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ABSTRACT: The milling process in the solid-state 2:1 clay minerals, montmorillonite and talc,
which have different cation exchange capacities, is reported here. Several instrumental techniques were
used to monitor systematically the products formed. The dehydroxylation/amorphization of the
montmorillonite and talc structures occurs within 3 and 6 h of milling, respectively. Electron
paramagnetic resonance spectra indicated that structural Mn2+ was oxidized more quickly in the
montmorillonite structure than in talc, while the paramagnetic defects increased during milling. Nuclear
magnetic resonance was also used to monitor the environmental changes for Si and Al during milling.
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Solid-state mechanochemical activation of materials
includes milling to increase their reactivity, allows
reactions in the solid state and decreases the decom-
position temperature, causing structural defects and
structural transformation, formation of metastable
amorphous or hybrid materials, etc. (Mingelgrin
et al., 1978; Garcia et al., 1991; Sanchez-Soto et al.,
1997;Mendelovici, 2001; Christidis et al., 2004, 2005;
Dellisanti & Valdré, 2005; Balek et al., 2007, 2008;
Ramadan et al., 2010; Vizcayno et al., 2010; Djukic
et al., 2013; Dumas et al., 2013; Galimberti et al.,
2014; Petra et al., 2015). One of the applications of this
process is to obtain material for sustainable slow-
release fertilizers (Zhang et al., 2009; Solihin et al.,
2010, 2011), by combining an insoluble clay mineral
and a soluble phosphate, yielding phases with low

solubility. The effectiveness depends mainly on
stoichiometric proportions of the materials used, time
and energy of milling.

The mechanisms of this process and the chemical
composition of the slightly soluble materials obtained
were elucidated mainly with the use of solid-state
nuclear magnetic resonance (NMR) spectra (Borges
et al., 2015). Redox reactions and the formation of free
radicals still require explanation, however. Electron
paramagnetic resonance (EPR) enables investigation
of these phenomena as well as the identification of
inorganic radicals, because it is highly sensitive to
paramagnetic species such as Fe3+ and Mn2+

(Kudynska et al., 1989; Siqueira et al., 2011). These
species often occur as minor elements at low
concentrations substituting for the main components
in the structures of the clay minerals.

The present study reports the effects of milling on
structural changes in raw montmorillonite and talc as
potential matrices to obtain sustainable slow-release
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fertilizer. Both are 2:1 layer silicates. The main
objective is to investigate the redox reactions and
structural changes induced by milling. In addition to
having different chemical compositions, montmoril-
lonite is a cation exchanger while talc does not have
layer charge. However, both have isomorphic para-
magnetic species substituting for structural cations,
mainly in the octahedral sheet, which can be monitored
by EPR. This technique was used to monitor the
changes to these paramagnetic species during the
milling process.

MATER IALS AND METHODS

Montmorillonite (SWy-2 – (Ca0.12Na0.32K0.05)[Al3.01
Fe(III)0.41Mn0.01Mg0.54Ti0.02][Si7.98Al0.02]O20(OH)4) was
obtained from the Source Clays Repository of The Clay
Minerals Society, while the commercial talc (idealized
formula – Mg3Si4O10(OH)2) was obtained from the
company Magnesita, in Brazil.

Experimental

The solid-state mechanochemical reactions were
performed using 1 mmol of each clay mineral, at
70 rpm (0.2876 × g). The montmorillonite was ground
for 3, 6 and 9 h and talc, being more resistant to the
milling process, was milled for 6, 9 and 12 h. All
reactions were performed using a mortar Fritsch
Pulverisette 2 grinder, consisting of a zirconium
vessel with 10.5 cm diameter and zirconium disk
attached to the mill by a fixing rod.

The samples had previously been placed in a closed
chamber for aweek, under controlled humidity of 40%,
and the hygroscopic moisture content was measured in
a Shimadzu MOC63u moisture balance, with straight
type halogen heater.

Fourier transform infrared (FTIR) spectra were
obtained in a Bio-Rad FTS 3500GX FTIR spectrom-
eter with an accumulation of 32 scans, a resolution of
4 cm–1, employing KBr tablets at a mass ratio of 1:100
(sample:KBr). Thermogravimetric analysis (TGA)
curves were obtained for the samples and reagents,
with a Mettler Toledo TG/s DTA 851 E analyser, using
150 μL alumina crucibles and a temperature ramp of
10°C min–1, under oxygen flow of 50 mL min–1.

The EPR spectra were obtained at ambient tempera-
ture (∼25°C) in a Bruker EMX spectrometer operating
at X-band (∼9.5 GHz) employing a 100 kHz
modulation frequency and 5000 G of amplitude
modulation. The NMR spectra in solid form were
acquired using a Bruker AVANCE 400 spectrometer

operating at 9.4 Tesla, to observe 27Al and 29Si nuclei at
104.2 and 79.5 MHz, respectively, equipped with a
4 mm multinuclear solids probe and spinning at the
magic angle at 5000 Hz. The MAS NMR spectra of
27Al were acquired from 32 K points, 1 K scans, by
applying 90° excitation pulses and a relaxation time of
1 s. On the other hand, the spectra of 29Si MAS NMR
were acquired from 32 K points, 2 K scans, by
applying a 15° excitation pulse and a relaxation time
of 5 s. The spectra were processed by applying an
exponential multiplication in Free Induction Delays
(FIDs) by factors of 200 and 100 Hz, respectively,
followed by Fourier-transform for completion to 64 K
points. To observe the percentage of individual
species, the 29Si NMR spectra were deconvoluted,
whereas 27Al spectra were integrated.

Nitrogen adsorption isotherms were obtained with a
Quantachrome NOVA 2000e gas sorption analyser.
The samples were preheated at 100°C under vacuum
for 2 h and were subjected to analysis at 77 K. The
specific surface areas of the samples were calculated
using the multi-point Brunauer-Emmet-Teller (BET)
method.

RESULTS AND DISCUSS ION

The X-ray diffraction (XRD) patterns showed that the
amorphization of the montmorillonite and talc struc-
tures occurs within 3 and 6 h of milling, respectively.
After these milling times, only the characteristic peaks
of quartz (Q), a natural mineral contaminant in clays,
were observed (Boulingui et al., 2015). Quartz resists
the milling process (Fig. 1A,B).

The main interest in obtaining amorphous metasta-
ble structures from clay minerals is that they tend to be
more reactive than their crystalline counterparts,
allowing the establishment of bonds with other
reagents such as phosphates. When layered hydroxide
structures are ground, they collapse mainly due to
friction forces; dehydroxylation reactions occur and
mixtures of nanostructured oxides are obtained, with
highly structural defects. As a result, a gradual
reduction in diffraction maxima caused by increasing
milling time is observed (Aglietti & Lopez, 1991;
Hrachova et al., 2007; Ramadan et al., 2010; Dellisanti
et al., 2011).

Although XRD patterns provide important informa-
tion about the nature of structural modifications, the
mechanochemical dehydroxylation process may be
confirmed by FTIR and other instrumental techniques.

In the FTIR spectra of the montmorillonite milled
for 3 h, a broad band was observed in the range
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3700–3000 cm–1 (Fig. 2Ab), replacing the sharp and
well-defined bands in the clay mineral spectra of the
raw clay (3635, 3400 and 3160 cm–1), which are
attributed to (Al,Mg)-OH stretching (3635 cm–1) and
H-O-H stretching of water, (Fig. 2Aa) (Kinninmonth
et al., 2013; Çelik & Önal, 2014).

In the FTIR spectra of talc, changes were verified
after 6 h of milling (Fig. 2Bb), in accordance with the
XRD data (Fig. 1B). The bands at 3676 and 670 cm–1,
characteristic of Mg–OH bonds, disappear completely,
suggesting dehydroxylation during milling (Du &
Yang, 2009; Ptáček et al., 2013). For both samples the
bands at∼1000 cm–1, characteristic of Si–O stretching,
became broader due to a higher degree of chemical
heterogeneity caused by the amorphization process.

Likewise, the bands at ∼520 cm–1 and 465 cm–1 for
montmorillonite and 465 cm–1 and 470 cm–1 for talc,
related to Al–Si–O and Si–O–Si bonds, respectively,
became broader with increasing milling time. In
general, changes in the spectra, of both montmorillon-
ite and talc, were observed after milling, suggesting the
tendency of montmorillonite and talc to form amorph-
ous phases as already observed by XRD.

The TGA curve of the raw montmorillonite showed
two mass-loss events, the first up to 100°C, associated
with the removal of physisorbed water and water
coordinated to the interlayer cations (7%moisture up to
400°C), and the other in the range 600–700°C,
associated with structural dehydroxylation (total
weight loss = 11.53% at 1000°C) (Fig. 3A).

FIG. 1. XRD patterns of rawmontmorillonite (A-a) and after milling for 3 h (A-b), 6 h (A-c), 9 h (A-d); raw talc (B-a) and
after milling for 6 h (B-b), 9 h (B-c) and 12 h (B-d).

FIG. 2. FTIR spectra of rawmontmorillonite (A-a) and after milling for 3 h (A-b), 6 h (A-c) and 9 h (A-d); and of raw talc
(B-a) and after milling for 6 h (B-b), 9 h (B-c) and 12 h (B-d).
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In the TGA curves of the milled samples involving
montmorillonite, a single weight-loss step was observed
from room temperature up to ∼700°C. This mass-loss
event indicated that mechanochemical dehydroxylation
had occurred, aswas also shown byFTIRmeasurements
(Fig. 2Ab), because no evidence of thermal dehydrox-
ylation was observed in the TGA curves.

As expected, talc was substantially anhydrous (0.3%
mass loss up to 600°C) and a mass loss event of 4.78%
occurred at between 800 and 900°C (Fig. 3Ba), in
accordance with the theoretical weight loss predicted
from the structural formula (4.75%), suggesting that
the talc used was of high purity. Although the milled
talc samples showed similar thermal profiles to their
milled montmorillonite counterparts, even after
milling for 9 h (Fig. 2Bd), it was possible to identify

a small, sharp mass loss in the region of 800°C,
characteristic of thermal dehydroxylation or the
formation of a new phase such as orthorhombic
enstatite (MgSiO3) (Sanchez-Soto et al., 1997).

In the raw montmorillonite sample (Fig. 4A), the
DTG peaks were observed at ∼83°C and ∼673°C; the
first peak was shifted to higher temperatures in the
ground materials, whereas the second peak, related to
dehydroxylation, disappeared. The displacement of
the first peak to higher temperatures may be attributed
to the adsorption of water molecules in the amorphous
structures which are difficult to release. In the DTG
curve of the sample ground for 9 h (Fig. 4Ad), an
event was observed at ∼379°C, probably related to the
mass loss of some amorphous material susceptible to
decomposition, probably a carbonate.

FIG. 3. TGA curves of raw montmorillonite (A-a) and after milling for 3 h (A-b), 6 h (A-c) and 9 h (A-d); and of raw talc
(B-a) and after milling for 6 h (B-b); 9 h (B-c) and 12 h (B-d).

FIG. 4. DTG curves of raw montmorillonite (A-a) and after milling for 3 h (A-b), 6 h (A-c), 9 h (A-d); raw talc (B-a) and
after milling for 6 h (B-b); 9 h (B-c) and 12 h (B-d).
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In the raw talc sample, the DTG curves showed
peaks at ∼495 and ∼881°C (Fig. 4Ba) because the
milled samples exhibited a more complex superpos-
ition of mass-loss events. These events are comparable
to those observed for montmorillonite.

The N2-adsorption curves of raw montmorillonite
can be classified according to the IUPAC as type IV,
indicating mesoporous materials characterized by
capillary condensation in the pores (Fig. 5A). The
milled samples showed type III isotherms related to
non-porous or macroporous solids, with adsorbate–
adsorbate interactions. However, despite the differ-
ences in N2 adsorption and desorption isotherms, all
samples showed H4-type hysteresis according to
IUPAC classification, which can be related to the
narrow slit-pore type.

The increase in the specific surface area (SSA) of the
samples compared to the raw montmorillonite may be

explained by the reduction in the particle size of the
milled material (Table 1). In addition, the volume and
average pore radius of montmorillonite milled for 3 h
were approximately double that of the raw mineral;
however, the average pore radius after 6 h is compar-
able to the original size. It is suggested that the change
in the pore size may be influenced by the formation of
amorphous species, and the increase in matrix disorder.

Unlike montmorillonite, the isotherms of the raw
and milled talc samples were all of type III with H4-
type hysteresis (Fig. 5B). Similar to the montmoril-
lonite samples, the isotherms indicate the existence of
non-porous or macroporous materials with relevant
adsorbate–adsorbate interactions and narrow slit-type
pores.

The sample milled for 3 h had a specific surface area
(SSA) which was about three times greater than that of
the raw talc, decreasing for longer milling times
(Table 1). The sample milled for 12 h had a smaller
SSA than the raw clay. This behaviour, as discussed
previously, may suggest the formation of amorphous
material; the hygroscopic (adsorbed) water study
below may also support the discussion on these
modifications.

In the case of montmorillonite, in order to examine
the effect of milling on the clay’s ability to absorb water
as qualitative evidence of the presence of hydroxyl
groups, the hygroscopic water content decreased with
increasing milling time (Table 2). This behaviour may
be associated with the mechanochemical dehydroxyla-
tion of the mineral matrix. It is suggested that through
this process the bound hydroxyls of the clay mineral can
react with each other, forming water molecules, thereby
reducing the amount of hydroxyl functional groups,
which in turn reduces the water-adsorption capacity by
hydrogen bonding. Similarly, in the case of talc, the

TABLE 1. Textural properties of the montmorillonite and talc samples.

Sample
Milling
time (h)

Specific
surface areaa

(m2 g–1)

Pore
volume
(cm3 g–1)

Average pore
radius (Å)

Montmorillonite Raw 11.0 0.05443 15.4
3 17.1 0.14500 29.4
6 14.9 0.08701 15.3
9 16.8 0.08994 15.4

Talc Raw 5.7 0.03331 17.3
6 17.3 0.08264 15.4
9 7.6 0.03896 19.3
12 5 0.02420 17.1

TABLE 2. Moisture contents of the raw montmorillonite
and talc and of the treated samples.

Sample Milling time
(h)

% hygroscopic moisture
(average ± standard

deviation)

Montmorillonite Raw 3.30 ± 0.19
3 2.09 ± 0.23
6 1.77 ± 0.19
9 1.31 ± 0.28

Talc Raw 0.62 ± 0.14
6 1.47 ± 0.23
9 1.13 ± 0.23
12 1.13 ± 0.21
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hygroscopic water content increased after the mechano-
chemical treatment, with the sample milled for 3 h
reaching a maximum, after which the water content
decreased, becoming constant after ∼9 h of milling
(Table 2). This behaviour suggests that in the case of
talc, the mechanochemical dehydroxylation does not
occur directly, but possibly (as discussed in the BET
results) there are intermediate structures still containing
large proportions of hydroxyl groups. It is considered
that after the initial milling, the layered crystals
delaminate or break perpendicularly, which ultimately
exposes a larger number of hydroxyls, increasing the
interaction of the sample with water molecules. A
second step occurs with increasing milling time, at

which, although dehydroxylation predominates, it is not
complete.

Previous work has shown the presence of iso-
morphic substitutions in clay minerals involving Fe3+

and Mn2+ (Reddy et al., 2008). These structural
paramagnetic species may provide further relevant
information about the intermediary species formed
during the mechanochemical treatment. To study this
aspect, EPR is a very sensitive technique and could be
used to trace the evolution of the mechanochemical
reaction.

The EPR spectrum of the raw montmorillonite
(Fig. 6A), has signals at g≈ 9 and g = 4.5, character-
istic of Fe3+ in distorted rhombic sites, and also six

FIG. 6. EPR spectra of rawmontmorillonite (A-a) and after milling for 3 h (A-b), 6 h (A-c) and 9 h (A-d); and of raw talc
(B-a) and after milling for 6 h (Bb), 9 h (B-c) and 12 h (B-d).

FIG. 7. 29SiMASNMR spectra of rawmontmorillonite (A-a) and after milling for 3 h (A-b), 6 h (A-c) and 9 h (A-d); and
of raw talc (B-a) and after milling for 6 h (B-b), 9 h (B-c) and 12 h (B-d).
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FIG. 8. Deconvoluted 29SiMASNMR spectra of montmorillonite after milling for 3 h (upper) and of talc after milling for
6 h (lower).
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lines between g = 2.2 and 1.9, assigned to structural
Mn2+ (Reddy et al., 2008; Padlyak et al., 2010).

After 3 h of milling, only the signals of Fe3+ were
observed whereas there is no evidence of Mn2+. It is
considered that Mn2+ undergoes a mechanochemical
oxidation reaction (Fuentes & Takacs, 2013), which may
be explained by the occurrence of high-temperature micro-
spots during milling (Lefebvre et al., 2012). The probable
product is γ-Mn2O3, formed by the oxidation and
dehydration of Mn(OH)2 (Greenwood & Earnshaw,
1997). The signal at g = 2.01, which was also present in

the raw clay mineral, refers to the structure of oxygen-
based free radicals. However, the EPR spectra of the talc
samples showed behaviour which was different from that
of montmorillonite. The signal of Fe3+ was not as obvious
at g≈ 4.4 in the spectrum (Fig. 6B). It is considered that
although the concentration of Fe3+ is very low and it exists
at the crystal edges, there may exist more abundant Fe2+,
which is EPR-silent. During the mechanochemical
treatment, Fe2+ oxidizes to Fe3+, as was shown by the
EPR signal. In contrast, oxidation of Mn2+ was not
observed, as was the case for montmorillonite. This means
that the species ofMn2+ are preserved in their raw structure
even after milling, in accordance with the TGA results,
indicating partial preservation of the talc structure. The
signal at g = 2.01 was not apparent in the raw clay mineral,
i.e. there were no signals relating to defects in the structure
in the magnetic resonance. However, after 3 h of milling,
the spectra showed this signal, indicating the strong
influence of mechanochemical activation in generating
free radicals.

In theNMR spectra, the chemical shift dependsmainly
on the electron density of the nucleus being observed;
therefore it is related directly to the donor or withdrawing
ligands’ capacity coordinated to this nucleus and its
coordination number (Guarino et al., 1997).

In Fig. 7A, the montmorillonite sample showed
signals in the 29Si MAS NMR spectra at ∼–96 ppm

TABLE 3. Percentage of different Si sites in the raw and
milled samples.

Samples Mill time (h) %Q2 %Q3 %Q4

Montmorillonite Raw 0 65.09 34.91
3 0 64.78 35.22
6 0 63.17 36.83
9 0 59.29 40.71

Talc Raw 0 100.00 0
6 54.07 38.04 7.89
9 32.73 62.05 5.22
12 29.45 57.12 13.43

FIG. 9. 27Al MAS NMR spectra of raw montmorillonite (a) and milled for 3 h (b), 6 h (c) and 9 h (d). * Side rotating
bands.
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and –110 ppm, where silicon atoms are bonded to
oxygen atoms, characteristic of 2:1 aluminosilicates
(Q3) (Si(OSi)3OM; M = metal) or three-dimensional
structures (Q4) ([Si(OSi)4]), characteristic of quartz
present as an impurity (He et al., 2005). After milling
the montmorillonite sample the signals remained
unaffected, indicating that the same sites were still
present. However, the Q3 signal increased in intensity,
probably due to amorphization of the clay mineral
structure possibly consisting of several species
(Fig. 7A). Moreover, the same level of organization
was maintained for the signal attributed to quartz,
regardless of the milling time, as already demonstrated
by XRD (Fig. 1A).

The 29Si MAS NMR spectrum of talc only had a
signal at –96 ppm, related to the Q3 sites (Fig. 7B)
(Martin et al., 2006). The NMR spectra of the samples
subjected to milling showed a gradual disruption of the
structure and the formation of new sites. Due to the
lower concentration of quartz in the sample before
milling, the signal at –110 ppm was not detected and
the new signals detected at ∼–91.0 and –110 ppm, are
related to Q2 (Si(SiO)2(OH)2) and Q4 sites, respect-
ively (Coelho et al., 2008). The deconvoluted 29Si
MAS NMR spectra of montmorillonite milled for 3 h
and talc milled for 6 h can be seen in Fig. 8.

In the milled montmorillonite, the signal attributed
to the Q3 sites was reduced from 65.09% to 59.29%,
whereas that of the Q4 sites increased from 34.91 to
40.71% (Table 3). In the case of talc, the percentage of
the Q3 sites of raw sample was reduced from 100 to
57.12% (Table 3) while that of the Q2 sites increased
from zero to 54.07% for the sample milled for 6 h and
then was reduced progressively for samples milled for
longer times, reaching 29.45% after milling for 12 h.

The disorganization of the Q3 site of the montmor-
illonite caused by milling as indicated in the 29Si MAS
NMR spectra (Figs 7, 8) may imply a change in the
coordinated AlO6 octahedral arrangement, because the
Q3 site is coordinated with Al. This change is

confirmed in the 27Al MAS NMR spectra by the
appearance of the signal at 54.1 ppm corresponding to
tetrahedral Al (Fig. 9) in ground samples and the signal
at –1.70 ppm attributed to octahedral Al (Isobe et al.,
2003; O’Dell et al., 2007; Vyalikh et al., 2009). The
NMR spectra indicate a greater number of sites with
amorphous Si species and changes in the chemical
environment of Al sites after milling. Some of these Si
sites resemble amorphous SiO2, which might improve
the reactivity of the ground clay minerals.

Table 4 lists the abundance of Al in different sites of
raw and milled montmorillonite samples. The Al sites
are transformed from six-fold coordinated (reduced
from 100 to 35.4%) to four-fold coordinated (increased
from zero to 64.60%), and these data are consistent
with the 29Si MAS NMR spectra.

CONCLUS IONS

Investigation of mechanochemical processes by trad-
itional techniques such as XRD, FTIR and TGA/DTA,
although very important in our understanding of the
chemical and physical changes in samples, do not
provide adequate evidence about the mechanism of the
reaction and the type of chemical environment. This
information is extremely important for the synthesis of
new structures, and the detection of potential interac-
tions with other ions, i.e. phosphates. Hence, charac-
terization by NMR MAS may provide detailed
information about the raw species and those formed
by the milling process. In addition, the EPR results
indicated that the mechanochemical process is oxidiz-
ing as a consequence of physical and chemical solid-
state reactions. Use of EPR also allowed the identifi-
cation of defects and the behaviour of paramagnetic
species in the samples.
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