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ABSTRACT: The production of methane through the optimization of various operating
parameters and the use of different catalysts has been investigated using a two-stage, pyrolysis-
catalytic hydrogenation reactor. Pyrolysis of the biomass inteate produces a suite of
gases, including C£and CO, which undergo catalytic hydrogenation in the presence of added
H: in the 29 stage. The influence of the biomass pyrolysis temperature, catalyst temperature
and H gas space velocity have been investigated for the optimization and enhancement of the
methane yield. In addition, different metal catalysts (C@4l Mo/Al>O3, Ni/Al2Og,
FelAlO3), the influence of different metal loadings, catalyst calcination temperature and
different support materials (&D3;, SiO;and MCM-41) were investigated. The yield of methane
was linked to the properties of the catalysts including the preparation calcination temperature
and support material which influenced the catalyst surface area and metal crystallite particle
size by sintering. The highest methane vyield of 7.4 mrgbgsswas obtained at a final
pyrolysis temperature of 800 °C, catalyst temperature of 500 °C arghdihourly space
velocity of 3600 ml 1 gcaayst This optimization process resulted in 75.5 vol.% of methane in

the output gaseous mixture.
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1. INTRODUCTION

The increased awareness regarding the depletion of fossil fuels and the problems associated
with global warming are the key factors for the promotion of fuels that are sustdimalihe
current energy mix, biomass is considered t@bastainable, renewable and carbon neutral
fuel? Biomass fuels also have an advantage over conventional fossil fuels since the biomass
feedstock supply can be readily replenish@&lomass may be thermally processed through
combustion, pyrolysis and gasification. Pyrolysis is the thermal; degradation of the biomass in
the absence of oxygen to produce either solid, liquid and gaseous fuels depending upon the
operating parameters and reactor configurdtiGasification is the process of converting the
biomass feedstock into gaseous fuel in the presence of a limited supply of oxygen in the form
of air, steam or pure oxygen. For example, steam gasification is a process for conversion of
biomass at high temperature that results in synthesis gas production mainly inclyd@@ H
and CQ.5

Whilst there has been much research into the production of hydrogen from bidniess,
is less research reported into the production of methane from biomass as a substitute for natural
gas. Production of substitute natural gas from biomass is an attractive process option because
of the already well developed and organized infrastructure and distribution facilities for natural
gas®® The further advantage being that the substitute natural gas would be derived from a
sustainable biomass feedstock rather than fossil fuel natural gas.

The catalytic hydrogenation (methanation) of CO and,@@&s been developed, mainly for
the production of methane from coal as the source of the carbon &kid&udies on the
optimisation of the methane yield have shown, for example, that catalyst temperatures for the
catalytic hydrogenation reaction are in the range of 2@D0 °C!21® A wide range of
hydrogenation catalysts have been investigated, for example, Ni, Fe, ahtf Rid different
catalyst support materials, such as@| Si0,, ZrO,, CeQ, and TiQ.** Among the different
catalysts Ni, Ru, and Rh are considered as the most effective for methanation. But, Ni based
catalyst are much cheaper as compared to that of Ru and Rh based catalysts. Likewise, a
suitable support is required to maintain the stability of the metals on the support otherwise non-
uniform metal distribution and sintering may occur. According to He €Y ainiform
distribution of metal and its strong interaction with a support results in the formation of strong

basic sites which results in the enhanced catalytic methanation reaction.



The pyrolysis of biomass produces a gas product consisting of mainly carbon dioxide,
carbon monoxide, hydrogen, methane and other hydrocarbons. The production of methane via
the catalytic hydrogenation of the product biomass pyrolysis gases, CO ancbG@ed with
the introduction of K has the potential to generdéls from the catalytic hydrogenation of
biomass pyrolysis gases. Therefore, there is interest and novelty in developing a two-stage
process, with % stage pyrolysis of biomass stage to produce a wide range of hydrocarbon and
oxygenated hydrocarbon vapours and gases including CoOwich are then passed directly
to a 2nd stage where catalytic hydrogenation takes place in the presence of introduced
hydrogen.

The two-stage pyrolysis-catalytic hydrogenation process will involve a wide range of
reactions (Table 1). The pyrolysis of biomass (equation 1) thermally degrades the biomass
components, consisting of mainly cellulose, hemicellulose and lignin to produce degradation
products including gases, mainly oxygenated hydrocarbons but also some non-oxygenated
hydrocarbon polymeric fragments and char. The pyrolysis degradation gases, oxygenated
hydrocarbons and non-hydrocarbons enter the catalytic reactor, where many furthemgeacti
will occur. For example, the oxygenated hydrocarbons and non-oxygenated hydrocarbons will
undergo thermal cracking in the hot zone of the catalytic reactor (e.g. equation 2). Theemoistur
in the biomass will generate steam and along with the reaction products of the biomass thermal
degradation will result in steam reforming of the oxygenated hydrocarbons (bio-oil, equation
3) and non-oxygenated hydrocarbons (equation 4), resulting in production of carbon monoxide
and hydrogen. Since there are significant quantities of carbon dioxide generated from the
biomass pyrolysis process, dry (g§Oreforming of the oxygenated (bio-oil) and non-
oxygenated hydrocarbons may occur (equations, 5 and 6), resulting in further production of
carbon monoxide and hydrogen. The reforming reactions will be enhanced in the presence of
the catalyst in the 2nd stage reactor. There is also the potential for the water gas shift reaction
to produce hydrogen and carbon dioxide (equation 7). The production of carbon monoxide and
carbon dioxide from biomass degradation and as reaction products then undergoes methanation
reactions through addition of the hydrogen gas to the reactor, resulting in hydrogenation of the
carbon oxides in the presence of the catalyst (equations 8 and 9), resulting in methane
production. At higher temperatures, there is also the potential for the endothermic Boudouard
reaction(equation 10) and for carbon hydrogenation to occur (equation 11).

To our best knowledge no work has been reported for the production of methane from
biomass via a two staged pyrolysis-catalytic hydrogenation process. In this paper, we report on

the optimisation of a two-stage, biomass pyrolysis-catalytic hydrogenation reactor system for



the production of methane. The effect of various operating parameters including pyrolysis
temperature, hydrogenation catalyst temperature, hydrogen gas space velocity,
biomass:catalyst ratio were investigated. In addition, the influence of different catalyst metals,
different catalyst support materials and different catalyst preparation calcination temperatures

in relation to methane yield were studied.

2. MATERIALS AND METHODS

2.1. Biomass sampleThe biomass was compressed waste wood sawdust in the form of
wood pellets obtained from Liverpool Wood Pellets Ltd, Liverpool, UK. The pellets were
milled and sieved to produce a homogenized biomass sample of particle size range between
0.3-0.5mm. The proximate analysis of the biomass was determined by thermogravimetric
analysis using a Shimadzu TGA-50 analyser and the results showed, 7.8 wt.% moisture, 0.3
wt.% ash, 93.3 wt.% volatiles and 6.7 wt.% fixed carbon. The elemental analysis of the biomass
was obtained with a Vario Micro Elemental Analyzer, and the results showed, 50.1 wt.%
carbon, 5.4 wt.% hydrogen, 48.6 wt.% oxygen and 0.1 wt.% nitrogen.
2.2. Catalyst Preparation.The catalyst used for investigating the effect of operating
parameters on the catalytic hydrogasification of the biomass pyrolysis gases wa%10 wt.
Co/Al>Oz prepared by wet impregnation method. A cobalt catalyst was chosen as it has been
shown to be effective for the hydrogenation reactfdf. Cobalt nitrate hexahydrate
Co(NOz3)2.6H.0O was dissolved in 25 ml deionized water to obtain an aqueous solution.
Alumina was then mixed in the aqueous solution, stirred anddeantinuously, with a
increase in temperature of 15 °C every 30 min until the water evaporated and semi-solid slurry
remained. The precursor semi-solid slurry was then dried overnight at 105 °C and the dried
sample was calcined under an air atmosphere at 750 °C in a furnace for 3 h. The obtained
calcined sample was ground and sieved to a particle size range of 50-212 microns. Finally, the
sieved catalyst was reduced at 800 °C in a reduction furnace aikldextmosphere (5 % H
and 95 % N) for 2 h.

In addition, different metal catalysts were studied at optimized conditions to investigate

their influence orCHas production. The metals investigated were 10 wt.% of Ni, Mo, and Fe



on alumina support and were prepared by wet impregnation method. The metals have all been
reported to be effective, to different extents, in the catalytic hydrogenation redthtbckel
nitrate hexahydrate, iron (lll) nitrate nonahydrate, and ammonium molybdate (para)
tetrahydrate were used for impregnation with the alumina support. The prepared solutions were
dried and calcined at 750 °C. After calcination, the obtained catalysts were ground and sieved
to particle size of 50- 212 microns and reduced undet 800 °C for 2h.

In addition to theAlOs catalyst support, other support materials,>Si6d MCM-41
were investigated to determine the effect of supportCéha yield at optimized process
parameters. 10 wt.% Ni.(Nf2.6HO solution was added to Si@nd MCM-41 supports to
obtain 10 wt.%Ni/Si@and 10 wt.% Ni/MCM-41 catalyst respectively. The obtained solution
was dried overnight and calcined at 550°C for 3h. The calcined catalysts were ground and
sieved toa particle size of 50-212 microns and reduced with hydrogen at 800 °C for 2h.
2.3. Pyrolysis-catalytic hydrogenation reactor systemThe pyrolysis of the
biomass coupled with catalytic hydrogenation was carried out using a two-stage fixed bed
reactor system. A schematic diagram of the system is shown in Figure 1. The first stage reactor
for the pyrolysis of the biomass was constructed of stainless steel and was 25 cm long x 5 cm
diameter. The mass of biomass used was 1.0 g and mass of catalyst was 1.0 g, except where
the biomass:catalyst ratio was investigated The catalytic reactor for tar cracking and
hydrogenation of the evolved pyrolysis gases was 32 cm long x 2 cm diameter and also
constructed of stainless steel. Both reactors were heated and controlled by two separate
furnaces and temperature monitored using thermocouples. The carrier gasandsplssed
through the reactors continuously. Thefét the catalytic hydrogenation of the pyrolysis gases
was supplied by a Packard 9209 d¢nerator with a flow rate between 0.0 mt to 70.0 mf
1 Water cooled and dry-ice cooled condensers were attached to the output of the reactor system
to collect the liquid product. The product gases were collecte@3rLaledlar™ gas sample
bag. The experimental procedure consisted of preheated the catalyst reactor to the desired
catalyst temperature and once the second stage catalyst reactor reached the temperature, the
first pyrolysis stage was then heated from ambient temperature to a final temperature of
between 500 °C and 80C &t a heating rate of 20 °C miito determine the optimum pyrolysis
temperature. Baseline experiments were also carried out using quartz sand in place of the
catalyst for comparisorRepeat tests were performed for accuracy and negligible difference

was observed between experiments.



2.4. Gas AnalysisThe product gases collected in &teL Tedlar™ gas sample bag were
analysed immediately using a suite of different column gas chromatographs. Hydrocarbon
gases were analysed usangarian CP-3380 column gas chromatograph haai®@-100 mesh
HayeSep colonn of 2m length x 2mm diameter with flame ionization detection apcsN
carrier gas. Permanent gases, b, O;, CO; andCO were analysed usirgVarian CP-3330
havinga60-80 mesh HayeSep column of 2m length x 2mm diametiethermal conductivity
detection and Ar as carrier gas. There was a similar retention time of CO anohGke
column, therefore ,a different Var@®-3330 gas chromatograph was used for. @aalysis
equipped with the same column, detector and Ar carrier gas but operated with different
chromatographic conditions.

2.5. Catalyst characterization The BET surface area and BJH pore size of the catalyst
were determined by MNadsorption experiments usiag ristar 3000 instrument. Metal type and
crystal structure were identified using X-ray diffraction (XRD). XRD was carried out using an
XPERT X+ay diffractometer having radiation CuKa. Peaks were identified using High Score
Plus software package. The particle size of metallic species were calculated by using the High
Score Plus software having built-in program for Scherrer equation calculation. The
morphology of the catalysts were studied by Hitachi SU8230 scanning electron microscope
(SEM) operating at 20 kV with metal mapping obtained using coupled energy dispersive X-
ray spectroscopy (EDXS). Hydrogen-temperature programmed reductiemP@®) was
carried out on the catalyst using a Schimadzu TGA-50 in the presence of hydrogen (5 vol.%
H2 and 95 vol.% M) to investigate the effect of calcination temperature on the reducibility of

the catalysts.

3. RESULTS AND DISCUSSION

Initial experiments focused on the determination the influence of catalyst temperature
and then the influence of biomass pyrolysis temperature in relation to methane yield. For these
experiments, the catalyst used was 10 wt.% CQ#Adnd there was no addition of gaseous H
to the 29 stage reactor. Once the catalyst temperature and pyrolysis temperature which gave
the highesCHs yield were determined, the catalytic hydrogenation reactions were undertaken
with the addition of HHgas to the second stage and the range of process parameters and different

catalysts were then investigated.



3.1. Influence of catalyst temperatureThe influence of catalyst temperature on the
product yield and gas composition of the produced gases was undertaken at catalyst
temperatures within the range of 300 - 700 °C. The pyrolysis of biomass was maintained at a
fixed final temperature of 600 °C and the catalyst used was 10 wt.%0e/ANo H was
introduced to the reactor system for these experiments. The results in relation to product yield,
gas ratios and gas volumetric composition are shown in Table 2. In addition, Figure 2 shows
the gas yield and composition in relation to the mass of biomass. Table 2 show that with the
increase in catalyst temperature from 300 - 700 °C the overall gas yield significarebseat

from 34.5 wt.% to 66.53 wt.%. There was a consequent decrease in liquid product yield from
34.9 wt.% to 8.36 wt.%, suggesting that the increase in catalyst temperature resulted in cracking
of pyrolysis gase® The solid char reflects the residual char from the biomass produced at the
pyrolysis temperature of 600 °C, but also some catalyst carbonaceous coke deposits. Table 2
also shows the product yield and gas data for the catalyst ‘blank’ experiment, where quartz

sand at 300 °C was substituted for the CgDAlcatalyst. Comparison of the sand and the
Co/Al203 catalyst data at 300 °C showed similar results, but with a higher total gas and solids
yield and lower liquid yield. This suggests that the active metal of the catalyst promoted
cracking reactions of the pyrolysis gases to produce more gas and less liquid, but also
generating more solid deposits as coke on the catalyst.

Figure 2 shows that th@H, yield remained at ~1.0 mmotgomasswith the increase in
catalyst temperature from 300 - 700 °C. Figure 2 also shows that with the increase in
temperature, Hand CO yield increased with the rise in temperature from 300 - 700 °C, but the
CQ, yield increased up to a catalyst temperature of 600 °C but then reduced at 700 °C. The
increase in Bland CQ with the decrease in liquid yield was because of the cracking of higher
hydrocarbons. At lower temperatures i.e. below 600 °C the exothermic water gas shift reaction
increased the Hyield as indicated by the increase in thg@® ratio and decrease in the
CO/CQeratio (Table 2). Also it can be seen that at higher temperatures i.e. above 500 °C there
was a rise in CO and decrease in.@@Ad the CO/Coratio increased, which may be due to
the endothermic Boudouard reaction (Table 1, equatipad@lso suggested by Zanzi et'al.

and Rozas et &F.
3.2. Influence of biomass pyrolysis temperatureThe influence of final biomass
pyrolysis temperature on the Clield from the pyrolysis-catalytic hydrogenation of biomass

was carried out in the temperature range of-5800 °C. The catalyst used in tHé &tage was
10 wt.% Co/AbOs and the catalystemperature was kept constant at 500 °C. Nowds



introducednto the reactor system for these experiments. Table 3 shows the product yield, gas
composition (vol.%) and the various gas ratios. Figure 3 shows the gas yield in aiakg
Included in Table 3 are results for quartz sand in place of the&l & catalyst as a blank
experiment. When the CAlO3 catalyst was introduced into the catalyst reactor, there was a
marked increase in total gas yield from 32.5 wt.% with sand to 50.2 wt.% with tA&>Op-
catalyst and a consequent marked decrease in liquid, due to enhanced cracking of the pyrolysis
gases in the presence of the catalyst. Table 3 shows that with the increase in the pyrolysis
temperature from 500 - 800 °C, the amount of residual char decreased, showing that the
biomass continued to degrade at higher pyrolysis temperatures. The solid also includes a small
amount of carbonaceous coke deposited on the catalyst. The result of the increased biomass
degradation was an increase in the yield of product liquid and a slight increase in product gas
yield. Akubo et aP. studied the pyrolytic thermal degradation of several different biomass
types and the main components of biomass using thermogravimetric analysis up to a final
temperature of 800 °C. They showed that the main mass loss of biomass occurred bé&tween 25
— 400 °C, but there was a continued smaller loss of mass as the pyrolysis temperature was
increased from 400 800 °C. The loss of mass at higher temperature was attributed mainly to
the presence of lignin in the biomass types, since the thermal decomposition of lignin occurred
over a wide temperature range of 2800 °C, whereas cellulose degradation occurred
between 320-380 °C and hemicellulose between-2580 °C. Similar results have also been
reported by Wang et & The results here for the waste wood pyrolysis, suggest that the thermal
degradation of the biomass at higher temperature is mainly from lignin decomposition.

Table 3 also shows the volumetric gas composition for the product gas produced from
the pyrolysis-catalysis of the biomass. The influence of pyrolysis temperature on the volumetric
gas composition was small, showing an increase iy CB and CQand decrease inztand
CnHn hydrocarbons with increasing temperature. Figure 3 shows that as the pyrolysis
temperature was increased, there a@screase irCHs, Hz, CO and CQ@from the biomass
(mmol glbiomasy. The highest gas yield was fop,Hvhich increased from 9.6 to 10.5 mmol g
Lhiomass together with an increase in tBéds yield from 0.72 mmol Gpiomassto 1.69 mmol g
ThiomassWith increased pyrolysis temperature. The CO and &l€o increased in yield with
increasing pyrolysis temperature. These changes in gas composition are reflected in the gas
ratios shown in Table 3. The thermal degradation of the biomass at higher temperatures would
release increasedHCO, CQ, CHs and other non-oxygenated and oxygenated hydrocarbons
leading to a range of cracking, gasification and reforming reactions and influencing the various

gas ratiog*?°



The influence of final pyrolysis temperature in tiiesfage reactor on the yield 6.
showed that the maximum vyield of 1.69 mmdhigmasswas obtained at a final pyrolysis
temperature of 800 °C. In addition, the influence of catalyst temperature i #tage reactor
on the yield ofCHs showed that the maximum yield of 1.2 mmdbhignasswas obtained at a
catalyst temperature of 500 °C. Therefore, to determine the effect of other operating parameters
and the investigation of different catalysts on the productio@Hf from the pyrolysis of
biomass coupled with the catalytic hydrogenation of the evolved pyrolysis gases was with a
fixed 15 stage, final pyrolysis temperature of 800 °C and a fixédtage catalyst temperature
of 500 °C.

3.3. Influence of hydrogen gas hourly space velocityhe influence of K gas

hourly space velocity on CHield from the pyrolysis-catalytic hydrogenation of biomass was
investigated using a 10 wt.% Co#8k catalyst with a final pyrolysis temperature of 800 °C
and catalyst temperature of 500 °C. Hydrogen was introduced into the second stage catalyst
reactor at different gas flow rates (6.070.0 ml min?), reflecting the required +has hourly

space velocities of 0, 600, 1200, 1800, 2400, 3000, 3600 and 4208 gilduys: Table 4
shows the product yield, gas ratios and gas volumetric composition in relatiogas Hourly

space velocity and Figure 4 shows the gas yield and composition in relation to the mass of
biomass (mmol &iomas). Table 4 shows the influence of Bpace velocity on the product yield

in terms of mass of biomass, including the added mass, afséld for the hydrogenation
reactions, which consequently produced total mass yields of over 100%. The product yield
shows that the liquid and gas yield increased with increased additionasf #result of the
production of product water and unreactedréspectively. The addec:ias involved in the
production of product water, and hydrogenation reactions, but alswad produced in
reactions, therefore a>Hree mass balance could not be calculated accurately. The product
yield data also shows that the introduction etdlthe reaction system caused the reduction of
solids from 21.6 wt.% in the absence of &hd to 19.0 wt.% at higher levels o# Eddition.

This was due to the interaction of ith the coke on the catalyst to produids 2° (Table 1,
equation 11).Figure 4 shows the mass of gases (excludigigprfbduced from the biomass
(mmol gluiomasy. The data shows that in the absence o@ditiition to the catalyst reactor, the

CHs yield was 1.68 mmol &iomass however, when kHwas introduced (at 600 mittg catays)

there was a significant increaseQ#ls yield to 2.4 mmol Guiomass An increase in the added H
resulted inan increase irCH, yield to 5.08 mmol Gpiomassat 3600 ml 1 glcaaystHz space

velocity. Figure 4 also shows that the increaséHhia yield was accompanied by a decrease in
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CO, and CO yield from 5.8 to 1.8 mmoligmass and from 5.07to 2.9 mmol Gbiomass

respectively. Similarly, it can be seen from Table 4 that thedGhkentration in the product

gas increased from 13.1 to 50.7 vol. % with the increase spéte velocity from 0- 3600 ml

h gleatayst The increase in CHHCO, and CH/CO ratio (Table 4) showed that the addition of

H2 significantly improved the catalytic hydrogenation reaction (Table 1, equations 8 and 9).
Figure 4 also show that at the higherinput of 4200 ml i} glcatays; the CHa yield

declined to 4.4 mmol iomass Table 4 also shows that tk#,/CO; ratio reduced from 2.76

to 2.38 and th€CH4/CO ratio reduced from 1.74 -1.2 with the increase irsphce velocity

from 3600 - 4200ml f glcarayst The decrease i@Ha yield at the highest Hspace velocity

could be related to the reduced contact time between reactant gases and catalyst which

ultimately resulted in lower yield &Hs. Rahmani et af! investigated the effect of gas space

velocities in the range of 6000-18000 riigitcataystin a fixed bed reactor for the methanation

of COr usinga Ni/Al 205 catalyst in a fixed bed reactor at 350 °C. They reported that with the

increase in gas space velocity, the-@0nversion reduced and ultimately resulted in lower

CHas yield. They reported that the higher gas space velocities result in the reduced contact time

between the reactant gases and catalyst resulting in the lower conversign®intifar results

have been reported by Vita et?din relation to the effect of gas hourly space velocity in the

range of 10000-50000 mittgcataysiwith Ni-gadolinium-ceria catalysts f@O, methanation.

They showed that the maximudis yield was obtained at a gas hourly space velocity of 10000

ml h! glaaystbecause of the increased residence time of the reactant gases with the catalyst at

that gas space velocity. Aziz et #lhave suggested that non-stoichiometric conditions for the

catalytic hydrogenation reaction may be responsible for reduced methanation. They studied the

effect of B/CO; ratio onCHs yield usingNi-promoted mesostructured silica nanoparticle

catalysts ina fixed bed reactor at 300 °C. They reported that an optimat@®] ratio is

required for the catalytic hydrogenation reaction. According to their results, the optimum

H2/COp ratio for CQ conversion an@€Hs yield was 41. With the increase in ratio from 4:1 to

7:1 a decrease in G@onversion and CHyield was observed. They indicated that the initial

enhancement and finally decline of catalytic hydrogenation reaction was becdiifererfices

in the amount of Hduring the reaction. The stoichiometrig/&0; ratio of 4:1 produces an

optimum amount of absorbed.tn the catalyst to hydrogenate the carbonated species to

convert it intoCHa. Similarly, Rahmani et af’, also studied the effect of,KCO; ratio usinga

Ni/Al 20z catalyst with a HCO; ratio in the range of 3:1 taX4 They reported that Ho/CO;

ratio at stoichiometric conditions results in an increase in @Mversion and having no

influence on the selectivity @@Hs. However, some studies have reported an increaS&i4n



11

conversion with an increase in/80; ratio. Lu et al2® studiedCO, catalytic hydrogenation
over NiO supported on SBA-15mgsoporous silica sieve mateyiatatalyst over the
temperature range of 300 - 450 °Caifixed bed reactor. They reported that at highgCid,
ratios above the stoichiometric ratio was favorable fos @fversion and concluded that £0
conversion increased with the increase in th&CB, ratio. Howeverat H2/CO; ratios over
6:1, CO: conversion remained constant.
3.4. Influence of biomass/catalyst ratiorhe influence of biomass/catalyst ratio on the
production of methane from the pyrolysis-catalytic hydrogenation of biomass was investigated
using the 10 wt.% Co/ADs catalyst with a final pyrolysis temperature of 800 °C, catalyst
temperature of 500 °C and a fixed nominalgds hourly space velocity of 3600 mt iy
Latalayst The biomass/catalyst ratios of 1:0.5, 1:1, 1:2 and 1:3.5 were investigated with a
constant 1.0 g of biomass and varied mass of catalyst. It should be noted that although the H
gas hourly space velocity was fixed at 3600 rhlgitcaaiayst because the catalyst bed depth
would vary with the increased mass of catalyst used, that would also affectghs kiourly
space velocity. The influence of biomass/catalyst ratio in terms of product yield, gas ratios and
gas volumetric composition are shown in Table 5 and Figure 5 shows the gas yield and
composition in relation to the mass of biomass (Mrmebgasj.

Figure 5 shows that théHs yield increased with increased amount of catal@st;
yield increasing from 2.8 to 7.2 mmolgmassvhen the biomass:catalyst ratio was raised from
1:0.5to 1:3.5. The volumetric Glgas concentration in the product gas thereby increased from
56.2t0 82.1 vol.% (Table 5). The data also show that there was a consequent decrease in CO,
COz and CnHn yields. This suggests that the increased amount of catalyst resulted in cracking
of the CnHn and also the oxygenated and non-oxygenated hydrocarbons produced from the
biomass pyrolysis. Other research@r® investigating the catalytic-pyrolysis of biomass have
reported that higher catalyst ratios produce enhanced cracking of hydrocarbons and oxygenated
hydrocarbons. In addition, the increased amount of catalyst would result in more active metal
sites for increased hydrogenation of the CO and d@@ble 1, equations 8 and 9).
3.5. Influence of metalAl.O3z catalyst type.The influence of four different types of
metalAl.Oz catalyst in relation to the production of €Hrom the pyrolysis-catalytic
hydrogenation of biomass was investigated. The metal loading was 10 wt.% to produce Ni-
Al203, FeAl203, CoAl203 and MoAI2Os catalysts. The experiments were conducted at a
final pyrolysis temperature of 800 °C, catalyst temperature of 500 °C and fixgasHhourly
space velocity of 3600 mihg cataiayst A fixed biomass:catalyst ratio of 1:1 was used to carry
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out the experiments. The results are shown in Table 6 in terms of product yield, gas ratios and
gas volumetric composition. Experiments were also conducted with quartz sand in place of the
catalyst for comparison.

Table 6 shows that in the total gas yield was increased with the introduction of metal
catalyst compared to sand. It should again be noted that the mass yields are expressed in terms
of biomass and do not include the mass of addeghbl. Liquid yields were also influenced by
the presence of the catalyst, since the added hydrogen was involved in the production of product
water (but also hydrogenation reactions and alsprdduction reactions). The results show
that total gas yield was influenced by the type of catalyst used, but the composition of the
product gas was markedly different. For example, the volumetric gas compositidre¢H
basis) showed that the highest Qs yield of 66.9 vol.%, was produced with the produce Ni-
Al>O3 catalyst whilst the F&d.O3; and MoAI.Oz catalysts produced a gas with high
concentrations of CO.

Figure 6 shows the gas yield and composition in relation to the mass of biomass (mmol
g lbiomas). The data shows that the maxim@Hhls yield (6.4 mmol dhiomas) in terms of the
mass of biomass was obtained with the NiBlcatalyst as compared to sand in place of the
catalyst, where Clyield was low. The Ni/AlOs catalyst also exhibited the highest D€,
ratio (3.6) andCH4/CO ratio (5.05) reflecting the effective catalyst activity for catalytic
hydrogenation of C®and CO produced from the biomass. In comparison, thélgds
catalyst also showed good activity towards.@&@d CO catalytic hydrogenation with a high
CHs yield of 5.08 mmol Gbiomass and highCH4/CO, and CH4/CO ratios (2.76 and 1.74
respectively). However, thd=e-Al.0Os, and MoAI.Os catalysts showed selectivity towards
CHs production by catalytic hydrogenation. Therefore, among the different metal catalysts
studied the activity of the -catalysts fd€Hs production decreased in the order
Ni>Co>Mo>Fe>Sand. The low catalytic activity for the catalytic hydrogenation reaction
shown by thd=e-Al 203, and MoAl.O3 catalysts suggests that most of theplssed over the
catalyst unreacted resulting in increased in overall gas yield and decrease in liquid yield
because of low formation of water by the catalytic hydrogenation reaction.

Aziz et al.* studied the influence of different metals promoted on mesostructured silica
nanoparticles ira fixed bed reactor for Cg&catalytic hydrogenation using G@nd H as
reactant gases. The catalytic activity of the studied metals catalyst decreased inrtRé»rde
Ru>Ni>Ir>Fe>Cu at 350 °C catalyst temperature. They reported that Rh, Ru and Ni were active
for CO, catalytic hydrogenation even at low temperature, but Fe, Ir and Cu required high

temperature for COcatalytic hydrogenation. Yan et & studied the effect of various
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transition metal loadings with a Ni/MgO catalyst for £€atalytic hydrogenation. They
showed thatt a catalyst temperature of 350 °C, the addition of Co and W resulted in an
increase in catalystdivity but with the addition of Fe and Mo, the €€bnversion decreased.
The literature have also reported that amongst the transition metals, Ni based catalysts are
effective for carbon oxide catalytic hydrogenation, whilst Fe-based and Mo-b#akydtsaare

not. It has been reported that Fe-catalysts have high activity while Mo-catalyst®wave
activity for the methane production via the COx methanation prétésshis work, a high

yield of CO was produced from Fe and Mo basegDALtatalysts. In the case of Fe a possible
reason for the decrease in £¥leld with enhanced CO production is the promotion of the
reverse water gas shift (RWGS) reactioiBut in the case of Mo/ADs, the AbOs support

itself has some catalytic activity and can crack the higher hydrocarbons igf§ @fich in

the absence of non-active metal thex@@es not react with+and passes through the catalytic
bed unreacted and resulted in higher percentage in the output gaseous mixture.

Ni-based and Co-based catalysts have been shown to be active in different reaction
systems. For example, Hu and Yilexamined the catalytic steam reforming of acetic acid and
reported increased syngas yield with Ni and Co catalysts could be attributed to their high
catalytic hydrogenation activity up to 623 °C. They also reported that Co and Ni catalyst have
the ability to crack C-C and C-H bonds which enhanced their activity, however Fe gan onl
crack C-C bonds. They ranked the catalytic activity for different transition metals in the order
Ni>Co>Fe>Cu. Similarly, Chen et &8 studied the effect of Ni, Co, Ba and Cu w0, for
the reforming of toluene for syngas production at 850°C. They showed that the highest catalytic
activity for toluene decomposition was shown by Ni followed by Co, BaCand
3.6. Influence of catalyst calcination temperatureThe influence of calcination
temperature in the preparation of the 10 wt.% NiDAlcatalyst in relation to the production
of methane from the pyrolysis-catalytic hydrogenation of biomass was investigatalysCa
calcination temperatures of 550, 650, 750 and 850 °C were investigated. The prepared catalysts
were characterised in terms of their surface area and porosity usadsdlption-desorption
isotherms. Table 7 shows the results of the surface area and porosity in relation to the
calcination temperature of the 10 wt.% Nu@4 catalysts, which shows that an increase in
calcination temperature results in a significant decrease in surface area of the catalyst,
accompanied by an increase in pore sizes. Zhang®halve similarly shown that increasing
the catalyst preparation calcination temperature for a p@fAtatalyst from 500 -1000 °C a

significant decrease in catalyst surface area from 196.2- 6793 was observed. Hydrogen-
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temperature programmed reduction{HPR) using a TGA was performed to investigate the
effect of calcination temperature on the reducibility of metals oxide (NiO) into metals (Ni).
The results are shown in Figure 7. The highest weight loss was observed with the 10 wt.%
Ni/Al 205 catalyst calcined at 55%C while the lowest weight loss was exhibited by the 10 wt.%
Ni/Al 203 catalyst calcined at 85C. It was observed that the catalyst calcined at65farted
reducing at lower temperature compared to the catalyst calcined at higher temperatures.
Therefore, it may be concluded that with the increase in calcination temperature the interaction
between the metal and support becomes more stronger and it becomes difficult to reduce the
catalyst calcined at higher temperature. Daroughegi &t allsp reported on the increase in
calcination temperature of a 25 wt.% Ni@k catalyst from 500 - 80%C in relation to metal-
support interaction. They showed that a reduction peak in the temperature range from 500-700
°C corresponded to the reduction of strongly interacted metal and the support while, a reduction
peak at 800C corresponded to the reduction of nickel aluminate. They also reported that with
increase in calcination temperature the interaction between metal and support became stronger.
The prepared catalysts were investigated for their influence on the production of
methane during the pyrolysis-catalytic hydrogenation of biomass. The results are shown in
Table 8 in terms of gas composition and Figure 8 shows the gas yield from the biomass. The
pyrolysis final temperature ag 800 °C, catalyst temperature was 500 °C apd)ab space
velocity was 3600 ml h gleaays: Biomass/catalyst ratio of 1:1 was used to carry out the
experiments. Table 8 shows that the volumeit concentration decreased from 75.5 to 57.8
vol.% and the Chlyield decreased from 7-45.8 mmol ghiomass(Figure 8). The results show
that the catalytic activity folCHs production decreased with the increase in calcination
temperature, coinciding with decreased catalyst surface areasfihbBydrocarbons increased
with catalysts prepared at higher temperatures suggesting the catalyst was less effective in
cracking the hydrocarbons. Also, the CO and>@@reased at higher catalyst calcination
temperatures, suggesting that the addedvek less effective in the hydrogenation of these
carbon oxides. This was also reflected in the//CB and CH/CO; ratios. Liu et al?! have
also reported that increaserd catalyst calcinarion temperature results in lower catalyst activity

which was attributed to metal particle (nickel) sintering.

3.7. Influence of catalyst nickel loadingThe influence of the amount of Ni metal
loading on the alumina support was investigated using nickel loadings of 5, 10 and 15 wt.% of
nickel. The prepared catalysts were examined by SEM with EDXS metal mapping to

investigate the distribution of Ni on the alumina support and also by XRD. The results for
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SEM-EDXS are shown in Figure 9. The images and data show that the nickel metal is
uniformly distributed over the 5 wt.% and 10 wt.% Ni loaded alumina catalysts but for the 15
wt.% Ni loading, there is an obvious increase in nickel particle size, along with a non-uniform
distribution. Analysis of the prepared catalyst by XRD (Figuneni® also used to investigate

the patrticlesize (crystallite size) of the different Ni loadings calculated using the Scherrer
equation. The results were that the Ni particle size increased from 3.8 nm to 10 nm with the
increase in Ni loadings from 5- 15 ¥f. Therefore, it may be concluded that an increase in Ni
loading results in metal sintering and results in the increase in particle size of metallic. species
Figure 9 shows that the 5 wt.% and 10%hi loading, there was uniform dispersion of Ni on

the support however with the increase in metal loading to 15 wt.%, Ni particles started to
agglomerate evidenced by the appearance @¥yeaks. The 5 wt.% and 10 #@Ni loading
catalysts showed only two visible peak\bfOs, at the diffraction angles of 45.5° and 66.42°
However, when the Ni loading was further increased to 15 wt.%, four visifils péaks were
observed at diffraction angles of 19°1415.5°, 60.34%nd 66.42°possibly because of
agglomeration/sintering of Ni particles and non-uniform nickel dispersion.

The effect of the amount of Ni metal loading on alumina support in relation o CH
production from biomass was investigated. The final pyrolysis temperature was 800 °C,
catalyst temperature was 500 °C andjBls space velocity was 3600 ridicatays: The results
are shown in Table 9 for the gas composition and in Figure 11 for the gas yield (faoraky)

The results show that the increase in Ni loading from 5 wt.% to 10 wt.% resulted in an increase
in CHz yield from 4.4 to 7.4 mmol Hiomass (Figure 1} and volumetric gas concentration
increased frm 58.1 to 75.5 vol.% (Table 9), linked to the uniform dispersion of Ni on the
alumina support. But, with the further increase in Ni loading up to 15 wt.%khaeyield
decreased to 5.0 mmofgmassand 66.0 vol.%Also, the highes€H4/CO;, ratio was observed

with the 10 wt.% Ni/A¥Oz catalyst. In addition, the maximum conversion of CnHn was also
observed with the 10 wt.% Ni/ADs catalyst. The low CHselectivity for the 5 wt.% Ni/ADs3
catalyst suggests insufficient Ni on the alumina support and the reduced selectivity for the 15
wt.% Ni/AlOz catalyst was due to sintering of the Ni metal particles and non-uniform
distribution.

The influence of the amount of catalyst metal on Ni/F-SBA-15 catalysts with Ni
loadings of 1, 3, 5 and 10 wt.% in relationG@» catalytic hydrogenation was investigated by
Bukhari et a2 They reported that low Ni loading reduced the effectiveness of the catalyst due
to insufficient active metal. However, increased Ni loading produced optimum conversion of

CO, to CHy due to the presence of Ni metal and strong metal support interaction. But, at higher
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Ni loading,CO, conversion decreased which was attributed to sintering of metal and resulted
in weaker metal support interaction.
3.8. Influence of catalyst support materialThree different catalyst support materials,
Al203, MCM-41 and SiQ, each loaded with 10 wt.% Ni were investigated to determine the
influence on CH production from biomass by pyrolysis-catalytic hydrogenation. Initial
characterization to investigate the morphology of the catalysts was carried out using SEM with
EDXS metal mapping (Figure 12). A uniform distribution of small Ni particles was observed
over the surface of th&l,0O3 support, however, for the MCM-41 and SiSupport materials,
larger Ni particles and non-uniform distribution of the NI can be seen due to metal sintering.
The crystal structure and particle size of the Ni with the different support materials were
investigated by XRD. Figure 13 shows the presence of metallic Ni at diffraction angles of
2theta at 44.3°, 51.68° and 76.24° for all of the supports and the intensity of Ni diffraction peak
increased in the order AD:<MCM-41<SiQG. The crystallite particle size of the Ni metal
species was determine using the Scherrer equation and was found to be 8.3 n@sfdr3/3
nm for MCM-41 and 17.6 nm for SiO

The influence of the 10 wt.% Ni loaded®, MCM-41 and Si@, supports in relation
to CH; production from biomass were investigated. The final pyrolysis temperature was 800
°C, catalyst temperature 500 °C withy i§as space velocity at 3600 mf oy catayst and
biomass:catalyst ratio of 1:1Table 10 shows the product gas composition and Figure 14, the
gas yield. The highes€H, yield of 7.4 mmol goiomasswas obtained with thAlOs support
material followed by MCM-41 at 4.3 mmot‘gomassand SiQ with 3.0 mmol ¢'viomass Also,
maximumCHs gas concentration followed the same ordéYl aD:>MCM-41>Si0O, with 75.5,
58.4 and 31.4 vol. % concentrations respectively. Thie/CO, and CH4/CO ratios of the
Al 203 catalyst also reflected the higher conversion of @@l CO by catalytic hydrogenation.
The increased selectivity towards £production clearly linked to the lower Ni particle size
and uniform distribution of the AD3, catalyst compared with the MCM-41 and S&atalysts.

Du et al.?® studied the effect of effect of MCM-41 for GEatalytic hydrogenation and
they found very low activity of the MCM-41 support. According to Frontera ét tile reason
for the lower activity reported by Du et &.with MCM-41 was because of the lower stability
of MCM-41 in the presence of water vapoAziz et al.*® investigated the influence of the
presence of water vapours during £gtalytic hydrogenation using a 5 wt.% Ni/ MSN
(mesostructured silica nanopartigleatalyst. They reported that the presence of water vapour

results in the decrease in carbonyl species, a major intermediate produck fooGilittion by
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CO. hydrogenation. Also, it has been reported that presence of water favors the sintering of
nickel on the mesostructured silica nanoparticle support and results in the decreased catalytic
activity.

Overall the results have shown that a maximum @idld of 7.4 mmol Giomass and
maximum CH gas composition of 75.5 vol.% was obtained from the pyrolysis-catalytic
hydrogenation of biomass. The optimised process conditions were obtained using a 10 wt.%
Ni supported on AlDs catalyst prepared at a calcination temperature of 550 °C and with a
biomass final pyrolysis temperature of 800 °C, catalyst temperature of 500 °C;ayab H
hourly space velocity of 3600 mitrg caiayst The results may be compared with our previous
work “¢ that investigated the influence of various process parameters on the catalytic
hydrogenation of C® The maximum CH yield, maximum CQ@ conversion and CH
selectivity was obtained at 360 °C with an:€O, ratio of 4:1 and total gas hourly space
velocity of 6000 ml H glcamysiand reactant gases hourly space velocity of 3000t faalyst
The maximum C@ conversion obtained was 84 mol.% with 81 mol.%sGElectivity and
methane yield of 10.8 mmol over a 10 wt.% Np@4 catalystOthers have also investigated
catalytic hydrogenation of GOFor example, Li et af’, studied the catalytic hydrogenation of
CO, to CHs in a fixed bed reactor using a monolithic N#@% catalyst at 320 °C with a GHSV
of 5000 h! and pressure of 0.1 MPa. Approximately 90 % of;@@nversion was obtained
with around 99.9% of methane selectivity. Similarly, Li etstudied the C@methanation
reaction using kland CQ as feed gases in molar ratio of 4:1. Experiments were carried out in
a pressurized environment of 3 MPa and gas hourly space velocity of 368§ mThey used
Ni/ZrO> as a catalyst. The maximum €€»nversion obtained was 92.5 % with 99.9 % ofCH
selectivity.

There is less work on the catalytic hydrogenation of other more complex feedstocks such
as biomass or bio-gas. Zhang et*alstudied the simultaneous tar reforming and catalytic
hydrogenation of syngas produced from biomass using a Ni/olivine-CaO catalyst. The
maximum CH concentration obtained was 26.9 vol.%. Kienberger ef @lso used the
product gas from the fluidised bed gasification of biomass as feedstock with a separate
methanation reactor with Ni/MgO-Si@s a catalyst. They reported that at a GHSV of 1000 h
1 and at a temperature of 260 °C the maximum methane yield of 33.7 vol.% was obtained.

Several modelling studies have investigated the conversion of biomass stvi&H
gasification and catalytic hydrogenation. For example, Vakalis &t tiigrmodynamically
modelled a biomass gasifiier with a down stream methanation/reforming reactor to react the

gasification product gas with inputH'he optimal ratio of biomass gasification product gas
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to input hydrogen was identified at 1:0.9 which produced a molar fraction 061CH%. Van

der Meijden et aP? used Aspen Plus® to model three biomass gasification systems with
downstream methanation to identify the optimal process to enhance jh@didction. They
reported that methane concentration in the output gaseous mixture reached ~90% after gas
purification (removal of C@and HO). Duren et al.>® used BELSIM-VALI® model to
investigate upgrading of biomass gasification product gas to Ti¢y reported a maximum
calculated CH concentration of 54.8 vol.% at the exit of the methanation reactor.

The interest demonstrated in the literature suggests that there is potential in the process of
methane production from biomass, via pyrolysis-catalytic hydrogenation. Pyrolysis of biomass
would produce a bio-char suitable for use as a soil improver coupled with catalytic
hydrogenation of the product pyrolysis carbon oxide gases to produce methane. However,
manipulating the product gas composition that enters the catalytic hydrogenation reactor would
be advantageous. For example, through the use of catalysts in an additional reactor stage
crack the heavy hydrocarbons from pyrolysis. In addition, also providing a sustainable source
for the hydrogen, such as from biomass, would significantly improve the attractiveness of the
process. The goal of producing sustainable methane as a substitute natural gas has an added
economic incentive because of the already existing infrastructure for natural gas in many

countries.

4. CONCLUSIONS

A detailed operating parametric study and catalytic investigation has been undertaken into the
production of CH from the catalytic hydrogenation of biomass. The results have shown that:

A suitablecatalyst temperature is required to enhanceGhi yield. The maximum
CH, yield was obtained with a catalyst temperature of 500 °C. Above this temperature, the
producedCHjs reacts with autogenerated water to enhance the steam reforming reaction and
converts th€€CH4 into H and CO. However, lower temperatures favor hydrocarbon production
because of poor cracking of higher hydrocarbons. An optimized temperature for the pyrolysis
stage is required to decompose the biomass completely. For the particular biomass sample
(wood pellety used here, a final pyrolysis temperature of 800 °C was found to produce the
highest level of biomass decomposition. This was linked to the higher temperatures required
to decompose the lignin component of the biomass. Increasing the biomass:catalyst ratio from

1:0.5 to 1:3.5 produced enhanced Gitld due to the increased. With the increase in catalyst
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quantity, theCHs yield increased the cracking of hydrocarbons and catalytic hydrogenation.
The influence of varying the Hgas space velocity showed that an optimugmirtdut was
required, increasing Hproduced enhanced hydrogenation of CO and @l higherCHs

yield. However, at higher Hinput, CHs yield reduced with the increase in £@ossibly
because of the disturbance in stoichiometric ratios. Among the different metal catalysts studied
the maximum catalytic activity was shown by the nickel based catalyst. TherGtlction
decreased in the order Ni>Ode>Fe Higher Ni/AkOs catalyst preparation calcination
temperature reduce@Hs production, linked to lower catalyst surface area and increased
sintering of the Ni metal crystallites at higher temperature. A suitable amount of Ni metal
loading was required to enhance the hydrocarbon and oxygenated hydrocarbon cracking and
catalytic hydrogenation reactions simultaneously. With the increase in catalyst loading from 5
wt.% to 10 wt.% the&CHs yield increased, however, with the further increase in metal loading

to 15 % theCH, yield decreased. SEM-EDXS and XRD analysis of the catalysts indicated that
increased metal loading leading to Ni particle sintering and non-uniform distribution of
metallic Ni and a consequent decrease in catalytic activity. Among the different support
materials investigated, the maximum catalytic activity was shown bAd ts support. While

the decrease in catalytic activity was observed with MCM-41 ang SEM-EDXS and XRD
characterisation of the catalysts showed smaller Ni crystallite size and a more uniform Ni
distribution for the NiAl.Os catalyst compared with the Ni/MCM-41 and Ni/Si€upported

catalysts.
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FIGURE CAPTIONS

Figure 1. Schematic diagram of the two-stage pyrolysis-catalytic hydrogenation fixed bed
reactor.

Figure 2. Influence of catalyst temperature on gas composition from the pyrolysis-catélysis o
waste wood (pyrolysis temperature, 600 °C).

Figure 3 Influence of pyrolysis temperature on gas composition during pyrolysis-catalysis of
waste wood (catalyst temperature; 500 °C).

Figure 4. Influence of hydrogen gas hourgpace velocity on gas composition from the
pyrolysis-catalytic hydrogenation of waste wood with 10 wt.% C&@&¢atalyst (final
pyrolysis temperature of 800 °C and catalyst temperature of 500 °C).

Figure 5. Influence of biomass:catalyst ratio on the gas yield from the pyrolysis-catalytic
hydrogenation of waste wood with 10 wt.% Cofd catalyst (final pyrolysis
temperature of 800 °C, catalyst temperature of 500 °C argpate velocity 3600 ml
ht g_lcatalys)-

Figure 6. Influence of 10 wt.% NAI20s, FeAl.03, Co-Al.03 and MoAl.O3 catalysts on the
gas yield from the pyrolysis-catalytic hydrogenation of waste wood (final pyrolysis
temperature of 800 °C, catalyst temperature of 500 °C agasihourly space velocity
of 3600 ml h* gcatays).

Figure 7. H>-TPR of various 10 wt. % Ni/Al203 catalysts calcined at different calcination

temperatures.

Figure 8. Influence of calcination temperature for the 10 wt.% NilAlcatalyst preparation
on the gas yield from the pyrolysis-catalytic hydrogenation of waste wood (final
pyrolysis temperature of 800 °C, catalyst temperature of 500 °C amgdHhourly
space velocity of 3600 mihgtcatays).

Figure 9. SEM-EDXS mapping of different nickel loadings on alumina support (a) 5 wt.%-
Ni/Al 203 (b) 10 wt.%/AbOsNi (c) 15 wt.%-Ni/AkO3

Figure 10. XRD patterns of various Ni loadings on®k support.

Figure 11. Influence of Ni metal loading on Ml>0s catalyst on the gas yield from the
pyrolysis-catalytic hydrogenation of waste wood (final pyrolysis temperature of 800
°C, catalyst temperature of 500 °C anglgas hourly space velocity of 3600 mt by
1

catays) .

Figure 12. SEM- with EDX nickel mapping patterns of different catalyst support materials (a)
10 wt.% Ni/SiQ (b) 10 wt.% Ni/MCM-41 (c) 10 wt.% Ni/ADs.

Figure 13. XRD patterns of Ni catalyst with different supports.

Figure 14. Influence of 10 wt.% Ni in relation to gas yield from the pyrolysis-catalytic
hydrogenation of waste wood with different support materials (final pyrolysis
temperature of 800 °C, catalyst temperature of 500 °C agas$ihourly space velocity
of 3600 ml ht g catalyst).
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Figure 1. Schematic diagram of the two-stage pyrolysis-catalytic hydrogenation fixed bed
reactor.
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Figure 7. H>-TPR of various 10 wt. % Ni/Al203 catalyst calcined at different calcination

temperatures.



33

12
T
N il
] ——co,
91 ——CnHn

oo
|

o N
|

N
| -

Yield (mmoles g™! biomass)
w (&)
| - 1

A A /’

A— __/

N
1

1

v > ad

]

1
FLY

1 ¥ 1 L3 I % I " I 5 I = I
550 600 650 700 750 800 850
Calcination temperature (C)

Figure 8. Influence of calcination temperature for the 10 wt.% NilAlcatalyst preparation
on the gas vyield from the pyrolysis-catalytic hydrogenation of waste wood (final pyrolysis
temperature of 800 °C, catalyst temperature of 500 °C agdshourly space velocity of 3600

ml ht glcatays)-



34

Ni Kol

| T . |
100pm

Ni Kol

i

LEMAS 2.0kV 3.9mm x50.0k SE(U) 100pm

Ni Kal

| T a— |
100pm
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Intensity (a.u)

0 Ni
* ALO,
v Si0,

10 wt. % Ni/MCM-41
\%

It

10 wt. % Ni/SiOp
\%

—-—"/-\

10 wt. % Ni/Aly03

O

O
0O

O
O

10 20 30

2 theta (deg.)

Figure 13. XRD patterns of Ni catalyst with different supports.

80

38



39

»
1

(&)
| L

w
| L

Yield (mmoles g 'biomass)
N H

ol | VAVAY

10 wt. % Ni/Al,O3 10 wt. % Ni/MCM-41 10 wt. % Ni/SiO2

Figure 14. Influence of 10 wt.% Ni in relation to gas yield from the pyrolysis-catalytic
hydrogenation of waste wood with different support materials (final pyrolysis temperature of
800 °C, catalyst temperature of 500 °C andgds hourly space velocity of 3600 mt gt

catalyst).



Table 1. Potential reactions from the pyrolysis-catalytic hydrogenation of biomass.
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Process

Reactions

Equation number

Biomass pyrolysis

Bio-oil cracking

Bio-oil auto-steam reforming
Hydrocarbons auto-steam reformir
Bio-oil dry (CQ) reforming
Hydrocarbons dry (Cg) reforming
Water gas shift reaction
Methanation reaction (C
Methanation reaction (CO)

Boudouard reaction

Carbon hydrogasification

Biomass - H,0 + H, + CO + CO, + C,H,,0, + C,H,, + Char
CxH,0, - H,0 + H, + CO + CO, + CH, + G Hyp,
CyH,0,+ H,0 - H, + CO
C,H,, + H,0 - H, + CO
CyH,0,+ CO, - CO + H,

C,Hy + CO, - CO + H,

CO+ H,0 - CO, + H,

CO,+4H, - CH, + 2H,0
CO + 3H, - CH, + 2H,0
2C0 - C+CO,

C +2H, - CH,

(1)
)
©)
(4)
(®)
(6)
()
(8)
9)
(10)

(11)

C,H, 0, represents bio-oil an@,H,, represents bio-oil hydrocarbons of lower molecular weight
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Table 2. Influence of catalyst temperature on the product yield and gas composition from the

pyrolysis-catalysis of waste wood with 10 wt.% Cof@d catalyst and final pyrolysis

temperature of 600 °C.

Catalyst Temperature (°C)

300 (sand) 300 400 500 600 700
Product yield (wt.%)
Gas 30.46 34.5 40.70 49.45 61.53 66.53
Liquid 44.78 34.9 28.92 24 13.64 8.36
Solid 24.7 30.5 30.37 27.21 24.81 25.0
Gas ratios
H2/CO 0.85 0.73 1.28 2.71 2.07 1.50
Ho/CO, 0.87 0.87 1.37 2.4 3.18 3.55
CH4/CO 0.36 0.37 0.35 0.30 0.11 0.054
CH4/CO, 0.37 0.44 0.37 0.26 0.17 0.13
CO/CO 1.02 1.18 1.06 0.88 1.53 2.35
Gas composition (V&)
Ho 23.6 21.1 31.8 51.5 53.6 50.3
CHs 10.2 10.8 8.6 5.7 3.0 1.8
CO 27.7 28.8 24.7 19 25.8 33.4
0] 27.0 24.2 23.2 21.6 16.8 14.1
CnHn 11.4 15.0 11.8 2.2 0.8 0.4
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Table 3.Influence of pyrolysis temperature on the product yield and gas composition from the

pyrolysis catalysis of waste wood with 10 wt.% Cof@dcatalyst and catalyst temperature

maintained at 500 °C.

Pyrolysis Temperature (°C)

500 (sand) 500 600 700 800
Product yield (wt.%)
Gas 32.55 50.22 49.45 51.65 52
Liquid 34.4 9.95 23.32 21.48 26
Solid 33.03 39.82 27.21 26.85 22
Gas ratios
H2/CO 1.64 3.02 2.71 2.21 2.2
Ho/CO, 1.42 2.47 2.4 1.97 1.96
CH4/CO 0.31 0.23 0.30 0.37 0.33
CH4/CO, 0.27 0.19 0.26 0.33 0.28
CO/CQ 0.86 0.81 0.88 0.88 0.87
Gas composition (vco)
H 36 53 51.5 48 48
CHs 6.9 4.2 5.7 7.6 7
CO 21.9 17.8 19 20.5 21
CO; 25.3 21.8 21.6 23 24
CnHn 9.9 2.4 2.2 11 11
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Table 4. Influence of H gas hourly space velocity on the product yield and gas composition
from the pyrolysis-catalytic hydrogenation of waste wood with 10 wt.% GOgAdatalyst
(final pyrolysis temperature of 800 °C and catalyst temperature of 500 °C).

Hydrogen Space Velocity (ml dncatalyst)

0 600 1200 1800 2400 3000 3600 4200

Product yield (wt.%)

Gas 52.0 52.0 52.0 516 552 59.0 600 66.8

Liquid 26.0 26.0 28.0 38.0 36.0 37.0 40.0 400

Solid 21.6 220 20.7 20.0 20.0 190 19.0 190
Gas ratios

CH4/CO 0.33 0.51 0.62 0.88 1.07 163 174 1.2
CH4/CO, 0.28 0.50 0.85 1.26 161 214 276 2.38
Gas composition (vol.%)

CHas 13.1  20.0 26.2 33.6 385 473 50.7 434
(6{0) 395 394 41.0 38.0 359 290 291 36.8
CO, 453 39.0 30.9 26.7 24 22 18.4 18.2

CnHn 2.0 1.6 1.2 1.7 1.7 1.7 19 16
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Table 5.Influence of biomass:catalyst ratio on the product yield and gas composition from the

pyrolysis-catalytic hydrogenation of waste wood with 10 wt.% GCadAlkatalyst (final

pyrolysis temperature of 800 °C, catalyst temperature of 500 °C arghdihourly space

velocity of 3600 ml H gcatays).

Biomass:Catalyst Ratio

1:0.5 11 1:2 1:3.5

Product yield (wt.%)

Gas 62.5 61.0 62.6 61.4

Liquid 38.0 40.0 42.0 38.0

Solid 19.0 19.0 19.0 19.0
Gas ratios

CH4/CO 0.54 1.74 24 2.5

CH4/CO, 1.46 2.76 3.57 4.62
Gas yield (vol.% Hfree basis)

CHa 27.6 50.7 58.5 60.8

(6{0) 50.9 29.1 24 25

CO, 18.9 18.4 16.4 13.2

CnHn 2.6 1.9 1.1 0.1
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Table 6. Influence of 10 wt.% NAI2O3, FeAl20z3, Co-Al203 and MoAI2Oz catalysts on the
product yield and gas composition from the pyrolysis-catalytic hydrogenation of waste wood
(final pyrolysis temperature of 800 °C, catalyst temperature of 500 “Gyasihourly space
velocity of 3600 ml H glcaays@ndBiomass:Catalyst ratio of1).

Metal Catalysts
Sand Ni/Al20z  Co/Al203  Fel/Al203 Mo/Al 203

Product yield (wt.%)

Gas 50.0 55.3 61.0 70.3 66.0
Liquid 32.0 30.0 40.0 22.0 18.0
Solid 19.0 19.0 19.0 19.0 19.0
Gas ratios

CH4/CO 0.17 5.05 1.74 0.29 0.29
CH4/CO, 0.66 3.6 2.76 0.78 0.72
Gas composition (vol.% Hree basis)

CHs 12 66.9 50.7 17.3 16.4
CO 66.9 13.2 29.1 55.9 56.7
CO, 18.1 18.2 18.4 22.0 22.5

CnHn 3.0 1.7 1.9 4.8 4.4
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Table 7.Physical properties of 10 % Ni/ADs catalysts calcined at different temperature.

Calcination temperature Surface area BJH adsorption  BJH adsorption pore

(°C) (m? g?t) pore size (nm) volume (cn? g?)
550 °C 232.76 6.25 0.39
650 °C 200.44 7.56 0.39
750 °C 152.78 9.54 0.37

850 °C 136.78 10.33 0.37
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Table 8. Influence of calcination temperature of catalysts on the gas yield from the pyrolysis-
catalytic hydrogenation of waste wood with 10 %tNi/Al>Os catalyst (final pyrolysis
temperature of 800 °C, catalyst temperature of 500 °€gald hourly space velocity of 3600

ml b gleaaystandBiomass:Catalyst ratio of 1).

Calcination Temperature (°C)

550 650 750 850

Gas ratios

CH4/CO 7.52 6 5.05 2.5
CH4/CO, 5.2 3.94 3.6 3.34
Gas concentration (vol.%Hree basis)

CHs 75.5 69.5 66.9 57.8
CO 10 11.6 13.2 23.4
CO, 14.5 17.6 18.2 23.4

CnHn 0 1.3 1.7 15
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Table 9.Influence of Ni metal loading on Mil203 catalyst on the gas yield from the pyrolysis-
catalytic hydrogenation of waste wood (final pyrolysis temperature of 800 °C, catalyst
temperature of 500 °C, Hgas hourly space velocity of 3600 mf hylcawmyst and
Biomass:Catalyst ratio of.1).

Metal Loading (%)

5% 10% 15%
Gas ratios
CH4/CO 2.32 7.52 3.46
CH4/CO, 3.7 5.2 4.64
Gas concentration (vol.%Hree basis)
CHs 58.1 75.5 66.0
CO 25 10 19.1
CO; 15.7 145 14.2

CnHn 1.3 0 0.8
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Table 10 Influence of 10 wt.% Ni on different support materials on the gas composition from
the pyrolysis-catalytic hydrogenation of waste wood (final pyrolysis temperature of 800 °C,
catalyst temperature of 500 °C, lgas hourly space velocity of 3600 nil kg catayst and
Biomass:Catalyst ratio of.1).

Support material

Al203 MCM-41 SiO2

Gas ratios

CH4/CO 7.52 2.68 0.62

CH4/CO, 5.2 3.2 1.96
Gas concentration (vol.%2Hree basis)

CHs 75.5 58.4 31.4

CO 10 21.7 50

CO, 14.5 17.8 16

CnHn 0 2.1 2.6




