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Abstract—A modified procedure for bentonite purification and a new method for the quantitative
characterization of bentonite using smectite content are reported. Bentonite found in a drill core of Tsunagi
Mine, Niigata, Japan was evaluated by the new method to demonstrate the substantial increase in smectite
content from 40% in the original bentonite to 75% after purification using a new procedure. Powder
samples were prepared by putting blocks of bentonite into acetone to remove water without mechanical
crushing. The powdered, acetone-dried bentonite was purified by a dispersion-sedimentation method in
water after cation exchange of the interlayer Ca2+ ion with Na+ ion by the reaction of raw bentonite with
aqueous NaCl. The purification was evaluated using X-ray diffraction and thermogravimetric analyses
(TG). The raw bentonite contained feldspar, quartz, and cristobalite, and feldspar and quartz were removed
by the new purification procedure. The purification was evaluated quantitatively by comparing the TG data
before and after the purification. The purified bentonite swelled in water to give a stable aqueous
suspension and 3 g of purified bentonite dispersed in 60 mL of water was stable for several days. The
replacement of interlayer sodium with dibehenyldimethylammonium gave an organophilic clay, which
swelled in toluene. The bentonite has potential practical uses as a purified bentonite and an organophilic
bentonite.

Key Words—Dibehenyldimethylammonium, Didococyldimethylammonium, Ion Exchange, Organic
Modification, Purified Bentonite, Suspension, Transparency, Viscosity.

INTRODUCTION

The industrial application of bentonite is widespread

from civil engineering to the food industry (Grim, 1962;

van Olphen, 1977; Bergaya et al., 2006). In addition to

the on-going industrial applications, advanced materials

application of montmorillonite (or purified bentonite)

has been investigated extensively in the fields of

chemistry and biochemistry related areas (Ogawa,

1998; Bergaya et al., 2006; Takagi et al., 2006; Ruiz-

Hitzky et al., 2011; Okada et al., 2012, 2014; Takagi et

al., 2013). The performance of raw bentonite is

determined by the smectite content and type (composi-

tion, particle size, and etc.) as well as the kind and the

amounts of other minerals such as quartz and cristoba-

lite. When the bentonite purification is complete and

non-smectite minerals removed effectively, the purified

bentonite properties can be determined by such chemical

aspects as cation exchange capacity, interlayer cation

type, type of isomorphous substitution, and smectite

particle size. Accordingly, the variation of natural

resource materials and the proper understanding of

bentonite properties are important issues in bentonite

industries to seek materials with better performing

materials as well as identify emerging new applications

of bentonites and bentonite derivatives.

In this paper, a modified procedure for bentonite

purification and a new method for the quantitative

characterization of bentonite based on smectite content

in bentonite are reported. Bentonite found in a drill core

of Tsunagi mine, Niigata, Japan, was used in the present

study, because the mine is new and bentonite from it has

not been characterized yet. Powdered raw bentonite was

obtained by placing blocks of bentonite into acetone in

order to remove water and to avoid the mechanical effect

of crushing. The acetone-dried bentonite was used as the

starting material for purif ication and organic

modification.

The bentonite interlayer cations were replaced with

Na+ cations to obtain a stable aqueous dispersion (van

Olphen, 1977). The stable bentonite suspension was

suitable for efficient smectite purification by the

conventional dispersion-sedimentation method. In addi-

tion, the interlayer Na+ cations were exchanged with a

cationic surfactant to produce an organophilic clay.

Organophilic clays prepared from purified bentonite and

raw bentonite by cation exchange with surfactants are

recognized as important materials for a wide variety of

practical uses (Jordan, 1950; Barrer, 1978; Lagaly, 1981;

Pinnavaia et al., 2001; Okada et al., 2014) and have been

investigated, more recently, for advanced materials

application (Bergaya et al., 2006; Takagi et al., 2006;
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Heinz et al., 2007, 2008; Heinz, 2012; Okada et al.,

2012, 2014).

Among quaternary ammonium surfactants, dialkyldi-

methylammonium salts, namely dioctadecyldimethylam-

monium chloride (C40H80NCl), are unique materials

with the ability to form lamellar mesophases in aqueous

solution as well as in the solid state. (Dubois et al., 1993,

1994; Hubert et al., 2000; Isayama et al., 1993; Kunitake

et al., 1977a, 1977b; Machida et al., 2014; Ogawa, 1997;

Zhang et al., 2007). Intercalation of dialkyldimethylam-

monium ions into the interlayer space of smectites and

other layered silicates has been reported and large basal

spacings due to the large molecular size have been

observed (Lagaly, 1981, 1986; Inukai et al., 1994;

Nagase et al., 2002; Minase et al., 2008; Kinashi et al.,

2009; Ogawa and Iwata, 2010; Fujii et al., 2011). Taking

advantage of the highly hydrophobic nature, the

dioctadecyldimethylammonium-montmorillonites have

been used as rheology-controlling reagents and several

commercially available products are available.

Dialkyldimethylammonium-smectites are able to adsorb

organic contaminants from environments (Kukkadapu

and Boyd, 1995; Xu et al., 1997). In addition, these

materials have been used as supports to accommodate

various functional molecular species to control photo-

chemical reactions (Seki and Ichimura, 1990; Ogawa et

al., 1995, 1996, 1999, 2008, 2009; Kakegawa and

Ogawa, 2002; Sasai et al., 2003) and to produce

membranes for catalytic reactors and for separations

(Okahata and Shimizu, 1989; Kleinfeld and Ferguson,

1994; Ahmadi and Rusling, 1995).

In the present study, dibehenyldimethylammonium

(abbreviated hereafter as 2C22) was used for the organic

modification of bentonite because the long alkyl chain is

suitable for preparation of a highly organophilic clay and

can be used to estimate the layer-charge density. The

cation exchange capacity (CEC, or layer charge density)

is recognized as an important parameter to determine the

performance of smectites and, therefore, several meth-

ods have been used to determine the layer charge

(Lagaly, 1981; Mermut, 1994). As far as the authors are

aware, no study on the preparation and characterization

of dibehenyldimethylammonium-exchanged smectites

has been reported previously.

EXPERIMENTAL

Materials and methods

Bentonite was obtained from a drill core of Tsunagi

mine, Niigata, Japan, and the bentonite fraction at a

depth of 5 m from the ground surface was collected.

Acetone, toluene, ethanol, 2-propanol, ammonium acet-

ate, potassium chloride, and sodium hydroxide were

purchased as extra-pure grade from Kanto Chem. Co.

(Chuo-ku, Japan) and used as received. Dibehenyl-

dimethylammonium chloride ((C22H45)2(CH3)2NCl,

also called didococyldimethylammonium chloride) was

obtained from Lion Co. (Tokyo, Japan) and used without

further purification.

A block of bentonite (200 g) was placed in acetone

(400 mL) to dehydrate and collapse the block as shown

in Figure 1. Then, the solid was separated from acetone

by decantation, and air dried to obtain a powder sample

without mechanical crushing. For comparison, another

block of bentonite was oven dried at 120ºC and

subsequently crushed mechanically into a powder.

Figure 1. Photographs of: (a) a bentonite block from the drill core; (b, c) the bentonite block during contact with acetone. Part d shows

the bentonite powder thus obtained.
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The powder sample (designated as raw material;

~100 g) was dispersed into water (1 L), and NaCl (58 g)

was added to the suspension. The 58 g of NaCl is equal

to one equivalent of Na+ per 100 g clay and is

significantly in excess of the CEC of montmorillonite

(Grim, 1953, 1962; van Olphen, 1977; Bergaya et al.,

2006). The mixture was strirred vigorously with an

homogenizer (1000 rpm) for 1 h. After the mixture was

stored for 3 days, the solid sample was separated from

the suspension by centrifugation (3000 rpm for 7 min;

1,0866g) and dried at 60ºC in air (this sample was

designated as the Na-exchanged form).

The Na-exchanged form of the bentonite was used in

the following two experiments; one for purification and

the other for organic modification. These two forms

(purified bentonite and organophilic bentonite) are

common and useful bentonite-derived products.

Purified bentonite was produced from the Na-exchanged

form by a conventional dispersion-sedimentation

method, in which an aqueous clay suspension was

prepared carefully using an homogenizer to disperse

the clay and centrifugation was used to separate the

<2 mm fraction to remove non-expandable impurities.

Organic modification of the purified bentonite was done

by ion exchange with dibehenyldimethylammonium

cations using an aqueous 2-propanol solution (25%

2-propanol, 75% water) of 2C22 chloride, where the

amount of 2C22 added was equal to 100 meq/100 g of

clay. An homogenizer was used for mixing and ion

exchange was conducted at room temperature for 1 day.

The samples were washed with water repeatedly until a

negative AgNO3 test for chloride was obtained.

Characterization

Powder X-ray diffraction (XRD) patterns of the

products were recorded on a Rigaku Ultima IV powder

diffractometer (Rigaku, Tokyo, Japan) equipped with Ni-

filtered CuKa radiation operated at 40 mA and 40 kV with

the step width of 0.0200º, scan speed of 2.00º/min,

divergence slit (DS) of 1/2º, scattering slit (SS) of 1/2º,

and receiving slit (RS) of 0.3 mm. The powder sample was

mounted in a sample holder. Thermogravimetric (TG) and

differential thermal analysis (DTA) curves were recorded

on a Rigaku Thermoplus TG8120 (Rigaku, Tokyo, Japan)

in air (no flow) at a heating rate of 10 K/min using alpha-

alumina as the standard. The CEC was determined by the

ammonium acetate method (Schollenberger and Simon,

1945). Interlayer cation sites were saturated with ammo-

nium ion by reaction with aqueous ammonium acetate.

The eluent was analyzed by atomic absorption (AA)

spectroscopy (Shimadzu atomic absorption spectrometer

AA-7000, Shimadzu Co., Kyoto, Japan) to determine the

types of interlayer cation. Then, the ammonium was

desorbed by reaction with excess KCl and the amount of

eluted ammonium ion was determined by the Kjeldahl

method and used to calculate CEC (Kjeldahl and

Christoffer, 1883)

RESULTS AND DISCUSSION

Powdered bentonite was obtained by means of the

treatment of a bentonite block with acetone and

subsequent air drying (Figure 1). The X-ray diffraction

patterns of the bentonite powders obtained by the two

different procedures (acetone immersion and mechanical

crushing) are shown in Figure 2 (traces a and b). In the

conventional industrial process as well as in laboratory

experiments, bentonite was dried and crushed mechani-

cally to obtain a powder sample. The drying and

crushing procedures are thought to alter the performance

of the products. The procedure developed here to prepare

bentonite powder by immersion in acetone is better

because heating and mechanical crushing were

unnecessary.

The powdered bentonite was ion exchanged with

sodium and purified subsequently by a dispersion-

sedimentation method. In the XRD patterns of the raw

bentonites (Figures 2a, 2b), the diffraction peaks

characteristic of smectite are seen clearly. The diffrac-

tion peaks observed for the purified bentonite

(Figure 2c) are sharp compared with those observed

for powdered bentonite prepared by conventional means

(drying and mechanical crushing). The diffraction peaks

characteristic of the layered structure of smectite with

the basal spacing of 1.25 nm and (hk0) reflection at

0.45 nm were observed to confirm the presence of

Na-smectite in the sample after the purification

(Figure 2c). The basal spacing of the raw bentonite

was 1.39 nm, typical of Ca-smectite (Grim, 1953, 1962).

Figure 2. XRD patterns of the raw bentonites: (a) obtained by

conventional drying and crushing; and (b) obtained by immer-

sion of bentonite block in acetone; (c) purified bentonite; and

(d) 2C22-exchanged form.
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Quartz, feldspar, and cristobalite were detected in the

raw bentonite XRD pattern, while quartz and feldspar

were largely removed by the purification procedure as

shown by the differences in the XRD patterns before and

after purification (Figure 2, compare traces b and c). In

order to remove cristobalite completely, the purification

procedure must be improved, e.g. by repeating the

procedure, prolonged aging time, and more careful

dispersion using such techniques as sonication and

milling, and longer sedimentation times.

In order to examine the purification procedure in a

more quantitative manner, thermal analysis was used

here. In the TG-DTA curves of the purified and the raw

bentonites (Figure 3), typical thermal decomposition of

smectite was observed; two endothermic reactions in the

DTA curves starting from room temperature and at

~500oC accompanied weight losses in the corresponding

TG curves due to the loss of adsorbed water and

dehydroxylation of the silicate layer. Non-smectite

minerals, such as quartz, cristobalite, and feldspar,

were found in the unpurified Tsunagi bentonite. The

non-smectite minerals are thermally stable and show no

weight loss by heat treatment in air below 800ºC as used

in the TG-DTA analyses. The mass losses observed in

the TG curves were from the smectite portion (Grim,

1962; Bergaya et al., 2006). Weight losses were smaller

for the raw bentonite (Figure 3) and suggest that quartz

and cristobalite, which are thermally stable in the

temperature range (~1000ºC) of the TG-DTA analyses

and give no weight loss, were removed by the

purification procedure. For the raw bentonite, the mass

loss due to the dehydroxylation at ~400�700ºC was 2%.

The resulting ash, which formed as a result of

dehydration and dehydoxylation of bentonite, was

90%. From the weight-loss values, the ratio of the

hydroxyl group (2%) in the silicate layer to the ash

(90%) was calculated to be 2.2%, 2/(90+2). Hereafter,

this value was designated as OH/ash ratio. The OH/ash

ratio of pure montmorillonite was also calculated from

the ideal formula [Ca0.17Si8(Al3.34Mg0.66)O20(OH)4] of

Ca-montmorillonite (Grim, 1953) to be 5.2%. The ratio

(relative OH/ash ratio to the ideal value) was used as a

measure of montmorillonite content in bentonite. The

OH/ash ratio of the Tsunagi bentonite (2.2%) was

divided by the ideal value (5.2%) to give 40%, which

corresponds with the smectite content in the bentonite.

Because the method is based on the mass loss in the

temperature range of 400�700ºC, any kind of associated

minerals which decompose in this temperature range

might affect the estimated smectite content. To use this

method effectively, hydroxyl-bearing minerals and

carbonates should not be present as associated minerals.

The amount determined from the OH/ash ratio is a rough

estimate based on the ideal chemical formula of

montmorillonite.

The OH/ash ratio was compared between the samples

before and after purification. After the purification

procedure, the OH/ash ratio increased to 3.5%, which

corresponds to a smectite content of 75%. This confirms

the successful and efficient purification (or concentra-

tion of smectite) in the bentonite (Table 1). Because the

smectite content of bentonite (i.e. purity) is one of the

most important parameters needed to characterize

bentonite quality, the quantification of the mont-

morillonite fraction in bentonite has been reported

previously (Kaufhold et al., 2002, 2012; Lopez-

Galindo et al., 2007) and each method has its advantages

and disadvantages. The method proposed here, using TG

analysis may be a simple way to determine the smectite

content in bentonites.

The interlayer cation compositions of raw bentonite,

the Na-exchanged form, and the purified bentonite were

determined by AA for the eluents obtained by ion

Figure 3.TG and and DTA curves of raw bentonite (a = DTA, b =

TG) and purified bentonite (c = DTA, d = TG)).

Table 1. Quantitative data derived from TG results.

Sample Mass loss of dehydroxylation
(mass %)

Ash
(mass %)

Dehydroxyl/ash
(%)

Calculated purity
(%)

Ideal montmorillonite 5 95 5.2 100
Raw bentonite 2 90 2.2 40
Purified bentonite 3 84 3.5 75
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exchange of the samples with ammonium acetate

(Table 1). The CEC values of raw bentonite, of the

Na-exchanged form, and of the purified bentonite were

determined to be 60, 62, and 100 meq/100 g of clay,

respectively. These values were within the range of a

typical smectite (Bergaya et al., 2006). The increase in

the CEC value by the purification (from 60 to 100 meq/

100 g clay) was important evidence of the successful

removal of low-CEC impurities such as quartz and

feldspar based on the differences in the XRD patterns

and TG curves before and after purification.

For the raw bentonite, calcium was the major

interlayer cation as shown by the chemical analysis

(AA spectroscopy) of the ammonium acetate eluent.

Only part of the calcium was exchanged successfully

with Na+ by ion exchange with NaCl (Table 2). As a

result, the Na-exchanged form was prepared to give a

stable aqueous suspension as seen in Figure 4. Thus, due

to efficient swelling of the Na-exchanged form, the

sample was purified by the dispersion-sedimentation

method. From the difference in the CEC (from 60 to

100 meq/100 g of clay), the smectite content increased

by 1.7 times using the purification procedure.

As for organic modification of the bentonite, the XRD

pattern of the 2C22-exchanged form (Figure 2, trace d)

clearly has diffraction peaks due to the (00l) plane. From

the observed d001 value (2.3 nm), the intercalated 2C22

might form a pseudo-trimolecular layer in the interlayer

space of montmorillonite (Lagaly, 1981; Ogawa et al.,

1995, 2008, 2009). In the TG-DTA curves of the 2C22-

exchanged bentonite sample (Figure 5), exothermic reac-

tions accompanied mass loss in the TG curve due to

oxidative decomposition of adsorbed 2C22 ion were

observed in the temperature range of 200�700ºC. From
the TG analysis (mass loss of 35% and the amount of the

ash as dehydroxylated clay), the amount of 2C22 adsorbed

was calculated as 70 meq/100 g clay. The mass loss due

to the decomposition of 2C22 was determined by

subtracting the hydroxyl-group content of the purified

montmorillonite, 3%, from the ash, which was derived

from the TG curve (Figure 3d) of the purified bentonite

from the observed mass loss (35%) in the temperature

range of 200�700ºC. The value is smaller than the CEC

of the purified bentonite (100 meq/100 g of clay), which

was determined by the ammonium acetate method. When

the unpurified Na form was modified with 2C22, the

Table 2. Bentonite sample cation exchange capacity and interlayer cation composition (meq/100 g clay).

Sample CEC
————————— Interlayer cation —————————

Na+ K+ Ca2+ Mg2+ Total

Raw bentonite 60 12 3 27 24 66
Na-exchanged form 62 38 2 15 14 69
Purified bentonite 100 67 1 18 22 108

Figure 4. Photographs of (a) purified bentonite aqueous suspension and (b) the 2C22-exchanged form suspended in toluene.
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amount of 2C22 adsorbed was 42 meq/100 g of clay as

determined from TG analysis (25% mass loss). Based on

the XRD pattern with the single-phase (00l) diffraction

peaks, the interlayer cations of the present bentonite had

clearly been c exchanged efficiently with 2C22.

The 2C22-exchanged form swelled in organic sol-

vents. As an example, the 2C22-exchanged, purified

bentonite suspended in toluene (0.1 g in 5 mL of

toluene) is shown in Figure 4b as an example. The

volume of the 2C22, purified bentonite suspended in

toluene, was estimated to be 25 mL/g sample, quite high

when compared with commercial organophilic bento-

nites. The origin of the favorable swelling characteristics

was thought to be due to the moderate CEC of the

Tsunagi smectite and the molecular nature of 2C22,

which is more hydrophobic than the 2C18 (dioctadecyl-

dimethylammonium) commonly used for organic mod-

ification of smectite (Okahata and Shimizu, 1989; Seki

and Ichimura, 1990; Inukai et al., 1994; Kleinfeld and

Ferguson, 1994; Ahmadi and Rusling, 1995; Ogawa et

al., 1995, 1996, 1999; Kakegawa and Ogawa, 2002;

Nagase et al., 2002; Sasai et al., 2003; Kinashi et al.,

2009; Fujii et al., 2011).

In order to clarify the origin of the favorable swelling

in toluene, organic modification of the Tsunagi purified

bentonite using other cationic surfactants is under

investigation. The rheological properties of the suspen-

sion (both Na-form in water and 2C22-form in organic

solvents) and the adsorptive properties of organic

derivatives of the Tsunagi bentonite toward various

organic species in vapor or in solution are also worth

investigating because bentonites with different origins

have been reported to have different properties (Boyd et

al., 1988; Kukkadapu and Boyd, 1995; Xu et al., 1997;

Okada et al., 2012, 2014).

CONCLUSIONS

A method for quantifying the smectite fraction in

bentonites and a method for bentonite sample prepara-

tion were reported using bentonite found in a drill core

of Tsunagi Mine, Niigata, Japan. A bentonite powder

sample, which was obtained by drying a block of

bentonite in acetone without mechanical crushing, and

purifying the acetone-dried bentonite by a conventional

dispersion-sedimentation method in water. The bentonite

powder was cation exchanged with excess aqueous NaCl

before dispersion/sedimentation in order to achieve

efficient purification. Quartz and feldspar were effec-

tively removed by the purification, while complete

removal of cristobalite was difficult. The purification

was monitored by XRD and TG. The increase in smectite

content by the purification procedure was evaluated

quantitatively using TG analysis. The purified bentonite

had a CEC of 100 meq/100 g of clay as determined by

the ammonium acetate method and gave a stable aqueous

suspension. Ion exchange of the purified bentonite with

dibehenyldimethylammonium chloride successfully pro-

duced an organophilic clay, which swelled in organic

solvents. These results confirmed the potential of the

bentonite found in Tsunagi Mine, Niigata, Japan, as a

raw material for important products including purified

bentonite and organophilic bentonite.
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