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Abstract: A synthesis route is presented for the subsequent intercalation, exfoliation and
surface modification of kaolinite (Kln) by an imidization reaction of high-molecular weight
poly(styrene-co-maleic anhydride) or SMA in the presence of ammonium hydroxide. In a
first step, the intercalation of ammonolyzed SMA by guest displacement of intercalated
dimethylsulfoxide has been proven. In a second step, the imidization of ammonolyzed SMA at
160 °C results in exfoliation of the kaolinite layers and deposition of poly(styrene-co-maleimide)
or SMI nanoparticles onto the kaolinite surfaces. Compared with a physical mixture of
Kln/SMI, the chemically reacted Kln/SMI provides more efficient exfoliation and hydrogen
bonding between the nanoparticles and the kaolinite. The kaolinite nanocomposite particles
are synthesized in aqueous dispersion with solid content of 65 wt %. The intercalation and
exfoliation are optimized for a concentration ratio of Kln/SMI = 70:30, resulting in
maximum intercalation and interlayer distance in combination with highest imide content.
After thermal curing at 135 °C, the imidization proceeds towards a maximum conversion of
the intermediate amic acid moieties. The changes in O—H stretching and kaolinite lattice
vibrations have been illustrated by infrared and FT-Raman spectroscopy, which allow for a
good quantification of concentration and imidization effects.
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1. Introduction

Approximately 40% of the produced kaolinite (Kln) is used as filler agents in the bulk or surface
coating of paper. In filling, the kaolinite is mixed with the pulp and forms an integral part of the paper
sheet to give it body, colour and opacity [1]. In coating, the kaolinite is applied on the paper surface
along with a binder to improve gloss, colour, high opacity, and printability [2]. The plate-like structure
of kaolinite makes it particularly interesting to be used as an additive that improves the barrier properties [3],
as the layered structure causes a tortuous path retarding the diffusion of air and gasses. In parallel,
hydrophobization of the individual kaolinite layers might stabilize them in aqueous dispersion and
further improve the resistance against water penetration through the coating. The surface decoration of
kaolinite platelets with hydrophobic nanoparticles increases the surface hydrophobicity by creating a
micro- to nanoscale hierarchical structure [4]. In view of these applications, the intercalation and
exfoliation of kaolinite and subsequent precipitation of polymeric nanoparticles may provide interesting
nanocomposite additives, if they can be delivered in a stable aqueous environment with high solid content.
In contrast, most studies of hybrid clay composites resulted in limited loadings of about 10 wt % [5].
The strong interactions between the individual clay mineral layers mainly impede successful exfoliation
at high concentrations, while the dispersion depends on the nature and amount of surfactants [6].
The intercalation [7] and surface coating of clay minerals with nanoparticles [8,9] may help to increase
the solid content for paper coating applications.

The intercalation of kaolinite is mostly hindered by strong hydrogen bonding between the individual
layers of the clay mineral, and is less evident than for montmorillonite [10], or swelling smectite [11].
The strong cohesion between adjacent kaolinite layers results from its asymmetric structure with siloxane
at one side and aluminol groups at the other side creating permanent dipole interactions. Only certain
molecules and ions of short chain organic acids with suitable size can penetrate within the interlayer and
break the hydrogen bonds. A limited number of dipolar organic solvents such as dimethylsulfoxide
(DMSO) [12], hydrazine [13], formamide [14], N-methylformamide [15], dimethyl-ormamide [16],
acetamide [17], urea [18], or potassium acetate [19] can be intercalated directly and as co-intercalants [20].
The complete intercalation of kaolinite is mostly obtained in combination with mechanochemical
processes [21]. The different reactive molecules can be classified according to the interaction mechanism
by hydrogen bonding, dipole formation or ionic interactions [22]. More recently, the interlayer expansion
was successful in the presence of ionic liquids [23], or vegetable oils [24]. Otherwise, various organic
species can be inserted by so-called “guest displacement” of the intermediate intercalate and insertion
of new guest molecules. As such, Kln/methanol was synthesized by guest displacement reaction of a
Kln/N-methylformamide, and this intermediate intercalation compound was further used for insertion of
alkylamines and water [25]. Traditionally, the KIn/DMSO intermediates are used for the intercalation
of, e.g., methyl-pyrrolidone [26]. The stability and deintercalation properties of intermediate KIn/DMSO
were followed by a decrease in intensity of spectral absorption bands related to hydroxyl and CH
stretching [27]. As such, cyclic imides could be inserted from an aqueous solution by complete
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interchange of the DMSO in relatively short times [28]. The organically pre-modified kaolinite can also be
used for the intercalation of larger molecules such as poly(ethylene glycol) [29], poly(ethylene oxide) [30],
polyhydroxybutyurate [31] or nylon-6 [32]. For synthesis of hybrid organic-inorganic clay nanocomposites,
the intercalation and adsorption of polymeric monomers can be followed by an in-sifu free radical
solution polymerization, as done for polystyrene and maleic anhydride [33]. After formulation of
organically modified montmorillonite, a good dispersion of amide acid and imide could be observed
while the presence of aliphatic quarternary ammonium affected imidization and solvent removal during
thermal treatment [34].

The full exfoliation of kaolinite into individual silicate layers can been achieved by additional stimuli
such as microwave irradiation [35], and is further enhanced under external mechanical forces by ball-milling,
or high shear mixing [36]. The simultaneous acidic treatment supports the ability for mechanical
exfoliation, contributing to a narrow particle size distribution and high surface areas [37]. The exfoliation
by thermally controlled low-temperature washing procedures is more efficient than milling and yields
kaolinite with interstratified layers of grafted urea and water [38]. A one-step route for exfoliation of
kaolinite has been developed by intercalation of ammonium salts and solvent swelling [39].

E — il
[ : & O O INTERCALATION
—— pmso ittt
— enee EASVATSENS Y
l | — . ' ’
— — —
Kaolinite Pre-intercalated kaolinite Wﬁfmﬁ)
NH,OH / N SSTUNAL )
5 — iy A Kin/a-SMA
0=~ '}'O o4 o
A P O OH"
NH,*
Poly(styrene-co-maleic anhydride) Ammonolysed poly(styrene-co- —
or SMA maleic anhydride) or a-SMA <? 0 s Q;ff EXFOLIATION
N Esmpas ’//f; i '@\
 SE— . @ S\
0 e ¥
4N
Koo o=
—) <@
Poly(styrene-co-maleimide) or \\:::_T{:// Q O ﬁ/
SMI nanoparticles N ”

N Kism

Figure 1. Concept for intercalation of kaolinite with poly(styrene-co-maleic anhydride) and
exfoliation by imidization into poly(styrene-co-maleimide) or SMI nanoparticles.

In this work, a one-step method for intercalation, exfoliation and surface modification of kaolinite is
presented, leading to stable aqueous dispersions with high solid content of hybrid organic-inorganic
kaolinite nanocomposite platelets. Schematically (Figure 1), a high-molecular weight copolymer of
ammonolyzed poly(styrene-co-maleic anhydride) or a-SMA is intercalated by guest displacement of
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DMSO and poly(styrene-co-maleimide) or SMI nanoparticles are subsequently formed by imidization.
A similar approach has previously been introduced for the synthesis of organic-inorganic pigments by
direct reaction of a kaolinite slurry (polyacrylic dispersant) with SMA [40], but intercalation or
exfoliation had not occurred. In the present work, the latter features can be obtained in addition to the
deposition of SMI nanoparticles by implementing appropriate pre-intercalation conditions. In future
applications, the exfoliated kaolinite particles with hydrophobic nanoparticles deposits on the surfaces
can be incorporated as pigments for protective barrier coatings on papers. As the main aim of this paper
lies in the optimization of the synthesis route and full characterization of the pigments, the coating
application and characterization will be covered in a following study.

2. Results and Discussion
2.1. Intercalation and Exfoliation of Kaolinite

The intermediate intercalated kaolinite with either DMSO (KIn/DMSO) or DMSO + water
(KIn/DMSO + water) was prepared and subsequently used as a host material for the intercalation of
ammonolysed SMA (Kln/a-SMA), which is later transformed by imidization into hybrid nanocomposite
kaolinite platelets with deposited SMI nanoparticles (KIn/SMI). The powder X-ray diffraction (XRD)
patterns of Kln, Kin/DMSO, KIn/DMSO + water, Kln/a-SMA and Kln/SMI in a ratio 70:30 (Figure 2),
indicate different arrangements of the kaolinite layers after diffusion of the polymer molecules in the
interlayers. The original kaolinite has a single sharp diffraction peak at 20 = 12.4° corresponding to the
(001) basal planes with a spacing of door = 0.725 nm. The intercalation with pure DMSO seems
inefficient after 20 h sonication, as the main diffraction peak for Kln/DMSO is comparable to original
Kln and only a very small diffraction peak at a lower diffraction angle of 20 = 7.9° is observed. The
intercalation with DMSO + water after 10 h sonication is much more efficient as observed by the
appearance of a clear diffraction peak at 20 = 7.9° corresponding to doo1 = 1.12 nm, which represents a
lattice expansion d = 0.40 nm relatively to the original KIn. After replacing the DMSO + water with
a-SMA, the diffraction peak shifts to a minimum of 26 = 7.7° as an indication that the kaolinite lattice
structure was further expanded to door = 1.23 nm in presence of ammonolyzed copolymer
(KAO/a-SMA =70:30). This data illustrates that high-molecular weight SMA has penetrated in between
the kaolinite layers and displaces the initial DMSO, which leads to further expansion of the kaolinite
layers over a distance of d = 0.51 nm relative to the original kaolinite. The absence of DMSO after
precipitation and several washing steps will be further evidenced by spectroscopy. The displacement of
DMSO as guest molecules by another intercalating agent is generally known as a fast and efficient
method compared with the direct intercalation of molecules [28], but the successful displacement of
DMSO by high-molecular weight SMA molecules is not evident compared with the intercalation of
regular low-molecular weight species. For Kln/a-SMA, a very small residual diffraction peak at
20 = 12.4° might correspond with pure kaolinite and relate to a portion of non-intercalated species
(e.g., it appears also very slightly in KIn/DMSO + water) or partial deintercalation during washing.



Materials 2015, 8 4367

(vi)
(v) j\

(iv)

(i)
0 A
0)

0 é 4I1 I6 é 1I0 1l2 1I4 1|6 1|8 20
20

Intensity (a.u.)

Figure 2. X-ray diffraction (XRD) powder diffraction patterns of (i) Kln, (ii) Kin/DMSO
20 h, (iii) KIn/DMSO + water 10 h, (iv) Kln/a-SMA = 70:30, (v) Kln/SMI = 70:30 physically
mixed (vi) KIn/SMI = 70:30 chemically reacted.

The intercalation ratio (I.R.), interlayer distance (doo1) and interlayer distance expansion (d) are
calculated for different ratios KAO/a-SMA from the XRD patterns. The intercalation ratio (I.R.) is
defined in Equation (1):

Iico01)

Tioo1) + Tk(001)
with Zioo1) the peak intensity corresponding to the intercalated kaolinite phase and Zxoo1) the peak intensity

LR (%) = x 100 (1)

for the residual kaolinite phase [31]. The data for doo1 spacing of Kln/a-SMA prepared from the
KIn/DMSO + water pre-intercalates (Table 1) show that the best intercalation is obtained for a ratio
Kln/a-SMA = 70:30, where the intercalation ratio is at around 90% and the layers have expanded to a
maximum distance of 1.234 nm. Therefore, this particular concentration will be further used and studied
in most detail. For the other concentration ratios, the expansion gradually increases and the intercalation
ratio is relatively high for Kln/a-SMA = 95:5 to 70:30, while the expansion remains smaller and
comparable to Kin/DMSO + water for the higher concentrations of Kln/a-SMA. For the applied
intercalation duration of 10 h, the intercalation of KIn/DMSO + water was only partial but it further
developed during treatment with a-SMA. There is an experimental optimum concentration for the
intercalant, as the lower contents of a-SMA have not yet fully occupied the interlayer space and the
higher concentrations do not efficiently intercalate as they rather form a polymer layer (see microscopy)
and the Kin/DMSO + water intercalation remains predominant. A rationale for the optimum intercalant
concentration can be found, as (i) it might be difficult for the macromolecules to diffuse in between the
non-intercalated platelets, while (ii) the diffusion is hindered when the intercalation density becomes too
high. In addition, the interactions with high-molecular weight SMA might be influenced by the specific
molecular configuration and tendency for self-assembly [41].
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The XRD pattern of KIn/SMI 70:30 after chemical imidization shows no diffraction peaks related to
the doo1 spacing. Based on these data, the formation of SMI has induced a re-arrangement of the kaolinite
layers along the (001) direction: the characteristic doo1 spacing disappears because the crystallographic
order is lost with complete exfoliation [42]. It is known that the exfoliation of kaolinite mainly affects
the c-axis (dio0) and not the a- and b-axis [39]. One reason for the exfoliation of Kiln/SMI during the
chemical imidization is attributed to the highly viscous state that is created during reaction, which results
in high shear forces in the reaction mixture over the first 3 h of reaction. Similar reaction profiles have
been previously described for the synthesis of pure SMI [43], with an initial increase in viscosity due to
the presence of ammonolysed a-SMA, followed by a drop in viscosity upon imidization. The high
internal shear forces seems to efficiently contribute to the intercalation and exfoliation of the kaolinite.
The absence of diffraction peaks in XRD patterns was mainly observed for Kin/SMI = 70:30, while the
other ratios KIn/SMI = 95:5, 90:10, 80:20 and 50:50 did show some more residual peaks of unreacted
kaolinite. In contrast, the physical mixing of kaolinite and SMI is not efficient for intercalation or
exfoliation and the original kaolinite structure is not modified. The evidence for exfoliation of Kln/SMI
from XRD spectra is better than obtained in previous studies starting from kaolinite slurry [40],
where the peaks related to the basal planes were still present in the Kln/SMI compounds thus with the
same doo1 spacing as present in the native kaolinite.

Table 1. Summary of the intercalation properties for Kin/a-SMA including intercalation
ratio (I.R.), interlayer distance dioo and interlayer distance variation (d).

Material LR. (%) doo1 (nm) d (nm)

Kin - 0.725 -

KIn/DMSO 5.2 0.725 0
KIn/DMSO + water 84.3 1.123 0.398
Kln/a-SMA = 95:5 89.4 1.130 0.405
Kln/a-SMA =90:10 89.2 1.152 0.427
Kln/a-SMA = 80:20 90.2 1.185 0.460
Kin/a-SMA =70:30  93.2 1.234 0.509
Kln/a-SMA = 50:50 74.2 1.128 0.403
Kin/a-SMA =30:70  64.2 1.125 0.400
Kln/a-SMA = 20:80 60.2 1.126 0.401
Kin/a-SMA =10:90  60.1 1.128 0.403
Kln/a-SMA = 5:95 554 1.128 0.403

2.2. Intercalation Kaolinite with Ammonolyzed a-SMA

The intercalation was investigated for different concentrations of a-SMA and pre-intercalated
Kin/DMSO + water. The size reduction of the original kaolinite powder after sonication was a
preliminary indication for the efficient interaction. Therefore, optical microscopy pictures of different
mixing ratios Kln/a-SMA were taken after sonication (Figure 3). A homogeneous dispersion without
agglomeration is obtained at ratio Kin/a-SMA = 70:30 resulting in the formation of fine particles.
The lower amounts of a-SMA resulted in coarse (unreacted) kaolinite particles while the higher amounts
of a-SMA resulted in film formation of the excess SMA wherein the kaolinite particles are
inhomogeneously dispersed. A sample with KIn/a-SMA = 70:30 after intercalation was evaluated by
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transmission electron microscopy (TEM) analysis (Figure 4), confirming expansion of the individual
kaolinite layers that appear as dark phase contrast. In literature, it is well known that because of the
structural differences between the basal surfaces of individual kaolinite layer, after exfoliation, there is
a tendency for the formation of scrolls [39]. This behavior is not observed here, as the scrolling highly
depends on the used (pre-)intercalant and the a-SMA used in present case is known to act as a good
dispersant in aqueous dispersions due to charge effects, which obviously also reduces the interactions
between the individual kaolinite layers.

Figure 3. Optical microscopy representing size distribution of intercalated kaolinite
particles, (a) Kin/DMSO + water, (b) Kln/a-SMA = 80:20, (¢) Kln/a-SMA = 70:30,
(d) Kln/a-SMA = 50:50.

_1000m_|

Figure 4. TEM analysis of an intercalated kaolinite platelet with Kln/a-SMA = 70:30,
showing the kaolinite layers and increment in interlayer distance (arrows).
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The FTIR spectra for intercalated kaolinite have been well characterized before and are characteristic for
the interlayer conformation [44]. The spectra for native kaolinite, pre-intercalant KIn/DMSO and some
Kln/a-SMA intercalates are further evaluated (Figure 5). Residual absorption bands of DMSO have not
been observed after washing the samples, confirming complete removal of the DMSO and displacement
by a-SMA. A directly intercalated Kln/a-SMA* with ratio 70:30 is included as reference and indicates
unsuccessful intercalation. The spectral variations for Kln/a-SMA indicate significant changes in O-H
stretching region (Figure 5a) and kaolinite lattice vibration region (Figure 5b), which provides evidence for
good intercalation of a-SMA. The successful intercalation of a-SMA is described in terms of variations
in vibrational modes of the kaolinite structure and is fully detailed in Supplementary Materials.
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Figure 5. FTIR spectra characteristic for (a) O—H stretching region, (b) lattice vibrations of
(1) Kln, (i1) KIn/DMSO 10 h, (iii) Kin/DMSO 20 h, (iv) KIn/DMSO + water 10 h, (v) directly
intercalated Kln/a-SMA* = 70:30, (vi) Kln/a-SMA = 80:20, (vii) KIn/a-SMA = 70:30,
(vii) Kln/a-SMA = 50:50, (ix) Kln/a-SMA = 30:70.

The FT-Raman spectra for native kaolinite, pre-intercalant Kin/DMSO and a Kln/a-SMA intercalate
at ratio 70:30 (Figure 6) illustrate the typical fingerprint region of the kaolinite lattice structure between
200 and 1000 cm ! [44,45]. The absence of DMSO bands at 666 and 696 cm ™! confirms that the intercalated
kaolinite has been efficiently washed. The spectra for native Kln and intercalated Kln/a-SMA 70:30 show
significant changes in the low frequency vibrational modes corresponding to the kaolinite structure, while



Materials 2015, 8 4371

almost no spectral variations for KIn/DMSO and only partial variations for KIn/DMSO + water are observed.
In agreement with previous FTIR spectra, the presence of water favours the intercalation but the time of
10 h was still too low to induce complete intercalation. The partial pre-intercalation with DMSO + water
was, however, necessary to promote the subsequent intercalation of a-SMA by guest displacement.
The following spectral regions can be distinguished for the kaolinite structure:

e  The band region at 920-900 cm™! is attributed to the AI-OH liberation modes of pure kaolinite:
a first band at 912 cm ™' is attributed to the position of outer hydroxyl groups and the weaker second band
at 936 cm ™! is due to the vibration of inner hydroxyl groups [46]. The first band shows a significant
increase in intensity and shifts towards 922 cm™! upon intercalation of Kln/a-SMA, while it remains
constant for KIn/DMSO and KIn/DMSO + water. A similar upwards shift in the 912 cm™' band to a new
band at 926 cm™!' was seen upon intercalation of potassium acetate [46]. This is in contrast with the
presence of urea, where a downwards shift in this band region was attributes to the loss of hydrogen
bonding within the interlayer [47]. There is typically an additional weak band at 898 cm™' for pure
kaolinite that vanished upon intercalation by occupation of the hydroxyl groups. Therefore, the liberation
of AI-OH groups in the present situation with an a-SMA intercalant is clearly demonstrated and the
upwards shift in wavenumber position indicates the breaking of hydrogen bonds in the kaolinite
interlayer and creation of new hydrogen bonds with the intercalant. The second band at 936 cm™! remains
existing in the intercalate as the inner hydroxyl groups are not accessible for intercalation, while an
additional band at 926 cm™! in Kln/a-SMA corresponds to the additional AI-OH liberation of the outer
hydroxyls that are likely not occupied by hydrogen bonding with the intercalant.

e The bands at 787 cm™! (OH-translational region) and 747, 705 cm™! (Si—O-Al translation) for
kaolinite are evidently transformed into better resolved bands for the intercalated a-SMA structure,
with no significant shift in wavenumber, as also previously observed for potassium acetate [46], or urea
intercalant [47]. The region at 400—-520 cm™' (Si—O symmetric stretching) has typically two main bands
at 427 and 468 cm™! (SiOs tetrahedron) with an additional band at 508 cm™! (SiO4 tetrahedron) for
kaolinite. This zone becomes more complicated and splits into multiple bands after intercalation, due to
the symmetry loss of the Si20s units, as generally seen in silicate glasses [48]. As a result, the band at
462 cm™! increases in intensity while a decrease in intensity and shift for the 512 cm™! band is observed
by intercalation, together with the occurrence of additional bands at 429-432 cm™! (SiOs tetrahedron),
and 418 cm™': similar changes have been detected for urea and potassium acetate intercalates [47]. The
latter can be explained by the equivalence of the outer hydroxyl groups, i.e., the differences in outer
hydroxyl groups are removed by formation of the intercalate. The appearance of new bands at 386 and
353 cm ! upon intercalation are also related to the creation of an additional stretching mode in the SiO4
tetrahedron and agrees with the additional freedom [49]: these bands confirm that the hydrogen bonds
between the Si—O tetrahedra and the outer hydroxyl groups of the next adjacent kaolinite layer have been
broken by intercalation. The 386 cm™' band already develops weakly for Kln/DMSO + water,
but becomes fully clear for KIn/a-SMA = 70:30. The bands at 243 and 269 cm ™! in KIn/a-SMA = 70:30
are attributed to the O—H-O stretching of the triangular kaolinite structure, which might be perturbed
through additional interactions and hydrogen bonding with a-SMA, resulting in a new band at 243 cm™!
for the intercalate. The low frequency bands at 216 and 185 cm ™! related to the AlOs octahedron do not
change by intercalation [47]. In general, the complex spectra for intercalated Kin/a-SMA = 70:30 at
300-500 cm™! fundamentally illustrates that single kaolinite layers have been created by intercalation,
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where the equivalence of the Si—O bonds is no longer present. Finally, the occurrence of new single
bands at 620 and 1000 cm ™! for Kln/a-SMA corresponds to our previous characterization of the a-SMA
copolymers [41], and represents the permanent presence of styrene moieties after washing that confirm
the successful intercalation of poly(styrene-co-maleic anhydride).
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Figure 6. FT-Raman spectra for (i) Kln, (ii) KIn/DMSO 20 h, (iii) KIn/DMSO + water 10 h,
(iv) Kln/a-SMA = 70:30.

The thermal stability of native and modified kaolinite is evaluated by TGA (Figure 7). The pure Kin
has a single degradation temperature at around 520°C with 12.4% weight loss that can be assigned to the
loss of structural water by dehydroxylation of the crystal lattice. The absence of any weight loss at lower
temperatures illustrates that the native kaolinite was fully dried. The pre-intercalated Kin/DMSO + water
shows a supplementary first degradation step at around 185 °C due to the loss of organic moieties of the
intercalate, in parallel with literature data [28]. On the other hand, the main degradation temperature of
pure SMA is at 380 °C, and a plateau value at higher temperatures can be attributed to the stability by
oxidative crosslinking of the copolymer structure in air [50,51]. The thermal stability for Kin/a-SMA
intercalates in different ratios is situated in between the properties of pure Kin and SMA, not showing
any trace of DMSO degradation. This proves that the DMSO was successfully removed from the
intercalate and displaced by a-SMA: (i) at low ratios Kln/a-SMA = 30:70 and 50:50, the SMA gains
thermal stability in presence of kaolinite as a filler material, (ii) at high ratios Kln/a-SMA = 70:30 and
80:20, the intercalated kaolinite has somewhat lower thermal stability than pure Kln but is much better
than the Kin/DMSO intercalate. The thermal degradation of other intercalates Kln/a-SMA 95:5 and
90:10 are very similar to the thermal degradation of the Kin/a-SMA = 80:20 and not explicitly shown
for clarity. Interestingly, the final degradation at 800 °C for the different intercalates Kln/a-SMA do no
directly correspond to the original mixing ratios (e.g., 11% weight loss for Kln/a-SMA = 80:20, 18% weight
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loss for KIn/a-SMA = 70:30 ), as an indication that an improvement in thermal stability is obtained
through interactions between both organic and inorganic phase. In parallel with observations be optical
microscopy, the important differences in thermal stability of for ratios Kiln/a-SMA = 50:50 to 5:95 can
be explained by rather the formation of a continuous polymer phase surrounding the kaolinite platelets
without intercalation, as demonstrated before.
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Figure 7. Thermogravimetric analysis (TGA) in air atmosphere of (i) pure Kln,
(i), KIn/DMSO + water 10h, (iii) KIn/a-SMA = 80:20, (iv) Kln/a-SMA = 70:30,
(v) Kln/a-SMA = 50:50, (vi) Kln/a-SMA = 30:70, (vii) pure SMA.

2.3. Imidization of Intercalated Kaolinite

After imidization of the KIn/a-SMA in ratios 95:5 to 50:50, the homogeneous aqueous dispersions of
surface-modified hybrid Kin/SMI platelets were obtained with white color and no tendency for
separation or sedimentation of the modified kaolinite platelets over more than one week. The SEM
images of the hybrid Kiln/SMI platelets with different ratios of KIln/SMI = 95:5 to 50:50 are shown
(Figure 8): the spherical SMI nanoparticles (20 to 60 nm average diameter) are preferentially deposited
onto the hexagonal kaolinite platelets and the surface coverage of the platelets obviously increases at
higher concentrations of a-SMA. The imidization of pure SMI nanoparticles typically results in the
formation of spherical nanoparticles with 100 nm diameter, while the imidization in presence of
inorganic particles results in smaller particle sizes. Although the large inorganic kaolinite platelets
(>0.5 um) generally have a tendency for settling in dispersion due to gravity, the precipitation of imidized
nanoparticles on their surface contributes to stabilizing the dispersion. As such, the previously
intercalated kaolinite may be further stabilized by the deposition of nanoparticles on their surfaces,
increasing the surface hydrophobicity and lowering interactions between the exfoliated kaolinite layers.
At other ratios of KIn/SMI below 50:50, however, a more continuous phase of separate pure SMI
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nanoparticles is formed as characterized previously [43], rather than SMI nanoparticle deposits on single
kaolinite platelets. The latter can be explained by inappropriate intercalation of the Kln/a-SMA 50:50
compositions, as outlined before, and are not further considered.

Figure 8. SEM images of surface-modified kaolinite nanocomposite platelets after chemical
reaction for (a) pure Kln, (b) Kin/SMI = 95:5, (¢) Kln/SMI = 80:20, (d) KIn/SMI = 70:30,
(e) KIn/SMI = 50:50.

The physical properties of aqueous dispersions of pure SMI nanoparticles and chemically reacted
KIn/SMI nanocomposite particles are summarized (Table 2). Typically, the pH of the Kin/SMI
dispersions is somewhat lower than for pure SMI nanoparticles due to a more important remaining
fraction of ammonolyzed (i.e., non-imidized) maleic anhydride in presence of kaolinite, as demonstrated
below. Furthermore, the nanocomposite particle dispersions can be synthesized at a higher solid content
and obtained slightly higher viscosity compared to the pure SMI nanoparticles, in parallel with the higher
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solid content that was obtained after previous synthesis of oil-filled SMI nanoparticles [52]. The slightly
higher Zetapotential for nanocomposite particles also agrees with the previous synthesis of oil-filled SMI
nanoparticles [52], and obtains a highest value at ratio Kin/SMI = 70:30. The stability of the aqueous
dispersions are confirmed by a strongly negative Zetapotential that are attributed to charge effects near
the carboxyl acid moieties that remain as a result of ring-opened cyclic anhydrides. In case of KIn/SMI
nanocomposite particles, part of these charges may be additionally compensated through charge
interactions between the ammonolyzed a-SMA and the kaolinite, as it was also observed in the presence
of 0il [52]: as a result, both the pH and Zetapotential (measured at the intrinsic pH of the dispersion) are
affected. For the ratio Kin/SMI = 70:30, these interactions may be estimated to be at their maximum in
respect with the lowest Zetapotential value. In the next paragraphs, the properties of the chemically
imidized KIn/SMI nanocomposite platelets and physical mixtures of an aqueous kaolinite slurry with
separately imidized pure SMI nanoparticles are compared.

Table 2. Physical properties for aqueous dispersions of chemically reacted Kin/SMI.

Composition pH Solid content (wt %)  Viscosity (cp) Zetapotential (mV)

Pure SMI 6.82 34.9 176 —60
Kln/SMI=95:5 547 64.3 298 =58
Kiln/SMI=90:10 5.48 65.2 275 =58
Kln/SMI = 80:20  5.40 64.8 280 =55
Kln/SMI=70:30 5.22 64.7 236 —48
Kln/SMI = 50:50 5.48 65.3 274 =55

The FTIR spectra for heat-treated Kin/a-SMA (1 h at 120 °C) before the imidization and Kln/SMI
after the imidization (4 h at 160 °C), together with a spectrum of native Kln and pure SMI nanoparticles
that were physically mixed in the same ratio Kln/SMI = 70:30, are compared (Figure 9). The spectral
bands at 1493 and 1453 cm™! corresponding to aromatic C—C stretch in styrene were used as reference
bands. The absorption bands related to the inner-surface hydroxyl groups in kaolinite (3540 and 3504 cm™")
disappear after heat treatment, as an indication for hydrogen bonding between the functional groups in
a-SMA and kaolinite after heating under mild temperatures up to 120 °C. The imidization reaction starts
after heating under high temperatures of 160 °C, resulting in the appearance of two carbonyl stretching
bands at 1780 cm™! (in-phase carbonyl C=0O stretching) and 1710 cm™' (out-of-phase C=0 stretching),
characteristic for the imide I spectral fingerprint region [53]: the higher intensity of the imide I band at
1710 cm ™! relatively to 1780 cm™! is typical for cyclic imides such as maleimide. Also, the imide III
band at 1182 cm™! develops as a shoulder band after imidization. In parallel, a small residual fraction of
C=0 in ring-opened anhydride remains existing (1860 cm™!). The differences between SMI
nanoparticles that are physically mixed within the Kiln/SMI or chemically imidized into Kln/SMI are
observed in the wavenumber region 1600-1560 cm™!, which represents the formation of amic acid
moieties (COOH / CONH>) as observed for maleic acid [54]. From FTIR spectra, the amic acid moieties
form during imidization of a-SMA in presence of kaolinite, while they do not form during imidization
of pure SMI nanoparticles that were later mixed with the kaolinite. In conclusion, the imidization reaction
(ring-closure of ammonolyzed SMA) seems to be partly hindered in presence of kaolinite, which
confirms the chemical interaction between the SMI nanoparticles and kaolinite after chemical
imidization in addition to the previously demonstrated hydrogen bonding.
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The FT-Raman spectra for chemically imidized Kln/SMI and physically mixed KIn/SMI are
compared (Figure 10), and also characterized by the existence of an imide absorption band at
1773 cm™! (C=0, imide I) and 1329 cm ™! (C-N-C, imide II) [55]. Other bands correspond to the styrene
aromatic C=C moieties as 1602, 1583, 1452 cm ™! and are used as reference bands for normalization.
In the present concentration ratio KIn/SMI = 70:30, the intensity of kaolinite-related absorption bands at
800—700 cm™! remain relatively low. This might indicate that the surface of the kaolinite platelets is
effectively covered with SMI nanoparticles, forming the main Raman signal. For the same ratios for
Kln/SMI, the imide I band for the chemically reacted Kiln/SMI has a lower intensity than for physically
mixed KIn/SMI. The lower imide intensity is in agreement with the higher amount of residual amic acid
moieties previously observed by FTIR and its effects on the physical properties of Kln/SMI dispersions
in previous Table 2. A band shift from 1772 cm™! (chemical) to 1774 cm™' (physical) can be explained
as a change in resonance by stronger intermolecular interactions through hydrogen bonding with the
imide groups.

2.4. Concentration Effects and Quantification

The FTIR spectra have been used for quantifying the relative concentration of SMI in physically
mixed and chemically imidized KIn/SMI (Figure 1la,b), by plotting the height intensity of the
imide-related absorption peak (1710 cm™") or styrene-related absorption peak (1493 cm™) relatively to
the height intensity of the kaolinite-related absorption peak (1030 cm™!). For physically mixed Kln/SMI,
the imide content does not evolve linearly with the concentration of SMI nanoparticles. On the other
hand, it is interesting to note that the trend is almost linear for ratios of KIn/SMI = 100:0 to 50:50:
as before, this is the most interesting concentration range for imidization with and optimum of Kln/SMI
at around 70:30. The relative imide and styrene intensities for chemically imidized samples of
KIn/SMI = 95:5 to 50:50 are compared in a logarithmic graph (Figure 11b), confirming that all
chemically imidized KIn/SMI samples have lower imide content that the physically mixed ones, because
of the previously explained interactions during imidization. The intensities for styrene are obviously the
same for physical mixtures and chemical imidization, as the latter do not take part in the ammonolysis
and imidization process. At the same time, the corresponding values of styrene for physical mixtures and
chemically imidized KIn/SMI confirm that the ratios of kaolinite and organic copolymer were the same
in both cases.

The FT-Raman spectra have also been used for quantifying the amounts of imide, styrene and kaolinite
(Figure 1lc,d) by plotting the height intensity of the imide-related absorption peak (1773 cm™') or
styrene-related absorption peak (1602 cm™!) relatively to the height intensity of the kaolinite-related
absorption peak (787 cm™!). The Raman intensity ratios provide a good linear relationship in the
intensity ratios of imide (R? = 0.94) and styrene (R? = 0.99) and the relative intensities of imide are
significantly less for chemically reacted SMI compared with physically mixed SMI. The imide content
of the SMI nanoparticles can be calculated from Raman spectra, as the ratio of integrated peak areas of
the imide I band (1773 cm™!) and styrene band (1602 cm™!), as calibrated before for the characterization
of pure SMI nanoparticles [43]. Theoretically, the maximum imide content for a SMA copolymer with
26 mol % maleic anhydride is 26/(100 — 26) = 35%. The imide content of chemically reacted and
physically mixed Kln/SMI is calculated (Table 3, see column non-annealed). For physically mixed
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KlIn/SMI, it is evident that the imide content remains constant at around 27% and is similar to the
properties of the pure SMI nanoparticles, as nanoparticles from a same batch have been used. The data
also illustrate good reproducibility of the calculation method based on analysis of Raman spectra with a
maximum variation of 0.5%. This implies that about 8% of the maleic anhydride moieties are not
imidized and remain in the ammonolyzed state. The presence of non-imidized structures agrees with
FTIR and provides good dispersion stability with Zetapotential values of about —60 mV.
Otherwise, the imide content for chemically reacted Kin/SMI is about 20%—23% and is maximum for
KIn/SMI = 70:30. The lower imide content for SMI synthesized in presence of inorganic materials
illustrates that the kaolinite interferes with the imidization reaction and additional interactions between
the a-SMA and the kaolinite (illustrated before as hydrogen bonding from FTIR analysis) prevents
full imidization.
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Table 3. Imide content (%) for chemically reacted and physically mixed Kln/SMI calculated
from FT-Raman spectroscopy (relatively to a maximum of 35% for fully imidized SMI).

Physically mixed samples Chemically reacted samples
Composition Thermally annealed Thermally annealed
Non-annealed Non-annealed
135°C 150°C 180°C 135°C 150°C 180°C

Pure SMI Samples were not mixed 27.0 33.8 30.2 29.2
Kln/SMI = 95:05 27.2 293 28.2 298.4 20.5 243 23.2 21.4
Kln/SMI =90:10 26.8 303 29.1 27.8 20.3 24.8 22.8 213
Kln/SMI = 80:20 27.1 31.5 29.8 27.9 21.7 26.5 25.8 24.8
Kln/SMI = 70:30 27.0 332 31.8 29.8 23.0 29.5 274 26.4
Kln/SMI = 50:50 26.7 32.8 29.8 28.6 22.2 25.8 243 23.8
KIn/SMI = 30:70 27.2 31.2 29.5 28.5
Kln/SMI = 20:80 27.0 32.6 29.6 29.2 Lo

Samples were not imidized

KIn/SMI =10:90 27.1 324 29.5 28.6
Kln/SMI = 05:95 26.9 32.8 29.4 28.4

2.5. Thermal Properties and Thermal Annealing Effect

A detail of the DSC heat flow curves for pure SMI together with chemically reacted and physically
mixed KlIn/SMI (Figure 12), indicates the position of the glass transition temperature 7y in the second
heating cycle. No further transitions have been detected at temperatures below 100 °C and above
200 °C. The pure SMI nanoparticles have a clear glass transition at 7z = 185 °C, with a heat capacity
change Acp = 0.3392 J/(g°C). It is known that pure kaolinite does not show a transition temperature in
the considered temperature interval, while the lack of any transition indicates that DMSO has been fully
eliminated [27]. The chemically reacted Kln/SMI with ratio 70:30 shows a single glass transition
temperature at 7 = 192 °C, with a heat capacity change Acp = 0.092 J/(g°C). Compared with pure SMI,
the slightly higher 7 for KIn/SMI might indicate that the molecular mobility of SMI nanoparticles is
somewhat hindered due to good attachment of the nanoparticles to the kaolinite surface by hydrogen
bonding. The smaller heat capacity change Acp quantitatively corresponds to the presence of about 30%
SMI nanoparticles and 70% kaolinite: the heat capacity change Acp = 0.092 J/(g°C) for chemically
reacted Kln/SMI is about 27% of the value for pure SMI, as the imide content for KIn/SMI is lower than
for pure SMI. The absence of any further transition temperature in chemically reacted Kln/SMI illustrates
that no residual DMSO has been detected, which would have transition temperatures at 117 and 173 °C.
In case of physically mixed KIn/SMI, no clear transition temperatures are observed for any of the mixing
ratios, as the thermal transition temperatures remain determined by the kaolinite.

The chemically reacted KIn/SMI has been thermally annealed at 125, 135 and 180 °C for 6 h, resulting
in further modifications in the FTIR spectra (Figure 13). The variations in intercalated kaolinite structure
upon curing are inferior, in parallel with the lack of transitions noticed in TGA and DSC. Most variations
are observed at around the characteristic SMI absorption bands. The remaining parts of ammonolyzed
SMA gradually disappear under thermal curing by further condensation into imide, which is
characterized by disappearance of absorption band related to amic acid (1580 cm™'). The additional
formation of imide structures upon thermal curing is most favoured at 135 °C, with a maximum intensity
of the imide I band (1710 cm™!) in parallel with a red-shift associated with C=O structures from 1712 cm™!
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(before curing) to 1705 cm™! (135 °C) and 1708 cm™! (180 °C). The observed band shift correlates to
hydrogen bonding between the SMI and kaolinite layers. Moreover, two characteristics bands for the
aromatic structure in styrene are sensitive to thermal curing: the shoulder band at 875 cm™' was not
present in the initial KIn/SMI but increases in intensity after thermal curing, and the band at 1000-1006 cm ™!
has blue-shifted in position with a maximum frequency after curing at 135 °C. The latter can be related
to reorientations of the styrene rings and the blue-shifts of hydrogen bonds are indicative for interactions
that lead to compression of the bond length [56]. The FTIR bands for styrene may partly overlap with
kaolinite-related absorption bands at 1010 and 1030 cm™!, corresponding to the in-plane
Si—O-Si stretching vibrations that are also blue-shifted by intercalation [44]. The latter band shifts were
not observed as pronounced during the thermal curing of pure SMI nanoparticles [57], and clearly
indicate constraint interactions in presence of kaolinite. The hydroxyl bonding of the nanoparticles to
the kaolinite improves after curing at 135 °C, with a minimum intensity of the 3695 cm™! band.

The relative intensities of imide-related absorption bands from FTIR spectra as a function of the
curing temperature for physically mixed KIn/SMI and chemically reacted KIn/SMI are further compared
(Figure 14), in order to follow the variations in imide structure during thermal curing. For both physically
mixed and chemically modified KIn/SMI, a maximum intensity of imide structures develops after curing
for 6 h at 135 °C for a ratio Kln/SMI = 70:30. Once again, these findings illustrate that the formulation
of KIn/SMI nanocomposite platelets is optimized at a concentration ratio of Kiln/SMI = 70:30. The
possibility for obtaining a maximum imide content after curing illustrates that the interactions between
both components is optimized at this concentration ratio. The evolution in imide content after curing is
confirmed by quantitative calculations from Raman spectra (Table 3, part thermally annealed), indicating
a maximum imide content of 29.5% for chemically reacted Kln/SMI = 70:30 after curing at 135 °C. The
calculations of imide content after curing the physically mixed Kln/SMI is higher, and rather reflect the
same evolution that was previously obtained after curing the pure SMI nanoparticles [57]. Theoretically,
the imide content increases after thermal curing due to further polycondensation of the ammonolyzed
(ring-opened) maleic anhydride into the ring-closed imide structure. For the physically mixed KIn/SMI,
this imidization reaction seems not hindered by additional interactions between the SMI and the
kaolinite. For the chemically reacted Kln/SMI, this imidization reaction is hindered by additional
interactions between the kaolinite and the a-SMA, which hinders the further imidization.

For future practical applications as hydrophobic coating additives, it has been illustrated for pure
SMI nanoparticles that a maximum imide content correlates with maximum hydrophobicity [57].
The possibility to tune the imide content of the modified kaolinite platelets makes them ideal candidates
for filler agents that can be added into hydrophobic coatings, where the hydrophobicity can theoretically
be tuned in parallel with the imide content by thermal curing. As specific additional benefits in adding
KIn/SMI fillers compared with pure SMI nanoparticles into a coating formulation, the retention of the
SMI nanoparticles at the coating surface is enhanced and the creation of a hierarchical roughness with a
microscale component of the exfoliated Kin platelets and a nanoscale component of the SMI
nanoparticle deposits may further augment the hydrophobicity of hydrophobic surfaces. The full study
on further applications of the kaolinite platelets in paper coatings, however, is outside the direct scope
of this paper.
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3. Experimental Section
3.1. Materials

Pellets of poly(styrene-co-maleic anhydride) or SMA with molecular weight M., = 80.000 g/mol and
26 mol % maleic anhydride (MA) were obtained from Polyscope (Geleen, The Netherlands). Dry
kaolinite (Kln) powder with particle diameters <2 um and aspect ratio 20:1 was obtained from Imerys
(Paris, France) and used without further treatment. Ammonium hydroxide was obtained from Belgocare
(Niel, Belgium) as a 25% aqueous solution (0.9 g/mL). Other solvents such as dimethylsulfoxide (DMSO)
with analytical reagent grade were obtained from Sigma Aldrich.

3.2. Procedure for Intercalation

In a first step, the kaolinite was subjected to intercalation with ammonolysed SMA (a-SMA) by guest
displacement of DMSO molecules. The a-SMA was prepared by mixing SMA pellets with ammonium
hydroxide in a ratio of NH3/MA = 1.01 relatively to the maleic anhydride moieties and stirring the
solution for 1 h at 90 °C. The pre-intercalated kaolinite was prepared by adding 0.5 g kaolinite in a
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solution of either pure DMSO (20 ml) or a mixture of DMSO + water (19.6 mL/0.4 mL) and sonication
treatment for 10-20 h at 40 °C. The pre-intercalates were washed several times with pure water to
remove the excess DMSO and dried in vacuum at 80 °C overnight. The pre-intercalates of
Kin/DMSO + water were subsequently mixed with a-SMA in different amounts and the mixtures were
sonicated for another 10 h at 40 °C. The concentration ratios (w/w) of Kln/a-SMA were varied from
95:5, 90:10, 80:20, 70:30, 50:50, 30:70, 20:80, 10:90 to 5:95. The solutions of Kln/a-SMA were finally
dropped into methanol and precipitated to yield a powder, which was washed several times with fresh
water until no residual solvents or excess a-SMA were detected and a clear white powder was obtained.
The resulting powders of Kln/a-SMA were dried at 80 °C in a vacuum oven for 24 h. As a reference
sample Kln/a-SMA*, the a-SMA was directly added to a dispersion of kaolinite in water at a ratio
Kln/a-SMA = 70:30 and sonicated for 10 h at 40 °C, without pre-intercalation of the kaolinite with
DMSO + water.

3.3. Procedure for Imidization

In a second step, the Kln/a-SMA was further reacted during an in-situ imidization reaction of the
ammonolyzed SMA into poly(styrene-co-maleimide) or SMI nanoparticles. The aqueous dispersions of
hybrid KIn/SMI nanocomposite particles were prepared at a solid content of 65 wt % with concentrations
ratios (w/w) of Kln/a-SMA = 95:5, 90:10, 80:20, 70:30 and 50:50. The lower ratios of Kln/a-SMA were
not imidized as the single kaolinite surfaces were not efficiently modified. The imidization reaction was
done by heating the aqueous reaction mixture in a laboratory autoclave (1 L) for 4 h to 160 °C at a
pressure of 6 bar, under continuous stirring at 400 rpm. The reaction mixture was finally cooled down
to room temperature and upon evacuation from the autoclave reactor, a homogeneous aqueous dispersion
of KIn/SMI without any phase separation between kaolinite platelets and SMI nanoparticles was
obtained. The dispersions remained stable for over one year.

In a reference experiment, pure a-SMA was imidized under the same conditions (NH3/SMA = 1.01,
160 °C, 6 bar), resulting in a homogeneous aqueous dispersion of pure SMI nanoparticles, in parallel
with previous experiences [43]. The latter SMI dispersions were mixed with pure kaolinite in ratios of
KlIn/SMI = 95:5 to 5:95. The so-called “physically mixed Kln/SMI” was prepared in different ratios by
magnetic stirring for 1 h at 30 °C followed by sonication for 3 h at 30 °C. The pure SMI and physically
mixed KIn/SMI were further analyzed and compared against the chemically reacted Kin/SMI.

3.4. Characterization Methods

The dispersions of KIn/SMI were characterized by measuring pH (Knick 752 Cl), viscosity
(Brookfield, DV-II Pro) and Zetapotential (Zetasizer Nano ZS, Malvern). The XRD analysis of dried
powders was performed on a Philips PW3710 diffractometer with CuK o radiation (mean wavelength
0.15418 nm), using a generator voltage of 45 kV and generator current of 40 mA. Fourier transform
infrared spectroscopy (FTIR) was done on a Spectrum GX System (Perkin Elmer), embedding the dried
powders in KBr pellets. The spectra were collected in between 4000—400 cm ™! at a 2 cm™' resolution
and averaged over 32 scans. Fourier-transform Raman (FT-Raman) spectroscopy was done on the same
instrument. The spectra were averaged over 64 scans with a Nd:YAG laser power of 500 mW ata 2 cm™!
resolution between 4000 and 100 cm™'. The thermal stability was determined by thermogravimetric
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analysis (TGA, Mettler Toledo SDTA851) on a sample of about 12 mg, applying a heating rate of 20 °C/min
in air between 23 and 1000 °C. Differential scanning calorimetry (DSC) was done on a sample size of 5 mg
heated under nitrogen atmosphere at 10 °C/min over two cycles from 23-250 °C, using a Q2000
equipment (TA Instruments, Zellik, Belgium). Optical microscopy (Olympus BX51) was made by
drying the dispersions on a glass plate. For transmission electron microscopy (TEM, Leo 912 Omega,
Zeiss), the dispersions were diluted 100 times and deposited on a carbon-grid and air-dried for
evaluation. The scanning electron microscopy (SEM XL30, Philips) of the Kin/SMI particles was made
by drying the dispersions on a glass plate.

4. Conclusions

In a first step, the intercalation of kaolinite (Kln) by ammonolysed high-molecular weight
poly(styrene-co-maleic anhydride) or a-SMA by guest displacement of dimethylsulfoxide (DMSO) was
demonstrated. The pre-intercalant of Kin/DMSO + water could be formed within reasonable reaction
times by adding some water. Based on FTIR evaluations, only partial intercalation of the pre-intercalant
has been obtained for the studied reaction times, while this seemed effective under reasonable reaction
times for further intercalation of the a-SMA. In contrast, the direct intercalation of a-SMA in pure
kaolinite was not possible and the pretreatment with DMSO + water for 10 h was necessary. At an
optimized ratio of Kln/a-SMA = 70:30, the intercalation ratio of 93% and interlayer distance of 1.234 nm are
maximized according to XRD data. The expansion of the layered kaolinite structure by a-SMA has been
effectively demonstrated by variations in the kaolinite lattice structure and O—H stretching according to
FTIR and FT-Raman spectroscopy. The displacement of DMSO by a-SMA results in better thermal
stability of the intercalated Kln/a-SMA compared with the KIn/DMSO + water pre-intercalate.
According to these findings, an appropriate pre-intercalation of the kaolinite is necessary and has been
optimized for good intercalation and exfoliation in presence of a-SMA, in contrast with direct the
imidization of a-SMA with a kaolinite slurry.

In a second step, the chemical imidization of intercalated Kln/a-SMA results in the further exfoliation
of kaolinite in parallel with the surface deposition of poly(styrene-co-maleimide) or SMI nanoparticles
on the surfaces of the kaolinite layers. As confirmed by XRD and microscopy, the exfoliation and
deposition is optimized at ratios of Kln/SMI = 70:30. The imide content of Kln/SMI is evidently lower
than pure SMI nanoparticles, as the presence of inorganic carrier materials interferes with the imidization
process and results in detectable amounts of amic acid by FTIR. The latter disappears by additional
thermal curing at 135 °C, maximizing the imide content of the Kln/SMI nanocomposite platelets at
concentration ratios of Kln/SMI = 70:30. The properties of physical mixtures of KIn/SMI are different
from the chemically modified Kin/SMI, as no exfoliation and higher imide contents are observed for
physical mixtures. Therefore, the chemical imidization in presence of a-SMA and kaolinite clearly
favours chemical interactions between both components. The quantification of Kin/SMI nanocomposites
can be based on FT-Raman spectra, indicating linear concentration dependency and quantitative data for
imide content calculations. Finally, the presented route for formulation of kaolinite nanocomposite
platelets by intercalation, exfoliation and surface modification with organic nanoparticles results in
stable aqueous dispersions with 65 wt % solid content.



Materials 2015, 8 4385

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/1996-1944/8/7/4363/s1.
Acknowledgments

Pieter Samyn acknowledges the Robert Bosch Foundation for support as junior professor in
Sustainable Use of Natural Materials (Foresnab-project, 2011-2016), and the State of Baden-Wiirttemberg
for financial support in the Juniorprofessorenprogramm (NaCoPa-Project, 2012-2015). Gustaaf Schoukens
and Henk van den Abbeele acknowledge the Institute for the Promotion of Innovation by Science and
Technology Flanders for funding the project “SNAP” (contract grant IWT-080213).

Author Contributions

Pieter Samyn was lead researcher, planning the research plan, performing analysis and writing the
manuscript. Gustaaf Schoukens was project promotor and involved in project planning and data analysis.
Dirk Stanssens, Leo Vonck and Henk van den Abbeele were involved in materials preparation,
project coordination and materials synthesis.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Bundy, W.M,; Ishley, J.N. Kaolin in paper filling and coating. Appl. Clay Sci. 1991, 5, 397—420.

2. Morsy, F.A.; El-Sherbiny, S.; Hassan, M.S.; Mohammed, H.F. Modification and evaluation of
Egyptian kaolinite as pigment for paper coating. Powder Technol. 2014, 264, 430-438.

3. Sun, Q.; Schork, F.J.; Deng, Y. Water-based polymer/clay nanocomposite suspension for improving
water and moisture barrier in coating. Compos. Sci. Technol. 2007, 67, 1823—1829.

4. Li, H.; Qu, M.; Sun, Z.; He, J.; Zhou, A. Facile fabrication of a hierarchical superhydrophobic
coating with aluminate coupling agent modified kaolin. J. Nanomater. 2013, 2013, 24,
doi:10.1155/2013/497216.

5. Utracki, L.A.; Sepeher, M.; Boccaleri, E. Synthetic, layered nano-particles for polymeric
nanocomposites (PNCs). Polym. Adv. Technol. 2007, 18, 1-37.

6. Houta, N.; Lecomte-Nana, G.L.; Tessier-Doyen, N.; Peyratout, C. Dispersion of phyllosilicates in
aqueous suspensions: Role of the nature and amount of surfactant. J. Colloid Interface Sci. 2014,
425, 67-74.

7. Zhu, X.; Yan, C.; Chen, J. Application of urea-intercalated kaolinite for paper coating.
Appl. Clay Sci. 2012, 55, 114-119.

8. Lu, Z.; Ren, M.; Yin, H.; Wang, A.; Ge, C.; Zhang, Y.; Yu, L.; Jiang, T. Preparation of nanosized
anatase TiO2-coated kaolin composites and their pigmentary properties. Powder Technol. 2009,
196, 122—-125.



Materials 2015, 8 4386

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Stengl, V.; Popelkova, D.; Grygar, T.M. Composite pigments based on surface coated kaolin and
metakaolin. Appl. Clay Sci. 2014, 101, 149—-158.

Sibold, N.; Dufour, C.; Gourbilleau, F.; Metzner, M.N.; Lagreve, C.; Le Pluart, L.; Madec, P.J;
Pham, T.N. Montmorillonite for clay-polymer nanocomposites: Intercalation of tailored compounds
based on succinic anhydride, acid and acid salt derivatives—a review. Appl. Clay Sci. 2007, 38,
130-138.

Li, Z.; Kolb, V.M.; Jiang, W.T.; Hong, H. FTIR and XRD investigations of tetracycline intercalation
in smectites. Clays Clay Miner. 2010, 58, 462—-474.

Adams, J.M.; Waltl, G. Thermal decomposition of a kaolinite:dimethyl sulfoxide intercalate.
Clays Clay Miner. 1980, 28, 130—-134.

Kristof, J.; Frost, R.L.; Martens, W.N.; Horvath, E. Separation of adsorbed and intercalated
hydrazine in hydrazine-hydrate intercalated kaolinite by controlled-rate thermal analysis. Langmuir
2002, /8, 1244-1249.

Horvath, E.; Kristof, J.; Frost, R.L.; Jakab, E.; Mako, E.; Végvolgyi, V. Identification of superactive
centers in thermally treated formamide-intercalated kaolinite. J. Colloid Interface Sci. 2005, 289,
132-138.

Kelleher, B.P.; Sutton, D.; O’Dwyer, T.F. The effect of kaolinite intercalation on the structural
arrangements of N-methylformamide and 1-methyl-2-pyrrolidone. J. Colloid Interface Sci. 2002,
255,219-224.

Xie, X.; Hayashi, S. NMR Study of kaolinite intercalation compounds with formamide and its
derivatives: 1. Structure and orientation of guest molecules. J. Phys. Chem. B 1999, 103, 5949-5955.
Olejnik, S.; Posner, A.M.; Quirk, J.P. The intercalation of polar organic compounds into kaolinite.
Clay Miner. 1970, 8, 421-434.

Liu, Q.; Zhang, S.; Cheng, H.; Wang, D.; Li, X.; Hou, X.; Frost, R.L. Thermal behaviour of
kaolinite-urea intercalation complex and molecular dynamics simulation for urea molecule
orientation. J. Therm. Anal. Calorim. 2014, 117, 189—196.

Frost, R.L.; Kristof, J.; Horvath, E.; Kloprogge, J.T. Modification of kaolinite surfaces through
intercalation with potassium acetate, I1. J. Colloid Interface Sci. 1999, 214, 109-117.

Li, Y.; Sun, D.; Pan, X.; Zhang, B. Kaolinite intercalation precursors. Clays Clay Miner. 2009, 57,
779-786.

Mako, E.; Kristof, J.; Horvath, E.; Vagvolgyi, V. Mechanochemical intercalation of low reactivity
kaolinite. Appl. Clay Sci. 2013, §3—84, 24-31.

Frost, R.L.; Kloprogge, J.T.; Kristof, J. Raman and infrared spectroscopic study of the modification
of kaolinite surfaces by intercalation with organic molecules. Encyclopedia Surf. Colloid Sci. 2002,
2002, 4438-4452.

Letaief, S.; Detellier, C. Nanohybrid materials from the intercalation of imidazolium ionic liquids
in kaolinite. J. Mater. Chem. 2007, 17, 1476—1484.

Mgbemena, C.O.; Ibekwe, N.O.; Sukumar, R.; Menon, A.R. Characterization of kaolin intercalates
of oleochemicals derived from rubber seed (Hevea brasiliensis) and tea seed (Camelia sinensis) oils.
J. King Saud Univ. Sci. 2013, 25, 149-155.

Komori, Y.; Sugahara, Y.; Kuroda, K. Intercalation of alkylamines and water into kaolinite with
methanol kaolinite as an intermediate. Appl. Clay Sci. 1999, 15, 241-252.



Materials 2015, 8 4387

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Gardolinsky, J.E.; Peralta-Zamora, P.; Wypych, F. Preparation and characterization of a
kaolinite-1-methyl-2-pyrrolidone intercalation compound. J. Colloid Interface Sci. 1999, 211, 137-141.
Frost, R.L.; Kristof, J.; Horvath, E.; Kloprogge, J.T. Deintercalation of dimethylsulphoxide
intercalated kaolinites—a DTA/TGA and Raman spectroscopic study. Thermochim. Acta 1999, 327,
155-166.

Elbokl, T.A.; Detellier, C. Intercalation of cyclic imides in kaolinite. J. Colloid Interface Sci. 2008,
323,338-348.

Tunney, J.J.; Detellier, C. Aluminosilicate nanocomposite materials: Poly(ethylene glycol)-kaolinite
intercalates. Chem. Mater. 1996, 8, 927-935.

Hernén, L.; Morales, J.; Santos, J. Synthesis and characterization of poly(ethylene oxide)
nanocomposites of misfit layer chacogenides. J. Solid State Chem. 1998, 141, 323-329.
Gardolinsky, J.E.; Carrera, L.C.M.; Cantao, M.P.; Wypych, F. Layered polymer-kaolinite
nanocomposites. J. Mater. Sci. 2000, 35, 3113-3119.

Matsumura, A.; Komori, Y.; Itagaki, T.; Sugahara, Y.; Kuroda, K. Preparation of a kaolinite-nylon
6 intercalation compound. Bull. Chem. Soc. Jpn. 2001, 74, 1153—1158.

Liu, X.; Zhang, H.; Yang, Z.; Ha, C. Preparation and characterization of poly(styrene/maleic
anhydride)/kaolin nanocomposites. Chin. Sci. Bull. 2005, 50, 1320—1325.

Delozier, D.M.; Orwoll, R.A.; Cahoon, J.F.; Johnston, N.J.; Smith, J.G.; Connell, J.W. Preparation
and characterization of polyimide/organoclay nanocomposites. Polymer 2002, 43, 813—822.

Pi, Z.; Liu, Z.; Yang, C.; Tian, X.; Fei, J.; Zheng, J. Exfoliation of kaolinite by urea-intercalation
precursor and microwave irradiation assistance process. Front. Earth Sci. China 2007, 1, 26-29.
Cheng, H.; Liu, Q.; Zhang, J.; Yang, J.; Frost, R.L. Delamination of kaolinite-potassium acetate
intercalates by ball-milling. J. Colloids Interface Sci. 2010, 348, 355-359.

Valaskova, M.; Barabaszova, K.; Hundédkova, M.; Ritz, M.; Plevova, E. Effects of brief milling and
acid treatment on two ordered and disordered kaolinite structures. Appl. Clay Sci. 2011, 54, 70-76.
Valaskova, M.; Rieder, M.; Matéjka, V.; Capkové, P.; Sliva, A. Exfoliation/delamination of
kaolinite by low-temperature washing of kaolinite—urea intercalates. Appl. Clay Sci. 2007, 35,
108—118.

Kuroda, Y.; Ito, K.; Itabashi, K.; Kuroda, K. One-step exfoliation of kaolinites and their
transformation into nanoscrolls. Langmuir 2011, 27, 2028-2035.

Ahokas, M.; Wilén, C.E. Hybrid coating pigments of poly(styrene-co-maleimide)/kaolin/alumina
trihydrate for paper coating. Prog. Org. Coat. 2011, 71, 290-294.

Schoukens, G.; Martins, P.; Samyn, P. Insights in the molecular structure of low- and high-molecular
weight poly(styrene-maleic anhydride) from vibrational and resonance spectroscopy. Polymer
2013, 54, 349-362.

Blanton, T.N.; Majumdar, D.; Melpolder, S.M. Microstructure of clay-polymer composites.
Adv. X-ray Anal. 2000, 42, 562—-568.

Samyn, P.; Deconinck, M.; Schoukens, G.; Stanssens, D.; Vonck, L.; Van den Abbeele, H.
Synthesis and characterization of imidized poly(styrene-maleic anhydride) organic nanoparticles in
stable aqueous dispersion. Polym. Adv. Technol. 2012, 23, 311-325.

Johnston, C.T.; Sposito, G.; Bocian, D.F.; Birge, R.R. Vibrational spectroscopic study of the
interlamellar kaolinite-dimethyl sulfoxide complex. J. Phys. Chem. 1984, 88, 5959-5964.



Materials 2015, 8 4388

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Clifford, T. Raman spectroscopic study of kaolinite in aqueous suspension. Clays Clay Miner. 1985,
33, 483-489.

Frost, R.L.; Tran, T.H. Raman microscopy of dickite, kaolinite and their intercalates. Analyst 1998,
123,611-616.

Frost, R.L.; Tran, T.H.; Kristof, J. The structure of an intercalated ordered kaolinite; a Raman
microscopy study. Clay Miner. 1997, 32, 587-596.

Furukawa, T.; Fox, K.E.; White, W.B. Raman spectroscopic investigation of the structure of silicate
glasses. III. Raman intensities and structural units in sodium silicate glasses. J. Chem. Phys. 1981,
75,3226-3237.

Frost, R.L.; Han, T.T.; Kristof, J. FT-Raman spectroscopy of the lattice region of kaolinite and its
intercalates. Vib. Spectrosc. 1997, 13, 175-186.

Li, X.G.; Huang, M.R.; Bai, H.; Yang, Y.L. Thermogravimetry of thermoplastic polyimide powders
under four different atmospheres. Macromol. Mater. Eng. 2001, 286, 421-428.
Marinovi¢-Cincovi¢, M.; Babic, D.; Jovanovic, R.; Popov-Pergal, K.; Pergal, M. Thermal, oxidative
and radiation stability of polyimides II. Polyimides based on bismaleimidohexane and
bismaleimido-diphenylsulphone with different diamines. Polym. Degrad. Stab. 2003, 81, 387-392.
Samyn, P.; Schoukens, G.; Stanssens, D.; Vonck, L.; Van den Abbeele, H. Incorporating different
vegetable oils into an aqueous dispersion of hybrid organic nanoparticles. J. Nanopart. Res. 2012,
14, d0i:10.1007/s11051-012-1075-2.

Mishra, A.K.; Chattopadhyay, D.K.; Sreedhar, B.; Raju, K.V.S.N. FTIR and XPS studies of
polyurethane-urea-imide coatings. Prog. Org. Coat. 2006, 55, 231-243.

Barra, G.M.; Crespo, J.S.; Bertolino, J.R.; Soldi, V.; Pires, A.T.N. Maleic anhydride grafting on
EPDM: Qualitative and quantitative determination. J. Braz. Chem. Soc. 1999, 10, 31-34.

Aust, J.F.; Higgins, M.K.; Groner, P.; Morgan, S.L.; Myrick, M.L. Fourier transform Raman
spectroscopic studies of a polyimide curing reaction. Anal. Chim. Acta 1994, 293, 119-128.

Li, X.; Liu, L.; Schlegel, H.B. On the physical origin of blue-shifted hydrogen bonds. J. Am.
Chem. Soc. 2002, 124, 9636-9647.

Samyn, P.; Schoukens, G.; Vonck, L.; Stanssens, D.; Van den Abbeele, H. How thermal curing of
an organic paper coating changes topography, chemistry and wettability. Langmuir 2011, 27,
8509-8521.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



