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The role of biomass inorganics in fast pyrolysis and catalytic fast pyrolysis  
 
 
 
 
 
 
 
 


• Biomass inorganics (specifically AAEM’s) yield poorer quality bio-oil (more 
water, more lower MW oxygenates) and lower oil yields. 


• Low grade biomass  higher concentration of inorganics 
• Pretreatment (acid leaching) of biomass prior to pyrolysis 
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E.g. Rodriguez-Machin et al. (poster at Pyro2016) 
• Sugarcane bagasse (SCB) and trash (SCT) 


 
 


 
• Pretreated with water (W), H2SO4, HCl and citric acid (CA) 
• Pyrolyzed in a mechanically stirred bed reactor (100 g/hr) 


Yildiz et al. (2015) 
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E.g. Rodriguez-Machin et al. (poster at Pyro2016) 
• FP product yields 


Pretreated 


Untreated control 


Oil yield Char and gas yield 
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E.g. Rodriguez-Machin et al. (poster at Pyro2016) 
• FP oil composition 


Sample TAN 
[mgKOH/g bio-oil]


Water content 
[wt.%]


SCB 116.4 29.2
SCT 116.4 26.9
SCB-W 125.0 26.0
SCT-W 115.7 30.8
SCB-CA 109.2 19.3
SCT-CA 121.5 17.5
SCB-HCl 120.2 19.6
SCT-HCl 106.0 20.7
SCB-H2SO4 129.3 19.6
SCT-H2SO4 129.7 17.9
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The role of biomass inorganics in fast pyrolysis and catalytic fast pyrolysis  
 
 
 
 
 
 
 
 


• In catalytic fast pyrolysis, ash may poison the catalyst (in-situ catalysis) 
• In ex-situ (i.e. vapor phase upgrading) CFP, no contact of ash/catalyst, but 


primary volatiles composition still affected by the inorganics 
• Need for low ash feedstocks/demineralized feedstock even for ex-situ CFP 


Yildiz et al. (2015) 
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Role of AAEM’s in cellulose pyrolytic decomposition 
 


Cellulose


Char + water


Anhydrosugars
(oligomers, liquid state)


T > 467°C


T < 467°C


• Lighter oxygenates
(hydroxyacetaldehyde, 
acetol)


• Furans (furfural, 5-HMF)
• CO, CO2, water


Levoglucosan
(liquid state)


Vapor phase
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Role of AAEM’s in cellulose pyrolytic decomposition 
 


Cellulose


Char + water


Anhydrosugars
(oligomers, liquid state)


T > 467°C


T < 467°C


• Lighter oxygenates
(hydroxyacetaldehyde, 
acetol)


• Furans (furfural, 5-HMF)
• CO, CO2, water


Levoglucosan
(liquid state)


Vapor phase


Catalyzed by AAEM


Suppressed
by AAEM







Hypothesis 


9 


Role of AAEM’s in cellulose pyrolytic decomposition 
 


Cellulose


Char + water


Anhydrosugars
(oligomers, liquid state)


T > 467°C


T < 467°C


• Lighter oxygenates
(hydroxyacetaldehyde, 
acetol)


• Furans (furfural, 5-HMF)
• CO, CO2, water


Levoglucosan
(liquid state)


Vapor phase


Catalyzed by AAEM


Suppressed
by AAEM


Secondary (heterogenous) 
decomposition of LG
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Effect of char on secondary LG decomposition (Ronsse et al., 2012) 
 
 
 
 
 
 
 
 
 


• CDS Pyroprobe 5200, pyrolyzer with 300µg of Avicell (cellulose), catalytic reactor with red 
oak char (obtained from from BFB reactor) 


• Char (NW) versus acid-leached char (AW), empty and synthetic graphite (low BET surface), 
Treactor = 200 ~ 400°C 


• NW char: significant decomposition of LG at T > 250°C 
• Minerals in the char more catalytically active than char itself 
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Effect of AAEM on LG formation and secondary decomposition  
  


• Frontier labs 3030iD, 300 
µg of Avicell cellulose at 
500°C 


• In-situ pyrolysis: empty 
tandem at 500°C, Avicell 
impregnated with AAEM 
salt (K-citrate, Ca-citrate) 


• Ex-situ pyrolysis: 5 mg (KCl 
or CaCl2) in tandem reactor 
at 500°C 
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Effect of AAEM on LG formation and secondary decomposition 
•  In-situ K+ vs. ex-situ K+ 


 


In-situ, K-citrate, impregnated Ex-situ, KCl 
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Effect of AAEM on LG formation and secondary decomposition 
•  In-situ Ca2+ vs. ex-situ Ca2+ 


 


In-situ, Ca-citrate, impregnated Ex-situ, CaCl2 
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Effect of AAEM on LG formation and secondary decomposition  
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Effect of AAEM on LG formation and secondary decomposition 
• AAEM’s suppress formation of LG in cellulose pyrolysis, but show a strong 


tendency to catalyse secondary decomposition of LG in the vapor phase 
 


 • Effect of AAEM’s on lignin 
decomposition (preliminary 
data), no effect in secondary 
reactions, increases in 
aromatics with Ca2+ in in-situ 
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FarmBio3: Catalytic Fast Pyrolysis 


• Goal of FarmBio3 Catalytic Pyrolysis Tasks:  


     Development of Robust Catalysts for On-Farm CFP 


 


• Approach 


–  Study Various ZSM-5 variants on micro-scale (py-GC/MS) 


for activity and deactivation rates – University of 


Oklahoma 


–  Test suggested catalysts for in situ and ex situ CFP using 


ARS’s kg scale Process Development Unit. Compare 


trends found at PDU scale with the micro scale 


– Scale up to 2 MTPD using ARS’s mobile Combustion 


Reduction Integrated Pyrolysis System (CRIPS)  
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Catalytic Fast Pyrolysis over HZSM-5 
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CFP of biomass over HZSM-5 produces aromatic hydrocarbons  


with concurrent production of coke and loss of H 







Py-GC/MS Catalyst Testing 
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• CDS Pyroprope 5000 with 5250 autosampler and external 


reactor 


• Use constant number of Brønsted acid sites 


• Tested Si/Al ratio, crystallite size, addition of mesopores, 


addition of Ga 


 


 


 







Effect of Si/Al ratio on activity and 


deactivation rate 
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GaZSM-5 


• Ga incorporation can increase yield of aromatic 


hydrocarbons 


• Co feed of H2 is important to maximizing aromatic yield 
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• Scale up to PDU requires use of catalyst extrudates with alumina binder 


(matrix) 


• Used py-GC/MS to test its effect on results 


• Small increase in aromatic hydrocarbon yield noted, may be due to 


cracking of larger molecules on matrix allowing for entry into micropores 


of ZSM-5. 


 


 


 


 


HZSM-5 (40) with matrix 







In Situ Catalytic Pyrolysis Process 
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Ex Situ Catalytic Fast Pyrolysis Process 
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Bio-oil Quality Comparison 
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• Pyrolysis and Catalysis temperature at 500 ºC 


• Catalyst Loading 1 kg HZSM-5 extrudates 


• Biomass = Switchgrass 


 


 


 


 


 


 


 


  In Situ  Si/Al = 15 


Ex Situ 


Si/Al = 


40 


Ex Situ 


Si/Al = 


15 


Non 


Catalytic 


Time (min) 0-30 30-60 60-75 75-105 105-140  2.5 2.5    


Feed (g) 655 1310 1855 2510 3100 3000 3000 


C (db, wt%) 75.26 68.01 67.12 67.45 68.15 78.74 75.96 59.82 


H (db, wt%) 5.13 4.79 4.88 5.08 4.48 5.87 5.94 6.03 


N (db, wt%) 1.09 1.07 1.11 0.79 0.57 0.91 1.55 0.92 


O (db, wt%) 18.04 25.34 26.14 26.19 25.56 14.64 15.95 33.32 


BTEX (wt%) 1.7 0.99 0.56 2.19 1.24 0.75 0.53 0.1 


Naphthalenes 


(wt%) 
5.99 2.97 3.05 4.26 3.58 3.82 5.46 0 


Phenol (wt%) 1.59 1.36 1.35 1.53 1.90 0.83 0.65 0.50 


Cresols (wt%) 1.59 1.38 1.56 1.74 2.01 1.18 1.59 0.6 


Acetic Acid 


(wt%) 
0.72 1.94 2.89 1.61 1.26 0 0 6.4 


Coke Yield (wt%) 14.0% 3.6% 6.6% -- 
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• Ex Situ appears to have higher initial activity and gas yield and a lower 


rate of deactivation 


• HZSM-5 at Si/Al = 40 appears to deactivate slower than HZSM-5 at 


Si/Al=15, particularly in the ex situ case, consistent with py-GC results 


 


 


 


 







Ga-ZSM-5 at PDU Scale 


12 


• Ga-ZSM-5 extruded catalysts prepared by ion exchange of HZSM-5 


(Si/Al = 15) extudates with Ga(NO3)2. 


• Ga catalysts reduced by flow of 40/60 H2/N2 at 500 ºC for 1 h 


• Experiment run in situ with eucalyptus wood 


• Deactivation of the catalyst appears to be slowed by presence of Ga 


 


 


 


 


Time (min) 0-90 90-120 120-150 150-180 180-310 


Feed (g) 1100 1500 2000 2500 3000 


Water (wt %) 2.63 4.38 4.46 5.01 7.89 


Carbon (wt %, db) 79.19 73.56 73.12 71.32 64.72 


Hydrogen (wt %, db) 5.52 5.52 5.49 5.42 5.32 


Nitrogen (wt %, db) 0.35 0.31 0.32 0.30 0.19 


Oxygen (wt %, db) 14.94 20.61 21.08 22.96 29.77 


O/C (mol) 0.14 0.21 0.22 0.24 0.35 


H/C (mol) 0.83 0.89 0.89 0.91 0.98 


HHV (MJ/kg, db) 33.68 30.81 30.33 29.83 26.33 


TAN (mg KOH/g) 35 53 57 66 96 







GaZSM-5 vs. HZSM-5 
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Scale Up: CRIPS at the Farm 
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Conclusions 
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• Py-GC/MS experiments showed HZSM-5 at Si/Al = 40 had similar initial 


activity for production of aromatic hydrocarbons and lower rates of 


deactivation than those with lower Si/Al ratio (higher acidity)  


• Ga addition to ZSM-5 had positive effect on yield of aromatic 


hydrocarbons, especially under H2 flow 


• The alumina binder used for extrudates for use in the fluidized bed 


reactor may lead to higher aromatic yield due to initial cracking of larger 


molecules in the biomass pyrolysis vapors 


• Scale up to the kg scale appears to confirm most py-GC/MS 


observations 


• Ex Situ catalytic pyrolysis appears to slow catalyst deactivation, and 


produce lower coking of the catalysts.  However, gas yields may also 


be higher than the in situ case 


• Demonstration scale tests to occur in near future 
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•  The promotion of  H2 as an energy carrier together with its increasing demand as a fuel and raw material has generated 
a growing interest for the development of  renewable sources. 


•  96 % of  H2 is produced from fossil fuels, such as natural gas, petroleum derivates or coal. 


•  The thermochemical conversion of  biomass is an alternative for the full-scale production of  H2. Different alternatives: 


Introduction 
Experimental 
Results 
Conclusions 


Hydrogen from thermochemical processes 
Pyrolysis-catalytic steam reforming 
Pyrolysis of  biomass 
Catalytic steam reforming 


Gasification 


•  High temperature 


•  Syngas quality 


•  Tar content 


Bio-oil reforming 


•  Lower temperature  


•  Higher energy density compared 
with biomass 


•  Bio-oil is unstable and 
polymerizes under storage 


•  The incomplete vaporization of  
the bio-oil 


Pyrolysis - reforming 


•  No problems with bio-oil 
handling and vaporization 


•  A fraction of  the bio-oil is not 
discarded and all pyrolysis volatiles 
are reformed 


•  This strategy is regarded as a 
feasible solution for H2 
production in small scale units 
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•  The aim of  this study is the proposal of  a novel strategy for H2 from biomass. 


Introduction 
Experimental 
Results 
Conclusions 


Hydrogen from thermochemical processes 
Pyrolysis-catalytic steam reforming 
Pyrolysis of  biomass 
Catalytic steam reforming 


Figure 1. Diagrammatic representation of  the pyrolysis-reforming process. 
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•  Pyrolysis of  biomass: 
 
 
 
 
 
 
•  Advantages of  the conical spouted bed reactor: 


 
•  Less pressure drop than fluid beds 


•  Different particle diameters 


•  Sticky materials 


•  Simple design 


•  Good heat and mass transfer 


Introduction 
Experimental 
Results 
Conclusions 


Hydrogen from thermochemical processes 
Pyrolysis-catalytic steam reforming 
Pyrolysis of  biomass 
Catalytic steam reforming 


Figure 2. Scheme of  the conical spouted bed reactor (CSBR) 
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Introduction 
Experimental 
Results 
Conclusions 


Hydrogen from thermochemical processes 
Pyrolysis-catalytic steam reforming 
Pyrolysis of  biomass 
Catalytic steam reforming 


•  Steam reforming of  oxygenates: 
 
 
 
 


•  Water gas shift (WGS): 
 
 
 
 


•  Methane steam reforming: 
 
 
 
 


•  Cracking (secondary reaction): 
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BIOMASS 
 
 
 
 
 
 
 
 
 
REFORMING CATALYST 
 


Introduction 
Experimental 
Results 
Conclusions 


Materials 
Equipment and reactors 
Experimental conditions 
Reaction indexes 


•  Forest pine wood waste 


•  Particle size: 1 -2 mm 


 


 


 


 


•  Commercial catalyst for methane reforming 


•  Metallic phase of  Ni supported on Al2O3, which is doped with Ca 


•  NiO content: 14 % 


•  Particle diameter: 0.4-0.8 mm 


 


Table 1. Pine wood sawdust characterization. 


Ultimate analysis (wt %) 
Carbon 
Hydrogen 
Nitrogen 
Oxygen 


 
49.33 
6.06 
0.04 
44.57 


Proximate analysis (wt %) 
Volatile matter 
Fixed carbon 
Ash 
Moisture 


 
73.4 
16.7 
0.5 
9.4 


HHV (MJ kg-1) 19.8 
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Introduction 
Experimental 
Results 
Conclusions 


Materials 
Equipment and reactors 
Experimental conditions 
Reaction indexes 


Figure 3. Scheme of  the laboratory scale pyrolysis-reforming plant. 
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Introduction 
Experimental 
Results 
Conclusions 


Materials 
Equipment and reactors 
Experimental conditions 
Reaction indexes 


Pyrolysis (CSBR) 


•  T (ºC)= 500 


•  Biomass feed (g min-1)= 0.6-1.5 


•  H2O feed (mL min-1)= 3 


•  50 g of  sand (0.3 – 0.35 mm) 


 


Reforming (fluidized bed) 


•  T (ºC)= 550, 600, 650, 700 


•  Space time (gcat min gvolatiles
-1)= 2.5, 


5, 10, 15, 20, 30 


•  S/B= 2, 3, 4, 5 (S/C= 3.9, 5.8, 7.7, 
9.7) 


•  25 g of  catalyst (0.4 – 0.8 mm) + 
sand (0.3 – 0.35 mm) 







9 


Fast pyrolysis of  biomass and in-line steam reforming process for hydrogen production 
A. Arregi , M. Amutio, G. Lopez, M. Artetxe, J. Alvarez, I. Barbarias, L. Santamaria, M. Olazar 


University of the Basque Country, Department of Chemical Engineering 
P.O Box 644, 48080 Bilbao, Spain 


*e-mail:  aitor.arregi@ehu.eus  ;   Telf: +34 94 601 5414 


•  The conversion has been defined as the ratio between the moles of  C recovered in the gaseous product and those fed into 
the reforming step: 
 
 


 
 
 
•  The yield of  C containing individual compounds has been based on the biomass pyrolysis volatiles stream: 
 
 
 
 
 


•  The hydrogen yield was determined as a percentage of  the maximum allowed by stoichiometry: 


Introduction 
Experimental 
Results 
Conclusions 


Materials 
Equipment and reactors 
Experimental conditions 
Reaction indexes 
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•  Pyrolysis of  biomass (500 ºC; steam environment) 


•  The steam required in the reforming step was introduced 
in the pyrolysis reactor  fluidizing agent 


•  Negligible effect of  steam in the pyrolysis 


•  Moderate temperature (500 ºC) 


•  High steam concentration in the reaction 
environment even operating with N2 (25 wt %) 


Introduction 
Experimental 
Results 
Conclusions 


First step: pyrolysis of  biomass 
Second step: steam reforming 


Compound Yield (%) 


Gas 
     Carbon dioxide 
     Carbon monoxide 
     Hydrogen 
     Methane 
     C2-C3 
     Others 
     Unidentified 


7.33 
3.27 
3.38 
0.004 
0.36 
0.27 
0.03 
0.01 


Bio-oil 
     Acids 
     Aldehydes 
     Alcohols 
     Ketones 
     Fenols 
     Furans 
     Saccharides 
     Others 
     Unidentified 
     Water 


75.33 
2.73 
1.93 
2.00 
6.37 
16.49 
3.32 
4.46 
0.06 
12.61 
25.36 


Char 17.34 


Table 2. Yields of  biomass pyrolysis products (wt %). 
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•  Effect of  temperature 


Introduction 
Experimental 
Results 
Conclusions 


First step: pyrolysis of  biomass 
Second step: steam reforming 


Figure 4. Effect of  reforming temperature on conversion (a) and the yields of  the gaseous 
products (b). Reforming conditions: space time, 20 gcat min gvolatiles -1; S/B ratio, 4. 


a b 


Conversion 


•  At 550 ºC conversion is almost 60 
%, whereas at 600 ºC conversion is 
complete. 


•  A minimum temperature of  600 ºC 
is needed to attain a high conversion 
degree of  biomass tars. 


Yields 


•  The effect of  temperature on H2 
yield is negligible above 600 ºC. 


•  H2 yield is around 93.5 % between 
600-700 ºC. 


•  At 600 ºC, lower CO yield is 
obtained (WGS reaction). 
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•  Effect of  space time 


Introduction 
Experimental 
Results 
Conclusions 


First step: pyrolysis of  biomass 
Second step: steam reforming 


a b 


Figure 5. Effect of  reforming space time on conversion (a) and the yields of  the gaseous 
products (b). Reforming conditions: 600 ºC; S/B ratio, 4. 


Conversion 


•  A value of  20 gcat min gvolatiles
-1 is 


required to attain pyrolysis volatiles 
full conversion. 


•  Specific gas production increases 
with space time, reaching a value of  
1.95 N m3 kgbiomass


-1 for the highest 
space time studied (higher than in 
gasification). 


Yields 


•  An increase in space time enhances 
both SR and WGS reactions. 


•  A maximum H2 yield of  95.8 % is 
reached at the highest space time. 


•  117 g kgbiomass
-1 of  hydrogen is 


produced with 30 gcat min gvolatiles
-1. 
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•  Effect of  S/B ratio 


Introduction 
Experimental 
Results 
Conclusions 


First step: pyrolysis of  biomass 
Second step: steam reforming 


Figure 6. Effect of  S/B ratio on conversion (a) and the yields of  the gaseous products (b). 
Reforming conditions: 600 ºC; space time, 20 gcat min gvolatiles -1. 


a b 


Conversion 


•  Conversion > 99.5 % 


• The effect is almost negligible due to 
the high conversion values obtained 
for all S/B ratios studied. 


Yields 


•  An increase in S/B ratio causes a 
steady increase in H2 and CO2 yields. 


•  When higher S/B ratios are used 
lower CO and CH4 yields are obtained. 
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•  The pyrolysis of  biomass in a CSBR and in-line reforming in a fluidised bed reactor has proven to be a feasible 
alternative for the production of  H2. 


 


•  Steam atmosphere in the pyrolysis has a limited effect on product distribution. 


 


•  The Ni commercial catalyst is highly active for the reforming of  biomass pyrolysis volatiles. 


 


•  A minimum temperature of  600 ºC and a space time of  20 gcat min gvolatiles
-1 are required to attain complete conversion 


with a S/B ratio of  4. 


 


•  A maximum hydrogen production of  117 g kgbiomass
-1 has been achieved in the conditions studied. 


 


Introduction 
Experimental 
Results 
Conclusions 
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The  Mechanism  of  Catalytic  Pyrolysis
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1.  Lignin  as renewable source for chemicals


T.  A.  Hsu,  et  al.,  Chem.  Technol.,  1980, 10,  315-319;;  
Forsythe  et.  al,  Green  Chemistry,  2013,  15,, 3031-3038;;  G.  W.  Huber,  et  al.,  Chem.  Rev.,  2006, 106(9),  4044-4098.
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Most  irregular and complex:


Influences:
Biomass origin Radical nature
Separation  method Primary  reactions (T,p,  radical concentration)


Secondary reactions (recombination,  rearrangements,  ...)
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1.  Lignin  Catalytic  Fast  Pyrolysis  –
a  „solid-solid“  reaction!


1. Lignin  depolymerization – radical  formation  – oligomer  formation
2. Diffusion  of  intermediates  into  catalyst  and  adsorption
3. Surface  reaction  of  intermediate
4. Desorption  and  diffusion  out  of  the  catalyst
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solid solidgas  phase


Thermal  
depolymerization


Diffusion
Adsorption
Reaction
Desorption
Diffusion  


Identify  primary  intermediates  


Catalytic  Fast  Pyrolysis
Z.  Ma  et  al.,  Appl.  Catal.  A.,  2012, 423-424,  130-136;;  Z.  Ma  et  al.,  ChemCatChem,  2012,  4(12), 2036-2044;;  Z.  Ma  et  al.,  Cat.  Sci.  Tech.,  
2014,  4, 766-772;;  V.Custodis et  al.,  ChemSusChem,  2016,  9,  xxx;;  V.Custodiset  al.,  JAAP,  2015,  115,  214-223
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§ Py-GC/MS  of  model  compounds
decomposition  at
AMBIENT  PRESSURE
high  molecule  concentration


§ iPEPICO experiment
with  model  compounds
for  single  molecule  decomposition
HIGH  VACUUM
low  molecule  concentration
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2.  Model  compound  pyrolysis
comparison  of  analytical  methods


Sample


Quartz  wool
Quartz  tube


Carrier  gas GC-MS


Pt  coil
Quartz  tube  reactor


CDS  5150  - GC/MS


Py-GC/MS


O


OH


O O


O


1-methoxy-2-phenoxybenzeneGuaiacol/
2-methoxyphenol


diphenylether


O


OH
4-hydroxy-phenol
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2.  iPEPICO experimental  setup


• Continuous  pyrolysis  gas-phase-reactor:  
heated  SiC-microtube


• residence  time  ~  100  µs
• Control  of  model  compound  
concentration  by  Tsample


• Identification of  each  molecule/radical
(mass  to  charge  signal)  by  
threshold  photoelectron  spectra  
(TPES)


imaging  Photoelectron  PhotoionCoincidence


Pyrolysis  products Synchrotron  
radiation


Controlled  ionization  
of  the  intermediates
at  8-12  eV


Andras Bodiet  al., Review  of  scientific  instruments,  2012,  Vol.  83(8),  083105
P.  Hemberger et  al.,  J.  Phys.  Chem.  Lett.,  2013,  4,  2546-2550


Setup  at  VUV-Beamline
at  Swiss  Light  Source,  PSI


This  can actually see and isomer-specifically identify the radicals!
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3.1  Decomposion pattern


In  agreement  with  literature[1]
[1]   J.Phys Chem,   2011,   Vol.   115(46),   13381


J.Phys Chem B,  2014,   Vol.   118(29),   8524-8531
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3.1  Decomposion pattern


In  agreement  with  literature[1]
[1]   J.Phys Chem,   2011,   Vol.   115(46),   13381


J.Phys Chem B,  2014,   Vol.   118(29),   8524-8531
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4.  Summary


Depending  on  the  molecular  concentration  - different  reactions  favored!  
Important  radical  formation  by  hydrogen  abstraction


ambient  pressure:   dominant  H-abstraction,  recombination,  
rearrangements  


high  temp. observe  stabilized  primary  intermediates


Methoxy-group: stabilizes  molecule  à can  be  correlated  to  real  lignin  
pyrolysis  yields  (Hardwood  vs  Softwood)


O


O


OH


O


- Me
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(energy) 
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GC-MS 


FT-ICR-MS 


TGA/ DSC and TG-MS X-ray micro tomography 


Biochar production 
and characterisation 


(lab to pilot scale) 


Characterisation and valorisation 
of pyrolysis co-products 
(e.g., see our poster 2014) 


Biochar Uses 


Agriculture and 
horticulture 


Environment 


Engineering 


(e.g., see our poster 2098) 







• Contaminants from feedstock that stay attached 
 
 
 
 
 


• Contaminants formed/introduced during production 
 


Contaminants in Biochar 
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Groups of contaminants 


• Potentially toxic elements (PTEs): arsenic, cadmium, cobalt, 
chromium, copper, mercury, molybdenum, nickel, lead, zinc 
– Indestructible, only transformable  


 
• Polycyclic aromatic hydrocarbons (PAHs) 


– Mobile, little toxic ↔ immobile, strongly toxic 


 
• Volatile organic compounds (VOCs) 


– Mobile  volatile and easily leachable 


 
• Polychlorinated aromatic compounds: not investigated here 


– Biochar production: not favourable conditions for dioxin formation  very 
low levels found (Granatstein 2009, Hale 2012, Wiedner 2013) 
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Materials and Methods 


Stage II: screw reactor 
 


Stage III: rotary kiln Stage I: batch reactor 
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Contaminants in nearly 100 biochars produced at the UK Biochar 
Research Centre (UKBRC) were analysed. 
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PTE: evaporation, enrichment, erosion 


19 biochars from 10 (PTE-contaminated) waste feedstocks 
• Evaporation: temperature and feedstock dependent 


– Significant loss of: Cd, Al, Zn, (Hg) 
– Cadmium up to 80% lost  


 
 


• Feedstock-enrichment  
– Negatively correlated to yield 


 
 


• Increases besides enrichment  
– Mass balances: Cr 179%, Ni 321%, Fe 310% 
– Erosion from reactor / furnace steel  high-grade stainless steel 
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PTE feedstock 350°C 750°C 


Zn DW % 92.32 52.44 


Buss et al., 2016, Science of the Total Environment 
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PAHs: feedstock, carrier gas, temperature 


 
• Wood-derived biochars with 


lower PAH levels than straw-
derived biochars 
 
 
 


• Carrier gas flow rate decreases 
PAHs in biochar in batch reactor 
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PAHs: temperature 


• 350-650°C-range: no clear trend with temperature 
 


• PAHs increasingly formed with temperature but also increasingly 
evaporated from the solids 
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PAHs: condensation effects 


 
 
 
 
 
 
 
 


• Unit-specific temperature effect  very high (non-NAP) PAHs 
 Feedstock and process conditions mainly changed level of NAP  
 Irregularities during production and modifications of the pyrolysis 


unit and resulted in very high levels of non-NAP PAHs 
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• Highly toxic, VOC-rich biochars 


VOCs: mechanism and toxicity 


• Irregularity in production: 
vapour condensation in cold 
spots of the pyrolysis unit  
deposition on biochar 


• Strong odour of char 
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Buss et al., 2014, Journal of Environmental Management 
Pyro 2016, Nancy, France 12th May 2016 







Water-soluble degradation 
products of carbohydrates 
and lignin 
 
 Aqueous phase of 


pyrolysis liquids 
 


Attached to vapour-
contaminated biochars   


VOC: composition 
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PTEs 
 
 
 
 
Organics 


Contaminants in biochar production 
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3. Evaporation 2. Enrichment 
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3. PAH / VOC - deposition:  
pyrolysis unit design; HMW PAHs  


1. Formation: temperature, feedstock 
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Thank you! 


Questions? 


Dr. Ondřej Mašek 


Tel. +44 131 650 5095 


Skype: ondrej.masek-ukbrc 


Email: ondrej.masek@ed.ac.uk 


Web: www.biochar.ac.uk 


Wolfram Buss (PhD candidate) 


Email: w.buss@ed.ac.uk> 


Pyro 2016, Nancy, France 12th May 2016 
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vine shoots (VS) 


2×106 t 0.7-1 kg VS per vine 
local combustion 


covered with soil 


pruning 
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Fig 2.Vine shoots derived biochar. 
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Fig 1.Vine shoots. 


slow pyrolysis 


High value-added as a soil-applied carbon sequestering agent 
[Lehman and Joseph. Biochar for Environmental Management , 2009]  


biochar manage this waste  
environmental and agronomic benefits 
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Pyrolysis atmosphere 


Pyrolysis process parameters  
(peak temperature, pressure, heating rate, 
type of  atmosphere, etc.) 


Feedstock nature 
(moisture, particle size, ash content, etc.) 


Influence on the physicochemical 
properties of  the produced biochar 


replace N2 environment  
cost savings 
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Analyse the effects of  modifying the inert environment N2 to CO2 


The specific aim of  this study is to 
investigate the effects 


Working under moderate pressure (1 MPa and above)  higher biochar and 
fixed-carbon yields [Antal et al. Energy Fuels 10,652–8, 1996;  Manyà et al. Fuel, 133, pp 163-172, 
2014] 


Product distribution 


Gas 
yield, 
Ygas 


Liquid 
yield, 


Yliq 


Biochar 
yield , 
Ychar 


biochar properties  
    fixed-carbon yield (yFC) 
 fixed-carbon content (% FC) 
 Molar H:C and O:C ratios  
 BET specific surface areas (SBET) 


atmosphere  
(100% N2 - 100% CO2)  
pressure  
(0.1 - 1.1 MPa) 
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VS    ground and sieved (0.85 <ɸp<10 mm) 


analytical 
standard units VS 


moisture ASTM D3173 wt. % 7.5 
ash ASTM D3174 wt. % 0.9 
volatiles ASTM D3175 wt. % 67.3 
fixed carbon a  wt. % 24.3 
carbon  b wt. % 47.1 
hydrogenc  b wt. % 5.3 
nitrogen b wt. % 0.6 
sulphur b wt. % 0.5 
oxygen a,b wt. % 46.4 


Materials and methods 


a By difference. 
b Ultimate analysis was performed using Leco TruSpec Micro CHNS analyzer  
c The wt. % of hydrogen contents moisture hydrogen. 


Raw material 


Fig 3. Raw material. Table I. Characteristics of the raw material. 
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Materials and methods 


Fig.4. Schematic layout of the experimental setup: (1) fixed-bed pyrolysis reactor, (2) hot 
filter, (3) pyrolysis liquid condensation system, (4) volumetric gas meter and (5) µ-GC. 


Experimental setup 
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Materials and methods 


Fig 5. Location of thermocouples at different axial positions in the fixed bed. 


Experimental setup 
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Materials and methods 


Fig.4. Schematic layout of the experimental setup: (1) fixed-bed pyrolysis reactor, (2) 
hot filter, (3) pyrolysis liquid condensation system, (4) volumetric gas meter and (5) 
µ-GC. 


Experimental setup 
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Materials and methods 
Experimental conditions 


 
 


Experiment type N2 0.1 CO2 0.1 N2 1.1 CO2 1.1 
Carrier gas Nitrogen Carbon dioxide Nitrogen Carbon dioxide 
Flow rate (L NTP·min-1) 0.6 0.6 5.7 5.7 
Pressure (MPa) 0.1 0.1 1.1 1.1 
Fixed bed temperature (ºC) 600 
Heating rate (ºC·min–1 ) 3-5 
Residence time (min) ≈3 
Gas hourly space velocity (h-1) 21 
Mass (g) 400 
Bed height (mm) 350 


Table II. Operational conditions. 


Pyrolysis experiments: 600 ºC 


YFC [Manyà et al. Fuel, 133, pp 163-172, 2014] 


Fig.6. Pyrolysis oven. 
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Fig.6. Pyrolysis oven. 
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Fig.7. Temperature profiles for the pyrolysis of VS (N2 0.1 Mpa). 


soaking time  


3.2 °C/min 
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Results and discussion 


Figure 8. Yields of pyrolysis products (kg kg−1 daf feedstock). 


• Liquid yield increased (from 38 to 42 wt. %) at the expense of  char (from 33 to 
26 wt. %) for the atmospheric experiments using CO2 instead of  N2. 


Product yields: 
 
 


• Secondary pyrolysis reactions could be inhibited under CO2 environment at 
atmospheric pressure. [Pilon and Lavoie,  ACS Sustain Chem Eng, 1, pp 198-204, 2013]. 
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Results and discussion 


Figure 8. Yields of pyrolysis products (kg kg−1 daf feedstock). 


Product yields: 
 
 


• This inhibition was not observed when pyrolysis was performed under CO2 at 
1.1 MPa (similar ychar). 


• Major role of  the secondary charring reactions under these operational 
conditions. 
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Results and discussion 
Gas composition 


 
 


Fig 9. Main gas compounds (mmol g–1 daf feedstock) 
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Net CO2 H2 COCH4


• LHV of  the pyrolysis gas (9-10.6 KJ Nm-3).  Exception, CO2 at 0.1 (7.2 KJ Nm-3) 
• Inverse promotion of  the water gas-shift reaction for the experiments performed 


at 1.1 MPa and CO2. 
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  Ychar YFC %FC H:C O:C SBET (m2/g-1) 


N2 0.1 MPa 0.32 0.22 65.9 0.402 0.067 113.9 


CO2 0.1 MPa 0.26 0.22 83.3 0.306 0.061 69.3 


N2 1.1 MPa 0.32 0.28 85.6 0.376 0.054 87.6 


CO2 1.1 MPa 0.33 0.29 86.4 0.290 0.057 196.5 


Results and discussion 
Biochar properties 
 


 
Table III. Biochar  properties. 


• yFC  values (0.22-0.29).  
• H:C and O:C ratios (below 0.4 and 0.2, 


respectively). 


High C sequestration potential.  
[Enders et al. Bio Tech, 114, pp 644-653, 
2014] 


• CO2, formation of  gases from the  volatile fraction of  vine shoots, and not 
from the most stable carbon. 
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 Table III. Biochar  properties 


   


• Pressure effect, a clear increase in yFC and a decrease in H:C and O:C molar ratios 
were observed when pressure was raised from atmospheric to 1.1 MPa for both 
environments. 
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 Table III. Biochar  properties 


• Pressure negative effect on the porosity (N2 atmosphere). 
• Promotion of  secondary char with pressure could affect, blocking the formed 


porous in the primary char [Melligan et al. Bio Tech, 102, pp-3466-3470, 102, 2011].  
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 Table III. Biochar  properties. 


   


• Comparing different types of  atmosphere at 1.1 MPa.  
• CO2 at 1.1 MPa improved the biochar stability and also led to a market increase in 


the BET specific surface area (196.5 m2 g-1). 
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Conclusions 
The inhibition of  secondary pyrolysis reactions was observed  


under CO2 environment at atmospheric pressure. 
 
Large particle size used here can explain the good results obtained 


on the key carbonization efficiency indicators.   
 


Pressure had a positive effect increasing biochar stability for both 
environments. 
 


Pyrolysis under CO2 at 1.1 MPa also led to a market increase in 
the BET specific surface area of  the produced biochar. 
 


CO2 as pyrolysis atmosphere appears to be a very promising 
alternative to produce more stable and porous biochars from vine 
shoots. 
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Cellulose 


Lignin 


Hemicellulose 


Rbiomass = Rcellulose . %cellulose + Rhemicellulose . %hemicellulose + Rlignin . % lignin [1] 


[1] Nocquet T., Dupont C., Commandre J-M., Grateau M., Thiery S., Salvador S., 2014, Volatile species release during torrefaction of 
biomass and its macromolecular constituents: Part 2 - Modeling study. Energy 72, 188-194. 


Ri : torrefaction yield of i 
%i : initial mass fraction of i 


  i : cellulose, hemicellulose, lignin 


Mechanism 
study 
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1) Lignin degradation by chloride treatment 
2) Extraction of the hemicellulose with DMSO 
3) DMSO removal by membrane 


1) Extraction with dioxane in acid medium 
2) Precipitation of the solubilized lignin by evaporation of 


half-volume of the solution under low pressure  
3) Addition of water and repetition of the previous steps until 


dioxane is completely removed 


1) Biomass treatment with DMSO 
2) Hydrolysis of the resultant solid in order to degrade non-extracted hemicellulose  
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Magnitude Unit Pine Ash-wood Miscanthus Wheat straw 
Cellulose 


%wmf 
36.7 39.0 45.7 33.8 


Hemicellulose 26.1 21.9 22.8 21.7 
Lignin 27.5 26.3 20.2 20.5 
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Extracted celluloses/Raw biomasses GCMS – List of volatile species detected 


Chemical compound Ce
ll 


Bi
o Chemical compound Ce
ll 


Bi
o Chemical compound Ce
ll 


Bi
o Chemical compound Ce
ll 


Bi
o 


Methanol (mixed pic) X X Furfural X X 2-Butanone, 1-(acetyloxy)-   X Levoglucosenone X   


Furan X X Furan, 2-propyl- X   2-Cyclopenten-1-one, 3-methyl-   X Phenol, 2-methoxy-4Or5-methyl-   X 


Furan, 2-methyl- X X 2-Propenoic acid, methyl ester   X Butanoic acid, 4-hydroxy-   X Phenol, 4-ethyl-2-methoxy-   X 


2,3-Butanedione X X Phenol   X 2(5H)-Furanone X X 1,4:3,6-Dianhydro-α-d-glucopyranose X X 


2-Butanone X Isocrotonic Acid X X 2(3H)-Furanone, 5-acetyldihydro-   X 2-Methoxy-4-vinylphenol   X 


Propanoic anhydride OR 3-pentanone X 2-Furanmethanol   X 2,5-Furandione, 3-methyl- X X Eugenol   X 


Formic acid X 2(3H)-Furanone, 5-methyl- X   4H-Pyran-4-one   X 5-Hydroxymethylfurfural X X 


2-Butenal X X 2-Propanone, 1-(acetyloxy)- X X 
2-Cyclopenten-1-one, 2-hydroxy-3-
methyl- 


X X Catechol   X 


Acetic acid X X 2-Cyclopenten-1-one, 2-methyl-   X 2(5H)-Furanone, 3-methyl-   X Phenol, 2,6-dimethoxy-   X 


2,3-Pentanedione X X 2-Butanone X   
2-Cyclopenten-1-one, 3-ethyl-2-
hydroxy- 


  X Cis-Isoeugenol   X 


Hydroxyacetone X X 2(5H)-Furanone, 5-methyl- X X 2-Furanone, 2,5-dihydro-3,5-dimethyl   X Trans-Isoeugenol   X 


Acetic acid, hydroxy-, methyl ester X Acetylfuran X X 3-Furancarboxylic acid X   1,2,4-Trimethoxybenzene   X 


2-Butenoic acid, ethenyl ester X 4-Cyclopentene-1,3-dione X X Phenol X   Vainillin   X 


Furan, 3-methyl- X 2(3H)-Furanone, dihydro-4-hydroxy- X   Phenol, 2-methoxy-   X Benzaldehyde, 3-hydroxy-   X 


Propionic acid X X 2-Cyclopenten-1-one, 2-hydroxy- X   Phenol, 2-methyl- X X 
Benzoic acid, 4-hydroxy-3-methoxy-, 
methyl ester 


  X 


2-propenoic acid X X 1,2-Cyclopentanedione   X Larixic acid (Maltol) X X 
Ethanone, 1-(4-hydroxy-3-
methoxyphenyl)-   


  X 


1,2-Ethanediol X Isomaltol X   2-Hydroxy-gamma-butyrolactone   X Phenol, 2,6-dimethoxy-4-(2-propenyl)-   X 


1-Hydroxy-2-butanone X X 2-Furanmethanol, acetate   X 2,5-Furandicarboxaldehyde X X 
2H-1-Benzopyran-2-one, 3,4-dihydro-
6-hydroxy- 


  X 


1,2-Ethanediol, monoacetate X 2-Pentenoic Acid X   Propanoic acid, 2-methyl-, anhydride   X 
Benzaldehyde, 4-hydroxy-3,5-
dimethoxy- 


  X 


2-Cyclopenten-1-one, 2-hydroxy- X 3-Furancarboxylic acid, methyl ester   X 5-Hydroxymethyldihydrofuran-2-one   X 4-Hydroxy-2-methoxycinnamaldehyde   X 


3-Furaldehyde X X 2-Furancarboxaldehyde, 5-methyl- X X 2,5-Furandione, dihydro-3-methyl- X X  X = detected compound (Match/Rmatch peak ≥ 800) 


María GONZALEZ MARTINEZ 
21st International Symposium on Analytical and Applied Pyrolysis – Nancy, France, 9-12 May 2016 
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Extracted celluloses GCMS – Volatile species detected 
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Avicel: volatiles under detection limit. 
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CONCLUSIONS 
• Importance of a good knowledge of the raw material and its variability for the 


mechanism study of biomass torrefaction 


• Promising methodology 
• TGA-GCMS coupling through heated storage loops 


• Extracted components (cellulose, hemicellulose lignin) 


• Different behaviour in torrefaction of the extracted celluloses from different biomasses 
regarding the mass loss and volatiles released  


 → modelling through Avicel is not satisfactory 


• Semi-quantification of 40 volatile species for the extracted celluloses and 70 for the 
raw biomasses in torrefaction 
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Future work 
• Relationship between biomass properties and its macromolecular components behaviour in 


torrefaction 


• Stoichio-kinetic modelling of biomass torrefaction 







Thank you for your attention. 
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Objectives 
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Sample Characterization (Chemical Composition & Mineral) 
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Sample Characterization (Lignin & Hydrolysable Sugar) 
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Mineral - Uronic Acid Relationship  
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Pyrolysis and Product Analysis 
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Residue Composition (Char and Coke) 
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Char & Coke Yield (600 °C/ 600 s) 
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Char & Coke Yield (600 °C/ 600 s) 
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Devolatilization and Char/Coke Formation 


Char 


Volatiles 


Coke 


H less 


H more 


H more 
(Demi.) 


H more reactive 







Tar & Gas Yield (Original Wood, 600 °C) 
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Tar & Gas Yield (Original Wood, 600 °C) 
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Yield of Acetic Acid 
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Influence of Demineralization on Tar & Gas yields 
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Discussion (Tar & Gas Formation) 
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Coke Formation (In an ampoule/ 120 s) 
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Polysaccharide-derived Tar Components 
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Polysaccharide - Derived Tar (Role of Mineral) 
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Lignin-derived Tar (GC-MS) 
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Bark 


Stem wood 
Stump 


Norway spruce  
(Picea abies)  


Calculations based on Repola 2008 and 2009 


Advantages of torrefied wood: 
• higher fixed carbon content 
• higher energy density 
• resistant against biodegradation  
• lower storage and transportation costs 
• easier shredding or grinding 
• less diverse product 


Foliage 
Stem 
Bark 
Living Branches 
Dead Branches 
Stump 
Roots > 1cm 


Spruce 







Torrefaction 
Feedstocks:  
• Stem wood (debarked): 1 x 1 cm cubes 
• Bark: chipped into pieces (~5-7 cm) 
• Stump: shredded into pieces (~3-5 cm) 
 


Torrefaction conditions:  
• Temperature: 225 °C, 275 °C and 300 °C 
• Residence time: 30 min and 60 min 
 
The raw and torrefied samples were ground by  
a cutting mill to <1 mm particle size.  
 
 


Tube 
reactor 


Furnace 
 


• Sample amount: ~ 80 g 
• Heating rate: 10 °C/min 
• Atmosphere: Nitrogen 


Stem wood 


Stump 


Bark 


Raw 225°C 275°C 300°C 







Characterization of the samples 1  
 
Carbohydrate and Klason-lignin content 
 
 


• Two-step acidic hydrolysis:  
• First step: 25°C, 120 min, 72 w/w% H2SO4  
• Second step: 121°C, 60 min, 2.5 w/w% H2SO4 
 


• Sugar concentrations of the supernatants were analyzed by HPLC 
 


• Klason-lignin content = acid insoluble residue – acid insoluble ash 
 


 HPLC Hydrolyzed samples 


Glucose 
Mannose 


 +    
Galactose 
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Characterization of the samples 2 
Thermogravimetry/mass spectrometry 
• Atmosphere: Argon  
• Sample amount: ~ 4 mg  
• Heating rate: 20°C/min from 25°C to 900°C  
 


Thermobalance:  
Modified Perkin Elmer TGS-2 


Mass spectrometer:  
Hiden HAL 2/PIC  







Characterization by TG/MS 
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Conclusion 
 
 
 


 
 


Torrefied stem wood, stump and bark of Norway spruce were characterized 


and their chemical composition and thermal properties were compared. 
 


• The hemicellulose chain of each sample was thermally stable during 


torrefaction at 225°C as indicated by the chemical analysis. However, the 


acidic side groups were partially split off as shown by TG/MS. 
 


• Substantial cellulose decomposition starts at 275°C torrefaction 


temperature  only in bark sample, due to the higher alkali ion content. 
 


• The duration of torrefaction (30 vs. 60 min) did not have significant effect 


up to 275°C on the thermal behavior of the samples. 
 


• At 300°C the residence time has a significant effect on the composition of 


the torrefied samples due to the intensive decomposition of cellulose. 
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Fast Torrefaction versus 
Classic Torrefaction:  


Comparison of the Products 
on a Pilot-scale Continuous 


Reactor 
Jean-Michel COMMANDRE, Kim LÊ THÀNH, 


Eric MARTIN, Michel MEYER 


BioWooEB Research Unit CIRAD 
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Biomass torrefaction 
• Smooth thermal transformation under inert atmosphere  


 
– T = 200-300°C 


– Residence time = 15 min – several hours 


– Atmospheric pressure 


 


 Torrefied biomass 
C6H8O3 


+moisture~3% 


Biomass C6H9O4 
+ moisture~20% 


Volatile matter: 
• Gas (CO, CO2)  
• Condensable species (H2O, acids…) 


• Solid properties get more coal-like 


─ Decrease of H/C and O/C 


─ Hydrophobic nature 


─ Higher energy content 


─ Improved grindability and 
powder flowability 


 


 


Suitable for entrained flow gasification 


Between drying and pyrolysis 


4. CONCLUSION 3. SOLID GRINDABILITY 1. INTRODUCTION 2. PRODUCTS YIELDS 
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A mean to prepare biomass before combustion/gasification 







Objective and working plan 


Objective:  
 To compare solid and volatile products obtained after fast 


torrefaction (350°C) and classic torrefaction (300°C) of Ash wood: 
Products mass balance and composition 
Solid grindability 


 
 
Working plan: 


 Tests in continuous pilot-scale reactor + same mass loss 
 Products characterization + Grindability tests on solids 


4. CONCLUSION 3. SOLID GRINDABILITY 1. INTRODUCTION 2. PRODUCTS YIELDS 
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« Classic » 
torrefaction 


« Fast » 
torrefaction 


Products 
•Low temperature 
•High residence time 
•Moderate productivity 


•High temperature 
•Low residence time 
•High productivity 







Characteristic times of main phenomena 
4. CONCLUSION 3. SOLID GRINDABILITY 1. INTRODUCTION 2. PRODUCTS YIELDS 


Convection Radiation 


Volatile matter 
release 


tconv = 𝜌.𝐶𝐶.𝐿𝐿
ℎ𝑡


 trad = 𝜌.𝐶𝐶.𝐿𝐿
𝜀.𝜎. 𝑇𝑔+𝑇𝑇𝑇𝑡 .(𝑇𝑔2+𝑇𝑇𝑇𝑡2)


 


tcond = 𝜌.𝐶𝐶.𝐿𝐿2


𝜆
 


tdiff = 𝐿𝐿2


𝐷𝑒𝑒𝑒
 


ttorref = 1
𝑘𝑡𝑡𝑡𝑡𝑒𝑒


 
Conduction 


Torrefaction 


Wood chips of Ash wood (hardwood) 


 
 Biomass physical properties are constant during torrefaction 


and equal to those of raw biomass 
 Extrapolation of kinetics obtained at low temperature (250 to 


300°C) to high temperature conditions (350°C) 


Assumptions for characteristic times calculations: 


> Sampling according to XP CENT/TS 14786 
> Grinding < 20mm 


Biomass 
Proximate analysis  


(wt. %) 
  


Ultimate analysis  
(wt. % daf) 


LHV 


  Moisture Ash (db) VM (db) FC (db)   N C H O (MJ/kg db) 


Ash wood 1.7 1.7 82.1 16.2   0.2 49.2 5.6 43.3 18.1 







4. CONCLUSION 3. SOLID GRINDABILITY 1. INTRODUCTION 2. PRODUCTS YIELDS 


 
 Heat transfers are mainly controlled by convective exchanges 
 Reaction is under chemical control 


In this range of torrefaction temperature 


Experiments at pilot-scale 
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Pilot-scale tests: 
Continuous vibrating bed reactor 


4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 
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Torrefaction at pilot-scale: Vibrato 


Biomass feeding system 


Recovering solids and condensable species device 


 Stainless steel tube 
 Øint = 115 mm 
 e = 10 mm 


4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 


3.30 m 
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Torrefaction at pilot-scale: Vibrato 
4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 


Raw 
biomass 
feeding Torrefied 


biomass 
recovery 







 
 Control of biomass flow rate: 1-20kg.h-1 
Weighing doser  
 Prevents air entry 
Rotary valve  
 Carries biomass into reactor tube 
Screw feeder  
 Flow of biomass 
Vibrating motors  
 Controlled by mass flowmeter 
Nitrogen flow rate  
 Electrical heating zones:  600°C 
5 heating zones  
 Sealed bucket cooled by water 
 A pneumatic valve is used to isolate the bucket 


Solid recovery 
 
 Condensable species 


 Two-step condensation system (+105°C and -15°C) 
 Permanent gases 


 Gas chromatography: quantification of CO2, CO, CH4, … 


Gas collecting device 
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2153.1g


…


Sortie gaz


Torrefaction at pilot-scale: Vibrato 
4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 







Pilot-scale tests: 
Torrefaction of Ash wood 
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Global mass balance 
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 Closure at 95 and 96 % 
 Solid yields are similar 


 Products comparison possible 
 Condensable and gas yields are close 
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Mass balance: Volatile species 
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• Similar results for classic and fast torrefaction 
• Volatile species are mainly Condensable species 
• CO<< CO2 under the conditions explored  
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Mass balance: condensable species 
4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 
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 Compositions of condensable species are similar 
 No influence of operating conditions on condensable species 


composition ≈ 85wt% 







 
• Torrefied solids have lower ratios H/C and O/C than raw biomass 
• Ratios are slightly different for solids torrefied at 300 and 350°C  


Torrefied solid composition 
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• LHV increases after torrefaction 
• Slightly higher energy yield for fast torrefaction 


Torrefied solid: energy yield 
4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 


0%


20%


40%


60%


80%


100%


17


17,5


18


18,5


19


19,5


20


20,5


21


21,5


22


Raw Ash
Wood


300°C 350°C


En
er


gy
 y


ie
ld


 (%
)


LH
V(


M
J/


kg
)


LHV
Energy yield


(Arias, 2008) 







Grindability tests 


4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 
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Grinding device 


  Knife mill Retsch SM100 


  Sieve size: 500µm 


  Recording of power consumption along time 
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Grinding energy 


• Torrefaction: energy  by factor 4 at 300°C 
• Fast versus classic torrefaction: energy  by factor 1.5  
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Conclusion 
Is it interesting to carry out torrefaction at 350°C instead of 300°C?  
Fast torrefaction has: 
• No influence on products composition: 


 Yields of volatile products 
 Condensable species composition 
 Non-condensable gas composition 


• Slight influence on solid composition:  
 Elemental composition + Lower heating value 


• Strong impact on grinding energy consumption 
   
 
 


  
What’s next? 
• Tests on other samples 
• Understanding of macromoleculars constituents degradation during torrefaction 
• Economic assessment of fast torrefaction process 
 


4. CONCLUSION 3. SOLID GRINDABILITY 2. PRODUCTS YIELDS 1. INTRODUCTION 
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Interesting for gasification in EFR, powder combustion, … 


Similar for classic/fast torrefaction 


Fast torrefaction = ↗ productivity, ↗ grindability 







 
If you have any questions or want more details, please contact: 


commandre@cirad.fr 
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Bio-oil 
 Low heating value 


 High moisture content   
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Introduction 


Fast Pyrolysis 


Dehydration 


Decarboxylation 


Decarbonylation 


Partially 
Deoxygenated 


Bio-oil 


ZSM-5 


BIOMASS 


ZSM-5  
 Low bio-oil yield  
 Rapid deactivation 


 High acidity 
 Thermally unstable  
 Degrade with time  


 







Aim 


Modification of a ZSM-5 catalyst to improve the 


catalytic activity on 


the deoxygenation of primary pyrolysis vapors 


from two different biomass types 
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Preparation of catalyst 


TEOS+ TPAOH  TPAOH+Al(O-i-Pr)3+NaOH 
 


Metal Nitrate 
Ni(NO3)2.6H2O,  
Co(NO3)2.6H2O, 


 
Ce(NO3)3.6H2O  
Zn(NO3)2.6H2O  


Crystallization rxn in 
autoclave at 200 oC 24 h 


Washed, dried, 
Calcinated at 550 oC 4 h 


NiZSM-5 ht CoZSM-5 ht 
NaZSM-5 ht 


NaZSM-5 com 


Reflux for 8 hours 


NiZSM-5 ion 


CoZSM-5 ion 


ZnZSM-5 ion 


CeZSM-5 ion 


Reflux with 
NH4NO3 for 


8 hours 


HYDROTHERMAL SYNTHESIS (ht) ION EXCHANGE METHOD (ion) 


Washed, dried, 
Calcinated at 550 oC 4 h 


HZSM-5 ht 


Materials 


TEOS: Tetraethyl orthosilicate 
TPAOH:Tetrapropylammonium hydroxide 
Al(O-i-Pr)3: Aluminium isopropoxide 3/15 







Sunflower stalk Pine wood Sunflower stalk Pine wood 


Extractives 5.7 6.1 C 45.70 51.74 
Hemicellulose 37.5 26.0 H 5.48 5.78 
Cellulose 21.5 34.1 N 0.61 0.14 
Lignin 26.2 33.0 S 0.32 0.45 
Ash 9.0 0.8  O* 38.89 41.09 


Sunflower stalk Pine wood  


Properties of biomass, % wt. on dry basis 


*Calculated from difference 


Materials 


4/15 







Mass 
Flowmeter 


N2 


15 min at 
500 oC 


- 20 oC 


Glass Wool 
Trap 


Wash with 
Dichloromethane 


Tar as residue 


Extraction With 
DCM 


Aqueous 
Phase 


Bio-oil 


Gas 
Collector 


GC*GC/MS 


GC-TCD/FID 


Method 


Experimental set-up 
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SUNFLOWER STALK 
aqueous tar as residue gas+ loss Bio-oil


Product Yields  


Results 


Amount of gas products increased 
Tar decomposition 


Char Yield 28.6-29.6 % ht : hydrothermal synthesis 
ion: ion exchange method 
com: commercial 
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PINE WOOD 
aqueous tar as residue gas+ loss Bio-oil


Product Yields  
Results 


Char Yield 19.5-20.1%  


Tar reduction 
Gas evolution 


ht : hydrothermal synthesis 
ion: ion exchange method 
com: commercial 
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Results 
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Thermal  


NaZSM-5 com 


NiZSM-5 ion 
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CeZSM-5 ion 


ZnZSM-5 ion 


HZSM-5 ht 


NiZSM-5 ht 


CoZSM-5 ht 


Thermal  


NaZSM-5 com 


NiZSM-5 ion 
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SUNFLOWER PINE
Van Krevelen Diagram 


Results 
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Sunflower Stalk 


CO₂ H₂ C₁-C₂ HCs CO


Distribution of Gas Products 


Thermal HZSM-5 
ht 


NiZSM-5 
ht 


CoZSM-5 
ht 


NaZSM-5 
com 


NiZSM-5 
ion 


CoZSM-5 
ion 


CeZSM-5 
ion 


ZnZSM-5 
ion 


Pine 
Wood 0.69 0.36 0.52 0.52 0.49 0.43 0.44 0.49 0.45 


Sunflower 
Stalk 1.38 1.00 1.27 1.39 1.23 1.13 1.17 1.27 1.24 


CO2/CO ratio 


Results 
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Si/Al Molar 
Ratio 


Metal load, 
% 


BET 
surface 


area, m2/g 


HZSM-5 ht 20.2 - 414  


NiZSM-5 ht 28.6 2.0 358 


CoZSM-5 ht 29.6 1.4 n.d. 


NaZSM-5 com 8.9 2.3 355 


NiZSM-5 ion 9.2 2.4 n.d. 


CoZSM-5 ion 9.0 1.5 338  


ZnZSM-5 ion 9.3 2.3 329  


CeZSM-5 ion 9.2 2.3 n.d. 


NiZSM-5 ion 


Pyridine 
adsorption 


Results 


n.d: not determined 


ht : hydrothermal synthesis 
ion: ion exchange method 
com: commercial 
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TG analysis of spent catalysts (in air) 


Results 


• Higher amount of coke formation occurs 
during  upgrading of pine wood. 


• Highest amount of coke deposited on 
catalyst  were found in the case of 
NiZSM-5 ion  


ht : hydrothermal synthesis 
ion: ion exchange method 
com: commercial 13/15 







XRD patterns of fresh catalysts 


HZSM-5 ht 


ZnZSM-5 ion NiZSM-5 ion 


NiZSM-5 ht 


NaZSM-5 com 


Results 


ht : hydrothermal synthesis 
ion: ion exchange method 
com: commercial 14/15 







Conclusion 


For pinewood pyrolysis, the use of all catalysts led to decrease 
on aldehydes and ketones with increases in the aromatic 
compounds while the amount of phenolic compounds was 


mainly reduced in the case of sunflower stalk. 


ZnZSM-5 ion and HZSM-5 ht showed highest catalytic effect on 
the formation of aromatics. 


Catalysts exhibited different catalytic activity on pinewood 
and sunflower stalk pyrolysis.  


HZSM-5 ht provides higher amounts of aromatic 
compounds while it has a lower coke deposition. 


Acidity of the solid catalysts is essential to be active in 
upgrading of bio-oil.   
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THANK YOU FOR LISTENING…  
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SUNFLOWER STALK Van Krevelen Diagram 
Results 


Pentanoic acid, 4-
oxo-, ethyl ester 


1,2-Benzenediol, 4-
methyl- 


2,6-dimethoxy-
phenol 


2,5-dimethyl- 
phenol 


2,6-dimethyl- 
naphthalene 


2,6-dimethoxy-4-(2-
propenyl)- phenol 







19 


HZSM-5 
ht 


-0.1


0


0.1


0.2


0.3


0.4


0.5


0.6


0 0.5 1 1.5 2


O
/C


 R
at


io
 


H/C Ratio 


Thermal 


-0.1


0


0.1


0.2


0.3


0.4


0.5


0.6


0 0.5 1 1.5 2


O
/C


 R
at


io
 


H/C Ratio 


ZnZSM-5 
ion 


-0.1


0


0.1


0.2


0.3


0.4


0.5


0.6


0 0.5 1 1.5 2


O
/C


 R
at


io
 


H/C Ratio 


PINE WOOD CHIPS Van Krevelen Diagram 


Pentanoic acid, 4-
oxo-, ethyl ester 


Results 


Benzo[b]thiophene 


1,2-Benzenediol, 4-
methyl- 


5-Hydroxymethylfurfural 


2,6-dimethyl- 
naphthalene 
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