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with a monofunctional ethoxysilane - 3 aminopropyl dimethyl ethoxysilane (APMS). The
two-step organophilization procedure, e.g. dimethyl sulfoxide intercalation and APMS
www.rsc.org/ grafting onto the inner hydroxyl surface of kaolinite (the mineral) layers was tested for three
sources of Kaolin rocks (KR, KC and KD) with various morphologies and kaolinite
compositions. The load of APMS in the kaolinite interlayer space was higher than that of 3-
aminopropyl triethoxysilane (APTS) due to the single-point grafting nature of the
organophilization reaction. A higher long-distance order of kaolinite layers with low staking
was obtained for the APMS thereof, due to a more controllable organiphilization reaction.
Last but not least, the solid state Si-NMR tests confirmed the single-point grafting
mechanism of APMS, corroborating a monodentate fixation on the kaolinite hydroxyl facet,
with no contribution to the bidentate or the tridentate fixation as observed for APTS.
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Introduction of clay, thus facilitating the penetration of polymer. A number
of such studies on the intercalated materials have been reported
The inorganic-organic materials form nowadays are an yging different ceramic phases in connection with a variety of
intensely researched class of materials with quite remarkable polymers.” 2
properties, which rely on the nano-scale incorporation of the Kaolinite is a hydrous aluminum silicate mineral with good
filler into the organic matrix.'™ From this point of view, clay- physical properties and stable chemical structure found in
type fillers are maybe the most studied. Both the clay yaolin rocks. It is a very important non-metallic material,
incorporation and the properties of the resulting material representing the base material for the ceramics, chemical
strongly depend on the compatibility between the clay and the engineering, plastics, paint and fire-resistant materials
organic matrix. The incompatibility between hydrophilic jndustries due to its excellent characteristic. Kaolinite structure
layered aluminosilicates and the organophilic polymer has been a1 be described as a 1:1 sheet structure composed of SiO,
solved through surface modification of the clays.>® This is tetrahedral layers and Al(O,OH)s octahedral layers."> The
usually done via a reaction of the clay surface with organics morphology of the kaolinite particle has the shape of a
producing organically-modified layered aluminosilicates. The hexagonal plate. An individual kaolinite layer has an oxygen
modified surfaces have the role to expand the interlayer space  gyrface on one side and a hydroxyl surface on the other,
through which it is strongly hydrogen bonded to the platelets
above and below it. These hydrogen and Van der Waals bonds
make the intercalation process more difficult than for other
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very small interlayer space, which allow only a limited number
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(DMSO), N-methyl
intercalated.*''® The guest molecules are intercalated through

formamide, urea) to be directly
the formation of new hydrogen bonds; hence, this displacement
method yields various intercalated compounds. For example,
the intercalation compounds with methanol were mostly used as
intermediates for guest displacement reaction.'*' Detellier and
co-workers also obtained various kaolinite hybrids. For this
matter, DMSO-kaolinite intercalates were prepared in order to
increase the interlayer space and to make it accessible for
further organic chemical grafting >

The present paper aimed at studying the behavior of some

commercial kaolin samples from different sources, with various

morphologies and  kaolinite = compositions, in  the
organophilization reaction with the targeted monofunctional
organosilane. To the best of our knowledge®®?’, kaolinite

organophilization with a monofunctional aminosilane is being
reported for the first time in this paper. Our newest findings
were compared with those obtained with a trifunctional
organosilane, the common grafting agent presented in several
literature studies?®2°>°. For this matter, a Romanian (KR) and
two Brazilian (kaolin-C, KC, and kaolin-D, KD) types of
commercial kaolin were used for the organophilization reaction
with 3 aminopropyl dimethyl ethoxysilane (APMS) — the
monofunctional silane and 3 aminopropyl triethoxysilane
(APTS) — the trifunctional silane (Fig S1, ESI). Ethoxysilanes
with amino groups were selected due to their specific
properties, which can further allow the modified kaolinite to be
used as a reinforcing agent in various mixtures (e.g. as
reinforcing agents for various polymers with complementary
functionalities).

Results and Discussion

Theoretical Approach

For achieving a successful organophilization reaction, the
intercalation step with dimethyl sulfoxide (DMSO) molecules
was necessary in order to enlarge the interlayer space of
kaolinite. Although, kaolinite modification with trifunctional
aminosilanes was extensively studied and described in the
literature,”®?*?% APTS grafting was also performed using the
same conditions as for APMS grafting, in order to highlight the
new findings properly.

The main reason for employing monoethoxysilane refers to
several advantages over the use of triethoxysilane: i) the
monoethoxysilane molecule is somewhat smaller (due to the
replacement of two ethoxy groups by two methyl groups)
allowing an easier penetration of the kaolin interlayer space;
and ii) the monofunctional ethoxysilane has only one anchoring
group (i.e. the ethoxy group), which allows the formation of a
single bond with only one kaolin layer, unlike triethoxysilane
that, may react with two different platelets in the presence of
water traces, leading to interconnected structures (as suggested
by Avila and co-workers®® for kaolin and by Gianni and co-
workers®! for montmorillonite). In such situation it is obvious
that exfoliation or an increase of the interlayer distance, are not
further possible. Additionally, the bridging reaction of layers

2| J. Name., 2012, 00, 1-3

caused by trifunctional aminosilanes can be responsible for
diminishing the interlayer space gained during DMSO pre-
intercalation.

Raw kaolin

Morphology. The SEM analysis (Fig 1 A and B) clearly
showed strong morphological differences among the three raw
kaolin samples. KR and KC consisted of small irregular-shaped
particles (<6 pm). High aggregation degrees were observed
especially for KR (over 60 pm large), while KD was composed
of big spherical particles, within 5-25 pm size range (Fig 1 C).
The micrographs also revealed more porous surface structures
for KR and KC samples relative to KD, which can provide an
easier access of reactants in the interlayer space of kaolinite and
implicitly higher intercalation yields.

Fig 1 Shape and morphology of the raw kaolin samples KR
(A), KC (B) and KD (O).

Thermal analyses and composition. The values of oxide
residues (Table 1) at 1000°C were in agreement, particularly
for KC and KD, with the oxide content determined by EDAX
analyses (Table 1).

Table 1 The effective kaolinite content of each kaolin sample
based on EDAX results

Not K Kepax™ K’epax™ R PW K’16A" K 14"
[b]

KR 99.91 91.2 103.97 92.0 5.4 38.5 33.1

KC 87.01 85.4 97.36 86.5 13.98 97.22 83.24

KD 87.24 84.0 95.76 86.7 13.70 95.27 81.57

a1 whereas k= kaolin oxide content and Kgpax=Kaolinite oxide content

(SiOx+ ALOs) were given by EDAX; and, K’gpax= effective Kaolinite
extent was calculated by summing the Kgpax value and the theoretical
water content (T,) determined according to the specific reaction of
kaolinite conversion into m-kaolinite as 12.77 wt% for KR, 11.96 wt%
for KC and 11.76 wt% for KD;

Plyyhereas R=Oxide residues and PW= practical water loss were given by
TGA; K’rga= effective Kaolinite extent was further calculated using the
equation: K’rga= PW-K’gpax/Tw; and Krga= Kaolinite oxide content

(SiOx+ ALOs) was calculated by removing the water loss PW;

TGA corroborated with DTG (Fig S2, ESI) can elucidate
the inconsistency between KR compositions (Table 1)
determined by the two methods. The theoretical mass loss
during kaolinite [Al,Si,0O5(OH),] conversion to m-kaolinite
[Al,Si,04] is about 14 wt % relative to kaolinite, according to
the specific reaction: Al,Si,05(OH),=> Al,Si,0; + 2x H,O0.
Implicitly, a theoretical water content of 12.77 wt% for KR,
11.96 wt% for KC and 11.76 wt% for KD (calculated relative
to the oxide content of SiO, and Al,O; given by EDAX, Table
1) should have been registered. But when calculating the
effective kaolinite content of each sample (Table 1) based on
EDAX results, the value for KR type turned inconclusive. This
happened because the effective content of kaolinite in KR
corresponded to the 5.4 wt% mass loss (characteristic for m-
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kaolinite formation) instead of the theoretical 12.77 %, meaning
approximately 38.5% (or 33.1% relative to oxides residues
given by TGA). Consequently, higher oxide extents within KR
and decreased mass loss during kaolinite dehydroxylation
indicated the presence of considerable heterogeneous phases
within kaolin particles. Hence, the remaining residues of KR,
KC and KD (i.e. 58.9%, 3.26% and 5.13% respectively)
relative to the oxide residues represented heterogeneous oxide
phases within kaolin rocks.

Still, EDAX results indicated higher oxide content in KR,
compared to the oxide residues determined by TGA. This
particular inconsistency was due to the fact that EDAX is a
surface analyse technique, giving appropriate values for the
oxide content on the upper layers of kaolin particles.
Correlating TGA that indicated the presence of increased
contents of heterogeneous phases, with EDAX measurements,
it can be supposed that the kaolinite structures are likely to be
the core of the particles, while the heterogeneous oxide phases
are peripheral. This hypothesis can also explain gibbsite
transformation in boehmite, in KR, by creating favourable
conditions. According to Frost er. all,** gibbsite [y-Al(OH);]
decomposes through the intermediary form of boehmite
structure [y-AlOOH] in hydrothermal conditions, meaning slow
rates of water loss due to structure related factors like size of
aggregates and location of water content. In this context, the
morphology of KR, with regard to particle size, also sustained
the creation of a hydrothermal environment. Thus, the boehmite
content formed during gibbsite dehydration added up to the
existing one in KR, being further transformed into AL,O3.

On the other hand, for purer KC and KD, degradation
occurred in a step,
dehydroxylation, recorded at 515°C and at 495°C, respectively.

single characteristic to kaolinite
The total water loss of about 14 % registered for these two
kaolin rock types approached the theoretical mass loss during
conversion to m-kaolinite and the effective kaolinite content
(Table 1) was similar for both TGA and EDAX.

It has been previously shown that the degree of kaolin
crystallinity is directly related to its thermal stability. As a
result, kaolin samples with lower concentrations of defects
phases) stable and
dehydroxylation of kaolinite occurs at higher temperatures.*?
Therefore, based on the TGA/DTG analyses, it can be noted
that KC and KD samples were purer than KR while the content
of crystal defects the
KR>KD>KC"

(heterogeneous are more thermally

decreased in following order

Structure. The FTIR spectra of KR, KC and KD (Fig S3 a and
b, ESI) were similar, and agreed well with those reported in the
literature.****** KR spectrum displays three additional bands at
3520, 3450 and 3360 cm™' corresponding to the polycrystalline
gibbsite as revealed by TGA also.

XRD patterns of kaolin powder types are given in the ESI,
see Fig S4. All
diffraction peaks at 7.1 A and 3.5 A, as literature reports.

samples displayed characteristic basal
36,37

The XRD spectra also enabled the qualitative evaluation of
purity for employed kaolin samples. Hence, the presence of

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

several impure phases within the KR powder, i.e. potassium
aluminium silicate (KAISi), gibbsite (G, AI(OH);), and quartz
(Q, (Si0O,)) were noticed, while the XRD spectra of both
Brazilian kaolin samples, KD and KC, were close to pure
kaolinite.***” The pattern of KC and KD in the 19-23.5° 20
region was typical for well-ordered kaolinite,>® while that
observed for KR was characteristic to a more disordered
structure; thus, being consistent with the TGA observations.

DMSO -kaolinite intercalation

Thermal analyses and composition. In addition to
characteristic decomposition steps of raw kaolin,*® the
TGA/DTG curves (Fig S5, ESI) of the three DMSO-
intercalated kaolin samples registered the first weight loss
around 155°C, ascribed to DMSO decomposition.® This
additional degradation step indicated the presence of DMSO
molecules within kaolin structure (in accordance with XRD
observation).

The amount of DMSO incorporated into kaolin is very low
for KD type, about 2%, which can be the result of the confined
spherical morphology and high particle size. However, the
amount of DMSO, incorporated into KC and KR kaolin types
was about 21 wt% (or 21.1 wt% relative to the effective
kaolinite) and 5 wt% (or 19.2 wt% relative to effective
kaolinite), respectively. Accepting the fact that more than 60%
of KR is constituted from heterogeneous phases, the ratio of
DMSO relative to the effective kaolinite was similar to that of
KC. Nevertheless, the results obtained for the KC type agrees
more with the literature data available for the intercalation
process with DMSO. It can also be noted that the increased
amount of intercalated DMSO within KC and KR kaolinite
structure was related to the morphology of powder. In both
cases, smaller size of aggregates provided an increased surface
area and more access points for DMSO diffusion into the
interlamellar space. Altogether, the specific surface area which
increases in the KD < KR < KC order seems to be the main
factor in determining the amount of DMSO incorporated into
kaolinite. It is also possible, that the disorder increase in the
KR<KD<KC order to be an additional factor for the efficiency

of DMSO intercalation, as shown by others.*’

Structure. Compared to FTIR spectrum of KC alone, KC-
DMSO (Fig S6 a and b, ESI) reveals new bands at 3540 and
3500 cm™ (voy) assigned to water- DMSO
occurring within the kaolinite interlayer space.*'** New bands
appeared for KR-DMSO as well,
characteristic voy bands of gibbsite,

interactions

overlapping with the
and the stretching
vibrations related to the inner hydroxyl surface were affected
by the guest molecules. For instance, the intensity decrease of
the 3695 cm™' band, registered for KC- and KR- DMSO thereof,
was the result of S=O interactions with the interlamellar
hydroxyl groups which generated multiple hydrogen bonds*?
New bands, i.e. 3020 cm™ and 2930 cm’!, corresponding to vcys
reflected the presence of DMSO molecules in KC-DMSO and
KR-DMSO samples (Fig S6a).'®*'?** Furthermore, the

J. Name., 2012, 00, 1-3 | 3
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shifting of Al-OHj, characteristic band from 938 cm™ to 958
cm’!, in KC-DMSO and KR-DMSO was due to hydroxyl
(aluminol)-methyl (DMSO) interactions (Fig S6b); and, the
shifting of the 914 cm™ band (in raw kaolin) to 905 cm™ was
associated to the repulsive interaction between methyl groups
of DMSO with the hydroxyl surface of kaolinite layers.***?
Consequently, bands displacement, assigned to intermolecular
interactions, sustained the DMSO intercalation process.
Together with the TGA results, FTIR provided further evidence
referring to the successful DMSO intercalation for KC and KR.

XRD patterns of the intercalated kaolin samples are shown
in Fig S7, ESI. The 001 reflection of KC and KR appears
shifted towards higher spacing (i.e. 10.9 A), supporting the
intercalation of DMSO between The
intercalation process with DMSO molecules practically did not

the clay layers.
take place within KD structure. This assumption was indicated
by the presence of a more intense dy; peak characteristic for
unmodified KD at 7.1 A relative to the dyy; peak characteristic
for intercalated KD at 10.9 A.

The next organophilization step was performed only for
KC-DMSO and KR-DMSO where DMSO was successfully
intercalated.

Organophilization process

Thermal analyses and composition. KC-APTS and KC-
APMS displayed two degradation steps (Fig 2).

Fig 2 TGA curves and DTG inset of KC thereof; raw kaolin
sample (KC), DMSO-intercalate (KC-DMSO), and
organophilized samples with APMS and APTS (KC-APMS and
KC-APTYS).

The first weight loss occurred at a maximum decomposition
temperature of 235°C for KC-APTS and of 295°C for KC-
APMS, respectively; both being much higher than that
registered for KC-DMSO (i.e. 180°C). This supports the
functionalization of kaolinite with aminosilane. No significant
weight loss was observed within the 170-210°C interval,
meaning that DMSO molecules were either replaced by APTS
or APMS molecules or simply removed within the kaolinite
interlamellar space during the silanization process. However,
the broad decomposition range of silane, starting from about
170°C can mask possible traces of DMSO remaining in the
interlamellar space. The second step ranged between 400°C and
650°C and corresponded entirely to clay dehydroxylation as
indicated by the expected mass loss. It is noteworthy the fact
that the maximum degradation temperatures of silanized
kaolinite (i.e. 493°C for KC-APTS and 487°C for KC-APMS,
respectively) were inferior to those of KC alone (515 °C).
These results were consistent with other literature observations
referring to the influence of trifunctional silane molecules upon
the phase change from kaolinite to m-kaolinite.?’ Taking into
account the mass loss from TGA and considering the fact that
the first step was related only to the hydrocarbon fraction of
fully condensed silane, the formulas of KC thereof can be

4| J. Name., 2012, 00, 1-3

calculated as follows: Al,Si,05(OH), (NH,(CH,;);Si0; 5)¢2, for
KC-APTS, and Al,;Si,05(OH),(NH,(CH,)3Si(CH;3),0)033 for
KC-APMS, respectively.

The thermal behaviour of the organophilized KR indicated a
complex weight loss (Fig 3), related to the presence of
predominant heterogeneous oxide phases, other than kaolinite.
Some traces of DMSO were still present here and masked by
the first mass loss around 180°C, the one assigned to bonded
water in the raw KR. The following degradation steps, recorded
within 250-300°C and 300-515°C temperature ranges were
assigned to dehydration of gibbsite and degradation of the
hydrocarbon fraction of silane, respectively. For the latter, the
maximum decomposition temperatures were shifted towards
higher values compared to the DMSO-intercalated structures.
Hence, various types of silane-kaolin interactions were
generated due to KR high level of heterogeneity; this fact was
somewhat sustained by the shoulder appearance for describing
this specific degradation step. Here as well, TGA/ DTG results

allowed KR thereof formulas to be calculated as follows:

AleleS(OH)4 '(NHz(CH2)3SiOI’5)O'37 for KR-APTS and
AleleS(OH)4 (NHz(CH2)3SI(CH3)20)053 for KR-APMS,
respectively.

Fig 3 TGA curves and DTG inset of KR thereof; raw kaolin
sample (KR), DMSO- intercalates (KR-DMSO), and
organophilized samples with APMS and APTS (KR-APMS and
KR-APTYS).

The calculated chemical formulas of APTS and APMS
kaolin thereof indicated similar orders of reactivity towards KR
and KC kaolinite. These results also suggested that self-
condensation of silane did not occur to a large extent, as
confirmed by FTIR. Consequently, water absence and the
competitive organophilization reaction at the kaolinite interface
played an important role.

Structure. Fig 4 a and b depicts the infrared spectra of the KC
thereof while Fig S8a and b (ESI) the infrared spectra of the
KR thereof in the two specific wavenumber ranges (4000-2800
cm™' and 1100-450 cm™, respectively). The bands at 3540 cm™
and 3500 cm™', characteristic for DMSO-intercalated kaolinite,
in the APTS and APMS-modified kaolinite
samples. In addition, new bands at 2970 and 2930 cm™' related

disappeared

to as. vey 3 and sym. vy, vibrations of organosilane, reflected
the presence of silane molecules in the APTS- and APMS-
modified kaolinite samples. IR pattern of the OH stretching
region for all silanized kaolin types was different from that of
raw kaolinite.

Fig 4 The infrared spectra of KC, KC-DMSO, KC-APTS and
KC-APMS in the 4000-2800 cm’'(a) and 1100-450 cm’(b)
specific wavenumber range.

The intensity decrease of the 3695 cm™ band for KC thereof
indicated a lower extent of accessible interlamellar hydroxyl
groups. Furthermore, the intralamellar hydroxyl band was still

This journal is © The Royal Society of Chemistry 2012
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observed at 3620 cm’

organophilized solids, indicating that the organophilization

but significantly broader in the

process has altered the environment of the platelets inner

3.4 surface was

structure Hence, grafting onto kaolinite
achieved.***® As expected, the band at 938 cm” was quite
discrete in KC-APTS and KC-APMS, relative to raw KC
material, which confirmed the participation of interlamellar
aluminol groups in the formation of new bonds with APTS and
APMS.® A discrete presence of the 958 cm™ band (aluminol-
methyl interactions) was also noticed in both silane-intercalated
kaolin types, validating the assumptions made previously at
TGA i.e. the existence of some DMSO traces. Nevertheless, for
APMS-intercalates some interference may come from the
structural similarity of silane (two symmetrical methyl groups)
with DMSO.

Similar changes were also obvious for KR derivatives,
organophilization as The
asymmetric and symmetric NH, stretching was more
pronounced in KR thereof. The broad band between 3200 and

3500 cm’!, reflected different environments for the amino

suggesting an efficient well.

groups involved in weak H-bonding with the interlamellar —-OH
surface (due to KR heterogeneity).*® Additionally, DMSO was
quantitatively removed from kaolinite interlayer space as
indicated by the absence of aluminol-methyl interactions (958
cm™) in the spectra of organophilized - KR.

The XRD diffractograms of KC, KC-DMSO, KC-APTS
and KC-APMS are shown in Fig 5a. The 10.9 A dyy peak,
characteristic for intercalated-DMSO, has been fully replaced in
KC-APTS by one new reflection at 9.8 A. The 9.8 A basal
spacing resulted from a flat monolayer arrangement of APTS
molecules in the interlayer space of kaolinite.

Fig 5 X-ray diffraction patterns (20 = 3-30°) of KC (a) and KR
thereof (b); raw kaolin samples (KC and KR), DMSO-
intercalates (KC-DMSO and KR-DMSO), and organophilized
samples with APMS and APTS (KC-APMS and KC-APTS,
and KR-APMS and KR-APTS, respectively).

However, the 001 reflection is remarkably broad, indicating
a heterogeneous intercalation process with low crystallinity and
stacking order. Thus, the fact that APTS displays three possible
grafting points led to different grafting reactions, including
bridging of kaolinite platelets; implicitly, various interlayer
distances were generated. The linking/bridging reaction, can
also explain the contraction of the interlayer space relative to
former DMSO-intercalates. A similar evolution was observed
for the 3.7 A peak (see KC-DMSO diffractogram), which
became broader as well. Consequently, the low homogeneity
and the fact that the organophilization process of kaolinite with
APTS is generally uncontrollable, with some exceptions depict
in the literature was confirmed. Moreover, the 001 reflection
corresponding to non-intercalated kaolinite at 7.1 A is relatively
intense in KC-APTS, indicating that a high extent of kaolinite
returned to the initial interlayer distance and remained non-
intercalated after APTS organophilization. This supposition
was also sustained by the similar trend of the 3.5 A peak for

This journal is © The Royal Society of Chemistry 2012
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which an intensity increase, relative to the DMSO-intercalate
was registered. For KC-APMS a similar diffractogram to that of
KC-DMSO was obtained. In this respect, the intensity of the
10.7 A intercalated DMSO
suggested that higher quantities of DMSO should have been

reflection characteristic for

present. Yet, the TGA and FTIR analyses indicated otherwise.
Therefore, it is reasonable to assume that the peak at 10.7 A
belongs to KC-APMS structures where the
aminopropyl group adopted a relatively flat orientation and the

intercalated

interlayer distance obtained previously by DMSO intercalation
was not significantly affected. Some contributions to this
conformation might have came from the nature of APMS
molecules which can be found bonded on the inner surface of
kaolinite by electrostatic interaction (the basic character of the -
NH, might cause proton transfer from the acidic OH groups,
resulting in an electrostatic interaction between single bond -
NH;" and surface O™ ).

Fig 6 Possible conformations of the organophilized kaolinite:
(a) APTS molecules bridging kaolinite layers; (b) the APMS
molecule adopting a flat orientation within the kaolinite
interlayer space; (¢) APTS molecules grafted at the edges
and/or on the surface of the kaolinite layers.

More to this, the structural similarity of DMSO with APMS,
both having two methyl groups which can interact with
aluminol groups in a similar manner, may somehow influenced
the little variance of the interlayer space. Unlike KC-APTS,
only a small amount of kaolinite remained unmodified in
APMS intercalates or returned to initial spatial arrangement, as
indicated by the small peak at 7.1A.%°

The difference between the interlayer distances recorded for
APMS and APTS after the organophilization reaction, can be
explained through the ability of APTS to bridge the
neighbouring kaolinite layers by their edges, thus obstructing
APTS diffusion into the interlayer space (Fig 6a).”’ This
bridging process was not possible for the monofunctional
APMS molecules (Fig 6b), due to a single grafting point.*’
Consequently, the APMS intercalation process was more
efficient and generated long-distance ordered structure (higher
crystallinity degrees) of intercalated thereof as reflected by the
constant interlayer distances (no staking).

The XRD analysis revealed rather different results for KR-
APTS and KR-APMS intercalates (Fig 5b). After treating KR-
DMSO with APTS, the resulting product displayed a more
intense basal spacing at 7.1 A, than KC-APTS, while the peak
at 10.9 A completely disappeared, suggesting that most
kaolinite layers remained non-intercalated with APTS. The
results also showed that the reaction exclusively occurred at the
edges and/or on the surface of the kaolinite layers but not in the
interlayer space. Contrary to KC-APTS, there are no silane
molecules in the interlayer space of KR-APTS (Fig 6¢).

For KR-APMS sample, quite surprisingly, no peak was
registered at 10.9A. Farmore, no new peaks with close basal
spacing appeared instead while the peak at 7.1 A remained at a
intensity. These results have two possible

very low
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explanations: i) either the intercalation process occurred, but
the basal peak was not visible in the studied region (3-30 0); or
ii) practical exfoliation occurred, excluding DMSO-intercalated
kaolinite, which was still present in KR-APMS diffractogram.
The exfoliation assumption was supported by the complete
disappearance of the 3.7 A peak, as well, which previous
indicated the existence of intercalated structures. In can be also
being noted here that obtaining exfoliated structures in the
absence of solvents or in high defect kaolin samples is limited.
The #°Si CP-MAS NMR (spectra of KC, KC-DMSO, KC-
APMS and KC-APTS are shown in Fig 7) sustained the single-
point grafting of APMS. The CP technique*® was applied with a
ramped 'H-pulse starting at 100% power and decreasing until
50% during the contact time (3ms) in order to circumvent

Hartmann-Hahn mismatches.**>°

Fig 7 Solid — state 2°Si CP-MAS spectra of the KC thereof; raw

kindly supplied by Dr C.O. Petter from the University of Porto
Allegre (Brazil). Table 2, shows the chemical composition (as
determined by EDAX analysis) of the kaolin from Romania
(KR), as well as that of kaolin-C (KC) and kaolin—D (KD), both
from Brazil. The effective kaolinite mineral within the two
Brazilian rocks was above 95% for KD and above 97% for KC;
the difference between the two Brazilian samples arise from the
treatment steps which led to spherical compact particles (KD)
and irregular confined particles of smaller size distribution
(KO).

Dimethyl (DMSO, Sigma-Aldrich, 98%), 3-
aminopropyl triethoxysilane (APTS, Fluka, 98%) and 3-
aminopropyl dimethyl ethoxysilane (APMS, ABCR GmbH &
Co.KG, 97%) were employed without further purification.

sulfoxide

Table 2 Chemical composition of employed kaolin rocks (wt

kaolin sample (KC), DMSO- intercalate (KC-DMSO), and

organophilized samples with APMS and APTS (KC-APMS and

KC-APTS).

To improve the resolution, a dipolar decoupling GT8 pulse
sequence”' was applied during the acquisition time. The peak at
-90.4 ppm (Q® signal) in the *’SINMR spectrum of KC
corresponded to the overlapping of two signals, assigned to the

%0)
Not SiO, ALO TiO Fe,O Mn Mg Ca Na, K, P,0
3 2 3 (o) (o) (o) (¢] (o) 5

KR 424 48.7 2.5 3.30 073 09 0.59 0.6
0 0 6 8 5

KC 454 40.0 0.6 0.55 0.01 0.10 0.0 0.27 0.0 0.0
0 0 3 1 2 5

KD 449 39.1 1.6 1.10 0.01 0.15 0.0 0.30 0.0 0.0
0 0 0 1 2 5

presence of two equal populated silicon sites in the tetrahedrat
sheets - highly characteristic to the unmodified kaolinite.*®*%

For the KC-DMSO intercalate, the Q3 signal is shifted to -
91.8 ppm. The presence of this peak is the result of DMSO
molecules intercalated with kaolinite sheets, as literature also
suggested.”>**? The *Si-NMR measurements further showed a
shifting of the -91.8 ppm peak to -90.9 ppm, for KC-APTS?®
and KC-APMS. Such a low shift towards lower frequencies
indicated that aminosilane molecules attached to the kaolinite
aluminol groups presented little influence upon kaolinite silanol
groups; this being a proof for the aminosilane grafting via Al—
O-SiR bonds.>

The *Si-NMR data corroborated a bidentate [-60.2 for
RSi(OSi,Al),(OR’) T?] and and a tridentate [-67.5 ppm for
RSi(OSi,Al); sites T?] fixation of APTS onto kaolinite facet
with no contribution of monodentate fixation (T' sites)."?*** In
contrast, for the monofunctional silane (APMS) the 2°Si-NMR
spectrum revealed only one peak at -84 ppm which
corresponded to RR’,Si08Si,Al sites M'.! 2°Si NMR spectra of
KR-APTS and KR-APMS (not shown) were similar to those of
KC-APTS and KC-APMS, indicating grafting
mechanisms

similar

Experimental Details
Materials

Commercial kaolin clays from Romania and Brazil were
employed in this study and used as received. The kaolin sample
(KR) was obtained from the Aghires quarry (Cluj, Romania)
and the two Amazonian kaolin samples KC and KD were

6 | J. Name., 2012, 00, 1-3

DMSO intercalation and aminosilane grafting

A procedure similar to that used by Letaief and Detellier™
for kaolin — DMSO intercalates (K-DMSO) was employed.
Thus, 50 g of kaolin were dispersed (200 rpm) into a 12: 1 (vol
/ vol) DMSO: H,O mixture (300 ml / 25 ml) under a nitrogen
atmosphere at 80°C. After 10 days, the mixture was cooled
down and the reaction product (K-DMSO) was recovered by
centrifugation (6000 rpm) followed by washing with ethanol (2
x 250ml), at first, and then with isopropanol (2 x 250ml).
Finally, the washed product was dried in an oven overnight
(50°C). Subsequently, dry K-DMSO samples (1g) and the
corresponding aminosilane (5 ml) were charged into a three
necked- round bottom flask, under dry nitrogen atmosphere.
Further on, the reaction mixture was heated (195°C) under
constant magnetic stirring (200 rpm). After 48 h of reaction, the
mixture was cooled down and the product (K-APTS or K-
APMS) was recovered by centrifugation (6000 rpm). The solid
was washed with toluene (3 x 10 ml) in order to remove the
unreacted silane and dried overnight (105°C).

Characterization Methods

Morphological analyses were carried out on a XL30 Philips
Scanning Electron Microscope, at 20 kV acceleration voltages
(SE- secondary electrons) coupled with an elemental analyzer,
EDAX module. FT IR spectra of samples were recorded on a
Model 500 Nicolet FTIR instrument by averaging 32 scans with
4 cm’' resolution, using the KBr pellet technique. The
thermogravimetric analyses (TGA) were performed on a

This journal is © The Royal Society of Chemistry 2012
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Thermal Analysis SDT600 instrument, by heating samples of
about 5-10 mg from room temperature to 1000°C at 10°C/min
heating rate under nitrogen flow. X-ray diffractograms of
modified kaolin were registered on a D5000 Siemens—Bruker
diffractometer, equipped with a copper X-ray source
(wavelength A=1.54.10""" m; tension V=45 kV, intensity
I=35mA), and with a monochromator eliminating Kf radiation.
The 20 angle varied from 3° to 30° using a 35s step time and
0.04° step size. The solid-state *°Si NMR spectra were
obtained on a Bruker Avance-400 MHz NMR spectrometer
operating at a 2’Si resonance frequency of 79,5 MHz and using
a commercial Bruker double-bearing probe. About 100 mg of
each sample was placed in zirconium dioxide rotors of 4 mm
outer diameter and spun at a Magic Angle Spinning rate of 7
kHz. To obtain a good signal-to-noise ratio in 2’Si CPMAS
experiment, 6000 scans were accumulated using a delay of 3s.
The experiments were performed at ambient temperature.
Chemical shifts were referenced to tetramethyl silane, whose
resonance was set to 0 ppm.

Conclusions

Correlated results showed that both the intercalation and the
organophilization processes were influenced by the morphology
of raw kaolin, and, in equal measure, by the kaolin oxide
structure and by the nature of aminosilane. The particle size and
aggregation degree of KD kaolin led to a low intercalation yield
of DMSO. The purity of kaolin samples had no significant
influence upon the DMSO intercalation process. Thus, our
paper also provides a new route for recycling the untreated
rocks since the study proved that the heterogeneous oxide
phases within the Romanian kaolin rock were inert to the
intercalation processes. Yet, the ballast of KR played an
important role for the organophilization reaction, especially for
APTS grafting, where it somehow weakened the interlayer
physical forces, allowing possible exfoliation processes.
Organophilization reaction mechanisms differed for APMS and
APTS, relative to the two kaolin types, partially due to APTS
bridging, leading better yet to interpenetrated structures. The
bridging reaction can also be the main cause for the low
in KC-APTS thereof that
difficulties in controlling the whole organophilization process.

crystallinity degree leads to
In contrast, the organophilization reaction with APMS was
efficient because of the monofunctional nature of silane, which
generated higher crystallinity structures with similar
interlamellar space to that obtained for the KC-DMSO

intercalate. Most importantly was the fact that KC
organophilization with APMS led to single point grafted
structures, making possible their further application as

reinforcing agents. Additionally, the fact that exfoliation is still
possible for these APMS-kaolinite intercalates opens new
perspectives for other clay applications.
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Fig 1 Shape and morphology of the raw kaolin samples KR (A), KC (B) and KD (C).
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