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Abstract The desorption of benzoic acid and stearic acid

from sodium and calcium montmorillonites has been stud-

ied using thermogravimetric and differential thermogravi-

metric analysis. Desorption of benzoic acid from sodium

montmorillonites occurs at 140 �C and from calcium

montmorillonites at 179 �C. This increase in temperature is

attributed to the benzoic acid bonding to the calcium in the

interlayer. A lowering of the dehydroxylation temperature

of montmorillonites is observed with acid adsorption.

Stearic acid desorbs at 218 �C as observed by the DTG

curves. The desorption pattern differs between the sodium

montmorillonites and the calcium montmorillonites.
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Introduction

Clay minerals are the most abundant inorganic minerals in

natural systems. The surface properties of colloidal clay

particles play the major role in the formation, structure and

strength of aggregates in sediments and soils. Sediment

organic matter (SOM), mainly polarity organic molecules

such as carboxylic acids, has strong affinity to the surface

of clay minerals. Through their interaction by physical or

chemical bonds, organoclay complexes are formed. Sorp-

tion of SOM is considered to be a major process in the

preservation of organic matter (OM) in sediments and soils.

Association of OM with minerals provides protection

against not only rapid microbial decay but also oxidation.

Kennedy et al. [1] provided evidence that SOM was pre-

served quite well in interlayer of smectite clay in Creta-

ceous black shale. But the protective effect of clay minerals

on pyrogenation of SOM is not well known. The adsorption

of acids on clays is important for our understanding of soils

[2–4]. Equally important is to understand the adsorption-

desorption phenomena [5–7]. If acids such as benzoic acid

and stearic acid adsorb on soil containing clays then fun-

damentally natural organoclays are formed.

Organoclays form an important type of modified clay

material. Their uses are many including some environ-

mental applications [8–12]. Organoclays are particularly

useful in water purification e.g. by the removal of oil and

toxic chemicals from water [10, 13–15]. Remediation of

industrial waste waters is enabled through the use of

organoclays [16, 17]. These types of materials are useful

for the remediation of contaminated soils [18–20] and they

are also applied as clay liners in landfills. The development

of some new nanocomposite materials is due to use of

organoclays [21–24]. Organo-montmorillonites are syn-

thesized by introducing cationic surfactants such as qua-

ternary ammonium compounds into the interlayer space

through ion exchange [25–27]. Long-chain alkylammoni-

um cations can form a hydrophobic medium within the clay

interlayer, and act in analogy to a bulk organic phase. The

intergallery distance of d(001) plane of the clay which has

not been organically modified, is relatively small, and the

intergallery environment is hydrophilic. Intercalation of an
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organic surfactant between the clay layers can not only

change the surface properties from hydrophilic to hydro-

phobic, but also significantly increase the basal spacing of

the layers.

The use of thermal analysis techniques to study mont-

morillonitic clays is well known [28]. Some thermoana-

lytical studies of organo-modified clays have been

forthcoming [29–31]. A recent review has demonstrated

the applicability of DTA-TG for differentiating between

adsorbed and free organic matter and also between ionic

and molecular adsorption [30]. This work has shown that

the location of the exothermic peaks is diagnostic and

serves to show the adsorption of organic molecules on

metallic cations. Many of the thermal analytical studies

have been applied to nanocomposites involving organoc-

lays [32]. However there have been almost no studies of the

thermal stability of organoclays and no studies of the

structure of organoclays. Recently thermal analysis tech-

niques have proven most useful for the study of complex

mineral systems [33–39] and materials generated through

the modification of surfaces [40–45]. Modification of sur-

faces through intercalation has also been studied using

thermal analysis techniques.

This paper reports the changes in the structure of a

montmorillonitic clay with adsorbed-intercalated organic

acids. X-ray diffraction and high-resolution thermogravi-

metric analyses are used to study the changes in the clays

basal spacing depending on the adsorption of the benzoic

and stearic acids.

Experimental

Materials

The montmorillonite used in this study was supplied by the

Clay Minerals Society as source clay SWy-2-Na-Mont-

morillonite (Wyoming). This clay originates from the

Newcastle formation, (cretaceous), County of Crook, State

of Wyoming, USA. The cation exchange capacity (CEC) is

76.4 meq/100 g (according to the specification of its

producer).

Preparation of acid adsorption on clay

Five grams stearic acid and benzoic acid were dissolved

and made up to 250 mL with toluol, respectively. Ten

grams Ca or Na montmorillonite were weighted into a

500 mL glass reaction bulb. Two hundred milliliters of the

acid solution were pipetted into reaction bulb with a

magnetic stir bar. The samples were stirred for 8 h in

35 ± 2 �C. The solids were recovered by centrifugation,

washed once with toluol, twice with ethanol, and thereafter

once with acetone. After each washing the solids were

separated from the liquid by centrifugation. The product

was allowed to dry at room temperature.

X-ray diffraction

X-ray diffraction patterns were collected using a Philips

X’pert wide angle X-ray diffractometer, operating in step

scan mode, with Cu Ka radiation (1.54052 Å). Patterns

were collected in the range 3–90� 2h with a step size of

0.02� and a rate of 30 s per step. Samples were prepared as

a finely pressed powder into aluminium sample holders.

The Profile Fitting option of the software uses a model that

employs 12 intrinsic parameters to describe the profile, the

instrumental aberration and wavelength dependent contri-

butions to the profile.

Thermal analysis

Thermal decomposition of the acid adsorbed on montmo-

rillonite was carried out in a TA� Instruments incorporated

high-resolution thermogravimetric analyzer (series Q500)

in a flowing nitrogen atmosphere (80 cm3/min). Approxi-

mately 50 mg of sample was heated in an open platinum

crucible at a rate of 2.0 �C/min up to 500 �C. The TGA

instrument was coupled to a Balzers (Pfeiffer) mass spec-

trometer for gas analysis. Only selected gases such as water

and carbon dioxide were analyzed.

Results and discussion

X-ray diffraction

Montmorillonite consists of tetrahedral silica layers and

octahedral alumina layers, carrying negative charges which

must be counterbalanced by exchangeable cations in the

interlayers. Such an arrangement results in a basal spacing

of around 11.7 Å in an air dry state. This basal spacing is

dependent upon the size of the cation be it Na, Ca or Mg

and also on the degree of hydration of the cation. This

degree of hydration is very dependent on the vapour

pressure of water and the temperature.

The XRD patterns of sodium and calcium montmoril-

lonite before and after adsorption of benzoic acid and

stearic acid are shown in Fig. 1a–d. The XRD pattern of

calcium montmorillonite before and after adsorption of

stearic acid and benzoic acid did not vary significantly,

except some new peaks at 2h value of 8.1�, 16.3�, 23.8�
and 25.9� at benzoic acid–calcium montmorillonite com-

plexes attributed to benzoic acid,. They all exhibited a

sharp diffraction peak at 2h value of 5.8�, which corre-

sponded to interlayer distances of 15.29 Å. The diffraction
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peak at 2h value of 7.1� of sodium montmorillonite cor-

responding to 12.44 Å shifted to 6.7� after adsorption

stearic acid and to 5.9� after adsorption benzoic acid. The

d001 spacing of stearic acid–sodium montmorillonite

complexes increased to 13.13 Å and benzoic acid–sodium

montmorillonite complexes increased to 14.77 Å, resulting

from carboxylic acid intercalated into the sodium mont-

morillonite. The expansion of the sodium montmorillonite

with benzoic acid and stearic acid is 2.33 and 0.69 Å. The

expansion of the calcium montmorillonite with benzoic

acid and stearic acid is 0.48 and 0.31 Å. The reason for the

increased expansion of the NM with benzoic acid is

attributed to (a) adsorption on the inner surfaces of the

montmorillonite interlayer and (b) the structural arrange-

ment of the benzoic acid molecules in the interlayer. The

molecules are not layering flat to the surface but are at an

angle to the inner surfaces.

Thermal analysis

The thermogravimetric analysis of sodium montmorillo-

nites and calcium montmorillonite are shown in Fig. 2a

and b. The DTG peak shows asymmetry on the higher

temperature side. This indicates that the hydroxyls may not

be all lost simultaneously [46]. For the sodium (NM) and

calcium montmorillonites (CM), two mass loss steps are

observed centered at temperature ranges between 40 and

120 �C and 450–700 �C. The first mass loss step is

attributed to dehydration of the montmorillonites. The

second mass loss step is due to dehydroxylation of the

montmorillonite. The NM shows mass losses at 45 and

121 �C attributed to adsorbed water and water of hydration

of the sodium cation in the montmorillonites interlayer.

Mass losses of 1.62% and 0.36% are observed for these two

dehydration steps. The distinction between the two dehy-

dration steps is accentuated for the CM. The two mass loss

steps occur at 51 and 105 �C with mass losses of 2.7% and

1.25%. The dehydroxylation of NM occurs over a wide

temperature range from 400 to 700 �C. Mass loss steps are

observed at 456, 530, 583 and 631 �C and are attributed to

dehydroxylation steps. The total mass loss for dehydroxy-

lation is 4.1%. The dehydroxylation of CM occurs over a

wide temperature range from 380 to 700 �C. Mass loss

steps are observed at 438, 512, 560, 594 and 624 �C and

are attributed to dehydroxylation steps. The total mass loss

for dehydroxylation is 3.27%.

Fig. 1 X-ray diffraction of (a) sodium montmorillonite and benzoic acid adsorbed on sodium montmorillonite, (b) calcium montmorillonite and

benzoic acid adsorbed on calcium montmorillonite, (c) sodium montmorillonite and stearic acid adsorbed on sodium montmorillonite and (d)

calcium montmorillonite and stearic acid adsorbed on calcium montmorillonite
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The thermogravimetric analysis through desorption of

benzoic acid from benzoic acid adsorbed upon montmo-

rillonites through thermal treatment are reported in Fig. 3a

and b. The mass loss steps are observed over the 40–64 �C

temperature range, over the 100–255 �C temperature range

and in the 380–650 �C range. These mass loss steps are

assigned to dehydration, sublimation of the benzoic acid

combined with loss of water of hydration from the sodium

ion, and dehydroxylation of the montmorillonite. A large

mass loss is observed at 140 �C of 10.55%. Thus, the

desorption of benzoic acid occurs from NM at significantly

low temperatures. A comparison between Figs. 2a and 3a

shows the DTG pattern in the 400–650 �C range is dif-

ferent for the benzoic acid adsorbed upon NM. It is pro-

posed that the benzoic acid not only adsorbs on the surface

of the montmorillonites but chemically reacts with the NM.

It is possible that the carboxylic acid (–COOH) part of the

benzoic acid reacts with the siloxane surface of the mont-

morillonite and thus provides a mechanism for the loss of

the inner hydroxyl group. The thermal treatment of the CM

sample results in a series of mass loss steps at 44, 84, 135

and 179 �C assigned to dehydration of the CM and to the

sublimation of the benzoic acid. It is noted that the benzoic

acid sublimation occurs at higher temperatures for the CM

compared with that of NM. This increase in temperature

may be explained by the benzoic acid bonding to the cal-

cium in the interlayer.

The thermal decomposition of stearic acid, as shown in

Fig. 4a occurs at 176 �C. The thermal decomposition of

stearic acid adsorbed on NM and CM are shown in Fig. 4b

and c. Three distinct mass loss steps are observed for the

thermogravimetric analysis of stearic acid adsorbed NM

over the 46–115 �C temperature range, 200–400 �C tem-

perature range and 500–700 �C temperature range. The first

Fig. 2 Thermogravimetric and

differential thermogravimetric

analysis of (a) sodium

montmorillonites and (b)

calcium montmorillonite
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DTG set of peaks is assigned to dehydration; the second

principally to sublimation of the stearic acid; and the third

DTG peak to the dehydroxylation of the NM. It is noted that

the dehydroxylation temperature is decreased to 518 �C

through stearic acid adsorption. It is proposed that this

decrease in DTG temperature of dehydroxylation provides

evidence for a mechanism involving benzoic acid for the

removal of the hydroxyl units from the montmorillonite. A

similar set of results is observed for stearic acid adsorbed on

CM. Three sets of DTG peaks are observed over the tem-

perature ranges 40–115 �C, 200–380 �C and 500–700 �C

temperature ranges. The large mass loss at 218 �C of 9.66%

observed at 218 �C is ascribed to the sublimation of the

stearic acid. The sublimation of the stearic acid occurs at

higher temperatures that that for benzoic acid.

Conclusions

The desorption of the two common acids benzoic and

stearic acid from sodium and calcium montmorillonites has

been studied using a combination of thermogravimetric

analysis and differential thermogravimetric analysis. Ben-

zoic acid sublimes from the sodium montmorillonites at

140 �C and from the calcium montmorillonites at 179 �C.

This difference in temperature is attributed to the differ-

ences in the chemisorptions of the benzoic acid on the

sodium and calcium montmorillonites. This chemisorptions

also affect the dehydroxylation of the montmorillonites

which is lowered by the adsorption of the benzoic acid. It is

proposed that the carboxylic acid (–COOH) part of the

benzoic acid interacts with the siloxane surface of the

Fig. 3 Thermogravimetric and

differential thermogravimetric

analysis of (a) sodium

montmorillonite and (b)

calcium montmorillonite with

adsorbed benzoic acid
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Fig. 4 Thermogravimetric and

differential thermogravimetric

analysis of (a) stearic acid, (b)

sodium montmorillonite and (c)

calcium montmorillonite with

adsorbed stearic acid
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montmorillonite and provides a mechanism for the loss of

the inner hydroxyl group.
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