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Abstract 

 

The purpose of this study is to identify the fluid absorbent which is able to ensure 

satisfactory tar removal efficiency such as to minimize the impact of biomass 

gasification and renewable energy derivation on the environment and human 

health. Tar is a heterogeneous mixture in which exist hundreds of substances, both 

organic and inorganic. The absorption using washing fluids is the most widely 

used technique, at present, to remove contaminants in many gasification plants. 

The washing process, also known as process gas absorption, is an operation by 

which one or more contaminants contained in the flow of the gas are selectively 

absorbed into the absorbent material. However to ensure that the contaminant in 

the gas phase can be absorbed, it must have a certain solubility in the washing 

liquid. In the actual study, different absorbers are taken into account, including oil 

from food waste, water and nickel-mayenite catalysts (5 % vol. nickel) at two 

different operating temperatures (700 - 800° C). 

 

Keywords: Gas; TAR removal; Biomass; Renewable energy; Biocatalytic 

gasification Ni-catalyst; Fuel; Tar 

 

1. Introduction 
 

Various are the renewable technologies but most are aleatory because dependent 

from solar, wind, geothermal or biomass [1, 2, 3, 4]. For this reason to be 
supplemented with other types of energies. One of the most important energy renew- 



414                                                                                           Luigi Vecchione et al. 

 

 

able sources is biomass a short chain [5, 6, 7] which is a carbon neutral energy 

source. Its role is considered as fundamental for the satisfaction of energy demand 

[8, 9]. Biomass can be used in thermo-chemical process, such as biocatalytic 

gasification, to obtain syngas to produce chemicals, biofuels, hydrogen for engine 

or fuel cell [10, 11], heat and electricity. Syngas is a gaseous mixture of hydrogen, 

carbon monoxide, methane, carbon dioxide, nitrogen, if air is used in the process, 

with eventual presence of contaminants such as sulfur and chloride compounds, 

solid particles, alkali metals and tars [12, 13]. So the use of syngas requires 

expensive gas cleaning systems to remove the contaminants, with particular 

attention to the presence of tar which causes limitations and difficulties in syngas 

use [14]. Tar is composed of condensable organic compounds and, depending on 

the temperature, it is possible to contain primary oxygenated products, heavier 

deoxygenated hydrocarbons and polycyclic aromatic hydrocarbons (PAHs) [5]. In 

general, by means of gasification process, hundreds or even thousands of different 

tar species can be generated,  depending on to the type and design of gasifier, the 

operating process parameters such as temperature, pressure, type and amount of 

oxidant, residence time of biomass and type of biomass and its impurities [15,16].  

 

 
 

Figure 1. Tar evolution in function of the temperature [14] 

 

Nowadays, different methods are available to reduce the tar content of syngas 

such as physical treatment, thermal cracking or catalytic reforming that is 

characterized by a fast reaction rate and reliability in addition to improving the 

quality of the syngas in terms of carbon monoxide and hydrogen content [17]. 

Referring to the use of catalysts for tar removing, it is possible have different type 

of materials to use and two methods: one in case of insertion of catalyst inside the 

reactor of gasification and the other in case of treatments downstream the reactor 

[18]. 

Between the catalysts that can be used to clean the syngas from tar there are the 

calcined rocks, zeolites, iron ores, alkali metals, noble metals and nickel-based 

catalysts. This last category of catalyst is considered the most promising for tar 

removal and syngas reforming. Nickel-based catalysts can be supported by metal 

oxides such as alumina and magnesium oxide or natural materials such as 

dolomite, olivine, activated charcoal. Anyway is important to consider that these  
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supports are expensive, and the phases of the catalyst preparation need of time 

and energy, so this is a problem for a large scale application of nickel-based 

catalysts [19]. It is also important to consider that they could improve their 

removal tar efficiency if used as in-bed material, but with consequences of a rapid 

degradation and a contamination of ashes obtained from the biomass gasification 

[18]. Another important aspect is that nickel-based catalysts could be subject to 

sulfur poisoning depending on the operating condition of the process with 

particular reference to the temperature parameter [20]. In this sense an important 

alternative could be the char-supported catalysts that are less expensive and that 

are characterized by an energy recovery as consequence of the gasification of the 

char [21, 22]. 

So, as is evident from what was said above, the clean syngas is an important 

aspect on which depends the quality of the gas and therefore the possibility of its 

use. With particular reference to the removal of tar, there are several possibilities 

of intervention and in this work is proposed a study concerning the removal of tar 

at low temperature through a catalyst consisting of nickel and mayenite placed 

downstream of the particulate removal system. 

 

2. Experimental 
 

The efficiency of TAR removal from syngas, is studied in relation to: the use of a 

catalyst composed by nickel (5 % in vol.) and mayenite (95 % in vol.), 

respectively, at a temperature of 700 °C and 800 °C, the use of a fluid absorber 

used oil feed and use of fluid absorbing water. The system of syngas production is 

characterized by a fluidized bed gasifier fed with Corylus avellana shells and 

steam as oxidizing agent, a the cyclone for removal of char, a ceramic filter for 

the removal of particulate and scrubbers, working at low temperature, for the 

capture of the TAR by means condensation and absorption methods.  

Table 1 shows the chemical and physical characterization of the Corylus avellana 

shells used in the gasification process. 

 

Table 1. Characteristics of hazelnut shells 

 

Parameter Value U.M. 

Moisture 12,80 % (w/w) 

Ash 0,86 % (w/w dry) 

Volatile matter 74,40 % (w/w dry) 

C  51,00 % (w/w dry) 

H 6,10 % (w/w dry) 

N 0,45 % (w/w dry) 

O 41,50 % (w/w dry) 

LHV 18,01 MJ/Kg dry 

HHV 19,50 MJ/Kg dry 

 

 



416                                                                                           Luigi Vecchione et al. 

 

 

In Table 2 are shown the operating parameters referring to the biomass process 

gasification. 

 

Table 2. Operating parameters 

 

Parameter Value U.M. 

Biomass flow  345,6  g/h  

Steam flow  276,5  g/h  

Reactor temperature  850,0  °C  

 

With regard to the efficiency of TAR removal from syngas, were performed 5 

tests, in particular: a "white" test without the use of catalyst or absorber fluid, two 

tests with use of the catalyst at a temperature of respectively 700 °C and 800 °C, a 

test with food waste oil as a fluid absorber and a test with water as a fluid 

absorber. For the sampling of the TAR methods have been used for condensation 

and absorption. The sampling phase is based on the use of a system of bubblers, 

with different configurations for each test (Figure 2), places within a system filled 

with coolant (ethylene glycol solution) at a temperature of -10°C, which have the 

purpose to carry out the condensation of TAR and, through the presence of a 

solvent, the absorption of the same. In particular, the syngas produced, before 

being analyzed by gas chromatograph, was made to flow in the system consists of 

four bubblers of which the first three filled each with 50 mL of acetone, the 

solvent in which is dissolved the TAR, while the fourth bubbler operates without 

any inner solvent.  

 

 
 

Figure 2. Global tests configurations: (a) white test. (b) test with catalyst. (c) test 

with fluid adsorbent (water and food waste oil) 

 

 

Referring to use of water for TAR removal, it was analyzed by GC-MS the water 

solubility of different TAR compounds (Table 3).  
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Table 3. Water solubility of the compounds of the TAR 

 

Compound Molar mass 
Solubility in water 

(mmol/L) 
Solubility in water 

(mg/L) 

Phenantrene  178,24 0,00130 0,23 

Anthracene  178,23 0,00037 0,07 

Pyrene  202,26 0,00072 0,15 

Napthalene  128,17 0,24000 30,76 

Styrene  104,15 2,30400 240,00 

Xylene  106,16 0,00000 0,00 

Toluene  92,14 5,52300 520,00 

Benzene  78,11 22,66000 1770,00 

 

From the Table 3, it is evident that phenol is the pollutant that has the best 

features of solubility in water (about 84 g/L), polycyclic aromatic hydrocarbons 

typically have very low solubility in water or anything while the derivatives of 

benzene and benzene present discrete solubility between 0,2 to 1,8 g/L. The water 

is the washing fluid that is more commonly used in gasification systems, however, 

since the tar has poor solubility in water has been studied use of food waste oil 

that on the contrary [23,24] ensures greater efficiency of absorption of the TAR. 

In particular, through the use of water is possible to remove a little over 30 % of 

the tar while by the use of oil of plant origin can be up to an efficiency of removal 

of the TAR of about 60,4 %. In detail, the removal efficiency is decreasing 

switching from diesel to vegetable oil, biodiesel, oil machinery until to the water. 

 

3. Results and discussion   
 

3.1 White test 

 

Obtained syngas was flowing within the system of bubblers in order to collect the 

tar which was formed during the gasification tests and was subsequently analyzed 

by the gas chromatograph ‘Agilent GC 7890’ to obtain the composition (Table 4). 

Through gas chromatograph, the composition of the TAR contained in the gas 

was also determined (Table 5). Results show that the predominant class of TAR is 

the third that is formed by light aromatic hydrocarbons characterized by a single 

ring (including toluene, benzene, xylene and styrene). 

 

 

Table 4. Syngas composition 

 

Compound H2 CO CH4 CO2 

% vol. 51,68 23,36 5,6 19,36 
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Table 5. TAR composition 

 

Compound Class mg/L g/Nm3 

Phenantrene  4 10,94  0,066865874  

Anthracene  4 10,99  0,067171477  

Pyrene  5 3,12  0,019069610  

Naphtalene  4 635,50  3,884210526  

Styrene  3 33,78  0,206465195  

Xylene  3 178,76  1,092590832  

Toluene  3 782,92  4,785249576  

Benzene  3 2895,85  17,69959253  

 

3.2 Catalyst test 

 

For the test, 15 mL of a catalyst composed of nickel and mayenite of which 5 % 

vol. nickel was used. The catalyst was placed inside the plant downstream of the 

dust removal and later tests were carried out at two different operating 

temperatures (800 °C and 700 °C). In the first case it has been possible to record 

an increase of hydrogen and carbon dioxide of about 5 - 6 % compared to the 

white test,  while in the second case, an increase of about 10 % was observed. 

Referring to the TAR content, in Table 6 are shown results about TAR 

composition in case of use of catalyst for two different operating temperatures. 

 

Table 6. TAR composition 

 

Compund 
mg/L  

(T = 800 °C) 

mg/L  

(T = 700 °C) 

g/Nm3  

(T = 800 °C) 

g/Nm3  

(T = 700 °C) 

Pyrene  0,47 1,12 0,0028 0,0072 

Phenatrene  2,67 2,30 0,0158 0,0168 

Anthracene  0,70 0,76 0,0040 0,0048 

Benzene  512,64 854,54 3,0725 6,0578 

Xylene  0,68 3,85 0,0035 0,0265 

Toluene  69,29 66,64 0,4158 0,4690 

Styrene  0,62 3,84 0,0033 0,0263 

Naphtalene  96,77 224,28 0,5815 1,5645 

 

The results of TAR removal or conversion efficiency η (Formula 1) are shown in 

Table 7: 

 

𝜂 = (
𝑤ℎ𝑖𝑡𝑒 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [

𝑚𝑔
𝐿

] − 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑚𝑔

𝐿
]

𝑤ℎ𝑖𝑡𝑒 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑚𝑔

𝐿 ]
) × 100

     

(1)  
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Table 7. Efficiency TAR removal 

 

Compound 
Η 

(T = 800 °C) 

η 

(T = 700 °C) 

Pyrene 84,94 64,10 

Phenatrene 75,59 78,98 

Anthracene 93,63 93,08 

Benzene 82,30 70,49 

Xylene 99,62 97,85 

Toluene 91,15 91,49 

Styrene 98,16 88,63 

Naphtalene 84,77 64,71 

 

From the results obtained it is clear that the conversion efficiency of the TAR is 

greater in the case in which the catalyst operates at a higher temperature, 800 °C 

instead of 700 °C. In the first case the efficiency of removal are for all the 

compounds more than 80 %, and for most of the compounds above 90 %. In the 

second case the efficiency amounted less than 90 %. In both cases there is a 

greater removal efficiency relatively to the compounds of third class: xylene and 

styrene. 

 

3.3 Water test  

 

The water test is characterized by a system with five bubblers (Figure 2c) with the 

first of these placed after the ceramic filter and filled of water at room 

temperature. In table 8 are shown the results about the TAR composition and 

TAR removal in case of use of water as fluid absorber.  

 

 

Table 8. TAR composition and removal efficiency for water test 

 

Compound Class mg/L g/Nm3 η 

Phenantrene 4 2,65 0,0248 75,78 

Anthracene 4 1,63 0,0153 85,17 

Pyrene 5 0,46 0,0038 85,26 

Napthalene 4 10,72 0,1002 98,31 

Styrene 3 16,46 0,1558 51,27 

Xylene 3 17,96 0,1714 89,95 

Toluene 3 580,25 5,5226 25,89 

Benzene 3 1312,61 12,474 54,67 

 

The results of the analysis (Table 8) shows that the water has a less effect on the 

compounds of the third class except to the xylene. Relatively to the compounds of  
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the fourth and fifth class, it is possible to note that in both cases the water acts 

effectively. In particular regard to the fourth class, use of water shows satisfying 

absorption values in consequence of condensation of the TAR. 

 

3.4 Food waste oil test 

 

For the test, it was used a food waste oil, in particular exhausted frying food oil, 

filtered and purified from the residue from coarse with a density of 1.053 g/ml. 

The system used for the test is constituted by five bubblers (Figure 2c) with the 

first of these placed after the ceramic filter and filled of 200 ml of oil at room 

temperature. In table 8 are shown the results about the TAR composition and 

TAR removal. 

 

Table 9. TAR composition and removal efficiency for food waste oil test 

 

Compound Class mg/L g/Nm3 η 

Phenantrene 4 4,4 0,0349 59,78 

Anthracene 4 2,87 0,0222 73,89 

Pyrene 5 0,77 0,006 75,32 

Napthalene 4 2,81 0,0217 99,56 

Styrene 3 4,91 0,0383 85,46 

Xylene 3 16,33 0,1278 90,86 

Toluene 3 383 3,0008 51,08 

Benzene 3 757,16 5,9318 73,85 

 

 

4. Conclusions 
 

The technology that ever showed the best performance and most reliable is the 

catalyst operating at a temperature of 800°C. However, among the disadvantages 

in the use of the catalyst are: the catalyst deactivation due to sulfur, chlorine and 

alkali metals; coke formation (for high levels of tar); the sintering of the nickel-

based catalyst due to repeated cycles of thermal regeneration at high temperature; 

the costs associated with the consumption of catalyst and the need for disposal of 

the exhausted catalyst. Regarding studies carried out on fluids absorbers one can 

conclude that the concentration of tar in time within an absorber is a function of 

the nature of the absorber and of the characteristics of the individual compound 

present in the tar. The water showed satisfactory removal features that are related 

in large part to the condensation, due to the low operating temperatures of the 

fluid, the more that the actual absorption capacity because most of the 

components of the tar have low or no solubility in water. The use instead of an 

absorber oil produces greater efficiencies of removal of non-polar substances and 

in general has the removal efficiencies comparable with those resulting from the  
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use of catalytic cracking (removal efficiency of total of approximately 67% 

compared to 33% water). According to studies carried out here it can be 

concluded that the oil is the absorber that has the characteristics of absorption 

efficiency more profitable. Unlike water, which requires following the operation 

of absorption of the purification treatment, the oil can, following its use, be reused 

as fuel within the gasifier in addition to the same biomass or transferred to another 

system with a significant reduction in the cost of disposal and treatment.  

 

 

References 
 

[1] Enrico Maria Mosconi, Maurizio Carlini, Sonia Castellucci et al., Economical 

assessment of large-scale photovoltaic plants: An Italian case study, Chapter in 

Computational Science and Its Applications – ICCSA 2013, (2013), vol. 7972, 

160-175. http://dx.doi.org/10.1007/978-3-642-39643-4_13  

 

[2] Maurizio Carlini, Mauro Villarini, Stefano Esposto, Milena Bernardi, 

Performance analysis of greenhouses with integrated photovoltaic modules,   

Chapter in Computational Science and Its Applications – ICCSA 2010, (2010), 

vol. 6017, 206-214. http://dx.doi.org/10.1007/978-3-642-12165-4_17  

 

[3] A. Colantoni, L. Longo, N. Evic, F. Gallucci, L.M.P. Delfanti, Use of 

Hazelnuts Pruning to Produce Biochar by Gasifier Small Scale Plant, 

International Journal of Renewable Energy Research, 5 (2015), 1-5. 

 

[4] L. Longo, A. Colantoni, S. Castellucci et al., DEA (data envelopment 

analysis)-assisted supporting measures for ground coupled heat pumps 

implementing in Italy: A case study, Energy, 90 (2015), 1967-1972. 

http://dx.doi.org/10.1016/j.energy.2015.07.024  

 

[5]  M. Carlini, S. Castellucci, S. Cocchi, A pilot-scale study of waste vegetable 

oil transesterification with alkaline and acidic catalysts, Energy Procedia, 45 

(2014), 198-206. http://dx.doi.org/10.1016/j.egypro.2014.01.022  

 

[6] M. Carlini, S. Castellucci, S. Cocchi, A. Manzo, Waste wood biomass arising 

from pruning of urban green in Viterbo town: Energy characterization and 

potential uses, Chapter in Computational Science and Its Applications – ICCSA 

2013, (2013), vol. 7972, 242-255. http://dx.doi.org/10.1007/978-3-642-39643-

4_19  

 

[7] Maurizio Sabatti, Francesco Fabbrini, Antoine Harfouche et al., Evaluation of 

biomass production potential and heating value of hybrid poplar genotypes in a 

short-rotation culture in Italy, Industrial Crops and Products, 61 (2014), 62-73.  

http://dx.doi.org/10.1016/j.indcrop.2014.06.043  

 

http://dx.doi.org/10.1007/978-3-642-39643-4_13
http://dx.doi.org/10.1007/978-3-642-12165-4_17
http://dx.doi.org/10.1016/j.energy.2015.07.024
http://dx.doi.org/10.1016/j.egypro.2014.01.022
http://dx.doi.org/10.1007/978-3-642-39643-4_19
http://dx.doi.org/10.1007/978-3-642-39643-4_19
http://dx.doi.org/10.1016/j.indcrop.2014.06.043


422                                                                                           Luigi Vecchione et al. 

 

 

[8] D. Monarca, C. Massimo, A. Colantoni, A. Marucci, Feasibility of the electric 

energy production through gasification processes of biomass: technical and 

economic aspects, Chapter in Computational Science and Its Applications - 

ICCSA 2011, (2011), vol. 6785, 307-315. 

http://dx.doi.org/10.1007/978-3-642-21898-9_27  

 

[9] Y. Richardson, J. Blin, A. Julbe, A short overview on purification and 

conditioning of syngas produced by biomass gasification: catalytic strategies, 

process intensification and new concepts, Prog. Energy Combust. Sci., 38 (2012), 

no. 6, 765-781. http://dx.doi.org/10.1016/j.pecs.2011.12.001  

 

[10] S. Castellucci, S. Cocchi, C.B. Celma, Energy characterization of residual 

biomass in mediterranean area for small biomass gasifiers in according to the 

European standards, Applied Mathematical Sciences, 8 (2014), 6621-6633. 

http://dx.doi.org/10.12988/ams.2014.46439 

 

[11] E. Bocci, A. Di Carlo, S.J. McPhail, K. Gallucci et al., Biomass to fuel cells 

state of the art: A review of the most innovative technology solutions, 

International Journal of Hydrogen Energy, 39 (2014), no. 36, 21876-21895. 

http://dx.doi.org/10.1016/j.ijhydene.2014.09.022  

 

[12] Marco Buccarella, Andrea Colantoni, Benedetto Baciotti et al., Feasibility 

analysis of MCFC (molten carbonate fuel cell) – anaerobic digester power plant, 

Applied Mathematical Sciences, 8 (2014), 33-36. 

http://dx.doi.org/10.12988/ams.2014.4123 

 

[13] S. Anis, Z.A. Zainal, Tar reduction in biomass producer gas via mechanical, 

catalytic and thermal methods: A review, Renew. Sustain. Energy Rev., 15 (2011), 

no. 5, 2355-2377. http://dx.doi.org/10.1016/j.rser.2011.02.018  

 

[14] Z. Abu El-Rub, E. Bramer, G. Brem, Review of catalysts for tar elimination 

in biomass gasification processes, Ind. Eng. Chem. Res., 43 (2004), 6911-6919. 

http://dx.doi.org/10.1021/ie0498403  

 

[15] D. Stevens, Hot Gas Conditioning: Recent Progress with Larger-Scale 

Biomass Systems, NREL subcontractor report 2001, 103 Report No.: NREL/SR-

510-29952. http://dx.doi.org/10.2172/786288  

 

[16] W. Torres, S.S. Pansare, J.G. Goodwin, Hot gas removal of tars, ammonia, 

and hydrogen sulfide from Biomass gasification gas, Catal. Rev. Sci. Eng., 49 

(2007), no. 4, 407-456. http://dx.doi.org/10.1080/01614940701375134  

 

[17] L. Devi, K.J. Ptasinski, F.J.J.G. Janssen, A review of the primary measures 

for tar elimination in biomass gasification processes, Biomass Bioenerg, 24 

(2003), no. 2. 125-140. http://dx.doi.org/10.1016/s0961-9534(02)00102-2  

http://dx.doi.org/10.1007/978-3-642-21898-9_27
http://dx.doi.org/10.1016/j.pecs.2011.12.001
http://dx.doi.org/10.1016/j.ijhydene.2014.09.022
http://dx.doi.org/10.12988/ams.2014.4123
http://dx.doi.org/10.1016/j.rser.2011.02.018
http://dx.doi.org/10.1021/ie0498403
http://dx.doi.org/10.2172/786288
http://dx.doi.org/10.1080/01614940701375134
http://dx.doi.org/10.1016/s0961-9534(02)00102-2


Comparison of different systems for tar removal                                                 423 

 

 

[18] L. Vecchione, M. Moneti, S. Cocchi, M. Villarini, M. Sisinni, A. Micangeli, 

Parametric experimental tests of steam gasification of pine wood in a fluidized 

bed reactor, Journal of Agricultural Engineering, 44 (2013), no. 116, 587-590. 

 

[19] Huber, G.W., S. Iborra, A. Corma, Synthesis of Transportation Fuels from 

Biomass:  Chemistry, Catalysts, and Engineering, Chemical Reviews, 106 (2006), 

4044-4098. http://dx.doi.org/10.1021/cr068360d  

 

[20] E. Roche, J.M. De Andrés, A. Narros, M.E. Rodríguez, Air and air-steam 

gasification of sewage sludge. The influence of dolomite and throughput in tar 

production and composition, Fuel, 115 (2014), 54-61. 

http://dx.doi.org/10.1016/j.fuel.2013.07.003  

 

[21] Y. Shen, P. Zhao, Q. Shao, F. Takahashi, K. Yoshikawa, In-situ catalytic 

conversion of tar using rice husk char-supported nickel-iron catalysts for biomass 

pyrolysis/gasification, Applied Catalysis B: Environmental, 152-153 (2014), no. 

1, 140-151. http://dx.doi.org/10.1016/j.apcatb.2014.01.032  

 

[22] L. Vecchione, M. Moneti, A. Di Carlo, E. Bocci, Biomass waste shells 

analysis and advanced gasification tests, (2015) Green Building, Materials and 

Civil Engineering - Proceedings of the 4th International Conference on Green 

Building, Materials and Civil Engineering, GBMCE 2014,  55-59. 

http://dx.doi.org/10.1201/b17568-12  

 

[23] U. Rhyner, P. Edinger, T.J. Schildhauer, S.M.A. Biollaz, Experimental study 

on high temperature catalytic conversion of tars and organic sulfur compounds, 

International Journal of Hydrogen Energy, 39 (2014), no. 10, 4926-4937. 

http://dx.doi.org/10.1016/j.ijhydene.2014.01.082  

 

[24] T. Phuphuakrat, T. Namioka, K. Yoshikawa, Absorptive removal of biomass 

tar using water and oily materials, Bioresource Technology, 102 (2011), no. 2, 

543-549. http://dx.doi.org/10.1016/j.biortech.2010.07.073  

 

 

Received: December 9, 2015; Published: April 22, 2016 

 

http://dx.doi.org/10.1021/cr068360d
http://dx.doi.org/10.1016/j.fuel.2013.07.003
http://dx.doi.org/10.1016/j.apcatb.2014.01.032
http://dx.doi.org/10.1201/b17568-12
http://dx.doi.org/10.1016/j.ijhydene.2014.01.082
http://dx.doi.org/10.1016/j.biortech.2010.07.073

