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The Unexamined Life

“ . . . - »”
* “The unexamined life is not worth living. | Fundamentaltimits on |
l ?

- Socrates, in Plato’s Apology (38a) |

Lignin products:
e After more than 40 years of research, fast pyrolysis
of biomass still rests on foundational mechanistic

questions that have not been fully resolved. EYP . - el e
- 4 % - - 'ter in lignin?|

or ejected dr

* This talk takes up six such questions central to
advancing the technology.

... What drives biomass ‘
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Plastics pyrolysis: ‘
?
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Socrates (c. 470—-399 BCE)



Six Questions in Pyrolysis

CELLULOSE — LEVOGLUCOSAN

Are there fundamental mechanistic limitations that
prevent levoglucosan yields from the pyrolysis of
cellulose substantially exceeding the commonly
reported 60 to 70 wt%?

MINERAL MATTER — LIGNIN

Does naturally occurring mineral matter in biomass
significantly influence the depolymerization of lignin
during pyrolysis?

POLYOLEFINS — OIL OR WAX

There is some disagreement whether the products for
HDPE, LDPE, and PP pyrolysis are predominantly liquid
(oil) or solid (wax). Considering the mechanism of
plastics pyrolysis and the common processing
conditions, which would be expected to predominate?

LIGNIN — PRIMARY PHENOLICS

Although the collected phenolic products from the
pyrolysis of lignocellulose are found to be mostly
oligomers, are the primary lignin pyrolysis products
predominantly volatilized monomers or ejected
oligomeric liquid droplets?

MOISTURE — PARTICLE HEATING

What inherently drives the rule of thumb of drying
biomass down to 10 to 12 wt% moisture content before
pyrolysis, considering that it takes energy to dry it,
whether before or during pyrolysis?

SYSTEMS ENERGY — FAIR COMPARISON

From a systems perspective, when evaluated on
equivalent process boundaries, is the overall energy
demand of pyrolysis to produce liquid fuels inherently
greater than that of other biomass-to-liquid-fuel
technologies?



What Does Al Think?

Asked of GPT-5.4 (Thinking-Mini), Claude (Sonnet 5), Gemini (3.1 Pro), M365 Copilot
(GPT-5 chat model), Perplexity (Free Tier)

Broad agreement CONSENSUS Sharp splits DISAGREEMENT

5/5

5/5

4/5

Moisture

All five tie the 10-12% guideline to slower heating and
lower bio-oil quality.

System energy

All five reject an inherent energy penalty when pyrolysis
and alternatives are compared on complete, equivalent
process boundaries.

Mineral effects

Four systems say native minerals encourage condensation
and char formation, discouraging phenolic monomer
formation; Gemini disavows any catalytic effect.

3-1-1

3-2

2—-2-1

Levoglucosan ceiling

Three endorse an intrinsic kinetic ceiling; Perplexity
notes no intrinsic thermodynamic limit; Gemini thinks it
is only limited by mass transfer.

Primary lignin products

GPT, Copilot, and Perplexity favor volatilization with
droplets formed by secondary reactions; Claude and
Gemini favor ejected oligomeric droplets.

Polyolefin condensate

Two systems say wax dominates, two systems say PE is
wax dominant while PP is oil dominant, and ChatGPT
says oil dominates under sufficiently severe cracking.




Are there fundamental mechanistic limitations that prevent levoglucosan yields?
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Patwardhan et al. (2010) Bioresource Technology; Bai et al. (2013)
J Anal Appl Pyrolysis; Plouffe et al. (2022) J Anal Appl Pyrolysis



In principle, levoglucosan yields could be greater than 60 wt%

Biomass Pretreatment Pyrolysis
e Pretreatment: infusi ng acid or Cellulose in biomass Ferrous sulfate (FeSO,4+7H,0) Levoglucosan
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Are the primary products of lignin pyrolysis volatilized monomers or ejected
oligomeric droplets?

Thermal ejection hypothesis: lignin Thermal Ejection
partially cracks into oligomeric fragments el ’. # > phoncic lgomers
° A

that melt and are sheared by bubbling/
boiling into aerosol droplets, without ever

«— lignin melt

vaporizing. SO .ﬁﬁiﬁiﬁm ..’6;.,&.:_
Monomer Volatilization
Monomer volatilization hypothesis: s Ty b By ¥ mE, o o —phemisoigomers
. . ] ® ® O O }chemical condensation zone
primary products are volatile phenolic 01 T ——

monomers that recombine into oligomers
in the vapor phase or upon condensation,
forming “pyrolytic lignin” after the fact.

The two mechanisms imply very different reactor and condenser designs for recovering
lignin-derived products.



The primary products of lignin pyrolysis are volatile monomers that undergo chemical
condensation in the vapor stream to form droplets

* Optically accessible reactor with filament heater used to directly (a) Organosolv lignin
image pyrolysis of cellulose, technical (extracted) lignin, and 3.868 s
whole red oak in real time.

4.260s

* Technical lignin melts, bubbles, and ejects large droplets - an
artifact of using extracted lignin rather than lignin dispersed
within whole biomass.

* Lignin dispersed in an inert matrix eliminates ejection, restoring

devolatilization behavior resembling that of whole biomass. (b) Organosolv lignin in inert matrix 10" n=
— . Pyrolysis i
E]“ék??j% Reactor Sheet-forming

—— optics .

HeNe 2
Fiber h

u_5haped Humination

Cool, Laminar Nz 1

Filament

Source: Tiarks et al. (2019) J. Anal. Appl. Pyrolysis



Thermal ejection is an artifact of laboratory experiments

Fast pyrolysis of red oak
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Does mineral matter in biomass significantly influence lignin pyrolysis?

* Pyrolysis of washed or acid-passivated
biomass produces agglomerated,
“vitreous” char instead of the friable,
, Agglomerated char
porous char typical of untreated from acid-pretreated
biomass — fouling continuous reactors. red oak

* This agglomeration points to removal
or passivation of AAEM as the
underlying cause.

* Yet, in contrast to the extensive

literature on AAEM's effect on SEM of agglomerated
carbohydrate pyrolysis, the literature char from acid-
was virtually silent on AAEM's role in pretreated red oak

lignin pyrolysis until relatively recently.

Rollag et al., Chemical Engineering Journal 427 (2022) 131882




Alkali metals are an unappreciated catalyst in the thermal depolymerization of lignin

Binding Sites for AAEM Catalyst on Lignin

Dalluge et al.: AAEM infused into extracted _
Softwood Dimer (GGE) Hardwood Dimer (SSE)

lignin increases yield of volatile phenolic
monomers, correlating with metal
electropositivity — evidence AAEM
catalyzes lignin-linkage cleavage.

Rollag et al. (modeling): DFT shows ferrous
iron, potassium, and calcium all promote

Rollag et al. (2022) Green Chemistry
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Rollag et al. (2022) Chemical Engineering Journal



What drives the maximum moisture content in the pyrolysis of biomass?

* Rule of thumb: dry biomass below ~12%

moisture before pyrolysis — reasonable on Pyrolysis Product Yields (wt%)

thermodynamic and heat transfer basis. 100 Wreactionwater Morganics Mchar Mgas
e But does it matter whether drying occurs 20

before pyrolysis (external dryer) or during

pyrolysis (in-reactor evaporation)? 2 60

=

* Autothermal pyrolysis overcomes the heat = 40

transfer challenge, providing energy to >

evaporate water. 20
e Autothermal pyrolysis of anaerobic digestate 0

<5% 10% 20% 30% 40%

at moisture contents up to 40% produced
biochar yield statistically indistinguishable Moisture Content
from a <5%-moisture feedstock although bio-

oil yield declined.

Source: McMahon (2025) M.S. Thesis, lowa State University



Avoidance of phase separation in whole bio-oil was probably the main
driver in reducing biomass moisture ahead of pyrolysis

 The traditional <12% rule arose because vapors were recovered as “whole” bio-oil in a single condenser,
including water — excess moisture caused the collected oil to phase-separate.

e Stage-fractionation (Pollard et al.) recovers vapors in temperature-staged condensers and ESPs, separating
heavy ends (sugars, phenolics) from light, agueous ends before they can combine.

* Decoupling bio-oil quality from feedstock moisture eliminates the rationale for the traditional <12% rule.

Bio-oil Collection

Cyclone Y T
filters ]
L ESP To Gas
’ ESP Conditioning
and Analysis
Continuous . 85°C B5°C 18°C
Feed System
[ | L4
77°C
I R
Char T ‘ | Filter
SF1 SF2 SF3 SF4 SF5
Fluidized Bed

Fast Pyrolysis
Nitrogen 4@:/ Reactor
Pollard et al., J. Anal. Appl. Pyrolysis 93 (2012) 129-138.



Are the products of HDPE, LDPE, and PP pyrolysis predominantly oil or wax?

* Volatilized products of plastics pyrolysis are . MHOPE ALDPE @pp  FILL=REPORTING [l both [Jone
condensed to hydrocarbon |IC|LIIC|S (Oll) and o Filled symbol = both oil and wax fractions reported
solids (waxes). Open symbol = only oil or wax reported

80| A -

e Little agreement in the literature on the @

partition between these two products. _ 0 0
% 60 o

* Part of the problem is lighter waxes = A - °

dissolving in oil if condensed together. 23 A
§ 40 & .
. . . . A
* Importantissue in designing storage and o B o
upgrading facilities. s 0
% 20
o " . Al
0 m " e ®*a A b png
0 20 40 60 80 100

Reported oil yield (wt%)

Sources: Williams and Williams (1998) J. Inst. Energy; Lopez et al. (2017) Renew. Sustain. Energy Rev.; Papari et al. (2021) Materials; Li et al. (2022) J.
Hazard. Mater.; Laghezza et al. (2024) J. Anal. Appl. Pyrolysis.



What does modeling predict about product distributions?

Cracking Model Assumptions

e Each bond in a polymer chain is tested for random
cracking into two fragments

® Polymers larger than C90 are assumed to be non-
volatile (remain liquid)

e Polymers smaller than or equal to C90 are subject to
probabilistic devolatilization (rate per fragment size =
k,a Psat/RT)

e Saturation vapor pressures for alkanes calculated
from the Wagner equation

® p... extrapolated for C>20

Vapor pressure (bar)

10
0.1
0.001
1E-05
1E-07
1E-09
1E-11
1E-13
1E-15
1E-17
1E-19
1E-21
1E-23
1E-25
1E-27

Vapor pressure vs carbon number for
n-alkanes at various temperatures

\

20 40 60 80 100

Carbon number

Wagner equation: In(psat /Pc) = [at + bt!® + ct®> +dt°] / (T/Tc), t=1-T/Tc

Source: Unpublished research at lowa State University, based on the Wagner equation.



Modeling suggests wax will dominate in pyrolysis of HDPE and LDPE

* Vapor pressures of waxy molecules at pyrolysis temperatures (500°C) are high enough to rapidly volatilize wax

before it cracks further to oil and gas.

 Reducing temperature does not dramatically increase oil yields because cracking slows faster than devolatilization.

e Large melt volume slows devolatilization, reducing wax and increasing oil.

* Proposed product phases: Gas (C1-C4); QOil (C5—-C19); Wax (>C20).

Without devolatilization: significant oil predicted

With devolatilization: predominantly wax predicted

101 Modeling suggests wax is the dominant product of HDPE and LDPE pyrolysis
s . Wi =n < £u)
. ‘\\ Pl_a St|C — Wax (20 = n < 90)
| \ Plastic/Wax Gas / - ~=- Polymer Melt (n > 90)
0.8 08 N <
Y
Oil Wax
§ 06 506 e
g — Gas(n<5) 9]
f Oil (5 =<=n < 21) E
< —— Wax (20 <= n <= 1000) Al
= £
z 04 204}
=
0.2 0.2k
0 0.0f
0 25 50 75 100 125 150 175 200 0'0 2'5 5'0 75 16 0 12' 5 15.0 1?' 5

Time Steps

Source: Unpublished research at lowa State University.

Time Steps



Is the overall energy demand of pyrolysis-based biofuels greater than that
of other biomass-to-liquid fuel technologies?

CELLULOSIC ETHANOL PLANT SCHEMATIC: PROCESS FLOW & LIGNIN ENERGY RECOVERY

Early in the development of advanced
biofuels, some biotechnology advocates
argued that thermochemical processing
is energetically unfavorable because of
high operating temperatures.

Direct comparisons are rare in the
published literature.

Requires detailed systems analysis to
account for all energy flows.

Steam Turbine

Flue Gas

Biomass = . POST-PRETREATMENT |
Feedstock o - &LIGNIN SEPARATION |
i]2 Steam
i I (1'“5 Acid fio
a. LIGNIN (Solid)
>
i Lignin —g,|
BIOMASS H Stream
GRINDING ; PRETREATMENT
b.] CELLULOSE &
HEMICELLULOSE

POST-PRETREATMENT

FRACTIONATION & LIGNIN SEPARATION

(Solids/Slurry)

Material Flow

=P Solid, liquid, gas
== Liqud, gas, slurry

Energy Flow

mp Steam, heat, electricity
=P Inputs

=> Qutputs

Equipment lcons

PROCESS HEAT & STEAM
(Recycled Energy)

+M

LIGNIN COMBUSTION
& BOILER

Ash

Te. Energ{
Contro
ELECTRICITY

Breaks down to

Mi;:rohes 5
FUEL
FERHENTEE v
(C5&C6) BROTH (99.5%)
ENZYMATIC (Ethanol,
HYDROLYSIS Water, Yeast) Stillage

(Mostly water,

C5 & C6 Sugars

6. DISTILLATION & | *™! esidal)
DEHYDRATION

BIOMASS FAST PYROLYSIS PLANT SCHEMATIC: PROCESS FLOW & THERMAL INTEGRATION

Biomass Hot gas Exhausl gas Hot Oxidizer Gas Steam Turblne It Steam Flue Gas

Feedstock i
2 @ Acid j

[‘.orn stover—> @Iﬂ ‘ |

¥ BIOMASS SIZE rnznummn THERMAL OXIDIZER| | B. Hp PRODUCTION
Wood Chips GRINDING for fast pyrolysis. & Heat Recovery (NATURAL GAS REFORMING)

Removes moisture,
heats biomass.

POST-PRETREATMENT
FRACTIONATION & LIGNIN SEPA

Ha Final Products

HYDROGEN

Material Flow ¢ NeturalGas |
=P Solid, liquid, gas == Solid Product/Char

= Liqud, gas, slurry == Liquid Bio-oil
Non-Condensable

Energy Flow == g5 (nce)
~ Steam, heat, loop @ Hydrogen
= nputs - Hot Oxidizer Gas
= Outputs => Steam

and bio-oil collection.

{2 Equipment lcons ';.’V Electricity

RECOVERY
Multistage condensation

Nn{m%l}?as REFORMING GASOLINE
F
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Overall energy demand for pyrolysis-based biofuels is comparable to that
for cellulosic ethanol

Cellulosic ethanol Pyrolysis + upgrading
Cellulosic ethanol (NREL 2011 corn stover) (PNNL 2009 hybrid poplar)

analysis based on NREL Feedstock HHV ~ 18.69 MJ/kg dry corn stover 8405 Btu/lb dry hybrid poplar
2011 design case

100 gal / dry U.S. ton

Pyrolysis-based hydrocarbon Fueloutputbasis 79 gal ethanol/dry U.S. ton (ethanol-equivalent LHV basis)

fuel
based on the PNNL 2009 base Fuel energy output 6.36 GJ/dry U.S. ton 8.05 GJ/dry U.S. ton
case
o Purch.as'ed 2.1 kWh/gal ethanol 2.5 KWh/gal fuel
Overall energy efficiency electricity (3.9 use - 1.8 export)
= E E +E
uel / plomass ”) g:;chased natural None reported 42 scf/gal fuel for H2
External process 6064/ ton 5.49 GJ / ton
energy

Overall efficiency  36.2% 34.7%



Conclusions
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