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Abstract: The effects of both organical-
ly modified montmorillonite (OMMT)
and Ni,O; on the carbonization of
polypropylene (PP) during pyrolysis
were investigated. The results from
TEM and Raman spectroscopy showed
that the carbonized products of PP were
mainly multiwalled carbon nanotubes
(MWNTs). Surprisingly, a combination
of OMMT and Ni,O; led to high-yield
formation of MWNTs. X-ray powder
diffraction (XRD) and GC-MS were

this combination for the high-yield for-
mation of MWNTSs from PP. Brgnsted
acid sites were created in degraded
OMMT layers by thermal decomposi-
tion of the modifiers. The resultant car-
benium ions play an important role in
the carbonization of PP and the forma-
tion of MWNTs. The degradation of
PP was induced by the presence of car-
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benium ions to form predominantly
products with lower carbon numbers
that could be easily catalyzed by the
nickel catalyst for the growth of
MWNTs. Furthermore, carbenium ions
are active intermediates that promote
the growth of MWNTs from the degra-
dation products with higher carbon
numbers through hydride-transfer reac-
tions. The XRD measurements showed
that Ni,O; was reduced into metallic
nickel (Ni) in situ to afford the active

used to investigate the mechanism of

Introduction

The total amount of plastic waste generated by our society
is growing rapidly. Landfill is undesirable due to the low
biodegradability of plastics, especially polyolefins, which are
one of the main components of plastic waste. Therefore, the
effective disposal of the waste, a serious environmental
problem, is a research topic that needs to be explored.
Waste can be thought of as a resource reservoir, this be-
comes significant when the shortage of resources is consid-
ered.!" Incineration can be used to transfer the waste plastic
into energy, however, the loss of potential chemical resour-
ces and the negative public acceptance has limited the appli-
cation of this solution. Conversion of the used plastics into
valuable chemicals or materials is an ideal alternative. Deg-
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sites for the growth of MWNTs.

radation of recycled polyolefins has been widely explored
with regard to preparing hydrocarbons and fuel.’) Catalytic
degradation, which usually takes place in the presence of
solid acids, operates at lower temperature than that of ther-
mal degradation, and affords quality products that, however,
are still a mixture of various components with different
carbon numbers and different structures. Synthesis of
carbon nanotubes (CNTs) from carbon materials is a new
potential application for recycling polyolefins.

The range of new methods for the synthesis of CNTs
since their discovery® is attractive, as CNTs possess unique
properties and applications.”! Catalytic decomposition of
carbon containing feedstock is a promising method for the
production of CNTs on a large scale.”) Numerous carbon-
containing chemicals, such as CH,, C;H,, and CsH, were
used as carbon sources to produce CNTs through catalysis.
Polymeric materials, such as polyolefins, have been explored
as starting materials for the preparation of CNTs.®! This
offers the advantage of resource saving and environmental
protection, as to sustain development and an increasing
demand for petroleum, a large amount of virtually nonde-
gradable polyolefins to be recycled replacing incineration
and landfilling. A further advantage of carbonization is the
release of hydrogen gas. However, recycling polymers as
carbon sources leads to problems; the yield of conversion is
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low, because the temperature for pyrolysis of carbon sources
to synthesize CNTs is higher than that for degradation of
polymers, thus, most of the degradation products escape as
gaseous components. Chung et al. reported the synthesis of
multiwalled CNTs (MWNTs) from catalytic pyrolysis of
polypropylene (PP) by iron nanoparticles, however, the con-
version of PP was not provided.® Furthermore, the mecha-
nism is extremely complicated because degradation and car-
bonization take place simultaneously. The pathways of ther-
mal or catalytic degradation” are different, the former is
based on a free radical active intermediate and the latter is
based on a carbenium ion as the active intermediate. Two
kinds of degradation reaction can result in different degra-
dation products, which can affect the carbonization behav-
ior, the resulting yield, and structure of the CNTs. The
match of carbon sources with catalyst is an important factor
for the yield of CNTs.®l Our previous results show that a PP
mixture containing a supported nickel catalyst (S—Ni) and
organically modified montmorillonite (OMMT) could be
transformed into MWNTs with high yield through a com-
bustion reaction.”!. We have shown that montmorillonite
(MMT) that contains hydrogen protons (H-MMT) will
form on MMT layers after the thermal decomposition of al-
kylammonium in OMMT. The thermal degradation of PP
will then change into the catalytic degradation of PP as H—
MMT begins to act as a degradation catalyst during pyroly-
sis. Therefore, in the presence of both OMMT and nickel
catalyst, two kinds of catalytic reaction are involved during
synthesis of MWNTs from PP, one being catalytic degrada-
tion of PP and the other carbonization of the degradation
products. However, the chemical nature of the combination
of OMMT and nickel catalyst for the formation of MWNTs
needs to be further investigated, especially the effect of
active intermediates, which is seldom reported. During prep-
aration of this paper, we noticed a report from Reilly and
Whitten,!”l in which free radical condensates were thought
to act as an intermediate and reaction medium for the hy-
drocarbon-based chemical vapor deposition (CVD) produc-
tion of CNTs. We were interested to see how the carbenium
ions will influence the formation of MWNTs in the reaction
system. By using PP as a model polymer, the combined cat-
alysis of solid acid and nickel catalyst on formation of
MWNTs during pyrolysis was investigated. We report
whether and how the catalytic degradation reaction influen-
ces the carbonization during pyrolysis of PP due to existence
of carbenium ions as active intermediates. Our motivation is
to establish a basis for the transformation of used polyolefin
into CNTs.

Results and Discussion

Carbonization behavior of PP/PPMA/OMMT/Ni,O; mix-
ture during one-pot pyrolysis: Based on our previous re-
sults,”’! the carbonization behavior of a PP/PPMA/OMMT/
Ni,0;=280/10/5/5 (by weight)(PPMA=maleated polypropy-
lene) mixture was investigated in a one-pot pyrolysis at
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700°C. A Ni,O; compound was used instead of the S-Ni,
combined with the OMMT. The charred residue was com-
posed of fiber like char and MMT layers (Figure 1 a,b).
After purifying, TEM observation showed that the purified

Figure 1. Microstructure of the char prepared from PP mixtures with
Swt% of OMMT and 5wt% of Ni,O; by a one-pot pyrolysis. a) and
b) FESEM micrographs of the obtained sample, c) TEM micrograph of
the sample purified by HF and HNO;, d) higher magnification TEM
image of a typical MWNT.

fiber like char contained MWNTSs (Figure 1 c). The yield of
MWNTs was 44.8 wt% (Table 1). A detailed structure of a

Table 1. Effect of solid acids on the yield of MWNTs (at 700°C).

Pyrolysis method Solid acid Yield of MWNTs [wt % ]!
one-pot!?! blank 8.0

Na—MMT 15.6

OMMT 44.8

NH,~-MMT 56.0

Na—ZSM-5 10.9

H-ZSM-5 42.0
two-stage!”! blank 5.0

OMMT 28.0

[a] PP/PPMA/inorganic solid/Ni,O;=80/10/5/5, and the “blank” sample
of PP/PPMA/Ni,O;=380/10/5; these samples were pyrolyzed directly.
[b] The degradation products of 95 parts PP/PPMA/OMMT =80/10/5 or
90 parts PP/PPMA =80/10 (for the “blank” sample) passed through
5 parts Ni,O;. [c] After purification by HNO; and HF.

single tube of the purified MWNTs is given in an image of
high-resolution transmission electron microscopy (HRTEM)
(Figure 1d). The sidewall of the tube consists of graphite
layers, which are not perfectly concentric. Raman spectros-
copy was used to characterize the vibrational properties of
the obtained MWNTs. There are two vibrational peaks on
the Raman spectrum of the above sample (Figure 2). The
peak at 1581 cm™' (G-band) corresponds to an E,, mode of
hexagonal graphite and is related to the vibration of sp*-
bonded carbon atoms in a graphite layer, and the D-band at
1347 cm ™ is associated with vibration of carbon atoms with
dangling bonds in the plane terminations of disordered
graphite or glassy carbons. The results from thermogravi-

— 3235

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

T. Tang et al.

A EUROPEAN JOURNAL

. 1581
1347
>
‘»
c
9]
E
o
2
©
0]
m |
500 1000 1500 2000

Raman Shift / cm-!

Figure 2. Raman spectra of the purified MWNTs from a PP/PPMA/
OMMT/Ni,0;=80/10/5/5 (by weight) mixture.

metric analysis (TGA) showed that the maximum weight
loss of the purified MWNTs occurred at 560°C (Figure 3).
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Figure 3. TGA weight-loss curves of the purified MWNTs from a PP/
PPMA/OMMT/Ni,0;=80/10/5/5 (by weight) mixture.

A little decomposition occurs at temperatures below 500°C,
indicating that the MWNT sample is relative pure. The de-
composition temperature of these MWNTs is slightly lower
than that previously reported for MWNTs that had been
synthesized by supercritical fluids and CVD.'"! The differ-
ence in decomposition temperature may be attributed to
some disordered graphite or glassy carbons that exist in the
sidewalls of MWNTSs. This result is consistent with those of
Raman spectroscopy and HRTEM.

Effects of Bronsted acid sites of solid acids on the yield of
MWNTs from PP during one-pot pyrolysis: The effect of
various solid acids in the PP matrix on the yield of MWNTSs
during one-pot pyrolysis at 700°C is exhibited in Table 1. In
the absence of solid acids, the carbonization of the PP/
PPMA/Ni,0;=80/10/5 (by weight) mixture did not give a
high yield of MWNTs. In contrast, in the presence of both
OMMT and Ni,O;, the yield of MWNTs was increased to
44.8 wt %, which was similar to our previous results.’ After
Nat—montmorillonite (Na—MMT) was modified by NH,*
Cl” by ion exchange (NH,~MMT), the PP/PPMA/NH,—
MMT/Ni,O;=80/10/5/5 (by weight) mixture gave a much
higher yield of MWNTs (56.0 wt%, Table 1, NH,—MMT).
However, the combination of Na—MMT and Ni,O; in a PP
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matrix afforded a yield of only 15.6 wt% under the same
conditions (Table 1, Na—MMT). As the degree of dispersion
of NH,~MMT is similar to that of Na—MMT and not as
good as that of OMMT, it should not contribute to the high-
yield formation of the MWNTSs. Other factors that strongly
influence carbonization of PP catalyzed by Ni,O; must exist.

It is known that the thermal decomposition of (alkyl)am-
monium in the OMMT or NH,—~MMT will leave hydrogen
protons on the MMT layers to form H-MMT."” The FTIR
spectra of adsorbed pyridine after desorption at 150°C on
Na—MMT and H-MMTs from thermal decomposition of
OMMT and NH,~MMT provide an insight into the nature
of the acid sites in these materials (Figure 4). Two bands at

0.25+ 1441

H-MMT
(from NH,-MMT)

0.204

H-MMT
(from OMMT)

Relative absorbance

0.10 T T T T 1
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Figure 4. FTIR spectra of the adsorbed pyridine on Na—MMT and H—
MMTs from OMMT and NH,~MMT in the 1300-1800 cm™' range after
pyridine adsorption and then desorption at 150°C.

1548 and 1441 cm™!, which are characteristic of Brgnsted
and Lewis acid sites,™¥ respectively, were observed for the
H-MMTs. However, no such band at 1548 cm™' was ob-
served for the Na—MMT. This suggests that Brgnsted acid
sites on the H-MMTs are a key factor to the high-yield for-
mation of MWNTs.

To confirm the effect of Brgnsted acid sites on the yield
of MWNTs, we chose commercial catalysts H-ZSM-5 and
NaOH modified H-ZSM-5 (Na—ZSM-5), respectively, to-
gether with Ni,O;, to form combined catalysts to catalyze
the degradation of PP and then form MWNTs. The use of
the solid acid H-ZSM-5 for the catalytic degradation of PP
has previously been reported.!'” The yield of MWNTSs ob-
tained from the mixture of PP/PPMA/H—ZSM-5/Ni,O; =80/
10/5/5 (by weight) in a one-pot pyrolysis was higher than
that from the PP/PPMA/Na—ZSM-5/Ni,O;=80/10/5/5 (by
weight) mixture (Table 1, H-ZSM-5 vs. Na—ZSM-5). It is
well known that the use of acid-center catalysts in pyrolysis
results in carbon deposits (amorphous carbon) during hydro-
carbon decomposition.'” The amorphous carbon is thought
to grow simultaneously with the CNTs on the acid sites of
the combined/nickel solid-acid catalyst, which would give
rise to a considerable increase in the production of carbon
deposits. However, the yield of carbon material from PP/
PPMA/OMMT or PP/PPMA/H—ZSM-5 mixtures is less than
6 wt % after pyrolysis at the same conditions. The considera-
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ble increase in carbon deposits from solid acids did not
occur. Thus, the high-yield formation of MWNTs from PP
should mainly be attributed to the combined catalysis of
Brgnsted acid sites on the solid acids and Ni,O;.

The main use of Brgnsted acid sites on the solid acids is
to catalyze the degradation of PP. The activation energy of
catalytic degradation is lower than that of thermal degrada-
tion.”™ Thus, catalytic degradation occurs more readily than
thermal degradation. The experimental results showed that
the degradation products from catalytic degradation of PP
by the OMMT precursor were composed of 30 wt % gas and
70 wt % liquid, whereas those from the thermal degradation
of PP were composed of 10 wt % gas and 90 wt % other frac-
tions (including a small liquid fraction and a lot of waxy
solid). Analysis of gas chromatography (GC) showed that
both gaseous fractions included C;Hq, C,Hy,, C;H,, C;H,,
CH,, and hydrogen gas. Gas chromatography-mass spec-
trometry (GC-MS) was used to measure the liquid fractions
in the degradation products of PP/PPMA =80/10 and PP/
PPMA/OMMT =80/10/5 (by weight) mixtures during pyrol-
ysis at 700°C. The results showed that the degradation prod-
ucts of the PP/PPMA mixture included various alkenes with
a carbon number varying from 7-43. The compounds with
higher carbon numbers were found in the mixture of liquid
fractions and waxy solids (Figure 5a). In contrast, the main
liquid fractions in the degradation products of the PP/
PPMA/OMMT mixture included alkenes with carbon
number ranging from 5-9 (such as 2-pentene, 3-methyl-1-
pentene, 3-methyl-3-hexene, 2-methyl-1-heptene, and 2,3-di-
methyl-3-heptene) and aromatic hydrocarbons with 7-9

CoH1s a)

C7H14

C1sH3o Ca2sHas
C21H43 CstHeo C37H72 CasHsa

iblll,

2.00 6.00 10.00 14.00 18.00 22.00 26.00
Elution time / min

CeH12
CsH1o
/A

2.00 4.00 6.00 8.00 10.00 12.00
Elution time / min

Figure 5. Gas chromatograms of the liquid fractions in the degradation
products of a) PP/PPMA =80/10 and b) PP/PPMA/OMMT =80/10/5 (by
weight).

Chem. Eur. J. 2007, 13, 32343240

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

carbon atoms (toluene for C;Hg, xylene for CgH;, and mix-
ture of ethyltoluene and trimethylbenzene for CoH,,) (Fig-
ure 5b). The existence of a lot of aromatic hydrocarbons in
the degradation products of PP/PPMA/OMMT further con-
firms the catalytic degradation of PP by a cationic mecha-
nism due to the presence of OMMT.

Possibility of carbenium ions participating in the carboniza-
tion of the degradation products of polypropylene: Based
on the above analysis, it is concluded that the effect of the
combined catalysts on the yield of MWNTSs might result
from the formation of carbon sources that are easily trans-
formed to MWNTs, such as hydrocarbons with 1-3 carbon
atoms. Considering possible contact accompanied by inter-
action between OMMT and Ni,O; in the PP matrix during
the one-pot pyrolysis, a two-stage pyrolysis was designed.
First, a PP/PPMA/OMMT mixture (for catalytic degrada-
tion) and a PP/PPMA mixture (for thermal degradation)
were degraded at 700°C, and then their degradation prod-
ucts were passed respectively through Ni,O; at 700°C. Al-
though in this case it is impossible for the OMMT to come
into contact with the Ni,O;, the yield of MWNTs in the case
of catalytic degradation is still higher than that from thermal
degradation (Table 1). This demonstrates that the degrada-
tion products of PP from catalytic degradation are more
easily catalyzed in situ by Ni,O; to form MWNTs. However,
the yield of MWNTs in the case of catalytic degradation is
lower in the two-stage pyrolysis than in the one-pot pyroly-
sis. It is possible that the contact between OMMT and Ni,O4
further promotes the yield of the MWNTs in the one-pot
pyrolysis. To confirm this assumption, the following experi-
ments were designed: case 1, only Ni,O; was put into the
pyrolyzer at 700°C, then 10 mL of 1-hexene was added over
one minute; case 2, Ni,O; and H-ZSM-5 were separately
put into the pyrolyzer at 700°C, then 10 mL of 1-hexene was
added within one minute; case 3, after Ni,0O; and H-ZSM-5
were first mixed together, the mixture was put into the pyro-
lyzer at 700°C, then 10 mL of 1-hexene was added within
one minute. The results showed the yield of MWNTs in this
order: case 3>case 2>case 1 (Table 2). It is logical for the
yield of MWNTs in case 1 to be the lowest. The higher yield
of MWNTs in case 3 relative to case 2 probably results from
the existence of carbenium ions during the carbonization of
carbon sources, as this situation is impossible in case 2. Re-
cently, Kazansky showed that neither the adsorbed carbeni-

Table 2. Effect of combined catalysts on the MWNT yield from different
carbon sources in the pyrolyzer at 700°C.

Yield of MWNTs [wt %]

Carbon source

case 10 case 2[° case 30
propylene! 29.0 29.6 28.4
1-hexenel® 8.0 10.6 21.7
1-dodecene!!! 5.8 8.6 19.9

[a] 0.3 g of Ni,Os. [b] 0.3 g of Ni,O; and 0.5 g of H-ZSM-5, separately.
[c] Mixture of Ni,O;/H-ZSM-5=0.3 g/0.5 g. [d] Propylene was added at
600 mLmin~" for 2 min. [e] 10 mL of 1-hexene was added within 1 min.
[f] 10 mL of 1-dodecene was added within 1 min.
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um ions nor the adsorbed carbonium ions could be consid-
ered as free species because they are strongly electrostatical-
ly bonded to the surface of solid acids.'!

We choose propylene as a typical component of the gas-
eous fraction and 1-dodecene as a typical component of the
liquid fraction of the degradation products of PP to investi-
gate effects of composition and combined states of the cata-
lysts on the yield of MWNTs (Table 2). Interestingly, the
same phenomena was displayed for both 1-hexene and 1-do-
decene, but the yield of MWNTs obtained from propylene
was almost the same for the three different catalyst mix-
tures. On this basis, it is believed that the existence of the
carbenium ions promotes the yield of MWNTs from the
carbon sources with higher carbon numbers only. This is
probably the result of the ready occurrence of hydride trans-
fer reactions in these carbon sources. Therefore, if contact
between Ni,O; and solid acid occurs in the PP mixture
during pyrolysis, the active intermediate states are not free-
radical condensates, but rather carbenium ions. The pres-
ence of carbenium ions can improve the formation of
MWNTs for the following reasons; formation of more mole-
cules with a lower carbon number, which can then easily be
catalyzed by nickel to form MWNTSs, and promotion of the
conversion of molecules with a higher carbon number into
MWNTs by hydride-transfer reaction.

Real active sites for carbonization of the degradation prod-
ucts of polypropylene: To completely understand the above
combined catalysis, it is necessary to clarify whether Ni,Oj; is
a real active site for the formation of MWNTs. The presence
of transition-metal particles as a catalyst is essential for the
formation of CNTs in the pyrolysis process, and the diame-
ter of the CNTs is determined by the size of the metal parti-
cles.'? Normally the catalysts are prepared by reduction of
supported metal oxides by hydrogen gas. Recently, some re-
ports have demonstrated that metal oxides can be used di-
rectly as catalysts for the synthesis of CNTs.'¥! The real
active sites for formation of CNTs were in a metallic state.
In situ reduction might occur through hydrogen gas from
the decomposition of hydrocarbons and/or oxidation-reduc-
tion reactions between hydrocarbons and metal oxides.
Therefore, a previous reduction seems to be unnecessary for
synthesis of CNTs catalyzed by transition-metal oxides.
XRD was used to monitor the states of Ni,O; before and
after growth of MWNTs. In the XRD spectra of a PP/
PPMA/OMMT/Ni,O;=80/10/5/5 (by weight) mixture
(Figure 6, curve d), the diffraction peaks from OMMT are
found at angles lower than 5°, inferring the intercalated
structure of the above mixture. The diffraction peaks of PP,
OMMT, and Ni,O; in the charred residue disappeared com-
pletely after pyrolyzation at 700°C (Figure 6, curve e).
Meanwhile three new diffraction peaks appeared, one is as-
cribed to the charred materials with graphitic structure and
the others to the metallic state of nickel (Ni) (Figure 6,
curves e and a). Comparing XRD patterns of Ni with those
of Ni,O; (Figure 6, curves a and b), it was clear that nickel
existed as Ni,O; in the mixture of PP/PPMA/OMMT/Ni,0;
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201°

Figure 6. XRD profiles of a) Ni from reduction of Ni,O; by H,, b) Ni,O3,
c) PP, d) PP/PPMA/OMMT/Ni,O;=_80/10/5/5 (by weight), e) the charring
products of (d).

and as elemental Ni in the charred residue of the PP/
PPMA/OMMT/Ni,O; mixture. This showed that Ni,O; was
reduced to Ni during pyrolysis.

There are two possible pathways to reduce Ni,O; into Ni;
one from hydrogen gas and the other from the degraded hy-
drocarbon products of PP. The degradation of PP can pro-
vide an amount of hydrogen gas and various hydrocarbon
products, according to measurements by GC and GC-MS.
There was no change in the diffraction peaks of Ni,O; in the
XRD profile after heating for 6 min in the pyrolyzer at
700°C. However, after only a little propylene was passed
through Ni,O; (or a Ni,Os/PP mixture was heated) at 700°C
for 3 min in the pyrolyzer, the diffraction peaks of Ni,O; in
the XRD profiles became very weak and even disappeared,
and those of Ni appeared (Figure 7, curves ¢ and d). This
means that the nickel had been changed from Ni,Oj; into Ni
in the initial period of MWNT growth. Some previous re-
ports showed that the formation of carbon nanofibers
(CNFs) on polycrystalline Ni started with formation of
metastable Ni;C, which later decomposed into Ni and C, ac-

* Ni(0)
0 Ni,0,

201°

Figure 7. XRD profiles of a) Ni,O; and its derivatives from the following
treatments: b) heating for 6 min at 700°C, c) after heating for 3 min at
700°C, a little propylene gas passing through the Ni,O;, d) Ni,O,/PP mix-
ture heated at 700°C for 3 min.
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cording to XRD measurements.'” However, a similar phe-
nomenon in the reduced Ni,O; at 700°C was not observed
in our experiments, possibly indicating that the metastable
Ni;C could not form or had already decomposed at
700°C."**! The Ni state was maintained after formation of
MWNTs from PP (Figure 6, curve e¢). The above results
demonstrate that the Ni,O; was not the active catalytic spe-
cies for the growth of MWNTSs, and that the metallic Ni
from the in situ reduction was the real active catalytic spe-
cies, as had been previously reported.!'s*"!

Mechanism of combined catalysis for formation of MWNTs
from polypropylene: The mechanistic aspect of the com-
bined catalysis for the formation of MWNTSs from polyprop-
ylene is depicted in Scheme 1. Brgnsted acid sites are first

s HY
Hoffman reaction >

OMMT (1) H-MMT
‘('CHZ"‘CH‘),‘-, Solid ac-id Hz
(IJH Pyrolysis -
: @ Cn(n21) ——— CNTs
Niz03 —Hz*+Cn_o Ni
e Reduction Ni Cn U’"*)% CNTs

© (4)

Scheme 1. Mechanism for the combined catalysis for the formation of
MWNTs from polypropylene during pyrolysis.

created on the MMT layers to form H-MMT after the ther-
mal decomposition of alkylammonium in the OMMT during
pyrolysis (1). Then H-MMT acts as a strong catalyst for cat-
alytic degradation of PP by a cationic mechanism (2). In
general, the isomerization, cyclization, aromatization, and
hydride transfer would take place during the catalytic degra-
dation of PP, which leads to the formation of alkene, cyclo-
alkanes, cycloalkenes, and aromatic hydrocarbons in the
degradation products.’"! The catalytic degradation of PP will
afford gas and liquid fractions with lower carbon numbers
than the fractions afforded by thermal degradation. In the
third step (3), Ni,Oj; is reduced to Ni in situ, probably by H,
and/or other degradation products from the catalytic degra-
dation of PP. The degradation products will be catalyzed to
form CNTs by a dissociation-diffusion-precipitation process
(4).2Y Here, the molecules with lower carbon numbers (a)
in the degradation products of PP are easily catalyzed by Ni
in situ to form MWNTSs. In addition, the molecules with
higher carbon numbers (b), in the degradation products of
PP, will be easily catalyzed by Ni to form MWNTs due to
the existence of carbenium ions in the reaction system. Car-
benium ions can accelerate the dehydrogenization of hydro-
carbons by Ni catalysts by a hydride transfer reaction. In
contrast, molecules with higher carbon numbers, main prod-
ucts in thermal degradation of PP, were difficult to trans-
form into the MWNTSs. The above mechanism also applies
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to the combined catalysts of other solid acids, containing
Brgnsted acid sites, with Ni catalysts.

Conclusion

The catalyst H-MMT used in the degradation of PP strongly
influences the carbonization behavior of PP and the forma-
tion of MWNTs. That the combination of OMMT and the
nickel catalyst leads to higher yields of MWNTSs during py-
rolysis is due to the Brgnsted acid sites upon the H-MMT
layers and the metallic Ni formed in situ from the reduction
of Ni,O; during the transformation of PP into MWNTs. The
presence of carbenium ions as intermediates in the catalytic
degradation of PP promotes the formation of MWNTs from
the degradation products as carbon sources, especially those
with higher carbon number. The above mechanism identi-
fied during pyrolysis of PP should be applicable to the car-
bonization process of recycled PP and should help in the un-
derstanding of the effect of combined catalysis on the fire
retardancy of PP Research on combined catalysis for the
synthesis of CNTs from other polymers and recycled poly-
mers is in progress.

Experimental Section

Materials and preparation of samples: Polypropylene (PP, melt-flow
index of 0.8 gmin~') was mixed with Ni,O; (from Lingfeng Chemical
Company of Shanghai) and inorganic solids in a Brabender mixer at
100 rpm and 190°C for 10 min. Inorganic solids include Na*—montmoril-
lonite (Na—MMT, with a cation exchange capacity value of 119 mequiv
per 100g from Kunimine Co.), organic-modified montmorillonite
(OMMT, Closite 15 A from Southern Clay, organic modifier: dimethyl-
dihydrogenated-tallow quaternary ammonium salt, modifier concentra-
tion: 125 mequiv per 100 g clay), NH,*Cl -modified montmorillonite
(NH,—MMT, prepared by complete ion-exchange in this Laboratory),
commercial H-form ZSM-5 (H-ZSM-5), and NaOH modified H-ZSM-5
(Na—ZSM-5, prepared in this Laboratory). 10 wt% of maleated poly-
propylene (PPMA, acid value 26 mg KOH g!) was added into the above
mixture as a compatibilizer. To observe char formation of PP during py-
rolysis, a portion of the above PP mixture was put into a pyrolyzer and
pyrolyzed at 700°C. This process is called a one-pot pyrolysis. After the
gaseous fraction was released, the charred residue was collected. The
charred residue was purified with hydrofluoric acid (HF) and nitric acid
(HNO;) to eliminate MMT or ZSM-5, amorphous carbon, and most of
the Ni. HF effectively dissolves inorganic solids. Based on reference [22],
HNO; can effectively oxidize the amorphous carbon on the surface of
CNTs and dissolve the Ni catalyst. The charred residue was first im-
mersed in the HF for 24 h, then the residue was washed by deionized
water three times. The residue was then suspended in a concentrated
HNO; solution and refluxed at 120°C for 5 h. Then, the solution was cen-
trifuged, the supernatant liquid was decanted off and the black sediment
is resuspended in deionized water. This rinse procedure is performed
three times. The yield of the MWNTs (y) is calculated by the amount of
the purified char (M) divided by the amount of PP and PPMA (Mpp) in
the used sample, i.e., y=(M/Mpp) x 100 %. All of the samples were weigh-
ed by using an analytical balance.

Characterization: Acidity testing of the above MMT materials was per-
formed by pyridine adsorption. In a sealed tube, the sample (about
15 mg) was exposed to pyridine vapor at 150°C for 1 h. Subsequently, the
sample was transferred out of the pyridine vapor and kept at 150°C for
1h to remove the physically adsorbed pyridine. The resulting product
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was pelletized with KBr and characterized by using a FTIR spectrometer
(BRUKER Vertex 70 FTIR). OMMT and NH,—~MMT were firstly cal-
cined to form H-MMT under a nitrogen atmosphere at 700°C before the
adsorption of pyridine.

The purity and phase structure of the nickel catalyst and the charred
products were obtained by XRD using a Rigaku D/MAX-IIB powder X-
ray diffractometer with Cug, radiation. The morphologies of the as-pre-
pared products were examined by using field-emission scanning electron
microscopy (FE SEM, XL303SEM) and TEM (JEM-2010, operated at
200kV voltage). High-resolution transmission electron microscopy
(HRTEM, Philips CM200, 200 kV) was used to further characterize the
morphologies and microstructures of the purified product. Raman spec-
troscopy (T6400, excitation-beam wavelength: 514.5 nm) was used to
characterize the vibrational properties of the obtained MWNTSs. Ther-
mogravimetric analysis (TGA) was carried out by means of a Perkin—
Elmer TGA 7 thermal analyzer. The samples were heated in air to 300°C
at a heating rate of 20°Cmin' and allowed to equilibrate for 1 min
before being heated from 300 to 900°C at 1°C min~'. Gas chromatogra-
phy (GC, SHIMADZU GC-14C) and gas chromatography-mass spec-
trometry (GC-MS, AGILENT 5975MSD) were used to measure the
composition of the degradation products.
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