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Descripftion of Research

Woody Feedstocks:
Rubber and

= Goal — Preliminary investigation of the Eucalyprsties
conversion to fuel of two woody feedstocks ‘

(Eucalyptus and Rubber Wood) e —

» Pyrolysis: investigate two pyrolysis Chmﬁﬁfgﬂoﬂ &
reactors (1 kg/h scale, gas or ‘
mechanically fluidized).

Pyrolysis

= Jpgrading: bio-oil hydrodeoxygenation. y‘y

HDO

Upgrading






¥ Feedstock Preparation

hammer mill (particle size < 0.84 mm).

e

|

vcalyptus

» Woody feedstocks milled with industrial scale

® Biomass characterization (ulfimate analysis, ash
and HHV).

Woody Feedstocks:
Rubber and
Eucalyptus wood

o

Feedstock
Characterization &
Milling

Rubber Wood | Eucalyptus
Ultimate Analysis (wt.% dry basis)
Carbon 49 21 49 47
Hydrogen 6.13 6.17
Nitrogen 0.92 1.08
Oxygen* 43.17 41.83
Ash (Wt.% dry basis) 0.57 1.44
HHV (MJ/kg dry basis) 19.94 20.25

Oxygen* by difference

¥

Pyrolysis

o

HDO
Upgrading






Pyrolysis Setups & Tests

» Setup 1 - Traditional Gas Fluidized
» Tests at 450, 475 & 500 °C.
» |ntfermittent feeder.

» 5 Condensers in series (2"9 condenser includes
ectrostatic demister).

» Setup 2 — Modification of Setup 1 -
Mechanically Fluidized

= Test at 500 °C.

= No bed of sand & lower nitrogen consumption
(cut by approx. 60%).

» |denfical feeder & condenser setup (above).

Woody Feedstocks:
Rubber and
Eucalyptus wood

o

Feedstock
Characterization &
Milling

¥

Pyrolysis

o

HDO
Upgrading






Feeder — Infermittent Feeder

—

Mixer

Pinch Valves

Pinch
Valve

To Reactor {mmmm————25

Modified§{fro :]F:é Bzir7ru:r?is&] (% Briens. Novel Intermittent solid slug feeder for fast pyrolysis reactors: Fundamentals and modeling. Power

— D

N, Pulse

N, continuous





Pyrolysis Reactor (Traditional Gas Fluidized)

‘_b To Condensers

Bio-oil vapours and permanent gases
leave the reactor toward condensers.

4) An hot filter traps the small fraction of fine
particles elutriated from the bed, avoiding
contamination of the bio-oil.

3) The char stays in the bed.

1) The biomass is injected into the bed.

2) It mixes with the hot sand and
reacts.

N, for Fluidization






Pyrolysis Reactor (Mechanically Fluidized)

‘_b To Condensers

Bio-oil vapours and permanent gases
leave the reactor toward condensers.

4) An hot filter traps the small fraction of
fine particles elutriated from the bed,
avoiding contamination of the bio-oil.

3) The char stays in the bed.

wer nitrogen
sumption (cut
pprox. 60%).

Stirrer

=m 1) The biomass is injected into the bed.

2) It mixes with the hot sand and
reacts.

Mechanical Fluidized (Motor 50-60rpm)





Condensation System

From
Reactor

Cotton
Filter

L | = ul Exit
St Gas

Condenser | Condenser | Condenser | Condenser
Condenser 1
2 3 4 5
70°C 40°C 0-5°C
Electrostatic
Oil Bath Precipitator Ice Bath
14 kV






Gas Fluidized Mass Balance (wet basis)

EUCALYPTUS

60

o o Total Bio-oil

50 \
o 40 /

/ Gas

/ Char

o) 460 470 480 490 500
Reaction Temperature °C

RUBBER WOOD
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20 Char
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Compare with 500°C Mechanically Fluidized Mass

Balance (wet basis)
EUCALYPTUS RUBBER WOOD

60 60
Total Bio-oil

........................... o,......... O"O--.....,,”“" PR
50 o .............. ‘D 50 oooooooo e T T v TthI BIO OII
eeud .”.“.“.1'::,

o 40 / 40

/ Gas
Gas ‘
o)
2 30 o
o / Char % =
ar
20 4 ‘) 20 Q)

0 10

0
0 460 470 480 490 500 450 460 470 480 490 500

Reaction Temperature °C Reaction Temperature °C





Gas Fluidized Mass Balance (dry basis)

EUCALYPTUS RUBBER WOOD
50 50 Gas
45 Gqs P 45 o
40 40
0 £ 8= // Q— = —O
O 29 / 25
20 o / o Char 20 8=
15 [ o ° 15 Chq:
0 10
5 Bio-oil (reaction water)
Bio-oil (reaction water) 0
0 460 470 480 490 500 450 460 470 480 490 500

Reaction Temperature °C Reaction Temperature °C





Compare with 500°C Mechanically Fluidized Mass
Balance (dry basis)

EUCALYPTUS RUBBER WOOD

>0 B Gas

45 Gas 45 o

40 Bio-oil (organics) 40 0w .
35 g // ............ g o > 35 ° I?r?jffl..(?.r.gjanmS)

o g _ . oD
3 25 // O 25 pe

20 o / ° Char) 20 g o C Char
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. : : Bio-oil (reaction water
Bio-oil (reaction water) © o-oil (reaction water)
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Reaction Temperature °C Reaction Temperature °C





HDO Setup & Conditions

. Temperature 300°C
e /Mf@ Reaction time 3 hours
] '\;:;,-*' —e—L | /5\ Inifial H, Pressure > MPa
— Tl a2 Motor 290 RPM
o o = 40g pyrolysis oil +
. —_—rr 2g catalysts (Rus,/C)

100 mL batch reactor
(Parr 4590 bench top reactor)






Woody Feedstocks:

HDO - Steps and Products Rubber and

Eucalyptus wood

>

Pyrolysis Oil (HDO
. Feedstock
upgrqdlng) Characterization &

] Milling

Bio-oil Hydrotreatment .'
Pyrolysis

/ [ i ] | .,

Gases (Micro-GC) Reactor Contents HDO
Upgrading

" v

|
l \

Filtrate (Bio-oil) SO\.gé\iglO é?\\gﬁ 4

- -






Mass Balance & Properties of | Upgraded Bio-oil Yields
Ta¥a) O Solid
Bio-ail (500°C) and Upgradea paveons 55 Solld_
_ raction 4%
Bio-oll =
Bio-oil Upgraded Bio-oil
Oil
Eucalyptus Rulsloes Eucalyptus RUIDIoEN Frcé;’%on
yp Wood yp Wood | RUBBER WOOD
?;s Solid
A ° Residue
Mw (g/mole) 350 330 830 630 o, 3%
22%
Mn (g/mole) 210 200 420 350
PDI (Mw/Mn) 1.67 1.65 1.98 1.8
Qil
HHV (MJ/KQ) 23.07 22.13 29.85 29.39 Fraction
— EUCALYPTUS 747






Properties of Bio-oil (500°C) and Upgraded Bio-aill
Van Krevelen Diagram _

o~

1.6 Feedstock (dry) Eucalyptus R&JSS?
) 1.5 @ DOD 0.40 0.35
515 / — H2
'% A / Bio-oil Consumption 28 3.0
; (moles/kg
@14/ Upgraded Bio-oil cryfeed)

DOD = (1 _ O(Wt%)p'roductail)

O(Wt%) feed,dry

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Degree of deoxygenation
O:C Atomic Ratio






Conclusion

» Total bio-oll yields at 500°C are higher for mechanically
fluidized but the yield of bio-oil organics is cut by 10%.

» Gas fluidized bio-oil produced at 500°C most suitable for
upgrading.

»/Upgrading:
» Higher heating value is approx. 30% higher.
» Organic yield is reduced by approx. 40%.

Western (g (ycfar e
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Study of the reactivity of platform molecules in

agueous solution and in the pyrolysis oil during
hydrotreatment
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Pyrolysis oil production and use ﬂ(".

Biomass Fast pyrolysis oil

2 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in agueous KIT
solution and in the pyrolysis oil during hydrotreatment





Pyrolysis oil production and use ﬂ(".

APPLICATIONS

0

Biomass Fast pyrolysis oil % Combustion: heat.
and power generation

* Transportation

500°C

Inert
atmosphere

Chiara Boscagli — Study of the reactivity of platform molecules in aqueous
11.05.2016 X . Y : KIT
solution and in the pyrolysis oil during hydrotreatment





Pyrolysis oil production and use

Problems for the direct use of bio-oil:

4 11.05.2016

High content of water

Acidity

High oxygen content

Phase instability

Not miscible with
fossil fuels

Components not
easy to separate

Additional process to
upgrade the pyrolysis oil

Chiara Boscagli — Study of the reactivity of platform molecules in aqueous

solution and in the pyrolysis oil during hydrotreatment

AT

Karlsruhe Institute of Technology

APPLICATIONS

% Combustion: heat
and power generation

* Transportation
fuels

KIT





Proposed biorefinery and refinery integration ﬂ(".

Mild Finished

Biomass=p HDO/HC HDO/HC

. | ,,",‘;,‘;_:
i n = " l_ . I
L s e e —— b —— —
X X X
— H I
Raw Insertion Co-processing
H : i
# b 4 * A 4 v
Crude : :
. —>[ Petroleum Refinery ]—bTra”Sportat'O”
Oil Fuel (ASTM)

Zacher AH, Olarte MV, Santosa DM, Elliott DC, Jones SB. A review and perspective of recent bio-oil
hydrotreating research. Green Chem 2014;16:491-515.

5 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in agueous KIT
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Upgrading of a bio-oil: hydrodeoxygenation ﬂ(".
Complete HDO

CH,O,+ (1+y-x/2) H, -> 1 “CH,* + y H,0

« decreases the oxygen content of the bio-oil;
* increases the heating value and the stability;
* produces a product more similar to a fossil fuel.

HDO ( H, pressure 150-400 bar) Q " @
H,0

Stabilisation or Temperature up to 250°C OH\ Q :
mild HDO . /‘ /’
OH H H
_____________ D I
Deep HDO Temperature up to 400°C

Mortensen, P. M., Grunwaldt, J.-D., Jensen P. A., Jensen A.
D. A C S Catalysis, Vol. 3, No. 8, 2013, p. 1774-1785

11.05.2016 Chiara Boscagl! - Study of the reacti\(ity pf plqtform molecules in agueous KIT
solution and in the pyrolysis oil during hydrotreatment





Challenge in HDO ﬂ(".

® Search for an active and stable catalyst

Sulfided.catalysts Noble metals Non-noble metal
(Hydrotreatting catalysts) catalysts

7 11.05.2016 Chiara Boscagl! - Study of the reacti\(ity pf plqtform molecules in agueous KIT
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Challenge in HDO ﬂ(".

® Search for an active and stable catalyst

Sulfided.catalysts Noble metals Non-noble metal
(Hydrotreatting catalysts) catalysts
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Challenge in HDO ﬂ(".

Karlsruhe Institute of Technology

® Search for an active and stable catalyst

Sulfided.catalysts Noble metals Non-noble metal
(Hydrotreatting catalysts) catalysts

[ Nickel-based catalysts
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Challenge in HDO ﬂ(".

Karlsruhe Institute of Technology

® Search for an active and stable catalyst

Sulfided.catalysts Noble metals Non-noble metal
(Hydrotreatting catalysts) catalysts

[ Nickel-based catalysts

Name Loading active metal (wt%) BET surface (m?/g)
Ru/C Ru 5% 870

Ni/Al, O, Ni 20% 76

NiCu/Al,O4 Ni 17.8%; Cu 2.1% 66

Ni/SiO, Ni 22.0 % 170

Ni/ZrO, Ni 5.8% 110

NiW/AC Ni 3.2%; W 7.8% 1110

Ni/TiO, Ni 5.8% 86

10 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in aqueous KIT

solution and in the pyrolysis oil during hydrotreatment





Challenge in HDO ﬁ(".

Karlsruhe Institute of Technology

® Search for an active and stable catalyst LNickeI-based catalystsJ

11 11.05.2016 Chiara Boscagl! - Study of the reacti\(ity pf plqtform molecules in agueous KIT
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Challenge in HDO ﬂ(".

® Search for an active and stable catalyst LNickeI-based catalystsJ

® Comparison between model compounds and pyrolysis oil reactivity

Circa 300 species detected

Common organic components include:

Model compounds Fast pyrolysis oil

Water Carboxylic acids
OH o} ¢}
i Alcohols )J\OH \)J\OH

H3C_OH

Ketones 0 Aldehydes

0 o

0.
o )K/OH é HO \ / H
HO \ /
Lignin derivatives Sugar derivatives

honeywellnow.com

R R

+ pyrolytic lignin, sugars oligomers, etc.

12 11.05.2016 Chiara Boscagl! - Study of the reacti\(ity pf plqtform molecules in agueous KIT
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Deep hydrotreatment experiments of fast ﬂ(".

pyrolysis oil from wheat straw

Light phase

Composition:

Water: 56.5 wt%
pH around 4

C1 Hi90 Og 64
(40% wt oxygen,
dry basis)

HHV: 9.2 MJ/kg
(wet basis)

Around 70
compounds
identified by GC

Karlsruhe Institute of Technology

Deep hydrotreatment
products

m

]

oily phase
(16-18%)

aqueous phase

(80 bar RT) (73-80%)

340°C

/ Water content
—> around 80%

catalyst

+ gases, Lo ﬁr’

(3-5%) T

+ solids
(<1%)

13 11.05.2016 Chiara Boscagl! - Study of the reacti\{ity _of plqtform molecules in agueous KIT
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Analysis of the products ﬂ(".

Spent catalyst
and char

Aqueous phase Oil phase

Elemental analysis Elemental analysis Elemental analysis GC-FID-TCD
" Karl Fischer Titration " Karl Fischer Titration ™ TGA
" NMR " NMR " SEM-EDX
" GC-FID " Gc-Ms " etc.
" Gc-Ms ® GC-FID
14 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in agueous KIT
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Hydrogen consumption

T=340°C
P,=80 bar (RT)

et

Do

o
|
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o

o
|

o
o
1

60 -

Hydrogen consumption (NL/kgpo)

40 H
20
0 -
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N N = =
é\
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solution and in the pyrolysis oil during hydrotreatment
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Van Krevelen plot of the upgraded oils -\-\J(IT

0.8 7
0.7 feed
' 340°C AN
0.6- .
0.5
@, D.0.D.=67-70%
O 0.4- HHV=34-37 MJ/kg
:
O
S 07 Ni/SiO2
0 NizZ:O2 | NiW/AC NiCu/Al203
L @ Ru/C
0.1 .
00 T T T T T T T T T T T T T T T T !
1.1 12 13 14 15 16 1.7 18 1|9
Molar H/C
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'H-NMR for analysing functional groups in the

H-NMR integration (mmoles/gsample)

1

AT

u p g rad ed O I I S Karlsruhe Iggq_\'oﬁofTechno\cgy
—_J _/—/_ r~ _300
200
T ' ' 1 T T I FPO
10.5 9.5 8.5 7.5 6.5 5.5 45 3.5 2.5 1.5 0.5 -0.5
f1 (ppm)
704 | feed
| | blank Alpha to Aliphatic
60_ RU/C e
| [EENiALO3 carboxylic group
504  (HEENICwAI203 group
| [ENi/SiO2
10] [EENV/Z02
|  |[EEENiW/AC
30/ [EEINVTIO2
20 .
| Aromatic Alcohols
197 Aldehydes
0

17

11.05.2016

10.1-9.5 8.5-6.0 6.0-4.3 4.3-3.0 3.0-1.5 1.5-0.5

Chiara Boscagli — Study of the reactivjtiof platform molecules in agueous
solution and in the pyrolysis oil during hydrotreatment

KIT





Platform molecules in agueous solution and In

pyrolysis oll

Model compounds in water

Glucose Phenol
OH
IH-NMR; 13C-NMR GC-MS

Concentration: 10 %wt

Experiment: blank, NiCu/Al,O4, Ru/C

18 11.05.2016

Chiara Boscagli — Study of the reactivity of platform molecules in aqueous
solution and in the pyrolysis oil during hydrotreatment
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Pyrolysis oll
Glucose-3C Phenol-d,
oD
y OH
13 | (|3 H ° D
/C"‘*\ 3C | \
|
c’ %”c*’”
| OH | D D
H OH
D
BC-NMR GC-MS

Concentration: 0.4 %wt

Experiment: blank, NiCu/Al,O4, Ru/C

KIT





Phenol at 340°C in water

Blank experiment: phenol conversion negligible

NiCu/Al,O5: 100% conversion, high selectivity towards cyclohexane

OH
H>
—
NICu/Al,O4

Ru/C: 100% conversion, high selectivity for methane

OH
H2
—» CH,
Ru/C
19 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in aqueous

solution and in the pyrolysis oil during hydrotreatment
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Phenol-d® at 340°C in pyrolysis oil

Blank experiment, NiCu/Al,O,, Ru/C: low conversion

D H
o o~
D D H H
D D D D
D H
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Phenol-d® at 340°C in pyrolysis oil _\_ﬂ(IT

Blank experiment, NiCu/Al,O,, Ru/C: low conversion

D
o
D D
D D
D
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Phenol-d® at 340°C in pyrolysis oil _\_ﬂ(IT

Blank experiment, NiCu/Al,O,, Ru/C: low conversion

22 11.05.2016 Chiara Boscagl! - Study of the reacti\(ity pf plqtform molecules in agueous KIT
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Glucose at 340°C in water -\\-‘(IT

Blank experiment: main production of coke and gas (mainly as CO,),
almost no product in aqueous phase.

NiCu/Al,O5: mainly methane

Ru/C: mainly methane

CeH,,0¢ + 12 H, > 6 CH, + 6 H,0

o
1T<150°C
—_—> oH — > CH,
HO
23 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in aqueous KIT
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Glucose at 340°C in pyrolysis oll

Blank experiment, NiCu/Al,O,, Ru/C: 100% conversion; coupling
of the 13C not detected anymore in the two liquid phases.

The glucose decomposes in the pyrolysis oil at 120°C<T<180°C.
Additional experiments proved that circa 10%mol of C is converted
to CO, and that the presence of glucose in the pyrolysis oil required
an additional hydrogen consumption at circa 200-250°C.

Coke formation is the most probable.

24 11.05.2016 Chiara Boscagli — Study of the reactivity of platform molecules in aqueous KIT
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Conclusions

® Screening of different nickel-based

catalyst at 340°C.

catalysts

[ 0.7
[

Molar O/C

Ni/Si02
7102 | NiW/AC NiCu/Al203

NiCu/Al,O., is the most active catalyst. o N
23 y = ‘ O Ru/C

25 11.05.2016

NifTIO2  NjjAl203

Nickel-based ] b

P e

k Molar H/C

1.9

SKIT

arlsruhe Institute of Technology
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Conclusions

® Screening of different nickel-based
catalyst at 340°C.

NiCu/Al,O4 is the most active catalyst.

4 Platform molecules N

Water Pyrolysis oil

N
: i

0.7 feed ﬂ (IT
( N I C kel _ b as ed \\‘ \ arlsruhe Institute of Technology

“I|  catalysts
0.5

&

9 0.4

=

§ 03

Ni/SiO2
i NiZxO2 | NIW/AC NiCu/A1203

@O
0.1 Y

NifTIO2  NjjAl203

el e s e i s i

k Molar H/C )

honeywellnow.com )
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B Differences between model studies and

real pyrolysis oil:
Lower reactivity of phenol in pyrolysis oll

Glucose is decomposed in the acidic

enviroment of pyrolysis oil.

Chiara Boscagli — Study of the reactivity of platform molecules in aqueous

solution and in the pyrolysis oil during hydrotreatment KIT
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CO n C I u S I O n S ( Nlckel_based \\‘ \ arlsruhe Institute of Technology
“I|  catalysts
® Screening of different nickel-based %0'5
0.4
catalyst at 340°C. ; . =
NiCu/AlLO, is th t acti talyst Niz:02 | NWIAC NiCulA03
ICU/Al,O5 is the most active catalyst. | @ u
| & @O
Ni/Ti02 Ni}Alzos
0.0 T T T T T T T T
L2 03 14l S e b g kg 10
k Molar H/C )
4 Platform molecules )
Water Pyrolysis oil ® In pyrolysis oil a lot of factors can
?\ influence the reaction, like the polarity of
! \

the medium, competitive adsorption on

| | the catalyst surface, catalyst poisoning
/ T z: etc.
: i

honeywellnow.com )
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Thank you for your attention!
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Bio-oils production for boilers:
a new industrial reality (1)

e Fast Pyrolysis Bio-Oils (FPBO) are known for more than 30 years but......
only recently reached industrial maturity, with a few industrial size plants
to fully or partially substitute fossil fuels or Natural Gas in industrial

boilers:

e Fortum Joensuu / Finland with a 240 TPD/30 MW Fast Pyrolysis unit,
added to the existing fluidised bed boiler of the power plant (combined heat
and power/CHP), first of its kind industrial Fast Pyrolysis unit:

e Operational since 2014
e Producing FPBO for district urban heating from forest residue

e Capacity 50 kt/y FPBO (Fortum Otso® bio-oil replacing light & heavy FO) = heating
needs of 10,000+ households

e |nvestment 30 M€

Alain QUIGNARD / IFPEN © CEN-CENELEC 2010 2 @ng’:;g;gg E BENELEG
\—/ '

Pyro 2016, Nancy, May 11, 2016





Bio-oils production for boilers:
a new industrial reality (2)

e Ensyn Renfrew /ZOntario-Canada 65 TPD unit producing FPBO and
supplying trademarked RFO (Renewable Fuel Oil), to displace fossil heating
fuels for several US Hospitals (5 years contracts):

e Memorial Hospital-New Hampshire (300,000 gal/y) since April 2014, Valley Regional
Hospital Claremont (250,000 gal/y) since April 2015,.....

e Envergent Technologies, a Honeywell Company, plants in design phase in Brazil,
Malaysia, Canada, USA

e Empyro—BTG / The Netherlands 120 TPD/25 MW Demo unit:
e Operational in 2015
e 35 kt/y wood = 24 kt/y biooil
e 12 years contract with Friesland-Campina (dairy producer, storing the FPBO) for sale
of FPBO co-combusted with natural gas for MP steam production (40 t/h) and AKZO

Nobel for sale of excess steam

e |nvestment 19 M€

. H -
Alain QUIGNARD / IFPEN © CEN-CENELEC 2010 3 (IfP’g':;g;gg E BENELEG
Pyro 2016, Nancy, May 11, 2016 \_/ .





Why a need for a standard ?

e FPBO, even is yet used to replace fossil fuels in industrial size boilers,
are completely different from mineral oils:

Density is much higher at around 1200 kg/m?3

Acidity is very high (PH 2-3)

Up to 25% water content

Distillation is not feasible (thermal instability)

Fully immiscible in hydrocarbons, soluble in alcohols / oxygenates solvents
Metals totally different (Na, Ca, K, MQ)

Storage and thermal stability is a main concern

Combustion can be different and not necessarily analysed in the same way
(i.e. Cetane)

Pyro 2016, Nancy, May 11, 2016

Alain QUIGNARD / IFPEN © CEN-CENELEC 2010 4 @ng’:;g;gg E BENELEG
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Convenor : Eija Alakangas: VTT since Febuary 2016 (replacing Pia Saari: Fortum)
Secretary: Virpi Nummisalo: Finnish Petroleum and Biofuels Association

Experts (10):
Anja Oasmaa/ VTT / R&I Center, Biofuel process developer
Alain Quignard / IFPEN / R&I Center, Biofuel process developer
Stuart Porter / Biofuel Consulting
Bert van de Beld: BTG / FP process developer and FPBO Producer
Roger Blokland: Honeywell FP process developer and FPBO Producer
Jerkko Starck / Green Fuel Nordic Oy (Finnish Biorefining company)
Joakim Autio / Valmet Technologies Oy (Pyrolis equipment and processes)
Oliver van Rheinberg: BP / Refiner
Claudia Esarte Relanzon: Repsol / Refiner
Petri Palo / Oilon (Burner & Comb. System manufacturer, Finland)
Lack of Manufacturers for other FPBO use: Turbine, stationary diesel engine

Active support of NEN (2): Ortwin Costenoble (CEN TC19 Secretary) and Suzan Van Kruchten
Evelyne Neger, Petrolab contribution as a subcontractor for the ILS

. H -
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WG41 Activities - Mandate M525

EC Mandate to CEN for EU standards on pyrolysis oils (PO)
produced from biomass feedstocks to be used in industrial boilers
(above 1 MW within the RED/FQD Directives:

a) Quality specification for PO replacing heavy fuel oil in boilers
b) Quality specification for PO replacing light fuel oil in boilers

- Gathered in one draft standard - 2 grades 1/2 (i.e. ASTM
D7544 grade G/D): Pyrolysis products - Fast pyrolysis

bio-oils for industrial boilers — Requirements and test
methods

- Inter-Laboratory Study (ILS)

. H -
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Activities* - Mandate M525

c) Technical Specification for a quality specification for pyrolysis oil
replacing fuel oils in stationary internal combustion engines

- Draft technical specification: “Fast pyrolysis bio-oils for stationary
internal combustion engines — Quality designation”

- To be changed into a technical report (TR) because of a lack
of feedback on usage, no OEM in the WG41

- Draft for enquiry end of year 2016
* Oasmaa, A., Van De Beld, B., Saari, P., Elliott, D.C., Solantausta, Y.. 2015. Norms, standards, and legislation for fast
pyrolysis bio-oils from lignocellulosic biomass: American Chemical Society. Energy and Fuels, Vol. 29, No. 4, pp. 2471-2484

Pyro 2016, Nancy, May 11, 2016
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WGA41: elaborating a fully new
standard in a limited time

Standard to be published within 3 years!

« 2014: Kick Off meeting January 2014, 5 face-to-face meetings, 3
webinars with experts for Eu, Canada and USA joining in for ASTM
alignment

— Writing the first prEN 16900 draft

« 2015: 5 webinars, 1 face to face meeting, presentation to TC19 in June

— Finalising the prEN 16900 draft edited in August
— Preparing the ILS
— Public enquiry on prEN 16900 fall (closed 6/11)

« 2016 : 3 webinars, 1 face to face meeting (June)

— ILS launched in early 2016
— prN 16900 ready for final ballot in June/July with ILS
— prN 16900 published end of 2016/early 2017

Alain QUIGNARD / IFPEN © CEN-CENELEC 2010 8 GfP$;J§;g§ % BENELE[:
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Draft standard prEN 16900 “Fast
pyrolysis bio-oils for industrial boilers
- Requirements and test methods”

Table 1: Generally applicable requirements and test methods for FPBO for boiler use

(min. or max.)
MJ/kg DIN 51900-3 > 14,0
% (m/m) ASTM E203 <30
kg/dm? EN ISO 12185 <13
% (m/m) d.b. ASTM D5291

Net calorific value as received is calculated from the gross calorific value according to DIN 51900-1

d.b.is on dry basis

Note: the tables and other text copied from the draft standard are
not final. The standard will be published after formal vote

_ . €nergies =
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Draft standard prEN 16900 “Fast
pyrolysis bio-oils for industrial boilers
- Requirements and test methods”

Table 2: Emission and burner dependent requirements and test methods for FPBO for boiler use

Property Unit Test Method Limit value (max.)
Grade 1 Grade 2

Kinematic viscosity at 40 °C Bulugis EN ISO 3104 125 50

Sulphur content % (m/m) d.b. EN ISO 20846 0,1 0,05

Solids content % (m/m) ASTM D7579 2,5 0,5

Ash content % (m/m) EN ISO 6245 0,25 0,05

Na, K, Ca, Mg % (m/m) d.b. EN ISO 16476 NA 0,02

NOTE d.b. dry basis

Note: the tables and other text copied from the draft standard are
not final. The standard will be published after formal vote

Pyro 2016, Nancy, May 11, 2016
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prEN 16900
Inter Laboratory Study (ILS) organisation

- ILS fully subcontracted to Petrolab Gmbh

- More than 1 year to discuss & prepare, to find the biooils
providers and labs, to sample the bio-oils and to launch it!

- Results reviewed In face to face meeting, Helsinki, June 2016

- 17 Labs from USA, Canada and Europe

- 18 physico-chemical characteristics included in the standard:
density, viscosity, calorific value, water content, PH, TAN,
elementary analysis , flash & pour point, sustained combustion

i

fP €nergies

nouvelles -
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ILS on biooils (IFPEN Results)
Samples covering a large range

Range unit
Density Kg/m?®
VISZ%SJ?/ at MM2/s
Water wt%o
Solid wt%o
Flash Point e
Pour Point =C
C wt%o
H wt%o
N wt%o
S wt%o
Na ppm
K ppm
Ca ppm
Mg ppm

Additions, like char, have been made to the

samples in order to cover wide range of properties
© CEN-CENELEC 2010 12

Alain QUIGNARD / IFPEN
Pyro 2016, Nancy, May 11, 2016

min

1185

10.7

14
0.03
<40

-39

38

7.5
0.1

0,005

<2
<20
<20
<10

Max
1248

1172

31
6.8
58
-9
46
8.0
0.8
0,46
5
250
450
70

property

higher heating
value, HHV

lower heating
value, LHV

water

pH

TAM

kinematic viscosity
at 40 °C

density at 15 °C

pour point

carbon

hydrogen

nitrogen

sulfur

oxygen

solids

MCR, CCR

ash

flash point

sustained
combustibility

Na, K, Ca, Mg
hlorine

typical range
14—19 M] /kg

13—18 M] /kg

2030 wt %

1-3

70100 mg KOH/g
15—40 mm’/s

1.11—130 kg/dm’
—9..-36 °C

S0-60 wt % (db)
7-8 wt % (db.)
<0.5 wt % (d.b.)
<0.05 wt % (db.)
35-40 wt % (db.)
<1 wit %

17—23 wt %
<03 wt %
40—110"C

does not sustain
combustion

<0.06 wt % (db.)
<75 ppm

applicable test methods
DINA1900, ASTM D240

DIN51900, ASTM D240,
ASTM D35291 for H

ASTM E203

ASTM E70

ASTM D664

EN ISO 3104, ASTM D45

EN IS0 12185, ASTM D4032
EN IS0 3016, ASTM D97
ASTM D291

ASTM D5291

ASTM D5291

EN IS0 20846, ASTM D 5453
as difference

ASTM D7579

ASTM D4530, ASTM D189
EN ISO 6245

EN IS0 2719, ASTM D93B
EN IS0 9038

EN IS0 16476

not specified

\QI I nouvelles
\—/
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ILS on bioolls:
very preliminary results

Not all results were fully analysed in April:

CV, Water, density and viscosity quite OK, even if fidelity > HC
Ash & Solids quite good, fidelity not too bad

S & N to be analysed, C & H fidelity much higher than for HC
Flash point*: fidelity much higher than for HC

Pour point does not work with auto methods: to be checked

TAN: some labs used the inflection point method and others the
buffer end point method ->very different results

Only one lab. for sustained combustibility and for Na, K, Ca, Mg

*Oasmaa, Anja, Kalli, Anssi, Lindfors, Christian, Elliott, D.C., Springer, D., Peacocke, C., Chiaramonti, D.. 2012. Guidelines for
transportation, handling, and use of fast pyrolysis bio-oil. 1. Flammability and toxicity. Energy and Fuels, Vol. 26, No. 6, pp. 3864 - 3873

Alain QUIGNARD / IFPEN © CEN-CENELEC 2010 13 @ng’:;g;gg E BENELEG
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To conclude

Writing and publishing such a standard within 3 years, starting from
scratch, is a challenge!

ILS is the 1stof its kind covering such a large range of BO and such a
number of analytical methods:

* it should give valuable feedback to improve our knowledge on BO
analyses and probably to adapt/improve analytical methods

End of the mandate in 2016
More work in the future ?

« Some analytical methods should probably be adapted

* We did not succeed in proposing a TS on quality specification for
pyrolysis oil replacing fuel oils in stationary internal combustion engines

Pyro 2016, Nancy, May 11, 2016
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Questions ?

21 International Symposium on

Analytical and Applied Pyrolysis

Pyro < s
-

Nancy, France, 9-12 May 2016

www.pyro2016.com

alain.quignard@ifpen.fr
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CHMICAL PROCESSING FOR FEEDSTOCK
RECYCLING OF WASTE PLASTICS

Toshiaki YOSHIOKA

Graduate School of Environment Studies, Tohoku University, Japan






Background of Research

Shredder Dust Construction Materials

Complex resin with metals and fire retardants Complex resin with wood

Single resin - : :
J Difficult to material separation
r mount of waste plastics treatment in Japan?
Simple landfilling
Energy recovery by incineration incineration
5.02 million tons 0.96 ,0-89
: mill.tons
mill.tons
Feedstock recycling Recycable Potential as “Material resources”
\ 0.383 miliion tons

6.87 million tons

1 (Plastics Waste Management Institute , http://www.pwmi.or.jp/pdf/panf2.pdf (21th Oct. 2014)
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The kinds of Resins and Additives in Plastic

Resins
Thermoplastics resin
Thermosetting resin
natural macromolecule, others

Total

Additives
Plasticizer
Stabilizer
Oxidation inhibitor
Ultraviolet absorbing agent
Antistatic
Flame retardant
Organic blowing agent
Lubricant
Antifungal
Crystalline nucleus agent
Total

85
37
35
153

46
39
30
42
18
24

17

230





Pyrolysis of PET and PVC, and its Issue

%‘ Pyrolysis of PET II

O—COC—O—C2H4 . ‘o W clogging of pipes
& o
PET

" Terephthalic acid Benzoic

(TPA) acid (BA)
Sublimating substances

Unsuitable material
for pyrolysis3)

3) Williams, E.A.; Williams, P.T. J. Chem. Tech. Biotechnol., 1997, 70, 9-20.

=|\ Pyrolysis of PVC ﬂ

Causing corrosion of
{FHCHZ} — {CH=CH} +  nHC pipes
Cl n n

Hydrogen chloride
|‘ Incineration of PVC Production of trace

organochorine
FHCHZ} + (2n+1)/20, —— 2nCO, + nHCl+ nH,0 compound.
n

Cl

Hydrochloric acid






Benzene is obtained selectively without producing sublimating substances®:%

acetophenone biphenile

benzene htal Hvlebich
indene | Naphtalene 1,1-methylebisbenzene
toluenestylene Benzoic agid
\ / Ca(OH), /PET = 0
A Y A& A M ft n N
Ca(OH), /PET =1
A A J A A Aa Ak A

Ca(OH), /PET= 3

Ca(OH), /PET=5

Abundance / Arbitrary Unit

Ca(OH), /PET =10

L
0 5 10 15 20 25
Retention time / min
T. Yoshioka, E. Kitagawa, T. Mizoguchi, A. Okuwaki. Chem. Lett. 2004, 33, 282.
C—0—C,H,

o-C
8

8

CaO
+ CaCO,
n

ex.) G. Grause, T. Handa, T. Kameda, T. Mizoguchi, T. Yoshioka. Chem. Eng. J. 2011, 166, 523.





Benzene recovery process from PET using calcium catalysts

Benzene

o_c:4<j>7c_o_czH4 @
4 8 .
P
Hydrolysis of PET Decomposition of TP-Ca

r>

H,, CO, CO,

\C C// Formation of TP-Ca
o[04 [ o

H,O (steam) TP-Ca

Ca(OH), w, >  CaO

S. Kumagai, G. Grause, T. Kameda, T. Takano, H. Horiuchi, T. Yoshioka. Ind. Eng. Chem. Res. 2011, 50, 1831.
S. Kumagai, G. Grause, T. Kameda, T. Takano, H. Horiuchi, T. Yoshioka. Ind. Eng. Chem. Res. 2011, 50, 6594. 6





Selective conversion into Benzene from aromatic acids 13
HO

@)
e
TPA CaO
O | —

Benzoic acid

Fundamental resources in petrochemicals
Feedstocks of Styrene, Phenol, Aniline etc.

Selective conversion into oil (benzene) from
PET becomes available.

Simultaneous recovery of metals and benzene from metal-containing PET 4

~

J—@%7\@

" m CaCO; Benzene

X-ray films
(PET+AQ)

Hydrolysis

o,

s Possibility of simultaneous
Magnetic tape Magnetic card y-Fe;,0; TiO, recovery both of metals and

(PET+Fe)  (PET+Fe, Ti, Al) Al,0, benzene

Ex) our published 1) Chem. Lett., 43, 637 (2014). 2) Ind. Eng. Chem. Res., 50, 1831 (2011). 3) Ind. Eng. Chem. Res., 50, 6594 (2011).
papers 4) J. Mater. Cycles and Waste Manag., 16, 282 (2014). 5) Chem. Lett., 42, 212 (2013). 6) Environ. Sci. Technol., 48, 3430 (2014).





Simultaneous recovery of PET and metals

Simultaneous Benzene and Metal Recovery??)

X-ray film Video tape

helium hydrolysis - metal

re ove
c o- CZH4

( Metal contamlng PET
: steam ' ,
: L \ ) 5.60um $4B00 15.0kV 15.7mm «2.00k SE(U} 20.0um S4B00 150KV 16.5mm x10.0k SE(U] 5.00um
: ‘/,metal \\I‘/ Ag 97% 'Y‘Fezo:g 98% ’Y-FEZO3 98%
| : o Nt TiO,(anatase) 97%
Materials 7 < Al 100%
TPA 50 _ 100
| M yield ¢ purity
decarboxylation Without CaO __ With CaO 40 + 726 721 79‘9 76.9 80
— oo
/vCaO\i < * o 2
N o 60 %
-CO . Q0
| P O v |° - €
K N 40 =
TP-Ca c <
y € :
CaCOS/G\\\ 20 Io_l\o
‘Ber]zen‘e d 0
8) J. Mater. Cycles Waste Manag., 16. 282-290 (2014). 8

9) Environ. Sci. Tech., 48. 3430-3437 (2014)..





2000
Ag
1600
[72)
)
E‘ 1200
‘0
3
2 800
400 ””““a’”w‘k\\\mouV~JL~* ) A ,

0 10 20 30 40 50 60 70 80 90

26/deg (CuKa)

& 4mm x10.0k SE(L)

X-ray f|Im

Ag recovery over 97%

Residue composition Ag : 3%
Carbon:97%

Ag concentrated from
the initial 0.4 wt% to 3 wt%

1000 ® °
y-Fe,04
800
7]
&
} 600
‘0
3
= 400
200 ° ﬂ
o0
0 10 20 30 40 50 60 70 80

26/deg (CuKa)

Residue composition
y-Fe,05:66% (Fe:46%)
Carbon:34%

Vldeo tape

y-Fe,O5 recovery over 98%
No transformation to a type

Hydrolysis temp. 450 °C, steam 88 vol%

90

1000 oV-Fe;0;
TiO, (Anatase)
800
[%]
S
EGOO
(%]
g
= 400
200 .i
\M o .

0 10 20 30 40 50 60 70 80 90

26/deg (CuKa)

Prepald card

y-Fe,O5 recovery over 98%
TiO, recovery over 97%
No transformation was observed

Al,O4 recovery 100%

Residue composition
y-Fe,05:37%
T10,:35%
Al,035:2%
Carbon:26%

It might become
an ilmenite

substitute
(TiO,: 45~60%)





Comparison of the composition of residues with ilmenite

[ ] Tio, [ ] Fe,0, [_] Others
Ilmenite ore 50.0 43.5 6.5
l residues l .
;G 1100 62.0 31.0 |, 1cm
P
5
r 1000 61.8 31.0 7.2
o
Q
GE) -
= 900 59.7 30.2 N 12
0.2 ™
|:|carbon N
800 56.8 29.8 |[],,,
' ' ' ' 2.4
0 20 40 60 80 100

Content (%)

10
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in Wy
)
P‘ts_i:_!?g

Manufacturing process of TiO, (Sulfate process)

Solution
FeTiO5 + 2H,50,
(illumenite)
— 11050, + FeS0O, + 2H50
Hydrolysis

11050, + 2H50
— TiO(OH), | + H,SO,
Calcination
TiIO(OH), — TiO, + H-50

Anatase or Rutile

11





Degree of TiO, leached from residues

Tem?fé?t“re 800 900 1000 1100 | illumenite
Leaching ratio
of TiO, 100.0 | 100.0 | 96.4 72.3 46.4
(%)

from prepaid card from ilmenite
12





Py

the selectivities and the difference of
reaction rate/ratio

for pyrolysis and hydrolysis

during the steam decomposition

13





ldentification of Pyrolysis and Hydrolysis using H,¥O

Pyrolysis

—D—% }-C; Z D 1SOH Pyrolysis

H3C-Q S p
0-CHs | Pyrolysis & Hydrolysis

d
Esterification miz=194

—> R O 64643 [ 1668 |HaC* 0
160-CH3 52113[ T miz=196° ™

I chﬁo Z E)
1aO_CH3

| © miz= 198
H-ﬁ'iI 5 i S
H .J‘ < } g
OH
Esterification 194 e 198
—_ R@_ﬁ ass-to-charge ratio(m/z)
18 _CH3

Shogo Kumagai, Yuto Morohoshi, Guido Grause, Tomohito Kameda, Toshiaki Yoshioka, Chemistry Letters, 3, 212
(2013)

mensity
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Selectivity of pyrolysis and hydrolysis of PET

100 100
80 80
S 38 3
> 60 > 3 60 >
: : 5
& 40 8 40 2
b 23 <
20 20
0 0
340 360 380 400 420 440 0 25 50 75
Temperature / °C Steam concentration / vol%

Shogo Kumagai, Yuto Morohoshi, Guido Grause, Tomohito Kameda, Toshiaki Yoshioka, RSC Advances, 5, 61828 (2015)
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Selectivity of pyrolysis and hydrolysis

Selectivity / %

Selectivity / %

5 8

]
=

5 & B

=

0

pyrolysis hydrolysis ?iem

100 100

80 80
a4 #

60 > S 60
= s
2 5

40 T @ 40
2 3

20 20

0 0

0 25 &0 75
Steam concentration £ vol%

% PRt wdl
Selectivity / %

i

340 380 380 400 420 440
Temperature [/ °C

® PET

0 25

Steam concentration f vol%

il

320340360 380 400420440

75

Temperature / °C

(b)

PBT

100

80

&0

40

20

% | plEf ydl
Selectivity / %

% f PIeif wdl

100

&0

&0

40

20

Selectivity [ %

0 25 50

75

Steam concentration / vol%

380 400
Tamparatura ! °C

(c)

Shogo Kumagai, Yuto Morohoshi, Guido Grause, Tomohito Kameda, Toshiaki Yoshioka, RSC Advances, 5, 61828 (2015)

PEN

1 60

{ 40

% / PIRA DaN

100

4 80

% ( PI=IA DON

1 20
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Apparent reaction constant of pyrolysis and hydrolysis

pyrolysis steam 75 vol% == hydrolysis (= steam 75 vol% - pyrolysis)

1.2 10.0 20
= 09 % ol T T 15
p!_q]:' - ?:; 60 F NE
i i . . :
E 0.6 rossing point E 40 hEmssinlg point E 1.0
xﬁﬂﬂ c-:% 20 _ﬁ 0.5

D ﬂ | § ﬂ_ﬂ 1 L D_D [ 1

340 360 380 400 340 360 380 400 360 380 400 420
Temperature [°C] Temperature [*C] Temperature [*C]
(a) PET (b) PBT (c) PEN

sition can be assumed to be the k,,, of hydrolysis (assuming
whole k,p, = pyrolysis k,pp, + hydrolysis k,pp,). Fig. 8(a) plots the

Shogo Kumagai, Yuto Morohoshi, Guido Grause, Tomohito Kameda, Toshiaki Yoshioka, RSC Advances, 5, 61828 (2015)
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Crossing point of pyrolysis and hydrolysis of PET

1.2

O
©
]

. Crossing point

Kapp /%1072 min”
o
o)

o
w

340 360 380 400
Temperature [°C]

Crossing point is border of chemical processing between pyrolysis
and hydrolysis
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Recycling of PVC

Low cost, good machinability, Chemical resistance, good durability

Domestic disposal (Japan) 0.82 million ton (in 2012)
0.23 million ton (28%) was recycled by mechanical recyclingl®

Floor " Cable covering  Medical tube

Pipes
High-purity PVC resin material

Complex with other materials

= Pyrolysis of PVC

Causing corrosion of
{FHCHZ} — {CHzCH} + nHCI pipes
Cl n n

_ _ Hydrogen chloride
Incineration of PVC \| Production of trace

organochorine
FHCHZJ— + (2n+1)/20, ——— 2nCO, + nHCI+ nH0 compound.
n

Cl

Hydrochloric acid

19
10) Plastic Waste Management Institute, Plastic Products, Plastic Waste and Resource Recovery (2012).





Chlorine Cycle processes

Alkali industry

2NaCl + 2
— 2NaO

Z\ Chlorine Cycle

Recycle processes

Cl, + H,

nNaOH + PVC =3[

20





Dechlorination of PVC in NaOH/EG solution

Flexible PVC(120 pm, 140 pm), 1M NaOH/EG

Pipette glass
Nz: S0ml/min o
! >
S~
c
9
-+
o ©
Water E
i)
.C
o
u] Silicone oil o)
lced methanol trap C_
(C—
VE:JIT /‘
100
Evaporator )
Ball mill reactor 80
° i
>
=
Water Sampling
Ly S 60 |
— ©
N, I £
| Y,0,-700, ball 5§ 40
d/ e
@]
- . [O)
Silicong oil O 20
Heater

M50 170

190

120 W A
I-'H]JD A

®
O

120 180 240
Reaction time/min

With ball

S

e

Without ball
|

& with balls
O withoon Balls

300

120 240
Reaction time/min

360






Mechanism of Dechlorination

PVC, 1M NaOH/EG, 190 °C, in flask

= T & E2 elimination
= = = 0 4
-lé' _.,"””ﬂ_h“‘—_‘\l ‘"Il_u_,_ﬂ___f-—-" - "Hv"“\.l ? OH™ --- + H
S A \
e N IJ[W_ "y IUI PVC | p
g "’Pﬁ“.bwfﬂll Iﬁ"-"ﬁ’ﬂﬂﬂﬁg b -ECH—CH% —» 'ECH=CH + HCI
8 Y | I“l‘.l | n n
IS N A 190 °C -
R P . Cl
é IIL\,—/; \III| "-'f - -\HH” ﬂll
= - WMy 15 minutes
.f“ﬂ ~— .
I AN Vi |45 minutes

................................. S\2 substitution

-EC —CH% — -ECH]—CH + CI™
n ) | f

OH- OH

4000 3000 2000 1000
Wave length /cm
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Effects by the Chemical Modification

Long-

Modifying carbon AyElopE Epoxy group Cross-link 1) SCN group2)
group ) group
chain
Heat-resistant
Function Plasticity Hydrophilicity High reactivity Mechanical Antibacterial

characteristic

_ 3 Base r _ 3 r _ 3 B
_ECH2 CIZH}n— 4+ Nu [ CH, (|:Ham~CH2 (I:H‘ m + mCl
Cl Nu Cl

1) M. Hidalgo, H. Reinecke, C. Mijangos, Polymer, 40, 3535, (1999).
2) T. Kameda, M. Ono, G. Grause, T. Mizoguchi, T. Yoshioka, J Polym Res., 18, 945, (2011).
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Upgrading Recycling of PVC12-17)

Introduction of function group by S,2 reaction for Staphylococcus
SEN"- L Thiocyanate group : -S-C=N

. M ) Isocyanate group : -N=C=S
Substitution (Sy2) CH, - CH - CH, - CH + Cl
n n

I) | 200
cl SCN < ’
S 160 | £
Antibacterial grant by the introduction of § |
the thioiocvanate aroup & 120 |- i &“""‘“
Sample S E FT—IR spectra solvent _f;é
(%) (%) = 80 —
thiocyanate isothiocyanate =
) i} T
£ 40 =1t
@pvc — — X X £ I
(b) SCN— 38 04 X O THF-DMSO < -
PVC 0
(c) SCN- 187 102 O O DMF () (b) (c) (d)
PVC _ ‘
(d)SCN— 38 10 O O H,O + TBAB '

PVC "" _
-
.

12) Polym. Degrad. Stab., 94, 107 (2009). 13) Mat. Chem. Phys., 118, 362 (2009). 14) Mat. Chem. Phys., 124, 163 (2010). 15) J. Polym.
Res., 18, 945 (2011). 16) J. Mater. Cycles Waste Manag., 12, 264 (2010). 28) Polym. Eng. Sci., 51, 1108 (2011).

17) J.Mater. Cycles Waste Manag., in press. 24





Issue in the Treatment of Cathode Ray Tube

Fritted glass

Table Component of FG

Panel glass (converted oxide)

N

Neck glass
l Component Content [wt. %]

—B SiO> 54.4

PbO 27.9
K20 6.07
Ca0 3.78
Funnel glass (FG) MgO 2.89

Cathode Containing large amount of AlLO: 5 38

Pb which is harm to the
Ray Tube Na>O 0.350
(CRT) human and natural ecology Others 212

Wast(MW crt - Popularization of flat-screen TV without CRT
- Demand decreasing of CRT

Harmless and Reuse

as a hew material

by the removal of

Pb 25

CRT






PbCl,
FG +
(PbSiO;) 4 : : .
residue

pvCc —» HCl
Pvyrolysis
(250-350 °C)

G PbCl,
(PbSIO,) K > F
residue
CaCl,
Capture
PVC —» HCl Ca(OH),

Pyrolysis
(250-350 °C)

Pb removal from Funnel Glass using Pyrolysis of PVC

Pb removal : 1.47 %

Int. J. Environ. Sci. Tec., 11, 959-966, (2014).

Pb removal : 99.9 %

Ca/Cl molar ratio =1

100 —p—& - 4 100 000
90 B e —
(@)}
— 80 <
= 3
PR 1 10 000=
G 60 S
550 5
2 30 1 1000 §
> 20 ®
9
10
O 1 1 1 1 1 | 100
0O 20 40 60 80 100 120
Time [min]

Thermochimica Acta, 596, 49-55 (2014).
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® Power plant
® Steel industry
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® Paper & Pulp industry

50km radius

100km radius

Okm and 100km ra“clj\us around
each basic industry plants in Jém\/’gf
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Transfer Technology (TransTech)

[ Present society suffering from some issues ]






Thank you for your attention!
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Prro pPlastics production

PE-LLD wire cables
PP car bumpers

Film for food
packaging
Office/school

PS5 plastic cups
PP folders

. PUR sponges
PP flowerpot
insulation
PP F'5 glasses frames panels

Most yoghurt pots
are made of PS5

PE-LD reusable bags

PVC windaow
frames

PV boots

PE-HD
milk bottles
milk bo E“-'- PS. PS.E

o pont Palycarbonate

PUR fridge TrE‘I'!,fb
PE-HD toys " = ABS bricks
PE-HD =g
ol
Others §’

PET bottles PTFE {Teflon coated) pans
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WORLD PLASTICS PRODUCTION in Mtonne

World and European plastics production 2002-2013

References: Plastics - the Facts 2014/2015, PlasticsEurope
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China ranks first in the global plastics materials production

Europe

(EU27 + CH + NO) cIs

PRODUCTION OF PLASTICE
NAFTA MATERIALS BY REGIONS

250 Mtonne

Japan

Latin
America

Middle East, Rest of Asia
Africa

2013 World production of plastic materials
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3500
SO0
3000
2500 "
2000 -
1500 1200, . 350 1336.2
1000
500 I I
0
2007 2008 200 2010 2011 2012 2013 2014 2015

Plastics waste in China

References: (/&2 FIZ5 4 FIH 1T W HEZ1E)Y ,Ministry of Industry and Information Technology, China, 2016.
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Traditional way

” * Burning

mem) | o Landfill ﬂ

- ¥~
- f
4

Greenhouse

effect 3 Dioxin

Renewable way

Other high C, H - Make full use of high — Clean
content wastes C, H content in waste energy
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Firo- Gasification of plastics waste

I >Gases 1 |Reforming |
i |Gas-phase reactions
! Liquid —> (cracking, shift |
| _ ! (tar, oil) combustion,) — >
Plastics —>| Drying > Pyrolysis i i
| I _ Gas-solid :
I —> Solid (char) nteraction
Coke deposition | Modification _,

Fe, Co, Ni based catalyst

Co-production H2 and CNTs from
catalytic pyrolysis of plastics waste

References: [1] Yao et al.2014. Internal. Hydrogen Energy, 39(27): 14642—-14652
[2] Wu et al.2014.Environ. Sci. Technol., 48(1): 819-826






Co-production H, and CNTs from catalytic pyrolysis of plastics waste

: Fe-Cu
Ni Fe —> Higher stability
Ni- P : :
- Ni-Fe Bimetallic
catalyst ——> Smaller metal particle size
Relatively cheap
Better catalytic performances | | .| Synergetic effect

How about Ni-Fe bimetallic catalyst?

Effect of mixture of Ni and Fe with different molar ratios on
hydrogen and CNTs productions from waste plastics

References: [1] Shen et al.2016. Applied Catalysis B: Environmental, 181: 769-778
[2] Wei et al.2015. International Journal of Hydrogen Energy, 40(46): 16021-16032
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'@0 Materials and methods

2016

[ Materials ]

Feedstock:

Mixed plastics: HDPE:LDPE:PP:PS = 4:3.5:2:0.5
Element C H @)
Content, wt.% 84.51 13.85 1.63

Catalyst:  Ni-Fe/Al,O,, impregnation
Ni:Fe molar ratio=1:3, 1:2, 1:1, 2:1, 3:1
NFxy means Ni:Fe=x:y

Operation parameters

Plastics: 1g
Carrier gas: Ar (110mL/min, 99.99%)

Temperature: T1 500 °C
T2 800 °C

Catalyst: 05g

—

/f, Huazhong University of

./ Science and Technology

Z
D
ﬁ‘@f:i}’f}' OF SIS L

I

st tesstons XXX
Retuissetisietend O O O Q

Reissetisietend

Temperature
controller

" Plastic

Electric
g

Ar Catalyst

Mass Spectrometer

H—\—‘—/ V\/\
ooon
Dryer

F f — Gas Sample Bag

ﬁ

Schematic diagram of the pyrolysis-
catalysis of plastics
1)
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"% Materials and methods

[ Methodology ]

e Gas chromatography (GC);

mass of total gas (H,,CO,CH,,C,H,,---)obtained
mass of plastics

mass of H, obtained

H content in the feed

Gas yield (wt.%) =

H, yield (%)=

e Mass spectroscopy (MS);

e Temperature programmed oxidation (TPO);
e Scanning electron microscopy (SEM);

e Transmission electron microscopy (TEM);

e Raman spectroscopy.
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Firo Mass balance and gas production

Mass balance and gas production with different Ni-Fe catalyst

| None | NF12_| NF11 | NF21_| NF31
H, yield (%) 11.42 | 61.17 | 5615  49.85  48.92  52.30

Gas yield (wt.%) 50.51 39.48 38.01 43.24 43.87 39.64
Carbon deposition (wt.%) 2.2 _ _ 5509 49.9 45.8 45.1 45.8

Mass balance (%) 80.51 99.18 101.41 96.14 98.87 95.74
Gas ccmposition (vol.%)

TN 2474 | 7393 | 7359 6481 6384  69.98
y 2.98 3.90 3.74 4.19 3.76 4.37

49.36 16.77 15.12 26.40 27.16 19.15

0.67 0.62 0.64 0.77 0.65 0.76
19.81 3.43 4.88 3.12 3.60 4.15
2.24 1.30 1.97 0.63 0.92 1.56
0.20 0.04 0.05 0.08 0.07 /

Both the H, concentration and yield reached maximum values of 73.93 vol.%
and 61.17 %, respectively, in the presence of NiFel3 catalyst.
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TN
HV | Mag |Spot| wD t HV | Mag [Spot WD |Det 5.0pm HV  Mag Spot WD Det - 5.0pm
20.0 kKV[10000x| 2.5 19.0 mm 20.0 kV | 10000x| 3.0 9.1 mm|ETD HUST  QUANTA 200 20,0 kV10000x 2.5 9.2 mmETD HUST QUANTA 200

W i ’ i ,
HY | Mag Spot WD Det - 5.0pm . HV  Mag Spot WD Det - 5,0pm
20.0 kV 10000x 2.5 9.1 mmETD HUST QUANTA 200 20.0 kV 10000x 2.5 9.3 mm ETD HUST QUANTA 200
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Firo- XRD analysis of reacted catalysts

Huazhong University of
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_ _ Scherrer Equation: ) — &
AP0, VN e-NiReD,  +FeD) Boosd

[ ]
i A Crystal size corresponding to main
NF12 peaks of each catalyst (D, nm)
NF11 Catalyst
NF13
N N2
NF3L -
10 20 30 40 50 60 70 o LN
20(°)

Intensity

The diameter of carbon nanotubes was associated with the crystal size of catalyst.
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Tip-growth mechanism
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% TPO results of reacted catalysts

7/ vda
100 b—no
0.0
80 - 02 |
= S
G 04 |
O Q)
[ =
60 |- o
06 -
40 | 08 |
1 //// 1 1 1 1 1 1 1 1 1 1 1 1 // | . | . | . | . | . | .
300 450 500 550 600 650 700 750 300 450 500 550 500 650 700 750
Temperature (°C) Temperature (°C)

Carbon deposited on catalyst became less reactive when Ni to Fe molar ratio
increased, indicating Ni composition in catalyst enhanced the thermal
stability of formed carbon.
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@? Raman analysis of coke deposition

D G G D: defects within the graphitic lattice

NF13 G: Graphitic carbon

G’: Purity of CNTs

ID/IG IG’/IG

NF13 1.03 0.52

W NF12 1.07 0.56

_,JULJ/L NF11 0.67 0.63

N1 NF21 0.55 0.63

500 1000 1500 2000 2500 3000 NF31  |o71 | [0.66
Ramn Shift (cm™)

Intensity
E

<

H

H

Despite there being less carbon deposition, the quality of the filamentous carbon at higher
Ni to Fe ratio is higher with more ordered carbon walls.
CNTs produced at higher Ni to Fe ratio have higher purity.

21
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@? Comparison with other reports

Comparison of gas yield and carbon deposition between this
work and relevant references

H yield (g/100g  Carbon (g/100g

Material Catalyst ID/IG Source
sample) sample)

Mixed plastics Ni-Fe/Al,O, 6.8~7.3 46 0.55~0.71  This work
LDPE Ni/A|203 3.3 52 0.588 [1]

PP Ni/AlLLO, 3.3 25 0.84 [1]

PS Ni/A|203 2.7 25 0.93 [1]
LDPE Fe/Al,O, 3.9 27 0.51 2]
Waste tires Fe/Al,O, 1.5 38 0.89 [3]
Waste tires Ni/Al,O, 3.6 39 0.88 [3]
Motor oil container  Ni-Mn-Al 12.2 46 0.9 [4]

References: [1] Acomb et al.2014.Applied Catalysis B: Environmental,147:571-584.
[2] Acomb et al.2015.Journal of Analytical and Applied Pyrolysis,113:231-238.

[3] Zhang et al.2015.Energy Fuels, 29 (5): 3328-3334

[4] Wu et al.2014.Environ. Sci. Technol., 48(1): 819-826.
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(Fro Summary
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v" Ni:Fe=1:3 catalyst has higher H, concentration and yield.

v’ Catalyst with higher Ni to Fe ratio produced more ordered and higher purity
carbon nanotubes.

v Ni addition enhanced the thermal stability of formed carbon.

v’ The tip-growth mechanism of CNTs formation was concluded.

H,
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Cracking H/ o \‘H Dehydrogen {
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aelpifierriol) Use of plastics in automobiles @

Percentage of total vehicle weight body and exterior

100%
80% M Plastics il
60% = Rubber
40% ® Metals interior
20% - M Others

0%
1970 1980 1990 2000 2010 2020

Primary drivers

e Reducing weight — Improving fuel
efficiency - Environmental concerns

* Improving safety

e Reducing the cost

e Innovative design and comfort

e Recycling? — ELV Directive

“No later than 1 January 2015, for all end-of-life vehicles, the reuse and recovery shall be increased to a minimum of 95% by an average weight per vehicle and year.
Within the same time limit, the re-use and recycling shall be increased to a minimum of 85% by an average weight per vehicle.” DIRECTIVE 2000/53/EC 2/15






Use of plastics in automobiles

Weight in
. Main types of POVMETS | 4, car (kg)

Body PP, PPE, UP
< S Bumpers PS, ABS, PC/PBT 10
:; % Exterior trim ABS, PA, PBT, POM, ASA, PP 4
Lighting PC, PBT, ABS, PMMA, UP 5
Seating PUR, PP, PVC, ABS, PA 13
S Dashboard PP, ABS, SMA, PPE, PC 7
E Interior trim PP, ABS, PET, POM, PVC 20
Upholstery PVC, PUR, PP, PE 8
I comparments P PRPOT 9
§ Fuel system HDPE, POM, PA, PP, PBT 6
g E(')er;t;::;nts PP, PE, PBT, PA, PVC 7
%D Liquid reservoirs PP, PE, PA 1
Tire SBR, PIP, NR, BR +40
Total 145

Waste management options
e Landfill?

* Incineration?

e Mechanical recycling?

e Chemical recycling?

Selection criteria

Amount of polymers in %

i
@
. 20I6

Pyrolysis?

Financial, logistical, technical
considerations?

Valuable recyclate and market for it?

Legislations and confidence?

3/15
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Key questions:

e What are the main thermal properties and pyrolysis products of different
kinds of plastics, plastic-containing vehicle parts and mixed plastic waste
materials derived from end-of-life vehicles?

e How do additives, reinforcements, fillers and contaminations influence the
thermal properties and product distribution of these samples?

 How can pyrolysis products be separated by successive pyrolysis?

 What kinds of reactions take place during pyrolysis of mixed plastic waste
materials derived from end-of-life vehicles?

AIM

To obtain information about the thermo-chemical reactions, thermal properties
and pyrolysis products of plastic wastes originated from end-of-life vehicles.

4/15





3.4J2:1015. - - Materials and methods (Firs

Samples

* Fiber reinforced rubber tubes (hoses) from engine compartment

©%e

* Interior plastics

: : .r'-E_ Es "{'"—' !
rear package tray (RPT) sun visor

e Mixed plastic waste derived from end-of-life vehicles

Prior to the thermoanalytical measurements, the samples were cryo-milled.

5/15
L ——





m Materials and methods Fiig

Thermogravimetry (TG) Pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS)

Sample: 0.5-2.5 mg (cryo-milled) Pyrolyser: Pyroprobe 2000, CDS
Atmosphere: Ar Sample: 0.5-1.5 mg (cryo-milled)
Ar flow: 140 ml/min Successive pyrolysis: 350 °C and 500 °C, 20 s, He
Temp. program: 50 °C-10 °C/min-700 °C GC/MS: Agilent 6890A/5973
GC column: DB-1701
GC program: 50 °C (1 min)-10 °C/min-280 °C
thermobalance
MS: 70 eV, m/z 14-500 Da
Pyrolyser
" interface He sample! Ll
' probe \ |
| | i |
| =" Ms
: @ | analyser
I = |
; =1
| GC vacuum pump

6/15
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 The devolatilization of the hose samples occurs in two or more stages.
e The first stage begins at 100—-150 °C with the evolution of the additives.

e The decomposition of the elastomer components occurs in the temperature

range of 270-510 °C.

e Char formation and transformation of inorganic fillers and additives take

place above 510 °C.

7/15





HEICEED Rubber tubes — successive Py-GC/MS @

350 °C, 20s 8 Cl-containing compound
E 0 S-and/or N-containing compound A
©
_E A A phthalate/adipate .
—
L 0 .
) paraffin
% -E "uu‘ paraffin A 0 wax
o3 wax
[ # ', N’ 00 o ! .ﬂ ll|1 1 L
_/’\E'NL 9..‘ N ol . L‘“—‘—‘ L M . e l L " I F 9
6

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)

500 °C, 20s
Epichlorohydrin-ethylene
oxide rubber

o

o
Juw

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)

Ethylene—propylene—diene
(EPDM) rubber

+< <4 1-alkene

A {>¢<}<}<}<}<}<}

—r- —

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)

2 4 8 10 12 14 16 18 20 22 24 26 28

Retention time (min)

PE containing rubber

<4 1-alkene A

MR RRE S ST

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)

e The pyrolysis oils of hoses at low temperature pyrolysis contain various types of
compounds (applied mainly as additives) including chloroalkanes, phthalates and/or
adipates, sulfur- and/or nitrogen-containing compounds.

e The main pyrolysis products at 500 °C are derived from the elastomers.

8/15





=108 Interior plastics — rear package tray @

o C: product derived from
..o Cellulose/hemicellulose
TG — Py'GC/MS ’ g L: product derived from lignin
Hc A phthalate
350 °C, 20s c
-dnvdt

(4/s)
0.25

-

——
o

0.20 2 4 6 8 10 12 14 16 18 20 22 24 26 28

500 oc’ ZOS Retention time (min)
0.15

0.10

0.05

0.00

2

4 6 8 10 12 14 16 18 20 22 24 26 28
Retention time (min)

Temperature (°C)

e Thermal decomposition of RPT (PP-biomass composite material) takes place
in two distinct steps.

Biomass component decomposes in the temperature range of 200-400 °C, the
decomposition of synthetic polymer matrix (PP) occurs between 400-500 °C.

9/15
L —





2505 Interior plastics — sun visor (Fio
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e The pyrolysis oil at 350 °C contains volatile additives, moreover PVC, PUR and biomass thermal

decomposition products.

e At 500 °C mostly aromatic compounds and low(er) amount of additives can be found in the

pyrolysis oil.

e Thermal properties of the studied sun visor are defined and can be explained by the main

components (paper, PVC, PUR).
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{308 Mixed plastics from ELV @
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* Thermogravimetric curves show the complexity of composition and indicate the
decomposition temperature ranges of the components in various parts of the end-of-

live vehicles and in their waste mixtures.

* Py-GC/MS analyses reveal the nature of the components. This information helps
selecting the most suitable way of thermal recycling of the particular waste materials

of end-of-live vehicles:

v Stepwise pyrolysis can be an option for the waste types that decompose at well

separated temperature ranges;

v’ Catalytic pyrolysis may be an optimal way of recycling wastes that decomposing

thermally to a wide range of products over a wide temperature range.

v' The knowledge of the components of the pyrolysed material is essential for
appropriate choice of catalyst and process conditions leading to preferably

uniform valuable products.
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FUTURE... small beginnings come great things... @

Is it possible to set such parameters and to obtain such products from plastic
wastes of end-of-life vehicles by means of pyrolysis or catalytic pyrolysis that

makes this waste treatment successfully feasible?

YOUR LIFE DOES NOT
GET BETTER BY CHANCE,

IT GETS BETTER BY CHANGE.

- JIM ROHN 09302009 -
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Introduction & Background

Motivation

= EU 27 in 2012: 3.5 million tons of WEEE collected
9.2 million tons of new products put on the market

= Waste management problems
= Improper disposal leads to loss of resources and ecological damage

= Shortened life times

= Miniaturization: more composite materials — metals, rare earth elements, fibers
etc. conjoined with plastics

= (Too) High requirements for an effective mechanical recycling

=> Investigation of alternative techniques
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Introduction & Background

Goals

= High metal recovery rates through pyrolysis as an alternative to complex
mechanical processes

= Minimizing necessary mechanical pre and post treatment

Approach

= Thermo-mechanical disintegration of metal-rich composites from WEEE

= Assessment of recovery rates by manual sorting at every process step
= Chemical analysis of (co-)products: solids, condensates, gases

* In-house investigations and literature research showed a high proportion
of complex composites in entertainment electronics
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Introduction & Background

Approach

Chemical

analysis

Plastics etc.

Magnetic /
Eddy current Pyrolysis
separation

Rotary
shredder

Manual Manual Manual
screening screening screening
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Thermo-mechanical treatment of WEEE
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Size reduction of entertainment equipment

WEEE samples Post crushing
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Manual analysis of entertainment equipment after crushing

Mass fraction [%]

60

50

40

30

20

10

m Sample 1 (2.5 kg)
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 m Sample 2 (3.8 kg)
m Literature values

Ferrous Nonferrous Plastics = Compounds Compounds Misc/ fine
metals metals with PCBs without PCBs  material

PCBs = printed circuit boards
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Metal concentration through magnetic/eddy current separation

JJ\"

1) Magnetic 2) Eddy current 3) Pyrolysis
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Concentrate
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Manual analysis after magnetic/eddy current separation

Mass fraction of total input [%)]

Ferrous Nonferrous Compounds Compounds Plastics Coke / fines
metals metals (ferrous) (nonferrous)
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Experimental equipment

Input
pl Bl Solids
Feed hopper _ B Condensates
discharge [ 1 Gases

Condensate
trap (-20 °C)

Further condensation
and filtration

Gas burner Sampling Flow meter Pump
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Test parameters and fragmentation of products

= 600 °C,

= Retention time: ~ 30-60 min

100%

80%
c
9o
S 60% Gases
o= m Condensates
§ 40% = Solids
=

20%

0%

1 2 3 4
Trial
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Manual analysis of solid residues — compound disintegration

Mass fraction of total input [%)]

80
70
60
50
40
30
20
10

0

® Pre pyrolysis

————————————————————————————————————————————————————————————————————————————————————————————————————————————— m Post pyrolysis

Ferrous Nonferrous Compounds Compounds Plastics Coke / fines
metals metals (ferrous) (nonferrous)
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Solid residues — Disintegrated compounds (ferrous metals)

pre pyrolysis post pyrolysis
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Solid residues — Disintegrated compounds (nonferrous metals)

[reichelt]

| 20 mm

pre pyrolysis post pyrolysis
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Solid residues — Other components

interwoven

Glass fibers Glas fibers + Cu

Coke, Fines
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Chemical analysis of coproducts

= Coke

= High carbon content (33 %), calorific values >12 MJ/kg
= Harmful substances, e.g. bromine (>3 %!) and lead
= High chlorine content

= Liquids

= Very inhomogeneous (aqueous oil), low analysis consistency

= Gases
= Detection of combustible components H,, CO, CH,, C,H, (up to 65 Vol.-%)
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Evaluation of the recovery rate R

Ratio of free metals to metal

compounds R [-]

30 P — free metals [g]
o ~ metal compounds [g]
e T e S
m Feed
20 ® Product

15

10

Trial
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Treatment of further composite materials

Metal concentrates from landfills
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Treatment of further composite materials

Metal concentrates from landfills

» Excavated materials from municipal waste
landfills

* Pyrolytic treatment of mechanically
generated metal concentrates
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Metal concentrates from landfills

Landfill ,Pohlsche Heide*
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Metal concentrates from landfills

Material excavation
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Metal concentrates from landfills

Metal concentrates after mechanical pre-treatment
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Metal concentrates from landfills

Products after pyrolysis (700 °C)
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Metal concentrates from landfills

Ratio of free metals to metal
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Treatment of further composite materials

Automotive shredder residues (ASR)
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Treatment of further composite materials

Automotive shredder residues (ASR)

* Metal-rich composite fraction from
vehicle recycling processes

« Contains up to 10 weight-% ferrous
and up to 2 weight-% nonferrous
metals

* Mechanical recovery is associated
with high technical expenditure
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Treatment of further composite materials

Automotive shredder residues (ASR)

* Metal-rich composite fraction from
vehicle recycling processes

« Contains up to 10 weight-% ferrous
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metals

* Mechanical recovery is associated
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Treatment of further composite materials

Automotive shredder residues (ASR)

* Metal-rich composite fraction from
vehicle recycling processes

« Contains up to 10 weight-% ferrous
and up to 2 weight-% nonferrous
metals

* Mechanical recovery is associated
with high technical expenditure
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Automotive shredder residues (ASR)

Input material and products after mechanical post-treatment

Recovered metals
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Automotive shredder residues (ASR)

16

P
N b

Ratio of free metals to metal
compounds R [-]
Y
o

Input 500 °C 550 °C 600 °C 650 °C
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Conclusion

Thermo-mechanical treatment of metal composite fractions

= Disintegration of complex metal-plastic composites successful
= Increase of free metals by factor 7 to 34 at temperatures above 600 °C

= Varying composition of pyrolysis products due to
Inhomogeneous input material

= Gases, liquids and coke are (partly) combustible but have
high pollutant contents

= Open guestions:
= cumulated energy demand

= potential recovery of trace substances / high-grade metals
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' Introduction

e nowadays the

utilization

of

plastic wastes is an unsolved

problem

o problems with landfilling and

incineration

o worldwide the recycled waste is

under 10%

|

Crude oil,

Natural gas, coal
G

v

4 N\
Raw matarials for
petrochemistry
A\ J

Fuels &

feedstocks for
petrochemistry

/=

D

—b[ Pyrolysis Hydrogen

t

Polymers
Plastics for
/’ everyday life
Mechar‘ucal Waste plastics
recycling / ¢
Landfill J t Incineration

A

Carbon nanotube

Ways for utilizations of pyrolysis products
obtained by waste plastic

e some directives exist to reduce the amount of the waste

e chemical recycling is a prospective way for the utilization of waste
polymer and energy generation for refineries and petrochemical

industry

Source: Norbert Miskolczi, Chunfei Wu and Paul T. Williams: Fuels by Waste Plastics Using Activated Carbon, MCM-41, HZSM-5 and 2
Their Mixture, MATEC Web of Conferences 49 (2016) 05001






' Raw materials

M HDPE
W LDPE

M pp

M PS

M Other (PVC, PA, ABS, PET)

Composition of municipal plastic waste

Main properties of catalysts

HZSM-5 Natural zeolite
Grain size, mm 249 38.5
Si/Al ratio 30 4
Acidity, mequiv. of NH,/g 0.5 n.a.
BET area, m/g 315 220






g ~ Raw materials

Main properties of AGO and WLO

AGO WLO
Viscosity at 100° C, mm2/s - 54
Flash point, “C 39 285
Density, g/cm3 (at 40°C) 0.817 0.914
Boiling ranges, "C 159-285 275-418
S, ppm 286 145
N, ppm - 94
P, ppm - 219
Ca, ppm - 57
Zn, ppm - 91
Mo, ppm - 35






' Apparatus
Raw material: 500g
AGO, WLO: 10%
Catalyst: 5%
Temperature: 550°C

Char/catalyst pyrolysis
o1

Apparatus for pyrolysis






' Product yields
4

Product yields, %
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' Gaseous products

o Gaseous products from MPW pyrolysis
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Heavy pyrolysis oil

\\

Heavy pyrolysis oil from MPW pyrolysis Heavy pyrolysis oil from MPW/WLO pyrolysis
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Light pyrolysis oil

Composition of light pyrolysis oils
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Heavy pyrolysis oil
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7.

Light pyrolysis oil

MPW MPW/AGO MPW/WLO

No-catalyst |HZSM-5 [NZ No-catalyst |HZSM-5 [NZ No-catalyst |HZSM-5 [NZ
Viscosity at 20°C, mm?/s 2.7 21 21 2.3 1.9 1.9 2.2 1.8 1.9
M, g/mol 148 117 119 129 103 107 130 102 102
Boiling ranges, °C 25-204 23-200 |24-201 J24-205 22-198  |23-201 J22-199 25-197  |24-198
Density, g/cm? (at 20°C) 0.788 0.773 0.771 |0.781 0.768 0.766  10.779 0.765 0.768
S, ppm 109 88 101 77 59 60 18 14 11
Cl, ppm 253 152 174 130 35 41 74 58 52
N, ppm 41 38 42 32 10 14 36 15 12
Sb, ppm - - - - - - . - -
Ca, ppm - - - - - - - - -
Mo, ppm - - - - - - - - -
Zn, ppm - - - - - - - - -
Ti, ppm = - - - - - N } )

12






A

Heavy pyrolysis oil

MPW MPW/AGO MPW/WLO

No-catalyst |HZSM-5 [NZ No-catalyst |HZSM-5 [NZ No-catalyst |HZSM-5 [NZ
Viscosity at 40°C, mm?/s 2.73 2.44 2.38 2.40 2.25 2.19 2.31 2.25 217
Flash point, °C 68 55 55 59 51 52 57 52 51
Density, g/cm3(40°C) 0.846 0.828 0.830 10.824 0.812 0.811 ]0.820 0.807 0.808
Boiling ranges, °C 104-372 104-366 |101-370 [105-368 109-355 |103-359 [106-367 105-368 |106-362
M, g/mol 251 234 237 245 228 224 242 220 221
S, ppm 220 104 88 186 140 131 75 44 <10
Cl, ppm 84 87 82 44 25 19 21 14 <10
N, ppm 5 - - - - - 5 - -
Sb, ppm 14 10 11 <10 <10 <10 <10 <10 <10
Ca, ppm - - - 16 19 18 22 19 21
Mo, ppm - - - 18 16 17 15 12 14
Zn, ppm - - - 41 35 34 38 32 30
Ti, ppm - - - - - - - - -
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_ @ Conclusion

e More significant effect of the catalyst to the product yields was found in
case of MPW/AGO and MPW/WLO co-pyrolysis

o HZSM-5 catalyst had significant isomerization and aromatization effects

e N, Cl and S as contaminants were represented in pyrolysis oils, which
could be decreased by co-pyrolysis

e Other contaminants (Sb, P, Ca, Zn, Mo and Ti) were accumulated in
heavy oils

14
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CONTEXT
CLIMATE CHANGE

NEW ENERGIES

@ Need for energy transition
@ Meeting the growing demand for mobility
@ Increasing energy efficiency
@ Improving the availability and use of fossil resources
@ Diversifying energy sources

@ Producing fuels, chemical intermediates, energy and electricity
while mitigating the environmental footprint

Pyro

2016

- €nergies
(lanouvelles
K\_—/I

2 | © 2016 IFPEN Le Masle et al. Fractionation and analysis of biomass fast pyrolysis oils by liquid chromatography - Pyro 2016 — Nancy - 11 May, 2016





I CONTEXT
CONVERTING BIOMASS INTO FUELS

NEW ENERGIES

Biofuels Biofuels Biofuels
G1 G2 G3
Starch .l.ignoce.llulosic wasfes Algae?
Sugar  Dedicated lignocellulosic crops

Lipids
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CONTEXT
LIGNOCELLULOSIC BIOMASS

NEW ENERGIES

@ Wood, straw, dedicated crops

@ Wastes from forestry, agriculture or paper industry
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BIOMASS FAST PYROLYSIS OILS

NEW ENERGIES

Lignocellulosic . Y A . .
biomass Fast pyrolysis Bio-oil Upgrading [ Biofuels
Pyro
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BIOMASS FAST PYROLYSIS OILS
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@ Complex chemical mixtures
@ A wide diversity of chemical functions

@ A large range of molecular weights

© 2016 IFPEN
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NEW ENERGIES

Chemical families Content (wt%)

Water 20-30
Pyrolytic lignin 15-30
Aldehydes 10-20
Carboxylic acids 10-15
Carbohydrates 5-10
Phenols 2-5
Alcohols 2-5
Ketones 1-5
Furfurals 1-4

Bayerbach et al., Journal of Analytical and Applied Pyrolysis,
85 (2009), 98-107

Oasmaa et al., Energy Fuels, 17 (2002), 1-12

Kanaujia et al., Journal of Analytical and Applied Pyrolysis,
105 (2014) 55-74
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@ Difficulty to analyse thermosensitive, polar and/or high molecular weight compounds
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FRACTIONATION OF BIO-OILS: SOME EXAMPLES...

/@ @ Hundreds of oxygen-containing compounds...

= Need for a preliminary fractionation step at a moderate temperature to facilitate detailed analysis

@
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OBJECTIVE OF THE STUDY

f @ Hundreds of oxygen-containing compounds...

= Need for a preliminary fractionation step at a moderate temperature to facilitate detailed analysis
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I FRACTIONATION OF A BIO-OIL BY

SIZE EXCLUSION CHROMATOGRAPHY (SEC)

NEW ENERGIES

@ Sample elution through columns packed with gels having different controlled porosities

@ Separation of compounds according to their size or their hydrodynamic volume in a

specific solvent

@ Elution time inversely proportional to molecular weights

@ Intensity strongly depends on the chemical structure of the detected compounds

-10

.20 4

F1

N

’I.
& |
Y
¢ o
‘

"

F3

_\

@
2016

N il
s 10 15 0 F - » » &0 a
é weem 7V Elution time
- ,
N MW (ifPsmie
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FRACTIONATION OF A BIO-OIL BY
SIZE EXCLUSION CHROMATOGRAPHY (SEC)

/ \ / \ / Evaporation to dryness \
SEC fractionation of a bio-oil (100 mg) Molecular size distribution iohti

Weighting
at semi-preparative scale by SEC at analytical scale Mass balance (on dry basis)

. - Fraction —
- n \ W SEC2 —
N | * Fraction Fraction
: os SEC3 SEC1 Faction
; ‘ ‘ N ‘, i
y 49%

Fraction
SEC3
3%

‘ ) ’ : e . : Fraction
> > SEC2
NMW MW 14%
\ /

m Recovery of three fractions: <140 g/mol, 140-200 g/mol and >200 g/mol*

* molecular weight expressed as equivent polystyrene

( fP €nergies
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FRACTIONATION OF A BIO-OIL BY
SIZE EXCLUSION CHROMATOGRAPHY (SEC)

/ \ / \ / Evaporation to dryness \
SEC fractionation of a bio-oil (100 mg) Molecular size distribution

Weighting
at a semi-preparative scale by SEC at analytical scale Mass balance (on dry basis)
_ - Fraction
- g \ = ) SEC2
B . | Fraction Fraction
| SEC3 SEC1

}(—-‘I 10 100 1000 )
AIMW AMW

m Loss of volatile compounds during evaporation of the fractions SEC3 and SEC2

% . .
molecular weight expressed as equivent polystyrene Qﬁ’ €n E"g,fes
\ nouvelies
\.__/’
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OBJECTIVE OF THE STUDY

f @ Hundreds of oxygen-containing compounds...

= Need for a preliminary fractionation step at a moderate temperature to facilitate detailed analysis
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FRACTIONATION OF A BIO-OIL BY

CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

@ No solid support: mobile and stationary phases
are immiscible liquid phases

@ Column made up of stacked disks (> 1000 cells
linked together by a thin engraved duct)

@ Stationary phase fed first into the column
(rotor) and retained inside by centrifugal force

@ Mobile phase fed under pressure into the rotor
and pumped through the stationary phase

@ Mixing of the phases: separation of solutes
according to their partitioning coefficient K,

@ Mobile phase decants at each cell outlet
and enters the next cell

13 | © 2016 IFPEN Le Masle et al. Fractionation and analysis of biomass fast pyrolysis oils by liquid chromatography - Pyro 2016 — Nan<, .. ...

interdisks
gaskets

NEW ENERGIES

Column CPC

Partitioning coefficient:

Cstat

KD -
Cmob

2- Pumping of
mobile phase Pyro
2016
Mixing

Decantation
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FRACTIONATION OF A BIO-OIL BY
CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

NEW ENERGIES

250007 A | i : : | l ,
F1 I ' F3 ; . F4 | F5 | Extrusion
2250.0 B | : | I
20000 ] | High polarity frac.tions | Lo | polarity fra .t|0n5
I ejuted by the aqueoys phase ~ eluted by the orgapic phase
1750.0 5 ; |
' | ' |
z 1000 ' | On-line UV detection
% 1250.0 210 nm
£ — 254 nm
1000.0 | — 280 nm
750.0 I
l
500.0
250.0 I
0.0 Mstmrrmismcbir s | |
250.0- | : I : ; I l
00:00 05:00 10:00 15:00 20:00 25:00 30:00 35:00 40:00

Elution time (min)
m  Mobile phase: aqueous phase
m Stationary phase: organic phase
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FRACTIONATION OF A BIO-OIL BY
CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

NEW ENERGIES

= F1 p|F2| F3 | F4 S5
305.6 mg : Mass balance (evaporated fractions, on dry basis)
oo 45
oo : ) Amount
R - - CEE T = = - - g % of bio-oil
38000 _ & 35 injected
-
§ 30 0,3056 g
s 25
5 H0.6458 g
g 2 41.0278
0278¢g
645.2 mg E 15
"'L S 10
o CPCl CPC2 CPC3 CPC4 CPC5 Losses
- On-line UV detection
1.0278 g oo /N I 210 nm
0.0 m— )54 nm
| ; : _ — 280 nm

( fP €Energies
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FRACTIONATION OF A BIO-OIL BY
CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

12 4

Eraction CPC2 ﬂFractlon CPC4

Fraction CPC3

o | \/ (\ Fraction CPC5
/|
( ','v‘ .
) J\‘ A/ A \
o _.,..___"" | _ | | _ <X

Masse molaire en g/mol équivalent polystyréne

“ sEC analysis (UV detection at 254 nm) of fractions CPC2, CPC3, CPC4, CPC5

m  No clear relationship between molecular weights and solubility
m  Special properties of Fraction CPC5 (the least polar fraction)
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FRACTIONATION OF A BIO-OIL BY
CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

NEW ENERGIES

Fraction CPC1 Fraction CPC2 M C aliphatics
3%
0% 0%

M C aromatics and olefinics

M CH-O
M CH3-0
M CH2-0
i C=0and CHO
Fraction CPC3 Fraction CPC4 Fraction CPC5
10% 13% 0% 6% 0% 19% 0% 16%

10%

13C NMR analysis of fractions CPC1, CPC2, CPC3, CPC4, CPC5 (relative proportions)

m  CPC enables to get fractions having different chemical compositions
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FRACTIONATION OF A BIO-OIL BY

CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

| © 2016 IFPEN
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NEW ENERGIES

Polarity +++

LC-UV analysis of fractions
CPC1, CPC2, CPC3, CPC4, CPC5 (apolar column)

" Polarlty -
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FRACTIONATION OF A BIO-OIL BY

CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

Fraction CPC1 needs to be further fractionated
using specific CPC conditions

19

NEW ENERGIES

Content (wt% on dry basis)

50 -
45 |
40 |
35 -
30
25
20
15 |
10 |

CPC1

CcPC2 CPC3 CPC4 CPCS
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FRACTIONATION OF A BIO-OIL BY
CENTRIFUGAL PARTITION CHROMATOGRAPHY (CPC)

NEW ENERGIES

ool CPC1
A CPC1.2 CPC1.3 CPC1.4 CPC1.5
2250.0 E TR B S s s P Mass balance (evaporated fractions)
2000.0 : ' I | o — 5
1750.0 H | o j 50 -
1500.0 ) I A I T a0 .
1250.0 : : : T
| | ; I : : -:-
1000.0 I I I £ 30 -
H H ' c
=l A
| 1 | L H
250.0 r r ; M e 10 - l
0.0 | : : : : E £
00:00 0300 0600 09:00 12:00 1500 18:00 21:00 24:00 27:00  30:00 CPC1.1 CPC12 (CPCL3 (CPC14 CPCLS lLosses
m  Mobile phase: aqueous phase
m Stationary phase: organic phase
(i
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CONCLUSION

NEW ENERGIES

@ Fast pyrolysis oils derived from lignocellulosic biomass are complex chemical mixtures

@ Analysis of thermosensitive, polar and/or high molecular weight oxygenated compounds

f @ Need for a fractionation step prior to analysis

EEREER

@ Fractionation by centrifugal partition chromatography (CPC)
@ No denaturation of the sample

§
£t

CPC1.1 CPC1.2 CPC1.3 CPC1.5

2250.0 i | I |
@ No sample loss by adsorption on a solid phase e 1, L :
1500.0 1 I
@ Easy to use 00 Fob .
: 1 I 1 i
. 750.0 | I |
@ Reproducible o j/\% i e
@ Scale-up at a semi-preparative scale to collect fractions 0 - -
00:00  03:00 0600 09:00 12:00 15:00 1800 21:00 24:00 27:00 30.00
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Hot Gas Filtration of pyrolysis vapors;

‘ an essential step in bio-oll upgrading
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HGF applied to fast pyrolysis
processing: state of the art

v lower solids particles/ inorganic content in bio-oils (1)

Improves aging behaviour()

Contradictory
d Decrease in liquid yield (5-30%) results
Scarce

[ Change in bio-oil chemical composition literature

(1) Agblevor et al.1996; Lee et al.2005; Kang et al.2006; Hoekstra et al.2009; Pattiya et al.2012
(2) Baldwin et al.2012; Pattiya et al.2012; Case et al.2014
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The objective of this work...

s N
Determine the impact of HGF on product

vields and bio-oil chemical composition
N Y,

HGF

Ex-situ configuration

biomass ] pl
Sr— % _ > lIsolate effects from the
_— : m cbndensation ) .

— pyrolysis reaction
Pyrolysis. \

Y} Reaction Bio-oll

AT AAA A . . .

Ceramic filter material

> Resistance to acidic conditions
N, Char






Fundamentals of HGF

Complex system
2° reactions

biomass

condensation

| . 3 Main factors
T Pyrolysis
A Reaction
[ A . .. .
5 1)thermal cracking minimised at

T<450°C

1. HGF temperature
pyrolysis - |
vapours . Inorganic content
Gas 3. G/S contact time
Char particles —
aerosols

S S B -V Parametric study

7, cirac

(1) Hoekstra et al.2012: Heterogeneous and homogeneous reactions of pyrolysis vapours from pine wood.





Methodology

Gas/Solid [100 g/h FBR J
contact time 1 kg/’\ FBR
g B1 B4 )
B-py : B2 B3 :
'3 - g Inorganic
\_ SXTD content y

S1 S5
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Laboratory set-up

Ex-situ
Ceramic filter

uGC :
Varian CP-4900 ...  ,.........
a \__/"I E ...... : :
o : "t Gas
EP -Qll [ ]
VLo
Pl
Pl
p —
: . Nm?
LLl.!
0°
.......... lights
munn? g Bio_oil llllll | :llll

Membrane (d,~ 1um)

100 g/h FBR

prrolysis =500°C
THGF - 4ZOOC

vyer = 1,8 cm/s

: KF titration
! Mettler toledo V20

: Elemental analysis

>, | GCMS

"z GC Agilen tech.6890+

i MSAgilent tech.5975

: SEC
Agilent 1200s (50A,500A,35°C,THF)





Beech wood experiments...

Products mass yields (G/S/L) are globally unchanged
» Mass closures > 95%;
» preservation of organic yield (within STD limits)

No changes in gas composition / water production

Organic yield Water yield
%Wt g4 sowt
26.0 25.8 27.7 26.1 .
60 P S S— %wt feed basis
40 - m Organic Yield
20 - .
0 —-—water yield
[ [
Gas yie
2wt 44 4.8 52 B H2 and C2+
CO
0 | | |
w CO2






GCMS results (mg/g feedstock)

M B-py Bl B2 B3 W B4
50
r levoglucosan and DGP
40
30 -
20 -
10 -
0 ~ T T
O S R S e &
S & ¥ L& & &F
v g@ O ©
R v v
> )
¥ S
2 &
S

e quantification method based on internal standards

e 72 compounds calibrated

e Compounds reported were verified by both Mass Spectral
fragmentation pattern and retention time






Methodology

AP (mbar)
5
ol 2 3 ¢
e 100 g/h FBR
; 1 1 1 kg/h FBR
I EEETEE {,L RER e {J’ R ‘U’ Ti e
Time(h)
B4
Bry Bl gy b3 : Beech wood
| i — > 0,5%wt ash (dry b.)
X3 1 1
STD milled <1mm
4 )
S1 S5
T 52 s34 . Sunflower stalk
; i i i )i 7,3%wt ash (dry b.)
: l Ca>K>> Mg

- J






Sunflower stalk experiments...

Products yields slightly affected (<5%)
organic yield decreases (6%) with G/S contact time
As it promotes dehydration and decarboxylation reactions

Organic yield Water yield
sowt 279 29.0 28 2 311 gwt
24.3 —— i
30 ' %wt feed basis
20 ) -~ Worganic yield
10 I
. - —wateryield
Gas yield
%Wt 90 z
. 5.6 ~1H2 and C2+

10

t o
= CO2






GCMS results

msl s2 s3 W4 M s5

mg organics
g feedstock

30 acetaldehyde

1-hydroxy-2-propanone
20 -

Formic acid
10 \ Acetic acid
& o\‘o O\‘o \2{9
¢ Q xs v






Methodology
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SEC analysis of EP fraction (F3)
indicates a decrease in Mw
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Conclusions

v" Drops in liquid yield can be minimised (ash-rich) with a
precise control of filtration temperature and G/S contact
time

v’ Positive effects:
v’ Further depolymerisation
v’ Decrease on highly reactive molecules(aldehydes,
acids)

Currently working on...

= HGF improves downstream ex-situ Catalyst stability

= materials with different inorganic content/nature: sugar
cane bagasse, wheat straw, olive husk, and rice husk.
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