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The heats of immersion in water of maghemite (y-Fe2Os) were measured in comparison to those of
hematite (a-Fe2O3) prepared from the same maghemite by crystal transformation with heat treatment, and
outgassing up to 200 °C. The heats of immersion and the heat of hydration of maghemite were lower than
those of hematite throughout the measurement conditions. These differences were concluded to be due to the
differences in bulk crystal structure, especially the density of the crystal. That is, the heat of hydration at the
stage of physisorption depends on the surface hydroxyl group density, corresponding to the bulk crystal
density. Also the surface hydroxyl groups are strongly affected by the polarization of the bonds in the bulk, this
results in the difference of the heat of hydration at the stage of chemisorption (formation of the hydroxyl
groups) and the acidity of the hydroxyl groups. This view is confirmed on the polymorphs of other metal

oxides.

Maghemite is widely used as a magnetic material for
magnetic recording tape, and hence information on
the surface properties of maghemite is essential for
controlling the manufacturing conditions. However,
little work has been reported on the surface properties
of maghemite, and no work has been reported on the
heat of immersion in water, whereas there have been
many reports on hematite.2-1 Qur previous work?
looked at the IEP (Isoelectric point) and the PZC
(Point of zero charge) of maghemite, and clarified that
the difference in these characteristics for maghemite
and hematite arose from differences in the crystal
structure. In the present work, the interaction
between water and the surface of maghemite and the
nature of the surface hydroxyl groups are investigated
through the measurement of the heat of immersion
and the adsorption isotherm, with hematite as a
reference.

Experimental

Materials. The maghemite sample used in the present
work was prepared from the acicular synthetic a-FeOOH
(goethite) by sequential dehydration, reduction and oxida-
tion processes. The hematite sample was prepared by heat
treatment of the above maghemite sample in air at 550 °C.
Impurities of the sample surface influence the value of the
heat of immersion.? So in all cases the samples were
purified as follows: First, washing with an alkali solution
then distilled water and finally by electrodialysis. The
samples and the purification procedure are the same as
reported previously.?

Surface Area Measurements. The specific surface area of
the samples was measured by applying the BET theory!? to
the nitrogen adsorption data obtained at the temperature of
liquid nitrogen, assuming the cross-sectional area of
nitrogen molecule to be 16.2 A2,

Heat of Immersion Measurements. A twin type heat
conduction calorimeter (Tokyo Rikou MPC-2) was used.
The sample was treated in a Pyrex glass ampoule at the
desired temperature for 5 h in a vacuum of 2X10~* Pa before
sealing. The heat of immersion measurements were carried

out with doubly distilled water at 25.010.1 °C. The heat of
breaking of the ampoule was found to be 0.26 ].

Water Content Measurements. The water desorbed from
the sample by evacuating at a given temperature was
condensed in a cold trap of liquid nitrogen, followed by
reevaporation and recondensation in a cold trap of dry ice.
The water content of the sample was determined by the
measurement of the amount of reevaporated water
volumetrically, by using an all glass apparatus equipped
with Baratron pressure gauge, assuming the water content
to be zero at 1000 °C.

Water Adsorption Measurements. The sample was first
prepared by evacuating at 25°C for 5h in a vacuum of
2X10~4 Pa. The adsorption of water on the sample was then
measured gravimetrically at 25.0£0.1 °C, using a Cahn 2000
electrobalance housed in an all glass apparatus. Water
vapor pressure was measured by Baratron pressure gauge.

Results and Disccusion

Adsorption of Water on the Surface. Maghemite is
a less stable form of iron oxide!? than hematite and
becomes reduced under vacuum at temperatures
higher than 250°C, releasing oxygen and turning
dark. Therefore, to measure the intrinsic surface
properties, the heat treatment was always carried out
under 200°C. The samples treated under this
condition were confirmed to contain no detectable
divalent iron ions by analysis.

The specific surface areas (Sn,) of the samples by
BET method of nitrogen adsorption are shown in
Table 1. The smaller value for the comparative
hematite sample can be explained by the shrinkage
due to the increase in crystal density caused by the
crystal transformation. The change of the shape can
not be detected by electron microscopic observation,?
and no substantial change in the values of the samples
was detected following the heat treatment.

The water content of the samples is shown in Fig.
1, where the amount of water is expressed by the
number of water molecules per unit of surface area.
Almost perfect desorption of the physisorbed water is
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Table 1. Specific Surface Area (Sn;) and Surface Density of Adsorbed Water (¥, and V.)
S V VC
% ’ VoV,
m? g~! H:0 molecules nm~2 OH groups nm—2
Maghemite 18.6 5.52 11.80 0.47
Hematite 16.0 5.85 12.82 0.46
Table 2. X-Ray Density (Dy), Unit Volume of Fe3* (Vres+) and Surface Denity of Fe3* (Sges+)
D, VEes+ Skea+
gcm™3 A-3 Fe3* ions nm—2
Maghemite 4.907 27.03 11.10 (Dx) 8.73 (111)
Hematite 5.277 25.13 11.66 (Dx) 9.15 (0001)
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Fig. 1. Water content of maghemite (7y-Fe20s) and

hematite (a-Fe2Os) at various temperatures.

attained by the evacuation at 25°C in a vaccum of
2X10-¢ Pa. The number of chemisorbed water
molecules is shown as the hydroxyl groups per unit
area (V.) in Table 1.

The water adsorption isotherms of the samples are
shown in Fig. 2. The ordinate in the figure represents
the amount of water adsorbed per unit area. These
isotherms indicate that the water is physically
adsorbed on the hydroxyl groups formed on the
surface. By applying the BET method!? to the
isotherm, the amount of water per unit area in the
physisorbed monolayer (V,) was calculated and are
shown in Table 1.

The samples in the present work have an acicular
shape inherited from the starting goethite, this series
of solid phase reactions follow the topotaxial rule.1¥
The cylindrical face of the particle forms the main
part of the total surface area, and is mainly the (111)
plane in the case of maghemite, and the (0001) plane
in the case of hematite. The number of the surface

iron ions per unit area (Sgs+) for the (111) plane of
maghemite and the (0001) plane of hematite calcu-
lated crystallographically!® are shown in Table 2. The
values for the real surfaces of the samples may be
larger than these values, because of the incorporation
of the higher indexed planes due to the curvature of the
surface. A convenient method to approximate the
values is to calculate the average number of surface
iron ions per unit area (Sre+) from the volume of unit
cell per iron ion (Vge+) which is derived from the X-ray
density data.’® Values for the average number of
surface iron ions per unit area (Sre+) are shown in
Table 2. They are almost equal in number to the
number of surface hydroxyl groups (V.) in Table 1.
This numerical correspondence was reported by
Morimoto et al.,!® and that the ratio V;:V. is nearly
1:2, which led them to suggest the model where one
physisorbed water connects two neighboring surface
hydroxyl groups through hydrogen bonds. The V;: V.
ratio for maghemite and hematite from our result
supports the above model.

Heat of Immersion and Heat of Hydration. The
relation between the heats of immersion and the



September, 1988]

600

5001

400

Heat of Immersion /erg cni?

300

1 L |
0 50 100 150 200

Outgassing Temperature / °C

Fig. 3. Heat of immersion in water of maghemite
(-y-Fe203) and hematite (a-FezOs) as a function of
outgassing temperature.

outgassing temperature for both samples is shown in
Fig. 3. The amount of heat generated increased
according to the outgassing temperature for both
samples. Outgassing temperatures below 200 °C are
low enough to allow complete rehydroxylation of the
dehydrated sites.® The hematite sample shows a
larger heat of immersion than the maghemite sample
all through the temperature range of the measure-
ment. The difference of the heat of immersion
between the samples increased with increasing
outgassing temperature.

The points for the highest water content of the
samples corresponding to outgassing at 25°C,
indicate the heat of immersion for the completely
hydroxylated state, that is, the surface is perfectly
covered with chemisorbed water, as shown by the
values of the Sge+, V. and V;,. The value of the heat of
immersion at this stage is 304ergcm—2 for the
maghemite, and 317 erg cm~2 for the hematite. The
values of the heat of the immersion for hematite at this
stage, are reported as 280 erg cm~2 by Jurinak and
Burau,® 322ergcm-2 by Furuichi et al.,'® and
367 erg cm—2 by McCafferty and Zettlemoyer.? The
present value for hematite compares favorably with
other reported values, considering the differences of
the samples and the conditions of measurement.

The heats of immersion for the lowest water content
corresponding to outgassing at 200°C, are 513 erg
cm~2 for the maghemite and 602 ergcm—2 for the
hematite. Healy and Fuerstenau?? reported that the
various metal oxides show a linear relation between
the values of the heat of immersion (after outgassing
at 200 °C) and the values of PZC. A metal oxide with a
high value of PZC shows a large heat of immersion.
The previous study? made it clear that the value of
PZC of maghemite (pH 5.5) is lower than that of
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Fig. 4. Heat of immersion in water of maghemite
(7v-Fe2O3) and hematite (a-FezOgs) as a function of
water content.

hematite (pH 6.7). The present results on the heats of
immersion for samples outgassed at 200 °C fit the
above relation.

Figure 4 shows the plots of the heat of immersion
against the residual water content for both samples.
The heat of surface, hydration is calculated by the
slope of these plots. At the stage of complete
hydroxylation, shown in the below scheme [II-III], the
heats of hydration are 32.2 k] mol~! for the maghemite
and 37.6 k] mol-1 for the hematite.

H H
chemisorbed physisorbed ,0(
N
o water H H water H‘ \\H
-~/ / /
Fe Fe T T T (l)
/ \O/ \ HZO Fe Fe H20 Fe Fe
NN NN

I II III

The heat of hydration at this stage corresponds to
the physisorption of water, that is the construction of
the hydrogen bonds, as in the above model III,
between the oxygen atom of the physisorbed water and
the two protons of the neighboring surface hydroxyl
groups. The validity of this model in the present work
is supported by the numerical correspondence of V.
and V; in Table 1.

The average distance between the neighboring
hydroxyl groups on the surface, relates to the density
of hydroxyl groups on the surface (V.), which is
related to the average surface density of Fe3+ (Sre+) and
the average bulk density of Fe3+ (V) in Table 2.
When the distance between the neighboring groups is
long, the hydrogen bonds of the above model III are
weak, and the heat of hydration 1s low. The average
distance between the neighboring hydroxyl groups of
maghemite is longer than that of hematite, as shown
by the values of Vpand V.. Thus, the heat of hydration
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at the stage of physisorption of maghemite should be
lower than that of hematite. This speculation is
strongly supported by the experimental heats of
hydration. The heat of the formation of the hydrogen
bonds is given by halfing the value of the heat of
hydration (one water molecule forms two hydrogen
bonds). This gives values less than 20 k] mol-!, which
is reasonable for hydrogen bond formation.

The heat of surface hydration for the stage when
half of the surface is dehydrated, that is the heat of
surface rehydration, is shown in the above scheme [I-
IIl, and is 35.1 k] mol-! for the maghemite and
60.6 kJ mol-1! for the hematite. The maghemite shows
the lower heat of hydration throughout the present
study.

On the heat of hydration of the hematite, several
different values have been reported, 101 k] mol-! by
Healey et al.,2 66 k] mol-! by Furuichi et al.,1®
47.2kJ mol-! by Morimoto et al.,® and 34.3 k] mol-1
by Rossi et al.? These scattered values are caused by
differing levels of ionic impurities, the difference of
particle shape, differences in the preparation and
outgassing conditions.

For comparing the intrinsic values of the heat of
immersion and the heat of hydration for the
maghemite and hematite, the above mentioned
conditions were virtually identical. Consequently, the
differences of the heat of immersion and the heat of
hydration are due to the difference of the crystal
structure.

The maghemite (y-Fe20s3) has the spinel type crystal
structure, and the hematite (a-FesOs) has the
corundum type crystal structure.’”? These crystal
structures correspond to vy-Al2O3 and a-Al2Os,
respectively. In the comparative studies on the heat of
immersion of /- and a-Al20s3, y-Al2O3 always shows a
lower value for the heat of immersion than a-
Al203.18-20 These results are in good agreement with
our results on maghemite and hematite.

The values for the heat of immersion of - and a-
Al203 also follow the tendency described by Healy and
Fuerstenau,2V as the value of PZC for y-Al2Os is lower
than that of a-Al203.22

Difference of the Nature of Surface Hydroxyl

Groups Based on Difference of Crystal Structure.
The average difference in the acidity of the surface
hydroxyl groups between maghemite and hematite
was reported as the difference of the IEP or the PZC of
1.1 to 1.2 pH units.?

The unit lattice of maghemite is expressed by the
following formula:2¥

Fe3tg  (Fed3*4/304/3) O% 32
Coordination Coordination
number =4 number=6

In the above formula a vacant lattice point of coor-
dination number 6 is expressed by [J, i.e. 6 oxygen
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ions adjacent to the Fe3t+ ion site. Fe3* ions are
arranged at positions of coordination number 4 and 6
in a ratio of 3:5. On the other hand, hematite is a
corundum-type oxide in which all of the Fe3* ions
have a coordination number of 6.

Parks?? proposed a semiempirical equation for the
PZC of metal oxides and metal hydroxides as follows:

PZC=A4 — 11.5(Z/R + 0.0029a )

where A4 is a constant depending on the coordination
number of the metal ion and the hydration state of the
surface. Z is the valency of the metal ion, R is the
distance from the surface metal ion to the hydrogen
ion in the surface hydroxyl group attached to the
metal ion, and a is the crystal field stabilization energy
of the metal ions by the hydroxide ions. The last term
is zero when the metal ion is Fe3+ with a coordination
number of 6 or 4.29 The PZC value is more acidic by
2.4pH units for four-coordinated than for six-
coordinated metal ions, corresponding to the dif-
ference of the above constant A at the same hydration
state. Thus the difference in the PZCs between
maghemite and hematite is calculated to be 2.4X3/
(3+5)=0.9, assuming that the additivity rule holds.2®
Yoon et al.2? has proposed improvements to Parks’
equation: for complex oxides in which the correction
of the crystal field stabilization energy is not required,

PZC = 18.43 — 53.12 )i (v/Ls): — 0.5 2filog (2 — v)/v);

where v is the bond valence, i.e., the valency of the
metal ion per coordination number, and Ls (=L+7) is
the sum of the mean M-O bond length (L) and the
O-H distance (r), taken to be 1.01 A. The f;’s are the
ratio of the bonds to the total number of bonds. The
value of PZC for maghemite is lower than that for
hematite by 1.40 pH units as calculated by the above
formula with the data for maghemite (y-Fe203)?® and
hematite (a-FezQ3).1”

The above mentioned calculations support the
proposition that the bonding energy between H+ and
02- of the surface hydroxyl groups of maghemite is
lower than that of hematite, which is further sup-
ported by our experimental values.? As a matter of
course, the difference in the heats of hydration at the
[I-II] stage, shown in the previous scheme, further
includes the difference in the bond formation energy
of the Fe-O(-H) bonds for maghemite and hematite.

To discuss the Fe-O bond of the surface hydroxyl
groups, it is necessary to examine the nature of this
bond in the bulk. As aforementioned, the crystal
density (Dx) of maghemite is lower than' that of
hematite, which means that the average bond length
Fe-O of maghemite is longer than that of hematite.
The ions are less ionic and the bonds are less polar? in
maghemite than in hematite, which is supported by
the lower electron density of the oxygen atoms of
maghemite than of hematite as measured by XPS.30
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(The same characteristics are also reported for - and
a-Al203.80) The difference in the ionic characteristics
of the bulk bonds should also be reflected in the
surface hydroxyl groups.

From this point of the view, Healy et al.3?
introduced this ionic characteristics concept as
“volume field strength”, and successfully showed the
linear relationship between the PZCs and the ““volume
field strength” for the polymorphs of manganese
oxides. This electrostatic field is proportional to
(Vm)~%3, where Vp is the volume of the unit cell per
metal ion. And the value of PZC is given by the
following formula:

PZC = A1(Van) ™3 + By

This formula indicates that the value of PZC increases
as Vn decreases, 41 and B, are constants for the oxide
series. The plots of this relation for maghemite and
hematite are shown in Fig. 5. The plots of the
polymorphs of manganese oxides from Healy et al.,3?
and of y- and a-Al:Os (PZC values?? and Vy values
from the crystal densities3?) are also shown in Fig. 5.
Almost the same slope can be found for the plot of
each polymorph. This fact supports the view of Healy
et al.3? that the surface hydroxyl groups are strongly
influenced by the electrostatic field within the lattice
of the crystal. In other words, the surface hydroxyl
groups are strongly affected by the polarization of the
bonds in the bulk. The degree of the polarization
becomes higher, as the bond length becomes shorter
corresponding to an increasing the bulk crystal
density. This increase in the polarization of the bonds
in the bulk affects the surface hydroxyl groups, that is
the acidity of the hydroxyl groups, which can be
characterized by the parameter PZC, decreases.

In addition to this, it is suggested that the line of
each metal ion has a different intercept, and this
difference may be caused by the degree of the
polarization of the bonds between the metal ion and
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Fig. 5. Inter-relation of the values of the PZCs

(pHpzc) and the average volume of the unit cell per
metal ion (Vn) for various metal oxides series.
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the oxygen ion or the ionic characteristics of the metal
ion, which is characterized by the electronegativity of
the metal ion. The order of the intercept
Mn#+>Fe3+>A13+ corresponds well to the electronega-
tivity of the metal ion.3¥

Conclusion

(1) The surface density of hydroxyl groups for
maghemite is lower than for hematite, corresponding
to the difference in the density of the bulk crystal.

(2) The amount of the water physisorbed in a
monolayer on maghemite is less than that for
hematite, corresponding to the lower surface density
of hydroxyl groups.

(3) The heat of the surface hydration at the stage of
physisorption for maghemite is lower than for
hematite, because the average distance between
neighboring hydroxyl groups for maghemite is longer
than for hematite.

(4) The heat of the surface hydration at the stage of
chemisorption (the formation of the surface hydroxyl
groups) for maghemite is lower than for hematite.
This difference is caused by the different degree of the
polarization of the bonds in the bulk which extends to
the surface hydroxyl groups.

(5) The surface hydroxyl groups are strongly
affected by the bulk, especially the polarization of the
bonds in bulk. The degree of the polarization
becomes higher, both as the bond length becomes
shorter, corresponding to a higher bulk crystal
density, and as the electronegativity of the metal ion
becomes higher. This polarization of the bond in the
bulk affects the surface hydroxyl groups, resulting in
the dissociation of the hydroxyl groups, that is the
acidity of the hydroxyl groups decreases.

The authors wish to thank Dr. Michael L. Hair of
Xerox Research Centre of Canada for useful discus-
sions, and Dr. Stephen Baker of Sony Corporation
Research Center for reading the manuscript.

References

1) H. Watanabe and J. Seto, Bull. Chem. Soc. Jpn., 59,
2683 (1986).

2) F.H. Healey, J. J. Chessick, and A. V. Fraioli, J. Phys.
Chem., 60, 1001 (1956).

3) J. J. Jurinak and R. G. Burau, Soil Sci. Soc. Am.
Proc., 31, 732 (1967).

4) A. C. Zettlemoyer and E. McCafferty, Z. Phys. Chem.
Neue Folge, 64, 41 (1969).

5) E. McCafferty and A. C. Zettlemoyer, Discuss. Faraday
Soc., 52, 239 (1972).

6) T. Morimoto, N. Katayama, H. Naono, and M.
Nagao, Bull. Chem. Soc. Jpn., 42, 1490 (1969).

7) Y. Nakahara, Kogyo Kagaku Zasshi, 74, 1061 (1971).

8) T. Ishikawa and K. Inouye, Bull. Chem. Soc. Jpn., 46,
2665 (1973).

9) P.F. Rossi and C. De Asmundis, Annali di chimica, 67,



3072

65 (1977).

10) R. Furuichi, T. Ishii, and Y. Oshima, Thermochimica
Acta., 56, 31 (1982).

11) S. Brunauer, P. H. Emmett, and E. Teller, J. Am.
Chem. Soc., 60, 309 (1938).

12) J. M. Trautmann, Bull. Soc. Chim. Fr., 1966, 992.

13) “Landolt-Bérnstein, in Numerical data and func-
tional relationships in science and technology, Neue Series,
Group II1, Band 4a,” Springer-Verlag, Berlin (1970), pp. 9
and 18.

14) G. W. van Oosterhout, Acta Crystallogr., 13, 932 (1960).

15) S. Kachi, K. Moriyama, and S. Shimizu, J. Phys. Soc.
Jpn., 18, 106 (1963).

16) T. Morimoto, M. Nagao, and F. Tokuda, J. Phys.
Chem., 73, 243 (1969).

17) R. W. G. Wyckoff, “Crystal Structure,” 2nd ed,
Interscience, New York (1963).

18) T. Morimoto, K. Shiomi, and H. Tanaka, Bull. Chem.
Soc. Jpn., 37, 392 (1964).

19) H. Cochrane and R. Rudham, Trans. Faraday Soc., 61,
2246 (1965).

20) H. Cochrane, B. A. Hendriksen, D. R. Pearce, and R.
Rudham, S. C. I. Monograph, 25, 370 (1967).

21) T.W. Healy and D. W. Fuerstenau, J. Colloid Sci., 20,
376 (1965).

Haruo Watanage and Jun’etsu SETo

[Vol. 61, No. 9

22) Z. P. Kozmina, M. P. Belova, and V. A. Sannikov,
Kolloidn. Zh., 25, 169 (1963).

23) R. Schrader and G. Biitter, Z. Anorg. Allg. Chem.,
320, 205 (1963).

24) G. A. Parks, Chem. Rev., 65, 177 (1965).

25) F. Basolo and R. G. Pearson, ‘“Mechanisms of
Inorganic Reactions,” 2nd ed, John Wiley and Sons Inc.,
New York (1969).

26) G. A. Parks, Adv. Chem. Ser., 67, 121 (1967).

27) R. H. Yoon, T. Salman, and G. Donnay, J. Colloid
Interface Sci., 70, 483 (1979).

28) C. Greaves, ]J. Solid State Chem., 49, 325 (1983).

29) R. T. Sanderson, ‘“Chemical Bonds and Bond
Energy,” 2nd ed, Academic Press, New York (1976).

30) N. S. McIntyre and D. G. Zetaruk, Anal. Chem., 49,
1521 (1977).

31) O. Pitton, C. K. Jorgensen, and H. Berthou, Chimia,
30, 540 (1976).

32) T.W. Healy, A. P. Herring, and D. W. Fuerstenau, J.
Colloid Interface Sci., 21, 435 (1966).

33) H. P. Rooksby, “Oxides and Hydroxides of Alu-
minium and Iron,” in “The X-ray Identification and Crystal
Structures of Clay Minerals,” 2nd ed, ed by G. Brown,
Jarrold and Sons Ltd., London (1961), p. 388.

34) K. Tanaka and A. Ozaki, J. Catal., 8, 1 (1967).






