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Abstract Na-montmorillonite (Na-MONT) was loaded

with hexadecyltrimethylammonium cations (HDTMA) by

replacing 41 and 90% of the exchangeable Na with

HDTMA, labeled OC-41 and OC-90, respectively.

Na-MONT, OC-41, and OC-90 were heated in air up to

900 �C. Unheated and thermally treated organoclays

heated at 150, 250, 360, and 420 �C are used in our labo-

ratory as sorbents of different hazardous organic com-

pounds from waste water. In order to get a better

knowledge about the composition and nature of the ther-

mally treated organoclays Na-MONT and the two organo-

clays were studied by thermogravimetry (TG) in air and

under nitrogen. Carbon and hydrogen contents in each of

the thermal treated sample were determined and their

infrared spectra were recorded. The present results showed

that at 150 �C both organoclays lost water but not inter-

calated HDTMA cations. At 250 �C, many HDTMA cat-

ions persisted in OC-41, but in OC-90 significant part of

the cations were air-oxidized into H2O and CO2 and the

residual carbon formed charcoal. After heating both sam-

ples at 360 �C charcoal was present in both organo clays.

This charcoal persisted at 420 �C but was gradually oxi-

dized by air with further rise in temperature. TG runs under

nitrogen showed stepwise degradation corresponding to

interlayer water desorption followed by decomposition of

the organic compound, volatilization of small fragments

and condensation of non-volatile fragments into quasi-

charcoal. After dehydroxylation of the clay the last stages

of organic matter pyrolysis and volatilization occurred.

Keywords Carbon content curves � Charcoal � Hydrogen

content curves � Organo-montmorillonite � Thermo-infrared

spectroscopy � Thermogravimetry

Introduction

Organoclay-based nanocomposites obtained by modifying

Na-smectites with long chain surfactants are potential

candidates for serving as sorbents of different organic

molecules, as thickeners in paints, greases, oil-base drilling

mud, for the purpose of gelling various organic liquids and

as homogenizing fillers in the plastic industry [1–5]. They

are also used in cleaning operations of drainage wastewa-

ter, oil-spill, etc. [6]. Some investigators claim that gran-

ular organoclays are more effective than activated carbon

for removal of hazardous compounds from aqueous sys-

tems [7–9]. In recent years, our research has been focused

on the effect of thermally treating the organoclay on its

ability to adsorb toxic organic molecules found in drainage

wastewater. In our research the clay mineral used hitherto

for this purpose has been the swelling smectite clay mineral

montmorillonite (MONT) and the surfactant has been the

bromide salt of hexadecyltrimethylammonium (HDTMA,

Scheme 1) [10]. The organoclay is prepared in aqueous

systems by replacing the exchangeable Na? with the

organic cationic detergent HDTMA. In its natural state

MONT is hydrophilic due to the presence of metallic cat-

ions in the interlayers. Loading MONT with a cationic

surfactant converts the hydrophilic gallery surface into an

organophilic surface [11].
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Two types of the organo-MONT used in our previous

study were prepared by loading the clay with 41 and 90%

of its cation exchange capacity (CEC) with HDTMA and

were labeled OC-41 and OC-90, respectively [12, 13]. The

unloaded Na-MONT and each organoclay sample were

heated 2 h in ambient atmosphere at 150, 250, 360, and

420 �C and were used as sorbents [10]. In this study, in

order to get a better knowledge about the composition and

behavior of the thermally treated organoclays, samples

were also heated at 550, 700, and 900 �C. Carbon and

hydrogen contents in each of the thermal-treated sample

were determined and their infrared spectra were recorded.

As well, Na-MONT and the two organo-clays were studied

by thermogravimetry (TG).

DTA and TG curves of Na-MONT (e.g. Wyoming

bentonite) comprise two thermal stages: (1) evolution of

intercalated and surface water, below &400 �C and (2)

dehydroxylation of framework hydroxyls, above &400 �C

[14, 15].

Previous simultaneous DTA-EGA (using mass spec-

trometry) showed that during the thermal analysis of

organic-ammonium-MONT in air the adsorbed organic

cation is oxidized in three steps. In the first step at about

250–350 �C most organic hydrogen is oxidized to water,

but only some of the carbon and nitrogen are oxidized to

CO2 and NO2, respectively. The remaining carbon and

nitrogen with some hydrogen form charcoal sandwiched

between the clay layers [16–18]. From DTA, EGA, and TG

curves it was concluded that there exist two varieties of

charcoal, one is oxidized at about 300–500 �C and the

second at about 450–800 �C (second and third steps of

oxidation) labeled low- and high-temperature stable char-

coal, respectively [15, 19, 20].

The dehydroxylation of the clay is endothermic whereas

the oxidation steps of the adsorbed organic are exothermic.

In the presence of small amounts of organic matter, the third

exothermic peak is sometimes overlapped by the dehydr-

oxylation endothermic peak and is not detected in the DTA

curve. On the contrary, in the presence of high amounts of

organic matter the exothermic peak overlaps the dehydr-

oxylation endothermic peak and the latter is not detected. In

this case, the dehydroxylation temperature can be deter-

mined by EGA, using mass or infrared spectrometry.

From basal spacings of thermal-treated organoclays, it

was deduced that the charcoal–MONT complexes con-

tained mono- or bilayer carbon. In some cases the basal

spacing was too small to account for an intercalated carbon

monolayer and it was concluded that carbon atoms were

keying into the ditrigonal holes of the tetrahedral sheets

[19]. Carbonization of organic matter in the interlayers of

MONT was investigated by graphitizing polymers [21–24].

The black residue obtained at 700 �C was made from

highly stacked films with small interplanar spacing of

0.337 nm. The formation of such a unique coke was

attributed to the peculiar method where the two-dimen-

sional space between the clay lamellae served as a unique

field for carbonization.

He et al. [25] described the thermal analysis of

HDTMA–MONT loaded with different amounts of the

cation. Their DTA curves showed three exothermic peaks

proving our previous suggestion of the existence of three

oxidation steps [15, 17, 18].

Experimental

Materials

Bromide salt of HDTMA (99%) was purchased from

Sigma-Aldrich. It was used without further purification.

Wyoming bentonite (Na-MONT) with CEC of 90 meq/

100 g) was purchased from Fisher Scientific Company.

Methods

Preparation of the HDTMA-exchanged sorbents was pre-

viously described [12, 13]. In short, it involved (1) slow

adding of the HDTMA bromide solution (0.03 M; 1.0–1.5

mL min-1) to homogenized aqueous suspension of Wyo-

ming bentonite (1.5%) during 5–6 h; (2) 15 h stirring; (3)

centrifugation and determination of dissolved C in the

supernatant; (4) sodium bromide was removed from the

organo-clay complex by multiple washing with distilled

water, until negative reaction with AgNO3; (5) the thor-

oughly washed clay was freeze dried. Two different orga-

noclays were synthesized with different loadings. They

were labeled OC-41 and OC-90 whereas the number in the

label indicates the extent of replacement of the exchange-

able cation.

Thermogravimetric analyses

TG and DTG curves of 8-15 mg of Na-MONT, OC-41, and

OC-90 were recorded from room temperature to 900 �C on

a thermobalance Mettler Toledo TG50 analyzer. Mea-

surements 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 organoclays measured

in air were fitted in the temperature range 200–450 �C by

using ‘‘Origin 7.0’’ program.

[CH 3-(CH 2)14-CH 2-N(-CH 3)3]
+

Scheme 1 Hexadecyltrimethyl ammonium cation (HDTMA), C19

H42N
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Carbon and hydrogen analyses

C and H contents of Na-MONT, OC-41, and OC-90

unheated and air-heated for 2 h at 150, 250, 360, 420, 550,

700, and 900 �C were determined at the Laboratory for

Micro-Analysis of the Institute of Chemistry at the Hebrew

University of Jerusalem by using a Perkin-Elmer-2400 C/H

analyzer. 2–3 mg clay was used for each run. The results in

mass percent were calculated on the basis of air-dried clay.

Thermo-FTIR spectroscopy

FTIR spectra of KBr disks (1.0 mg sample in 100.0 mg

KBr) of the bromide salt of HDTMA and of OC-41 and

OC-90 unheated and after heating them in air for 2 h at

150, 250, 360, and 420 �C were recorded on a Tensor-27

Bruker spectrometer.

Results and Discussion

He et al. [25] showed from DTA and TG runs in air (heated

at 20 �C/min) that the oxidation of neat HDTMABr salt

begins at &210 �C, and is accompanied by two exothermic

peaks at 212 and 325 �C. From TG curve, the mass loss

corresponding to the two exothermic peaks accounts for

94%, indicating the formation of small amount of charcoal

which is oxidized by air at &420–570 �C with an exo-

thermic DTA peak at 473 �C. They also studied DTA and

TG of HDTMA-modified MONT with different loadings of

the organic cation between 0.2 and 5.0 times of the CEC. In

agreement with our previous DTA-EGA study of organic

ammonium MONTs the DTA curves of the modified

MONTs showed three exothermic peaks above 200 �C

attributed to three oxidation steps of the intercalated

HDTMA cation [15–20].

From mass loss studied by He et al. (Table 1 in [25]), it

appears that among the many HDTMA–MONTs which

they synthesized, the samples prepared with initial sur-

factant concentrations of 0.5 and 1.5 times of the CEC of

Na-MONT (with loadings of 46 and 93% of the CEC) were

very similar to our OC-41 and OC-90, respectively, and

consequently their DTA data (Fig. 2 in [25]) is reliable for

the interpretation of our thermal analysis results.

Based on our previous DTA studies of organic-ammo-

nium clays [15–20], it seems that the first exothermic peak

in the DTA of HDTMA–MONT represents the first step of

the thermal oxidation of the organic cation. At this step

most of the organic hydrogen is oxidized into water, but

only part of the carbon and nitrogen are oxidized into CO2

Table 1 Data on CH2, CH3, and CC groups in infrared spectra of the neat surfactant [HDTMA]Br and of HDTMA-modified montmorillonites

(OC-41 and OC-90) before thermal treatments and after heating the samples at 150, 250, 350, and 420 �C

Assignment [HDTMA]Br OC-41 OC-90

25 (�C) 150 (�C) 250 (�C) 360 (�C) 420 (�C) 25 (�C) 150 (�C) 250 (�C) 360 (�C) 420 (�C)

CH3as 2960vw 2955sh 2955sh 2955sh 2960w 2965vw 2962t 2962t 2954sh 2963w 2969vw

CH3as 2945w

CH2as 2918vi 2929vi 2929vi 2929i 2929w 2929w 2928i 2928vi 2931vi 2928vi 2923i

CH3sym 2893t 2898w 2898vw

CH3sym 2871vw 2873t 2871t 2871t 2875m 2872m

CH2sym 2849i 2856i 2855i 2855m 2855w 2855w 2852vi 2851i 2859m 2854vi 2852vi

C–H def. 1487vi 1489i 1489i 1489i 1489vw 1489vw 1490i 1488i 1489vi 1489vw 1489vw

C–H def. 1474i 1475vi 1475vi 1475vi 1473w 1473 m 1474vi 1475vi 1475i 1474m 1474m

C–H def. 1462i 1459w 1459sh 1460sh

CC str. 1457m 1456i 1458m 1457i 1457i

CC str. 1447m 1447vi 1447vw 1447i 1447i

CC str. 1437m 1436vi 1437w 1437vi 1437vi

C–H def. 1431m 1436vw 1436t 1436t

CC str. 1420m 1420vi 1420w 1421i 1422i

C–H def. 1408m 1419m 1419w 1419w 1418w 1417w

CC str. 1404sh 1404w 1404sh

CC str. 1399sh 1399w 1397w 1399sh 1398w

C–H def. 1396m 1396vw

CH2 def. 1383w

CH2 def. 1361vw

i intense, m medium, w weak, sh shoulder, t tail, v very, as asymmetric, sym symmetric, str. stretching, def. deformation
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and NO2, respectively [15–18, 26]. The non-oxidized car-

bon and nitrogen form two types of charcoal, one type is

oxidized at a lower temperature than the other. According

to He, et al. [25] the first DTA exothermic peak which at

low HDTMA loadings (46% of the CEC) appeared at

310 �C shifted to 285 �C in the curve of HDTMA–MONT

loaded with 96% of its CEC. It is therefore expected that

the air oxidation of adsorbed HDTMA and charcoal for-

mation will start in OC-90 at a lower temperature than in

OC-41.

The second and third exothermic peaks at 385–396 and

700–780 �C represent the oxidation of low- and high-

temperature stable charcoals, respectively. With increasing

loadings the former shifts to lower temperatures and the

latter to higher temperatures.

TG and DTG curves

TG and DTG either in air or in inert atmosphere are widely

used in the study of organoclays (e.g. [27, 28]). Dweck [29]

claimed that TG and DTG curves are more applicable than

DTA and DSC curves to identify and analyze the several

decomposition steps of natural or synthetic organoclays.

DTG curves of Na-MONT used in this study, in air or under

nitrogen (curve a in Figs 1, 2), show two peaks at 100 and

685 �C representing dehydration and dehydroxylation of

the clay, respectively. The TG curves show that these peaks

are associated with mass losses of 8.8% (in the temperature

range 25–185 �C) and 4.8% (575–740 �C), respectively.

Mass loss in the temperature range 185–575 �C is 2.0%,

attributed to the last stage of dehydration and the beginning

of the dehydroxylation [15].

TG and DTG curves of OC-41 and OC-90 recorded in

air atmosphere are shown in Fig. 1 (curves b and d,

respectively) together with the DTG curve fitting calcula-

tions in the temperature range 200–450 �C (curves c and e,

respectively). The DTG curves together with the fitted

DTG curves show five peaks suggesting the presence of

five thermal stages of mass loss. In the curve of OC-41 they

appear at 47, 298, 348, 607, and 689 �C and in that of OC-

90 at 56, 262, 288, 607, and 722 �C. The first DTG peak

occurs with the escape of interlayer water. First stage mass

losses determined in Na-MONT (25–185 �C), OC-41

(25–185 �C) and OC-90 (25–130 �C) are 8.8, 4.7, and

3.0%, respectively. These results confirm previous studies

showing that amounts of interlayer water decrease with

increasing clay loadings with organic ammonium cations

[15, 30].

The second thermal mass loss stage results from the first

oxidation step of the organic cation, the escape of H2O,

CO2, and NO2 and the formation of non-volatile interca-

lated charcoal. The second DTG peak occurs in OC-41 at a

higher temperature than in OC-90 in agreement with the

DTA study of HDTMA–MONT by He et al. [25] who

showed that the first DTA exothermic peak shifted to lower

temperatures with increasing loading of the clay. It should

be noted that the peak temperatures determined in our

study are lower than that determined by He et al. probably

due to the fact that our heating rate is 10 �C/min and that of

He et al. was faster (20 �C/min).
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The third thermal mass loss stage comprises the oxida-

tion of the low temperature stable charcoal leaving the high

temperature stable variety in the clay interlayer. Here again

the third DTG peak occurs in OC-41 at higher temperature

than in OC-90. The fourth mass loss stage (fourth DTG

peak) represents the dehydroxylation of the clay. As shown

previously, organic-ammonium-MONTs dehydroxylate at

temperatures lower than neat Na-MONT [15–18]. The fifth

mass loss stage (fifth DTG peak) represents the oxidation

of the high temperature stable charcoal.

The TG curves of OC-41 and OC-90 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 are 6.0 and 9.9% in the TG curve of OC-

41 and 13.0 and 14.0 in the TG curve of OC-90. Na-MONT

shows mass loss in the equivalent temperature ranges

200–450 and 450–800 �C of 1.7 and 5.0%, respectively. The

last mass loss of Na-MONT results from the dehydroxyla-

tion of the clay. The oxidation of high temperature stable

charcoal in OC-41 and OC-90 overlaps the dehydroxylation

of the clay. Consequently, the percent of high temperature

stable charcoal is determined by subtracting 5.0% from the

mass loss occurring in the fourth and fifth stages. It is equal to

4.9 and 9.0% in OC-41 and OC-90, respectively.

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, dehydr-

oxylation 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 space, the latter required a higher

decomposition temperature. These investigators report that

the IR spectra of the evolved gases showed bands related to

water, aldehydes, carboxylic acids, aliphatic compounds

and in some cases also aromatic compounds and CO2.

The DTG curve of OC-41 recorded under nitrogen shows

five peaks at 50, 417, 640, 725, and 825 �C representing (1)

dehydration, (2) thermal degradation of HDTMA cations

followed by the escape of volatile fragments and the con-

densation of nonvolatile fragments into some kind of quasi-

charcoal, (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

4.8% (25–230 �C), 11.0% (230–515 �C), 4.3% (515–

700 �C), 2.1% (700–800 �C), and 0.8%, (800–900 �C),

respectively.

DTG curve of OC-90 recorded under nitrogen shows

seven peaks at 50, 300, 400, 605, 680, 795, and 880 �C

representing (1) dehydration, (2, 3) degradation of

HDTMA, escape of volatile fragments and condensation of

the residue, (4) dehydroxylation of the clay and (5-7)

pyrolysis of the quasi-charcoal to volatile fragments. The

TG curve shows that the peaks are associated with mass

losses of 3.6% (25–160 �C), 13.4% (160–350 �C), 7.0%

(350–480 �C), 4.2% (480–655 �C), and 7.2% (655–

900 �C), respectively. These results suggest that the type of

the quasi-charcoal depends on the initial loading of the

HDTMA–MONT.

Carbon and hydrogen chemical analyses

Carbon and hydrogen contents determined in each clay

sample by micro analysis before and after thermal treat-

ments are shown by thermo-C and H-analysis curves. In

these curves carbon or hydrogen contents (in percentage

calculated on the basis of air-dried clay) are plotted against

the temperature of the thermal treatment. In Figs. 3 and 4,

thermo-C and H-analysis curves of Na-MONT, OC-41, and

OC-90 are shown. The thermal treatments were carried out

in steps, namely, each sample was heated in an oven under

air for 2 h at 150, 250, 360, 420, 550, 700, and 900 �C and

was analyzed. This thermal treatment differs from that used

in the TG study where the samples were consecutively

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

taken in mind that a reaction attributed to a certain DTG

peak might be completed in the non-consecutive thermal

treatment at a lower temperature.

Before the thermal treatment, the content of carbon in

Na-MONT is 1.0% due to the presence of some organic

impurities in the Wyoming bentonite. Thermo-Carbon-
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Fig. 3 Carbon analysis curves of Na-MONT, OC-41, and OC-90

showing the content of carbon (in percentage calculated on the basis

of air-dried clay) in the different clay samples before and after

thermal treatments

Thermal analyis of hexadecyltrimethylammonium–montmorillonites 925

123



analysis curve shows very small decreases of 0.1 and 0.3%

at 250 and 360 �C, respectively suggesting that the organic

matter is oxidized with the evolution of CO2 and the for-

mation of small amounts of non-volatile charcoal. Further

decrease occurs at 550, 700, and 900 �C as a result of

charcoal oxidation, leaving 0.4, 0.2, and 0.1% carbon in the

clay, respectively.

Carbon contents of unheated OC-41 and OC-90 are 9.6

and 17.3%. Thermo-carbon analysis curves of OC-41 and

OC-90 do not show any loss at 150 �C, suggesting that the

oxidation of HDTMA occurs at higher temperatures. A

small decrease in carbon content (0.7%) occurs in OC-41 at

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

curve of OC-90 shows at 250 �C a high decrease of 7.2%.

At this temperature oxidation of HDTMA and charcoal

formation is significant in the latter, but is very small in the

former. After heating at 360 �C, carbon content further

drops in OC-41 and OC-90 by 2.8 and 1.8%, respectively.

At this temperature oxidation and existence of charcoal is

evident in both samples. In agreement with the DTG

observations, the present results confirm that OC-90 forms

charcoal at a lower temperature than OC-41.

Above 420 �C, there is a constant decrease in carbon

content. After 900 �C carbon content in both clays is 0.1%.

Carbon loss at 420-900 �C is due to the oxidation of the

high temperature stable charcoal [16, 17, 37].

Thermo-hydrogen analysis curve of Na-MONT reveals

two stages in the decrease of hydrogen content in the clay.

In the first stage, the decrease from room temperature

(1.5%) to 360 �C (0.8%) is due to the escape of surface and

interlayer water whereas the decrease in the second stage

between 420 (0.8%) and 700 �C (0.03%) is due to the

dehydroxylation of the clay. No hydrogen is found in Na-

MONT heated at 900 �C.

Hydrogen analysis of an organoclay determines simul-

taneously the quantities of inorganic and organic hydrogen

and the hydrogen analysis curves of OC-41 and OC-90

should be treated with caution. During TG runs of Na-

MONT with no tetrahedral substitution interlayer water

escapes below 205 �C. This is not the case with OC-41 or

OC-90. Large organic-ammonium cations break the struc-

ture of interlayer water [38] thus interlayer water in

HDTMA–MONT is non-structured [39]. Due to the tetra-

hedral substitution of Si by Al in Wyoming montmoril-

lonite [40], atoms of the oxygen plane become electron-

pair donors. Non-structured water molecules form H-bonds

with these atoms by donating protons and evolution of

water requires higher temperatures than that of the evolu-

tion of structured water [41]. The hydrogen analysis curve

of OC-41 shows a drastic hydrogen loss at 360 �C but in

the curve of OC-90 a drastic loss occurs at 250 �C. The loss

is much higher than that observed in Na-MONT and occurs

together with a great loss of carbon, suggesting that it

originates from oxidation of organic hydrogens. These

observations support the conclusion from the TG results

that charcoal is formed in OC-90 at a lower temperature

than in OC-41.

From 420 �C, the curves of OC-41 and OC-90 overlap

that of Na-MONT, suggesting that at this thermal stage the

hydrogen which is evolved originates mainly from the clay

dehydroxylation.

Thermo-IR-spectroscopy-analysis

Infrared spectrum of a KBr disk of HDTMABr is depicted in

Fig. 5. Infrared spectra of KBr disks of MONT complexes of

HDTMA (OC-41 and OC-90) non-heated and after heating

the organoclays at 150, 250, 360, and 420 �C, in the spec-

troscopic regions 3000–2750 and 1550–1350 cm-1are shown

in Figs 6 and 7, respectively. Spectra of samples heated at

360 and 420 �C are shown after correcting their baseline by

using ‘‘Origin 7.0’’ program. In these spectroscopic regions,

the stretching and deformation C–H bands of the organic

compounds are found whereas the OH, Si–O, Al–O, and

Mg–O absorption bands of the clay framework, as well as

those of adsorbed water, are not present. The absorption

bands of the C–H vibrations (methyl and ethyl groups) are
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Fig. 5 FTIR spectrum of a KBr disk of neat HDTMA in the

spectroscopic regions 3000–2750 cm-1 (left) and 1550–1350 cm-1

(right)
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extremely weak compared with those of the clay framework

bands and using these spectroscopic regions enables to fol-

low after the thermal reactions of the adsorbed organic

cations.

Absorption maxima of C–H vibrations in the FTIR

spectrum of neat non-heated HDTMABr, and in spectra of

OC-41 and OC-90 non-heated and after heating the orga-

noclays at 150, 250, 360, and 420 �C are collected in

Table 1 together with their assignments [42]. Frequencies

of band maxima of samples heated at 360 and 420 �C were

determined after baseline corrections made by using ‘‘Ori-

gin 7.0’’ program in the ranges 3000–2750 and 1550–

1350 cm-1. The intensities of these bands relative to the

most intense CH bands in the specific spectroscopic regions

are also notated in the table. These relative intensities are

valid only in these narrow regions because in the whole

spectrum these bands are extremely weak relative to the

clay framework bands.

Table 1 shows that as a result of adsorption by the clay

the CH3 stretching bands of HDTMA become weak or

disappear indicating that in the interlayer space the free-

dom of the C–H group to vibrate is restricted compared to

its freedom before the intercalation. This restriction may be

due to keying of the methyl groups into ditrigonal holes in

the clay-oxygen plane. The table also shows that there are

small shifts in the asymmetric and symmetric C–H

stretching vibrations of the CH2 group. This is associated

with the change of the environment of the n-C16H33 chain.

In the neat non-adsorbed surfactant there are contacts and

van der Waals interactions between parallel chains whereas

after adsorption contacts and van der Waals interactions

occur between the aliphatic chain and the clay–oxygen

plane.

IR spectra shown in curves d and e in Figs 6 and 7 differ

from curves a, b and c suggesting that significant changes

occurred at 360 �C. During the thermal treatment the
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Fig. 6 FTIR spectra of KBr

disks of OC-41 unheated

(curves a) and after heating the

organoclay at 150, 250, 360, and

420 �C (curves b, c, d, and e,

respectively) in the

spectroscopic regions

3000–2750 cm-1 (left) and

1550–1350 cm-1 (right), after

correcting the baselines of

curves d and e. Absorbance

scale (in AU) of each curve is

given on its left side
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Fig. 7 FTIR spectra of KBr

disks of OC-90 unheated

(curves a) and after heating the
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respectively) in the
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3000–2750 cm-1 (left) and
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curves c, d, and e. Absorbance
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given on its left side
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samples become black and spectra d and e are diagnostic

for charcoal, formed during the thermal oxidation of the

intercalated HDTMA. In the region 3000–2750 cm-1,

where CH vibrations are supposed to appear, the C–H

bands in curves d and e are very weak in comparison to

their intensities in curves a and b (pay attention that the

absorbance scale in curves a and b differs from that in d

and e). Three and five very weak bands appear in the

spectra of heated OC-41 and OC-90, respectively

(Table 1). Their presence suggests that few CH groups

exist in the charcoal at 360 and 420 �C. In the region

1550–1350 cm-1 the spectra show five overlapping broad

bands with maxima at 1457, 1447, 1437, 1421, and

1399 cm-1 (Table 1). These absorptions of the charcoal

skeleton are CC groups resonating between canonic

structures with single and double bond character.

Curve c in Fig 6 is very similar to curves a and b. On the

other hand, curve c in Fig 7 shows some changes from a

and b. In the region 3000–2750 cm-1, the C–H bands in

curve c are weak compared to their intensities in curves a

and b and the shoulder at 2995 cm-1 becomes more clear.

In the region 1550–1350 cm-1, curve c shows small

characteristic bands of HDTMA together with small bands

of charcoal (Table 1). These observations prove our con-

clusions based on DTG and thermo-carbon analysis curves

that the organic matter in OC-41 requires a higher tem-

perature to become charcoal compared with OC-90. To

conclude, the thermo-IR spectroscopy study proves that

OC-41 heated at 250 �C contains mainly the non-oxidized

HDTMA cations whereas OC-90 heated at 250 �C contains

significant amounts of low temperature stable charcoal.

Conclusions

The number of cation exchange sites which are occupied

by the organic ammonium cations influences the intergal-

lery confinement of the cation [43]. It is therefore expected

that the thermal behavior of OC-90 with the greater number

of HDTMA cations occupying exchange sites will differ

from that of OC-41. From the TG curves, the thermo-H and

C-analysis curves and the thermo-IR-spectroscopy, it may

be concluded that HDTMA cations, which are located in

the interlayers of OC-41 and OC-90 at room temperature,

persist at 150 �C. At 250 �C, most of the HDTMA cations

persist in OC-41 and only a very small amount of charcoal

is formed. On the other hand in OC-90 at 250 �C a sig-

nificant part of HDTMA cations are oxidized into low

temperature stable charcoal. After heating both samples at

360 �C high temperature stable charcoal is present in both

organo clays. Charcoal persists at 420 �C in both clays but

is gradually oxidized with further rise in temperature.
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