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The Sampling site! 







Atmospheric CO2 concentration was several times that of today. 
The climate was much warmer with average  temperature peaking more than 20 ºC higher. 
No ice existed at the poles and up to 28 ºC have been estimated for ocean water temperature 
i.e. in the surroundings of nowadays British islands.  


The Late Cretaceous Earth 







EA (C/TC)-IRMS (Bulk IRMS) 







General molecular structure of fossil F. oligostomata 
Elemental, NMR & Bulk IRMS 


  C          H                 O         N       Ash 
              64.9                  6.4                11.5                0.8       16.4      % 
              δ13Corg             δDorg             δ18Oorg      δ15Norg 
         −20.5±0.0      −101.9±2.2        20.9±0.4    10.7±0.2      ‰ 


FRENELOPSIS 







F. oligostomata and fractions 
bulk stable isotope signature IRMS (C & TC) 


     δ13CHA           δDHA   δ18OHA δ15NHA 
 −20.5±0.0   −113.5±0.5  14.0±0.3 14.9±0.7 


     δ13CFA        δDFA  δ18OFA δ15NFA 
 −19.8±0.1  −138.4±0.0  25.4±0.5 22.2±1.4 


     δ13CHU             δDHU      δ18OHU       δ15NHU 
 −21.2±0.1   −130.4±5.2  13.42±0.0     10.1±5.4 


HUMIC ACID 


FULVIC ACID 


HUMIN 


      δ13Corg         δDorg      δ18Oorg      δ15Norg 
  −20.5±0.0   −101.9±2.2    20.9±0.4   10.7±0.2     


FRENELOPSIS 


Δ13CHA ΔDHA Δ18OHA Δ15NHA 


Δ13CFA ΔDFA Δ18OFA Δ15NFA 


Δ13CHU ΔDHU Δ18OHU Δ15NHU 







Pre-extraction of 
compounds 


Purification of 
compounds 


extracted 


Analysis 
direct 
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Py-GC/MS 


Conventional Analytical Pyrolysis 
Py-GC/MS 







TIC: F500PR.D 
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General molecular structure 
Py-GC/MS 


 


Peak* Compound Formula PM Class/Origin 
1 Benzene, methyl (Toluene) C7H8 92 Benzenes 
2 Benzene, dimethyl (Xylene) C8H10 106 Benzenes 
3 2-Cyclohexen-1-one C6H8O 96 Polysacch. 
4 Ethanone, 1-phenyl (Acetophenone) C8H8O 120  
5 Phenol C6H6O 94 Phenols 
6 Decene C10H20 140 Lipids 
7 Benzene, propenyl (Allylbenzene) C9H10 118 Benzenes 
8 Benzene, trimethyl C9H12 120 Benzenes 
9 Phenol, methyl C7H8O 108 Phenols 
10 Undecene C11H22 154 Lipids 
11 Benzofuran, methyl C9H8O 132 Polysacch. 
12 Phenol, ethyl C8H10O 122 Phenols 
13 Phenol, dimethyl C8H10O 122 Phenols 
14 2-Methylindene C10H10 130  
15 Benzene, (1-methylbutyl)- C11H16 148 Benzenes 
16 Dodecene C12H14 168 Lipids 
17 Naphthalene C10H8 128 PAH 
18 Phenol, trimethyl C9H12O 136 Phenols 
19 Benzene, hexyl C12H18 162 Benzenes 
20 Ethanone, 1-(2-hydroxy-5-methylphenyl)- C9H10O2 150 Lignin 
21 Tridecene C13H26 182 Lipids 
22 1H-Inden-1-one, 2,3-dihydro- (Indanone) C9H8O 132 Polysacch. 
23 Tridecane C13H28 184 Lipids 
24 Naphthalene, methyl C11H10 142 PAH 
25 Trimethylbenzofuran C11H12O 160 Polysacch. 
26 Cyclohexene, 1-phenyl- C12H14 158 Phenols 
27 Decanoic acid C10H20O2 172 Lipids 
28 Megastigma-4,6(E),8(Z)-triene C13H20 176 Terpene 
29 Tetradecene C14H28 196 Lipids 
30 Naphthalene, dimethyl C12H12 156 PAH 
31 p-Methylcynnamic acid C10H10O2 162 Lignin 
32 Naphthalene, trimethyl C13H14 170 PAH 
33 2H-1-Benzopyran-2-one (Coumarin) C9H6O2 146 Lignin 
34 Benzene, octyl C14H22 190 Benzenes 
35 Pentadecene C15H30 210 Lipids 
36 Pentadecane C15H32 212 Lipids 
37 1-Naphthalenol C10H8O 144 PAH 
38 Naphthalene, ethyl-methyl- C13H14 170 PAH 
39 Benzene, nonyl C15H24 204 Benzenes 
40 Phenalene C13H10 166 PAH 
41 Fluorene C13H10 166 PAH 
42 Naphthol, methyl C11H10O 158 PAH 
43 Fluorene, methyl C14H12 180 PAH 
44 Fluorenone C13H8O 180 Polysacch. 
45 Phenol, 4-(2-thienylmethyl)- C11H10OS 190 S Compound 
46 Phenanthrene C14H10 178 PAH 
47 Anthracene C14H10 178 PAH 
48 Phenanthrene, methyl C15H12 192 PAH 
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Peak* Compound Formula PM Class/Origin 
1 Benzene, methyl (Toluene) C7H8 92 Benzenes 
2 Benzene, dimethyl (Xylene) C8H10 106 Benzenes 
3 Phenol C6H6O 94 Phenols 
4 Benzene, propenyl (Allylbenzene) C9H10 118 Benzenes 
5 Benzene, trimethyl C9H12 120 Benzenes 
6 Phenol, methyl C7H8O 108 Phenols 
7 Thiophene, 2-ethyl-5-methyl- C7H10S 126 S Compound 
8 Benzofuran, methyl C9H8O 132 Polysacch. 
9 Phenol, ethyl C8H10O 122 Phenols 
10 Phenol, dimethyl C8H10O 122 Phenols 
11 2-Methylindene C10H10 130  
12 Naphthalene C10H8 128 PAH 
13 Benzo[b]thiophene C8H6S 134 S Compound 
14 Benzofuran, 4,7-dimethyl C10H10O 146 Polysacch. 
15 1H-Inden-1-one, 2,3-dihydro- (Indanone) C9H8O 132 Polysacch. 
16 Naphthalene, methyl C11H10 142 PAH 
17 Benzo[b]thiophene, 2-methyl- C9H8S 148 S Compound 
18 Biphenyl C12H10 154 Phenols 
19 Benzo[b]thiophene, 2,7-dimethyl- C10H10S 162 S Compound 
20 Naphthalene, dimethyl C12H12 156 PAH 
21 p-Methylcynnamic acid C10H10O2 162 Lignin 
22 Naphthalene, trimethyl C13H14 170 PAH 
23 1-Naphthalenol C10H8O 144 PAH 
24 Naphthalene, ethyl-methyl- C13H14 170 PAH 
25 Fluorene C13H10 166 PAH 
26 Naphthol, methyl C11H10O 158 PAH 
27 Fluorene, methyl C14H12 180 PAH 
28 Phenanthrene C14H10 178 PAH 


General molecular structure 
Py-GC/MS 
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Peak* Compound Formula PM Class/Origin 
1 Methylthiophene C5H6S 98 S compound 
2 Benzene, dimethyl (Xylene) C8H10 106 Benzenes 
3 Benzene, ethenyl- (Styrene) C8H8 104 Benzenes 
4 Benzenethiol C6H6S 110 S compound 
5 Phenol C6H6O 94 Phenols 
6 2,5-Furandione, dihydro- C4H4O3 100 Polysacch. 
7 Phenol, methyl C7H8O 108 Phenols 
8 Benzenethiol, 4-methyl- C7H8S 124 S compound 
9 Benzofuran C8H6O 118 Polysacch. 
10 Benzenecarboxylic acid C7H6O2 122  
11 3-Thiophenecarboxylic acid C5H4O2S 128 S compound 
12 3-Thiophenecarboxylic acid, methyl C6H6O2S 142 S compound 
13 Benzoic acid, 2-hydroxy- (Salicylic acid) C7H6O3 138  
14 1,3-Isobenzofurandione (Phthalic anhydride) C8H4O3 148 Phthalate 
15 m-Amino-N,N-dimethylbenzamide C9H12N2O 164 N compound 
16 3,4-Dicyanothiophene C6H2N2S 134 S & N compd 
17 Isobenzofurandione methyl (Methyl phthalic anhydride) C9H6O3 162 Phthalate 
18 N-Methylphthalimide C9H7NO2 161 Phthalate 
19 4-Methylphthalaldehyde C9H8O2 148 Phthalate 
20 3H-1,2-Dithiole-3-thione, 4-methyl- C4H4S3 148 S compound 
21 1,2-Benzenedicarboxamide (Phthalamide) C8H8N2O2 164 Phthalate 
22 4-Methoxybenzyl acetate (Anisyl acetate) C10H12O3 180 Lignin 
23 4-Methylquinolinimide C8H6N2O2 162 S compound 
24 Sulfur, S6 S6 192 S compound 
25 Benzene, 1-(1,1-dimethylethyl)-4-ethoxy- C12H18O 178 Phthalate 
26 3H-1,2-Benzodithiol-3-one C7H4OS2 168 S compound 
27 5-Oxazolecarboxamide, 2-phenyl- C10H8N2O2 188  
28 Hexathiepane CH2S6 206 S compound 
29 Naphtho[1,2-c]furan-1,3-dione C12H6O3 198 Polysacch. 
30 Sulfur, S8 S8 256 S compound 


General molecular structure 
Py-GC/MS 
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Peak* Compound Formula PM Class/Origin 
1 Methylthiophene C5H6S 98 S compound 
2 Benzene, dimethyl (Xylene) C8H10 106 Benzenes 
3 Thiophene, 2-ethyl-5-methyl- C7H10S 126 S Compound 
4 Phenol C6H6O 94 Phenols 
5 Benzene, trimethyl C9H12 120 Benzenes 
6 Phenol, methyl C7H8O 108 Phenols 
7 Phenol, dimethyl C8H10O 122 Phenols 
8 1H-Indene, 1-methyl- C10H10 130 Polysacch. 
9 Phenol, ethyl- C8H10O 122 Phenols 
10 Benzofuran, 4,7-dimethyl C10H10O 146 Polysacch. 
11 1H-Indene, 1,3-dimethyl- C11H12 144 Polysacch. 
12 Naphthalene, methyl- C11H10 142 PAH 
13 Naphthalene, dimethyl- C12H12 156 PAH 
14 Benzene, octyl- C14H22 190 Benzenes 
15 Naphthalene, trimethyl C13H14 170 PAH 
16 1-Heptene, 2-isohexyl-6-methyl- C14H28 196 Lipids 
17 Naphthalene, tetramethyl- C14H16 184 PAH 
18 9H-Fluoren-9-one (Fluorenone) C13H8O 180 PAH 


Alkane series from C10 to C31 CnH2n+2  Cn Alkene series from C10 to C31 CnH2n  Lipids 


General molecular structure 
Py-GC/MS 







Py-CSIA (Compound Specific IRMS) 


Py-GC-C/TC-IRMS              C/TC-IRMS 
      δ13C δD δ18O δ15N                    δ13C δD δ18O δ15N δ32S 
 


Py-GC/MS 







13C IRMS: F500PR 


FID: F500PR 


TIC: F500PR.D 
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FOSSIL PLANT(FR) 







m/z  57.00: FRES500PR.D 


FOSSIL HUMIN (R) 


FID: FRES500PR.D 


13C IRMS: FRES500PR.D 
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1H IRMS: FRES500PR.D 







 Ref* Compound δ13C δD Class/Origin 
FR 


1 Benzene, methyl (Toluene) -22.2±0.1 -122.7±2.5 Benzenes 
2 Benzene, dimethyl (Xylene) -22.2±0.1 -122.9±1.0 Benzenes 
3 2-Cyclohexen-1-one -21.8±0.3 -119.8±1.9 Polysacch. 
5 Phenol -22.2±0.2 -120.2±1.5 Phenols 
9 Phenol, methyl -22.3±0.3 -120.2±2.1 Phenols 
12 Phenol, ethyl -22.0±0.2 -117.5±1.1 Phenols 
13 Phenol, dimethyl -22.5±0.3 -121.3±2.1 Phenols 
18 Phenol, trimethyl -22.3±0.4 -114.6±2.0 Phenols 
27 Decanoic acid -22.1±0.2 -112.1±1.4 Lipids 
33 2H-1-Benzopyran-2-one (Coumarin) -21.4±0.9 -113.5±0.6 Lignin 


HA 
1 Benzene, methyl (Toluene) -23.4±0.3 --- Benzenes 
2 Benzene, dimethyl (Xylene) -23.4±0.3 -127.6 Benzenes 
3 Phenol -22.9±0.2 -129.6 Phenols 
4 Benzene, propenyl (Allylbenzene) -22.7±0.3 -130.4 Benzenes 
5 Benzene, trimethyl -22.4±0.2 -134.8 Benzenes 
6 Phenol, methyl -21.9±0.2 -134.4 Phenols 
9 Phenol, ethyl -21.4±0.6 -141.9 Phenols 
14 Benzofuran, 4,7-dimethyl -21.4±0.7 -145.0 Polysacch. 
16 Naphthalene, methyl -21.9±0.3 -150.3 PAH 
20 Naphthalene, dimethyl -18.3±0.7 -167.5 PAH 
22 Naphthalene, trimethyl -19.4±0.1 --- PAH 


FA 
5 Phenol -19.5±0.2 -95.4±8.9 Phenols 
6 2,5-Furandione, dihydro- -18.5±0.3 -115.5±5.0 Polysacch. 
11 3-Thiophenecarboxylic acid -21.3±0.2 -87.0±2.2 S compound 
16 3,4-Dicyanothiophene -19.2±0.2 --- S & N comp. 
20 3H-1,2-Dithiole-3-thione, 4-methyl- -21.4±0.3 --- S compound 
26 3H-1,2-Benzodithiol-3-one -20.8±0.2 --- S compound 


HU 
1 Methylthiophene -23.8±0.2 -142.5±3.2 S compound 
2 Benzene, dimethyl (Xylene) -23.9±0.4 -150.1±1.1 Benzenes 
6 Phenol, methyl -22.9±0.0 -152.3±2.7 Phenols 
9 Phenol, ethyl- -23.7±0.6 -154.7±1.2 Phenols 
16 1-Heptene, 2-isohexyl-6-methyl- -28.0±1.0 -218.3±6.8 Lipids 


F. oligostomata Py-CSIA δ13C and δD isotope signature 







F. oligostomata Py-CSIA δ13C isotope signature 
Alkane/alkene series  







F. oligostomata Py-CSIA δD isotope signature 
Alkane/alkene series  







Bulk δ13C values obtained for F. oligostomata fossil remains (−20.5 ‰) fall within the high 
limit for a C4 photosystem type plant. Such high δ13C value is normal for this genera of 
extinct plants ranging in −21 to −27 ‰. 
 
Our 13C enriched fossil indicates that 72 million years ago this plant probably grow 
maintaining a depleted stomatal conductance under extreme warm, xeric and saline 
palaeoenvironmental conditions. 
 
We can use our measured bulk δ13Cfossil as a proxi to estimate CO2 δ13Cpalaeoatm 
(Gröcke et al., 2002) 
 
 


δ13Cpalaeoatm= δ13Cfossil + 17.3 = − 20.5+17.3 =  −3.2 ‰ 
 


Main palaeoenvironmental implications 







Considering a fractionation (Δ13C≈1.5 ‰) due to extreme warm, saline 
and dry growing conditions, probably our F. oligostomata grew on a 
13C enriched atmosphere (δ13C ≈ −4.5 to −5.5 ‰), more enriched than in 
preindustrial and far more than actual industrial atmosphere (Fig). 
 
This could be caused by a combination of reasons, mainly by: 


Main palaeoenvironmental implications 


1) emissions of heavy 13C isotope to the 
atmosphere by an increase in ocean’s 
temperature and acidification by volcanic S 
depositions during this geologically active 
(continental drift) and particularly warm period 
(no ice in poles). 
 


2) removal of light 12C isotope from the 
atmosphere caused by an increase of the 
primary production. Light 12C isotope is 
preferentially assimilated by plants that 
diversified during this geological period. Gerber et al. Climate Dynamics (2003) 20: 281–299  
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Main palaeoenvironmental implications 


Hydrogen and oxygen atoms in plant tissues predominantly came from 
water, thus processes that affect water isotopic ratio will influence δD 
and δ18O in plant. 
 
 
Bulk δD obtained for F. oligostomata fossil (−101.9±2.2 ‰) fall within the 
normal values for biomass produced in warm conditions. 
 
 
Bulk δ18O values (+20.9±0.4 ‰) also are in agreement with such warm 
environment and probably with very high evaporation rates. 
 







Main palaeoenvironmental implications 
Due to the known source and stability of biopolymers, compound-
specific δD analysis has been focused on lipids with various carbon 
chain lengths, such as C25–C31 alkanes which are believed to derive 
exclusively from leaf waxes of higher plants. 







Main palaeoenvironmental implications 


Our 2H enriched fossil molecules points again to that 72 million years 
ago this plant probably uptake water from a warm environment.  


We can use our pyrolysis compound specific δD of lipids to estimate δD 
signature of paleowater rainfall using Zhuang et al (2014) proxi 
 
δDPW= δDC24–C29 alkanes + 100.00; δDPW= −124.4 + 100.0 = − 24.4±5.2 ‰  











  δ13Cathmosphere              δDrain  
−4.5  to −5.5 ‰     − 24.4±5.2 ‰ 


      δ13Corg               δDorg    δ18Oorg            δ15Norg  
  −20.5±0.0  −101.9±2.2  20.9±0.4     10.7±0.2 


Δ13CHA ΔDHA Δ18OHA Δ15NHA


Δ13CFA ΔDFA Δ18OFA Δ15NFA


Δ13CHU ΔDHU Δ18OHU Δ15NHU


Δ13CHA ΔDHA Δ18OHA Δ15NHA


Δ13CFA ΔDFA Δ18OFA Δ15NFA


Δ13CHU ΔDHU Δ18OHU Δ15NHU







Thank you for your attention 
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The aim of SUSTAFFOR is to develop and validate novel techniques aiming at improving tree
planting projects from an environmental, technical and economic point of view.


By mitigating the negative effect of the two main factors resulting in the failure of young trees
in the current context of a climate change :


Temporary water scarcity
Competitive vegetation


They include:
A biodegradable soil conditioner for water retention


Four innovative mulching models (biodegradable or reusable)


One of the objective is to improve the effect of novel techniques on key soil chemical features


AIM







Biopolymer-based semi-rigid plate


Biopolymer-based frame
fused to a commercially available biofilm


Woven jute cloth
treated with furan bio-based resin


Recycled rubber based mulch


Soil conditioner :
complex of


hydro-absorbent 
polymers







The 8 field trials are deployed across a range of 4
strongly contrasted climatic areas in NE Spain,
representative of the main climates of the
European and Mediterranean context.
Each field trial has been planted with tree species 
that are most commonly utilized in the area. 
Almost 4,000 experimental trees.







Field trials monitoring


The monitoring consist in four activities:
A. Environmental data 
B. Tree performance & fitness 
C. Mulch degradation sampling
D. Soil sampling
✓ Fertility-related soil variables (texture, organic matter, total N, carbonates, pH);
✓ Variables related to bio(geo)chemical changes in soil organic matter using
thermochemolysis.







Sampling


Sampling dates:
Initial soil features : March 2014 (prior to planting).
First sampling : October 2014 (6 months after planting).
Second sampling : October 2015 (18 months after planting). Analysis under progress.


In each campaign, for each field trial : 17 treatments x 3 replicates (six samples randomly
grouped in three) x 2 depths : 102 samples. Samples were air-dried to constant weight, and
sieved through a 2 mm mesh.


Soil conditioner 0g 20g 40g 60g 80g
Control 🀆 🀆
Herbicide 🀆 🀆
Polyethylene 🀆 🀆 🀆 🀆 🀆
Biofilm frame 🀆 🀆
Biofilm rigid 🀆 🀆
Jute 🀆 🀆
Rubber 🀆 🀆







Thermochemolysis for the simultaneous analysis of :


Carbohydrates & Fatty acids


Lignin monomers


Discrimination between vegetal and microbial (included bacteria) sources


State of vascular plants input







Sample
+


TMAH/MeOH (1/1)
N2


Cold CHCl3 before IS and GC/MS analysis.


400°C
30 min


Hydrolysis :
OH- + A-B à A- + B-OH


Formation of tetraalkylammonium salts :
A− + R4N+OH− à R4N+A− + OH−


B-OH + R4N+OH− à R4N+OB− + H2O
Thermal dissociation, formation of alkyl derivatives :


R4N+A− à AR + R3N
R4N+OB− à BOR + R3N







Sample
+


TMAH/MeOH (1/1)
N2


Cold CHCl3 before IS and GC/MS analysis.


400°C
30 min


8 13 18 23 28 33 38 43 48 53


IS







8 13 18 23 28 33 38 43 48 53


B1
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P1 : 4-methoxybenzla dehyde ; P2 : 4- methoxyacetophenone ; P3 : 4-methoxybe nzoic acid methyl ester ; P4 : 3-(4-methoxyphenyl)-2-propenoic acid methyl ester ; P5 : 3-(3,4-dimethoxyphenyl )-2-propenoic acid
methyl ester ; P6 : 1,3,5-trimethoxybenzene ; P7 : 1,2 ,4-trimethoxybenzene ; G1 : Be nzen-4-ethen-1,2-dimethoxy ; G2 : 3,4-dimethoxybenzaldehyde ; G3 : 1-(3,4-dimethoxyphenyl)ethanone ; G4 : 3,4-
dimethoxybenzoic acid methyl ester ; G5 : cis-1,2- dimethoxy-4-(2-methoxyethenylbenzen) ; G6 : tra ns-1,2-dimethoxy-4-(2-methoxyethenylbenzen) ; B1 : benzoic acid methy l ester ; B2 : 3,4 ,5-trimethoxybenzoic acid
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dimethoxybenzoic acid methyl ester ; G5 : cis-1,2- dimethoxy-4-(2-methoxyethenylbenzen) ; G6 : tra ns-1,2-dimethoxy-4-(2-methoxyethenylbenzen) ; B1 : benzoic acid methy l ester ; B2 : 3,4 ,5-trimethoxybenzoic acid
methyl ester


β,γ-epoxide
(intermediate)


benzaldehyde benzoic acid
methylester


Also naturally produced by (bio)oxidation


OH-


-H-
(CH3)4N+OH-retro-aldol reaction


-H+
hydride


shift
(CH3)4N+OH-


-2H+







Al/Ac
aldehyde/acid


Degradation/Oxidation state.


ɅSGC
sum of guaiacyl, syringyl & cinnamyl. Vascular plants input.


syringyl guaiacyl cinnamyl
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CARBOHYDRATES







Mechanism of the formation of permethylated saccharinic acids from free and terminal monosaccharides 
(exemple of D-glucose)


Base
“peeling”


TMAH
400°C


CARBOHYDRATES







Mechanism of the formation of permethylated saccharinic acids from free and terminal monosaccharides 
(exemple of D-glucose)
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GC/MS
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from/for Xyl : Xylose ; Rha : Rhamnose ; Fuc : Fucose ; Glu : Glucose ; Gal : Galactose


m/z=129 (permethylated deoxy aldonic acids)


C6/C5 ratio
Hexoses (mainly glucose), Ubiquist


Pentoses (mainly xylose), Not synthesised by microorganisms
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Results for the first vegetative period
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The innovative weeding techniques are similar to polyethylene mulching and herbicide application.


No apparent negative effects on soil organic matter quality.


Jute mulch tended to provide best results in Mediterranean continental conditions.
Highlighted by the relative increase of C6/C5and Al/Ac(s) ratio.


Less long chained fatty acids than in control : less roots production due to mulches.


If compared with classical time consuming chemical analysis,
thermochemolysis appears as a performing tool for molecular analysis


in experimental contexts with a large number of samples. 


These results are preliminary and refer only to the first vegetative period. They must be 
therefore complemented by those from further vegetative periods.


PRELIMINARY CONCLUSIONS
OF THE FIRST VEGETATIVE PERIOD
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A FAST AND NEW METHOD TO QUANTIFY PAHS IN 
CONTAMINATED SOILS BASED ON FLASH-PYROLYSIS 


COUPLED WITH MOLECULAR ANALYSIS 


Coralie Biache1, Catherine Lorgeoux2, Alain 
Saada3, Stéfan Colombano3, Pierre Faure1 
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http://www.axsane.fr/Historique,80.html 


Soils contaminated with Polycyclic Aromatic Compounds PACs (PAHs) :  
200 000 sites in Europe (European Environmental Agency, 2012) 


Related to coal exploitation and transformation 
(Gas plants, Coking plants, Wood-treating facilities) 


SITE DIAGNOSIS 


Quantification of regulatory compounds (PAHs) (solvent extraction) 


Long preparation time (freeze-drying, grinding, extraction, 
purification/clean-up)  
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Discussion 
Conclusion & 
Perspectives 
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To develop a “fast” method for PAH quantification 
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Methods 
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THERMODESORPTION 


TEMPERATURE   


Link between desorption temperature and binding/sorption 
strength for each molecule 


To develop a “fast” method for PAH quantification 


Background Objectives Materials & 
Methods 


Results & 
Discussion 


Conclusion & 
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THERMODESORPTION 


TEMPERATURE   


= “Extractable” fraction 
(usual PAH quantification) 


Link between desorption temperature binding/sorption 
strength for each molecule 


To develop a “fast” method for PAH quantification 


Background Objectives Materials & 
Methods 


Results & 
Discussion 


Conclusion & 
Perspectives 
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Flash-pyrolysis mode 


MS 


Cryogenic 
trap 


« Real-time » analyses 
during Td with ion profile 
and FID signal 
monitoring 


Storage of the 
compounds released 
during Td at the column 
head by cryo-trap 
followed by classical 
GC analyses 


Classical flash-pyrolysis 
with sample heating 
(few sec) and GC 
analyses 


MS 
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Thermodesorption oven 
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Thermodesorption mode 
With cryo-trap 


MS 
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Analyzed samples: Contaminated soils  
Freeze-dried and crushed (< 500 µm) 


Analyses in Td mode cryo-trap (2-5 mg) according to 8 T° ranges 


100-150 °C 
150-200 °C 
200-250 °C 
250-300 °C 


300-350 °C 
350-400 °C 
400-500 °C 
500-800 °C 


PAH identification with MS and quantification with FID (calibrated) 
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Results & 
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Conclusion & 
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First screening for PAH desorption temperature:  


Homécourt coking plant site, ‘60s Rennes Gas Plant site, ‘50s 
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Thermodesorption of most of the PAHs at temperatures < 400 °C 
Increase in the desorption temperature with the compound molecular mass 
(boiling point) 


Good match with the PAHs quantified in the organic extract 


Background Objectives 
Materials & 


Methods 
Results & 


Discussion 
Conclusion & 
Perspectives 


Gas plant soil (Rennes, FR) 
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Flash-pyrolysis mode 


MS 
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« Real-time » analyses 
during Td with ion profile 
and FID signal 
monitoring 
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GC analyses 


Classical flash-pyrolysis 
with sample heating 
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analyses 
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450 °C 
0.15 – 1 mg of dw soil 
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Coking plant soil (Moyeuvre-Grande, FR) 
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Coking plant soil (Neuves-Maisons, FR)  
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Certified Reference Material BCR-524 
Industrial soil 


Low variability 


Particles of size < 62.5 µm 


* certified values 
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Td-GC-MS/FID = fast method for PAH quantification in soils 


Background Objectives 
Materials & 
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Good match between quantified PAHs in the ASE extract and PAHs 
quantified with Py 450 °C  


- Limited sample preparation (drying and grinding) 
- Eco-friendly method (no solvent) 
- Fast analyses (5 min py + 20 min for GC) 
- Low amount of sample necessary 


+ 


- - High variability for some samples (high 
heterogeneity) => low amount of analyzed samples 
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To analyze a wider range of matrices (sediments and suspended 
materials , different ranges of concentrations, occurrence of other 
compounds) 


Perspectives 


Background Objectives 
Materials & 


Methods 
Results & 


Discussion 
Conclusion & 
Perspectives 


To analyze samples crushed to lower grain size (< 100 µm) to reduce 
the heterogeneity (variability)  


To extend the range of quantified compounds (polar PAC) 
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THERMODESORPTION 


TEMPERATURE   


= Available fraction 


Link between desorption temperature and availability for 
each molecule (binding strength/sorption) 


To develop a standardized method for PAH availability 
measurement 
(Poster 1060) 


Background Objectives 
Materials & 


Methods 
Results & 


Discussion 
Conclusion & 
Perspectives 
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• Catalyst	performance	is	a	major	cost	driver	for	upgrade	of	
biomass	pyrolysis	products	to	fuels	&	chemicals


• Some	thermochemical	products	deactivate	catalysts	more	
severely	than	others


• Biomass	composition	is	demonstrated	to	impact	
thermochemical	product	distributions


• There	should	exist	compositions	which	lead	to	a	more	favorable	
thermochemical	product	for	upgrading	to	fuels	&	chemicals


• Understanding	which	features	lead	to	these	favorable	product	
distribution	is	challenging	due	to	biomass	complexity


Challenges







• Understand	what	in	situ biomass	components	exert	the	greatest	
influence	on	yields	of	specific	chemical	functional	groups	relevant	
to	catalytic	chemistry


• Thermochemically	&	biochemically	characterize	many	different	
organisms	within	a	single	species	and	of	known	composition	


• Approach	leverages	biological	diversity	to	uncover	complex	
relationships	in	an	analogue	to	high	throughput	phenotyping	to	
discover	genotypic	relationships	in	biological	sciences


• Practical	limits	of	data	collection	prompt	the	need	for	advanced	data	
analytic	techniques	to	operate	in	data-scarce	environment


Objective	&	Approach







Classes	of	compositional	influences
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Figure 2.2. Three models of how biomass components and their interactions affect the 
formation of thermal products. 
HA: Hydroxyacetone, HAA: Hydroxyacetaldehyde. (A) Direct conversion (B) Catalytic 
effect of minerals (C) Interactions among Polymers Indirectly Affect Conversion. (A) 
and (C) are adapted and modified from (77) and (78) with permission. 
 


Model 1: Direct Conversion


Model 2: Catalytic Effect of Minerals 


Model 3: Interactions among Polymers Indirectly Affect Conversion  


Figure 2. Three models of how biomass components and their interactions affect the formation of 
thermal products. HA: Hydroxyacetone, HAA: Hydroxyacetaldehyde. (A) Direct conversion (B) 
Catalytic effect of minerals (C) Interactions among Polymers Indirectly Affect Conversion  
(A) and (C) are adapted and modified from Zhang et. al. , 2013 and Vanholme, 2010 with permission. 
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Levoglucosan


(HAA)(HA)
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(B)
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Class	1:	Direct	conversion	to	products Class	2:	Catalytic	reactions	on	inorganics


Class	3:	Polymer	interactions	indirectly	affecting	relationships







• High	mass	yields
• Low	inputs
• Drought	tolerant
• Crowds	out	other	grasses
• Native	to	most	of	North	America
• Lots	of	variation	within	a	single	species


Switchgrass	as	a	feedstock


• Our	switchgrass	samples:	Provided	by	
Samuel	Roberts	Noble	foundation


• ~1300	different	switchgrasses	
(the	“association	panel”)	which	have	been	
compositionally	characterized







NIRS	Compositional	characterization


• Near	IR	spectroscopy	(NIRS) analysis	used	to	
characterize	switchgrasses	used	in	this	study
• Various	assays	were	performed	to	a	training	set	of	
biomass


• Mathematical	models	are	built	to	predict	the	biomass	
compositions	from	their	reflective	near	infrared	spectra


• Compositional	data	from	other	biomass	is	predicted	via	
these	models	with	high	degree	of	certainty


• Our	direct	measurement	of	a	few	sample	properties	is	
very	close	to	NIRS







Compositional	variables
ADF Acid	detergent	 fiber	 GLCS Soluble	 glucose	
ADL Acid	detergent	 lignin	 glucose.nrel Glucose	 (NREL	Measurement)
ARA Arabinose HCA Hydroxycinnamates
ASH Minerals	 (total	ash)	 IVDMD In-vitro	dry	matter	digestibility
C Carbon K Potassium
Ca Calcium KL Klason	 lignin
CP Crude	Protein lignin	 ABSL.AP13	 % Acetyl	Bromide	 soluble	 lignin
CWE Cell	wall	ethanol	 lignin.nrel Lignin	 (NREL	Measurement)
DM Dry	Matter MAN Mannose
dNDF48 Digestible	 NDF	48 Mg Magnesium
Dry	Matter Dry	Matter N Nitrogen
EE Extracted	fat NDF Neutral	detergent	 fiber	
ETOH Ethanol/g	 dry	 forage P Phosphorus
FA Ferulic	acid PCA p-Coumarate esters	
FEST Esterified	 ferulates	 PENT Pentose	sugars	 released/g	 dry	 forage	
FETH Etherified	 ferulates	 RHA Rhamnose
FRU Fructose sgratio.nrel S/G	ratio	in	lignin
FUC Fucose STA Starch
GAL Galactose SUC Sucrose
GLC Glucose TDN Total	Digestible	 Nutrients







Pyroprobe	Apparatus	for	Thermochemical	Characterization


Reaction
Chamber


Switchgrass	
Samples	


Helium


Column/MS/FIDThermal	
Energy


Fire	polished	
quartz	tube


Quartz	filler	rod


Biomass
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Vapor	 products	
entrained	 in	helium
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≅
1.
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Quartz	
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Switch-
grass


≅0.2”


CDS	Analytical	5250T	Pyroprobe


Autosampler (Detail)


• acetic	acid
• alkyl	phenols
• Furfurals
• Levoglucosan
• light	gases


• light	oxygenates
• methoxyphenols
• pyran	derivatives
• non-levoglucosan	


sugars


Lumping	analysis:	







Thermochemical	Modeling	Methodology


• 22	samples	characterized	thermochemically	(limits	of	practicality)
• 2	Temperature	regimes:	350°C	&	500°C	(not	double-shot);	all	in	triplicate	(132	experiments	total)


• 8	thermochemical	products,	64	possible	predictive	features;
High	danger	of	overfitting!


Feature	selection	methodology:
0.		Center	&	Scale	predictor	data	(𝑝" =


$%&$̅
(


)


1. Pre-selection	of	important	features	using	Random	Forests
2. Build	Ordinary	Least	Squares	model	with	every	data	point
3. Use	Forward	&	Backward	stepwise	feature	elimination	to	reduce	


final	model	complexity







Random	Forest
• Extension	of	regression	tree	
classification


• Many	(15,000)	regression	trees	used
• Each	tree	has	only	has	20	predictors	
of	the	64


• Top	7	features	selected	by assessing	
an	average	of	the	increase	in	the	
error	when	a	predictor	is	not	
included	in	a	tree


Stepwise	Selection	after	OLS	regression
• Akaike Information	Criteria	used	to	
determine	variable	inclusion


• P	=	model	terms;	n	=	sample	size
(e.g.,	22)


• Lower	=	better


Feature	Selection	via	Random	Forest	&	Stepwise	Selection


19.3 Wrapper Methods 493


For the first issue, more complex search procedures may be more effective.
Several such algorithms are discussed below. The second issue has been ex-
tensively studied (Derksen and Keselman 1992; Olden and Jackson 2000;
Harrell 2001; Whittingham et al. 2006).1 Harrell (2001) summarizes the use
of p-values during automated model selection:


. . . if this procedure had just been proposed as a statistical method, it would
most likely be rejected because it violates every principal of statistical estima-
tion and hypothesis testing.


The second and third issues can be mitigated by using some measure of
predictive performance such as RMSE, classification accuracy, or the error
under the ROC curve.


Suppose that the RMSE was the objective function instead of statistical
significance. Here, the algorithm would be the same but would add predic-
tors to the model that results in the smallest model RMSE. The process
would continue until some predefined number of predictors has been reached
or the full model is used. From this process, the RMSE can be monitored to
determine a point where the error began to increase. The subset size asso-
ciated with the smallest RMSE would be chosen. As one would suspect, the
main pitfall here is obtaining good estimates of the error rate that are not
subject to over-fitting caused by the model or the feature selection process
(see Sect. 19.5 below).


There are several other criteria that can penalize performance based on
how many predictors are in the model. For example, when choosing between
two models with the same RMSE, the simpler model with fewer predictors
is preferable. For linear regression, a commonly used statistic is the Akaike
Information Criterion, a penalized version of the sums of squares error:


AIC = n log


(
n∑


i=1


(yi − ŷi)
2


)
+ 2P


where P is the number of terms in the model. Here, no inferential statements
are being made about this quantity, and, all other things being equal, sim-
plicity is favored over complexity. Similar AIC statistics are also available
for other models, such as logistic regression. Searching the predictor space
for the model with the smallest AIC may help avoid over-fitting.2


Another approach is correlation-based feature selection (Hall and Smith
1997), which attempts to find the best subset of predictors that have strong


1 The majority of the scholarship on this problem has revolved around stepwise
model selection, a variant of forward selection. However, the results apply to any
search procedure using hypothesis testing in this manner.
2 It should be noted that the AIC statistic is designed for preplanned compar-
isons between models (as opposed to comparisons of many models during automated
searches).


”the	usual”	
OLS	Criteria







Final	Stepwise	Model	Re-prediction	Results


350°C	Torrefaction	models R2 value 500°C	Pyrolysis	models R2 value
acetic	acid 0.488 acetic	acid 0.466
alkyl	phenols 0.811 alkyl	phenols 0.739
furfurals 0.501 furfurals* 0.379
light	gases† 0.733 levoglucosan* 0.418
light	oxygenates* 0.110 light	gases† 0.528
methoxyphenols* 0.093 light	oxygenates* 0.388
pyran	derivatives 0.738 methoxyphenols 0.645
non-levoglucosan	sugars† 0.436 pyran	derivatives 0.314


non-levoglucosan	sugars* 0.375
*Unacceptable	predictive	ability.	†Chemically	Uninterpretable	coefficients.







Relationship	classes	between	composition	&	products


acetic	acid alkyl	phenols furfurals pyrans
Ca 2
FEST 1 1
lignin.nrel 1
Ash.forage 2
pCA 1
UA 3
ARA 1
GLCS 1 1
PENT 1


1	=	Direct 2	=	Catalytic	 3	=	Interactions


Torrefaction	(350°C,	60s)	relationships







Class	1	Relationships
• Pyrans:	Glucose	&	Pentoses


• Furfurals:	Arabinose	&	Glucose


• Acetic	acid:	Esterified	Ferulates	&	Lignin
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Figure 6.2. Speculative reaction mechanism of acetic acid, phenolic, and furan 
derivative formation from ferulic acid esterified to an arabinose monosaccharide via a 
hydrogen radical initiated pathway. 
 


The alkyl phenol model is the fourth torrefaction model which predicts schema 1 


relationships. Both the unincorporated p-coumaric acid and the esterified ferulates 


(figure 6.3) have positive coefficients in the model. Pyrolysis of the p-coumaric acid 


(with removal of the carboxylic acid) can lead directly to the major alkyl phenolic 


compound, 4-vinylphenol. The esterified ferulic acid could also be a source of the alkyl 


phenols, but a removal of the methoxy substituent would be required.  
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• Alkyl	phenols:	Esterified	Ferulates	&	p-Coumaric	acid
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Class	2	&	3	Relationships
Class	2


• Acetic	acid:		Calcium (negative	coefficient)
• May	be	over-cracking	to	light	gases


• Alkyl	phenols:	Ash (positive	coefficient)
• May	be	promoting	depolymerization


Class	3	


• Alkyl	phenols:	Uronic acids	(UA) (negative	coefficient)


• UA’s	helps	crosslink	polysaccharides	to	lignin	
(same	role	as	esterified	ferulates)


• UA	may	be	acting	as	a	competitive	crosslinkerwith	the	
ferulates	in	the	biomass


P. R. Patwardhan, J. A. Satrio, R. C. Brown, Influence of inorganic salts on the primary pyrolysis products of cellulose.  Bioresource technology (2010), doi:10.1016/j.biortech.2010.01.112.
T.-Q. Yuan, S.-N. Sun, F. Xu, R.-C. Sun, Characterization of lignin structures and lignin-carbohydrate complex (LCC) linkages by quantitative 13C and 2D HSQC NMR spectroscopy. J. Agric. Food Chem. 59, 10604–10614 (2011).







Prediction	of	association	panel	torrefaction	yields
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Figure 6.6. Predicted torrefaction com


pound lum
p yields for the 1,096 com


plete cases 
of the approxim


ately 1,300 m
em


ber association panel. 
Pyrans and furfurals have been com


bined for sim
plicity. 
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Figure 6.8. C


om
positional feature distributions from


 the 1,096 com
plete cases of the 


approxim
ately 1,300 m


em
ber association panel w


hich are used in the 4 predictive 
m


odels. 
The colored shaded areas are the panel m


em
bers predicted to be in the upper quadrant 


of figure 6.6 (e.g., in figure 6.7). 
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Discussion


• Four	torrefaction	(and	3	pyrolysis)	models	developed	with	acceptable	
(re)predictive	ability	and	relationships	were	in	agreement	with	literature


• It	should	be	possible	to	identify	and	select	feedstocks	for	improved	
thermochemical	product	distributions	based	on	compositional	features


• This	effort	serves	as	proof	of	concept	of	the	approach


• More	data	points	would	improve	model	predictive	ability	&	uncover	
more	relationships	(including	interactions)


• Models	were	developed	for	maximum	interpretability,	not	maximum	
predictive	ability
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NIRS	model	
(Uninterpretable	
Coefficients)


1000’s	of	
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(Predicted)	


compositional	data
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Thermochemical	
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Thermochemical	
Model	(This	work)


1000’s	of	(Predicted)	
Thermochemical	Data


Future	work:	Model	Development


Hypotheses
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compositional	 data
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Interpretable	
Thermochemical	 Model	
(Similar	 approach	 as


in	this	work)


22	Switchgrass	
Spectra


Thermochemical	
NIRS	Analogue	


(Uninterpretable	 Coefficients) 1000’s	of	 (Predicted)	
Thermochemical	 Data


Future	work:	Model	Development


Hypotheses
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Heat Transfer between Solid Particles: 
Application to Fast Pyrolysis 


 
Funke, A.; Grandl, R.; Dahmen, N.; Sauer, J. 
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Heat transfer and fast pyrolysis 


Few process parameters to influence reaction temperature range 
Particle diameter, reactor temperature, and heat transfer coefficient 


 
Well investigated for fluidized bed reactors 


In general: h~200-600 W m-2 K-1               (Botterill, 1975) 


Simulations of fast pyrolysis: h~150-350 W m-2 K-1 (Papadikis et al., 2009, 2010) 


 
Typically divided into three parts: 


11.05.2016 21st International Symposium on Analytical and Applied Pyrolysis 


(Lédé and Villermaux, 1993) 


ℎ𝑡𝑡𝑡𝑡𝑡 = ℎ𝑝𝑡𝑝𝑡𝑝𝑝𝑡𝑝 𝑚𝑡𝑚𝑝𝑚𝑝𝑚𝑡 +ℎ𝑓𝑡𝑓𝑝𝑓 𝑝𝑡𝑚𝑚𝑝𝑝𝑡𝑝𝑡𝑚 +ℎ𝑝𝑡𝑓𝑝𝑡𝑡𝑝𝑡𝑚 
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10 kg h-1 biomass feed 
 
 
Twin screws mix heat  
carrier with biomass  
 Mechanically agitated 


 
 
Two staged condensation 
 


Process development unit ‚Python‘  


11.05.2016 21st International Symposium on Analytical and Applied Pyrolysis 
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Discrete element method (DEM): model 


11.05.2016 


FN 


FH 


𝐹𝐻 = 𝜇 ∙ 𝐹𝑁  𝑤𝑤𝑤ℎ  𝜇𝐵𝐵 = 0.5   
         𝜇𝐻𝐻 = 0.4  


Friction 


𝐹𝑅 = 𝑐𝑝𝑝 ∙ 𝐹𝑁  𝑤𝑤𝑤ℎ  𝑐𝑝𝑝,𝐵𝐵 = 0.9   
         𝑐𝑝𝑝,𝐻𝐻= 0.01    


FN 


FR 


Rolling friction 


𝐻𝑅 =
𝐹2
𝐹1


=
ℎ2
ℎ1


 = 0.5 
F2 F1 


Elastic collision 


Parameter Biomass Heat 
carrier 


Density (kg m-3) 350 7850 


Radius (mm) 0.7 0.5 


Flow rate (kg h-1) 10 1200 


Thermal conductivity 
(W m-1 K-1) 


0.19 80 


Thermal capacity  
(J kg-1 K-1) 


2021 449 


Initial temperature 
(K) 


293 800 


21st International Symposium on Analytical and Applied Pyrolysis 







Institute of Catalysis Research and Technology (IKFT) 5 


DEM model results 


 


11.05.2016 


BM HC 


hmean~50 W m-2 K-1 


21st International Symposium on Analytical and Applied Pyrolysis 
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DEM model conclusions 


 
 
Heat transfer coefficient can be surprisingly high 


h~400 W m-2 K-1 


Comparable to that of fluidized bed reactors 
 
 


High inefficiencies in the section prior to heat carrier inlet 
Pyrolysis takes place before high heat transfer conditions are achieved 
Optimization potential?!! 


11.05.2016 21st International Symposium on Analytical and Applied Pyrolysis 
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Heat transfer in a moving bed 


11.05.2016 


Twall 


Tpart,0 


Tpart,∞ 


1
ℎ𝑡𝑡𝑡𝑡𝑡


= 1
ℎ𝑤𝑡𝑡𝑡−1𝑠𝑡 𝑡𝑡𝑙𝑙𝑙


+ 1
ℎ𝑝𝑡𝑝𝑝𝑙𝑝 𝑏𝑙𝑝


 


Λ 
↔ 


Twall,1 


Twall,2 


Assumption:   
 1
ℎ𝑝𝑡𝑝𝑝𝑙𝑝 𝑏𝑙𝑝


→ 0 


 
for 7 < 𝑚𝐻𝐻


𝑚𝐵𝐵
< 12 
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(Schlünder and Tsotsas, 1988) 


movement 
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Coverage of particles 
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h~1200 W m-2 K-1 


h~400 W m-2 K-1 
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Sphere packing in a moving bed 


Heat transfer of >400 W m-2 K-1 is feasible 
 


Mixing effects are likely to be negligible 
Once mixed heat transfer remains high 


11.05.2016 21st International Symposium on Analytical and Applied Pyrolysis 
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Reactor design improvement 


11.05.2016 


BM HC 


hmean~300 W m-2 K-1 
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Conclusions 


 
 
Heat transfer coefficient can be surprisingly high 


h~400 W m-2 K-1 


Comparable to that of fluidized bed reactors 
 
 


High inefficiencies in the section prior to heat carrier inlet 
Can be reduced with optimized design 
Full optimization potential unknown 
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Feasible! 


…further investigations necessary 
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Full list of parameters for DEM model 


21st International Symposium on Analytical and Applied Pyrolysis 11.05.2016 


Parameter Biomass Heat carrier 


Youngs module (N m-2) 30,000 210,000 


Poisson ratio 0.25 0.3 


Coefficient of restitution 0.5 0.5 


Coefficient of friction 0.5 0.4 


Coefficient of wall friction 0.9 0.01 


Density (kg m-3) 350 7850 


Radius (mm) 0.7 0.5 


Flow rate (kg h-1) 10 1200 


Thermal conductivity (W m-1 K-1) 0.19 80 


Thermal capacity (J kg-1 K-1) 2021 449 


Initial temperature (K) 293 800 


Rotational speed screws (s-1) 2 


Time step solver (s) 10-5 
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Biomass thermochemical conversion 
A multi-scale, multi-physics problem 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale 


Single particle 
Simple flow conditions 
imposed through BCs 
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A multi-scale, multi-physics problem 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale 


102-103 particles 
inter-particle phenomena, 


drag, heat transfer, 
Stephan flows 







Biomass thermochemical conversion 
A multi-scale, multi-physics problem 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale 


102-103 particle  diameters 
Large scale features of flows: 
bubbles, clusters (“lab scale”) 







Biomass thermochemical conversion 
A multi-scale, multi-physics problem 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


https://mfix.netl.doe.gov/results.php 
Pilot and commercial scales 


1-10 meters 
Full reactor scale 







Biomass thermochemical conversion 
A multi-scale, multi-physics problem 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 







Biomass thermochemical conversion 
From the computational point of view 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


“CFD” 
 Solve the Navier-Stokes (NS) equations 


 From a set of initial conditions 
 and with specified, time/space-varying boundary conditions 
 Additional equations for chemical variables 


 







Biomass thermochemical conversion 
From the computational point of view 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


“CFD” 
 Solve the Navier-Stokes (NS) equations 


 From a set of initial conditions 
 and with specified, time/space-varying boundary conditions 
 Additional equations for chemical variables 


 


Lagrangian particles, 
Eulerian mesh 


for NS discretization 







Biomass thermochemical conversion 
From the computational point of view 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


“CFD” 
 Solve the Navier-Stokes (NS) equations 


 From a set of initial conditions 
 and with specified, time/space-varying boundary conditions 
 Additional equations for chemical variables 


 


Lagrangian particles, 
Eulerian mesh 


for NS discretization 







Biomass thermochemical conversion 
From the computational point of view 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


“CFD” 
 Solve the Navier-Stokes (NS) equations 


 From a set of initial conditions 
 and with specified, time/space-varying boundary conditions 
 Additional equations for chemical variables 


 


Eulerian mesh 
for both NS discretization 


and particle phase 







Biomass thermochemical conversion 
From the computational point of view 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


“CFD” 
 Solve the Navier-Stokes (NS) equations 


 From a set of initial conditions 
 and with specified, time/space-varying boundary conditions 
 Additional equations for chemical variables 


 At meso and macro-scales, small-scale motions are not captured by 
the discretization anymore 
 Modify governing equations to account for “sub-grid” effects 
 CLOSURES 


 e.g. drag model 
 


 







Biomass thermochemical conversion 
From the computational point of view 
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Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


“CFD” 
 Coarser discretization 


 Larger-scale simulations (e.g. full reactor)  
 Increased importance of closures in governing equations 


 Closures rarely general or derived from first-principles 
 Especially the case for chemical processes 
 High uncertainty, modeling and numerical errors 


 Meso-scale ideal to characterize and develop closures for larger 
systems 


 


 







Pyrolysis vapor catalytic upgrading in risers 
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g 







Capecelatro, Pepiot, Desjardins, Chem. Eng. J. 2014 & Chem. Eng. Sci. 2015  
 


Pyrolysis vapor catalytic upgrading in risers 
Configuration 
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D.O.E. National Energy Technology Lab 


Particle 
position 


g 







Capecelatro, Pepiot, Desjardins, Chem. Eng. J. 2014 & Chem. Eng. Sci. 2015  
 


Pyrolysis vapor catalytic upgrading in risers 
Configuration 
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D.O.E. National Energy Technology Lab 


Particle 
position 


Iso-surface of particle 
concentration  
 


Particle 
position 


g 


hydrodynamics only  
(no reaction) 


Periodic domain 
 







Pyrolysis vapor catalytic upgrading in risers 
Kinetic model 
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 Ad-hoc kinetic model 
 


 


 


 


 Assumptions 
 Isothermal process 
 No catalyst deactivation 
 Well resolved (no need for sub-grid scale model for the chemistry) 


 Decomposition rate of volatiles 


     is chosen to obtain 90%wt 
conversion at reactor exit for an 
homogeneous catalyst distribution 







Pyrolysis vapor catalytic upgrading in risers 
Solid distribution and conversion 
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Pyrolysis vapor catalytic upgrading in risers 
Solid distribution and conversion 
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Solids volume 
fraction 


Species 
concentration 


69% conversion rate 







Pyrolysis vapor catalytic upgrading in risers 
Comparison with a 1D model 
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simulation 







Pyrolysis vapor catalytic upgrading in risers 
Comparison with a 1D model 
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simulation 


1D models predict ~20% 
higher conversion rate! 







Pyrolysis vapor catalytic upgrading in risers 
Comparison with a 1D model 


22 6/13/2016 


simulation 


1D models predict ~20% 
higher conversion rate! 


• Homogeneous catalyst volume fraction 
grossly over predicts conversion rate 
 


• Discrepancy between models and 
simulations is due to lateral dispersion of the 
mixture (due to clustering at the walls) 
 


• Higher order information on catalyst 
distribution is required  







Biomass pyrolysis in a bubbling fluidized bed 
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Biomass pyrolysis in a bubbling fluidized bed 
Configuration 


24 6/13/2016 


 Gas phase: 100,000 cells 
 Particle phase:  
 40,000 spherical particles 
 Poly-disperse (50-415 μm) 
 Infinite solid heat conductivity, diffusivity 


 Inlet and boundary conditions 
 Gas and sand temperature: 800oC 
 Adiabatic walls 
 Inflow (N2): Vin=0.576m/s (5 Umf) 


 


Lx
 =


 0
.4


 m
  


Ly = 0.05 m  







Biomass pyrolysis in a bubbling fluidized bed 
Configuration 


25 6/13/2016 


 Gas phase: 100,000 cells 
 Particle phase:  
 40,000 spherical particles 
 Poly-disperse (50-415 μm) 
 Infinite solid heat conductivity, diffusivity 


 Inlet and boundary conditions 
 Gas and sand temperature: 800oC 
 Adiabatic walls 
 Inflow (N2): Vin=0.576m/s (5 Umf) 


 


Lx
 =


 0
.4


 m
  


Ly = 0.05 m  


Solid-gas pyrolysis model 


1Corbetta et al., Energy & Fuel 28 3884-3898, 2014 


 


POLIMI model1 


19 “solid” species, 26 reactions 







Biomass pyrolysis in a bubbling fluidized bed 
Configuration 
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Detailed kinetics2 


400 species, 3200 reactions 
 
 
 
 
 
 


Secondary gas phase kinetics 


 Gas phase: 100,000 cells 
 Particle phase:  
 40,000 spherical particles 
 Poly-disperse (50-415 μm) 
 Infinite solid heat conductivity, diffusivity 


 Inlet and boundary conditions 
 Gas and sand temperature: 800oC 
 Adiabatic walls 
 Inflow (N2): Vin=0.576m/s (5 Umf) 


 


Lx
 =


 0
.4


 m
  


Ly = 0.05 m  


Reduced kinetics 
37 species, 61 reactions 


Solid-gas pyrolysis model 


1Corbetta et al., Energy & Fuel 28 3884-3898, 2014, 2Narayanaswamy et al., Combust. Flame, 162, 1193-1213, 2015 


 


POLIMI model1 


19 “solid” species, 26 reactions 







Tar formation 
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Sand and biomass  
particles location (yellow)  
Total tar (color) 


TOTAL LVG HMFU A1 
(Benzene) 


A2  
(Naphthalene) 


Particles location (yellow)  
Total tar (color) 







Biomass pyrolysis in a bubbling fluidized bed 
Role of intra-particle heat and mass transfer 
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 Embed a one-dimensional intra-particle model within each 
biomass particle 
 1D in house algorithm reproduces COMSOL simulation results1,2 


Particle center temperature  Solid mass fraction  


1Park et al., Combustion and Flame (2010), 2Corbetta et al., Energy & Fuel (2014) 







Biomass pyrolysis in a bubbling fluidized bed 
Role of intra-particle heat and mass transfer 
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 Embed a one-dimensional intra-particle model within each 
biomass particle 
 1D in house algorithm reproduces COMSOL simulation results1,2 


 Impact limited on mean particle quantities 


1Park et al., Combustion and Flame (2010), 2Corbetta et al., Energy & Fuel (2014) 


------   no 1D model 
------   1D model 







Biomass pyrolysis in a bubbling fluidized bed 
Role of intra-particle heat and mass transfer 


30 6/13/2016 


 Embed a one-dimensional intra-particle model within each 
biomass particle 
 1D in house algorithm reproduces COMSOL simulation results1,2 


 Impact limited on mean particle quantities, but significant on 
fluctuations!  
 May affects secondary gas phase reactions 


 


1Park et al., Combustion and Flame (2010), 2Corbetta et al., Energy & Fuel (2014) 


------   no 1D model 
------   1D model 







Conclusions 


31 6/13/2016 


Molecular dynamics 


Chemistry 


1D engineering models 
Plant models (Aspen) 


Molecular scale Particle scale Plant-scale Meso-scale Macro-scale 


 Flow dynamics can significantly impact chemical processes 
in gas-solid reactors 
 Major challenge in CFD is developing appropriate closures for 


large-scale computations 
 Meso-scales are key in scaling up simulations 
 Need validation data! 





		Investigating the role of flow dynamics on biomass thermochemical conversion using High Performance Computing

		Biomass thermochemical conversion�A multi-scale, multi-physics problem

		Biomass thermochemical conversion�A multi-scale, multi-physics problem

		Biomass thermochemical conversion�A multi-scale, multi-physics problem

		Biomass thermochemical conversion�A multi-scale, multi-physics problem

		Biomass thermochemical conversion�A multi-scale, multi-physics problem

		Biomass thermochemical conversion�A multi-scale, multi-physics problem

		Biomass thermochemical conversion�From the computational point of view

		Biomass thermochemical conversion�From the computational point of view

		Biomass thermochemical conversion�From the computational point of view

		Biomass thermochemical conversion�From the computational point of view

		Biomass thermochemical conversion�From the computational point of view

		Biomass thermochemical conversion�From the computational point of view

		Pyrolysis vapor catalytic upgrading in risers�

		Pyrolysis vapor catalytic upgrading in risers�Configuration

		Pyrolysis vapor catalytic upgrading in risers�Configuration

		Pyrolysis vapor catalytic upgrading in risers�Kinetic model

		Pyrolysis vapor catalytic upgrading in risers�Solid distribution and conversion

		Pyrolysis vapor catalytic upgrading in risers�Solid distribution and conversion

		Pyrolysis vapor catalytic upgrading in risers�Comparison with a 1D model

		Pyrolysis vapor catalytic upgrading in risers�Comparison with a 1D model

		Pyrolysis vapor catalytic upgrading in risers�Comparison with a 1D model

		Biomass pyrolysis in a bubbling fluidized bed�

		Biomass pyrolysis in a bubbling fluidized bed�Configuration

		Biomass pyrolysis in a bubbling fluidized bed�Configuration

		Biomass pyrolysis in a bubbling fluidized bed�Configuration

		Tar formation

		Biomass pyrolysis in a bubbling fluidized bed�Role of intra-particle heat and mass transfer

		Biomass pyrolysis in a bubbling fluidized bed�Role of intra-particle heat and mass transfer

		Biomass pyrolysis in a bubbling fluidized bed�Role of intra-particle heat and mass transfer

		Conclusions






 


The influence of torrefaction on the quality and quantity of fast-pyrolysis oil 
An experimental research supported by a mathematical particle-conversion model 


  
by  


 
J.C. BHAGWANDAS 


  
  


  
  


  


Biomass conversion times and kinetics during flash pyrolysis 
An experimental study including torrefied biomass 


  


Alexander Louwes (presenter), Eddy Bramer, Gerrit Brem 
11 May, 2016 


  
  







Torrefaction 


Co-combustion 


Gasification 


Introduction Experimental 
methods 


Conclusions & 
Discussion 


Further research 2 


INTRODUCTION 


Results 


Pyrolysis 


• Oil quality 
• Less grinding energy 







What is the influence of a torrefaction pre-treatment on the conversion 
times, kinetics of flash pyrolysis? 


INTRODUCTION 


Torrefaction severity 


Particle size 


3 


? 


Various biomass streams 


Introduction Experimental 
methods 


Conclusions & 
Discussion 


Further research Results 







EXPERIMENTAL METHODS: CYCLONIC TGA SETUP 


4 Introduction Experimental 
methods 


Conclusions & 
Discussion 


Further research Results 


 
• Infinite residence time 
• Analysis of mass change of the  
 sample during flash pyrolysis 
• High heating rates of the particles  
• Short residence time for the gases 
 (<< 1 sec) 


 


Characteristics 
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CONCLUSIONS & DISCUSSION 


• Kinetic regime for untreated wood: <90 μm 
• Torrefaction up until about 250°C does not significantly influence conversion times / kinetics 
• Increasing torrefaction severity leads to longer conversion times (removal of mainly hemicellulose) 


 
 


Discussion 
• Are we able to measure purely kinetics in the cyclonic TGA? 
• Is a torrefaction pre-treatment the way forward? 
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Further research 
• Further tests: 


• Small particle sizes with torrefied feed and other feedstock 
• Higher torrefaction temperatures, up to 325°C 
• More research on ‘fibery’ streams (e.g. straw) 


 
• Moving towards in-house torrefaction and flash pyrolysis 
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•  Flash pyrolysis of torrefied material requires longer residence times or higher operating temperatures 
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Biomass gasification 
• Thermochemical conversion of biomass into syngas 


– Promising alternative to fossil fuel. 
– To produce highly energetic product via Fisher-


Tropsch or methanation processes. 
 


INTRODUCTION 
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INTRODUCTION 


AIR 


BIOMASS 


SYNGAS 


STEAM 


Technology employed 
• One on the most encouraging and advanced 


technology is dual fluidized bed. 
 


Gasifier (T = 850°C) 
Thermochemical conversion  


of biomass 
Pyrolysis + steam gasification 


Endothermic reactor 


Combustor (T = 950°C) 
Combustion of the char from  


the gasifier 
Char combustion 


Exothermic reactor 


Heat media 
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OBJECTIVES OF THE THESIS 


AIR 


BIOMASS 


SYNGAS 


STEAM 


• Kinetic study of the steam gasification and 
combustion of chars. 


– In TGA and fluidized bed reactor 
To design the gasifier and combustor. 
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OBJECTIVES OF THE THESIS 


AIR 


BIOMASS 


SYNGAS 


STEAM 


• Kinetic study of the steam gasification and 
combustion of chars. 


– In TGA and fluidized bed reactor 
To design the gasifier and combustor. 


 


• Study of the cracking and reforming of tars 
in fluidized bed reactor. 
To limit the amount of tars in the process 
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OBJECTIVES OF THIS PRESENTATION 


AIR 


BIOMASS 


SYNGAS 


STEAM 


Originality of the study 
Biomass char (wood) 


Fast pyrolysis 
Fluidized bed reactor 


 


Characterization of chars from fast pyrolysis in 
fluidized bed reactor. 


• To understand the physicochemical changes of the 
chars during 


– The fast pyrolysis of two types of wood 
– In a fluidized bed reactor 
– At different pyrolysis temperatures : 450, 650 and 


850°C 
Characterization techniques used : spectroscopy, optical, 
diffraction and adsorption techniques. 


To study the oxidative reactivity of the chars in 
TGA 
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Biomass char (wood) 


Fast pyrolysis 
Fluidized bed reactor 
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Pyrolysis in a fluidized bed reactor 
Inert atmosphere : N2 


Fluidizing media : Sand 
Gas velocity : 7.Umf 


3 bed temperatures : 450, 650, 850°C 
Biomass insertion inside a mobile 


probe 
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Structure & morphology 
Wood fibers aligned in the longitudinal 


direction 
Diameter : 10 μm 
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Structure & morphology 
Smooth regions corresponding to 


carbonized wood fibers 
Presence of surface etchings, bubbles, 
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Operating conditions 
Surface 


area 
(m²/g) 


True  
Density 
(kg/m3) 


Ultimate analysis 
 (db, wt%) 


Chemical 
formula 


Pyrolysis 
T° N2 (77K) He C H O Ash 


Oak Pellet - - 1433.3 44.79 6.09 47.29 1.66 CH1.63O0.79 


PEL 450 450 3.34 1504.2 74.47 2.99 12.88 8.59 CH0.48O0.13 


PEL 650 650 128.82 1722.8 75.62 2.03 8.98 10.85 CH0.32O0.09 


PEL 850 850 124.0 1832.5 70.47 0.43 6.06 12.05 CH0.09O0.06 


Beech Stick - - 1362.5 44.63 6.37 45.24 0.19 CH1.71O0.76 


STI 450 450 Equilibrium 
not 


reached 


1394.3 74.1 4.17 18.96 1.17 CH0.68O0.19 


STI 650 650 1589.4 84.47 2.75 7.39 3.20 CH0.39O0.07 


STI 850 850 1924.4 87.17 0.57 6.95 2.79 CH0.08O0.06 


CHAR CHARACTERIZATION 
 


Mathieu Morin, Sébastien Pécate, Mehrdji Hémati, Olivier Marsan 







13/06/2016 17 


CHAR CHARACTERIZATION : RESULTS 
An increase in the pyrolysis temperature leads to : 


• A more disordered char with the presence of vesicles (bubbles) and open 
and close pores (SEM). 


• A loss of oxygen and hydrogen groups (FTIR, NMR). 
• An increase of the carbon content in the char (FTIR, NMR). 
• A char with a graphite-like structure as well as some amorphous carbon 


(RAMAN, XRD). 
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CHAR CHARACTERIZATION : RESULTS 
An increase in the pyrolysis temperature leads to : 


• A more disordered char with the presence of vesicles (bubbles) and open 
and close pores (SEM). 


• A loss of oxygen and hydrogen groups (FTIR, NMR). 
• An increase of the carbon content in the char (FTIR, NMR). 
• A char with a graphite-like structure as well as some amorphous carbon 


(RAMAN, XRD). 
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An increase in the pyrolysis temperature leads to : 
• A more and more aromatic char (NMR, RAMAN). 
• The increase in the concentration of aromatic rings having six fused 


benzene rings (RAMAN). 
• Finally, the higher the pyrolysis temperature, the higher the size of 


aromatic rings is. 
 
 
 


CHAR CHARACTERIZATION 
RESULTS 
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– Overview of biomass gasification and technology 
– Objectives 
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– Experimental rig for biomass pyrolysis 
– Raw and produced materials 


 


• Char characterization 
– Characterization tools : SEM, FTIR, 13C NMR, XRD, RAMAN 
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Study of the reactivity of the different chars 
Effect of the pyrolysis temperature on the reactivity of chars  


Effect of the nature of the biomass 
isothermal combustion at 400°C. 


 


Sample properties                                 
Size distribution of 10-30 μm (obtained by grounding). 
Alumina crucible loaded with 10 mg of char.  
 


Isothermal combustion in TGA 
• Inert atmosphere of N2 


An initial period of 15 min at ambient temperature  
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Study of the reactivity of the different chars 
Effect of the pyrolysis temperature on the reactivity of chars  


Effect of the nature of the biomass 
isothermal combustion at 400°C. 


 


Sample properties                                 
Size distribution of 10-30 μm (obtained by grounding). 
Alumina crucible loaded with 10 mg of char.  
 


Isothermal combustion in TGA 
• Inert atmosphere of N2 


An initial period of 15 min at ambient temperature  
A linear heating rate of 10°C/min to the combustion temperature 
A period of 15 min at the run temperature  


• Switch N2 to air  
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• Reactivity increases by decreasing pyrolysis temperature. 
– Higher hydrogen and oxygen content at lower pyrolysis 


temperature 
– More active sites 
– A higher aromaticity nature of the char decreases the reactivity. 
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• Reactivity increases by decreasing pyrolysis temperature. 
– Higher hydrogen and oxygen content at lower pyrolysis 


temperature 
– More active sites 
– A higher aromaticity nature of the char decreases the reactivity. 
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Comparison for chars obtained at 850°C 
• PEL850 more reactive than STI850 


– Difference in structure between the two biomasses. 
– PEL chars composed of agglomeration of fine particles, higher external 


surface available for oxygen. 
– PEL chars also contained more ash.  
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Experimental & materials 
• Fast pyrolysis carried out in a fluidized bed reactor 
• 2 type of woods : beech stick and oak pellet 


Mathieu Morin, Sébastien Pécate, Mehrdji Hémati, Olivier Marsan 


Results 
• Characterization of the chars 


– Complex solid residue : Raise of carbon content and decrease of 
oxygen and hydrogen content with pyrolysis temperature 


– Chemical formula of the char : CHxOy 


• Influence of the pyrolysis temperature 
– Reactivity increases by decreasing pyrolysis temperature. 


• Influence of the nature of the biomass 
– PEL850 more reactive than STI850 
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• This work was performed with the CCIAG company (Grenoble 
district heating) in the BOIL project. 
 


• Bio-oil produced from biomass fast pyrolysis: alternative to fossil 
liquid fuel, in particular for boiler in district heating.  


 
• Production of bio-oil by biomass pyrolysis in an entrained flow 


reactor (not studied a lot up to now): an alternative to the better-
known fluidized bed reactor. 


 
• Woody biomass fast pyrolysis was investigated in a drop 


tube reactor as first step laboratory-scale study. 
 


CONTEXT 







| 3 Pyro2016 - Woody biomass fast pyrolysis in a drop tube reactor - marine.peyrot@cea.fr 


• Objective: comprehensive study in order to  
• Identify the key parameters to optimize the bio-oil production from pulverized 


biomass fast pyrolysis in a drop tube reactor 
• Help the design and simulation of entrained flow reactor pilot for biomass fast 


pyrolysis 
 
 


• Methodology 
 


 
 


OBJECTIVE & METHODOLOGY OF THE STUDY 


Pyrolysis product characterization 
(focus on properties interesting for 


combustion application) 


Experimental biomass 
pyrolysis study in a drop 


tube reactor (Mines d’Albi-
Carmaux) 


 


Modeling the experiments 
 with the GASPAR software – 1D model 
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PRESENTATION OF THE DTR / EXPERIMENTAL 
CONDITIONS 


Feedstock Beech particles 
Particle size (µm) 370, 490, 640 
Temperature (°C) 450, 500, 550, 600 


Gas residence 
time (s) 


16.6  
 


Aqueous 
fraction 


Organic 
fraction 


Development of a specific 
device at the reactor outlet to 


separate and quantify:  
char, condensable and gases 


Parameters 
investigated  


Gas: µGC 
Char and bio-oils: elemental composition, 
Higher Heating Value (HHV), Thermo-
Gravimetric Analyser (TGA).  
Bio-oils: water content, acidity and viscosity, 
chemical composition analysed by GC-MS. 
 


Qbiomass = 1 g/min 
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Drop tube reactor 


For all the tests, the mass balance closure was checked 
(lying between 88 to 104%) 


Heating zone: 1.2 m 
Diameter: 7.5 cm 
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• Software developed for high temperature biomass gasification (800-1500°C) 
J. Billaud, S. Valin, M. Peyrot, S. Salvador, Fuel 166, pp. 166-178, 2016. 
S, Septien, S. Valin, M. Peyrot, B. Spindler, S. Salvador, Fuel 103, pp. 1080-1089 
J.Billaud PhD Thesis 2016 Gazéification de biomasse en réacteur à flux entraîné : études expérimentales et modélisation 


• For this study, GASPAR has been specially adapted for pyrolysis 
• Hypotheses: 


• 1D model 
• Isothermal particle 
• Plug flow reactor 


 


• Slip between particle and gas taken into account 
• Gas phase and particles have different residence times 


 


• Physico-chemical phenomena taken into account in GASPAR 


GASPAR MODEL (GASIFICATION OF SOLID PARTICLES) 


Tar cracking 
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• One-step pyrolysis reaction 
 
 
 
 
 
 
 
 
 


• Global tar cracking reaction  
 


GASPAR MODEL (GASIFICATION OF SOLID PARTICLES) 
 


Bio-oil: tar condensable fraction 
(model molecule)  
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• Reaction kinetics 
 
• Pyrolysis 


 


𝑑𝑚𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑏𝑏𝑏


𝑑𝑑 = −𝑚𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑝𝑑𝑑𝑏 = −𝑚𝑑𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝐴𝑝𝑑𝑑𝑏 exp −
𝐸𝐸𝑝𝑑𝑑𝑏
𝑅𝑅  


kinetic parameters were taken from the study of Gorton et al 
 (W. Gorton and J. Knight, “Oil from biomass by entrained-flow pyrolysis.,” in Biotechnol 
Bioeng Symp, 1984, p. 6) 
 
 
• Tar cracking 𝑪𝟏𝟏𝑯𝟖𝑶𝟒 


 
𝑑𝑚 𝐶10𝐻8𝑂4


𝑑𝑑 = −𝑚𝐶10𝐻8𝑂4
𝑘𝑐𝑑𝑏𝑐𝑐 = −𝑚𝐶10𝐻8𝑂4


𝐴𝑐𝑑𝑏𝑐𝑐 exp −
𝐸𝐸𝑐𝑑𝑏𝑐𝑐
𝑅𝑅  


kinetic parameters determined to fit the experimental results 
 
 


 
 
 


 
 


GASPAR MODEL  
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Maximum bio-oil yield - about 63% - for 500°C 
 and the 370µm size particles 


 


For lower temperature – 450°C or higher particle size than 370 µm 
→ bio-oil yield significantly lower due to incomplete wood powder pyrolysis  
(too low temperature and too short solid residence time in the reactor) 
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EXPERIMENTAL RESULTS  
PYROLYSIS PRODUCT DISTRIBUTION 


Temperature influence – 370 µm Particle size influence – T=550°C 
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COMPARISON WITH THE FLUIDIZED BED YIELDS 


Comparison of pyrolysis products yields in drop tube furnace (this study) with 
the data given in the literature related to fluidized bed reactors (dashed lines) 


(Di Blasi 2009) 


Bio-oil yields 
close to those 
observed in 
fluidized bed 


reactors 
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HHV OF BIO-OIL, RESIDUAL SOLID & GASES 


HHV of bio-oil 
comprised 


between 13.5 
and 15.5 MJ/kg 


Energy content = yield * HHV 


Highest energy 
content for 
500°C and 


particle size = 
370 µm 


 
Enhanced cracking  
of bio-oil into gas 
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COMPARISON BETWEEN EXPERIMENTAL YIELDS AND 
GASPAR FOR DIFFERENT TEMPERATURE 
 PARTICLE SIZE = 370 MICRONS 


GASPAR: particle 
residence time at the 


reactor outlet 


too short solid residence 
time for T < 500°C 
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COMPARISON BETWEEN EXPERIMENTAL YIELDS AND 
GASPAR FOR DIFFERENT PARTICLE SIZE 
T = 550°C 


GASPAR: particle 
residence time at the 


reactor outlet  


too short solid residence 
time for particle > 500 µm 
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• The operational conditions of the tests had a low impact on the 
properties of bio-oil (except for the highest temperature at 600°C). 


 


• Their HHV was always comprised between 13.5 and 15.5 MJ/kg. 
 


• The optimum conditions to obtain the highest energy content in the bio-
oil are the same as the one for maximization of the bio-oil yield:  


     T = 500°C and particle size = 350 µm. 
 


• The model validated by confrontation with the experimental results, 
helps to understand the phenomena, in particular, the temperature and 
particle size influence. 
 


• The devolatilisation and tar cracking reaction have been used for the 
design and simulation of the pilot (10kg/h). 
 


• Future work: pilot experimentations, bio-oil post-treatment and bio-oil 
combustion tests  
 


 


CONCLUSIONS 
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Thank you for your attention! 
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Overall Context – Carbon Negative 
Emissions 


 Post Paris COP – negative carbon emissions are going to be required 
either to stay within 1.5oC global warming or in the post 2050 world 
with >450 ppm atmospheric CO2 


 Enormous potential of soil to store carbon, > 1 trillion tonnes carbon. 
 Economics of biochar against BECCS look favourable, especially if 


waste feedstocks used first. 
 Predicated on internationally agreed price for carbon. 







 BC quantification is important for research into many global 
processes  


  -  Carbon cycle as BC is resistant to chemical and biological breakdown 
  - Atmospheric chemistry and heat balance 
 
 Many different methodologies for BC determination  
  -  Thermal / chemical oxidative 
  - Optical 
  - Spectroscopic 
 
 Issues 
  -  No standardised methodology 
  - Wide variety in results from different approaches 
  - Significant variation between labs using the same methodology 
  - BC is not a single entity but exists as a chemical continuum 


Black Carbon Determination: Why HyPy? 







Hydropyrolysis (HyPy) introduction 
High H2 pressure open system analytical pyrolysis 


 Pyrolysis assisted by high hydrogen 
pressure – 150 bar (Mo catalyst) 


 Slow heating to 550ºC promotes selective 
cleavage of C-O, C-S bonds 


 H2 flow (5 L/min) gives short residence 
time in reactor (seconds) preserving 
structural/stereochemical integrity of 
products and prevents in-situ char 
formation 


 Liquid products adsorbed to silica in dry 
ice cooled trap 


 Sample size 10 mg – 3 g; total run time 
~40 mins 


 Commercially available system 







 BC quantification (BCHyPy) via 
elemental analysis of the reactor 
residue 


 HyPy is non-destructive so further 
characterisation e.g. 13C-nmr 


 Very high conversion (~100%) of 
thermally labile material, with no in-
situ char produced 


 Products (non-BCHyPy fraction) 
desorbed from trap silica for GC-MS 


 Range of geochemical applications 
  -  Petroleum geochemistry 
  - Organic geochemistry 
  - Kerogen/asphaltene characterisation 
   


HyPy introduction 
Reductive method for BC isolation & non-BC 
characterisation 


Hydrogen gas pressure (bar) 
O


il 
yi


el
d 


(%
 d


af
 o


m
) 


40 


Type I 


Type II 


Type III 
(no catalyst) 20 


60 


80 


Type III 


50 100 150 200 0 


Compiled from Roberts et al. (1994) 


HyPy oil yield by kerogen type 







BCHyPy: Hammes et al. (2007) ring trial 
From Meredith et al. (2012) GCA 97, 131-147 


• HyPy isolates a reproducible  (±2%) BC fraction of consistent 
thermal stability from different environmental matrices 


• HyPy distinguishes between the highly recalcitrant soot and the 
more labile (low temp 450ºC) biochars 







Elemental H/C and O/C ratios  
and 13C NMR of BCHyPy  


Ring trial samples (left) and a selection of charcoals 


 BCHyPy can be defined as having an atomic H/C ratio below 0.5. 
 > 7 rings peri-condensed PAH structures.  
 Atomic O/C ratios less than 0.1. 
 13C NMR shows effective removal of cellulose (60-105 ppm) 


 
 







Biochar BC content 
BCHyPy content vs. temperature of biochar formation 
 


• Char stability (as measured by BCHyPy content) dependent on both the 
feedstock and temperature of formation. 


• Torrefaction temperatures produce little BCHyPy 







BCHyPy contents of biochars 
Variation by feedstock and temperature of formation 
700oC needed to BCHyPy achieve contents greater than 80% 







University of Sydney ring trial 
Detailed study of biochar composition 


• 21 biochars from 14 different feedstocks with 6 formed at a low 
temperatures (400–450ºC), 10 at 550ºC and 5 at 700ºC  


• Samples analysed by a wide range of chemical, thermal and 
spectroscopic techniques across >20 institutions 


• Overall aim was to characterise biochars by feedstock type and 
temperature of formation, and to identify methods to assess 
biochar persistence in the environment 


• HyPy used to isolate stable carbonaceous fraction (BCHyPy) – does 
this correlate with measures of aromaticity (NMR) and elemental 
composition (H:Corg)? 


• Inter-laboratory comparison for BCHyPy data between 3 separate 
institutions to ascertain reproducibility of the technique 







BCHyPy contents of biochars 
Reproducibility & inter-lab comparison 







Relationship between BCHyPy & H:Corg 
H:Corg is a reasonable proxy for %BCHYPY 







Products from HyPy of fresh charcoals 
From Ascough et al. (2010) Radiocarbon 52, 1336-1350 


MN 


MP 
MPy 


Fresh charcoal, Maninjau from Sumatra 
- in situ charring of trees dated to ~50 
ka BP TIC 


MN 


MP 
MPy 


Fresh charcoal, Oursi-hubeero, 
Burkina Faso (OH), sand and clay 
deposits dated to ca.1050 AD 


TIC 


 All fresh or non-degraded charcoals and biochars studied so far 
generate a “non-BCHyPy” fraction composed of 2 to 7 ring PAHs 


 







Fewer 2- and 3-ring 
structures apparent 


 Fresh charcoals such as the Maninjau give “non-BCHyPy” fractions 
composed of 2 to 7 PAHs with 2/3 rings most abundant 


 Degraded charcoals show a more restricted distribution – fewer 
2/3 ring PAHs and alkyl substituted structures apparent 


MN 


MP 
MPy 


TIC 


Fresh charcoal 
(Maninjau) 


Degraded charcoal 
(Chinese river sediment) 


TIC 


Aromatic hydrocarbon non-BCHyPy fraction 
Fresh vs. environmentally degraded charcoal comparison 







TIC 


TIC Fresh bagasse biochar 
(512ºC) 


1 year surface exposure 
(512ºC bagasse biochar) 


MN 
MP MPy 


Std 


Std 


 Significant difference in the distribution of PAHs (decreased 3:4 ring 
ratio) cleaved form the bagasse chars after 1 year exposure 


 Apparent for surface samples only - no difference seen for 
buried samples. 


Phen+An = 0.74 
 Flu+Py 


Phen+An = 0.46 
 Flu+Py 


Aromatic hydrocarbon non-BCHyPy fraction 
Field trial 512ºC bagasse biochar 


Fewer 2- and 3-ring 
structures apparent 







GC-MS of HyPy labile fraction 
Switch grass biochar 400 & 550ºC showing decrease in 
alkly substitution with temperature  







GC-MS of HyPy labile fraction 
Wheat straw biochar 550 & 700ºC  showing huge 
reduction in labile PAH with increasing temeprature  







GC-MS of HyPy labile fraction 
Parent to alkyl-substituted PAH ratio highlighting 
decreasing alkyl substitution 







Conclusions 
HyPy as a method for biochar characterisation 


 HyPy is able to isolate a reproducible carbonaceous fraction (black 
carbon - BCHyPy) fraction comprising >7 rings  from a range of 
biochars. 


 Carbonisation temperature of 700oC needed to achieve BCHyPy >80%. 


 BCHyPy  correlates with H:Corg  


 The non-black carbon fraction from biochars comprise 2-7 ring PAHs. 
This first increases with temperature to 550ºC and then sharply 
decreases at 700ºC. 


 The proportion of alkyl-substituted PAHs decreases relative to parent 
PAHs with an increase in char formation temperature. 


 The average ring size of semi-labile PAH does not systematically 
increase at higher char formation temperatures cf high rank coals. 
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Organic matter (OM) of natural environment 


• One of the major continental carbon pools 


• A main role in the global carbon and nitrogen cycles 


• An heterogeneous, macromolecular, complex mixture of various sources 


Derenne and  Nguyen Tu, Comptes rendus Geosciences, 2014  


CP-MAS 13C NMR (chemical functionalities)  


CuPy(TMAH)-GC/MS (molecular distribution) 


Quantitative information 


Hydrophilic fractions 


and limited 


Chemical characterization at global and molecular levels 


still challenging 


Primordial issue for 


aquatic OM 







To trace sources of OM… 
Autochtonous natural vs allochtonous natural and anthropic 
(Algae, bacteria, 


macrophytes) 
(Soils) (Domestic and 


industrial urban waste) 


… in several rivers of the Paris Basin 
the Seine, the Marne and the Oise 


and to investigate their spatio-time variability 


Riverine OM 


Piren-Seine French project 


http://www.metis.upmc.fr/piren 







Studied samples 


Riverine water 


Filter GF/F (0.7 µm) 


Dissolved OM (DOM) 


Not currently studied 


Paris 


• Seine upstream from Paris 
• Seine downstream from Paris 
• Marne 
• Oise 


22 samples of Particulate OM (POM) 
11 places of watersheds 


2 campaigns, low and high water periods  
(summer of 2012 and winter of 2013)  


CP-MAS 13C NMR and CuPy(TMAH)-GC/MS analyses 


Scratching off 


Filtration 







CP-MAS 13C NMR spectra 


Alkyl C 


C-O 
polysaccharides 


Anomeric C-O 
polysaccharides  


NMR data, for a given sampling place, at low vs high water 3 main groups 







CP-MAS 13C NMR spectra 


Alkyl C 


Low water 


High water 


Strong relative decrease in 
the polysaccharides 


Input of more humified OM 
during the high water 


C-O 
polysaccharides 


Anomeric C-O 
polysaccharides  







Alkyl C 


Input of fresher OM 
during the foold 


CP-MAS 13C NMR spectra 


Strong relative decrease in 
the polysaccharides 


Input of more humified OM 
during the high water 


Strong relative increase in the 
polysaccharides 


Input of fresher OM during 
the high water 


Low water 


High water 


C-O 
polysaccharides 


Anomeric C-O 
polysaccharides  







Alkyl C 


Input of fresher OM 
during the foold 


CP-MAS 13C NMR spectra 


Strong relative decrease in 
the polysaccharides 


Input of more humified OM 
during the high water 


Strong relative increase in the 
polysaccharides 


Input of fresher OM during 
the high water 


Polysaccharides and aliphatic 
of similar abundances 
Not noticeable changes 


whatever the sampling period 


Low water 


High water 


C-O 
polysaccharides 


Anomeric C-O 
polysaccharides  







CuPy(TMAH)-GC/MS fingerprints 


A wide distribution of compounds 


● 
 


● 
 


Aromatic compounds attributed to lignin         Methoxy and dimethoxy aromatic derivatives (●) 


● 
 


●● 
 


● 
● ● 


 


● 
 


● 
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A wide distribution of compounds 


● 
 


● 
 


Aromatic compounds attributed to lignin         Methoxy and dimethoxy aromatic derivatives (●) 


● 
 


●● 
 


● 
● ● 


 


● 
 


● 
 


Aliphatic linear compounds related to 
cutin/suberin biopolymers 


C16:0 and C18:0  mid-chain hydroxyalkanoic acids (♦)  


♦ 


♦ 


♦ 
♦ ♦ 


t 


CuPy(TMAH)-GC/MS fingerprints 







A wide distribution of compounds 


Contrary to 13C NMR spectra, products directly related to polysaccharides 
could not be detected 


● 
 


● 
 


Aromatic compounds attributed to lignin         Methoxy and dimethoxy aromatic derivatives (●) 


● 
 


●● 
 


● 
● ● 


 


● 
 


● 
 


Aliphatic linear compounds related to 
cutin/suberin biopolymers 


C16:0 and C18:0  mid-chain hydroxyalkanoic acids (♦)  


♦ 


♦ 


♦ 
♦ ♦ 


Even C16:0 to C24:0  ω-hydroxyalkanoic acids (♦) 


♦ 


♦ 


♦ 
♦ 


C9:0 and C16:0  alkanedioic acids (♦)  


♦ ♦ 


Even and odd C12:0 to C28:0  n-alkanoic acids (♦) 


♦ 


♦ 


♦ 


♦ 


♦ ♦ ♦ ♦ ♦ 
♦ ♦ 


♦ 


Even C16:0 to C26:0  alkan-1-ols (♦) 


♦ ♦ 
♦ 


♦ 


t 


CuPy(TMAH)-GC/MS fingerprints 







♦ C16 


♦ C18 


♦ ♦ ♦ 
♦ ♦ ♦ ● ● ♦ ♦ 


  


CP-MAS 13C NMR vs CuPy(TMAH)-GC/MS comparison 


Strong differences in NMR but identical pyrolysates 


● Aromatic compounds 
♦ C16, C18 mid-chain hydroxy acid 
♦ n-alkanoic acid 
♦ n-alkanedioic acid 


Low water 


High water 


Data could not be correlated for most samples 


It appeared necessary to investigate the hydrophilic 
fractions 







Alternative sequential microwave-assisted acid and base hydrolyses  


• MW energy interacts efficiently with the polar moieties of the 
macromolecular structures  


• It is able to disrupt polar bonds 


• Efficiency of MW hydrolyses depends on the solvent used 


Mingos and Baghurst, Chemical Society Reviews, 1991 
Gabriel et al., Chemical Society Reviews, 1998 


 good ability to solubilize released compounds  


 low efficiency as absorber of MW energy 


 moderate ability to convert MW energy into heat 


CH3CN 


Allard and Derenne, Org. Geochem. 2009, 2013 
 







Proof of concept: the example of the POM sample, the Serre river 


Filter GF/F  
(0.7 µm) 


Scratching off 


Filtration 10 L 


Initial lipid-free POM 


Serre river water (Oise Basin) 


Extractions (H2O 
and CHCl3/MeOH)  
17.2% weight loss 


290 mg of POM (Corg 6.2%) 







Proof of concept: the example of the POM sample, the Serre river 


(0.2 M) HCl/CH3CN 
  190°C (3min) 


Scratching off 


Acid residue 
Aqueous phase 


MW-assisted acid hydrolysis  


Extraction 
CH3CN/H2O/EtOAc Organic phase  


Extractions (H2O 
and CHCl3/MeOH)  
17.2% weight loss 


Filter GF/F  
(0.7 µm) 


Filtration 10 L 


290 mg of POM (Corg 6.2%) 


Serre river water (Oise Basin) 


Initial lipid-free POM 







(0.2 M) HCl/CH3CN 
  190°C (3min) 


Scratching off 


Extractions (H2O 
and CHCl3/MeOH)  
17.2% weight loss 


Acid residue 
Aqueous phase 


MW-assisted acid hydrolysis  


Extraction 
CH3CN/H2O/EtOAc Organic phase  


(0.2 M) TMAH/CH3CN 
   190°C (3min) 


Extraction 
CH3CN/H2O/EtOAc Organic phase Base residue 


MW-assisted base hydrolysis  


CP-MAS 13C NMR, 
CuPy-GC/MS, 


CuPy(TMAH)-GC/MS 


GC/MS with 
previous 


derivatization 


Proof of concept: the example of the POM sample, the Serre river 


Filter GF/F  
(0.7 µm) 


Filtration 10 L 


290 mg of POM (Corg 6.2%) 


Serre river water (Oise Basin) 


Initial lipid-free POM 







(0.2 M) HCl/CH3CN 
  190°C (3min) 


Scratching off 


Extractions (H2O 
and CHCl3/MeOH)  
17.2% weight loss 


Acid residue 
Aqueous phase 


MW-assisted acid hydrolysis  


Extraction 
CH3CN/H2O/EtOAc Organic phase  


Extraction 
CH3CN/H2O/EtOAc Organic phase Base residue 


MW-assisted base hydrolysis  


17% Corg 


68% Corg 


Proof of concept: the example of the POM sample, the Serre river 


Filter GF/F  
(0.7 µm) 


(0.2 M) TMAH/CH3CN 
   190°C (3min) 


Filtration 10 L 


290 mg of POM (Corg 6.2%) 


Serre river water (Oise Basin) 


Initial lipid-free POM 







MW-assisted acid hydrolysis: aqueous and organic phases 


(0.2 M) HCl/CH3CN 
  190°C (3min) 


Extraction 
CH3CN/H2O/EtOAc Organic phase  


Initial lipid-free POM 


Acid residue 
Aqueous phase  
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Lignin Cutin, suberin 


Degraded sugars 
● Aromatic compounds 


♦ ω-hydroxy acid 
♦ C16, C18 mid-chain hydroxy acid 


♦ n-alkanoic acid 
♦ n-alkanedioic acid 
♦ n-alkan-1-ol 


Mainly lignin derivatives 







Amino acids 
(N-ethoxycarbonyl Et-esters) 
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Undegraded sugars 
(alditol TMS ethers) 


Selective removal of lignin derivatives and polysaccharides 
Cleavage of interunit ether linkages 


(0.2 M) HCl/CH3CN 
  190°C (3min) 


Extraction 
CH3CN/H2O/EtOAc Organic phase  


Acid residue 
Aqueous phase  
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Lignin Cutin, suberin 


Degraded sugars 
● Aromatic compounds 


♦ ω-hydroxy acid 
♦ C16, C18 mid-chain hydroxy acid 


♦ n-alkanoic acid 
♦ n-alkanedioic acid 
♦ n-alkan-1-ol 


C16 
♦ 


Initial lipid-free POM 


MW-assisted acid hydrolysis: aqueous and organic phases 







C12 
♦  


♦ 


♦ 


♦ 
♦ ♦ ♦ ♦ ♦ C30 


♦ 


* 


● ● 
●●●●● 
 
 
 


●● 
 ● 


St
yr


en
e 


♦ ♦ 
♦ 


♦ ♦ 
C16 
♦ ♦ ♦ ♦ 


C16 
♦ ♦ ♦ ♦ 


♦ 


C16 
♦ ● ● ● ♦ 


♦ 


♦ 


♦ 


C18:1 
♦♦ 
 ♦ ♦ 


♦ 
♦ ♦ ♦     ♦ 


C24 
♦ 


C22 
♦ 


C22 
♦ 


♦ 


♦ C16 


Cutin, suberin 


Lignin 


Decrease of lignin markers 


No significant evolution for cutin/suberin derivatives 


Initial lipid-free POM 


Acid residue 


MW-assisted acid hydrolysis: residue 


(0.2 M) HCl/CH3CN 
  190°C (3min) 


Extraction 
CH3CN/H2O/EtOAc Organic phase  


Acid residue 
Aqueous phase  


● Aromatic compounds 


♦ ω-hydroxy acid 
♦ C16, C18 mid-chain hydroxy acid 


♦ n-alkanoic acid 
♦ n-alkanedioic acid 
♦ n-alkan-1-ol 


Initial lipid-free POM 







MW-assisted base hydrolysis: organic phase and residue  


(0.2 M) TMAH/CH3CN 
   190°C (3min) 


Extraction 
CH3CN/H2O/EtOAc Organic phase 


MW-assisted base hydrolysis  


Acid residue 
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● Aromatic compounds 


♦ ω-hydroxy acid 
♦ C16, C18 mid-chain hydroxy acid 


♦ n-alkanoic acid 
♦ n-alkanedioic acid 
♦ n-alkan-1-ol 
S remaining sugars 


♦ C18 


C16
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♦ ♦ 
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♦ ♦ ♦     ♦ 
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Acid residue 


Base residue 


Base residue 


Selective removal of 
cutin/suberin derivatives 
Cleavage of ester linkages 


♦ C16 
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Conclusion 


• Efficient to characterize OM at the molecular level in riverine environments 


• About  73 % of initial Corg released 


• Suitable for identification of hydrophilic compounds 


• Distinguish ether-bound from ester-bound moieties 


• This first analytical approach emphasizes the potential of MW-assisted 
hydrolyses for the characterization of polar moieties 


• Complementary to pyrolysis, an additional technique in natural OM investigation  


• Attractive and promising technique using internal normalization for the  
    semi-quantitation of released compounds 
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