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ABSTRACT 

 

A novel two-stage pyrolysis-plasma/catalysis process has been developed for 

hydrogen production from waste biomass. Investigation into; the comparison of the 

biopolymers, cellulose and lignin; the effect of Mg, Co, Ce, Cu, Fe and Ni as promoter 

metals added to a Ni-Al2O3 catalyst; and the influence of the catalyst support 

material in relation to hydrogen production was carried out. The combination of 

plasma and catalysis produced the highest hydrogen and total gas yield from 

processing waste biomass in comparison to non-plasma pyrolysis-catalysis. The 

pyrolysis-plasma/catalysis of cellulose produced 4.07 mmol g-1 biomass of hydrogen 

compared with lignin which produced 4.29 mmol g-1 biomass of hydrogen. Metal 

promoters with the Ni-alumina catalyst did not have a strong influence on hydrogen 

production. However, some catalysts (Cu-Ni-Al2O3 and Ni-Ni-Al2O3), showed that 

addition of the metal promoter resulted in a reduced yield of hydrogen. The order of 

the catalysts in terms of hydrogen yield (H2 mmol g-1 biomass) was, Ce-Ni > Co-Ni > Mg-

Ni > Fe-Ni > Ni-Ni > Cu-Ni. In addition, different catalyst support materials were 

investigated. Hydrogen yield was highest with alumina support material compared 

with titanium oxide and Y-zeolite supports. Hydrogen production was linked to the 

surface area and porosity, and the dielectric constant of the catalyst material. 
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1. Introduction 

 

 

 The European Commission, Energy Strategy has been put in place with the 

aim of lowering the emissions of greenhouse gases by 40% (based on 1990 levels) 

together with at least 32% of Europe's energy mix sourced from renewable energy 

by 2030 [1]. Biomass is a renewable energy which has the advantage of being able to 

be utilised in several different sectors, as a feedstock for electricity production, heat 

generation and also biofuels for transport. Biomass is also regarded as carbon 

neutral in terms of energy supply and the emission of greenhouse gases. The 

thermochemical conversion of biomass via pyrolysis can produce a bio-oil, char and 

gas which all have potential for fuel use. However, the bio-oil from biomass pyrolysis 

is highly oxygenated, acidic and chemically complex, representing properties that 

restrict its end-use as a liquid fuel [2,3]. Thermochemical processing of biomass via 

steam, oxygen or air gasification produces a syngas (H2 + CO), together with lower 

yields of methane and carbon dioxide [4,5]. Steam gasification increases hydrogen 

content in the syngas. A recent development has seen the combination of pyrolysis 

and reforming/gasification processes through the use of two-stage pyrolysis-

catalytic steam reforming/gasification reactors that produce high yields of 

hydrogen-rich syngas [5-9]. The process involves a 1st stage of biomass pyrolysis at 

~500 °C then direct catalytic steam reforming/gasification of the product pyrolysis 

gases/vapours in a closely coupled 2nd stage catalyst reactor operated at a 

temperature of ~800 °C.  The complex hydrocarbons and oxy-hydrocarbons in the 

gaseous/vapour phase produced during the pyrolysis stage are catalytically steam 

reformed in the second stage catalyst reactor.  In addition to steam reforming of the 

evolved pyrolysis hydrocarbons, catalytic tar, hydrocarbon and oxy-hydrocarbon 

cracking may occur and also dry (CO2) reforming and water gas shift reactions may 

be involved [8].  The most commonly used catalysts that have been investigated in 

this process are nickel-based alumina catalysts but have the disadvantage that they 

are prone to the formation of carbon deposits (coke) on the catalyst and consequent 

catalyst deactivation [10]. The process conditions of high catalyst reforming 

temperature of ~800 °C are also a drawback of the process and which may result in 

catalyst sintering. There has therefore been research to improve the properties of 

catalysts to minimise coke formation and improve the stability of the catalyst.  For 
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example, there has been research into the development of different catalysts and 

examination of the introduction of metal-promoters which enhance the catalytic 

activity and improves the stability of the catalysts to thereby improve hydrogen 

production [6,7].   

 We have recently reported a further development of the two-stage pyrolysis-

catalysis reforming process by replacing the thermal-catalyst reactor with a non-

thermal plasma/catalyst reactor [11]. We showed hydrogen could be produced from 

biomass at the operational catalytic steam reforming temperature of only ~250 °C, 

rather than the high temperatures of ~800 °C typically used for conventional 

catalytic steam reforming. However, the yield of hydrogen-rich syngas was low at ~4 

mmol g-1
biomass compared to conventional thermal catalytic reforming experiments 

with hydrogen yields typically between 14-25 mmol g-1
biomass, depending on catalyst 

composition and process conditions [12-14].  

 Non-thermal plasma is an interesting process development where the 

plasma is generated through electricity and involves a large potential difference 

applied across two electrodes, for example, using a dielectric barrier discharge 

process (DBD) [15]. The electrical discharge between the two electrodes results in 

the transformation of the gas between the two electrodes into a plasma with the 

formation of an intense electric field generating high energy electrons between the 

discharge gap of the electrodes. The advantage of using non-thermal plasmas to 

enhance hydrogen yield is that, although the overall gas temperature is low, 

typically ~200 °C, the plasma contains high energy electrons with high electron 

energy of 1-10 eV. The electrons interact with the product vapours/gases derived 

from the biomass pyrolysis gas to produce highly reactive chemical species such as 

radicals, excited atoms, ions and molecules [16,17]. Additionally, the inclusion of a 

heterogeneous catalyst into the process (plasma/catalysis), produces a synergy and 

further promotion of chemical reactions [16-19]. One of the unique properties of 

plasma-catalyst interaction is that the plasma is formed on the surface and within 

the pores of the catalyst, enhancing reaction between reactant species and catalyst 

[17,20,21].  

 There are few publications on the pyrolysis-plasma/catalysis process for the 

production of hydrogen from biomass and also on the influence of various process 

parameters that may increase the overall hydrogen yield. In this work, the pyrolysis-
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plasma/catalysis process was investigated for hydrogen production from biomass, 

and the biomass polymers cellulose and lignin using a Ni-Al2O3 catalyst. In addition, 

different metal promoters (Mg, Co, Ce, Cu, Fe and Ni) were added to the Ni-Al2O3 

catalyst to determine the influence on the yield of hydrogen. Finally, the influence of 

catalyst support material by comparing Ni-alumina, Ni-titanium oxide and Ni-Y-

zeolite was also investigated in terms of hydrogen yield. 

 

2. Materials and methods  

2.1. Materials 

 

2.2.1. Biomass 

 The waste biomass used was in the form of wood pellets provided by 

Liverpool Wood Pellets Ltd, Liverpool, UK. The particle sample size of the samples 

used in this work was ~1 mm. Carbon, hydrogen, nitrogen and sulphur analysis 

(CHNS) of the biomass was analysed with a Thermo EA-2000 instrument. Proximate 

analysis was undertaken using a Shimadzu – TGA 50 thermogravimetric analyser 

with a standard temperature programme with a nitrogen purge gas followed by air. 

The characterisation results for the biomass sample is shown in Table 1. 

2.2.2. Catalyst preparation 

 The catalyst used for the pyrolysis-plasma/catalysis experiments using 

biomass, cellulose and lignin were carried out using a 5 wt.% Ni-Al2O3 catalyst. 

Further experiments investigated the influence of metal promoters added to the 5 

wt.% Ni-Al2O3 catalyst to determine the impact on hydrogen generation. In addition, 

three different catalyst support materials were investigated; alumina, titanium oxide 

and Y-zeolite each with 5 wt.% nickel. The active metals used to prepare the metal 

catalyst were obtained from Sigma-Aldrich UK. The support materials, alumina and 

Y-zeolite were obtained from Nankai University, China and titanium dioxide was 

obtained from Fischer Scientific Ltd., UK.  

 The catalyst preparation process used an impregnation method. With 

5% weight of Ni and 5 wt.% of promoter, Ni(NO3)2.6H2O and the associated 

promoter ammonium salt (Ce(NO3)2.6H2O, Cu(NO3)2.3H2O, Fe(NO3)3.9H2O and 

Ni(NO3)2.6H2O) were dissolved in deionised water. The produced catalysts were 
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therefore, 5 wt.% Mg, Co, Ce, Cu, Fe and Ni added to the 'baseline' 5 wt.% nickel 

supported on alumina. The addition of 5 wt.% to the 5 wt.% Ni-alumina catalyst 

thereby produced a 10 wt.% Ni-Al2O3 catalyst. The preparation process consisted of 

dissolution of the metal nitrate with nickel nitrate in deionised water; then the 

support material (alumina, titanium dioxide or Y-zeolite) was added; the solution 

was heated by 15 °C increments from ambient temperature to 95 °C to produce a 

slurry which was dried overnight at 110 °C. Calcination of the catalyst material was 

undertaken, heating at of 2 °C min-1 to a final temperature of 750 °C. The catalyst 

was then crushed and sieved to a particle size of 1 mm. A consistent particle size 

was used throughout the work since it has been shown that different catalyst 

particle sizes can influence the plasma/catalytic process [16]. Catalyst reduction with 

hydrogen (H2, 5%; N2, 95%) was 20 °C min-1 to 800 °C, and 1 h at 800 °C. The BET 

surface area and the BJH porosity of the different catalyst materials was by N2 

adsorption at 77 K, using a Micromeritics TriStar 3000 instrument and the results are 

shown in Table 2.  

 

2.2. Pyrolysis-plasma/catalysis reactor system 

 

 The two-stage biomass pyrolysis-plasma/catalysis experimental reactor 

system (Figure 1) has been described previously [11,22]. The 1st stage was pyrolysis 

of the biomass (1 g) in an electrically heated stainless steel reactor. The temperature 

programme for pyrolysis of the biomass was from 20 °C to 600 °C at 50 °C min-1 

heating rate followed by 10 mins at 600 °C. The residual char was collected from the 

sample crucible after each experiment. The biomass pyrolysis gases were passed to 

a 2nd stage quartz reactor held at a temperature of 250 °C to minimise tar 

deposition. Nitrogen was used as a carrier gas to transfer the product gases through 

the reactor system. The 2nd stage involved non-thermal plasma-catalytic steam 

reforming reactions of the evolved pyrolysis gases with a coaxial Dielectric Barrier 

Discharge (DBD) plasma. The 1st and 2nd stage reactors were separated by a 

ceramic insulator tube to prevent electrical discharge. The DBD plasma was 

generated between a copper mesh outer electrode (80 mm in length) wrapped on 

the outside of the quartz tube (25 mm o.d. and 22 mm i.d.) and a stainless steel rod 
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inner electrode (18 mm diameter) inside the quartz tube. Thus, the discharge region 

was ~80 mm with a discharge gap of 2 mm. 

 The catalyst (1g) was fully packed in the gap (2mm) between the quartz tube 

and the stainless steel inner rod. Distilled water was inserted into the 2nd stage 

reactor with a syringe pump to produce steam. Thus, the plasma and catalyst 

interaction and steam reforming reactions took place in the electrical discharge 

(plasma) between the two electrodes. Electrical discharge was monitored with a 

digital oscilloscope. The plasma was generated using a high voltage AC electrical 

power input of a frequency 1500 Hz and peak voltage of 20 kV maximum. The inner 

electrode connected to the input power and outer electrode was grounded. A series 

of dry-ice cooled glass condensers removed the liquid products and the product 

gases were collected in a 25 L Tedlar™ gas sample bag. The product gases were 

analysed off-line by packed-column gas chromatography. The hydrocarbon oil and 

condensed water liquid product was measured by weighing the condensers before 

and after experimentation. Knowing the mass of input water used for steam 

generation, the mass of product liquid yield could be determined. Multiple repeat 

experiments were undertaken with biomass as the feedstock to determine the 

repeatability of the pyrolysis-plasma/catalysis reactor system at typical reactor 

conditions; the data produced a standard deviation of 0.43 wt.% for gas yield, 4.3 

wt.% for liquid yield (including injected water) and 0.43 wt.% for the gas yield. The 

reported results in this work represented the mean of at least two experiments. 

 

2.3. Product gas analysis and catalyst carbon determination 

 The product gases in the Tedlar™ gas sample bag were analysed using three 

different Varian Ltd., UK, CP-3800 gas chromatographs (GC) as described before 

[8,11,22]. One GC measured hydrogen, nitrogen, oxygen, carbon monoxide gases, a 

second measured CO2 and a third measured C1 ― C4 hydrocarbons.  The mass of 

each gas was calculated based on the gas concentration, gas flow rate and the ideal 

gas law. 

 The carbon deposits formed on the catalyst after the pyrolysis-

plasma/catalysis experiments of biomass in relation to different metal promoters 

was determined by temperature programmed oxidation (TPO) using 
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thermogravimetric analysis (TGA). The TGA was a Shimadzu TGA-50 and used an air 

atmosphere and the catalyst sample was heated from ambient temperature to 800 

°C at 15 °C min-1. The weight loss measured during the oxidation process and in 

relation to oxidation temperature was used to calculate the mass of carbon on the 

catalyst.  

 

3. Results and discussion 

 

3.1. Hydrogen yield from biomass, cellulose and lignin 

 Initial experiments were conducted with the feedstocks of biomass and the 

biopolymers, cellulose and lignin in relation to the production of hydrogen. 

Experiments were conducted under three different experimental configurations to 

ascertain the effect of the non-thermal plasma on hydrogen yield; (i) pyrolysis-

catalysis where no plasma was applied to the 2nd stage catalyst reactor but the 

catalyst was present; (ii) pyrolysis-plasma, where the non-thermal plasma was 

introduced in the 2nd stage reactor but with no catalyst present; (iii) pyrolysis-

plasma/catalysis where non-thermal plasma was used with catalyst in the 2nd stage. 

The catalyst used throughout was 5 wt.% Ni-Al2O3. The experiments used a power 

input of 40 W which produced a suitable plasma discharge in the 2nd stage plasma 

reactor and input steam flow rate was 2 g h-1. The results in terms of product yield 

are shown in Figure 2 and the product gas composition for hydrogen, carbon 

monoxide, carbon dioxide and methane is shown in Figure 3 for the different 

experimental configurations.  Figure 2 shows that pyrolysis-catalysis of biomass (5 

wt.% Ni-Al2O3 catalyst but no plasma) produced a gas yield of 10.72 wt.% but 

increased to 15.63 wt.% when the plasma was introduced to the 2nd stage. This 

suggests that steam reforming of the pyrolysis hydrocarbons from biomass in the 

presence of the non-thermal plasma occurred. However, when the  5 wt.% Ni-Al2O3 

catalyst was added to the pyrolysis-plasma/catalysis process, no discernable 

increase in the total gas yield occurred.  There was also an increase in gas yield for 

cellulose and lignin as the experimental configuration was changed from pyrolysis-

catalysis to pyrolysis-plasma and to pyrolysis-plasma/catalysis; for cellulose, the gas 

yield was increased from 7.84, to 11.89 and to 12.63 wt.% and for lignin from 6.54, 
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to 7.37 and to 10.13 wt.% respectively.  The char yield from biomass was ~10.3 wt.% 

throughout the experiments since the char yield from pyrolysis of the biomass 

would be unaffected by the configuration in the downstream 2nd stage. Similarly, 

the yield of char from pyrolysis of cellulose was ~8.9 wt.% and from lignin was ~22.4 

wt.% throughout these experiments. 

 Figure 3 shows the gas composition from the processing of biomass, cellulose 

and lignin. The yield of hydrogen from pyrolysis-catalysis of biomass was only 1.13 

mmol g-1 biomass, but increased markedly to 3.48 mmol g-1
biomass for the pyrolysis-

plasma process and further increased to 3.94 mmol g-1
biomass for the pyrolysis-

plasma/catalysis process. The processing of cellulose and lignin also showed a clear 

increase in yield of hydrogenfor example, for cellulose the hydrogen yield increased 

from 0.81 mmol g-1 biomass with the pyrolysis-catalysis process to 3.55 mmol g-1 biomass 

pyrolysis-plasma process to 4.07 mmol g-1 biomass, with the pyrolysis-plasma/catalysis 

process. The carbon monoxide yield also increased for the pyrolysis-plasma/catalysis 

process producing a syngas (H2 + CO) yield of 7.25 mmol g-1
biomass  for biomass, 7.16 

mmol g-1
biomass for cellulose and 6.15 mmol g-1

biomass  for lignin. Nickel-based catalysts 

are known for reforming biomass hydrocarbons leading to a higher hydrogen and 

carbon monoxide gas production [8]. Oxygen was also detected at low levels in the 

gase produced using the plasma and plasma/catalytic systems. The oxygen is 

reported to be produced from the plasma induced degradation of CO2 generated 

from the biomass pyrolysis [23,24].  

 It is important to note that the catalytic steam reforming of hydrocarbons 

(e.g. natural gas) for commercial hydrogen production is for the most part 

performed at high temperatures of ~800 °C [25]. However, the process conditions of 

plasma/catalysis in this work was at a much lower temperature of ~250 °C. 

Therefore, the Ni-Al2O3 catalyst used in this work is likely to have low catalytic 

activity for hydrocarbon reforming.  Additionally, other reactions may be occurring 

in the plasma/catalyst reactor that generate hydrogen from the pyrolysis gases 

produced from biomass, cellulose or lignin. For example, the water gas-shift reaction 

involving carbon monoxide and steam to produce hydrogen can occur at 

temperatures of 200-300 °C [26,27]. In addition, although the operating 

temperature of the plasma/catalyst reactor was 250 °C, the presence of the plasma 

reaction environment may induce significantly higher temperatures. Importantly, 
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the catalytic activity of the Ni-Al2O3 catalyst may also be enhanced by the plasma 

interacting with the catalyst surface and within the pores of the catalyst. As 

suggested by Holzer et al., [28] the increased catalytic activity in plasma/catalysis 

reactions may be related to hot spots on the surface of the catalyst, due to strong 

micro-discharges, for example between sharp edges of catalyst particles. These 'hot 

spots' generating much higher catalyst temperatures than that of the overall gas 

temperature and thereby promoting catalytic steam reforming. But the micro-size of 

the discharges and the rapid heat transfer to the pyrolysis gases serves to dissipate 

the heat and prevent the overall temperature of the catalyst bed to increase [28].  

 Figure 3 shows that the highest total gas yield and hydrogen yield, were 

achieved for the pyrolysis-plasma/catalytic experiments. The highly reactive plasma-

catalysis environment in relation to catalytic steam reforming for the production of 

hydrogen may be further explained; Clearly, there is a synergistic relationship 

between the plasma and catalyst that induces high hydrogen and also high carbon 

monoxide yields. The reaction environment within the plasma/catalyst zone induces 

reactions between the plasma, biomass pyrolysis gases and the catalyst surface. The 

plasma generates highly energetic, high temperature electrons which can degrade 

the biomass pyrolysis gases and through electron impact, excitation and dissociation 

reactions, thereby generate of hydrogen [29-31]. In addition, the plasma will 

interact with the surface of the catalyst, and may alter its electronic and chemical 

characteristics, for example changing the oxidation state of the catalyst. 

Synergistically, the catalyst may affect the plasma via enhancing the electric field or 

discharge type [20].  It has also been reported that the catalyst further increases the 

temperature of the electron energy and electron temperature, thereby enhancing 

reactivity [32]. The catalyst also acts as a surface for interaction of the plasma and 

pyrolysis gases with increased adsorption of reacting species due to the presence of 

the plasma [16]. The active nickel metal particles in the catalyst will also act as a 

focus for enhanced selective reforming and cracking reactions. It should also be 

noted that the interaction of the plasma with the added steam can generate 

hydrogen from the plasma generated H• and OH• radicals [33]. 

 

3.2. Influence of metal promoters to a Ni-alumina catalyst on hydrogen yield 
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 The yield of hydrogen from biomass, cellulose and lignin was low compared 

to conventional higher temperature catalytic steam reforming, albeit, at significantly 

lower overall catalyst reforming temperature. Therefore, improvements to the 

catalytic activity of the Ni-Al2O3 catalyst by adding metal promoters was investigated 

with the aim of increasing hydrogen yield. The affect of metal promoters on overall 

gas yield and hydrogen yield was studied by adding 5 wt.% Mg, Co, Ce, Cu, Fe and Ni 

to the 5 wt.% Ni-alumina catalyst. As before, input power was 40 W and steam flow 

rate 2 g h-1. However, the results (Figure 4) show that there was only a small effect 

on total gas yield with the addition of the metal promoter to the nickel-alumina 

catalyst which ranged from 12.27 wt.% (Ni-Ni) to 13.07  wt.% (Fe-Ni). The liquid yield 

ranged from 67.11 wt.% (Mg-Ni) to 73.91 wt.% (Ni-Ni). In terms of hydrogen yield, 

Figure 5 shows the gas composition produced from the pyrolysis-plasma/catalysis of 

the biomass process using the metal-promoted Ni-based catalysts. The catalyst 

order in regard to hydrogen yield was, Ce-Ni > Co-Ni > Mg-Ni > Fe-Ni > Ni-Ni > Cu-Ni. 

The hydrogen yield for the 5 wt.% Ni-Alumina catalyst, without a metal promoter, 

was 3.94 mmol g-1
biomass for the pyrolysis-plasma/catalysis of biomass (Figure 3). The 

addition of cerium as a metal promoter (Ce-Ni-Al2O3 catalyst) produced the highest 

hydrogen yield at 4.22 mmol g-1
biomass. The advantages of cerium as a metal 

promoter have been reported before using thermal (non-plasma) processes and 

have shown enhanced yield of hydrogen from biomass; the cerium acts as an 

inhibitor for carbon coke formation on the catalyst. Nickel-based catalysts are prone 

to produce carbon deposits resulting in deactivation. However, the addition of the 

cerium inhibits coke formation therefore maintaining the reforming activity of the 

catalyst and enhancing hydrogen yield [10,34-37]. The presence of cerium promotes 

the reaction of carbon and steam thereby minimising carbon deposition because of 

its oxygen storage capacity [38]. The addition of cobalt to the nickel-based alumina 

catalyst produced a hydrogen yield of 4.02 mmol g-1
biomass from the pyrolysis-

plasma/catalysis of biomass. Cobalt has also been recognised as a metal promoter 

for nickel-based catalysts for the thermal (non-plasma) catalytic gasification of 

biomass due to enhancing the activity of the nickel-based catalyst and reducing 

catalyst coke formation [10]. Youn et al. [39] have also reported that a cobalt-nickel-

alumina catalyst showed a significant enhancement of hydrogen yield compared to a 

nickel-alumina catalyst for the catalytic steam reforming of ethanol for the 
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production of hydrogen. When the Mg modified nickel-alumina catalyst was used 

(Mg-Ni-Al2O3) in the pyrolysis-plasma/catalysis of biomass the hydrogen yield 

produced was 4.00 mmol g-1 biomass. The addition of Mg to Ni-Al2O3 catalysts has 

been shown to be an effective promoter for biomass/tar thermal gasification (non-

plasma) [10]. The addition of magnesium is reported to enhance the physical 

strength of the catalyst, minimise sintering and facilitate the adsorption of steam to 

the surface for steam reforming reactions. The addition of copper to the Ni-alumina 

catalyst produced a hydrogen yield of 3.58 mmol g-1 biomass, slightly lower to that 

achieved without the Cu, whereas Youn et al. [39] observed that the hydrogen yield 

was significantly higher for Cu-Ni-alumina compared to Ni-alumina. The Ni-Ni-Al2O3 

catalyst (i.e. 10 wt.% nickel) produced a hydrogen yield of 3.73 mmol g-1
biomass for the 

pyrolysis-plasma/catalysis of biomass, slightly lower than that produced for the 

5wt.% Ni-Al2O3 catalyst (3.94 mmol g-1
biomass; Figure 3). The higher amount of nickel 

may have led to some sintering of the metal particles, resulting in slightly reduced 

catalytic activity.  

 Carbon monoxide yield produced from the pyrolysis-plasma/catalysis of 

biomass was quite similar for all of the metal promoted catalysts, at between 3.09 

mmol g-1
biomass (Cu-Ni-Al2O3) to 3.26 mmol g-1

biomass (Co-Ni-Al2O3). The yield of carbon 

dioxide ranged from 3.31 mmol g-1
biomass (Ni-Ni-Al2O3) to 3.75 mmol g-1

biomass (Ce-Ni-

Al2O3) and methane yield ranged from 0.80 mmol g-1
biomass  (Cu-Ni-Al2O3) to 1.25 

mmol g-1
biomass (Fe-Ni-Al2O3).  

 There are few reports in the literature on the investigation of different 

metal-catalysts in the plasma/catalyst process for the production of hydrogen from 

biomass. Zeng et al. [40] studied different metals (Ni, Co, Cu and Mn) supported on 

Al2O3 for the plasma/catalysis dry reforming of methane. They reported that Ni-

Al2O3 and Mn/Al2O3 catalysts with non-thermal plasma produced a significantly 

increased conversion of methane.  Zeng et al. [41] investigated the influence of 

metal promoters (K, Ce and Mg) added to a Ni-Al2O3 catalyst for the plasma/catalytic 

reforming of biogas (CH4 and CO2). Where addition of all of the promoters enhanced 

hydrogen production under plasma/catalytic conditions, with the K-Ni-Al2O3 catalyst 

producing the maximum yield of hydrogen. Liu et al. [33] compared Ni-Al2O3 and Fe-

Al2O3 for the plasma/catalytic steam reforming of toluene and showed that Fe-Al2O3 

produced a higher yield of H2 and CO i.e. syngas than Ni-Al2O3. This was ascribed to 
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the higher oxygen affinity of Fe compared to Ni, thereby Fe-based catalysts increase 

the surface oxygenated compounds such as, H2O and O and OH radicals etc during 

steam reforming reactions. Therefore, hydrogen and carbon monoxide are increased 

due to steam reforming reactions of the biomass pyrolysis gases and the interaction 

of radicals with the pyrolysis gases [33]. 

 Figure 6 shows the temperature programmed oxidation (TPO) of the spent 

catalysts from pyrolysis-plasma/catalysis of biomass with the different metal 

promoted catalysts. The weight loss shows carbon oxidation reflecting carbon 

deposits of between 5 wt.% and 7 wt.% of carbon on the used catalyst. Zeng et al. 

[41] investigated the plasma/catalysis of biogas using different metals (K, Ce and 

Mg) as promoters on a Ni-Al2O3 catalyst. They reported a similar carbon deposition, 

as found in this work, of 6.54 wt.%, 6.84 wt.% and 6.59 wt.% for Mg-Ni-Al2O3, Ce-Ni-

Al2O3 and K-Ni-Al2O3 catalysts respectively. 

3.3. Influence of catalyst support material on hydrogen yield 

 The role of catalyst support material was investigated for the pyrolysis-

plasma/catalysis of biomass with the aim of determining the influence on hydrogen 

production from biomass using the pyrolysis-plasma/catalysis reactor system. The 

support materials used were alumina, titanium dioxide and Y-zeolite.  Alumina is a 

common support material used for thermal catalytic processes for the production of 

hydrogen [8]; titanium dioxide, is used in several plasma/catalysis studies [42]; and 

Y-zeolite, is a catalyst commonly used to crack hydrocarbons [43]. The properties of 

the support materials investigated are shown in Table 2. Titanium dioxide, Y-zeolite 

and alumina all had a similar nitrogen adsorption isotherm typical of IUPAC Type IV 

with Type H2 adsorption-desorption hysteresis representative of highly mesoporous 

material. Whereas the Y-zeolite had nitrogen adsorption and adsorption-desorption 

hysteresis characteristics of mesoporosity and microporosity. The BET surface was 

~150 m2 g-1 for both alumina and titanium oxide, whereas Y-zeolite had a surface 

area of 423 m2 g-1. Y-zeolite had the largest pore size (13.6 nm), followed by 

titanium oxide (9.5 nm) and alumina had the smallest pore size (3.6 nm). Titanium 

dioxide had the highest dielectric constant, followed by alumina and Y-zeolite.  
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 Figure 7 shows the product yield from the pyrolysis-plasma/catalysis of 

biomass in the presence of the Al2O3, TiO2 and Y-zeolite supports and the nickel-

based supports with 5 wt.% nickel. The Al2O3, support material produced the highest 

total gas yield at 13.2 wt.% compared to Y-zeolite at 11.9 wt.%. The addition of 

nickel produced an enhanced gas yield for all of the supported nickel catalysts, at 

14.1 wt.% for the Ni-Al2O3, 13.3 wt.% for TiO2 and 13.3 wt.% for Y-zeolite supported 

catalysts. Although Table 2 shows that the surface area for Al2O3 and TiO2 support 

materials (~150 m2 g-1) was significantly lower than for the Y-zeolite support (423 m2 

g-1) and the Y-zeolite contained more micropores, the total gas yield was not 

significantly different between all the support materials investigated.  

 Figure 8 shows the gas composition (mmol g-1
biomass) for the pyrolysis-

plasma/catalysis of biomass in the presence of the three different support materials 

and the Ni-based support materials. The hydrogen yield for the Al2O3, TiO2 and Y-

zeolite support materials was 3.90 mmol g-1
biomass, 3.26 mmol g-1

biomass and 3.56 

mmol g-1
biomass respectively.  Addition of nickel to the support material produced an 

increase in hydrogen yield to, 4.06 mmol g-1
biomass, 3.92 mmol g-1

biomass and 3.75 

mmol g-1
biomass for the Al2O3, TiO2 and Y-zeolite support materials respectively. 

Therefore, the order of the catalysts for the pyrolysis-plasma/catalysis of biomass in 

terms of hydrogen yield and syngas (H2 + CO) yield was Al2O3 > Y-zeolite > TiO2. The 

production of carbon monoxide was also enhanced by the addition of nickel to the 

three support materials resulting in a CO yield of 3.21 mmol g-1
biomass, 3.26 mmol g-

1
biomass and 2.66 mmol g-1

biomass for the Al2O3, TiO2 and Y-zeolite support materials 

respectively. Therefore, the order of the catalysts for the pyrolysis-plasma/catalysis 

of biomass in terms of syngas yield was also Ni-Al2O3 > Ni-Y-zeolite > Ni-TiO2. 

 It has been suggested that porous catalyst support materials within the 

plasma zone produce an enhanced electric field near the pores which influences the 

generation of plasma species and also induces micro-discharges inside the pores 

[20]. Liu et al. [33] reported on the catalytic steam reforming of toluene in a 

plasma/catalysis system using Ni and Fe active catalyst metals with different catalyst 

support materials, ZSM-5, Al2O3, SiO2 and CaO. They reported that for the Ni-based 

catalysts, the highest yield of hydrogen was obtained with Ni-ZSM-5. They also 

showed that the order of the catalysts in relation to the yield of hydrogen was, Ni-

ZSM-5 > Ni-Al2O3, > Ni-SiO2 > Ni-CaO. which was attributed to the direct correlation 
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with surface area of the support materials. The higher surface area providing higher 

surface area for interaction of active metals and reactants. However, in the work 

reported here the highest hydrogen yield was produced with Ni-Al2O3 which had a 

markedly lower surface area (155 m2 g-1) compared with Ni-Y-zeolite with a higher 

surface area (423 m2 g-1). 

 The highest hydrogen yield was obtained with the Ni-Al2O3 and Ni-Y-zeolite 

catalysts which had the lowest dielectric constants compared with the Ni-TiO2 

catalyst. The  dielectric constant is a measure of the amount of potential electrical 

energy, in the form of induced polarization stored in a given volume of a material 

when an electric field is applied [44]. In plasma/catalysis, the dielectric constant of 

the support material/catalyst dictates the strength of the electric field  and thereby 

influences the extent of plasma enhancement inside the pores of the catalyst within 

pores during plasma/catalysis processes [20]. For example, materials such as 

alumina (Al2O3) with lower dielectric constants more easily induce micro-discharges 

inside catalyst supports compared to materials with higher dielectric constants such 

as titanium oxide (TiO2). 

 Therefore, the results reported here for the hydrogen yield in relation to the 

different catalyst support materials, suggest that the surface area/porosity of the 

catalyst and the dielectric characteristics of the support/catalyst both influence 

hydrogen production.  This has also been suggested by Zhang et al. [20] who used a 

two-dimensional modelling study and reported that both the size of the pores and 

the dielectric properties of the catalyst support material can influence the plasma 

generation within the pores of the material. Thereby, the electric field distribution, 

the plasma species generated inside the catalyst pores and the active catalyst 

surface available for reactions are all affected.  

 The highest hydrogen yield achieved in this work using the pyrolysis-

plasma/catalysis steam reforming  system with the Ni-Al2O3 catalyst was 3.94 mmol 

g-1
biomass for biomass,  4.07 mmol g-1

biomass for cellulose and 4.29 mmol g-1
biomass for 

lignin. In terms of the metal-promoted catalysts, the highest hydrogen yield from 

the biomass feedstock was produced with the Ce-Ni-Al2O3 catalyst at 4.22 mmol g-

1
biomass catalyst. Such yields of hydrogen are low compared to the much higher yields 

of hydrogen for pyrolysis-thermal catalytic (non-plasma) steam reforming reactor 

systems, where catalysts are used at typical reforming temperatures of ~800 °C 
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[8,45]. For example, Akubo et al. [8] used a pyrolysis-catalytic steam reforming 

process, but with a Ni-Al2O3 catalyst at 750 °C. They reported a hydrogen yield of 

19.7 mmol g-1
biomass for the processing of cellulose and 20.5 mmol g-1

biomass for lignin. 

They also investigated the pyrolysis-catalytic reforming of a range of different 

biomass types and reported hydrogen yields of, for example, 22.1 mmol g-1
biomass for 

coconut shell, 22.9 mmol g-1
biomass for sugarcane bagasse, 20.7 mmol g-1

biomass for 

cotton stalk and 16.3 mmol g-1
biomass for wheat straw. The high steam reforming 

temperature of 750 °C - 850 °C used in conventional catalytic steam reforming is the 

optimum temperature for the Ni-based catalysts typically used. Whereas, the Ni-

based catalyst used in this pyrolysis-plasma/catalyst process was 250 °C. Further 

work using catalysts specifically designed for the low temperature non-thermal 

plasma environment may enable higher hydrogen yields to be obtained.  

 

4. Conclusions 

 

A two-stage pyrolysis-plasma/catalysis process has been investigated to maximise 

hydrogen production from biomass at a catalytic reforming temperature of ~250 °C. 

The introduction of non-thermal plasma via pyrolysis-plasma/catalysis raised both 

the total gas and hydrogen yields from biomass, cellulose and lignin compared to 

the pyrolysis-thermal catalysis (non-plasma) process with a Ni-Al2O3 catalyst. The 

pyrolysis-plasma/catalysis of cellulose produced 4.07 mmol g-1 biomass of hydrogen 

and 7.16 mmol g-1 biomass of syngas compared with lignin which produced 4.29 mmol 

g-1 biomass of hydrogen and 6.15 mmol g-1 biomass of syngas. Introducing promoter 

metals to the Ni-Al2O3 catalyst produced an increase in hydrogen yield for Ce-Ni-

Al2O3 and Co-Ni-Al2O3 catalysts. The order of the catalysts in terms of hydrogen yield 

(mmol g-1 biomass) was, Ce-Ni > Co-Ni > Mg-Ni > Fe-Ni > Ni-Ni > Cu-Ni. The Cu-Ni-Al2O3 

and Ni-Ni-Al2O3 catalysts had a negative effect on hydrogen yield from biomass using 

the pyrolysis-plasma/catalysis process. Different catalyst support materials 

produced different hydrogen yields, 4.06 mmol g-1
biomass for alumina, 3.92 mmol g-

1
biomass for titanium oxide and  3.75 mmol g-1

biomass for Y-zeolite. The hydrogen yield 

was linked to the dielectric constant of the support material and the influence on 

plasma development. Also, the surface area and porosity of the support materials 

also influences the enhancement of plasma intensity, and consequently, the electric 
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field distribution, the plasma induced reactant species inside the pores of the 

catalyst and the available active catalyst surface for catalytic reactions. 
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Table 1. Proximate and ultimate analysis of the biomass sample (as 

received). 

Proximate Analysis 

(wt.%) 

Ultimate analysis 

(wt.%) 

Moisture 7.77 Carbon 46.07 

Volatiles 86.43 Hydrogen 4.97 

Fixed carbon 5.50 Nitrogen 0.12 

Ash 0.30 Sulphur 0.00 

  Oxygen 40.77a 

a By difference 
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Table 2. Surface area and  porosity characteristics and dielectric constant of the 

catalyst support materials 

 

 

 Alumina Titanium oxide Y-zeolite 

Isotherm type  Type IV  Type IV  Type IV  

Hysteresis type H2  

(highly 

mesoporous) 

H2  

(highly 

mesoporous) 

H3  

(mesopores & 

micropores) 

BET surface area (m2 g-1)  155 151 423 

Average BJH pore volume (cc g-1)  0.404 0.454 0.251 

Average BJH pore size (nm) 3.598 9.490 13.661 

Dielectric constanta 8 – 11  40 – 100  1.5 – 5  

a[20] 
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FIGURE CAPTIONS 

 

 

Figure 1. Schematic diagram of the experimental pyrolysis-plasma/catalytic reactor 

system 

 

Figure 2. Product yield for (a) Pyrolysis-Catalysis, (b) Pyrolysis-Plasma, (c) Pyrolysis-

plasma/catalysis of biomass cellulose and lignin 

 

Figure 3. Gas composition for (a) Pyrolysis-Catalysis, (b) Pyrolysis-Plasma, (c) 

Pyrolysis-plasma/catalysis of biomass cellulose and lignin 

 

Figure 4. Product yield in relation to different metal promoters applied to Ni-Al2O3 

catalyst from the pyrolysis-catalytic non-thermal plasma steam reforming of biomass 

 

Figure 5. Effect of metal promoters applied to Ni-Al2O3 catalyst on the composition 

of the product gas in relation to the pyrolysis, plasma-catalysis of biomass. 

 

Figure 6. Effect of metal promoters on coke deposition on the catalyst after 

pyrolysis, plasma-catalysis of biomass in relation to different metal promoters 

 

Figure 7. Influence of catalyst support material and support material with 5 wt.% 

nickel in relation to the product yield from the pyrolysis, plasma-catalysis of biomass 

 

Figure 8. Influence of catalyst support material and support material with 5 wt.% 

nickel in relation to the gas composition from the pyrolysis, plasma-catalysis of 

biomass  
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Figure 1. Schematic diagram of the experimental pyrolysis-plasma/catalytic reactor 

system 
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Figure 2. Product yield for (a) Pyrolysis-Catalysis, (b) Pyrolysis-Plasma, (c) 

Pyrolysis-plasma/catalysis of biomass cellulose and lignin 

 

 

 

 



26 

 

 
 

Figure 3. Gas composition for (a) Pyrolysis-Catalysis, (b) Pyrolysis-Plasma, (c) 

Pyrolysis-plasma/catalysis of biomass, cellulose and lignin 
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Figure 4. Product yield in relation to different metal promoters applied to Ni-Al2O3 

catalyst from the pyrolysis-catalytic non-thermal plasma steam reforming of biomass 
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Figure 5. Effect of metal promoters applied to Ni-Al2O3 catalyst on the composition 

of the product gas in relation to the pyrolysis, plasma-catalysis of biomass. 
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Figure 6. Effect of metal promoters on coke deposition on the catalyst after 

pyrolysis, plasma-catalysis of biomass in relation to different metal promoters. 
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Figure 7. Influence of catalyst support material and support material with 5 wt.% 

nickel in relation to the product yield from the pyrolysis, plasma-catalysis of biomass 
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Figure 8. Influence of catalyst support material and support material with 5 wt.% 

nickel in relation to the gas composition from the pyrolysis, plasma-catalysis of 

biomass  

 


