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The effects on montmorillonite (Mt) and on sepiolite (Sep) of mechanical (60 and 180 s grinding time) and
further thermal treatments (TT) at 500 °C during 24 h, for removing diuron from aqueous solutions were
evaluated. The adsorbents and complexes formed were characterised. The specific surface area (SSA), SEM,
XRD and zeta potential of the clay mineral samples were determined. The SSA values showed an increase
of 50% for ground Mt and a slight decrease for ground Sep. TT reduced SSA by 50% for the Sep samples, but
similar values remained for the Mt samples. Both minerals showed a decrease in crystallinity with increasing
grinding time and TT. The zeta potential showed an increased of the negative surface charge for the Mt
ground samples, but no changes were noticed for the Sep ground samples. The Mt-TT samples showed a
slight decrease whilst the Sep samples showed an increase of the negative surface charge in comparison to
those without thermal treatment. The adsorption of diuron on Mt was lower than on Sep, and it decreased
slightly after 60 and/or 180 s of grinding, despite the larger SSA values. This differences on the adsorption
extent were probably due to the increased micropore surface. In contrast, thermal activation caused signifi-
cantly increased adsorption, especially for the 180-s ground sample that was inversely correlated with the
micropore surface, indicating that diuron was not adsorbed in micropores. Diuron adsorption on Sep was
higher than on Mt due to its higher SSA. The adsorption capacity of Sep samples was increased by
mechanical treatments (ground and sonicated). Moreover, thermal activation led to additional increases in
adsorption probably due to changes in the Sep structure by the loss of OH structural groups leading to a
more hydrophobic surface. Diuron adsorption on Mt-TT samples produced an increase in the negative surface
charge compared to the original sample, whereas a decrease in the negative surface charge was observed
for Sep.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Controllingwater pollution is an environmental priority. Monitoring
surveys carried out in the United States and Europe have indicated
that the use of pesticides in agricultural and non-agricultural media
has caused contamination of surface and ground water through runoff
and soil leaching (Konstantinous et al., 2006; Yu et al., 2008). The
EU has dictated a maximum concentration of 0.1 μg L−1 for each pesti-
cide and of 0.5 μg L−1 for all pesticides in drinking water (Directive
2000/60/EC).

The herbicide diuron is widely used in agriculture, and its presence
in surface and ground water has consequently increased (Claver et al.,
antos Afonso),

rights reserved.
2006; Field et al., 2003; Gregorie et al., 2010; Postigo et al., 2010). Ad-
sorption on solid surfaces is an important strategy for controlling the
presence of organic contaminants in water. Clay minerals have been
proposed as adsorbents to removehazardous compounds frompolluted
waters. Clay minerals are natural, abundant and inexpensive materials;
they are widely applied in many fields as adsorbents for heavy metals
ions (Bradl, 2004), pesticides (Aydin et al., 2009; González-Pradas et
al., 2003), dyes (Liu and Zhang, 2007), etc.

Sepiolite (Sep) is a microfibrous hydrated magnesium phyllosilicate
with a theoretical unit cell formula of Si12O30Mg8(OH,F)4(OH2)48H2O
formed by blocks and cavities (tunnels) growing in the direction
of the fibres. Each structural block is composed of two tetrahedral silica
sheets and a central magnesia sheet. Silanol groups (Si–OH) are on the
external surface of the silicate particles and are accessible to reagents.
The tunnels are filled with water molecules coordinated with the
Mg2+ ions at the edge of the structure, and zeolitic water is associated
by hydrogen bonding to the former. Sep has a high BET specific surface
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area (SSA), which allows for adsorption of water, polar liquids, ions and
molecules such as drugs, insecticides and pesticides (González-Pradas
et al., 2005).

Montmorillonite (Mt) presents a layered structure consisting of a
sandwich of one octahedral alumina sheet between two tetrahedral sil-
ica sheets, with substitutions of some tetrahedral Si atoms by Al atoms
and/or of octahedral atoms (Al+3 or Mg+2) by atoms with lower
oxidation number. The negative charge surface is balanced by ex-
changeable cations (mainly Na+ and Ca2+) located in the interlayer
space. Because of its specific properties (high cation exchange capacity
(CEC), adsorption, high SSA and swelling), it is widely used for many
applications such as environmental remediation.

Mechanical treatments of clay minerals are of great interest be-
cause they produce materials with high SSA (Maqueda et al., 2007;
Stepkowska et al., 2001; Torres Sánchez et al., 1988) that can be
used as adsorbents for different contaminants. Ultrasound has recently
been proposed for particle size reduction. Cavitational collapse during
the sonication of solids leads to microjet and shock-wave impacts on
the surface, together with interparticle size reduction (Pérez-Maqueda
et al., 2004a,b). Sonication not only produces a delamination effect
but also breaks the layers, whilst the crystalline character is retained
(Wiewiora et al., 2003). Sonication of fibrous minerals such as Sep
can cause gelling of the dispersions (Simontom et al., 1998). However,
studies about the formation and properties of gels prepared from Sep
are lacking (Alvarez, 1984; Ovcharenco et al., 1994). Moreover, there
are only a few studies about the preparation of Sep gels with pesticides
(Maqueda et al., 2008, 2009).

The adsorption capacity of Sep and Mt may be enhanced by ther-
mal modification, which is a commonly used technique for modifying
clay minerals (Dekany et al., 1999). Heat treatment of Sep generally
reduces the specific surface area, which may be due to narrowing
of the intercrystalline channels and loss of OH structural groups
(González-Pradas et al., 2005). On the other hand, heating causes
micropore plugging due to crystal folding (Balci, 1999), which can
increase the adsorption capacity for pesticides. The heating of Mt
above 450 °C causes partial destruction of the original structure,
small changes in the SSA and movements of the cations within the
octahedral sheet (Emmerich, 2000). In addition, calcination modifies
the textural properties and dispersibility in water, which can enhance
pesticide adsorption (Bojemueller et al., 2001).

The objective of the present research was to evaluate the effective-
ness of mechanical and further thermal treatments of Mt and Sep
in removing diuron from aqueous solution and to characterise the
adsorbents and complexes formed.
Fig. 1. Structural formula of diuron.
2. Materials and methods

2.1. Materials

Montmorillonite from Argentine North Patagonia (Rio Negro) was
supplied as raw material by Castiglioni, Pes y Cia. The Mt mineralogy,
as evaluated by X-ray diffraction (XRD) and chemical analysis, was
previously reported (Viseras Iborra et al., 2006). The Mt sample con-
sists of Na-rich Mt (>84%) with minor phases of quartz and feldspars
and with a CEC of 105 meq 100 g−1 (Lombardi et al., 2003). The Mt
used in this work is a Mt with an interlayer space cations composition
of 3.35, 1.08 and 0.26% for Na2O, CaO and K2O, respectively (Magnoli
et al., 2008). Sep from Vallecas (Madrid, Spain) was supplied by Tolsa,
S.A. The mineralogical characterisation of the sample evaluated
by XRD showed that the major component was Sep, although calcium
carbonate and quartz were also present as minor components
(Martínez-Ramírez et al., 1996).

The commercial formulation of the pesticide diuron (3-(3,4-
dichlorophenyl)-1,1-dimethylurea, Diurokey, 80%) was supplied by
Industrial Quimica Key S.A. (Lerida, Spain). The structural formula of
diuron is shown in Fig. 1. Diuron has not acid base properties in the
pH range studied thus, the non ionic molecular specie is predominant.

2.2. Sample preparation

The raw samples were ground in a Herzog HS-100 mill for 60 s
(Mt60, Sep60) and 180 s (Mt180, Sep180). Other fraction of Sep
(1 g) was ultrasonicated for 1 h in 100 mL of distilled water using a
Misonix ultrasound liquid processor with a 600 W output, 20 kHz
converter and a tapped titanium disruptor horn with a 12.7 mm
diameter. The temperature of the reactor was kept constant at 20 °C
throughout the entire treatment by recirculating a cooling solution.
The obtained clay–gel was lyophilised by placing it in a freezer for
24 h and then freeze-dried with a Virtis Sentry 5 L instrument. The
lyophilised material is referred to Sepgel. The Mt was not used as a
gel because an emulsion was obtained after the sample sonication
and not a real gel.

The Mt and Sep samples ground for 60 and 180 s (Mt60, Sep60,
Mt180, Sep180), and the lyophilised sepiolite-gel (Sepgel) were fur-
ther thermally treated at 500 °C for 24 h (TT). These samples are
referred to Mth, Mt60h, Mt180h, Seph, Sep60h, Sep180h and Sepgelh.

2.3. Sample characterisation

Leaching of cations (Al+3 and Mg+2) from all of the samples was
measured by ICP in a centrifuged solution of a sample dispersion (KCl
10−3 and pH 3) after 30 min of contact time.

The isoelectric point (IEP) determinations were performed by
measuring the diffusion potential on 80 g L−1 (or 8% dispersion)
pulp samples with 1 mM KCl as the support electrolyte, as described
elsewhere (Torres Sánchez, 1996). Repeated measurements showed
pH deviations of ±0.2 units. Zeta potential measurements were
performed with a Zeta Plus Zeta Potential Analyzer from Brookhaven
Instruments Corporation, using 0.5 g L−1 dispersions in 10−3 M KCl
(inert electrolyte) with HCl or KOH to adjust the dispersion pH.

The SSA was determined in duplicate using the Brunauer Emmet
Teller (BET) method. The adsorption of N2 was measured with a
Micromeritics 2200 A (Norcross GA) automatic system (Maqueda
et al., 2007). The samples were out-gassed by heating at 200 °C under
a flow of helium for 12 h. The data were recorded with p/po between
0.0005 and 0.99. Repeated measurements showed SSA deviations
lower than 2%.

The samples with and without diuron adsorbed were studied by
XRD on semi-oriented powder samples using CuKα radiation with a
Philips PW 1710 diffractometer. The conditions used were a power
supply at 40 kV and 30 mA, 1° divergence and detector slits, 0.02°
(2θ) step size, counting time of 10 s/step and patterns collected from
3° to 14° (2θ).

Scanning electron microscopy (SEM) was performed on a Zeiss
Model Supra40 instrument with a field emission gun. The SEM images
were taken by applying a voltage of 5 kV with different magnification
times for clarification of the surface. Samples were fixed to 10-mm
metal mounts using carbon tape and spit coated with gold under



Table 2
Aluminium and magnesium release after 30 min contact time, at pH 3 and ionic
strength of KCl 10−3 M. Errors are less than 2%.
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a vacuum in an argon atmosphere. The surface morphology of the
coated samples visualised by SEM permitted identification of struc-
tural features on the sample surfaces.

2.4. Adsorption of the herbicide

Before conducting the adsorption experiments, preliminary kinetic
studies were carried out. Twenty-four hours was found to be long
enough to reach pseudo-equilibrium. Triplicate adsorption experi-
ments were performed by mixing 0.2 g of the different samples (raw
minerals after grinding at several times and further heated) with a
10 mL solution containing various concentrations (1 to 30 mg L−1)
of diuron in 50 mL polypropylene centrifuge tubes. The samples
were shaken on a platform shaker for 24 h at 20±1 °C. After shaking,
the dispersions were centrifuged, and the concentration of diuron
in the supernatant was determined by HPLC. The differences in the
initial and final herbicide concentrations were assumed to be due to
adsorption.

The adsorption isotherms were fitted to the Freundlich equation:

logCs ¼ logKF þ n logCe;

where Cs (μmol kg−1) is the amount of herbicide adsorbed at the
equilibrium concentration Ce (μmol L−1), and KF and n are constants
describing the relative adsorption capacity and the adsorption inten-
sity of the herbicide, respectively.

2.5. Herbicide analysis

HPLC was employed for diuron analysis. The conditions were as
follows: mobile phase, acetonitrile:water (60:40); flow, 1 mL min−1;
chromatographic column, Kromasil C18 reverse phase; UV detector
(Shimadzu 2010 AHT series); wavelength, 230 nm.

3. Results and discussion

3.1. Sample characterisation

Table 1 summarises the IEPpH, SSA, pore volume, pore diameter
and micropore values of the mechanically treated and further heated
Mt samples.

The SSA values for the ground Mt samples (before and after
heating at 500 °C for 24 h) increased by approximately 100% com-
pared to those of Mt and Mth. The SSA value of the Mt sample in-
creased slightly from 47.20 m2 g−1 to 49.22 m2 g−1 after heating at
500 °C. Bojemueller et al. (2001) indicated that the SSA value of a
Wyoming Greenbond Mt increased from 24.30 m2 g−1 to 25 m2 g−1

after heating up to 500 °C for 12 h. However, these authors found
striking changes in the SSA values when the calcined samples were
dispersed in water.

After the mechanical treatment, the micropore volume increased
with increasing grinding time. The average pore diameter decreased
after grinding. After heating, the pore diameter of the unground and
Table 1
IEP, SSA, volume pore, pore diameter and micropore values of Mt samples. Errors are
less than 2% and IEPpH deviations are lower than 0.2 pH units.

Sample IEPpH SSA
m2 g−1

Pore volume
cm3 g−1

Pore diameter
(Å)

Micropore

Surface
m2 g−1

Volume
cm3 g−1

Mt 2.7 47.20 0.0647 54.87 15.15 0.0067
Mt60 4.5 101.31 0.0929 36.71 33.40 0.0148
Mt180 5.5 103.75 0.1022 39.43 94.29 0.0448
Mth 6.3 49.22 0.0946 77.47 16.05 0.0073
Mt60h 11.6 88.64 0.0882 39.82 23.44 0.0108
Mt180h 10.4 103.84 0.1005 54.54 26.38 0.0121
ground samples increased, whereas the pore volume increased only
for the Mt sample, in agreement with Bojemueller et al. (2001). The
micropore volume of the heated samples decreased for the ground
samples, especially for Mt180h.

The increase in IEPpH with grinding time for the Mt samples was in
agreement with the results found for other Mt samples with similar
treatments (Torres Sánchez, 1997). The increase was attributed to Al
release to the solution, with the consequent enrichment of aluminium
ions or hydroxoaluminium species at the edges and at the face (+)
and edge (−) contacts (Bojemueller et al., 2001). Further thermal
treatment increased the IEPpH to approximately 10 for all of the sam-
ples, indicating changes in the hydroxoaluminium species formed
(Torres Sánchez et al., 2002). Leaching of the main cations (Al+3 and
Mg+2) was performed at pH 3 and an ionic strength of KCl 10−3 M.
The data from the release experiments are shown in Table 2.

The zeta potential curves for the Mt, mechanically treated Mt and
TT samples are shown in Fig. 2. The typical flat curve was observed
(Fig. 2A) at zeta potential values of approximately −30 mV for the
Mt sample (Durán et al., 2000; Lombardi et al., 2006), increasing to
approximately −25 mV when the grinding treatment was applied
to the Mt60 and Mt180 samples. This change in zeta potential value
for the ground samples was attributed to a decrease in the net nega-
tive surface charge due to the release of structural Al+3 and Mg+2

(Table 2), in a similar way as was indicated for the IEPpH increase of
these two samples. These effects could lead to the formation of larger
aggregates.

The additional thermal treatment (Fig. 2B) generated a similar
decrease in the net negative surface charge for Mth with respect to
Mt, aswas previously found for ground samples andwas also attributed
to the Al behaviour. The increase of negative surface charge found
for the Mt60h and Mt180h samples compared to the Mt60 and Mt180
samples was attributed to changes in the Al coordination sphere
after both treatments and are associated with decreased aluminium or
magnesium release (Table 2).

The IEPpH values measured by diffusion potential and zeta potential
data exhibit apparent inconsistencies, which are originated besides of
the used methods, in the structure of clay minerals (Thomas et al.,
1999). The original structural charge of smectites is compensated by
cations, which are located in the Stern and diffuse layers. The colloids
with constant charge would not produce electrokinetic phenomena
(zeta potential or electrophoretic measurements, EM) (Thomas et al.,
1999). However, when measuring the zeta potential of these minerals
as a function of pH, a negative and constant zeta potential value
(Fig. 2), which is assigned to the ‘basal charge’, results from partitioning
of the released Al+3 orMg+2 cations produced by grinding and/or ther-
mal treatment (Table 2).

The zeta potential variation indicated charge modification of the
edge faces, which is consistent with leaching of the different cations
and the likely further formation of a mixed cation hydroxide phase
Sample Al+3

mg/L
Mg+2

mg/L

Mt 0.144 0.317
Mt60 0.257 0.726
Mt180 0.036 1.248
Mth 0.326 0.381
Mt60h 0.101 0.529
Mt180h 0.049 0.507
Sep – 1.841
Sep60 – 1.864
Sep180 – 2.544
Seph – 2.898
Sep60h – 2.176
Sep180h – 2.604



Fig. 2. Zeta potential curves for: (A) empty symbols Mt, and Mt mechanical treated sam-
ples and (B) full symbols, for TT samples. Symbols indicate: (■, □) Mt and ( , ) Mt60
and ( , ) Mt180. The fitting lines are a linear regression using a polynomial curve.
Those lines are located on the graph to assist viewing the curve taking in account the
data dispersion.

178 C. Maqueda et al. / Applied Clay Science 72 (2013) 175–183
on themineral surfaces, depending on the dispersion pH (Scheidegger
et al., 1997).

The IEPpH, SSA, pore volume, pore diameter and micropore values
of Sep samples are shown in Table 3. Contrary to the results found
for Mt samples, the grinding treatment did not increase the SSA
values and instead led to decreased values of 10% for Sep180. A
short grinding time generated a separation of the Sep fibres. By
contrast, a long grinding time produced an amorphous coating on
the particles, which decreased the SSA or the cementation of small
pores between the crystallites inside the crystalline grains (Cornejo
and Hermosin, 1988; Kojdecki et al., 2005; Vucelic et al., 2002). The
micropore surface represents about the 50% of the SSA, remaining
the values very similar after grinding; therefore, the nano-channels
were not destroyed. A decrease of approximately 40% in the SSA
Table 3
IEP, SSA, volume pore, pore diameter and micropore values of Sep samples. Errors are
less than 2% and IEPpH deviations are lower than 0.2 pH units.

Sample IEPpH SSA
m2 g−1

Pore volume
cm3 g−1

Pore diameter
(Å)

Micropore

Surface
m2 g−1

Volume
cm3 g−1

Sep 7.9 248 0.35 56.80 120.00 0.055
Sep60 8.2 243 0.30 49.98 136.44 0.063
Sep180 8.4 218 0.28 51.26 112.52 0.052
Sepgel 8.0 257 0.40 62. 69 101.78 0.046
Sh 10.4 133 0.40 93.04 28.54 0.012
Sep60h 11.5 162 0.32 78.70 54.90 0.026
Sep180h 10.5 167 0.27 62.83 84.37 0.039
Sepgelh 8.5 145 0.59 154.49 17.33 0.007
values was observed after heating. This behaviour is in agreement
with results reported by Balci (1999), indicating that the thermal
treatment at temperatures higher than 100 °C led to a decrease in
SSA for Sep. The heat treatment produced a decrease in the SSA
values, which may be due to narrowing of the intercrystalline chan-
nels (Fernández-Álvarez, 1970). After heating at 500 °C, there was
a decrease in the non-microporous SSA (SSA-Smicropore) and a loss
of microporosity of Sep, as suggested by Caturla et al. (1999). The
heating produced an important decrease of the micropore surface
and volume compared with the unheated sample. Sonication did not
decrease the SSA surface (sample Sepgel) because the crystalline
character was retained.

The IEPpH value found for the Sep sample was in agreement with
the results reported by Alkan et al. (2005), despite differences in
methodologies and concentrations used. A slightly increased IEPpH
value was found with longer grinding time, increasing more than 2
pH units with further heating (more than pH 10).

The higher IEPpH values obtained for Sep than for the Mt samples
were attributed to an acid–base interaction of the Sep surface, which
generated a strong buffering capacity in the vicinity of pH 8.5 and
Mg+2 release from this clay mineral into the solution (Table 2).
Similar results were previously found by Kara et al. (2003). The
smaller increase in the IEPpH values for Sep than for the Mt samples
with the same grinding time was attributed to the increase of M\O−

or M\(OH)2− groups due to dehydroxylation or deprotonation of the
surface (Alkan et al., 2005).

The zeta potential (figure not shown) for the Sep samples (Sep,
Sep60, Sep180, and Sepgel) indicated a negative surface charge
over the entire pH range studied, as found for Mt, but no significant
differences in the negative surface charge were found for Sep and
for all of the ground samples. The shape and pH crosspoint differences
in the zeta potential curve of the Sep sample between this study
and those reported by Alkan et al. (2005) and Dogan et al. (2009)
were attributed to different provenance and sample purity, and isola-
tion of larger particles (Özdemir et al., 2007), which would generate
different octahedral Mg+2 exchange followed by release into solution
and consequent acidification. Small impurities in the Sep sample
(Pérez-Rodríguez and Galán, 1994) could result in differences of the
zeta potential curve. Further heating generated a slight increase in
the net negative surface charge for Sep, contrary to the results found
for Mt, and associated to the high amount of Mg+2 release (Table 2).

The SEM micrographs of Mt and Sep are shown in Fig. 3. No signifi-
cant changes were observed in the shape of the particles for the Mt
sample, but some agglomeration was found with increasing grinding
time due to a reduction in the face-to-edge contacts.

The fibrous nature of Sep was evidenced from the scanning elec-
tron micrographs (Fig. 3A). The fibres were arranged in bundles, with
lengths of 2–10 μm (Maqueda et al., 2009; Vucelic et al., 2002). After
60 s of grinding (Fig. 3B), the fibre size was reduced to 0.2–0.5 μm.
After 180 s of treatment, the particles appeared as irregular spheres,
with diameters of up to 20 nm (Fig. 3C). This shape resulted from
the impact of the grinding rings and from interparticle collisions,
suggesting that the particles were amorphised to an extent.

The XRD patterns are shown in Fig. 4 in a semi-oriented condition
for the Mt and Sep samples. The XRD pattern (Fig. 4A) of the Mt
sample showed a (001) reflection at 1.23 nm, indicating a water
monolayer at the interlayer space (Cases et al., 1997; Magaña et al.,
2008). Mechanical treatment led to some amorphisation, as revealed
by damage at the c-axis (Christidis, et al., 2005) and by diminution
and broadening of the (001) reflection. Further thermal treatment
(Fig. 4B) produced a shift in (001) reflection to approximately 0.97 nm,
corresponding to a thickness of a single Mt layer (Harris et al., 1999).

The Sep samples showed a broadening and diminution of the (110)
reflection after mechanical treatment (Fig. 4A), similar to that found
for the (001) reflection for the Mt samples. The Sep reflections at
060, 131 and 260, corresponding to 0.46, 0.43 and 0.37 nm, exhibited

image of Fig.�2
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Fig. 3. SEM micrographs of raw and milled products at 60 and 180 s, respectively.

Fig. 4. XRD patterns in semi-oriented condition for: (A) Mt and Sep and their ground
samples and (B) partial XRD patterns for TT samples.

179C. Maqueda et al. / Applied Clay Science 72 (2013) 175–183
a similar behaviour as the (110) reflection (Kojdecki et al., 2005).
Thermal treatment of the Sep and Sepgel samples (Fig. 4B) generated
further amorphisation and a shift of the (110) reflection to 0.98 nm
and 1.02 nm, respectively, indicating folding of the structure and
removal of the hydroxyl groups in the octahedral layers (Mora et al.,
2010; Post et al., 2007). The (110) reflection at 1.19 nm was slightly
shifted to approximately 1.24 nm for the Sep60h and Sep180h
samples, whilst an intermediate value at 1.02 nm was found for the
Sepgelh sample.
In general, the XRD patterns showed a decrease in crystallinity
with increasing grinding time and additional thermal treatment, as
indicated by a decrease in the intensity of the main reflections.

3.2. Diuron adsorption

3.2.1. Montmorillonite
The adsorption isotherms of diuron onunground and groundMt and

Sep samples are shown in Fig. 5. The small amount of diuron adsorbed
on the Mt samples relative to other non-ionic pesticides, such as carba-
ryl and dichlobenzyl (Sheng et al., 2001) or thyabendazole (Lombardi
et al., 2003), decreased slightly after grinding. The low values of diuron
adsorption in Mt are in agreement with the values found by other
authors (Polati et al., 2006). Mechanical treatment of clay minerals
usually generates materials with high SSA, which improves their use
as adsorbents of different contaminants. In fact, grinding increased
the SSA from 47.20 m2 g−1 for Mt to 103.75 m2 g−1 for Mt180 and
simultaneously increased the micropore surface. The percentage ratio
of the micropore surface to the SSA increased from 32.1% for Mt
to 32.9% and 90.9% for Mt60 and Mt180, respectively. The adsorption
capacity for diuron was inversely correlated with the percentage of
the micropore surface, showing the importance of the pore size in the
adsorption of diuron and indicating that diuron is not adsorbed in the
micropores.

On the other hand, the adsorbed amount of diuron increased for
all of the samples after heating (Fig. 5A, continuous lines). Notably,
the sequence of diuron adsorption on the samples was different for

image of Fig.�4


Table 4
Freundlich adsorption isotherms parameters of diuron adsorption on the untreated
and treated samples, and their respective coefficients of determination (R2). Errors
are less than 2%.

1/n KF∗103 R2

Mt 0.65 47.1 0.9956
Mt60 0.76 26.3 1.0000
Mt180 0.72 24.9 0.9848
Mth 1.41 2.3 0.9984
Mt60h 1.18 6.8 0.9964
Mt180h 0.80 63.5 0.9999
Sep 0.54 360 0.9988
Sep60 0.49 500 0.9999
Sep180 0.51 500 0.9979
Sepgel 0.47 520 0.9998
Seph 0.74 590 0.9875
Sep60h 0.84 750 0.9811
Sep180h 1.08 680 0.9895
Sepgelh 0.75 780 0.9991

Fig. 5. Adsorption isotherm of diuron on (A) Mt: dotted lines and empty symbols
Mt, Mt60, and Mt180 and solid lines and full symbols Mth, Mt60h, and Mt180h, and
(B) Sep samples: dotted lines and empty symbols Sep, Sep60, and Sep180, and
solid lines and full symbols Seph, Sep60h, and Sep180h. Symbols indicate: (■, □) Mt,
( , ) Mt60, ( , ) Mt180, (■, □) Sep, ( , ) Sep60, ( , ) Sep180 and ( , )
Sepgel samples.
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the unheated and heated samples. The Mt180h sample presented the
highest adsorption capacity, whilst the lowest capacity was observed
for Mth, in contrast to the results found for the unheated samples.
Thermal activation allowed for more than a three-fold increase
in adsorption for the Mt180h sample compared to the unheated sam-
ple (Mt180). The Mth and Mt60h samples also showed increased ad-
sorption compared with the unheated samples, although in lower
proportion than for the Mt180h sample. Thermal treatments of clay
minerals remove the intra- and inter-associated water molecules,
causing changes in their pore size distribution and consequently in
their surface values. The increased adsorption capacity of the heated
samples was correlated with the increased SSA values of these
samples, contrary to the behaviour of the unheated samples. These
results were attributed to the fact that the heated samples generally
exhibited a similar SSA value but a smaller micropore surface than
their corresponding unheated sample, especially for the Mt180h sam-
ple (Table 1). This pattern led to decreased percentages of micropore
surface with respect to SSA from 32.6% for Mth to 25.0% for Mt180h,
also indicating that diuron is not adsorbed in the micropores.

The experimental adsorption data were fitted to the Freundlich
equation (Table 4). The KF parameter represents the affinity of the
sorbent material for the adsorbate, whilst 1/n is related to the surface
heterogeneity and the diversity of the energies associated with the
adsorption reaction. Because the 1/n values are different among the
samples, the KF values could not be used to determine the adsorption
capacities of the different samples. According to the isotherms
obtained (Fig. 5A), the order of adsorption was the following:
Mt>Mt60>Mt180. For the heated samples, the order of diuron ad-
sorption was as follows: Mt180h>Mt60h>Mth. The greatly different
1/n values could be indicative of significant heterogeneity among the
adsorption surfaces of the samples after the different treatments.

In the heated Mt, most of the adsorption sites are located at the
external surface due to the collapse of the layers. The Al ions liberated
by the thermal treatment are bound to the external surfaces and
edges of the Mt. The enrichment of this species after heating and
the textural changes increases the amount of diuron adsorbed.
Similar results were observed with adsorption of the herbicide
metholachlor on thermally activated Mt (Bojemueller et al., 2001).

The zeta potential curves for the Mt samples after diuron adsorp-
tion are shown in Fig. 6. The adsorption of diuron resulted in similar
increases in the surface negative charges (to around−45 mV) in me-
chanically and TT Mt samples in comparison to the same samples
without diuron (Fig. 2A and B). Overlapping of the obtained curves
(within the error of the method) for all of the samples with adsorbed
diuron indicated that a significant surface coating of diuron originat-
ed independently of the original particle charge. Planar aromatic
structures and electron-withdrawing substituents (e.g., \Cl) seem
to favour pesticide adsorption, possibly by formation of an electron
donor–acceptor complex between pesticide molecules and siloxane
surfaces (Sheng et al., 2001). This electron acceptor surface complex
yields a negative charge density on the nitrogen atom that affects
the acidity of the adsorbed molecule. Then, the amine proton is
more acidic and undergoes very fast deprotonation to yield the corre-
sponding anionic surface complex that increases the surface zeta
potential, as shown in Fig. 6. Similar results were found for radical
cations obtained during photodegradation of diuron in homogeneous
solutions, in which the pKa shifts from 26 to−0.8 (Canle et al., 2001).

The XRD pattern (figure not shown) of diuron adsorbed on Mt,
Mt60 and Mt180 samples showed a shift in the (001) reflection
peak of 0.38 nm compared to that of a single Mt layer (0.96 nm,
Harris et al., 1999), indicating an increase in the interlayer space.
For all samples after thermal treatment, a (001) reflection shift of ap-
proximately 0.39 nm was observed.

Based on the spatial position of the N\H and C_O groups, diuron
is present in aqueous solutions in two stable geometric conforma-
tions classified as trans (Dos Santos et al., 1998). These two trans
conformations are planar, and the dimensions of the most stable
structure with a relative concentration close to 100% is length=
1.29 nm, width=0.77 nm and height=0.74 nm (Fontecha-Cámara
et al., 2006). The molecular conformation structure was affected by
hydrogen bond formation between diuron and water (Dos Santos
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Fig. 7. Zeta potential curves for diuron adsorbed on: (A) empty symbols, Sep and Sep
mechanical treated samples and (B) full symbols, for TT samples. Symbols indicate:
(■, □) Sep and ( , ) Sep60, ( , ) Sep180 and ( , ) Sepgel samples. The fitting
lines are a linear regression using a polynomial curve. Those lines are located on the
graph to assist viewing the curve taking in account the data dispersion.

Fig. 6. Zeta potential curves for diuron adsorbed on: (A) empty symbols Mt and Mt
mechanical treated samples and (B) full symbols, for, TT samples. Symbols indicate:
(■, □) Mt, ( , ) Mt60 and ( , ) Mt180. The fitting lines are a linear regression
using a polynomial curve. Those lines are located on the graph to assist viewing the
curve taking in account the data dispersion.

181C. Maqueda et al. / Applied Clay Science 72 (2013) 175–183
et al., 1998; Fontecha-Cámara et al., 2006), resulting in a loss of pla-
narity and an increase in height from 0.74 to 1.12 nm. In addition,
the dipolar moment of diuron decreased. Thus, the Mt interlayer
space increase from 1.23 to 1.35 nm could not be assigned to the
entry of diuron molecules (or hydrated diuron molecules) into the
interlayer space in a planar configuration, but to water penetration
from diuron aqueous solutions, taking into account the extremely
low amounts of adsorbed diuron.

3.2.2. Sepiolite
The adsorption isotherms of diuron on the untreated and mechan-

ically treated samples are shown in Fig. 5 (dotted lines). Diuron
adsorption on unground Sep was higher than in Mt. Mechanical
treatment of Sep increased its adsorption capacity, and thermal
activation led to additional increases in adsorption in all samples
(Fig. 5, continuous lines). The increase of the slopes of each curve
after heating indicates increased affinity of the active sites for diuron.

The experimental data were well fitted to the Freundlich equation.
The values of the Freundlich parameters are listed in Table 4. The
correlation coefficients were greater than 0.98 in all cases. Because
of the similarity of the 1/n values for the unheated and ground
samples, the KF values were compared, showing that the adsorption
of diuron was higher for the ground and Sepgel samples than for
the unground samples.

The small increase of diuron adsorption on the Sepgel sample
compared to Sep was attributed to the increase of the SSA due to
the decrease of the packets and the fibre size after sonication and to
the decreased micropore surface (Table 3).
In the case of ground Sep, the slightly higher diuron adsorption
may be due to modification of the surface heterogeneity produced
by grinding, leading to partial amorphisation of the mineral structure.

In spite of the decreased SSA in the thermally activated samples
compared to the original Sep and their respective ground samples,
diuron adsorption improved. This result was due to changes in the
Sep structure owing to the loss of OH structural groups, thereby
increasing the relative ratio of siloxane groups on the surface and
the OH structural groups. This effect rendered a more hydrophobic
surface and allowed the diuron molecules to have more available
sites for adsorption on the clay minerals (González-Pradas et al.,
2005). This behaviour improved diuron adsorption in spite of the
decrease in SSA, most likely also due to a drastic decrease in the
micropore surface in comparison to the original Sep sample and
their respective ground samples.

Fig. 7 shows the zeta potential curves for diuron adsorbed by the fol-
lowing: (A) Sep andmechanically treated Sep samples and (B) for sam-
ples with additional thermal treatment. Diuron adsorption did not
change the zeta potential of any of the Sep or mechanically Sep treated
samples. A slightly more negative surface charge was observed due to
the screening effect of the adsorbed diuron molecules, as observed for
the Mt samples. For the TT samples, the diuron adsorption reduced
the negative surface charge (approximately 15 mV) of the Sepgelh sam-
ple in comparison to the same samples without adsorption (data not
shown).

It is well known that the Sep crystals fold by rotation of the fibres
on their axes through the Si\O\Si edges bonds that join the fibre
units along the lengths of their edges. The folding produces a loss of
OH, changing the coordination of the Mg edges. Probably treatment
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with diuron solutions (initial pH of 4.4 and final pH of 8.7) produces
some changes of the edges of the octahedral coordination and mod-
ifies the zeta potential. Coordination of diuron to the surface likely
occurs similarly as for Mt samples, but the change in zeta potential
is in the opposite direction (to a less net negative surface charge).
In this case, the electron donor–acceptor complex between pesticide
molecules and the surface groups locates a positive density charge
on the nitrogen atom, leading to a change in the amine nitrogen to
a more basic configuration. This behaviour indicates electronic flow
in the opposite direction to that observed for diuron adsorbed on
Mt most likely due to differences in the electron affinities of magne-
sium and aluminium (−301 and 50.2 kJ g-ion−1, respectively) in
the Sep and Mt structures.
4. Conclusions

The adsorption of diuron onMt and Sep after mechanical (ground)
and thermal treatments was studied. The amount of diuron adsorbed
by the Mt samples decreased slightly after grinding, in spite of the
larger SSA values, which was due to an increase in the micropore
surface. These results indicated that diuron is not adsorbed in the
micropores. In contrast, diuron adsorption increased after heating,
which was inversely correlated with the micropore surface, also indi-
cating that diuron is not adsorbed on the micropores.

The sequence of diuron adsorption on the heated Mt samples
was different from that on the unheated ones. The thermal treat-
ments noticeably decreased the micropore/SSA ratio for the ground
samples, improving the herbicide sorption, especially for Mt180h.

The change of the negative charge surface, as shown by the zeta
potential curves obtained for all of the samples with increases in
the amount of adsorbed diuron, indicated significant coating of the
herbicide on the surface.

The adsorption on Sep was four-fold higher than on Mt. Sep
modified by mechanical (grinding and sonication) means produced
an increase in the diuron adsorption capacity compared with the
untreated sample. Additional thermal treatment further increased
the adsorption capacity of Sep due to changes in the Sep structure.
The micropore surface of the original Sep contributed approximately
50% of the SSA values after grinding because the nano-channels
were not destroyed. However, the heat treatment produced a drastic
decrease in the micropore surface, on which diuron sorption does
not occur.

This study reveals that low-cost clay minerals, especially Sep, can
be used to remove diuron from water and could be advantageous
over more costly sorbents.
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