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ABSTRACT

Rosa M Torres Sánchez

NA raw montmorillonite (Mt) and two organomontmorillonites (OMt) with different hexadecyltrimethylammonium bromide (HDTMABr) was used to adsorb Cu2+. The
Cu2+ adsorption isotherms were performed, and Langmuir,
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Freundlich and SIPS mathematical models were evaluated.
According to the R2 term, the experimental data were
appropriately described by SIPS models for all the samples.
Thermal analysis of the OMt adsorbents and their Cu2+
adsorbed products indicated that HDTMA was associated
with cation exchange and Van der Waals interactions to the
Mt surface. The decrease of the de-surfactant temperature
mainly for MH0.5-Cu respect to MH0.5 sample would indicate
a weaker Van der Waals interactions of alkyl chains at the
external surface by the Cu presence. The Cu2+ and the HDTMA
entrance at the interlayer of Mt was evidenced by XRD
analysis, where the cationic exchange process occurs. The zeta
potential values behavior evidenced the importance of the
external surface participation in the Cu2+ adsorption mainly
for OMt samples.
Keywords: Copper, Clay, Organo-Montmorillonite, Surfactant,
Adsorption.

INTRODUCTION
The pollution associated with different processes of the
human, industrial and mining activities, can be localized in
effluents with different content of toxic metals and/or organic
pollutants. However, soil and water act as final sinks, the water
contamination can affect populations of riverbanks areas and
the quality of agricultural soils can also have consequences on
the health status of the inhabitants [1,2].
Particularly, copper is an essential nutrient for human health,
but excessive amounts can result in various pathologies and in
severe cases death [3].
The concern for both, health and environment, has led to

the development of a large number of researches aiming to
remove these pollutants from water. The adsorption process
is one of the technologically preferred treatments due to its
effectiveness, versatility, low cost and simplicity. Among the
wide variety of adsorbents materials, clays, and particularly
montmorillonite (Mt), has been shown as strong candidate
for the removal of heavy metal from wastewater [2,4-6]
Their low cost place them among the preferred adsorbents
for industrial treatments, in addition to its negative surface
charge (originated by the isomorphic substitution balanced
by exchangeable cations, mainly Na+ and Ca2+, located in
the interlayer space) and high surface that lets an important
removal of cationic contaminats. The adsorption of metal
cations occurs via two different mechanisms that includes
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cation exchange, in the interlayer with outer-sphere complexes
formation and, secondly, on edge sites with variable charge
on the external surfaces with formation of inner-sphere
complexes through Si–O- and Al–O- groups at the clay particle
edges [7]. The strong interaction involved generates a difficult
and/or low-cost recovery of metals.

and chemical structural [(Si3,89Al0,11)(Al1,43Fe3+0,28Mg0,30)O10(OH)2]Na+0,41 by chemical analysis [13]. The cationic exchange
capacity (CEC), determined by Cu-triethylenetetramine
method, was 0.825 mmol/g clay, external specific surface area
= 34 m2 g−1 determined by N2 adsorption and isoelectric point
(IEP) = 2.7 [14].

Particularly, although the Na-Mt sample reaches adsorption
values for some heavy metals close to those of activated
carbon (Uzun et al. 2000), additionally that Na-Mt is cheaper.
When it is attempted to use it technologically in columns it
fails due to its strong swelling capacity. The swelling capacity
of Na-Mt can be eliminated by exchanging the Na+ by Ca2+, but
the adsorption capacity value decreased to half of that found
for Na-Mt [8].

The hexadecyltrimethylammonium (HDTMA; purity 98%)
bromide and CuNO3.6H2O (purity 99%) were purchased from
Sigma Aldrich Co., and used as received.

The inorganic raw cations can also be exchanged by
quaternary ammonium cations (QAC) to produce organomontmorillonites (OMt) whose loading amount, alkyl
substitutions, etc., change the initial structural and chemical
parameters [9] and allowed them to adsorb heavy metals
attaining different success [10-12] Although, the results
involving the use of OMt to remove metals from effluents are
noteworthy, there is still a need for a better understanding
of the mechanisms involved in order to achieve their best
recovery.
The aim of this study is to evaluate the Cu2+ adsorption
capacity of OMt samples obtained from two different
hexadecyltrimethyl-ammonium (HDTMA) exchange amount
(50 and 100% of the cationic exchange capacity of the raw
montmorillonite (Mt). In order to evaluate the surface sites and
the strength of interactions involved, deep characterization
of the Mt and OMt samples with and without Cu2+ has been
performed by thermal analysis (DTA, TG/DTG), X-ray diffraction
(XRD) and zeta potential measurements.
The knowledge acquired here will allow evaluating the
strength of the interactions involved between the organoclays and the metal cations that could help the greater
recovery of the latter.
MATERIALS AND METHODS
Materials and chemicals
The montmorillonite (Mt) sample used in this study was
from Rio Negro Province, provided by Castiglione Pes y
Cia. Mineralogy analysis of Mt indicated that contained Namontmorillonite (>99%), with quartz and feldspars as impurity,

The HDTMABr solubility in water is 50 mg mL−1, MW = 364.5
g mol−1 and critical micelle concentrations (CMC) = 9 x 10-4 M
[15].
Preparation of organo-montmorillonites
The synthesis of organo-montmorillonites (OMt) samples was
performed according to the procedure previously described
[14]. Briefly, the HDTMABr amount equivalent to 50 or 100 %
CEC value of Mt was dissolved in 1 L of distilled water, and 10
g of Mt was slowly added and stirred (400 rpm) for 2 h at 60°C.
The products attained were washed with distilled water to
free them from bromide anions (tested by AgNO3) and dried
at 80°C. The OMt samples were labeled as MH0.5 and MH1,
where 0.5 and 1 indicate the HDTMA concentration respect to
the CEC of Mt.
Batch adsorption experiments
The retention of Cu2+ on Mt and OMt samples were investigated
by batch adsorption experiments in initial concentrations (Co)
range of Cu2+ between 0 and 30 ppm, and mass concentration
(2 g L−1). The solutions pH was adjusted at pH = 5 by adding
drops of HCl or KOH concentrated solutions. The dispersions
were maintained at room temperature with continuous
stirring for 24 h to attain equilibrium [16], and the adsorbents
were separated by centrifugation at 15000 rpm for 15 min,
dried for further characterization and labeled as Mt-Cu, MH0.5Cu and MH1-Cu, respectively. The Cu2+ final concentration (Cf )
was determined in the supernatant using Atomic Absorption
Spectrometry (AAS) with an air/acetylene flame (Sens AA,
from GBC Scientific Equipment).
The experimental isotherms were adjusted to Langmuir,
Freundlich and Sips models.
The Langmuir model assumes a monolayer adsorption and
can only occur at a finite number of definite localized sites. The
nonlinear expression of the Langmuir isotherm model can be
written as follows [17, 18]:
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Qm K L C f
1 + K LC f

1
1 + K L C0

(1)

(2)

where Qm is the maximum adsorption capacity (mg g-1) and
KL is the Langmuir adsorption constant (L mg-1) that is related
to adsorption energy and Co is the lowest initial concentration
of Cu2+. The RL parameter is the dimensionless separation
factor that indicated the shape of the Langmuir isotherm.
Freundlich model can be used for non-ideal sorption that
involves heterogeneous sorption. The nonlinear expression for
the Freundlich isotherm model can be illustrated in equation
3 [17,18]:

Qe = K F .C (f

1/ n )

(3)

Where KF is the Freundlich adsorption constant (L mg-1) that
is related to adsorption capacity, and n is the heterogeneity
factor, while 1/n indicates the variation in adsorption as a
function of concentration [19].
Sips models is a combination of Langmuir and Freundlich
expressions for predicting the heterogeneous adsorption
systems without limitation associated with the Freundlich
isotherm model [17]. This model predicts that at low adsorbate
concentration it behaves as the Freundlich model while at
high concentrations a monolayer adsorption capacity occurs
as indicates the Langmuir model. The nonlinear expression
the Sips isotherm is illustrated in equation 4 [17,20]:
Q=

Qm ( K a C f ) n
1 + ( K aC f )n

radiation and scanning parameters were counting time 10 s/
step and 0.02° (2θ) step size, within range 2-12° (2θ). Samples
were scanned on oriented form. Glass slides were covered
with sample slurry to improve the precision of the peak values.
These were prepared by drying for 48 h at room temperature
and constant relative humidity (rh) of 0.56 [21].
Electrophoretic potentials were determined using Brookhaven
90Plus/Bi-MAS Multi Angle Particle Sizing, operated at: λ
= 635 nm, 15 mW solid state laser, scatter angle = 90°, and
temperature = 25°C and employing 10−3 M KCl as inert
electrolyte and Pd electrodes. The electrophoretic mobility
was converted automatically into a zeta potential values using
the Smoluchowski equation [22]. To generate zeta potential
versus pH curves, 40 mg of sample was dispersed in 40 mL KCl
10−3 M, used as inert electrolyte. The slurry was continuously
stirred, and the suspension pH was adjusted using drops of
HCl or KOH of different concentrations until equilibrium was
attained (10 min).
RESULTS AND DISCUSSION
The Cu2+ sorption isotherms onto Mt, MH0.5 and MH1 samples
are shown in Figure 1 and the relevant parameters calculated
from these models are listed in Table 1.

(4)

where, Qm is the maximum adsorption capacity (mg g-1), Ka is the
affinity constant for adsorption (L mg-1) and n is the Freundlich
parameter that considers the system heterogeneity. The Sips
isotherm is reduced to the Langmuir form for n = 1 when a
homogeneous surface is considered.
METHODS
Thermogravimetric analysis (TGA) were conducted using a
Rigaku TG 8121 Thermo plus EVO2 equip with alumina as a
reference. Samples of 50 mg were placed in Al2O3 crucibles
and heated from 30 to 800°C at a scanning rate of 10°C min-1
in air atmosphere.
The XRD patterns were obtained with a Bruker AXS D2 Phaser
diffractometer, operated at 40 kV and 30 mA using CuKα

Figure 1: Cu2+ adsorption isotherm onto: () Mt; () MH0.5 and () MH1
samples at pH 5. Lines represent the experimental data fitted to: (dash) Langmuir,
(dot) Freundlich and (dash-dot) Sips models.

To better understand the adsorption of Cu2+ on Mt and OMt
samples, Langmuir (equation 1), Freundlich (equation 2), and
Sips (equation 3) isotherm models were used to quantitatively
describe the adsorption isotherm of Cu2+. A Cu2+ Qmax decrease
was found with the HDMTA loading increase in agreement
with previous data found by Ma et al. [23]. As indicated by the
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R2 values (Table 1), the adsorption isotherms of Cu2+ on Mt
and OMts samples are better fitted with the Sips model than
Langmuir or Freundlich ones [17,20]. Adsorption capacities
toward Cu2+ in descending order of Qmax were Mt > MH0.5 >
MH1 samples. The more efficient removal of Cu2+ attained
by the Mt sample was due to the cation exchange reaction
between the raw Na+ and Cu2+ [8,23,24]. The decrease of Cu2+
adsorption on OMt samples, was attributed probably by Ma
et al. (2016) to the lower exchange of copper cations with
surfactant at the interlayer and they might be preferably
adsorbed on the edge site of montmorillonite layers, as
happened with Pb(II) adsorbed on similar OMt samples [25].

between the clay and the surfactant [28,29]. The first peak
at around 285°C was associated with previous work to Van
der Waals (VdW) interactions that occurred at the external
surface [29]. Whilst the second peak at 399°C with a stronger
interaction was attributed to cationic exchange process
that takes place mainly at the interlayer [29]. The peak for
dehydration of hydroxyl groups, found at 669°C in Mt sample,
decreased to around 602°C for OMt assigned to oxidation of
charcoal and formation of CO2, whose temperature depends
on experimental conditions and among others to the bonding
between the clay and the organic compound [30].

Table 1: Isotherm parameters obtained from Langmuir, Freundlich and Sips models
fit experimental adsorption data.

Sample

Adsorption
model

Qm
(mg g-1)

K
(L mg-1)

n

R2

18.0 ±2.0

0.7 ±0.1

-----

0.972

Freundlich

-----

6.8 ±0.5

1.9 ±0.2

0.9

Sips

14.0 ±1.0

1.2 ±0.2

1.5 ±0.2

0.989

Langmuir

7.4 ±0.8

1.1 ±0.6

-----

0.858

Freundlich

-----

3.6 ±0.2

3.5 ±0.3

0.951

Sips

7.7 ±0.4

1.2 ±0.2

0.7 ±0.1

0.967

Langmuir
Mt-Cu

MH0.5-Cu

MH1-Cu

Parameters

Langmuir

3.3 ±1.5

0.05 ±0.01

-----

0.945

Freundlich

-----

0.22 ±0.05

1.5 ±0.2

0.926

Sips

2.10 ±0.01

0.10 ± 0.01

1.91 ±0.01

0.989

In order to understand surface sites and interactions involved
in the Cu2+ adsorption, Mt, OMt samples and their respective
Cu2+ adsorbed (with 13,5 and 1 mg g-1 for Mt, MH0.5 and MH1
samples, respectively) products were characterized by thermal
analysis (Figure 2A, B & C, respectively).
For Mt sample the DTG curve (Figure 2A), indicates a first
broad peak located at 123°C assigned to a dehydration process
of the water physiosorbed present in the external surface and
interlayer space (with correspond to 13.3% mass loss), and a
second one at 669°C attributed to the dehydration of hydroxyl
groups [26]. The Cu2+ adsorption generated a shift of the first
peak from 124 to 73°C, due to dehydration of the Cu(II) with its
hydration sphere into the interlayer [27].
The HDTMA loading in OMt samples (Figure 2B) cause a
temperature decrease of the first peak to 91°C (with 4.3% and
4.1% mass loss for MH0.5 and MH1 samples, in agreement
with data found by Gamba et al. [14]. The surfactant presence
originated two different decomposition temperatures,
indicating the existence of different association mechanisms

Figure 2: Curves DTA/TG-DTG for: A) Mt and Mt-Cu; B) MH1 and MH0.5 samples
and. C) MH1-Cu and MH0.5-Cu. Amount of Cu2+ adsorbed were: 13 mg g-1, 5 mg g-1
and 1 mg g-1 for Mt, MH0.5 and MH1 samples, respectively.
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The Cu2+ adsorption on OMt samples (Figure 2C) produced a
similar behavior of dehydration process to that found for Mt
respect to Mt-Cu sample (Figure 2A). For both OMt samples,
the temperature for the dehydration process decreased to
45°C. Particularly, the surfactant decomposition temperatures
on OMt samples showed different behavior compare to the
OMt samples that adsorbed Cu2+. The peak assigned to
cationic exchange process increased from 399°C to 410°C,
irrespectively of the amount of Cu2+ adsorbed. The peak
allocated to VdW interactions decreased from 285°C to 270°C
for MH0.5, while remained at 285°C for MH1 sample. It is
important to point out that, for both OMt-Cu samples, the peak
intensities for both interactions increase with the surfactant
amount loaded, as it happened to both OMt samples. In line
with the behavior found for Mt samples the dehydration of
hydroxyl group’s peak decrease from 602°C to 595°C with the
Cu2+ adsorption on OMt samples.

2019; 1(1): 4

spheres of Na+ or Cu2+ [34-36]. Particularly, when Cu2+ is at the
Mt interlayer space, hexa-aqueous complexes [Cu(H2O)6]2+ are
formed [37, 38].

Summing up, DTG results indicated that the surfactant was
loaded simultaneously by cation exchange and VdW at the Mt
surfaces. The first interaction occurred on the internal surface
of Mt (interlayer), while the second one appeared at edge sites
with variable charge on the external surface of Mt, as it was
previously identified for metal cations [7]. The modification
of the de-surfactant process with further Cu2+ adsorption on
OMt samples, could be indicative of VdW interaction strength
alteration.
To attain more insights of the internal surface of Mt, changes
of the basal reflection indicates the incorporation of the
surfactant and/or the hydrated inorganic cations in the
Mt interlayer, where the cationic exchange process occurs.
Besides, as the neutrality of the interlayer remains with the
cation exchange process [31], changes of the electrical surface
charge was driven by modifications of the external surface
[32]. Consequently, the surfactant VdW interactions at the
external surface of Mt and the further Cu2+ adsorption could
be evidenced by zeta potential values modification measured
by the micro-electrophoresis method.
The basal reflection values obtained by XRD for samples with
and without different Cu2+ adsorption are shown in Figure 3.
For Mt sample (Figure 3A) the d001 value of 1.24 nm shifted
to 0.25 and 0.19 nm with Cu2+ adsorption of 1.5 and 13 mg
g-1 clay, respectively. As it was indicated in our previous work,
these shifts were indicative of the preferred Cu2+ adsorption at
the permanent charge sites of Mt sample [33]. The asymmetric
peak shape observed (Figure 3A) when Cu2+ was adsorbed
on Mt sample indicated a heterogeneous distribution in the
interlayer generated by the presence of the different hydration

Figure 3: Partial XRD patterns for indicated samples: A) Mt (black line), Mt-Cu with
1.5 mg g-1 (pink line) and with 13 mg g-1 (blue line) Cu2+ adsorbed. Insets depicted
the deconvolution peaks for indicated samples; B) MH0.5 (black line), MH0.5-Cu
with 0.1 mg g-1 (pink line) and MH0.5-Cu with 5 mg g-1 (blue line) Cu2+ adsorbed,
and C) MH1 (black line), MH1-Cu with 0.1 mg g-1 (pink line) and MH1-Cu with 1 mg
g-1 (blue line) Cu2+ adsorbed.

The constant value obtained for the ratio of areas (3.81 and
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4.17, for 1.5 and 13 mg of Cu2+ adsorbed by g clay, respectively)
of the respective deconvoluted d001 peaks for Mt-Cu samples
(Figure 3A), validated the important entry of Cu2+ in the
interlayer, even at low Cu2+ concentration.
For MH0.5 and MH1 samples the surfactant interlayer entrance
shifted the Mt initial d001 value from 1.24 nm to 1.89 nm and
to 1.96 nm, respectively (Figure 3B & C), which indicated
a bilayer surfactant arrangement [29,39]. However, for the
MH0.5 sample, despite the different amount of Cu2+ adsorbed
at each MH0.5-Cu samples (0.1 and 5 mg g-1 Cu2+, respectively),
the d001 value remained within the method error (Figure 3B)
close to that of MH0.5 sample. This behavior could be assigned
to a shielding effect produced by the presence of surfactant in
the interlayer space of Mt. Notwithstanding, for MH1 sample
despite the amount of Cu2+ adsorbed are lower than those of
MH0.5-Cu samples (0.1 and 1 mg g-1 Cu2+, respectively) the Cu2+
presence seems to modify slightly the surfactant arrangement
at the interlayer.
To evaluate changes of electrical surface charge between the
samples, also with the different amount of Cu2+ adsorbed,
zeta potential vs pH curves were carried out (Figure 4) for Mt,
MH0.5 and MH1 and same Cu2+ adsorbed products analyzed
previously by XRD.

Figure 4: Zeta potential vs pH curves of () Mt, () MH0.5 and () MH1 samples
without and with Cu2+ adsorbed. Symbols indicated: (empty) without, (half full)
with minimum and (full) with maximum Cu2+ adsorbed. Minimum correspond to
1.5 mg g-1, 0.1 mg g-1 and 0.1 mg g-1 and maximum to 13 mg g-1, 5 mg g-1 and 1 mg
g-1, Cu2+ adsorbed for Mt, MH0.5 and MH1 samples, respectively.

The negative zeta potential (around −35 mV) observed at all
pH studied for Mt sample is attributed to the predominance
of the negative charges on the particle faces with respect to
the positive charge coming from the edges [40,41]. While,
the surfactant presence in the Mt sample cause a decrease in
the negative zeta potential for the MH05 in all pH range, and

2019; 1(1): 4

reverse it to positive for MH1 sample [32].
The increase of Cu2+ adsorbed produced a direct decrease
of the initial negative zeta potential value of Mt sample. The
negative zeta potential value of Mt changed from -30 mV to
around -25 mV and -20 mV, when 1.5 mg g-1 and 13 mg g-1 of
Cu2+ was adsorbed.
For MH0.5 samples lower amounts of Cu2+ adsorbed than
those found for Mt-Cu samples, produced higher variations
of zeta potential values. The negative zeta potential value
of MH0.5 sample changed from -15 mV to around 0 mV and
reverse to +20 mV when 0.1 mg g-1 and 5 mg g-1 of Cu2+ was
adsorbed. For MH1 sample despite the lower amounts of Cu2+
adsorbed (1 mg g-1 and 0.1 mg g-1) than those found for the
Mt-Cu and MH0.5-Cu samples, a maximum increase of about 5
mV with respect to the zeta potential value of the MH1 sample
was found.
The behavior of the zeta potential values found evidenced the
importance of the external surface participation in the Cu2+
adsorption.
CONCLUSIONS
In the present study raw montmorillonite (Mt) was converted
into organo-montmorillonites by intercalating different
loading amounts of hexadecyltrimethyl ammonium bromide,
to test their capacity to adsorb Cu2+ from aqueous solution.
The Sips mathematical model was the one that best suited the
experimental data obtained for the adsorption of Cu2+ for all
samples. Thermal analysis of the OMt adsorbents evidenced
the simultaneous interaction of HDTMA to the internal and
external Mt surface by cation exchange and with the edge
sites with variable charge, respectively. The decrease of the
de-surfactant temperature mainly for MH0.5-Cu sample
respect to MH0.5 sample could be assigned to a weaker Van
der Waals interaction of alkyl chains at the external surface by
the Cu2+ presence. The variations of the interlayer thickness by
XRD analysis validate the HDTMA and further Cu2+ entrance at
the internal (or interlayer) surface of the Mt sample.
For Mt sample despite the high amount of Cu2+ adsorbed, up
to 13 mg g-1 or 0.41 meq g-1, the main interaction occurred at
the interlayer surface site, as indicated XRD analysis. Because
the CEC value of Mt sample is 0.825 meq g-1, the maximum
amount of Cu2+ adsorbed would only reach 50% of the CEC.
However, the negative zeta potential decrease with the Cu2+
adsorption indicated that some inner-sphere complexes
through Si–O- and Al–O- groups at the clay particle edges were
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produced. While for the OMt samples, as it was found in our
previous work for the fungicide thiabendazole, it is only the
organic-free spaces of Mt surface that can interact with the
Cu2+ and therefore increases the positive zeta potential despite
the amount of Cu2+ adsorbed was less than in Mt sample.
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