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Abstract

The production of high-value carbon nanotubes and hydrogen from the two-stage pyrolysis
catalytic-steam reforming/gasification of waste tires have been investigated. The caisdybts
were Co/AbO3, Cu/AkOs, Fe/AbOs and Ni/AkOs. The pyrolysis temperature and catalyst
temperature were 600C and 800 °C, respectively. The fresh catalysts were analysed by
temperature programmed reduction and X-ray diffraction. The product gases, including hydrogen
were analysed by gas chromatography and the carbon nanotubes characteseathimg and
transmission electron microscopy and Raman spectrometry. The results showed that H@s Ni/Al
catalyst produced high quality multiwalled carbon nanotubes along with the highgstldH of

18.14 mmol ¢} tire, compared with the other catalysts, while the CG&@4hnd Cu/A}Os catalysts
produced lower hydrogen vyield, which is suggested to be associated with the formation of

amorphous type carbons on the surface of the @04nd Cu/AtOs catalysts.
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1 INTRODUCTION

Large quantities of waste tires are produced annually worldwide, for example, recergpdata r
3.27 x 16 tonnes of waste tires arising in the Europe URi8r87 x 16 tonnes in the USand 1.01

x 1P tonnes in Japari. Most developed countries have prohibited the disposal of waste tires to
landfill, #°> because of their chemical and biological resistance to degradation. In addition, waste
tires have a relatively high energy value (~32 M3Kgand landfilling represents a waste of
resource.

The treatment of waste tires is mainly through energy recovery options such as waste
derived fuel in power stations, cement kilns and co-incineration, or through materials recycling such
as rubber crumb for flooring, sports fields, roofing étlowever, there is growing interest in other
technologies and pyrolysis/gasification of waste tires has become a promising technology that has
been extensively studied® In addition, several reports have investigated the production of
hydrogen from tire gasificatiot:'®* Hydrogen is regarded as a clean energy carrier which is
predicted to play a significant part in future energy scenarios, since it can be producetafrpm
different sources, its combustion is pollutant free and it has a broad range of appli¢ations.

Catalysts are normally used to enhance hydrogen proddéti®Ror example, Elbaba et l.

11,19, 20 ysed a two stage reaction system for hydrogen production from pyrolysis-catalytic
gasification of waste tires. They investigated nickel based catalysts doped with other metals, for
example the addition of cerium as a catalyst promoter produced high gas concentrations of
hydrogerf Process parameters have also been shown to influence hydrogen production from waste
tires; for example, hydrogen production increased when catalyst temperature, catalyst/tire ratio,
water injection rate and input of water (without excessive water) were incré@edofino et al?

also concluded that catalysts play an important role in the enhancement of hydrogen production in

the gasification process. However catalyst deactivation derived from the formation of carbonaceous



coke on the catalyst surface is one of the challenges for optimising hydrogen pro#l#étion.
Giannakeas et &f. reported evidence from XRD analysis to showed that there was carbon
deposition on the surface of the catalyst which caused catalyst deactivation in the waste tire
reforming process. Coke formation on the catalyst surface during the reforming process is difficult
to avoid and decreases the efficiency of the reforming process by deactivation of tys. éatZl

There are different forms of carbons generated in the coke deposition process, including amorphous
carbons and graphitic carbons. Research into the types of carbon formed on the catalyst produced in
the process of pyrolysis-catalytic gasification for hydrogen production using plastics have reported
that some of the graphitic carbons have been shown to be carbon nanotubes’*(CR&rs) can be
regarded as a valuable by-product, instead of being considered as un-wanted coke. Thewefore ther
is interest in trying to manipulate the process by the use of different catalysts to optimize the
production of CNTs and/or hydrogen.

Carbon nanotubes have special physical and chemical properties which enable their use in
many application areas. For example; bulk CNTs have been used for rechargeable batteries,
automotive parts and in sporting good$3® CNTs can also be used as multifunctional coating
materials, for example, multi-walled carbon nanotubes (MWNTSs) can be added into paint which
can discourage reduce bio-foulifiy®>* MWNTs have been used widely in lithium ion batteffed*

33 where they have been shown to improve the electrical and mechanical properties of Baferies
35 CNTs also be used in biosensors and medical devices because of their chemical and dimensional
compatibility with biomolecule$? 3¢

Although noble metals are the most effective catalysts to promote hydrogen prodtiion,
they are not the ideal catalysts for large scale industrial use due to their higher cost. Therefore, there
has been much research into the use of other metal-based catalysts for hydrogen production. For
example Patel et &l.and Marino et al’® used Cu based catalysts and Zhang € wded Co based

catalysts to investigate their influence on the ethanol reforming process. Ni-based catalysts have



been used for the pyrolysis-catalytic reforming/gasification of plastic wastes, tires and refuse
derived fuel for hydrogen productidh.*%4? Cu based catalysts have been shown to promote
hydrogen production in a waste tire pyrolysis pro¢éshletal-based catalyst have also been used
for the enhanced production of carbon nanotubes. For example, Qiaff eisetl a Co based
catalyst in a methane decomposition process to enhance CNTs production and Y et al.
investigated the influence of a Fe-Mo#@k catalyst on CNTs production in the catalytic pyrolysis

of propylene.

To our best knowledge, there are limited reports in relation to the co-production of hydrogen
and CNTs from the pyrolysis-catalytic reforming of waste tires, although, there have peds re
regarding the simultaneous production ofahd CNTs from waste plastic¥: 28 In this paper we
report on a study of four metal-based catalysts usin@sAds catalyst support, to determine which
metal-based catalyst was most effective for co-production of CNTs and hydrogen from tie catal

reforming of waste tire.

2 MATERIALSAND METHODS

21 Experimental System

Experiments were undertaken wusing a two stage fixed-bed, pyrolysis-catalytic
reforming/gasification reactor shown in Figure 1. The reactors were constructed of stainless steel
and were externally electrically heated with furnaces with full temperature control and monitoring.
Pyrolysis of the waste tire occurred in the first reactor at 600 °C and the producsisyvolatiles

were passed directly to the second rector, where catalytic reforming in the presence of steam
occurred at 800 °C. Nitrogen was introduced into the top of the pyrolysis reactor as the inert purge

gas with a flow rate of 80 ml mih The tire sample (around 1 g) was placed in the pyrolysis reactor



and the catalyst or sand (around 0.5 g) was located in the second reactor. During the experiments,
the catalyst bed (second reactor) was preheated at 800 °C before the pyrolysis of thestageuas
heating from room temperature to 600 °C with a heating rate of 40 °€ e gaseous products

from the process were passed to two water and €@ldeooled condensers to trap the condensable
liquids followed by gas collection in a 25L TedPrgas sample bag. The total experimental time

was around 40 min, and the gas collection time was around 60 min (extra time was used to ensure

all the products were collected).

2.2 Materials

The waste tire sample used in the experiments was a shredded mixture of waste truck tires. The
sample was prepared by removing the steel and shredding into particles of ~6 mm. The elemental
analysis of the tires was carbon, 81.2 wt.%, hydrogen 7.2 wt.%, nitrogen 0.8 wt.% and sulphur 2.1
wt.% determined using a Carlo Erba Flash EA1112 elemental analyser. Proximate analysis of the
tire showed 0.82 wt.% of moisture, 62.7 wt.% of volatiles, 32.31 wt.% of fixed carbon and 4.17 wt.%
of ash.

The four catalysts investigated, Fe/®s, Cu/ALO3z, Co/AlOs and Ni/AbOs were prepared
by an incipient wetness method. The metals were impregnated onto an alumina support to produce
10 wt.% of metal catalyst. Firstly, the metal nitrates were dissolved in ethanol, alumina was added
into the metal nitrate and ethanol mixture with continuous stirring to produce a slurry. The
precursor slurry was dried in an oven at 50 °C for around 12 h until all of the excess ethanol was
evaporated. The dried catalyst precursor was calcined by heating in air to a final terapsra
750 °C with a heating rate of 2 °C rifimnd held at 750 °C for 3 hours. The catalyst was ground

and sieved to a size range between 0.05 and 0.18 mm.



2.3 Analytical Methods

The gaseous product from the pyrolysis-catalytic reforming/gasification process collected by the
Tedlar gas sample bag was analysed by packed column gas chromatographyrf@&)etegases

which included H, CO, Q, and N were analysed by a Varian 3380 gas chromatograph fitted with

a thermal conductivity detector with a 2 m long x 2 mm diameter, 60-80 mm mesh molecular sieve
column. CQwas analysed on the same GC, but with a separate 2 m long x 2 mm diameter column
with HayeSep 80-100 mesh molecular sieve and a thermal conductivity detector. The carrier gas
was argon. Hydrocarbons from-Cs were determined using a separate Varian 3380 GC with a 80-
100 mesh HayeSep column, with nitrogen carrier gasdiade ionization detector.

Temperature programmed oxidation (TPO) used a Shimadzu thermo gravimetric analyser
(TGA) to determine the oxidation characteristics of carbon deposited on the catalyst after use to
identify the formation and type of deposited carbon on the surface. Approximate 4 mg of the
reacted catalyst sample was placed in the TGA and heated in air at a flow rate of 50tniThain
sample was heated to 800 °C at a heating rate of 15 °& min

Temperature programmed reduction (TPR) of the fresh catalysts was carried out using a
Stanton-Redcroft thermo gravimetric analyser (TGA). 4 mg of the catalyst was preheated to 150 °C
at a heating rate is 20 °C mlirmnd held for 30 min in an atmosphere ef(B vol.% balanced with
N) at a flow rate of 50 ml mify the sample was then heated to 900 °C at a heating rate of 10 °C
min'™,

The fresh catalysts and used catalysts after experimentation were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) to determine their surface

morphology. The SEM used was a Hitachi SU8230 SEM and the TEM was a FEI Tecnai TF20).

The bulk crystal structure and chemical phase composition of the catalysts was determined by X-ray



diffraction using a Phillips PW 1050 Goniometer with a CU Ka radiation X-ray tube operated at 40
kV and 40 mA.

The catalysts after experimentation contained deposited carbonaceous coke which was
characterised by Raman spectroscopy using a Renishaw Invia Raman spectrometer at a wavelength
of 514 nm at Raman shifts between 100 and 3200.chime analysis was able to investigate the

graphitic nature of the deposited carbon.

3 RESULTSAND DISCUSSION

3.1 Characterisation of the fresh catalysts

Figure 2 shows scanning electron micrographs of the fresh catalysts and show that the surface
structures of the catalysts are composed of many irregular particles. Temperature programmed
reduction of the catalysts (Figure 3) showed that N@Alhad two main reduction peaks which
appeared at temperatures of around 230 and 800 °C which may be assigned to the reduction of bulk
NiO particles and Ni-Al spinel phases (N#8l), respectively. The presence of NiO and N@d

phases were reported by Wu et*aland Clause et &® There were several reduction peaks for the
Fe/AlOs catalyst, which may be due to the reduction ofk#o FeOs, FesOsto FeO, and FeO to

Fe. The relatively low temperature reduction is related to the well dispersed iron on the $Upport.
Brown et al.*® suggested the reduction peak of@eto FeO were related to partial reduction and
re-oxidation. Wan et & described the reduction of & as being to FeO, a metastable phase,
rather than to Fe which oxides below 570 °C. Berry et’ibund the reduction of E©s to Fe
occurred at around 440 and 640 °C which are similar to the result in Figure 3, the reduction peaks at

460 and 630 °C respectively. The reduction peak for the Fe-Al spinel phase is at a relatively high



temperature, which has been reported to be due to the strong interaction between iron and the
alumina support'®
The Cu/AbOs catalyst had two main reduction stages at 210 and 300 °C, respectively; it is

noted that a broad slow reduction was observed for the TPR analysis of theCzwahlyst at
temperatures between 300 and 700 °C. The first reduction peak indicates the presence of CuO and
the second peak is assigned to the reduction of LuAMarino et al® have reported the presence
of both of CuO and CuAD4 phases in Cu/ADs catalyst.

For the Co/AdOs catalyst, it appears that this catalyst is hardly reduced under the TPR
conditions used, suggesting that there were limited active Co sites in this catalyst. The result is
similar to that reported by Chu et®alwho found no CgDs component for a cobalt-alumina

supported catalyst.

3.2 Pyrolysis-catalytic reforming/gasification of waste tires

3.2.1. Mass balance and hydrogen production

Pyrolysis-catalytic reforming/gasification of the waste tires was carried out using the different metal
based catalysts and the resultant mass balance data and gas concentrations are shown in Table
The standard deviation for mass balance and hydrogen production usingOblware 3.75 and

4.10, respectively. The product yields including gas, liquid and residue yields were calculated in
relation to the mass of the waste tires. The liquid and residue yields were obtained by mass
difference before and after experimentation and the gas yield was calculated based on the gas
concentration from gas chromatography analysis and the molecular mass of the individual gases to
calculate the mass of gas. Hydrogen sulphide which would be produced from the sulphur in the tire

was not analysed in this work. The mass balance and carbon (wt.%) were calculated using the



weight of products divided by the weight of tire sample (as shown in Equation tgkthkation of
carbon yield is shown in Equation 2.

weight of (resiude + gas + carbon + liquid) )
Mass balance (wt. %) = , , %X 100 (Equation 1)
weight of tire

) Weight dif feren of the catalytic reactor .
Carbon yield (wt. %) = Weight of tire x 100 (Equation 2)

Table 1 shows that for the four investigated catalysts, the total gas yield ranking from the
pyrolysis-catalytic reforming/gasification process was NIAI> Cu/Al203> Fe/AbOz> Co/AlOs.
The ranking of liquid yield in the reforming process was CgDAP> Ni/Al2Oz > Cu/AlO3 >
Fe/Al,Os. The residue yield for pyrolysis using different catalysts remained constant at ~38 wt.%
which was expected since the pyrolysis process which generates the solid char (and ashg residue
separated from the catalytic stage.

The highest hydrogen production for the pyrolysis-catalytic reforming/gasification of the
waste tires was with the Ni/ADs catalyst, increasing from 4.96 mmot §re when sand was used
to 18.14 mmol g tire for the Ni/AkOs catalyst., The hydrogen yields are much lower with other
catalysts which were 9.03 mmott dire with the Co/AJOs catalyst, 7.26 mmol Ytire with the
Fe/AlLOs catalyst and 5.53 mmorigire with the Cu/AJOs catalyst (Table 1). Portofino and co-
authors®® found that a nickel based catalyst had a significant effect in the waste tire catalytic
reforming process, by significantly increasing hydrogen production. They also reported that a
Ni/Al ;03 catalyst resulted in the highest production of hydrogen whereas aGutakalyst gave a
relatively low yield of hydrogen.

In this work, the total yield of carbon was calculated as the weight increase of the catalytic

reactor tube compared to the weight of tire sample and represented carbon deposition on the catalyst
and in the reactor tube. The ranking of carbon yield was @D4pl= Fe/AbO3z > Ni/Al20Os >

Co/AlxOs.



Unlike other work investigating tire gasification where steam is usually introduced into
the process, in this work, steam could only be generated from the internal moisture content of
the tire sample. Therefore, steam reforming reactions (Reaction 1) would be limited in our
process. In addition, carbon deposition on the surface of the catalyst would be enhanced by the
lower steam presence, since the carbon steam reaction (Reaction 2) would be d&pressed.
Carbon formation in the presence of the different catalysts is suggested to be related to
Reaction 3; and both Reaction 3 (hydrocarbon decomposition) and Reaction 4 (water gas shift
reaction) which are suggested to be responsible for hydrogen production from the tire

gasification process.

CaHim +2H,0 - nCO + (n+ ) H, (Reaction 1)
C+H,0 - CO+H, (Reaction 2)
C,HL0, - zCO+ (n—2z)C+ H, (Reaction 3)
CO+ H,0 - CO, + H, (Reaction 4)

3.2.2. Carbon deposition on the catalysts

Figure 4 shows the temperature programmed oxidation (TPO) results for theCze@/AlLOs,
Co/Al>0O3 and Ni/AbO3 catalysts after use in the pyrolysis-catalytic reforming/gasification of waste
tire process. For the used Cu/B4 catalyst, there was a slight weight increase in mass at around
400 °C, which was attributed to the oxidation of Cu metal, which is suggested to be reduced from
copper oxides during the pyrolysis process where reducing agents e.g. CQ wackHbroduced.

The result is consistent with the temperature programmed reduction analysis of the fres@4Cu/Al
(Fig. 3), which showed the largest redontpeak at the lowest reduction temperature (~210 °C)

compared with the other catalysts.
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From the weight loss data from the TPO analysis of the used catalysts from the processing
of the waste tires, the mass of carbon on the catalyst could be determined. The results showed that
around 15 wt.% of the weight of the reacted catalysts were ascribed to theetepadbon. The
oxidation of the carbon resulting in weight loss at a temperature of around 550 °C was attributed to
the oxidation of amorphous carbons, while the oxidization at around 650 °C was attributed to the
oxidation of filamentous carbon$? The derivative-temperature programmed oxidation results
(DTG-TPO) of the used Co/ADs, Fe/AbO3, Cu/AlO3 and Ni/AkOs catalysts are shown in Figure
5. The DTG-TPO results of the used Co@d and Cu/AtOs catalysts show that two main
oxidation peaks are observed indicating there are two different types of carbons despoisted on to the
catalyst surface during the process. Two oxidation peaks, at temperatures of ~500 °C and ~600 °C,
were obtained from the DTG-TPO analysis for both the G@Aland Cu/AtOs catalysts,
suggesting that both amorphous and filamentous carbons are formed with these catalysts. However,
for the used Fe/AD3z and Ni/AbOs catalysts, there was only one peak at a temperature of ~600 °C
identified by DTG-TPO (Figure 5), suggesting that the deposited carbon was mainly graphitic
filamentous carbons. The DTG-TPO results for the used MMAtatalyst showed the highest
oxidation temperature at ~635 °C for carbon oxidation (Figure 5) also showing a high production of
mainly filamentous carbons for the Ni-based catalyst.

Scanning electron microscopy (SEM) was also used to examine the used catalysts from the
pyrolysis-catalytic reforming/gasification of waste tire and the micrographs are shown in Figure 6
Figure 6(a) showed that almost no filamentous carbons could be seen on the surface of the reacted
Co/Al>Oz catalyst. The results were consistent with the temperature programmed oxidation analysis
(Figure 5) where amorphous carbons were suggested to be the main carbons formed on the reacted
Co/Al;03 catalyst. In addition, only a small amount of filamentous carbons could be observed from
the Figure 6(b) for the reacted CufB% catalyst. However, Figure 6(c) and 6(d), show that

filamentous carbons were widely distributed on the surface of the usecb@ebkd Ni/AbO3
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catalysts. The filamentous carbon produced on the surface of the usedOblitatalyst were
relatively long (Figure 6(d)) compared with flamentous carbons formed using the other catalysts.
Transmission electron microscopy (TEM) analysis of the used catalyst was also carried out. The
results shown in Figure 7(a) and 7(b) confirm that no filamentous carbons were found for the
Co/Al203 or Co/AbOs catalysts however, the filamentous carbons which were abundant for the
Ni/Al 203 catalyst (Figure 6(d)) are shown by the TEM analysis (7(d) to be multi-walled carbon
nanotubes (MWCNTSs). The Ni/ADsz catalyst produced the CNTs that were relatively long and
smooth. The SEM and TEM results are consistent with the TPO and DTG-TPO analysis (Figure 4
and Figure 5) where carbons produced from the NDAlcatalyst have the highest fraction of
filamentous carbons. The Fef@k catalyst produced carbons with a mainly filamentous structure,
and indistinct disrupted nanotube structure (Figure 7(c).

Raman spectroscopy analysis was used to characterize the carbons formed using the
different catalysts during the pyrolysis-catalytic reforming/gasification process for wasternid
the results are shown Figure 8 The D band at the Raman shift around wavelength 1352 cm
indicates amorphous or disordered carbons. The G band at the Raman shift around wavelength 1587
cmit indicates a graphite carbon structure. The second order Raman spectrum G at the Raman shift
around wavelength 2709 chindicates the two photon elastic scattering proc@s®.The carbon
materials produced in this work have similar Raman shift patterns compared with CNTs produced
from other work and commercial CNT¥>® To evaluate the degree of graphitization of the CNTs
produced from the waste tires, the intensity of the D bay)chirmalized to the intensity of the G
band (&), the bl/lgratio is used. The carbons from the Np@4 catalyst showed a relatively low
D/G ratio compared with the Co/ADds;, Cu/AlOs and Fe/AlOs catalysts, indicating that the
carbons produced with these catalysts are less disordered and containing less amorphous carbons
The results are consistent with the TPO, SEM and TEM analysis, indicating that theOwli/Al

catalyst was the best catalyst for CNTs production in terms of crystallization, smooth surface
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morphologies and yield. The relatively low/l ratio for the carbon deposited on the Nipdd

catalyst also indicates the relatively high quality of the CNTs produced with less structural

defects>’: °8. €0, 61

4 CONCLUSIONS

In this study, four different kinds of catalysts (Catdd, Cu/ALOs, Fe/AbOs and Ni/AbOs) were
investigated for the pyrolysis-catalytic reforming/gasification of waste tires fopritduction of
hydrogen and high-value carbon nanotubes. The results suggested that;

1) The presence of catalysts can enhance the waste tire pyrolysis reforming/gasification
process to produce higher yields of gas and hydrogen production. The¥ifstalyst
gave the highest gas yield and the highegpddduction;

2) The Ni/Al,O3 catalyst gave the highest quality of CNTs production along with a relatively
high yield of product gas from the pyrolysis-catalytic reforming/gasification process. SEM
results showed the carbon deposits to be relatively long, straight and of regular shape and
TEM analysis confirmed that the filamentous carbons were multi-walled carbon nanotubes.
Raman spectrometry analysis showed the highest purity of CNTs were produced from the

Ni/Al 203 catalyst, compared to the Co#8%, Cu/Al:03 and Fe/AlOs catalysts.
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Table 1 Mass balance and gas concentrations for the pyrolysis-catalytic gasification of tire

Gas vyield (wt.%)

Liquid yield (wt.%)
Residue (wt.%)

Hydrogen production (mmoligtire)
Carbon (wt.%)

Mass balance (wt.%)

Gas concentrations (vol.%)
CO

H2

CHa

CO,

Cz

Cs

Ca

Sand

30.26
18.00
38.00
4.96

86.26

3.04
23.79
63.23

1.29

8.51

0.14

0.00

Fe/Al,O3z Cu/Al,O3 Co/AloO3 Ni/Al 203

22.07
11.00
38.00
7.26
14.00
92.43

7.83
33.12
51.62

1.11

5.74

0.09

0.48

30.40
14.00
36.00
5.53
14.00
94.40

3.30
25.38
64.29

1.34

5.20

0.06

0.42

24.76
24.00
37.00
9.03
8.00
93.76

12.80

46.20

30.44
1.69
8.78
0.10
0.00

34.60
20.00
39.00
18.14
12.00
105.60

16.06

57.47

19.66
1.07
4.01
0.04
0.35
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Figure Captions

Figure 1. Schematic diagram of the pyrolysis-catalytic gasification reactor system.

Figure 2 SEM analysis of fresh catalyst before pyrolysis-catalytic gasification of waste tire

Figure 3 DTG-TPR results of different fresh catalysts

Figure 4 TPO results of different reacted catalysts from the pyrolysis-catalytic tire gasification
Figure 5 DTG-TPO results of different reacted catalysts from the pyrolysis-catalytic tire gasification

Figure 6 SEM analysis of the reacted Cefl Cu/AlO3, Fe/AbOs and Ni/AbOs catalysts after
the pyrolysis-gasification of waste tire

Figure 7 TEM analysis of the reacted Co@d, Cu/AlOs, Fe/AkOs and Ni/AbOs catalysts derived
from pyrolysis-gasification of waste tire

Figure 8 Raman analysis of the 4 reacted catalysts &&/ATu/ALOs, Co/AlOs, Ni/Al203)
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Figure 1. Schematic diagram of the pyrolysis-catalytic gasification reactor system
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Figure 2 SEM analysis of fresh catalyst before pyrolysis-catalytic gasification of wastetire
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Figure 6 SEM analysis of the reacted Co/Al203, Cu/Al203, Fe/Al203 and Ni/Al203 catalysts
after the pyrolysis-gasification of wastetire
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Figure7 TEM analysis of thereacted Co/Al203, Cu/Al203, Fe/Al203 and Ni/Al203 catalysts
derived from pyrolysis-gasification of wastetire
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Figure 8 Raman analysis of the 4 reacted catalysts (Fe/Al203, Cu/Al203, Co/Al203, Ni/Al203)
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