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Abstract—Kaolin, a possible source of Al, may be reacted with inorganic acids or salts to form different
Al salts that can be further processed to prepare metallic Al. Although the reaction of kaolin and acid in
aqueous solution can be monitored by chemical analysis of Al, the Al salts must be extracted from any
unreacted kaolinite. Also, the lixiviation of Ti or Fe species present in kaolin should be monitored. A
simple extraction procedure is reported to determine, quickly and quantitatively, water-soluble Al, Ti and
Fe metals present in products of reaction of kaolin (85 wt.% kaolinite, 12 wt.% mica, 2 wt.% feldspar,
1 wt.% quartz) with inorganic salts, such as sodium hydrogensulfate, using conventional glassware for the
glass reaction tubes. Optimum results are obtained with 250 mL glass reaction tubes. The best operating
conditions found for this piece of equipment are: (1) sample weight of 0.05 g, (2) lixiviation time of 1 h,
and (3) lixiviating agent, 50 mL of an aqueous solution of pH = 1 H2SO4 at its boiling point. Comparisons
are made with soxhlet extraction and beaker and magnetic stirring methods.
Key Words—Inorganic Salt Reaction, Kaolin, Water-solubl e Metal Determination.

INTRODUCTION

Aluminum is usually produced from bauxite and
many countries are dependent upon foreign sources for
its supply, as bauxite is not widely distributed around the
world (Ruiz, 1988). Therefore, alternative sources of Al
are being sought. Kaolin is an economic source of Al as
it is an abundant and widespread Al-rich mineral. Many
papers describe processes to produce Al from kaolin by
using different reactions. Usually, these methods involve
suspending kaolin in a water solution of an inorganic
acid (HCl, H2SO4, HNO3) to render Al and other metals
soluble (Ford, 1992; Hulbert and Huff, 1970; Ziegenbalg
and Haake, 1983). Other methods use inorganic salts
such as (NH4)2SO4, NH4HSO4 (Bayer et al., 1982;
Davies et al., 1945; Fetterman and Sun, 1963; Fouda et
al., 1993; Nagaishi et al., 1982; Peters et al., 1965;
Seyfried, 1949; St. Clair et al., 1944), or NaHSO4

(Garcia-Clavel et al., 1979, 1982, 1983, 1985; Martinez-
Lope et al., 1991; Solano and Juan, 1995) that are
calcined with kaolin to produce mixtures of Al sulfates
and/or Na-Al sulfates together with unreacted kaolin.
Afterwards, the extraction is completed using a hot,
acidic aqueous solution that leaches the reacted salt/
kaolin mixture to produce Al and other metals soluble in
water. This solution is processed further to obtain a pure
Al salt from which to produce pure metallic Al.

Several papers (Heller-Kallai, 1978; Heller-Kallai
and Frenkel, 1979; Peters et al., 1963) describe the
reaction between kaolin and inorganic salts. The reaction
with Na hydrogensulfate has also been reported as a

means of obtaining soluble Al salts from kaolin (Garcia-
Clavel et al., 1979, 1982, 1983, 1985; Martinez-Lope et
al. , 1991; Solano and Juan, 1995). According to
Martinez-Lope et al. (1991) the reaction is described
by the equation:

Al2O3 2SiO2 2H2O + 6NaHSO4 H2O ?
2Na3Al(SO4)3 + 2SiO2 + 11H2O (1)

For the purpose of the present work it is considered as:

AlKaolin ? Al3+
Solution (2)

The reaction between kaolin and Na hydrogensulfate
also solubilizes impurities, e.g. Ti (Dolcater et al., 1970;
Maynard et al., 1969) and Fe (Malden and Meads, 1967).
Similar to Al, the solubilization of Ti and Fe can be
described by the following reactions:

TiKaolin ? Ti4+
Solution (3)

FeKaolin ? Fe3+
Solution (4)

According to equations 2, 3 and 4, the reaction yield
is defined as:

XM
nM kaolin0 n kaolion

nM kaolin0
5

where nM(kaolin0) is the initial number of moles of M
(where M = Al, Ti or Fe) in unreacted kaolin, expressed
as moles of the corresponding oxide , and nM(kaolin) is the
number of moles of M in reacted kaolin, also expressed
as the oxide.

These reactions have been discussed by many (Bayer
et al., 1982; Fouda et al. , 1993; Garcia-Clavel et al.,
1979, 1982, 1983, 1985; Martinez-Lope et al. , 1991;
Nagaishi et al., 1982; Peters et al., 1963, 1965; Seyfried,
1949; Solano and Juan, 1995), but none has shown an
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extraction procedure that produces fast and reproducible
results for soluble metals. Sample reactions can be
performed quickly, but chemical analysis of the products
is time consuming and involves not only the determina-
tion of the concentration of Al and other species present
in the lixiviate, but also the quantitative extraction of the
soluble salts obtained as products as well.

A good methodology is to be selective, determining
only soluble products of the reaction, leaving aside non-
soluble products of reaction and the Al present in the
unreacted kaolin. Ideally, the methodology involves
small sample weights, used frequently in kinetic studies.
Such small amounts of sample are usually generated to
ensure that thermal equilibrium is achieved quickly,
because temperature is a crucial variable in the study of
kinetics. In this paper, three extraction methods to
isolate soluble Al, Ti and Fe from mixtures of reacted Na
hydrogensulfate and kaolin are compared. The advan-
tages and disadvantages are discussed and a new
procedure is proposed.

MATERIALS AND METHODS

Kaolin (Remblend grade) from St. Austell, Cornwall
(UK) was supplied by English China Clays International
Europe Ltd. (St. Austell, UK). Mineralogical analysis
(Chung, 1974) of the kaolin was performed on a D-500
Siemens X-ray diffractometer, indicating 85 wt.%
kaolinite, 12 wt.% mica, 1 wt.% quartz, and 2 wt.%
feldspar. The Hinckley index (HI) (Hinckley, 1963) for
the kaolin sample was 1.07. Major elements were
determined by X-ray fluorescence (XRF) analysis of
fused material using lithium tetraborate as the flux. The
analysis was performed on a PW 1400 Philips spectro-
photometer, using a Rh anode tube. Trace elements were
determined by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) using a Polyscan 61E
Thermo Jarrell Ash spectrophotometer. All reagents
were Baker Analyzed, analytical grade (J.T. Baker
Chemicals N.V. Deventer, Holland). Results of the
chemical analysis of the kaolin are given in Table 1.
Particle-size distribution was measured by light scatter-
ing using a Microtrac SRA150 from Leeds & Northrup.
The analysis shows an average diameter of 15 mm.

A standard Na salt of analytical grade supplied by
Probus (Barcelona, Spain) was used as a reagent.
Qualitative X-ray diffraction analysis showed that it
was mostly NaHSO4H2O, with minor amounts of the
anhydrous salt. The NaHSO4 was ground before reacting
with kaolin to obtain salt particles of the same size as
kaolin particles. Chemical analysis of Na hydrogensul-
fate after grinding gave 0.002 wt.% in Fe and
0.001 wt.% in heavy metals (expressed as Pb), indicat-
ing that no significant amounts of the species came from
the salt.

Samples for lixiviation tests were prepared by
reaction of kaolin rock with Na hydrogensulfate.

Reactions were undertaken by mixing kaolin and freshly
molten Na hydrogensulfate in a molar ratio of 6:1
according to equation 1. Aliquots of the mixture were
placed in Haldenwanger 79C-3 porcelain crucibles,
which were heated in a 10-PR/300 Heron furnace using
a flash procedure to a temperature of 400±58C. The
heating rate of the sample was 1 58C/s. Once the
reaction temperature was reached, the crucibles were left
in the furnace for 1 h. After the reaction time elapsed,
the crucibles were removed from the furnace, cooled in
air, the samples removed, and ground using a mortar and
pestle. Intensive grinding was avoided to limit metal
extraction of the clay itself which can solubilize some
metals by mechanical activation (Kletsov et al., 1988;
Ruiz, 1988). The reaction temperature of 4008C and
reaction time of 1 h were shown to produce reasonable
reaction yields for the purpose of the present work
(Martinez-Lope et al., 1991; Colina, 1999).

The mineralogical analysis of reacted samples was
performed on a D-500 Siemens X-ray diffractometer
using CuKa radiation (l = 1.5418 AÊ ). Diffraction
patterns were recorded between 4 and 708 with a step
size of 0.058. Patterns were compared to the Powder
Diffraction File database of the International Centre for
Diffraction Data (PDF-ICDD). Diffraction patterns of
reacted samples showed unreacted kaolin and soluble Al
salts, such as Na3Al(SO4)3, as previously reported by
Martinez-Lope et al. (1991) and Colina (1999).

For the purposes of the present work, lixiviation tests
were performed using three different apparatus:
(1) soxhlet; (2) beaker and magnetic stirrer; and
(3) glass reaction tube with condenser (Figure 1). As
discussed below, three parameters were considered:
(1) sample weight; (2) lixiviation time; and (3) volume
of lixiviating agent. Two additional parameters, the
nature of lixiviating agent and the pH of lixiviating
solution, were only considered for reaction tubes. In any
case, the temperature of the lixiviating agent was

Table 1. Chemical analysis of kaolin.

Major elements Trace materials
Component Wt.% Component ppm

SiO2 47.02 Na2O 960
Al2O3 36.81 C 700
Fe2O3 1.05 S 600
TiO2 0.11 CaO 600
K2O 1.90 Ba 267
MgO 0.28 Rb 241
P2O5 0.15 Sr 153

Zr 104
MnO 100
Y 32

LOI1 11.96 Th 28
Total 100.7 Pb 18

Nb 16
Moisture 8 Cr 7

1 Loss on ignition

402 Colina, Esplugas and Costa Clays and Clay Minerals



maintained at its boiling point, which was >1008C, and
sufficient to render all the metals soluble in a short
period.

The soxhlet used in the present work was of the
standard 250 mL type. Samples (5 g) were introduced
into the soxhlet using cylindrical filters and 200 mL of
aqueous solution of pH = 1 H2SO4 were added. The
system was left at its boiling point for 1 5 h, depending
on the experiment. Once the time had elapsed, the liquid
was filtered and transferred into 250 mL volumetric
flasks. Aliquots were taken for chemical analysis.

In the case of the beaker and magnetic stirrer,
standard 250 mL beakers were used. Depending on the
experiment, 0.05 g to 1 g of sample were dropped into
the beaker, together with 25 50 mL of aqueous solution
of pH = 1 H2SO4. Magnetic stirring and heating were
switched on, and the system was left at its boiling point
for 1 2 h, depending on the experiment. To avoid
losses, the beakers were always covered with watch
glasses. Once the time had elapsed, the liquid was
filtered and transferred into 100 mL volumetric flasks.
Aliquots were taken for chemical analysis.

In the case of glass reaction tubes, 250 mL reaction
tubes were used. Depending on the experiment,
0.05 0.10 g of sample were placed in the bottom of
the reaction tube. Depending on the experiment,
25 50 mL of aqueous solution of H2SO4 (pH = 1)
were added, the condenser mounted, and the system was
inserted into an Al block heater. The system was left at
its boiling point for 1 2 h, depending on the experiment
and then the liquid was filtered and transferred into
100 mL volumetric flasks. Aliquots were taken for
chemical analysis.

Chemical analysis of reagents and metals present in
lixiviates was performed by ICP-OES as described above

for clay. Lixiviate concentrations of Al, Ti and Fe were
measured for each sample. A blank was prepared by
calcining kaolin in the porcelain crucible at 400±58C for
1 h. As the extraction method can leach some Al, Ti and
Fe from unreacted kaolin, the Al, Ti and Fe values
obtained from this analysis were subtracted from those
obtained in the analysis of samples of reaction of kaolin
with the salt. Reaction yields obtained for the blank were
always lower than the standard deviations for the reacted
samples (0.0003 for Al, 0.0001 for Ti and 0.0001 for Fe
expressed in moles of the corresponding oxide). Each
experiment was performed at least three times.

Standards used in ICP-OES were supplied by J.T.
Baker Chemicals N.V. (Deventer, Holland), Union
Chimique Belge (Brussels, Belgium) and Aldrich
(Milwaukee, Wisconsin, USA) and were checked by
ICP-OES analysis using 1000 ppm standards from
Johnson Matthey-Alfa GmbH (Karlsruhe, Germany).
Water used in this work was MilliQ quality (conductiv-
ity value >18 Mohms cm).

RESULTS AND DISCUSSION

The soxhlet method gave good extraction results
(Table 2), though not without some problems: (1) it took
a long time to perform the extraction, because of the low
volatility of water (4.5 h per sample); (2) large sample
weights (5 g) were needed for extraction; (3) leached
solid eventually passed through the standard soxhlet
filters; and (4) the transfer of the lixiviate after
extraction was difficult. Nevertheless, the results
obtained using soxhlet extraction were of the same
order of magnitude as other techniques and may be
considered representative. However, standard deviations
were high. Because extractions performed with the
soxhlet were excessively time consuming and required
sample sizes which are often not available, no further
tests were performed.

The beaker and magnetic stirring method allows the
solubilization of the Al salts. However, the metal
concentrations determined showed low reproducibility
and the standard deviations were the largest for any
method. The beaker method allows the use of small
amounts of sample and a simple and effective transfer of
lixiviate solution. The low reproducibility was related to
water losses in vapor form, although beakers were
covered with watch glasses. Moreover, irregular shaking
of the suspended solids and liquid by the magnetic stirrer
may also be a source of error.

When glass reaction tubes were used, the sample
weight affected both the reproducibility of the results
and the lixiviating effectiveness of the equipment. A
large sample weight makes the analysis more reliable,
though time consuming. In contrast, a small sample
weight requires careful homogenizing of the sample
prior to analysis, but lixiviation can be achieved rapidly.
Good results were obtained (Table 2) with sample

Figure 1. Reaction tube used in the lixiviation method, showing
body and condenser (L: length; D: diameter).
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weights as low as 0.05 g, but results obtained using
0.025 g were poor (not shown). Thus, the best sample
weight when reaction tubes are used is 0.05 g. Actually,
sample weights of 0.05 g could be processed in both the
beaker and reaction tube methods, but the reaction tube
method prevents water loss effectively.

Experiments performed in glass reaction tubes with
differing lixiviation times (Table 2) showed that experi-
ment times of either 1 or 2 h produced acceptable
results.

The volume of the lixiviating agent is directly related
to the size of the reaction tubes (250 mL for the present
study) and to the expected concentration of soluble Al
salts. The volume of lixiviating agent must be sufficient
to allow complete dissolution of soluble salts present in
the sample, but sufficiently low to avoid unnecessary
dilution of the species to be analyzed. Experiments 5 and
6 (Table 2) show that the volumes tested (25 and 50 mL)
are both acceptable, but practice showed that using
50 mL of lixiviating agent was more convenient for
transfer of liquids for analytical purposes.

Four inorganic acids were considered as lixiviating
agents in the glass reaction tubes method: H2SO4, HCl,
HNO3 and HClO4. Of these, H2SO4 was found to be
most suitable as it has low volatility and it does not form
insoluble salts with Al, Ti and Fe. HCl requires
adaptation of the equipment to avoid loss of gaseous
HCl. HNO3 can be used also, but its oxidizing properties
may cause the formation of insoluble TiO2. HClO4 may
be hazardous and requires specially-designed fume

hoods, and thus was not investigated. H2SO4 and HCl
were considered in detail (Table 3). Lixiviation tests
were performed at pH = 1. Reaction yields are slightly
higher for HCl because of the formation of chloride
compounds such as AlCl3. This is consistent with the
results reported by Hulbert and Huff (1970) on the effect
of the anion of the acid on the reaction yield, to give
higher yields for HCl. Results for Ti and Fe yields show
bigger differences, perhaps owing to their lower initial
concentration. However, the difference in Al yield
obtained through HCl or H2SO4, though significant, is
small so that both acids may be considered equally good
lixiviation solutes. Whether HCl or H2SO4 should be
used depends on the composition of the sample to be
analyzed. For example, when organic matter is present in
the sample, hydrochloric acid is better. For the present
case, sulfuric acid was preferred because of its lower
volatility.

Experiments were performed in reaction tubes under
various pH conditions, obtained by adding H2SO4 or
NaOH. Figure 2 shows that the maximum yields are
obtained in the pH interval of 1 to 1. No significant
differences in Al, Ti and Fe yields were observed until
pH levels reached the value of 2. Titanium yields are
lower at pH values of 52. Thus, the best pH values are
in the interval of 1 to 1.

CONCLUSIONS

Lixiviation in reaction tubes is a reliable method to
extract water-soluble metals in products of reaction of
kaolin with inorganic salts. Although not tested, the
method can probably also be successfully applied to the
analysis of water-soluble metals in products of reaction
of kaolin with other inorganic salts such as ammonium
sulfates.

The use of this procedure for samples of kaolin with
large amounts of Ti and Fe minerals could give
misleading results, and it would be advisable to fine

Table 2. Results of lixiviation tests.

No. Method Sample Lixiviate Amount of Yields (moles)
weight time solvent

(g) (h) (mL) XAl XTi XFe

1 Soxhlet 5.00 4.5 200 0.168 (5) 0.029 (2) 0.064 (3)
2 Beaker 0.10 1.0 25 0.20 (1) 0.03 (1) 0.14 (2)
3 Beaker 0.10 1.0 50 0.21 (2) 0.04 (1) 0.16 (2)
4 Beaker 0.10 2.0 25 0.18 (2) 0.02 (1) 0.23 (1)
5 Beaker 0.10 2.0 50 0.21 (3) 0.04 (1) 0.14 (2)
6 Beaker 0.05 2.0 50 0.21 (2) 0.04 (1) 0.14 (1)
7 Reaction tube 0.10 1.0 25 0.198 (5) 0.016 (4) 0.128 (3)
8 Reaction tube 0.10 1.0 50 0.209 (3) 0.023 (1) 0.142 (2)
9 Reaction tube 0.10 2.0 25 0.212 (3) 0.029 (3) 0.135 (3)
10 Reaction tube 0.10 2.0 50 0.210 (5) 0.027 (5) 0.145 (3)
11 Reaction tube 0.05 1.0 25 0.212 (5) 0.021 (4) 0.139 (4)
12 Reaction tube 0.05 1.0 50 0.221 (2) 0.030 (3) 0.187 (2)
13 Reaction tube 0.05 2.0 25 0.218 (4) 0.031 (2) 0.143 (1)
14 Reaction tube 0.05 2.0 50 0.203 (8) 0.035 (6) 0.133 (3)

Table 3. Al, Ti and Fe reaction yields (X, in moles) at
pH = 1 using different acids (standard deviation in
brackets).

Acid XAl XTi XFe

HCl 0.227 (3) 0.071 (4) 0.160 (3)
H2SO4 0.221 (2) 0.030 (3) 0.187 (2)
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tune the described procedure for such a sample.
Regarding organic matter, it is usually lost as CO2

during reaction. Other sources of temperature-resistant
organic matter, should they exist, would need to be taken
into consideration. In such cases, HCl should be used in
preference to H2SO4.
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Figure 2. Relationship between Al ( ), Fe ( ) and Ti ( ) yields
and pH of solvent (results are calculated as mole % of the
corresponding oxide).
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