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Abstract

Polystyrene/organo-Algerian montmorillonite hybrid material was prepared by radical copolymerization of styrene monomer
in the presence of the double organic modified clay. Before copolymerization process, the local (Algerian) montmorillonite
was sodified, fractionated (<2 pum), intercaled with dodecylamine (DDA) salts and grafted by trimethoxysilylpropylmeth-
acrylate (TMSPM). The copolymerization has occurred onto methacrylate ported by grafted silane. X-ray fluorescence
results showed a successful homoionization and insersion of DDA salts onto montmorillonite. CHN microanalysis revealed
the evolution of the carbon ratio during modification of MMT by DDA, grafting and copolymerization reactions. The char-
acterization (XRD) revealed that DDA salts were intercaled onto montmorillonite galleries and part of the copolymeriza-
tion was occurred in interlayer spaces of clay (intercalated structure) by increasing d,; from 12.69 A for homoionisated
clay to 15.33 A for intercalated clay and to 23.08 A for hybrid material. Fourier transform infrared (FTIR) spectra mainly
confirmed the presence of DDA salts, the grafting of TMSPM and polystyrene polymer and increasing of hydrophobicity of
clay during modifications process (intercalation, grafting and copolymerization). Thermogravimetic analysis (TGA) showed
that the grafted clay sample have higher thermal stability than intercalated sodic montmorillonite. TGA revealed also that
the thermal stability of prepared hybrid organoclay is greatly higher than pur polystyrene polymer (45 °C higher) and that
hydrophobicityy,yprid organoctay > Nydrophobicity,sieq c1ay > hydrophobicity i catated clay > hYdrophobicityg,ciinated sodic clay: The
copolymer was recovered by hydrofluoric acid attack, analyzed by FTIR and compared to hybrid organoclay FTIR spectra.

Keywords Thermal stability - Hybrid materials - TG analysis - Grafting - Radical copolymerization

Introduction

Organoclay materials were obtained by modifying the
surface of clay minerals with organic compounds. They
have different applications in sciences and industries [1].
For example, they are used for water treatment [2—4] and
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polymers additives to prepare polymers/organoclays hybrid
materials [5]. Among these clays, montmorillonite is one
of the most common-type clays that is used to prepare the
organoclays and organoclays/polymers hybrid materials
[6-8]. The montmorillonite clay is a characteristic repre-
sentative of aluminosilicates. It has several special prop-
erties: lamellar structure, swelling ability, special capac-
ity of hydration, adsorption and a possibility of interlayer
ion exchange. This latter property makes montmorillonite
suitable and ready for possible modifications by cationics
organics compounds such as alkylammoniums cations. This
kind of mineral has an excess negative charge on its surface,
where cations can be easily adsorbed [9].This surface charge
can therefore be modified by carrying out the modification
process with organic surfactants [10, 11]. A previous study
has shown that modifications by quaternary alkylammonium
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ions onto clay have been developed to improve the com-
patibility of clay minerals with less polar matrices [12]. In
addition, this type of clay is universally abundant in nature
and can be obtained in pure form at low cost. The montmo-
rillonite is hydrophilic in nature and can only interact with
hydrophilic polymers such as poly (ethylene oxide) or poly
(vinyl alcohol). So it would be very difficult to mix these
kinds of minerals with hydrophobic polymers. To overcome
this obstacle and make possible organo-mineral interactions,
hydrophobic groups should be introduced on the surfaces of
the layers [13]. Previous studies have shown that the inser-
tion of organic complexes between the layers of a mont-
morillonite changed the hydrophilic property of its surface
making it hydrophobic [14].

This modification method may be possible by reacting
silanes onto silanol groups (Si—~OH) located on the sheets
edges of this type of clay [15, 16] and on structural defects
located on the external surfaces of the layers [17].

In previous study, the modification of montmorillonite
by aminosilane reveals that the silane was intercaled in the
interlayer spacing of montmorillonite due to the increase in
the basal spacing, the high value of the latter can only be
explained by the presence of a double layer of molecules
of this silane connecting the two layers of clay [18].The
technique consists of putting these silanols in contact with
organosilane agents [19]. In the same context, studies have
shown that the grafting of a silane such as aminopropyltri-
methoxysilane onto montmorillonite caused the interlayer
space to be inserted, increasing its d;, [20], this confirms
the possibility of having a grafting in the galleries of mont-
morillonite following a reaction between the silanol groups
of the edges of the sheets and the alkoxy functions carried
by the silicon of the silane, giving rise to bonds with cova-
lent characters (Si—O-Si). It has also been shown that the
montmorillonites having undergone surface modifications
by silanes are thermally stable compared to montmoril-
lonites having undergone conventional ion exchanges [21].
Most importantly, the characteristics of the modified clays
can be easily adjusted through the introduction of various
terminal groups of silane modifiers [13, 22]. Studies have
shown that silane when added in high concentrations acts
simultaneously on the silanols at the edges of the sheets and
on the interlayer Si—O- [23]. These silanes, also called cou-
pling agents, are polyvalent compounds. They represent an
easy way to bond chemically polymers to silicas [24]. They
can exist in the form of bifunctional monomers: an alkoxy
upstream which can react with the silicic surface of clay and
a function (vinyl, amine or thiol) downstream suitable for
(co) polymerization with another vinyl monomer resulting
in the synthesis of a organoclay hybrid material.

The scope of this study is to prepare a new organoclay
hybrid material with high thermal stability and surface
hydrophobicity, intended to be applied as catalytic supports
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in conversion reactions of organic compounds (acid-base
properties) or added as additives in resins for surface protec-
tion for submerged objects such as submersible submarines.

In this study, we attempt to prepare a new hybrid organo-
clay material using a local (Algerian) montmorillonite,

for the first time. The organo-montmorillonite was pre-
pared successively by the intercalation of dodecylamine
(DDA) salts and grafting of trimethoxysilylpropylmeth-
acrylate (TMSPM) on fractionated sodic montmorillonite.

The obtained organoclay which ported methacrylate
group was dispersed in styrene monomer to prepare poly-
styrene/organoclay hybrid material via radical copolymeri-
zation. X-ray fluorescence (XRF) is used for characterization
of raw clay, fractionated sodic clay and clay modified by
DDA. CHN microanalysis is used for characterization of
clay modified by DDA, grafted clay and hybrid material.
X-ray diffraction XRD, Fourier transform infrared FTIR and
thermogravimetic analysis TGA were used for characteriza-
tion of all sample (raw, fractionated sodic, intercaled and
grafted clay and hybrid material).

Experimental
Materials

The raw clay was purchased from the Maghnia deposit (West
of Algeria).

The trimethoxysilylpropylmethacrylate TMSPM (98%,
d=1.045 g mL™"), styrene monomer and dodecylamine
DDA were purchased from Aldrich product.

The experimental protocol focused on preparation of dif-
ferent samples, namely raw clay (from the Maghnia deposit
(West of Algeria)), purification and exchange of raw clay
by sodium cations, intercalation of DDA onto Na-montmo-
rillonite, grafting of TMSPM onto intercalated sample, the
radical copolymerization to synthesis hybrid material sam-
ple and the dissolution of the latter by hydrofluoric acid in
order to recover the organic part.

Purification of raw clay

The raw clay was washed with hydrogen peroxide to remove
all organic matter followed by drying in an oven set at 80 °C
for 24 h. The purified clay was milled in a mortar, in order to
obtain homogeneous particle sizes. The obtained sample was
denoted as raw Mt and characterized by elemental analysis
(XRF), TGA, XRD and FTIR.

Sodification and fractionation of montmorillonite

The raw Mt sample was immersed into Nacl (1 M) solution.
The contact was repeated three to four times for a better ion
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exchange. The mixture was stirred for 20 min. It was filtered
on a sintered glass and washed with distilled water using the
centrifugation method (4000 rpm, for 20 min) until no chlo-
ride ion was detected with silver nitrate (AgNO;) solution.
The absence of the white precipitate is the confirmation of
this. The mineral part was dried in oven at 80 °C for 24 h,
milled with mortar and sieved (<2 um). The recovered pow-
der is sodic montmorillonite (Mt-Na), which is characterized
by chemical analysis, XRD, FTIR and TGA.

Mt-Na modified by DDA salts

30 g of Mt-Na was dispersed in 500 mL of hot water (80 °C)
and stirred for 1 h (mixture A).

10 g of DDA was dissolved in a mixture of distilled water
and hydrochloric acid (36%) at 80 °C for 3 h with stirring
(mixture B). The obtained mixture (mixture A + B) was left
at room temperature without stirring for about 24 h. The
product was washed with distilled water at 80 °C until a
negative chlorine test with AgNO;. The precipitate was then
centrifuged (4000 rpm, 20 min) and dried in an oven (80 °C,
24 h) to obtain the modified montmorillonite (Mt-DDA),
which was characterized by microanalysis (CHN), XRD,
FTIR and TGA.

Grafting of TMSPM onto Mt-DDA

10 g of the Mt-DDA was introduced into a two-pipe flask,
immersed in an oil bath, equipped with a nitrogen inlet and
a cooler equipped with a bubbler. 50 mL of freshly distilled
Toluene (7.,=110 °C) and 10 mg of hydroquinone (polym-
erization inhibitor) were added via a syringe via capillary.

The suspension was stirred for 15 min. Then, 8 mL
(~ 8 g) of TMSPM was added. The suspension was brought
to reflux for 12 h under nitrogen sweeping at the tempera-
ture of 100 °C. Once this period was complete, the sam-
ple was cooled, filtered in a large sinter and then washed
with dichloroethane (three times, 15 min) to eliminate the
ungrafted monomer. The recovered sample was dried with a
water pump for 6 h before putting in the oven (80 °C, 24 h)
(Scheme 1a). This sample is denoted as Mt-TMSPM, which
is characterized by microanalysis tests (C assay), XRD,
FTIR and TGA.

Copolymerization of styrene onto Mt-TMSPM

5g of Mt-TMSPM, dried under vacuum, was introduced in
a 50-mL flask with two tubes.

A determined amount of toluene (freshly distilled sol-
vent) and 14 mL (12.7 g; d=0.906) of styrene monomer
were introduced using a syringe and a capillary. The suspen-
sion was stirred, degassed by bubbling nitrogen for 30 min
and heated at the polymerization temperature (65 °C). The
appropriate amount of azo initiator such as azobisisobu-
tyronitrile (AIBN) was dissolved in 3 mL of toluene was
then added, with the ratio [styrene]/[AIBN]=100.

The polymerization reaction was maintained for 24 h
under inert atmosphere.

The suspension was then filtered, and the support was
placed in a soxhlet for extraction of the ungrafted polymer.

The solvent used for the extraction is toluene, which
solubilizes the ungrafted polymer and removes it from the
surface of the support. Only the grafted polymer remains
attached to the surface (Scheme 1b). The recovered sample
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Scheme 1 Schematic illustration of grafting (a) and copolymerization (b) equations
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is Hyb.Mat, oven-dried (80 °C, 24 h) and characterized by
microanalysis, XRD, TGA and FTIR.

The blank PS with the same conditions without adding
organo-MMT is prepared.

Dissolution of Hyb.Mat by hydrofluoric acid

1 g of Hyb.Mat was placed in a Teflon container fitted with
an airtight cap. 10 mL of a hydrofluoric acid solution (HF,
40%) was added. The time of contact was 24 h in an oven
at 50 °C.

20 mL of toluene was then added, and the suspension
was stirred for 1 h at room temperature. Finally, 50 mL of
boric acid (H;BO;, 4%) was added to neutralize the remain-
ing HF [25]. The polymer was recovered by precipitation
in methanol, analyzed by FTIR and compared to the FTIR
spectra of Hyb.Mat.

Characterizations

X-ray fluorescence; The chemical compositions are deter-
mined by X-ray fluorescence (XRF) spectrometry Philips
PW 2400 XRF. The samples were prepared by the method
of fusion with LiB,0,.

CHN; elements C and N were determined by thermal con-
ductivity through combustion in oxygen at 1050 °C under a
stream of helium with the formation of CO, and NO,. The
separation of the two species is done on a chromatographic
column.

The XRD measurements were carried out using a dif-
fractometer (Philips diffractometer X’Pert Software) using
Cu-K, radiation (41=0.1540 nm) which includes an X tube
with Cu anode powered by high frequency. A goniometer is
equipped with a detector. A monochromator located on the
diffracted beam is used to select the average wavelength of
Cu. A computer is equipped with software for piloting the
goniometer and counting and recording the results. We used
a step of 0.02° and a counting time of 1.05 s/step, fora 2 6

interval between 3 and 80°. The corresponding basal space
was calculated by application of Bragg’s law.

TGA; The analyses were carried out under a nitrogen flow
at 10 mL min~!, for a heating rate of 10 °C min~! and a tem-
perature interval of 30 to 800 °C, using a thermogravimetric
analyzer of the SHIMADZU TGA brand — 51.

FTIR; The Fourier transform infrared FTIR spectra are
recorded on a branded device (Shimadzu FTIR 830 spec-
trophotometer) with a spectral range of 4000 and 400 cm™".
297 mg of pure and dry KBr is mixed with 3 mg of solid
product. The pellet is obtained by compression of the mix-
ture under vacuum (8 tonnes cm2).

Results and discussion
Analysis of elements by XRF

The results of elements analysis by XRF are grouped in
Table. 1

In order to better evaluate the cations exchanged with
sodium cations in Mt-Na and nitrogen in Mt-DDA, to know
the nature of the cations replaced during the exchanges,
the ratios [Cation/Si] were calculated before and after both
exchanges. The obtained results are mentioned in Table 2.

The compositions of raw Mt, Mt-Na and Mt-DDA were
determined by XRF technique. The comparison between raw
clay and sodic montmorillonite showed a decrease in Ca, K
and Mg ratios after sodification of clay. But an increase in
Na ratio was observed. The sum of decreasing ratios of Ca
(50%), K (30%) and Mg (35%) was approximately equal to
value of increasing ratio of NaT 100%). This results showed
a successful sodification of clay by exchange process and
that the montmorillonite is the predominant phase in this
clay.

The composition of the Mt-DDA showed clearly that the
Na™ cations were replaced by the -NHZ cations of DDA salt
during the modification (nitrogen ratio=1.74%).

Table 1 XRF results of raw Mt,

Percentage of ele- Si Fe Ca Mg S K Na
Mt-Na and Mt-DDA samples ments/%
Raw Mt 25.26 9.39 2.45 0.88 3.03 0.16 0.97 145
Mt-Na 25.79 9.63 2.20 0.42 1.86 0.15 0.64 2.78
Mt-DDA 25.76 9.53 1.50 0.05 1.40 0.15 0.63 0.31
Table2 Atomics reports [Cation/Si)/% AUSi Fe/Si Ca/Si Mg/Si S/si K/Si Na/Si
[Cation/Si], before and after
exchange by DDA salt Mt-Na 37.34 8.53 1.62 7.25 0.58 248 10.77
Mt-DDA 36.99 5.82 0.19 5.43 0.58 1.40 1.20

@ Springer



Preparation of new copolymer (polystyrene/TMSPM grafted on DDA-fractionated algerian... 5641

These results were confirmed by the calculation of the [Cat-
ion/Si] ratios where a clear decrease in the [Na /Si] ratio from
10.77 to 1.20% is obtained after modification.

The other [Cation/Si] ratios have kept approximately con-
stant values, so; these cations did not represent exchange sites.

Elements analysis by CHN method

The results obtained by this technique were for Mt-DDA,
Mt-TMSPM and HO-M M and are grouped in Table 3 which
showed a logical evolution of the carbon ratio during modifica-
tion and grafting reactions.

XRD results

The XRD spectra of the five samples are represented in Fig. 1.
It clearly showed the disappearance of some peaks presented
in raw Mt related to impurities after the first modification
process.

This is due to a successful washing, and purification process
of the raw clay was achieved.

Despite the various treatments of raw Mt (purification,
exchange with Na*, modification by DDA, grafting and copo-
lymerization), the main pics were not modified. Therefore,
these treatment cannot lead to a significant change in the
structure of clay.

These various treatments have changed only the interlayer
spacing d, of clay platelets (Table 4 and Fig. 1).

The raw clay showed several reflections in the angular range
2 0 (2-10°) indicating the presence of various mono- and bihy-
drated cations and a predominance of montmorillonite with
small amounts of impurities such as quartz, feldspat and traces
of cristobalites [26].

The characteristic peak of montmorillonite displays a
diffraction at 2 8=6.35°, corresponding to a basal spacing
dyy; =13.90 A. This spacing represented the sum of the thick-
ness of the TOT layer of montmorillonite (9.50 A) [27] and
the interlayer spacing which depends on the size of the cations
and the interlayer water whose mass content was determined
by TGA.

The Mt-Na showed a pic located at 2 #=6.96°
(dgy; =12.69 A), this decreasing in spacing value is mainly due
to the substitution of the exchangeable cations K, Ca** and
Mg?* which were exchanged by the monovalent cations Na *.

The increase in spacing dy, to 15.33 A (2
6=5.76°) displayed by Mt-DDA confirms the

Table 3 CHN results of Mt-DDA, Mt-TMSPM and Hyb.Mat samples

Sample Mt-DDA Mt-TMSPM HO-MM
%C 5.30 7.80 19.30
%N 1.74 - -

dy,, =16.62 A (e)
dy, = 15.33A (d)
WW_A‘M (c)

dyy, = 1269 A
Wuud\-w (b)

(2)

Intensity/a.u.

T T T T T T T T T T T T T T T

10 20 30 40 50 60 70 80
20/°

Fig.1 XRD patterns of raw Mt (a), Mt-Na (b), Mt-DDA (c), Mt-
TMSPM (d) and Hyb.Mat (e)

intercalation of alkylammonium cations between sheets of
the montmorillonite.

It should be remembered that the possible arrangements
of the alkylammonium ions intercalated in the interlayer
spaces of the smectites can be in monolayer, in bilayer, in
pseudo-trilayer and in paraffin structure arrangements [28]
Scheme 2.

The length of DDA molecule was approximately 16.73 A
and the thickness was about 2.809 A (values determined by
the Chemsketch software, Scheme 3).

The interlayer space available is 5.83 A,
(15.33 A-9.50 A). The cations adsorbed could therefore be
intercaled in the galleries of montmorillonite in two layers
horizontally superimposed (2 x 2.809" 5.83 A).

The functionalization of Mt-DDA was carried out by
grafting of TMSPM molecules carrying methoxy —OCHj,
groups as a hydrolyzable alkoxy group and the methacrylic
function as an organo-functional group.

If the TMSPM silane was interacted with the clay mineral
surface, forming chemical bonds at the interface, it must be
first converted to reactive silanol by hydrolysis. This hydrol-
ysis can occur directly on the surface of the substrate by
reaction with the surface water (direct hydrolysis) or during
a previous step of preparation of the aqueous silane solution
(prehydrolysis).

Table 4 Values of 26 (001 reflexion) and dyy,, of five samples

Samples Raw Mt Mt-Na Mt-DDA MtTMSPM HO-M M
20 6.35 6.96 5.76 5.31 3.82

dyo, A)  13.90 12.69  15.33 16.62 23.08
Spectra  (a) (b) © () (e
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Scheme 2 Representation of different conformations of alkylammo-
nium cations onto clay galleries: Monolayer (a), Bilayer (b), Arrange-
ment pseudotrimoleculaire (¢) and paraffined structure (d)

The silanol form of the silane can be grafted onto clay
mineral by reaction of condensation with the hydroxyl
groups on the montmorillonite surface, in this case, the
methacrylic functions will be found between sheets of
the clay. This would increase the hydrophobicity of the
montmorillonite.

The XRD spectra of Mt-TMSPM revealed a basal spac-
ing dyy, =16.62 A greater than 15.33 A displayed by the
Mt-DDA. In addition to grafting reaction of silane mol-
ecules on silanol Si—OH of the sheets edges of montmo-
rillonite, this increase in d;,; is an advance of another
hypothesis for reaction type, that is the condensation of the
hydroxyl groups of surface with silane molecules whose
alkoxy groups are hydrolyzed by interlamellar hydra-
tion water. This deduction is in perfect agreement with
the results of the study realized by [23] which concluded

Scheme 3 Representation of
DDA molecule size determined
by the Chemsketch software

that the grafting reactions of silanes on montmorillonites
strongly depend on its concentration.

This study showed that grafting can occur on the silanols
of sheets edges and those on the hydroxylated surfaces, for
silanes concentration of 3 mmol/g of montmorillonite.

This exactly coincides with an amount 8 mL (=~ 8 g) of
TMSPM (M =248.08 g mol~! and a density =1.045 g mL™")
added to 10 g of clay.

On the XRD spectra of hybrid material Hyb.Mat, a first
pic located at 20=3.82° (d,,; =23.08 A) was observed. An
increase of 6.46 A compared to dyy,; of the Mt-TMSPM was
observed, which can only be explained by the presence of
macromolecular chains of the copolymer (the copolymerized
monomer of styrene with the methacrylic double bond car-
ried by the TMSPM) onto clay galleries. In addition, the pic
intensity related to 001 reflexion is unchanged, this indicated
the presence of a quantity of PS in the interlayer space (exist-
ence of intercalated structure).

TG results

The both thermogravimetric (TG) and its derivative (DTG)
curves, in inert atmosphere, of five samples are represented
in Fig. 2.

The (TGA and DTG) curves of raw Mt sample (Fig. 2a)
revealed two degradations steps. The first mass loss is
located at the temperature range (30-250 °C) with a maxima
at 133 °C evaluated at 09.54% attributed to the desorption of
physically adsorbed water and to dehydration of interlayer
hydrated cations. The second range (600750 °C) with a
maxima at 700 °C displayed the mass loss of 03.29%, attrib-
uted to dehydroxylation of the aluminosilicate sheets [29].

The (TGA and DTG) curves of Mt-Na sample (Fig. 2b)
also revealed two degradations steps. The first mass loss
is located at the same temperature range (30-250 °C) with
a maxima at 128 °C evaluated at 11.46% attributed to the

1 | I 1 1
2.809 A . -
YYY Y

@ Springer

16.732 A



Preparation of new copolymer (polystyrene/TMSPM grafted on DDA-fractionated algerian... 5643

(a)

100 1,

98 4

96 +

94 -

92 4

DTG/% °C-

90 +

DTG/% °C~'
Remaining mass/%

Remaining mass/%

88 +

86

84

T T T T T T T T 02
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Temperature/°C Temperature/°C

(c) : (d) T ' : ' ' - 0.00

Remaining mass/%
Remaining mass/%
DTG/% °C-'

T T T T T T T -0.10 T T T T T T T -0.25
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature/°C Temperature/°C
@), ()
T T T T T T T T
100 ~ — Lo
80
7 - p— _
° S
g) ? o 2
£ & £ 40 5
= - = =
© o) g o
g O 20 4
o o L,
] 0 4
20 T T T T T T T T T T T
200 400 600 800 100 200 300 400 500 600
Temperature/°C Temperature/°C

Fig.2 TG, DTG curves of raw Mt (a), Mt-Na (b), (MMT-DDA) organomontmorillonite (¢), (MMT-TMSPM) double organomontmorillonite
(d), (Hyb.Mat) (e) and hybrid material (f)

desorption of physically adsorbed water and to dehydra- The mass loss displayed by Mt-Na in the range
tion of interlayer hydrated cations. The second range  (30-250 °C) was higher than raw Mt, this can be explained
(600-750 °C) with a maxima at 675 °C displayed the same by the high number of water molecules entered the Na*
mass loss of 03.84%, attributed to dehydroxylation of the ~ ions compared to other cations (Ca®*, Mg?* and K*)
aluminosilicate sheets. These results correspond to those ~ because Na™ is more hydrated.

found by the elements analysis (losses on fire).
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The (TG and DTG) curves of the Mt-DDA (Fig. 2¢)
presented three degradations steps. The first mass loss in
the ranges (30-210 °C) with a maxima at 113 °C, the sec-
ond (210-450 °C) with a maxima at 290 °C and the last
(500-700 °C) with a maxima at 600 °C is evaluated at
07.14%, 09.15% and 02.29%, respectively, which correspond
to release of physisorbed water, to decomposition of DDA
and to dehydroxylation phenomenon, respectively.

The mass loss 07.14% is lower than the values displayed
by the first two samples in the same temperature range,
this is an indication of a decrease in the water molecules
adsorbed in the interlayer of montmorillonite and confirms
the exchange of hydrated cations Na* by DDA cations. [30,
31].

In previous study, a pur HDTMA is having more num-
ber of carbon than DDA, the decomposition of this sur-
factant occurred in the range of temperature (200-350 °C)
with a maxima at 269 °C [14], whereas the decomposition
of DDA intercaled clay over on large temperature range
(210-450 °C), with a maxima at 290 °C, passed 30 min,
taking into account the heating rate of 10 °C/min (TGA
operating conditions), this slow decomposition proves that
the intercalation of alkylammonium molecules in gallery of
clay retards their decompositions, this is indirectly a favor
of intercalation efficiency process. The last degradation step
located in the range (500-700 °C) with a maxima at 600 °C
displayed the mass loss of 2.29%, attributed to dehydroxyla-
tion of the aluminosilicate sheets.

The (TG and DTG) curves of Mt-TMSPM sam-
ple (Fig. 2d) also showed three degradations steps; the
first (30-190 °C) with a maxima at 113 °C, the second
(190-600 °C) with three maxima and the last (600750 °C)
with a maxima at 670 °C estimated at (05.92%), (48.95%),
(06.12%), respectively. In the first temperature range, the
water content was more decreased from 07.14% for the Mt-
DDA to 05.92% for the Mt-TMSPM. This decreasing is the
result of pronounced hydrophobicity of Mt-TMSPM sample,
caused by the presence of grafted organic chains of TMSPM
at the layers of montmorillonite. Another detail is worth not-
ing for the mass loss 05.92% of the Mt-TMSPM, which con-
firms the presence of TMSPM between the sheets, following
the hydrolysis reaction of its hydrophilic end groups.

The second degradation step showed three mass loss, the
first is in the range (190-275 °C) with a maxima at 245°C
evaluated at 13% which corresponds to the onset decompo-
sition temperature of silane grafted on the layered silicate
[13]. The second mass loss is in the range (275-435 °C)
with a maxima at 327 °C evaluated at 25% is attributed to
the decomposition of DDA and second decomposition step
of TMSPM. The third mass loss is in the range (435-600 °C)
with a maxima at 470 °C evaluated at 10% which corre-
sponds to last decomposition step of TMSPM. The last
degradation step located in the range (600-750 °C) with a
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maxima at 670 °C displayed the mass loss of 6.12%, attrib-
uted to dehydroxylation of the aluminosilicate sheets.

Furthermore, the decomposition process of the Mt-
TMSPM was slower than that of the Mt-DDA (more large
temperature range than Mt-DDA), and a higher mass loss,
which can be attributed to the grafting of silane molecules,
with higher thermal stability based on the Mt-DDA. Results
on the thermal stability of materials provided additional evi-
dence that the grafting of TMSPM at montmorillonite layers
was successful.

The (TG and DTG) curves of Hyb.Mat sample (Fig. 2e)
also showed three degradations steps; the first (30-135 °C),
the second (135-580 °C) with two maxima and the last
(580-750 °C) with a maxima at 645°C estimated at 1.5%,
62.8% and 5.5%, respectively. In the first temperature range,
the water content was more decreased from 05.92% for Mt-
TMSPM to 1.5% for the Hyb.Mat. This decreasing is the
result of pronounced hydrophobicity of hybrid material,
caused by the presence of organic chains of polymer in the
surface of montmorillonite.

The second one (135-580 °C) revealed two mass loss,
the first in the range (135-350 °C) with a maxima at 245 °C
estimated at 25.30% attributed to the onset decomposition
of TMSPM and decomposition od DDA. The second in the
range (350-580 °C) with a maxima at 470 °C estimated at
37.5% is mainly attributed to degradation of polystyrene
polymer and the two last decomposition steps of TMSPM.
The last degradation step located in the range (580-750 °C)
with a maxima at 645 °C displayed the mass loss of 5.5%,
attributed to dehydroxylation of the aluminosilicate sheets.

The (TG and DTG) curves of pure Ps sample (Fig. 2f)
showed only one degradation step which occurred in the first
(330-455 °C) with a maxima at 424°C and total degradation
in this range of temperature.

The (TG/DTG) results are summarized in Table 5.

Thermal stability of hybrid material

The thermal stability of the Hyb.Mat hybrid material and the
prepared pure Polystyrene polymer was studied.

The onset decomposition temperatures (75q) (5% mass
loss temperature), the mid-point decomposition tempera-
tures (T5,%) (50% mass loss temperature), the maximum
and finally mass loss temperatures (7,,,, and 7} obtained
from DTG) of two materials are listed in Table 6.

At (Tsq.), a decrease of 82 °C was noticed in Hyb.Mat
compared to pure Ps, which can be explained by the higher
content of organic modifiers (both DDA and TPMS) that can
be decomposed easily in the early stage of thermal degrada-
tion, resulting in the lower onset decomposition temperature;

At T54, (°C); the Ty, was 29 °C higher for the Hyb.Mat
than that observed for the pure Ps.
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Table5 TG/DTG results Raw Mt Mt-Na MtDDA  MeTMSPM  HybMat  PS,,.
Ist Variation ~ 30-250 °C 30-250 °C 30-210 °C 30-190 °C 30-135°C -
Maxima 133 °C 128 °C 113 °C 113 °C 118 °C
Loss of mass  9.54% 11.46% 7.14% 5.92% 1.50%
2nd Variation —— - 210450°C  190-275°C  135-350°C  330-455°C
Maxima - - 290 °C 245 °C 245 °C 424 °C
Loss of mass - - 9.15% 13% 25.30% 98%
275-435°C  350-580°C -
Maxima 327 °C 470 °C
Loss of mass 25% 37.50% -
435-600 °C
Maxima 470 °C -
Loss of mass 10%
3rd Variation ~ 600-750 °C  600-750 °C  500-700 °C ~ 600-750 °C ~ 580-745°C -
Maxima 700 °C 675 °C 600 °C 670 °C 645 °C
Loss of mass  3.29% 3.84% 2.29% 6.12% 5.50%

Table6 TGA data of pure PS polymer and Hyb.Mat at different
decomposition temperatures (Tsq,, Tsq, Tppay and Tp)

Sample Ts/°C Ts0/°C T °C T,/°C
Pure Ps 352 416 425 445
Hyb.Mat 270 445 470 580

Also, in the DTG curves, the T,,,, of the Hyb.Mat was
greatly higher than Ps (45 °C higher).

At the end of decomposition process, the 7y of Hyb.
Mat was 135 °C higher than pure Ps.

These indicated that the organoclay exhibited a benefi-
cial effect on the enhancement of thermal stability of Ps.
This great enhancement of thermal stability may be that
the amount of intercalated Ps is high enough to promote
high thermal stability of polymer, which acts as a physi-
cal barrier preventing the heat to propagate quickly and
delaying its decomposition. The TG analysis confirms the
result obtained by XRD that showed the majority inter-
calated polymer in the clay galleries. Samakande et al.
[32] observed similar results with Ps/clay nanocomposites
prepared by free-radical polymerization in bulk. In their
work, it is clear that a higher degree of intercalation of
polystyrene polymer in clay galleries led to the improve-
ment of the Ps/clay nanocomposite’s thermal stability.

Greesh et al. [33] compared thermal stabilities of inter-
caled and exfoliated Ps/ MPTMS grafted Na-MMT nano-
composites who found higher thermal stabilities for inter-
calated structures relative to the exfoliated morphologies.
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Fig.3 FTIR spectra of raw Mt (a), Mt-Na (b), Mt-DDA (c), Mt-
TMSPM (d) and Hyb.Mat (e)

FTIR results

The FTIR spectra of five samples (raw Mt, Mt-Na, Mt-DDA,
Mt-MPTMS and Hyb.Mat) are regrouped in Fig. 3. The
characteristic bands of raw Mt (Fig. 3a) with their respec-
tive attributions are grouped in Table 7.

For Mt-Na spectra (Fig. 3b), the intensity of OH bands
(OH of water) was increased to a large extent due to the
intercalation of Na* cations, leading to the formation of
more hydrophile surface.

In the Mt-DDA spectra (Fig. 3c), the majority of the
raw Mt bands were preserved, but new bands located at
2954.7 cm™! and 2854.4 cm™! appeared attributed to stretch-
ing vibrations of CH and CH, from the alkyl chain, respec-
tively [34]. The bands located at 3201 cm~ ! and 1420 cm™!

@ Springer
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Table 7 Main bands appeared in raw Mt FTIR spectra with their
attributions b (a)

Raw Mt sample v/em™! Attributions

3625.90 Stretching vibrations of O-H layers
3440.70 H-O-H stretching vibrations of
physorbed water

1650.90 H-O-H binding of physorbed water
1033.70 Si—O binding
925.76 Al-Al-OH vibrations
840.90 Mg-Al-OH vibrations

786.90 Mg-Fe-OH vibrations

617.17 Al-O-H vibrations

524.60 Si—O-Al vibrations

462.88 Si—O vibrations

42431 Si—O-Si Vibrations

can be assigned, respectively, to the N-H stretching and
binding of ammonium [35].

In comparison with the Mt-Na spectra (Fig. 3b), the
decrease in intensities of the bands at 3440 cm™' and
1635.5 cm™! related to OH hydration water was noticed,
because the hydrated cations initially present in the inter-
layer space (Nat) were substituted by DDA cations during
the cation exchange process, which transform the surface of
clay from hydrophile to hydrophobe state, this means that
the intercalation of montmorillonite by the alkyammonium
produces less space available for adsorption of water mol-
ecules, so the intercalation by DDA has taken place.

The spectra of Mt-TMSPM sample are represented in
Fig. 3d. In addition to the characteristic bands of the men-
tioned samples (raw Mt, Mt-Na and Mt-DDA), the spectra
of grafted clay showed other bands located at 1643 cm™! and
1720 cm™! assigned, respectively, to: C=C and C=0 of the
TMSPM molecules.

The higher intensities of the absorption bands at 2939.3
and 2854.4 cm™' compared to Mt-DDA sample were also
observed, which confirmed that the TMSPM was success-
fully grafted onto the silanol of montmorillonite sheets [36].

The significant decrease in band intensity located at
3625.9 cm™!, which attributed to OH of the silanols Si—-OH
and the aluminols Al-OH located at the edges of the tetra-
hedrons and octahedra of montmorillonite sheets in the Mt-
TMSPM sample compared to that in the Mt-DDA, can be
explained by the conversion of the silanol Si—OH to Si—O-Si
during grafting process with the silane(Scheme 1a), this
observation is another confirmation of grafting that is not
noticed by the previous studies. It is an important remark
for confirmation of grafting reaction. The almost total dis-
appearance of the band located at 1635.5 cm™! was also
observed, which implies a decrease in the water content
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Fig.4 FTIR spectra of recovered copolymer by HF attack (a), and
hybrid material (Hyb.Mat) (a’)

and a more change of the montmorillonite surface from its
hydrophilic state to a hydrophobic one.

In the Hyb.Mat spectra (Fig. 3e), a band at 1580 cm™!
attributed to aromatic C=C of styrene was appeared.

The bands related to C=0 and C=C groups of silane
before polymerization were located at 1720 cm™' and
1643 cm™!, respectively. After polymerization, an impor-
tant remark was noticed that the absence of band related
to C=C methacrylic double bond is copolymerized with
styrene monomer (Scheme 1b). This is another important
confirmation of copolymerization reaction that was also
not noticed by the previous studies. The C=0 group of the
ester, lose its conjugation with the double bond, absorbs
at 1700 cm™!, frequency may be high for an unconjugated
aliphatic ester, this lowering of the wave number is due to
the donor character of the aromatic cycle favoring a certain
electronic density around the group C=0.

Dissolution of hybrid material by HF attack

The attack of Hyb.Mat by hydrofluoric acid leads to recover
the copolymer (methacrylate—styrene) initially grafted and
to highlight in the FTIR spectra in Fig. 4.

The superposition of the two spectra clearly showed com-
mon analogous bands designated by (1.1’ at 2954.7 cm™}),
(2.2' at 2854 cm™"), (3.3' at 1700 cm™"), (4.4" at 1580 cm™")
and (5.5" at 1356 cm‘l) attributed, respectively, to the
vibrations of the C—H (alkyl chain), CH,(alkyl chain),
C=0 (silane), (aromatic C=C of styrene) and methacrylate
C-0O-C groups. it is important to notice the appearance;
on the spectrum (a) of a series of bands in the interval
1200400 cm ™! which were masked by the silicic framework
in the Hyb.Mat before the HF attack.
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Conclusions

To prepare an organoclay hybrid material, the grafting
of monomer (styrenic type) by radical copolymerization
onto Algerian montmorillonite exchanged by an alkylam-
monium (DDA salts) and functionalized beforehand by a
silane (TMSPM) carrying an adequate chemical function
allowing the copolymerization of the monomer at the surface
of clay was realized. Various physicochemical characteriza-
tions using XRF, CHN, XRD, TGA and FTIR have demon-
strated; the intercalation of DDA salts by enhancement of
interlayer space of clay; the grafting of TMSPM by creation
of the new covalent bond Si—O-Si between the clay surface
and the silane and the grafting of macromolecule polymer
with the functionalized silane. These results of characteriza-
tion revealed also the higher thermal stability of prepared
organoclay hybrid material compared to pristine polystyrene
polymer and the strong hydrophobicity of its area.

We have just exposed a series of original results charac-
terizing the behavior of organoclay hybrid material manifest-
ing an intercaled structure, very pronounced thermal stabil-
ity and hydrophobic character.
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