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Abstract Two types of bentonites were modified using a

cleaner method to prepare aluminum-pillared clays. This

methodology involved a purifying stage, an intercalation

process, and a microwave irradiation step at low energy

power. Structural changes induced by pillaring process

were demonstrated by thermal behavior, as well as mor-

phological characterization. The effect of pillaring process

on thermal stability of clays was studied, and the mass lost

associated with the dehydroxylation of the octahedral clay

sheets was not detected for modified bentonites. In addi-

tion, an analysis of their chemical composition and crys-

talline structure was also performed. Concerning industrial

applications of these bentonites, two potential uses were

proposed: (1) as reinforcement of different polymers

matrices such as thermoplastic starch (TPS), high-density

polyethylene (HDPE), and poly (styrene-b-butadiene-b-

styrene), SBS; and (2) as removal agent for cadmium (Cd)

species present in wastewaters. Bentonite particles rein-

forced thermoplastic starch matrix and increased ultraviolet

barrier capacity of HDPE composites. Besides, bentonites

improved the mechanical performance and modified barrier

properties of SBS. Regarding effluents purification, an

adequate Cd adsorption from aqueous solutions was

observed (77%), proving their feasibility to be used as non-

conventional removal agents.

Keywords Aluminum-pillaring � Bentonite � Thermal

behavior � Polymeric filler agent � Wastewaters � Cd

removal

Introduction

Scientific and industrial interest in natural clays lies in their

worldwide abundance, easiness extraction, and low cost

[1]. The large deposits of natural clays located in many

countries assured the development of local industries

focused not only on the mineral extraction but also on their

industrial applications [2–4].

Montmorillonite is the main mineral constituent of

bentonites, which are dioctahedral smectites. Bentonites

have 2:1 phyllosilicates with a layer structure, consisting of

octahedral alumina layers sandwiched between two silica

tetrahedral ones [2,–5]. They also contain several other

components such as quartz, feldspar, carbonates, and metal

oxides [6, 7]. Bentonites have a wide application range

mainly due to their colloidal and swelling properties, as

well as their high plasticity when they are mixed with small

amounts of water [7, 8]. In this sense, bentonites can be

used as adsorbents, ion exchangers, wine clarification, and

catalysts; as well as reinforcing agents of polymeric

matrices due to their eco-friendly character, availability,

and reusability [9–14].

In order to extend further applications of bentonites,

pillaring process is a commonly used option to modify their
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structural, thermal, and surface properties [9, 15, 16].

Scientific literature reports different techniques to prepare

pillared clays, and it was found that the characteristics of

the final materials strongly depend on the synthesis method

employed [17]. The pillaring procedure involves the for-

mation, intercalation, and subsequent fixation of polynu-

clear cations between clay layers, increasing lamellar

spacing and specific area [18]. Modified bentonites are

prepared by the insertion of various polyoxocations into

clay layers, followed by a thermal treatment [9]. This

procedure involves exchange of the interlayer cations with

large inorganic polymeric oxy-hydroxy cationic species,

spacing the silicate layers and converting layered clay

minerals into highly porous structures [17, 18]. Particu-

larly, aluminum-intercalated bentonites are obtained by

insertion of Al13-Keggin-like polycations, [Al13O4

(OH)24(H2O)12]7?, between clay layers [19]. Usually,

intercalated bentonites are submitted to calcination pro-

cesses in order to obtain ‘pillared’ materials, where poly-

hydroxy cationic species are irreversibly fixed between

bentonite layers [2]. In this sense, samples exposition to

microwave irradiation at low energy power is a scarcely

employed process for replacing mineral clays calcination.

This alternative methodology is in accordance with policies

dealing with higher awareness regarding environment.

Concerning potential applications of bentonites, clays

can act as pollutants scavengers in wastewaters [5, 20] and

as fillers of polymeric composites [21, 22], among others.

Regarding their use in wastewaters, bentonites play an

important role in the environment protection by acting as a

natural scavenger of pollutants through an ion exchange

process [7]. According to Randelovic et al. [23], several

modification methods of mineral clays have been studied

nowadays, including physical, chemical, and thermal

treatments with the purpose of enhancing their adsorption

capacity for certain harmful substances dissolved in water.

These minerals have shown a great ability to adsorb a wide

variety of heavy metals from water solutions, including

Ni(II), Cu(II) [24, 25], Cs(I), Cd(II), Pb(II), U(III) [26], and

La(III) [25], among others. Particularly, cadmium (Cd) is a

heavy metal that has received special attention regarding its

accumulation in sediments, soils, and groundwater [26],

and its removal from natural water sources is of great

interest [27].

As it was previously mentioned, another important

application of bentonites is their incorporation as rein-

forcing fillers for different polymeric matrices or their use

to improve structural, mechanical, and barrier properties of

composites. Rohlmann et al. [11] and Magalhães and

Andrade [12] stressed that the reason for this interest is

mainly related to the potential ability of bentonite particles

to be exfoliated into nanometric platelets with high aspect

ratio values. Thus, these fillers can well dispersed within

the matrices, enhancing final properties of the resulting

composites.

The aim of this work was to obtain aluminum-pillared

bentonites (Al-pillared) by microwave irradiation, replac-

ing thermal treatments commonly used. Modified ben-

tonites were structurally and thermally characterized, and

employed as filler of different polymeric. In addition, their

capacity on cadmium removal from wastewaters was also

investigated.

Materials and methods

Materials

Natural and commercial bentonites, kindly given by Gabriel

Bouillard & Cia (San Rafael, Mendoza, Argentina), were

used as starting materials. The commercial bentonite

employed in this work is commonly used for clarification

processes in wine production. Clays were firstly submitted

to a primary crushing in order to reduce material size. Then,

samples were sieved in a stack Zonytest (Buenos Aires,

Argentina) mechanical sieve shaker, employing standard

ASTM sieves N8 40. By using this procedure (in which non-

clay material was removed), particles with sizes below

420 lm were obtained. Samples of natural and commercial

bentonite were named as M1 and E1, respectively.

Native corn starch was provided by Misky-Arcor (Tu-

cumán, Argentina), and glycerol (Anedra, Argentina) was

used as starch plasticizer. High-density polyethylene

(HDPE) was supplied by Dow-Polisur S.A., identified as

HDPE NG7000 (melt flow index, MFI = 11 g 10 min-1,

190 �C/21.6 kg, ASTM12348). Poly(styrene-b-butadiene-

b-styrene) (SBS) was purchased from Sigma-Aldrich

(Mw = 140,000 g mol-1 by GPC and 30 mass% styrene).

Purification of bentonites

Samples were subjected to a purification procedure,

including the removal of soluble salts and carbonates by

successive washes with distilled water and acetate-acetic

acid (Cicarelli, Santa Fe, Argentina) buffer solution

(pH 4.9), respectively. To solubilize salts, samples were

dispersed in distilled water (20 g clay L-1 water) and

stirred for 24 h at room temperature. Then, suspensions

were centrifuged at 1000 rpm for 30 min, and the solid

phase was dried at 120 �C. Carbonates removal was per-

formed by adding the buffer solution to clay samples

(40 mL buffer g-1 clay) and stirring for 12 h at 60 �C.

Samples were then recovered by filtration and washed 4

times with distilled water. Before each wash, a centrifu-

gation step at 4500 rpm for 10 min was carried out and the

solid phase was recovered and dried at 120 �C.
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Preparation of Al-pillared bentonites

First, clays were submitted to a homo-ionization process by

stirring the washed samples with 3 M NaOH solution (5 g

clay 100 mL-1 solution) during 24 h. After this treatment,

they were washed with distilled water several times and

dried at 120 �C.

Al-pillared agent was prepared following the procedure

reported by several authors [2, 28, 29]. A 0.4 M NaOH

solution was slowly added dropwise to a 0.4 M A1C13

solution, at 60 �C, under continuous stirring, by keeping a

[OH-]/[A13?] equal to 2.2. The resulting solution was

aged at 80 �C for 2 h, and for 24 h at room temperature.

Clay aqueous suspensions at 2% (w/v) were prepared,

and Al-intercalating solution was slowly added at 60 �C,

keeping a relation of 12 mol Al?3 g-1 clay. Samples were

stirred for 2 h at 80 �C and 12 h at room temperature.

Intercalated bentonite samples were separated by vacuum

filtration and washed with distilled water seven times until

the filtrate became free from chlorides, following the pro-

cedure reported by Tomul [30]. Solids were separated and

dried at 105 �C for 24 h. Dried solids were then sieved in a

stack Zonytest mechanical sieve shaker, employing stan-

dard ASTM sieve N8 40 (420 lm). Samples of Al-inter-

calated natural and commercial bentonites were named M2

and E2, respectively.

M2 and E2 samples were submitted to microwave irra-

diation (Whirlpool, Buenos Aires, Argentina) for 10 min,

by employing 100 W power, following the methodology

previously described by Olaya et al. [31]. Samples of

natural and commercial Al-pillared bentonites subjected to

this procedure were named M3 and E3, respectively.

Morphological characterization of bentonites

Bentonites samples were microstructural characterized by

scanning electron microscopy (SEM). Samples were dis-

persed over 3M� aluminum conductive tape sticked onto

stubs by using an air flow. Then, they were coated with

gold in a sputter coater SPI, and observed in an LEO 40X-

VP Scanning Electron Microscope (Jena, Germany),

operated at 10 kV. The topographical characteristics of

particles were obtained from secondary electron signal.

Particles size distribution was studied by laser diffraction

(LD) using a Horiba Partica LA-950 Laser Diffraction

Particle Size Distribution Analyzer (Kyoto, Japan).

Study of composition and crystalline structure

of bentonites

Crystal structure and purity of bentonites were determined

by X-ray diffraction (XRD). Diffractograms were obtained

in an X-ray diffractometer Philips PW1710 (Almelo, the

Netherlands), provided with a tube, a copper anode, and a

detector operating at 45 kV and 30 mA within 2h from 3�
to 60�. Besides, according to Bragg’s equation, basal

spacing or d001 reflection of the samples was calculated by

monitoring the diffraction angle 2h from 2� to 10�. After

X-ray scanning of the samples, mineral peaks were iden-

tified using APD Philips Analytical software. Semi-quan-

titative analysis was performed by X-Ray Fluorescence

Spectroscopy (XRF) using a MagíX Pro XRF spectrometer

(Model ARL 8410 (Birmingham, UK) with a Rhodium

anode. For this purpose, bentonites were mixed with boric

acid in order to obtain compact samples suitable for the

analysis. Concentrations of major elements and oxides

were determined using IQ ? Standardless de PANalytical

software.

Thermal analysis of bentonites

This study was carried out in a thermogravimetric balance

TA Instrument Discovery Series (New Castle, US). Sam-

ples were heated from 30 to 700 �C at 10 �C min-1, under

nitrogen flow. Curves of mass percentage as a function of

temperature were recorded, and the maximum decompo-

sition temperature was obtained from the first derivative

curves (DTG).

Use of bentonites as filler of polymeric composite

materials

In an effort to find an alternative application for commer-

cial bentonites, composites based on different polymeric

matrices containing E1 were analyzed. The composites

preparation and characterization are described in the fol-

lowing paragraphs.

Mixtures of native corn starch, glycerol (30 mass%),

distilled water (45 mass%), and E1 (0, 1, 3 and 5 mass%)

were prepared. Bentonite was premixed with starch to

achieve good particle dispersion between both powders.

Then, glycerol and distilled water were added, and samples

were mixed and conditioned at 25 �C for 24 h. Conditioned

mixtures were melt mixed in a Brabender� Plastograph

machine (Duisburg, Germany) at 140 �C and 50 rpm for

15 min, in order to obtain the final composites materials.

Films of the processed samples were obtained by thermo-

compression using a hydraulic press at 150 kg cm-2

(140 �C, 6 min). Films homogeneity and appearance were

examined by SEM, using the aforementioned microscope.

Films were cryo-fractured by immersion in liquid nitrogen,

mounted on bronze stubs, and coated with a gold layer

(*30 Å), using an argon plasma metallizer (sputter coater

PELCO 91000 (CA, US). Crystal structure identification

and degree of bentonite intercalation were studied by XRD,

using the aforementioned equipment and conditions.
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Degree of crystallinity (CD) was calculated by Eq. (1)

proposed by Soliman and Furuta [32]:

CD% ¼ Ac

Ac þ Aa

� 100 ð1Þ

where Ac and Aa correspond to the area of crystalline and

amorphous phase, respectively. Mechanical behavior was

measured in an Instron 3369 universal machine (Instron,

USA) through tensile tests. For stress–strain tests, ten

probes of 13 9 100 mm of each film formulation were

assayed. Maximum tensile strength (rmax), elongation at

break (eb) and elastic modulus (E) were calculated

according to the ASTM D882-00 (1996). Differential

scanning calorimetry (DSC) was performed on a Discovery

DSC (TA Intruments, USA). Assays were carried out under

nitrogen atmosphere. Approximately, 10 mg of each sam-

ple was tested and heated from -100 to 180 �C at

10 �C min-1.

HDPE composites containing E1 (0, 1, 3 and 5 mass%)

were prepared by processing in a Brabender� Plastograph

machine (Duisburg, Germany) at 160 �C and 40 rpm for

15 min, under nitrogen atmosphere. Films were obtained

by thermo-compression using a hydraulic press at

180 kg cm-2 (160 �C, 6 min). Films homogeneity and

appearance were examined by SEM, by using the afore-

mentioned equipment. Opacity and UV barrier capacity

were determined from the absorbance spectra

(200–700 nm) recorded in a Shimadzu UV-160 spec-

trophotometer (Columbia, US). Films were placed on the

internal side of a quartz spectrophotometer cell. Film

opacity (AU nm) was defined as the area under the recor-

ded curve determined by an integration procedure accord-

ing to Piermarı́a et al. [33], and the standard test method for

haze and luminous transmittance of transparent plastics

recommendations (ASTM D1003-00). Films color mea-

surements were performed using a Hunterlab UltraScan XE

(Reston, US) colorimeter in the reflectance mode. Color

parameters L, a, and b were recorded according to the

Hunter scale, in at least ten randomly selected positions for

each film sample. Color parameters range from L = 0

(black) to L = 100 (white), -a (greenness) to ?a (red-

ness), and -b (blueness) to ?b (yellowness). DSC analysis

was performed using the aforementioned equipment and

conditions, heating samples from 40 to 180 �C at

10 �C min-1.

Composites based on SBS and E1, (0 and 5 mass%)

were also prepared. First, film samples of SBS were casted

from a 25% w/v solution of triblock in isopropylbenzene

(cumene) without bentonite, followed by evaporation and

drying in a vacuum oven at 60 �C for a week in order to

eliminate the remaining solvent. Then, bentonite was added

to polymer solution and stirred for 3 h at room temperature

to achieve a good dispersion of clay particles. Finally, films

were obtained using the same casting procedure as before.

Films homogeneity and appearance were examined by

SEM, using the same microscope aforementioned. SEM

samples were prepared using the technique described for

the other polymer matrices. A model 3369 Instron Tensile

Testing Instrument (Buckinghamshire, UK) was employed

to determine the mechanical behavior of the films. ‘Dog-

bone’ specimens (length: 3 cm, width: 0.4 cm, and thick-

ness: 0.2–0.6 cm) were cut and assayed using a deforma-

tion speed of 10 cm min-1. Elastic modulus was calculated

according to the ASTM D628-Type V. Oxygen mass

transfer rates were analyzed at 25 �C using a Mocon OX-

Tran2/20 (Minneapolis, US) based on the ASTM 3985

standard method. Water vapor permeability (WVP) was

performed using a PERMATRAN-W Model 3/33 (Min-

neapolis, US) to measure films water vapor transmission,

according to ASTM F 1249-89 standard method. Thermal

properties were determined by DSC employing the equip-

ment and conditions previously described, heating samples

from -100 to 180 �C at 10 �C min-1.

Use of bentonites for wastewater remediation

Adsorption assays of Cd(II) on bentonite samples were

carried out in a batch system by keeping 25 mg of adsor-

bent in contact with 25 mL of Cd(II) standard solution

(100 mg mL-1). Samples were stirred at room temperature

and at pH * 6, during 6 h. Then, solutions were cen-

trifuged (5000 rpm) for 30 min and non-adsorbed metal

ion concentration in the supernatant was determined by

atomic absorption, using a GBC Avanta 932 spectropho-

tometer (Hampshire, US). The adsorbed percentage of

Cd(II) was estimated by the difference between the initial

Cd(II) concentration in the original solution and in the

resulting supernatant.

Results and discussion

Morphological characterization of bentonites

SEM micrographs (Fig. 1a–c) show the surface morphol-

ogy of the studied bentonites (M1 and E1). Both minerals

showed a typical microstructure clay bentonites (zoom

image), conformed by layer slices usually called corn-flake

morphologies [34]. Similar internal structures for different

clays were reported by Sun et al. [35] and Choo and Bai

[1]. M1 and E1 particles showed pores, interstices, and

cavities, commonly observed in natural clays, which are

related to the high swelling ability of these materials

[2, 36–38]. In addition, the presence of pseudo-spherical

aggregates with irregular borders is observed.
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Samples were analyzed using different magnifications,

and two size particle populations were observed in both

clay minerals. Particles agglomeration was observed in E1

samples, with average sizes of *3.5 and *13 lm. Con-

cerning to M1, these populations presented sizes of *5 and

*13 lm (Fig. 1a–c). Modabberi et al. [34] reported sim-

ilar particle sizes for several Iranian bentonites. Interca-

lating treatment followed by microwave irradiation led to a

less compact structure in both bentonites (Fig. 1b–d). In

this sense, E3 and M3 show more spaced crumpled and

irregular sheets, giving rise to a mille-feuille structure

organization. This appearance was more evident in the case

of M3. According to Tomul and Balci [39], the pillaring

process by using metallic ions increases particle size and

volume. In the case of E3, even though a bimodal particle

size distribution was observed, a predominant population

of *84 lm was detected. Concerning M3, these treatments

affected the particles size distribution observing mainly

aggregates of *290 lm.

Particle size distributions estimated by laser diffraction

(LD) of bulk samples (M1 and E1) are shown in Fig. 2, as

well as those of intercalated bentonites (M2 and E2) and

the corresponding samples after microwave irradiation

treatment (M3 and E3). In the case of E1, a bimodal dis-

tribution was distinguished, presenting particles of *5.8

and *35.2 lm (Fig. 2a). Equally, natural clay (M1) evi-

denced two particle size populations with similar values

(*5.45 and *39.8 lm, Fig. 2b).

In both minerals (E1 and M1), the smaller particles rep-

resented up to the 90% of the total amount of material. In the

particular case of E2 and E3 clays, a bimodal distribution of

particles size was observed (Fig. 2a). However, the size of

the largest particles resulted significantly higher than the

corresponding value obtained for E1, reaching values of

Fig. 1 SEM micrographs of

bentonite particles:

a commercial, E1; b Al-pillared

commercial, E3; c natural, M1

and d Al-pillared natural, M3
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M1, Al-intercalated natural, M2, and Al-pillared natural, M3
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*42 and *72 lm, for E2 and E3, respectively. In addition,

the intercalating process using microwave irradiation led to

an increase in the population fraction of bigger particles. In

this sense, for E2 this rise was 20% approximately, but for E3

this change was *40%. For M2, a bimodal particle size

distribution was detected (Fig. 2b). Similar to industrial

bentonites, intercalating treatment increased significantly

the size of both populations of clay minerals, obtaining

values of *184 and *354 lm. Microwave irradiation

modified the particle size distribution of natural bentonites,

evidencing three particle populations: *11, *121, and

*294 lm (Fig. 2b). Moreover, for M2 and M3 samples the

fraction of the bigger particles was 95% of the total amount

of measured particles. The effect of pillarization over the size

of bentonites agrees well with the discussion reported by

Sanabria et al. [40], in which it is stressed that the rise of the

particles size could be related to the conformation of pillars

between clay layers.

Composition and crystalline structure of bentonites

XRD patterns of all bentonites are shown in Fig. 3. Besides,

in this figure is included a table summarizing the main

identified crystalline compounds whose concentrations

were found higher than 1 mass%. All bentonites were

composed basically by montmorillonite (Mt). The reflection

of basal plane (001) and the principal reflections of Mt for

E1 and M1 were detected at 2h = 7.1� (d001 * 12.4 Å).

These reflections are correctly identified in Fig. 3a–b

[41–43]. Besides, in bulk and in the modified bentonites,

additional minerals such as quartz and feldspar were also

detected. Concerning to feldspar group, hollandite was

found in E1 and M1 samples [42]. Regarding to commercial

bentonites, the presence of anorthite (other compound of the

feldspar group) was observed after the pillarization process

[43]. Illite was found in E3 samples [44]. Particularly, for

natural bentonites, residues of albite were detected, proba-

bly due to the mother rock [44].

XRD analysis revealed that after pillaring, the (001)

basal plane (corresponding to Mt) shifted to lower angles

for both types of bentonites. Moreover, the interlayer basal

spacing (d001) increased significantly, reaching values of

17.6 and 18.6 Å for E3 and M3, respectively. According to

Bertella and Pergher [18], this increase in the basal spacing

indicates that the clay cations were exchanged for the

prepared polyhydroxy cations. The higher increment of

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

2 /°θ 2 /°θ

R
el

at
iv

e 
in

te
ns

ity
/C

P
S

(d
001

 = 12.4 Å)

(d
001

 = 14.3 Å)

(d
001

 = 18.6 Å)

(d
001

 = 12.4 Å)

(d
001

 = 12.9 Å)

(d
001

 = 17.6 Å)

Mt Mt

Mt Mt Mt
Mt Mt

Mt Mt

Mt
Mt Mt Mt MtE1

M1

M2

M3

E2

E3

H
H

Q H

H

An

An

I

Q

Mineral compound E1 E2 E3 M1 M2 M3

SiO2 (Quartz, Q) � � � � � �

� � � � � �

�

�

� �

� �

�

� � �

� �

x

x

x

x

x

x x

x x xx

x x

Q
Q

Al

Al

Na0.3(Al, Mg)2Si4O10(OH)2 xH2O (Montmorillonite, Mt)·

K(Si3Al) O8 (Hollandite, H)

(Ca, Na) (Si, Al)4O8 (Anorthite, An)

Na(AlSi3O8) (Albite, Al)

K0.7Al2(Si, Al)4O10(OH)2 (Illite, I)

: Identified compound
 x: Non identified compound

(a) (b)
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Table summarized the identified crystalline compounds whose

concentration was higher than 1 mass%
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basal spacing corresponding to M3 is in good agreement

with a more intercalated structure of M3 observed by SEM

and by LD (Figs. 1–2). These results demonstrated the

suitability of using microwave irradiation at low potency to

favor clay exfoliation as an alternative to conventional

methods such as calcination [18, 20].

Table 1 displays major element contents, determined by

X-Ray fluorescence (XRF), of bulk and modified ben-

tonites. In all samples, Si and Al were detected in major

proportion in all samples. Concerning to silica, pillaring

treatment allowed a slight reduction in its concentration in

both bentonites. The pillarization process increased the Al

concentration. In this sense, this increment was only

*15% for commercial clays, whereas for natural bentonite

this change was significantly more important (*64%).

This finding reinforces the aforementioned results obtained

by SEM, LD, and XRD techniques.

Thermal analysis of bentonites

TG curves are shown in Fig. 4. The thermal decomposition

pattern of E1 presented several differences to those corre-

sponding to modified clays E2 and E3 (Fig. 4a). TG curve

of E1 exhibited an initial mass loss step of 5.2%, while for

samples E2 and E3 this change was of 10.4 and 9.6%,

respectively. This endothermic event, which was extended

up to *110 �C, is characteristic of mineral clays and it is

associated to a dehydration process by the removal of water

molecules physisorbed in the interlayers (Fig. 4b) [45–47].

The fact that modified commercial bentonites (E2 and E3)

evidenced higher percentages of water loss than bulk one

(E1) could be associated to the structural changes induced

by intercalation and thermal treatments. Moieties of E2 and

E3 bentonites could physically adsorb major amount of

water molecules than E1, probably due to their higher

porosity. This result is in agreement with the less compact

structure of E3 compared with E1 observed by SEM

(Fig. 1a, b). For the case of modified bentonites, this step

also involved the loss of water molecules associated to the

Al-oligocations [48, 49]. According to Gil et al. [19], Al-

pillared clays undergo several transformation during heat-

ing, including the dehydration process of the Al13-Keggin-

like polycations, which are metastable polyoxocations that

form the stable pillars.

The second thermal decomposition step can be observed

at 420 �C for E2 (Fig. 4b). This event could be attributed to

desorption of surface hydration water; the loss of structural

hydroxyl groups; and a crystal phase change [50]. Finally,

for E1 (Fig. 4b), the dehydroxylation of the octahedral clay

sheets concluded at around 626 �C. In this aspect, several

authors reported similar temperatures values associated

with the dehydroxylation of natural and unmodified ben-

tonites [9, 33, 48, 51]. This event was not detected for

modified E2 and E3 bentonite samples. Pillars are not

simple metal oxides and during heating, cross-linking

reactions also take place, involving the formation of

covalent bonds between the pillars and clay mineral layers

through the hydroxyl groups [19]. These new associations

could avoid the dehydroxylation of the clay structure.

Regarding to natural bentonite (M1), TG curve was

similar to that corresponding to E1 (Fig. 4c). The first mass

loss step of 6.1% can be attributed to the dehydration

process. The second degradation step, related to the

removal of the more exposed hydroxyl groups of silicate

layers, was located at 556 �C. Finally, at 620 �C a last

event related to the dehydroxylation of the octahedral clay

sheets was detected (Fig. 4d). For modified natural ben-

tonites (M2 and M3), mass losses corresponding to the

dehydration process were more pronounced than for M1.

These events included the loss of the physisorbed water

molecules, as well as those water molecules bounded to the

pillars. Similar results were reported by Roca Jalil et al.

[49] for aluminum-pillared clays. Modified bentonites M2

and M3 also showed the thermal decomposition step cor-

responding to the loss of hydroxyl groups associated to the

silicate layers. This event was detected at 562 and 572 �C
for M2 and M3, respectively (Fig. 4d). In a similar way

than modified commercial bentonites, the thermal degra-

dation step related to the dehydroxylation process was not

detected for M2 and M3, probably due to hydroxyl groups

were compromised by chemical bounds.

Use of bentonites as filler of polymeric composite

materials

SEM micrographs of films based on TPS and TPS/E1-5%

are shown in Fig. 5a, b. Fracture surfaces of TPS films

resulted homogenous and smooth, without the presence

of remnant starch granules. This result could be attrib-

uted to the thermal processing effectiveness of these

biodegradable materials (Fig. 5a). Additionally, the

Table 1 Chemical composition of the bentonites: commercial, E1;

Al-intercalated commercial, E2; Al-pillared commercial, E3; natural,

M1; Al-intercalated natural, M2; Al-pillared natural, M3

Concentration/mass%

E1 E2 E3 M1 M2 M3

Si 32.79 28.51 27.79 34.03 27.74 28.02

Al 7.87 9.047 10.43 8.62 14.13 15.52

Fe 1.90 1.58 3.79 1.84 4.074 3.66

Na 1.45 9.601 10.51 1.88 2.00 1.05

K 1.38 1.22 1.89 0.34 0.69 0.60

Mg 0.69 0.65 0.57 1.38 0.822 0.90

Ca 0.56 0.55 0.87 0.34 0.25 0.25
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phase separation between starch- and glycerol-rich

phases was not detected (no channels of plasticizer

migration were observed in SEM micrographs). The

constant thickness along the films cross section is the

result of the efficacy of the thermo-compression process.

Concerning to composite films, a good distribution of

bentonite particles in TPS matrix was observed (Fig. 5b).

This homogeneity in the filler distribution is the conse-

quence of the high efficiency of the melt-mixing process.

De Melo et al. [52] reported that composites based on

starch and clays presented a continuous fracture surface

with a good distribution of the filler within the matrix.

The good compatibility between E1 and TPS leads to a

good adhesion of the filler to the matrix, avoiding the

pulling-out effect of the particles during cryo-fracture of

films.

Figure 5c shows the XRD spectra of TPS and E1, as well

as those corresponding to TPS/E1-(1–5%) composites. XRD

patterns of TPS films were in accordance with a V-type

hydrated structure reported in previous works [53, 54].

In order to evaluate the eventual intercalation phe-

nomenon of the TPS between bentonite layers, XRD

spectra between 2h = 2� and 10� were selected because the

reflection of (001) plane of bentonites is located in this

region. TPS spectrum did not show any reflection in this

range, and the peaks detected in XRD spectra of compos-

ites at low angles are only attributed to bentonite particles.

In Fig. 5c, the (001) plane reflection of E1 in the composite

films appeared at lower angles, reaching a displacement of

2.2� for TPS/E1 with 3 and 5 mass% particles. In addition,

an increase of *5.3 Å for interlayer spacing (d001) was

observed in the composites with the highest bentonites

concentrations (3 and 5 mass%). These results might

indicate that TPS chains could be inserted between ben-

tonite layers, conforming intercalated composites. The fact

that non-complete exfoliated materials were obtained could

be related to the strong polar interactions between hydroxyl

groups of the TPS matrix and those presented in the silicate

layers [55]. This observation is in accordance with the

results reported by Cyras et al. [21] for TPS/montmoril-

lonite nanocomposite films. As a consequence of these

interactions, the degree of crystallinity (CD) of TPS matrix

was gradually increased with bentonite concentration

(Fig. 5c).
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Table 2 summarizes mechanical properties of TPS and

TPS/E1 composites obtained from tensile tests. The rein-

forcing effect of bentonite particles to TPS matrix was

evidenced from the increment of both, elastic modulus

(E) and maximum tensile stress (rm). In this sense, for

composites containing 5 mass% bentonite, E and rm values

resulted 3.5 and 2 times higher than those of TPS matrix.

According to Cyras et al. [21], this expected and notorious

enhancement in TPS mechanical performance is due to the

resistance exerted by the bentonite itself and particles

orientation, as well as the aspect ratio of the intercalated

layers. These authors also attributed this reinforcement

action to the stretching resistance of the TPS chains located

into bentonite galleries, because these chains would be

bonded by hydrogen interaction to clay layers. However,

TPS elongation at break decreased significantly with an

increase in bentonite concentration (TPS/E1-5%) because

particles exert an obstructive action during tensile test.

Other authors had also reported a reduction in TPS films

flexibility by mineral particles addition [21, 56]. DSC

curves corresponding to TPS and TPS/E1-5% films, as well

as tables containing the thermal parameters, are included in

Fig. 6. As it can be observed, there are two thermal events:

a glass and a melting transition. It is well known that

thermoplastic starch materials are constituted by two

domains: a plasticized- and a starch-rich phase [54]. The

thermal event evidenced at lower temperatures was

attributed to the glass transition corresponding to the

glycerol-rich phase, giving a glass transition temperature

(Tg) of around -65 �C. The addition of E1 bentonite led to

a slight increase in the Tg, reaching a value of*-61 �C. At

higher temperatures, it was found a second event related to

the starch melting. Thermal parameters (onset, To, and

melting, Tm, temperatures, and enthalpy, DH) of TPS/E1-
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starch (TPS) and b TPS with 5
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TPS with E1 (0, 1, 3, and

5 mass%)

Table 2 Mechanical properties of films based on thermoplastic starch (TPS) with commercial bentonite E1 (0, 1, 3, and 5 mass%)

Film formulation E/MPa rm/MPa eB/% Film formulation L a b

TPS 50.9 ± 2.8 1.96 ± 0.36 96.2 ± 8.3 HDPE 88.9 ± 0.2 -0.23 ± 0.02 0.74 ± 0.01

TPS/E1-1% 85.7 ± 7.5 2.45 ± 0.18 87.5 ± 4.2 HDPE/E1-1% 88.4 ± 0.3 -0.19 ± 0.01 0.92 ± 0.09

TPS/E1-3% 94.4 ± 9.0 3.14 ± 0.66 53.1 ± 1.8 HDPE/E1-3% 87.4 ± 0.1 -0.12 ± 0.01 2.39 ± 0.11

TPS/E1-5% 180.9 ± 22.7 3.89 ± 0.15 38.4 ± 6.0 HDPE/E1-5% 84.8 ± 0.7 0.07 ± 0.00 4.04 ± 0.48

Color parameters of films based on high-density polyethylene (HDPE) with commercial bentonite E1 (0, 1, 3, and 5 mass%)
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5% associated to this transition were not significantly dif-

ferent from those corresponding to TPS films. It is

important to highlight that the glass transition of the starch-

rich phase was not detected, probably due to the melting

endothermic peak could mask this event.

Figure 7 shows SEM micrographs from fracture sur-

faces of films based on HDPE and HDPE/E1-5%. HDPE

showed a smooth and homogeneous cross section (Fig. 7a).

Concerning to the composite, even though a good particles

distribution within the synthetic matrix was achieved, the

presence of several micro-sized bentonite agglomerates

was detected (Fig. 7b). Sarifuddin and Ismail [22] found

similar morphologies for composites based on poly

(ethylene) reinforced with bentonite particles.
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Suhaida et al. [57] stressed that irregular shape of ben-

tonites provides a sufficient surface area that enables a good

dispersion of the filler by enhancing its fixation to the matrix.

Agglomerates formation could be related to the high

hydrophilic character of bentonite particles against the

hydrophobic one of the synthetic matrix. These agglomer-

ates lead to the particles pulling-out during films cryo-frac-

ture, conducing to the formation of small voids (Fig. 7b).

The detachment of bentonite agglomerates indicates a poor

interfacial interaction between matrix and the filler [22].

From these results, it is expected that HDPE mechanical

performance will be reduced by unmodified bentonite

incorporation, because the presence of particle agglomerates

could act as stress concentration points [58]. Figure 7c

shows the effect of bentonite concentration on optical

properties of HDPE films. Particles addition increased UV

barrier capacity and opacity of the synthetic matrix. In this

regard, the presence of 5 mass% bentonite lead to UV barrier

and opacity values of approximately 2 times higher than the

corresponding to HDPE films. However, composites

resulted less transparent than synthetic matrix, reaching a

decrease of 1.3 times in the case of HDPE/E1-5%. These

results were attributed to the UV–vis radiation obstruction

due to particles blocking effect. Mbey et al. [59] reported a

similar effect for composites based on cassava starch and

mineral clays. Table 2 summarizes luminosity (L) and color

parameters (a, b) of composite films. Regarding to L values,

a significant decrease was observed with an increase in

bentonite concentration. Particles incorporation at 5 mass%

reduced HDPE L values up to *5%. Concerning to color

parameters, a and b values were increased with particles

addition, and films became more redness and yellowness.

This result might be explained by the inherent color of the

bentonite particles used in this study. Figure 8 shows the

DSC curves and a table including the thermal parameters of

HDPE and HDPE/E1-5% films. As it was expected, a single

endothermic transition was detected at around 124 �C,

attributed to the polymer melting process. Regarding ben-

tonite incorporation, no significant influence on thermal

properties was detected.

SEM micrographs of SBS films and composites with

5 mass% E1 are shown in Fig. 9. In addition, a table sum-

marizing their elastic modulus and barrier properties is also

included. Different magnifications were performed to

evaluate SBS composites, observing in all cases a typical

structure of elastomeric matrices. Similar structures were

reported by Lietz et al. [60] studying SBS block copoly-

mers reinforced with nanoclays. This character was

attributed to the high percentage of polybutadiene

(70 mass%) in the SBS employed in this study. Particu-

larly, the cross section irregularity observed for neat SBS

was also related to the softness of these matrices (Fig. 9a).

The processing technique employed to obtain SBS com-

posite films allowed an adequate bentonite distribution

within the matrix. However, the occurrence of some par-

ticles aggregates (Fig. 9b) was evidenced, as for the HDPE

composites. The weak SBS-E1 compatibility was the

responsible of the pulling-out phenomenon occurred during

the material cryo-fracture. Thus, micro-voids present in
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Table summarizes elastic

modulus and barrier properties
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SEM images of SBS/E1-5% could be associated to this

poor interfacial adhesion. It is expected that the use of

modified clay particles will improve the affinity between

the filler and the SBS matrix, reducing this undesirable

effect. In this aspect, Liao et al. [61] reported similar

results with organophilic montmorillonite clays.

Pedroni et al. [62] reported that another alternative to

overcome this incompatibility could be processing SBS

composites by extrusion instead of casting. These authors

suggested that high temperatures and high shear forces

present in the thermo-mechanical process can promote

physical and chemical interactions between the filler and

polymer. Concerning to films mechanical properties, value

of elastic modulus was *1.5 times higher for the com-

posite compared with SBS matrix, being *14.4 and

21.5 MPa for de SBS and composite. The wide range of

elastic modulus of SBS terpolymers reported in the litera-

ture demonstrates the high dependence of the mechanical

performance of these materials with the SBS molecular

weight and the percentage of each block, as well as their

morphologies. The significant increment of elastic modulus

with the addition of 5 mass% bentonite corroborated the

reinforcing effect of the filler despite the use of unmodified

bentonite. Furthermore, bentonite addition allowed a

notable reduction in barrier properties of SBS matrix. Thus,

for both oxygen permeation and WVP values a decrease of

*20% was reached. This effect is attributed to the parti-

cles presence, which led to a tortuous pathway for gaseous

molecules to move through polymeric matrix, increasing

the effective path length for diffusion. SBS composites

showed DSC curves typical of this kind of triblock

copolymers, as it can be seen in Fig. 10. Thus, two glass

transition temperatures were detected corresponding to

each polymer block. The glass transition temperature

related to the polybutadiene block (TgPB) was located at

around -83 �C. Meanwhile, the glass transition tempera-

ture of the polystyrene block (TgPS) appeared at *91 �C.

Similar to TPS and HDPE composites, bentonite addition

did not modify the Tg values of SBS films.

Use of bentonites for wastewater remediation

Clays are minerals obtained from soils and sediments. Due

to their small particle size, large surface area, and unique

charge characteristics, they can absorb a wide range and

variety of contaminants [63]. Table 3 shows the maximum

percentage of Cd(II) adsorption for unmodified bentonites

(M1, E1) and pillared clays subjected to microwave treat-

ment (M3, E3). The adsorbents that achieved the highest

metal removal capacity were the unmodified particles,

reaching *77.0% for E1 and *40.0% for M1, related to

the available Cd(II) in the initial solution. This great Cd(II)
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Table 3 Cd(II) adsorption by bentonites: commercial, E1; Al-pil-

lared commercial, E3; natural, M1; Al-pillared natural, M3

Bentonite samples Maximum percentage of Cd(II) adsorption

E1 77.0 ± 0.7

E3 64.0 ± 0.6

M1 40.0 ± 0.4

M3 22.0 ± 0.1
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retention by bentonite samples indicates a high affinity of

clays for this metal [20]. In this sense, Schütz et al. [64]

demonstrated the efficiency of Cd adsorption by Mn-

modified bentonite and bentonite–quartz sand blend. For

M3 and E3 samples, a marked reduction in the adsorption

capacity of was detected (Table 3). About this, the per-

centage of cadmium adsorption was *64.0 and *22.0%

for E3 and M3, respectively. These results are within the

range of values reported by Jobstmann and Singh [20]. The

lower Cd(II) adsorption observed in pillared compared to

natural bentonites was also found by other authors [5, 20].

Jobstmann and Singh [20] stressed that pillared montmo-

rillonite showed smaller Cd adsorption due to its limited

adsorptive capacity and low affinity for this metal at

pH * 6. Additionally, these authors also suggested that

the interlayer of the unpillared bentonites adsorbs Cd more

effectively than in the pore space of the pillared mont-

morillonite. The lower Cd retention at shorter period of

time by pillared bentonites in relation to unmodified ones

could be attributed to a reduction in the clay negative

permanent charge, due to the intercalation by a pillaring

agent positively charged [5]. In addition, Volzone and

Garrido [65] highlighted the relevance of the pH solution

over the adsorption capacity of clays. In this sense, Al-

pillars exhibited terminal Al–OH2? groups at low pH

values. The presence of these species might promote the

raise of the electrostatic repulsion between the positively

charged groups located at the clay surfaces and the metal

ion in the solution.

Conclusions

Commercial (E1) and natural (M1) bentonites were sub-

mitted to an intercalation process, followed by microwave

irradiation in order to obtain Al-pillared clays. The effi-

ciency of the pillaring process was evidenced studying the

analytical composition of clays and their thermal proper-

ties. E1 bentonite was employed as filler of TPS, HDPE,

and SBS matrices. Particles improved mechanical perfor-

mance of TPS as consequence of the intercalation of

polymer chains between bentonite layers. The addition of

bentonite particles modified HDPE optical properties,

improving the UV barrier capacity of the composites.

Regarding SBS composites, bentonite incorporation

enhanced their mechanical and barrier properties. Finally,

bentonites presented an adequate Cd(II) adsorption capac-

ity from aqueous solutions, opening the possibility to use

them as removal agent for this heavy metal from

wastewaters.
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1. Bertagnolli C, Kleinübing SJ, da Silva MGC. Preparation and

characterization of a Brazilian bentonite clay for removal of

copper in porous beds. Appl Clay Sci. 2011;53:73–9.

2. Manohar DM, Noeline BF, Anirudhan TS. Adsorption perfor-

mance of Al-pillared bentonite clay for the removal of cobalt(II)

from aqueous phase. Appl Clay Sci. 2006;31:194–206.
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