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Abstract To improve hexavalent chromium (Cr(VI))
retention of montmorillonite (Mt) at pH 3, Mt sample
was subjected to different treatments: thermal ones at
600 °C or 950 °C, 2 h, or mechanical grinding for 300 s.
Then, the obtained products were loaded with different
octadecyl trimethyl ammonium loading and 50% and
100% of Mt cation exchange capacity (CEC). The sam-
ples were characterized by several techniques at each
stage. Differential thermogravimetric analysis (DTGA)
performed on the products allowed determining the
actual surfactant amount related to the internal or exter-
nal surface by cation exchange and Van der Waals
(VdW) mechanisms, respectively, taking into account
the CEC of the thermal or mechanical pretreated Mt
base sample used. X-ray diffraction (XRD) analyses

revealed that the surfactant loading allowed the reversal
of the collapsed interlayer after both treatments. The
samples subjected to the thermal treatment at 600 °C
and the raw Mt samples exhibit higher positive zeta
potential values than the mechanical pretreated Mt ones
with 100% of the CEC surfactant loaded at pH 3. This
was directly related to the external surface covered by
the surfactant. The agreement between the results of the
surfactant coverage on the external surface and Cr(VI)
removal at pH 3 indicates that the electrostatic mecha-
nism is the main driving force for the sorption of Cr(VI).
These synthesized sorbents achieve similar Cr(VI) re-
tention using less than half the surfactant amount of
already published studies.

Keywords Montmorillonite . Thermal andmechanical
treatments . Structuremodification .Chromiumretention

1 Introduction

In recent years, the structures of clay minerals have been
modified for technological, environmental, and indus-
trial processes. For example, surfactant loading, which
turns clays into the so-called organo-clays, changes their
character from hydrophilic to hydrophobic thus modi-
fying the system coagulation state and aggregation of
particles (Yamagata et al. 2012; Huang et al. 2017) and
generating the reversal of the external surface electric
charge (Bianchi et al. 2013). In addition, the alterations
brought about in the interlayer thickness protect the
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mineral structure from acid degradation (Madejová et al.
2012).

Organo-clays have extended the technological appli-
cations of clays from barriers to biomedical uses, cata-
lytic reactions, reinforcement of polymers, adsorption of
anions, or nonpolar organic contaminants for wastewa-
ter treatment (Patel et al. 2006; de Paiva et al. 2008;
Qurie et al. 2013; Savas and Hancer 2015; Zhao et al.
2017; Jayrajsinh et al. 2017).

Thermal and mechanical treatments have been ap-
plied to modify the structure of montmorillonite, Mt,
and change the physical and chemical properties of the
surface (Torres Sánchez 1997; Dellisanti and Valdré
2005; Hrachová et al. 2007; Fernández et al. 2013;
Costa et al. 2013), to obtain diverse low cost products
to be used in water treatment or fillers (España et al.
2019; Christidis et al. 2004). Previous studies have
demonstrated that the thermal and mechanical treat-
ments alter the framework composition and the structure
of Mt mainly by leaching aluminum from the frame-
work and also modifying the negative surface electric
charge of the products (Fernández et al. 2013). In addi-
tion, both treatments produce a higher particle agglom-
eration and a total specific surface area (TSSA) de-
crease. However, because of the interlayer collapse
(Torres Sánchez et al. 2011), the external surface value
of the products measured by N2 adsorption differ: after a
mechanical grinding for 300 s, the surface increased
more than twice; instead, for a thermal treatment for
2 h up to about 600 °C, the area decreased only around
17%. The dissimilar behaviors offer new application
alternatives that depend on the external or internal sur-
face sites involved.

Hexavalent chromium, Cr(VI), is a carcinogen and
reproductive toxicant that must be removed from tap
water down to safety levels. In aqueous systems, the
Cr(VI) species found are HCrO4

−, CrO4
2−, or Cr2O7

2−

anions, which have a high solubility unlike Cr(III),
where the formation of each Cr(VI) species depends
on the pH and concentration. The adsorption method
that uses clays, like Mt, as sorbent material has the
benefit of its low cost and easy handling (Uddin 2017)
but the negatively charged surface of Mt over a wide
range of pH renders the adsorption of Cr(VI) anions
negligible (Dimos et al. 2012). To improve the adsorp-
tion of Cr(VI) and Cr(III) surfactants, mixture on Mt
was used (Sarkar et al. 2013). Organo-montmorillonite,
OMt, with octadecyl trimethyl ammonium (ODTMA)
loading, has been used with diverse results (Qurie et al.

2013; Wang et al. 2016), achieving the highest Cr(VI)
adsorption at pH 3 (Thanos et al. 2012).

Because Cr(VI) sorption on OMt samples occurs
mainly at the external surface of the clay system (Bajda
and Kłapyta 2013), it is desirable to increase this surface
before the OMt synthesis. During the OMt preparation,
the surfactant is located at the two surface sorption sites
of the baseMt: external and internal (or interlayer space)
surfaces (Bianchi et al. 2013). Consequently, the in-
crease in the external surface of Mt sample found after
the mechanical treatment could also enhance the surfac-
tant amount located at this surface site. For Mt thermally
treated at 600 °C, the interlayer collapse originated
would also drive the surfactant to the remaining external
surface. In addition, the formation of new phases with
the application of higher temperature (around 900 °C) to
the Mt sample (Emmerich et al. 2017) could offer alter-
native adsorption sites, which to the authors’ knowledge
have not been investigated yet.

The main purpose of the present study is to optimize
the adsorption of Cr(VI) on an Argentine Mt by driving
the ODTMA surfactant loading to the more effective
external surface sites through mechanical or thermal
treatments. Several techniques have been used to char-
acterize the samples after each step: X-ray diffraction,
thermogravimetric analysis, Mössbauer spectroscopy,
zeta potential, contact angle, apparent equivalent
sphere diameter, and total specific surface area. To
determine whether the surface is one of the driving
forces of the adsorption, the amount of surfactant load-
ed at the external surface has been assessed and related
to the zeta potential values. The Cr(VI) retention of
products has been determined at two solid/liquid ratios:
1 g/L and 5 g/L.

2 Materials and Methods

2.1 Materials

The montmorillonite (Mt) sample used in this study was
from Río Negro Province, Argentina, delivered by Ca-
stiglione Pes y Cia. Mineralogy analysis of Mt indicated
that it contained Na-montmorillonite (> 84%) with
quartz, feldspars, and gypsum as impurity. The chemical
analysis showed that its chemical structure was
[(Si3.89Al0.11)(Al1.43Fe

3+
0.28Mg0.30)O10(OH)2]

−Na+0.41
(Magnoli et al. 2008). The cationic exchange capacity
(CEC), determined by Cu-triethylenetetramine method,
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was 0.825 mmol/g, the external specific surface area =
34 m2/g, determined by N2 adsorption, and the isoelec-
tric point 2.7 (Gamba et al. 2015).

The octadecyl trimethyl ammonium bromide
(ODTMABr; purity 98%) was purchased from Sigma-
Aldrich Co. and used as received. The ODTMABr
solubility in water is 0.095 g/L at 25 °C, MW =
392.5 g/mol, and critical micelle concentrations
(CMC) = 3 × 10−4 M (Rosen and Kunjappu 2012).
K2Cr2O7 and 1,5-diphenylcarbazide were of analytical
grade, provided by Sigma-Aldrich Co. (Milwaukee,WI,
USA) and used as received.

2.2 Mechanical and Thermal Treatments

The Mt was subjected to mechanical treatment in an
oscillating mill (Herzog HSM 100), with a rotational
frequency of 12.5 Hz for 300 s; the obtained product
was labeled as Mt300s. The thermal treatments on Mt
sample were performed in a furnace (Indef, model 272)
at 600 °C or 950 °C in air for 2 h, with a heat rate of
10 °C/min. Solid samples obtained were labeled as
Mt600°C and Mt950°C, respectively. The CEC values for
Mt300s and Mt600°C samples, determined as indicated
previously for Mt sample, were 0.931 mmol/g clay
and 0.638 mmol/g clay, respectively. This difference in
CEC values is due to the different treatments—
thermally or mechanically treated Mt clays—and is
consistent with that reported previously (Emmerich
et al. 1999; Djukić et al. 2013).

2.3 ODTMA Loading

The ODTMA loading on Mt and treated products was
performed according to a procedure described previ-
ously (Gamba et al. 2015). Briefly, the ODTMABr
amount equivalent to 50 or 100% CEC value of Mt
was dissolved in 1 L of distilled water, and 5 g of each
solid sample (rawMt and its mechanically or thermally
treatment products) was slowly added and stirred
(400 rpm) for 2 h at 60 °C. The attained products were
washed with distilled water to free them of bromide
anions (tested by AgNO3) and dried at 80 °C overnight.
The ODTMA-loaded samples were labeled as OMt-X,
OMt300s-X, OMt600°C-X, and OMt950°C-X, where X, 50,
or 100, indicates the initial percentage of ODTMA
used.

2.4 Methods

XRD patterns were obtained on powder samples within
3° < 2θ < 70°, using Bruker AXS D2 Phaser equipment
with CuKα radiation and a Ni filter, operated at 40 kV
and 35 mA, with counting time of 2.5 s/step and 0.04°
(2θ) step size.

Mössbauer spectra were collected at room tempera-
ture (RT) using a constant acceleration spectrometer in
transmission geometry (57Co/Rh source and a multi-
channel scale of 512 channels). Velocity calibration
was performed using a α-Fe foil (12 μm thick). The
isomer shift is referred to this standard. Mössbauer
spectra of raw Mt, Mt300s, and Mt600°C were collected
between ± 12 mm/s and, because no magnetic signal
was detected, they were again measured between ±
4.0 mm/s.Mössbauer spectrum ofMt950°C was collected
between ± 12 mm/s. All the spectra were numerically
analyzed using a commercial program that takes into
account hyperfine magnetic fields and quadrupole split-
ting distributions (Lagarec and Rancourt 1998).

Thermogravimetric analysis (TGA) was conducted
using Rigaku TG 8121 Thermo plus EVO2 equipment
with alumina as reference. Samples of 20 mg were
placed in Al2O3 crucibles and heated from 30 to
1000 °C at a scanning rate of 10 °C/min in air
atmosphere.

Electrophoretic potentials were determined using
Brookhaven 90Plus/Bi-MAS with a Multi Angle Parti-
cle Sizing Option, operated at λ = 635 nm, solid-state
laser at 15 mW, scatter angle = 90°, and 25 °C, and
employing Pd electrodes. The electrophoretic mobility
was converted automatically into zeta potential values
using the Smoluchowski equation (Pecini and Avena
2013). To generate the zeta potential versus pH curves,
40 mg of sample was dispersed in 40 mL 10−3 M KCl,
used as inert electrolyte. The slurry was continuously
stirred, and the suspension pH was adjusted by adding
drops of HCl or KOH of different concentrations until
equilibrium was attained (10 min).

The contact angle (CA) was determined by the pro-
cedure indicated previously (Orta et al. 2019). Briefly,
sample (0.5 g) was pressed in a disc shape of 150-mm
diameter using uniaxial pressure (34.3 MPa); it was
sanded to smooth out the roughness of the surface, and
the sessile drop method was used to determine the CA.
A drop of deionized water (V = 30 μL) was placed on
the sample and after 30 ms; when the mechanical per-
turbations ended, the CA was measured using the
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photographic camera of the L74PT1600 Linseis thermal
microscope at room temperature. The images were an-
alyzed with a plug-in (Stalder et al. 2010) for the open-
source software ImageJ V. 1.46r (Rasband 1997). The
accuracy of the method used to determine CA in this
work was verified by the CA value of 57° obtained for
the Mt sample, which is close to that reported for a
reference Mt and obtained with a commercial CA mi-
croscope (Schampera et al. 2016).

The apparent equivalent sphere diameter (Dapp) was
obtained by dynamic light scattering (DLS) measure-
ments using a Brookhaven 90Plus/Bi-MAS with the
Multi Angle Particle Sizing Option, which was operated
at λ = 635 nm with a 15-mW solid-state laser, scattering
angle of 90°, and a temperature of 25 ± 0.1 °C. All
sample suspensions (1% w/w) were prepared using
10−3 M KCl solutions and sonicated for 5 min. The
particle size determinations were conducted afterwards.

The total specific surface area (TSSA) was deter-
mined from water vapor adsorption at a relative humid-
ity of 0.56, as described elsewhere (Torres Sánchez and
Falasca 1997). This method was preferred to the deter-
mination of the specific surface area (SSA) by nitrogen
adsorption, because, as described previously (Orta et al.
2019), the use of nitrogen as probe molecule produces
an underestimation of the SSA of swelling clays,
allowing only the determination of the external specific
surface area of the clay.

2.5 Removal Efficiency of Cr(VI)

The Cr(VI) removal efficiency of raw and modified
samples was evaluated in batch system. Solid samples
were placed in contact with 50 mg/L Cr(VI) solution, at
pH 3 and solid/liquid ratios of 1 g/L and 5 g/L. The
suspensions were magnetically stirred inside a refriger-
ated incubator (Forma Scientific, model #11) for 24 h at
25 °C, to ensure that the equilibrium was reached (Dultz
et al. 2012). Due to the possible Cr(VI) photoreduction
in acidic conditions (S. L. Wang et al. 2009), all the
adsorption experiences were performed in darkness.
Solid samples were separated by filtration (cellulose
nitrate membrane-micromolar 0.22 μm).

The Cr(VI) equilibrium concentration (Ce) in the
supernatant was determined using a UV/Vis spectropho-
tometer (Agilent HP-8453) by the diphenylcarbazide
method at λ = 540 nm (Clescerl et al. 1998). Briefly,
an aliquot volume of supernatant was acidified with
0.5 mL of 1 M HNO3 (65%—Anedra) and diluted with

water to 10 mL in a glass flask; 0.5 mL of the color
developing reagent was used (50 mg of 1,5-
diphenylcarbazide (DPC) in 10 mL of acetone AG-
Biopack). The linear range of Cr(VI) concentrations
versus absorbance was between 0 and 1.0 mg/L, with
R2 = 0.999. Total chromium concentration (CrTotal) in
solution was determined by using a flame atomic ab-
sorption spectrometer (FAAS) (Sens AA dual GBC
Scientific Equipment). The parameters required for
CrTotal analysis were as follows: λ = 357.9 nm, current
of 6.0 mA, slit 0.2 nm, and air:fuel ratio of 6:2. Possible
differences between CrTotal and Cr(VI) were considered
as Cr(III).

The removal efficiency of Cr(VI) adsorbed amount,
Qe (mg Cr/g adsorbent), was determined by:

Removal %ð Þ ¼ Co−Ceð Þ
C0

� 100 ð1Þ

where Co and Ce are the initial and the equilibrium
concentrations of Cr (mg/L), respectively.

3 Results and Discussion

3.1 X-ray Diffraction

Figure 1 shows the XRD patterns of raw Mt sample and
its mechanical or thermal treatment products.

The Mt600°C sample followed the general behavior
attained by dioctahedral TOT clay minerals andthermal
dehydroxylation with preservation of the layer structure
(Fig. 1) (Schoonheydt et al. 2018). The d001 basal space
decrease from 1.27 nm for Mt to 0.98 nm for Mt600°C, as
indicated in Fig. 1.

When the temperature for sample treatment was
950 °C, the disappearance of the peak corresponding
to 001 and 060 (62° of 2θ) signals indicated the destruc-
tion of the Mt layer structure. The hydroxyls in the
octahedral sheets are dehydrated and all 6-coordinated
aluminum becomes 4-coordinated aluminum, produc-
ing cristobalite and spinel structures, revealed by the
presence of diffraction peaks at 0.41 and 0.25 nm, and
the peaks at 0.27, 0.26, and 0.22 nm, respectively
(Emmerich et al. 2017; Martignago et al. 2006).

The mechanical treatment (Mt300s) originated the
widening of d001 peak that was assigned to the delam-
ination process and reduction of the lamellar and particle
size with formation of smaller crystalline domains
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(Pérez-Rodríguez 2003). Also, an intensity loss of the
d060 peak indicated a certain degradation of the initial
Mt structure, being lower compared with that obtained
for the Mt950°C sample.

For OMt samples, the peak associated with the d001
plane shifted to lower theta angles with the amount of
ODTMA loading (Fig. 2a), revealing the surfactant
incorporation in the Mt interlayer space. The interlayer
space of all samples, determined by subtracting the
space of dehydrated Mt (0.97 nm) from the 001 value,
indicated a lateral monolayer arrangement of ODTMA
for OMt-50 sample and a pseudotrilayer or a paraffin-
like monomolecular one for OMt-100 sample (0.48 and
0.92 nm, respectively) consistent with previous data
(Gamba et al. 2015; Orta et al. 2019). The d001 peak
deconvolution for OMt-50 sample (insets in Fig. 2a),
with R2 > 0.996, indicated the existence of two overlap-
ping peaks centered at 1.45 and 1.67 nm. These values
correspond to an interlayer increase of 0.48 and
0.70 nm, respectively, and were assigned previously as
hydrated remnant Ca2+ and lateral monolayer arrange-
ment of the surfactant, respectively (Orta et al. 2019).
However, for OMt-100 sample, the interlayer space
width of 0.99 and 0.93 nm indicated a pseudotrilayer
or a paraffin-like monomolecular arrangement of the
surfactant with different tilt angles (Bianchi et al. 2013).

When ODTMA was loaded into the Mt300s sample
(Fig. 2b), the intensity of d001 peak increase indicated a

more crystalline structure than that of Mt300s sample.
Besides, similar shifts of these peaks to that found for
OMt samples were indicative of close surfactant ar-
rangements within these samples. The similar value of
the 001 peak mathematical deconvolution, at 1.49 nm,
found for OMt300s-50 sample (inset in Fig. 2b) and for
OMt-50 sample, it indicated that despite the destruction
of the layer structure, some hydrated Ca2+ still remained
in OMt300s-50 sample. The value of the d001 peak
deconvolution for OMt300s-100 sample stayed close to
that of OMt-100 sample, validating the paraffin-like
monomolecular arrangement of the surfactant in both
samples.

For the Mt600°C sample (Fig. 2c), a 50% CEC of
surfactant loading reversed the previous collapse of
the basal space, shifting the d001 from 0.98 nm to
1.82 nm. However, the value of the 001 peak
deconvolution indicated the presence of both mono-
layer (with interlayer space width = 0.65 nm) and
pseudotrilayer (0.95 nm) surfactant arrangements,
whereas for Mt600°C-100 sample (inset in Fig. 2c),
the surfactant attained bilayer and pseudotrilayer
arrangements, with interlayer space width of 0.76
and 0.90 nm, respectively.

Particularly for Mt950°C sample, the destruction of the
Mt layer structure was irreversible (Fig. S1,
Online Resource 1), showing low surfactant loading,
as will be shown in Section 3.3.

Fig. 1 XRD patterns for
indicated samples. Letters
indicate the following: G gypsum,
Mt montmorillonite, Q quartz, C
cristobalite, S spinel, H hematite,
and F feldspar. The Y-axis for
Mt950°C was augmented 2× with
respect to the other samples. Basal
space values are expressed in nm
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The comparison of the shape of d001 peaks, for
samples with the same % CEC exchange without and
with different treatments (Fig. S2, Online Resource 1),
revealed higher crystallinity and larger crystalline do-
mains for OMt-50 and OMt600°C-50 samples. However,
the decrease in the d001 peak and distortions in the
crystalline domains found for OMt300s-50 sample with
respect to other surfactant-loaded samples indicated that
the delamination process still remained.

3.2 Mössbauer Spectroscopy

In order to determine the existence of structural Fe2+ to
neglect the possible reduction of Cr(VI), Mössbauer
spectroscopy was used. Mössbauer spectra disclosed

different Fe environments in the clay samples. Table 1
displays the hyperfine parameters of each identified
environment.

Mt and Mt300s spectra were fitted considering two
sites, whose hyperfine parameters are consistent with
those expected for Fe3+ at the octahedral environments
of the Mt structure (Johnston and Cardile 1987), in
addition to a paramagnetic relaxation caused by the Mt
relatively low Fe concentration (Murad and Cashion
2004). Mössbauer spectra of Mt and Mt300s samples
did not differ greatly; i.e., the grinding process did not
change significantly change the Fe environments of the
Mt sample.

The spectra of the samples after the firing process
showed considerable changes, as was observed for other

Fig. 2 XRD patterns for a Mt and its surfactant-loaded products,
b Mt300s and surfactant-loaded products, and c Mt600°C and
surfactant-loaded products. The insets depict the deconvolution

of d001 peaks for surfactant samples loaded at 50 and 100 %CEC.
Basal space values are expressed in nm

   29 Page 6 of 16 Water Air Soil Pollut          (2020) 231:29 



Mt samples (Murad and Cashion 2004), that exhibited
an increase in the quadrupole splitting of Fe3+

environments.
Considering both the X-ray diffraction (Section 3.1)

andMössbauer spectroscopy results, it can be suggested
that for the Mt600°C sample, whose crystalline structure
did not change significantly, part of the thermal energy
was transferred to the Fe3+ ions located in the octahedral
sites, promoting the rejection of the atoms and
disturbing the site geometry. For the Mt950°C sample
(the Mt structure is not conserved), the octahedral sites
may now belong to a spinel structure (revealed by the
XRD patterns in paragraphs below), where the Fe3+ ions
replace the Al ones, forming the spinel FeAlO4. In parts
of this sample, the transferred thermal energy was
enough to produce the total Al replacement, bringing
about hematite Fe2O3 formation.

Within experimental uncertainties, in no sample, the
presence of Fe2+ was detected. This discards a Cr(VI)
possible oxide reduction process. Summing up, it seems
that the grinding process did not significantly affect the
Fe environments ofMt sample, in contrast to the thermal
treatments in which intermediate compounds (Mt600°C)
or hematite formation (Mt950°C) can be identified.

3.3 Thermogravimetric Analysis

The thermogravimetric analysis was performed on the
Mt and its thermal and mechanical products without and
with ODTMA loading to evaluate the surfactant incor-
poration and to determine the actual loading with respect
to the respective base Mt % CEC.

The thermal decomposition of Mt950°C sample is not
presented because its low mass loss (< 1%) over the
entire analyzed temperature range is within the method
error (Fig. S3, Online Resource 1).

The thermal decomposition ofMt and its thermal and
mechanical products was analyzed in three temperature
ranges < 150 °C, 150–500 °C, and > 500 °C (Fig. 3)
(Orta et al. 2019). The dehydration process of adsorbed
water at temperature < 150 °C decreased from 14.3% for
Mt to 12.2% and 2.5% for Mt300s and Mt600°C samples,
respectively (Table 2), in agreement with the intensity
decrease of the d001 peaks of the latter samples, as was
indicated in Section 3.1 (Fig. 1). The mass loss in the
150–500 °C range was assigned to surfactant decompo-
sition (Hedley et al. 2007), and consequently, for these
three samples, a low mass loss was expected (≤ 2.8%).
In the 500–1000 °C range, a mass loss of up to 4.4%was

assigned to the loss of the Mt structural hydroxyl
groups. In this temperature range, the shift to lower
temperature from 663 °C for Mt to 616 °C and 476 °C
for Mt300s and Mt600°C samples, respectively (Fig. 3), is
noteworthy. The dehydroxylation temperature decrease
for mechanical treated sample (Mt300s) was assigned
previously to the creation of new edge planes that fa-
vored the dehydroxylation of the samples (Fernández
et al. 2013), while for thermal treated sample (Mt600°C)
this behavior could be assigned to a rehydroxylation
after the thermal treatment (Emmerich et al. 1999).

For ODTMA-loaded samples, the dehydration tem-
perature showed an important intensity decrease and a
shift to lower temperatures (around 30 °C) with respect
to the corresponding treated base samples (Fig. 4a, b),
indicative of the hydrated interlayer cations exchanged
by the surfactant (Orta et al. 2019).

The organic cation decomposition was evidenced by
the presence of peaks within 150–500 °C (Hedley et al.
2007), where the surfactant loading increase shifted the
respective peak to lower temperatures, besides widening
them. In OMt600°C-100 sample, the presence of a shoul-
der can also be observed.

These changes in the shape of the DTGA peaks with
the surfactant loading increase validate the occurrence
of stronger interactions of the cation exchange process at
higher temperatures (around 300 °C) and Van der Waals
(VdW) interactions between the long tails of the
adsorbed surfactant at the Mt surface at lower tempera-
tures (around 260 °C) (Orta et al. 2019).

In previous work, the mathematical deconvolution of
the abovementioned DTGA peaks allowed determining
the percentage of both interaction mechanisms (Orta
et al. 2019). The mass loss values of the Mt and treated
samples, and their products loaded with ODTMA, are
summarized in Table 2. The peak areas within 150–
500 °C were used to determine the actual surfactant
loaded, and the mathematical deconvolution of these
peaks (Fig. S4, Online Resource 1) allowed determining
the surfactant amount assigned to VdW or cation ex-
change processes. With the purpose of comparing the
values obtained in each process, the unit areas obtained
are referred to as % CEC of the respective base sample.

The different CEC values found for Mt300s and
Mt600°C samples with respect to Mt (0.931 mmol/g and
0.638 mmol/g, respectively) generated the decrease or
the increase of the actual surfactant-loaded percentage
for the respective surfactant-loaded samples, compared
with OMt-50 and OMt-100 samples (Table 2). It is
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important to note that while the surfactant percentage
assigned to the cation exchange mechanism does not
vary considerably within both surfactant-loaded sam-
ples (without and with treatments), the corresponding
percentage to the surfactant assigned to VdW mecha-
nism increasedmore than twice for 100%with respect to
the initial 50% surfactant-loaded samples.

The increase in mass loss observed in the temperature
range between 500 and 1000 °C for all the organic
loaded samples was assigned not only to the dehydrox-
ylation but also to carbon loss, produced by the com-
bustion of the organic found in the interlaminar space
(Yariv 2001).

3.4 Zeta Potential Measurements

The surface electric charge of the montmorillonite, eval-
uated by zeta potential measurements, was determined
by the permanent negative charge on the face and by the

edge charge that changes from negative to positive with
decreasing pH. The predominance of negative charges
on the faces of particles compared with the positive
charge on the edges generates a negative net charge in
all the investigated pH values (Missana and Adell
2000), as shown in Fig. 5.

For Mt300s and Mt600°C samples, the negative sur-
face charge decrease with respect to the Mt sample was
assigned previously to the following behavior: (a)
some aluminum release into the solution, (b) the en-
richment of aluminum ions or hydroxo-aluminum spe-
cies at the edges and/or the face (+) edge (−) contacts,
and (c) the migration of Al cations from the original
trans-octahedral sites to formerly unoccupied fivefold
prisms (Torres Sánchez et al. 2011). For Mt300s and
Mt600°C samples, a higher decrease of the negative zeta
potential values was found for the first sample with
respect to the thermally treated one. This behavior can
be assigned to the different structure alterations within

Table 1 Mössbauer hyperfine parameters of the samples on the leftmost columns. δ and Δ stand for the isomer shift and the quadrupole
splitting in mm/s, respectively.H is the hyperfine magnetic field in T. RSA (%) is the relative percentage of the spectral area of each Fe phase

Sample Fe3+ (I) Fe3+(II) Fe3+(III) Fe2O3

δ
(mm/s)

Δ
(mm/s)

RSA
(%)

δ
(mm/s)

Δ
(mm/s)

RSA
(%)

δ
(mm/s)

Δ
(mm/s

RSA
(%)

δ
(mm/s)

ε
(mm/s)

H
(T)

RSA
(%)

Mt 0.36 0.50 50 ± 6 0.37 1.03 28 ± 5 0.45 0.01 22 ± 4 – – – –

Mt300s 0.36 0.53 49 ± 6 0.39 1.06 24 ± 5 0.35 0.48 28 ± 4 – – – –

Mt600°C 0.37 0.68 23 ± 4 0.37 1.36 60 ± 5 0.38 2.37 17 ± 4 – – – –

Mt950°C 0.34 0.65 42 ± 5 0.31 1.10 38 ± 5 – – – 0.35 − 0.11 50.2 20 ± 4

Fig. 3 TGA and DTGA curves
for indicated samples: Mt (solid
line), Mt600°C (dotted line), and
Mt300s (dashed line) samples
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both treatments, which could generate more exposed
edge sites after mechanical than after thermal treat-
ments. The positive charge up to pH around 7 of the
Mt edge sites (Pecini and Avena 2013) reduces the
negative zeta potential value of the Mt sample. Be-
sides, the delamination of Mt300s sample, evidenced
in the XRD section, could also contribute to the de-
crease of the negative zeta potential values with respect
to those of Mt600°C sample.

For the Mt950°C sample, in addition to the above
considerations, the presence of cristobalite (XRD),
whose isoelectric point is located at pH 2.5 (Júnior and
Baldo 2014), could contribute to the decrease of zeta
potential values with respect to those of Mt sample.

The microelectrophoresis method evaluates only the
changes in the external surface, which is important for
the analysis of Mt samples with loaded surfactant, since
the neutrality of the interlayer is maintained despite the
exchange of cations produced, e.g., by surfactant load-
ing (Thomas et al. 1999).

The ODTMA loading in Mt (Fig. 6) produced a
decrease of the negative zeta potential value of approx-
imately 10 mV for the OMt-50 sample and a reversal to
a positive zeta potential value of up to 30 mV for OMt-
100 sample, according to our previous results (Bianchi
et al. 2013; Orta et al. 2019). Particularly, the positive
zeta potential value found for the OMt-100 sample was
assigned to the increase of the surfactant coverage at the

Table 2 Mass loss percentage of Mt, Mt300s, and Mt600°C and the
respective ODTMA-loaded samples, the total actual surfactant
loaded, surfactant assigned to VdWand cation exchange processes

expressed as%CEC of the respective base sample, andR2 indicate
the fit of the respective mathematical deconvolution

Sample Mass loss (%) Total actual surfactant
loaded (% CEC)

Surfactant assigned
to VdW (% CEC)

Surfactant assigned to
cation exchange (% CEC)

R2

25–150
(°C)

150–500
(°C)

500–1000
(°C)

Mt 14.3 1.9 4.4 – – – –

OMt-50 4.6 8.3 9.9 49 18 31 0.995

OMt-100 2.5 16.6 11.6 91 59 32 0.983

Mt300s 12.2 2.8 3.7 – – – –

OMt300s-50 7.1 9.7 8.2 42 21 21 0.990

OMt300s-100 4.4 18.0 9.9 79 58 20 0.995

Mt600°C 2.5 1.3 0.7 – – – –

OMt600°C-50 1.7 8.0 5.7 59 32 28 0.990

OMt600°C-100 2.3 16.5 6.0 105 79 26 0.997

Fig. 4 TGA and DTGA curves for organic loaded samples: a Mt300s and b Mt600°C. Dashed and solid lines indicate the samples with
surfactant loaded at 50 and 100% CEC, respectively
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external surface and the arrangement of the ammonium
group in head-tail orientation, as happened for
hexadecyl trimethyl ammonium (Praus et al. 2006).

The surface coverage of Mt300s sample by the two
amounts of surfactant (OMt300s-50 and OMt300s-100
samples), although their total actual surfactant loads
were close to those obtained for the OMt samples
(Table 2), generated lower negative zeta potential values
than those found for the respective OMt samples.

The differences in zeta potential values for OMt300s-
50 and OMt300s-100 samples with respect to Mt300s
sample were around 5 mV and 20 mV, respectively,
while these differences for OMt-50 and OMt-100 sam-
ples with respect to Mt sample were around 10 mVand
65 mV, respectively.

This zeta potential value behavior would indicate that
the amount of surfactant at the external surface was
lower for the mechanically treated than for Mt samples.
However, the amount of surfactant assigned to VdW
interactions for the OMt300s-50 and OMt300s-100 sam-
ples was similar to that of the respective OMt samples
(Table 2), which seems to contradict the previous
assumption.

Consequently, this behavior could be assigned to a
higher surface development of OMt300s-50 and
OMt300s-100 samples than that of the respective OMt
samples. Although the OMt300s-100 sample has a per-
centage of surfactant (Table 2) exchanged by VdW
mechanism similar to that of OMt-100 sample, the
higher surface of the former sample, as will be shown
in Table 3, is a consequence of the delamination process.

Moreover, the existence of smaller crystalline domains,
previously specified in the XRD section, generated the
smaller increase in the positive zeta potential value
found for OMt300s-100 than for the OMt-100 sample
with respect to their respective initial samples (samples
Mt300s and Mt).

For Mt600°C sample, greater actual ODTMA
amounts than those of Mt sample (Table 2) produced
a decrease of negative zeta potential values from
around − 25 to 30 mV for OMt600°C-50 sample with
respect to Mt600°C sample (Figs. 5 and 6), while dif-
ferences up to 35 mV were attained for OMt600°C-100
sample (Fig. 6). The higher decrease of negative zeta
potential values obtained for OMt600°C-50 than for
OMt-50 sample validates the greater amount of sur-
factant interacting by the VdW mechanism in the first
sample (Table 2) and/or the decrease of the surface in
thermally treated sample (Table 3). The similar zeta
potential value found for OMt600°C-100 and OMt-100
samples, when a higher amount of surfactant
interacted by the VdW mechanism in the first sample
(Table 2), would indicate that, besides the head-tail
orientation of the surfactant at higher concentrations,
mixed micelles were formed in bulk solution (Zhang
et al. 2012), not allowing a further increase in the zeta
potential value.

Particularly, for OMt950°C-50 and OMt950°C-100
samples, the zeta potential values (Fig. 6) remained
close to those obtained for Mt950°C sample (Fig. 5),
which validates the almost-null surfactant adsorption
revealed by DTGA.

Fig. 5 Zeta potential versus pH
curves of (square) Mt, (circle)
Mt300s, and (up triangle) Mt600°C
and (down triangle) Mt950°C
samples
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Summing up, in a first approach, zeta potential re-
sults showed that surfactant loading in mechanically
treated samples attained a lower relative decrease of
negative zeta potential values than that of OMt samples.
Meanwhile, in raw and thermally treated samples
(Mt600°C samples), the decrease of negative zeta poten-
tial values after surfactant loading seems to be related to
the surfactant surface coverage that interacts by the
VdW mechanism. As the zeta potential values are relat-
ed to the external surface coverage, determination of the
total specific surface area would elucidate the different

behaviors found within the OMt and treated samples
with organic loading.

3.5 Apparent Equivalent Sphere Diameter, Contact
Angle, and Total Specific Surface Area Determinations

Table 3 summarizes the stable aggregate size, in KCl
10−3 M, indicated by Dapp values, and the evaluation of
the hydrophilicity/hydrophobicity changes of Mt and its
products performed by CA and TSSA measurements.
The CAvalues for OMt-50 and OMt-100 samples were
also added for comparative purposes.

The increase of Dapp values of Mt sample with
ODTMA loading (Table 3) was assigned in previous
work to micelle formation on the OMt external surface
samples and the consequent electric charge changes that
generated different interparticle attractions (Gamba et al.
2015).

The mechanical or thermal treatments performed on
Mt sample caused opposite effects on the Dapp values.
The increase in aggregate size found for the product
attained by mechanical treatment was assigned previ-
ously to the structural damage produced by this treat-
ment (Fernández et al. 2013). This behavior was con-
firmed in previous paragraphs (XRD analysis). Howev-
er, a slight or twofold decrease in the aggregate size,
compared with the Dapp value obtained for Mt sample,
was found for samples fired up to 600 °C or 950 °C,
respectively. The different behaviors observed in the
samples treated at different temperatures were validated
by XRD results, which indicated the main collapse of

Fig. 6 Zeta potential versus pH
curves of Mt (square), Mt300s
(circle), Mt600°C (up triangle) and
Mt950°C (down triangle) samples.
Symbols indicated the following:
(half full) with 50 and (full) with
100% CEC

Table 3 Dapp, CA, and TSSAvalues of Mt sample and indicated
products

Sample Dapp (nm) CA (°) TSSA (m2/g)

Mt 972.1 ± 40 57 ± 2 387 ± 40

OMt-50 2399 ± 38* 75 ± 2 125 ± 4**

OMt-100 2802 ± 50* 79 ± 1 84 ± 2**

Mt300s 1541 ± 120 48 ± 1 314 ± 1

OMt300s-50 1568 ± 14 68 ± 2 195 ± 6

OMt300s-100 3494 ± 500 64 ± 2 158 ± 1

Mt600°C 912 ± 85 – 88 ± 4

OMt600°C-50 1529 ± 240 63 ± 1 56 ± 1

OMt600°C-100 2358 ± 400 51 ± 1 73 ± 1

Mt950°C 453 ± 24 – –

OMt950°C-50 963 ± 170 146 ± 4 –

OMt950°C-100 > LOQ 138 ± 1 –

> LOQ indicates > limit of quantification
*Data from Gamba et al. (2015)
** Data from Orta et al. (2019)
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the interlayer produced at the lowest temperature, while
the high destruction of the structure and the presence of
cristobalite and spinel were evident with the thermal
treatment at 950 °C.

In samples previously treated with either of the two
treatments, the additional surfactant loading increased
Dapp values, following the same trend as samples with
only surfactant loading (Table 3). This showed that the
external surface behavior, as indicated by zeta potential
values, and the changes due to surfactant loading drive
the aggregation property.

The increase in CA values for ODTMA-loaded Mt
samples (OMt-50 and OMt-100 samples) with respect to
Mt confirms the increase of the hydrophobic property
with respect to the hydrophilic surface of Mt sample
(Zhao et al. 2017). It is important to note that a further
surfactant increase to 200% CEC (OMt-200 sample)
decreased the CA value to 59 ± 1°, which indicated the
reversal of the hydrophilic/hydrophobic state to a higher
hydrophilic one.

The mechanical samples treated with further surfac-
tant loading evidenced a decrease of CA (from 68 to
64°) with a lower amount (up to 100% CEC surfactant)
than OMt samples, which would be a consequence of
the structure modification shown by XRD analysis.

For Mt600°C samples, the CA value could not be
obtained due to the collapse of the basal space reversal
by hydration (Önal 2007), while the surfactant loading
up to 50% CEC generated a CA value of 63°. The
further surfactant loading increase (OMt600°C-100

sample) decreased the CA value to 51°, following a
similar behavior to that found for OMt300s-50 sample.

For Mt950°C sample, the CA value could not be ob-
tained, as happened with Mt600°C sample. Almost no
surfactant could be loaded in OMt950°C-50 and
OMt950°C-100 samples, with a strong increase in CA
values attaining 146° and 138°, respectively (Fig. S5,
Online Resource 1).

The TSSA values generally decreased for all
surfactant-loaded samples (Table 3) with respect to the
respective base samples, which seems to be a conse-
quence of the hydrophilic/hydrophobic property chang-
es. Particularly, the increase in hydrophilic state for
OMt600°C-100 compared with OMt600°C-50 samples
was evidenced by the 30-m2/g increase of the TSSA
value.

TSSA values for OMt950°C and its surfactant-loaded
samples could not be obtained. This might be assigned
to the thermal treatment sintering of the samples
(Tarasevich and Ovcharenko 1975).

To evidence the importance of the surfactant inter-
actions as VdW mechanism at the external surface of
the samples, the percentage amounts (Table 2) were
converted to μmol/m2 by using the TSSAvalues from
Table 3. Figure 7 shows the zeta potential values at pH
3 (from Fig. 6) versus the surfactant coverage for all
surfactant-loaded samples. The linear relation found
in Fig. 7 shows the importance of the surfactant cov-
erage in the electric charge developed at the external
surface.

Fig. 7 Zeta potential at pH 3 vs
the amount of surfactant loaded as
VdW for (square) Mt, (circle)
Mt300s, and (up triangle) Mt600°C
samples. Symbols indicated the
following: (half full) with 50 and
(full) with 100 % CEC
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3.6 Removal Efficiency of Cr(VI)

Figure 8 shows the removal efficiency of Cr obtained for
all the adsorbents for different solid/liquid ratios (1 g/L
and 5 g/L). Due to the possibility of Cr(VI) reduction to
Cr(III) upon sorption, Cr(VI) and CrTotal were reported
separately. The close removal efficiency data found for
all studied samples of Cr(VI) and CrTotal indicated neg-
ligible reduction of Cr(VI) to Cr(III). Figure 8 also
revealed the low removal percentage of Cr(VI) anions
at pH 3 on the negatively charged surface of the Mt

sample, as reported previously for similar clays (Dimos
et al. 2012). Besides, the Mt300s, Mt600°C, and Mt950°C
samples showed similar removal percentage to that of
Mt sample, assigned also to their negatively charged
external surfaces (Fig. 5). Particularly, for Mt950°C sam-
ple, the almost-null surfactant loaded in OMt950°C-50
and OMt950°C-100 samples (TGA section) and their
permanent negative zeta potential values (Fig. 6) did
not contribute to enhancing Cr(VI) removal.

For samples with ODTMA exchanged, irrespective
of the solid/liquid ratio and surfactant loading, it was
observed that the general removal efficiency increased
as follows: OMt < OMt300s < OMt600°C, in agreement
with their surfactant loaded as VdW mechanism
(Table 2), validating that the surface electric charge
drives Cr(VI) anion sorption at pH 3.

Although the solid/liquid ratio increased 5 times, the
maximum Cr(VI) removal increase was 3 times and
around 2.5 for OMt and OMt300s and OMt600°C, respec-
tively, in agreement with the ratio of surfactant amount
loaded assigned to VdW mechanism (Table 2). The
lower Cr(VI) removal increase with respect to the
solid/liquid ratio used could be assigned to a better
dispersion factor produced by the lower solid/liquid
ratio (Fig. 8a).

Particularly the OMt600°C-100 sample, with a solid/
liquid ratio of 5 g/L, showed the best Cr(VI) removal
efficiency (95%) (Fig. 8b). This amount being close to
that reported in the literature by activated carbon (Xu
et al. 2014; Zinicovscaia et al. 2014) and also by Mt
exchanged with greater surfactant loading than our

Fig. 8 Cr(VI) (light colors) and CrTotal (dark colors) removal at the indicated adsorbents, at pH 3 and solid/liquid relation: a 1 g/L and b
5 g/L

Table 4 Zeta potential values before and after Cr(VI) removal at
pH 5

Sample Zeta potential (mV)

Before removal After removal

Mt − 35.05 ± 1.94 − 31.44 ± 0.60

OMt-50 − 28.23 ± 1.12 − 29.13 ± 0.80

OMt-100 25.26 ± 1.83 9.14 ± 0.50

Mt300s − 24.25 ± 1.62 − 22.14 ± 0.42

OMt300s-50 − 21.91 ± 0.93 − 27.64 ± 0.94

OMt300s-100 − 0.92 ± 0.43 − 5.76 ± 1.00

Mt600°C − 34.42 ± 1.59 − 34.65 ± 1.12

OMt600°C-50 − 4.64 ± 1.91 − 20.61 ± 0.70

OMt600°C-100 27.31 ± 2.40 13.86 ± 0.78

Mt950°C − 27.48 ± 0.66 − 25.94 ± 0.93

OMt950°C-50 − 32.97 ± 1.71 − 31.95 ± 0.62

OMt950°C-100 − 34.95 ± 0.88 − 34.35 ± 1.25
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samples (Qurie et al. 2013; Thanos et al. 2012). This
behavior reinforces the assumption indicated previously
that the main driving force of the sorption of Cr(VI) was
the positive surface electric charge generated at the
external surface. To validate this assumption, zeta po-
tential values were measured after Cr(VI) sorption in all
samples (Table 4).

Although Cr(VI) removals were performed at pH 3,
the zeta potential values were compared at pH 5, before
and after Cr(VI) removal, because it was the pH obtain-
ed by resuspending the solid samples in the support
electrolyte. A significant decrease in zeta potential
values was observed for the samples that removed
Cr(VI), evidencing its sorption on the external surface.

4 Conclusions

To enhance Cr(VI) retention at pH 3, the current study
investigates the surface modification of a raw montmo-
rillonite, Mt, subjected to two thermal pretreatments,
600 °C and 950 °C for 2 h, or a mechanical grinding
for 300 s, and their subsequent exchange with an
octadecyl trimethyl ammonium (ODTMA) loading at
50 and 100% of theMt cation exchange capacity (CEC).

The absence of Fe2+ in the base materials revealed by
Mössbauer analysis, excludes the possible Cr(VI) oxide
reduction.

The deconvolution of the differential thermogravi-
metric analysis (DTGA) peaks within the temperature
range 150 to 500 °C allowed to determine that in
ODTMA-loaded Mt samples, a higher surfactant
amount links to the internal surface by cation exchange
than to the external surface by the Van der Waals mech-
anism. Contrary, ODTMA loaded in thermally or me-
chanically treated samples was majority located at ex-
ternal surface by the Van der Waals mechanism, proba-
bly related to the collapse or damage of theMt interlayer
space.

X-ray diffraction (XRD) analyses indicate that the
surfactant access to the interlayer reversed the collapse
of the basal space for samples fired at 600 °C, while
delamination did not improve for mechanically treated
samples.

The zeta potential values at pH 3 are directly related
to the external surface coverage by the surfactant. When
100% of the CEC surfactant is loaded, the 600 °C
treated and the raw Mt samples attain a higher positive
zeta potential than the mechanically treated products.

This is related to the enhancement of Cr(VI) removal.
The zeta potential values show that only samples that
remove Cr(VI) decrease their positive values.

For both solid/liquid ratios studied, the best sample
for Cr(VI) removal is OMt600°C-100, due to its higher
surfactant percentage at the external surface, a conse-
quence of the interlayer collapse. As a first approach, the
electrostatic mechanism can be assigned as the main
driving force for Cr(VI) sorption on the surface of
modified Mt clays. These results are evidence that ther-
mally treated Mt clays have a greater potential as low
cost adsorbents than untreated Mt, improving the reten-
tion of Cr(VI) at the external surface and using less
surfactant.

The current results demonstrate that by pretreating
the montmorillonite surface so as to make the surfactant
lie at the external surface, the retention of Cr(VI) is
greatly improved. This method reduces the amount of
surfactant to less than half for similar removal efficiency
of Cr(VI) obtained by other studies. More research is
needed to achieve the optimal solid/liquid dose.
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