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Abstract: 

Catalytic steam reforming of liquid hydrocarbons is one of the promising alternatives for 

hydrogen production. However, coke deposition on the reacted catalyst results in catalyst 

deactivation and also CO2 emission during reforming are among the main challenges in the 

process. In this work, the production of high-value carbon nanotubes (CNTs) during 

hydrogen production from catalytic reforming of toluene has been investigated. Thus, less 

carbon emission and higher product values can be expected from the process. A two-stage 

fixed bed pyrolysis-reforming reactor was used in this work. The results showed that the 

addition of a Ni-Mg-Al catalyst, with an additional downstream stainless steel mesh, 

increased hydrogen production from 24.8 to 54.8 (mmol H2 g
-1

 toluene), when water (steam) 

was injected at a rate of 0.01 g min
-1

. CNTs were also produced in the process in the presence 

of the Ni-Mg-Al catalyst and with a water injection rate of 0.01 g min
-1

 had the highest band 

ratio of G’/G when analysed by Raman spectrometry, indicating the highest purity of CNTs. 

In addition, Raman spectra of the generated CNTs showed that the purity of CNTs was 

reduced with the addition of water for reforming without the Ni-Mg-Al catalyst. The presence 

of the Ni-Mg-Al catalyst significantly increased the yield of CNTs formed on the surface of 

the stainless steel mesh and also improved the quality of the CNTs in relation to the 

distribution of diameters and their length.  
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1. Introduction 

 

Alternative clean energy is in high demand due to the economic and political concerns of 

long-term fossil fuel shortages and environmental impact caused by using fossil fuels [1]. 

Hydrogen is regarded as one of the most promising energy carriers for clean fuels, since its 

combustion only generates water and importantly, it can be produced from various renewable 

materials such as biomass [2, 3]. Hydrogen production, storage, distribution and its use in 

energy applications have been extensively researched [2, 4, 5]. 

 

Gasification/reforming of liquid hydrocarbon materials such as biomass tar and waste derived 

hydrocarbon oils from wastes such as plastics and tyres have been investigated for hydrogen 

production [6-12]. Catalyst is known to be important for improving hydrogen production 

from gasification/reforming process; especially nickel-based catalyst is widely used for its 

effective catalytic activities of hydrocarbons conversion and hydrogen production. However, 

coke deposition (amorphous carbons, heavy hydrocarbons and filamentous carbons etc.) on 

the surface of the catalyst has caused deactivation of the catalyst [6, 12]. A large amount of 

research has been carried out to investigate and reduce coke formation [13-15]. In addition, 

CO2 emission is not avoidable in the process of hydrogen production from 

gasification/reforming; the emission of CO2 impacts climate change and reduces the overall 

efficiency of the gasification/reforming process.  

 

This paper introduces a novel process that has the potential to convert hydrocarbon liquids 

into hydrogen and also high-value carbon nanotubes (CNTs). Co-production of hydrogen and 

CNTs has been reported with the reforming of ethanol [16, 17]. However, few studies could 

be found for the reforming of other liquid hydrocarbons. We recently reported that CNTs 

could be generated as a by-product of hydrogen from pyrolysis-gasification of waste plastics 

[18]. CNTs have unique physical and chemical properties and have received increasing recent 

interest, and are predicted to have many applications in the areas of hydrogen storage [19], 

reinforced composites and carbon electrodes [20] and biosensors [21] etc. Therefore, high-

value CNTs add significant economic value to the hydrogen production from reforming of 

hydrocabrons. 
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This research seeks to demonstrate whether, and how, high-quality CNTs and hydrogen are 

produced from steam reforming of toluene as a representative model compound of 

hydrocarbon oil.  For example, toluene has been used as a model compound of tar oil for 

gasification research [22-27] Toluene has also known as a common compound in tyre 

pyrolysis oil at  about 3.6 wt.% [28] and for catalytically upgraded tyre pyrolysis oils can 

reach concentrations of ~24% [29-31]. Toluene is also found in the liquid oils derived from 

the pyrolysis of waste plastics at concentrations of 7.6 wt.% [32]. 

 

A two-stage reactor system was used for the experimentation, where the toluene was pre-

heated in the first stage followed by steam reforming of the pre-heated gases in the second 

stage in the presence of a Ni-Mg-Al catalyst; the catalyst was selected due to its effective 

catalytic effect for hydrogen production from plastics gasification from our previous work 

[15, 33, 34]. Stainless steel has been reported for the growth of CNTs [35, 36]; in this work, it 

was investigated for the purpose of promoting CNTs production. In addition, steam addition 

was also studied to determine its influence on hydrogen and CNTs production from catalytic 

toluene reforming. 

 

2. Materials and methods 

 

2.1. Materials  

 

Toluene was purchased from Merck and used as the model compound of hydrocarbon liquids. 

Stainless steel gauze (400 mesh woven from 0.028 mm diameter wire), purchased from Alfa 

Aesar, was used as a catalyst for the generation of CNTs. The stainless steel mesh was cut to 

small squares ~4 mm, immersed in 10 % nitric acid and washed with de-ionized water. 

Before use in the gasification experiments, the stainless steel mesh was dried at 100 °C 

overnight and also pre-treated at 800 °C for 3 h in an air atmosphere. 

 

Ni-Mg-Al catalyst was prepared by a co-precipitation method. Ni(NO3)•6H2O, 

Al(NO3)3•9H2O and Mg(NO3)2•6H2O were dissolved into de-ionized water and NH4(OH) 

solution was added to the nitrate solution until the pH reached 8.3. The precipitates were 

filtered with water, followed by drying at 105 °C overnight, and then were calcined in an air 

atmosphere at 750 °C for 3h. The Ni/Mg/Al molar ratio of the catalyst was 1:1:1. 
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2.2. Methods  

 

Toluene reforming experiments were carried out using a two-stage fixed-bed reaction system 

(Fig. 1), which is similar to other report [37]. N2 was used as a carrier gas with a flow rate of 

80 ml min
-1

. The gas hourly space velocity was around 4800 h
-1

 for the experiments. Toluene 

and water were injected to a mixer using a HPLC pump and syringe pump, respectively. 

Toluene was pre-heated at around 250 °C in the first reactor; the derived gases were reformed 

at around 800 °C in a second reactor. In the second reactor, Ni-Mg-Al catalyst, if used, was 

placed on the top of the stainless steel mesh (0.5 g), separated by quartz wool. The 

condensable liquids were condensed and the non-condensable gases were collected in a gas 

sample bag and analyzed off-line by packed column gas chromatography (Varian 3380).  

 

The CNTs deposited on the reacted catalyst were characterized by a high resolution scanning 

electron microscope (SEM, LEO 1530) coupled with energy dispersive X-ray spectroscopy 

(EDXS) and a transmission electron microscope (TEM) (Philips CM200). Temperature-

programmed oxidation (TPO) was carried out using a Stanton-Redcroft thermogravimetric 

analyser (TGA and DTG) to determine the properties of the CNTs deposited on the reacted 

catalysts. Raman spectra of the CNTs were obtained using a Renishaw Invia equipment at a 

wavelength of 514 nm. 

 

3. Results and discussion 

 

3.1. Product yield 

 

In this work, various water injection rates (0.00, 0.01, 0.05 and 0.1 g min
-1

) were investigated 

for the production of CNTs and hydrogen from toluene reforming in the presence/absence of 

the Ni-Mg-Al catalyst. Experimental conditions, mass balances and gas concentrations are 

shown in Table 1.  

 

3.1.1. Gas and hydrogen production.  

 

Gas yield was increased from around 16.1 to 58.4 wt.% and hydrogen production was 

increased from 22.9 to 24.8 (mmol H2 g
-1

 toluene) when water was injected into the reaction 

system with a flow rate of 0.01 g min
-1

, in the absence of the Ni-Mg-Al catalyst, but with the 
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stainless steel mesh in place. The gas yield was calculated by the mass of non-condensed 

gases divided by the injected toluene. The hydrogen production was calculated as the molar 

of hydrogen produced by the mass of total injected toluene. However, when the water 

injection rate was increased up to 0.1 g min
-1

 (still without the Ni-Mg-Al catalyst), gas and 

hydrogen production was obviously reduced (Table 1). Even in the presence of the Ni-Mg-Al 

catalyst, when the water injection rate was increased from 0.01 to 0.05 g min
-1

 gas production 

was also reduced from 105.5 to 69.0 wt.% with reduced hydrogen production from 58.4 to 

31.0 (mmol H2 g
-1

 toluene). The results indicate that hydrogen production from the toluene 

steam reaction was prohibited in the presence of high amounts of steam. The saturation of the 

catalyst surface by steam has been suggested at high steam/carbon ratios when investigated in 

the process of steam reforming of toluene [38] and benzene [39].  

 

As shown in Table 1, when the Ni-Mg-Al catalyst was introduced into the reforming process, 

gas production was dramatically increased from 58.4 to 105.5 wt.% with enhanced hydrogen 

production from 24.8 to 54.8 (mmol H2 g
-1

 toluene) with the injection of 0.01 g min
-1

 water. 

Therefore, we suggest that the Ni-Mg-Al catalyst used in this work significantly improves the 

production of hydrogen during toluene reforming. This observation fits well with previous 

reports that  commercial Ni-based catalysts promote high yields of hydrogen during the steam 

reforming of oil derived from biomass pyrolysis [40].  

 

3.1.2. Carbon production 

  

In this work, valuable CNT materials were detected in addition to hydrogen production 

during reforming of toluene as a model compound of hydrocarbon liquids. The materials 

were collected in the reactor after the reforming process, and the amount has been 

summarized in Table 1.  

 

From Table 1, the influence of water injection rate on toluene reforming has been found to 

significantly influence the production of CNTs on the stainless steel mesh. In the absence of 

the Ni-Mg-Al catalyst, the carbon materials on the stainless steel mesh have been obtained 

without water injection with carbon conversion to CNTs (about 43.8 wt.%); their production 

was reduced when water was injected at 0.01 g min
-1

 (with S/C ratio of 0.7) (CNTs 

production <5 wt.%); furthermore, CNTs disappeared when water was introduced at higher 

flow rate (0.1 g min
-1

) (with S/C ratio of 7.3) into the non-catalytic experiment.  
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However, when the Ni-Mg-Al catalyst was placed in the reforming process with a water 

injection rate of 0.01 g min
-1

, a higher production of CNTs was obtained on the surface of the 

stainless steel mesh (~56.9 wt.% of the carbons in the feedstock toluene were converted into 

CNTs). Therefore, the presence of the Ni-Mg-Al catalyst is essential for the production of 

CNTs in this work. It has to be pointed out that coke formation was also observed on the 

reacted Ni-Mg-Al catalyst from SEM analysis (not shown here). In this work, CNTs 

formation is focused on the stainless steel, detailed analysis of the catalyst stability is needed 

for the stability of the Ni-Mg-Al catalyst. 

 

A vapor-liquid-solid mechanism has been initially developed by Baker et al. [41, 42] for the 

growth of carbon nanofibres: a carbon containing gas precursor generates carbon atoms on 

the surface of the catalyst; a liquid carbide is formed through the carbon atoms dissolution; 

finally, solid carbon precipitates with the nanoparticles to form carbon filaments. However, 

the driving force for the diffuse of carbon atoms through nanoparticles is not clear [43]. 

Tibbetts [44] proposed that a difference of carbon solubility at the gas/metal interface and the 

carbon/metal interface - a carbon concentration gradient, is the driving force for the carbon 

diffusion.  

 

However, with the further increase of the water injection rate to 0.05 g min
-1

, the carbon 

material could barely be found, even in the presence of the Ni-Mg-Al catalyst. We suggested 

that the toluene conversion was improved in the presence of the catalyst; since catalyst has 

been reported to increase toluene conversion [38]. The precursors derived from catalytic 

reforming of toluene are suggested to be favorable for the CNTs production on the surface of 

the stainless steel mesh. In addition, the CO2 concentration was reduced when the Ni-Mg-Al 

catalyst was added to the experiment with water injection rate of 0.01 g min
-1 

compared with 

the non-catalytic experiment (Table 1). This is further to prove that more carbons were 

converted into CNTs. 

 

3.2. SEM analysis  

 

3.2.1. Influence of water injection  
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The reacted stainless steel meshes were analyzed with SEM, and the images are shown in Fig. 

2 and 3. For the reacted stainless steel mesh with water injection rate higher than 0.05 g min
-1

, 

CNTs were difficult to identify (Fig. 3); however, CNTs could be clearly observed on the 

reacted stainless steel mesh when the water injection rate was 0.01 g min
-1

 or without water 

injection in the absence of the Ni-Mg-Al catalyst (Fig. 2).When the water injection rate was 

increased from 0.01 to 0.05 g min
-1

 (S/C ratio increased from 0.0 to 3.7) in the presence of 

the Ni-Mg-Al catalyst, CNTs were barely detected (Fig. 2 and 3).  

 

It has been reported that suitable amounts of water addition into the CNTs production process 

could increase the length of the CNTs; it has been proposed that the oxidant (H2O) has an 

etching effect on the carbon species that are not consumed by the formation of the CNTs 

which may deactivate the metal particles [45]. However, at higher concentrations of H2O, the 

oxidant has also been reported to etch the CNTs [46]; therefore, CNTs are suggested to be 

etched by water at a high water injection rate (0.05 g min
-1

) in this work. 

 

3.2.2. Influence of the addition of the Ni-Mg-Al catalyst 

 

As shown in Fig. 2, coiled CNTs were found on the reacted stainless steel mesh without 

catalyst and without water injection. When water was injected with 0.01 g min
-1

 to the 

toluene reforming system without catalyst, the diameter of the CNTs was larger and the 

length of the CNTs becomes shorter. In the presence of the Ni-Mg-Al catalyst with the water 

injection rate of 0.01 g min
-1

, CNTs with narrow diameter distribution were found on the 

stainless steel mesh; additionally, the length of the produced CNTs could be more than 20 um.  

 

Therefore, it seems that the introduction of water and/or the Ni-Mg-Al catalyst into the 

toluene reforming process significantly influences the growth of the CNTs. When a carbon 

nucleus was formed, the available carbon was concluded to have three possible routes [47]: 

(1) continuously grow with the original carbon cap; (2) form a new carbon cap until 

energetically unfavorable; (3) add to the cylindrical part of the tube.  

 

In this contribution, when water was injected at 0.01 g min
-1

 without the Ni-Mg-Al catalyst, 

for the steam reforming of toluene, dissolved carbon seems to be added to the cylindrical 

section of the originally formed CNTs, thus the diameter of the CNTs was increased with 

relative short lengths (Fig. 2 (b)). Conversely, dissolved carbons were added to the cap of the 
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initially formed CNTs on the surface of the stainless steel mesh, and produced longer but 

narrower CNTs, when the Ni-Mg-Al catalyst was added into the reaction system at the water 

injection rate of 0.01 g min
-1

 (Fig. 2 (c) (d)). 

 

Interestingly, a narrow distribution of CNTs could also be observed from TEM images (Fig. 

4), where CNTs were found with diameters of around 20 nm. About 14 graphene layers 

parallel to the axis of the CNT were found, clearly indicating that tubular multi-walled CNTs 

were produced from the catalytic reforming of toluene in the presence of the stainless steel 

mesh. Similar production of aligned CNTs on the stainless steel mesh has been obtained, 

when ethane and hydrogen were used as feedstock [48]. Compared to non-catalytic toluene 

reforming, the introduction of the Ni-Mg-Al catalyst increased the production and improved 

the quality of the CNTs in terms of a narrower diameter distribution and increased length, 

while the hydrogen production was also significantly increased. 

 

3.3. Raman analysis  

 

Raman spectra of CNTs are shown in Fig. 5. The D band at 1350 cm
-1 

is assigned to 

disordered carbon structures, and the G band at around 1575 cm
-1

 is attributed to graphite 

carbons.[49]
 
The second order Raman spectrum G’ band at around 2683 cm

-1
 is due to the 

two-photon elastic scattering process [50]. The intensity of G’ band is particularly related to 

the purity of the CNTs, as two-photon elastic scattering would not happen with a disordered 

sample [49]. Raman mode at around 2930 cm
-1

 is suggested to be a combination mode of the 

D and G modes [51].  

 

In the absence of the Ni-Mg-Al catalyst, the high intensity of the D band for the reacted 

stainless steel mesh (Fig. 5 (b)) indicates that the amount of disordered carbons were 

increased with the water injection rate of 0.01 g min
-1

, compared with the non-steam toluene 

reforming (Fig. 5 (a)). Additionally, the low intensity of the G’ band (IG’/IG, 0.46) (Fig. 5 (b)) 

also demonstrates that poor purity of the CNTs was obtained, when water (0.01 g min
-1

) was 

added to toluene reforming in the absence of the Ni-Mg-Al catalyst.  

 

The lowest ratio of intensity of the D to G band (ID/IG, 0.56) and the highest ratio of IG’/IG 

(0.73) were obtained and shown in Fig. 5 (c); thus indicating that the CNTs, derived from 

toluene reforming process in the presence of the Ni-Mg-Al catalyst and with a water injection 
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rate of 0.01 g min
-1

, have the highest purity and lowest disordered carbons among the 

produced CNTs in this work. It is also further demonstrated that the Ni-Mg-Al catalyst has a 

positive effect on the formation of CNTs. The Ni-Mg-Al catalyst reformed the toluene and 

might generate hydrocarbons which are favorable to form CNTs on the surface of the 

stainless steel mesh. It is proposed that the increased hydrogen content with the addition of 

the Ni-Mg-Al catalyst in the gas stream might prevent the sintering of Fe particles on the 

stainless steel mesh; thus resulting in the growth of long and uniform CNTs, compared with 

the experiment without the Ni-Mg-Al catalyst. 

 

3.4. Temperature programmed oxidation of CNTs.  

 

A single oxidation peak was observed for the produced CNTs from toluene reforming with 

and without the Ni-Mg-Al catalyst (Fig. 6). From Fig. 6, the TPO peak moved to higher 

temperature for the CNTs generated in the presence of the Ni-Mg-Al catalyst. Herrera et al. 

[52] reported that the presence of metal species in the CNTs catalyze the oxidation reaction 

during their TPO experiment. In this work, the presence of Fe metals has been observed from 

the EDXS analysis of the CNTs (Fig. 7). Iron oxides are also observed after TPO analysis. 

Additionally, less Fe metal species were found in the CNTs generated with the Ni-Mg-Al 

catalyst (Fig.7 (b)). Therefore, the move of the TPO oxidation peak to higher temperature for 

the CNTs obtained in the presence of the Ni-Mg-Al catalyst might be due to the lower 

content of Fe species in the CNTs. Furthermore, the sharp oxidation peak of the TPO analysis 

was observed for the CNTs produced with the Ni-Mg-Al catalyst (Fig. 6 (c)). It is further 

indicated that the CNTs, produced in the presence of the Ni-Mg-Al catalyst at a water 

injection rate of 0.01 g min
-1

, have a comparatively narrow diameter distribution (as shown in 

SEM analysis, Fig. 2 and 3). 

 

3.5. Toluene reforming with high material feeding rate 

 

From the above analysis and discussions, the presence of catalyst and water injection rate 

have significantly influence on the CNTs production. Here, we studied the steam reforming 

of toluene at higher ratio of toluene/catalyst with a modified water/toluene ratio (toluene 

injection rate: 0.07 g min
-1

; water injection rate 0.02 g min
-1

). Hydrogen production and 

concentration were 35.6 and 18.5 Vol.%, respectively (Table 1). The hydrogen production 

was reduced with the increase of feeding rate of toluene, as less catalytic sites were available 
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at higher feeding rate of raw material. As shown in Table 1, higher carbon conversion to 

CNTs (~70.4 wt.%) was obtained at higher feeding rate of toluene, which was ascribed to the 

lower ratio of catalyst/toluene and also steam/toluene. 

 

Interestingly, CNTs with uniform distribution of diameters are observed from the SEM 

analysis, as shown in Fig. 8; additionally, the length of the CNTs could be more than 50 um.  

Compared with a lower feeding rate of toluene (Fig. 2), the CNTs obtained from the higher 

toluene feeding rate (0.07 g min
-1

) are with longer length; indicating the CNTs have been 

grown on the surface of stainless steel mesh while the diameter of CNTs kept constant. In 

addition, the produced CNTs could be easily physically separated from the stainless steel 

mesh, as gram quantities of CNTs powder were collected after the experiment. Therefore, 

producing high quality CNTs from steam reforming of toluene was proved to be possible in 

this work by manipulating the processing conditions such as catalyst, steam and material 

feeding rate.  

 

4. Conclusions 

 

In summary, high-quality CNTs with a narrow diameter distribution and up to 50 µm in 

length were generated from the steam reforming of toluene as a representative hydrocarbon 

liquid model compound in the presence of a Ni-Mg-Al catalyst and stainless steel mesh. The 

introduction of the Ni-Mg-Al catalyst has a positive effect for CNTs production by modifying 

the carbon sources before deposition onto the stainless steel mesh. In addition, higher 

hydrogen production was also obtained when the Ni-Mg-Al catalyst was added to the 

reforming process. 

 

Hydrogen production was increased with the increase of water injection; however, the 

amount of CNTs was reduced. Increasing the feeding rate of toluene resulted in the increase 

of the length and the production yield of CNTs. 
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Table 1. Experimental results from toluene reforming 

Toluene  

(g min
-1

) 
0.01 0.01 0.01 0.01 0.01 0.07 

Catalyst (g) 0.0 0.0 0.8 0.0 0.8 0.8 

Water (g min
-1

) 0.00 0.01 0.01 0.10 0.05 0.02 

S/C ratio* 0.0 0.7 0.7 7.3 3.7 0.2 

Gas yield (wt.%) 16.1 58.4 105.5 23.2 69.0 36.3 

Carbon conversion to  

CNTs (wt.%) 
43.8 <5 56.9 - - 70.4 

Hydrogen production  

(mmol H2 g
-1

 toluene) 
22.9 24.8 54.8 18.3 30.9 35.6 

Gas concentration (vol.%) 
    

 

CO 11.0 35.1 31.5 23.9 26.7 18.5 

H2 85.1 58.4 66.0 72.6 61.8 77.4 

CO2 2.0 6.0 1.4 1.8 11.4 1.7 

CH4 1.9 0.6 1.1 1.7 0.1 2.5 

C2-C4 0.0 0.0 0.0 0.0 0.0 0.0 

* S/C means steam to carbon (in toluene) molar ratio 
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Figure Captions: 

 

Fig. 1. Schematic diagram of the experimental system 

Fig. 2. SEM micrographs of stainless steel mesh derived from various reaction conditions: (a) 

No catalyst + no water; (b) No catalyst + 0.01 g min
-1

 water;  (c) and (d) Ni-Mg-Al + 0.01 g 

min
-1

 water 

Fig. 3. SEM micrographs of stainless steel mesh derived from various reaction conditions: (a) 

Ni-Mg-Al catalsyt + 0.05 g min
-1

 water; (b) No catalsyt + water 0.1 g min
-1

 

Fig. 4. TEM micrographs of the CNTs produced from toluene gasification in the presence of 

the Ni-Mg-Al catalyst with water injection rate of 0.01 g min
-1

 

Fig. 5. Raman analysis of the CNTs on the surface of the used stainless steel mesh. (a) No 

catalyst + no water; (b) No catalyst + 0.01 g min
-1

 water;  (c) Ni-Mg-Al + 0.01 g min
-1

 water 

Fig. 6. Temperature programmed oxidation results of the CNTs derived from toluene 

gasification. (a) no catalyst + no water; (b) no catalyst + 0.01 g min
-1

 water; (c) Ni-Mg-Al + 

0.01 g min
-1

 water 

Fig. 7. EDXS analysis of the CNTs produced with: (a) No catalyst + no water; (b) Ni-Mg-Al 

+ 0.01 g min
-1

 water 

Fig. 8. SEM micrographs of CNTs from toluene reforming with higher toluene feeding rate 
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(a)  (b)

 (c)  (d) 

Fig. 2. SEM micrographs of stainless steel mesh derived from various reaction conditions: (a) 

No catalyst + no water; (b) No catalyst + 0.01 g min
-1

 water;  (c) and (d) Ni-Mg-Al + 0.01 g 

min
-1

 water 
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(a) (b) 

 

Fig. 3. SEM micrographs of stainless steel mesh derived from various reaction conditions: (a) 

Ni-Mg-Al catalsyt + 0.05 g min
-1

 water; (b) No catalsyt + water 0.1 g min
-1
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Fig. 4. TEM micrographs of the CNTs produced from toluene gasification in the presence of 

the Ni-Mg-Al catalyst with water injection rate of 0.01 g min
-1
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Fig. 5. Raman analysis of the CNTs on the surface of the used stainless steel mesh. (a) No 

catalyst + no water; (b) No catalyst + 0.01 g min
-1

 water;  (c) Ni-Mg-Al + 0.01 g min
-1

 water 
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Fig. 6. Temperature programmed oxidation results of the CNTs derived from toluene 

gasification. (a) no catalyst + no water; (b) no catalyst + 0.01 g min
-1

 water; (c) Ni-Mg-Al + 

0.01 g min
-1

 water 

  

 

100 200 300 400 500 600 700 800
-0.0030

-0.0025

-0.0020

-0.0015

-0.0010

-0.0005

0.0000

0.0005

Temperature (°C )

D
er

iv
at

iv
e 

w
ei

g
h
t 

(°
C

-1
)

(a)

(c)

(b)



 

 

24 

 

 

  

Fig. 7. EDXS analysis of the CNTs produced with: (a) No catalyst + no water; (b) Ni-Mg-Al 

+ 0.01 g min
-1

 water 
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Fig. 8. SEM micrographs of CNTs from toluene reforming with higher toluene feeding rate 
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