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One of the most common chemical modifications of clay minerals, used for

both industrial and scientific purposes, is their acid activation. This consists

of the reaction of clay minerals with a mineral acid solution, usually HCl

or H2SO4. The main task is to obtain partly dissolved material of increased

specific surface area (SSA), porosity and surface acidity (Komadel, 2003;

Carrado and Komadel, 2009). The manufactured materials are widely avail-

able, relatively inexpensive solid sources of protons, and effective in a number

of industrially significant reactions and processes. Acid attack on clay minerals

also occurs naturally, for example, in the interaction of acid mine drainage with

clay minerals (Galán et al., 1999; Dubı́ková et al., 2002). Mining waste con-

taining sulphides is the most common and the greatest anthropogenic source

of acidity. Progressive oxidation leads to the production of protons and sul-

phates in leaching waters, which generally also mobilize large amounts of

metals by dissolution of minerals. These waters influence the composition of
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surface waters but also have an impact on surrounding soils and terrestrial

ecosystems.

Upon acid treatment, protons penetrate into the mineral layers and attack the

structural OH groups. The resulting dehydroxylation is connected with the suc-

cessive release of the central atoms from the octahedra as well as with the

removal of Al from the tetrahedral sheets. Simultaneously, a gradual transfor-

mation of the tetrahedral sheets into a three-dimensional framework proceeds.

Depending on the extent of acid activation, the resulting solid product contains

unaltered layers and amorphous silica, while the ambient acid solution contains

ions according to the chemical composition of the clay mineral and the acid

used. The final reaction product of various acid-treated clay minerals is always

the same. For several silicates, such as trioctahedral smectites (Vicente et al.,

1995a; Komadel et al., 1996b), dioctahedral smectites (Komadel et al., 1990;

Tkáč et al., 1994; He et al., 2002), illite-smectite (Pentrák et al., 2010), sepiolite

(Vicente et al., 1995b) and palygorskite (Suárez Barrios et al., 1995), this prod-

uct consists of amorphous, porous, protonated and hydrated silica with a three-

dimensional cross-linked structure (Komadel, 1999).

From the industrial point of view, the term ‘acid-activated clays’ was reserved

mainly for partly dissolved bentonites. Bentonite has always had a multitude of

markets, and acid-activated bentonite has been a traditional product for many dec-

ades. It is usually a Ca2þ-bentonite that is treated with inorganic acids to replace

divalent calcium ions with monovalent hydrogen ions and to leach out ferric, fer-

rous, aluminium, and magnesium ions, thus altering the layers of smectite and

increasing the SSA and porosity. This results in the production of bleaching

earths, that is, clays suitable for a range of bleaching or decolourizing applica-

tions, in which they compete against natural bleaching earths (Siddiqui, 1968;

Kendall, 1996; Christidis et al., 1997; Falaras et al., 1999; Hussin et al., 2011).

This chapter mainly reviews acid treatment of smectites, which are the

dominant minerals in bentonites. Other products include environmentally

benign catalysts or their supports, which are used in various chemical reac-

tions such as Friedel–Crafts alkylation and acylation, dimerization and poly-

merization of unsaturated hydrocarbons (Adams, 1987; Brown, 1994), or as

colour developers in carbonless copying papers (Fahn and Fenderl, 1983).

Acid-treated clay minerals pillared with (hydr)oxy aluminium species are

used to prepare clay mineral-modified electrodes (Falaras et al., 2000a), as

adsorbents for oil clarification (Mokaya et al., 1993; Falaras et al., 2000b;

Pagano et al., 2001), and as catalysts (Mokaya and Jones, 1994; Bovey and

Jones, 1995; Bovey et al., 1996).
10.1.1 METHODS OF INVESTIGATION

The methods being employed to characterize the acid-activated silicates

include chemical analysis; X-ray diffraction (XRD); Mössbauer, Fourier

transform infrared (FTIR), and magic angle spinning nuclear magnetic
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resonance (MAS-NMR) spectroscopies; scanning (SEM), transmission

(TEM), and high-resolution transmission electron microscopies (HRTEM);

and acidity, surface area, and pore-size measurements. Usually, a combination

of several methods is needed for sufficient characterization of the materials

obtained (Čı́čel and Komadel, 1994; Vicente et al., 1994, 1996b; Breen

et al., 1995b; Komadel et al., 1996b; Gates et al., 2002; Klika et al., 2011;

Scarletti et al., 2011; Ramesh et al., 2012).

Chemical analyses of solid and/or liquid reaction products and MAS-NMR

and IR spectroscopies are very sensitive to the nature and content of the octa-

hedral atoms and thus also to the changes that occur in different stages of acid

attack (Breen et al., 1995a,b). The extent of dissolution of different chemical

components of the sample can be determined by chemical analysis of the

starting material and by analysis of the acid solutions reacted for specified

times. The filtrate and washing solutions are combined and usually analyzed

by atomic absorption spectroscopy (Pentrák et al., 2010).

Spectroscopy in the mid-IR (MIR) region is a routine characterization

technique for acid-treated clay minerals. As protons penetrate into the clay

mineral layers and attack the OH groups, the resulting dehydroxylation

connected with the successive release of the octahedral atoms can be readily

followed by changes in the characteristic absorption bands attributed to vibra-

tions of OH groups and/or octahedral cations. Comparative IR studies of acid-

treated smectites (Madejová et al., 1998) as well as saponites, sepiolite and

palygorskite (Vicente et al., 1996a) have been published.

In addition to the spectra obtained in the MIR region, the spectra measured

in the near-infrared (NIR) region can provide useful information about the

decomposition of clay minerals in inorganic acids since the observed bands

related to the vibrations of OH groups are sensitively affected by the varia-

tions in the mineral structure. However, despite the non-destructive character

of NIR spectroscopy and the simplicity of sample preparation, its utilization

for acid-treated clay minerals remains rather rare (Madejová et al., 2007,

2009a; Pentrák et al., 2009, 2010; Tomić et al., 2012).
10.1.2 H1-EXCHANGED CLAY MINERALS

The acidity of acid-untreated smectites has two sources: (i) the compensating

cations, which may have a strong polarizing effect on coordinating water

molecules, most of which are in the interlayer spaces and may not be easily

accessible and (ii) specific sites at the layer edges, which may be compensated

by OH group formation, leading to Br�nsted acid sites such as Si–OH. Also,

coordinatively unsaturated Al3þ and Mg2þ are easily formed at the edges and

act as Lewis acid sites (Lambert and Poncelet, 1997).

The first step during acid treatment is that the protons replace the

exchangeable cations; then they attack the layers (Čı́čel and Komadel,

1994). The exchange reaction was fast if there was good contact between
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the acid and smectite and the quantity of available protonswas sufficient. The sub-

stitution rate was independent of the smectite if the clay mineral contained only

swelling layers. In contrast to smectites saturated with metal cations, proton-

saturated smectites were unstable. The layers were attacked by surface and

interlayer hydrated protons, even after drying the separated activated smectite,

similar to what occurred in solution. This process, known as ‘auto-transforma-

tion’, spontaneously changed Hþ-smectites to their Al3þ, Fe3þ, or Mg2þ forms

on ageing (Barshad and Foscolos, 1970). In aqueous dispersion at 90 �C, the
process was completed within 4 days (Janek and Komadel, 1999).

To study the properties of Hþ-clay minerals, maximal saturation by pro-

tons and stability of the product were required. Various preparation methods

were tested. The best results were obtained by passing the clay dispersion

through a succession of Hþ, OH� and Hþ ion-exchange resins. Hþ-forms of

<2 mm fractions of bentonites with various Fe3þ contents were prepared by

this method. Potentiometric titrations of proton-saturated fine fractions of ben-

tonites were used to characterize the acid sites at the smectite–water interface

in dispersions. The titration curves revealed that the number of strong acid

sites varied and accounted for 60–95% of the total acidity in the freshly

prepared Hþ-forms (Janek et al., 1997). Layer-charge (LC) distributions of

all samples were inhomogeneous. This distribution changed after oxalate

pre-treatment of the samples, due to the removal of readily soluble phases that

might have blocked exchange sites. After auto-transformation, the alkylam-

monium exchange method (Lagaly, 1994) revealed inhomogeneous charge

density distributions; the fraction of layers of the highest charge decreased.

Comparison of the cation exchange capacity (CEC) obtained from potentio-

metric curves and the CEC calculated from the mean LC confirmed that

the attack of protons occurred from the particle edges. However, for several

samples the structural attack may also occur from the interlayer space.

Auto-transformation of the Hþ-smectites also decreased the mean LC. Protons

preferentially attacked the octahedral Mg2þ during the auto-transformation.

The number of strong acid sites decreased and the number of weak acid sites

increased on ageing.

The titration data obtained were used in a thermodynamic calculation of

proton affinity distribution. Numerical solution of an integral adsorption equa-

tion revealed a continuous distribution of proton interaction sites. Proton

affinity distributions clearly detected up to five different proton interaction

sites in all the smectite–water systems, within the accessible experimental

range of pH between 2 and 12. The amount of the strongest acid sites

decreased on ageing, while the amount of all weaker acid sites increased with

the progress of auto-transformation. The strongest acid sites were connected

with free protons present in the dispersion, while the weaker acid sites were

connected with the titration of released structural Al3þ, Fe3þ, Mg2þ cations

and/or their hydrolyzed species and deprotonation of SiOH groups. These

results indicated the sources of acidity in acid-activated bentonites (Janek
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and Komadel, 1993). Hydrated aluminium ions in fresh proton-saturated dis-

persions contributed to a group of weak acid sites, which also included oligo-

meric hydroxoaluminum cations. The number of these sites increased during

auto-transformation. Freshly prepared proton-saturated dispersions showed

low pH values and the particles interacted by edge-to-face contacts. This

increased the viscosity in comparison with the sodium forms at pH close to

7 (Janek and Lagaly, 2001). A kinetic study of proton-promoted dissolution

of Kþ-Mt in solutions with constant KCl concentrations, using both titration

and batch equilibration experiments, showed that adsorption of protons and

dissolution of Al3þ occurred (Zysset and Schindler, 1996).
10.1.3 ACID DISSOLUTION OF SMECTITES

Acid treatment of clay minerals with strong inorganic acids resulted in solid

products containing unaltered layers and amorphous three-dimensional

cross-linked silica, depending on the extent of acid activation. The IR spectra

of SWy-1 montmorillonite (SWy-1 Mt) after reaction with 6 M HCl

(Fig. 10.1.1) demonstrated the changes of the chemical bonds in the Mt struc-

ture. The gradual decrease in the intensities of the OH bending (930–

800 cm�1) and Al–O–Si (524 cm�1) bands indicated the decomposition of

the octahedral sheets. Changes in the tetrahedral sheets were reflected in the

position and shape of the Si–O stretching band. In addition to the tetrahedral

Si–O band near 1048 cm�1, the MIR spectra of the acid-treated samples
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FIGURE 10.1.1 NIR and MIR spectra of SWy-1 Mt treated with 6 M HCl at 95 �C for 0, 8, 12,

18 and 30 h. Q is quartz. MIR spectra from Madejová et al. (1998).
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revealed a pronounced absorption near 1100 cm�1 assigned to Si–O vibrations

of amorphous silica with a three-dimensional framework formed during acid

treatment. The position of the Si–O band at 1103 cm�1 together with the weak

inflection near 524 cm�1 observed for the sample dissolved for 30 h reflected

a very high yet incomplete dissolution of Mt in 6 M HCl (Madejová et al.,

1998). NIR spectrum of SWy-1 Mt presented a broad, complex band at

7083 cm�1 corresponding to the first overtones (2nOH) of the structural OH

groups and H2O molecules. The intense band near 5251 cm�1 was attributed

to the combination mode ðnþdÞH2O
of the water molecules and the band at

4533 cm�1 to combination modes (nþd)OH of the structural OH groups

(Fig. 10.1.1). Upon acid treatment, the intensities of these bands gradually

decreased as a result of the decomposition of the Mt layers. A new band at

7311 cm�1 assigned to 2nSiOH confirmed the creation of SiOH groups

(Pálková et al., 2003).

Early acid-dissolution studies, based on solution analysis, of dioctahedral

smectites in HCl by Osthaus (1954, 1956) indicated faster dissolution of

octahedral than tetrahedral sheets. Assays of solid reaction products

employing advanced spectroscopic techniques provided experimental

evidence that acid treatments dissolved central atoms from the tetrahedral

and octahedral sheets at similar rates (Luca and MacLachlan, 1992;

Tkáč et al., 1994).

Luca and MacLachlan (1992) studied the dissolution in 10% HCl of two

nontronites from by Mössbauer spectroscopy. They fitted the spectra either

with two octahedral Fe3þ doublets only, or with an additional tetrahedral

Fe3þ doublet. Acid treatment appeared to remove octahedral and tetrahedral

Fe3þ from the structure at about the same rate. Mössbauer and IR spectrosco-

pies and XRD indicated that the remaining undissolved part was the untreated

nontronite. 27Al and 29Si MAS-NMR study on removal of tetrahedral and

octahedral Al3þ from Mt by 6 M HCl led to very similar conclusions (Tkáč

et al., 1994). The rates of dissolution of tetrahedral and octahedral Al3þ were

also comparable. Three different types of structural units were identified in

acid-treated samples, including (SiO)3SiOH units remaining as a result of

poor ordering of the framework without the possibility of cross-linking.

The extent of the dissolution reaction depended on both clay mineral type

and reaction conditions, such as the acid/clay mineral ratio, acid concentra-

tion, time and temperature of the reaction (Komadel, 2003; Sakizci et al.,

2011). The composition of the clay mineral layers substantially affected their

stability against acid attack; trioctahedral layers dissolved much faster than

their dioctahedral counterparts. Higher substitutions of Mg2þ and/or Fe3þ

for Al3þ in dioctahedral smectites increased their dissolution rate in acids

(Vicente et al., 1994, 1995a; Komadel et al., 1996b; Madejová et al., 1998,

2009b; Steudel et al., 2009a). For 15 dioctahedral smectites, a good correla-

tion of the Mg2þ and Fe3þ contents was obtained with the half-time of disso-

lution in 6 M HCl at 96 �C (Novák and Čı́čel, 1978).
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Liþ dissolved slightly faster than Mg2þ from hectorite layers at low acid

concentrations (Komadel et al., 1996b). Thus, protons were preferentially

attracted by sites close to Liþ (in the octahedral sheet) that were more nega-

tive compared to sites adjacent to Mg2þ. This difference disappeared at high

acid concentrations when the reaction rates were high. Similarly, octahedrally

coordinated Mg2þ cations were preferentially released by HCl in comparison

with Fe3þ and Al3þ (Christidis et al., 1997; Gates et al., 2002). The effect of

acid anion on dissolution of hectorite is complex and remains uncertain

(Komadel et al., 1996b; Van Rompaey et al., 2002). Effects of smectite type,

acid concentration and temperature on the half-time of dissolution in 0.2 L

HCl/g smectite, acid/clay mineral ratio in closed systems (no substances being

added or removed) are summarized in Table 10.1.1. The rate of dissolution of

various atoms obtained from chemical analysis of the liquid reaction products

indicated the presence of different phases in bentonite. Readily soluble octa-

hedral and tetrahedral constituents and ‘insoluble’ portions of constituent

atoms calculated from the dissolution curves provided information on the dis-

tribution of atoms in the sample (Čı́čel and Komadel, 1994). Readily soluble

portions included exchangeable cations and easily soluble admixtures such as

goethite (Komadel et al., 1993) and calcite (Komadel et al., 1996b). The most

common ‘insoluble’ phases found in the fine fractions of bentonites were kao-

linite, quartz, anatase and volcanic glass. Halloysite was the most decomposed
TABLE 10.1.1 Effects of Smectite Type, Acid Concentration and

Temperature on Half-Time of Dissolution in 0.2 L HCl/g Smectite in Closed

Systems

Smectite HCl (M) T (�C) t0.5 (h)

Effect of smectite type

Nontronite 6.0 95 0.16

Mg-rich montmorillonite 6.0 95 6.2

Al-rich montmorillonite 6.0 95 8.0

Effect of acid concentration

Hectorite 0.25 20 4.6

Hectorite 0.50 20 2.6

Hectorite 1.00 20 1.7

Effect of temperature

Fe3þ-beidellite 6.0 50 12.0

Fe3þ-beidellite 6.0 60 6.0
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mineral after reaction in sulphuric acid of different concentrations, followed

by Mt, pyrophyllite and kaolinite (Kato et al., 1966). The observed low disso-

lution rate of pyrophyllite compared with Mt was due to (i) low octahedral

substitution and (ii) the presence of collapsed non-swelling interlayer spaces

in pyrophyllite.

Pentrák et al. (2010) investigated the influence of chemical composition and

swelling ability of three dioctahedral clay minerals from the Mt-illite series on

their dissolution in 6 M HCl. Mt was completely dissolved within 18 h, while

the residues of non-decomposed illite could be distinguished in both samples with

prevailing non-swelling interlayer spaces, treated for 36 h. Chemical composition

of dioctahedral clay minerals had a greater effect on the dissolution rate than

swellability. Illite with higher degrees of substitution of Mg2þ and Fe3þ for

Al3þ in the octahedral sheets and of Al3þ for Si4þ in the tetrahedra was more

easily soluble in HCl than the illite/smectite with 30% swelling interlayer spaces.

A series of reduced-charge Mt was prepared via Liþ fixation at elevated

temperatures (the Hofmann–Klemen effect) to explore how the expandability

of the interlayer spaces influenced the extent of dissolution. As the negative

LC decreased, the content of non-swelling interlayer spaces increased

(Komadel et al., 1996a). The dissolution of reduced-charge Mt in HCl indi-

cated that pyrophyllite-like layers surrounded by non-swelling interlayer

spaces dissolved more slowly than Mt layers of similar chemical composition

located between swelling interlayer spaces (Fig. 10.1.2). This clearly showed

that protons attacked the layers from the swollen interlayer spaces also.
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Non-swelling illite and kaolinite were also more resistant to HCl attack than

Mt or vermiculite (Jozefaciuk and Bowanko, 2002).

An in situ observation by AFM showed that the dissolution of hectorite

and nontronite in acid solutions occurred inward from the edges; the basal sur-

faces were unreactive. The hectorite (01 0) faces dissolved more slowly than

the lath ends. The edges dissolved on all sides and roughened. The (010),

(110) and (110) faces on nontronite were stable. Dissolution fronts originating

at the edges or defects would quickly became fixed along these faces, after

which no more dissolution was observable. All the oxygen atoms on the

nontronite stable edge faces were saturated, whereas the connecting oxygen

atoms on all hectorite edge faces and nontronite edges were coordinatively

unsaturated. This difference in reactivity of these faces suggested that the

rate-limiting step of the dissolution process was the breaking of the bonds

of connecting oxygen atoms (Bickmore et al., 2001).
10.1.4 ACID DISSOLUTION OF ORGANO-SMECTITES

The hydrophilic surface of swelling clay minerals could be rendered hydro-

phobic by exchanging the naturally occurring inorganic cations with organic

(mostly alkylammonium) cations. The size and the amount of organic cations

significantly affect the dissolution rate of smectites in acids (Breen et al.,

1997a). Both the MIR spectra and the carbon content revealed that only a

small proportion of dodecyl- or octadecyl trimethylammonium was displaced

during HCl treatment of organo-smectites, and the remaining alkylammonium

cations protected the smectite from acid attack. The long-chain alkylammo-

nium cations restricted the access of protons to the layers, and the extent of

acid attack was reduced.

Dissolution of organo-smectites in HCl could be effectively followed also

by NIR spectroscopy (Madejová et al., 2009b; Tomić et al., 2012). The spec-

tra of SAz-1 Mt saturated with tetramethylammonium (TMAþ) and hexadecyl

trimethylammonium (HDTMAþ) cations showed the bands related to 2nOH
and 2nH2O (7060 cm�1), ðnþdÞH2O

(5246 cm�1), and (nþd)OH (4515 cm�1)

as well as the first overtones (6100–5500 cm–1) and combinations modes

(4500–4000 cm–1) of CH3 and CH2 groups (Fig. 10.1.3; based on the data in

Madejová et al., 2009b). The 2nCH3
region of TMAþ-SAz-1 Mt dissolved

for 2 h in 6 M HCl at 80 �C revealed the disappearance of all bands, but the

shoulders near 4445 and 4321 cm�1 confirmed that not all TMAþ cations

were exchanged by protons. The appearance of a weak 2nSiOH band at

7316 cm�1 substantiated the acidification of the TMAþ-SAz-1 Mt surface.

The absence of CH3 bands, the increased intensity of the 2nSiOH band, and

the reduced intensity of the structural OH overtone band along with the

appearance of the (nþd)SiOH band at 4551 cm–1 confirmed that the 6-h

dissolution of TMAþ-SAz-1 Mt yielded protonated amorphous silica.
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In contrast to TMAþ-SAz-1 Mt, the spectrum of HDTMAþ-SAz-1 Mt trea-

ted in HCl for 2 h showed no sign of the organo-Mt modification (Fig. 10.1.3).

After the 6 h treatment, the intensities of the CH3, CH2 and OH overtones and

combination modes revealed only slight changes of the Mt structure. Moreover,

the absence of the Si–OH overtone indicated that large HDTMAþ ions fully

covered the inner and outer surfaces of Mt particles and hindered the access of

protons to the Si–O� bonds created by acid activation.

Pálková et al. (2011) and Madejová et al. (2012) investigated the effect of

surfactant size on the structure, surface and properties of organo-Mt treated

with 6 M HCl at 80 �C. The samples were prepared from SAz-1 Mt and

organic cations of progressively increasing alkyl-chain length. While the large

plate-like particles of Me4N
þ-Mt were generally disintegrated, the morphol-

ogy of Bu4N
þ-Mt was only slightly modified. The least stable were Naþ-Mt

and Me4N
þ-Mt with a decrease in the content of octahedral atoms to �5%

of the original value after the 8-h treatment. Et4N
þ-Mt and Pr4N

þ-Mt were

slightly more resistant mainly to short treatments. Bu4N
þ-Mt and Pe4N

þ-Mt

revealed the least structural modifications—only 50% and 35% of octahedral

atoms, respectively—were released into solution within the 8-h treatment. IR

spectra confirmed the creation of protonated silica in all acid-treated samples

including those with a minor decomposition of the structure. This observation

indicated that larger Bu4N
þ and Pe4N

þ ions created a rather dense organic phase

covering the inner and outer surfaces of Mt. This phase hindered the access

of protons to the layers and thus protected them from degradation in HCl.
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However, the density of packing of these cations and/or their stability in

organo-Mt was lower than that of HDTMAþ ions (Madejová et al., 2009b).

The accessibility of the interlayer space affected substantially the dissolution

of smectites in acids.
10.1.5 PROPERTIES OF ACID-ACTIVATED SMECTITES

10.1.5.1 Layer Charge

Structural modification of smectites upon acid treatment was closely con-

nected with the LC alteration. LC in acid-treated samples was compensated

mostly by the protons that had substituted the exchangeable cations. UV–vis

spectroscopy of the smectite dispersions with methylene blue (MB) was used

for controlling the modification of LC (Madejová et al., 2007; Pentrák et al.,

2012). Different dye species, such as the monomers, dimers, H-aggregates and

J-aggregates, were adsorbed on the samples as a result of the LC variations. As

a consequence of the acid treatment, the amount and/or size of the H-aggregates

of MB decreased, while the content of the monomeric forms of adsorbed dye

cations increased. The changes in LC observed in the spectra of smectites

showed different rates of dissolution in HCl depending on the type of central

atoms. The MB spectra of SWy-2 Mt revealed a pronounced heterogeneity of

the LC distribution in this low-charge Mt.

The decomposition of the clay mineral structure upon acid or alkaline

treatment also modified their variable charge (Jozefaciuk, 2002). Different

clay minerals were reacted with HCl or NaOH at room temperature (RT)

for 2 weeks. Both treatments increased the variable surface charge, but the

actual charge value increased and decreased depending on the mineral and

the reaction conditions. Charge-generating surface groups were observed to

be heterogeneous. During acid treatment, the number of weakly acidic surface

groups increased, while the number of groups of stronger acidic character

decreased.
10.1.5.2 Specific Surface Area

The most important physical changes in acid-activated smectites included

increase in the SSA and the average pore volume. The extent of these changes

depended on the acid strength, time of the treatment and the heating mode.

Acid activation of smectites was faster with microwave irradiation than with

conventional heating. The SSA and porosity of the samples were similar for

comparably dissolved materials (Korichi et al., 2012). A mathematical model

incorporating the relationships among time, acid concentration, microwave

heating power, and the structural and textural properties of acid-activated ben-

tonite showed that the duration of microwave irradiation was less significant

than the other two factors (Petrović et al., 2012).
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Acid activation of bentonites caused a splitting of particles within the dis-

solved octahedral sheets along with an increase in the SSA and decrease in the

CEC of the bentonites (Tomić et al., 2011). The SSA of acid-activated sam-

ples was several times larger than that of untreated materials. Christidis

et al. (1997) reported a four- to fivefold increase in the SSA of two HCl-

activated bentonites. After reaching a maximum value (usually under interme-

diate activation conditions), the SSA decreased with further treatment.

Two saponites and a ferrous saponite (griffithite) were reacted by up to

2.5% HCl at 25 �C for periods up to 48 h. Most of the octahedral sheets of

the minerals were dissolved, as was indicated by the high removal of Mg2þ,
the changes in the IR spectra and the TGA-DTA curves of the activated sapo-

nites. Destruction of the saponite structure yielded free silica, and the SSA of

the saponites was doubled even after the mild acid activation (Vicente et al.,

1996b; Suárez Barrios et al., 2001). The SSA of griffithite samples increased

largely after activation, with values up to 10 times higher than the SSA of the

untreated sample. The creation of microporosity had a substantial influence on

SSA. Likewise, the free silica had a very important contribution to the SSA of

leached samples (Vicente et al., 1995b). The high SSA (197 m2/g) of a natural

saponite was related to the very small particle size because of its sedimentary

origin. Reaction of sedimentary saponites at RT with 0.62% HCl for times up

to 48 h, or by 1.25% HCl solutions for times up to 6 h, produced a partial dis-

solution of the clay mineral. A mixture of unaltered saponite and free silica

was obtained. The solid products consisted mainly of delaminated layers, free

silica and insoluble impurities. The SSA was 462 m2/g and the number of acid

centres was 0.98 mmol Hþ/g (Prieto et al., 1999).
10.1.5.3 Porous Structure

Textural characteristics such as pore volume or pore size distribution played a

significant role in the clay mineral applications. Babaki et al. (2008) reported

that the physical and chemical properties of bentonites, such as adsorption and

catalytic activity, depended extensively on the micro and mesopores. Though

the macropores were accessible between the particles, their effect on the

adsorptive properties of a solid was negligible compared to that of the micro-

pores and mesopores located within the particles. Various techniques such as

acid treatment or pillaring were used to improve the mesoporosity of

smectites.

A short-time synthesis route for preparation of mesoporous materials

(folded sheet materials, FSM) was developed from HCl-leached saponite sam-

ples. The acid treatment was performed under stirring for 24 h at 25 and

100 �C in 6–10 and 3–7 M HCl solutions. The leached silicate powders were

washed and dispersed in HDTMA bromide solution as a structure-directing

agent with stirring at pH 12.3 for 3 h at 70 �C and afterwards at pH 8.5 for

an additional 3 h at RT, and finally calcined at 550 �C to obtain the
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mesoporous materials. A general improvement in the mesoporous FSM struc-

ture was obtained when a filtration step was added to the synthesis route after

the dissolution at pH 12.3, by removing all dissolved silicates and thus pre-

venting the formation of amorphous silica. The material synthesized after acid

leaching by 8 M HCl at RT had the most condensed structure, the highest unit

cell dimensions, SSA, and pore volume, and the narrowest pore size distribu-

tion (Linssen et al., 2002). The properties of the FSM prepared from differ-

ently HCl-treated saponite samples are reported in Table 10.1.2. For most

preparations obtained at 25 �C, the BET SSAs were much higher and more

sensitive to the acid concentrations than for the materials prepared at

100 �C. The material obtained after leaching with 5 M HCl at 100 �C had

the highest pore volume.

Acid activation of a Ca2þ-Mt by reaction with sulphuric acid solutions and

subsequent pillaring (intercalation of oligomeric Al (hydr)oxides, ‘Keggin

ions’ and calcination at temperatures up to 500 �C) produced new materials

for bleaching of cottonseed oil, with the bleaching properties dependent on

the extent of activation prior to pillaring. The pillared, acid-activated Mt pos-

sessed a higher bleaching efficiency compared to the pillared non-activated

clay minerals. Mild activation of the Mt followed by pillaring produced mate-

rials with the best fractional degree of bleaching (Falaras et al., 2000b).

A detailed study of the preparation and characterization of Al PILC (see

Chapter 10.5) derived from an acid-treated Mt showed that careful selection

of the level of acid treatment was necessary to optimize the SSA, pore vol-

ume, surface acidity and thermal stability of the final PILC. The optimum

level of acid treatment corresponded to the removal of between 19% and
TABLE 10.1.2 Effect of Acid Concentration on BET Specific Surface Areas

and Pore Volumes (PV) of Mesoporous FSMs Prepared from Saponite

Samples Leached by HCl at 25 and 100 �C

Acid leaching at 25 �C

HCl (mol/dm3) 6 7 8 9 10

SBET (m2/g) 643 726 900 785 478

PV (cm3/g) 0.44 0.54 0.61 0.54 0.37

Acid leaching at 100 �C

HCl (mol/dm3) 3 4 5

SBET (m2/g) 521 539 575

PV (cm3/g) 0.50 0.45 0.98

Data from Linssen et al. (2002).
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35% of the octahedral cations. However, these values depended on the clay

mineral. The previously acid-activated PILC had significantly higher pore

volume and acidity than conventional PILC but similar basal spacings, SSA

and thermal stability. The higher acidity was mainly due to an increase in

Br�nsted acid sites arising from the treatment before the pillaring procedure.

The higher acidity of the previously acid-activated PILC was reflected in

the better catalytic activity for acid-catalyzed reactions as compared with

other PILC (Mokaya and Jones, 1995).

Porous clay heterostructures (PCH) with enhanced acidity may be

prepared from suitably acid-activated Mt. Their high acidity arose from

Br�nsted acid sites (Pichowicz and Mokaya, 2001). Kooli et al. (2006) exam-

ined the effect of acid activation on the properties of PCH using three Mt of

different CEC. A short order in the structure as revealed by the powder

XRD of acid-activated PCH was observed, with higher SSA, pore volume

and acidity compared to the original clay minerals. The nature of the clay

mineral affected the textural properties and the acidity of the prepared porous

materials. However, these properties were not enhanced as expected when

compared to the PCH.
10.1.5.4 Catalytic Properties

Acid-activated clay minerals were well established as both solid acid catalysts

and catalyst supports. The nature of the exchangeable cations substantially

affected the acidity of clay mineral catalysts. The high catalytic activity of

Al3þ-exchanged Mt was attributed to the enhanced polarization of water mole-

cules in the primary coordination sphere around the Al3þ ions, which gave rise

to strong Br�nsted acidity (Varma, 2002; Jankovič and Komadel, 2003b).

Hþ-saturated Mt of considerable catalytic activity could be prepared by

thermal decomposition of ammonium-exchanged clay minerals (Jankovič

and Komadel, 2000, 2003a). However, a more typical way was acid activation

of clay minerals with a mineral acid. Acid-activated clay minerals are of inter-

est as high-surface-area supports for environmentally benign catalysts. Com-

mercial products are normally reacted with a fixed amount of acid,

sufficient to remove the required number of octahedral cations to optimize

the SSA and Br�nsted acidity for a particular application. However, only a

few systematic studies have been reported on how the extent of acid activation

of the parent mineral contributes to the catalytic activity.

Several studies have illustrated the application of commercial acid-

activated Mt (K-catalysts). Flessner et al. (2001) investigated the surface acid-

ity of a series K-catalysts using a wide range of complementary experimental

techniques. The different methods applied allowed a rather complete charac-

terization of the surface acidity. The strength and density of Br�nsted acid

sites were correlated with the trend in iso-butene conversion. Further activa-

tion of K-10 Mt commonly used as a heterogeneous acid catalyst (Wallis
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et al., 2007) with HCl of varying concentrations increased its catalytic activity

in three test reactions: tetrahydropyranylation of ethanol, diacetylation of

benzaldehyde and esterification of succinic anhydride.

The catalytic activity of acid-activated Mt for Br�nsted acid-catalyzed

reactions was highly dependent on the extent of acid treatment. Two contrast-

ing model reactions were used. The first, involving highly polar reactants, is

the acid-catalyzed addition of 3,4-dihydropyran to methanol. The dihydro-

pyran molecule was protonated to give a stabilized carbocation that reacted

with methanol to form tetrahydropyranyl ether as the only product. The second

reaction, involving a non-polar, hydrophobic reactant was the acid-catalyzed

rearrangement of alpha-pinene to camphene. The optimum activation condi-

tions depended on the type of reaction being catalyzed (Rhodes and Brown,

1994).

Acid activation of Ca2þ-Mt significantly increased its effectiveness as a

support for ZnCl2 Friedel–Crafts alkylation catalysts; optimum treatment con-

ditions were established and there was evidence for a synergistic interaction

between the adsorbed salt and the acid-activated clay mineral (Rhodes

et al., 1991). Maximum activity was associated with long acid treatment

times. Structural characterization by XRD, 29Si MA-NMR spectroscopy, and

elemental analysis suggested that the amount of the residual clay mineral in

the most active supports was small (Rhodes and Brown, 1992).

Different clay minerals, such as magnesium- or aluminium-rich Mt, a fer-

ruginous smectite, an iron-rich beidellite and a hectorite, were leached with

H2SO4 or HCl. The extent of activation was controlled by the acid concentra-

tion and temperature. The elemental composition of the starting materials did

not significantly influence the catalytic reaction of 2,3-dihydropyran and

methanol to tetrahydropyranyl ether. The Br�nsted acidity and catalytic activ-

ity of the activated clay minerals were highest for the samples prepared with

the mild acid treatments but decreased with increased leaching of octahedral

cations. The acid sites of acid-activated Mt were strong enough to produce tet-

rahydropyranyl ether in 80% yield. However, the acid-activated hectorite

showed no catalytic activity. The octahedral depletion correlated well with

the acidity (determined from thermal desorption of cyclohexylamine) and

the catalytic activity for the chosen test reaction (Breen et al., 1995a,b,

1997b; Komadel et al., 1997).

The catalytic activity for the dimerization of oleic acid increased after

mild activation of Mt in HCl. However, the activity of the activated Mt with

about 50% of octahedral Al3þ removed was comparable to that of the

untreated clay mineral (Čı́čel et al., 1992). Acid-activated smectites can con-

vert alkenes formed by thermal decomposition of high-density polyethylene

into light gases and aromatic species. Total conversion increased with both

the extent of acid treatment and the temperature. The proportion of aromatic

products was largest for catalysts prepared using short acid activation periods

(Breen et al., 2000). Acid-activated bentonite (and kaolin) debutylated
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2-tert-butylphenol and showed varying debutylation versus isomerization

selectivity. The resulting catalytic activity of these samples was dependent

on the type of acid used. Samples activated with acetic acid showed relatively

low conversions, whereas those treated with hydrochloric or phosphoric acids

were very active catalysts (Mahmoud and Saleh, 1999).

Acid activation of tetralkylammonium smectites produced hybrid catalysts

for the isomerization of alpha-pinene to camphene. This catalytic activity was

attributed to the enhanced hydrophobicity of the organo-smectites. Acid-

activated TMAþ-smectites were the most active catalysts and yielded

60–90% conversion based on alpha-pinene. The yields were comparable with

those obtained with other solid catalysts such as zeolites and PILC. The iron-

substituted smectites were more active than their aluminium counterparts. The

dodecyl- and octadecyl trimethylammonium smectites were generally less

active (Breen et al., 1997a).

SWy-2 Mt and SAz-1 Mt loaded with increasing amounts of the polycation

magnafloc were reacted with 6 M HCl at 95 �C. These smectites were active

catalysts for the isomerization of alpha-pinene to camphene and limonene.

The conversion by the polycation-exchanged SAz-1 Mt was larger than by the

unloaded activated counterpart because the former material was more hydro-

phobic. In the case of SWy-2 Mt, the yields in the absence and presence of

polycations were similar, suggesting good dispersion of both samples in the

non-polar alpha-pinene. The yields, based on alpha-pinene, for the most active

catalysts were between 80% and 90%. These yields were directly comparable

to those obtained by using zeolites and PILC, although the acid-activated

polycation-treated clay minerals were marginally less selective towards cam-

phene (Breen and Watson, 1998).

Two STx-1 and SWy-2 Mt were activated with different amounts of 12 M

HCl and then exchanged with a fixed amount of 1 M TMAþ chloride solution

at RT, giving rise to Hþ/TMAþ Mts. In addition, TMAþ/Hþ samples were

obtained by acid activation of TMAþ-exchanged Mt. The acidity was deter-

mined by adsorption of cyclohexylamine and the catalytic activity by the

isomerization of 1-butene at 300 �C to yield cis- and trans-2-butene. The total
conversion for the isomerization of 1-butene was higher for the TMAþ/Hþ

samples than for the Hþ/TMAþ catalysts. TMAþ cations adsorbed on the clay

minerals were extremely resistant to exchange by protons, but protons were

easily displaced by TMAþ cations (Moronta et al., 2002).
10.1.6 ACID DISSOLUTION OF NON-SWELLING CLAY
MINERALS

Acid dissolution of non-swelling clay minerals such as illites, kaolinites or

fibrous clay minerals (sepiolite and palygorskite) was a widely studied method

for improving their surface and catalytic properties (Cai et al., 2007;
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Lenarda et al., 2007; Steudel et al., 2009b; Bibi et al., 2011; Valášková et al.,

2011; Worasith et al., 2011; Yanik et al., 2012).
10.1.6.1 Kaolinite and Metakaolinite

Dissolution rates of natural kaolinites of different origins, of halloysite and of

illitic clays in H2SO4 and HCl, were determined by measuring the release rate

of aluminium. The dissolution rate of kaolinite in 0.5 M H2SO4 at 25
�C was

approximately three times higher than in HCl of equivalent proton concentra-

tion. The dissolution in 5 M H2SO4 was eight times faster when the solid

phase was periodically separated from the acid solution, washed with distilled

water and dried. The aluminium release rate decreased as the amount of clay-

size micas in kaolinitic clays increased. The rate was also affected by the

crystallinity of the clay mineral (Hradil et al., 2002). The dissolution process

of less ordered kaolinite was increased not only in HCl but also in KOH solu-

tions (Pentrák et al., 2009).

The solubility of kaolinite in acids varied with the nature and concentra-

tion of the acid, the acid-to-kaolinite ratio, the temperature and the duration

of treatment. The reaction of natural kaolin refluxed with 1–10 M H2SO4 at

110 �C for 4 h followed by calcination at 500 �C for 2 h yielded amorphous

silica. Leaching of Al3þ ions was enhanced progressively with the severity

of the acid attack. The acid treatment increased the Si/Al ratio from 0.65 to

8.09, the SSA from 23 to 143 m2/g and the pore volume from 0.361 to

1.18 cm3/g when the acid concentration was increased to 10 M. The solids

phases thus obtained were used as promising adsorbents and catalyst supports

(Panda et al., 2010).

Proton adsorption or desorption might be computed from potentiometric

titration data at pH 2–12 using surface complexation models. The pH of zero

proton charge was close to 5.5. The positive charge that developed below pH

5.5 was due to proton adsorption on aluminium sites of the octahedral sheet.

The external hydroxyl groups of the octahedral sheet were the first to be proto-

nated, whereas the second protonation might take place either at the inner

hydroxyl groups or at the edge aluminol groups. Above pH 5.5, the kaolinite

surface underwent two successive deprotonations; the first occurred at pH

about 5.5 and the second at pH about 9 (Huertas et al., 1998). The dissolution

mechanism of kaolinite was mainly controlled by aluminol surface sites (exter-

nal and internal structural hydroxyl groups and aluminol groups at the particle

edges) under both acidic and alkaline conditions (Huertas et al., 1999).

Kaolinite dissolution rates at pH 2–4 and temperatures of 25, 50 and 70 �C
were obtained using stirred and non-stirred flow-through reactors. The rates

increased with increasing stirring speed, and the stirring effect was reversible.

The effect of stirring speed on kaolinite dissolution rate was higher at 25 �C
than at 50 and 70 �C and at pH 4 than at pH 2 and 3. Stirring induced forma-

tion of fine particles. The ratio of reactive surface area to SSA increased, and
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the dissolution rate of kaolinite enhanced. A balance between the production

and dissolution of the fine particles explained the reversibility as well as the

temperature and the pH dependence of the stirring effect (Metz and Ganor,

2001).

Pyridine and NH3 adsorption indicated that the strong acid sites on acti-

vated kaolinite were of the Lewis type (Tabak and Afsin, 2001). Acid activa-

tion increased the protonated species on a kaolinite surface at the expense of

coordinately bound NH3. The presence of NH4
þ ions on an activated sample

did not prove the presence of protonic acid sites alone, since the added protons

might have come from the residual water in the interlayer space. Progressive

dehydration of the surface resulted in a strong increase in chemisorbed NH3.

The solid acid-activated metakaolinites are promising as adsorbents and

catalyst supports. Metakaolinites were prepared by calcination of kaolinites

at 600–900 �C and were more reactive than the parent kaolinite after acid acti-

vation with 6 M HCl at 90 �C. Reaction during 6 h removed most of the octa-

hedral Al3þ cations and yielded amorphous silica phase with high SSA. Acid

treatment for 24 h also removed the octahedral cations, but led to the forma-

tion of amorphous silica with much lower SSA. Metakaolinite prepared by

calcination at 900 �C had a lower reactivity than the materials obtained at

lower temperatures (Belver et al., 2002).

The activated metakaolinites were active catalysts for the alkylation of

benzene with benzyl chloride, giving >75% conversion of the alkylating

agent. Metakaolinite activated with 4 M HNO3 led to 87% conversion of ben-

zyl chloride to diphenylmethane with 100% selectivity within 30 min of reac-

tion time. This might be correlated with the greater surface acidity of this

sample. Extremely efficient solid catalysts of remarkable acidic properties

could be produced by the activation of metakaolinite with H2SO4, HNO3

and HClO4 (Sabu et al., 1999).
10.1.6.2 Sepiolite and Palygorskite

Sepiolite and palygorskite, the fibrous clay minerals, have wide-ranging

industrial and medical applications, particularly as adsorbents, catalysts or

catalyst supports because of their structural characteristics and physico-

chemical properties. Heating and acid activation are often used to enhance

their properties (Valentı́n et al., 2007). Acid activation of palygorskite fol-

lowed by in situ hydrothermal treatment was successfully utilized in zeolite

A synthesis (Jiang et al., 2012).

When sepiolite and palygorskite were activated by HCl, the octahedral

sheets progressively dissolved. The content of silica increased and that of

octahedral cations decreased with the intensity of the acid attack. In both

cases, fibrous free silica was obtained. Sepiolite decomposed more rapidly

than palygorskite because its octahedral sheets contain more Mg2þ and the

structural micro-channels are larger. The removal of the cations and
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disaggregation of the particles, as well as the increase in the micropore vol-

ume, enlarged the SSA (Myriam et al., 1998). A substantial increase in the

SSA was also observed for HCl-treated palygorskite. The free silica obtained

had the fibrous morphology of natural palygorskite, but no microporosity was

detected (Suárez Barrios et al., 1995).

After dissolution of sepiolite samples in HCl, the free silica produced had

little influence on the properties of the mildly acid-treated solids. However,

the influence of this silica became important when solids were obtained by

more intense treatments (Vicente et al., 1995b). As the amount of iron and

aluminium extracted from sepiolite increased, the SSA of the mineral grew

from 195 to 306 m2/g and the original microporous structure became

mesoporous.

The CEC of sepiolite could be fully eliminated by acid treatment, during

which the mineral structure was progressively transformed into amorphous

silica–alumina (Dekany et al., 1999). The BET surface area of the original

sepiolite increased from 148 to 263 m2/g and decreased afterwards. Approxi-

mately 16% of the total volume was in the micropores. Acid activation

restricted particle deformation during thermal treatment. The micropore vol-

ume increased by 20% and the BET surface area reached values >500 m2/g

for the acid-treated samples (Balci, 1999).

Natural and acid-activated sepiolites and palygorskites are often used as

adsorbents for the removal of heavy metals from aqueous solutions (Chen

et al., 2007; Wang et al., 2007). Frini-Srasra and Srasra (2010) reported a

pronounced increase in the SSA of HCl-treated Tunisian palygorskite due

to dissolution of octahedral sheets and the creation of mesoporosity. The

acid-activated samples showed a higher adsorption capacity for Cd2þ than

the natural palygorskite.
10.1.7 CONCLUSION

Acid activation of clays and clay minerals has been used for decades both in

laboratories for basic and applied research and in industrial production for

many applications. Even so, it remains one of the most common chemical

modifications of clays and clay minerals for the future of clay science and

applications.
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Komadel, P., Madejová, J., Janek, M., Gates, W.P., Kirkpatrick, R.J., Stucki, J.W., 1996b. Disso-

lution of hectorite in inorganic acids. Clays Clay Miner. 44, 228–236.
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Komadel, P., 2007. Characterization of products obtained by acid-leaching of Fe-bentonite.

Clay Miner. 42, 527–540.
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milling and acid treatment on two ordered and disordered kaolinite structures. Appl. Clay

Sci. 54, 70–76.



Chapter 10.1 Acid Activation of Clay Minerals 409
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