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Abstract– Mesoporous diatomite platelets were employed to synthesize different polystyrene/diatomite com-
posites by in situ polymerization of styrene via simultaneous reverse and normal techniques of atom transfer
radical polymerization. Furrier transform infrared spectroscopy, thermogravimetric analysis, differential
scanning calorimetry, scanning and transmission electron microscopy, gas and size exclusion chromatogra-
phy were used to examine characteristics of polymer and composite. Addition of 3 wt% pristine mesoporous
diatomite leads to increase of conversion from 79 to 93%, while control over molecular weight characteristics
become worse.
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INTRODUCTION
The field of polymer based nanocomposites has

been greatly recognized as one of the most interesting
and rapidly emerging research areas in materials
chemistry [1, 2]. Nanocomposites are comprised from
suitable combination of two or more nanofillers with
an organic polymer matrix in which can combine the
advantages of inorganic nanofillers (e.g. rigidity and
thermal stability) and the organic polymers (e.g. f lex-
ibility and processability) [3]. Relatively low-volume
addition (1−10%) of inorganic nanofillers such as alu-
mina, MCM-41, and clay platelets into the polymer
matrix results in considerable enhancement in several
properties such as thermal and mechanical properties,
fire retardance, and gas barrier property in compari-
son with virgin common polymers or conventionally
filled composites [4, 5]. Unique properties of the
nanofillers as a reinforcing agent can be attributed to
their high aspect ratio. According to the fact that how
many dimensions of the dispersed nanofillers are in
the nanometer range, nanocomposites can be classi-
fied into three groups: nanocomposites with 3D fillers
(e.g. silica nanoparticles), nanocomposites with 2D
fillers (e.g. whiskers), and nanocomposites with 1D
fillers (e.g. clay) [6].

Among different methods for the preparation of
nanocomposites including in situ polymerization,
solution and melt intercalation, in situ polymerization

is more common and facilitate [7]. Synthesis of well-
defined polymer chains with desired functionalities,
architectures, and composition as an organic phase of
nanocomposites has attracted great attention during
the last decades [8].

Diatomite as a nature-designed nanomaterial is
mainly made up by nonconductive non-crystal silicon
dioxide (SiO2 · nH2O) [9]. Diatomite is pale-colored,
soft, and light-weight sedimentary rock composed
principally of silica microfossils of single-cell photo-
synthetic algae (Diatoms) [10]. Diatomite possesses
specific physical and chemical properties that make it
a suitable candidate for many applications. Highly
porous structure (porosity up to 80%), low thermal
conductivity, low density, chemical inertness and high
absorption capacity are some unique characteristics
features of diatomite [11, 12]. Diatomaceous earth
mineral or kieselgur can be provided in large quantities
with low cost and therefore it can be considered as an
inexpensive biomaterial with nanoscale three-dimen-
sions offering enormous perspectives for the develop-
ment of new materials [13]. Because of these unique
features of diatomite, it can be applied in a wide variety
of applications and research fields: support in the
reactions, sound and heat insulation, water treatment,
removal processes, manufacture of explosives and as
filters [14, 15].1 The article is published in the original.
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Anionic and cationic polymerization, ring-open-
ing metathesis, and group transfer radical polymeriza-
tion are some living polymerization procedures that
can be employed to the synthesis of well-defined poly-
mers with controlled molecular weight and low
polydispersity index (PDI) [16]. Although by these
methods the majority deficiencies of free radical
polymerization are circumvented (such as control over
the molecular weight, PDI, synthesis of pure block
copolymers), requirement of drastic experimental
conditions and high sensitivity to impurities (air and
moisture) are some important deficiencies of these
methods [17]. Introducing of reversible deactivation
radical polymerization (RDRP) methods provide
appropriate pathways to combine the useful advan-
tages of conventional radical polymerization (applica-
tion of wide variety of monomers, wide range of reac-
tion temperatures, and different polymerization sys-
tems and media) and living polymerization processes
(synthesis of tailor-made polymers) [16, 18]. Although
different methods for RDRP are proposed, the most
successful methods include stable free-radical medi-
ated polymerization [19], atom transfer radical polym-
erization (ATRP) [20], and reversible addition−frag-
mentation chain transfer polymerization [21]. Among
them, ATRP presents some unique advantages over
other; commercial availability of its reagents (ligands,
alkyl halides, and transition metals), mild polymeriza-
tion conditions, remarkable tolerance to different
functional groups, great industrialization prospects
[16, 22].

A review of literatures indicates that there is not an
obvious research on the application of diatomite as
filler to synthesize polymer/diatomite composites.
However, Karaman et al. have prepared polyethylene
glycol (PEG)/diatomite composite as a novel form-
stable composite phase change material (PCM), in
which the PCM was prepared by incorporating PEG
in the pores of diatomite [23]. Li et al. have synthe-
sized conducting diatomite by polyaniline on the sur-
face of diatomite. Linkage of polyaniline on the sur-
face of diatomite is attributed to the hydrogen bond
between the surface of diatomite and polyaniline mac-
romolecules [24]. Li et al. have also prepared fibrillar
polyaniline/diatomite composite by one-step in situ
polymerization. According to their results, the poly-
aniline/diatomite composite can be applied as fillers
for electromagnetic shielding materials and conduc-
tive coatings [25]. In addition, other studies such as
investigating the effects of extrusion conditions on
die-swell behavior of polypropylene/diatomite com-
posite melts and crystallization behaviors and foaming
properties of diatomite-filled polypropylene compos-
ites have been performed [26, 27].

In this research, simultaneous reverse and normal
initiation technique for atom transfer radical polymer-
ization (SR&NI ATRP) of styrene in the presence of
pristine diatomite nanoplatelets is investigated. This
technique is selected for its attractive features; applica-

tion of transition metal complex in its high oxidation
state, and decrement of metal concentration in the
final products. Effect of pristine diatomite nanoparti-
cles on conversion, molecular weights, and PDI values
of the synthesized composites by in situ SR&NI ATRP
and thermal properties of the products are discussed in
detail.

EXPERIMENTAL

Materials

Diatomite earth sample was obtained from Kamel
Abad-Azerbaijan-I.R. Iran. It was dispersed in
100 mL distilled water by magnetic stirring and then it
was kept constant until some solid impurities were dis-
persed. The particles were separated with filter paper
and dried at 100°C for 8 h. Styrene (St, Aldrich, 99%)
was passed through an alumina-filled column, dried
over calcium hydride, and distilled under reduced
pressure (60°C, 40 mm Hg). Copper(II) bromide
(CuBr2, Fluka, 99%), N,N,N′,N′′,N′′-pentamethyldi-
ethylenetriamine (PMDETA, Aldrich, 99%), ethyl
alpha-bromoisobutyrate (EBiB, Aldrich, 97%), 2,2'–
azobisisobutyronitrile (AIBN, Acros), anisole
(Aldrich, 99%), tetrahydrofuran (THF, Merck, 99%),
and neutral aluminum oxide (Aldrich, 99%) were used
as received.

Preparation of Polystyrene/Diatomite Nanocomposite
by in situ SR&NI ATRP

First SR&NI ATRP of styrene was performed in a
200 mL three-neck lab reactor equipped with a reflux
condenser, nitrogen inlet valve, and a magnetic stir bar
that was placed in an oil bath. A typical batch of
polymerization was run at 110°C with the molar ratio
of 150 : 1 : 0.2 : 0.2 : 0.12 for [Styrene] : [EBiB] :
[CuBr2] : [PMDETA] : [AIBN] giving a theoretical
polystyrene molecular weight of Mn = 15.6 × 103 at
final conversion. At first, styrene (15 mL), CuBr2
(0.052 g, 0.23 mmol), PMDETA (0.04 mL,
0.23 mmol) and anisole (7 mL) were added to the
reactor. Then, it was degassed and back-filled with
nitrogen three times, and then left under N2 with stir-
ring at room temperature. The solution turned green
color as the CuBr2/PMDETA complex was formed.
When the majority of the metal complex had formed,
reaction temperature was increased to 110°C during
10 min. Subsequently, predeoxygenated solution of
AIBN (0.023 g, 0.13 mmol) in the styrene (5 mL) and
predeoxygenated EBiB (0.17 mL, 1.16 mmol) were
injected into the reactor to start the polymerization
reaction. At the beginning of the reaction, polymer-
ization media was green and gradually changed to
brown. Samples were taken at the end of the reaction
to measure the final conversion.
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For preparation of nanocomposites, a desired
amount of pristine diatomite nanoplatelets was dis-
persed in 10 mL of styrene and the mixture was stirred
for 19 h. Then, the remained 5 mL of styrene was
added to the mixture. Subsequently, polymerization
procedure was applied accordingly. In the samples
designation, PPS refers to the neat polystyrene and
PSDC X implies different nanocomposites with X
percentages of pristine diatomite nanoplatelets load-
ing. Table 1 presents designation of the samples with
the percentage of pristine diatomite nanoplatelets.

For separating of polystyrene chains from pristine
diatomite nanoplatelets, nanocomposites were dis-
solved in THF. By high-speed ultracentrifugation
(104 rpm) and then passing the solution through a
0.2 micrometer filter, polystyrene chains were sepa-
rated from pristine diatomite nanoplatelets. Subse-
quently, polymer solutions passed through an alumina
column to remove catalyst species.

Characterization

FTIR spectrum of the pristine diatomite nano-
platelets was recorded using a Bruker FTIR spectro-
photometer, within a range of 400–4400 cm−1. Mate-
rials porosity was characterized by N2 adsorp-
tion/desorption curves obtained with a Quntasurb
QS18 (Quntachrom) apparatus. The surface area and
pore size distribution values were obtained with the
corrected BET equation (Brunauer–Emmett–Teller).
In addition, specific surface area measurements were
also performed with an NS-93 apparatus (Towse-e-
Hesgarsazan Asia, Iran). Pore size distributions were
also calculated by the Barrett–Joyner–Halenda
(BJH) method. Surface morphology of the pristine
diatomite was examined by SEM (Philips XL30) with
acceleration voltage of 20 kV. The transmission elec-
tron microscope, Philips EM 208 (The Netherlands),
with an accelerating voltage of 120 kV was employed to
study the morphology of the pristine diatomite nano-
platelets. The specimens were prepared by coating a
thin layer on a mica surface using a spin coater (Mod-
ern Technology Development Institute, Iran). Gas
chromatography (GC) is a simple and highly sensitive
characterization method and does not require removal
of the metal catalyst particles. GC was performed on

an Agilent-6890N with a split/splitless injector and
flame ionization detector, using a 60 m HP-INNO-
WAX capillary column for the separation. The GC
temperature profile included an initial steady heating
at 60°C for 10 min and a 10 deg/min ramp from 60 to
160°C. The samples were also diluted with acetone.
The ratio of monomer to anisole was measured by GC
to calculate monomer conversion throughout the
reaction. Size exclusion chromatography (SEC) was
used to measure the molecular weight and molecular
weight distribution. A Waters 2000 ALLIANCE with a
set of three columns of pore sizes of 104, 103, and 500 Å
was utilized to determine polymer average molecular
weight and polydispersity index (PDI). THF was used
as the eluent at a f low rate of 1.0 mL/min, and calibra-
tion was carried out using low polydispersity polysty-
rene standards. Thermal gravimetric analysis (TGA)
was carried out with a PL thermo-gravimetric analyzer
(Polymer Laboratories, TGA 1000, UK). Thermo-
grams were obtained from ambient temperature to
700°C at a heating rate of 10 deg/min. Thermal analy-
sis were carried out using a differential scanning calo-
rimetry (DSC) instrument (NETZSCH DSC 200 F3,
Netzsch Co, Selb/Bavaria, Germany). Nitrogen at a
rate of 50 mL/min was used as purging gas. Aluminum
pans containing 2−3 mg of the samples were sealed
using DSC sample press. The samples were heated
from ambient temperature to 220°C at a heating rate of
10 deg/min.

RESULTS AND DISCUSSION
Since inherent characteristics of the pristine

diatomite nanoplatelets can affect the kinetics of
in situ polymerization and consequently nanocom-
posite properties, these characteristics are evaluated.

FTIR spectrum of the pristine diatomite nano-
platelets is presented in Fig. 1. The bands at 3434 and
1634 cm–1 correspond to the stretching vibrations of
physically adsorbed water and zeolitic water, respec-
tively [28]. Although the diatomite sample is rehy-
drated, during the preparation process and obtaining
the spectrum some water molecules may be re-
adsorbed [29]. The strong band at 1098 cm–1 is
attributed to the stretching mode of siloxane (Si–O–
Si). In addition, the band at 471 cm–1 is associated

Table 1. Designation of the samples

Sample Method of preparation Proportion of pristine diatomite 
nanoplatelets, wt %

Dispersion time prior 
to the polymerization, h

PPS SR&NI ATRP 0 –

PSDC 1 In situ SR&NI ATRP 1 19

PSDC 2 In situ SR&NI ATRP 2 19

PSDC 3 In situ SR&NI ATRP 3 19
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with the asymmetric stretching mode of siloxane
bonds. The band at 796 cm–1 is also attributed to the
vibration of O–H [28].

Figure 2 represents nitrogen adsorption/desorption
isotherms of the pristine diatomite nanoplatelets. The
shape of isotherm is similar to the IV type isotherms
according to the IUPAC classification and confirms
that diatomite has mesoporous structure. The hyster-
esis is associated with the filling and emptying of the
mesopores by capillary condensation [30]. A sharp
increase in the nitrogen adsorbed quantity near the
relative pressure equal to 1 demonstrates the existence
of macropores in the pure diatomite and therefore
non-uniform pore size distribution can be compre-
hended [31].

Extracted data from the nitrogen adsorp-
tion/desorption isotherm are summarized in Table 2.

According to TGA data, two main mass losses are
observed. The first mass loss is mainly ascribed to the
dehydration of diatomite (the weight loss below 150°C
is due to the removal of physisorbed water whilst the
weight loss at 150–300°C can be attributed to the
expulsion of chemisorbed water molecules). The sec-
ond weight loss in the temperature range of 400–

700°C is a gradual and slow loss and may be associated
with the dehydroxylation of the silanols of diatomite.
Pristine diatomite nanoparticles leave 92.3% char at
700°C.

Figure 3 presents SEM (a) and TEM (b) images of
the pristine diatomite nanoplatelets. Pristine
diatomite nanoplatelets are composed of plaque plate
particles with spherical-shaped pores. These plates
have regular pores and sometimes are aggregated. This
unique structure is suitable for the synthesis of various
nanocomposites and makes it as an appropriate cata-
lyst support. According to TEM image, pristine
diatomite nanoplatelets belong numerous regularly
spaced rows of pores in its structure that this observa-
tion is confirmed with SEM images. In addition, aver-
age pore diameter from TEM images is estimated
between 33−40 nm.

Among different ATRP techniques, SR&NI ATRP
is employed since it provides a robust route to circum-
vent oxidation problems (application of transition
metal complex in its high oxidation state). Moreover,
despite reverse ATRP, SR&NI ATRP results in lower
metal concentration in the final products. According
to the Scheme 1, SR&NI ATRP employs a dual initi-
ator system consisting of free radical initiator (e.g.

Fig. 1. FTIR spectrum of the pristine diatomite nanoplate-
lets.

Transmittance, a.u.

4000 3000 2000
Wave number, cm−1

471 cm−1

796 cm−1

1098 cm−1

1634 cm−1

3434 cm−1

1000

Fig. 2. Nitrogen (1) adsorption and (2) desorption iso-
therm of the pristine diatomite nanoplatelets.
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Table 2. Extracted data from nitrogen adsorption/desorption isotherm of the pristine diatomite nanoplatelets

BET surface area Langmuir surface area Average pore diameter 
(4V/A by BET)

BJH Plot dp, peak (Area)

Adsorption branch Desorption branch

19.05 m2/g 28.06 m2/g 24.27 nm 4.19 nm 3.72 nm
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AIBN) and alkyl halide (e.g. EBiB). It starts by a reac-
tion between CuX2/ligand and radicals, which are
generated from the radical initiator. After that, the
generated CuX/ligand participates in another reaction
with ATRP initiator [32]. In general, SR&NI ATRP
opens a practical synthetic path to synthesize tailor-
made polymers with various compositions and archi-
tectures.

It was found that SR&NI ATRP of styrene without
diatomite nanoplatelets results in tailor-made polysty-
rene with low PDI value in combination with high
conversion (Table 3). By adding pristine diatomite
nanoplatelets, general equilibrium of SR&NI ATRP is
disturbed, which result in increase of both conversion
and PDI values. By addition of only 3 wt% of
diatomite nanoplatelets, final conversion increases
from 79 to 93%. Moreover, a noticeable growth of PDI
values is also occurred (from 1.15 to 1.42). Positive
effect of the pristine diatomite nanoplatelets on the
molecular weight of the samples can be interpreted by
abundant pendant hydroxyl groups of the pristine
diatomite. It is demonstrated that polar solvents (espe-

cially hydroxyl containing ones, like water, phenol,
and carboxylic acids) exert a rate acceleration effect on
the polymerization systems for increasing radical acti-
vation rate and also reducing radical recombination
rate. Numerous pendant hydroxyl groups on the sur-
face of the pristine diatomite nanoplatelets can possi-
bly cause a polarity change into the reaction medium.
In addition, negatively charged surface (pendant
hydroxyl groups on the surface of the pristine
diatomite nanoplatelets) could absorb and gather pos-
itively charged catalyst (Cu ions at our work) and con-
sequently enhances the chain growth rate. The accel-
erating effect of other nano-fillers such as nanoclay
and MCM-41 nanoparticles on polymerization rate
was also reported elsewhere [33–35]. PDI values of
the polymer chains increases by the addition of pris-
tine diatomite nanoplatelets. Diatomite nanoplatelets
acts as an impurity in the polymerization medium and
therefore causes the broadening of molecular weight
distribution of the resultant polymers [36].

Fig. 3. (a) SEM and (b) TEM images of the pristine diatomite nanoplatelets.
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Theoretical molecular weight is calculated by using
equation:

,

where [M]0 and [EBiB]0 are initial concentration of
the monomer and initiator, and Mmonomer represents

= × ×Theo 0
n monomer

0

[M] Conversion
[EBiB]

M M

molecular weight of styrene which is equals to
104.15 g/mol.

A suitable agreement between the theoretical and
experimental molecular weights in combination with
low PDI values (PDI < 1.45) can be considered as an
appropriate evidences for controlled nature of the
polymerization. Also, color change of the reaction
media during polymerization from light green to light
brown is an evidence of successful SR&NI ATRP
equilibrium establishment.

Thermal stability of the neat polystyrene and its
various nanocomposites is evaluated by TGA. Ther-
mograms of weight loss as a function of temperature in
the temperature range of 30–650°C are given in
Fig. 4a. As is seen, thermal stability of the neat poly-
styrene is lower than all of the nanocomposites. In
addition, thermal stability of the neat polystyrene is
improved by adding diatomite nanoplatelets. More-
over, by increasing diatomite content, an increase in
degradation temperatures is observed. In general, in
the TGA graphs three separated steps can be identi-
fied. First step: evaporation of the water molecules
results in the weight loss between 100−150°C. Second
step: degradation of volatile materials such as residual
monomer and low molecular weight oligomers (at the
temperature window around 180–370°C). Third step:
degradation of the synthesized polymer and nano-
composites (the main degradation step) is started at
the temperatures around 400°C.

Degradation temperature of the samples versus
amount of degradation is used to show that addition of
diatomite nanoplatelets in the polymer matrix results
in an improvement of thermal stabilities of the nano-
composites (Fig. 4b; TX is the temperature threshold,
at which X% of neat polystyrene and its nanocompos-
ites is degraded). Char values at 650°C are also pre-

Table 3. Molecular weights and PDI values of the extracted
polystyrenes resulted from SEC traces

Conversion, 
% Time, h Sample

Mn × 10–3

PDI
Theory Expe-

riment

PPS 10 79 12.6 12.4 1.15

PSDC 1 10 84 13.2 13.1 1.26

PSDC 2 10 87 13.4 13.6 1.34

PSDC 3 10 93 14.1 14.5 1.42

Table 4. TGA and DSC data for the neat polystyrene and its
nanocomposites

Sample Charat 650°C, % Tg, °C

PPS 1.8 83.5

PSDC 1 3.3 87.2

PSDC 2 4.8 89.4

PSDC 3 6.3 91.3

Fig. 4. (a) Thermograms of the neat polystyrene and its various nanocomposites and (b) graphical illustration of temperature and
degradation relationship: (1) PPS, (2) PSDC1, (3) PSDC2, and (4) PSDC3.
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sented in Table 4. As it is expected, char values
increase by increasing pristine diatomite nanoplatelets
loading.

Improvement of thermal stability of the nanocom-
posites by adding diatomite nanoplatelets content can
be attributed to the high thermal stability of diatomite
nanoplatelets and to interaction between diatomite
platelets and polymer matrix [37]. Physical interaction
between polystyrene chains and surface of the pristine
diatomite nanoplatelets is an important factor for
increasing thermal stability of the nanocomposites.
Additionally, hindrance effect of diatomite platelets
on the polymer chains movement and restriction of
oxygen permeation by these sheets are the other rea-
sons for higher thermal stability of the nanocompos-
ites. Similar conclusions are also achieved in the case
of polymer/clay nanocomposites [35, 38].

According to DSC, in the temperature range of
45−180°C no transitions for pristine diatomite nano-
platelets are observed, therefore only thermal transi-
tion of polymers can take place. In these experiments,
samples are heated from room temperature to 220°C
to remove their thermal history. Then, they cooled to
room temperature to distinguish the phase conversion
and other irreversible thermal behaviors. Finally, sam-
ples are heated from room temperature to 220°C to
obtain Tg values. The structure of the synthesized
polymer and its nanocomposites is amorphous and no
crystallization phenomenon is observed. As is seen
from Table 4, Tg value of the neat polystyrene is lower
than all of the nanocomposites and an increase in pris-
tine diatomite nanoplatelets content results in rise of
Tg value. This may be attributed to the confinement
effect of the diatomite nanoplatelets. The rigid two-
dimensional diatomite nanoplatelets can restrict the
steric mobility of polystyrene chains and cause the
increase of Tg. Similar conclusions are done in the case
of polymer/clay nanocomposites [35, 38].

CONCLUSIONS

In situ SR&NI ATRP of styrene was employed to
synthesize well-defined polystyrene and its nanocom-
posites in the presence of pristine mesoporous
diatomite platelets. Mesoporous structure, existence
of plaque plate particles with spherical-shaped pores,
silica as the main constituent, and existence of numer-
ous regularly spaced rows in its structure are some
inherent features of the pristine diatomite platelets. In
situ SR&NI ATRP of styrene in the presence of pris-
tine mesoporous diatomite leads to rise of conversion,
molecular weight and PDI values. Improvement in
thermal stability of the nanocomposites and increas-
ing Tg values is also observed by incorporation of pris-
tine mesoporous diatomite platelets.
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