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Abstract—Bentonite, biotite, illite, kaolin, vermiculite and zeolite were acidified or alkalized with
hydrochloric acid or sodium hydroxide at concentrations of 0.1, 1.0 and 5.0 mole dm �3 at room
temperature for two weeks. In acid treatments, dissolution of Al prevailed over Si and the opposite was
observed in alkali treatments. The XRD patterns showed severe alteration of the crystal structure after acid
treatments, whereas sharpening of the XRD peaks after alkali treatments was observed. Illite and kaolin
were most resistant to acid attack. With a few exceptions, the surface areas of the minerals computed from
both water and nitrogen adsorption isotherms increased with acid and alkali treatments. With increasing
reagent concentration, the nitrogen surface area increased faster than the water surface area. Well-defined
trends were not noted in either changes of average water or nitrogen adsorption energies or in relative
amounts of adsorption sites, indicating that the effects of acid and alkali attack are controlled by the
individual character of the minerals.
Key Words—Acidificatio n, Adsorption Energy, Alkalization , Nitrogen Adsorption, Surface Area,
Water Vapor Adsorption.

INTRODUCTION

Acid and alkali effects are important controls over
mineral weathering (Frank and Gebhardt, 1991; Jackson
and Sherman, 1952, 1989; Yatsu, 1988) and genesis
(Chermak and Rimstidt, 1987; Drief et al., 2001; Eberl
et al., 1993; Huang, 1993). Treatment of minerals with
inorganic acids of rather high concentrations and usually
at elevated temperatures, referred to as ‘acid activation’,
is commonly used for production of sorbents or catalysts
(white carbon blacks) used in industry or environmental
protection measures (Bandosz et al. , 1992; Bergaya and
Lagaly, 2001; Breen et al., 1995; Brown and Rhodes,
1995; Ravichandran and Sivasankar, 1997; Rupert et al.,
1987; Schall and Simmler-Hubenthal, 1995). Recent
increase in soil acidification caused by atmospheric
deposition (Debicki et al., 1994; Ulrich, 1990) and
improper soil nutrition (Wallace, 1994) as well as an
increase in alkali- and salt-affected soils (Tanji, 1995)
emphasizes the need for an understanding of the
mechanisms and parameters controlling soil response
to pH changes. Soil reaction can alter soil structure,
water and ion adsorption, acid-base equilibria, transport
phenomena (Jozefaciuk et al. , 1993; Thomas and
Hargrove, 1984) all being closely linked to the surface
area of soils (Petersen et al., 1996) which in turn is
sensitive to changes in pH (Jozefaciuk et al., 2000). To
understand soil response to acid or alkali inputs better,
the pH-dependent surface behavior of soil constituents
i.e. soil minerals, among others, should be known.

Acid or alkali attack induces marked changes in the
crystal structure of aluminosilicate minerals due to
dissolution of structural ions and/or rearrangement of

the structure. Generally, similar dissolution pathways are
observed for various minerals under acid treatment
involving structure destruction and formation of silicon
oxides. Below pH 3 and depending on contact time,
smectites delaminate and partially dissolve. Destruction
of the smectite structure is connected with the removal
of octahedral cations, among which Mg is the most
readily removed (Christidis et al., 1997). The rate of
acidic dissolution of smectites increases with increasing
octahedral Mg or Fe content; and the mechanism of the
dissolution is independent of layer composition
(Madejová et al., 1998). The depopulation of the
octahedral sheet of the montmorillonites may lead to
different levels of structural decomposition depending
on individual resistance to acid attack of the initial
minerals (Breen et al. , 1995). The final product of acid
leaching of smectites is a hydrous amorphous silica
phase (Komadel et al., 1990). SÏucha et al. (2001) found
that the weathering of a montmorillonite under natural
conditions results in the mineral dissolution and
precipitation of amorphous SiO2. However, during the
weathering of interstratified illite-smectite, the dissolu-
tion was accompanied by the appearance of smectite as a
separate phase. Kaolinite on acid treatment releases
preferentially the octahedral Al ions from the clay
structure and forms additional Al �OH and Si �OH
bonds, without disturbing the mineral structure (Suraj
et al., 1998).

During acid treatment of sepiolites the rearrangement
of structural Si and Al atoms occurs and the clay
structure is progressively transformed into amorphous
silica-alumina (Dekany et al., 1999). Acid treatment of a
palygorskite leads to the removal of the octahedral Mg
and Al, and the formation of amorphous silica from the
tetrahedral sheet. The silica obtained after the treatments
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maintains the fibrous morphology of the natural mineral
(Suárez Barrios et al., 1995). Myriam (1998) found that
under acid treatment, sepiolite is destroyed more rapidly
than palygorskite because of its magnesian composition
and larger structural microchannels. The acid attack
progressively destroys the structure of saponite by
partial dissolution of the octahedral Mg cations,
generating amorphous silica from the tetrahedral sheet
(Suárez Barrios et al., 2001).

Kooyman et al. (1997) observed a progressive
dealumination of various samples of synthetic ZSM-5
zeolites in mineral acids with increase in concentration,
temperature and duration of the treatment. However, at
high Al content in solution the realumination of
dealuminated zeolites was observed by Sano et al.
(1999). Among various mineral acids employed, HCl
solution was the most effective for the realumination.
They observed no structural degradation of HZSM-5
zeolite crystals during the acid treatment and the
reinsertion of some non-framework Al in dealuminated
HZSM-5 zeolites is into the framework. Natural low-
silica zeolites (natrolite and thomsonite) were more
reactive with acid than high-silica zeolites heulandite
and stilbite. Surface-erosion of zeolite crystals was
observed at a low degree of acid degradation-dissolution
by Filippidis et al. (1996).

Usually under alkali treatment, the dissolution
processes affect mineral structures to a lesser extent,
though formation of new mineral phases is a frequent
phenomenon. Taubald et al. (2000) observed that X-ray
diffraction (XRD) of a smectite revealed no significant
appearance or disappearance of diffraction peaks in an
alkaline solution in column experiments. Higher salt
concentrations in the percolating fluid inhibited the
evolution of pH. Rassineux et al. (2001) found that the
reaction of a Wyoming-type bentonite with pH 13.5
solutions at 35 and 60ºC for periods of 1 to 730 days did
not alter the stability of the octahedral sheet along with
the composition and the structure of the smectite layers.
However, the number of expandable layers increased
after octahedral charge neutralization and the number of
interlayers surrounded by two charged tetrahedral sheets
increased with reaction time. The particle morphology
changed from flakes to hexagonal shape. More pro-
nounced structural changes of a bentonite were observed
by Ruiz et al. (1997) who found that the laminar
structure of the starting material was converted into
spherical units of the zeolitic nature by alkaline
treatment in distilled and seawater media. Bauer and
Velde (1999) observed that high molar KOH solutions
changed the diffracting domain size of a smectite, which
decreased in time, reflecting a change in crystal shape.
The structure became more illite rich and the diffracting
domain continued to decrease. The formation of a
phillipsite from a bentonite at pH 11.7 �12.6 was
observed by de la Villa et al. (2001) in a series of
closed-system hydrothermal tests at 35 �90ºC. The

chemistry of the equilibrium solutions, rather than the
crystallization substrata, controlled the Si/Al atomic
ratio and the type of zeolite formed. The decrease of
Si/Al was noted at higher pH values. Illitization of a
smectite in a high-pH hydrothermal environment was
observed by Ylagan et al. (2000) and of a kaolin by
Chermak and Rimstidt (1987). Baccouche et al. (1998)
found that an interstratified illite-smectite treated with
1 to 5 mole dm �3 NaOH solutions on reflux for periods
of 2 to 24 h formed zeolitic products. For 1 and
1.5 mole dm �3 NaOH solutions, zeolite Na-P1 was
formed whereas for 2 to 5 mole dm �3 alkaline solutions,
sodalite octahydrate zeolite was obtained. As a product
of the reaction of natural zeolites (clinoptilolite and
mordenite) with 2 mole dm �3 NaOH solution at 103ºC,
zeolite Na-P was identified (Shin-Jyung Kang and
Kazuhiko Egashira, 1997). During the reaction, a large
amount of Si was dissolved into solution. Natural low-
silica zeolites (natrolite and thomsonite) were more
reactive with alkali as compared to the high-silica
zeolites (heulandite and stilbite). Phase transformations
in the base-treated low-silica zeolites to analcime were
noted (Sano et al., 1999).

Due to complex changes of minerals in acid or
alkaline environments, their surface properties are
modified. The HCl activation of two bentonites leads
to a 5-fold increase of the surface area of the raw
materials (Christidis et al., 1997). Dekany et al. (1999)
observed that as the amount of Fe and Al extracted from
the acid-treated sepiolite increased, the specific surface
area of the sample increased also. Srasra and Trabelsi-
Ayedi (2000) reacted a glauconite with boiling
3 mole dm �3 HCl solution finding that the specific
surface increased with the activation time. Natural
phillipsite treated with orthophosphoric acid increased
the surface area with increasing concentrations of the
acid (Notario et al., 1995). A palygorskite was treated
with 1.0, 3.0, 5.0 and 7.0 mole dm �3 solutions of HCl
for 1 h under reflux by Suárez Barrios et al. (1995). An
important increase in the specific surface area was
observed during the treatments, reaching a maximum in
the sample treated with 5.0 mole dm �3 HCl. Sepiolite
and palygorskite activated at different concentrations
with solutions of boiling HCl under reflux conditions by
Myriam (1998) showed the maximum increase in
specific surface area at 3 mole dm �3 HCl for sepiolite
and at 9 mole dm �3 HCl for palygorskite. For the
increase in specific surface area, cleaning and disag-
gregation of the particles and the increase in the number
of micropores were responsible. Suárez Barrios et al.
(2001) studied the HCl activation of a saponite. Both the
external and the internal surface areas of the most
intensively treated sample (2.5% HCl for 24 h) were
doubled with respect to that of the natural mineral. Balcõ
(1999) found that the BET surface area of a sepiolite
increased from 150 m2g�1 up to >500 m2g�1 after acid
treatment. SÏucha et al. (2001) found an increase in total
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surface area in a weathering profile developed on the top
surface of a K-bentonite containing mixed-layer illite
due to dissolution of illite-smectite and the appearance
of smectite as a separate phase. However, a similar
profile for Al-Mg montmorillonite showed a decrease in
total surface area accompanied by montmorillonite
dissolution, decrease in Mg content and precipitation
of amorphous SiO2.

Rassineux et al. (2001) observed a decrease of the total
surface area of a Wyoming-type bentonite treated with pH
13.5 solutions at 35 and 60ºC for periods of 1 to 730 days.

As far as the authors are aware, less is known of the
surface energetic properties of minerals under acid and
alkali treatments. Extensively-leached clays, in which
amorphous silica predominates, are considered to be
hydrophobic (i.e. having low interaction energy with
water molecules) as these catalyze reactions in non-polar
media and attract non-polar reagents. Clays after short
acid treatments are hydrophilic (high energy of interac-
tion with water) as these catalyze reactions in polar
media and attract polar reagents (Brown, 1994; Breen
and Watson, 1998).

Generally, more is known about the surface behavior
of minerals under acid than alkali treatment. The present
work was designed to compare the effects of both
treatments on surface areas and adsorption energies of
selected minerals, which are most abundant in soils.

MATERIALS AND METHODS

Bentonite (Chmielnik, Poland), biotite (Chongyang,
Korea), illite (Yongdong, Korea), kaolin (Vimianzo,
Spain), vermiculite (Lovec, Bulgaria) and zeolite
(Wolsong, Korea) were studied. The minerals were
treated for 2 weeks at room temperature with hydro-
chloric acid or sodium hydroxide solutions of 0.10, 1.0
and 5.0 mole dm �3 at 1:50 solid:liquid ratio. The control
samples were treated with distilled water. The treatment
suspensions were shaken occasionally. After the first
week, the treatment solutions were renewed. After
treatments, the solids were washed intensively with
1 mole dm �3 NaCl solution by centrifuging. Because
surface properties of minerals depend strongly on ionic
composition (Cases et al. , 1997; Hall and Astill, 1989;
Keenan et al. , 1951) the samples were transferred to
calcium homoionic forms by triple 1 mole dm �3 CaCl2
treatment followed by washing of excess salt to the
negative reaction of the supernatant liquid with AgNO3.
Finally the samples were air dried and gently powdered
in a mortar.

All treatment solutions were collected and analyzed
using inductively coupled plasma atomic emission
spectrometry (ICP-AES) for the dissolved elements Al,
Ca, Fe, K, Mg and Si.

The XRD patterns were recorded using DRON-3
apparatus (CuKa radiation). The minerals were identi-
fied using data from Thorez (1976).

Nitrogen adsorption isotherms were measured in
duplicate at liquid nitrogen temperature using a Carlo
Erba Sorptomatic 1990. Taking into account that the
differences between the two replicates were very small
(<0.4%), we decided not to repeat the measurement
because of the high costs of analysis.

Water vapor adsorption isotherms were measured in
triplicate using the vacuum chamber method at the
temperature T = 294±0.1 K. Gently-ground samples
were placed as ~2 mm thick layers in weighing vessels
and closed in the chamber. The pressure in the chamber
was reduced to ~100 Pa. The relative water vapor
pressure, P/P0, in the chamber was controlled by sulfuric
acid solutions of step-wise decreasing concentrations
(increase of the P/P0). The amount of adsorbed water at
a given P/P0, a(kg/kg), was measured by weighing after
48 h of equilibration. The dry mass of the samples was
estimated after completing adsorption measurements,
after 24 h oven drying at 378 K. During the drying,
heated dry nitrogen was pumped through the oven. The
differences between triplicate measurements of the
isotherms did not exceed 1.7%.

We assumed that the drying procedure applied
removed physically adsorbed water (Cases et al., 1997).
This does not necessarily mean that the minerals are fully
dehydrated, e.g. drying of a montmorillonite at tempera-
tures between 100 and 500ºC results in the removal of
water molecules linked to the exchangeable cations. This
kind of water can account for ~3% of the final mass. At
higher temperatures, the further loss of ~5% of the final
mass represents dehydroxylation of the structure (Cases
et al., 1997). In our experiments we did not perform more
severe dehydration of the minerals, because the removal
of water molecules bound with higher energies can lead
to results which are not describable by the model of
physical adsorption used in this paper.

Surface area values were calculated from adsorption
data using the linear form of the Aranovich (1992)
isotherm:

x/[a(1 � x)1/2] = 1/(amC) + x/am (1)

where x = P/P0, am (kg/kg) is the statistical monolayer
capacity and C = exp((Ea-Ec)/RT) is the constant related
to the adsorption energy, Ea (J), and condensation energy
of water, Ec (J). In contrast to the standard Brunauer-
Emmett-Teller (BET) model (Brunauer et al., 1938), the
Aranovich isotherm allows for the presence of vacancies
in the adsorbed layer and fits the experimental poly-
molecular adsorption data over a broader range of
relative pressures (~0.05 < P/P0 < 0.8) than the BET
does (~0.05 < P/P0 < 0.35). After calculating am values
from the slopes of the linearity range of equation 1, the
surface areas of the samples were calculated as:

S = Loam/M (2)

where L is the Avogadro number, M is molecular mass
of the adsorbate and o is the area occupied by a single
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adsorbate molecule. The o value for water was taken as
1.08610�19 m2 and for nitrogen as 1.62610�19 m2

(Gregg and Sing, 1967). In two cases (water adsorption
on biotite and vermiculite), where the adsorption data
plotted within the linear coordinates of the Aranovich
isotherm (equation 1) gave no satisfactory linear fit, we
calculated the monolayer capacity, using the formula:

am = max{a(1 � x)1/2} (3)

The monolayer capacities calculated using equa-
tions 1 and 3 were very close to each other for the
other minerals studied.

According to the theory of adsorption on hetero-
geneous surfaces (Jaroniec et al., 1975; Jaroniec and
Brauer, 1986; Rudzinski et al., 1982) the total adsorption
at a given pressure P can be expressed as a sum of local
adsorptions ai on given sites of energy Ei = (Ea,i � Ec),
where Ea,i is adsorption energy of i-th site:

a(P) =
Pn

i¼1
ai(P,Ei) (4)

Thus the total adsorption isotherm, Yt(P), can be
written as a sum of adsorptions on each sites, Yi(P,Ei),
weighted by their fractions, f(Ei):

Yt(P) = a(P)/am =Pn

i¼1
ai(P,Ei)/am,i(am,i/am) =

Pn

i¼1
Yi(P,Ei)f(Ei) (5)

where am,i is the monolayer capacity of sites of kind i
and values of f(Ei) fulfil a normalization condition:Pn

i¼1
f(Ei) = 1 (6)

If the local adsorption isotherm in equation 4 is
expressed by the Aranovich equation, one has:

Yt(P) = (1 � x) �1/2Pn

i¼1
Cix/(1 � Cix)f(Ei) (7)

where Ci is the value of the constant C of sites of kind i.
Solving equation 7 with respect to f(Ei) is a difficult

problem. A small variation in experimental data can
cause a large variation in estimation of site fractions. A
method which is less sensitive to experimental error, is
reasonably accurate and provides a convenient way to
overcome this problem is to apply a condensation
approximation CA (Cerofolini, 1974; Harris, 1968,
1969). This method is based on the replacement of the
true local isotherm by a step function. Every pressure
value becomes associated with the corresponding value
of the adsorption energy which provides the adsorption
equal to half of the adsorption at infinite energy.
Following this definition, the final formula for calcula-
tion of site fractions is:

f(Ei) = [(1 � xi+1)
1/2Yt(Ei+1) �

(1 � xi)
1/2 Yt(Ei)]/(Ei+1 � Ei) (8)

From f(Ei) values, the average water vapor adsorption
energy, Eav, can be calculated as:

Eav =
Pn

i¼1
Eif(Ei) (9)

More details on the above calculations can be found
in Jozefaciuk and Shin (1996).

The calculation of adsorption energy distribution
functions (f(Ei) against Ei dependencies) was performed
using equation 8. Energy values were expressed in units
of thermal energy, RT. The scaled energy, (Ea � Ec)/RT,
ranging from 0 to �8 was considered. The scaled energy
equal to 0 holds for energy adsorption equal to the
condensation energy of the vapor. The value of �8 was
taken as the maximum adsorption energy. The maximum
energy value in the condensation approximation should
relate to the minimum value of the P/P0 applied. The
minimum relative pressure in our water vapor adsorption
data sets was ~0.004, which corresponds to the energy
adsorption of around �5.5. Thus it was reasonable to
assume �6 as the maximum energy in the present
investigations. However, this value can be considered
only as a first estimate of the maximum energy because
of the lack of experimental data at lower relative
pressures. We arbitrarily set the maximum energy to
�8 in the belief that if there were no sites with higher
adsorption energies than �6 then the corresponding
values of f(Ei) will be close or equal to zero. Providing
sufficient precision for the estimation of energy dis-
tribution functions for the replicates of water adsorption
data required the detection of the adsorbing sites
differing at least by two energy units. The value of
adsorption (Yt) at a given energy was found by linear
interpolation of the nearest experimental adsorption
data. Although the nitrogen adsorption data were more
precise and started at lower P/P0 values, for easier
comparison of the results, the nitrogen adsorption energy
distribution functions were calculated by applying the
same restrictions. Having f(Ei) values, average adsorp-
tion energies were calculated from equation 9.

RESULTS AND DISCUSSION

The amounts of the dissolved elements during acid
and alkali treatments of the studied minerals are
presented in Table 1. All elements except Si dissolved
better in acidic than in alkaline media. However,
excluding biotite and vermiculite, the total amount of
the dissolved solid was greater in 5 N NaOH than in 5 N
HCl, due to extreme Si dissolution. Very high individual
differences in the dissolution patterns of the minerals
can be seen.

The XRD patterns of the studied minerals are
presented in Figure 1. Frequently the alkali treatment
leads to sharpening of the basal reflections, which may
be due to the dissolution of most irregular (amorphous)
mineral particles (cleaning of the minerals). Taking into
account large amounts of Si dissolved in alkaline media,
removal of outer silica sheets of the minerals can also
occur. As a rule, the acid treatment leads to severe
alteration of the crystal structure of the minerals which
is seen from lowering and broadening of the character-
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istic peaks on the patterns, indicating a decrease in the
regularity of the mineral structure. An increase in the
diffraction intensity at very low angles can be due to the
dispersion and amorphization of the minerals. The XRD
patterns and the qualitative composition of dissolved

elements for the bentonite can indicate that the destruc-
tion of the smectite crystallites during acid attack goes
through interlamellar cation depletion and dissolution of
the crystal structure which leads to dispersion and
amorphization of the mineral. In the biotite, after both

Table 1. Dissolution of the studied minerals under acid and alkali treatment. The data show
amounts (mg) of elements dissolved from 1 g of the mineral (average from three replicates).

Elements dissolved (mg g�1)
Treatment* Al Ca Fe K Mg Si SD (%)

Bentonite
5 M HCl 7.03 17.85 4.23 7.74 2.77 6.82 7.24
1 M HCl 1.27 13.51 1.26 1.89 1.47 4.98 3.74
0.1 M HCl 0.25 1.98 0.029 0.53 0.14 1.32 0.67
Control 0.011 0.3 0.0004 0.25 0.06 0.29 0.14
0.1 M NaOH 0.1 0.56 0.024 0.17 0.02 3.46 0.77
1 M NaOH 0.31 0.14 0.011 0.92 0.0 12.6 2.55
5 M NaOH 1.88 0.12 0.059 1.63 0.0 35.7 7.23

Biotite
5 M HCl 22.1 10 27.1 24.6 45.2 4.72 21.3
1 M HCl 6.39 9.6 8.54 9.59 13.44 6.46 8.55
0.1 M HCl 0.09 3.19 1.01 3.85 1.08 0.81 1.48
Control 0.001 0.42 0.0005 0.23 0.021 0.031 0.10
0.1 M NaOH 0.025 0.071 0.016 0.54 0.039 0.29 0.15
1 M NaOH 0.102 0.21 0.013 1.02 0.066 1.0 0.39
5 M NaOH 1.02 0.83 0.042 3.81 0.032 12.56 3.19

Illite
5 M HCl 1.36 1.02 4.41 0.98 0.042 1.19 1.40
1 M HCl 0.88 0.84 1.45 0.89 0.004 0.64 0.74
0.1 M HCl 0.52 0.85 0.37 0.69 0.005 0.37 0.44
Control 0.002 0.57 0.001 0.077 0.004 0.04 0.10
0.1 M NaOH 0.4 0.03 0.014 0.325 0.032 0.51 0.23
1 M NaOH 0.84 0.04 0.038 0.494 0.077 1.54 0.54
5 M NaOH 2.34 0.13 0.077 1.765 0.035 15.6 3.62

Kaolin
5 M HCl 8.15 4.93 1.904 0.595 0.93 3.12 3.32
1 M HCl 3.64 3.57 0.577 0.158 0.35 3.09 1.92
0.1 M HCl 0.81 2.44 0.023 0.059 0.1 1.7 0.84
Control 0.007 0.13 0.0002 0.038 0.015 0.06 0.04
0.1 M NaOH 0.808 0.049 0.008 0.434 0.034 1.02 0.42
1 M NaOH 2.99 0.048 0.013 0.987 0.079 3.99 1.47
5 M NaOH 16.03 0.199 0.042 2.74 0.047 19.7 7.11

Vermiculite
5 M HCl 28.61 28.71 18.25 11.21 22.43 12.58 19.66
1 M HCl 4.97 24.36 1.75 1.51 15.82 5.27 8.41
0.1 M HCl 0.18 3.81 0.006 0.5 0.83 0.72 0.91
Control 0.015 0.06 0.0003 0.05 0.42 0.058 0.10
0.1 M NaOH 0.108 0.34 0.0031 0.7 0.039 0.82 0.33
1 M NaOH 0.239 0.27 0.025 0.86 0.016 2.33 0.64
5 M NaOH 0.955 0.58 0.045 0.79 0.0 15.71 3.29

Zeolite
5 M HCl 17.8 14.6 5.91 4.93 1.95 3.62 7.93
1 M HCl 11.3 11.6 1.96 1.24 1.21 2.06 4.80
0.1 M HCl 0.24 6.31 0.06 0.14 0.17 0.82 1.14
Control 0.0 1.85 0.001 0.09 0.0 0.22 0.31
0.1 M NaOH 0.0 0.41 0.007 0.44 0.01 2.59 0.60
1 M NaOH 0.68 0.17 0.004 0.74 0.0 4.18 1.03
5 M NaOH 5.88 0.53 0.056 3.05 0.0 41.0 9.22

Abbreviations: * the letter M denotes mole dm �3; SD (%) is w/w percentage of solid dissolved
(sum of dissolved elements as oxides expressed as the percentage of the mass of the initial
mineral).
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treatments, a new, 14 AÊ peak (2y =7º) arises, which is
practically absent in the untreated mineral, indicating
formation expansible phases. Such structures formed in
biotites via non-exchangeable K depletion (note high K
dissolution from the studied biotite, Table 1) are
accompanied by interlamellar expansion (Fanning et
al. , 1989). Formation of similar structures in weathered
biotite flakes was also found by electron microscope
observations (Boyle et al., 1967). Kaolin and illite seem
to be most resistant to acid and alkali attack. The
intensity of all basal XRD reflections of the vermiculite
decreased sharply under acid attack indicating that not
only the octahedral but also the tetrahedral sheets
undergo severe alteration. The latter phenomenon can
be also connected with high Si dissolution. The presence
of mobile octahedral Mg and FeII ions in the vermiculite
is a reason for its easy destruction. The zeolite used was
not a pure mineral, though amorphization of its
components is seen from the XRD spectra.

Adsorption isotherms for the studied minerals are
shown in Figure 2. All nitrogen and most water
adsorption isotherms are of the 2nd type (S-shaped)
BET classification. Water vapor adsorption isotherms on
biotite and vermiculite (except 1 N and 5 N HCl-treated
vermiculite) at low relative pressures (P/P0 < 0.4)

resemble a combination of two Langmuir-type isotherms
and the adsorption at medium relative pressures (0.4 <
P/P0 < 0.8) seems to be strongly limited. In general the
adsorption of water and nitrogen increased with the
increase in concentration of both treatments, though a
few of the control samples adsorbed more vapor than
those treated with low concentrations of acid or alkali.
The increase in adsorption was usually much higher
under acidic than under alkaline treatments.

The surface areas of the control minerals are shown
in Table 2. Usually the data in the literature refer to the
surface area of the minerals calculated using the BET
model. The Aranovich model used in this paper gives

Figure 1. XRD patterns for the studied minerals. Abbreviation: Ab – albite, An – anorthite, K – kaolinite, M – mica, Na – natrolite, P –
paragonite, Q – quartz, S – smectite, St – stilbite, T – talc, Th – thompsonite, V – vermiculite. Acid and alkali treatments are marked
as 5H for 5 N HCl, 5OH for 5 N NaOH etc.

Table 2. Surface areas S and scaled adsorption energies Eav =
(Ea �Ec)/RT of the control samples of the minerals studied.

Mineral S, nitrogen S, water Eav, Eav,
(m2g�1) (m2g�1) nitrogen water

Bentonite 38.4 311 �5.1 �3.2
Biotite 9.1 26.3 �2.9 �3.8
Illite 25.6 38.0 �2.8 �5.2
Kaolin 14.2 48.1 �3.8 �2.3
Vermiculite 13.2 352 �3.0 �1.8
Zeolite 13.5 133 �5.4 �3.1
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surface areas ~25% larger. Throughout the literature
(cited papers), the lowest surface areas are reported for
kaolinites: from 5 to 25 (nitrogen) and 10 to 30 m2g �1

(water). Surface areas of illites from 50 to 200, of
zeolites from 100 to 400 and for vermiculites up to
700 m2g �1 are found (Newman, 1987; Moise et al.,
2001; Volzone et al., 1999). For smectites, surface areas
of 110 �550 m2g �1 are found from water adsorption and
80 �180 m2g �1 from nitrogen adsorption, however a
surface area nitrogen as low as 14 m2g�1 was found in a
montmorillonite extracted from Kuzmice bentonite
(Czech Republic) by Tombacz et al. (1998). Extremely
high surface areas of smectites, ~800 m2g �1 are
measured using ethylene glycol monoethyl ether
(EGME) sorption, being close to the value determined
from the crystallographic cell dimensions and weight
(Van Olphen, 1997). The EGME method is based upon
equilibration of the exhaustively dehydrated mineral
with the reagent vapor at a single value of the vapor
pressure. The single-point adsorption rarely meets these
experimental conditions at which neither more nor less
than the effective monolayer is formed. If the sample is
exhaustively dehydrated and water is removed from non-
physical adsorption centers, the ethylene glycol may
solvate these centers leading to improbably high read-
ings of the amount adsorbed.

Frequently the nitrogen surface area has been
interpreted as the ‘external’ surface, and the water
surface area as the ‘total’ one, including the external and
internal (interlayer) surfaces. In most cases the total
surface area exceeding the external one is measured. As
seen from Table 2, for all of the original minerals, the
water surface area is greater than the nitrogen surface
area: for bentonite and zeolite about 10 times, for
vermiculite more than 25 times, whereas for the other
minerals ~2 �3 times. Such large differences may arise
not only from the differences between the external and
the total surface areas. The nitrogen adsorption method
requires prior evacuation and heating of the sample,
thereby thinning water films and bringing the clay

particles closer. The quasi-contact of the mineral plates
(for morphological platy clays) can extend over a
significant portion of the surface, which becomes
inaccessible for non-polar (nitrogen) molecules. If the
clay contains expansible interlayers, these collapse on
evacuation, giving the same effect. The molecular
sieving is believed to differentiate the entrance of gas
molecules of various sizes into narrow spaces (Volzone
et al., 1999) leading to differences in surface area. The
kinetic effects may diminish the adsorption of nitrogen
to a great extent when entrances to larger spaces are of
nitrogen molecule dimensions. To pass such a narrow
entrance easily, the thermal energy of the molecule
should be similar to the energy barrier of the adsorption
field among the entrance walls. At liquid nitrogen
temperature the thermal energy is low and therefore
the adsorption equilibrium may not be reached within a
standard time of the measurement. Many restrictions
hold also for interpretation of water surface area as a
total mineral surface, among which is different hydration
of different surface cations, strong lateral interaction of
polar water particles in adsorbed layer and/or different
water content in interlayers at a point of the statistical
monolayer coverage (i.e. single water layer in interlayers
of high charge density clays and double layer in low
charge density clays). Comprehensive discussions on
nitrogen and water adsorption interpretation are pre-
sented by Gregg and Sing (1967), Newman (1985) and
Low (1961).

Changes in the surface area of the studied minerals
during acid and alkali treatments are shown in Figure 3
where the ratio of the surface area of the treated mineral
to the surface area of the control sample is given. Note
that parts of the curves depicting extreme changes
(dashed lines) are not proportional to the others and the
shifted points are labeled with their real values. Except
for the nitrogen surface area for acid-treated illite and
alkali-treated bentonite and vermiculite, the surface
areas of the studied minerals increased generally with
both acid and alkali treatments. However, in a few cases

Figure 3. Relative changes in surface areas due to the treatments. On the y axis the ratio of the control sample surface to that of the
treated sample is given. The points which are shifted against the y axis are labeled with their real values.
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the surface area decreases after the lowest treatment
concentration. This may be due to the removal of the
minerals’ impurities, e.g. amorphous and/or very finely
dispersed crystalline solids having very high surface
areas. The acid treatment affects surface areas more than
the alkaline treatment. The nitrogen surface areas are
more sensitive to the treatments. For example, at the
highest acid treatment the nitrogen surface area of
vermiculite increased up to 35 times whereas the water
surface area increased by less than a factor of 2. The
greatest increase of the water surface area after both acid
and alkali treatments occurred for the biotite, which may
reflect the adsorption in newly-formed expanded layers.
The increase of the surface area under acid treatment
may be caused by production of finely dispersed silicon
oxides from destruction of mineral structures, removal of

amorphous Al or silica components plugging surface
pores or interlamellar spaces, formation of the surface
cracks and voids. Under alkaline conditions, similar
processes may occur together with an accumulation of
Fe and Mg hydroxides (Ca hydroxides were probably
dissolved during the washing step). A large value for the
surface area is important for catalytic activity of acid-
activated clays. The alkaline treatment producing high
surface areas may possibly be used in production of the
mineral catalysts as well.

With the exception of alkali-treated biotite and illite,
the increase of the concentration of both treatments led
to a smaller increase of the water surface area than the
nitrogen surface area, which is explicitly presented in
Figure 4 showing the ratio of these two values. That the
increase of both nitrogen and water surface areas is not
parallel may be caused by opening of N2 inaccessible
spaces, as well as by formation of new adsorbents on
which nitrogen adsorption is greater than that of water.
These can include various silicon oxides having higher
nitrogen than water surface area (Gregg and Sing, 1967).
An occurrence of silicon oxides after alkali treatment
seems less probable. Short-term alkali treatment (hot
NaOH) is supposed to clean mineral surfaces of silicon
oxides, which is frequently applied as one of the pre-
treatment steps for mineralogical XRD analysis (Kunze
and Jackson, 1965). Silicon compounds are more soluble
under alkaline conditions than e.g. Fe or Mg; thus under
long-term treatment, the latter phases (if any) may affect
changes in surface areas.

Average adsorption energy values of the original
minerals are included in Table 2. Biotite and illite have
higher water than nitrogen adsorption energy, whereas
for the other minerals the opposite was found. Changes
of average adsorption energies under acid and alkali
treatments are presented in Figure 5, constructed in a
similar fashion to Figures 3 and 4. With the increase of
acid treatment concentration, the average water adsorp-
tion energy increases for biotite and zeolite and
decreases for bentonite, illite and kaolin, whereas the
nitrogen adsorption energy increases in most cases. The

Figure 4. Relative changes in ratio of water surface area to
nitrogen surface area due to the treatments. Symbols as for
Figure 3.

Figure 5. Relative changes in average adsorption energies due to the treatments. Symbols as for Figure 3.
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increase in adsorption energy may be due to the
formation of cracks and voids on the surfaces attacked.
The decrease in adsorption energy may be due to the
removal of surface impurities. Silicon oxides, products
of mineral destruction, also have low adsorption energy
(Gregg and Sing, 1967). Changes of the nitrogen
adsorption energies under alkali treatment appear to
follow the opposite direction to that of the water
adsorption energies, which can reflect different polarity
of the adsorbates and different forces involved in their
interactions with surfaces.

The nitrogen and water adsorption energy distribution
functions and their changes under the treatments are
shown in Figure 6. Because the condensation approx-
imation used for evaluation of energy distribution
functions is considered to be precise only at 0 K
(Rudzinski and Everett, 1991), one can suspect that the
nitrogen adsorption distribution is more realistic because
of the low temperature of measurement. However, the
energy distribution function characterizes the adsorbent-
adsorbate system thus reflecting also the different
polarity of adsorbate molecules. Anyway, both adsorp-
tion energy distributions and especially that of the water
vapor should be used for comparison between particular
minerals and treatments and not as absolute surface
characteristics.

The nitrogen adsorption energy distribution functions
of original bentonite and zeolite have dominant high-
energy peaks ( �8 to �6 E/RT range) showing that the
nitrogen adsorption process is highly energetic. In the
water vapor adsorption energy distribution functions of
these minerals, lower energy peaks ( �4 to �2 E/RT
range) dominate, indicating that water molecules
undergo adsorption with lower energies, consistent
with the latter conclusion. The adsorption of nitrogen
on original biotite, illite and vermiculite is at low
energy: the 0 to �2 E/RT peak dominates and with
increasing energy adsorption, consecutively smaller site
fractions occur. In the water vapor energy distribution
function of biotite, the �6 to �4 E/RT sites dominate.
The shape of this function for illite is a mirror reflection
of its nitrogen adsorption distribution function. For
vermiculite, both water and nitrogen adsorption energy
distributions are similar, though a very small fraction of
high-energy ( �8 to �4 E/RT) sites occurs for water
adsorption. The nitrogen adsorption distribution function
for kaolin is bimodal with two peaks of �6 to �4 and �2
to 0 E/RT sites, whereas water adsorption reveals higher
inputs of lower energy peaks. Individual minerals
apparently have different, mineral-specific surface
adsorption sites.

Changes in nitrogen and water adsorption energy
distribution functions under the treatments (Figure 6)
appear to exhibit no common tendencies for all minerals.
Assuming that during the lowest-concentration treat-
ments the mineral surfaces are ‘cleaned’ of impurities,
changes in fractions of different energy sites starting

from 0.1 N treatments can better reflect alterations of
mineral surfaces under acid and base attack. However,
well-defined common trends are also lacking. For
example, an increase of highly energetic adsorption
sites (E/RT between �8 and �6) occurs for acid-treated
vermiculite, zeolite and biotite, whereas the fraction of
these sites seems to decrease for illite.

Acid-treated minerals should be generally less polar
than those treated with alkali, due to the formation of
low energetic silica from mineral lattice destruction.
Alkali-treated minerals should be more polar due to
eventual formation of finely dispersed and highly
energetic Mg or Fe oxide precipitates and/or removal
of outer silica sheets from mineral structures leaving
alumina sheets more polar than silica. Together with
producing chemically different surface groups and
energetic centers in individual minerals, acid and alkali
attack may change the geometrical surface features,
which can affect the adsorption energies and site
distribution functions. Chemically identical surfaces
may exhibit different adsorption energies depending on
their shape, e.g. by overlapping of force field between
fine pore walls, thus increasing adsorption potential.
Different directions and/or intensities in changes in
surface/micropore structure for individual minerals may
lead to a lack of general patterns in the behavior of
distinct adsorption sites observed for the minerals
studied, even at the same level of treatment.

CONCLUSIONS

An increase in surface area was observed for all the
minerals studied under both acid and alkali treatments
carried out at room temperature over 2 weeks. With
increasing reagent concentration, the nitrogen surface
area increased faster than the water surface area. In acid
treatments, dissolution of Al prevailed over that of Si but
the opposite was observed in alkali treatments. Different
polarities of the treated minerals were reached due to
different energetic features of the resulting surfaces.
Illite and kaolin were the most resistant to acid attack.

Because the surface properties of clay minerals and
surface area in particular are very sensitive to acid and
alkali attack, the surface properties of soil clay fractions
might possibly be used to monitor processes accompa-
nying changes in soil reactions.
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Kraus, I. and Madejová, J. (2001) Weathering of smectite
and illite-smectite under temperate climatic conditions. Clay
Minerals, 36, 403�419.

Suraj, G., Iyer, C.S.P. and Lalithambika, M. (1998) Adsorption
of cadmium and copper by modified kaolinites. Applied
Clay Science, 13, 293 �306.

Tanji, K.N. (1995) Agricultural Salinity Assessment and
Management. Scientific Publishers, Jodphur, India.
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