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CHAPTER I
INTRODUCTION
Statement of the Problem
The purpose of this investigation is to clarify
certain discrepancies reported in the literature concerning the water content and structures of the hydrated
iron oxides.

For instance, one of them, a-Fe203»H20,

has been investigated (1-4) and the results disagree as
to the structure and the amount of water present.

Dif-

ferent mineral names have been given species differing
only in external appearance, and consequently these
names are misleading chemically (5).
The iron oxide monohydrates may be characterized
by their crystal structures and their temperatures of dehydration.

Their adsorption capacity may vary.

These

parameters were investigated by means of x-ray diffraction, isothermal dehydration, thermogravimetric analysis
and infrared spectroscopy techniques to clarify the
structural interrelations and the amount water the
a-Fe20q'H20 form may possess in both natural and synthetic preparations.

The objective of the study was to

find a differentiation between the numerous mineral species found naturally, to offset the chemical equivalence
within each species.

Furthermorej> a mechanism for inter-

converting one mineral form to another was sought to
demonstrate that the physical differences in a species
are only superficial and not inherent chemical properties.

CHAPTER II
SURVEY OF LITERATURE
Background
Goethite was the name given by Bergrant Johann
Georg Lenz in 1806 to a naturally occurring iron oxide
hydrate (5). The mineral was named in honor of Johann
Wolfgang von GiJethe, the celebrated naturalist and poet
(6),

The name goethite properly belonged to another min-

eral species, lepidocrocite (rubinglimmer), but it is
retained because of long-established usage (5). Actually, goethite and lepidocrocite are dimorphous hydrates of ferric oxide.

Goethite is designated as

a-Fe203»H20 and lepidocrocite as Y-Fe203.H20 in keeping
with the differences in crystal struct\are.
On the basis of chemical analysis and other
characterizations, the iron oxide hydrates were originally classified as to their water content.

Thus, in the

beginning, iron oxides containing 3, 2, 1 1/2, 1, 3/4,
and 1/2 molecules of water were called separate hydrates.
These earlier distinctions failed to recognize that part
of the total water present could be chemically combined
and the remaining water adsorbed on the surface.
B6hm used water analyses and fo\ind only one definite hydrate of ferric oxide, a monohydrate possessing
the theoretical 10.12 percent water.
3

He found by x-ray

diffraction two dimorphous monohydrates, goethite
(a-Fe203-H20) and lepidocrocite (Y-Fe203-H20) (1).
In 1935, Weiser and Milligan found a third hydrate of
ferric oxide, designated as beta-ferric oxide hydrate
(3.Fe203.H20) (2).
Goethite and lepidocrocite both occur naturally,
and recently A.L. Mackay discovered the beta-ferric oxide
hydrate in natural mineral deposits (7). He named the new
mineral akagan^ite and showed it by x-ray analysis to bo
identical with the synthetic 3-Fe202«H20 prepared by
Weiser and Milligan (2).
In addition, the teinn "limonite" is commonly used
by mineralogists to describe colloform hydrated iron oxides of poorly crystalline character.

The water content

of these "limonites" varies widely, and a determination
of water content has led to the allocation of the molecular formula 2Fe20^.3H20 (3). No compound of this formula
has been found in artificial systems, and x-ray methods
have shown that most of the natural material classed as
"limonite" is actually a-Fe203-H20 like goethite (5,8),
The crystal size of limonite is so small as to mask the
external crystalline characteristics normally associated
with large crystals of goethite (5,8,9),

Sometimes a

"limonite" is sufficiently finely divided to yield
noticeably broadened x-ray reflections (10). The water
over and above the theoretical 10.12 percent is held by

physical adsorption or in capillaries.

Since this water

is not in the crystal structure, x-ray analysis will not
detect it, and limonite and goethite give identical
a-Fe203.H20 patterns.
Dehydration studies have shown a difference in the
amount of water adsorbed by goethites and limonites.
Eugene Posnjak and H.W. Merwin (3) were the first investigators to study the dehydration of hydrated iron oxides.
They found goethite and lepidocrocite comparatively easy
to decompose, yielding the anhydrous ferric oxide hematite
(a-Fe203).

The dehydration is given by the following

equation:
(a- or Y- )

Fe203«H20

heat
^

a-Fe203

+

H2O.

Because of the anomalous water content of the "limonites",
the dehydration of a-Fe202'H20 as limonite or goethite
has subsequently been the subject of many investigations
(1,2,4,11-14).
A wide range of values are reported in the literature for the dehydration temperature of goethite.

The

lowest temperatures obtained from isothermal dehydration
lie between 175^ and 225°C (3,15).

Posnjak and Merwin*s

dehydration studies, carried out by heating the samples
until constant weight was obtained and then increasing
the temperature 25^C, give the temperature of dehydration
in the range of 175^ to 200°C for both goethite and
"limonite" samples.

Most of the dehydration studies carried out on
goethite have been by differential thermal methods of
analysis (DTA).

The temperature values often associated

with the dehydration are taken at the peak maximum of
DTA curves and usually lie between 350° and 400^0
(4,14,16).

The high temperatures may be accounted for

because the samples were being heated at a rate in which
equilibrium conditions could not be established during
weight-loss.
The crystalline material, cx-Fe203'H20, thus occurs
in nature principally as the two minerals goethite and
"limonite".

Because of the high and variable water con-

tent of "limonite", it has been designated as tri- or dihydrate, a contention not borne out by x-ray analysis.
The nature of this "extra" water is characteristic.

In

the following sections are given the results of the investigation to show the "extra" water of the hydrated
iron oxides is related to its adsorption capacity.

CHAPTER III
EXPERIMENTAL
Chemicals
The reagents used to prepare synthetic
a-Fe203»H20 were 'Baker Analyzed* reagent grade ferric
nitrate, Fe(N0o)3-9H2O, Lot No. 25087 and Merck's ferric
sulfate, Fe2(80^)2-6H2O, Lot No. 40899.

Baker and

Adamson's reagent ferric oxide was also used during the
course of this investigation as a source for standard
hematite (a-Fe203).
Equipment
A type 12045 North American Philips X-ray Generator using chromium K^^ radiation filtered through a thin
vanadiiim pentoxide foil was used to obtain the x-ray diffraction patterns.

The camera used was a General Electric

model mounted on the x-ray unit.

A Norelco illuminating

and measuring device was used to measure the intensities
and position of the lines of the powder patterns.
A Perkin-Elmer Model 137 Infracord Spectophotometer
equipped with NaCl optics was used to obtain all infrared
spectra of the solid samples.
technique was used.

The potassium bromide disc

The reference material was a pressed

reagent grade KBr pellet.
A Boekcl drying oven was used to dry the sa.T.ples.
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The temperature was controlled thermostatically to plus
or minus two degrees centigrade.
The thermobalance used in the thermogravimetric
analysis consisted of an analytical balance to which was
attached a Fischer Recording Balance Accessory (17).
The weight change and sample temperature was simultaneously recorded on two Sargent Model SR strip-chart
potentiometric recorders.

The chart speed on the re-

corder was 0.3 in/min. Full scale deflection on the
weight changer recorder corresponded to 50 mg. of sample
weight change.
Preparation of Samples
Samples or a-FeyOj-H^O were prepared by the method of Weiser and Milligan (18) by the hydrolysis of
Fe(N03)-^-9H20. A solution containing approximately bO
grams of ferric nitrate nonahydrate per liter of diso
tilled water was heated slowly to below 100 C on a
thermal mixer; a yellow-brown precipitate was obtained
after approximately one hour heating.

The samples were

removed from the thermal mixer, and after the precipitate settled to the bottom of the beaker the supernatant
liquid was decanted off. All of the samples used in the
experiments were air dried three to four days at room
temperature.

Analysis by X-ray Diffraction
For identification, x-ray diffraction powder
patterns were taken of each sample.

The samples for

x-ray diffraction analysis were ground with a pestle in
an agate mortar until homogeneous particle size resulted
as noted by visual observation.

The samples packed in a

sample wedge were mounted in a General Electric camera.
Powder patterns were obtained on film after exposure for
six hours with chromium Ka radiation (wave length X =
o
2.2909 A) filtered by a thin film of vanadium pentoxide.
The distance in centimeters on the x-ray diffraction film between the center of the unreflected x-ray
beam and the center of a particular line was measured
with an illuminating and measuring device.

The Bragg

equation,
d/n

=

X/2
sin e

was used to calculate the d/n values by using the distance measured multiplied by 4, the camera factor, to
obtain the angle 0 of the equation,
the reflection,

n is the order of

0 is the angle of reflection.

The rela-

tive intensities, I/IQ, of the diffraction lines were
visually estimated relative to the darkest line.

No cor-

rection for beam absorption in the sample was made.
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Dehydration Studies
For equilibrium studies by weight-loss measurements, approximately one to two grams of the samples in
crucibles were heated in the Boekel drying oven for various periods of time, removed from the oven, and cooled in
a desiccator over calicium chloride. After the crucibles
reached room temperature, they were weighed on an analjrtical balance to within 0.1 mg.

Three consecutive weigh-

ings within 0.3 mg. were taken as evidence of reaching
constant weight.
In one experiment, structural changes followed by
x-ray diffraction were correlated with the weight-loss
studies.

A portion of the sample was removed after heat-

ing at each temperature and a powder pattern taken, so
that the composition of the sample during the dehydration
was followed,
Nonequilibrium dehydration studies at constantly
increasing temperatures, thermogravimetric analyses (TGA),
were carried out on samples of natural goethite and limonite and on synthetic a-Fe203*H20 at heating rates of two
and four degrees per minute.

The results of such studies

are influenced by several factors (19). These are the
furnace heating rate, furnace atmosphere, amount of
sample, and particle size.

In this work, the sample size

used for each analysis was 250 milligrams and the same

11

TGA apparatus was used throughout, with only the heating
rate changed.

The instrumental errors therefore should

be constant in this investigation.

The percent water

loss was calculated from the final weight.

X-ray dif-

fraction patterns were taken to identify the starting
materials and end products.
Adsorption Capacity after Thermal A^in^
Natural and synthetic a-Fe203-H20 samples were
aged thermally by heating to constant weight at a temperature just below their dehydration temperature.

The

samples were then placed in a desiccator containing a
saturated aqueous potassium nitrate solution to maintain a 92 percent relative humidity atmosphere.

After

various intervals of time, the samples were removed from
the desiccator, and their weight was measured to determine the weight gain by adsorption of water vapor.
Samples of a-Fe203*H20 which had not been thermally aged
were also placed over the high humidity solution to determine their adsorption capacities.

CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION
The experimental results obtained during this investigation are presented and discussed in the following
sections.
Sample Identification
The x-ray diffraction data for S3mthetic
a-Fe203.H20 are given in Table 1 together with the data
listed by the A.S.T,M. index card (20). The material
prepared in the laboratory was usually of this structure.
On four occasions in a-Fe203»H20 preparation, however, the product obtained was found to be 3-Fe203»H20
by x-ray diffraction analysis,

Weiser and Milligan (18)

reported that beta-ferric oxide hydrate could be produced only by the hydrolysis of ferric chloride or ferric
fluoride. A, L. Mackay (7) reported that H, Zocher had
prepared beta-ferric oxide hydrate from ferric nitrate
although mixed with alpha-ferric oxide hydrate.

The

x-ray diffraction data for beta-ferric oxide hydrate are
given in Table 2 together with the data listed by the
A,S.T,M, index card (20), The product formed has no
alpha-ferric oxide hydrate present.

Hence, 3-Fe203.H20

has been prepared from the ferric nitrate in a pure form.

12

13

TABLE 1
X-RAY DIFFRACTION DATA FOR a-Fe203.H20
S j m t h e t i c a-Fe20o«HnO
o
d/n, A
1/^0
4.98
2
4,19
9
3,37
1
2.69
6
2.58
4
2.52
2
2.49
2
2.44
8
2,25
3
2.19
4
2.04
1
1,92
1
1.86
1
1,80
1
1.72
6
1.69
2
1.65
1
1.60
1
1.56
4
1.51
4
1.45
3
1.42
2
mm

«^

£•

A.S,T.M. data for a-Fe203'H20
0

d/n, A
5,00
4,21
3,37
2,69
2,57
2,51
2.48
2.44
2.25
2.18
2.00
1.92
1.86
1.80
1.72
1.69
1,66
1,60
1.56
1,51
1.45
1.42

1/
2
10
2
8
3
1
2
7
2
4
1
1
.

.

2
5
2
1
2
3
2
2
1

1

14

TABLE 2
X-RAY DIFFRACTION DATA FOR 0-Fe2O3-H2O
P-^®2°3'^2° ^^^ hydrolys i s of f e r r i c n i t r a t e

A,S,T.M. data for
3-Fe203-H20

d/n, A

d/n, A

^^h

7,40
5.25
3.31
2,62
2.54
2,34
2.29
2,10
2,06
1,94
1,85
1.82
1.75
1.72
1.69
1.64
1.52
1.50
1.48
1,46
1,44
1.37
1.31

10
4
9
4
8
2
4
2
2
6
1

7.43
5,24
3,33
2,63
2,55
2,35
2,29
2.10
2,06
1,95
1,86
1,82
1.76
1.73
1.69
1,64
1,52
1,50
1,48
1,46
1,44
1,38
1,31

.

I/^o
9
4
6
3
7
2
7
2
1
7
1
1
5
1
1
10
3
1
2
. . .

8
5
3

. . .

4
1
. . .

10
4
2
2
1
8
4
. . .
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The exact mechanism by which the beta-ferric
oxide hydrate forms is not known, but Qoode and Kenner
(21) considered the final pH of the precipitation medium
and the length of heating after precipitation in explaining the beta-hydrate formation from FeCl3 hydrolysis.
They propose that a ferric oxychloride hydrosol
(Fe(0H)2Cl) initially formed upon hydrolysis of ferric
chloride hydrolyzes further to FeOCl and then to P-FeOOH
(3-Fe203»H20) as the temperature is raised.

The factors

suggested by Goode and Kenner may also be involved in the
formation of the beta-ferric oxide hydrate from ferric
nitrate, for the final pH of the medium and the period
of heating after precipitation may lead to the formation
of the beta-hydrate.

An exact explanation for the beta-

ferric oxide hydrate formation observed here is not known,
and a further investigation of this previously unreported
behavior is needed.
X-ray Diffraction Study of Synthetic and Natural Samples
The x-ray diffraction patterns of natural goethite
(a-Fe203'H20) samples were identical with those of the
samples prepared by the hydrolysis of ferric nitrate, excluding the four cases mentioned previously, agreeing exactly with the data given in Table 1 for synthetic
a-Fe203«H20,

The alpha-ferric oxido hydrate prepared by

the hydrolysis of ferric nitrate is thus identical in

16

crystal structure with natural goethite.
The x-ray diffraction patterns given in Figure 1
show that the natviral limonite is a-Fe^Oo'HjO as previously observed by Holser (8), Both synthetic and natural
goethite and limonite give identical a-Fe203.H20 x-ray
diffraction patterns in relative intensity and line width.
Infrared Spectra
An infrared spectrum for natural goethite is given
in Figure 2.

Several characteristic bands identified in

standard references (22) may be noted.

The absorption

band at 3.0-3,5 microns indicates the presence of hydro:Qrl groups.

The water absorption band is in the

6 micron region.

The spectrum reaches a very broad maximum

near the 8 micron region.
and 12.5 microns.

Two broad bands occur at 11,0

These distinct features serve to identi-

fy goethite.
In Figures 3 and 4 the infrared spectra of the synthetic goethite samples show the characteristic goethite
absorption bands and also the characteristic bands of
adsorbed ions resulting from the preparation.

Infra-

red spectroscopy is an excellent method to detect the
presence of adsorbed ions (23), for they may be identified by their characteristic infrared absorption bands.
X-ray diffraction methods will not show their presence,
since adsorbed ions are not part of the crystal structure.
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A comparison of Figures 2 and 3 shows that the infrared
spectra of the synthetic goethite and natural goethite are
alike except for the characteristic ionic nitrate absorption band at 7.2 microns (22). X-ray diffraction gave no
evidence of this impurity.
Similarly, the infrared spectnam of goethite prepared from ferric sulfate, Figxire 4, indicates the presence of adsorbed ionic sulfate ions by the characteristic
ionic sulfate absorption bands in the 8.0-9,0 micron
region (22).
Most of the spectra of the natural samples of
goethite and limonite were free of adsorbed ions. But
in one natural limonite sample, absorption bands characteristic of sulfate were noted.

These bands were possi-

bly the results of contamination of the sample sometime
in its past history or of incomplete leeching.
Since adsorbed ions may influence the adsorption
capacity, attempts were made to remove the adsorbed ions
from the S3mthetic samples.

They were washed with dis-

tilled water approximately twenty-five times, or until
peptization occurred.

The infrared spectra of the washed

samples showed the adsorbed ions were still present.
Consequently all synthetic a-Fe203»H20 samples used were
contaminated with adsorbed ions.
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Heat Treatment of Samples
Dehydration of Goethite
Upon dehydration a-Fe203*H20 yields the anhydrous
ferric oxide hematite, a-Fe203.

Samples of natural goe-

thite, natural limonite, and synthetic a-Fe203*H20
were heated to 400^0 in an electric furnace.

Natural

goethite (a-Fe203-H20) lost an average of II.0 percent
water.

Since monohydrated ferric oxide should have 10.12

percent stoichiometric water, the slight excess may be attributed to water adsorbed on the surface of the particles
However, natural samples of the hydrated iron oxide
labeled limonite were found to have 13.7 percent as determined by weight-loss studies, an excess of 3.6 percent.

The presence of 5 to 15 percent excess water on

limonite samples has been reported in many previous investigations (1, 4, 5, 8). The water over the theoretical amount is attributed to adsorbed water and to water
which may be in structural capillaries.
Samples of S3nithetic a-Fe203*H20 had an average
water content of 22.3 weight percent, a large excess
above the theoretical amount.

The synthetic a-Fe203«H20

samples have a high water adsorption capacity due to the
high activity of their fresh surfaces.
The dehydration weight-loss of the natural and
synthetic hydrated iron oxides is given in Table 3.
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TABLE 3
AVERAGE WATER CONTENT OF SAMPLES
OF a-Fe203*H20

Average
Water
Content

I^atural
Goethite

Natural
Limonite

11,0%

13.7%

Sjnithetic
d-Fe203-H20
22.3%

28

Since their x-ray diffraction patterns are alike, the
only apparent difference between goethite and limonite is
their water content.
The air-dried synthetic a-Fe203'H20 has a tremendous capacity for adsorbing water as seen by Table 3.
The particle size would affect their adsorption capacity.
The particle size of synthetic a-Fe203»H20 is probably a
function of the aging time.

The particle size would be

very small if the aging period of the sample was short.
With smaller particle sizes the total surface area of the
crystallites would be larger. With a larger surface area
and an active surface the particles could adsorb a large
amount of water.

On the other hand, if the particle size

was large the total surface area would be smaller, and
less adsorption would occur on the active surface.

Pos-

sibly the natural limonite and goethite have large particles due to geological aging and therefore adsorb less
water.
An additional factor may also come into play.

The

crystal structure of a-Fe203*H20 can account for the variable water content leading to the classification limonite.
F. J, Ewing (24) reported that the structure of goethite
can be regarded as built of iron centered octahedra arranged in the manner shown in Figure 5,

The octrahedra

share edges in r>uch a manner as to form one-dimensionally
infinite aggregates which are called "double rutile

29
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strings" running parallel to the c axis joined by sharing corners.

The a-Fe203-H20 structure thus has pores or

capillaries between the rows of octahedra in which water
could be trapped.

Water trapped in these pores during

preparation would lead to a product of high water content.
The subsequent geological or laboratory history of a sample would greatly control the subsequent accessibility
of these pores for retention or refilling of water.
Thermogravimetric Analysis
The results of thermogravimetric analysis, a
thermogram, carried out on natural and synthetic
a-Fe203«H20 are shown in Figure 6 for a linear heating
rate of two degrees per minute.

The natural sample of

"limonite" lost 9.9 percent weight, almost exactly the
theoretical amount of water for a monohydrate.

The de-

hydration curve for natural limonite is essentially flat
to 225^0 when weight-loss began.
o
Stant weight around 325 C,

The sample reached con-

The thermogram of the natural sample labeled goethite (Figure 6) indicates a steady but small weight-loss,
due to the loss of adsorbed water, occurred as the sample
was heated to 200^0.
rapidly at 200°C.

The sample began to lose weight

Constant weight was obtained at 275 C.

The heating rate used was two degrees per minute.
weight-loss for natural goethite was 12.3 percent,

The
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slightly in excess of the theoretical amount of water.
From the definition of goethite and limonite set
forth previously, the results obtained by TGA are exactly
reversed.

The natural goethite sample lost 12.3 percent

water whereas the limonite sample lost only 9.9 percent
water.

The water content of limonite varies widely, and

the sample used in this experiment possessed little or no
adsorbed water, or may not be a pure ferric oxide monohydrate material.

In other words, the limonite of this

experiment was essentially goethite other than its external appearance.

Consequently external appearances

are not as reliable as water analysis for the identification of a mineral as a goethite or a limonite.

In

both instances they are chemically identical with
a-Fe203«H20 but their water content is different.
X-ray Diffraction During Dehydration
X-ray diffraction offers an unequivocal method of
following dehydration reactions and identifying the substance presence.

By taking x-ray diffraction pictures

of the sample before and after heat treatment, the dehydration of synthetic a-Fe203-H20 was followed. The
sample was heated for periods of only four hours in the
Boekel drying oven.

After heating, a portion of the sam-

ple was ren^oved for x-ray diffraction.

The sample was

returned to the oven for another heating period at a
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tesnperature 25°C higher.

Samples of a-Fe203«H20 were

heated at temperatures from 75^ to 250^0.
The results of the x-ray diffraction analysis are
shown in Figxire 7.

The crystal structure of a-Fe203.H20

changes to the CL-Fe203 structure at 175°C as noted by the
appearance of ^'"^^2^^ lines in the powder pattern of
^•*^®2^3*^2^*

^^ ^^^ ^ ^^® ferric oxide hydrate is under-

going dehydration and the structure is changing from the
orthorhombic structxire of a-Fe203'H20 to the hexagonal
structure of a-Fe203 (13). The structvire of a-Fe203 appears to be disordered at 200 C as seen by the broad
faint lines in the powder pattern.

Ordering occurs with-

in the a-Fe20^ structure upon heating above 200 C.

This

is noted by the appearance of sharp and more distinct
lines in the powder pattern.
A curve showing the weight-loss at each temperature is a relative or nonequilibrium dehydration curve of
a-Fe203-H20,
Figure 8.

The relative dehydration curve is shown in

Upon examination this curve shows a large

weight-loss at 75 C followed by gradual weight-loss of
o
water up to 150 C equivalent to adsorbed water; it is
o
followed by dehydration in the 175 C region. The total
percent weight-loss was 21 percent and constant weight
o
was obtained after 200 C.
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Isothermal Dehydration of Goethite
Equilibrium dehydration under isothermal conditions was carried out on synthetic samples of a-Fe203»H20
by heating as long as necessary to constant weight from
o
o
70 to 200 C in 10 degree intervals. From the observed
weight at each temperature, an isothermal dehydration
curve was constructed and is given in Figure 9, The
o
alpha-hydrates lost capillary water at 70 C and slowly
o
lost weight up to 170 C due to the loss of surface adsorbed water. A 14 percent weight-loss had occurred up
o
o
to 170 C.

Heating at 180 C resulted in dehydration, with

a 9 percent weight-loss at this temperature due to the
loss of structural water.

The dehydration temperature of
o
o
synthetic a-Fe203-H20 is 170 -180 C as fixed by the "step"
in the isothermal dehydration curve, in agreement with
the temperature of dehydration observed in the nonequilibrium heating of a-Fe203*H20.
The observed dehydration temperature for
a-Fe203-H20 agrees with that reported by Posnjak and
Merwin (3). The temperatures reported by other investigators using the maximum peak on a DTA curve differ by 200^0 higher from the results found in this experiment (4, 14, 16). The temperatures reported from
DTA are not equilibrium dehydration temperatures and
thus are not representative of the true equilibrium de-

41

42

1 1

0

190

20

o

00

O
•

o

(0

o

o^

in

o

Ul
ft:
3
<

"-

o

ro
O
CVJ

o
o

SSOn - 1 H 9 I 3 M

lN30d3d

cr

UJ

CL

2

UJ

H

43

hydration temperature of a-Fe203*H20,

Posnjak and Merwin

(3) observed this effect using DTA analysis on samples of
natural goethite.

They rejected the maximum peak on the

DTA curve as being the temperature of dehydration of goethite because of nonequilibrium conditions within the
sample when the maximum peak was obtained.
Temperatures of dehydration have been known to
vary by amounts up to 100 C due to experimental conditions
but a 200 C difference in dehydration temperatures is too
high to be only the results of experimental conditions.
The particle size and the heating rate will cause the reported dehydration temperatures to vary (25), A fast heating rate will result in the sample getting far beyond
equilibrium and the resulting peak on the DTA cxirve will
be higher than the equilibri\m dehydration temperature.
The particle size may influence the temperatxire
of dehydration as noted by Lima-de-Faria (14). He
studied the dehydration of natural goethite.

The samples
o
were heated at various temperatures between 200 and
o
450 C and recorded the weight-loss as a function of time
using a thermoba lance.

The samples employed were not

ground and large particle sizes were used. After heato
ing a goethite sample 250 C for one and a half hours,
the weight-loss percent reported was less than one percent, while at 450 C the weight-loss was 9.7 percent
after only fifteen minutes.

In dehydration studies the
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particle sizes influence the weight-loss.

The large

particle size could account for the small weight-loss at
250 C even after one and a half hours heating.
The effect of particle size of a sample on the
weight-loss curve has been elucidated by Martinez (26).
He found a decrease in particle size of sample lowers
the temperature at which thermal decomposition begins,
as well as the temperature at which the decomposition
reactions are completed.

For extremely small particle

size a continuous weight-loss occurs for most hydrates,
with the most rapid decomposition occurring during the
dehydration regions.
The complete explanation for the high temperatures of dehydration for natinral goethite samples as reported by Lima-de-Faria is not known.

The particle size

and heating rates may influence the results and further
work may be worthwhile in this area.
Thermal Aging and Water Adsorption Studies
Complete dehydration studies of S3mthetic
a-Fe203«H20 show 13 to 14 percent adsorbed or capillary
water in addition to the 10.12 percent water of constitution.

To see if the quantity of "extra" or adsorbed

water could be controlled, synthetic a-Fe203»H20 samples
were heated immediately below their dehydration temperature.

In this aging process, a perfection of structure
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occurs.

The samples were heated at 165^0 for twenty-

four hours.

The sample weight after aging showed the

removal of 10 to 13 percent water.

Then, the samples

were allowed to reach equilibrium with the moisture in
the room atmosphere; they gained 3 to 4 percent in weight,
A sample of thermally aged S)mthetic a-Fe203«H20
was subjected to thermogravimetric analysis, using a
linear heating rate of four degrees per minute.

The

thermogram obtained (Figure 10) indicates a total weightloss of 13.3 percent.

The thermogram showed that weight-

loss occurred immediately upon heating, attributable to
the loss of adsorbed water gained during the exposure to
the atmosphere.

The large weight-loss, due to loss of
o
^
stoichiometric water, occurred between 200 and 250 C,

X-ray diffraction analysis showed the end product was
hematite.
Further, the water vapor taken up by fresh synthetic a-Fe203.H20 was compared with the thermally aged
synthetic a-Fe203«H20.
4.

These results are given in Table

Samples of fresh and thermally aged synthetic

a-Fe203»H20 were placed in a desiccator in which a 92
percent relative humidity atmosphere existed at room
temperature.

Both samples gained weight during a 24 hour
o

exposure period.

Samples were then heated at 450 C to de-

termine the water content.

The results of Table 4 indi-

cate that the thermally aged a-Fe203*H20 did not contain
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TABLE 4
THERMAL AGING RESULTS
_
,
Sample

Weight at Room
Temperature

Weight after
450^0

Percent
HoO

Freshly
Prepared
a-Fe203.H20

0.8085 gms,

0,6314 gms.

21.90%

Thermally
Aged
°'-^^2^y^2^

0,2795 gms.

0.2422 gms,

13,35%
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a large quantity of water.

The total water (stoichiomet-

ric and adsorbed) content of the thermally aged
a-Fe203.H20 was 13.35 percent compared to 21.90 percent for the fresh a-Fe203«H20,, The adsorbed ions,
which resulted from the method of preparation, had no
effect upon the adsorption capacity of the hydrated iron
oxides.

The thermal aging process reduced the water

holding capacity of the a-Fe203'H20 by 8.5 percent.

The

water capacity of synthetic a-Fe203»H20 is thus reduced
by a thermal aging process.

Detailed adsorption studies

would show the change in the porosity of the crystalline
a-Fe203«H20,
To account for the decrease in the a-Fe203»H20
water content after thermal aging, the effects of heating have on the sinrface and structure of a-Fe203»H20 may
be considered.

The fresh synthetic a-Fe203-H20 possessed

a tremendous water capacity initially on its active surface and within its crystal structure; heating the synthetic a-Fe203«H20 below its dehydration temperature destroys some of its ability to adsorb and trap water molecules.

Effectively the prolonged heating may decrease

the activity of the surface towards further water vapor
adsorption, but more likely the major portion of the decreased capacity lies in the loss of the capillarity of
a-Fe203.H20.

TEXAS TECHNOLOGICAL COLLEGI.
LUBBOCK, TEXAS
• a n rt A n \ /
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If one considers the crystal structure of
a-Fe203«H20 shown in Figure 5, the pores where capillary water could be trapped could have closed at the ends
by sintering at the high temperature.

There are several

stages in the sintering process (27). First the surface
roughness is destroyed; an adhesion period follows during which the particles weld together; and finally there
is the so-called "densification" period during which
voids and pores are gradually eliminated.

With the

pore's ends closed, water could not be adsorbed inside
the structure.

A decrease in the water adsorption ca-

pacity of a-Fe203«H20 would result from the heat treatment.
Thus by thermal aging, the water capacity of synthetic a-Fe203»H20 can be drastically reduced.

If one

looks before and after thermal aging at the sjmthetic
a-Fe203»H20 on the basis of water analysis, one would
conclude, by the definition set forth previously, that
an apparent limonite was converted to an apparent goethite.

On the basis of water analysis the two are dif-

ferent but on the basis of chemical and physical appearance they are still a-Fe203«H20.
Since limonite is essentially a-Fe203.H20
with adsorbed water, the thermal aging has converted
a synthetic "limonite", a hydrated iron oxide with a
large, variable amount of adsorbed water, into a goe-
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thite, a hydrated iron oxide with only a small amoiint of
adsorbed water.

Thus, the results obtained during this

investigation indicate that the only physical difference
between goethite and limonite is that natural goethite
has apparently undergone some aging after its initial
formation equivalent to thermal aging which reduces its
adsorption capacity.
The results of this investigation have several
geological implications.

For instance, if the only ap-

parent difference between sjmthetic goethite and limonite
in the laboratory is their water adsorption capacity,
then goethite*s adsorption capacity has been altered,
possibly by sintering, on thermal aging.

On the basis

of water analysis of synthetic a-Fe203»H20, before and
after thermal aging, it can be seen that the characteristic nature of the two materials are different in their
water adsorption capacity.

Possibly, natural goethite

(a-Fe203«H20) has \indergone some similar process such as
thermal or hydrothermal aging during its past geological
history that has altered its adsorption capacity.. The
same two processes, thermal and hydrothermal aging, have
not acted on natural limonite to alter its adsorption
capacity and capillary water content.

If hydrothermal

or thermal aging processes have acted upon a-Fe203-H20
deposits then the characteristic nature of the materials,
goethite and limonite, could possibly be used as a geo-
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chemical measuring device for determining the age of
the deposit.

In fact, investigation of the adsorption

capacity of a-Fe203-H20 deposits to measure surface area
as a function of known geological age might well show
the nature of the porosity of the natural materials.

CHAPTER V
SUMMARY AND CONCLUSIONS
1.

The ferric oxide hydrate goethite has been studied
using x-ray diffraction analysis, infrared spectroscopy, thermogravimetric analysis, isothermal dehydration, and thermal aging,

2.

Synthetic samples of a-Fe203.H20, prepared by hydrolysis of ferric salts, were found to have high
water adsorption capacity,

3.

The infrared spectra of a-Fe203.H20, prepared by
hydrolysis of ferric salts, indicates the corresponding anion was adsorbed on the crystallites,

4.

The dehydration temperature of synthetic a-Fe203.H20
was determined by x-ray diffraction and isothermal
dehydration studies to be near 175®C, and agreed with
the temperature reported by Posnjak and Merwin,

5.

Beta-ferric oxide hydrate can be prepared by the hydrolysis of ferric nitrate, but the conditions and
mechanism of its formation are not known at this time.

6.

Natural limonite and goethite have the same crystal
structure and the only apparent difference between
the two is their adsorbed water content.

7.

The method of thermally aging a-Fe203«H20 below its
dehydration temperature has been found to be a means
by which the adsorbed water content can be controlled.
*;•?
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8,

Sintering is considered to account for the decrease
in adsorption capacities of a-Fe203«H20,

9.

An apparent limonite can be changed into a goethite by thermally aging at 165°C,

10.

Detailed adsorption studies on a-Fe203*H20 could
show the changes in porosity resulting from thermal
aging.
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