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Leaching of F− from biotite was investigated at room temperature by performing a series of short-term leach tests. The leaching
of F− from biotite structure strongly depends on its weathering stage. Results of this study suggest that high concentration of F− is
leached from highly weathered biotite, compared to fresh biotite. Results of dissolution experiments confirm that the organic acids
in soil promote the leaching of F− from biotite compared to inorganic acids. Citric acid which is a week organic acid enhances
leaching of F− from biotite structure compared to strong inorganic acid HNO3 , independent of the weathering stage of biotite.
Strong positive correlation between K+ and Fe2+ with F− in biotite treated with citric acid suggests that F− readily leachs into the
solution through an ionic exchange and complex formation. Organic acids involve sorption and complex formation processes
leading to release of F− into the solution. Our studies suggest that in the presence of organic acids F− is leached readily into water
percolating through the soil. Therefore, shallow groundwater replenished by the water table may achieve high F− concentrations
by this leaching process.

1. Introduction
Biotite contributes up to 3400 ppm of fluoride in ground
water [1]. The high fluoride concentrations in groundwater
in metamorphic terrains are due to the dissolution of biotite,
which may contain significant fluorine at the OH sites of
their octahedral sheet [2–4].
Biotite has been observed to alter into other sheet silicates, depending on the alteration conditions [5], and in
particular, to chlorite, vermiculite, and kaolinite [6]. Interstratifications of vermiculite or kaolinite with biotite usually
occur, indicating structural inheritance from the primary
mineral [7], because of a similarity in crystal structure
between the primary stage and the secondary clay structure.
These clay minerals also act as sources for fluoride in the
soil [8]. Clay minerals show good anion exchange capacity,
and therefore, large amounts of fluoride can retain in the
soils under neutral pH conditions [9]. Widespread occurrence of biotite in surface crustal rocks and the relatively

high reactivity of biotite in the weathering environment
indicate that the dissolution kinetics of biotite is likely to
be important in the assessment of watershed geochemical
processes.
The literature describing experimental studies of rates
and mechanisms of precipitation and dissolution of minerals
is voluminous. Much experimental work on the kinetics
of solution-mineral reactions has focused on silicate [10–
13] and Ca-Mg carbonate minerals [14–16]. Although the
kinetic properties and dissolution rates of biotite mica have
also been investigated [17–21], leaching of F− from biotite
under natural conditions has been much less investigated.
Leach experiments of biotite with respect to its weathering stage and diﬀerent acidic conditions can be used
to understand its potential to release fluoride into soil
and its contribution towards the accumulation of fluoride
into groundwater table. The present study is focused to
understand the behavior of fluoride in biotite under diﬀerent
acidic media in order to interpret the release of fluoride from
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Table 1: Physical and optical properties of biotite samples.

Sample

Weathering intensities

Appearance properties

M1

Highly weathered

Light brown color, highly disintegrated
material.

M2

Moderately weathered

Light brown color, highly altered along
cleavage.

M3

Moderately weathered

Black color. Less altered along cleavage.

M4

Moderately weathered

Black color. Slightly altered along grain
boundary.

M5

Fresh

Dark greenish black color altered
hexagonal plates.

Optical properties
About 50% of chlorite is present. Optical and
physical properties of typical biotite grains are
lacking.
Slightly disintegrated biotite crystals show pale
yellow under the plane polarized light. About 25% of
chlorite is present as interstratified alteration
products.
Pale yellow under the plane-polarized light.
Considerably large amount of pale green chlorite is
present as patches along the cleavages and as
interstratified alteration products.
Pale green patches of chlorite present along the grain
boundaries and basal surfaces are smooth, and
cleavages are visible.
No alterations within grains or along cleavages. The
color under plane-polarized light varies between
yellow, dark brown, and green. Yellow and brownish
green pleochroism mottled appearance when the
mineral is close to the extinction position. Free of
inclusions.

fresh, moderately weathered, and highly weathered biotite in
micaceous soils and rocks.

Table 2: Major and minor element composition of two representative fresh biotite samples and average chemical composition [22];
LOI: lost on ignition, n.d: not detected.

2. Materials and Method

Element oxide wt%
SiO2
Al2 O3
Fe2 O3
MnO
MgO
CaO
Na2 O
K2 O
TiO2
P2 O5
LOI

Considering the weathering conditions, five biotite samples
were collected from Owala pegmatite body at Matale in
the North Central Sri Lanka, where inclusion-free biotite
is available. The pegmatite body is located in hilly area
and is currently being mined for feldspar. Each sample was
collected from central parts of mica-rich zones in the mine
where the accumulated leachates from the surroundings are
minimal. These samples include fresh, moderately weathered, and highly weathered biotite with diﬀerent physical and
optical properties (Table 1). Biotite samples were numbered
as M1 (highly weathered), M2, M3, M4, and M5, in order for
decreasing intensity of weathering. Chemical composition of
fresh biotite used for this study is given in Table 2. Weathering intensities of minerals and mineralogical changes in
the treated samples were studied by optical means and X-ray
diﬀraction analysis using Seimens D-5000 diﬀractometer at
the Department of Chemistry, University of Peradeniya, Sri
Lanka.
Powdered biotite (53–63 µm size fraction) samples
(40.0 g) were moistened separately with distilled water, citric
acid (0.1 M), and nitric acid (0.1 M) assuming that these
solutions can stimulate natural conditions. The moisture
content and pH of each sample were maintained by adding
equal amounts of appropriate reagents when necessary. The
pH of samples treated with distilled water, citric acid, and
nitric acid were 6, 2.2, and 1, respectively. Experiment
was carried out under room temperature (25◦ C), and it
did not vary much during the study period. Variation
of available fluoride and cations of treated samples were
measured with time. Concentration of F− in the filtrates

SL 23
45.43
34.86
1.81
0.01
0.69
n.d
0.70
10.22
0.37
0.03
4.82

SL 26
44.12
33.95
1.78
0.02
0.76
n.d
0.70
9.98
0.36
0.78
6.28

Average (n = 8)
44.35
34.56
1.73
0.01
0.81
—
0.35
9.87
0.35
0.43
5.98

was analyzed using SPADNS spectrophotometric method
using the HATCH DREL 12400 spectrophotometer. Na+ , K+ ,
Mg2+ , and Fe2+ cations were measured on the Parkin-Elmer
2800 atomic absorption spectrophotometer (AAS) at the
Analytical Laboratory, Department of Geology, University of
Peradeniya, Sri Lanka. All batch incubation procedures were
done in triplicates, and the experiment was continued for six
months.

3. Results
3.1. Leaching of Ions with Respect to the Weathering Conditions. All types of biotite treated with citric acid released
considerably higher amounts of F− after six months of
incubation compared to those treated with nitric acid and
distilled water (Figure 1(a)). The measured F− values of mica

ISRN Soil Science

3
Table 3: Leachable ionic concentrations of treated fresh biotite: after one month and six months.

Ions
−

F
K+
Fe2+
Mg2+
Na+

Medium
Nitric acid

Citric acid
1st month
1980
1677
1000
239
130

6th month
9000
4521
5215
756
230

1st month
450
2634
2007
276
130

6th month
2900
4236
2400
346
271

Distilled water
1st month
150
378
27
53
63

6th month
2600
460
71
36
98

Table 4: Leachable ionic concentrations of treated highly weathered biotite: after one month and six months.
Ions
−

F
K+
Fe2+
Mg2+
Na+

Medium
Nitric acid

Citric acid
1st month
1980
1091
2008
170
157

6th month
9000
1216
5320
613
295

1st month
2700
1277
1031
225
181

treated with citric acid were 2-3 times higher than those of
others. Also it was revealed that content of releasable F− in
highly weathered biotite mica was considerably high (average
up to 9000 ppm). In contrast, fresh and moderately weathered biotite is characterized by lower amounts of leachable
F− , and all types have almost comparable concentrations.
Unlike the behavior of F− , the highest amount of K+
has been released from the fresh biotite, whereas highly
weathered biotite released the lowest quantity (Figure 1(b)).
However, citric acid is again the main agent for releasing
K+ . Compared to the measured F− values, released K+
concentrations of the samples were low (<4000 ppm).
Variation pattern of leaching of Fe2+ from treated biotite
is almost similar to that of K+ (Figure 1(c)). The results show
that the release of Fe2+ also depends on the type of treated
medium. Out of the measured cations, Na+ and Mg2+ do
not show a considerable change with the weathering stage
or the type of acid, and their concentrations do not vary
considerably with time.
3.2. Comparison of Leaching with Respect to the Time. The
measured data show that leachable F− and K+ concentration
of fresh biotite treated with citric acid is distinctly high after
6 months of incubation (Table 3). The diﬀerences between
the initial and final concentrations of F− and K+ are around
7000 ppm and 2871 ppm, respectively. These diﬀerences are
much higher compared to values obtained for treated fresh
biotite with distilled water (<2300 ppm). Unlike variation
of F− and K+ during the treatment period, the variation of
leachable Fe is not marked, and the pattern of variation is
almost flat for most of samples.
Table 4 compares the initial and final ionic concentrations of treated highly weathered biotite (M5). A high
diﬀerence between the initial and final concentrations of F−

6th month
5750
390
1262
369
274

Distilled water
1st month
300
68
9
75
132

6th month
3150
65
29
73
213

was shown by biotite treated with citric acid (7120 ppm),
whereas it is least in biotite treated with distilled water
(2850 ppm). Similarly, there is a considerable diﬀerence
between the initial and final concentrations of K+ in biotite
treated with citric acid (125 ppm), while it is least in biotite
treated with distilled water (3 ppm).
In contrast to the variation of Fe2+ in fresh biotite,
the diﬀerence between final and initial concentrations of
Fe2+ in biotite treated with citric acid is considerably high
(3320 ppm). The concentrations of F− (Figure 1(d)), K+
(Figure 1(e)), and Fe2+ (Figure 1(f)) of fresh biotite treated
with citric acid increase with time. However, rapid rate of
increase was noted after four months. Also it is noted that the
variation patterns of all ions were comparable. The variation
of F− , Fe2+ , and K+ in the extracts of biotite treated with
citric acid with time is similar. In contrast, they do not vary
as such in biotite treated with nitric acid or distilled water.
The concentration of F− leached from treated fresh biotite
increases gradually with time. However, the highest rate of
leaching of F− is observed in biotite treated with citric acid.
A rapid rate of increase of F− was noted after four months of
treatment (Figure 1(d)).
3.3. Pearson Correlation. There is a strong positive correlation among K+ , F− , and Fe2+ in the extracts of biotite treated
with citric as shown in Table 5. The correlation coeﬃcients
(R) between Fe2+ and F− , K+ and F− , and K+ and Fe2+ are
0.5019, 0.5138, and 0.5413, respectively. This relationship
is not obtained for biotite treated with distilled water, or
HNO3 .
3.4. Mineralogical Changes. X-ray diﬀraction (XRD) analysis
showed that there were no mineralogical and structural
changes in (i) all types of biotite treated with nitric acid
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Figure 1: Variation of available (a) F− , (b) K+ , and (c) Fe2+ in treated mica according to weathering stage, and leaching rate of (d) F− , (e)
K+ , and (f) Fe2+ from fresh biotite.
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Table 5: Pearson correlation matrix for biotite treated with acids
and distilled water.
Medium

(a)

−

Citric

Intensity

(b)

HNO3
(c)

Water
(d)

N
N

30

S

F
K+
Fe2+
Na+
Mg2+
F−
K+
Fe2+
Na+
Mg2+
F−
K+
Fe2+
Na+
Mg2+

F−
1
0.414
0.544
0.580
0.777
1
−0.222
−0.478
0.294
−0.221
1
0.259
0.043
0.538
0.042

K+

Fe2+

Na+

Mg2+

1
0.565
0.009
0.530

1
0.352
0.582

1
0.460

1

1
0.137

1

1
0.157

1

1
0.584
1
−0.260 −0.536
−0.146 0.033
1
−0.054

1
0.104
−0.214 −0.027
−0.145

60
2θ

Figure 2: XRD pattern of fresh biotite treated with (a) untreated
fresh biotite, (b) highly weathered biotite treated with distilled
water, (c) HNO3 acid, and (d) citric acid. Note: N: new peaks, S:
shifted peaks.

and water and (ii) fresh biotite treated with citric acid. In
contrast, structural changes were obtained in highly weathered biotite treated with citric acid (Figure 2). Appearance of
new peaks and shifting and disappearance of previous peaks
confirm the structural changes in weathered biotite.

4. Discussion
4.1. Influence of the Structure of Biotite on Leaching of F− ,
K+ , and Fe2+ . XRD analysis revealed that the samples used
in this study are pure samples unlike most of biotite which
may contain numerous inclusions such as zircon, magnetite,
titanite, wolframite, apatite, and rutile. Therefore, it is very
clear that the measured leached ions are only from the biotite
structure.
During weathering of biotite, the structural transformation initially takes place due to loss of interlayer K+
which is compensated by an intake of hydrated exchangeable
cations [23]. The transformation can take place by layer
weathering or by edge weathering [24]. In layer weathering,
some interlayers are “opened” throughout the crystal that
facilitates to replace K+ by hydrated exchangeable cations. As
the K+ is highly mobile element, the leached ions remove
from the biotite structure. Therefore, highly weathered
biotite contains considerably lower amounts of K+ . In
contrast, basal planes in fresh biotite are unaﬀected, and

they can carry higher amount of K+ that is released in large
quantities during the treatment.
Fe2+ is in the octahedral sites in the biotite structure
[1, 25]. Stability of Fe2+ in octahedral site in micas is fairly
high compared to that in the octahedral site of weathering
products of micas such as chlorite, vermiculite, and kaolinite
[26, 27]. However, several studies have indicated that octahedral cations (primarily Mg and Fe) are preferentially released
during biotite dissolution [28, 29], especially under acidic
medium [17]. In the early stage, dissolution proceeds from
the edges of crystals inward, and secondary minerals such
as Fe oxide are precipitated mostly at the edges [24]. Accumulated iron oxide in weathered or moderately weathered
mica can easily dissolve in both organic and inorganic acids
that result in the presence of higher concentrations of iron in
solutions in the initial stage and then continue releasing of
Fe2+ , but with lower concentrations, this may be attributed
to boring into the octahedral sheet from the edge towards
the interior [30]. Fresh biotite also released higher amount
of Fe2+ in the first month as the acids can interact with the
iron on the edges which contain more reactive sites [21]. The
leached Fe2+ and Al3+ in the edges can produce iron and
aluminum hydroxides which may have interfered with the
further dissolution process [31]. That may also be ascribed
to lower concentrations of Fe2+ in the later stages.
The behavior of Na+ and Mg2+ under diﬀerent acidic
conditions or weathering stages is not systematic. It may be
due to low availability of them or interferences from the early
released ions such Fe2+ , K+ , and Al3+ .
Hydroxyl group in the biotite structure occurs in the
edges of the octahedral structure, and it is perpendicular
to the tetrahedral sheets. The H of the O-H bond is placed
relatively closer to the interlayer cation. This orientation
causes weakening of the strength of the interlayer bond.
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However, substitution of F− for –OH would presumably
cancel this eﬀect, increasing the interlayer bond strength
[32]. This substitution causes no change in the trioctahedral
structure, but the interlayer bond energy is increased [33]
resulting in forming a stronger biotite structure. Therefore,
the leaching of F− is diﬃcult if it replaces the OH− group.
However, this strong bond can be dissociated after releasing
of cations as stability of F− depends also on the distribution
of octahedrally coordinated cations [34, 35].
4.2. Influence of the Type of Acid on Leaching of F− , K+ ,
and Fe2+ . The dissolution of biotite in dilute HNO3 and
water was studied previously [20, 23] and showed that the
decreasing order for the short time leaching rates with dilute
HNO3 is Mn > K > Fe, Al > Mg, and Ti > Si. Also it
was revealed that the precipitation occurred at the edges
before releasing elements. Therefore, the rate of leaching
of the above ions can be lowered with the time in the
inorganic acidic or water mediums due to the precipitation
that prevents further reactions.
The precise reactions between the biotite or its weathering products and organic acids are not known clearly
although the organic acids are normal constituents of most
of the soils [29]. Higher concentrations of leached ions from
citric acid of the present study may be the result of the
forming of complexes other than the acid attack as shown
by Barman et al. [30]. Hendricks [36] showed that the
organic ions are held by van der Waals forces in addition
to coulombic forces. Therefore, larger ions are more strongly
adsorbed because of the greater van der Waals forces. Citric
acid is a large organic molecule with three carboxyl groups,
and therefore, it acts as a polydentate ligand which has higher
potential to leach out ions compared to strong inorganic
acids. Also organic molecule can adsorb on biotite structure
with the formation of ionic bonds between ionized carboxyl
groups of the organic molecule and unsatisfied valence bonds
of exposed ions. Therefore, adsorption can be increased by
the presence of polyvalent exchange cations, probably by
a bridging mechanism. Ultimately the leached ions from
the biotite are adsorbed into the organic molecule, and it
leads to prevent the precipitation of ions as hydroxides.
Consequently, further dissolution of biotite can take place
when the organic materials are available. Also the eﬀect of
the citric acid on the highly weathered biotite should be
high as chelation can take place on the weaken structure of
biotite, through surface adsorption and complex formation
reactions [29].
Fe2+ , K+ , and F− concentrations in citric acid systems
always show a strong positive correlation. But the ions
released by biotite treated with other reagents do not show
such correlation (Table 5). This indicates that complexes
have been formed with the leached ions and organic
materials. Further, marked increase of F− and K+ with the
time (Figure 1(d), 1(e), 1(f)) in biotite treated with citric
acid also indicates the possible complexation process. In
summary, it can be suggested that the rate of leaching of F−
in biotite depends on the leaching of other ions and their
fixation into organic molecules.
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Reference [35] showed that concentrations of dissolved
ions in groundwater rich in organic acids are high compared
to groundwater having low organic acids.
4.3. F− Leaching from Organic-Acid-Poor Soils. Oxidation
and reduction reactions play an important role in the
geochemical processes that occur in soil and groundwater.
The inorganic oxidation reactions such as sulfur oxidation,
iron sulfide oxidation, nitrification, and manganese (II)
oxidation can generate acidic conditions in soil as well as
in groundwater. However, the present study implies that
such acidifications which are inorganic may not have much
influence on the liberation of F− from mica. In contrast,
organic acids available in soil have higher ability for the same
phenomenon.

5. Conclusion
Leaching of F− from biotite mica depends strongly on its
weathering stage and organic acids but does not depend
on the available inorganic acids. Ionic exchange between
the biotite and organic acids and the formation of organic
complexes may lead to the release of F− into the solutions.
The structure of biotite can change due to the continuous
interaction of citric acid which promotes for further leaching
of fluoride into solutions.
It can be suggested that biotite mica in organic-acidrich soil leached readily fluoride into pore water or water
percolates through the soil. Therefore, shallow groundwater
may achieve high fluoride concentrations.
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