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Toluene has been used as a model tar compound in many cracking and
reforming studies in the context of biomass gasification and pyrolysis.
Low cost alternate catalysts such as biochar, limonite have been

Published: February 2019 studied. Toluene has also been used in chemical vapour deposition of

carbon nano tubes. In this study, red mud waste from the aluminium
industry without any pre treatment was used as a catalyst for toluene
cracking. The hydrogen evolution and nano carbon formation were
studied. The reduction behaviour of the catalyst in hydrogen showed
conversion of iron hydroxide and oxide to iron above 700 °C.
Hydrogen formation rate was maximum at 800 °C after around 7 h and
subsequently reduced with time. Depending on the carbon content, the
post reaction catalyst was comprised of reduced iron oxides (magnetite,
wustite) and mixture of iron, iron carbide and graphitic carbon. Carbon
content up to 46% was obtained and the deposited carbon was in the
form of nano fibers. While red mud has been used in catalytic steam
gasification and pyrolysis of biomass, the hydrogen evolution using red
mud and toluene has not been reported.
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Introduction:-

Hydrogen energy is an attractive alternative to fossil fuels and one of the sources is from biomass. One of the
limitations of the utilization of biomass in pyrolysis and gasification process is the formation of tar components
which are undesired as they lower the overall efficiency of the process and can clog the downstream pipelines (Ni et
al., 2006). Thus there is a need for catalyst which can breakdown the tar to the useful components. One potential
candidate is red mud which is a waste from the aluminium industry and has disposal issues.

Several reviews have covered the catalytic removal of tar from biomass gasification or pyrolysis (Abu EI-Rub et al.,
2006; Han et al., 2008; Rios et al., 2018; Shen et al., 2013; Xu et al., 2010). The main catalysts are Ni based,
transition metal based, zeolites, char, natural materials or alkali metal based. Ni based catalyst are active but
undergo deactivation due to carbon deposition. Noble (Rh, Ru, Pd, Pt) and non-noble (Co, Fe, Zn, and Cu)
transition metal catalysts have been studied in steam reforming of tar. Naturally occurring dolomite or olivine have
been used in the existing form or after some treatment. Zeolites and activated carbon/char have been tested as
catalysts and as catalyst supports.
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Toluene has been studied as a model tar compound in cracking and reforming reactions. Nickel based catalysts are
commonly used but there are also reports of alternate catalyst that are inexpensive and active (Gerber 2007).
Natural limonite (Zou et al., 2016), biomass derived char (Li et al., 2016), iron supported biochar (Kastner et al.,
2015), sewage sludge char (Lu et al., 2016) have been reported. In these studies, toluene conversion was observed
at temperatures above 750 °C.

Nano carbons obtained through cracking of hydrocarbons have various applications such as sorbents, catalysts,
catalyst supports and fillers of electro-conductive plastics etc. (Baughman et al., 2002). Toluene has been used as
hydrocarbon source to synthesize carbon nano tubes catalysed by iron compounds by using ferrocene along with
toluene (Pinault et al., 2005; Singh et al., 2003a, b). Depending on the processing conditions, different carbon nano
tube morphology, purity and properties could be obtained.

We have previously reported the activity of red mud in hydrogen generation and nano carbon formation with
different hydrocarbons and have reported preliminary results on post reaction catalyst characteristics after toluene
exposure (Alharthi et al., 2016; Balakrishnan et al., 2009). In this study, we examine the hydrogen evolution and
nano carbon formation using toluene as the hydrocarbon and red mud as the catalyst.

Experimental procedure:-

The starting red mud (RM7) was dried and sieved through 150 micron sieve. The characteristics have been reported
earlier (Balakrishnan et al., 2009). To understand the reduction behaviour, in-situ X-ray diffraction (XRD) and in-
situ thermal analysis (TGA) were carried out in an atmosphere of 5% hydrogen (balance nitrogen). XRD was done
using Siemens D5000 diffractometer using Cu K, radiation with the 26 range as 10-80°, with a step size of 0.02°.
Thermal analysis was done with TA instruments SDT Q600 instrument with measurements being undertaken in the
temperature range from ambient to 1000 'C. The post reaction catalysts were also analyzed by XRD and TGA in air
atmosphere under the same conditions. CHN was done by combustion using an Exeter Analytical CE-440 elemental
analyzer. Scanning Electron Microscopy was done using XL30 ESEM Phillips microscope operating at 20 kV.

Catalytic studies were done in a fixed bed reactor in the temperature range 300 to 800 °C. Nitrogen was used as the
carrier gas and was bubbled through toluene maintained at 25 °C at a flow rate of 100 ml/min. The volume of
catalyst taken was 0.5 ml, corresponding to a GHSV of 12,000 h™. The toluene conversion and hydrogen evolution
were measured using GC (Nucon 5700) with FID having a chemosorb column and TCD with a carbosphere column.
The experiments were done in a heating cycle from 500 °C to 800 °C with a hold of 1h each at 500 °C, 700 °C and
800 °C. Experiments were also done at 800 °C for 6.75 and 10 h.

Results and discussions:-

The starting red mud was comprised of mainly Fe,03 (36.79%), Al,O5 (23.51%) and SiO, (14.60%) and the phases
present were goethite, haematite, quartz and gibbsite (Balakrishnan et al., 2009). Since metallic iron is the
catalytically active phase for cracking reactions, the phase changes during reduction were studied. Figure 1 shows
the different phases with increasing temperature from 100 °C to 800 °C in hydrogen. The in-situ XRD shows
reduction in peaks of gibbsite, goethite and their complete removal at 300 °C. At temperatures above 400 °C,
haematite peaks were not observed and magnetite peaks were observed in the temperature range 400-700 °C. From
700 to 800 °C, the primary peak was iron. Peaks of wustite were not significant. This is similar to the results
obtained in the treatment of red mud in hydrogen where reduction of hematite to magnetite and reduction of
magnetite to iron took place in the temperate range 300 °C to 480 °C (Samouhos et al., 2017). In a controlled
reduction of red mud in hydrogen at different temperatures, reduction to magnetite and further reduction to iron at
temperatures of 500 °C and 600 °C was observed (Costa 2010).

The in-situ TGA in hydrogen is shown in Figure 2 along with TGA in air. It is observed that till around 500 °C, the
behaviour is identical. Beyond this temperature, in a reducing atmosphere, there is further weight loss which
continues. This can be attributed to the reduction of iron oxides to iron and matches with the in-situ XRD results.

The toluene conversion and hydrogen evolution at 800 °C from 6.75 h run and 10 h run are shown in Figure 3. The
same in the heating cycle are shown in Figure 4. At 800 °C, it is observed that a maximum hydrogen evolution rate
of 2 x 10* mol min™g™ is obtained. The peak value was obtained after around 6 h and then was reduced. The
toluene conversion similarly shows an increase followed by a decrease. In the initial stages it is expected that the
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toluene reacts with iron hydroxides and oxides to form iron following which hydrogen evolution increases. The
decrease with time could be due to deactivation from carbon deposition. In a study on toluene cracking with
haematite, it was found that the toluene conversion was better at 700 °C than at 800 °C and the lowering of
performance at 800 °C was attributed to carbon deposition (Zou et al., 2016). In a test with toluene cracking on
sewage char, it was observed that hydrogen content and toluene conversion decreased with time. This was attributed
to deposition of coke on the catalyst (Lu et al., 2016).

Study on toluene cracking on biomass char catalyst showed that the main non-condensable gases were hydrogen,
methane, carbon monoxide, carbon di-oxide. The hydrogen selectivity considering hydrogen and methane amounts
showed more than 90% hydrogen selectivity at temperatures above 750 °C (Li et al., 2016). Toluene cracking with
Fe supported on silica also showed high hydrogen content compared to other gases such as methane, acetylene,
ethylene (Zhang et al., 2018). In this study as well, during the stable toluene conversion period of the 10 h run (300
to 395 minutes), the main product was hydrogen. The toluene conversions in this study are comparable to studies
reported in the literature which include more than 90% above 750 °C with biomass char catalyst (Li et al., 2016);
more than 85% conversion with 10% Fe loading on silica (Zhang et al. 2018); around 95% conversion at 950 °C
with sewage sludge char as catalyst (Lu et al., 2016); 50-99% conversion in the temperature range 500-800 °C with
haematite catalyst (Zou et al., 2016); 94% at 900 °C with bio char catalyst (Mani et al., 2013); more than 80%
conversion with Ni-Fe bimetallic based supported catalyst at 700 °C (Laosiripojana et al., 2014)..

In the heating cycle it is observed that hydrogen formation rate is apparent after 700 °C and at 800 °C but with time
the formation rate decreases. In terms of toluene conversion, complete conversion is obtained only at 800 °C. The
maximum hydrogen formation rate is much less than that obtained in the 10h run which could be due to insufficient
time for complete reduction of iron compounds to iron.

The post reaction sample XRD is shown in Figure 5. The heating cycle sample shows the presence of reduced iron
oxides magnetite and wustite, as well as iron. Carbon peaks are not visible in this sample. The 6.75 h run at 800 °C
shows the presence of iron and carbon in addition to reduced iron oxides. This shows that reaction of toluene to
reduce iron oxides and the cracking in the presence of reduced iron to form carbon takes place in parallel. The 10 h
sample which had a carbon content of 46% shows presence of carbon, iron and iron carbide. During CVD of carbon
nano tubes using toluene and ferrocene, presence of iron and iron carbide has been observed (Mierczynski et al.,
2017). The iron carbide was due to the reaction between iron and carbon and was attributed to cause the start the
formation of carbon nano tubes.

The TGA of carbon containing samples is shown in Figure 6 and the weight loss correlates with the carbon content.
The weight loss mostly takes place in the temperature range 550-650 °C (Figure 6a). The derivative weight curve
shows only one peak around 600 °C (Figure 6b). In a study on CNTs from toluene and ferrocene, the thermal
analysis derivative curve showed peaks in the ranges 335-350 °C and 475-625 °C (Das et al., 2006). The lower
temperature peak was attributed to amorphous carbon and the higher temperature peak to CNT. In this study, the
presence of amorphous carbon is not evident in terms of low temperature weight loss. The morphology shows
presence of some nano fibers. Thus, this inexpensive waste material shows potential as a catalyst for biomass based
hydrogen production as well as nano carbon synthesis.

Conclusions:-

Red mud showed activity for hydrogen formation from the cracking of toluene. Hydrogen formation rate up to 2 x
10" mole min™g™ was obtained at 800 °C. The formation rate reduced due to carbon deposition on the catalyst. The
catalyst had up to 46% carbon in the form of nano fibers. The carbon was in the form of graphite; iron and iron
carbide was also present in the sample with high carbon content. Other samples show presence of reduced iron
oxides.
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Figure 1:- In-situ XRD of RM7 in 5% hydrogen (balance nitrogen), g-goethite; h-haematite; m-magnetite; f-iron
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Figure 2:- TGA of RM7 in air and hydrogen
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Figure 3:- Hydrogen formation rate and toluene conversion at 800°C for 6.75 h run and 10 h run
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Figure 4:- Hydrogen formation rate and toluene conversion in the heating cycle run
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