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Abstract—An X-ray thermodifferential powder diffraction method for the quantitative determination of
goethite and hematite in lateritic bauxites has been developed and consists of measuring the integrated
intensities of the 012 line of hematite before and after heating the sample at 900°C and of correcting the
obtained values by the X-ray mass absorption coefficient of either the untreated or heated matrix. From
the corrected line intensities and the chemical analyses, the amounts of iron to be aliocated to goethite
and hematite in the untreated samples can be estimated. The actual content of goethite and hematite in
a sample is calculated by taking into account the degree of Al substitution in each of these minerals. The
method was tested on artificial mixtures of goethite and hematite and subsequently used to analyze 98
auger drill samples from lateritic bauxites of Guinea Bissau. The estimated precision of the determination
of goethite and hematite content was 2% (absolute). The method can not be applied to samples containing
<10% Fe,O; (on a whole weight basis) unless preconcentration is carried out.
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INTRODUCTION

Knowing the goethite and hematite content of soil
or ore samples is of the utmost importance, for ex-
ample, for predicting the chemical and physical prop-
erties of a soil or the behavior of an iron ore during an
industrial process or for calculating nonavailable alu-
mina in bauxite processing. The quantitative deter-
mination of both minerals in a given rock or soil sam-
ple can be achieved by means of several instrumental
techniques; however, in recent years, two methods seem
to have received special attention. M&ssbauer spec-
troscopy (see e.g., Janot et al., 1971) is probably the
most precise and accurate, of these techniques but it
is also time consuming and costly, and therefore poorly
suited for the examination of large numbers of samples.

X-ray powder diffraction, on the other hand, can be
applied either to natural bauxite samples (Black, 1953)
or to soil samples rich in iron oxides (Kampf and
Schwertmann, 1982a). It has some limitations, how-
ever, due to the nonlinear variation of goethite and
hematite XRD line intensities in various reference
samples and to the fact that the mass absorption coef-
ficient used by some workers has been estimated rather
than accurately calculated.

In the present study, a procedure for the quantitative
mineralogical analysis of goethite and hematite in mix-
tures is described, for which chemical composition is
known. This method, which requires that the chemical
composition of the mixture be known, is simple and
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convenient and is based on thermally induced dehy-
droxylation of goethite and its subsequent transfor-
mation into hematite. Measuring and comparing in-
tegrated hematite XRD line intensities before and after
thermal treatment of a sample enable content of each
mineral to be calculated.

PRINCIPLE OF THE METHOD

Intensity of an XRD line and concentration
of the diffracting component

The intensity I; of a given diffraction line i of a
crystalline component j present in a mixture is ex-
pressed by the formula proposed by Klug and Alex-
ander (1974):

X,
Ii‘ — ] .
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where K;; = a constant; x; = content of component j
in the mixture, in wt. %; d; = density of component j,
in g/cm3; u/p; = mass absorption coefficient of com-
ponent j for the wavelength (A) of radiation used; and
W/ p, = mass absorption coefficient of the matrix.

If the mineral component j is present in different
concentrations designated as x; and y; in matrices m,
and m, of different chemical composition, and if the
density d remains the same in both cases, the ratio of
two considered concentrations may be written as:
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If only one of the concentrations in Eq. (2), x; or yj, is
unknown, it can be found, provided the chemical com-
position of both mixtures containing mineral j is known
(a necessary condition for calculating u/p).

Calculation of hematite content in a
matrix containing goethite

For an ore or soil sample containing both goethite
and hematite, after suitable thermal treatment (de-
scribed in detail below), all iron in the sample will be
in the form of w-Fe,O;. Therefore, if the chemical com-
position of this sample is known, the hematite (Hm)
content after heating is also known and the conditions
for the solution of Eq. (2) are fulfilled. The consequent
measurement of a chosen hematite XRD line intensity
before and after thermal treatment (designated I* and
I", respectively) provides the data for the calculation
of hematite content before heating, using the following
equation:

% Hm = % Hm"-I[.*~/1", 3

where: I* = (I"-u/p"); 1P = (I"-w/pb); u/p® and u/p® =
the mass absorption coefficients of untreated and heat-
ed samples, respectively; and I" and I* = the intensities
of the considered XRD line of the untreated and heated
samples, respectively. The percentage of hematite (%
Hm") can be calculated by correcting the Fe,O; content
in a sample for loss of H,O after thermal treatment,
which is assumed to be equal to the measured loss on
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length (A) of radiation used (Klug and Alexander, 1974),
regardless of the mineralogical form the chemical com-
ponents may take. The mass absorption coefficient of
a bauxite sample composed of AL, O,, Fe,O,, Si0,, TiO,,
and H.O, for a given X-ray radiation wavelength, will
be equal to the sum of individual cocflicients of all
specified components multiplied by their weight per-
centage content in the mixture. Hence,

w'p =% ALO; u/p; + % Fe,O5-u/p,
+ % SiO,-u/p; + % TiO,-u/p,
+ % SiO,-w/ps + % H,O-u/pq. &)

The elemental mass absorption coefficients for CoKa
radiation used in the calculations below were taken
from Klug and Alexander (1974). To illustrate this
approach, the calculation of the hematite content (based
on the intensity of the hematite 012 line) in sample
14m2 is given below; the relevant data are listed in
Table 1. The recorded 012 line intensities actually cor-
respond to Al-substituted mineral species, therefore,
for calculations using Eq. (4), the Al content of the
hematite must be added to the chemically determined
ferric component. A study of Al substitution in he-
matites was beyond the scope of this research, but the
value of this parameter was assumed to be equal to 15
and 8 mole % for heated and nonheated hematites,
respectively (on the basis of the available data of Janot
et al., 1971; Nahon, 1976; Schwertmann et al., 1979;
Yariv et al.,, 1981; Tardy and Nahon, 1985; and Am-
brosi et al., 1986). Consequently the amount of he-
matite in sample 14m?2 after heating is:

ignition (L.O.L): Fe,O, mole
. AlL,O . ti
% Hm" = % Fe,0; (Yo% — % L.OL).  (4) COTp s fomp rahio

For greater clarity of explanation, the aluminum sub-
stitution in hematite in both Eqgs. (3) and (4) was not
considered; the necessary corrections for Al are dis-
cussed below.,

The necessary condition for the correct calculation
according to Eq. (3) is a knowledge of the elemental
composition (major components) of an examined sam-
ple, from which the iron content after thermal treat-
ment can be calculated and the mass absorption coef-
ficient (u/p) can be computed for both the natural and
the heated samples. The mass absorption coefficient is
dependent on only two parameters: (1) elemental
(chemical) composition of a sample, and (2) wave-

% Hm" = 55.9% + [(55.9-100/85) — 55.9]0.64

= 62.2%, (6)

where 0.64 is the Al,0,/Fe,O; mole ratio used to con-
vert mole % to wt. %. According to Eq. (4) the quantity
of hematite in the untreated sample is:

% Hm" = 62.2%- 1876/4297 = 27.2%.  (7)

Calculation of goethite content

The amount of iron associated with goethite in the
untreated sample is thus the difference between total

Table 1. Results of 900°C thermal treatment of the sample 14m2.
Chemical composition (wt. %) 012 line int. (cts)
Sample ALO, Fe,0, TiO, Si0, H,0 w/p! I 171072
Untreated 31.7 44.8 1.8 1.9 19.41 41.71 4490 1876
900°C 395 55.9 2.3 2.3 - 48.21 8913 4297

! Mass absorption coeflicient.
2 Measured intensity of hematite 012 X-ray powder diffraction line.
3 Corrected intensity of hematite 012 X-ray powder diffraction line.
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Fe,O; and Fe,O, attributed to hematite (in the un-
treated sample):

Total Fe,O,  Fe,O; in hematite

! !
% Fe,0s6um = 44.8 — [27.2 — (27.2-0.08)-0.64]
= 19.0%.

@®

The pure hydrated ferrous component of goethite is
obtained by adding 11.25% water (stoichiometric ratio
to Fe,0O,). Thus:

% FeOOH gy, = 19.0 + (19.0-11.25% H,0)
= 21.4%. )

Obviously, to transform the above calculated ferric
iron content into a-FeOOH content, besides adding of
stoichiometric water, corrections equivalent to mole %
Al substitution must be made as well. For example, in
sample 14m?2 in which the Al substitution rate in goe-
thite Al/(Al + Fe) = 20% (calculated according to Fitz-
patrick and Schwertmann, 1982), the value calculated
using Eq. (5) represents 80 mole % of total goethite wt.
% in the sample. Thus, the final value is:

FeOOH M wt.
comp. AIOOH comp. ratio
! l i
% Gth = 21.4 + {[(21.4-100/80) — 21.4]0.67}
= 25.0%, (10)

where 0.67 is the AIOOH/FeOOH molar ratio used to
convert mole % to wt. %.

MATERIALS AND METHODS
Sampling

The samples were taken from 20 boreholes along 5
lines in the ferruginous bauxite developed on a flat top

hill or “bowal” in the Boe region, southeast Guinea -

Bissau, West Africa. The samples were taken using a
UGB-50 mobile drilling rig equipped with auger drill.
The sampling interval was determined by the length
of auger segments, each 1.5 m long. The entire raw
sample (about 30 kg) was ground and split to the de-
sired volume. For all samples discussed here the first
two alfanumeric characters indicate the borechole num-
ber and the third number indicates the sampling in-
terval; thus, sample 14m2 is from borehole 14m, the
second sampling interval (1.5-3.0 m). Duplicate sam-
ples were prepared in a quantity of about 100 g each
and grain size <200 mesh. Ninety-eight samples were
collected and analyzed mineralogically and chemically.

Methods

X-ray powder diffraction. The 012 X-ray powder dif-
fraction (XRD) line at about 3.66 A was chosen for
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Table 2. Intensity of 012 X-ray powder diffraction line of
hematite after heating of different durations in different tem-
peratures.!

L Intensity (cts)
Heating time

(hr) 1 2 4 8 12
600°C — 3420 — - -
700°C — 4140 - - -
800°C - 4320 — - —
900°C 4380 4297 4420 4406 4392

! Sample 14m2.

the intensity measurements because it did not overlap
with peaks of other minerals present in the bauxites.
Although it is less intense than the 110 line, it gave
more accurate results than did the latter during testing
of the method on synthetic samples of known com-
position.

Self-supporting powder mounts were prepared by
gentle-pressure back-filling of the powdered sample into
aluminum sample holders placed against filter paper
to minimize orientation (Kampf and Schwertmann,
1982a). XRD data were obtained using CoKa radiation
(40 kV, 20 mA) and a Philips PW 1050 vertical go-
niometer equipped with a 1° divergence slit, a 0.2-mm
receiving slit, a 1° scatter slit, a graphite monochro-
mator, and a proportional detector. The 012 line width
was recorded from the XRD pattern and a background
value corresponding to that width was calculated. The
012 line of each treated and untreated sample was
scanned three times at 0.5°26/min; the integrated line
intensity retained for the further calculations was the
average of the three runs. The counting rate was 400
counts/s, so that no dead time correction was neces-
sary.

To limit the errors caused by the instrumental drift
(resulting from temperature, pressure changes, etc.) the
measurements on natural and thermally treated sam-
ples were carried out successively.

Thermal treatment. Well-crystallized goethite dehy-
droxylates at 320°-390°C. For the very finely crystalline
varieties this value may be much less than 300°C (Kel-
ly, 1956; Schwertmann et al., 1985). According to Ya-
riv et al. (1981), after dehydroxylation, goethite is con-

Table 3. Results of tests on the synthetic samples of known
composition (wt. %).

Hematite calculated
Stan-

dard Gibbsite Quartz Anatase Goethite Hematite ) 2)
S1 62.7 1.5 1.3 18.7 16.7 16.5 17.0
S2 450 29 2.0 350 150 14.5 15.4
S3 450 29 2.0 145 355 356 36.1

(1) = Hematite content found in the first series of synthetic
samples (all minerals synthetic).

(2) = Hematite content found in the second series of syn-
thetic samples (goethite natural).
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Figure 1. Hematite content vs. corrected 012 line intensity

(Ic) in synthetic samples from series 1. O = sample before
thermal treatment; A = sample after thermal treatment.

verted to “protohematite™ which is stable to 600°C.
The XRD pattern of protohematite differs from that
of well-crystallized hematite by having broader and
weaker lines. The XRD peaks of samples heated to
>600°C become sharper and their width at half height
(WHH) approached the values for well-crystallized he-
matite. In the present study, aliquots of a selected nat-
ural sample (14m?2) were heated for 2 hr at 600°, 700°,
800°, and 900°C, and the 012 line intensities were re-
corded as shown in Table 2. From these data heating
at 900°C appeared to ensure the stable intensity of the
012 XRD line and that no significant changes in line
intensity would result on longer heating. Thus, heating
for 2 hr at 900°C was the routine condition maintained
for all analyses of all samples.

Peak position and geometry. For most samples, the
thermal treatment caused the 012 peak to shift toward
lower d values by 0.03 to 0.07 A. According to Yariv
et al. (1981) this shift on heating is due to greater Al
substitution in the hematite after the heating, as a result
of the incorporation of Al from Al-bearing minerals.
Similarly, for most samples, the width at half height
(WHH) of the hematite 012 peak increased 10 to 20%
after heating, probably because of the small crystallite
size of the hematite formed at the expense of dehy-
droxylated goethite.

Tests on synthetic mixtures of known composition

To check the validity of the theoretical premises (i.e.,
the linearity of a-Fe,0, concentration vs. 012 line in-
tensity), two series of standards (three standards in each
series) of the same compositions were prepared (see
Table 3) and treated as described above. In the first
series, all mineral components were “Merck™ labora-
tory reagents, except the goethite, which was synthe-
sized in the laboratory. In the second series of stan-
dards, the goethite was a natural material from a
weathered pyrite vein. Its chemical analyses gave 88.8%
Fe,0,, i.e., 1.1% less than the theoretical formula.
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Figure 2. Hematite content vs. corrected 012 line intensity
(Ic) in samples from borehole 51. O = sample before thermal
treatment; A = sample after thermal treatment.

EVALUATION OF THE RESULTS

All experimental data on the synthetic samples are
listed in Table 3 and plotted in Figure 1. According to
these results, the standard error of estimation for the
hematite content is +0.4% hematite. Given the insig-
nificance of the error introduced during weighing of
the synthetic standards, the source of error must be
due to the measurement of the XRD line intensity and
the calculation of the background intensity. The pre-
cision of the hematite determination in natural samples
depends, however, on more parameters, namely: (1)
errors in chemical analyses; (2) variation in the degree
of Al substitution in Fe minerals and in hematite before
and after the thermal treatment; and (3) variations in
the crystallinity of the goethite which affects the crys-
tallinity of hematite obtained by the thermal treatment
(see Table 4). For the eight samples from borehole 51
(Figure 2), the standard error of estimation for hematite
content is +1.2% hematite.

The flatter slope of the regression line in Figure 2
compared with that in Figure 1 can be explained by
the lower crystallinity of natural hematites compared
with the synthetic varieties. This difference in crystal-
linity does not affect the calculation of hematite and
goethite content in the natural samples, as in fact the
“hematite calibration line” is derived from the pro-
portionality between the hematite XRD line intensity
before and after heating, considered individually for
each sample (vide supra). Consequently the absolute
error in the hematite determination using the present
method is probably about +2%. This value is also
applicable to the determination of goethite content,
which, however, may also bear an additional error due
to nonstoichiometric water. To illustrate results ob-
tained from the analyses of 98 samples, nine examples
representing the Fe,O; variation range are listed in
Table 4. The mean crystallite dimension of goethite,
hematite, and hematite after the thermal treatment was
calculated according to Sherer formula (Klug and Alex-
ander, 1974). The values obtained show a much small-
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Table 4. Range of variation of total Fe,O,, hematite, and goethite contents and Al substitutions (mole %) in goethites from

selected samples.

Fe, 0, Goethite MCD! Hematite MCD,2 MCD,?

Sample (wt. %) (wt. %) Al Sub (M %) A) (wt. %) A A)
3led 51.99 31.2 18.0 323 29.4 440 440
553 50.56 40.4 6.0 612 17.0 795 1069
14m2 44,76 24.8 20.0 246 27.2 795 795
1405 41.30 17.0 16.0 269 29.3 795 521
25u4 36.94 30.7 17.0 233 13.7 521 440
1402 31.68 24.5 17.0 290 11.9 400 400
14f1 25.35 11.2 20.0 270 17.7 521 440
5d1 19.20 14.0 16.0 233 8.6 521 368
29¢1l 12.35 7.9 20.0 185 6.6 650 521
Mean (n = 98) 31.7 22.0 16.0 254 17.3 613 511

! Mean crystallite dimension of goethite.
2 Mean crystallite dimension of natural hematite.
3 Mean crystallite dimension of heated hematite.

er size of the goethite crystallites compared with the
hematite, as well as a decrease in the mean crystallite
dimension of the hematite after heating. Al substitu-
tion in goethite was calculated according to Fitzpatrick
and Schwertmann (1982); the mean value (16 mole %)
is within the threshold limits for ferruginous bauxites
found by the latter workers.

Limitations of the method

To obtain reliable integrated line intensities, the he-
matite 012 XRD line should have a sufficiently high
peak/background intensity ratio. This generally means
that if the total Fe,O; content in a sample is less than
7-10% (the actual limit depends on the XRD unit), the
preconcentration of iron oxyhydroxides will be nec-
essary (e.g., Kampf and Schwertmann, 1982b). In the
studied samples the only iron minerals identified were
well-crystallized goethite and hematite; thus, condi-
tions for quantification of both minerals were optimal.
If other ferric-ferrous minerals are present in a sample,
their Fe content should be subtracted from total Fe,O,,
to render the method fully applicable.

CONCLUSIONS

The high precision and linearity achieved in testing
synthetic standards prove the technique to be reliable
and permit the quantitative determination of goethite
and hematite with precision of *+2% absolute. To cal-
culate the mineral composition and mass absorption
coefficient, however, the chemical composition of the
examined sample must be known. The limiting con-
ditions for the applicability of the method are: (1) the
total iron content in the sample must not be less than
7-10% Fe,O5; and (2) other iron-bearing minerals must
not be present.
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