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Thermochemical processes

Solid biomass with low moisture content

Classification according the involved oxygen

% air
1
Without Limited |
oxygen oxygen ! Excess oxygen
:
PYROLYSIS GASIFICATION i Combustion/Incineration (complete oxidation)
(without oxidation) (Partial oxidation) !
v

Oxygen supply in the
stoichiometric quantity for
complete combustion
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Thermochemical processes

/N

Combustion

Gasification

Pyrolysis \

Main products

Heat, flue gas (CO,,
H,0)

Flue gas (CO, H,, CH,), heat,
ashes

Oils, gases (CO, H,, CH,),

char

\

Source of heat

External

External and internal
(endothermic and exothermi

External

(exothermic reactions) . (endothermic reactions)
reactions)
Gasification System Carbon conversion
> - =~
(%) 99 80-95 75
Oxygen >1 0.2-0.4 0
stoichiometry
Oxidants air Air, O,, steam -
550 — 900 (with air)
Temperatures 850 - 1200 1000 — 1600 (other oxidants) 500 - 800 /
Pressure atmospheric atmospheric Atmospheric or abov&%
By-products/ Particles, NOx, SO,, “Black ashes”, tars, CO,, N, Cl
Pollutants Ashes, Dioxins, Furans and S gases (ars, N, Cl, 5 gasgs

\/
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Endothermic degradation or thermolysis (chemical bonds
Al .o are broken) of organic substances in the total absence of
>FE &) @ oxygen, to obtain oils, gases and chars

A visualization of the
biomass pyrolysis process

https://www.youtube.com/watch?v=mKTOdv0OYk4s
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Pyrolysis z
C
Ll
S~
©
Q
I
Biomass
Pyrolysis -
reactor | Liquids oils
'l/ |nert \\\\ 300 — 800°C
1 atmosphere ! No oxygen |
i (nitrogen, Solids Chars
\.argon, vacuum),/ _

Endothermic Process

Chemical bonds cleavage and volatilization

External source of heat to maintain the pyrolytic reactor at the desired temperature

Source of heat might be the gas fraction

4 May 2022

Maria Bernardo



VA Is\lccl)l\zlr/:csﬁcI:Z(Tjsocll-ﬁiuoo\( Biorefineries
Pyrolysis - Products

Liquid fraction — oils or bio-oils, tars (heavy oil)

Complex mixture of hydrocarbons (aromatics,
oxygenated, olefins, aliphatic alkanes, cyclic alkanes,
S, N - compounds) - “Crude oil”

Gasification System

. Applications:
ﬁu@z

* Energy/heat production

* Fuels

* Fine Chemicals

* Feedstock for refining/reforming
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Pyrolysis - Products

Gaseous fraction — Pyrolytic gas (= Syngas)

Composed by por H, CH,, CO, CO,, C,H,,

Applications
* Energy/heat production (10-40 MJ/m3)
* Chemical synthesis

Solid fraction — Chars or biochars
Carbon material + mineral matter

Applications:

* Energy production (20-40 MJ/kg)

e Source of carbon/minerals for soils
e Activated carbon production
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Pyrolysis types
7

Type Slow Intermediate Fast Flash Vacum
Temperature (°C) 300-700 500-650 500-1000 | 900-1200 | 400-600
Heating rate (°C/s) 0,1-2 1-10 10-200 > 1000 0,1-1
Residence time min - hours 10-20 s <2s <0,1s <1ls
Pressure (MPa) 0,1 0,1 0,1 0,1 0,01-0,02
Particle size (mm) 5-50 1-5 <0.1 <0.1 <1
Liquids 30 50 75 >75 60
fr:;‘::;j Gases 35 30 13 <13 20
Chars A\ 35 y, 20 12 <12 20

Low temperatures and long residence times — solids production (carbonization)

High temperatures and long residence times — gases production

Moderate temperatures and short residence times — liquids production

Maria Bernardo
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Pyrolysis — steps and reactions

Cellulose

Lignin

“ QL 0
p—Coumal%rl alcohol Coniferyl alcohol Sina[s;ll alcohol

. . Hemicellulos

\ ik
v

100

hemicellulose
---—- cellulose

e

200 400

600 800

Temperature (°C)

Char Formation

O-O®- _}%NW

COmMpounds

Depolymerization

VOO . 000 -

OO0

Fragmentation

-O-O-®- < A,

QOO

OH

MW

o0O-0

+CH;-0H + CO + CH,

3.0

Mass loss rate (wt.%/ °C)

char

+ low W
cempounds BT 2 500°C

polyeyelic aromatic struciune

7./

Heating
rate /

T =600°C

incondensable gas
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Pyrolysis - Products

*  Homogensous vapor phase

) reactions
Solid phase *  Heterogenous vapor'solid
i reachons reschions
i A
— Secondary
Biomass Primary reaclions Secondary
feed decompositicn = decompaosition
= producis products
IE} :i: Gasiapor
B3 1 phase
B Polymerisation/ Further char
g condensation denvolatilisation
-.Ir-
r Soild
L ". .......... a
Primary phase
+ char

Prodonged vapor residence times —e

“Biochar Production”, in Biochar - A Regional Supply Chain Approach in View of Climate Change Mitigation, Cambridge
University Press, 2016. https://doi.org/10.1017/9781316337974.011
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boln.
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Cellulose

Lignin

D

“ @
e - I © s S

p-Coum a&l alcohol Coniferylalcohol Sinapy! alcohol

1. . Hemicellulosa

Biowastes

=8 Renewable, low cost, sustainable, abundant, easy-available

Soft,
compressible,

low density:
hells/Peels/Straws

Lignocellulosic
biomass

40-50% cellulose
20-30% hemicellulose
20—-25% lignin
1-5% mineral matter
Wood, Stones
nutshell
rbaceous,

Maria Bernardo
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Biomass

Cellulose
Hemicellulose

Lignin

ﬁyrolysisﬁ

Carbonization

=10 %

20-30 %

40-50 %

Biochar
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Charcoal/Biochar - source

Non-renewable, mining, Renewable, low cost, abundant
high-cost

Wood, Agro-forestry and food
Peat, lignite, bituminous, anthracite, graphite wastes, ...

Carbon content (C)

Precursors with high fixed
carbon content
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Biomass
Operational
conditions

Biochars

CO,%, Si0,2,
PO,%

Na, Ca, Ko Zn, Pb, Ni,

Cr,...

Incipient porosity

Tars

Metals

Minerals

(Surface area: 5 — 300 m?/g)

Potential release of PAH
and Heavy Metals...
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Biochars - Applications

Fuel Soil amendment
Barbecue Water retention
(PCS: 15-32 MJ/kg) Source of carbon/Carbon sequestration

Source of nutrients

Adsorbent
Water treatment (Pollutants removal)
Flue gas treatment (COx, NOx, SOx removal)

Maria Bernardo 4th May 2022 18
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Biochars - Applications

Catalyst
Catalyst Energy Storage
Tar cracking at gas_lflcatlon Supercapacitor (Electrode)
Fuels production Batteries (anode)

NOx conversion
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Biochar — Applications

Precursor of Activated Carbon

BioaSS Activated
carbon

Renewable _

g

High porosity

Biochar
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@ Activated carbon — Commercial applications

EARNICR
SKINACTIVE

«PureActive

— —f ,,’, B INTENSIVE

s s J PASTA DENTIFRICA |
R T P, RO > < | ,}‘“},“3,‘“,“1“\

TOOBRAS / CRNRTECE

Poison is
Swallowed

WA 50% of the
\ > Toxic

Stops the Poison . Substance
From Leaving the
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Activated carbon — Industrial applications

« Adsorption; Energy storage; Chemical industry (catalysis)
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quart reactor

[

1 and 2 - flowmeters

Furnace

=

Gas traps

=+ Gas outlet
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Biochars — applications

Evaluation of the adsorption potential of biochars prepared from forest an
agri-food wastes for the removal of fluoxetine

BIORESOURCE
TECHNOLOGY

Maria Jodo Fernandes™", Manuela M. Moreira™", Paula Paiga”, Diogo Dias, Maria Bernardo®,
Manuela Carvalho”, Nuno Lapa“, Isabel Fonseca®, Simone Morais”, Sénia Figueiredo®,
Cristina Delerue-Matos”

Evaluation of the adsorption potential

Pruning 3 i [ O\‘ L
- \
* Fluoxetm

/ Industrial Biochar !

Pyrolysis S B
Controlled variables: | 6]/} - d Eucalyptus
rinain .
& Biochar
Temperature 1
Maximum
@ time ‘eqmen® “| |adsorption capacity
5 — ®  Eucalyptus -~~~ Langmuir —— Freundlich
o3 & © Quince - = = Langmuir ——Freundlich
. ievin 4 Vine shoots - = Langmuir —— Freundlich 6-41 m /
M Without OZ S e g *  Hollow tr:e Lan:muir —— Freundlich g g
(< 75 IJ.m) ¢ Walnut tree = = Langmuir ~——Freundlich

https://doi.org/10.1016/j.biortech.2019.121973
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Eucalyptus
Stumps

|| 2 s +HY
"-'- Co-Gasificatiqn
. assays ' Syngas

Chars

https://doi.org/10.1007/s11356-019-05609-w
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Study of the removal mechanism of aquatic emergent pollutants
by new bio-based chars

Maria Manuel Serrano Bernardo ' - Catarina Alexandra Catanas Madeira' «
Nuno Carlos Lapa dos Santos Nunes® + Diogo André Costa Messias Dias” -
Delfina Maria Barbosa Godinho' - Maria Filomena de Jesus Pinto® -

Inés Alexandra Morgado do Nascimento Matos' - Ana Paula Batista Carvalho® -
Isabel Maria de Figueiredo Ligeiro Fonseca'

Chars by-products _ e waterj

https://doi.org/10.1007/s11356-017-9938-9
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. Activation of co-pyrolysis chars from rice wastes to improve the
removal of Cr°" from simulated and real industrial wastewaters

Preparation and activation of | Cr(lll) removal assays
co-pyrolysis char

Synthetic Solution and
Industrial Wastewater
without Cr{lll)

Synthetic Solution
with Cr(Ill)

- Adsorption

mechanisms

v

Industrial Wastewater
with Cr{ill)

Co-Pyrolysis
activated carbons,
(PAC)

Activation reactor

https://doi.org/10.1016/j.jclepro.2020.121993
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Assessment of potato peel and
agro-forestry biochars supplementation
on in vitro ruminal fermentation

Ana R.F. Rodrigues’, Margarida R.G. Maia’, Ana R.]. Cabrita’,
Hugo M. Oliveira®, Maria Bernardo®, Nuno Lapa’, Isabel Fonseca’,

Henrique Trindade’, José L. Pereira’” and Anténio J.M. Fonseca'

Fermentation
In vitro rumen parameters
Biochar Basal substrates fermentation b .
(0, 5 and 10%) | sl : 1
- b L . ]
. ":" 10 4
. | M
RES Ciomro A AFRS AFRID PFR2 FFRE10

*

Acafic aod

Iersity |

Potato peel Corn silage
Agro-forestry Hay silage

Time (min)

http://doi.org/10.7717/peerj.9488
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! M. Godmo-()jer‘"‘*b, R. Blazquez-Garcia®, I. Matos™", M. Bernardo®, .M. Fonseca“,
, E. Pérez Mayoral™"

hedychium gardnerianum - Conteira

O R "
NHE Ph Catalyst N‘u.. Ph
T Ph Tol > l
oiuene
N, OH 100 °C N™ "Ph
2 3 1

https://doi.org/10.1016/j.cattod.2019.06.043
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Effect of biochar addition in the anaerobic digestion of OFMSW
Biochar from forestry wastes

- Lower lag-phase (22%)

- Higher biogas production (31.3%)

- Higher daily rate production of CH4 (5%)
- Higher substrate biodegradability

Maria Bernardo 4th May 2022 30
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Biochar LCA

Carbon footprint
Energy needs

Coal — 0.069 kg CO,eq?
Natural gas — 0.0084 m3;
Crude: 0.046 kg

Wood I PR =) Biochar

Carbonization
-
Inputs Outputs ﬁ 8 A”ég »
0.0044m3 wood 1 kg biochar LR — w,ows,s/b
density = 560 kg/m?3 31 MJ/kg .‘*ﬁ‘"""‘ -
50% m/m C 80% m/m C A ﬁa
n Application
® ouﬂook
ﬁ]ﬁ"‘m

Ecoinvent Life Cycle Inventory (LCI) database e

Maria Bernardo 4th May 2022 31



Maria Bernardo

NOVA SCHOOL OF . . .
VA SCIENCE & TECHNOLOGY Biorefineries

Bibliograph
v Maria Bernardo, Inés Matos, Marcia Ventura, Rubia Risso, Joaquim Vital, Nuno Lapa and Isabel Fonseca,

25 Pyrolysis of Waste Materials, in: “Waste-to-Energy (WtE)” book. Editor: E. Jacob-Lopes. Publisher: Nova Science
’ Publishers, Inc., New York, USA, 2019. ISBN: 978-1-53614-432-1. https://novapublishers.com/shop/waste-to-

energy-wte/

S Frederik Ronsse, Biochar Production, in “Biochar - A Regional Supply Chain Approach in View of Climate Change
Mitigation” edited by Viktor J. Bruckman, Esin Apaydin Varol, Basak B. Uzun, Jay Liu, Cambridge University
Press, 2016. https://doi.org/10.1017/9781316337974.011

' Rongge Zou, Moriko Qian, Chenxi Wang, Wendy Mateo, Yunpu Wang, Leilei Dai, Xiaona Lin, Yunfeng Zhao,
Erguang Huo, Lu Wang, Xuesong Zhang, Xiao Kong, Roger Ruan, Hanwu Lei, “Biochar: From by-products of
agro-industrial lignocellulosic waste to tailored carbon-based catalysts for biomass thermochemical
conversions”, Chemical Engineering Journal, 441, 2022, 135972. https://doi.org/10.1016/j.cej.2022.135972

Xiao-fei Tan, Shao-bo Liu, Yun-guo Liu, Yan-ling Gu, Guang-ming Zeng, Xin-jiang Hua, Xin Wang, Shao-heng Liu,
Lu-hua Jiang, “Biochar as potential sustainable precursors for activated carbon production: Multiple
applications in environmental protection and energy storage”, Bioresource Technology 227 (2017) 359-372.
http://dx.doi.org/10.1016/j.biortech.2016.12.083

Ling Xiang, Shaoheng Liu, Shujing Ye, Hailan Yang, Biao Song, Fanzhi Qin, Maocai Shen, Chang Tan, Guangming
Zeng, Xiaofei Tan, Potential hazards of biochar: The negative environmental impacts of biochar applications,
lJournal of Hazardous Materials, 420, 2021, 126611. https://doi.org/10.1016/j.jhazmat.2021.126611

. Naveed Ahmed Qambrani, Md. Mukhlesur Rahman, Seunggun Won, Soomin Shim, Changsix Ra, “Biochar

& properties and eco-friendly applications for climate change mitigation, waste management, and wastewater
Y treatment: A review”, Renewable and Sustainable Energy Reviews 79 (2017) 255-273.
http://dx.doi.org/10.1016/j.rser.2017.05.057

4" May 2022 32


https://novapublishers.com/shop/waste-to-energy-wte/
https://doi.org/10.1017/9781316337974.011
https://doi.org/10.1016/j.cej.2022.135972
http://dx.doi.org/10.1016/j.biortech.2016.12.083
https://doi.org/10.1016/j.jhazmat.2021.126611
http://dx.doi.org/10.1016/j.rser.2017.05.057

Maria Bernardo

NOVA SCHOOL OF
SCIENCE & TECHNOLOGY

Biorefineries

Brainstorming...
Discussion...

maria.b@fct.unl.pt

4 May 2022

33


mailto:maria.b@fct.unl.pt

