledge of the subject, one might
reasonably expect that an exchange of ions between
(1) and (2) would be a fast diffusion, between (2)
and (3) might be a slower process and interchanges
within the crystals definitely would occur even more
slowly. It seemed possible, therefore, that the
rates of exchange between these ‘“‘compartments”
would be sufficiently different to permit separate
kinetic analyses, even though all steps of the ex-
change are interrelated.

As expected, the disappearance of radiophos-
phate and radiocalcium from solution appears to
have taken place in a series of separate and distinct
steps. This was not readily evident from an exam-
ination of a plot of solution activity against time.
When, however, the log of the solution activity
(counts/min./ml.) was plotted vs. time, there could
be seen a series of lines of progressively decreasing
slope (Fig. 2). Due to the speed of the early por-
tions of this exchange reaction, the first portion of
the curve can only be approximated. This can read-
ily be understood when it is noted that, in many
cases, the extent of the exchange at two minutes is
nearly one-half that at four hours.

In the course of these studies the steps of the re-
action have been numbered consecutively with that
portion of the exchange of phosphorus, and the cor-
responding step in the calcium exchange, which
occurs between roughly oune and six hours, being
step II. All that precedes this is noted as step I.
Steps IT and III which have rates applicable to a
kinetic study are the portions of the exchange re-
action to be considered in these investigations.

In deriving a rate expression to describe this
process it is necessary to remember that an ex-
change reaction is reversible. It has been pointed
out that isotopic exchanges follow first-order kinet-
ics regardless of the mechanism or of the order of
the individual reactions with respect to the actual
chemical constituents.’® Thus the net rate equa-
tion is dx/d¢ = R[(ay — bx)/ab] in which a is the
number of exchangeable phosphate ions in the
solid, & is the number of exchangeable phosphate
ions in the solution, x is the number of labeled phos-
phate ions in the solid, y is the number of labeled
phosphate ions in the solution, and R is the gross rate
exchange.!® But since

Y — Yo = Xe — X

(16) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism’’

John Wiley and Sons, Inc., New York, N. Y., 1953, p. 179.
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Fig. 2.—Data illustrating that the over-all exchange proc-
ess occurs as a series of reactions exhibiting first order
kinetics.

and
%e/Ye = a/b

in which the subscript e represents equilibrium
values

dx/dt = (R/ab)[(a + b)(xe — x)]
This integrates into

In[2e/(xe — )] = (R/ab)(a + )t
or

logi (y — %e) = —Kt -+ In =,

where X is a constant equal to [R{a + 5)/2.3 ab].

This rate equation applies only to a single proc-
ess, whereas in the present instance, there are at
least three separate reactions occurring simulta-
neously. If it is assumed that the reactions exhibit
widely different rates of reaction and therefore, for
practical purposes, the specific activity of the solu-
tion, SAtution, = SAnydration sheit inl the analysis of
step IT and SAscution = SAhydration shett = SAsurface
in the analysis of step I1I, it is permissible to apply
the equation to the separate portions of the over-all
curve.

Thus, a plot of the log of the solution activity
of isotope in solution (proportional to y) vs. time,
as in Fig. 2, would give a curve comprised of at
least three approximately linear portions provided
Ye ts negligible with respect to y in each case. Actu-
ally, y. was not negligible (20-309, of v in step II
and approximately 109 of y in step III) but the
curvature to be expected was within experimental
error. Because of the uncertainties in this kinetic
analysis, no quantitative inferences are drawn from
the data; only qualitative interpretations could be
made.

In the subsequent discussion, the negative of the
slope, taken from a semi-logarithmic plot of the
course of the reaction, is referred to as the “K
value.”

Effect of Ionic Strength.—In Fig. 3 are plotted
the variations in K values for steps II and III
when ionic strength was varied by additions of
KCI to the buffer solution. The data from both
steps II and III are consistent with the Brgnsted
equation

logk = B + Z.Zuv/1
where % is the specific rate constant, B is a complex
constant, u is the ionic strength and Z,Z, is the
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Fig. 3.—The effect of lonic strength on the K values of steps
II and III.

product of the ionic charge of the reactants. Step
IT is markedly affected by ionic strength. Step III
is independent of ionic strength, a fact from which
it may be concluded that the reactants are out of
solution and within the crystal surface since the
product, Z.Zy, is not likely to be zero in this case.
This conclusion is valid regardless of the complexi-
ties involved in the evaluation of the K value.

In these terms, the most reasonable interpreta-
tion of the data given above and subsequently is
that

Step (1) <— (2);
Step II represents the reaction (2) <— (3);
Step III, ef seq., represent the reactions (3) <—> (4) et seq.

1 represents the reaction

as depicted in Fig. 1.

Effect of Temperature.—As shown later, there is
reason to believe that the rate limiting step in step
II of the exchange reaction is the ‘“diffusion” or
“escape’’ of the phosphate ion from the crystal
surface to the hydration shell against a potential
gradient imposed by the positive charge on the
crystal. The K values for both steps IT and I1I were
determined at various temperatures; the resulting
data were plotted in Fig. 4 in terms of the Arrhen-
ius equation.”” The curve for step II down to 12°
was approximately linear. The sharp drop between
12 and 4° suggests a change in mechanism in this
temperature region.

The K values for step III were too variable to es-
tablish a relationship.

Effect of Phosphate Concentration.—Within the
limits of experimental error, the K value for step
II was independent of both the concentration of
non-isotopic phosphate (from 3 to 50 ug.P/ml.) and
the concentration of radiophosphate (from 600 to
1200 c.p.m./ml.) in the bulk solution. This is
consistent with the view that step II represents an
exchange between ions in the crystal surface and

(17) W. J. Moore, ""Physical Chemistry,” Prentice~-Hall, Inc., New
York, N. Y., 1950, p. 528.
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Fig. 4.—The effect of temperature on K values for steps
II and III plotted according to the Arrhenius equation:
@, step II; O, step III.

the hydration shell and is therefore independent of
the concentration of phosphate in the bulk solution.

The Extent of the Exchange Process

Though total isotopic equilibration between lig-
uid and solid phases is not reached in the course of
these experiments, the log of the solution activity
plotted against time elapsed gives a series of approx-
imately linear curves, Fig. 2, indicating a series of
reactions, well separated in time. Extrapolation of
the line, step II, to zero time gives the value for
the activity in the solution at the completion of all
previous steps of the over-all reaction, step I. In
the subsequent discussion the percentage of phos-
phate exchanged, 9, Pex, has been evaluated from
the extrapolation of step II by means of the equa-
tions
(Ri = Re) X Py

e

x 1009%, (6)

Py = (5)

Pex
%Pex= P,

where R; is the initial level of radioactivity in
solution; R. is the extrapolated value; Ps is
the total quantity (mg.) of phosphate in the
solution, P« is the quantity (mg.) of phosphate
in the solid phase that has exchanged; and
P, is the total phosphate (mg.) present in the solid
phase. These equations are similar to derivations
previously employed.t%¥  All results in subse-
quent studies have been expressed as 7 Pex and,
in terms of the hypothetical model given in Fig. 2,
this term is a measure of the phosphate residing in
the hydration shell only.

Pre-equilibration Period.—Regardless of the con-
ditions chosen for the exchange, some time is re-
quired for the solid phase to reach a solubility
equilibrium. If radioactive phosphate is added to
the system during the period in which the solid is
dissolving, the uptake of radioactivity will follow
an irregular course with time.!* Any period of stir-
ring over 18 hours was found to give solubility

(18) W. F. Neuman and B. J. Mulryan, J. Biol. Chem., 193, 237
(1051).
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equilibria. The uptake curve with time is then
smooth and regular and the results are reproducible
as in Table I.

TaBLE I

A COMPARISON OF SURFACE AND EXCHANGE MEASUREMENTS
ON Two APATITE PREPARATIONS
Step I

Stirring K values,
Apatite Surface rate, hr. 1 Mean F av,
(Ca/P) area r.p.m. X 102 Puo, % dev., %
200 1.26 0.92
200 1.54 .88
Kahlbaum 16.8 300 1.57 .94 0.89
(1.53) 300  1.66 .81 - F4.8
200 4.40 3.37
200 4.65 3.49 3.45
L Apatite 67.8 1600 4.22 3.20 F3.4
(1.66) 1600 4.65  3.73

These data cannot be generalized, however; it
seems possible that, with other preparations,
longer periods of pre-equilibration may be required.

Stirring Rate.—Though conditions will vary with
the size and pitch of the stirring blade as well as
with the design, any rate sufficient to keep the
solid in a uniform suspension proved adequate. At
very high speeds, technical difficulties are encoun-
tered, particularly with the ground glass seal which
shows a tendency to overheat and occasionally to
bind. Under the conditions employed in these ex-
periments both the amount of exchange and the
rate of the exchange were found to be independent
of the rate of stirring, as illustrated in Table I.

Solid to Solution Ratio.—Recent studies on the
solubility of basic calcium phosphate have shown
a marked effect of the solid to liquid ratio in the
relative amounts of calcium and phosphate dis-
solved.®1%%  With this sample of hydroxy apatite
it has been shown that as the solid to solution ratio
is increased, greater amounts of calcium are dis-
solved with little change in the amount of phos-
phate dissolved.!” As seen in Fig. 5, the composi-
tion of the surface does change. The 9, P rises to
a peak with increasing solid and then declines. This

5.0————

as——0 4
% PEX.

4.0t O [

3.5
.5 1.0 1.5

SOLID/SOLUTION
(6.7L.),
Fig. 5.—Variation in 9}, Pex with varving solid to solution

ratio.

(19) I. Greenwald, J. Biol. Chem., 148, 703 (1942).
(20) H. C. Hodge, ""Metabolic Interrelations,” 8rd Josiah Macy
Conf,, 1951, p. 199,
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means that for accurate comparisons the solid to
solution ratio must be kept constant in any given
series of experiments.

The Displacement of Calcium by Sodium.—It
has been noted that bone salt can undergo hetero-
ionic as well as isoionic exchange.? Recent evi-
dence indicates a mole for mole exchange of sodium
for calcium.%2! If this does occur, a displacement
of the divalent calciun ion by the univalent sodium
ion will reduce the positive charge on the crystal.
This in turn will reduce the negative ions about the
crystal surface by an equivalent amount. In Fig. 6
is illustrated this reduction in the 9, Pex with in-
creased sodium content of the solution.

5 L
[o] 075 .15

SODIUM  MOLARITY,
Fig. 6.—The eflect of sodium ion concentration of 9 Pex.

From the phosphate displaced (0.113 millimole/g.
of solid) and the sodium taken up by the solid
(0.196 millimole/g. of solid)?! it is interesting to cal-
culate the valence charge of the exchangeable phos-
phate groups in the hydration shell. Since each so-
dium ion must reduce the crystal’s positive charge
by one unit, 0.196/0.113 or 1.73 represents the av-
erage negative charge on the phosphate group dis-
placed. This is in excellent agreement with 1.70,
the value predicted from the ionization constant!’
of phosphoric acid in aqueous solution under com-
parable conditions of ionic strength and pH.

Calcium Concentration.—As has been shown, a
univalent cation, sodium, may displace surface
calcium ions. There already exists evidence that
hydronium ion, too, may partake in such a displace-
ment reaction.® In other words, the net positive
charge on the crystal should vary with the ratio:
(Ca*t)/(H;0+) in the absence of other competing
cations.

The net positive charge and, therefore, also the
quantity of exchangeable phosphate, can be ex-
pected to vary between the limits of substitution
permitted by the surface of the apatite lattice.?
Such a relationship is shown in Fig. 7 where the
(Cat+)/(H;Ot) has been varied by additions of
calcium while the pH was kept constant. Surface
area determinations, 68 square meters per gram,
were made of the apatite crystals before and after
equilibration. There were no significant changes
in the surface area resulting from the treatment.
The wvariations in 9, Pex were, therefore, from
changes in the crystals charge, not changes in size.

The Effect of Phosphate Concentration.—Due to
problems arising from the distribution of radio-
isotope, it is impractical to study the exchange
process at high phosphate concentration. How-

(21) W. R, Stoll and W. F, Neuman, unpublished results.
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Fig. 7.—The effect of calchim ion concentration at constant
pH on the % Pex.

ever, as is illustrated i Table II, within the range of
phosphate concentration which might be encount-
ered in this study, the extent of exchange is inde-
pendent of the concentrations of phosphate ion in
the bulk solution.

TasLE 11

THE CONSTANCY OF 9, Pox WITH VARVING PHOSPHATE CON-
CENTRATION

Conen. of Conen. of
phosphorns, phosphorus,
ug./ml, P, % ug./ml. Pes, %
1.8 4.40 9.9 4.52
2.1 4.70 14.2 4.29
8.2 4.57 50 5.00
9.0 4.32

Effect of Temperature.—Most of the studies
described above have arbitrarily been carried out
at body temperatue (37°). Although the actual
temperature at which the exchange occurs is not
important per se, it is necessary to compare a series
of exchanges which are performed at one tempera-
ture only. From the data in Fig. 8 it can be seen
that increasing temperature markedly decreases
the magnitude of the exchange, % Pex. This effect,
like the effect of varying solid to solution ratio can-
not be interpreted with present, limited knowledge.

Lol !
o

O]
% Pex, \Cpo\
2

1 C

0 ) 20 30 40 50 60
TEMPERATURE (°C),

Fig. 8. —The effect of temperature on 9 Pex.

Effect of Varying 9, P on Rate of Exchange.—
As noted above, a number of variables, tempera-
ture, pH, [Cat+]/[H;0%], u, and solid/solution
ratio affect the magnitude of 9, Pe, the phosphate
in the hydration shell. Tt is of interest that with
increasing values of ¢ Pe, decreasing values of A
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for step II were obtained with only one exception:
when small amounts of calcium were added to the
buffer solution, K increased with no change in 05
Pes.

Discussion

The apparatus of Schweitzer and Nehls” has
provided a satisfactory means for obtaining kinetic
data on an ionic-exchange reaction occurring be-
tween a solution and a finely dispersed solid. In
this instance, the exchange of labeled phosphate
ions in solution for phosphate ions associated with
hydroxyapatite crystals, the data obtained were
sufficient to permit a partial interpretation of the
actual reaction mechanics. The analysis of step II
is given most consideration in the following discus-
sion for two reasons: (a) step III, the reaction
occurring within the crystal, must represent a ‘‘ther-
mal” or a ‘“‘diffusion’” process and (b) the experi-
mental technique did not provide data on step I
the initial, fast reaction.

Because these experiments were carried out at
equilibrium, there is no justification a priori for
assuming the rate-determining step to be the trans-
fer of labeled ions from solution to solid. Just as
likely, the transfer of non-isotopic ions from solid
to solution might be rate determining. Indeed, the
data are best explained by assuming the rate-deter-
mining step to be escape or self-diffusion of phos-
phate ions from the crystal surface to the hydra-
tion shell—a mechanism consistent with all of the
facts: One such a process would be independent of
the concentration or specific activity (P3%0s)/
(P#10,) of the solution but would decrease in rate
as the potential barrier increased. This barrier re-
sults from the net positive charge on the crystal and
the surrounding field of anions in the hydration
shell. Two, the effect of ionic strength is easily
explained in these terms. With increasing ionic
strength, 9, Pex increases producing an increased
potential barrier and, thus, a reduced rate. Were
it necessary to interpret the effect of ionic strength
in terms of a conventional collision mechanism, both
the sign and the slope (—0.78) of the curve given
by the Brensted plot would be difficult to relate to
the system under study.

If the rate of isotope uptake is indeed governed
by the escape of surface ions, the assignment of the
observed reaction steps to the proper location in
the solid:solution interface can be made with
greater assurance. Thus, step III, evincing a rate
independent of ionic strength must represent a re-
action originating within the crystal. Step II, de-
pendent upon ionic strength must represent a reac-
tion originating either on the surface or in the hy-
dration layer. Since step 1 is a reaction much faster
than step II, by elimination step II remains as the
escape of surface ions to the hydration layer.

Long-term experiments utilizing Ca* demon-
strated, Fig. 9, that the course of the exchange proc-
ess continues with ever-decreasing rate for at least
44 days, and, presumably, indefinitely. The ob-
served quantity of calcium taking part in the ex-
change (179,) is much too large to attribute to sur-
face reactions alone. A monolayer would corre-
spond to an exchange of only 3 or 49,.° This proc-
ess of exchange within the crystal interior has been
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described previously and has been variously termed
‘“thermal aging’® and ‘‘recrystallization.”’® Be-
cause, as described above, the rate of step III is
independent of ionic strength the term ‘‘thermal
aging”’ seems preferable. Certainly the process does
not involve a solution and redeposition of ions.
While it is possible that certain ions may be able
to “diffuse” throughout thellattice of certain crys-
tals, in the present instance where the lattice is
quite dense and where the diffusing ion, phosphate,
is large and multicharged, it seems more probable
that ion-migration is mediated throughout the
presence of unoccupied lattice positions or ‘‘faults”
in the crystals. This view is supported by the fact
that high-temperature ashing markedly reduces the
recrystallization or thermal equilibration of fresh
bone.®® Such heat treatment would be expected
to render the crystals more perfect with fewer
“faults” and vacant positions as attested by im-
proved X-ray diffraction patterns.® The partici-
pation of “‘holes” which move as the result of ther-
mal vibration of adjacent ions is also consistent
with the ever-decreasing rate of reaction, Fig. 9,
as the diffusing ion penetrates deeper layers of the
crystals. With aged crystals, the reaction rate falls
so rapidly that one must conclude that only a few
“molecular layers” can take part in equilibria cov-
ering an observational period of a few weeks.
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Fig. 9.—A long-term calcium exchange showing a con-
tinued but progressively slowed removal of Ca* from solu-
tion by the solid phase. In this experiment eight identical
flasks containing apatite and Ca® were rotated at a constant
temperature of 37° and sampled serially for radioactivity
assay and Ca concentration of the liquid.

Despite the complexity and variability of the
hydroxy apatite lattice, its extremely small crystal
size makes it an excellent material for the study of
solid :solution interactions.

RocHESTER, NEW YORK

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, POLYTECHNIC INSTITUTE OF BROOKLYN]

Electrokinetics of Hydrogen Evolution.

IV. Isotopic Separation at Mercury

Cathodes!?

By MaArTIN RoME? aAND C. F. HISKEY*
RECEIVED MaRCH 16, 1954

Techniques have been developed and a cell designed for the determination of the electrolytic separation factor at a mercury

cathode by means of a mass spectrometer.

The separation factor has been determined over a range of temperatures from 0
to0 96.5° and of current densities from 10™4to 3 X 10~2amp. /cm.2

Impurity effects of stopcock grease have been evaluated.

The dual theory of Horiuti and Okamoto for the mechanism of electrode separation is applied for the case of a mercury

cathode.

Recent studies of hydrogen and deuterium over-
voltages®® at a mercury cathode have stimulated
interest in the related problem of the electrolytic
separation factor of these isotopes. This factor is
expressed as a ratio of the rates of electrolytic evo-
lution of the two isotopes, v7z.

dH/H _ (CH/CD), _  4R/iP .
dD/D = (CE/CP), ~ (CE/CD), (1)

In this definition C¥ and CP are the concentrations
of hydrogen and deuterium, and the subscripts g
and s refer to the gas and solution phases, respec-
tively. Values of the separation factor have been

(1) The experimental data reported herein are part of the thesis
submitted by Martin Rome to the faculty of the Polytechnic Institute
of Brooklyn in partial fulfillment of the requirements for the degree of
Doctor of Philosophy.

(2) Presented, in part, before the Division of Physical and Inorganic
Chemistry at the 122nd meeting of the American Chemical Society at
Atlantic City, N. J., on September 18, 1952,

(3) Westinghouse Electric Corp., Elmira, N, Y,
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