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A B S T R A C T

Adsorption of crystal violet (CV) on montmorillonite (MMT) was investigated through kinetic analysis, micro-
structural characterization, surface charge and contact angle determination. Adsorption kinetic was studied in
situ by attenuated total reflectance Fourier-transform infrared analysis (ATR-FTIR); MMT microstructural
changes were determined by small angle X-ray scattering (SAXS) and N2 adsorption/desorption analysis;
wettability and surface charge were determined by contact angle and a particle charge detection technique,
respectively.

Kinetic studies indicated that the analyzed total adsorption rate was the result of the combination of in-
traparticle diffusion and/or surface adsorption processes, where the contribution of each phenomenon depended
on the initial concentration of CV. Obtained findings of characterization studies allowed proposing different
molecular arrangements according to the concentration of adsorbed dye in water. For low CV concentration, the
dye molecules entered in the MMT interlaminar space as a monolayer, with the aromatic rings parallel to the
interlayer space surface. At medium CV content, the dye molecules entered the MMT interlaminar space either in
a paraffin-like monomolecular arrangement with a tilt angle or in a bilayer configuration. In both cases, in-
crement of the basal spacing, reduction of wettability, diminution of negative surface charge and the interaction
of CV molecule with surface through its quaternary amine group were determined. At higher CV content, the
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wettability increases and surface charge shifted to positive values, indicating the presence of CV bilayer ar-
rangements, with the positively charged region of the dye molecules facing away from the surface. Results of this
work will help to develop efficient adsorbents and to achieve a deeper understanding on the fate of CV (and
similar compounds) in water and sediments.

1. Introduction

Colored wastewaters from textile, plastic, paper, tannery and other
industries are continuously increasing, being this phenomenon specially
worrying in developing countries [1]. The dyes present in these was-
tewaters are typically recalcitrant and it could be rapidly spread into
the environment [2,3].

The interaction between dyes and clays is particularly important in
processes related with the environmental dissemination of these pol-
lutants and also in mitigation or remediation process. Clays are present
in soils, sediments and waters (as colloidal particles), playing an im-
portant role in the environmental availability and transport of different
pollutants [4,5]. Moreover, clays (i.e. bentonites) and clay-composites
have been extensively proposed as effective low cost absorbents for
certain dyes and other organic and inorganic pollutants [6–12]. Mon-
tmorillonite clay (MMT) (belonging to the smectite group) has been
broadly studied as an adsorbent for synthetic dyes [13–16]. However,
given the enormous complexity of adsorption processes in the en-
vironment, the use of simple pollutant-clay models acquires great im-
portance and interest to thoroughly understand the basic interactions
between adsorbate and sorbate.

MMT has an aluminum-silicate layered structure with a net negative
charge generated by isomorphic substitutions. The intrinsic negative
charge is compensated with inorganic cations (typically Na+ or Ca2+

ions). The high cationic exchange capacity, high specific surface area
and intrinsic negative charge make MMT a promising adsorbent for
cationic synthetic dyes [16].

Triarylmethane dyes (TAM) are recalcitrant dyes that have been
used as antimicrobial and antifungal agents [17,18]. These compounds
have a net positive charge, being crystal violet (CV) a good re-
presentative for cationic dyes. CV also presents the phenomenon known
as metachromicity, where a shift in the maximum absorption wave-
length according to dye concentration is observed, and it was demon-
strated that at high concentrations it could form dimmers both in so-
lution as well as adsorbed on clay minerals [19–24].

Adsorption of CV on MMT was previously studied by other authors
[15,19–23,25–29]; more specifically, metachromicity was used in early
studies to explore the different possibilities of CV adsorption on MMT
[19–23,26]. Recent studies remark the importance of the adsorption of
organic molecules (in particular CV molecules) at the surface and/or in
the interlaminar space of MMT, modifying the wettability of the system
and its interaction with other pollutants [16,28]. These may lead to
new relevant technological applications of the obtained MMT-CV
complexes, e.g., as adsorbents for hydrophobic organic contaminants
[28,29] or as precursors for synthesizing graphene-like carbon nano-
materials [30,31].

Few works report studies on kinetics, thermodynamic and structural
characteristics of CV adsorption on MMT [27,32,33]. Nevertheless, an
extensive analysis of CV adsorption on MMT is required in order to
understand the overall adsorption process mechanism. This knowledge
is necessary to better understand the localization and arrangement of
CV at MMT and its effect on surface properties, which determine the
interaction of the sorbent/sorbate system with other pollutants and, in
general, the surrounded environment [16]. Recently, it was proposed
the use of Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectroscopy as a novel methodology for in-situ adsorption
kinetic studies of organic molecules on montmorillonite [5]. This
technique may provide further insight in the adsorption kinetic and
mechanism of CV adsorption on MMT improving the present

understanding on the adsorption of organic cations on montmorillonite.
The aim of this work is to understand the CV adsorption mechanism

on MMT by in-situ kinetic study using ATR-FTIR method, as well as
studying the microstructure and surface characteristic of CV-MMT ad-
sorption complexes. Small Angle X-ray Scattering (SAXS) and N2 ad-
sorption analysis were used to determine changes in the micro and
nanostructure. Wettability and surface charge were determined by
contact angle and charge titration measurements, respectively. This is
the first time, to the best of our knowledge, that this combination of
advanced and conventional techniques was used together on dye-
montmorillonite complexes in order to determine the dye adsorption
mechanism in a wide range of concentrations. The results of this study
will help in the design of better adsorbents for cationic organic con-
taminants, the development of more efficient sorption or pollutants
mitigation treatments and in selecting optimum operating conditions
for full-scale batch process.

2. Experimental details

2.1. Materials

Smectite collected from Lago Pellegrini deposit (Rio Negro, North
Patagonia, Argentine) was provided by Castiglioni Pes y Cia. Cationic
exchange capacity (CEC), determined by the Cu-triethylenetetramine
method [34], was 0.825 mmol/g clay. Isoelectric point (IEP), obtained
by the determination of the diffusion potential as described elsewhere
[35], was 2.7. The mineralogy and chemical analysis of this smectite
were determined in a previous work [36]. XRD and chemical analysis
indicated that contained mostly Na-montmorillonite (> 99%) with
quartz and feldspars as minor phases. The structural formula de-
termined from the chemical composition (%) following the procedure
proposed by Siguin et al. [37] was [(Si3.89Al0.11)(Al1.43Fe0.28Mg0.30)
O10(OH)2]Na+0.41 (more details in Ref. [36,38]). Crystal violet (CV) dye
(Analytical grade, C.I. 42555, chemical formula = C25H30N3Cl, Mol.
wt. = 407.99 g/mol, λmax 590 nm) was purchased from Biopack (Ar-
gentina).

2.2. Adsorption kinetics

Attenuated total reflectance Fourier transform infrared spectra
(ATR-FTIR) were performed with a Tensor 27, Bruker spectrometer
(200 scans, resolution 4 cm−1) on a ZnSe-ATR crystal unit
(area = 10 mm× 72 mm) with an incident angle of 45° and 11 re-
flections. A thin colloidal film of MMT was deposited onto an ATR
crystal by placing 0.5 mL of a MMT colloidal dispersion (0.31 gL−1)
and evaporating to dryness at room temperature as indicated in a
previous work [5]. The MMT film was rinsed with small aliquots of
water to eliminate loosely deposited particles.

A volume of 1.4 mL of a 1 × 10−2 molL−1 KCl was placed on the
MMT film and MMT spectra were recorded. Then, the KCl solution was
withdrawn and a volume of 1.4 mL of CV fresh solution at constant
ionic strength of 1 × 10−2 molL−1 KCl, was placed on the MMT film.
The initial concentration of CV in solution, [CV]0, was varied from 0.12
to 1.23 mmolL−1, and the pH of all the solutions was adjusted to 7.0.
This range covers the concentrations typically used to prepare CV-MMT
complexes and allows the comparison between kinetic adsorption and
structure/surface CV-MMT complexes experiments. ATR-FTIR spectra
were recorded as a function of time at room temperature until no fur-
ther changes were detected. This indicated that the film was saturated
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with the adsorbate. Temporal changes measured as the absorbance (At)
were quantified by monitoring the changing absorbance of each se-
lected vibration frequency. A scheme of the experimental setup for the
study of CV adsorption kinetics on MMT films is showed in Fig. S1,
Supporting Information.

Typical CV vibration frequencies centered at 1588, 1367 and
1184 cm−1, due to C=C, N-Ph and N-CH3 stretching respectively (de-
tails will be given later), were monitored to determine CV kinetic ad-
sorption for each [CV]0. Experiments were performed by duplicated.
The FTIR spectrum of the MMT film (in the presence of a solution
containing 1 × 10−2 molL−1 KCl) was considered as a background and
it was subtracted from the spectra obtained for all in situ adsorption
experiments to monitor exclusively the change by addition of CV.
Kinetic models were tested for simulation of the experimental data,
being obtained six sets of a model parameters for each [CV]0, which
were averaged.

The spectrum of each CV solution was previously recorded in the
absence of the MMT film. Furthermore, the FTIR spectra of the CV
solutions were compared to FTIR spectra of CV adsorbed on MMT films
at equilibrium time (CV@MMTfilm) in order to determine CV groups
involved in the adsorption process.

2.3. MMTCV samples preparation

Solid samples containing different concentration of crystal violet
adsorbed on montmorillonite (MMTCV) were prepared by adsorption of
CV on MMT dispersions (1grL−1) as indicated in a previous work [15]
using a CV initial concentration [CV]0 ranging from 0.06 to
1.96 mmolL−1 at constant ionic strength of 1 × 10−2 moldm−3 KCl.
The dispersions were shaken and equilibrated for 12 h at room tem-
perature. Subsequently, the dispersions were centrifuged 15 min at
13,500 rpm and the pellet obtained was separated from the supernatant
solution. The solids were washed with deionized water two times,
centrifuged, dried at 60 °C overnight and stored in desiccators over si-
lica gel, at room temperature, for further analysis and labeled, e.g., as
MMTCV0.12 for a sample prepared from a CV solution with CV initial
concentration [CV]0 = 0.12 mmolL−1.

2.4. Interlaminar space determination by SAXS/WAXS

Samples of pure MMT and MMTCV samples were characterized by
Small Angle X-ray Scattering (SAXS) and Wide Angle X-ray Scattering
(WAXS) to determine changes in the interlaminar space. Data were
obtained at the D01A SAXS line workstation of the Brazilian
Synchrotron Light Source (LNLS), Campinas, Brazil, using a wavelength
of 0.155 nm and a sample to detector distance of 491.334 mm. The
range of q detected allowed spanning 0.25 ≤ q≤ 5.9 nm of range. All
measurements were made at room temperature and registered in a 2D-
CCD detector (MAR-USA 165 mm).

2.5. N2 adsorption-desorption isotherms

Nitrogen adsorption-desorption on MMT and MMTCV samples iso-
therms were recorded at 77 K using the NOVA 4000e Surface
Area & Pore Size Analyzer from Quantachrome Instruments. The spe-
cific surface area was calculated using the BET method. Total pore
volume (VTP) was calculated by Gurvitch method. Diameter pore size
for a slit pore (WP) calculated as WP = 2·VTP/SBET. All samples were
degassed at 120 °C by the FloVac Degasser (Quantachrome Instruments)
for at least 12 h prior to measurement.

2.6. Surface charge and wettability

The surface charge (SC) of MMT and MMTCV samples were quan-
tified as indicated in a previous work [39,40] by generating a streaming
potential and titration of charge-compensating polyelectrolytes using

the cell of a particle charge detector (PCD 03, Mütek, Germany). For
negative and positive SC, the cationic polyelectrolyte poly-DADMAC
(poly-diallyldimethylammonium chloride) and the anionic polyelec-
trolyte PES-Na (sodium polyethylene sulfonate) were used, resp. The
particle charge detection (PCD) technique is a well-established method
for studying SC properties of modified clays [39–41]. For each titration,
10 mg of sample was suspended in 10 mL of deionized water. After
dispersion, the suspension was transferred into the titration cell. Each
measurement was performed at least three times.

Contact angle (CA) of MMT and MMTCV samples were measured to
determine their wettability. The sessile drop method was applied using
a charge-coupled device (CCD) equipped contact angle microscope
(OCA 15, DataPhysics, Filderstadt, Germany) allowing the evaluation of
CA at any time after droplet placing. A drop of deionized water
(V= 3 μl) was placed on the sample, which was sprinkled and gently
pressed to establish a firm connection to a double-sided adhesive tape
on a microscopic glass slide. The initial CA (30 ms after placement of
the drop and ending of mechanical perturbations) was analyzed by
automated drop shape analysis (ellipsoidal fit) and fitting tangents to
both sides, using the software SCA20 (DataPhysics, Filderstadt,
Germany) [42–44]. Each measurement was performed at least six
times.

3. Results and discussion

3.1. FTIR analysis

FTIR spectra of different CV solutions in 1 × 10−2 molL−1 KCl
were determined and compared with FTIR spectra of CV adsorbed on
MMT films at equilibrium time (CV@MMTfilm) (Fig. 1). The peaks
between 1590 and 1480 cm−1 are typically assigned to C=C stretching
vibration of aromatic rings. The band centered at 1367 cm−1 had been
attributed to N-phenyl stretching vibration and the doublet with peaks
at 1176 and 1192 cm−1 to N-CH3 stretching vibration [28,45,46]. The
absorbance of FTIR vibration showed higher values as the initial con-
centration of CV increased, indicating that at higher initial concentra-
tions higher amount of CV was adsorbed on MMT (Table S1, Supporting

Fig. 1. FTIR spectra of CV solutions and CV adsorbed on MMT films at equilibrium time
(CV@MMTfilm). [CV]0 are indicated.
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Information). The appearance of a shoulder at 1380 cm−1 and the in-
crement of the intensity of the peak at 1192 cm−1 observed in CV@
MMT film respect to the CV solution for the whole CV initial con-
centrations studied, could be attributed to the interaction of CV with
MMT surface. A similar shift was observed before [28] and was at-
tributed to the strong interaction between CV and MMT.

The effect of pH on CV adsorption was studied in batch systems for a
[CV]0 of 1.23 mM in MMT dispersions of 1 gL−1 (Figure S2, Supporting
Information). Results evidenced that at higher pH values, the CV ad-
sorption on MMT was increased. Similar results were reported for CV
adsorption on MMT and other adsorbents [27,47,48]. Zeta potential
studies performed with MMT showed that the surface was negatively
charged throughout the whole pH-range, with negative charges in-
creasing as the pH increased [15]. The experimental evidence indicated
that the interaction of CV with the clay mineral surface was typically
electrostatic (i.e. the adsorption of cations is favored by an increment of
pH due to the augment of MMT negative surface charge). This behavior
agrees with the coordination of the CV molecule with surface sites
through the interaction of its quaternary amine by means of the for-
mation of an outer-sphere complex. An interaction of CV with clay
surface through its quaternary amine is in accordance with shifts of
peaks corresponding to N-phenyl and N-CH3 stretching vibrations in-
dicated in the previous paragraph.

3.2. Adsorption kinetics

Adsorption of CV onto MMT films from solutions containing dif-
ferent [CV]0 in 1 × 10−2 molL−1 KCl was determined by in situ FTIR.
Fig. 2 shows a typical FTIR spectrum of CV adsorbed on MMT film from
a CV solution of [CV]0 = 0.12 mmolL−1.

Peaks centered at 1588, 1367 and 1184 cm−1 were used to follow
the kinetic adsorption of CV onto MMT. The area of the bands varied
monotonously over time as CV was being adsorbed onto MMT clay.

By applying Beer-Lambert law, the band area at a given time (At)
and the band area at the adsorption equilibrium (Ae), are directly re-
lated to the degree of surface coverage (θt) and to the degree of surface
coverage at the adsorption equilibrium (θe), resp. [5,49–51]. Ad-
ditionally, the ratio At/Ae is equivalent to the ratio θt/θe. Fig. 3 shows θt
normalized by θe (θt/θe) versus evolution over time for the band cen-
tered at 1367 cm−1. Similar behavior was obtained for the evolution of
θt/θe over time using bands centered at 1588 and 1184 cm−1 at all
[CV]0 (Figure S3, Supporting Information, shows the evolution over
time of the bands centered at 1588 and 1184 cm−1). The evolution over
time of θt/θe was found to be very reproducible, although the adsorp-
tion capacity showed fairly large variations for individual experiments.
This latter feature has been attributed to random changes in the fraction
of the film that is actually available for adsorption [52]. Equilibrium
conditions were reached after 20 and 80 min for the higher and lower
CV initial concentration, resp.

3.3. Kinetic models

Several kinetic models including Lagergren pseudo-first-order
(PFO), pseudo-second-order (PSO), intra-particle diffusion model (IDM)
[5,53,54] were tested for simulation of the experimental data. Table 1
shows the parameters obtained by fitting the experimental data to the
different models.

The PFO equation [55], widely used for biosorption, is based on a
Lagergren pseudo-first-order rate expression:

− = −ln(θ θ ) lnθ k te t e 1 (1)

where k1 is the pseudo-first-order sorption rate constant, θe and θt are
the surface coverage at equilibrium and at any time t, resp. As men-
tioned before, θe and θt were measured as the area beneath the bands
centered at 1588, 1367 and 1184 cm−1. It is necessary to relate θt to θe
(θt/ θe) in these kind of systems in order to made them independent of

the thickness of the MMT film allowing the results to be comparable
between experiments [5,52]. The overall rate constant, k1, (Table 1)
was calculated from the slope by plotting ln(1 − θt/θe) versus t (Fig. S4,
Supporting Information). The coefficients of determination (R2) ob-
tained using the Lagergren model for the evaluated bands were lower
than 0.96.

Pseudo-second-order (PSO) equation assumes that the adsorption
rate is proportional to the square of the number of unoccupied surface
sites [53]. Moreover, the number of occupied sites is proportional to the
adsorbate concentration. PSO equation is defined by Eq. (2) and the
integrated form is given in Eq. (3).

= −
dθ
dt

k (θ θ )t
t

2 e
2

(2)

= +
t
θ

1 k θ t
θt

2 e
2

e (3)

θe and θt are the surface coverage at equilibrium and at a de-
termined time t, respectively; and k2 is the sorption rate constant. The
kinetics parameters k2 and θe are typically obtained from the slope and
intercept of a t/θt vs t plot. However, to normalize the systems and to
induce an independence to the thickness of the MMT film, t∗θe/θt
versus time plots were performed. Fig. 4 shows the plot of t∗θe/θt versus
time (t) for the band centered at 1367 cm−1 at the CV initial con-
centrations. Fig. S5, Supporting Information, shows plots of t∗θe/θt
versus time (t) for bands centered at 1588 and 1184 cm−1. Linear plots
were obtained in all the cases. However, as the CV initial concentration
decreases, bigger deviations from the PSO model were observed. As
shown in Table 1, the slope and the intercept differ from the expected
values (1 and 0, resp.). An intercept value different from zero or a
deviation from linearity at initial times had been attributed to a greater
contribution of a diffusional process [53,56]. In our study, this phe-
nomenon was likely caused by the contribution of a diffusional process
at low initial CV concentration as will be addressed below.

Taking into account the possible existence of a diffusional process
contributing to the global adsorption rate, the intraparticle diffusion
model (IDM) was investigated to analyse the adsorption kinetic data.

The IDM is applicable when the rate-determining step is the mass
transfer of the adsorbate to the solid surface sites. Several authors use
Eq. (4) based on the model of Weber-Morris [57] in order to adjust
experimental data to the IDM:

= +θ k t Ct id (4)

Fig. 2. Evolution of peaks at 1588, 1367 and 1184 cm−1 over time in a typical CV ad-
sorption onto MMT film. Kinetic experiment using [CV]0 = 0.12 mmolL−1. Time interval
is indicated in the figure.
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where kid is the intraparticle diffusion constant and C is the intercept of
the linear plots. If the intraparticle diffusion is the only rate-limiting
step, the linear plot of θt versus t1/2 should pass through the origin. But,
if the intercept C of plots is not equal to zero, the intraparticle diffusion
is not the solely rate-determining step.

Plots of θt/θe at 1367 cm−1 versus t1/2 for CV adsorption on MMT
film at different CV initial concentrations are shown in Fig. 5. Fig. S6,
Supporting Information, shows plots of θt/θe versus t1/2 for bands
centered at 1588 and 1184 cm−1. The diffusion kinetic plots exhibited
the three-stage linearity which indicated that the adsorption process
occurs in two or more steps [58,59]. The first section of the plot (cor-
responding to initial times) was attributed to high adsorption rate on
the external surface of the adsorbent, which presented sufficient
available adsorption sites. Afterwards, while external surface sites
reached saturation, the CV molecule came across much larger hin-
drance because of its transference through farther and deeper inner
pores of MMT where the intraparticle diffusion was the rate-controlling
step. The ratio between intra-particle diffusion rate kid and θe (kidθe−1)
and Cθe−1 values were obtained from the slope and intercept from the
linear regression of the second section (intermediate times) of the plot,
resp., [59,60] and are presented in Table 1. In addition, the plots did
not pass through the origin, which indicated that diffusion through the
pores was not the limiting factor [59,61]. Finally, the third section was
the final equilibrium stage, where the intraparticle diffusion started to
slow down due to the low remnant CV concentration in the solution
[59].

The increase of adsorbate concentration resulted in an increase of
the concentration gradient between the porous and the solution bulk,
which increased the diffusion rate of the adsorbate, kid [59,62]. The

calculated intraparticle diffusion coefficient, kid, related to θe (kidθe−1)
values at different initial dye concentrations are shown in Table 1.
Results indicated that an increase of CV initial concentration caused no
change in the kidθe−1 value; nevertheless, θe value increased with [CV]0
[15], consequently, the kid value should increase with [CV]0. On the
other hand, the C value (Eq. (4)) reflected the boundary layer effect
([53] and references therein). The larger the value of the intercept of

Fig. 3. Temporal evolution of θt normalized by θe (θt/θe) for the band centred at
1367 cm−1 (N-phenyl stretching vibration) for CV adsorption onto MMT. [CV]0 are in-
dicated.

Table 1
Pseudo-first order (PFO), Pseudo-second order (PSO) and Intraparticle diffusion model (IDM) parameters of CV adsorption on MMT kinetics for [CV]0 0.12; 0.25; 0.37; 0.61 and
1.23 mmolL−1 obtained by adjusting experimental data by Eqs. 1, 3 and 5, respectively.

Kinetic Model

Pseudo-first order Pseudo-second order Intraparticle diffusion

[CV]0 (mmolL−1) k1 (min−1) R2 θek2 (min−1) m R2 kidθe−1 (min−1/2) Cθe−1 R2

0.12 −0.06 ± 0.01 0.9374 0.075 ± 0.004 0.84 ± 0.02 0.9999 0.10 ± 0.01 0.24 ± 0.02 0.9944
0.25 −0.08 ± 0.01 0.9598 0.14 ± 0.01 0.89 ± 0.02 0.9994 0.12 ± 0.01 0.28 ± 0.02 0.9927
0.37 −0.08 ± 0.02 0.9611 0.24 ± 0.02 0.92 ± 0.02 0.9996 0.12 ± 0.01 0.38 ± 0.02 0.9878
0.61 −0.10 ± 0.02 0.9598 0.52 ± 0.08 0.96 ± 0.02 0.9998 0.10 ± 0.01 0.55 ± 0.02 0.9876
1.23 −0.14 ± 0.01 0.9075 1.0 ± 0.1 0.97 ± 0.02 0.9997 0.09 ± 0.01 0.68 ± 0.02 0.9608

Fig. 4. t*θe/θt versus time (t) linear plots for the band centered at 1367 cm−1. The solid
line was obtained from Eq. (2) (PSO). [CV]0 are indicated.

Fig. 5. Plots of θt/θe versus t1/2 for the band centered at 1367 cm−1. Full filled dots are
related to the intraparticle diffusion stage and its linear regression was used to determine
kidθe−1 and C values (Eq. (4)). Empty dots at initial times are related to high adsorption
rate on the external surface. Empty dots at final times correspond to the final equilibrium
stage. [CV]0 are indicated.
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the plot is, the greater is the contribution of the surface sorption in the
rate-limiting step. The increase of kid and Cθe−1 with [CV]0 indicated
that the diffusion process was less important in samples with high CV
initial concentration, and the surface adsorption became the rate-lim-
iting step. Hence, the three-stage linearity of intraparticle diffusion
plots confirmed the presence of both surface adsorption and in-
traparticle diffusion [59] as was proposed by PSO modelling. Thus, the
adsorption process might present a complex nature, involving both
surface adsorption and intraparticle diffusion [58,59]. An explanation
of the relation between the MMTCV surface complexes formation and
the CV adsorption kinetics will be discussed later.

3.4. WAXS/SAXS analysis

WAXS and SAXS patterns for MMT and MMTCV samples are shown
in Fig. 6. Shifts of the signal corresponding to basal spacing towards
higher values of scattering vector q, with respect to raw MMT, can be
observed in all MMTCV samples, indicating the incorporation of CV
molecule into the interlayer spaces of MMT. Basal spacing was calcu-
lated with equation 5:

=q (4πsenθ)/λ (5)

where 2θ is the angle between the incident X-ray beam and the detector
measuring the scattered intensity, and λ is the wavelength of the X-
rays.

A basal spacing of 1.25 nm was obtained for raw MMT, which agree
with values previously determined by X-ray diffraction [4]. For low CV
content (MMTCV0.12 and MMTCV0.25 samples), an increment of basal
spacing to 1.45 nm was obtained. A basal spacing of 1.94 nm was found
for a high CV content (MMTCV0.61 to MMTCV1.96). For MMTCV0.37,
it was observed the coexistence of two basal spacing (1.45 and 1.94 nm)
in the same sample. The molecular modeling of the CV molecule was
done using HyperChem 8.0.5 software [63] to determine its dimen-
sions. After applying geometry optimization, the molecule dimensions
were approximately estimated and a planar molecule was obtained
(0.44 nm in width and 1.3 nm in length). Once the dimensions were
calculated the orientation of the CV incoming molecule in the interlayer
space can be estimated. This kind of modeling is commonly used to
determine molecule dimensions and its entry in the interlayer space of
layered systems [4,64]. Taking into account its molecular dimensions,
the CV molecules may be accommodated into the clay interlayer space
in different arrangements. The first one (for a basal spacing of 1.45 nm)
corresponds to a CV planar arrangement with respect to the interlayer
space surface (Fig. 7A). This result agrees with data reported by Zhu R.
et al. [28]. For a basal spacing of 1.94 nm, two different arrangements
are proposed: (i) a CV bilayer configuration, parallel to the interlayer
space surface and (ii) a paraffin-like monomolecular arrangements
([64,65] and references therein) with tilt angles (α) of 48°, occurring an
interaction of CV molecule with mineral clay surface through its qua-
ternary amine (Fig. 7B and Fig. 7C). CV planar arrangement in the in-
terlayer space of montmorillonite and a π interaction occurring be-
tween the dye cation and the alumino-silicate layer had been reported
before [21]. In the bilayer and paraffin-like monomolecular arrange-
ments, a π → π∗ interaction may occurs between CV molecules ([19]
and references therein). Moreover, an interaction of CV with clay sur-
face through its quaternary amine, as was indicated by FTIR analysis
(Fig. 1), may occurs in paraffin-like monomolecular arrangements.

3.5. N2 adsorption/desorption

In order to determine the textural properties and to obtain a better
understanding of the bonding process between CV and MMT, N2 ad-
sorption/desorption isotherms were performed on MMT and CVMMT
samples. Specific surface area (SBET), total pore volume (VTP) and
average pore size (WP), determined by N2 adsorption are listed in
Table 2 for MMT and MMTCV samples. Fig. 8A and B show a detail of

N2 adsorption/desorption isotherms for MMT and MMTCV (complete
isotherms are presented Fig. S7, Supporting Information) The isotherms
could be termed Type IIb with a H3 loop and no indication of a plateau
at high P/P0 was observed [66]. Therefore no indication of the com-
pletion of mesopore filling was evidenced. Such isotherm shape in-
dicated that the material contains mesopores, which were responsible
for the hysteresis, and macropores, which results in the absence of the
plateau at high P/P0 values. These kinds of isotherms are given by ei-
ther slit-shaped pores or, as in the present case, assemblages of platy
particles [66].

The decrease of SBET and VTP with CV content (from MMT to
MMTCV0.18) was assigned to the diminution of micro-, meso- and
macropores (as seen in Fig. 8A) due to: the CV arrangement in the in-
terlayer space of MMT, occupancy of the dye in the interparticle pores,
and on the external surface [65] (Fig. 7A). An increase of the SBET area
and the VTP was observed from samples containing over 0.25 mmolL−1

of CV as initial concentration (as seen in Fig. 8B). This effect was the
result of, on one hand, the paraffin-like monomolecular arrangements
with tilt angles of the CV molecule in the MMT interlayer space, as
stated by SAXS/WAX analysis, resulting in an increment of the MMT
basal spacing (Fig. 7B). On the other hand, the adsorption of CV on the
external surface of MMT resulted in an enlargement of the meso and
macropores (Fig. 8 and S7). An increase in the WP was observed from
MMT to MMTCV0.25 samples due to an increase of the space between
platy particles of the MMT. From that point, the value of WP remained
almost constant due to a change in the arrangement of the CV molecule
inside the basal spacing, resulting in a new setting as a paraffin-like
monomolecular arrangement (Fig. 7B). This new type of arrangement
allowed the entrance of a higher amount of CV molecules into the in-
terlayer space according to SAXS/WASX and to contact angle and sur-
face charge studies; as will be further discussed below in the text. Thus,
for samples with a higher amount of CV content (from MMTCV0.61
samples onwards) an increase of WP values occurred due to the for-
mation of a bilayer of CV at the external surface (Fig. 7C) causing an
increment of the space between platy particles as will be explained
later.

Fig. 6. Log-log SAXS/WAXS patterns for raw MMT and MMTCV samples. Plots have been
displaced vertically for a better understanding.
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3.6. Surface charge and wettability

For a detailed insight on the adsorption process, surface charge (SC)
and wettability were related to the CV content in MMTCV complexes
and results are illustrated in Fig. 9 and Table S2, Supporting Informa-
tion. An increase of SC and decrease of wettability occurred when the
CV was adsorbed on MMT at low CV content (from MMTCV0.06 to
MMTCV0.18 samples; see square area a in Fig. 9). The entrance of the
CV molecule and the CV adsorption on the external surface of MMT
produced a decrease of its negative SC due to the positive charge of the
CV molecule. The occupancy of external surface sites by CV molecules
occurred by an interaction of the CV molecule through its quaternary
amine group, facing away of the surface the non-charged CV triar-
ylmethane group, which made possible an increment in the hydro-
phobicity of MMTCV complexes. This CV arrangement is well illu-
strated in Fig. 7A. Both, SC and wettability remained constant for
samples from MMTCV0.25 to MMTCV0.61 (see square area b in Fig. 9)
due to the entrance of CV molecules into the interlayer space in a
paraffin-like monomolecular with tilt angle or in a CV bilayer config-
uration, parallel to the interlayer space surface, arrangements as ex-
plained before. In this kind of molecules setting, external surface sites

were fully occupied and CV adsorption occurred in the interlayer space
(Fig. 7B). An increment of SC and wettability was observed in samples
with high CV content (from MMTCV0.74 to MMTCV0.98; see square
area c in Fig. 9). SC became positive and wettability increased due to a
bilayer CV arrangement on the surface as it is shown schematically in
Fig. 7C. A similar behavior was reported before for adsorption of hex-
adecylpyridinium chloride on montmorillonite [39].

The previous results indicated that for low CV content, the dye
entered into the MMT interlayer space in a planar configuration and it
was adsorbed to the external surface forming a monolayer interacting
through its quaternary amine group. When the CV content was in-
creased, the external surface was fully occupied and the CV molecules
entered in the interlayer space in a paraffin-like monomolecular with
tilt angle or in a CV bilayer configuration arrangements. For high CV
content samples, the dye molecule formed a bilayer on the external
surface of MMT. At the external surface it might occur a π → π∗ in-
teraction between CV molecules as stated before. As expected, the
surface charge and wettability of these complexes depended on the CV
content.

4. Conclusions

The combination of kinetic models with structural characterization,
surface charge and contact angle analysis, leaded to a complete de-
scription of the sorption process of CV on MMT in a wide range of CV
initial concentrations. The different mechanism that control the ad-
sorption kinetics can be related with changes in the distribution of CV
at MMT surface and interlayer space. At low [CV]0, CV molecules enter
into the MMT interlayer space with a planar arrangement, being si-
multaneously adsorbed at MMT external surface, through the formation
of outer sphere complexes via electrostatic interactions between the
negative MMT sites and the CV quaternary amine group, with the
triarylmethane group facing away from the surface. Under these con-
ditions, the surface adsorption is fast and diffusional process governs
the adsorption kinetics.

Fig. 7. Schematic interlayer and external CV complexes on MMT. (A) Low CV content, (B) medium CV content and (C) high CV content. CV interacts with MMT surface through its
quaternary amine in external surface. The arrangement (a) represents molecules of CV attached to the MMT surface, with random orientation. CV planar arrangement (b) permits its π
interaction with alumino-silicate layer at the interlayer space (A) and π → π* interaction between CV molecules at the interlayer space and external surface (B and C).

Table 2
Textural properties of MMT and MMTCV samples.

Sample SBET (m2g−1)a VTP (cm3g−1)b WP (nm)c

MMT 59 ± 4 0.078 2.7
MMTCV0.12 24 ± 1 0.045 3.6
MMTCV0.18 15 ± 1 0.036 4.8
MMTCV0.25 18 ± 1 0.047 5.1
MMTCV0.37 22 ± 1 0.058 5.2
MMTCV0.61 33 ± 2 0.090 5.5
MMTCV1.23 43 ± 1 0.138 6.5

aSurface area (SBET) calculated by BET method. bTotal pore volume (VTP) calculated by
Gurvitch method. cAverage diameter pore size for a slit pore (WP) calculated as
WP = 2·VTP/SBET.
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At medium and high [CV]0, the CV molecules located in the inter-
layer space adopt a paraffin-like monomolecular arrangement with tilt
angles (α) of 48° or a CV bilayer configuration, parallel to the interlayer
space surface. The CV molecules approaching the surface must be ac-
commodated in the bilayer, which required its rearrangement. Under
this situation, the diffusional process was negligible and the surface
sorption rate governed the kinetics. At medium [CV]0, the CV molecules
were absorbed at the external surface of MMT with the triarylmethane
group facing away from the surface occupying all available external
surface sites of MMT. At high [CV]0, the adsorbed molecules form a
bilayer with half of the CV molecules exposing the quaternary ammo-
nium to the solution.

Depending on CV coverage, changes in SC and wettability of the
CVMMT systems were observed. At low coverage, the surface showed
high wettability and negative SC, at intermediate coverage wettability
was low and the SC close to zero, while at high coverage the surface
wettability increased and SC was slightly positive. These results in-
dicate that the interaction of the CVMMT surfaces with CV and/or other
pollutants may change with CV surface coverage. These findings are of
superlative importance for the design of adsorbents and in under-
standing the effect of the interacting molecules on the final character-
istics of the sorbent/sorbate system.
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