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Abstract Na-montmorillonite was loaded with tetrae-

thylammonium cations (TEA) or with benzyltrimethylam-

monium cations (BTMA) by replacing 77 and 81% of the

exchangeable Na with TEA or BTMA, labeled TEA-

MONT and BTMA-MONT, respectively. TEA- and

BTMA-MONT were heated in air up to 900 �C. Thermally

treated organoclays are used in our laboratory as sorbents

of organic compounds from water. The two organoclays

were studied by TG and DTG in air and under nitrogen.

Carbon content in each of the heated sample was deter-

mined. They were diffracted by X-ray, and fitting calcu-

lations of d(001) peaks were performed on each

diffractogram. TG and thermo-C analysis showed that at

150 and 250 �C both organoclays lost water but not

intercalated ammonium cations. DTG peak of the first

oxidation step of the organic cation with the formation of

low-temperature stable charcoal (LTSC) appeared at 364

and 313 �C for TEA- and BTMA-MONT, respectively.

The charcoal was gradually oxidized by air with further

rise in temperature. DTG peak of the second oxidation step

with the formation of high-temperature stable charcoal

(HTSC) appeared at 397 and 380 �C for TEA- and BTMA-

MONT, respectively. DTG peak of the final oxidation step

of the organic matter appeared at 694 and 705 �C for TEA-

and BTMA-MONT, respectively, after the dehydroxylation

of the clay. Thermo-XRD analysis detected TEA-MONT

tactoids with spacing 1.40 and 1.46 nm up to 300 �C. At

300 and 360 �C, LTSC-MONT tactoids were detected with

spacing of 1.29 nm. At higher temperatures, HTSC-

MONT-a and -b tactoids were detected with spacings of

1.28 and 1.13 nm, respectively. BTMA-MONT tactoids

with spacings 1.46 and 1.53 nm were detected up to

250 �C. At 300 and 360 �C, LTSC-MONT tactoids were

detected with a spacing of 1.38 nm. At higher tempera-

tures, HTSC-MONT-a and -b tactoids were detected with

spacings of 1.28 and 1.17 nm, respectively. At 650 �C,

both clays were collapsed. HTSC-b-MONT differs from

HTSC-a-MONT by having carbon atoms keying into the

ditrigonal holes of the clay-O-planes. At 900 �C, the clay

fraction is amorphous. Trace amounts of spinel and cris-

tobalite are obtained from thermal recrystallization of

amorphous meta-MONT.
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Introduction

Organoclay-based nanocomposites obtained by modifying

Na-smectites with quaternary ammonium cations are

potential candidates for serving as sorbents of different

organic molecules [1–3] and are used in cleaning opera-

tions of drainage wastewater, oil-spill, etc. [4–8]. The

adsorption of the organic molecules by the quaternary

ammonium clay is known as a secondary adsorption. In

recent years, our research has been focused on the effect of

thermally treating the ammonium clay on its secondary

adsorption ability of organic molecules from water. The
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quaternary ammonium cation used in our previous work

was hexadecyltrimethylammonium (HDTMA) and the clay

mineral was montmorillonite (MONT).

Secondary adsorption of nitrobenzene on HDTMA-

MONT from an aqueous solution was studied [9]. The sub-

strate was heated 2 h in air at 150, 250, 360, and 420 �C. Mild

heating of sorbent (at 150 �C) resulted in a distinct increase

of the secondary adsorption efficacy probably associated

with the escape of interlayer water. Treatment of organoclay

at higher temperatures (250 and 360 �C) resulted in the first

oxidation step of intercalated HDTMA. This had a little

impact on the sorption efficacy as compared with organoc-

lays treated at 150 �C. Further increase of the treatment

temperature (420 �C) resulted in a decrease of the sorption

efficacy. Mild heating of organoclays in air could be useful

for improving their adsorption potential.

Hexadecyltrimethylammonium is a quaternary ammo-

nium with a long chain. Recently, we studied the effect of

sorbent heating on the secondary adsorption of nitrobenzene

from aqueous solutions on MONT modified by quaternary

ammonium cations with no long chains [10]. The quaternary

ammonium cations used in that work were tetraethylam-

monium (TEA) and benzyltrimethylammonium (BTMA),

(Schemes 1, 2), and the clay mineral was MONT heated 2 h

in air at 150, 360, and 420 �C. Mild heating of sorbents (at

150 �C) resulted in a distinct increase of the secondary

adsorption efficacy. Treatment at 360 �C produced a sorbent

more effective than the non-heated but demonstrating worse

removal of nitrobenzene from water as compared with the

TEA-MONT or BTMA-MONT treated at 150 �C. Sorption

of nitrobenzene on both organo-MONT preheated at 420 �C

was similar to those on the non-heated sorbents.

Thermal analyses of organic matter in soils and of or-

ganoclays (mainly organo-MONTs) in air have been

widely investigated and reviewed (see, e.g. [11–17]).

Although the shapes of the thermal analysis curves depend

on the organic compound and on the extent of adsorption,

with most organoclays three different steps of the oxidation

of the organic matter were identified by simultaneous DTA,

DTG, and EGA [18]. In the first oxidation step, H2O is the

principal evolved gas obtained from the oxidation of the

hydrogen atoms of the organic matter. This water is termed

‘‘organic water’’. At this step, relatively small amounts of

CO2 and NO2 are also evolved. Carbon and nitrogen atoms,

which do not take part in the formation of the gaseous

volatile oxides, together with very small amounts of

hydrogen atoms which were not oxidized form a black

intercalated residue, known as petroleum coke or charcoal

[19, 20]. In the second oxidation step, part of the charcoal

is oxidized to CO2 and NO2. The fraction which is oxidized

at this step is named ‘‘low-temperature stable charcoal’’

(LTSC). In the third oxidation step, the rest of charcoal is

oxidized to CO2 and NO2. The fraction of charcoal which

is oxidized at this step is named ‘‘high-temperature stable

charcoal’’ (HTSC). The last oxidation steps of the HTSC

occur simultaneously with the dehydroxylation of the clay

and its transformation into amorphous meta-MONT. After

the oxidation of the HTSC, the fraction of MONT which

did not dehydroxylate became collapsed. In conclusion,

as a consequence of the thermal reactions of the interca-

lated organic matter, the clay products which are obtained

in the three steps are: (1) LTSC-MONT, (2) HTSC-MONT,

and (3) collapsed and amorphous meta-MONT,

respectively.

Very little is known on the structure and properties of

charcoal–clay. In order to apply these composite nano-

complexes in different technologies, more information on

their structures and properties are required. During thermal

analysis of HDTMA-MONT (DTG, thermo-C and H

analyses, thermo-IR-spectroscopy analysis, and thermo-

XRD analysis), three types of intercalation charcoal-

MONT complexes were identified: (1) LTSC-MONT tac-

toids with a basal spacing 1.32–1.39 nm, between 250 and

420 �C; (2) HTSC-a-MONT tactoids with spacing

1.22–1.28 nm, between 360 and 550 �C; and (3) HTSC-b-

MONT with spacing 1.12–1.18 nm, between 250 and

550 �C. HTSC-b-MONT differs from HTSC-a-MONT by

having carbon atoms keying into the ditrigonal holes of the

clay-O-planes [21, 22]. In the present study, the thermal

analysis of TEA-MONT and BTMA-MONT is investigated

by TG–DTG, thermo-C analysis, and thermo-XRD analy-

sis. Thermo-IR-spectroscopy analysis of the samples was

previously described [10].

Experimental

Materials

Wyoming bentonite (Na-montmorillonite rich clay [23])

with cation exchange capacity (CEC) of 90.7 meq/100 g

C2H5

H5C2-N-C2H5

C2H5

Scheme 1 Tetrae-

thylammonium

cation (TEA)?

CH3

H5C6-C(H2)-N-CH3

CH3

Scheme 2 Benzyltrimethylam-

monium cation (BTMA)?
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was obtained from Fisher Scientific (U.S.). This clay was

characterized earlier using XRD [9], DTA/TG/DTG [13],

and thermo-C/H analyses [21, 22]. TEA chloride hydrate

and BTMA chloride (both 98%) were purchased from

Sigma-Aldrich and used without further purification.

Preparation and characterization of organoclays

The preparation of TEA-MONT and BTMA-MONT was

previously described [10]. In brief, 3 L of homogeneous

1.5% w/w aqueous bentonite suspension was prepared by

continuous stirring during 4 h. Then, 1 L of the aqueous

solution containing 0.044 mol/L of TEA chloride or

0.064 mol/L of BTMA chloride was added, with the rate of

1.0–1.5 mL/min. Nominal ratio of organic cation added

(per 100 g of clay) to the clay CEC was 1.08 and 1.58 for

TEA and BTMA, respectively. After additional overnight

stirring, suspension of the organo-MONT was centrifuged,

washed repeatedly with distilled water until negative

reaction with AgNO3. Thermal treatment of synthesized

organoclays involved heating during 2 h at 150, 250, 300,

360, 420, 500, 550, 650, 700, and 900 �C in an oven (in

air). After heating, the sorbents were kept in a desiccator.

Based on C contents of freeze-dried synthesized organoc-

lays, the extent of cation exchange (relative to CEC) was

determined as 77% for TEA-MONT and 81% for BTMA-

MONT.

Thermogravimetric analyses

TG and DTG curves of 8–15 mg of Na-MONT, TEA-

MONT, and BTMA-MONT were recorded from room

temperature to 900 �C on a thermobalance Mettler Toledo

TG50 analyzer. Measurements were performed at a heating

rate of 10 �C/min. Parallel runs were carried out in air and

in nitrogen atmosphere. The DTG curves of the organoc-

lays measured in air were fitted in the temperature range

225–475 �C using ‘‘Origin 7.0’’ program.

Thermo-C analysis

Carbon contents of Na-MONT, TEA-MONT, and BTMA-

MONT unheated and after thermal treatments were deter-

mined at the Laboratory for Micro-Analysis of the Institute

of Chemistry at the Hebrew University of Jerusalem using

a Perkin-Elmer-2400 C/H analyzer. Portions of 2–3 mg

sample were used for each run.

Thermo-XRD analysis

In the present thermo-XRD analysis study, the effect of the

thermal treatment on the basal spacings of the organoclay

was determined [24]. X-ray diffractograms of powder

samples of unheated and thermally treated TEA-MONT

and BTMA-MONT were recorded at room temperature,

under ambient atmosphere, using a Philips Automatic

Diffractometer (PW 1710) with a Cu tube anode. Peak

d(001) in diffractograms recorded during the thermo-XRD

analysis was fitted by ‘‘PHILIPS’’ Automatic Powder

Diffraction (PW1877/43) software, version 3.5. Profile

fitting was used for accurate determination of peak posi-

tions, widths, backgrounds, and intensities (relative peak

component areas). Gaussian shapes were used for the

peaks. The fitting method was previously described [25].

Results and discussions

TG and DTG curves

TG and DTG curves of Na-MONT, TEA-MONT, and

BTMA-MONT recorded in air atmosphere are shown in

Fig. 1 (curves a, b, and d, respectively) together with the

DTG curve fitting calculations in the temperature range

200–475 �C (curves c and e, respectively). The DTG curve

of Na-MONT (previously published [21]) shows two peaks

at 100 and 685 �C suggesting the presence of two thermal

stages of mass loss due to the escape of interlayer water

and the dehydroxylation of the clay, respectively. The DTG

curves of both organoclays, together with the fitted DTG

curves, show five peaks suggesting the presence of five

thermal stages of mass loss. In the curve of TEA-MONT,

they appear at 51, 364, 397, 610, and 694 �C and in that of

BTMA-MONT at 62, 313, 380, 610, and 705 �C. The first

DTG peak occurs with the escape of interlayer water. First
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Fig. 1 TG and DTG curves recorded in air of Na-MONT (curve a),

TEA-MONT (curves b and c), and BTMA-MONT (curves d and e).

Curves a, b, and d TG and DTG curves; curves c and e fitted DTG

curves in the temperature range 200–475 �C
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stage mass losses (25–250 �C) determined in Na-MONT

[26], TEA-MONT, and BTMA-MONT are 10.5, 3.6, and

5.6%, respectively. These results indicate that the amount

of interlayer water decreases as a result of the adsorption of

organic matter.

In air the second thermal mass loss stage results from the

first oxidation step of the organic cation, the escape mainly of

organic H2O and to a small extent also CO2 and NO2 and the

formation of non-volatile intercalated charcoal (LTSC). The

second DTG peak occurs in TEA-MONT at a higher tem-

perature than in BTMA-MONT, indicating that charcoal

formation in the former occurs at a higher temperature.

The third thermal mass loss stage comprises the oxida-

tion of the LTSC leaving the HTSC variety in the clay

interlayer (the second oxidation step of the organic cation).

Here again the third DTG peak occurs in TEA-MONT at a

higher temperature than in BTMA-MONT. The fourth

mass loss stage (fourth DTG peak) represents the dehydr-

oxylation of the clay. As shown previously, organic-

ammonium-MONTs dehydroxylate at temperatures lower

than neat Na-MONT [27–30]. The fifth mass loss stage

(fifth DTG peak) represents the oxidation of the HTSC (the

third oxidation step of the organic cation). It appears in the

DTG curve of TEA-MONT at a lower temperature than in

that of BTMA-MONT.

The TG curves of TEA-MONT and BTMA-MONT

show overlapping of mass loss in the second and third

stages, on one hand, and in the fourth and fifth stages, on

the other. Mass losses in these overlapping stages

(250–490 �C and 490–800 �C, respectively) are 6.8 and

9.1% in the TG curve of air-dried TEA-MONT (or 8.5 and

11.4% in TG of TEA-MONT calcined at 900 �C) and 6.9

and 10.1 in the TG curve of air-dried BTMA-MONT (or

9.0 and 12.6% in TG of BTMA-MONT calcined at

900 �C). Air-dried Na-MONT shows mass loss in the

equivalent temperature ranges 250–490 and 490–800 �C of

1.7 and 4.9%, respectively (or 2.3 and 6.7% in TG of Na-

MONT calcined at 900 �C) [26]. The last mass loss of Na-

MONT results from the dehydroxylation of the clay. The

oxidation of HTSC in TEA-MONT and BTMA-MONT

overlaps the dehydroxylation of the clay. Consequently, the

percent of HTSC is determined by subtracting 4.9% from

the mass loss occurring in the fourth and fifth stages of air-

dried clays (or 6.7% from mass loss of calcined clays). It is

equal to 4.2 and 5.2% in air-dried TEA-MONT and

BTMA-MONT, respectively (or 4.7 and 5.9% in calcined

TEA-MONT and BTMA-MONT, respectively).

A careful examination of TG curves of TEA-MONT and

BTMA-MONT shows inflections at 380 and 370 �C. These

data indicate that mass loss in the first oxidation step is 3.4

and 4.0% and in the second step is 3.6 and 3.1%, respec-

tively. However, these numbers should be taken in cautious

because of the overlapping of the two oxidation steps.

Thermal degradation of different organoclays in inert

atmosphere was investigated by several investigators [31–

36]. Thermal analysis curves of organoclays show stepwise

degradation which corresponds to residual water desorption

followed by decomposition of the organic modifier and

volatilization of organic fragments, dehydroxylation of the

clay and the last stages of organic matter degradation and

volatilization. Depending on the adsorbed organic species,

simultaneous TG–EGA showed three, two, and one well-

defined degradation stages. It was also observed that the

onset of the decomposition was different for each type of

organoclay and also depended on whether the organic

species was adsorbed on the outside surface or inside the

interlayer. Mass and IR spectra of the evolved gases

showed the presence of water, aldehydes, carboxylic acids,

aliphatic compounds and in some cases also aromatic

compounds and CO2.

The DTG curve of TEA-MONT recorded under nitrogen

(Fig. 2b) shows four distinct peaks at 53, 445, 614, and

645 �C and a very broad weak peak at 803 �C, representing

(1) dehydration, (2) thermal degradation of TEA cations

followed by the escape of volatile fragments and the con-

densation of nonvolatile fragments into some kind of quasi-

charcoal, and (3) dehydroxylation of the clay and in the last

two stages the pyrolysis of the quasi-charcoal. The TG

curve shows that the peaks are associated with mass losses

of 4.0% (25–215 �C, dehydration), 10.6% (215–525 �C),

4.2% (525–720 �C), and 1.0% (700–900 �C), respectively.

DTG curve of BTMA-MONT recorded under nitrogen

(Fig. 2c) shows five peaks at 54, 352, 413, 583, and

631 �C, and a very broad weak peak at 794 �C, repre-

senting (1) dehydration, (2, 3) degradation of BTMA,

escape of volatile fragments and condensation of the resi-

due, (4) dehydroxylation of the clay and (5, 6) pyrolysis of
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the quasi-charcoal to volatile fragments. The TG curve

shows that the peaks are associated with mass losses of 5.6%

(25–215 �C), 5.4% (215–375 �C), 6.4% (375–510 �C),

4.9% (510–710 �C), and 1.5% (710–900 �C), respectively.

Dehydration mass losses recorded under nitrogen are similar

to those recorded under air. The results under air or under

nitrogen indicate that the amount of interlayer water

decreases as a result of the adsorption of organic matter.

BTMA-MONT contains higher amounts of interlayer water

than TEA-MONT.

In conclusion, two types of charcoal are identified from

the TG and DTG curves recorded in air. They are LTSC

and HTSC. They are oxidized during the second and third

steps of air oxidation, respectively.

Thermo-C analysis

Carbon contents determined in each clay sample by micro-

analysis before and after thermal treatments are shown in

Table 1. The thermal treatments were carried out in steps.

The nature of this thermal treatment differs from that used

in the TG–DTG study, where the samples were consecu-

tively heated from room temperature to 900 �C. It should

be taken into consideration that a reaction attributed to a

certain DTG peak might be completed in the non-consec-

utive thermal treatment at a lower temperature.

The content of carbon in Na-MONT is 1.0% due to the

presence of some organic impurities in the Wyoming

bentonite. Before the thermal treatments, the contents of

carbon in TEA-MONT and BTMA-MONT are 6.7 and

8.6%, respectively. The table shows negligible differences

of 0.1 and 0.3% at 150 and 250 �C which are probably due

to experimental inaccuracy or non-homogeneity of the

samples. From data in Table 1, it is obvious that both TEA-

clay and BTMA-clay begin to lose C only after heating at

temperatures exceeding 250 �C. In the first step of the air

oxidation of adsorbed amines, organic water is the

principal gas which evolves. It is formed by the oxidation

of the organic hydrogen atoms. Some CO2, which is

formed by the oxidation of some organic carbon atoms,

also evolves. The non-evolved carbon atoms form inter-

calated non-volatile charcoal [18].

A small decrease in carbon content of 1.4% (20.0% from

total C) occurs in TEA-MONT during heating from 250 to

300 �C. On the other hand, the thermo-carbon analysis of

BTMA-MONT shows during heating from 250 to 300 �C a

higher carbon decrease of 2.8% (32.6% from total C). At

300 �C, oxidation of the organic cation and formation of

LTSC is significant in the latter, but is small in the former.

This is supported by the locations of the peak of the first

oxidation step in the DTG curves of TEA-MONT and

BTMA-MONT. They are at 364 �C in the former and at

313 �C in the latter. The great carbon mass loss determined

for BTMA-MONT may suggest that much of the LTSC

formed at this thermal treatment is further oxidized. As we

are going to show in section ‘‘Thermo-XRD analysis’’, this

sample contains also HTSC-MONT.

During heating from 300 to 360 �C, carbon content

further drops in TEA-MONT and in BTMA-MONT by 2.5

and 1.4% (35.7 and 16.3% from total C), respectively. At

this temperature, oxidation and existence of charcoal are

evident in both samples from the IR spectra [10]. In

agreement with the DTG observations, the present results

confirm that the first and second oxidation steps of the

organic cation in TEA-MONT occur at higher temperatures

than those steps in BTMA-MONT.

During heating from 360 to 420 �C, carbon content

drops slightly by 0.1% in TEA-MONT (1.4% from total C)

and much more by 0.9% in BTMA-MONT (10.5% from

total C). The small decrease in carbon in the former is

probably due to the oxidation of LTSC which has not been

oxidized at 360 �C, whereas the significant decrease in the

latter is due to the beginning of the oxidation of HTSC.

During heating from 420 to 500 �C, carbon content further

drops in TEA-MONT by 1.1% (15.7% from total C) and in

BTMA-MONT by 1.0% (11.6% from total C). At this

thermal treatment, part of HTSC is oxidized in both clay

samples.

At and above 500 �C, there is a continuous decrease in

carbon content. Carbon loss at 500–900 �C is due to the

oxidation of HTSC [12, 18]. Heating the samples from 500

to 550 �C leads to a carbon content decrease by 0.8% in

both clays (11.4 and 9.3% from total C in TEA- and

BTMA-MONT, respectively). During heating from 550 to

650 �C, carbon content further drops by 0.9 and 1.0% (12.9

and 11.6% from total C) in TEA- and BTMA-MONT,

respectively. By further heating from 650 to 700 �C, car-

bon content further drops by 0.1 and 0.2% (1.4 and 2.3%

from total C) in TEA- and BTMA-MONT, respectively. In

agreement with the DTG observations, the present results

Table 1 Carbon content (in % w/w) in non-heated and in thermally

treated samples of TEA-MONT and BTMA-MONT

Temperature/�C TEA-MONT/% BTMA-MONT/%

25 6.7 8.6

150 6.8 8.3

250 7.0 8.3

300 5.6 5.5

360 3.1 4.1

420 3.0 3.2

500 1.9 2.2

550 1.1 1.4

650 0.2 0.3

700 0.1 0.1
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confirm that the completion of the oxidation of HTSC in

BTMA-MONT requires a higher temperature than that in

TEA-MONT. After heating both samples at 900 �C, carbon

content is beyond the determination limit.

In conclusion, thermo-C analysis demonstrates the

existence of two types of charcoal. LTSC is oxidized at

temperatures below 420 and 360 �C, in TEA-MONT and in

BTMA-MONT, respectively, whereas HTSC is oxidized at

higher temperatures.

Thermo-XRD analysis

The curve fitting calculations on most X-ray diffractograms

result in two peak components. Only the fitting of TEA-

MONT heated at 300 �C results in three peak components.

Each peak component characterizes one type of tactoids

(clusters composed of several parallel face-to-face TOT

layers). Maximum location (in nm) describes the basal

spacing of the respective tactoid. Relative peak component

area (in percent from the total peak area) shows the relative

concentration of the respective tactoid in the stack. The

width of the peak component (in �2h) represents the homo-

geneity of the respective tactoid. A homogeneous stack of

tactoids poses a narrow component width, whereas an

inhomogeneous stack poses a broad width. Only calculations

with v2 within the range between 0.24 and 0.35 (where v2 is a

statistical term) which are supposed to be reasonable, are

taken into consideration in the present study.

Two types of intercalated charcoal are identified from our

TG curves and the thermo-C analysis, namely, LTSC and

HTSC, respectively. In our previous thermo-XRD analysis

study of HDTMA-MONT, we identified by XRD two types of

MONT tactoids intercalated by HTSC, with spacings of

&1.25 and &1.15 nm. They were labeled by a and b,

respectively. The &1.25 nm allows the tactoid to intercalate

carbon monolayers, whereas &1.15 nm requires the pene-

tration (keying) of the carbon atoms into the ditrigonal holes of

the clay-O-planes [22]. In the present thermo-XRD analysis,

we are going to show that XRD of TEA- and BTMA-MONT

also identifies two types of tactoids of intercalated HTSC.

Results of curve fitting calculations on diffractograms

recorded during thermo-XRD analysis of air-dried powders

of TEA- and BTMA-MONT are depicted in Tables 2 and

3, respectively. Columns in the tables describe the MONT

complexes which are expected to exist at the certain tem-

perature, based on the present TG–DTG and thermo-C

analysis and on thermo-IR-spectroscopy study which was

previously described [10].

Basal spacings of freeze-dried TEA-MONT and BTMA-

MONT are 1.36 and 1.45 nm, respectively [10]. Curve

fitting calculations on the diffractograms of unheated air-

dried TEA-MONT and BTMA-MONT result in two peak

components with maxima at 1.46 and 1.40 nm (Table 2)

and at 1.53 and 1.46 nm (Table 3), respectively, indicating

in each ammonium clay the presence of two types of tac-

toids labeled A and B, respectively. The differences

between the freeze- and air-dried samples suggest that the

presence of water in the interlayer affects the arrangement

of the organic cation in the interlayer of the clay. Assuming

similar diffraction indices to both tactoids, from relative

peak component areas it appears that in air-dried TEA-

MONT tactoids of type A, with the larger spacing, com-

prise 42% of the stack whereas those of type B comprise

58%. In air-dried BTMA-MONT tactoids of type A, with

the larger spacing, comprise 29% of the stack whereas

those of type B comprise 71%. All these spacings allow the

presence of intercalated lateral monolayers of TEA or

BTMA. In TEA-MONT-A, the C2H5 chains are probably

lying more tilted relative to the clay-O-plane than in B. The

peak components, with width at half heights of 0.76 and

0.38 �2h, respectively, indicate that tactoids B are more

homogeneous than tactoids A. In BTMA-MONT-A, the

C6H5 rings are probably lying more tilted relative to the

clay-O-plane than in B. The peak components, with width

at half heights of 0.79 and 0.40 �2h, respectively, indicate

that tactoids B are more homogeneous than tactoids A.

Both widths calculated from the diffractograms of TEA-

MONT A and B are similar to those calculated from the

diffractograms of BTMA-MONT A and B, respectively,

but are smaller than that calculated previously from the

diffractogram of Na-MONT (2.83 �2h), indicating that

tactoids of both types of TEA-MONT or BTMA-MONT

are more homogeneous than those of Na-MONT.

Only minor changes in basal spacings, relative compo-

nent areas, and component widths at half heights are

observed after heating TEA-MONT at 150 and 250 �C,

which may result from the inaccuracy of the curve fitting

calculations (Table 2). This is in agreement with the TG–

DTG, thermo-C analysis, and thermo-IR-spectroscopy [11]

which show that the first step oxidation of intercalated TEA

occurs at above 250 �C. At 300 �C, a new peak component

appears with spacing of 1.29 nm, attributed to tactoids of

LTSC-MONT, comprising only 10% of the clay stack. This

spacing characterizes tactoids with intercalated monolayers

of carbon atoms lying parallel to the clay-O-plane. In

addition to LTSC-MONT, the clay stack contains non-

oxidized TEA-MONT varieties A and B. The concentration

of variety A decreases during the thermal treatment

(Table 2), suggesting that at this stage mainly this variety

is transformed into LTSC-MONT.

In the DTG curve of TEA-MONT (Fig. 1c), a peak

attributed to organic H oxidation and formation of charcoal

appears at 364 �C. In agreement with this observation, after

heating at 360 �C the relative concentration of LTSC-

MONT increases to 93%. In the present case, spacings of

LTSC-MONT and HTSC-MONT-a are similar (1.29 and
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1.28 nm) and X-ray does not differentiate unequivocally

between them. It is possible that the sample contains also

HTSC-MONT-a. Small amounts (7%) of HTSC-MONT-b
are also detected (Table 2).

In the DTG curve of TEA-MONT, the peak attributed to

the oxidation of LTSC appears at 397 �C (Fig. 1c). Con-

sequently, the sample heated at 420 �C should not contain

LTSC but only HTSC. The curve fitting calculations result

in two peak components at 1.28 and 1.11 nm (Table 2),

attributed to HTSC-a-MONT and HTSC-b-MONT,

respectively. Table 2 shows that HTSC-a-MONT is present

also at 500 �C, but its concentration decreases when heated

from 420 to 500 �C. On the other hand, concentration of

HTSC-b-MONT increases. At 550 �C, HTSC-b-MONT is

present together with collapsed clay but only collapsed clay

is present at 650 and 700 �C. It should be noted that at

these temperatures most of the clay is dehydroxylated and

is amorphous and does not diffract X-ray. The peaks at

1.02 and 0.97 nm are attributed to the small amounts of

non-dehydroxylated clay fraction. According to Table 1,

these samples still contain very small amounts of carbon.

Only small change in basal spacing is observed after

heating BTMA-MONT at 150 or 250 �C, which may result

from the inaccuracy of the curve fitting calculations. This is

Table 2 Summary of curve fitting calculations on diffractograms of thermo-XRD analysis of air-dried tetraethylammonium-montmorillonite,

top, maxima of peak components (in nm), middle, relative component area (in % of the total peak area), and bottom, component width at half

heights (in �2h)

Heating

temp./ �C

TEA-

MONT-A

TEA-

MONT-B

LTSC-

MONT

HTSC-a-

MONT

HTSC-

MONT-b
Partial

collapsed

Fully

collapsed

Maxima of peak components/nm

25 1.46 1.40

150 1.48 1.39

250 1.47 1.41

300 1.46 1.40 1.29

360 1.29 1.11

420 1.28 1.11

500 1.28 1.15 0.99

550 1.15 1.02 0.97

650 1.02 0.97

700 1.03 0.97

Relative component area (in % of the total peak area; concentration of the respective tactoid in the clay stack)

25 42 58

150 35 65

250 46 54

300 29 61 10

360 93 7

420 86 14

500 31 59 10

550 38 43 19

650 28 72

700 34 66

Component width at half heights/�2h

25 0.76 0.38

150 0.71 0.39

250 0.77 0.32

300 1.03 0.51 1.24

360 1.92 1.20

420 2.16 1.32

500 2.70 1.92 0.68

550 1.96 1.07 0.79

650 0.92 0.48

700 1.16 0.47
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in agreement with the TG–DTG, thermo-IR analysis, and

thermo-C analysis, which show that the first step oxidation

of BTMA occurs at above 250 �C. However, the relative

component area of BTMA-MONT A increases with the

temperature suggesting that variety B of BTMA-MONT is

transformed to A with the escape of interlayer water.

In the DTG curve of BTMA-MONT (Fig. 1e), the peak

attributed to organic H oxidation and formation of char-

coal appears at 313 �C. In agreement with this observa-

tion, after heating the sample at 300 �C two new peak

components appear with spacings 1.36 and 1.29 nm

(Table 3), attributed to tactoids of LTSC-MONT and

HTSC-a-MONT, comprising 51 and 49%, respectively, of

the clay stack. Both spacings characterize intercalated

monolayers of carbon atoms lying parallel to the clay-O-

plane, in the latter the layer being more compact than in

the former.

After heating at 360 �C, the relative concentration of

LTSC-MONT decreases to 31% and that of HTSC-MONT

increases to 69% (Table 3). The width of the peak com-

ponents shows that the homogeneity of the latter is higher

than that of the former.

Table 3 Summary of curve fitting calculations on diffractograms of thermo-XRD analysis of air-dried benzyltrimethylammonium-montmor-

illonite, top, maxima of peak components (in nm), middle, relative component area (in % of the total peak area), and bottom, component width at

half heights (in �2h)

Heating

temp./ �C

BTMA-

MONT-A

BTMA-

MONT-B

LTSC-

MONT

HTSC-a-

MONT

HTSC-

MONT-b
Partial

collapsed

Fully

collapsed

Maxima of peak components/nm

25 1.53 1.46

150 1.54 1.46

250 1.52 1.47

300 1.36 1.29

360 1.40 1.29

420 1.27 1.05

500 1.18 1.02

550 1.16 1.02

650 1.07 0.98

700 1.05 0.97

Relative component area (in % of the total peak area; concentration of the respective tactoid in the clay stack)

25 29 71

150 32 68

250 39 61

300 51 49

360 31 69

420 95 5

500 69 31

550 29 45

650 38 62

700 31 69

Component width at half heights/�2h

25 0.79 0.40

150 0.81 0.40

250 0.95 0.40

300 1.23 1.02

360 1.18 0.97

420 1.54 1.41

500 2.37 1.17

550 1.14 1.11

650 1.91 0.92

700 1.32 0.52

392 S. Yariv et al.

123



In the DTG curve of BTMA-MONT, the peak attributed

to LTSC oxidation appears at 380 �C. Consequently, the

sample heated at 420 �C should not contain LTSC-MONT

but only HTSC-MONT. The curve fitting calculations

result in two peak components at 1.27 and 1.05 nm,

attributed to HTSC-a-MONT and partially collapsed clay,

with component areas 95 and 5%, respectively. From the

width of the 1.27 nm peak component, it is shown that the

homogeneity of HTSC-a-LOMS is poor. It is possible that

some tactoids of HTSC-b-MONT are also present in the

stack leading to the broadening of the peak component.

HTSC-a-MONT is not detected after heating at 500 �C

and at higher temperatures. HTSC-b-MONT is present

after heating at 500 and 550 �C together with partially

collapsed clay but its concentration decreases when heated

from 500 to 550 �C and it is not detected at 650 and

700 �C. At these temperatures, only partially and fully

collapsed clays are detected. According to Table 1, these

samples still contain some carbon. We assume that carbon

atoms are present in the interlayer space, keying into the

ditrigonal holes of the clay-O-planes and thus preventing

the full collapse of the clay to occur.

After heating Na-MONT, TEA-MONT, and BTMA-

MONT at 900 �C, the clay fraction becomes amorphous

and MONT peaks do not appear in the diffractograms.

Trace amounts of spinel and cristobalite are obtained from

thermal recrystallization. Quartz is present as an impurity

in the Wyoming bentonite and after the amorphization of

MONT its X-ray peak becomes very intense. There are no

significant differences between the diffractograms of the

three clays. Our results are in good agreement with pre-

vious studies of thermal treatment of Na-MONT [37].

Conclusions

Formation of LTSC and HTSC during the thermal treatments

of TEA-MONT and BTMA-MONT is shown from TG–DTG

and thermo-C analysis studies. During the thermo-XRD

analysis of both organoclays, combined with curve fitting

calculations on the diffractograms, the following spacings

are used for the identification of the different tactoids.

Spacings of TEA-MONT A or B tactoids are 1.46 or

1.40 nm, respectively. In the thermo-XRD analysis, they are

identified in samples heated up to 300 �C. Spacings of

BTMA-MONT A or B tactoids are 1.46 or 1.53 nm,

respectively. In the thermo-XRD analysis, they are identified

in samples heated up to 250 �C. Three types of charcoal-

MONT complexes are identified: (1) spacings of LTSC-

MONT tactoids obtained by heating TEA-MONT or BTMA-

MONT are 1.29 or 1.38 nm, respectively. They are detected

in both organoclays heated at 300 �C (10 and 51% from total

clay fraction, respectively) or 360 �C (69 and 31%,

respectively); (2) spacings of HTSC-a-MONT tactoids

obtained by heating TEA-MONT or BTMA-MONT are

1.28 nm. They are identified after heating the former at 420

or 500 �C (86 and 31%, respectively) and the latter at 300,

360, or 420 �C (49, 69, and 95%, respectively); (3) spacings

of HTSC-b-MONT tactoids obtained by heating TEA-

MONT or BTMA-MONT are 1.13 or 1.17 nm, respectively.

They are identified after heating the former at 360, 420, 500,

or 550 �C (7, 14, 59, and 38%, respectively) and the latter at

500 or 550 �C (69 and 29%, respectively). Incomplete col-

lapsed tactoids are identified by a maximum at 1.02-1.07 nm.

They occur between 550–700 and 420–700 �C in the thermal

analysis of TEA-MONT or BTMA-MONT, respectively.

Fully collapsed tactoids are characterized by a maximum at

0.97–0.99 nm. They occur at 700 �C.

Spacing of 1.28 nm permits the intercalation of a

monolayer of carbon atoms lying parallel to the clay layers.

A shorter spacing does not permit this arrangement in the

interlayer. It is therefore assumed that HTSC-b-MONT

differs from HTSC-a-MONT by having carbon atoms

keying into the ditrigonal holes of the clay-O-planes.

A fully collapsed montmorillonite obtained from the

dehydration of Na-MONT has a spacing of 0.97 nm. It is

expected that during the collapse non-hydrated exchange-

able Na cations penetrate through the ditrigonal holes of

the clay-O-plane into the tetrahedral sheets. The presence

of carbon in TEA-MONT and BTMA-MONT heated at

650 and 700 �C is determined by C analysis (Table 1).

These carbon atoms which are present in the interlayer

space are keying into the ditrigonal holes of the clay-O-

planes and thus preventing the full collapse of the clay.

Consequently, these tactoids are only partially collapsed

and the spacings are [1.00 nm.
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