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The free energies of immersion for three hy-
droxyapatite samples of different origin and
method of preparation were determined from
water adsorption isotherms at 20 and 25 C. The
free energies varied with the temperature of the
isotherm, changing linearly with the outgassing
temperature in the range of 20 and 300 C. The
samples outgassed at 300 C yielded free energy
of immersion values of 365, 432, and 476 ergs/
cm2 for the VIC-, NBS-, and TVA-HAP, re-
spectively. WZork of adhesion and work of
spreading were calculated for wvater on these
samples.
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In 1878, Gibbs derived thermodynamically a
differential equation for adsorption when the
bulk concentration of the solute, C, the number
of molecules, n, adsorbed per cm2 of surface,
and the change in free energy of the surface,
was related to the change in concentration of
the solute at constant temperature, (0y/aC)T.
The derivation of the Gibbs' adsorption equa-
tion has been presented in the literature1-6 and
is given as

(@Y) T = n (a JU) T, ]
where the summation includes all adsorbed spe-
cies and , is the chemical potential.
Boyd and Livingston7 and Harkins and co-

workers8-10 used the Gibbs' equation to de-
velop ihe followving equation for determining
the free surface energy change for vapors ad-
sorbed on nonporous solids.

SOLSO 'YO YSL -

RT p/pO 1
}x/m d In P/P0 + YLYC) [2]
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where So /SLrepresents the change in the
free surface energy when one cm2 surface of
solid-vacuum interface is replaced by solid-
liquid interface. Free surface energy, surface
tension, or interfacial tension is represented by
y and the stlbscripts have the following mean-
ings: SO - solid-vacuum, SL - solid-liquid,
and LV° - liquid-saturated vapor. The adsorb-
ate molecular weight is M, the specific area is
As, the weight adsorbed in mg/g of adsorbent
is x/m, and the relative pressure of the adsor-
bate is p/po.
The free surface energy change on adsorp-

tion of a vapor on a solid from vacuum to satu-
ration (SVW) is,

1so/ = Yso -Ysvo =
sv 0

P/po 1
RT r

x/m d ln p/p. [3]
MA;J P/po0 0

At saturation a liquid film is formed and if no
contact angle is formed then

YSO YSV° YSO YSL YLV' [4.
and the free energy change can be writeen as

7SO- YSL -YLV °
P/po 1

RT [
x/m d ln p/p0 [5]

MAsJp/p - 0
Since the wvork of adhesion, Wa, is defined as

Wa = YSO YSL + YLVC- [61
it may be expressed for a nonporous solid in
terms of the Gibbs' adsorption equation as

p/p0
RT

Wa x/md inp/p0±+2Y-I. [7
MASJ p /p. = 0

Also, since the work of spreading, W, is de-
fined as

-Ws W2We. [81,
where W., the work of cohesion, is equal to 2
YLV°, WS can be exprcssed as

P/p0
RT

O

Wz = _ x/md In p/p, VOl
MA's Jp/p(, 0
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It is apparent that the various quantities de-
scribed above can be determined if the integral
can be calculated, the surface area of the solid
measured, and the surface tension of water,
YL.V, is known.

It is the purpose of this study to determine
the free energy of immersion, YSO - YSL' the
work of adhesion, and the work of spreading
of water on various hydroxyapatites. Also, the
change in the free energy of immersion as a
function of temperature will be determined.

TABLE 1

CAPILLARY CONDENSATION OF WATER IN HAP
COMPACTS ON ADSORPTION

Maximum Pore Fraction
Adsorbed Volume Volume Pore Volume

HAP cc/g cc/g Filled

VIC 0.173 0.507 0.340
NBS 0.0652 0.412 0.158
TVA 0.0134 0.358 0.038

Materials and Methods

The hydroxyapatite (HAP) samples and
their methods of preparation are the same as
those described by Craig and Rootare.1"
The adsorption isotherms of water on HAP

were determined on compacts as described by
Rootare and Craig'2 using a gravimetric ad-
sorption balance at isotherm temperatures of 20
and 25 C. All samples were compacted at 4,450
N (1,000 lbs) load on a %2 inch diameter ram
for two minutes. The compacts generally were
outgassed at 300 C and it should be assumed
that the temperature was 300 C unless other-
wise specified.

Adsorption isotherms were determined from
p/p0 equal to zero to p/pO of nearly one. The
integral in equationi 2 and others was deter-

mined graphically from plots of x/m versus In
p/p0 from p/pc - 0 to p/p -1. The integral
was evaluated by a computer program using
Simpson's rule.13 The free surface energy
changes per unit area were calculated using
surface areas of the HAP compacts determined
from B.E.T. plots of water adsorption iso-
therms.

Results

The compacts were shown to be incompletely
filled with water at saturation during the iso-
therm determinations and the pore volume,
maximum adsorbed volume, and the fraction
of the pore volume filled for Victor (VIC),
National Bureau of Standards (NBS), and Ten-
nessee Valley Authority (TVA) compacts are
listed in Table 1. The fraction of the pore vol-
ume filled at saturation varied about tenfold
from a low value of 0.038 for TVA-HAP to a
high value of 0.340 for VIC-HAP. The hig,hest
value of 0.340 for VIC-HAP, however, showed
that 66% of the pore volume was not filled at
saturation, and therefore the compacts could
be classed as nonporous for the purposes of the
Gibbs' adsorption equation.
The free energy of immersion of water on the

three hydroxvapatites at 20 and 25 C are given
in Table 2. A large temperature dependence of
the free energy of immersion existed for all
three hydroxyapatites but in addition the free
surface energy changes of the hydroxyapatites
varied significantly. The order of the values
of the three hydroxyapatites was the same for
either 20 or 25 C with VIC-HAP having the
lowest values and TVA-HAP having the highcst
values at a given temperature.

Sinice the work of adhesion and the work of
spreading are the free energy of immersion plus
YLV%, the surface tension of water, or minus
YLV° the same trends in values were observed

ILE 2

FREE ENERCLY OF IMMERSION, WORK OF ADHESION AND WORK OF
SPREADING OF WATER ON HYDROXYAPATITE AT 20 AND 25 C

Free Energy of Immersion Work of Adhesion Work of Spreading

zSO- 'SL' ergs/cm' SO- YSL+YLv., ergs/cm2 aSO- SL- TLVhy ergs/cm2
20 C 25C 20C 25 C 20 C 25 C

VIC 365.3 234.5 438.3 306.5 293.0 162.5
(2.3) (2.5)
359.5 301.5

(22.5) (11.5)
403.3 335.0
(7.1) (2.3)

* Numbers in parentheses are standard deviations.

NBS

TVA

(2.6)*
432.5

(22.5)
476.3
(7.1)

(2.5)
373.5

(11.5)
407.3
(2.3)

(2.6)
505.5

(22.5)
549.3
(7.1)

(2.5)
445.5
(11.5)
479.0
(2.1)
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TABLE 3

CHANGE IN FREE ENERGY OF IMMERSION OF
WATER ON HYDROXYAPATITE WITH

TEMPERATURE

Surface 7SO-5L A(YSo-YSL)
Area* 20 C 25 C AT

HAP m2/g ergs/cm2 ergs/cm2 ergs/cm2/C

VIC 66.3 365.
NBS 21.2 432.
TVA 2.98 476.

* Determined from B.E.T.
therms.

234. -26.
374. -12.
407. -14.

water adsorption iso-

for Wa and W. as with the free energy of im-
mersion (see Table 2).
The change in the free energy of immersion

of water on HAP with temperature is given in
Table 3. The temperature coefficient of the
free energy of immersion of NBS and TVA were
of the same magnitude, -12- and -14 ergs/
cm2/C while the temperature coefficient for
VIC-HAP was about twice these values, or
-26- ergs/cm2/C.
The effect of outgassing temperature on the

free energy of immersion of water on hydroxy-
apatite is showvn in Figure 1 for temperatures
from 20 to 300 C. The values for VIC-HAP
are plotted fc r isotherm temperatures of 20 and
25 C, those for NBS-HAP at 25 C and those
for TVA-HAP at 20 C. The free energy of im-
mersion values increase linearly with outgassing
temperature from 20 to 300 C. The values ap-
pear to converge near 0 C at the enthalpy or
water, 118 ergs/cm2. The rate of change in
the free energy of immersion with increasing
outgassing temperature for the three HAP sam-
ples can be noted from the slopes of the lines
in Figure 1 and the values for the slopes are
listed in Table 4. The differcnce in the slopes
at the two isotherm temperatures is also given
in Table 4 as is the change in slopes per degree
of the isotherm temperature difference (the sec-
ond derivative of the temperature dependency).
These latter values represent the effect of the

TABLE 4
CHANGE IN FREE ENERGY OF IMMERSION WITH

OUTGASSING TEMPERATURE

Slope ASlope
AO/AT, ergs/cm7/C ATAu/AT, ~~~~~ergs/cm2/
20 C 25 C A Slope C/C

HAP 1 2 3 4

VIC 0.753 0.350 0.403 -0.081
NBS 1.050 0.787 0.273 -0.055
TVA 1.273 1.043 0.230 -0.046
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isothermal temperature change superimposed
on the outgassiIng temperature effect on the
change of the free energy of immersion. The
isothermal temperature coefficient (column 4,
Table 4) for the chaange of free energy of im-
mersion varied only slightly between NBS- and
TVA-HIAP (-0.055 and -0.046) while it was
about 50% higher fol VIC-HAP (-0.081).

Discussion

The highest surface area sample, VIC-HAP,
had the lowest free energy of immersion, 365
ergs/cm2 at 20 C while the lowest surface area
sample, TVA-HAP, had the highest value of
476 ergs/cm2 at 20 C. This difference of Ill
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FIG l.-The free energy of immersion as a
function of outgassing temperature for the water
vapor adsorption isotherms on hydroxypatite
samples at 20 and 25 C.

ergs/CM2 is about a 23% differenlce in energy
which is large considering that Linde silica 1

and graphite'5 had total free energy of immer-
sion values for water of 140 and 37 ergs/CM2,
respectively. The work of adhesion and wsork
of spreading follow the same sequence as
the free energy of immersion since they differ

a:

by the constant factors +'YLV°o and-_YLV-
Thle outgassing of HAP in vacuum from 20

to 300 C had a linear effect on the free energy
of immersion which on the average approached
the enthalpy of water at 0 C. Outgassing in-
volved sti-ipping of water off the surface and

IL~~~~~~~I

showed that at room temperature the samplest
uenctin of ovtgasingfor 24 hours,fre e mostly
coveredgr ith hater at the isoteermal tempera-
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ture. The water remained strongly adsorbed
and was not removed until heat energy was
added by increasing the outgassing temperature.
The rate of change in the free energy of im-
mersion with increasing outgassing temperature
was different for the hydroxyapatite samples
but NBS-HAP and TVA-HAP were similar and
VIC-HAP was very different in its thermal
behavior.
Although the three HAP samples adsorbed

approximately the same number of water mole-
cules per unit area12 (9.2/100 A2) the free
energy changes in the adsorption of the water
were greatly different. For example, the free
surface energy change for water on VIC-HAP
was abotut 77% of that of TVA-HAP. The
binding energies of water removed at 300 C
were reported'2 to be 5.6, 4.9, and 3.9 Kcal/
mole of water adsorbed oln TVA-, NBS-, and
VIC-HAP, respectively. Hydroxyapatites with
the highest binding energy also had the highest
free energy of immersion (TVA-HAP) and the
hydroxyapatite with the lowest binding energy
had lowest free energy of immersion (VIC-
HAP).

It is apparent that although crystallographi-
cally the hvdroxyapatites were nominally the
same and the adsorption capacities per unit area
also were the same, the surface energies of the
hydroxyapatite samples were distinctly differ-
ent. Determination of free surface energy
changes is, therefore, of importance in charac-
terizing the surface of hydroxyapatite or tooth
enamel.

Conclusion
The free energy of immersion of water on

hydroxyapatites was determined from vapor
phase adsorption isotherms at 20 and 25 C. The
free energy of immersion of water on HAP at
20 C was approximately 476, 432, and 365
ergs/cm2 for TVA-, NBS-, and VIC-HAP out-
gassed at 300 C. The free energies of immersion
of all three hydroxyapatites decreased at the
isotherm temperature of 25 C with decreases
of about 14% for NBS- and TVA-HAP and of
36% for VIC-HAP.
The free energy of immersion values de-

creased linearly for sample outgassed from 300
to 20 C with the values approaching the en-
thalpy of water at 0 C. The free energy of im-
mersion values for the three hydroxyapatites
were in the same order as the binding energies
of water at 300 C.
The free suirface energy changes for water oIn

hydroxyapatite were distinctly different for
VIC-, TVA-, and NBS-HAP although they
were crystallographically similar and adsorbed

the same number of water molecules per unit
area. Vapor phase adsorption is, therefore, a
powerful tool in characterizing of hydroxyapa-
tites and mineral portions of tooth enamel.
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