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and hydrogen from the thermal processing of waste polypropylene
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ABSTRACT:

This paper investigates the co-production of hydrogen and carbon nanotubes from the
pyrolysis-catalytic gasification of waste plastics (polypropyleWs.report on the influence

of a range of metal additions to a nickel based catalyst based on ternary mixed oxides types
Ni-Metal-Al, where the metal was Zn, Mg, Ca, CeMm. The results shoad that of the
different metal-nickel catalysts investigated, theMmi-Al catalyst was the most promising
catalyst in relation to theo-production of hydrogen and CNT. For example, theVin-Al

catalyst produced 71.4 mmol hydrogeh mastic, while the hydrogen production using Ni-
CaAl, Ni-CeAl and Ni-Zn-Al catalysts were 68.5 mmol'g63.1 mmol & and 45.9 mmol
hydrogen @ plastic respectively. In addition, carbon deposition on the catalyst was highest in
the order of: NiMn-Al> Ni-CaAl> Ni-Zn-Al> Ni-Ce-Al> Ni-Mg-Al. The carbon deposition

for the Ni-Mn-Al catalyst was found to consist of mostly carbon nanotubes. Further
investigation of the NMn-Al catalyst demonstrated that the interaction between Ni and
catalyst support plays a significant role in the gasification process; weak metal support
interaction (for the NMn-Al catalyst calcinedat 300 °C) resulted in a lower hydrogen
production and much higher yield of carbon products. In addition, the influence of steam
injection rate on hydrogen and carbon nanotube production was investigated Nib+iMime

Al catalyst. Increasing the steam injection rate significantly increased hydrogen production
and decreased carbon deposition. However, at lower steam injection rates, the quality of the

product carbon nanotubes was improved.
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1. INTRODUCTION

Hydrogen is expected to become a promising energy carrier for sustainablg energ
consumption because it possesses high energy density (ca.120.7 kJ/g) and its combustion
produces no environmental pollutafits3]. Currently, hydrogen is industrially produced by
the conversion of fossil fuels, which is considered as unsustainable and in addition, the
process also releas greenhouse gases to the environment [4]. There is therefore great
interest in producing hydrogen from alternative feedstocks. One such feedstock is waste
plastic which can be thermally conwaitto hydrogen [5]The world’s overall consumption
of plastics in 2010 was 230 million tonnes and the predictions are for an upward trend of 3%
annual growth in plastics use in developed countries and 10% in developing countries [6].
The rapid rate of plastic consumption throughout the world has led to the creation of
increasing amounts of plastic waste. For example, it is estimated that in Europe 25.2 million
tonnes of plastic waste is generated each year [7].

The pyrolysis and gasification of waste plastic for hydrogen production have been
extensively investigated [6,8-13]. Many catalysts have also been investigated to improve the
efficiency of the process and to increase hydrogen production. Ni based catalysts have bee
reported to be effective for hydrogen production due tw thgh C-C bond breaking activity
with significantly lower cost compared to noble metal catalysts such as Ru, Pt and Rh [14-
16]. However, the main problem associated with Ni catalysts is that they suffea fiiyh
deactivation rate caused by the formation of carbonaceous deposits. The deactivation
involves covering of the catalyst active sites due to encapsulating by amorphous carbons; in
addition carbon filaments and carbon nanotubes are also formed on the surface of the reacted
catalyst [14,17,18].

Carbon nanotubes (CNTs) are a unique form of carbon due to their intrinsic properties

such as extraordinary mechanical, electric, thermal stability and chemical inertness [19,20].



Therefore, production of higher quality CNTs at lower cost is of great importance. Different
methods have been developed to produce CNTSs including laser ablation [21], arc-discharge
[22], chemical vapour deposition [23] and pyrolysis/catalytic steam reforming [24]. Cdlemi
vapour deposition is considered as the most dominant method for CNTs production, while
gasification of waste plastics has received less attention. The main advantage of plastic
gasification in the presence of steam is that it can produce both CNT and also hydrogen
depending on the conditions and the catalyst used. Currently, thegefane reports in
relation to the simultaneous production of hydrogen and carbon nanotubes from waste
plastics using thermochemical methods [25,26]. In order to increase the quality and quantity
of CNTs, more work about catalyst development is needed.

Here, we investigate the influence of metal additioNitdbased catalysts prepared by
co-precipitation to determine their influence on the production of hydrogen and CNT from
waste plastics as represented by waste polypropylene. Co-precipitation as a catalyst
preparation method has drawn much attention due to its high catalytic effect on hydrogen
production. It is well known that the stabilization of Ni catalysts can be enhdyctte
incorporation of the active metal into a mixed oxide matrix [27,28]. During the preparation of
Ni based catalysts by co-precipitation, different cations can be introducethénstructure
and will modify the catalytic properties, such as the particle morphology or reddaibility
in the final catalyst [28-30]. Accordingly, catalytic activity and stability will be directly
related to the type of metals incorporated.

In this study, catalytic-steam reforming of waste plastic polypropylene was carried out
to investigate the activity of Ni catalysts based on different types of ternary mixed dides,
Metal-Al, where the added metal was Zn, Mg, Ca, CBlior The catalysts were prepared by

a coprecipitation method and their use in hydrogen and CNT production was investigated



using a two stage fixed bed reactor. Metal addition to the Ni-based catalyst, water injection

rate and interaction between Ni metals and catalyst suppsstudied.

2. Materialsand Methods

2.1. Materials

Waste plastic in the form of recovered waste polypropylene (PP) was obtained as 2
mm pellets provided by Regain Polymers Ltd., UK. A series of Ni based catalysts type Ni-
Metal-Al (molar ratio 1:1:1) were prepared Aygo-precipitation methodsing the rising pH
technique according to the method reported by Garcia et al. [31]. The initial Ni-Metal-Al
molar ratio was 1:1:1. As an exam\;Zn-Al catalyst was prepared starting with 200 ml of
an aqueous solution containing Ni(B)6H,0, Zn(NG;), 6H,O and AI(NQ)s 9H,O. The
precipitant, 1M NHOH, was added to this solution and the precipitation was carried out at 40
°C with moderate stirring until the final pH of 8.3 was obtained. The precipitates were
filtered and washed with water (40 °C), followed by drying at 105 °C overnight, and then
they were calcined at 750 °C for 3 h. The other catalystddNAI, Ni- CaAl, Ni-Ce-Al and
Ni-Mn-Al were synthesized following the same procedure described above, but replacing Zn
nitrates by those of Mg, Ca, Ce and Mn, respectively. All the catalysts used in this paper were
crushed and sieved to granules with a size of 65 to 212 um. In addition, all the catalysts used
were not reduced, reduction being carried out by the reducing gases such as hydrogen and

carbon monoxide produced during the process.

2.2. Experimental pyrolysis-catalytic steam gasification system



Examination of the prepared Ni-Metal-Al catalysts for the purpose of hydrogen and
CNT production from catalytic-steam reforming/gasification of waste polypropylene was
carried out in a two-stage reaction system (Figure 1). The two-stage fixed bed reaction
system consisted of a first stage plastics pyrolysis and a second steam catalytic
reforming/gasification stage. Approximately 2 g of waste polypropylene was pyrolysed in the
first stage, and the pyrolysis products were passed directly to a second stage where steam
catalytic reforming/gasification of the evolved pyrolysis gases was carried pgasNvith a
flow rate of 80 ml mift was used as carrier gas for each experiment and 1 g of the catalyst
was used in the second stage.

The experimental procedure consisted of initial heating of the catalyst in the second
stage to 800 °C with a heating rate of 40 °C iBince the second catalyst stage reactor had
stabilised at 800 °C, the waste plastic sample was then pyrolysed at a heating rate of 40 °C
min’ to the final pyrolysis temperature of 500 °C in the first stage reactor. The evolved
pyrolysis volatiles were passed directly to the second stage where water was also introduced
and thereby the pyrolysis volatiles were catalytically steam reformed/gasified. The water flow
rate used was 4.74 g*hFurther work involving theNi-Mn-Al catalyst investigated the
influence of different steam flow rates on hydrogen and CNT formation at water injection
rates of 0, 2.85, 4.74 and 8.54 . Wwo condensers were used to trap the condensable
products consisting of an air cooled condenser, followed by a solijdc@fed condenser
The non-condensed gases were collected with a 25 L Tedlar TM gas sample bag. The gases
collected in the sample bag were analysed off-line by packed column gas chropfatogra
(GC). Hydrocarbon gases {C;) were analysed using a Varian CP-3380 gas chromatograph
with a Flame lonisation Detector (FID) with a 80-100 mesh Hysep column and nitrogen
carrier gas. Carbon dioxide, hydrogen, nitrogen, carbon monoxide and oxygen were analysed

with a separate Varian CP-3380 gas chromatograph fitted with two separate packed columns



and with two thermal conductivity detectors (GC/TCD). Hydrogen, oxygen and carbon
monoxide, methane and nitrogen were analysed on a 2m length by 2mm diameter column,
packed with 60-80 mesh molecular sieve. Argon was used as the carrier gas. Carbon dioxide
was analysed on a separate 2m length by 2mm diameter column with Haysep 80-100 mesh
packing material.

The calibration of the gas chromatograph was carried out prior to the analysis of gas
samples obtained from the experiments. Precision standard gas mixtures including alkanes,
alkenes and permanent gas mixture were used. In order to calculate the amount of gas in
grams, the area obtained for each gas from gas chromatography was compared with the area
of calibration gas, and the percentage of each gas in the mixture was calculated. As a known
guantity of nitrogen was introduced into the reactor during the experiment and no nitrogen
was produced from the experiment, the total gas volume could be calculated using the
percentage and the volume of nitrogen. The number of moles for each gas could be then
calculated from the volume percentage of each gas and the total gas volume. The number of
moles of each gas was converted into grams using its molecular weights, and the total mass

of the gas mixture was obtained from the sum of all individual gases.

2.3. Catalyst characterisations

A scanning electron microscope (SEM) (LEO 1530) and a transmission electron
microscope (TEM) (FEI Tecnai TF20) were used to study the surface morphology of the
reacted catalysts. Raman Spectroscopy (Renishaw Invia) was used to characterise the fresh
and reacted catalysts. Temperature programmed oxidation (TPO) was also used to obtain
information of coke formation on the reacted catalyst using a thermogravimetric analyser

(TGA) (Shimazu). During the TPO analysis, around 20 mg of the reacted catalyst was heated



in an atmosphere of air (50 ml rifinat a heating rate of 15 °C rffiup to a temperature of

800 °C and with a hold time of 10 minutes. Temperature programmed reduction (TPR) was
also used to characterise the fresh catalysts using a Stanton-Redcroft thermogravimetric
analyser (TGA). During the TPR analysis, the fresh catalyst was heated at 20°® ri50

°C and held for 30 min, then heated at 10 °C hiim 900 °C in an atmosphere afgas

mixture containing 5% KHand 95% N (50 ml min'). The BET (Brunauer, Emmett and
Teller) surface area of each catalyst was obtained via nitrogen adsorption experiments using a

Quantachrome Corporation Autosorb Instrument

3. Results and Discussion
3.1. Pyrolysis-catalytic steam reforming/gasification of waste polypropylene
3.1.1. Products yield and gas compositions

Different nickel based catalysts were investigated for hydrogen and CNT productions
via the pyrolysis-catalytic steam reforming of waste polypropylene using the laboratory scale
fixed-bed reaction system. Table 1 shows the influence of metal catalytic activity on the
production of gas and hydrogen, as well as percentage of carbon deposited on the catalyst.
The water flow rate used was 4.74 4 fThe results show that the introduction of the steam
and catalyst had positive effect on the gas yield and hydrogen production compared to the
absence of a catalyst, where sand was used in place of the catalyst bed. The gas yield was
calculated as the amount of gas produced divided by the amount of plastic sample used in the
experiment (over 100% gas yield was obtained since the reacted steam was not included).
The gas yield was significantly increased in the presence of a catalyst, where thegaighest
yield was obtained usinthe Ni-Mg-Al catalyst (168.4 wt.%). TéaNi-CaAl and Ni-Ce-Al

catalysts showed very similar gas yields (around 148 wt.%). Howeve\;jta-Al and Ni-



Zn-Al catalysts produced relatively less gas with about 131.1 wt.% and 120.9 wt.%
respectively.

Regarding the hydrogen production and the carbon deposition, the results showed
different trends. Hydrogen productiomas calculated by the molar amount of produced
hydrogen divided by the weight of raw sample. Carbon deposition was calculated as the
weight difference of the catalytic bed before and after experiment divided by the f&edstoc
weight. The Ni-Mg-Al catalyst produced the highest hydrogen production (75.4 mmol
hydrogen @ polypropylene) among all the catalysts. The hydrogen production usimj-the
Mn-Al catalyst was 71.4 mmol gpolypropylene whictwas more than that produced using
the Ni-Ca-Al (68.5 mmol @) and NiCe-Al catalysts (63.1 mmol . The lowest hydrogen
production was obtained for tiN-Zn-Al catalyst.

TheNi-Mn-Al catalyst has shown the highest carbon deposition yield (23 wt%), while
the Ni-Mg-Al catalyst produced the lowest carbon deposition (3.5 wt%). The carbon
deposition yields for the other catalysts were between 3.5 and 23 wt%. The lowest carbon
deposition using the NWg-Al catalyst is consistent with our earlier work [32] where the
target product from the process was high hydrogen yield and low catalyst carbon formation
for the pyrolysis-gasification of polypropylene.

Table 1 also shows the volumetric concentrations of the product gases (on a nitrogen
free basis). From the results, obviously no CO and Wé€e detected in the gas products in
the presence of sand (no catalyst) and without steam. After introduction of steam, CO and
CO, were generated with concentrations of 1.9 and 1.2 vol%, respectively. However, the
introduction of steam in the presence of sand significantly decreasszhtént from 58.4 to
24.7 vol% with a consequent increase in hydrocarbons gases.

The presence afli-Metal-Al catalysts with steam reduces the hydrocarbons gases and

increases the hydrogen production as a result of steam reforming reactions. The main gases



produced are HandCO. H, concentration is more than 60 Vol.% for the experiment in the
presence of the N¥n-Al catalyst, while H concentration produced using other catalysts was
in the range of 52.7 to 58.3 Vol.%. The lowestddncentration (52.7 Vol.%) was obtained in
the presence of the Min-Al catalyst. In addition, some interesting trends related to CO and
CO, concentrations were also observed. Nind/n-Al catalyst produced relatively lower CO
concentration and higher,Haind CO, concentrations compared to the other catalysts. This
could be attributed to NVn-Al catalyst promoting the water gas shift reaction more than the
carbon steam gasification, resulting in the highest carbon deposition usimg-khe-Al

catalyst.

3.1.2. Characterisation of fresh catalysts

Figure 2 shows the TPR patternd\bfMetal-Al catalystyMetal: Zn, Mg, Ca, Ce and
Mn). All the catalysts, except tH¢i-Mg-Al catalyst, showd two reduction peaks. The first
peak was observed at relatively low temperature between 350-650 °C. This hydrogen
consumption could be assigned to the reduction of weakly interacted NiO with the support
[33]. The second reduction peak was detected in all catalysts used at temperatures over
700°C. This peakvas attributed to the Nif reduction with a high degree of interaction with
the modified support.

According to the amount of hydrogen and carbon deposition yields presented in Table
1, the TPR results (Figure 2) haaeclear relationto the hydrogen and carbon production
from pyrolysis-catalytic steam reforming of polypropylene. For example, thiglnNAd
catalyst shows the highest intensity ofidduction at around 400 °C during the TPR analysis
indicating weak metal support interaction [34]. This is suggested to result in the highest
carbon deposition on the reacted Min-Al catalyst (Table 1). The strongest metal support
interaction was obtained for the Nig-Al catalyst (Figure 2) suggesting the lowest carbon

9



formation. The results are consistent with the literature [35,36]. To investigate more the
relation between the metal support interaction for theMNHAI catalyst and the carbon
deposition, a NMn-Al catalyst with weaker metal support interaction was prepared. This
was performed by calcination of the catalyst at lower temperature (300°C) for 3 hours. Figure
2 also shows the TPR patterns of Min-Al catalyst prepared at calcination temperatures of
300 °C. Two reduction peaks were observed in this catalgstliscussed above, the first
peak observed at relatively low temperature could be assigned to the reduction of NiO which
was weakly interacted with the support. While the reduction peak detected at higher
temperature is attributed to the?Nreduction with a high degree of interaction with the
support. TheNi-Mn-Al catalyst prepared atcalcination temperature of 300 °C has a stronge
reduction peak at lower temperature and weaker reduction peak at higher temperature
compared to theNi-Mn-Al catalyst prepared at the calcination temperature of 750 °C.
Pyrolysis-catalytic steam reforming of waste polypropylene using these two catalyses with
water flow rate of 4.74 g-hwas performed. The results showed that the hydrogen production
decreased from 71.4 to 52.4 mmol hydrogéhpipstic and the carbon deposition yield
increased from 23 to 57 wt% when the calcination temperature dfithn-Al catalyst was
changed from 750 to 300 °C. This confirms that the first reduction peak was responsible for
the carbon deposition while the hydrogen production can be linked directly to the second

reduction peak.

3.2. Carbon nanotubes production

3.2.1. SEM analysis

Figure 3 shows scanning electron micrographs (SEM) of the different reacted metal-Ni based
catalysts. SEM observations show that carbons in the form of filamentous carbons were

clearly produced upon théi-Mn-Al catalyst. Long, smooth and thin filamentous carbons can
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be observed on the reacted MRr-Al catalyst with average diameter of about 20 nm.
However, filamentous carbongere difficult to be observed on the surface of the other
catalysts. This could be directly related to the type of metal in the catalyst. We show later that
the filamentous carbons are largely carbon nanotubes (Sections 3.3.2. and 3.3.3.). It has been
reported that, the composition of the catalyst is considered as one of the main factors that
affects the production of carbon nanotubes [37,38]. Latorre et al. [39] investigated the effect
of catalyst composition on hydrogen and carbon nanotubes production. They found that the
catalyst activity, selectivity and resistance to deactivation during the production of hydrogen
and carbon nanotubes by catalytic decomposition of methane depend directly on the catalyst
composition. The ranges of reaction temperatures where the catalysts are active and stable are

mainly determined by the catalyst composition.

3.2.2. TPO analysis

Temperature-programmed oxidation (TPO) analysis was carried to investigate the
nature and the amount of carbons deposited on the catalyst surface. Figure 4 shows the TPO
results of all the reacted catalysts. For example, during the TPO analysis, the mass of reacted
catalyst firstly reduced, then increased and finally decreased to a stable |eyplferche
Ni-Zn-Al catalyst which shoed almost no weight reduction. The mass loss observed at a
temperature up to 100 °C is due to water vaporization which could be abbgrbedeacted
catalysts. The mass increase in the TPO results are due to the oxidation of metallic Ni. It is
well known that the Ni phage produced from the reduction of Ny reducing agents such
as CO and Kl during the pyrolysis-gasification process [40,41]. The final decrease of the
mass is due to the oxidation déposited carbon on the catalyst. The results show that the
oxidation of carbon started after 400 °C for MieCe-Al and Ni-Mg-Al catalysts and after

580 °C for theNi-CaAl and NiMn-Al catalysts. The continuous increase in the weight of the
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Ni-Zn-Al catalyst suggests that this catalyst contains a high content of Ni phase and the
lowest coke deposition.

In order to distinguish between amorphous and filamentous carbons, for Figure 4, the
weight loss between 400 and 600 °C was attributed to the oxidation of amorphous carbons
and the weight loss after 600 °C is attributed to the oxidation of filamentous carbons, during
the TPO analysis [10,12,13]. Therefore, tReCaAl and Ni-Mn-Al catalysts produced
larger quantity of filamentous carbons compared to the other catalysts. This could be due to
the metal particle size and the support structure.

Sakae et al. [42] investigated the decomposition of methane into carbon and hydrogen
over Ni catalysts on different supports, including $i®iO,, graphite, AJO;, MgO and
SiO,-MgO. According to their results, Ni particle size determines the quantity of hydrogen
and the diameter of CNTs while the support porosity structure will determine the quantity of
CNTs and their length. They found also that the quantity and the length of CNTs increased as
the porosity decreased@hey proposed thaf the tip of a carbon filament came in contact
with the wall of other carbon filaments or with the inside walls of the supports during the
methane decomposition, the growth of the carbon should unavoidably be stopped [42]. In this
study, it was found that thdi-Mn-Al catalyst had the pooseporosity structure with the
lowest BET surface area of 20°m* comparedo the porosity of other catalystsi-CaAl,
Ni-Zn-Al, Ni-Mg-Al and Ni-Ce-Al catalysts had BET surface areas of 28, 53, 55 and?66 m
g™ respectively. This might explain why théi-Ca-Al and NitMn-Al catalysts produced
larger quantity of filamentous carbons compared to the other catalysts. In addition, a three-
step VSS (vapor-solid-solid) mechanism has been reported for the growth of carbon
nanotubes; including the dissociation of carbon precursor, carbon diffusion on the surface of
catalyst and carbon precipitation [43]. In most of the cases, metal particles e.g. Nedre i

during the growth of CNTs [44]. The weak interaction between Ni and the catalyst support
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would increase the availability of free Ni particles involved in CNTs production; [45]
therefore, NiMn-Al catalyst calcined under lower temperature having weak metal-support
interaction (Figure 2) produced more CNTs compared with tHdiNAI calcined at 750 °C.

From the above results, the MiR-Al catalyst generated the highest amount of
filamentous carbons and alsoreasonable yield of hydrogen. Therefore theMyi-Al
catalyst was regarded as a promising catalyst for the simultaneous production of both CNT
and hydrogen, and was selected for further study with various steam feeding rates to the

reaction system.

3.3.CNT and hydrogen production with thé-Mn-Al catalyst
3.3.1. Products yields and gas compositions

The influence of steam addition in the presence of Nindn-Al catalyst was
investigated in relation to the production of hydrogen and carbon deposition using water
injection rates of 0, 2.85, 4.74 and 8.54 § he gas yield and hydrogen production
corresponding to the different water flow rates is present@dlite 2 FromTable 2 the gas
yield and the hydrogen production significantly increased from 23.8 wt.% to 193.6 wt.% and
50.7 mmol hydrogen Y plastic to 90.1mmol hydrogen 1 plastic respectively, when the
water injection rate was increased from 0 to 8.54"g However, the carbon deposition
decreased from 62 wt.% to 10 wt.% with increasing water injection rate from 0 to 8254 g h
The gas composition results in relation to injected water flow rate are also shdailen?
The H, concentration decreased from 86.4 to 61.0 vol .%, i6@eased from 0 to 3.7 vol.%,
CO increased from 0 to 22.5 vol.%, afdH, decreased, when the water flow rate was
increased from 0 to 2.85 g'h

A small influence on gas composition was observed as the water injection flow rate

was increased from 2.85 to 8.54°§ The H concentration slightly increased, CO decreased
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andCO;increased when the water injection rate was increased from 2.85 to 4-7Z hjshis

mainly due to the hydrocarbon reforming reaction and the water gas shift reaction. Further
increase in the water injection flow rate to 8.54'géwrds to an increase in CO and G@th

almost no effect on Hand hydrocarbon gases. This could be attributed to the gasification of
deposited carbon which can be confirmed by the considerable decrease in the carbon

deposition (Table Z}6].

3.3.2. SEM and TEM analysis of reactedNiii-Al catalyst

Figure 5 shows th&EM micrographs of the reacted Mn-Al catalysts. For the
water injection rates of 0, 2.85 and 4.74 § the carbon depositiowas mainly highly
entangled filamentous carbons. The diameter of carbon filaments decreased as the steam
injection flow rate was increased from 0 to 4.74”y Im addition, the length of the carbon
filaments was increased, when the steam injection flow rate was increased to 4. %ithh
the further increase of steam injection rate to 8.54' gtte steam reacted with the carbon
deposits to produce more hydrogen but at the same time removed the carbon from the catalyst
(Table 2). The SEM micrograph of the used catalyst at water injection rate of 854 g h
showed only low levels of filamentous carbons. It is suggested that most of the carbons
deposited on the surface of the catalyst are amorphous carbons at water injection rate of 8.54
g h*.TEM images of the reactddi-Mn-Al catalyst with a water injection rate of 4.74 ¢ h
are shown in Figure 6, confirming that most of the carbon deposition was bamboo-like
carbon nanotubes and that the CNTs produced were mulgdealibon nanotubes (MCNTS)
with parallel graphene layers.

From the SEM micrographs and the carbon deposition results, it can be concluded that
the quantity of steam plays an important role in the morphptbgyquality and the quantity

of carbon nanotubes produced. Tobias e}4dl} reported that steam can be used effectively
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for purification of CNTs since steam is a mild oxidizing agent which can remove the
amorphous carbon present in samples with less defects on the produced CNTs. Therefore, the
results suggest that using Mir-Al catalyst with steam injection rate of 4.74 §ik optimal

for both hydrogen and CNT production in this work.

3.3.3. Raman analysis for reactedNiit-Al catalyst

The carbon deposits on the used NiRAI catalysts were studied by laser Raman
spectroscopy, to determine the crystalline and amorphous carbon present (Figure 7). The
carbon species show spectral bands in the range of 1000-1708nchmore specificallgt
approximately 1560 cth (G band) and 1360 c(D band) whee the excitation is in the
visible region. In addition, the G' band was observed at ~2690 Ehe G-band is attributed
to the stretching mode of carbon sp2 bonds of ordered graphite, while the D-band is ascribed
to the vibrations of carbon atoms with dangling bonds in disordered amorphous [@@joon
The G' band is a second order two-phonon process, which indicates the purity oAGNTs
Bands D, G and5' are deconvoluted to determine their areas and to evaluatg/lherd
I/l ratio. Quantifying disorder in a graphene is usually made by analysing the intensity
ratio (Ib/lc) between the disorder-induced D-band and ordered graphite G band, while the
intensity ratio (&/1¢) is used to evaluate the degree of crystallinity of CNTs.

According to the Raman spectroscopy analysis results (Figurentéresting
differences in the relative intensity of the bands can be observed. Rgi-ihe-Al catalyst
used without steam injection, the D-band is more intense than the G{pdérgl.22)
indicating a predominance of disordered carbon, such as amorphous or defective filamentous.
Significant changes were observed by the addition of steam. For examplg/lheatio
decreased to 0.89 usiagteam injection rate of 2.85 ¢'land to 0.85 using steam injection

rate of 4.74 g W. In contrast, theg/l ratio increased from 0.55 to 1.39 as the steam injection

15



rate was increased from 0 to 4.74 § fWherefore, the quality of the carbon nanotubes in
terms of purity was improved when the steam was added with the injection rate of 2.85 or
4.74 g i It is suggested that amorphous carbons were removed in the presarustain
amount of steand7]. The carbon deposits on the surfacd&NoMn-Al catalyst with weaker

metal support interaction, prepared by the calcination at lower temperature X30@t€

also characterized using laser Raman spectroscopy. The results showed ik #mel lthe

lc/lg ratios were almost the same using both catalyst samples calcined at 300 and 750°C.
According to the these observations, it can be concluded that the nature of the interaction
between the Ni particles and the support will affect the hydrogen production and carbon
deposition yield but has little influence on the distribution of crystalline and amorphous
carbon. However, Raman spectral bands were difficult to be observed using the steam
injection rate of 8.54 g-hdemonstrating that most of the deposited carbon was gasified at
high steam injection rate. This result is consistent with the SEM analysis (Figure 5), where
CNTs could be barely observed on the surface of the reactdthil catalyst with the

steam injection rate of 8.54 ¢ h

4. Conclusions
Multi-walled carbon nanotubes have been produced and investigateblygsoduct of

hydrogen formation from the pyrolysis-catalytic reforming/gasification of waste
polypropylene, in the presence of various Ni-based catalysts. The influence ofntiffere
water injection rates on one of the catalysts \MrAI) was also investigated. The following
conclusions were obtained,;

1. TheNi-Mn-Al catalyst could be considered as an optimal catalyst amorigj thased

catalysts investigated in relation to hydrogen and carbon nanotube production. The

Ni-Mn-Al catalyst generated the highest amount of filamentous carbonsaand
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2.

reasonably high yield of hydrogen. TEM and Raman spectroscopy analysis of the
filamentous carbons confirmed that they were mostly carbon nanotubes.

The presence of Ni metal particles on the supporttlamdnteraction between Ni and

the supportvere found to be essential for the production of filamentous carbons. The
nature of this interaction between the Ni particles and the support will affect the
hydrogen production and carbon deposition but will not affect the distribution of
crystalline and amorphous carbon. The weaker interaction between the metal and
catalyst support results in higher carbon deposition and lower hydrogen production.
For theNi-Mn-Al catalyst, the amount of steam addition significantly increased the
hydrogen production but also decreased the amount of carbon deposition. The quality
of CNTs in terms of purity and morphology appears to be improved (SEM and Raman
analysis) with the increase of water injection rate from 0 to 4.724.¢However,

CNTs could barely be observed when the water injection rate to the reaction system
was high (8.54 gfy indicating the importance of steam in the reaction system for the
growth of carbon nanotubes, and also the majority of carbons derived from 8354 g h

water injection rate are amorphous carbons.
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Table 1. Production of gas, hydrogen and carbons from pyrolysis-gasification of
polypropylene (PP) with different Nickel based catalysts

Catalyst Sand Sand Ni-Zn- Ni-Mg- Ni-CaAl Ni-Ce-Al Ni-Mn-Al
and Al Al

steam
Gas yield (wt.%) 47.2 74.3 120.9 168.4 148.2 148.6 131.1
Carbon deposition 42 7 10 3.5 9.5 8 23
(Wt%)
Hydrogen 26.9 9.4 45.9 75.4 68.5 63.1 71.4
(mmol g* PP)
Gas concentrations
(vol.%)
CO 0.0 1.9 19.5 26.9 23.7 24.9 20.9
H, 58.4 24.7 52.7 56.9 58.3 55.6 62.7
CO 0.0 1.2 5.0 3.5 4.4 3.9 54
CH,4 26.9 33.2 134 9.8 9.4 10.6 9.2
Cp-Cy 14.7 38.9 9.4 2.8 4.3 5.0 1.8
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Table 2. Production of gas, hydrogen and carbons from pyrolysis-gasification at different
water flow rate with NiMn-Al catalyst

Catalyst Ni-Mn-Al Ni-Mn-Al Ni-Mn-Al Ni-Mn-Al
No steam 2.85 4.74 8.54

Gas yield (wt.%) 23.8 104.8 131.1 193.6

Carbon deposition (wt%) 62 24.5 23 10

Hydrogen 50.7 54.2 71.4 90.1

(mmol g* PP)

Gas concentrations

(vol.%)

CcO 0.0 22.5 20.9 23.5

H. 86.4 61.0 62.7 59.4

CO, 0.0 3.7 5.4 7.3

CH, 12.6 8.9 9.2 8.6

C-Cy 0.9 3.9 1.8 1.3
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Figure Captions

Fig. 1. Schematic diagram of the pyrolysis-reforming of waste plastic

Fig. 2. TPR analysis of different fresh catalydts;catalyst with different metal additions
calcined at 750 °C and Nin-Al catalyst calcined at 300 °C.

Fig. 3. Scanning electron micrographs of different reacted catalysts.

Fig. 4. Temperature program oxidation (TPO) analysis of different reacted catalysts in the
presence of steam injection.

Fig. 5. Scanning electron micrographs of the reacte®INiAl catalyst in the presence of
different steam injections.

Fig. 6. TEM analysis of the reacted INln-Al catalyst with steam injection of 4.74 ¢ h

Fig. 7. Raman spectroscopy of the reactedWi-Al catalyst; NiMn-Al reacted at different
steam injection rates calcined at 750 °C and/INHAl catalyst calcined at 300 °C
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Fig. 1. Schematic diagram of the pyrolysis-reforming of waste plastic
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IFig. 2. TPR analysis of different fresh catalysts:catalyst with different metal additions
calcined at 750 °C and Nin-Al catalyst calcined at 300 °C
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Fig. 3. Scanning electron micrographs of different reacted catalysts.
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Fig. 4. Temperature program oxidation (TPO) analysis of different reacted catalysts in the
presence of steam injection.
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Fig. 5. Scanning electron micrographs of the reactetVNiAl catalyst in the presence of
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Fig. 6. TEM analysis of the reacted Mn-Al catalyst with steam injection of 4.74 g h
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Fig. 7. Raman spectroscopy of the readi#eMn-Al catalyst; NiMn-Al reacted at different
steam injection rates calcined at 750 °C and/INiAl catalyst calcined at 300 °C
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