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2 Challenge the future 


Solid fuel characterization at fast heating rates 


Biomass 
Raw/pre-treated 


Thermochemical conversion 
Pyrolysis 


Gasification 
Combustion 


Performance 


Develop small scale analytical methods in order to: 
• Obtain accurate and rapid characterization of biomass fuels under given thermochemical 


conditions. 
• Predict their behaviour under industrial conditions. 
• Improve/simplify computational models of industrial processes.  
• Key element for the development and optimization of industrial thermal conversion 


applications. 
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Heated foil (HF) reactor  


Figure 1. Heated foil reactor setup at P&E department 


Experimental conditions: 
• Woody biomass in a form of a thin tablet 


(10 mg). 
• HR=600°C/s, HT=10s. 
• Coupled to an FTIR for online gas analysis. 
• Char determined gravimetrically.  
• Tars determined gravimetrically. 


Heat transfer modeling, COMSOL: 
• Heat transfer inside the reactor. 
• Heat transfer inside the pyrolysing sample 
• T distribution in the pill and it’s 


surroundings. 
• Existence of hot spots. 
• Volatiles trajectory inside the reactor. 
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Numerical model in COMSOL Multiphysics TM  


Figure 2. The geometry included in 
the Electric Current study (indicated 


in blue) 


Figure 3. The geometry included in 
the ‘Heat transfer in solids’ study 


(indicated in blue) 


3 main physics interfaces: 
 


• Electric current 
• Heat transfer in solids 
• Fluid dynamics 


Main assumptions: 
• Current is passing only through the foil. 
• T of inlet gas as initial T of the biomass at 45 0C . 
• T of the walls was considered constant at 110 0C. 
• Function of weight loss due to pyrolysis and for heat extraction due to release of volatiles. 
• Gas entering the pores (voids) created during decomposition of the tablet was presumed 


to be nitrogen and there was no velocity field inside the material. 
• Elliptical shape of tablet. 
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Model validation 


Figure 4. Measured and predicted temperature of 
the empty reactor at Tset=600ºC 


Figure 5. Measured and predicted temperature of 
reactor loaded with biomass tablet at Tset=600ºC 


• Model shows reasonably good agreement with temperature readings by the 
thermocouple for both cases.  
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Temperature distribution inside the reactor 


• Hot spots. 
 


• 500 OC, 
@5mm. 
 


• 220 OC, 
@10mm. 
 


• 160 OC, 
@15mm. 
 


• Secondary 
reactions. 
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Temperature distribution inside the pyrolysing 
sample 


Figure 6. Temperature profile inside the pyrolysing sample (z-y 
plain) while heating to a final temperature of 1100ºC at a) 1,5s, b) 


2,5s, c) 4s and d) 10s of experimental time. 


• Big T gradient in the sample 


Part of tablet/time 4 s 10 s 
Bottom (ºC) 1100 1100 
Middle (ºC) 700 800 
Top (ºC) 500 600 


Table 1. T approximation at different 
time intervals in different parts of the 


biomass tablet. 
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Temperature distribution inside the pyrolysing 
sample (2) 
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Correlation between T of foil and average T of 
biomass tablet 


 


• Linear dependence at low 
temperatures (Tfoil<750ºC).  
 


• Decrease of the slope of the curve 
at higher temperatures. 
 


• Second polynomial order equation. 
 


• Thermal equilibrium between the 
foil and the sample has not been 
reached. 
 


Figure 7. Average temperature of the biomass tablet 
as a function of foil temperature 


Tsample=-0.0006·Tfoil
2+1.57·Tfoil -205.71 (R2=0.9974) 
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Fast devolatilization kinetics 


Figure 8. Comparison of the single first order reaction model (line) fit with 
experimental data (single data points) for (a) total conversion, (b) CO, (c) CO2 and 


(d) CH4 production, on a dry wt% of the feed from wood fast pyrolysis*. 


Product E (kJ/mol) 


Conversion 38.4 


CO 92.4 
CO2 28.2 
CH4 120.7 


Table 2. Kinetic 
parameters for wood. 


*Anastasakis, K., Kitsiou, I., De Jong, W., 2016. Fast devolatilization characteristics of 'low cost' biomass fuels, wood and reed. 
Potential feedstock for gasification. Fuel Processing Technology 142, 157-166. 
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Fast devolatilization kinetics (2) 


Figure 9. Comparison of the single first order reaction model (line) fit with 
experimental data (single data points) for (a) total conversion, (b) CO, (c) CO2 and 


(d) CH4 production, on a dry wt% of the feed from wood fast pyrolysis. 


Product E (kJ/mol) 
Tset 


E (kJ/mol) 
Tmodel 


Conversion 38.4 36.6 


CO 92.4 102 
CO2 28.2 30.7 
CH4 120.7 135 


Table 3. Kinetic 
parameters for wood 
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Volatiles trajectory 


Figure 10. Volatile trajectory inside the reactor at a) 4s, b) 6s, c) 
8s and d) 10s of experimental time. 


• Accumulation of volatiles 
around the foil. 
 


• Higher concentration at 
the inlet. 
 


• Combined with high T at 
this region – secondary 
reactions. 
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Volatiles trajectory (2) 
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Conclusions 


• Numerical model for a pyrolysing biomass sample in a HF reactor. 
 


• Tool for the prediction of parameters that cannot be easily determined 
experimentally. 
 


• Big temperature difference between the foil and the sample. 
 


• This difference is increasing with set temperature. 
 


• Follows a polynomial increase. 
 


• Hot zones are created around the foil. 
 


• A region of high concentration of volatiles is created. 
 


• Secondary reactions are occurring.  
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Na*onal	
  Renewable	
  Energy	
  Laboratory	
  (NREL)	
  


•  Renewable	
  energy	
  and	
  energy	
  efficiency	
  primary	
  mission	
  
•  ~	
  1700	
  employees	
  
•  Golden,	
  Colorado	
  
•  Na*onal	
  Bioenergy	
  Center	
  and	
  Biosciences	
  Center	
  ~250	
  staff	
  working	
  on	
  


biomass	
  and	
  biofuels	
  (~120	
  working	
  on	
  thermochemical	
  conversion)	
  
•  Rocky	
  Mountains	
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Biofuels:	
  Finishing	
  the	
  Energy	
  Pie	
  


Hypotheses:	
  
•  Cost	
  reduc*on	
  has	
  
lead	
  to	
  surge	
  in	
  PV	
  
and	
  Wind	
  for	
  Power	
  


•  Pyrolysis	
  can	
  address	
  
the	
  same	
  need	
  in	
  
Transporta*on	
  


Biofuels?	
  


Residen*al	
  


Commercial	
  


Power:	
  	
  
Impacted	
  by	
  
solar	
  and	
  
wind	
  


World	
  Energy	
  Use	
  (IEA)	
  


Installed	
  PV	
  prices	
  (Italy)	
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Cataly&c	
  Fast	
  Pyrolysis	
  Shows	
  Promise	
  


•  Oxygenated	
  compound	
  converted	
  into	
  hydrocarbons	
  
•  Low	
  yields	
  due	
  to	
  light	
  gas	
  and	
  coke	
  forma*on	
  
	
  


	
  


ZSM-­‐5	
  


Biomass	
  
Pyrolysis	
  


Raw	
  Vapors	
  


Olefins	
  


Upgraded	
  Products	
  


Aroma&c	
  Molecules	
  


Conversion	
  


MBMS	
  Spectrum	
  of	
  Products	
  


Not	
  Commercial	
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TEA:	
  Simplified	
  Process	
  Flow	
  –	
  Es*mate	
  Costs	
  


Riser	
   Upgrading	
  Pyrolysis	
  


Hydrotrea&ng	
  


Vapor	
  Quench	
  


Separa&on	
   Balance	
  of	
  Plant	
  Abhijit	
  Duaa	
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Waterfall	
  for	
  Ex	
  Situ	
  Pyrolysis	
  Vapor	
  Upgrading	
  


2014	
   2022	
  target	
   Change	
  


Carbon	
  efficiency	
  (%)	
   27	
   44	
   +	
  63%	
  


Oxygen	
  content	
  	
  (%	
  of	
  organic)	
   15	
   6.4	
   -­‐	
  67%	
  
Goals	
  for	
  CFP	
  


$6.47	
  


$3.31	
  


Abhijit	
  Duaa	
  


2014	
  
2022	
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Improving	
  Yields?	
  


•  Understand	
  chemistry	
  
•  Iden*fy	
  important	
  reac*ons	
  (rate	
  limi*ng?)	
  
•  Inves*gate	
  catalyst	
  modifica*ons	
  and	
  reactor	
  
condi*ons	
  that	
  can	
  decrease	
  barriers.	
  


	
  


7	
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Reac&ons	
  in	
  Zeolites	
  


Reac&on	
   Barrier	
  	
  
kcal	
  mol-­‐1	
  


Dehydra*on	
   30	
  -­‐	
  40	
  


Coupling	
   1	
  -­‐	
  15	
  


Cycliza*on	
   ~	
  40	
  


Decarbonyla*on	
   ?	
  


Decarboxyla*on	
   ~	
  30	
  


Important	
  Elementary	
  Reac&ons	
  


Upgrading	
  


etc.	
  


Fast	
  
Pyrolysis	
   •  Reject	
  oxygen	
  	
  


•  Molecular	
  weight	
  growth	
  
•  Forma*on	
  of	
  aroma*cs	
  


Observed	
  Changes	
  in	
  Products	
  


Dehydra*on	
  is	
  an	
  
important	
  reac*on	
  
with	
  a	
  rela*vely	
  high	
  


barrier.	
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Dehydra&on	
  Reac&ons	
  
•  Model	
  compounds:	
  ethanol,	
  propanol,	
  t-­‐amyl	
  
alcohol	
  


•  Computa*onal	
  modeling	
  (Gaussian09	
  calcula*ons)	
  
•  Barriers	
  (ZSM-­‐5)	
  calculated	
  (ONIOM(M062X:PM6)	
  
~43	
  kcal	
  mol-­‐1)	
  


•  Ga	
  subs*tu*on	
  at	
  acid	
  site	
  
o  Lewis	
  acid	
  site	
  
o  Lowers	
  barrier	
  


Kim	
  et	
  al.,	
  J.	
  Phys.	
  Chem.	
  A,	
  2015,	
  119	
  (15),	
  pp	
  3604–3614	
  


HZSM-­‐5	
  


Ga-­‐ZSM-­‐5	
  


43	
  kcal	
  mol-­‐1	
  


25	
  kcal	
  mol-­‐1	
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Computa&onal	
  Details	
  


•  Two	
  level	
  calcula*on	
  	
  
•  10	
  atoms	
  high	
  level	
  (M062X)	
  -­‐	
  
op*mized	
  


•  295	
  atoms	
  at	
  low	
  level	
  (PM6)	
  -­‐	
  frozen	
  
•  ONIOM(M062X/6-­‐311G(d,p):PM6)	
  
•  Gaussian09	
  


O1


O3


O2


B CA


O4


Al Si


Kim,	
  et	
  al.	
  J	
  Phys	
  Chem	
  A	
  2015,	
  119	
  (15),	
  
3604-­‐3614.	
  


Ac&ve	
  Site	
  


Al	
  
Si	
  


O	
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Ethanol	
  Dehydra*on	
  in	
  Zeolites:	
  Two	
  Mechanism	
  
Brønsted-­‐acid-­‐catalyzed	
  dehydra*on:	
  HZSM-­‐5	
  


Concerted	
  


Step-­‐wise	
  
concerted	
  mechanism	
  is	
  4-­‐5	
  kcal	
  mol-­‐1	
  lower	
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O
Al
O
H


ΔE	
  (kcal/mol)	
  ONIOM(M06-­‐2X/6-­‐311G(d,p):PM6)	
  


Kim,	
  et	
  al.	
  J	
  Phys	
  Chem	
  A	
  2015,	
  119	
  (15),	
  
3604-­‐3614.	
  


Si	
  Si	
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Comparison	
  of	
  Theory	
  and	
  Experiment	
  of	
  Alcohol	
  Dehydra*on	
  


pore	
  size	
   6.36Å	
   6.68Å	
  


ethanol isopropyl alcohol tert-amyl alcohol 


in
tri


ns
ic


 ∆
H


 (k
ca


l/m
ol


) 


H-ZSM-5 


0 


10 


20 


30 


40 


50 


60 


Tert%amyl*Alcohol*


H-BEA 


ethanol isopropyl alcohol tert-amyl alcohol 


in
tri


ns
ic


 ∆
H


 (k
ca


l/m
ol


) 


∆G‡(kcal/mol)	
  	
  	
  	
  39.0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  40.1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  32.3	
   ∆G‡(kcal/mol)	
  	
  	
  	
  	
  43.2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  38.1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  24.1	
  


Theory	
  


ΔG	
  (kcal/mol)	
  ONIOM(M06-­‐2X/6-­‐311G(d,p):PM6)	
  


•  Long	
  range	
  electrosta*c	
  
forces	
  can	
  stabilize	
  
transi*on	
  states	
  


•  May	
  be	
  more	
  effec*ve	
  in	
  
smaller	
  cavi*es	
  


tert-amyl alcoholisopropyl alcoholethanol
OH OH OH
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Ga-­‐Extra	
  framework	
  in	
  Zeolites	
  of	
  Alcohol	
  Dehydra*on	
  
	
  


•  Gallium	
  can	
  act	
  as	
  a	
  
Lewis	
  acid	
  


•  Lowers	
  Ea	
  from	
  43	
  kcal	
  
mol-­‐1	
  to	
  25	
  kcal	
  mol-­‐1	
  	
  	
  


ZSM-5


ΔG (ΔE) (kcal/mol) ONIOM(M06-2X/6-311++G(d,p):PM6//M06-2X/6-31G(d):PM6)


0.0 
(0.0)


24.4 
(27.4)


-56.5 
(-56.7)


-29.7  
(-29.0)


-60.5  
(-56.1)


E-GaO-1


E-GaO-TS1


E-GaO-TS2


E-GaO-2


E-GaO-3


23.5 
(28.5)


-62.6 
(-62.5)


-44.3 
(-42.7)


-68.4 
(-65.9)


33.7 
(36.3)


-26.9 
(-28.3)


-68.7 
(-67.9)


-66.6 
(-66.5)


OH


OH


OH
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Isopropanol Dehydration in H-ZSM-5 vs Ga-ZSM-5


Vola%liza%on)
µ*reactor)


Upgrading)
µ*reactor)


MS)


GC)


LN2)
trap)


He)carrier)gas)


Catalyst)(20)mg))


Inject)aqueous)phase(1)µl))


FID)


TCD)


Identify upgraded products


Volatilization reactor: 100 oC


Upgrading reactor: 150-250 oC


Catalysts: HZSM-5, Ga/HZSM-5
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Propene+


Calvin Mukarakate (NREL)


Ten	
  fold	
  increase	
  in	
  
propene	
  forma*on	
  with	
  
Ga	
  


Isopropanol	
  	
  	
  	
  	
  	
  	
  	
  Propene	
  	
  	
  	
  	
  	
  	
  


H-­‐ZSM-­‐5	
   Ga-­‐ZSM-­‐5	
  


How	
  does	
  this	
  translate	
  
to	
  biomass?	
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Micro	
  experiments	
  show	
  
significant	
  improvements	
  
in	
  hydrocarbon	
  yields	
  
with	
  Ga	
  


Biomass	
  Experiments:	
  Horizontal	
  Reactor/MBMS	
  


{P+}	
  
e-­‐	
  


	
  	
  


Biomass	
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50	
  (mg)	
  


Catalyst	
  bed	
  
0.5	
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He	
  


MBMS	
  


Tube	
  furnace	
  
Catalyst	
  


temperature:	
  TC	
  


Pyrolysis	
  
temperature:	
  TP	
  


MBMS:	
  
Ideal	
  for	
  sampling	
  from	
  biomass	
  
pyrolysis	
  and	
  upgrading	
  reactors	
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Hydrocarbons	
  


Maa	
  Yung	
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•  2	
  inch	
  fluidized	
  bed	
  reactor	
  
for	
  pyrolysis	
  	
  


•  2	
  inch	
  reactor	
  for	
  vapor	
  
phase	
  upgrading	
  


•  Biomass	
  feed	
  =	
  400	
  g	
  h-­‐1	
  


•  200	
  g	
  of	
  catalyst	
  
•  Measure	
  90	
  –	
  95%	
  mass	
  


closure	
  


Bench	
  Scale	
  Studies	
  


C	
  Yields	
   Oil	
  O	
  Content	
  


0%	
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O
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15	
  –	
  20%	
  more	
  
hydrocarbons	
  with	
  


Ga	
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Overview	
  
•  Scale	
  of	
  Research	
  


Ø  1-­‐3	
  kg/hr	
  biomass	
  feed	
  
Ø  2	
  kg	
  DCR	
  upgrading	
  catalyst	
  


•  Configura&on	
  
Ø  Ex-­‐situ	
  upgrading	
  of	
  biomass	
  pyrolysis	
  


vapors	
  to	
  condensed	
  products	
  
Ø  Con*nuously	
  pyrolyze	
  biomass	
  for	
  8-­‐10	
  h	
  


runs	
  
•  Data	
  Collec&on	
  Periods	
  


Ø  Will	
  be	
  operated	
  on	
  a	
  daily	
  basis	
  	
  
•  Analy&cal	
  Capabili&es	
  
	
  	
  	
  	
  Online	
  	
  


Ø  Gas	
  chromatographs	
  
Ø  Raman	
  spectrometer	
  
Ø  NDIR	
  and	
  H2-­‐TCD	
  millisecond	
  sampling	
  
Ø  MBMS	
  (>	
  400°C)	
  for	
  vapor	
  species	
  
Offline	
  	
  
Ø  2D	
  GCTOFS	
  and	
  FID,	
  NMR	
  and	
  HPLC	
  for	
  


oil	
  analysis	
  
Ø  Catalyst	
  characteriza*on	
  via	
  SEM,	
  EDS,	
  


XRD,	
  ICP,	
  par*cle	
  size,	
  surface	
  area	
  	
  


Highlights	
  
•  2	
  mass	
  balance	
  runs	
  per	
  8	
  hrs:	
  3-­‐6	
  liter	
  of	
  


upgraded	
  oil	
  and	
  1-­‐2	
  gal	
  raw	
  oil	
  produced	
  	
  
•  Online	
  quan*ta*ve	
  vapor	
  analysis	
  
•  Comprehensive	
  condensed	
  raw	
  and	
  upgraded	
  oil	
  


analysis	
  
	
  


Pilot-­‐Scale:	
  Davison	
  Circula&ng	
  Reactor	
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Market	
  Drivers	
  for	
  Biofuels:	
  Co-­‐products	
  


•  Single	
  ring	
  aroma*cs:	
  great	
  
gasoline	
  addi*ves	
  	
  
o  High	
  octane	
  (engine	
  
efficiency)	
  


o  Right	
  boing	
  range	
  (gasoline)	
  
o  High	
  heats	
  of	
  combus*on	
  
(fuel	
  efficiency)	
  


•  Two	
  –	
  three	
  ring	
  aroma*cs:	
  
not	
  good	
  fuel	
  molecules	
  
o  High	
  octane	
  number	
  
o  High	
  heats	
  of	
  combus*on	
  
o  Boiling	
  points	
  and	
  freezing	
  
point	
  are	
  too	
  high	
  (>	
  2008°C)	
  


o  Hydrotrea*ng	
  required	
  to	
  
form	
  gasoline	
  ($$$)	
  


o  High	
  Value	
  Co-­‐products?	
  


5


0
252015105


Retention Time (min)


10


5


0


10
6  Io


n 
Si


gn
al Pine	
  


HZSM-­‐5	
  


RON	
   BP	
  (°C)	
   ΔcHo	
  	
  
(kJ	
  mol-­‐1)	
  


benzene	
   98	
   80	
   -­‐3273	
  


toluene	
   124	
   111	
   -­‐3910	
  


xylenes	
   130-­‐160	
   140	
   -­‐4552	
  


trimethylbenzenes	
   140-­‐170	
   165	
   -­‐5195	
  


Gasoline	
   93	
   <	
  200	
   -­‐5013	
  


EtOH	
   129	
   78	
   -­‐1371	
  


Pyroprobe/GCMS	
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PEN	
  as	
  a	
  Replacement	
  to	
  PET	
  


Property	
   PET	
   PEN	
   Applica&on	
  


O2	
  Permeability	
  (cm3/[m2	
  day	
  atm])	
   56	
   20	
   Beverages	
  


Modulus	
  (GPa)	
   3.9	
   5.2	
   Automo*ve	
  


Thermal	
  Ra*ng*	
  (°C)	
   105	
   155	
   Electronics	
  


Tg	
  (°C)	
   80	
   122	
   Electronics	
  


Radia*on	
  Resistance	
  +	
  (MGy)	
   2	
   100	
   Pharmaceu*cals	
  


Hydroly*c	
  Resistance++	
  (hr)	
   50	
   200	
   Packaging	
  


Raw	
  Material	
  Cost	
  ($/kg)	
   <0.5	
   2-­‐3	
   -­‐	
  
*Con*nuous	
  opera*ng	
  temperature	
  per	
  UL746B	
  
+Dose	
  to	
  regain	
  50%	
  elonga*on	
  to	
  γ–rays	
  in	
  vacuum	
  
++Time	
  to	
  retain	
  60%	
  elonga*on	
  at	
  130°C	
  in	
  autoclave	
  


Lillwitz,	
  L.	
  D.	
  (2001).	
  Applied	
  Catalysis	
  A:	
  General,	
  221(1-­‐2),	
  337–358.	
  	
  


•  PEN	
  has	
  superior	
  
proper*es	
  to	
  PET	
  (55	
  M	
  
ton/y)	
  


•  2,6-­‐NDA	
  is	
  currently	
  too	
  
expensive	
  ($2	
  –	
  3/Kg)	
  to	
  
be	
  used	
  extensively	
  


Polyethylene	
  
therephthalate	
  


(PET)	
  


paraxylene	
  
Polyethylene	
  
naphthalate	
  


(PEN)	
  


2,6-­‐dimethylnaphthalene	
  


BEER!	
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2,6	
  Dimethylnapthalene	
  


Biomass	
  


Gas	
  


Bio-­‐Oil	
  


Fast	
  
Pyrolysis	
   Pu


rifi
ca
*o


n	
  


p-­‐Xylene	
  


Phenol	
  


Sy
nt
he


sis
	
  &
	
  P
ol
ym


er
iza


*o
n	
  


Renewable	
  Polymers	
  


PEN	
  


Polycarbonate	
  


PET	
  


Cataly*c	
  
Upgrading	
  


Renewable	
  Polymers	
  from	
  Biomass	
  


Nolan	
  Wilson	
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co-optimize 
fuels and engines 
 
accelerate, coordinate, and focus
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broader range of molecules 
from biomass pyrolysis


22 


Produce	
  
Oxygenates	
  
•  Poten*ally	
  
easier	
  to	
  make	
  
than	
  
hydrocarbons	
  


•  Could	
  have	
  
beaer	
  
performance	
  in	
  
advanced	
  
engines	
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the potential of kinetically-
controlled combustion


23 


spark ignition 
gasoline


kinetically-controlled
combustion


compression 
ignition diesel


Low	
  Reac&vity	
  Fuel	
   High	
  Reac&vity	
  Fuel	
  Range	
  of	
  Fuel	
  Proper&es	
  TBD	
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• “Drivers for bio-aromatics” 


 
• Advanced catalytic pyrolysis towards aromatics/BTX 


 
• Downstream processing towards high value 


compounds/materials 
 
 
 


 
 
 
 


Content 







Growth potential of plastics  


3 







Bioaromatics: applications 


4 


Prices BTX strongly dependent on oil price (benzene $900/ton, 
toluene $800/ton, p-xylene $1050/ton (oil about $60 barrel)) 







Bioaromatics: competition 


5 







Catalytic pyrolysis towards 
aromatics/BTX 


• Efficient one-step process 
• Sustainable, low carbon footprint 
• Non food and cheap biomass 
• Rather cheap zeolite (H-ZSM-5) catalysts  
• Moderate yields of BTX (5-25%, depending on 


biomass/conditions)  
 
…….. but the “life time” of the catalyst?? 
 
• Restricted to dry biomass containing low amounts of 


inorganics. 


 
 
 
 
 
 
 


 







Ex situ aromatization 


Advantages 
 
• Extended life time of the catalyst 
• Ability to use highly contaminated/wet biomass streams 
• More “tools” for optimization 


 
 







Catalytic pyrolysis towards 
aromatics  


• Mechanism   
 
 
 
 
 
 
 
 


 







Infrastructure used 


 
 


Tandem microreactor (TMR) 
 
• Ex situ aromatization 
• Fast screening of catalysts and biomass 
• Optimization 
• BTX-yields 
• Stability of the catalyst 


 
 


Gram scale unit 
 
• Mass balance 
• Elemental balance 
• Analysis products formed 
• Yields BTX 
• Yields bio-oil 
 
 







Gram scale unit 
Ex situ aromatization, T = 565 ⁰C, H-ZSM-5 (23); 0.3-0.5 mm, cat : biomass = 3:1 







Integrated Cascading 
Catalytic Pyrolysis (ICCP) 


Hypothesis: A (cracking) catalyst could influences both the 
composition and amount of the gaseous phase. 
  


 







Integrated Cascading 
Catalytic Pyrolysis (ICCP) 


Results : pinewood (no aromatization catalyst used) 







Integrated Cascading 
Catalytic Pyrolysis (ICCP) 


Results: Higher yields of BTX and higher Mwt aromatics 
(pinewood, H-ZSM-5 (23)) 







Renewable building blocks 
Downstream processing of aromatics/BTX  
 
• Drop-in chemicals; purification, separation and modification 


in existing (petrochemical) infrastructure 
 
• Initial focus on p-terephthalic acid (PTA) and iso-phthalic acid 


(IPA) 


1H-NMR, 2D-NMR, GC-MS, MS (MALDITOF)


1) Distillation
2) Oxidation


OHO


HO O


OHO


O


OH


Both > 100 gram







Synthesis of BioPET100 


OHO


HO O


HO
OH


PET


PTA


O
O


O
O


n


Bioethanol


BioPET100 


Q2/Q3 2016 
(crude glycerol) 







Summary 
 
 
 
 
 
 
 
 
 
 


• Ex situ catalytic pyrolysis has potential for large scale 
synthesis of aromatics from biomass, including wet 
and highly contaminated biomass streams. 
 


• Outlets of the process are char (energy), gases/olefins 
(energy, intermediates), BTX (intermediates chemical 
industry) and higher aromatics (biofuel). 
 


• Downstream processing afforded fully sustainable 
BioPET100.   
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Introduction 
Upgrading bio-oil to a conventional transport fuel requires full deoxygenation and can 
be aided by catalytic cracking of fast pyrolysis vapours. Catalytic cracking accomplishes 
deoxygenation through simultaneous dehydration, decarboxylation, and 
decarbonylation reactions occurring in the presence of a zeolite catalyst.  
 
Zeolite catalysts have been extensively used with fast pyrolysis of biomass and related 
materials and shown high aromatic selectivity.  However, they are deactivated rapidly 
due to coke formation on the zeolite surface. Limiting the production of polycyclic 
aromatic hydrocarbons (PAH), which lead to coke formation, can help to overcome this 
problem. Limiting PAH can be achieved by incorporating transition metals and other 
metals in the zeolite framework. 


Aim 
Identify promising metals for ZSM-5 impregnation 
Maximise aromatic hydrocarbon yields 
Minimise polycyclic aromatic hydrocarbon yields  







Catalyst preparation 
ZSM-5 zeolite with Si/Al ratio of 30:1 and crystallite size of 80 nm was purchased 
from Zeolyst International 
The wet impregnation method was used to achieve three different loadings of 
vanadium and cerium on ZSM-5 
The actual metal loading was determined by Inductively coupled plasma mass 
spectrometry (ICP-MS) 


Sample ZSM-5 V-ZSM-5 
(1%) 


V-ZSM-5 
(5%) 


V-ZSM-5 
(10%) 


Ce-ZSM-5 
(1%) 


Ce-ZSM-5 
(5%) 


Ce-ZSM-5 
(10%) 


Nominal loading  
(wt. %) - 1 5 10 1 5 10 


Actual loading 
(wt. %) - 1.11 5.53 7.76 0.70 4.14 8.46 







Catalyst characterisation -1 (XRD)  


10 20 30 40 50 60 70 80
2θ (degree) 


ZSM-5


V-ZSM-5 (1%)


V-ZSM-5 (5%)


V-ZSM-5 (10%)


10 20 30 40 50 60 70 80


ZSM-5


Ce-ZSM-5 (1%)


Ce-ZSM-5 (5%)


Ce-ZSM-5 (10%)


2θ (degree) 


XRD does not show any 
significant changes to catalysts 
structure 


Crystal structure only 
changes for maximum Ce 
loading.  


Crystal size doesn't change 
dramatically for any metal 
loading 


No vanadium or cerium 
particle sizes are identified 
by the XRD, due to the 
metal particles being too 
small for detection 


 
 


 
 


Vanadium 


Cerium 







Catalyst characterisation -2 (Pyridine FTIR) 


140014501500155016001650
Wavelength (λ) 


ZSM-5


V-ZSM-5 (1%)


V-ZSM-5 (5%)


V-ZSM-5 (10%)


Ce-ZSM-5 (1%)


Ce-ZSM-5 (5%)


Ce-ZSM-5 (10%)


Lewis acid sites  Bronsted acid sites  


0.90


0.92


0.94


0.96


0.98


1.00


1.02


ZSM-5 V-ZSM-5
(1%)


V-ZSM-5
(5%)


V-ZSM-5
(10%)


Ce-ZSM-5
(1%)


Ce-ZSM-5
(5%)


Ce-ZSM-5
(10%)


Peak area per 
surface area for 
Lewis/Bronsted 


ratio 


L/B, 1445 1/cm & 1545 1/cm


These figures show 
that there is no 
major difference in 
Bronsted and Lewis 
acid sites 







Catalyst characterisation overview 


Sample 


Nominal 
metal 


loading  
(wt. %) 


Actual 
metal 


loading  
(wt. %) 


BET  
(m2 g.-1) 


Acid sites 
(mmol g.-1) 


Number 
of acid 
sites 


(mmol  
g.-1 m2.-1) 


Crystal 
size (nm) 


ZSM-5 - - 354.8 1.81 5.10E-03 65.09 


V-ZSM-5 
(1%) 1.00 1.11 389.2 1.81 4.65E-03 60.98 


V-ZSM-5 
(5%) 5.00 5.53 371.6 2.06 5.53E-03 66.04 


V-ZSM-5 
(10%) 10.00 7.76 333.9 2.62 7.86E-03 66.73 


Ce-ZSM-5 
(1%) 1.00 0.70 435.7 1.69 3.88E-03 61.17 


Ce-ZSM-5 
(5%) 5.00 4.14 368.8 1.67 4.52E-03 63.35 


Ce-ZSM-5 
(10%) 10.00 8.46 316.3 1.62 5.13E-03 65.80 







Catalyst screening - 1 
Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) was used to study the 
impact that ZSM-5 and impregnated ZSM-5 have on beech wood fast pyrolysis 
products, particularly aromatic hydrocarbons and polycyclic aromatic hydrocarbons 
yields. Py-GC-MS experiments were performed using a CDS 5200 pyrolyser closed 
coupled to a PerkinElmer Clarus 680 GC-MS.  
 
The compounds below will be highlighted on the chromatograms to allow for 
identification of specific aromatic hydrocarbons and polycyclic aromatic hydrocarbons: 
B – Benzene T – Toluene  oX – o-Xylene pX – p-Xylene 
N – Polycyclic aromatic hydrocarbons 
 
 
 


CDS Pyroprobe 5200 HPR 
coupled to a Clarus 600 


GC-MS/FID system 







Catalyst screening – 2 (Vanadium ZSM-5) 
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 Beech wood 


B – Benzene 
T – Toluene  
oX – o-Xylene 
pX – p-Xylene 
N – Polycyclic aromatic hydrocarbons 
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Catalyst screening – 3 (Vanadium ZSM-5) 
Maximum aromatic hydrocarbon yields are achieved by ZSM-5 impregnated 
with 5 wt. % vanadium (64.98%), but yields drop when the weight % of 
vanadium is increased  to 10 wt. % (43.13%) 
Polycyclic aromatic hydrocarbon (PAH) yields decrease as the weight % of 
vanadium is increased when compared to ZSM-5 


Reducing 







Catalyst screening – 4 (Cerium ZSM-5) 
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Catalyst screening – 5 (Cerium ZSM-5) 
Maximum aromatic hydrocarbon yields are achieved by ZSM-5 impregnated 
with 10 wt. % cerium (52.55%) 
Polycyclic aromatic hydrocarbon (PAH) yields are dramatically reduced by the 
impregnation of cerium, with 1 wt. % of cerium decreasing the PAH from 28.16% 
(ZSM-5) to 12.38% (Ce-ZSM-5 (1%)) 







Overall conclusion 
Aromatic hydrocarbon yields are significantly increased when ZSM-5 has been 
impregnated with either vanadium or cerium 


PAH reduces with vanadium and cerium impregnation compared to ZSM-5 


The specific metal doped on ZSM-5 seems to have a greater influence on 
aromatic hydrocarbon yield than catalyst surface area and number of acid sites 


Vanadium at 5 wt. % offers highest aromatic hydrocarbon yields and low PAH 
yields 


 


 


 


 


 


 


 
 







Future plans 
Further characterisation of impregnated ZSM-5 catalysts is required, focusing on 
the effect each metal has on aromatic hydrocarbon formation  


Produce V-ZSM-5 (5%) and Ce-ZSM-5 (10%) on a large scale to be used in a 
bench scale catalytic fast pyrolysis reactor system 


Characterisation of upgraded liquid products, char and gases – focusing on 
maximising aromatic hydrocarbon yields whilst minimising polycyclic aromatic 
hydrocarbon yields 


Study the regeneration of used V-ZSM-5 (5%) and Ce-ZSM-5 (10%) catalysts and 
its affect on each catalysts characteristics 
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Questions related with the CFP of biomass: 


• Production of drop-in biofuels/chemicals vs. the integration 
of the product of CFP with the existing petroleum refineries 


 
 


• What is the most feasible operation mode: in situ CFP vs. ex 
situ CFP? 


 
 


• The accumulation of biomass originated ash within the 
system? 
 


• What is the optimal process alternative? 
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Fast pyrolysis Biomass 


CO, CO2, H2, CxHy 


Char 


Bio-oil 


Primary processing 


Can handle liquid 
feedstocks with  


ca. 10 wt.% of oxygen 


Hydrotreating 
(HDO) 


Pressure 
(100-200 bar) 


H2 H2O, CO2 


Coke 


HDO-oil 


Secondary processing 


Catalyst 
Refinery 


Tertiary  
processing 


Catalytic fast 
pyrolysis (CFP) 


Catalyst 


Char, coke 


CO, CO2, H2, CxHy 


CFP-oil Biomass Refinery 


Aqueous  
phase  


The aim of a commercial CFP process should be to convert the biomass 
feedstock efficiently to a high-quality liquid (CFP-oil) in high quantities 
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Objectives of CFP of biomass: 
• The stabilization of the liquid product by controlling the molecular 
size distribution and steering the oxygen functionalities 
• The (partial) removal of oxygen from the liquid product preferably 
by CO2 instead of H2O and CO 
• The minimization of the catalyst deactivation 
• Increased production of the target compounds (e.g. aromatics, 
(iso-)alkanes) 
• Accepting stable oxygenates like alcohols, ethers, and phenols 
• Decreased acidity in liquid product (TAN < 10) 
• The maximization of the energy yield 
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The possible options are to produce: 


 As an end product 
  • blendable components for transportation fuels (gasoline or diesel) 


  • a bio-fuel for direct use in large engines (trains and ships, stationary engines 


and turbines in co-generation units) 


As an intermediate product 
  • a feedstock for the FCC units in the existing crude oil refineries, in which  


case the CFP-oil should be miscible with vacuum gas oil (VGO) or light cycle 


oil (LCO) 


Catalytic fast 
pyrolysis (CFP) 


Catalyst 


Char, coke 


CO, CO2, H2, CxHy 


CFP-oil Biomass Oil refinery 


Aqueous  
phase  
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Questions related with the CFP of biomass: 


• Production of drop-in biofuels/chemicals vs. the integration 
of the product of CFP with the existing petroleum refineries 


 
 


• What is the most feasible operation mode: in situ CFP vs. ex 
situ CFP? 


 
 


• The accumulation of biomass originated ash within the 
system? 
 


• What is the optimal process alternative? 
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Options for the addition of catalyst materials in a fast pyrolysis process. 


Biomass 
hopper


In situ 
catalysis


Char + 
spent catalyst


Spent
catalyst


Regenerator


Regenerated 
catalyst 
recycle


Reformed
vapours


Condenser


BIO-OIL


Regenerated 
catalyst 
recycle


Catalytic
reactor
(in situ)


Regenerator


Reformed
vapours


Ex situ 
catalysis


Catalyst
impregnation


Catalysis for bio-oil 
upgrading


NCG’s


Catalytic
reactor


(ex situ)


Ex situ catalysis: 
  Flexibility in conditions of catalysis such as temperature, particle size and shape, reactor type, 
utilization of reactive gases (e.g. hydrogen) 


In situ catalysis: 
  Immediately attack the released biomass volatiles 
  Catalyst can act as a process heat carrier 
  Char combustor in the pyrolysis process can be a catalyst regenerator 
  Temperature of catalysis is constant 
  During the operation, the biomass ash accumulates within the system 


Reference: Yildiz, G., Ronsse, F., van Duren, R., & Prins, W. (2016). Challenges in the design and 
operation of processes for catalytic fast pyrolysis of woody biomass. Renewable & Sustainable 
Energy Reviews, 57, 1596-1610.  
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Lifetime and deactivation of the catalyst in in situ CFP 


& ash accumulation 


The catalyst loses its activity throughout the successive reaction/regeneration 
cycles. 


Reference: 
Yildiz, G., Lathouwers, T., Toraman, H. E., van Geem, K. M., Marin, G. B., Ronsse, F., van Duren, R., 
Kersten, S. R. A., & Prins, W. (2014). Catalytic fast pyrolysis of pine wood: effect of successive catalyst 
regeneration. Energy&Fuels, 28, 4560-4572.  
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Reformed vapours


Catalyst


Ash
Cracked vapours


NCG's and char


Desired liquid product


Catalyst4 3b


Primary pyrolysis 
vapours


1 The catalytic effect of ash itself on the primary pyrolysis vapours results in the increased production 
of non-condensable gases (NCGs) and char; 


2 Ash may crack some larger vapour phase molecules inaccessible to the catalyst’s interior, to 
smaller ones which are capable of entering the catalyst pores; 


3 Cracked vapours may then either be further reformed by the catalyst (a) or not (b); 


4 Ash particles poison the catalyst and (negatively) affect the vapour conversion and the reaction 
chemistry. 


1 


2 


3a 3b 4 


• The presence of biomass ash affects  the CFP product yields and 
compositions 


Reference: 
Yildiz, G., Ronsse, F., Venderbosch, R., van Duren, R., Kersten, S. R. A., & Prins, W. (2015). Effect of 
biomass ash in catalytic fast pyrolysis of pine wood. Applied Catalysis B: Environmental, 168, 203-211.  
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How the problems related with the 
presence of ‘biomass ash’  


and ‘the successive  
catalyst regeneration’  


be overcome  
in CFP? 
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Questions related with the CFP of biomass: 


• Production of drop-in biofuels/chemicals vs. the integration 
of the product of CFP with the existing petroleum refineries 


 
 


• What is the most feasible operation mode: in situ CFP vs. ex 
situ CFP? 


 
 


• The accumulation of biomass originated ash within the 
system? 
 


• What is the optimal process alternative? 
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Reference: Yildiz, G., Ronsse, F., van Duren, R., & Prins, W. (2016). Challenges in the design and 
operation of processes for catalytic fast pyrolysis of woody biomass. Renewable & Sustainable 
Energy Reviews, 57, 1596-1610.  
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Option B  
a process alternative for in situ CFP of biomass 
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Reference: Yildiz, G., Ronsse, F., van Duren, R., & Prins, W. (2016). Challenges in the design and 
operation of processes for catalytic fast pyrolysis of woody biomass. Renewable & Sustainable 
Energy Reviews, 57, 1596-1610.  
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Option C  
a process alternative for ex situ CFP of biomass 
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Reference: Yildiz, G., Ronsse, F., van Duren, R., & Prins, W. (2016). Challenges in the design and 
operation of processes for catalytic fast pyrolysis of woody biomass. Renewable & Sustainable 
Energy Reviews, 57, 1596-1610.  
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Conclusions & remarks 


• New catalyst formulations, improved catalyst regeneration procedures, improved reactor 
technologies and optimized process conditions are all possible strategies to further improve the 
result of CFP process. 


• To overcome the drawbacks of biomass ash in case of the commercial/industrial scale CFP 
operation; 
 the char (which contains a vast majority of the biomass ash) has to be physically removed 


from the catalyst before the regeneration step,  
 or the direct physical contact between the catalyst and the biomass must be prevented 


by the utilization of ex situ processes. 


• Future research should reveal whether the observed trends will persist after many more 
reaction/regeneration cycles, and how long it takes for the catalyst to completely deactivate.  


• Strategies to reduce the minerals (i.e. biomass leaching, char removal) burden in the in situ 
catalytic fast pyrolysis process could extend the lifetime of the catalyst. 


• Reseach focused on the improvement of the catalysts which are resistant to poisoning by ash 
minerals can be considered. 
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Reference: 
• Yildiz, G., Lathouwers, T., Toraman, H. E., van Geem, K. M., Marin, G. B., Ronsse, F., van Duren, R., Kersten, S. R. A., & Prins, W. (2014). 


Catalytic fast pyrolysis of pine wood: Effect of successive catalyst regeneration. Energy & Fuels, 28, 4560–4572.  
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Table 2. Heating values and the yields of catalytic fast pyrolysis products obtained from 
previously published experimental data and calculated energy balances with respect to 
different process modes (a. in situ, and b. ex situ). 


a. Results of in situ experiments performed in continuously operated setups: 


• Paasikallio et al. [34], circulating fluidized bed reactor with 20 kg/h biomass intake, 
ZSM-5 catalyst: 


   
Energy balance  


   
MJ/kg Energy yield, % 


 


Heating values 
[MJ/kg] 


Yields 
[wt.% on feed] In Out In Out 


Pine wood 20.4 
 


20.4 
 


100 
 CFP-oil 29.7 a 32 


 
9.5 


 
46.6 


Water - 19 b 
 


- 
 


- 
NCG's N/A 21 


 
N/A 


 
N/A 


Char/Coke 34 d,f 27 
 


9.2 
 


45.0 
Total 


 
99 20.4 18.7 100 91.6 


• Iliopoulou et al. [57], circulating fluidized bed reactor with 0.33 kg/h biomass intake, 
ZSM-5 catalyst: 


   
Energy balance  


   
MJ/kg Energy yield, % 


 


Heating values 
[MJ/kg] 


Yields 
[wt.% on feed] In Out In Out 


Beech wood 16.4 a 
 


16.4 
 


100 
 CFP-oil 34.1 a 25.4 


 
8.7 


 
52.8 


Water - 23.4 b 
 


- 
 


- 
NCG's ~1.5 c 33.3 


 
0.5 


 
3.1 


Char/Coke 34 d,f 17.9 
 


6.1 
 


37.1 
Total 


 
100 16.4 15.3 100 93.0 
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• Yildiz et al. [47], auger reactor with 0.2 kg/h biomass intake, (H-)ZSM-5 catalyst: 


   
Energy balance  


   
MJ/kg Energy yield, % 


 


Heating values 
[MJ/kg] 


Yields 
[wt.% on feed] In Out In Out 


Pine wood (a.r.) 16.8 a 
 


16.8 
 


100 
 CFP-oil 33.6 a 16.3 


 
5.5 


 
32.6 


Water - 34 b 
 


- 
 


- 
NCG's 3.1 c 24.7 


 
0.77 


 
4.6 


Char 28.2 d 16.2 
 


4.6 
 


27.2 
Coke 18.5 d,e 7.1 


 
1.31 


 
7.8 


Total 
 


98.3 16.8 12.1 100 72.2 
 


• Dayton et al. [58], circulating riser reactor with 57.2 kg/h biomass intake, non-zeolitic, 
alumina-based catalyst: 


   
Energy balance  


   
MJ/kg Energy yield, % 


 


Heating values 
[MJ/kg] 


Yields 
[wt.% on feed] In Out In Out 


Loblolly pine (a.r.) 20.0 
 


20.0 
 


100 
 Bio-crude (CFP-oil) 25.6 a 3.0 


 
0.8 


 
3.8 


Aqueous fraction 2.2 a 62.0  1.4  6.8 
Pyrolysis off-gas N/A 3 


 
N/A 


 
N/A 


Regeneration off-gas N/A 23  N/A  N/A 
Char 34 f 2 


 
0.7 


 
3.4 


Coke N/A N/A 
 


N/A 
 


N/A 
Total 


 
93.0 20.0 2.8 100 14.1 
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b. Results of an ex situ experiment performed in a continuously operated auger reactor using a 
ZSM-5 catalyst: 


• Yildiz et al. [47], auger reactor with 0.2 kg/h biomass intake as the fast pyrolysis reactor 
and moving bed reactor (co-current flow) as the ex situ catalytic reactor: 


   
Energy balance  


   
MJ/kg Energy yield, % 


 


Heating values 
[MJ/kg] 


Yields 
[wt.% on feed] In Out In Out 


Pine wood (a.r.) 16.8 a 
 


16.8 
 


100 
 CFP-oil 34.1 a 16.7 


 
5.7 


 
33.9 


Water - 34.2 b 
 


- 
 


- 
NCG's 3.0 c 23.9 


 
0.72 


 
4.3 


Char 30 d 18.7 
 


5.6 
 


33.4 
Coke 18.5 d,e 7.1 


 
1.3 


 
7.8 


Total 
 


100.6 16.8 13.3 100 79.4 
a Calculated based on Milne formula: HHV = 338.2*C + 1442.8*(H-(O/8)) [MJ/kg]. In Milne et al. [59] 
b Based on the results of Karl-Fischer analyses. 
c The composition of NCG’s are derived from micro-GC analyses. The heating value of NGC’s was calculated by: LHVNCG = 
(30.0 × CO + 25.7 × H2 + 85.4 × CH4 +151.3 × CnHm) × 4.2 and converted into MJ/kg. In Ioannidou et al. [60] 
d HHVchar = 0.34 × %C + 1.4 × %H - 0.16 × %O, [MJ/kg]. In  Ioannidou et al. [60] 
e Coke refers to coke on catalyst. The elemental composition of coke was obtained (the given values were averaged) from 
Williams and Horne [61]. 
f Char/coke is assumed to be 100 % carbon. 
N/A: Not available 
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Criteria 
Weight 
factor 


A 
A–M1–


H 
A–M1–


L 
B 


B–M2–
A 


B–M2–
F 


G–M2–
A 


G–M2–
F 


• Deoxygenation by CO2 a 8 – – – – – – – – – + + + + + + + + + + 
• The yield of organic liquid 


phase b,d 
7 – – – – – – – + + + + – – + + + + + + – 


• H/C ratio of the organic liquid 
phase c 


6 + – – – + + + – – – – + + + + + + + + + 


• O/C ratio of the organic liquid 
phase c 


5 – – – – – – – + + + + + + – – + + + + + + + 


• Coke yield b 4 – – – – + + + + + + + – – – – + + + – – 
• The production of desirable 


compounds (i.e. aromatics, 
phenols, and furans) d 


3 + + + + + + + + + – – – – – – – – – + 


• Energy content in the organic 
liquid phase (based on HHV) c 


2 – – – – – – – – – – + + + + + + + + + + + 


• The percentage of detectable 
components in the organic 
liquid phase d 


1 + + + + + + + + + – – – + – – – – – – – 


Score (relative to the best performing catalyst) 47.2 50.9 95.4 65.3 79.6 100 89.4 96.3 
Ranking 8 7 3 6 5 1 4 2 


Table S2.a. Evaluation of catalyst performances in catalytic fast pyrolysis experiments of pine wood 
performed in lab-scale fast pyrolysis mini-plant, at a reactor temperature of 500 °C. Weight factors of the 
evaluated criteria were assigned according to targeting on the deoxygenation requirements. The best and 
the worst performances are represented by + + + + and – – – –, respectively. 
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Criteria 
Weight 
factor 


A 
A–M1–


H 
A–M1–


L 
B 


B–M2–
A 


B–M2–
F 


G–M2–
A 


G–M2–
F 


• The production of desirable 
compounds (i.e. aromatics, 
phenols, and furans) a 


8 + + + + + + + + + – – – – – – – – – + 


• The yield of organic liquid 
phase a,b 


7 – – – – – – – + + + + – – + + + + + + – 


• Energy content in the organic 
liquid phase (based on HHV) c 


6 – – – – – – – – – – + + + + + + + + + + + 


• Deoxygenation by CO2 d 5 – – – – – – – – – + + + + + + + + + + 
• The percentage of detectable 


components in the organic 
liquid phase a 


4 + + + + + + + + + – – – + – – – – – – – 


• Coke yield b 3 – – – – + + + + + + + – – – – + + + – – 
• H/C ratio of the organic liquid 


phase c 
2 + – – – + + + – – – – + + + + + + + + + 


• O/C ratio of the organic liquid 
phase c 


1 – – – – – – – + + + + + + – – + + + + + + + 


Score (relative to the best performing catalyst) 71.0 70.0 100 65.0 81.5 97.5 79.5 98.5 
Ranking 6 7 1 8 4 3 5 2 


Table S2.b. Evaluation of catalyst performances in catalytic fast pyrolysis experiments of pine wood 
performed in lab-scale fast pyrolysis mini-plant, at a reactor temperature of 500 °C. Weight factors of the 
evaluated criteria were assigned according to targeting on the production of desirable compounds in high 
yields. The best and the worst performances are represented by + + + + and – – – –, respectively. 
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The figure below shows theoretical calculations for mass, energy and the 
carbon yields in CFP of lignocellulosic biomass (credit to F. Ronsse): 


CH1.46O0.67               0.79 CH1.2   +   0.21 CO2   +   0.25  H2O
CFP


Biomass (typical 
composition for  
lignocellulose)


HHV = 19.6 MJ/kg 
(Milne)


24.2 g/mol


Aromatics and 
aliphatics


HHV = 42.9 MJ/kg 
(Milne)


10.4 g/mol


79 w% C efficiency


94 % Energy yield


43 w% yield
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Introduction 
A benchtop tandem micro-reactor (TMR) - GC/MS system was developed1)  for 
fast and simple catalyst characterization, and its application were reported.2) 


1) C. Watanabe et al., Environ. Prog. Sustain, 33 (3), 688-692 (2014)  
2) R.R. Freeman, et al., J. Anal. Appl. Pyrolysis, 111, 41-46 (2015) 


Subject of TMR-GC/MS system 
The reaction pressure was equal to the column 
inlet pressure. Therefore, when a higher pressure 
around 0.1~1.0 MPa, termed “medium” pressure, 
was applied as the reaction pressure, 


1. the separation on the chromatogram was 
significantly deteriorated. 


2. the mass spectrometer cannot achieve high 
vacuum due to too high column flow rate.  


Major factors affecting 
catalytic reaction 


• Catalyst 
• Temperature 
• Pressure 
• Time 
• Atmosphere 
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Project objective 


Improvement of TMR-GC/MS system to achieve the 
routinely operation at medium pressures 
 (around 0.1 ~ 1 MPa). 
 


1. A new pressure control module used with TMR-
GC/MS was developed. 
 


2. The system was applied to catalytic conversion of 
ethanol and glycerin, and the basic performance of the 
pressure control module was evaluated. 
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Open Split Interface 


System diagram of TMR-GC 
with Medium Pressure (MP) flow controller 
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Examination for appropriate size of capillary restrictor 
between GC injection and separation column 
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New MP control system versus the conventional system 
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２(C2H4) + 2H2O (C2H5)2O + H2O 2 C2H5OH 
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Peak broadening under medium pressure and the solution 
~ cryo-focusing the transformed products using Liquid N2 ~ 


Sample: ethanol （0.1 μL ）, Catalyst：ZSM-5、He total flow100 mL/min,  
Reactor pressure and temp：0.97 MPa, 230ºC, Column：0.07 MPa 
Restrictor：4 m, 0.17 mm i.d., Sep. column： UA1-30M-2.0F, Det: FID 
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restrictor 


Liq. N2 


B） With cryo trapping 
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Development of solid sampler 
applicable under medium pressure condition 
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Reactor: 300ºC (1st /2nd reactors), ITF : 300ºC 
Carrier gas : H2 （80 kPa, constant pressure） 
Split ratio: 1/100, Catalyst: Pd/Al2O3（10 mg ） 
Sample: Glycerin（0.3 mg） Column：UA1-30M-2.0F 
5 min trapping of transformed gases using liquid N2 
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MP flow controller 


The developed MP flow controller de-couples reaction pressure from 
column pressure enabling reproducible qualitative and quantitative 
chromatographic results. 


As shown for glycerin conversion, the influence of reaction pressure 
up to 1.0 MPa, on the yield of the reaction product can be studied 
using online GC/MS for screening of catalysts. 


Summary 


11/12 







Questions? 
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Epoxy Resins 


Photo sources: Wikipedia; www.epox.at 
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Bisphenol A DGE 
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Isomers of Bisphenol A 
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Commercial Resin 
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Commerical Resin 


RT: 0.00 - 18.45
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Bisphenol F DGE 


RT: 0.00 - 19.48
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Hardener 


RT: 0.00 - 25.53


0 2 4 6 8 10 12 14 16 18 20 22 24
Time (min)


0


20


40


60


80


1000


20


40


60


80


100


R
el


at
iv


e 
A


bu
nd


an
ce


NL:
3.17E6
TIC  MS 
TA_Pyro_0
4


NL:
9.43E4
TIC  MS 
TA_Epoxy_
03


O


O


O


O


O


O


O


O


O


H2N
N
H


H
N


N
H


NH2
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MS - MTPA 
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BFDGE + Anhydride 


RT: 4.92 - 16.79


5 6 7 8 9 10 11 12 13 14 15 16
Time (min)


0


20


40


60


80


1000


20


40


60


80


100


R
el


at
iv


e 
A


bu
nd


an
ce


0


20


40


60


80


100 NL:
3.37E5
TIC  MS 
ta_pyro_18


NL:
2.07E6
TIC  MS 
16042906


NL:
4.91E7
TIC  MS 
Epoxide_05







105 °C 


25 °C 


BADGE 


Bisphenol A 


RT: 0.00 - 19.52


0 2 4 6 8 10 12 14 16 18
Time (min)


0


20


40


60


80


1000


20


40


60


80


100


R
el


at
iv


e 
A


bu
nd


an
ce


0


20


40


60


80


100 NL:
1.54E5
TIC  MS 
TA_Pyro_11


NL:
3.66E5
TIC  MS 
TA_Pyro_12


NL:
8.15E5
TIC  MS 
TA_Pyro_23


105 °C 
1:1.5 


Commercial System – 
Bisphenol A resin and Amine 







Thermally Assisted Hydrolysis 
and Methylation 
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Conclusion 


• Secondary pyrolysis reaction 
• Resins are easily identified - hardeners not 


always 
 


• Curing degree can be estimated 
• TMAH helps identify hardener and improves 


sensitivity for resins 
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Analysis of crude oil and related matrices 


• Crude oil is still one of the major energy sources and will  
  stay for decades to come 
 


• Crude oil quality will steadily diminish 
  (more heavy fractions, increasing sulphur content) 
 


• Problems for production, refinery and storage 
 


• Challenges for analysis: 
 - Gas chromatography temperature limited 
 - High resolution techniques with intricate data  
             evaluation 
 - Identification of hetero atoms in hydrocarbon matrix 
 - Results are varying depending on utilzed methods 
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Analysis of crude oil 


Analytical approaches: 
 
• Fractionation (e.g. SARA; saturated, aromatic, resin, 
     asphaltene) 
 
• Different extraction methods for selective analysis 
 
• Chromatographic separation (one- and twodimensional) 
 


• High resolution mass spectrometry (FTICR-MS) 
 


 
Our approach: Thermal fractionation combined with either 
GC separation and two different MS based detectors or 
direct mass spectrometry 


S. Guan and A. Marshall, Anal. 
Chem. 68 (1996) 
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TD/Py-GC/MS – System 


Soft 
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REMPI 


Mass spectrometry by photo-ionization 
Absorption of two UV-photons 
 Resonance Enhanced Multiphoton Ionisation (REMPI) 


REMPI: 
 
• Photon-energy 4 - 6 eV 
 
• Selective and sensitive ionization of 
   (poly)aromatic compounds 
 


• Detection with a time-of-flight  
  mass spectrometer (TOFMS) 
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EI and REMPI-MS detection 
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Turkish Oil – GC vs. REMPI-MS 


GC retention time vs. REMPI-TOFMS m/z  
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Sulfur Compounds 
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Asphaltenes 


• Fraction of crude oil defined by ist solubility properties: 
 


• Soluble in toluene but insoluble in lighter paraffins 


Classification as C7 (insoluble in n-pentane) 
                       or C5 (insoluble in n-pentane) 


• Large highly polar compounds out of condensed aromatic 
  and naphthenic rings, which can contain heteroatoms 


Black, non-volatile powder 
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Experimental Setup TA-PIMS 


UV 
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Comparison Asphaltene C5/C7 


TA-REMPI-MS Asphaltene C7 


TA-REMPI-MS Asphaltene C5 
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Comparison Asphaltene C5/C7 


Asphaltene 
C5 


Asphaltene 
C7 
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Comparison Asphaltene C5/C7 


Asphaltene 
C5 


Asphaltene 
C7 
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TA-REMPI-MS Crude Oil 


Asphaltenes 


(Semi)volatiles 
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Summary 


• Analytical systems combining pyrolysis, thermal analysis, gas 
chromatography,  EI mass spectrometry, REMPI mass 
spectrometry 


Alternative approaches for aromatic 
and heteroatomic compund detection 
in complex high molecular mixtures 


• Two-dimensional detection (T vs. MS, GC vs. MS)   
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Outline 


Background 


Experimental Method 


TG + Molecular beam sampling + Synchrotron photoionization 


Preliminary Results 


Conclusion and Future Work 







 Biofuel —— important substitutes of conventional 
fossil fuels 


 Biofuel presents many advantages 
 
 


 
 Thermochemical conversion is one of most promising 


routes to convert bulk biomass feedstock into practical 
fuels 
 


  Renewability 
  Low cost 
  Low emissions of NOX, SOX 


Background 
Biomass and biofuel 







 Pyrolysis is an initial step of thermochemical process 
 Understanding the thermal decomposition behavior  
 To optimize the conversion process and control end-


products 


  Low volatility  


  High viscosity  


  Thermal instability   


Charcoal 


Bio-oil 


Fuel gas 


Biomass 
pyrolysis 


Background 
Pyrolysis of biomass 







Background 


GC 
TG 


o TG is an important method for studying pyrolysis 
kinetics of biomass 


o Accurate information for global mass loss 
o Can not analyze pyrolysis products qualitatively 
o Usually coupled with spectroscopy, GC, MS by capillary 


Evolved gas analysis 


Capillary 


MS Furnace 







Background 
Evolved gas analysis 


o Capillary is usually 1-2 m length —— long retention time 
o Maintained at 200-300 ℃ 
o Condensation of gaseous compounds with high bp 
o Secondary reactions —— quenching of reactive products 


TG 


TIC 







Experimental Method 
Why molecular beam sampling? 


reservoir 


molecular-beam 


o In situ sampling inside the heated furnace 
o No retention time, on-line measurement 
o No condensation of gaseous products with high bp 
o Less secondary reactions，possible to detect 


reactive species 


Furnace 







Experimental Method 
Why photoionization? 


o Samples introduced to MS is ionized by electron 
ionization method 


o EI spectra has good reproducibility 
o Standard spectra library is available 


Filament 


Electron Ionizer 


e 
e e 
e i i 


i 


i i 


i i i 
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Mass spectrometer 


MS with Electron ionization Spectra library 







NIST Database 


PIMS can resolve different 
mass, and gives a single 
identifiable peak for each 
compound. 


Experimental Method 
Why photoionization? 


PI 


EI 


Diesel fuel 


Molecular  
ions 


Fragments 


Propane 







Experimental Method 


Ionization Energies of Organic Molecules 


Why synchrotron VUV light? 







Experimental Method 


VUV Beamline at Hefei Light Source 


Photon Flux 


Synchrotron VUV Beamline 


Photon flux 
(photons/sec) ~1×1013 


Energy range (eV) 6 - 20 


Resolving power 
(E/ΔE) 4000 







Experimental Method 
Experimental apparatus 


Material Quartz 
Orifice 70 μm 
Length 60 mm 


Included angle 25° 


Sampling nozzle 


Furnace 







Preliminary Results 
Performance of TOF MS 


Mass Range 1-1000 Da 


Resolution  2500 


Detection Limit 0.1 ppm 


 High mass resolution of the TOF-MS 
helps distinguish Ar and C3H4 clearly 


 Linear response covers 5 orders 







Preliminary Results 
Pyrolysis of pine wood 


Heating rate 20 ℃/min Carrier gas Nitrogen 
Reacting pressure 760 Torr Flow rate 100 ml/min 


TIC 


DTG 


TG 







Preliminary Results 
Pyrolysis of pine wood 


o Cellulose, xylan and lignin are 
main components of pine wood 


o Evolution of typical markers as a 
function of temperature 


Cellulose markers 


Xylan markers 


Lignin markers 







Conclusion and Future Work 


o Combination of TG with synchrotron photoionization 
mass spectrometry through molecular beam 
sampling interface 


o Capable of online detection due to the molecular 
beam sampling 


o Selective ionization due to tunability of VUV 
 


o Sensitivity limited by the design of the sampling 
interface  


o Perturbation of the temperature distribution and flow 
field inside the furnace 
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