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Abstract: The effects of small loadings of modified TiO nano particles were studied on improvement of2

mechanical properties of sulfur nanocomposite. Surface modification of TiO  nano particles which used MPTMS2

(Mercaptopropyltrimethoxysilane) as surface modifier was employed to improve the  dispersability  and
possible interaction of nano particles in the polymeric sulfur matrix. The grafting of silane coupling agents to
the surface of TiO  nano particles and surface modification from hydrophilic  to  hydrophobic  properties2

caused better dispersion in the toluene as a non-polar solvent. MPTMS bonding was investigated by TGA
(Thermo Gravimetric Analysis) and FTIR spectroscopy. Mechanical characterization of plasticized sulfur
nanocomposite revealed that the composites containing modified nano-TiO  have better tensile strength in2

comparison with blank plasticized sulfur matrix. The TEM observation confirmed proper interaction (dispersion
and interfacial adhesion) between matrix and inorganic nano particles.
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INTRODUCTION environments. In addition, such materials allow using a

Elemental sulfur as a high performance material has refineries and metallurgical industry [1-4].
been proposed for a wide range of applicationsin variety Many additives have been proposed to modify
of usage, for instance in rubber industries and civil elemental sulfur such as olefins hydrocarbons,
engineering field. In virtually all of these applications it unsaturated hydrocarbons, phenolic derivatives and
has been necessary to modify the sulfur with additives polysulfides. A number of researches cover the use of
designed to stop embrittlement, which occurs with pure styrene (St) and dicyclopentadiene (DCPD) as a plasticizer
elemental sulfur. Thus if pure elemental sulfur is heated to to improve sulfur properties. Addition of styrene or
140°C and then cooled to ambient temperature, monoclinic dicyclopentadiene to the sulfur resulted in: [1] Sulfur
sulfur instantaneously formed, followed by reversion to polymerization with styrene or dicyclopentadiene and
orthorhombic sulfur  which is almost complete in about 20 increasing available sites for chemical reaction that lead to
hours. So plasticization of sulfur as an improvement polysulfide formation and [2] the plasticized sulfur is very
method is necessary to reduce the expansion/contraction efficient in binding and strengthening the other
of sulfur during thermal cycling, increase the durability of ingredients of the sulfur composition [5]. Furthermore, to
products and also  make  its uses much more feasible as increase the mechanical and desirable properties of
a construction material. Sulfur-based composites (mortars, elemental sulfur, many different kinds of fillers have been
concretes, asphalts) are high geared materials whose main employed. Modification of the plasticized sulfur matrix
properties are quick setting, high strength, low water with inorganic nanoparticles result in plasticized
adsorption and high resistance to acid and basic sulfur/inorganic  nanoparticle  composites   with  excellent

large amount of sulfur coming from worldwide oil
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performance due to the combination of higher rigidity, Nano-TiO Surface Modification Procedure: The
heat resistance of the inorganic fillers, good toughness modification reaction was conducted in a 500 ml round-
and process ability of the polymer [6]. These Sulfur-based bottom, four-necked flask equipped with a high power
composites contain fillers for example mica, Asbestos, mechanical stirrer, nitrogen inlet and reflux
Glass fiber, Limestone, Silica, Titanium oxide, Caoline, condenser.Prior to start of the treatment, 10 g of prepared
Graphite, Bentoniteand etc, but to the best of our TiO nanoparticles were placed in a vacuum chamber for
knowledge, there is no description in the literatures about 24 h at 100°C. In the next step vacuumed particles
nano-TiO fillled in plasticized sulfur matrix [3, 7-11]. dispersed in 500 ml of anhydrous toluene underultra-2

Titanium dioxide is one of the accepted fillers which sonication for about 30 min and the mixture was stirred at
are usually used due to its excellent performance. 300 rpm for 1 h. Then 100 wt.% of MPTMS (by weight of
Currently, TiO nano-particles have created a new Titania) and 1.5 ml of triethylamine (as a catalyst for2

approach for remarkable applications as an attractive acceleration of the hydrolysis reaction) were charged
multi-functional material. These exclusive particles have gradually (drop-wise) to the mixture. After that, the
unique properties such as higher stability, long lasting reaction mixture was refluxed under N  atmosphere for
and being safe which make them applicable in many fields about 5 h. Finally the Modified  particles  were  filtered
such as self-cleaning, anti-bacterial agent, UV protecting and extracted by washing with toluene/ethanol mixture
agent, environmental purification, water and air purifier, and were dried in a low-pressure oven at 80°C for 12 h.
gas sensors and high efficient solar cells [12]. The grafting of MPTMS on TiO nanoparticles was

Nanoparticles can be directly added to the organic evaluated by TG analysis and FTIR spectroscopy.
matrix. However, because of their incompatibility with
organic matrix and aggregation, the advantages of Dispersion Stability Test: The dispersability of modified
nanoparticles do not exhibit themselves to the full. TiO nanoparticles in a hydrophobic monomer was
Therefore, nanoparticles need some modification to turn studied by sedimentation characteristics of modified TiO
their surface from hydrophilic to organophilic. A lot of in toluene. The Different sedimentation times were
methods can be used to modify nanoparticles, for measured for each sample based on the alternation of
example, surface-active agent, coupling agent, fatty acid absorbency of the suspensions. Samples were prepared
and alcohol have been studied to modify nanoparticles in a 20 ml vial with 0.02 g unmodified or modified TiO
[13]. added in 10 ml toluene and dispersed for 15 min with an

In this work, first TiO nanoparticles was reacted with band line ultrasonic. The eight produced TiO /toluene2

(–SH) terminated coupling agents (MPTMS) to prevent suspensions with the same concentrations were
aggregation and to improve the compatibility of particles sedimented normally at 0, 0.5, 1, 1.5, 2, 2.5, 5 and 10 min,
with sulfur matrix. Dispersion of modified nano-TiO  in the respectively. The absorbance of the samples was detected2

sulfur matrix plasticized with the mixture of as confirmation at 550 nm by use of FTIR spectroscopy.
dicyclopentadiene and styrene is expected to yield Reported data were subtracted from baseline correction
improved materials properties in several areas. The tensile obtained with pure toluene.
strength of resulted plasticized sulfur matrix modified with
1.6% nano-TiO was investigated as confirmation and Preparation of Plasticized Sulfur/modified TiO2

Nanocomposite:   Reaction  accomplished  in  1000  ml

MATERIALS AND METHODS a reflux condenser, thermometer, dropping funnel,

Materials: Elemental sulfur (Industrial grade powder, nitrogen gas inlet.First sulfur was heated to 140°C and
99.5%) was prepared from Razi Petrochemical Co., Iran, kept at this temperature to be molten. Then, a mixture of
Styrene (Merck, 99%), Dicyclopentadiene (Merck, 98%), 5/15wt.% of DCPD/styrene and about 2% N, N, N', N',
N, N, N', N', Tetramethylethylenediamine (Merck, 98%), tetramethylethyldiamine (by weight of DCPD) as inhibitor
Titanium dioxide Nano  powder  (AEROSI,P25, 99.5%), were added respectively and gradually. The mixture was
MercaptoPropylTriMethoxySilane (MPTMS, Merck, stirred at the rate of 300 rpm for about 3 h. In the next step,
98%), Ethanol (Merck, 85%), toluene (Merck, 98%) and 1.6 wt.% (by weight of sulfur) of modified-TiO preheated
triethylamine (Merck, 99%) were prepared and kept under at 60°C were added to the reactor and mixed with the
laboratorial conditions. molten   plasticized    sulfur    for   about   30   min.  Finally,
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results were reported.
five-necked glass reactor placed in oil bath equipped with

mechanical stirrer with a stainless steel anchor device and

2
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prepared samples poured into the warmed and greased chemically bonded to TiO  nanoparticles. Pure MPTMS
molds to be constructed for the mechanical investigation. peaks are indicated by C-H stretching bond in 2942 cm
Tensile and compressive strength tests are considered as and 2841 cm , S-H weak stretching in 2550 cm .
mechanical study by Gotech testing machine, INC model Disappearing Si-O stretching at 1100-1130 cm   and  the
GT-TCS-2000, according to the ASTM-D-638-96 and Ti-O-Si transmittance peak at 1044 cm  is found for the
ASTM-D-695 after seven days. All samples were modified TiO , implying the coupling agent was grafted on
determined at a crosshead speed of 5 mm/min and the TiO surface by covalent chemical bonding.
reported results are the average of five successful tests.

RESULTS AND DISCUSSION nano-particles   by  MPTMS  and  grafting  efficiency

FTIR Spectroscopy: FTIR spectroscopy was performed in TG/DTA (USA) in the atmospheric conditionsfrom room
potassium bromide pellet on a Bruker Vertex 70 FTIR temperature up to 750°C with heating rate of 10 °C/min.
spectrometer (Ettlingen, Germany). The general formula of Fig. 4. shows the TG curves for modified and unmodified
a silane coupling agents (SCA) is R SiX , which TiO  nanoparticles. For untreated nanoparticles, there is(y-n) n

includes at least two types of functionality, where X is a a slight weight loss around to160°C which can be due to
hydrolysable alkoxy group and R is an unhydrolysable desorption of physisorbed water and condensation of
organic radical. The MercaptoPropylTriMethoxySilane hydroxyl groups on the surface of particles.For treated
(MPTMS) is a typical representation of such a coupling nanoparticles, weight loss clearly was begun from 300°C
agent whose structure is shown in Fig. 1. up to 600°C which can be translated to debonding and

A metal oxide including TiO has quite large amount degradation of silane functional group on the surface of2

of hydroxyl groups in its surface, which alkoxy groups of nano particles.
silane coupling agent have strong reactivity and can form
covalent bonds. For this reason, the MPTMS coupling Dispersion  Stability   Test   in   an  Organic  Solvent:
agent was employed to modify the surface of TiO  in this The dispersion stability of  modified  nano-TiO  in2

project. toluene was studied  via  comparison  of  visual
The hydroxyl groups on the surface of the TiO inspection of unmodified and modified nano-2

nanoparticles (Ti-OH) are reactive sites for the reaction TiO suspensions. The unmodified nano-TiO  particles did
with alkoxy groups of silane compounds as illustrated in not form a stable suspension in toluene (Fig. 5a) and
Fig. 2. [14]. quickly precipitated (less than a few seconds) even

The comparison study on pure MPTMS, untreated after1h ultrasonication. However a homogeneous
nano-TiO and MPTMS-grafted TiO  nanoparticle suspension of the modified nano-TiO particles was2 2

spectrums  (Fig.    3)     clearly    confirmed that   MPTMS observed (Fig. 5b) after about ten minutes.
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TG Analysis:  The thermal behavior of  the  modified

were  investigated   with   Perkin    Elmer   Pyris  Diamond

2

2

2 2

2

Fig. 1: The structure of MPTMS

Fig. 2: Reaction scheme for preparing MPTMS grafted-nano-TiO2
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Fig. 3: FTIR spectra of pure MPTMS (a), untreated nano-TiO  (b) and MPTMS-grafted TiO  nanoparticle2 2

Fig. 4: Thermogram of unmodified TiO nano-particle and Fig. 6: Absorbance variation of nano-TiO  suspension2

modified TiO  nanoparticle vs. sedimentation time at 550 nm2

Fig. 5: (a) unmodified TiO  in toluene; (b) modified TiO nanocomposite and plasticized sulfur matrix confirmed2 2

by MPTMS in toluene that  plasticizers  (DCPD & St) totally improved the tensile

2

In addition, in order to quantify these observations,
UV-Vis spectroscopy was also employed to detect the
absorbance reduction in the single wavelength 550 nm.
The much lower observed for the case of modified TiO ,2

revealed a better dispersion of particles in toluene (Fig. 6).

Mechanical Properties (Compressive and Tensile
Strength): Mechanical properties of prepared composites
are shown in Table 1. The comparison of tensile and
compressive strengths of sulfur, plasticized sulfur
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Table 1: Comparison of tensile and compressive strength of composites
Sample code Compressive strength (MPa) Tensile strength (MPa)
Sulfur 1.78 1.34
Plasticized sulfur matrix 10.78 3.49
Plasticized sulfur/modified TiO nanocomposite 7.94 4.502

Fig. 7: TEM image of plasticized sulfur matrix modified TiO are shown in Figs. 7 &8. As can be seen,

Fig. 8: TEM image of plasticized sulfur/modified TiO matrix, Surface modification of TiO  nanoparticles were2

nanocomposite accomplished through employing of MPTMS

and compressive strength of sulfur. The decrement of agents. Grafting of the silane coupling agent was found
compressive strength of plasticized sulfur in the presence so effective to modify the surface properties of TiO
of modified TiO  was negligible. nanoparticles from hydrophilic to hydrophobic character2

The comparative study of results shows that the by improvingdispersability in a weakly polar media such
plasticization of sulfur and presence of nano particles as toluene.
caused the improvement in mechanical properties such as Investigating on the mechanical properties of
reducing the expansion/contraction of sulfur during plasticizedsulfur composites declared that composites
thermal cycling and increasing the durability of products, containing modified nano-TiO  have better tensile
so tensile and compressive strengths of plasticized sulfur strengthin comparison to plasticized sulfur matrix. This
significantly increased. This is interpreted as proximating showed proper interaction (dispersionand interfacial
to critical amount of nano TiO  in tensile case that made adhesion) between matrix and the inorganic components.2

it reinforced and far from the critical amount for The slight decrement of the compressive strength in
compressive one caused destruction. According to the comparison  to  plasticized  sulfur  matrix  represented that

references, the critical value of nanoparticles for
improvement of sulfur matrix mechanical properties such
as compressive or tensile is different [15].

Morphological Study: The structure of nanocomposite
was studied using transmission electron microscopy
(TEM). The   specimens   were  prepared  by  dispersing
of  powder   of   samples  in  alcohol  using  ultrasonic.
The solution was dripped on copper grids to be viewed
with a Philips CM-10 electron microscope at an
accelerated voltage up to 100 kv. The TEM analysis of
was conducted to verify the level of
nanoparticledispersion in the matrix. TEM micrographs of
plasticized sulfur matrix and specimens containing 1.6%

2

the nanocomposites fabricated with excellent particle
dispersion that is due to the high compatibility between
the plasticized sulfur matrix and the modified  Titania.
Also the Unreacted sulfur was observed on the TEM
images as black points.

Comparison between TEM images of plasticized
sulfur matrix and plasticized sulfur composite contain
modified nano-TiO  (Fig.7 and 8) shows that modified2

nano-TiO  have dispersed in the matrix uniformly.2

CONCLUSION

To improve the Dispersion ability and possible
interactions between nanoparticles and plasticized sulfur

2

(MercaptoPropylTriMethoxySilane) as a silane coupling

2

2
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the particle loading is not in critical value for compressive 6. Zhang, J., X. Wang, L. Lu, D. Li and X. Yang, 2003.
strength. When the compressive stress loaded on the Preparation and Performance of High-Impact
composites which were beyond critical value, the damage Polystyrene (HIPS)/Nano-TiO  Nanocomposites.
to the composite were resulted due to the destruction of Journal of Applied Polymer Science, 87: 381-385.
the interphase between plasticized sulfur and Titania 7. Milutin, S., 1977. Sulfur Composition with Mica. U.S.
particles. Phenomena denoted that the internal surfaces patent, 4(026): 719.
(interfaces) are critical in determining the properties of 8. Schneider, R.A. and S. Milutin, 1981. Plasticized
nano-filled materials since Titania nanoparticles have high Sulfur Compositon. U.S. Patent, 4(308): 072.
surface area/volume ratio, particularly when the size is 9. Milutin, S., 1980. Plasticized Sulfur Coating
less than 100 nm. This high area/volume ratio means that Compositions. U.S. patent, 4(233): 082.
for the different particle loading, nanocomposite will have 10. Dale, J.M. and A.C. Ludwig, 1974. Mine Wall
a different interfacial area. Coating. U.S. patent, 3(823): 019.
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