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1. Introduction

Extensive interest on ultrafine inorganics modified polymers
has been attracted in the recent years for their significantly
increased mechanical properties, thermal properties and so forth.
The dispersion of nanosized inorganics in matrix and the interfacial
bonding between inorganics and matrix are the two critical factors
in determining the final properties of the composites. For polymers
with low polarity, such as polypropylene (PP), due to the great
discrepancy in polarity between inorganics and matrix, the
compatibilization is usually challengeable. Various strategies of
the compatibilization between inorganics and PP have been
reported. Inclusion of compatibilizing agents such as maleic
anhydride grafted PP (MAH-g-PP) is effective and industrially
favorite [1,2]. Pretreatment of inorganics with numerous coupling
agents, such as silanes, is also effective and well documented [3,4].
Incorporation of active monomers such as vinyl monomers, which
undergo grafting onto PP during the processing, provides alter-
native technique for modifying the interfacial bonding [5,6].
Although these strategies are effective in some conditions, some
drawbacks were still found. Firstly, sufficient amount of compa-

tibilizing agents such as PP-g-MAH should be included to achieve
satisfactory results, which leads to high cost and changed matrix.
More importantly, the methods involving silanes and monomers
are hard to achieve controllable and repeatable results, and these
methods are not environmentally friendly. A facil and effective
approach for the compatibilization of nanoparticles incorporated
PP composites is thus of interest especially for industrial
applications.

In rubber industry, different accelerators are used in the rubber
recipes to obtain desired vulcanizing activation. During the
vulcanization process, the accelerator reacts with sulfur to give
monomeric polysulfides of the structure Ac-Sx-Ac where Ac is an
organic radical derived from the accelerator (e.g., benzothiazyl-).
The monomeric polysulfides interact with rubber to form
polymeric polysulfides, e.g., rubber-Sx-Ac. During this reaction,
2-mercaptobenzothiazole (MBT) is formed when the accelerator is
a benzothiazole derivative and the elastomer is natural rubber. (In
styrene-butadiene rubber (SBR) the MBT binds to the elastomer
molecular chain probably as the thioether rubber-S-Ac.) When
MBT itself is the accelerator in the natural rubber, it first disappears
and then reforms with the formation of BT-S-Sx-S-BT and rubber-
Sx-Ac. Finally, the rubber polysulfides react, either directly or
through an intermediate, to give crosslinks, rubber-Sx-rubber [7].
Inevitable degradation of PP takes place during processing as the
tertiary hydrogen in the PP backbone is susceptible to heat and
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A B S T R A C T

Clay-philic benzothiazole sulfide, capable of donating electrons, is grafted onto polypropylene (PP)

backbones when N-cyclohexyl-2-benzothiazole sulfonamide (CBS), a commonly used accelerator in the

tire industry, is included in the processing of PP/halloysite nanotubes (HNTs) composites. CBS

decomposes at elevated temperature and yields benzothiazole sulfide radicals, which react with the PP

polymeric free radicals generated during the processing of the composites. On the other hand, the

benzothiazole group of CBS is reactive to HNTs via electron transferring. The compatibilization between

HNTs and PP is thus realized via interfacial grafting and electron transferring mechanism. The interfacial

interactions in the compatibilized systems were fully characterized. Compared with the control sample,

the dispersion of HNTs and the interfacial bonding are enhanced substantially in the compatibilized

composites. The significantly improved mechanical properties and thermal properties of benzothiazole

sulfide compatibilized PP/HNTs composites are correlated to the enhanced interfacial property. The

present work demonstrates a novel interfacial design via interfacial grafting/electron transferring for the

compatibilization of PP/clay composites.
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shearing [8]. This may offer great opportunities for compatibiliza-
tion between inorganics and PP via radical chemistry. If the
inorganics is clay, and a specific rubber accelerator is incorporated
into the PP/clay composites, a special compatibilization may be
resulted. The accelerator derived groups may be bound onto
backbone via radical chemistry. On the other hand, the accelerator
derived groups tend to absorb on clay surface due to the specific
molecular characteristics of the accelerators such as conjugated
structure and Lewis basicity [9–12]. The interactions between the
clays and the accelerators may involve single or multiple
mechanisms such as Lewis acid–base interaction, hydrogen
bonding, ionic bonding and electron transfer [13–16]. Therefore,
specific accelerators of rubber may be utilized as the compati-
bilizers of PP/clay composites as the clay-philic accelerators are
capable of decomposing into radicals and reactive towards PP
radicals generated during the processing.

In the present paper, N-cyclohexyl-2-benzothiazole sulfona-
mide (CBS), a commonly used accelerator in the tire industry, is
selected to examine its efficiency in the compatibilization for PP/
halloysite nanotubes (HNTs) composites. HNTs, a tubular alumi-
nosilicate clay with the molecular formula of Al2Si2O5(OH)4�nH2O,
have shown their promising reinforcing effect on the polymers
[17–20]. The principal aim of this work is to provide sufficient
evidences for the reaction between CBS and PP and the electron
transfer interaction between HNTs and CBS. In addition, the effects
of the above interactions on the morphology and properties of the
PP/HNTs composites are examined.

2. Experimental

2.1. Materials

The isotactic PP, with a melt flow index of 2.84 g/10 min (after
ISO-1133: 1997(E)), was purchased from Lanzhou Petro-chemical
Co., China. The HNTs, mined from Yichang, Hubei, China, were
purified according to the reported method [19]. N-cyclohexyl-2-
benzothiazole sulfonamide is an industrial grade product and is
used without purification. The PP to HNTs weight ratio is constant
at 100/30 and CBS content is variable in the range of 1–10 phr
relative to PP.

2.2. Preparation and characterization of PP-g-CBS

The model compound consisting 100 g PP and 30 g CBS were
melting mixed in an extruder and pelletized. To move the
unreacted CBS and the decomposition intermediates of CBS, the
granules were dissolved in xylene at 150 8C for 6 h and the resulted
solution was added slowly into excess acetone under stirring. The
precipitate was filtered and this procedure was repeated for
several times. The final precipitate was vacuumed at 80 8C for 24 h.
The purified grafted PP is referenced as PP-g-CBS and its
appearance is shown in Fig. 1. The PP-g-CBS was pressed into
thin films (1 mm in thick) at 200 8C. An XPS spectrum of the film
was recorded by Kratos Axis UltraDLD with an Aluminum (mono)
Ka source (1486.6 ev). The PP-g-CBS was pelleted with potassium
bromide for FTIR analysis by Nicolet MAGNA-IR760 spectrometer
with resolution of 4 cm�1. PP granule and PP-g-CBS were pressed
into thin films (20 mm in thickness) at 200 8C. UV–vis absorption
spectra of the PP film and PP-g-CBS film were obtained using a
Unico 4802 UV–vis spectrophotometer. The scanning wavelengths
were from 200 nm to 600 nm with the resolution of 1 nm. The
solid-state 13C NMR of the PP-g-CBS powder was conducted at
room temperature in a Bruker AVANCE AV 400 NMR spectrometer.
Pyrolysis-gas chromatography/mass spectrometric (Py-GC/MS)
analysis of PP-g-CBS was conducted on Shimadzu GCMS-QP2010
plus gas chromatography mass spectrometer at 600 8C.

2.3. Characterization of the interactions between HNTs and CBS

The HNTs/CBS model compound (weight ratio of 10/1) was
prepared by vigorously mixing. The Brunauer–Emmett–Teller
(BET) surface area and pore structure of HNTs and the model
mixture were investigated using nitrogen adsorption method with
Micromeritics ASAP 2020. The pore-size distributions were
computed by applying the Barrett–Joyner–Halenda (BJH) method.
2-mercaptobenzothiazole, derived by the decomposition of CBS,
was mixed with HNTs and used for in situ FTIR experiment. The
HNTs/MBT mixture was pelleted with potassium bromide and
heated at 5 8C/min from room temperature to 240 8C in the
chamber of the spectrometer.

2.4. Preparation and characterization of benzothiazole sulfide

compatibilized PP/HNTs composites

A twin-screw extruder was used to prepare the PP/HNTs/CBS
composites. The temperature setting of the extruder from the
hopper to the die was 180/190/195/200/200/190 8C, and the screw
speed was 100 rpm. The pelletized granules were dried under 80 8C
for 5 h and then injection molded under the temperature of 200 8C.
Mechanical tests were conducted according to ISO 527: 1993, ISO
178: 1993 and ISO 180: 1993 respectively. The composite samples
were unltramicrotomed (EM ULTRACUT UC, Leica) and observed
with Philips Tecnai 12 TEM machine. The SEM observations of the
impact fractured surface for the composites were done using
LEO1530 VP SEM machine. The melting curves of the samples,
which had the same thermal history, were recorded by TA DSC Q20
at the rate of 10 8C/min under nitrogen atmosphere. TGA of the
composites was carried out with TA Q5000 from room temperature
to 600 8C at a heating rate of 10 8C/min under N2 atmosphere.

3. Results and discussion

3.1. Grafting of benzothiazole sulfide onto PP

Benzothiazole sulfide is expected to chemically bond onto PP
backbone via mechanisms of radical reactions. On heating, CBS
decomposes and yields radicals, which are reactive to PP
macromolecular radicals. In order to confirm the reactions
between PP and CBS, the detailed characterizations on PP-g-CBS
were performed. Fig. 2 is the XPS survey spectrum of PP-g-CBS. It
can be seen the N and little S element are observed in the PP-g-CBS,
suggesting grafting of benzothiazole groups onto PP. The O
element in the PP-g-CBS is attributed to carbonyl groups due to
partially thermal oxidation of PP during the processing. Fig. 3 is the

Fig. 1. Photo of PP-g-CBS.
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comparison between FTIR spectra of PP and PP-g-CBS. The
spectrum of PP-g-CBS is quite different from that of PP. The
assignments of the new peaks are done and summarized in Table 1.
The absorptions at 1631 cm�1 and 996 cm�1 are attributed to the
C C bond in aromatic ring [22] and C–S– vibration in benzothia-

zole groups [25] respectively. The absorption around 1718 cm�1 is
attributed to the C O bond [21], which originates from the product
of thermal oxidation of PP. These emerging peaks indicate the
successful grafting of benzothiazole sulfide onto PP. The change of
chemical composition of PP before and after grafting was also
determined by UV–vis spectroscopy, as shown in Fig. 4. Comparing
with the PP spectrum, the increased absorption for PP-g-CBS can be
attributed the absorption of conjugated benzothiazole groups.
Similar increased UV absorptions by introducing conjugated
groups onto PP were also reported [26–28]. Fig. 5 shows 13C
NMR spectra of the PP-g-CBS. The resonances near 44.0 ppm,
26.4 ppm, and 21.8 ppm are attributed to the CH2, CH, and CH3

Fig. 2. XPS survey spectrum of PP-g-CBS.

Table 1
Assignments of the peaks of PP-g-CBS.

Peak location (cm�1) Assignment

1718 C O [21]

1631 C C of aromatic ring [22]

1297 C–N (N attached to C of aromatic ring) [23]

1255 Mixed C–N stretching and N–H bending

(from cyclohexyl amino group) vibrations [23]

1037 C–S–C vibration of thiazole ring [24]

996 C–S [25]

Fig. 4. UV–vis spectra of neat PP film and PP-g-CBS film.

Fig. 3. FTIR spectra of PP and PP-g-CBS.

Fig. 5. 13C NMR spectra of the PP-g-CBS.
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carbons of PP chains, respectively [29]. The resonance near
86.5 ppm [30] is attributed to secondary hydroperoxides. Reso-
nances near 104. 9 ppm and 115.6 ppm are attributed carbons in
alkyl O–C–O of acetals or ketals. The three resonances are all due to
the thermal oxidation product of PP [31,32]. The peaks at
121.1 ppm, 122.5 ppm, 126.3 ppm, 131.1 ppm, 134.1 ppm,
157.2 ppm, and 165.1 ppm are attributed C7, C6, C5, C4, C3, C2,
and C1 of benzothiazole group respectively in PP-g-CBS [33]. Figs. 6
and 7 show the total and enlarged ion chromatography of PP-g-CBS
respectively. The peak at 10.417 min was attributed to pyrolysis of
benzothiazole groups. The corresponding mass spectrum at
10.417 min of the benzothiazole is shown in the Fig. 8 and it is
consistent with the standard mass spectrum of benzothiazole [34].
As PP-g-CBS is sufficiently purified, the results of FTIR, UV–vis, 13C
NMR and Py-GC/MS show that benzothiazole sulfide groups are
covalently bound onto PP. At elevated temperature, CBS decom-
poses into benzothiazole sulfide radicals and cyclohexyl amine
radicals [35–37]. Meanwhile, PP chains generate polymeric free
radicals via tertiary scission and b scission of C–C bonds [38–41].
The coupling between benzothiazole sulfide radicals and PP

radicals may take place during the processing due to the
approximate matching of the yielding temperature of the radicals.
The coupling reactions lead to graft of the benzothiazol sulfide
group onto the PP chain. The possible mechanism of grafting of the
benzothiazole sulfide onto PP backbone is accordingly depicted in
Scheme 1.

3.2. Electron transferring between benzothiazole groups and HNTs

The benzothiazole groups of CBS are reactive to HNTs through
electron transfer interaction mechanism. The N and S of
benzothiazole group have the lone electron pairs and conjugate
with the benzene ring. For HNTs, the aluminum atom or ferric ion
has the unoccupied orbits, which are capable of accepting electrons
[42]. As a result, electron transfer from CBS or its intermediates to
HNTs may occur when they are intimately mixed. The electron
transfer mechanism between CBS and HNTs is verified by in situ
FTIR result. Fig. 9 shows the FTIR evolution of HNTs/MBT during
heating. With increasing temperature, the intensity of the
absorption around 1245 cm�1, characterizing C–S bond in the

Fig. 6. Total ion chromatography of PP-g-CBS at pyrolysis temperature of 600 8C.

Fig. 8. Mass spectrum of PP-g-CBS at 10.417 min.

Fig. 7. Enlarged ion chromatography of PP-g-CBS between 9.25 and 11.25 min.
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benzothiazole group [23], decreases and the absorption blue-shifts
consistently. This can be explained by the fact that the S atom in
the benzothiazole group has the lone electron pairs and have the
capability of donating electron. Under heating, the electron
transferring from MBT to HNTs takes place. In addition, the
absorption around 1315 cm�1 and 1490 cm�1of which attributed
to C–N [43] bond and C–C bond in the benzene ring [23], which can
donate electron or transfer electrons, also have similar trends
which is shown in Fig. 9(b) and (c). A previous result of the present
authors revealed that the benzoxazolyl groups in the 2,5-bis(2-
benzoxazolyl) thiophene also interact with HNTs via the electron
transfer [44]. Actually, the electron transfer interactions between
other silicates and organic conjugate molecules have also been
reported widely [45–48]. The porosity analysis on HNTs/CBS model
compound was conducted to evaluate the absorption of CBS on
HNTs. Fig. 10 compares the BJH pore-size distribution of HNTs and
HNTs/CBS model compound. For HNTs, the three peaks of the pore
volume vs. pore width curve are around 3, 20 and 50 nm, they are
attributed to surface defects, the lumens of the nanotubes and
pores among the tubes respectively. For the HNTs/CBS model
compound, however, the only peak around 20 nm, characterizing
the lumens structure, is found. The absence of the peak around

3 nm, characterizing the surface defects, may be explained by the
adsorption of CBS molecules onto the surface defects of HNTs. The
absence of the peak around 50 nm may be because the pores
among the tubes are occupied by CBS due to the strong
interactions. CBS behaves like the ‘‘adhesive’’ and bonds the HNTs
together. Therefore, the BET surface area decreases from 50.5 m2/g
for the pristine HNTs to 35.0 m2/g for the HNTs/CBS model
compound. These results demonstrate that the strong interactions
between CBS and HNTs exist. The electron transferring between
the benzothiazole groups and HNTs may be accelerated by heat
generated during the processing of the composites. The electron
transferring between HNTs and benzothiazole is also shown in
Scheme 1. The grafting of benzothiazole sulfide onto PP and the
electron transferring between HNTs and benzothiazoles may lead
to effective compatibilization for HNTs and PP.

3.3. Morphology of benzothiazole sulfide compatibilized PP/HNTs

composites

By incorporating CBS into the PP/HNTs composites, the
morphology of the composites is substantially changed. Firstly,
the compatibilized composites theoretically have better dispersion

Scheme 1. Radical reaction mechanism between CBS and PP chain (I) and electron transferring between HNTs and benzothiazole groups under heating (II).
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of the filler. Fig. 11 shows the TEM photos of the composites. As
expected, the dispersion state of HNTs in the matrix is better than
the control sample at relatively low CBS content (below 7 phr). The
improved dispersion of HNTs by CBS may be explained by the fact
that CBS, which interacts with HNTs, can promote the dispersion of
HNTs in the matrix. Overloading CBS (above 7 phr) leads to
aggregation of HNTs, as overloaded CBS on HNTs adhere the HNTs

into aggregates. In addition, the compatibilized composites
possess better interfacial bonding. As shown in Fig. 12, better
interfacial bonding is achieved in the CBS incorporated composites
as evidenced by blurrier interface and ductile deformation or
fibrillation of PP surrounding the nanotubes. The better interfacial
adhesion is due to the compatibilizing effect of CBS towards PP/
HNTs composites via grafting and electron transfer. In Fig. 12(c),
interestingly, some fibrils in microscale are observed in the
composites with higher CBS content. The fibrils are considered as
the organization by the conjugated decomposition intermediates
of CBS. As shown in Scheme 1, benzothiazole sulfide radicals may
be coupled each others to a rodlike conjugated molecule, 2,20-
benzothiazolyl disulfide (MBTS). It can be aligned into fibrils under
heating and shearing. The chemical composition of the fibrils is
verified by the X-ray energy dispersive spectrometer result which
is shown in Fig. 13. Table 2 summarized the elemental relative
content of the fibrils. Sulfur is the characteristic element for the
CBS and PP and HNTs are essentially sulfur free. From Fig. 13 and
Table 2, the fibrils are mainly composed of MBTS and little of HNTs.
Ordered structures assembled by organic rigid molecules have also
been reported elsewhere [49–51] and fibrils assembled by HNTs
and conjugated molecule has been reported by the present author
[44].

3.4. Mechanical properties of benzothiazole sulfide compatibilized PP/

HNTs composites

Uniform dispersion of nanoparticles and improved interfacial
bonding generally lead to the improvement of mechanical
properties and thermal properties of composites. The mechanical
properties data of the neat PP and compatibilized PP/HNTs
composites is summarized in the Table 3. The strength and
modulus of the compatibilized composites are much higher than
those of the control sample, although the compatibilized
composites suffer from slight decrease in impact strength. For

Table 2
X-ray EDS spectra data of the fibrils in SEM photos.

Element Weight percent (%) Atom percent (%)

C 58.1 76.2

O 6.5 6.4

Al 0.5 0.3

Si 0.6 0.3

S 34.3 16.8

Total 100 100

Fig. 9. In situ FTIR of MBT/HNTs model compound.

Fig. 10. BJH pore-size distribution of pristine HNTs and HNTs/CBS model mixture.
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example, compared with the control sample, incorporation of 3 phr
CBS (2.3 wt.% relative to the composite) brings 18%, 18%, and 33%
increases in the tensile strength, flexural strength and flexural
modulus respectively. Although over loading of CBS (above 7 phr)
causes slight decease in mechanical properties, the mechanical
properties of the compatibilized PP/HNTs composites are still
considerably higher than those of the control sample. The positive
effect of CBS on the mechanical properties of PP/HNTs composites
can be attributed the enhanced dispersion of HNTs and improved
interfacial bonding. The slightly decreased strength and modulus
of composites with higher CBS content (above 7 phr) are correlated
to the presences of HNTs aggregates and fibrils in the composites,
which serve as stress concentration points. The slightly decreased
impact strength of CBS included PP/HNTs composites is considered

as the result of excessive interfacial crosslinking between PP and
HNTs. Similar decreased impact strength caused by excessive
interfacial crosslinking has also been experienced in PP/vermicu-
lite nanocomposites [52].

3.5. Thermal properties of benzothiazole sulfide compatibilized PP/

HNTs composites

Fig. 14 shows the melting curves of PP and the benzothiazole
sulfide compatibilized PP/HNTs composites. The insert graph is the
melting curves of PP and PP-g-CBS. From the Fig. 14, in absence of
CBS, the PP/HNTs sample exhibits two melting peaks at around
150 8C and 165 8C, characterizing the presence of b and a
crystallites respectively. The endothermic shoulder peak around

Table 3
Mechanical properties of benzothiazole sulfide compatibilized PP/HNTs composites. (Data in the parentheses indicates the standard deviations.).

Samples Tensile strength (MPa) Flexural strength (MPa) Flexural modulus (GPa) Impact strength (kJ/m2)

Neat PP 33.5 (0.7) 43.7 (0.6) 1.35 (0.02) 4.80 (0.65)

CBS content (phr) Control 34.6 (0.2) 53.3 (0.4) 2.32 (0.04) 3.94 (0.38)

1 39.0 (0.3) 60.6 (0.6) 2.87 (0.03) 3.85 (0.29)

3 40.7 (0.3) 63.1 (0.3) 3.08 (0.04) 3.31 (0.19)

5 41.2 (0.3) 63.0 (0.4) 3.03 (0.05) 3.31 (0.07)

7 41.2 (0.1) 61.9 (0.3) 2.90 (0.06) 3.23 (0.08)

10 40.5 (0.1) 59.6 (0.3) 2.68 (0.06) 3.17 (0.07)

Fig. 11. TEM photos of PP/HNTs composites with variable CBS content: (a) control; (b) 3 phr; (c) 10 phr.
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170 8C could be attributed to the melting of interphase between
HNTs and PP. Similar phenomena has also been reported in other
composite systems such as PP/CNTs and PA/CNTs composites [53–
55]. The pristine HNTs exhibit b crystallite nucleating capability in
PP matrix [56]. By increasing the CBS content, the peak around
150 8C which is attributed to b phase melting decreases gradually
and eventually disappears. As discussed above, CBS tends to absorb
on the surface of HNTs and this changes the surface character of
HNTs, which determines the nucleating ability for polymer [57,58].
Therefore, HNTs lose the b phase nucleating capability for PP in the
benzothiazole sulfide compatibilized composites due to the wrap-
ping of HNTs by the organics. Noticeably, the a and b phase melting
temperatures of the PP-g-CBS and the CBS included composites are
lower than those of the control sample. This may be explained by the
fact that the grafting of benzothiazole sulfide onto PP chains leads to
more serious decomposition of PP. Consequently the compatibilized
samples undergo melting under lower temperature. Incorporating

clay usually results in decreased thermal stability of PP due to the
presence of surface acid sites on the clay [59–63]. As expected the
control sample shows much lower degradation temperature
compared with the neat PP as shown in Fig. 15. The temperature
range of the degradation of PP-g-CBS is nearly same as the neat PP,
which indicates that the grafting of CBS has little effect on the
degradation of PP chain. Benzothiazole sulfide compatibilized PP/
HNTs composites, however, show substantially higher degradation
temperature compared with the control sample. The degradation
temperature of compatibilized PP/HNTs composites is increased

Fig. 14. Melting curves of the neat PP and benzothiazole sulfide compatibilized PP/

HNTs composites with variable CBS content: (a) neat PP; (b) control; (c) 1 phr; (d)

3 phr; (e) 5 phr; (f) 7 phr; (g) 10 phr.

Fig. 12. SEM photos of PP/HNTs composites with variable CBS content: (a) control; (b) 3 phr; (c) 10 phr (black arrows represent the ductile deformation region or the

fibrillation of PP).

Fig. 13. X-ray EDS Spectra of the fibrils.
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with the content of CBS. The results suggest the shielding effect of
benzothiazole groups on the acidic sites on the HNTs surface. In
addition, the better thermal stability of the compatibilized PP/HNTs
composites can be partly attributed to the improved interfacial
crosslinking by CBS.

4. Conclusions

CBS, a commonly used accelerator in tire industry, was utilized
as the compatibilizer for the PP/HNTs composites. CBS decom-
posed at elevated temperature and yielded benzothiazole sulfide
radicals, which reacted with the PP macromolecular radicals to
yield benzothiazole sulfide grafted PP. On the other hand, the
benzothiazoles on the grafted PP were reactive to HNTs via
electron transfer. Consequently, CBS acted as the special compa-
tibilizer for the PP/HNTs composites. Upon addition of CBS, the
composites with much better dispersion of HNTs and higher
interfacial bonding were obtained. The interfacial interactions in
the compatibilized composites were evidenced. The compatibi-
lized composites showed higher mechanical properties and
thermal degradation stability, which were correlated to the
enhanced interfacial property. The present work presented a
novel interfacial design via interfacial grafting/electron transfer-
ring for the compatibilization of PP/clay composites.
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