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Abstract Organoclays are the adsorption products of

organic matter by clay minerals. In modern technology,

organoclay-based nanocomposites obtained by modifying

Na-clay by primary adsorption of organic ammonium cat-

ions or long-chain cationic surfactants are widely used in

different industries. They are potential candidates for

serving as sorbents of different organic compounds by

secondary adsorption. Organoclays are widely spread in the

environment and are responsible for the colloid behavior of

different environmental elements such as soils. This man-

uscript summarizes some of the basic knowledge on ther-

mal analysis of organoclays and reviews some of the recent

studies carried out in our laboratory on organoclays which

occur in the environment, those applied in industry and of

those obtained by secondary adsorption processes. Com-

plexes in the environment or those used in industry are

mainly of the smectite clay mineral montmorillonite and

their thermal analysis in air is treated here.
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Introduction

Clay minerals are layered crystalline silicate minerals

(phyllosilicates) [1] with chemically active surfaces rich

with basic and acidic functional groups [2]. They are

excellent adsorbing agents [3], and adsorption of organic

compounds by clay minerals is widespread in nature and in

industry. Complexes obtained by the adsorption of organic

compounds by clay minerals are known as organoclays. In

modern technology, organoclay-based nanocomposites

obtained by modifying M-smectites (where M is an

exchangeable cation) with long-chain cationic surfactants

or with quaternary ammonium cations are potential can-

didates for serving as sorbents of different organic com-

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

mud, homogenizing fillers in the plastic industry and for

the purpose of gelling of various organic liquids. They are

also used in cleaning operations of drainage wastewater,

oil-spill, and so on. This manuscript will summarize some

of the basic knowledge on thermal analysis of organoclays

and will review some of the recent studies carried out in

our laboratory on organoclays which occur in the envi-

ronment and of those applied in adsorption processes in the

industry. Complexes in the environment or those which are

used in industry are mainly those of the smectite clay

mineral montmorillonite (MONT) and they will be treated

here.

Each clay layer is composed of two types of sheets,

tetrahedral and octahedral. In the tetrahedral sheet (labeled

O), a continuous linkage of SiO4 tetrahedra through sharing

of three O atoms with three adjacent tetrahedra results with

a planar network [1]. In the sheet, the tetrahedral silica

groups are arranged in the form of a hexagonal network

which is repeated indefinitely to form a phyllosilicate with

the composition [Si4O10]4-. A side view of the tetrahedral
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sheet shows that it is composed of three parallel atomic

planes, oxygens, silicones, and oxygens. The oxygens at

the top of the tetrahedra form an open hexagonal network

in this plane known as the clay-O-plane.

The octahedral sheet (labeled T) is obtained through

condensation of single [Al(OH)6]3- octahedra. Each O atom

is shared by three octahedra, but two octahedra can share

only two neighboring O atoms. In this sheet, the octahedral

groups are arranged to form a hexagonal network, which is

repeated indefinitely to form [Al4O12]12- sheet. A side view

of the octahedral sheet shows that it is composed of a hex-

agonal plane Al atoms sandwiched between two dense

hexagonal ‘‘OH planes’’. In MONT, only two thirds of the

octahedra are filled with Al atoms [1].

A layer of MONT is composed of one octahedral sheet

sandwiched between two tetrahedral sheets, condensed into

one unit layer designated as ‘‘tetrahedral–octahedral–tet-

rahedral’’ (TOT) layer. In this unit layer, silica apices of

one tetrahedral sheet are condensed with one of the OH

plane of the octahedral sheet and the silica apices of a

second tetrahedral sheet are condensed with the second OH

plane of the octahedral sheet. A crystal of the mineral

consists of TOT layers continuous in a and b directions,

stacked one above the other in the c direction [1].

In MONT, some of the tetrahedral Si atoms are iso-

morphically substituted by Al, and some of the octahedral

Al atoms are isomorphically substituted by Mg. The

resulting charge deficiency is balanced by hydrated cations,

mainly, Na, K, Mg, and Ca, of which more than 80% is

located between parallel TOT layers. The space where

these cations are located is named the interlayer space. In

the interlayer, the cations are loosely held by electrostatic

forces. They may be exchanged by inorganic and organic

cations thus contributing to the MONT the property of

being a cation exchanger. Water and polar organic mole-

cules are attracted by the exchangeable cations and may

intercalate between the layers causing the structure to

expand in the direction perpendicular to the layers. This is

the swelling property of MONT and is measured by basal

spacing which is the distance between equivalent clay-O-

planes of neighboring TOT layers. The thickness of the

TOT layer is &0.96 nm. The thickness of the interlayer

space is calculated by subtracting 0.96 nm from the basal

spacing of the sample which is determined by X-ray dif-

fraction. With intercalated water monolayer, the basal

spacing of MONT is &1.26 nm [2].

Primary and secondary adsorption of organic

compounds by montmorillonite

Organic ammonium cations are adsorbed by MONT by the

mechanism of cation exchange in which inorganic

exchangeable cations initially present in the interlayers are

replaced by organic cations. For example, if Na-MONT is

equilibrated with an aqueous solution of ethyl ammonium

chloride, the following reaction occurs [3]:

C2H5NH3Cl aqð Þ þ Na�MONT sð Þ
$ NaCl aqð Þ þ C2H5NH3 �MONT sð Þ:

Organic cations in the interlayer space of MONT are

also obtained by the adsorption of organic basic

molecules followed by their protonation. Due to the

polar effect of exchangeable cations on the adsorbed

water in the interlayer, water molecules are acidic and

may donate protons to organic bases. For example,

adsorbed ethylamine is protonated in the interlayer as

follows:

In addition to the long range electrostatic forces which

hold the organic cations between the negatively charged

clay layers, short range interactions, such as H-bonds

between proton bearing organic cations and proton

acceptor sites, e.g., oxygens of water or of the clay-O-

plane [3] or coordination bonds between N and transition

metal cations (e.g., Cu2?) occur. With aromatic cations, p
interactions may occur between the aromatic ring and the

clay-O-plane [4]. Siloxane groups of the clay-O-plane are

non-polar and may form van der Waals bonds with

aliphatic chains. Contribution of van der Waals forces to

the adsorption becomes significant with the size of the

adsorbed cation.

Adsorptive properties of MONT for organic molecules

are greatly modified by replacing native exchangeable

metallic cations with organic ammonium cations and

especially with long-chain or quaternary ammonium cat-

ions [5–8]. This replacement converts the clay into an

organophilic substrate which is capable to adsorb polar and

nonpolar organic molecules. Being widely applied in

industry, the modified clays are commonly referred to

as ‘‘organoclays.’’ There are two types of organoclays:

(i) those loaded with quaternary ammonium cations with

one or two long alkyl chains and (ii) those loaded with small

quaternary ammonium aliphatic and aromatic cations. The

term ‘‘organophilic clays’’ is used for the former and

‘‘adsorptive clays’’ for the latter.

Primary adsorption is the loading of the clay with

organic cations whereas secondary adsorption is the sorp-

tion of organic cations or molecules by the modified clays.

The primary exchange of the metallic cation by long-chain

organic ammonium cation is usually carried out in aqueous

systems [9–16]. Driving force for this reaction is the
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tendency of the hydrophobic organic tails to be drawn

away from the aqueous system and the tendency of the

inorganic cations to be fully hydrated in the aqueous sys-

tem [3].

During the primary adsorption, the negative electric

field induced by the clay surface is screened by the

hydrophobic moiety of the organic cation and the ease of

dehydration of organoclay increases [17]. Repulsive forces

that occur between two similar double layers are thereby

decreased, and when the loading of the clay is equal to its

cation exchange capacity (CEC) the organoclay tends to

coagulate. When cationic amines are in higher amounts

than the CEC of the clay they are adsorbed in a secondary

adsorption mechanism, providing positive charge to the

layers. Again, there are repulsive forces between the layers

of the oversaturated clay, and the organoclay saturated with

excess ammonium cation tends to peptize. Aliphatic chains

are consider as forming a bi-dimensional organic phase in a

clay saturated with long-chain ammonium cations, where

the clay-O-plane is screened by the nonpolar part of the

organic cations [3].

Swelling of organoclays in organic liquids is used to

determine organophilicity [18]. Gel formation results from

secondary adsorption of molecules of the organic liquid into

the interlayer of the organoclay. Gel volumes of a series of

normal primary aliphatic ammonium montmorillonites in

polar or non-polar liquids, such as nitrobenzene, benzene,

and iso-amine alcohol show that the organophilicity is

negligible until an ammonium cation with a chain of 10

carbon atoms is employed, and that at least 12 carbon atoms

are required for gelation to occur [19].

The mechanism of the secondary adsorption by MONT

loaded with long-chain ammonium cations (organophilic

clays) differs from that in clay loaded with small quater-

nary ammonium cations (adsorptive clays). Adsorption

efficiencies depend on several factors, such as size of the

organic cation, porosity of the clay particle, the clay layer

charge, size, and shape of the adsorbed molecule and the

presence of water [20].

In adsorptive clay, the ammonium cations play the role

of pillars, similar to their role in Al-pillared clay, holding

the layers permanently apart without filling all the inter-

layer space, thus preserving the distance between the lay-

ers. Basal spacing of dehydrated MONT increases from

0.96 to 1.36 and 1.40 nm after primary adsorption of tet-

ramethylammonium and tetraethylammonium cations,

respectively. In the secondary adsorption of nonpolar

molecules, which normally are not intercalated into the

parent MONT, the nonpolar molecules penetrate into the

expanded space between the pillars and the sorption

capacity of the clay is greatly enhanced.

Thermal analysis of organo-clay complexes

Several thermal analysis methods are used in the study of

thermal properties and processes of – complexes and of

their fine structure. Among these techniques, the most

common are differential thermal analysis (DTA) [21, 22,

23, 24], differential scanning calorimetry (DSC) [25],

thermogravimetry (TG), evolved gas analysis (EGA) [26],

thermo-IR-spectroscopy-analysis [27], and thermo-XRD-

analysis [28].

In evolved gas analysis, the evolved gases during the

thermal treatment pass either through a mass spectrometer,

through an IR spectrophotometer [21], or through a gas

titrimeter [22], where the evolved gases and their relative

evolution with temperature are determined. If gases are

evolved during a DTA study of a sample, then it is rec-

ommended to run a simultaneous DTA–EGA. This study

supplies information on decomposition and oxidation

products which are associated with the DTA peaks.

In thermo-IR-spectroscopy-analysis and thermo-XRD-

analysis, the sample is heated at different temperatures, and

IR spectra or X-ray diffractograms of the unheated and

thermally treated samples are recorded. Changes in the IR

spectra give information about changes in the fine structure

of the complex occurring during the thermal treatment.

Changes in the X-ray diffractograms give information

about the effect of temperature on different crystallo-

graphic features of the sample (e.g., basal spacing).

Thermo-XRD-analysis combined with curve fitting cal-

culations on the X-ray diffractograms supplies reliable

information on the different organo-MONT or charcoal-

MONT tactoids formed during the thermal treatment of an

organo-MONT sample [28]. Curve fitting calculations

result in one, two, three, or more peak components. Each of

these components characterizes one type of tactoids. The

tactoid (or oriented aggregate) is a cluster of parallel layers

held by face-to-face interactions (FF associations). Thin

layers of the adsorbed organic species with water mole-

cules or of charcoal separate the TOT layers of the tactoid.

These layers comprise the interlayer space of the clay

mineral. According to Bragg’s law, particles obtained from

FF association of similar layers having similar interlayers,

diffract X-ray. Location of the peak component maximum

(in nm) describes the basal spacing of the respective tac-

toid. 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 degree 2h) represents the homogeneity of

the respective tactoid in the stack. A homogeneous stack of

tactoids poses a small component width whereas a non-

homogeneous stack poses a broad width.
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Thermal analysis of organo-clay complexes is carried

out either under oxidizing environment (in air or under a

flow of oxygen) or under a flow of an inert gas (such as

nitrogen or argon). In DTA, oxidation of the adsorbed

organic matter is recognized by significant exothermic

peaks. Under inert atmospheres, desorption and pyrolysis

of the organic matter occur giving rise to small DTA

endothermic peaks. Most thermal analysis studies of or-

ganoclays were carried out in air atmosphere [24, 29].

Thermal analysis curves of DTA, DSC, TG, and EGA of

MONT treated with N-bearing organic compounds, recor-

ded either in oxidizing or inert atmosphere, can be divided

into three regions: (i) region of the clay dehydration,

(ii) region of the thermal reactions of the adsorbed organic

matter, and (iii) region of the clay dehydroxylation where

amorphous meta-clay becomes the principal inorganic

phase. Reactions of the organic matter may continue in the

temperature range of the third region together with the clay

dehydroxylation [34]. First and third regions also exist in

thermal analysis curves of the so called ‘‘normal’’ MONT

which is not loaded by organic matter.

Water evolution from the clay is a thermal dissociation

process. Bonds between adsorbed water molecules and

acidic or basic sites on the internal and external surfaces of

the clay dissociate due to heat supply. Dehydration shows

an endothermic DTA peak, a heat absorption DSC peak,

mass loss in TG curve, and EGA peak in H2O evolution

curve. Dehydration should not depend on whether it occurs

in oxidizing or inert atmosphere. The thermal dehydration

of the non-loaded clay and of the organoclay occurs in the

same temperature range below 200–250 �C. However, in

the presence of organic species in the interlayer, water

structure is broken [2], and onset and peak maxima in

thermal analysis curves of the organoclays may appear at

lower temperatures than that in curves of the non-loaded

MONT. In certain montmorillonites with tetrahedral sub-

stitutions of Si by Al, due to an increase of basic strength of

the clay-O-plane [30], a very small loss of interlayer water

may continue up to 400 �C [31].

Since some of the interlayer water is replaced by the

adsorbed organic matter, size of dehydration peak is

smaller in curves of organo-MONT than in curves of

unloaded clay [18, 19]. Melting and boiling of non-

adsorbed organic compounds adhered to the clay surface

occur in this region giving rise to characteristic peaks in

the thermal analysis curves. The appearance of such peaks

in the first region is sometimes used to determine the

presence of non-adsorbed organic matter in the clay

mixture [32].

If the adsorbed organic matter has a high vapor pressure

or a low boiling or sublimation point, part of it is some-

times evolved in the temperature range of the first region

overlapping the water evolution. Evolution of organic

matter in the first region cannot be detected from DTA,

DSC, or TG curves but is detected from EGA curves [24].

Reactions occurring in the second region of the thermal

analysis curves depend on whether the analysis is carried

out in oxidizing or inert environment. In oxidizing atmo-

sphere, the combustion of the organic matter commences at

a temperature which is dependent on the activation energy

of the oxidation. Exothermic DTA peaks and heat flow

DSC peaks accompany this oxidation reaction. Evolution

of H2O, CO2, and NO2 and to some extent also NO and CO

and other volatile oxidation and pyrolysis products is

identified from EGA curves. Mass loss due to the escape of

these gases is shown by a descent in the TG curve and

peaks in the DTG curve [31, 33]. Depending on the nature

of the adsorbed organic compound, the loading of the clay

with the organic and the supply of oxygen, oxidation starts

at 220–250 �C and it may continue up to 850 �C. The

substrate clay serves as a catalyst for the oxidation, and the

onset and peak temperatures differ from those recorded in

curves of the neat organic matter.

In inert atmosphere volatilization, pyrolysis and crack-

ing of the adsorbed organic matter occur [33]. For example,

evolved gases in inert atmosphere in the second region of

the thermal analysis of clays loaded with butylammonium

are butylamine, NH3, CH4, and H2 and very small amounts

of propane, ethanol, acetic acid, and butane [34]. These

reactions are endothermic. The intensity and resolution of

the thermal analysis peaks are poor, and it is difficult to

relate them to specific reactions.

The reactions occurring in the third region of the ther-

mal analysis curves (above 500 �C) include the endother-

mic dehydroxylation of the clay [21–24]. This reaction is

identified by an endothermic DTA peak, and an energy

absorption DSC peak. According to the EGA clay, dehy-

droxylation leads to the evolution of H2O formed from the

hydroxyl groups of the octahedral sheets according to

OH- ? OH- $ H2O ? �O2. Mass loss due to H2O

evolution is shown by a descent in the TG curve and a peak

in the DTG curve. Dehydroxylation results in amorphous

MONT are named as meta-montmorillonite. This is shown

by a decrease in the intensity of characteristic X-ray peaks

of MONT during thermo-XRD-analysis study of organoc-

lays in the temperature range above 500 �C.

The peak minimum in the different thermal analysis

curves of MONT due to the dehydroxylation depends on

whether or not the clay is loaded with organic matter. In

non-loaded ‘‘normal’’ MONT it appears at 680–710 �C but

at lower temperatures when the clay is loaded with organic

matter. This drop in peak temperature is associated with a

reaction between the nascent water molecules and the

interlayer charcoal which has been formed from the oxi-

dation of the adsorbed organic matter during the second

region of the thermal analysis curve. Chi Chou and McAtee
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[35] ascribe this reaction to carbon oxidation but Shuali

et al. [34] ascribe it to thermal hydrolysis.

A small S-shaped endothermic–exothermic peak system

appears in the DTA curve of different montmorillonites at

850–980 �C. This system is not accompanied by mass loss,

and it has been suggested that it is associated with the

beginning of the crystallization of the amorphous meta-

MONT into new phases [36].

Air-oxidation of adsorbed N-bearing organic

compounds

The present section deals with the thermal air-oxidation of

the organic component of the organoclay. Oxidation of

most N-bearing organic compounds adsorbed onto MONT

occurs in the second and third regions of the thermal

analysis curve. Three oxidation steps are identified during

the thermal treatment [21, 23, 24, 31]. The first oxidation

step occurs between &235 ± 15 and &380 ± 20 �C. The

second between &300 ± 20 and &560 ± 15 �C and the

third in the temperature range of the third region of

the thermal analysis curve, at temperatures above 500 �C.

Each step is accompanied by an exothermic DTA peak,

heat evolution DSC peak, mass loss in TG curve, and peak

in DTG curve.

The nature of the thermal reactions depends on the

amount of the organic matter which is present in the

analysis cell and on the availability of oxygen along

the thermal treatment. If the total amount of the organic

compound in the thermal analyzed sample is small (e.g., a

sample containing few mmol organic per 100 g clay) and

the thermal analysis is carried out under a flow of oxygen

the oxidation of H, C, and N to form H2O, CO2, and NO2,

respectively, is completed at a low temperature. No

charcoal is formed, and there will be no organic matter to

be oxidized in the third region of the thermal analysis

curve. If this amount is high (few tens of mmol organic

per 100 g clay) and the thermal analysis is carried out in

air, in the first step the availability of oxygen is insuffi-

cient for a complete burning [37]. In this case, EGA

shows that in the first oxidation step H2O is the principal

evolved gas obtained from the oxidation of the hydrogen

component of the organic matter [38]. This water is

termed ‘‘organic water’’. At this step only small amounts

of CO2 and NO2 are detected by EGA [21, 23, 24].

Carbon and nitrogen atoms, which do not take part in the

formation of the gaseous volatile oxides, form a black

intercalated residue named ‘‘charcoal’’ [39] or ‘‘petro-

leum coke’’ [40].

The activity of organic matter inside the interlayer space

during its transformation into charcoal is controlled by the

stereoselectivity limitations that the interlayer space

imposes on the orientation and packing arrangement of the

organics. The charcoal in the interlayer space is composed

of mono- or bi-layers of carbon atoms the structure of

which is imposed by the parallel alumino-silicate layers

[41].

Intercalation of adsorbed organic species into the

interlayer space can be proven by thermo-XRD-analysis

[28]. For this purpose, the unloaded and loaded samples are

heated to temperatures above the irreversible dehydration

of the clay, which depends on the exchangeable metallic

cation [2], and are diffracted by X-ray. With no intercalated

organic matter at this temperature, the clay collapses, and

the basal spacing drops to &0.96 nm. In the presence of

intercalated organic matter, charcoal is obtained at

235–380 �C, the clay does not collapse and spacings higher

than 1.12 nm are obtained.

Low-temperature and high-temperature stable charcoal

The anionic dye Congo-red (CR) was adsorbed in consid-

erable amounts by Na-, Cs-, Mg-, Al- and Fe-montmorill-

onites. The adsorption mechanism was of an acid–base

type in which the clay supplied protons (from water

hydrating the exchangeable cations) and certain functional

groups on the CR anions were acting as proton acceptors

[42]. Combined DTA–TG study of these dye-clay com-

plexes showed three exothermic peaks of which the exact

maximum locations depended on the exchangeable metal-

lic cation [43]. The first exothermic peak at 316–357 �C

was due to the first oxidation step in which organic water

was evolved and intercalated charcoal was formed. A

second exothermic peak at 490–530 �C represented the

second oxidation step in which part of the charcoal was

oxidized and the third peak at above 600 �C represented

the third oxidation step due the oxidation of the rest of

charcoal. From the relative areas and temperatures of the

exothermic peaks and the relative mass loss in each thermal

stage it was concluded that two different types of charcoal

were obtained with different oxidation temperatures, giving

exothermic peaks in the second and third regions of the

thermal analysis curve, respectively. In accordance with

their thermal stability they were named low-temperature-

and high-temperature-stable charcoal (LTSC and HTSC,

respectively). The exchangeable metallic cations deter-

mined the ratio between LTSC and HTSC. If the area of the

exothermic peak is considered to be proportional to the

amount of the charcoal that is oxidized, the ratio between

LTSC and HTSC obtained in one DTA run can be calcu-

lated from the peak areas. With increasing acidity of the

metallic cation, more HTSC and less LTSC were obtained.

It was suggested that the high-temperature stable charcoal

was obtained from the protonated positively charged
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precursor, which formed p bonds with the clay-O-plane

whereas the low-temperature stable charcoal was obtained

from the negatively charged precursor, which did not form

these p bonds [41]. Being negatively charged, CR should

not form p bonds with the clay-O-plane unless it was

protonated. With increasing surface acidity of the clay,

more CR species were protonated.

The application of thermal analysis in mechanochem-

istry study is demonstrated by the following two examples.

MONT complex of the cationic dye rhodamine 6G (R6G)

was studied by combined DTA–EGA [44]. In this cation,

phenyl is sterically constrained to be roughly perpendicular

to the planar xanthene group. Although this dye is cationic,

due to this steric hindrance p interactions between the clay-

O-plane and R6G occur to a small extent only. The DTA

curve of MONT treated with rhodamine 6G showed that

most of the charcoal was oxidized before the dehydroxy-

lation of the clay. A very small peak appeared in the CO2

evolution curve above 600 �C indicating the presence of

small amounts of HTSC in the interlayer space. DTA–TG

curves of R6G-MONT obtained by mechanochemical

adsorption in a dry system did not show any exothermic

reaction above 600 �C, suggesting that the dye was located

on the external surfaces of the clay [45].

MONT complex of the cationic dye crystal violet (CV)

was obtained from an aqueous system [38] and by a dry

mechanochemical adsorption [46]. The former was studied

by combined DTA–EGA and the latter by DTA–TG.

DTA–TG curves of CV-MONT obtained by the dry

mechanochemical adsorption showed a very small exo-

thermic peak at 620 �C, together with the dehydroxylation

of the clay, associated with small amounts of mass loss up

to 670 �C, suggesting that most of the adsorbed dye was

located on the external surfaces of the clay. After washing

the ground mixture with water, the DTA–TG curve showed

a significant exothermic peak at 670 �C, together with

considerable amounts of mass loss up to 770 �C, suggest-

ing that the dye intercalated the clay. This curve was

similar to the DTA–TG curve of CV-MONT obtained

from an aqueous suspension. Thermo-XRD-analysis of

unwashed and washed ground samples confirmed these

observations. It appears that water is essential for the

penetration of cationic dyes into the interlayer space of

montmorillonite.

Thermo-XRD-analysis combined with curve fitting cal-

culations on the different diffractograms of MONT com-

plexes of the surfactant hexadecyltrimethylammonium

(HDTMA) was recently studied (unpublished results). The

thermal treatment was carried out up to 900 �C, and the

diffractogram showed that at this temperature MONT

became amorphous. Two types of HTSC-MONT tactoids

were identified in this study and were labeled a and b. The

thermo-XRD-analysis of the substrates was accompanied

by TG, thermo-H-analysis, and thermo-C-analysis. At

150 �C only water was evolved. From 250 �C, three dif-

ferent types of tactoids of charcoal-MONT intercalation

complexes were identified as follows: (1) at 250 and

360 �C tactoids of LTSC-MONT occurred with basal

spacing 1.37–1.32 nm, (2) at 360, 420, and 550 �C tactoids

of HTSC-a-MONT and of HTSC-b-MONT occurred with

basal spacings 1.22–1.28 and 1.11–1.18 nm, respectively.

After heating the organoclay at 700 �C, it was collapsed

(0.96–1.03 nm) suggesting that after this treatment most of

the clay was not intercalated by charcoal. From these

spacings, it was suggested that in tactoids of LTSC-MONT

monolayers of charcoal were lying in the interlayers par-

allel to the clay layers. In tactoids of HTSC-a-MONT

monolayers of compacted charcoal were lying in the in-

terlayers parallel to the clay layers. In tactoids of HTSC-b-

MONT monolayers of compacted charcoal were lying in

the interlayers parallel to the clay layers with carbon atoms

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

Aqueous sorption of nitrobenzene on Na-MONT and on

two types of HDTMA-MONT was studied [47]. For this

purpose, two types of the organo-montmorillonite were

used in our adsorption studies. They were prepared by

loading the clay with 41 and 90% of its CEC with HDTMA

and were labeled OC-41 and OC-90, respectively. The

substrates were heated 2 h in air at 150, 250, 360, and

420 �C. Mild heating of sorbents (at 150 �C) resulted in a

distinct increase of the sorption efficacy probably associ-

ated with the escape of interlayer water. Treatment of or-

ganoclays at higher temperatures (250 and 360 �C) resulted

in the first oxidation step of HDTMA and appearance of

LTSC in the interlayer space. This had a little impact on the

sorption efficacy as compared with organoclays treated at

150 �C. Further increase of the treatment temperature

(420 �C) resulted in the transformation of LTSC into the

HTSC (a and b varieties) and a decrease of a sorption

efficacy of all sorbents. Mild heating of organoclays in air

could be useful for improving their sorption potential.

Based on the data for LTSC-MONT and HTSC-MONT

recorded during thermo-XRD-analysis of HDTMA-

MONT the types of charcoal-MONT tactoids obtained in

previous thermo-XRD-analysis studies before the use of

curve fitting calculations are examined in the following

paragraphs.

The secondary adsorption of nitrobenzene and m-nitro-

phenol by Na-MONT and by HDTMA-MONT were studied

by thermo-XRD-analysis. Spacing of Na-clay non-loaded

and loaded by nitrobenzene and m-nitrophenol before

thermal treatment were 1.25, 1.23, and 1.27 nm, respec-

tively. At 360 �C the non-loaded sample collapsed and the

spacing dropped to 0.97 nm. Both loaded samples did not

collapse, and spacing was 1.25 nm indicating the presence

of HTSC-a. This is an indication that the adsorbed
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nitrobenzene and m-nitrophenol were present in the inter-

layers of Na-MONT. Before the thermal treatment spacings

of HDTMA-MONT non-loaded and after secondary

adsorption of nitrobenzene and m-nitrophenol were 1.81,

1.78, and 2.02 nm, respectively. From these spacings, it is

obvious that m-nitrophenol was intercalated but no clear

information was obtained about location of nitrobenzene.

Heating at 360 �C spacings of HDTMA-MONT non-loaded

and treated with nitrobenzene and m-nitrophenol were 1.28,

1.24, and 1.26 nm, respectively showing that HTSC-a was

formed in all the three samples. From this data, no

unequivocal information was obtained on the location of the

adsorbed molecules [48].

Urea–MONT complexes were obtained by grinding urea

with different monoionic montmorillonites [49]. The

swelling of the clay depended on the polarizing ability of

the exchangeable cation. Cations with high polarizing

ability (H?, Al3?, and Fe3?) or medium polarizing ability

(Li?, Na?, Mg2?, Ca2?, and Sr2?) and transition-metal-

cations (Co2?, Ni2?, and Cu2?) led to an extensive

swelling of the clay whereas cations with a low polarizing

ability (K?, Rb?, Cs?, NH4
?, and Ba2?) led to a limited

swelling. There was a correlation between the thermal

behavior of urea–clay intercalation complexes and the fine

structure of the complexes at room temperature. With

exchangeable cations with a high polarizability, the urea

molecules were protonated at room temperature, and at

325 �C polymeric urea-condensation products (PUCP)

were found in the interlayer space of tactoids with spacings

of 1.28 nm similar to that of HTSC-a tactoids. At 375 �C,

the basal spacing of the tactoids dropped to 1.11 indicating

the presence of PUCP-tactoids similar to HTSC-b tactoids.

With divalent exchangeable cations with a medium polar-

izing ability, at room temperature urea was bound to the

cation via a water bridge. At 325 �C, PUCP were found in

the interlayer space of tactoids with spacings of

1.30–1.37 nm similar to that of LTSC tactoids. At 375 �C,

the spacing of the Mg-tactoids dropped to 1.13 indicating

the presence of intercalated PUCP similar to that of HTSC-

b but that of Ca- and Sr-tactoids dropped to 1.26 indicating

the presence of intercalated PUCP similar to that of HTSC-

a. With monovalent exchangeable cations, dehydration

occurred at a relatively low temperature and the urea

became directly coordinated to the cation. The cation-urea

association protected the urea from thermal condensation.

However, at 175–375 �C, urea completely evolved and the

clay collapsed. With exchangeable transition-metal-cation,

urea was directly coordinated to the cation. The cation–

urea coordination complex protected the urea from thermal

condensations. In the temperature range 175–375 �C urea

gradually evaporated from the clay, and at 375 �C the clay

collapsed.

The blue organo-clay color pigment (OCCP) naphthyla-

zonaphthylammonium-MONT was synthesized from the

white naphthylammonium-MONT by treating the latter with

NaNO2. Thermo-IR-spectroscopy analysis proved that the

synthesized azo colorant was located in the interlayer space

[50]. Recently, the thermo-XRD-analysis of naphthylazo-

naphthylammonium-MONT was compared with that of the

precursor naphthylammonium-MONT [51, 52]. Samples

were heated at 120–360 �C and diffracted by X-ray. The

curve-fitted diffractogram of unheated naphthylammonium-

MONT showed two peak-components with maxima at 1.35

and 1.58 nm with relative areas of 20 and 80% from the total

peak-area, respectively, suggesting the presence of two

types of tactoids, with monolayers of hydrated naphthy-

lammonium cations lying parallel to the TOT clay layers and

with naphthylammonium–naphthylamine associations

probably tilted relative to the clay-O-layers, respectively.

The thermo-XRD-analysis of naphthylammonium-MONT

showed a collapse of most tactoids after 2 h at 120 �C

(spacings \1.03 nm with relative peak areas of 84% and

spacing 1.43 nm with relative area of 16%). A total collapse

and complete loss of organic matter occurred at 180 �C, a

temperature lower than that required for the boiling of

naphthylamine.

The blue color pigment (OCCP) before heating exhib-

ited two peak-components, at 1.28 and 1.50 nm, charac-

terizing tactoids with monolayer and bilayer organic

compounds in the interlayers, with relative peak-compo-

nent areas of 74 and 26%, respectively. The 1.28 nm tac-

toids intercalated the azo dye. The decrease in basal

spacing from 1.35 to 1.28 nm, as a result of the transfor-

mation of naphthylammonium into the azo dye, indicated

stronger surface p interactions between the clay-O-planes

and the azo dye than between these planes and naphthy-

lammonium cations. Tactoids with bilayers organic com-

pounds in the interlayers contained naphthylammonium,

which probably did not react with NaNO2 and was not

transformed into the azo dye.

The thermo-XRD-analysis of naphthylazonaphthyla-

mine-MONT showed different results when the heating

occurred in stages or when the sample was directly heated

at 360 �C. When the pigment was directly heated at

360 �C, most of the dye did not escape but became char-

coal. During heating in stages, 73% of the azo dye

decomposed at 180 �C, and tactoids became collapsed

(0.96 nm). Some of the azo dye cations persisted in the

interlayers of tactoids with spacing 1.22 nm (27%). At 300

and 360 �C, the organic cations were transformed to HTSC

intercalating tactoids with spacings of 1.22–1.19 nm.

The microbial siderophore ferrioxamine B, produced by

Streptomyces and Nocardia bacteria, is found in soil

extracts. It belongs to the group of hydroxamate
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siderophores. Iron carried by ferrioxamine B has been

found to be an efficient source of Fe for many microor-

ganisms as well as for a variety of plants. The Fe complex

(FOB) obtains a wide, fairly flat configuration presenting a

rather hydrophobic face, in contrast with the linear open

chain with exposed active sites of the free ligand (desfer-

rioxamine B, DFOB). The adsorption of FOB and DFOB

by Ca-MONT from aqueous suspensions was investigated

by thermo-XRD-analysis [53]. The initial spacings mea-

sured for unloaded Ca-MONT blank and Ca-MONT loaded

with DFOB and FOB were 1.50, 1.43, and 1.75 nm,

respectively. Upon heating the unloaded Ca-MONT col-

lapsed at 250 and 360 �C to 1.00 and 0.97 nm, respec-

tively. In contrast, spacings of sample loaded with DFOB

upon heating at 250 and 360 �C became 1.32 and 1.28 nm,

and those loaded with FOB became 1.37 and 1.22 nm,

respectively. At 250 and 360 �C, the organic matter was

converted into LTSC and HTSC-a, respectively, pre-

venting the collapse of the clay, thus proving that DFOB

and FOB penetrated into the interlayer space. At 25 �C,

the folded FOB molecule caused an enlargement of the

basal spacing from 1.50 (unloaded Ca-montmorillonite) to

1.75 nm. The total thickness of a FOB molecule is

0.55 nm. If the molecule was lying with its plane parallel

to the clay layers, one would expect a basal spacing of

1.50–1.55 nm. The measured basal spacing of 1.75 nm,

which decreased to 1.70 nm after the dehydration of the

clay at 120 �C, suggested that the adsorbed FOB was

lying slightly tilted within the clay layers. After thermal

dehydration at 120 �C, the basal spacing decreased to

1.38 nm. Since the van der Waals diameter of C is

0.35 nm, this basal spacing suggests that the adsorbed

DFOB formed a monolayer, lying almost parallel to the

silicate layer.

The adsorption of the cationic alkaloid berberine by

MONT took place by two types of adsorption mechanism:

(1) cation exchange and (2) secondary organophilic

adsorption [54]. Thermo-XRD-analysis proved that the

adsorbed berberine was located in the interlayer space.

With a low loading (up to 15 mmol of berberine per 100 g

clay) a basal spacing of 1.28–1.30 nm characterized mon-

olayers of berberine parallel to the clay-O-planes. With a

high loading (C55 mmol of berberine per 100 g clay) a

basal spacing of 1.59 nm characterized bilayers of ber-

berine parallel to the clay-O-planes. With a very high

loading (C100 mmol of berberine per 100 g clay) a basal

spacing of 1.66 nm, obtained after heating at 190 �C,

characterized berberine tilted relative to the clay-O-planes

of the TOT skeletons. At 360 �C, spacing of this sample

dropped to 1.47 nm but at 420 �C it dropped to 1.27 nm,

suggesting the presence of LTSC and HTSC-a, respec-

tively, whereas samples with \100 mmol berberine

showed the latter spacing already after heating at 360 �C.

The adsorption of protonated Congo-red (HCR) by

MONT was investigated by thermo-XRD-analysis [55] and

by thermo-visible-spectroscopy-analysis [56]. MONT was

loaded at pH 1 with increasing amounts of CR up to

75 mmol per 100 g clay. Diffractograms of samples treated

at 420 �C showed broad peaks and were curve-fitted to

determine basal spacings of the different tactoids. The

broad peak of one sample may contain up to four compo-

nents. Component A with a maximum at 0.95–1.01 nm

characterized tactoids with collapsed interlayers. Compo-

nent B at 1.01–1.07 nm characterized tactoids with a non-

complete collapse due to the presence of hydroxy-cations

such as [Ca(OH)]? in the interlayers which are too large for

a complete keying in the ditrigonal holes of the clay-O-

planes. Component C at 1.12–1.31 nm characterized tac-

toids with intercalated planar monolayers of charcoal

(LTSC, HTSC-a, and HTSC-b). In the presence of high

amounts of adsorbed organic matter, components A and B

converged whereas component C split into two sub-com-

ponents C1 and C2, with maxima at &1.12 and &1.26 nm,

respectively. The latter spacing represented tactoids with

intercalated compacted monolayer charcoal with no keying

(HTSC-a) whereas the former represented tactoids with

intercalated charcoal monolayers with carbon atoms keying

into the ditrigonal holes of the oxygen plane (HTSC-b).

Component D at &1.60 nm characterized tactoids with

expanded interlayers containing intercalated charcoal of

multi-layer carbon. The presence of components C and D

in the curve-fitted diffractograms proved that before the

thermal treatment the adsorbed HCR was located inside the

interlayer space of the smectite. Depending on the amount

of adsorbed CR, three types of diffractograms were iden-

tified. With small adsorption components A, B, and C were

detected. With higher adsorption components A, B, C, and

D were detected, and with very high adsorption, compo-

nents A, C1, C2, and D were obtained.

Gemini surfactants were obtained by refluxing the bis(2-

bromoethyl) ether with N–n,alkyl-N,N-dimethylamine in

iso-propanol. Recently, the thermogravimetric analyses

(combined TG and DTG analyses) of Na-MONT interca-

lated with several Gemini surfactants and of MONT

modified by cetyltrimethyl ammonium bromide (CTAB)

were investigated [57]. The analyses showed four-step

degradation which corresponds to residual water desorp-

tion, dehydration followed by decomposition of the

adsorbed organic compound, and the dehydroxylation of

the clay.

Recently, the secondary adsorption of stearic acid by

dodecyltrimethyl ammonium-MONT (DDTA-MONT) was

investigated by combined TG and DTG analyses [58].

Curves of Ca-MONT and of DDTA-MONT, both loaded

with stearic acid were recorded. Stearic acid volatilizes

at 179 �C but when is adsorbed onto the interlayer of
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Ca-MONT it sublimes at 248 �C and onto the interlayer of

DDTA-MONT it sublimes at 322 �C. The surfactant sub-

limes at 208 �C but when is adsorbed onto the interlayer of

MONT it sublimes at 375 �C.

Conclusions

This review demonstrates that using simultaneously dif-

ferent thermal analysis methods one can get the informa-

tion on the fine structure of the organo-clay complexes.

Future trends

From this short review it appears that in the next future we

are going to see more and more simultaneous DTA–EGA

studies of organoclays. Very little is known about the

structure and properties of the different charcoal-clay tac-

toids. More information is required in order that these

nanocomposite materials will be applied in modern

technologies.
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