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DI TORINO INDEX

Introduction

Biochar: a longlasting story (and a few words about feedstocks)
Pyrolysis and its effects on biochar

Characterization of local structure (SEM and RAMAN)
Sensors: ECL electrodes, Humidity sensors

Composites: Polymer based composites, cement composites

Summary
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1 Year 15Years 30 Years 60 Years 100 Years 200 Years 500 Years 750 Years

Bare Soil Shrubs & Saplings
& Herbs Seedlings & Shrubs

Young Forest Mature Forest Old Growth ~----sseesseeesss L >

Burning biomass produces carbon dioxide !

\
o
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PRUNING: A PROBLEM OR AN OPPORTUNITY ?

Hundred of millions of trees are pruned yearly worldwide
Burning residues contributes to the (fake ?) global warming

Alternative disposals are costly
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b | BIOMASS: BEYOND ENERGY it

Targets Replace costly carbon based materials (CNTs, graphene, ...) coming from oil

Develop a process-to-properties approach

 Rotten foods
 Cooked oils
 Tree waste

s\®
Sensor
ot ) e
Biochar

Composite
reinforcement
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‘ BIOMASS: BEYOND ENERGY (almost)

PYROLYTIC REACTOR
GAS

TO PRE-DRYER = el
TO CO-GENERATOR

BIOMASS

CHARCOAL
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DI TORING ‘ BIOCHAR(COAL)

- co-product of pyrolysis of residual biomasses and wastes

- by-product of biofuel production
- by-product of biogas production

BioChar is a

- using different technologies
- under different operating conditions
- from residues and wastes

BioChar is produced

Ener Cro Millin Prunin K
2 i > Seeds i : . : % g% Q
crops residues residues residues g{é = d@é
@ 7
Willow Wheat straw | Sorghum | Olive residue | Hardwood @ %i%?’@
=Ny )
Mischantus Corn stower Su:il:liler Bagasse Softwood @%ﬁé @f@;@;@
Switchgrass | Canola Straw

Properties can be tailored to needs by picking up the appropriate feedstock. Easy to activate.

Large surface area can easily be achieved (> 600 m?/g)

Cost estimate for industrial production: 0.3-0.5€/kg
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12 PYROLYSIS STEPS it

1 ‘ I.  RTto 130-140°C Release of water and steam
£ o | / extraction of VOCs

Il. 140°Cto 400°C Cellulose-lignin bonds break
down, hemicellulose
degradation

IIl. 400°C to 600°C Proper pyrolysis reactions,
starting massively gas
production (550-600°C)

1000°C

IV. 600°Cto 800°C Increment of aromatic frames

V. 800°C to 2500°C Turbostratic rearrangement
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MORPHOLOGY
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gy o™ | MORPHOLOGY TAILORING
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i ‘ WOOD BIOMASSES TESTED

Olive

Bamboo
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| SENSING BIOMOLECULES it

The detection of biomolecules (DNA, proteins, ...) is of great
interest for academy and industry NucleicAcid ~ Antibody ~ Enzyme  Organism/Cell

Each biomolecule has a specific receptor % O

Receptors can be attached to sensor surfaces or label
molecules

Bioreceptor/Interface

Transducer

Label molecules are targeted and detected by sensing
devices in several ways

A technique that combines high sensitivity with low cost instrumentation is
ElectroChemiLuminescence

ECL vs PhotoLuminescence ECL vs Cyclic Voltammetry
- no light pollution - reduced noise
- no parassite contribution - no parassitic contribution

14
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‘ BAMBOO: ELECTRODES FOR ECL

We gave a try to bamboo toothpicks !
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‘ SURFACE CHARACTERIZATION

Highly structured surface
Multi-scale cavities

Diameter ranging
from a few hundreds nm
to tens of um

Nanoscience and Nanotechnology — Frascati, Dec 2018
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ELECTROCHEMILUMINESCENCE |

™  POTENTHOSTAT

1) Bond a fluorophore to analyte (or surface)

T

2) Place analyte carrying fluorophore in contact with electrode surface g |I e _|- S
. . —_— JILJL;:::;QNJN ; /

3) Excite the fluorophore (Cyclic Voltammetry) I AWM L e

4) Detect the ECL signal intensity (Photomultiplier)

PRT <— PHOTOMULTIFLIER

Emission is stimulated at slope variations voltages (change in

solution resistance due to reduction or oxidation processes onset) /
< =
carbon based sensors are commonly used for ECL (commercial ones /
are often realized with Glassy Carbon although E
CNT sensors have been investigated) A T

Potenziale, V
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s= EXPERIMENTAL SETUP
Working electrode Reference electrode
bamboo Ag
Benchmark electrode Counter electrode % §
glassy carbon (commercial) Au 2 3
e
ECL Label Ru(bpy)3* St 4
tris(2,2'-bipyridine)Ruthenium(2+) [f" L M“: )

LIGHT
A=620 nm

N RU(bpy)2

Label regenerator: TPA " cHy ( v ’\(‘
TriPropylAmine Hae Ny i< i Bl
enhances ECL efficiency without \ A \; A

losing linearity ©  Electrode

WORKING ELECTRODE

Luminescence

Chemi-
Chemical Energy

Electro-
Electrochemically Initiated
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‘ BAMBOO vs BENCHMARK

ECL Signal under cyclic voltammetry excitation

1.0F

1.0 ;
0.8}
ah il -
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\F o E 0.
“ v !
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L U H
W od w 0.2 i
i i [ +—+ Bamboo
: e—e Glassy Carbon
o i) "] _ -;‘:. . SO0 (7] oo o 0 2‘0 4‘0 610 810
o 0
Time (s)

Noman et al. "Pyrolyzed bamboo electrode for electrogenerated chemiluminescence of Ru (bpy) 32+.

Electrochimica Acta 133 (2014): 169-173.

100
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Purpose: Detect humidity level

Absolute humidity (g/m?3)
amount of water vapor per unit volume of air

Relative humidity (%)
ratio between partial pressure and saturated
pressure of moist at a given temperature

g | HUMIDITY SENSING

_ = Thermostat
Alumina Mixer (8)
Hg  bed (2) i /
manometer \ Filter (6) } O<Z®  Humidity and
\\\ ! temperature probe
Dehydratsg —:/ 9)
air flow
Compressed | Water bath PVC
air (1) Humid air flow ' / tube
/ Tl
. ; / / S
Pressure Micrometric ~/ / }/« \ ®

regulator valve (4) Water Coil
bubbler (3) (6)

| g P W
ho #8

Humidity Measurement
sensor (10) chamber (7)

———
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e | HUMIDITY SENSORS: BAMBOO AGAIN !

of ]
—_— Carbonized
Pyrolysis Grinding anneOIEd
= in Argon ‘. :
bamboo
Bamboo Pyrolysis setup Atrition mill ' el

| —e— Carbonized annealed bamboo
and —m— Carbonized bamboo

|Zo — Zg|

SR(%) = 100 =
7.0

SR (%)

T 17
Afify et al. "Elaboration and characterization of novel humidity sensor based on e

micro-carbonized bamboo particles.”
Sensors and Actuators B: Chemical 239 (2017): 1251-1256.
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‘ HUMIDITY SENSORS: USED COFFEE GROUNDS
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‘ HUMIDITY SENSORS: USED COFFEE GROUNDS

Response curves

log SR%

0.14

C02500ppm O3 200ppb NO2200ppb NH3 50 ppm RH 50%

Cross sensitivity
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(oo HUMIDITY SENSORS: STANDARDIZED BIOCHAR

UI( Blochar Research Cenire

o 0 grificont ard wkainable respare b cliwate chonge

UK Biochar Research Centre

grificont ond wkainabl sarne ko climate chonge

Feedstock: Oil Seed Rape Straw Pellets | Production: Pilot-scale rotary kiln pyrolysis unit, nominal peak temp. 700°C Feedstock: Soft Wood Pellets | Production: Pilot-scale rotary kiln pyrolysis unit, nominal peak temperature 700°C
Key features: ® Reproducible e Extensively characte . Key features: e Reproducible e Extensively characterised o

Moisture wit¥ {ar) 100 0.24(8)

Moisture® wit% (ar) 3.63 0.73(6)
[ wi%(db) 6774 0.86(5) o widh(db) 9021 039(9)
H wib(db) 109 0.14(5) W with(db) 183 0.15(9)
oy y O (by difference) widh(db) 784 1.23(5) O (by difference) with(db) 602 0.74(8)
<. HC., Molarrato 0.9 0.02(5) T ' HCw Molarratio 024 002(8)
Biochar C stability compared to 3 set of 92 biochar e Mot so ) 009 0.02(5) 8 d H ff Biochar C stability compared to 3 set of 92 biochar U Molatetio 89 L
n - i widb(db)  thd tbd I e re n ypes 1L [ wioe(db)  thd tbd
109 H R HC.y Molarratio  thd tbd ne H g @ HCoy Molarratio  tbd tbd
20 0 3 Total astf* widb(db) 2192 052(6) 0 o Total astf* wit(db) 189 0.43(8)
£ TotalN wids(db) 126 0.18(5) £ 70 TotalN wite(db) <01 -19)
:Z g : oM 8} 1041 0.49 (4} ‘i-: w4 & P 8] 844 0.69(4)
40 ) Electric conductivity dSim 3.1 0.37(4) £ 4D : Electric conductivity dS/m 0.16 0.06(4)
. Liming {if pHabove 7) 9% CaCO, thd thd 5 O j Liming {if pHabove 7) % CaCO, tbd thd
10 Biochar C stability™ 9% Cbasis 10417 0.19(4) S e c I fl c S u rfa c e 10 Biochar C stability™ %Chasis 9727 0.50(7)
10 %0 150 550 750 sl e p 250 £ 450 0 650 0
Temperature ['C) Nominal HTT c 700 -(2) Temperature ['C] Nominal HTT 700 -
Reactor wall temp. ° 700 (1) 2 Reactor wal temp. C 700
ranced Anatysis | o to-Run . wrv-to-Rur .
ST o < W W up to 500 m?/g ST o < W
S Prog oo . - . ,‘Hm‘g. rate v Cimin 103 -(1) “mml " T = = Heating rate *Cimin 87 (1)
{smmanium & nicrate) Kiln residence time min 12 -{1) {ammonium & nitrate) Kiln residence time min 12 -{2)
Total P wtde (db) 0258 0.079(5) Mean time at HTT min 5.14 -(1) Total P wtd (db.) 0.07 0.04(4) Mean time at HTT min 5 -{1)
Total K wd6(db) 298 0.396(5) Biochar yield with(db) 2262 299(3) Total K wtde(db) 028 0.09(4) Biochar yield wi%(db]  17.34 2.46(6)
Available P mghgldb)  tbd thd Pyrolysis liquid yield  wi% (db.} thd tbd Available P mgkgldb)  thd thd Pyrolysis liquidyield  wid% (db)  27.64 (1)
Volatile Matters wee(db) 1318 3.47(6) Pyrolysisgas yield  wi%% (db) thd thd Volasile Matter wis(db) 666 0.46(8) Pyrolysisgasyield  widb(db] 5405 ~(1)
Total Surface Ares mig(db) 2520 -{2) Byrolysis liguid HHV  M/kg thd thd Total Surface Ares migldb) 1623 (1) Pyrolysis liquid HHV  Mikg 106 (1)
ExenalSuface s migldb)  thd thd Pyrolysis gas HHV Mg thd thd ExternaiSuface Ares mi/g(db)  thd thd Pyrolysis gas HHV Mirkg 126 -{2)
N [ W
Germination Inhibition Asmay pass/fail thd thd - Germination Inhibition Assay pass/fail thd thd 2
Potycyclic Aromatic Hydrocarbons [EPA16) mgfkgdrywt <011 -15) 620 4 20 Poiycyclic Aromatic Hydrocarbons (EPA16]M mglhgdrywt 018 0.08(9) i &20 4 20
Dioxin/ Furan PCODY Fe)el nghgdywt 450 - 9 2 20 Dioxind Furan (PCDDY Fep nghgdywt 330 (1 H 9 20 20
Polychlorinated Biphenyls (PCBs)* ngfkgdrywt  0.001 (1) - 0205 02 050 Poiychlorinaced Biphenyls (PCBs)* nglkg dry wt 017 (1) 5 02:05 02 oso
o~  mghkgdywt 109 079(3) 3 1100 am 10 ™ o~ mghgdywt 061 0693} % 12100 o 10
d E mg/kg dry wt 298 0.13(3) & L4-39 1 3 <] g mg/kg dry wt 816 13.86(3) o 1439 1 3
« L megdyw 436 9503 L gerz0 B0 15 o 1 malgdywm 12335 w9920) % 1200 80 15
[ 3 _metadyw 317 0.17(3) £ 40150 nh fa o 3 rekdyw 437 17303 E w10 an nia
Cu g mghgdywt 1378 0.93(3) 631500 100 40 Cu 2 mghgdywt  9.66 3.03(3) g 631500 100 4w
o ; mglkgdrywt  bdl -(3) ¢ 70500 120 60 P ; mglkgdrywt  bdl -{3) ¢ 70500 120 60
Hg § mg/kgdrywt  bdl -13) k 117 1 1 Hg g mgkgdywt  bd -{3) é 117 1 1
Mo Z  mghgdywt 168 0.14(3) 520 nh 10 Mo Z  mghgdywt 3854 26.17(3) 2 520 nfs 10
N z mg/kgdrywt 327 0221(3) 47600 30 10 N g mglkgdrywt 7407 31.09(3) § 47-600 30 10
Se ¥ mghgdywt  bd -3) 136 nh 5 Se B mghgdywt  ba -13) 136 nh 5
Z ¥ mghgdyw 880 024(3) 2007000 40 150 2 F mglgdyw 9960 1412803) 2007000 &0 150
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ponk ‘ HUMIDITY SENSORS: STANDARDIZED BIOCHAR

SR%

100 1
80 1
60 1

40 1

100 -

' DESORPTION |

" ADSORPTION

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 g0

RH% RH%

OSR700

Ziegler et al “Biochars as Innovative Humidity Sensing Materials” Chemosensors 5 (2017) 35
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FILLERS IN POLYMERS

Fillers used in polymers for:

cost reduction  improved processing density control
optical effects (color) thermal conductivity

electrical properties magnetic properties

flame retardancy control of thermal expansion

improved mechanical properties (hardness, ...)

In electrical cable applications,

¥

bon black is added 95"‘&

meta el carbon blac |sa. ed to s&"‘% e
e e elastomers used in tyres ¢
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MECHANICAL TESTING m

Tensile sirength, o
kY

N .

1] i

o !

o TOUGHNESS |

2 Elastic !

@ regime :
Strain £ = 6L/L

Reduction of friction coefficient is of high interest.

Target is to reach self-lubrication limit
(Friction coefficient = 0.08)

Elastic modulus = stress/strain ratio in the linear region
Young modulus = elastic modulus under tensile (compressive) stress

Yield strength (stress) = stress limit for elastic behaviour
(ultimate) Tensile strength = the maximum stress a material can withstand

Maximum Elongation = strain at breakdown
Resilience = energy per unit volume needed to overcome the elastic behaviour
Toughness = energy per unit volume needed to break the sample

Nanoscience and Nanotechnology — Frascati, Dec 2018
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SAMPLE PREPARATION

ULTRATURRAX ©

~ A
O
I
L W
_ L
Mold BIOCHAR Resin Ultraturrax Hardener Mixing Vacuum Oven

3000+25000 rpm .
curing

Composite dogbone for testing

30
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Functionalize with
O, plasma

| BIOCHAR FROM WASTE COTTON CLOTHES
/

- C1is
4 CFasitis.
3 o1s
; - A )
3 : :
4 cF-100w
T T T T T T T |-
200 nm 1 cF-200w
3 . . ; . ; . . , i S— %
1200 1000 200 €00 400 200 0

Binding Energy (eV)

Epoxy retention %.

140 ~

120

100

[ Epoxy retention % (1 h).

Epoxy retention % (24 h).

CFasitis CF-100W CF-200W

Fig. 8. Wettability test on untreated and treated CF.
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\: BIOCHAR FROM WASTE COTTON CLOTHES

E-CF-100-3

Y i Y

—E-gF 1 i i Friction co-efficient comparison
80 | o il B +Axis
1 | =—E-CF-100-1 _ ie B - Axis
709 | =+« E-CF-100-3 BRI S PN Wi 6 EO
{ | ==—E-CF-200-1 e N N ]
60+ | ==+ E-CF-200-3 ,'..,.-"'-"\‘ \.‘ﬂ" 1.4 -
l -\ . -y i | ¢
— 50 A : - 1-2 -
& g ' ' | E-CF-1
< 40 - \ | ' 1.0 -
7] : . | :
g ) / : | ; = ! E-CF-3
& 30 (£ : : 0.8 - E-CF-20Q-1
y | - y E-CF-100-1
f |
| :

E-CF-200-3

n

-

|

|
20 4 : 0.6 1
4 L| |
10 il i - 0.4 -
0 v T v T v T v T \d T v T v 0.2 ~

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Strain 0.0 . .

A.A. Khan et al - Low-cost Carbon fillers to improve mechanical properties and conductivity of polymers
Polymers 9 (2017) 642-655
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‘ FROM COTTON TO WOQOD

Stress (MPa)

30 1 o
o
’ Maple E-0
25 25 — E-MW8-2
1% E-MW8-4
20 - / ‘—\\ 20 - S
AR s 20/0 e
. / *—hj .
4%
104 20% 3% 10 4 MWCNT
Epoxy
5 5
- i =
O | v 1 L I . 1 ) | : 1 % I L I , 0 ¥ T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Strain Strain
30% increase in Young modulus (1 wt%)
5-fold increase in elongation (2 wt%)
. . 33
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06—

0.4
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1%
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M. Giorcelli et al - Biochar as a cheap and environmental friendly filler able to improve polymer mechanical properties
Biomass and Bioenergy 120 (2019) 219-223
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g | HAS THE TYPE OF WOOD A ROLE ?

Ash Tree
light, resistant

Olive
hard, high YM

Poplar
flexible, easy to work

Bl i
TYPE [MPa] [GPa] [MPa]
Poplar not available

. Maple | 6.5 109 12.6 54

 Ash tree [ 104 12.3 51
 Olive [EVX0 155 17.8 77

Nanoscience and Nanotechnology — Frascati, Dec 2018
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STRESS STRAIN CURVES
2 wt% biochar

Epoxy
35 — Ashwood-2
31 MPa Olive-2 Young UTS Resilience Toughness
30 Poplar-2 3 3
Maple-2 (MPa) (MPa) (MJ/m ) (MJ/m )

25 -

23 MPa RESIN 640 14.7 0.13 0.2

?‘g o MAPLE 850 20.6 0.08 2.4
z MAPLE [HT] 875 217  0.08 2.5
& ASH TREE 1095 28.4  0.07 1.2
- OLIVE TRUNK 1040 31.2 0.11 1.2

5 OLIVE BRANCH 1305 30.8  0.14 2.1
1030 26.8  0.07 2.8

0.00 0.02 0.04 0.08 0.08 0.10 012 0.14
Strain

36
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FRICTION COEFFICIENT

2 wt% biochar

1.0 5
0.8 - - Axis

: B +Axis
0.6 -

AsH - OLVE
4. MAPLE TREE _T_R»UVNK
MAPLE [HT]

0.2 1
0.0 -

Nanoscience and Nanotechnology — Frascati, Dec 2018

37




Ncear,  |POLITEGNICO

LSUMMARY

Biochar is a promising candidate for a number of added value applications

- Sensors

- improvement of mechanical and electrical properties of composites

Advantages of Biochar and bio-waste:

- carbon dioxide sequestration

- added value to the biofuel chain

- reduction of waste disposal needs and costs
- worldwide available at low cost

Drawbacks of Biochar:
feedstock variability

not fashion enough to raise research funds ...
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