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Abstract Since many polymer–organoclays nanocompos-

ites are prepared in melt state, the thermal stability of the

surfactants present in these organoclays is extremely

important. Alkyl ammonium salts are surfactants which

have been used in organoclays, but the low thermal

degradation temperature of these salts is a drawback for

polymer nanocomposites preparation in the melt state at

temperatures higher than 200 �C. In order to obtain

organoclays more suitable to be used in these polymer

nanocomposites, in this work clay minerals were modified

with more thermally stable organic modifiers than con-

ventional salts. Two types of commercial clay minerals

were organically modified with alkyl ammonium salt, alkyl

and aryl phosphonium salts and an organosilane com-

pound. X-ray diffraction, thermogravimetric analysis (TG)

and infrared analysis results indicate that for both com-

mercial clay minerals the preparation of the organoclays

was efficient. TG analysis confirmed that phosphonium and

silane organoclays are more thermally stable as compared

with conventional alkyl ammonium organoclays. It was

also observed that the thermal resistance of the organoclay

depends on the type of the aluminosilicate used for the

organic modification.
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Introduction

Layered silicates or clay minerals are widely used as

thixotropic components in fluids of petroleum well per-

foration, in metal foundry industries, lubrificants, paints,

adhesives and cosmetics [1, 2] as well as in water

purification [3–5] and as catalysts and catalytic support

for organic reactions [6]. In recent years, layered silicates

have been also used as nanofillers for various polymer

matrices, forming the so-called polymer–clay mineral

nanocomposites. There have been large interest in these

nanocomposites because a small amount of organoclay

(about 5 mass%) can lead to a large improvements in

various properties of the polymer matrix [7–13]. In order

to improve the compatibility between hydrophilic clay

minerals and the organophilic polymers, the interlayer

cations should be replaced by organic cations through an

ionic exchange reaction, leading to the formation of

organoclays. Depending on the chemical structure, pack-

ing density and molecular volume of these surfactants, the

enthalpy and entropy of mixing of the organoclay with the

polymer can be optimized in order to promote intercala-

tion of polymer chains inside the clay mineral galleries

and eventually lead to truly nanocomposites formation,

where individual clay mineral platelets are dispersed in

the polymer matrix [14–16].

Quaternary ammonium salts are compounds frequently

used as surfactants in organoclays because they can be

easily exchanged with ions situated between the layers of

clay minerals and also because of its low price. However,

the main drawback of these compounds is the low thermal

decomposition temperature, around 180 �C [17]. This is a

concern for polymer–organoclay nanocomposites obtained

by melt compound, since the melt temperature of most

synthetic polymers is higher than this temperature and
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therefore the organic salt can be decomposed during the

nanocomposite melt processing. This decomposition by its

turn could lead to clay mineral platelets collapse and

worsening of the compatibility between clay mineral and

polymer due to the alteration of the interface clay mineral/

polymer, precluding the formation of nanocomposites [18].

Moreover, the products from the thermal degradation of the

organic salt are likely to accelerate the thermal degradation

of the polymer chains of nanocomposites [19, 20].

In order to avoid the thermal decomposition of the

organic salt during the nanocomposite processing, others

organic salts having higher decomposition temperatures than

alkyl ammonium salts have been considered as organic

intercalants for the montmorillonite. Among these salts, it

should be highlighted the ionic liquids. These compounds

can be produced with a variety of cations and anions. More

common organic cations are derivated of imidazolium,

pyridinium and phosphonium [21–27]. Besides the high

thermal resistance, it is also possible to control the hydro-

philic/lipophilic balance of the ionic liquids structure across

proper selection of the constituting ions.

Smectite clay minerals modified with organosilanes are

another type of organoclays which usually present high

thermal decomposition temperatures. In this case, the

organic modification can take place by the following ways:

adsorption of the organosilanes into the clay mineral gal-

leries (intercalation), adsorption on the clay mineral

external surface and covalent bond of the organosilane on

the internal surface of clay mineral platelets or onto the

edge side of the clay mineral [28–34]. This last type of

modification occurs due to the silylation reaction between

alkoxysilane groups from the organosilane and the hydro-

xyl groups which are present on the edge of smectite clay

minerals [35, 36].

In this work, it was prepared and characterized three

organoclays with two phosphonium ionic liquids and one

silane compound in order to compare their thermal proper-

ties with a typical alkyl ammonium organoclay. Moreover,

the organoclays were prepared by using two commercial

montmorillonites with different cation-exchange capacity

(CEC), in order to evaluate how the properties of organ-

oclays are affected by the type of inorganic hosts.

Experimental

Materials

Montmorillonite Cloisite� Na? was purchased from

Southern Clay, USA, and montmorillonite Nanomer� Na?

was purchased from Nanocor, USA. According to suppli-

ers, the cationic exchange capacity of these clay minerals is

92 meq/100 g and 145 meq/100 g, respectively. In this

work, we used the acronyms Mt-1 and Mt-2 for montmo-

rillonites Cloisite Na? and Nanomer Na?, respectively.

Montmorillonite Mt-1 30B was purchased from Southern

Clay, USA, for comparison with others organoclays after

the modification.

Organic modifiers used to the organophilization of the

montmorillonites were:

1. Tetradecyl(trihexyl)phosphonium bromide (Cytec

Industries), molar mass = 483.85 g mol-1; acronym:

PHOSPHONIUM 1;

2. Butyl(triphenyl)phosphonium bromide (Cytec Indus-

tries), molar mass = 319.40 g mol-1; acronym: PHOS-

PHONIUM 2;

3. 3-Aminopropylmethyldiethoxysilane YH-62, (Sigma-

Aldrich), molar mass = 191.1 g mol-1; acronym:

SILANE;

4. Bis(2-hydroxy-ethyl)methyl tallow ammonium, which

is the organic modifier of the commercial organoclay

Mt-1 30B, from Southern Clay, molar mass =

359 g mol-1; acronym: AMMONIUM;

The chemical structures of these organic modifiers are

illustrated in Fig. 1.

Methods

Modification of montmorillonite clay minerals

Organoclays were obtained from mixing colloidal suspen-

sions of Mt-1 or Mt-2 with solutions of phosphoniums or

silane modifiers. For phosphonium 1 and silane, the
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Fig. 1 Illustration of the chemical structure of organic modifiers used

in this work: a phosphonium 1, b phosphonium 2, c silane and d alkyl

ammonium (from Mt-1 30B), where T = tallow is a natural products

composed predominantly of octadecyl alkyl chains (65 %) [20]
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solutions were prepared in distilled water and isopropyl

alcohol at temperature between 60 and 80 �C. The ratio

water:alcohol was 1:1 and 1:3 for the phosphonium 1 and

silane, respectively. Phosphonium 2 was dissolved directly

into distilled water at temperature between 60 and 80 �C.

The concentration of the modifiers on water or water:al-

cohol was about 5 mass%. Mt-1 and Mt-2 clay minerals

were separately dispersed in a separated suspension-con-

taining distilled water and/or alcohol at a solid concentra-

tion of about 2 mass%. Next, the solution containing the

modifiers was slowly added into this suspension. In the

final suspension, the concentration of organic modifier

relative to clay mineral was about 1.5 times the CEC of the

clay mineral. This final suspension was maintained under

mechanical stirring for 3 h and under temperature between

60 and 80 �C. After this, the organoclay in suspension was

concentrated in a centrifuge and washed 3–6 times with the

initial solution, water and/or alcohol to remove the excess

of organic modifier. For clay minerals modified with

phosphonium 1 and phosphonium 2, the verification of the

presence of halogen anion in the suspension was performed

by adding 0.1 M silver nitrate in the filtrate. The agglom-

erates obtained were dried under vacuum at 60 �C for

24–48 h. The dried agglomerates were broken down to

obtain powder materials that were sieved (mesh aperture:

0.074 mm) to posterior characterization.

Characterization techniques

X-ray diffraction (XRD)

The X-ray diffraction characterization of the clay minerals

and organoclays was performed on a diffractometer Rigaku

model Geigerflex equipped with CuKa radiation and Kb-

Ni filter. The measurements were taken in two angular

ranges (2h): from 1.7� to 75� and from 1.7� to 10�, and the

scanning rates utilized were 1 and 0.25� min-1,

respectively.

Chemistry analysis by X-ray fluorescence

The chemistry analysis by X-ray fluorescence of the

unmodified clay minerals (Mt-1 Na? and Mt-2 Na?) was

performed on an equipment PW 1400 (Philips), using

calibration curves with pattern NIST, BCS and IPT.

Infrared spectroscopy (FT-IR)

Infrared spectroscopy was performed on a spectrometer

PerkinElmer, model Spectrum 1000. Spectrums of

absorption were obtained from 400 to 4000 cm-1. Samples

were produced in form of KBr pellets 2 mm of thick.

Thermogravimetry

The thermal stability of the unmodified and modified clay

minerals was measured on a 2950 thermogravimetric

analyser (TA Instruments), under nitrogen atmosphere,

from 25 to 900 �C at heating rate of 20 �C min-1. The

sample mass used in experiments was about 15 mg.

Results and discussion

Characterization of neat clay minerals

Table 1 provides the chemical analysis results for the two

sodium clay minerals used in this work, and the XRD

patterns of these clay minerals are plotted in Fig. 2. The

XRD patterns indicate that the mineral composition of both

clay minerals is very similar and that montmorillonite is

the major constituting phase. The XRD patterns also

indicate the presence of minor amount of minerals kaolinite

and quartz. The content of SiO2 obtained by chemical

analysis is due to the presence of the aluminosilicates

montmorillonite and kaolinite and also due to the quartz

phase in clay minerals. The aluminum (Al2O3) also comes

from the montmorillonite and kaolinite phases. The pres-

ence of sodium and calcium mainly in montmorillonites

clay minerals is probably due to exchange cations. The iron

can be present in the clay minerals as impurity (e.g., oxide

or hydroxide of iron) or as a substitute of aluminum atoms

in the aluminum silicate sheet.

Characterization of organoclays

Infrared spectroscopy

FT-IR spectra of neat clay minerals (Mt-1 Na? and Mt-2

Na?) and the organoclays are displayed in Figs. 3 and 4.

Table 1 Chemical analysis of commercial neat sodium clay minerals

used in this work

Constituting elements Mt-1/mass% Mt-2/mass%

SiO2 60.9 61.6

Al2O3 21.1 21.2

Fe2O3 4.8 4.3

Na2O 4.2 3.5

MgO 2.2 2.4

ZrO2 0.04 0.05

CaO 0.2 0.3

K2O 0.06 0.2

TiO2 0.1 0.2
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The characteristic band at 3634 cm-1 corresponds to

vibration of hydroxyl group linked to aluminum and

magnesium [37]. Other important absorbance occurs at

1035 cm-1, due to stretching Si–O bonds of silicates pre-

sent in the clay mineral and at 916 and 800 cm-1, due to

vibrations of Al(Al)OH and Mg(Mg)OH in montmoril-

lonite clay mineral, respectively. Peaks at 3400 and

1640 cm-1 correspond to the –OH stretching and bending

vibration, respectively, of adsorbed H2O [37, 38]. The

intensity of these H2O bands was reduced for organoclays

in comparison with pristine montmorillonites, mainly for

phosphoniums organoclays and at a lower extent for silane,

showing that the intercalation process reduced the water

content of organoclays. Further evidence of successful

organic modification of Mt-1 and Mt-2 is given by the

presence of peaks assigned to organic groups in FT-IR.

Peaks found at 1466, 2850 and 2926 cm-1 can be assigned

to stretching of C–C bonds, symmetric and asymmetric C–

H vibrations, respectively, and are associated with the

aliphatic chains of phosphonium, ammonium and silane

organic modifiers [39, 40]. The spectra of the aromatic

phosphonium 2 show additional peaks at 1440 and at

3066 cm-1, which can be attributed to stretching of C–C

and C–H bonds, respectively, in aromatic rings [41, 42].

Thermogravimetric analysis (TG): thermal resistance

of phosphonium organoclays

The thermogravimetric analysis curves (TG curves) for the

pristine clay minerals and organoclays are shown in Fig. 5,

and the derivative thermogravimetric curves (DTG), which

are the first derivatives curves from TG curves, are shown

in Fig. 6. By its turn, the thermal gravimetric parameters

extracted from these curves are presented in Table 2. For

temperature up to 130 �C, unmodified clay minerals Mt-1

and Mt-2 undergo a first mass loss of 8.3 and 7.7 mass%,

respectively (ML130 in Table 2). This first mass loss is

ascribed to water loss in montmorillonite from two sources:

adsorbed water in pores (water molecules with large

mobility) and water molecules from hydration shell of the

exchangeable cations [17]. For phosphoniums and ammo-

nium organoclays, the mass loss below 130 �C is much

smaller than that of unmodified clay minerals, since the

hydrated inorganic cations were exchanged by hydrophobic

organic cations [43]. However, for silane organoclay, the

values of ML130 are similar to the respective pristine
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montmorillonites, which shows that in this organoclay the

hydrated inorganic cations are still present in interlayer

space. This assumption is very reasonable, since it is

expected that the silane molecules become adhered onto

montmorillonite through adsorption and/or covalent bond-

ing instead of cations exchanging. These values of water

content on montmorillonites and organoclays given by TG

analysis qualitatively corroborate the results found by FT-

IR analysis. DTG curves show another peak of mass loss at

681 and 660 �C for unmodified montmorillonites Mt-1 and

Mt-2, respectively, with a mass loss of about 6 mass%.

These peaks of mass loss can be associated with dehy-

droxylation reactions of montmorillonite layers [43–45]

and can be seen also in the DTG curves of the organoclays.

Besides the peaks in DTG curves associated with mass

loss due to water elimination and dehydroxylation, there

are additional peaks associated with thermal degradation of

the organic molecules from ammonium, phosphoniums and

silane compounds. Thermal stability for these organoclays

was evaluated from some parameters extracted from TG

and DTG curves, namely the onset temperature of organic

degradation, maximum temperatures from peaks on DTG

curves, temperature for 10 mass% of mass loss and mass

loss at 275 �C. These parameters are summarized in

Table 2 and demonstrate that the thermal stability of

phosphonium organoclays is far superior to that of

ammonium organoclay, what has also been shown in other

works [44–46]. For instance, while the ammonium organ-

oclay has an onset temperature for degradation of 156 �C,

phosphonium 1 and phosphonium 2 organoclays have onset
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temperatures of 253 and 273 �C, respectively. It means an

increase in the onset temperature of degradation by 97 and

117 �C for phosphonium 1 and phosphonium 2, respec-

tively. Since 156 �C is in the temperature range used for

processing of most thermoplastics, it is expected that

ammonium organoclays undergo significant degradation

when dispersed in such thermoplastics by melt com-

pounding, what would not occur with phosphoniums

organoclays. According to Xie et al. [44], the mechanisms

of thermal degradation of aliphatic ammonium and phos-

phonium organoclays are similar, i.e., b-elimination

(Hoffman process) and nucleophilic substitution (of N or P

atoms). The higher thermal stability of phosphoniums as

compared to ammoniums counterparts is due to the dif-

ferences between the atomic characteristics of phosphorous

and nitrogen, what changes the onset temperature of each

one of these mechanisms. For example, nitrogen has higher

electronegativity than phosphorous, what promotes a

higher acidity of b-protons in alkyl ammonium than in

alkyl phosphonium compounds [47]. Thus, in the presence

of base, these b-protons in ammonium organocations

undergo facile Hoffman elimination, unlike the b-protons

in phosphonium [44, 48, 49].

Regarding the effect of the type of phosphonium organic

modifier, the onset temperatures of degradation and the

peak degradation temperatures from DTG curves are

higher for phosphonium 2 than phosphonium 1 whatever

the montmorillonite of the organoclay (Mt-1 or Mt-2). For

Mt-1 phosphonium organoclays, the onset temperature of

degradation of phosphonium 2 is 20 �C larger than phos-

phonium 1 (273 vs. 253 �C), while for Mt-2 organoclays

this difference is 9 �C (247 vs. 238 �C). These results

indicate that phosphonium with aryl groups presents higher

thermal stability than the phosphonium with alkyl groups.

This probably occurs because the phenyl groups of phos-

phonium 2 promote a steric hindrance around the phos-

phorous atom, protecting this atom from the attack of ions

and free radicals. It is also possible that interactions

between phosphorous atom and phenyl groups result in the

delocalizations of the positive charge of phosphonium

cation, what can reduce the acidity of b-protons of the alkyl

chain and therefore reduce the possibility of b-elimination

reactions [44].

In order to analyze the effect of montmorillonite type on

the thermal stability of phosphonium organoclays, TG

thermal parameters from Table 2 of Mt-1 phosphonium

organoclays are compared with that of Mt-2 organoclays

with the same organic modifier. For phosphonium 1

organoclays, Mt-1 organoclay has a larger onset tempera-

ture of degradation (15 �C larger) and larger temperature of

peak of mass loss (45 �C larger) as compared with Mt-2

organoclay with the same phosphonium 1. For phospho-

nium 2 organoclays, Mt-1 organoclay has an onset tem-

perature of degradation 26 �C larger than that of Mt-2

organoclay with the same phosphonium 2, even though the

temperature of peak of mass loss is similar (about 530 �C).

In addition, the behavior of degradation peaks of DTG

curves (Fig. 6a, b) changes significantly from Mt-1 to Mt-2

Table 2 Organoclays properties determined from TG analysis

Clay minerals/organoclays Tonset/�Ca Tmax/�Cb T10%/�Cc ML130/mass%d ML275/mass%e OC/mass%f CEC coverageg

Pristine Mt-1 – 681 – 8.3 – – –

Mt-1/ammonium 156 288, 421, 607 296 1.8 6.9 29 1.2

Mt-1/phosph.1 253 (433), 496, 529, (610) 429 1.3 1.7 30 0.9

Mt-1/phosph.2 273 (408), 530, (595) 448 1.8 2.2 22.5 1.0

Mt-1/silane 254 412, 644 * 6.9 7.3 3 –

Pristine Mt-2 – 660 – 7.7 – – –

Mt-2/phosph.1 238 (424), 451, (481), 635 414 0.4 1.0 24 0.5

Mt-2/phosph.2 247 340, 529, 621 393 0.8 1.1 28 0.8

Mt-2/silane 252 403, 670 * 6.2 6.6 2.7 –

a Tonset is the temperature on TG curves where the derivative mass loss is 0.001 % �C-1 over the value of the lower temperature, steady state,

plateau [45]
b Tmax is the temperatures of maximum mass loss rate from DTG curves. Values between brackets are approximate because they were calculated

from shoulders on the TG curves. Values in bold are associated with thermal degradation of the organic molecules
c T10% is the temperature for 10 % mass loss
d ML130 is the mass loss at 130 �C; these values are largely due to the loss of water
e ML275 is the mass loss at 275 �C
f OC is the organic concentration
g CEC coverage is the ratio of organic molar concentration/CEC
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organoclays for the same phosphonium molecule. For

instance, the first organic degradation peak of phospho-

nium 2/Mt-2 (Fig. 6b) is significantly larger than the peak

of phosphonium 2/Mt-1 (Fig. 6a).

Xie et al. [44, 48] have argued that thermal degradation

behavior of surfactants in organoclays is quite different

from the neat surfactants due to catalytic activity of alu-

minosilicate platelets and the nanoscopic confinement of

the organic molecules inside these platelets. The catalytic

activity depends on the concentration of Bronsted and

Lewis acid centers originated from hydroxyl groups and

partially coordinated metal atoms, and this activity is

expected to decrease the onset temperature of degradation

of surfactants. By its turn, the nanoscopic morphology of

the surfactant inside the platelets is expected to dictate the

behavior of the multiple degradation peaks in DTG curves.

Thus, the observed lower thermal stability of Mt-2 phos-

phoniums organoclays compared with Mt-1 suggests that

Mt-2 aluminosilicate has a larger catalytic activity than

Mt-1. Moreover, the very distinct behavior of DTG curves

of Mt-1 and Mt-2 phosphoniums organoclays suggests that

these two organoclays have very different interlayer con-

finement and arrangement of phosphoniums molecules.

This speculation is corroborated by the results of the

analysis of organic content and interlayer distance, which

are discussed further ahead.

Thermogravimetric analysis (TG): thermal resistance

of silane organoclay

Silane organoclays present an onset temperature of degra-

dation of 254 and 252 �C for organoclays with Mt-1 and

Mt-2, respectively. Moreover, the peak degradation tem-

peratures are 412 and 403 �C for silane/Mt-1 and silane/

Mt-2, respectively. These values suggest that silane/Mt-1

organoclay has a higher thermal stability than ammonium/

Mt-1 organoclay. On the other hand, the values of peak

degradation temperatures from Table 2 indicate that the

thermal stability of silane organoclays is lower than that of

phosphoniums organoclays. Another feature of silane

organoclays is the minor influence of the type of alumi-

nosilicate (Mt-1 or Mt-2) on its thermal stability as com-

pared with phosphonium organoclays. In fact, the values of

onset temperature of degradation and temperatures of

peaks of mass loss are similar to silane organoclays with

Mt-1 and Mt-2. Moreover, the degradation curves of silane

organoclay present just a single degradation peak (about

400 �C) in DTG curves. This differs from the other

organoclays, which have more than one degradation peak

assigned to organic degradation. As discussed above,

multiple steps degradation has been associated with the

variety of environment of organic molecules in the inter-

layers galleries [49]. The absence of staged degradation in

silane organoclays suggests that the kind of interaction of

the organic silane molecules with the inorganic montmo-

rillonite platelets is different from the interactions expected

for the ammonium and phosphoniums molecules. While for

ammonium and phosphonium molecules it is expected

electrostatic interaction of nitrogen or phosphorous atoms

with the inorganic platelets, for silane molecules it is

expected the following interactions: physically adsorbed

silane molecules onto montmorillonite surface or in the

interlayers gallery and covalent-bonded silane molecules

on the edges of the clay mineral platelets or on the inter-

layer surface of these platelets [49, 50].

Thermogravimetric analysis (TG): organic content

Besides evaluating the thermal resistance of organoclays,

TG analysis is also useful to estimate the organic content

of these compounds. The organic contents for each

organoclay were calculated from the respective TG curves

based on the assumption that the loss of water, organic

degradation and dehydroxylation process can be assigned

to discrete steps in these curves and that the respective

DTG peaks for each process do not overlap each other

[51]. Thus, the organic content in each TG curve was

determined from the mass content values between the

onset temperatures of organic loss and the dehydroxyla-

tion. By its turn, these temperatures were assumed as the

onset temperatures of the DTG peaks associated with

these two mass loss events. The values of organic contents

(OC) calculated through this method are shown in

Table 2.

From the organic contents values, the values of CEC

coverage were calculated as the ratio of molar concentra-

tion of the surfactants to the CEC values and are also

shown in Table 2. The CEC coverage values for phos-

phonium organoclays are below 1, suggesting that

exchange reaction between the sodium and phosphonium

cations was incomplete, even though the process of organic

modification of clay minerals was performed with a con-

centration of organic modifier relative to clay minerals of

about 1.5 times the CEC of the clay mineral. One possible

reason for this incomplete exchange is the large size of

phosphoniums surfactants, what would hamper the diffu-

sion of these organic in the gallery of the montmorillonites.

Another possible reason is related to solubility issues

during the organic intercalation process, since phosphoni-

ums surfactants are not soluble in water at room tempera-

ture and thus it is necessary increase water temperature or

adds ethanol in order to promote solubilization. Therefore,

it is possible that, in the step of mixing the phosphonium

solutions in the montmorillonite suspension, some precip-

itation of phosphonium or aggregation of montmorillonite

may have happened.
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The CEC coverage is also influenced by the montmo-

rillonite type, since the CEC coverage value for Mt-1/

phosphonium is larger than Mt-2/phosphonium, comparing

with the same phosphonium modifier. It is likely that the

exchange reaction between the sodium and phosphonium

cations in Mt-2 clay mineral was incomplete because of the

higher charge density of platelets in this clay mineral, as

can be deduced from its higher CEC. This increased charge

is expected to promote a stronger electrostatic attraction

between the clay mineral platelets and the interlayer

cations, hampering the entrance of bulk phosphonium

cations into the clay mineral galleries. It is also possible

that the higher CEC of Mt-2 pristine montmorillonite

precluded a complete exfoliation of platelets in water

during the intercalation process, mainly when alcoholic

solution of phosphonium was added in Mt-2 suspension.

This difference in CEC between phosphonium organoclays

with Mt-1 and Mt-2 is another evidence that these organ-

oclays have distinct interlayer confinement and arrange-

ment of phosphonium molecules, what corroborates the

above discussion about the effect of montmorillonite type

on thermal degradation behavior of phosphonium

organoclays.

X-ray diffraction analysis

The intercalation of the molecules of organic modifiers

between layers of the clay minerals was accompanied by

XRD, through the analysis of the basal spacing d001 of the

organoclays. XRD patterns of the organically modified Mt-

1 and Mt-2 clay minerals are plotted in Figs. 7 and 8,

respectively. For the sake of comparison, besides the XRD

patterns of clay minerals modified with phosphonium and

silane, diffractogram of Mt-1 30B which contains con-

ventional ammonium quaternary salts on the structure is

also plotted in Fig. 7. Table 3 summarizes the interplanar

distances d001 of organoclays calculated from the diffrac-

tion angles of the correspondent 001 reflections in Figs. 7

and 8. All the organic modifiers promoted an expansion of

the interlayer spacing between the clay mineral platelets,

since all the XRD patterns of modified clay minerals

showed 001 reflections displacement to the left compared

to unmodified clay minerals. Regarding the effect of the

type of organic modifier on the basal spacing, from the

results of Table 3, we can rank the modifiers in the fol-

lowing order in terms of capacity of increasing the basal

spacing: phosphonium 1[ phosphonium 2 * ammonium

surfactant[ silane. For phosphonium surfactants,

Patel et al. [41] have calculated the maximum length of

various structures of phosphoniums surfactants. From these

surfactants, the structures of tributyl tetradecyl phospho-

nium bromide (P3) and propyl triphenyl phosphonium

bromide (P7) are similar to structures of phosphonium 1
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Fig. 7 XRD patterns of neat and organically modified Mt-1 clay

minerals
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Fig. 8 XRD patterns of neat and organically modified Mt-2 clay

minerals

Table 3 Basal spacing (d001) of the modified clay minerals (values in

nanometers)

Organic modifiers Mt-1 Mt-2

Neat (sodium clay mineral) 1.23 1.19

Ammonium 1.84 –

Phosphonium 1 2.33 2.10

Phosphonium 2 1.84 1.77

Silane 1.52 1.26
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and phosphonium 2, respectively, and it was found a length

of 1.0 nm for P3 and 0.4 nm for P7. Even though the

structures of phosphonium 1 and phosphonium 2 are not

identical to that from Patel’s work, it serves as a qualitative

comparison between the sizes of these two surfactants and

therefore the length of phosphonium 1 can be considered to

be larger than that of phosphonium 2, which is coherent

with the larger basal spacings of phosphonium 1 organ-

oclays. This observation is in accordance with the results of

some works which have shown that the longer the length of

aliphatic chains of the organic modifier the larger the layer

spacing [39, 52]. Moreover, from the values of basal

spacing of phosphonium organoclays, we can speculate

about the most probable configuration of these surfactants

in the interlayer gallery. For organoclays of Mt-1 and Mt-2

with phosphonium 1, the d001 values are 2.33 and 2.10 nm,

respectively. These values are consistent with a pseudo-

trilayer and a bilayer arrangement of the aliphatic chains,

respectively. In another hand, for organoclays with phos-

phonium 2, the d001 values is 1.84 nm for Mt-1 and

1.77 nm for Mt-2, which suggests a bilayer arrangement of

the phosphonium 2 chains [45, 53–56].

The incorporation of silane on montmorillonite pro-

moted a smaller increasing of interplanar distance, as

compared with that promoted by phosphonium molecules,

what suggests that there is a low concentration of silane

molecules intercalated into the gallery of montmorillonite.

Some studies have shown that when water or water/ethanol

is used as the solvent on the silylation process (as in the

present work) the silane molecules can diffuse into the clay

mineral platelets, what could lead to a reasonable interca-

lation degree of silane molecules [49, 50]. However,

depending on the intercalation conditions, the solution

water/ethanol can promote a premature hydrolysis and

condensation of silane molecules before the intercalation of

initial molecules takes place. In this case, these reactions

can generate polymers with large sizes, which are more

difficult to be intercalated between the clay mineral gal-

leries, leading to a decrease in intercalation [57]. This is a

reasonable explanation for the small increase in interplanar

spacing after silylation in this work, mainly because the

silane used here is bifunctional, and therefore, premature

hydrolysis and condensation could generate large cross-

linked siloxane polymers.

The small increase in interplanar spacing after the

silylation can also be alternatively explained by take in

account that montmorillonite sheets have silanol groups on

its edges which can react with the silane molecules. It has

been estimated that the negative charge assigned to these

silanol groups is about 15 mass% of the total clay mineral

charge [35, 36, 58]. By considering the model proposed by

Herrera et al. [32] which argue that mostly of the silane

molecules react with silanol groups present at the

montmorillonite sheet edges, it is expected that the silane

molecules attached by this way into one clay mineral sheet

edge can further react with other silane molecules from

neighbor sheets, since the silane molecules are bifunc-

tional. Therefore, a cross-linked network of siloxane

polymer can be generated around the clay mineral edges

sheets, what can push these sheets apart and slightly

increase the d001 value.

Besides the influence of organic modifier, the mont-

morillonite type also influences the basal spacing of

organoclays, since the basal spacing of Mt-1 organoclays is

slightly larger than that of Mt-2 ones, i.e., the larger the

CEC of the clay mineral the smaller the increment in basal

spacing of organoclay relative to pristine montmorillonite.

One could expect an opposite trend, i.e., an increase in

basal spacing with the increase in CEC, since a clay min-

eral with higher CEC could accommodate more organic

modifier into its gallery if all the sodium cations were

replaced by the organic cations [59–63]. Such an opposite

trend in the present work can be due to an incomplete

exchange reaction between the sodium and phosphonium

cations in Mt-2 clay mineral, what is likely to have

occurred, as was seen by the CEC coverage results shown

above. In fact, a comparison between Tables 2 and 3

reveals that the lower CEC coverage of phosphonium/Mt-2

organoclays is correlated with lower basal distance of these

organoclays, as compared with phosphonium/Mt-1 organ-

oclays. As has been shown elsewhere [54, 64–68], besides

the CEC, the basal spacing also depends on the organic

loading of the clay mineral relative to its CEC.

Conclusions

In this study, organoclays containing ammonium, phos-

phonium and silane were prepared and characterized, in

order to evaluate its suitability for utilization in polymer

nanocomposites prepared by mixing these organoclays

with polymers in the melt state. The selection of the

organoclay for this application should consider not only the

thermal stability but also the interplanar distance of the

organoclay, since larger galleries can facilitate the inter-

calation of polymer molecules into organoclays during the

processing in the melt state.

Overall, the thermal stability of the organoclays studied

decreases in the order: phosphoniums[ silane[ ammonium.

By its turn, the lamellar spacing between aluminosilicate

platelets decreases in the order: phosphoniums[ ammo-

nium[ silane. This indicates that phosphoniums would be the

most preferable for mixing in polymer melts, due to its highest

thermal stability and lamellar spacing. Between silane and

ammonium, silane would be a better choice regarding the

thermal stability, but one would have to evaluate whether the
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low interplanar distance of this organoclay would preclude the

intercalation of polymeric chains during the preparation of

nanocomposites by melt compounding. Between phosphoni-

ums organoclays studied, phosphonium 2 (containing phenyl

groups) presents higher thermal resistance but lower lamellar

spacing than phosphonium 1. Thus, phosphonium 2 would be

a better choice than phosphonium 1 for use in nanocomposites

if its lower lamellar spacing does not hinder the polymeric

intercalation process. Finally, it was also found evidences that

the montmorillonite source have a significant influence on

thermal stability, behavior of thermal degradation and lamellar

spacing of the phosphonium organoclays, at least for the

method of preparation of the organoclays used in this work.
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