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R&D activities of the

Universite de Sherbrooke ciorechnaiosica
— R&D Chem. Eng.

Environment and sustainable
development

— Agri-Food
Energy
Air
Water
Biofuels )
— Biomass & Green Processes
Fuel Cells o
— \Waste Valorization

— Materials

— Aluminium
~—— Surface Chemistry & Colloids

Manomaterials

Applications & Processes
— Polymers

Diagnostics

Ceneration — Biological & Biotechnological

) Processes
Modeling

Biomaterials
Bioprocesses

Tissue engineering
Design
Modeling, simulation & control
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Process intensification

Benefits of process intensification

l

Business:

*  Miniaturized plant size.

*  Reduced CAPEX and OPEX.
*  Distributed manufacturing.
*  Faster transformation from
research to market.

Responsive
processing

H. Wang, et al., A review of process intensification applied to solids handling 2017, Chemical

Process:

*  Higher selectivity/product
purity.

*  Higher reaction rates.

* Improved product
properties.

* Improved process safety.

*  Wider processing

conditions.

Continuous processing.

Faster, safer, and
greener processing

Engineering and Processing: Process Intensification

Environment:

*  Reduced energy usage.
*  Reduced wastage.

*  Reduced solvent usage.
*  Smaller plants equal to less
obstruction on landscape.

Sustainable
processing




Impinging stream (IS) reactor

Wet-stirred media mill

Trost Jet Mill

Milling/Grinding

CGS Fluidized bed Jet Mill

High-speed stirred mill

Pneumatic dry granulator

Flexstream fluidized bed

Taylor-Couette granulator

ConsiGma Compact unit Granulation

Twin screw granulator

Multichamber multiscale fluid bed

Catalytic plate reactor

Spining disk and cone reactor

Oscillatory baffled reactor

Dual impinging stream mixer

Rotating packed bed

Precipitation/Crystallization

Continuous flow microreactor

Helix reactor
Microwaves

Ultrasound

Rotor-stator spinning disk

Magnetically-stabillized bed

TORBED reactor

. Vortex reactor
Separation

Turboscrubber

Microfluidics separation

Froth flotation technologies

Spinning disk reactor

Oscillatory baffled reactor

Micro-fluidized bed/packed bed

Catalytic reactions

Membrane-assisted fluidized bed reactor

Microwave

Process
intensifications for
solid handling
applications

Granulation
Conflore flow reactor
/  Taylor-Couette reactor

Reactive extraction

Reflux Classifier

Elbow-Jet Air Classifier

Microfluidics Particle classification

Trilobite licrofluidic chip

Rotating fluidized bed

Vertical thin film dryer

Microwaves

TORBED reactor

Vacuum hybrid

Screw conveyor

Ultrasound

Impinging stream reactor
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Scraped-surface heat exchanger

Rotating fluidized bed

7

Particle coating

Spinning disk contactor

Spinning cloth disk reactor

Rotating packed bed

Bioprocessing

Low power ultrasonic energy

Microfluidics

Spinning cone reactor

Rotating fluidized bed

Thermal processing TORBED expanded bed reactor

Plasma reactor




Targeted projects

Canada

Canada Research

Nonthermal plasma “““ UI%¥0  New approaches for CO,
asissted reactions Hydrogenation

CFl/ FCI

G,

coLp  Clean biofuels production from
contaminated biomass
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CFl/ FCI
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Global GHG emissions

Historical GHG emissions CIHIMATFWATCH al Carbon Dioxide Emissions

Data source: PIK; Location: World; Sectors/Subsectors: Total excluding LUL 420
Sectors. Scripps Institution of Oceanography
NOAA Global Monitoring Laboratory
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»  Due to the Covid-19 pandemic, we experienced the largest falls in both energy demand and carbon emissions si
War 1I. However, The carbon budget is running out: CO, emissions have increased in every year since the Par
2015, except in 2020. Delaying decisive action to reduce emissions sustainably could lead to significant eco
social costs. (BPr., 2022)
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https://www.wri.org/insights/history-carbon-dioxide-emissions

Routes to CO, treatment

Carbon Capture & Storage (CCS):

- reported as an attractive solution for the temporary storage
of large volumes of CO, (Gao, J. Y., 2011)
- has the potential risk of leakage (Li W. W., 2018)

Carbon Capture & Utilization (CCU):

- consider CO, as a source to produce value-added chemicals and fuels
(de La Fuente, 2016)

- there are several routes to utilize CO, such as beverage carbonation, ‘
food packaging, water desalination, EOR Chemical treatment
(70-80Mton of CO, Is consumed per year) , biomass gasification,
construction and building materials, and renewable energy systems

(for instance, CO, based geothermal energy systems)



CONVENTIONAL METHANE DRY REFORMING

REACTIONS:
CH,+ CO, — 2H, + 2CO 247 kJ mol- (1)
Side reactions:
CH, — C(s)* 2H, 75 kJ mol-? (2)
2CO — C(s)+ CO, -171 kJ mol-1 (3)

Problems:

1) Intensive carbon deposition (Large Ni size)
2) Active metal sintering (weak interaction)
3) High temperature process

12
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DRM conversion routes

plasma deviation from the kinetic equilibrium (T, >>T,) where the

electron temperature is sufficiently high compared to the heavy

species with a high degree of non-thermodynamic equilibrium is
classified as non-thermal plasma

Thermal
driven

Thermal plasma
(Hot plasma)

Plasma

Methane assisted

Non-thermal plasma
DRM

(Cold plasma)

Temperature (K)

conversion
routes
DRM
coupled

DRM in ek
fael cell membran S 5 z % :
e CC es & other 10°* 10" 107% 107! 10’ IO_2 103

combined

process Pressure (kPa) : '

| atmacnharin
1 AlNOSpICTIC

Current Dry reforming routes in cold
plasma
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Rotational
excitations

Electronic
excitations

Thermal
equilibrium equilibrium

T, Is the temperature of vibrationally excited
molecules, T, is the rotational degree of freedom, Ti is
lon temperature, and T, describes the gas temperature

9th International Conference on Sustainable Solid Waste Management

lonization

Vibrational
excitations

Electron impact
dissociations




Table 1. Use of different cold plasma discharge in DRM

Reactor type

Scheme

Electron energy
[eV]

Electron density 10'2- 101> 10°-1013 10"4- 101>

[cm=]

Current [A]
Gas Temperature 300 - 500 400 -1000 100-2000
[KI]

Break down voltage
[kV]
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Evaluation of cold plasma discharge in DRM

CH,+2CO, — 2H, +2CO 247 kJ molt~ 2.57 eV

0.1 * GA * Corona
. . . *x  APGD * MW

It is worth mentioning that for a 100% energy- «  Spark < DBD
efficient dry reforming reaction, considering all the % P === TR——" p—
roducts, including gas and liquids, the energy cost 3 | 1eA -**5%;@5 ) i
P ! g9 ) ) q ! gy 8 |E§;[|C|ency target Spark
per molecule conversion is 2.57 eV, equal to the 2 a—»-*-ae%ru-
reaction’s standard enthalpy (247.3 kJ/mol) T O IORUISE o e e e — K _

& 5 .

5 1003 "W

c x

B T et

x> DBD & Corona

under different plasma dischar
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Evaluation of cold plasma discharge in CO,

MW & RF
GA

DBD
Other
Thermal
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Conversion (%)
Performance/collection of data of energy efficiency vs conversion under different

plasma discharge in CO2 splitting
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Advantages of MW plasma

Electode

Free
Configuration

o

Microwave
Plasma

High
Plasma
Density

~

Better
Energy
Efficiency

Potentially
Easy Scale-

up
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Current and future app

O Stripping Etching

O High rate chemical
vapor depositions

O Biomass gasification

O UV desinfections

0 Waste gas treatment

Chemical synthesis
Methane reforming
Natural gas
conversion to value-
added products
Carbon dioxide
utilization



Microwave plasma dry reforming

Frequency | Pressure | Year’ . .
Power Conversion Selectivity

(%)

. H, Production
Atmospheric
rate g/H =
2.45 GHz pressure
240
6 kW : . .

And

HZICO 8

0.9:1.1

6.5 kW 915 MHz Atmospheric
pressure
Atmospheric
2.45 GHz pressure
Atmospheric
pressure

[24]

Atmospheric

pressure

1.0 kW 2.45 GHz atmospheric
pressure
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Challenges and Problems in MW assisted
plasma DRM

©. @ variable variable

Absence of © conversion energy cost Fewer
I\/Iechanlsm }and roduct} and low } studies }
. @.@. selectivity efficiency

The gaps and areas to be improved in MW plasma assisted DRM

MW
Plasma

assisted
DRM
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Reactor configurations with in situ Characterization

Elemental
composition

[Functional J
Group [ Mass:Q ratio
MW info

Diagnostic Ports Plasma Chamber

Catalyst Stage

Process Chamber

Furnace Chamber
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Correlations Process Parameters

Specific energy input (SEI)
the ratio of plasma power to the gas flow rate

Energy
Efficiency

X

ffect of flow rate , feed ratio and energy input on the
action metrics

SEI
Xtotal(%)

Energy cost =

4
AHR (mil) ><Xtotal( A))
SEI

Energ efficiency (%) =

Plasma power (kW)

SEI =
[CO+H2] . 4uceq (1/min)
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Optimization of Process Parameters

Energy Cost

Feed ratio

Specific Energy Input

Energy

S conversion
Efficiency

\_/ &
selectivity

flow rate

the importance of control over process parameters

th International Conference on Sustainable Solid Waste Management



Underlying Mechanisms Experimentation-Simulation Loop

In-situ Probing Innovative Reactor Design

9th International Conference on Sustainable Solid Waste Management




Main objectives for drying reforming:

» Production of hydrogen together with carbon monoxide

» The use of catalysts mainly based on Nickel only or with other metals
on several supports.

» Analysis and characterization of catalysts by different
characterization techniques (XRD, SEM, BET ...)

9th International Conference on Sustainable Solid Waste Management




SOLA BASIC SIE

Cnoeenc Experimental
section

}:—Aunoim\
: DISCONNE
POWER BEFORE OPEN?
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Synthesis of catalysts

Catalyst preparation by the wetness incipient impregnation method
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flowm Lte r ——  flowmeter,

Heater

CHa4
Quartz reactor
GC Simpler

CO2
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Experimental conditions:

» Temperature: 800°C

» Pressure: atmospheric

» Aratio of CH,/CO,=1

» GHSYV is chosen (1000) (ml.h-1.g1_.,).

9th International Conference on Sustainable Solid Waste Management




Conversion of CH,
Conversions of 10%Ni, 10%Ni-10%Co/HAP
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Yields

Hydrogen yields of 10%Ni, 10%Ni-10%Co/HAP
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direct hydrogenation




Thermal catalysis of CO,

Considering the CO, limitations of being soluble In water an
thermodynamic stability, CO, conversion to commercial products is deem
be highly energy intensive as thermal decomposition of pure CO, comme

at 2500-3000 K (Kozak, 2014)-
Thermal catal
CO, reduction can be --- - fast Rxn ki
catalyzed via: - flexible
- '
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Thermal catalysis of CO, (Cont’d)

CO, is thermodynamically stable;

|

Activation and more importantly reduction of CO, Is energy-intensive

Addition of a higher Gibbs energy component such as H, will make th
conversion more favorable from the thermodynamic point of view (Liw

9th International Conference on Sustainable Solid Waste Management



CO, hydrogenation products

uel cells

Z  no
CH,OH .22 CH3OCH;4

H + CH OH
“H,0 " > Gasoline

+H%/RWG\S¥/‘ > C2, C3 olefins
+Hy -HO ' —

CO, ~spmy—s CO+Hy 3

i . >C1 alcohols
, +CH, -H | 1
& \LJQEE { -[CH5],- = = Diese

bioroutes ety >C1 hydrocarbons

HCOOH = Fuel cells ---» Electrochemical routes

2 = Solar thermal routes
ydrogen storage/transport

CH;OH intermediate pathway

Cu-Zn-Al
catalyst

\'/
T [ rocarvons

I I Fe-based
catalyst

CO intermediate pathway

Noble Non-noble
metals metals

Chemical routes : FT : Fischer Tropsch (FT* modified FT)
— DR: Dry reforming
(catalytic) RWGS: Reverse water gas shift
SR: Sabatier reaction
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Experimental section

Study of thermal catalysis of CO, hydrogenation
reaction towards liquid hydrocarbons

Operating

Catalyst Reactor Setup
formulation

Conditions

9th International Conference on Sustainable Solid Waste Management



Monometallic:

Fe

Co
Cu
Mn
Ni, ...

Bimetallic:
O  Ni-Co

d  Co-Fe, ...

o 0O 0O 0 DO

Experimental section (Cont’d)

Catalyst Formulation

v AlLQ,,
v SiO,,

v TiO,,

v’ CeO,,

v ZrO,,

v’ Ce-ZrO,,

v’ Zeolites (Hbeta, HZSM-5,
SAPO-34, ...)

v’ Cayx(PO,)s(OH),) commonly
known as Hydroxyapatite (HAP)
was used as a catalyst support for
Dry Reforming of Methane

9th International Conference on Sustainable Solid Waste Management (DRM)

Cu/HAP

Mn/HAP

Ni-Co/HAP

Co-Fe/HAP




Experimental section (Cont’d)
Catalyst Synthesize

recipitation v |nC|p|ent WetneSS CO-
mpregnation (dry & wet) impregnation ## Drying at 105 °C,
S0l Q Simplicity of operation overnight
thermal
O Controlled measures
— solvothermal : e
U Proper way of fine distribution of
— solvent-free methods = Calcination at 500 °C
== (CalClnation
- plasma decomposition metal over support shell g
.. : : under static air atmos
- reverse microemulsion 1 Mixing & Solid handling for 2h

solutions available for scale-up

PUrpOSES
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Abundance %

1.09 1, 09 V
3962102

m Fixed Bed ® Recycle ® Fluidized bed
m Slurry m Fischer-Porter m Parrallel fixed bed
= Parallel reactors Series Two-stage

9th International Conference on Sustainable Solid Waste Management

Among the 92
investigations available
in the recent literature,
79 were performed in
fixed bed reactor,
revealing a huge
potential to study oth
reactor configurations.



Experimental section (Cont’d)
Reactor Set-up

liquid sampling By-Pass (EFR)

EFR controller

(Brooks)

solvent pump

I o o o -

T

Maer controller

Cooling water

from wtility Hot water out

Electric control box
(solenoid valves)

BPR platform

Temparature

controller tox produced
water drain ’
(jacket) Gas sampling poil

Tempersture
controller Digi-
Senss

Y

To
Underground Drain
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Experimental section (Cont’d)
Operating Conditions

Pressure
(10-40 bar)

Temperature
(280-400 C)

Temp. 500 °C

Press. 3 bar

Flow 50 vol%
composition H./N,

Flow rate 500 mL/min

TOS 2h

9th International Conference on Sustainable Solid Waste Management




Effect of reactor configuration on CO2 Conversion &
product Selectivity

CO2 Conversion (%), Ni/ZrO2-HAp, Selectivity (%), Ni/ZrO2-HAp, 340 C,
340 C, 10 bar, GHSV=25,200 10 bar. GHSV= 25.200

O ................. O ................. O ................. O ................. O ................. O ................. O ................. O ................. O ................. O Q

oY @ o)
@ @ L4

0 30 60 90 120 150 180 210 240 270 300 100 150 200

o fixed bed - o CSTR o Series1 - o Series2
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Effect of GHSV on CO2 Conversion & product
Selectivity

CO2 Conversion (%), Ni/ZrO2-HAp,
340 C, 10 bar

Selectivity (C5+), Ni/ZrO2-HAp, 340
C, 10 bar

50 100 150 200 250 300
©--GHSV=5,550 -~ o GHSV=25,200

50 100 150 200 250
©--GHSV=5,550 -~ e GHSV=25,200
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Project 3:

Pyrolysis and FTS for clean low ILUC biofuels production

Horizon project: Bridging the gap between phytoremediation solutions on growing
energy crops on contaminated lands and clean biofuel production

Collaborative project GRTP with 18 parteners around the world

Growing energy Biofuels with Optimized value
crops on soils low ILUC risks chains interms
contaminated and contaminats of cost,

with organic in a concentrated sustainability
and inorganic form and SDGCs
pollutants

9th International Conference on Sustainable Solid Waste Management




GOLD -route 1: Biofuels productions

Contaminated
biomass

Humic acids
(bio stimulants)

COand COzrich gas \
Slow Pyrolysis
Pre-treatment
v
Torrefaction |y [ EEGasification  —» | GasCleaning —¥ Synges
Pre-treatment |_._ > ca il s Fermentation
; i
TorWash® v v
Pre-treatment Slag containing Fly ash
havy elementsin containing condensed
vitrified form (Cu, Ni) residue trace elements
Liquid G Clean water
handling (for recycling)

https://www.gold-h2020.eu/biofuel-production/

ve

Ethanol,

Butanol, Hexanol




GOLD -route 2 biofuels productions

Contaminated

olid phase evaluation yngas evaluation

for EF gasification for gasfermentation
(Route 1) (Route 1)
I
n 1
%) BFB - i
@©
= Autothermal .
2 Pyrolysis Udes
[
' i Liquid by-product with
. ] humic acids
. | and main parts of:
: : Cd, As, Pb, etc.
I i
1 1
1 1
I i
i 1
i |
§ k»
% L
1 " Ll_qwd.
! b conditioning
Ash/slag containing :
heavy elements in vitrified from :
(Cu, Ni) solid and liquid v
Concentrated
pollutants

(heavy metals)

Catalytic —_
Reforming

4

Syntehsis gas

Bio oil-catalytic

hydrotreatment I

Bio-oil
catalytic
cracking

FT-Synthesis —>

to conventional
refineries

https://www.gold-h2020.eu/biofuel-production/

Renewable
synthetic waxes
and fuels




G,
GOLD

BIDqu!'|5
a nd waxes
Contaminated
biomass
Char L

Pyrolysis

concentrated Steam Fischer-Tropsch
with heavy reforming Synthesis
metals
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PhD 1 — Pyrolysis of contaminated biomass: Problematic

4 )
What is the behavior of heavy metals during the

pyrolysis of naturally and artificially

contaminated biomasses ?
\_ ) Fate of heavy

metals

4 )

What is the role of heavy metals during the
pyrolysis of biomass

- J

Thermochemical
conversion

Phytoextraction

What are the optimal pyrolysis
conditions to have an optimal yield of
bio-oil with a minimum of heavy metal
contamination-

Phytoexiraction

wwwwwwwww

Phytosabiization

9th International Conference on Sustainable Solid Waste Management

A. Raheem et al « Roles of Heavy Metals during Pyrolysis and Gasification of Metal-Contaminated Waste Biomass: A Review », Energy Fuels, mars 2022



PhD 2 Contaminated lignocellulosic biomass to pyrolysis oil: Analytical and Upgradin

Problematic
= How can we fully identify and quantify the
composition of the pyrolysis liquid?

= How can we achieve contamination-free bio-oil prod

Heavy metal-Contaminated biomass

N\

Pyrolysis
Low ILUC risk

* Thermochemical conversion
» System optimization

Problematic

= What is the appropriate route to upgrade the
liquid into biofuels and added value chemic

9th International Conference on Sustainable Solid Waste Management
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Phytoremediation to biofuel: Challenges and limitations

n

o .

e g )
A o9
e C\\‘@\\k’\ o

o The key challenge_ in using biomass for bioenergy is the question of pollution transfer and heavy
s Metal content of biomass.

Feedstock for pyrolys
m Emissions that may be generated in the use of contaminated plants for

bioenergy. l. g

Bioenergy production with minimal environmental impacts
By
L8

U0 i
2 [IND
sy L |

= /]

&

, A
( -\

POSSIBLE

SOLUTIONS

» Extraction of pollutants in concentrated form in the solid part (biochar).
> Valorization of biochar contaminated by heavy metals as a catalyst.

A. Raheem et al « Roles of Heavy Metals during Pyrolysis and Gasification of Metal-Contaminated Waste Biomass: A Review », Energy Fuels, mars 2022
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PhD 3- Steam reforming and Fischer-Tropsch Synthesis

"\

Ni-Co/HAp

CH,CO, CO » Hydrocarbons

C,Hg C,H, e Olefins

Ni-Co/HAp

N
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Gas
sampling
A

Cold trap
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Operation conditions of the experiment

p T GHSV
Run| el °0) H,0/CH, | (i g )

1 1 800 2 1656
2 1 800 1,5 1656
3 1 700 2 1656
5 1 800 2 4140

9th International Conference on Sustainable Solid Waste Management




Effect of H,0/CH, ratio on catalyst activity

CH, conversion H, selectivity
10088 10000, oo 0O © o o o ¢ o O
90.00 W -
50 8 80.00
70.
O 70.00
60.00
60.00
* 50.00
* 50.00
40.00
30.00 40.00
20.00 30.00
10.00 20.00
0.00 10.00
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 0.00
TEMPS(MIN) 0O 20 40 60 80 100 120 140 160 180 200 220 240 260
TEMPS(MIN)
-8—H20/C0=2 -#-H20/C0=1,5 —8—H20/C0=2 H20/C0=1,5

T=800°C, P=1atm, GHSV=1656 ml.h-'.g"
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%

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Effect of temperature on catalyst activity

CH, conversion

o O 0 ¢ ¢ o © O 0

./'\0—0—0—0——0—0\4—.

0

20 40 60 80 100 120 140 160

TEMPS(MIN)
—e-T=800°C -e-T=700°C

180 200 220

H,0/CH,=2, P=1atm, GHSV=1656 ml.h-'.g" .,
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H, Selectivity
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Effect of GHSV on catalyst activity

CH, conversion H, SELECTIVITY

100.00 Mz:m 100.00 o0 0 0 0 0 0 o o O 0
90.00 90.00
80.00 80.00
70.00 70.00
60.00 60.00
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|. Fischer-Tropsch reactions and products

Main reactions
1.Paraffins (2n+1)H, + nCO ->C H,,,, + nH,0
2. Olefins 2nH, + nCO -> C_H,, +nH,0
3. WGS CO + H,0 < CO, +H,

Secondary reactions
4.Alcohols 2nH, + nCO ->C_H,,,,0 + (n-1)H,0
5. Boudouard reaction 2 CO <~ C+ CO,

Il. Catalyst formulation used for Fischer-Tropsch Synthesis

3 =xre

[ } [ Zeolites, metallic oxides,

9th International Conference on Sustainable Solid Waste Management

Carbon(NT, NF, AC)

Ru, Au, Ni, Mo, Zr, Mn,
K, Na

— . _J

uri, Z.; Abatzoglou, N.; Dalai, A. K. Kinetics and Selectivity Study of Fischer—Tropsch Synthesis to Cs+ Hydrocarbons: A Review. Catalysts 2021, 11 (3). https://doi.org/10.3390/
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C Reactor design

Fixed bed reactor

Main parts of FTS project
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Reactor design for Fischer-Tropsch Synthesis

[ DY

()

an
AL}/
— > <
Reactor

/

Process flow diagram of the 3-¢o Mahoney-Robinson slurry reactor-system set-up
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