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Experimental procedures 


  Open system pyrolysis 
− 0.5 and 1 °C/min, up to 1200 °C 


− Quantification of H2 and CH4 


− >10 carbonaceous shales (lacustrine and marine) and coals 


  Closed system: Micro-scale Sealed Vessel (MSSV) 


pyrolysis 
o 1 °C/min, up to  400, 450, 500, 550, 600 °C  


o Quantification of H2 and hydrocarbon gases 


o 4 shales (Condor, Green River, Eagle Ford, Barnett) + 


Torbanite 
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Samples 


o Open 
   system 


o MSSV 


Sample Name/ 
Age 


Depositional 
Environment 


Maturity 
Ro (%) 


TOC 
(%) 


RE 
Tmax 


RE  
HI 


11/512 Coal Cretaceous 
Paralic 


0.6 60.2 429 120 
10/651 Coal Carboniferous 0.96 80.9 445 290 
13/382 Kimmeridge Clay Marine 0.4 6.2 422 486 
12/1247 


Posidonia Shale 
Jurassic  Marine 


0.48 11.4 437 473 
13/1300 0.67 4.1 433 494 
13/1326 0.68 13.4 441 750 
12/1623 0.89 10.7 443 396 


11/719 Green River Shale 
Eocene 


Lacustrine 


0.27 18.9 438 689 


13/386 Lothian Shale 
Carboniferous 


0.56 8.1 447 684 
13/388 0.58 21.2 442 757 
13/143 Humberg Permian 0.69 2 435 407 


03/761 Torbanite 
Lacustrine 


0.19 16.2 410 661 


11/719 Green River 0.27 18.9 438 689 
03/762 Condor 0.29 6.6 425 286 
12/1188 Eagle Ford 


Marine 
0.64 4.4 424 728 


12/1213 Barnett 1.0 6.6 453 243 
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H2 and CH4 pyrolytic liberation: Open system 


 Coal 
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H2 and CH4 pyrolytic liberation: Open system 


 Immature marine shale 
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 Immature lacustrine shale 


H2 and CH4 pyrolytic liberation: Open system 
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H2 and CH4 pyrolytic liberation: MSSV 


 Green River Shale 
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H2 and CH4 pyrolytic liberation: MSSV 


 Barnett  Shale 
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Degree of filling of MSSV tubes 


 Sample quantity 


35 µl 


Small sample quantity 
 Low H2 partial pressure 


Large sample quantity  
High H2 partial pressure 


Kerogen/bitumen + H2             HC (CH4, C2H6,……) 
p(H2) 







Effect of sample quantity on H2 yields 


Temperature program: 20 to 500 °C at 1 °C/min 


Ro 0.9% 
TOC 4.4% 
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Eagle Ford Shale in MSSV pyrolysis 
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Effect of sample quantity on H2 yields 
Eagle Ford Shale in MSSV pyrolysis 


0.05


0.10


0.15


0.20


0.25


0.030


0.035


0.040


0.045


0.050


0.055


0.060


4 5 6 7 8 9 10


N
or


m
al


iz
ed


 C
H


4 y
ie


ld
  (


m
m


ol
/g


) 


N
or


m
al


iz
ed


 H
2 y


ie
ld


  (
m


m
ol


/g
) 


Sample quantity (mg) 


Temperature program: 20 to 500 °C at 1 °C/min 


Ro 0.9% 
TOC 4.4% 


H2 


CH4 


13 







0


5


10


15


20


5 7 9 11 13 15H
2 p


ar
tia


l p
re


ss
ur


e 
(b


ar
) 


Sample quantity (mg) 


Eagle Ford Shale 


0


10


20


30


40


3 5 7 9 11H
2 p


ar
tia


l p
re


ss
ur


e 
(b


ar
) 


Sample quantity (mg) 


Condor Shale 


0


20


40


60


4 6 8 10H
2 p


ar
tia


l p
re


ss
ur


e 
(b


ar
) 


Sample quantity (mg) 


Torbanite 


Evolution of H2 partial pressure  
 H2 partial pressure calculated increases with increasing sample 


quantity during pyrolysis from 500 to 600 °C 


Heating rate: 1 °C/min 


Ro 0.19% 
TOC 16.2% 


Ro 0.29% 
TOC 6.6% 


Ro 0.64% 
TOC 4.4% 


14 


600°C
550°C
500°C
450°C
400°C







Outline 


  Experimental procedures and samples 


  Results (Open system vs MSSV pyrolysis) 
 H2 and CH4 pyrolytic liberation 


 H2 yields 


 Dependence of H2 yields on sample quantity and pressure 


  Implications 
• Rock-Eval Evaluation 


• Interpretation for methane depletion in pyrolysis gases 


  Conclusions 
  


15 







Not all organic H detected by Rock-Eval 


o Large amounts of 


organic H are released 


as H2 


o This is not detected in 


RE pyrolysis (FID) 


o “True” hydrogen 


content of source rocks 


is underestimated 
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"Correction" of RE-HI by liberated H2  


HI: mg/g TOC; 
"CH2": mg/g TOC;  
H2 yields: cumulative value up to 550 °C at heating rate of 0.5 °C/min, mmol/g TOC 


Sample Type Ro (%) TOC (%) HI H2 yields H2  "CH2" (CH2)/HI  
11/512 


Coal 
0.6 60.2 120 1.73 24 20% 


10/651 0.96 80.9 290 1.48 21 7% 
13/382 


Marine 
Shale 


0.4 6.2 486 2.72 38 8% 
12/1247 0.48 11.4 473 6.23 87 18% 
13/1300 0.67 4.1 494 1.11 16 3% 
13/1326 0.68 13.4 750 1.06 15 2% 
12/1623 0.89 10.7 396 1.69 24 6% 
11/719 


Lacustrine 
Shale 


0.27 18.9 689 3.42 48 7% 
13/386 0.56 8.1 684 2.46 34 5% 
13/388 0.58 21.2 757 2.16 30 4% 
13/143 0.69 2 407 8.17 114 28% 
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Transferring H2 to hydrocarbons 







Comparison of H2 and CH4 yields 
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Comparison of H2 and CH4 yields 
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H2 consumption and CH4 generation 


H2 and CH4 yields as a function 
of pyrolysis time in Eagle Ford 
Shale at a heating rate of 3 
°C/min up to 380 °C where the 
MSSV tubes were kept for longer 
periods of time. 


Pyrolysis experiments: 
lower CH4 yields due to 


production of H2 
 


Sedimentary basins:  
little H2 and much CH4 
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Conclusions 


 Large amounts of H2 liberated during open system 


pyrolysis of source rocks are not accounted for by the 


Rock-Eval HI 


 H2 yields are much lower in the closed system and CH4 


yields much higher 


 H2 yields in the closed system are controlled by sample 


quantity, pressure and time 


 Lower CH4 yield in pyrolysis gas is due to H2 production  







         Thanks for your attention! 


Comments, questions, suggestions? 
 


xiaoqiang.li@emr.rwth-aachen.de 
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Importance of Shale Gas to the UK 
 “The Government believes that shale gas has the potential to provide the UK 


with greater energy security, growth and jobs”.  
https://www.gov.uk/government/publications/about-shale-gas-and-hydraulic-fracturing-
fracking/developing-shale-oil-and-gas-in-the-uk 


 To what extent can shale gas replace decline in North sea gas production?  
 Issues over seismic activity, groundwater pollution impacting on public 


acceptability. 


   



https://www.gov.uk/government/publications/about-shale-gas-and-hydraulic-fracturing-fracking/developing-shale-oil-and-gas-in-the-uk

https://www.gov.uk/government/publications/about-shale-gas-and-hydraulic-fracturing-fracking/developing-shale-oil-and-gas-in-the-uk
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 Shale gas reservoirs are unconventional petroleum systems that 
are both source and reservoir rocks. 


 Shale gas found in the Barnett Shale USA is composed of 80-90% 
methane (Jarvie et al. 2005; 2007),  sourced from kerogen type 
II marine shales. 


 The UK Bowland Shale contains a mixture of type II/III kerogen.   


 Shale gas is thought to be generated at high maturity, vitrinite 
reflectance (VR) > 1.4% Ro (Jarvie, 2012). 


 Although research into shale gas has increased greatly during the 
past decade, the mechanisms of gas generation and retention in 
shale systems are not currently well understood 


 


Introduction    


Jarvie et al., 2005. Assessment of the gas potential and yields from shales: The Barnett Shale model, in: Cardott, B.J. 
(Ed), unconventional energy resources in the Southern Mid-Continent, 2004 symposium: Oklahoma Geological Survey 
circular. 110, 37-50. 


Jarvie et al., 2007. Unconventional shale-gas systems: The Mississippian Barnett Shale of north-central Texas as one 
model for thermogenic shale-gas assessment. AAPG Bulletin. 91, 475-499.  


Jarvie, D.M., 2012. Shale resource systems for oil and gas: Part 1-Shale gas resource systems, in Breyer, J.A. (Ed), shale 
resources-Giant resources for the 21st century. AAPG Memoir. 97, 69-87.  
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Hydrocarbon gas generation reactions   


Total Gas Yield  
(G1+G2+G3+G4) = 


Source rock   


Biogenic 
Gas (G1) 


Source rock 
+ Bitumen  


Gas (G2) 


Source rock + 
Bitumen + Oil  


Gas (G3) 


Source rock + 
oil + Bitumen    


Gas (G4) 


<0.5%  
Ro 


0.5 - 0.7 
% Ro 


0.7 - 1.3 
% Ro 


1.3 – 3.0 
% Ro 


 These reactions under closed system laboratory pyrolysis produce wet gas as found for 
conventional petroleum source rocks prior to hydrocarbon migration to reservoirs  
(Snowdon, 2001)  


 Snowdon (2001) suggested that produced natural gas (80-90% methane) is enriched in 
methane via fractionation effects during petroleum migration  


Snowdon, L.R., 2001. Natural gas composition in a geological environment and the implications for the 
process of generation and preservation. Organic Geochemistry. 32, 913-931   
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Shale gas assessment of the UK Bowland 
shale unit    


 In the absence of well production data, a laboratory pyrolysis 
techniques need to be used to investigate shale gas reserves. 


 The estimates depend upon the method used and the 
maturity range assumed for shale gas generation. 


 A preliminary study by Andrews (2013) estimated that the Bowland 
shale units contains gas in place (GIP) of 822-2281 tcf (trillion cubic 
feet) from Rock-Eval pyrolysis where gas yields not directly 
measured.  


 High pressure water pyrolysis used here as the lab. system that 
most closely resembles deep hydrocarbon basins (Uguna et al., 
2013 and 2016). 


 


 


I..J. Andrews, 2013. The Carboniferous Bowland Shale: Geology and resource estimate. British Geological Survey for the 
Department of Energy and Climate Change, London, UK.  


C.N. Uguna, M.H. Azri, C.E. Snape, W. Meredith and A.D. Carr, 2013.  A hydrous pyrolysis study to ascertain how gas yields and 
the extent of maturation for a partially matured source rock and bitumen in isolation compare to their whole source rock, J. 
Anal.& Applied Pyrolysis, 103, 268-277. 


C.N. Uguna, C.E Snape, W. Meredith; A.D Carr; I.C Scotchman, A. Murray and C.H Vane, 2016. Impact of high water pressure on 
oil generation and maturation in Kimmeridge Clay and Monterey source rocks: Implications for petroleum retention and gas 
generation in shale gas systems, Marine and Petroleum Geology, 73, 72-85.  
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Vapour 


Sample 


Vapour 


Sample 


Water 


Water 


Sample 


A 
Non-Hydrous 


20 bar   


B 
Low pressure hydrous  


180-300 bar 


C 
High water pressure 


500 and 800 bar  
Subsurface Simulation 


Types of closed system pyrolysis performed 
at 350-420ºC for 24-144 hr   


 High pressure reactor – 25 ml 
volume, rated to 1400 bar at 420ºC 


 Need to use Sc water to reach high 
maturities, i.e. temperatures above 
373oC.. 
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Main system 
pressure gauge 


Temperature 
controller   


Liquid water 
pump    


External pressure 
sensor    


Two way valve for 
water addition and 
gas collection 


High pressure water 
line to increase 
system pressure 


Strata vessel 
immersed 
in sand bath   


Sand bath   


Pyrolysis equipment, water pressures up to 800 bar   
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Closed system pyrolysis procedure – high P water    


Conditions 


 Sequential - 19 g, non sequential - 4.5 g of rock used, particle size  2-5 mm. 


 Non-hydrous in nitrogen, 300, 500 and 800 bar high pressure water.   


Oil Gas Oil Gas Oil Gas Oil4 Gas 


350 °C 24 h 380 °C 48 h 420 °C 48 h 420 °C 72 h 


Non-sequential 
Pyrolysis 


Oil Gas 


420 °C 144 h 


Shale 
rock 


350 °C 24 h 


Oil Gas 


380 °C 24 h  


Oil Gas 


420 °C 24 h 


Oil Gas 


420 °C 120 h 


Gas Sequential 
Pyrolysis 


420 °C 48 h 


Gas 


Shale 
rock 


 Non-sequential pyrolysis does not to produce dry gas, hence sequential pyrolysis method 
was employed to investigate shale gas generation.   


 Here only expelled oil and not trapped bitumen removed between each step sequentially. 
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Rempstone source rock - Rock Eval pyrolysis,     
microscopy and location   


 Hydrogen index (HI) – 410 mg/g 
- mixed type II/III kerogen 


 S2- 27.65 mg/g 


 S1 - 1.22 mg/g 


 Tmax (ºC) - 436 


 Total organic carbon (TOC) – 
6.69 % 


 Vitrinite reflectance (VR) – 
0.58% Ro 


 Sample was collected between 
665-667 m, and crushed to 2-5 
mm 


 Rempstone-1 well located in the 
Pennine basin at the southern 
edge of the Widmerpool Trough 


 


 


Well studied 
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Non sequential pyrolysis: 420ºC 144 hr (dry gas window 
maturity), VR (> 2.5% Ro), HI (9-11 mg HC/g)    


 Methane yield was only 30-34% of C1-C5 hydrocarbons, i.e. very wet gas. at  This is due to 
oil cracking to C2-C5 gases. 


 Similar trends observed for experiments which lower maturity were achieved. 


 Water first promotes and then retards hydrocarbon generation before gas increases due to 
reduced oil expulsion.  
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800 bar sequential pyrolysis gas yields and dryness 


To
ta


l C
1-


C
5 


ga
s 


yi
el


d 
(m


g/
g 


ro
ck


 (
TO


C
) 


0 


5 


10 


15 


20 


25 


VR = 0.58% Ro 
HI = 410 mg/g 
350 °C, 24 hr 


VR = 0.95% Ro 
HI = 254 mg/g 
380 °C, 24 hr  


VR = 1.26% Ro 
HI = 65 mg/g 
420 °C, 24 hr 


VR = 2.03% Ro 
HI = 16 mg/g 
420 °C, 48 hr  


VR = 2.25% Ro 
HI = 8 mg/g 
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Initial rock VR and HI, and pyrolysis temperature and time 


C2-C5 gas yield 
Methane gas yield 


 Gas yield was highest at 1.26% Ro, but the methane content was only 50%. 


 Typical shale gas (80-90% methane) was generated at >2.0% Ro. 


 Shales have already generated and expelled hydrocarbons at lower maturity.  
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Non-hydrous sequential pyrolysis - gas yield and 
dryness with increasing maturity     


 Higher gas yields and less dry gas was obtained under non-hydrous conditions. 


 The higher gas yield results from cracking of bitumen and oil retained in the 
rock. 
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 Dryer gas was observed at 300-800 bar water pressure compared to non-
hydrous, conditions. 


 Bowland Shale will start to generate dry gas (80-90% methane)  at VR of 
about 2.0% Ro.   
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Gas in place (GIP) estimates for Upper Bowland shale 
unit using sequential pyrolysis data  


 Individual gas yield were converted from mg to volume using 
their different gas densities to obtain the C1-C5 gas yield (cf) 


 The pyrolysed rock was converted from g to volume using a shale 
density of 2.6 g/cm3 as used by Andrews (2013) 


 The GIP estimate was calculated by relating the volume of gas 
generated by a given volume of rock during pyrolysis to a net 
shale volume of  7.90x1011 m3 as used by Andrews (2013) 


 Calculated GIP was compared to that of Andrews using original HI 
of 475 mg HC/g of rock, close to the initial Rempstone (410 mg 
HC/g)   


 The estimates calculated at different thermal maturities between 
1.26-2.62% Ro, and assumes that all the gas generated was held 
within the shale. 
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Calculated estimate using 800 bar data 
compared to study by Andrews (2013)  


 GIP volume was highest at similar maturity range predicted by Andrews (2013), but 
lower by a factor of 3.7 due to oil expulsion. 


 At 2.03-2.25% Ro and 2.25-2.34% Ro, GIP volume reduced, and were lower by 
factors of 8 and 12 respectively compared to Andrews (2013).  


 Much lower GIP at higher maturity due to reduced source rock potential but the gas 
is extremely dry (80%-90% methane) . 


 Wetness of produced gas needs to be known for more precise estimates.  
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Calculated estimates using non-hydrous data 
compared to study by Andrews (2013)  


 GIP volume was highest at 1.26-2.05% Ro (213 tcf), and close to Andrews (2013) 
estimate (264 tcf) over a similar maturity range. 


 At 2.05-2.41% Ro and 2.41-2.62% Ro, GIP volume also reduced, and were lower by 
factors of 2.9 and 2.4 respectively compared to Andrews (2013).l 


 The non-hydrous GIP volume was always higher than under 800 bar water, due to 
the complete cracking of the generated bitumen     
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Conclusions    


 This study demonstrated that water pressure pyrolysis generated dry gas 
(>80% as found for many shales) sequentially. 


 Typical dry shale gas will be generated at VR>2.0% Ro in the Bowland Shale 
and not at 1.1-1.9% Ro as currently suggested by Andrews (2013). 


 However, the GIP volume will be reduced at VR>2.0% Ro, due to the reduced 
potential of the source rocks, by a factor of between 8 and 12  compared to 
initial estimates based on Rock-Eval pyrolysis.  


 Dry gas observed at high maturity with low remaining source rock potential 
suggests that shale gas may have already generated from source rocks that 
have previously generated and expel conventional petroleum. 


 A wider variety UK shale needs to be investigated further to fully understand 
the gas potential of the entire Bowland shale.   


 Stable carbon isotopes of hydrocarbon gases are highly sensitive to maturity.  
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Kimmeridge clay – gas isotope data 


 Methane δ13C values are highly sensitive to maturity over 
which generation occurs.  
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Initial Rempstone 
 


• HI – 410 mg/g  


• TOC – 6.69 % 


• Residual Carbon – 4.23 % 


• Pyrolysable Carbon – 2.47 % 


After 420ºC 120 hr 800 bar 
sequential run 


• HI – 6 mg/g  


• TOC – 4.56 % 


• Residual Carbon – 4.51 % 


• Pyrolysable Carbon – 0.05 % 


 The TOC and residual carbon after pyrolysis is similar, and is consistent with the 
initial sample residual carbon, indicating that very little gas can be generated further 
from the source rock 


 Of the 6.69% initial TOC, only 0.05% was converted to gas at VR >2.0%, due to 
Type III organic matter and high residual carbon   


 The high Residual carbon shows that it contains significant amount of inert carbon 
(Type IV organic matter) 


Effect of TOC and organic matter type on 
shale gas generation   
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Context 


• Behavior of oils at great depths in geological systems 
• Interaction between oils and hydrothermal waters 
• Pyrolysis experiments using hydrous or non hydrous ways 
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Questions: 
• Are oils stable at HT-HP conditions?  
• What is the role of water on oil stability? 
Consequences: 
• Reconsider petroleum model and resource estimate 
• Reconsider experiment protocoles  







What is a fluid inclusion? 


• Fluid inclusions : fluid-filled vacuoles in minerals typically 5 to 20 µm 
• The fluid in the inclusion could be a palaeo-water or petroleum or gas 
• Three types of fluid inclusions : AQUEOUS (AQ), HYDROCARBON (HC) and MIX 


 
 
 
 
 


• Host transparent minerals are quartz, calcite,  
dolomite, feldspar, halite, fluorite, anhydrite, etc... 
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Experiment procedure 


• Challenge: use FI as micro batch-reactors for in situ fluid sampling 
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Batch reactors with volumes 
of 50, 100 and 280 ml 


Quartz seeds (along ZY or ZX axis) 


Quartz charge (silica oversaturation) 


• Two quartz samples (A and B)  
• Sample A: 290/310 °C, 12 MPa, 


20 vol. % of water, 80 vol. % of 
crude oil (W/O = 0.25) 


• Sample B: 490/500 °C, 120 MPa, 
90 vol. % of water, 10 vol. % of 
crude oil (W/O = 9) 


• Overheating (380 °C, 100 MPa  
for A and 510 °C, 120 MPa for B) 


@ IEM-Chernogolovka 


Crude oil from Bavlinskoe deposit (Russia) 
alkanes 67%, alkenes 21%, aromatics 12% 
Density 0.9 g/cm3 


aqueous solution with 5 mass % of Na2CO3.  







Analytical procedure 


• Challenge: in situ characterization after or during heating runs 
Requires micro-technique for the analysis of tiny FI (around 20 µm) like UV-


fluorescence or micro-FTIR 
Requires molecular spectroscopy to characterize chemical products of 


reaction and quantify reciprocal solubility (water, gas, oil) 
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+ 


Bruker FT-IR spectrometer 
Linkam heating stage 







Results : sample A (W/O = 0.25) 


• sample A (290/310 °C, 12 MPa, W/O = 0.25).  
L1: liquid water, L2: liquid oil, G: gas 
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3-phase fluid inclusions 
15 mm 







Results : sample A (W/O = 0.25) 


• sample A (290/310 °C, 12 MPa, W/O = 0.25)  
Microthermometry     FT-IR 
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L1 + L2 + G 
 L1 + L2  


L1 + L2 
 L2  


L1 


L2 
G 


y = 3E-06x2 - 3E-06x 
R² = 0.9299 
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Results : sample A (W/O = 0.25) 


• sample A reheated in autoclave (380 °C, 100 MPa during 15 days) 
L1: liquid water, L2: liquid oil, G: gas, SB: solid bitumen 
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300°С 320°С 350°С 380°С 


• No change at 300°C 
• From 320°C to 380°C: 


→ Increase of CO2 
→ Increase of CH4 
→ Increase of SB fraction 
→ Decrease of liquid oil 
→ Transformation of oil 
→ Decrease of water fraction 


350°С 


UV 







Results : sample B (W/O = 9) 


• sample B (490/500 °C, 120 MPa, W/O = 9) 
L1: liquid water, L2: liquid oil, G: gas, SB: solid bitumen 
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• The phase volumetric ratio 
is constant from one 
inclusion to another 


• CO2 is present in the 3 fluid 
phases 


• CH4 is detected in the gas 
and oil phases 


• The intensity of the blue 
fluorescence is high 







Results : sample B (W/O = 9) 


• sample B  
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L1 + L2 + G 
 L1 + G  
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 L1  


First transition at 265°C 


Bulk homogenization at 370°C 
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Microthermometry 
(transmission +  


UV fluorescence) 







Results : sample B (W/O = 9) 


• sample B reheated in autoclave (510 °C, 120 MPa during 30 days) 
L1: liquid water, L2: liquid oil, G: gas, SB: solid bitumen 
 


10 May 2016 11 


• Small changes at 510°C 
→ Deformation of FI 
→ Satellite inclusions 
→ No gas generation 
→ No increase of bitumen 


fraction  
→ No transformation of oil 
→ No change of volumetric 


phase fraction 







Conclusions 


• Reheating of inclusions A (oil dominant), shows only water dissolution in oil for 
short duration experiment (4 hours) but intense cracking of oil for long term 
experiment (15 days). 


• Reheating of inclusions B (water dominant), shows oil dissolution in vapor first, 
then in water for short duration experiment (4 hours). No evidence of cracking is 
observed over 1 month of heating at 510°C. 
 
The comparison of the two experimental sets demonstrates that 


water/oil volumetric ratio governs the oil cracking phenomena.  
When oil is the main phase, it acts as a solvent and when it is the 


minor phase it becomes a solute, preserving oil from 
thermochemical reaction of cracking. 
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Conclusions 


Oil seems more stable at HT-HP conditions if water is the dominant 
phase. Are there geological contexts favorable to the preservation of 
oil? 
This study confirms the role of water and kinetics on oil stability in the 


case of pyrolysis experiments. 
 


• This new procedure mixing reaction in batch, fluid inclusion synthesis in 
quartz, microthermometry observations and FT-IR microanalysis shows 
promising results:  


• It could “reconcile” chemical kinetics and thermodynamics 
• But it requires probably more development to demonstrate its relevance in the 


pyrolysis domain 
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Pyrolysis 


MILD  Combustion 
the inlet temperature of the 


reactant mixture is higher than 
mixture self ignition temperature 
whereas the maximum allowable 


temperature increase with respect 
to inlet temperature during 


combustion is lower than mixture 
self ignition temperature 


pollutant 
abatement 


SOLID PHASE: 
BIOCHAR 


VAPOR 
PHASE 


Matter 
Heat 


BIOMASS 


• The feedstock should be a waste biomass 


• The choice of the operating variables should be a compromise between the maximization of the yield 
and the optimization of specific properties of the desired product 


CLEAN 
EXHAUST 


Research framework of the study 







Adapted from Nowakowski et al., J Anal Appl Pyrol, 88, 2010.  


Ash 
K, Na, Ca, Mg, P, 


Si 


Correlations between feedstock composition and products yields and characteristics 
would be a powerful tool for the evaluation of the process feasibility 


Research framework of the study 







Materials characterization 


Extractives: Soxhlet extraction H2O, EtOH, C6H14, 6 h (NREL, 2009) 
Holocellulose: NaClO method (Brawning, 1967) 
Hemicellulose: NaOH method (Yang et al., 2006) 
Acid insoluble Lignin: H2SO4 method (NREL, 2009)  
Elemental analysis: ASTM D5373 
Proximate analysis: ASTM D7582 
 







Experimental set-up 


width = 4 cm 
Chamber height = 5.2 m 
Sample height = 0.1 cm 
length = 24 cm 


• Feedstock amount: 6 g 
• Final temperature: 973 K 
• Pressure P= 1.03×105 Pa 
• Heating rate HR=5 K/min 


N2 


Vapor phase to 
the condenser 


Gas sampling 


Elemental analysis 
GC/FID analysis 


Micro GC/TCD analysis 


Controlled 
flow rate 


Pyrolysis tests 


TG analysis 
• Feedstock amount: 1.5 mg 
• Final temperature: 973 K 
• Pressure P= 1.03×105 Pa 
• Heating rate HR=5 K/min 


Char removal at 
the end of the test 
Elemental analysis proximate 
analysis, ICP/MS analysis, pH, 
gas adsorption porosimetry 







Pyrolysis yields and rates were predicted based on the assumption of kinetic regime 
and negligible heat of devolatilization  


• No interaction between reference components 


Reaction rates are calculated using 
a detailed chemical mechanism 


Numerical procedures 


• 45 species and 27 chemical reactions 
• Reference components:  
Cellulose, Hemicellulose, Lignin-C, Lignin-H, Lignin-O, 
Triglycerides (hydrophobic) and Condensed Tannis (hydrophilic). 


• Composition from experimental analyses has been 
used as input data to the model 







Numerical procedures 


Using the experimental lignin pyrolysis curves 
as reference data  


LIG-C 
(wt.%) 


LIG-H 
(wt.%) 


LIG-O 
(wt.%) 


δ 
(%) 


61.03 ≈ 0 38.97 2.37 


Pattern Search optimization method:  
Minimize the error (δ) between a fitting 
function (       ) and reference data (         ) 







Products yield: reference components 


There is a satysfying agreement between experimental and 
numerical results for all the reference components 







EXP 
PoliMI 


CH4 


CO 


CO2 


H2 


Cellulose 


The difference in experimental 
and numerical yields of 
gaseous species matches the 
weight reduction between 380 
and 700 °C in TG experiments 
 


TGA 


Pyrolysis test 


Pyrolysis test 







EXP 
PoliMI 


CH4 


CO 


CO2 


H2 


Except for CO2 the gaseous 
species yield is underestimated 
by the numerical model 
 


Xylan 


TGA 


Pyrolysis test 


Pyrolysis test 
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Pyrolysis test 


TGA Pyrolysis test 







Gas composition: reference components 


• Gas mixture heating value 
 


• Combustion kinetic pathways during 
oxydation process 


in MILD conditions, ignition delay time of a 
surrogate mixture of pyrolysis gas is 
significantly lower than the one measured 
for CH4 due to the presence of C2 species 
even in low amount (Sabia et al, 2016).  







Evaluation of an additive law for model mixures and real biomasses 







Evaluation of an additive law for model mixures and real biomasses 







Conclusions and future perspectives 


• There is a satysfying agreement between experimental and numerical yields for 
all the reference components and all the biomasses except for wheat straw 


• The high extractives content in wheat straw is responsible of the observed 
differences between numerical and experimental yields of char and biooil  


• There is not agreement between predicted and experimental data on gas 
composition nor in the case of references components nor for the real biomasses 


Products yields 


Gas composition 


• Discrepancies have been observed also between CO and CO2 in real biomasses 
and in model mixtures, but they cannot be trivially correlated to the chemical 
composition of the biomass  
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• To gain a more fundamental understanding of biomass pyrolysis that in turn would allow 


the development of more targeted applications.  


• To employ detailed reaction mechanisms which can predict a detailed product 


composition and the influence of the process conditions. 


• Multi-scale consideration of pyrolysis on multiple levels to accurately describe the process: 


 Molecular level: kinetics and reaction schemes. 


 Particle level and reactor level. 


Vision 
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Recommended method: 


• To perform and analyse experiments with different heating rates. 


• To verify the reliability of the results obtained with model-fitting methods, including the 


employed reaction order, with iso-conversional methods. 


• It is shown an example applied to wood mixed with glycerol.  


Molecular level: Determination of kinetics 


Fitting 


method 


Isoconversional method 


(KAS method) 


Component E (kJ/mol) Conversion (α) E(kJ/mol) 


Hemicellulose 149.7 0.29 154 


Cellulose 230.1 0.64 224 


Lignin 154.3 0.84 191 


Glycerol 74.5 0.08 64 


TGA experiment at 10 K/min 


Calculated from experiments 


at 5, 10 and 20 K/min 


Method described in: Anca-Couce et al. Fuel 123 (2014) 230–240. 


Results of wood mixed with glycerol not yet published (Bartocci et al.) 
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Adaptation of a detailed scheme: 


• Original scheme from Ranzi et al., including sub-


mechanisms for cellulose, hemicellulose and lignin 


and considering 20 representative species to 


describe the volatiles. 


• Adaptation to generally describe pyrolysis as a two-


step process, i.e., primary pyrolysis and secondary 


charring. Charring takes place in the liquid 


intermediate in the cavities of the biomass matrix. 


Molecular level: Detailed reaction mechanisms 


Original scheme: Ranzi et al. Energy Fuels 22 (2008) 4292-4300. 


Adaptation applied for pyrolysis: Anca-Couce et al. Energy Convers. Manage. 87 (2014) 687-696. 


Adaptation applied for torrefaction and experimental results: Anca-Couce et al. Fuel 167 (2016) 158–167. 


Figure: Mamleev et al. J. Anal. Appl. Pyrolysis 84 (2009) 1–17. 
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Molecular level: Detailed reaction mechanisms (II) 


Application of the scheme: 


• The scheme predicts with good accuracy mass loss. 


• The schemes predicts with good accuracy the yields of the main groups in which the 


volatile species are classified in typical packed bed pyrolysis and torrefaction conditions. 


 Permanent gases, including CO and CO2. 


 Water vapour. 


 Carbonyls and alcohols, including acetic acid. 


 (Hetero)cyclics, mainly furans. 


 Phenolics. 


 Sugars are disregarded in these conditions. 


TGA experiments at 5 K/min 
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Experiments 


Model 
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Bioenergy 2020+ (Graz): 


• Single particle reactor 


• Packed bed lab-scale 


reactor 


• Experiments with 


detailed analysis of 


volatiles (FTIR, …) 


Particle and reactor level: Experiments 


TU Berlin: 


• Single particle reactor 


• Packed bed technical-scale 


reactor 


• Experiments with Laser- 


Induced Flurorescence (LIF) 
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Detailed characterization of the volatiles: 


• Single particle experiments at Bioenergy 2020+ in a macro-balance with online 


characterization of the volatiles by FTIR and offline characterization of tars. 


Exothermicity: 


• Single particle experiments at TU Berlin in a macro-balance with characterization of 


the volatiles by Laser-Induced Fluorescence (LIF). 


• A direct relation between exothermicity and PAH production is observed, being both 


linked to charring, in experiments with spherical beech wood particles with ϕ = 25 mm. 


Particle level: Single particle experiments 


Exothermicity results in: Zobel and Anca-Couce. J Anal. Appl. Pyrol. 116 (2015) 281–286. 


Application of LIF to single particle experiments: Zobel and Anca-Couce. P. Combust. Inst. 34 (2013) 2355 – 2362. 


LIF / conversion 
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Methodology: 


• 1-dimensional single particle volumetric model 


coupled with the detailed reaction scheme, 


describing reactions and heat and mass 


transport at the particle level. 


• It is shown an example for pyrolysis of a spruce 


pellet (1.9 cm length, 0.8 cm diameter, 9% w.b. 


moisture) at 550°C. 


Particle level: Single particle model 


Results not yet published (Anca-Couce et al.). 


Solution methods for a single particle model: Zobel and Anca-Couce. Fuel, 97 (2012) 80 – 88. 
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Detailed characterization of the volatiles: 


• Batch reactor for fixed-bed torrefaction and pyrolysis experiments at Bioenergy 2020+ 


with detailed characterization of the products based on FTIR and other techniques 


(tar condensation, …). 


Investigations on reaction mechanisms: 


• Fixed-bed pyrolysis experiments at TU Berlin combined with LIF for investigations on 


reaction mechanisms based on primary pyrolysis and secondary charring. 


• The results are in accordance with the ones presented at the particle level. 


Reactor level: Experimental 


LIF & fixed-bed pyrolysis:   Dieguez-Alonso et al. Fuel 153 (2015) 102 – 109.  


  Dieguez-Alonso et al. J Anal. Appl. Pyrol. 102 (2013) 33 – 46. 
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Introduction of the particle level at the reactor level: 


• One particle model is solved for each control volume in the reactor in an Eulerian 


description in the Representative Particle Model (RPM), predicting mass loss with 


good accuracy. The limitation is that either all particles are assumed to be identical or 


several solid phases (for each particle diameter class) are required leading to long 


computing times. 


• Every particle is considered in a Lagrangian description in the Discrete Element 


Method (DEM), leading to a high precision but very high computational times. 


Reactor level: Modelling 


RPM model: Anca-Couce et al. 


Fuel 103 (2013) 773–782. 
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Future work: 


• Current research needs have been stated in a recent comprehensive review. 


• Consistent introduction of secondary charring at the particle level as chemical reactions. 


• Reaction mechanisms for gas phase tar cracking and soot formation. 


• Introduction of a particle model in a CFD environment in a hybrid Eulerian – Lagrangian 


approach (multiphase particle-in-cell method, MP-PIC). 


• Improvements in the detailed characterization of the products. 


Outlook 


Pyrolysis review: Anca-Couce. Progress in Energy and Combustion Science 53 (2016) 41–79. 







      Pyro 2016 13 Andrés Anca-Couce 


Institute of Thermal Engineering  
Inffeldgasse 25B A-8010 Graz, Austria. 


www.iwt.tugraz.at 


Thank you for your attention! 
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Introduction 


Cellulosic Materials CI (%) 
Valonia (Algal) >90 


Algal Cellulose >80 


Bacterial Cellulose 65-79 


Microcrystalline Cellulose  5-75 


Cotton Linters 56-65 


Flax 44-56 


Ramie 44-47 


Dissolving pulp 43-56 


Harvey O. R. et.al. Environmental Science & Technology, 2012 
Chen Yingquan et.al. Fuel, 2014 


Xin Shanzhi et.al. JAAP, 2015 







Cellulose Crystal State 


Cellulose I Cellulose II 


Mercerization 
Regeneration 


∙∙∙ 


Bacterial Wood Artificial fibre Paper 







Research Gaps  


• Thermal properties of cellulose I, cellulose II and amorphous cellulose have been 
studied, while in-depth pyrolysis mechanism at low temperature is lacked. 


• Ex-situ detection of hydroxyl groups, such as traditional FTIR, is often disturbed by 
water. 


Cellulose I Cellulose II Cellulose I/Cellulose II 
 


Cellulose II Cellulose II 


Sang Youn Oh et.al. Carbohydrate Research, 2005 







Solution 


• Ionic Liquid was used to get cellulose samples with different crystallization 


morphology. 


• In-situ Diffuse Reflectance FT-IR (DRIFT) was applied in this work to study the 


pyrolysis properties of cellulose which can exclude the impact of KBr on the 


hydrogen bond because of its hygroscopicity. 


• Two-dimensional perturbation correlation analysis (2D-PCIS) was also used to 


evaluate the differences of spectra observed during a temperature perturbation. 







Sample Preparation 


Dissolution 


Avicel PH101 


Ionic Liquid 
[Bmim]Cl 


Cellulose Solution 


Regenerated Cellulose 1  
(RC1) 


Regenerated Cellulose 2 
(RC2) 


100℃, 12h  


Anti-dissolution 
45℃ 


Zhang Jiaxi et.al. Carbohydrate Polymers, 2010 







In-situ DRIFT 


• Atmosphere: nitrogen, 400ml/min 
• Measurement parameters: 64 scans at 4 cm-1 
• Heating rate: 5K/min 
• Collection intervals: 30 oC 
• Data conversion: KM functions 


Pike P162-4150 connected with 
Bruker Vertex 70 


 


Silica sand 


Cellulose 


Reaction cell 


Nitrogen flow 


Optical geometry 







XRD 


Samples Major diffraction peak CI Crystal state DP 


PH101 14.8o (101) 16.3o (101) 
22.6o (002) 86.0 I 329 


RC1 11.7o (10 1) 20.3o (101) 
21.7o (002) 81.6 II 317 


RC2 20.5o 22.5o 42.5 Amorphous 299 


Degree of crystallinity: 


 𝐶𝐶 =
𝐼002 − 𝐼𝐴𝐴


𝐼002
 


AM-18o (I), AM-16o (II) 







2D-PCIS 


Harvey O. R. et.al. Environmental Science & Technology, 2012 
Chen Yingquan et.al. Fuel, 2014 
Xin Shanzhi et.al. JAAP, 2015 


X 𝑤1,𝑤2 = 𝑦� 𝑤1,𝑇 · 𝑦� 𝑤2,𝑇 = Ф 𝑤1,𝑤2 + 𝑖Ψ(𝑤1,𝑤2) 


• A better resolution of significant peaks, free from peak overlaps. 


• Elucidation of simultaneously and sequentially occurring processes. 


Asynchronous Ψ  SynchronousФ Interpretation 


+ The intensity of w1 and  w2 are changing in the same direction, i.e. 
increasing or decreasing together 


- The intensity of w1 and w2 are changing in opposite directions 


+ + The change at w1 is occurring predominantly before that at w2 


- + The change at w1 is occurring predominantly after that at w2 


+ - The change at w1 is occurring predominantly after that at w2 


- - The change at w1 is occurring predominantly before that at w2 







PH101: Cellulose I 


RC1: Cellulose II RC2: Amorphous 


3500, 3481, 3474: Intra O(2)H···O(6)  


3370, 3288, 3286: Intra O(3)H···O(5) 


2894, 2883: CH of glucopyranose ring 


2993, 2975: Olefin CH 


 White: +, Brown: - 


Synchronous Spectrum 







Asynchronous Spectrum 


PH101: Cellulose I 


3481: Intra O(2)H···O(6)  


3188: Inter O(6)H···O(3) 


3370: Intra O(3)H···O(5) 


2975: Olefin CH 


2894: CH of glucopyranose ring 


2952: CH2 of C6 methylene 


3620: free hydroxyls 







Asynchronous Spectrum 


RC2: Amorphous 


3519: Intra O(2)H···O(6) 


 3146: Inter O(6)H···O(3) 


3336: Intra O(3)H···O(5) 


2954: CH2 of C6 methylene 


2883: CH of glucopyranose ring 


3620,3630: Free hydroxyls 







Asynchronous Spectrum 
RC1: Cellulose II 


3475: Intra O(2)H···O(6)  


3352: Intra O(3)H···O(5) 


3286: Inter O(6)H···O(3) 


2938: CH2 of C6 methylene 


2883: CH of glucopyranose ring 


3584: Free hydroxyls 


2975: Olefin CH 


Initially, the free hydroxyls decrease perhaps in the form of cross-linking reactions, rather 
than intra-molecular dehydration. 







Relative Intensities Iv /Imax 


PH101: Cellulose I RC1: Cellulose II RC2: Amorphous 







PH101: Cellulose I 


RC1: Cellulose II RC2: Amorphous 


1722, 1718: Saturated ketone carbonyl 


1616, 1600: Olefins Conjugated 


1430: CH2 bending 


1371, 1367: CH bending 


1170, 1164, 1160: Glycosidic bond 


1134, 1134, 1124: Glucose pyran ring 


Synchronous Spectrum 







Asynchronous Spectrum 


PH101: Cellulose I 
1436: CH2 bending 


1722: Saturated ketone carbonyl 


1367: CH bending 


1164: Glycosidic bond 


1130: Glucose pyran ring 


1590: Olefins conjugated 


1043: ether vibrations 


1070: Hydroxyl group 







Asynchronous Spectrum 
RC2: Amorphous Cellulose 


1430: CH2 bending 


1371, 1350: CH bending 


1722: Saturated ketone carbonyl 


1590: Olefins Conjugated 


1170: Glycosidic bond 


1134: Glucose pyran ring 


1070: Hydroxyl group 


In amorphous cellulose, intramolecular dehydration  happens earlier.  







Asynchronous Spectrum 
RC1: Cellulose II 


1430: CH2 bending 


1367: CH bending 


1326: OH in plane bending 


1130: Glucose pyran ring 


1170 Glycosidic bond 


1070: Hydroxyl group 


1050: ether vibrations 


1718: Saturated ketone carbonyl 


1587: Olefins Conjugated Cleavage of pyran ring is earlier than it of glycosidic bond.  







Relative Intensities 


Inhibited intramolecular dehydration in  
crystal cellulose 


Promoted cross-linking reactions in 
cellulose II 







Relative Intensities 


Hydrogen bonds also provide 


protection for glycosidic bond, but 


perhaps not for pyran ring. It comes 


about that the cleavage of pyran ring 


is earlier than it of glycosidic bond in 


cellulose II. 







Conclusions 


 The breakage of H-bonds is the primary change during cellulose pyrolysis 


resulting in free hydroxyls. And O(6)H presents more stable than O(2)H and 


O(3)H. 


 Hydrogen bonds probably provides a strong protection for  glycosidic bond 


and hydroxyl group. Then during the pyrolysis of cellulose II in this work, 


the cleavage of pyran ring comes earlier than it of  glycosidic bond. 


 The molecular orientation of cellulose II makes it more compact, which 


perhaps enhances the cross-linking reactions. 
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Thank you for your attention！ 







TG-DTA 


315 oC 


312 oC 


320 oC 


• Char yield: RC1>RC2>PH101 


• Endothermic peak: RC1>PH101>RC2 


• Enthalpy: PH101>RC1>RC2 
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R-OH hydroxyl catalysis of 
pyrolysis reactions 


Phil Westmoreland, 
North Carolina State University 


[2015 Visiting Professor at ENSIC / CNRS Nancy; 
2015-16 Leverhulme Trust Visiting Prof. at Imperial College London] 
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Water-
catalyzed 
cellulose 
decomposition 
was proposed 
by Vàrhegyi et 
al. in 1993. 
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Here, we show a molecular explanation: 
Pericyclic reactions by R-OH catalysis. 


 Unimolecular and bimolecular reactions, shown with 
computational chemistry. 
 In absence of metal ions; no added solvent; no radicals needed. 


 


Seshadri and 
Westmoreland, 
“Roles of 
Hydroxyls in the 
Noncatalytic and 
Catalyzed 
Formation of 
Levoglucosan from 
Glucose," 
Catalysis Today 
269 (2016) 110-
121. 
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Levoglucosan seems 
central in the breakdown 
of cellulose. 


 Pyrolysis with liquid 
chromatography / mass 
spectrometry revealed cello-n-
san’s early formation. 


 Hypothesis then: The polymer 
scission step is breaking the 
glycosidic bond and forming 
bicyclic LGA group. 


 Hypothesis now: R-OH can 
catalyze this step – and 
many more. 


 


Lin et al. J. Phys. Chem C 113:46 (2009) 20097–20107. 
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Use glucose as a model 
compound. 
 Gives mix of LGA/AGF and 


furan-type species (     ). 
 From their data, Sanders et al. 


proposed a network of 
reactions: 
 α- and β would interconvert 


through linear D-glucose. 
 α- and β could form the 


anhydrosugars levoglucosan 
and AGF. 


 D-glucose would mainly form 
furans and furfurals. 


 


α-glucose 


β-glucose 


D-glucose 


LGA                  AGF 


5-HDMF 


Sanders et al. J. Anal. Appl. Pyr. 66, 2003, 29-50.  
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We probed with computational quantum chemistry. 
 Calculations were used to optimize reactants, 


transition state, and products. 
 
 


 


Po
te


nt
ia


l e
ne


rg
y 


Reaction 
coordinate 


• Our model chemistry: CBS-QB3 
using Gaussian 09, ChemRate. 
• Principal challenge was TS 


search. 
• Reactants and products were 


confirmed by Intrinsic Reaction 
Coordinate calculations. 


• Isolated molecules (appropriate 
for pericyclic reactions); results 
verified no solvation effect. 
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Key insights appear within isomerizations. 


Boat β-glucose D-glucose α-glucose 


Chair β-glucose 


***All are concerted reactions.*** 
Boat to linear: 6-centered TS 
Chair to linear: 4-centered TS 
Linear to α-glucose: 4-centered TS 


Seshadri and Westmoreland J. Phys. Chem A (2012). 
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The big result: ROH molecule can catalyze! 
Six-centered transition state, 
transferring hydrogen. 


Note: 
(1) One H in H2O is a spectator 
(ROH can serve as well), so… 
(2) -OH catalyzes the reaction. 


β-glucose α-glucose D-glucose 


Chair β-glucose 


Seshadri and Westmoreland J. Phys. Chem A (2012). 
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Compare the Arrhenius parameters, 
A in s-1 and s-1atm-1, Eact in kcal/mol. 


Boat β-glucose D-glucose α-glucose 


Uni: 1.9x1013, 5.7  
 [Simpl: 5.5x1012, 6.1] 
Bi: Not found 


Uni: 7.3x1011, 34.3 
Bi:   9.4x1011, 24.3 


Uni: 3.7x1013, 48.1 
Bi:   1.1x1011, 23.7 


Uni: 7.1x1013, 50.0 
Bi:   1.9x1011, 23.6 


Seshadri and Westmoreland J. Phys. Chem A (2012). 
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Next, levoglucosan forms by breaking the O-H 
bond at C1– the glycosidic position. 


1 


Possible 
unimolecular 


transition 
state 


and/or 
bimolecular 
transition 


state 


6 
1 


1 


6 


Seshadri and Westmoreland J. Phys. Chem A (2012). 
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The identity of R in catalytic R-OH doesn’t matter… 
a b c


Alcohol Pre-exponential 
factor 


Activation energy 
(kcal/mol) 


Water 4.13x1010 45.7 
(a) Methanol 1.21x1011 44.3 
(b) Ethanol 5.52x1010 44.0 


(c)  Isopropanol 2.73x1010 43.0 


• And lots of OHs are present in glucose and cellulose! 
Seshadri and Westmoreland J. Phys. Chem A (2012). 
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And C1-O-R can be any R, so extend to cellulose. 


-R=-H -CH3 -C2H5 


-isopropyl -CH2CH2OH 


Eact,bi=47.4 
kcal/mol 


Eact.bi=49.1 
kcal/mol 


Eact,bi=48.1 
kcal/mol 


Eact,bi=48.4 
kcal/mol 


Eact,bi=46.8 
kcal/mol 


Seshadri and Westmoreland J. Phys. Chem A (2012). 
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And likewise, TSs for the other reactions… 


Seshadri and Westmoreland J. Phys. Chem A (2012). 
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In conclusion, 
 R-OH can catalyze breakage of cellulose’s glycosidic 


bond and many other biomass decomposition steps. 
 For more details: 


 V. Seshadri, P. R. Westmoreland, “Concerted reactions and mechanism of glucose pyrolysis 
and implications for cellulose kinetics,” J. Phys. Chem. A 116:49 (2012) 11997-20013.  


 V. Seshadri, P. R. Westmoreland, “Roles of Hydroxyls in the Noncatalytic and Catalyzed 
Formation of Levoglucosan from Glucose," Catalysis Today 269 (2016) 110-121. 


 
 Current work: Hemicellulose torrefaction. 


 


 Gratefully acknowledge support by RTI International (NREL 
NABC), National Science Foundation, and San Diego 
Supercomputing Center (XSEDE). 
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Thus, we’ve explained 
breakdown of cellulose 
into molecules  
via elementary reactions. 


Lin et al. J. Phys. Chem C (2009). 
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Technical: Three approaches. 
• Pyrolysis 


kinetics from 
computational 
quantum 
chemistry. 


• Flow-pyrolysis 
kinetics with 
molecular-beam 
MS. 


• Pyrolyzers at mg-
scale with GC-MS & 
GCxGC-TOFMS. 
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GC-MS and LC-MS have been powerful; now 
GCxGC-TOFMS gives even more detail. 


TGA/DSC Flash pyrolyzer 


TA Instruments, 
SDT Q600 


CDS Analytical, 
Pyroprobe 5200 


LECO Corp., 
“Pegasus” 


GCxGC/TOFMS 


Injection 
flowtube 
reactor 
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750 species were resolved from process-scale 
hydropyrolysis of whole biomass; Note LGA. 
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To make bio-oil:  
Start with woody biomass. 


Diagram: 
DOE/SC-
011. 
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Crystallinity and rigidity is due to flatness allowed by β ring 
linkages, to symmetry, and to H-bonds between chains. 
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Cellulose: Polymer of β-glucose (β-D-glucopyranose). 
Carbon 1 


β: OH position 
relative to CH2OH 


β-D-glucopyranose 
unit 


1,4-glycosidic 
bond 
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Goal: Usable model based on elementary reactions. 
 Pyrolysis to make bio-oils; combustion to use it. 
 Seek specific pyrolysis reactions and products: 


 Experimentally identify intermediates and products. 
 Three elementary reaction types: Radical; ionic; pericyclic. 
 


Lin et al. J. Phys. Chem C (2009). Seshadri and Westmoreland J. 
Phys. Chem A (2012). 


Kohse-Höinghaus et al. Angewandte 
Chemie (2010). 
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Polystyrene 


styrene 


dimer 


trimer 


Both random chain scission & 
Un-zipping depolymerization 


(monomer, dimer, trimer) 
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MMA 


Polymethylmethacrylate 
(PMMA) 


C=O 
O 
CH3 


Ea close to Ea of radical 
beta-scission  


Ea of 
homolytic 
scission  
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From TGA, 1st-order mass-loss curves give overall 
rate constants; Ea values suggest mechanistic steps. 


Ea close to bond energy of 
polymer chain 


Ea close to Ea of radical 
beta-scission  
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 Use of computational quantum chemistry to discover 
feasible reactions to break down cellulose by 
concerted, pericyclic reactions – not radical or ionic. 


Assary and Curtiss, CatChemComm 
4:2 (2012) 200-205: 
Cellobiose to levoglucosan etc. by 
concerted rxns, uni & bimolecular 


Seshadri and Westmoreland, J. Phys. 
Chem. A, 116:49 (2012) 11997-20013: 
Glucose/celluose to levoglucosan etc. 
by concerted rxns, uni & bimolecular 


Mayes and Broadbelt, J. Phys. Chem. 
A, 116:26 (2012) 7098-7106: 
Cellobiose to levoglucosan etc. by 
unimolecular concerted rxn (C6)  


Agarwal, Dauenhauer, Huber, 
Auerbach, J. Am. Chem. Soc. 2012, 
134 (2012) 14958−14972: 
Cellobiose rxn trajectories by VASP 


Later support: Zhou, Nolte, Mayes, Shanks, Broadbelt, 
“Experimental and Mechanistic Modeling of Fast Pyrolysis of 
Neat Glucose-based Carbohydrates. Parts I. and II.” Ind. Eng. 
Chem. Res. 53 (34), 2014, 13274–13289. 


In 2012, near-simultaneous discoveries. 







Pyro2016, Nancy, 8-13 May 2016 


4 47 1.7x1014 


4 47 1.7x1014 


4 47 1.7x1014 


5 44 3.5x1010 


Broido-Shafizadeh model 


Cellulose Active 
Cellulose 


Decomposition 
products 


Levoglucosan Char + H2O Secondary tar + Gas 


Glycolaldehyde + 
Hydroxy-2-propanone 


Reaction Ei (kcal/mol) Ai (s-1) 
1 58 1.7x1021 


2 35 3.2x109 


3 34 2.3x1010 


1 


2 3 


5 


fast 


Modified cellulose model 


4 


Modeling pyrolysis has been empirical lumping. 


[Agarwal et al. (2011) proposed that “active cellulose” was a transition to  
amorphous, based on NPT MD from crystalline cellulose.] 
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Currently, oil is oversupplied. 
 “Global daily oil production exceeds daily consumption by more than 1 


million barrels per day.” [Oil Market Report, International Energy 
Agency, April 2016] 


 “Excess inventories in the OECD member countries now stand at 
approximately 440 million barrels.” [Short-Term Energy Outlook, 
Energy Information Administration, April 2016] 


 “It is our current expectation that global oil supply and demand will get 
into some degree of daily balance by early 2017.” 
 “Assumes non-OPEC (Organization of the Petroleum Exporting Countries) 


production will decline significantly during the latter half of this year. 
 “This estimate is also underpinned by our forecast that global demand will 


grow by approximately 1.2 million barrels per day in 2016.” 
From speech by Robert Kaplan,  


President of the 11th District (Dallas), U.S. Federal Reserve Bank to the  
Official Monetary and Financial Institutions Forum, London, 29 April 2016 


London Daily Telegraph, 29 April 2016, <http://www.telegraph.co.uk/business/2016/04/29/dallas-fed-cautions-on-fresh-oil-bubble-as-glut-keeps-building/> 







Pyro2016, Nancy, 8-13 May 2016 


Now consider broader context. 
 The changing picture of oil and gas,  
 The challenges of climate change, 
 And the pivotal role of “STEM”– a Golden Age of 


chemical engineering and engineers in general. 
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New gas and oil abundance. For the US: 
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And it’s 
world-
wide… 


6/1/2012, http://www.powermag.com/gas/THE-BIG-PICTURE-A-Shale-Gas-Revolution_4651.html 
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US propane price now tracks gas, not oil. 


D. Burns, J. McLinn, M. Porter, “Navigating Oil Price Volatility,” Chemical Engineering Progress (Jan. 2016) 
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But now oil 
stocks are up, 
and demand 
and prices are 
down. 


 Iran is exporting with 
UN sanctions lifted. 


 Production continued 
last year from high-cost 
wells in the Gulf of 
Mexico & Canada’s tar 
sands (still profitable). 


 BP announced “hefty 
job cuts”. 


The Economist, 16 Jan 2016,  
http://discover.economist.com/?a=21688446&cid1=d/soc/Facebook/dyn/21688446/20160330-00:00am/paid/social-LA/BR-FT/BRP3/n/subs/UK/BR-LIT&cid3=UM 
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A pivotal time for energy and economies. 
 Saudi actions have ended OPEC “in any meaningful sense.” 
 “The Saudi price war has several targets. A top official hinted at the 


hierarchy a month ago, listing Iran, Russia, the Arctic, Canada’s oil 
sands, Venezuela’s Orinoco tar, ultra-deep water wells, US shale, 
and renewables, in that order.” 
 “Russia is milking a final burst of production before the depleting pre-


Soviet wells of Western Siberia go into slow run-off.” 
 Meanwhile, “Output is slipping all over the place: in China, Latin America, 


Kazakhstan, Algeria, the North Sea.”  
 “The US shale industry has rolled over, though it has taken far longer 


than the Saudis expected when they first flooded the market in 
November 2014.”  


 Libya, Venezuela, Iraq, Nigeria, Algeria are on the brink of collapse. 
 “It never was cheap oil that threatened our economies. …It is the 


next oil supply crunch we should fear most.” 
London Daily Telegraph, 19 April 2016, <http://www.telegraph.co.uk/business/2016/04/18/saudis-are-going-for-the-kill-but-the-oil-market-is-turning-anyw/> 
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And then there’s climate change… 
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Climate-change consequences are here. 


http://edugeography.com/content/great-barrier-reef.html 
http://www.theguardian.com/environment/planet-oz/2016/apr/21/mourning-loomis-reef-the-heart-of-the-great-barrier-reefs-coral-bleaching-disaster 
http://www.cnn.com/2016/04/20/asia/great-barrier-reef-coral-bleaching/ 
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Uncertainties, but an accepted risk factor.  
 SEC orders ExxonMobil to put climate-change 


resolution in proxy statement (Reuters, 24 Mar 2016).  
 “ExxonMobil has been ordered by the US Securities 


and Exchange Commission to include a shareholder 
resolution on climate change in its annual proxy 
statement to stockholders.” 


http://www.reuters.com/article/us-exxon-mobil-shareholders-exclusive-idUSKCN0WP2TG 
http://www.theguardian.com/uk-news/2015/dec/08/storm-desmond-damage-cumbria-estimated-500m 


 Countries and 
companies begin to 
factor increased 
violence of storms into 
infrastructure 
planning. 
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Will we 
balance 
energy 
usage 
with 
sustain-
ability?  


Washington Post, 
4/30/2012,  
p. A11. 
[Before shale 
boom and price 
war.] 
 
For source: 
“Energy 
Technology 
Perspectives 
2012,” 
International 
Energy Agency, 
http://www.iea.or
g/papers/2012/Tr
acking_Clean_E
nergy_Progress.p
df 
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		In 2012, near-simultaneous discoveries.

		Modeling pyrolysis has been empirical lumping.

		Currently, oil is oversupplied.

		Now consider broader context.

		New gas and oil abundance. For the US:

		And it’s world-wide…

		US propane price now tracks gas, not oil.

		But now oil stocks are up, and demand and prices are down.

		A pivotal time for energy and economies.

		And then there’s climate change…

		Climate-change consequences are here.

		Uncertainties, but an accepted risk factor. 

		Will we balance energy usage with sustain-ability? 
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EXPERIMENTAL CONFIGURATIONS 
  OF THERMAL MATURATION 


«  I’ve tried it. Kicking doesn’t work. There must be 
some other way to get oil out of shale » 







Temperature: 250 to 400°C 
Pressure: 300-1000 bar 


Time: 24 to 72 hours 
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only controls 


The reacting medium is crucial 
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CONTROLS OF MATURATION 


Hydrogen transfer reactions control 


petroleum generation 
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From experimentation at high pressure: 


« Kinetic parameters of single compounds are independent 


from mixture composition  » 
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