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From Feed Composmon to Reaction Pathways
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Biocrude Upgrading

Hydrodeoxygenation (HDO) — a key pathway for biocrude upgrading
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e HDO for pyrolysis and hydrothermal liquefaction
biocrudes remains under active development
e Challenges:

o Processability: thermal instability, catalyst
deactivation, equipment plugging
o Chemical complexity: difficulty to analyze,

presence of “mystery” compounds, high composition
variability
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Addressing the Molecular Complexity of Biocrude Oils

Proposed modeling framework for biocrude HDO
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Biocrude Composition Modeling

VBA module derives a molecular representation from analytical chemistry data

“ . Structural " Hydrocarbon ™ 7 Oxygen functional ™,

e Based on the concept of “molecular reconstruction L class | backbone | | groups :

. . . of chain carbons # and type of

e Molecular spectrum decomposed into limited structural N oxygen groups }

. . o alkane NN /\/\/\F,O :
descriptors with statistically modeled occurrence : on

# and type of

e Biocrude molecules sequentially built from a R

h d b b kb d f t | # of alkyl branch carbons oxygen groups
ydrocarbon backbone and oxygen functional groups # of alkyl branches ;A
o Large ensemble of in silico molecules (103—10%) created : L O:S ﬁ';roﬂ
via Monte Carlo simulation to match analytical properties _
o Molecular concentrations optimized via entropy (" # and type of rings ) (" 4 and type of

i |# of alkyl branch carbons| oxygen groups

maXimization . : # of alkyl branches ] i OH
| Aromatic — @@ ¢ ©© oH
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Biocrude Composition Modeling (continued...)

Biocrude molecules coded as vectors using the SOL formalism

Ab A4 AZ N6 N5 N4 N3 N2 N1 R br me IH AA NS RS AN NN RN NO RO KO

/—\ e o | B — Ng7 | SN SN L So
slelolol olalana R b b
0 0 0 0 0 0 0 0]

0 2 0 0 1 0 0 0 0 0 0 0 1 0

< oH
' o o o o 0 0 0 0 0 s 1o 10 0 0 0 0 0 o oo e VBA output is a composition table:

e SOL.: structure-oriented lumping

Ao 00 0 0 0 0 0o 0 0 & 0 0 1 0 0 0 0 0 0 0 1 1 o SOL vectors
0@ o o 0o 0o 1 0 0 0 0 0 0 0 4 0 0 0 0 0 0 1 0 o0 e Molecule concentrations
\é/ o o o o 1 0 0O O O 2 0 1 0 0 0 0O O O 0 0 0 1 o Properties (molecular weight, density,
Ho\@I‘)} i1 o o 0 OO 0 1 0 0 O O 0 O O O O O O 0 1 1 0 boiIing point, etc.)
o

f°\©)LoH 1 0 0 0 0 0 0 0o 0 3 0 1 0 0 0 0 0 0 0 1 1 1 e Composition table feeds into
Ho\K))\1000000001000000000010 reaCtioandUIG(VBU)
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Reaction Modeling of HDO

VBU module simulates the transformation of in silico biocrude molecules

e HDO chemistry organized into reaction families e Reactivity profile

o Family rate constant (from experimental data)

Hydroxyl group removal Carboxyl group removal : : .
yaroxyt grotip yiarotp o Family reaction order (from experimental data)

Phenolic OH hydrogenolysis ' : ..
yATogenoly Hydrodeoxygenation o Component adsorption coefficients (from

é i @ i \({\iw 1M, g r2H0 quantitative structure-reactivity correlation)

: , . Decarboxylation
Aliphatic OH hydrogenolysis . e Reaction network generated on-the-fly during the
o T et o e oo simulation via the kinetic Monte Carlo method
Carbonyl group removal Ether group removal e Reactions executed using the SOL notation
Hydrogenation Ether ring opening

[0} OH
+H +H. +H
Q0 =00 Q0 = O
H H
+H, +H, O+H20 (o) (o) OH
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Proof-of-Concept Case Study

Biocrude feed preparation Batch reactor HDO experiments

e Hydrothermal liquefaction of woody biomass e Commercial NiMo hydrotreating catalyst

e Raw biocrude distilled to the highest possible cut-off e Experiments at varying temperatures (260—-300°C)
temperature (460°C) to facilitate chemical analysis and reaction times (0.5-6 h)

e Reactor heating and cooling effect accounted for

Property Raw biocrude
density at 15.6°C, g/mL 1.0954 o zzz ] reaction period

°. 1heat up cool down
oxygen, wt% 10.9 S 260 -
Distillation yields g 240 -
distillate (52-460°C), wt% 45.7 G 220

200 -
residue (>460°C), wt% 54.3 —_—
0 1 2 3 4 5 6 7
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Feed Composition Simulation

Biocrude distillate feed represented by an ensemble of 5,000 molecules

Property

density at 15.6°C, g/mL
carbon, wt%

hydrogen, wt%

oxygen, wt%

total carbonyl, mmol/g
31P NMR analysis
carboxylic OH, mmol/g
phenolic OH, mmol/g
aliphatic OH, mmol/g

Experimental Simulated
0.9947 0.9872
79.9 80.0
10.0 9.8
10.1 10.2
1.3 1.3
1.2 1.2
1.9 1.9
0.2 0.2
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13C NMR analysis
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Feed Composition Simulation (continued...)

Boiling point Molecular weight Oxygen atom
distribution distribution distribution
600 - J, 0.16 1 = 06 -
] O experimental 0.14 : - : S )
O 500 1 | ——— simulated /// 012 ] /\bj:og o 0.5 -
o ] re) c ’ g . OH _ . . - _
s 4007 o-0-0" 2 0.10 - - | \H}"” - g %1
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© 300 1 //O’ = 0.08 1 : - : : = 03 ]
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100 4/ 002 17 HH H o 0-11 | | |
02 | R S ]
o? ................................................. 0.00 1— -'Hﬂ LLELEUA EE LR L .”ﬂﬂn-—.-e.—. 0.0 - : : : 1
0 10 20 30 40 50 60 70 80 90 100 0 50 100 150 200 250 300 350 400 0 1 2 3
Weight % off Molecular weight, g/mol Oxygen atom number
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HDO Simulation — Evolution of Oxygen

Capturing HDO reactivity patterns in the biocrude distillate

Effect of reaction time at 290°C

lines (simulation); symbols (batch reactor data)
9 - 1.6

e Reactor heat-up and cooling periods (0 h reaction

14 time) contributed about 33% oxygen removal

1.2 e ~13,700 molecular reaction steps for 0 h reaction

time, ~29,800 for 6 h
e Carbonyls most reactive group, phenolic OH most

1.0

phenolic OH o

Total oxygen content, wt%
OH and carbonyl content, mmol/g

| £ 06 resistant group
. o e Removal of carbonyl and phenolic OH groups
15 followed 29 order kinetic behavior
1 00 +—+———m+——— S
0 1 2 3 4 5 6

Reaction time, h
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HDO Simulation — Evolution of Gas Yields

VBU module estimates the different gas products formed during HDO

i+l

Yield, wt%

Gas yields vs. reaction temperature (4 h)
lines (simulation); symbols (batch reactor data)

213 e Gas generation pathways:
1.8 1 0
1.55 \(“)/\)LOH —_ \H/\ +CO,
1.2 1 + H, + H,
0.9 1 i
O OH
06 - @’ CH; +Hp ©/ + CH,
0.3 |
00 | e CO, formation a strong function of temperature

e No CO was detected

Temperature, °C
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HDO Simulation — Evolution of Liquid Yields

Oil and water yields can also be tracked

Liquid yields vs. reaction temperature (4 h)

lines (simulation); symbols (batch reactor data)
100 1
98 o .
96 - | e Lowest oil yield was ~92 wt%, corresponding to 77%
94 | o k oxygen removal and a water yield of 7 wt%

] A
23 ] e Oil and water yield changes calculated based on a

10, stoichiometric description of HDO reactions

e Oxygen removal forms water while reducing oil yield

Yield, wt%

water x A

Temperature, °C
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HDO Simulation — Changes in Oil Quality

VBU module determines structural changes in the oil product

Oil aromaticity as a function of HDO

lines (simulation); symbols (batch reactor data)

75 -
70 1
65

55
45

40

Content, mol%

35
30
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e As HDO grows, aromatic carbon is transformed into
aliphatic one via the saturation of aromatic rings

T — | aromatic carpon e Aromatics hydrogenation rates modeled using
quantitative structure-reactivity correlations

aliphatic carbon
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HDO Simulation — Hydrogen Consumption

Hydrogen demand calculated from HDO reaction stoichiometry

i+l
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Hydrogen consumption as a function of HDO
lines (simulation); symbols (batch reactor data)

2000

1500 -
OO <K

1000

H consumption, scf/bbl
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Summary

e Proposed modeling framework enables molecular-level representation of biocrude HDO

e The VBA module generates molecular representations of biocrude feeds from available analytical data

e The reaction module, VBU, simulates molecular transformations during HDO

e Key simulation capabilities
e Tracks the evolution of oxygen functional groups and reactivity patterns of oxygen compound families

e Estimates yields of gas products, oil, and water

e Quantifies changes in oil product properties and hydrogen consumption

e Ongoing development

e Extending model scope to cover high-boiling fractions and other biocrude types
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