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Department of Catalysis and Chemical Reaction Engineering

Research topics

* Research subfield: Carbon dioxide activation
* Research subfield: Methane activation & conversion

* Research subfield: Hydrogen & fuel cells & electrocatal.
* Research subfield: Pharmaceutical process engineering

* Research subfield: Biomass-derived building blocks
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Ongoing projects

Horizon 2020:

* MefCO2, Synthesis of Methanol from Captured CO, Using Surplus
Electricity (SPIRE-02-2014)

e FReSMe, Methanol from CO, Blast Furnace gasses (LCE-25-2016)

e ADREM, Adaptable Reactors for Resource- and Energy-Efficient
Methane Valorisation (SPIRE-05-2015)

e nextBioPharmDSP, Next-generation Biopharmaceutical Downstream
Process (BIOTEC-4-2014)

*CONVERGE, CarbON Valorisation in Energy-efficient Green fuels
(H2020-LC-SC3-2018)

*BIZEOLCAT, Bifunctional Zeolite based Catalysts and Innovative process
for Sustainable HC Transformation (H2020-NMBP-2018)

eReaxPro Software Platform for Multiscale Modelling of Reactive
Materials and Processes (Reax Pro, H2020-NMBP-TO-IND-2018)
ERA-NET:

e Mar3Bio, Biorefinery and Biotechnological Exploitation of Marine
Biomasses (MarineBiotech - Marine Biotechnology ERA-NET)

e RHODOLIVE, Biovalorization of Olive Mill Wastewaater to Microbial
Lipids and Other Products

NATO SPS:

» 984738, Enhanced Portable Energetically Self-sustained Devices for
Military Purposes (ESCD); coordinator

INTERREG (ltaly-Slovenia):

* BIOAPP, Transregional platform for transfer of advanced biopolymers
from lab to market

COST Actions: 3

Slovenian Research Agency programmes/projects: 5

Bilateral cooperation projects: 6
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Department of Catalysis and Chemical Reaction Engineering
Then and now
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SUBGROUP: BIOMASS-DERIVED BUILDING BLOCKS

“)CELCYCLE

® 9 Postdocs, 8 PhD students, 12 MSc students
e 1 Interreg, 2 ERA-NET, 1 Horizon 2020 project Discarded potentials of biomass

m BIOAPP
Pieces of nature
e 2 Postdoctoral projects (ARRS) MarineBiotech

i Interreg H - S D
e 2 COST actions g S ITALIA*SLOVEN& LlGN{@i?L e / nd
i . GOSPODARSTVO  1ODOLVE
Ongoing activities

LC Biomass and Catalysis (Miha):

e Liquefaction

e Fractionation

e Furfural synthesis from hemicellulose
 Adipic acid synthesis from cellulose

e |solation of extractives (flavonoids)

e Lignin valorisation by HDO

e Levulinic acid valorisation by HDO

Marine Biomass and Product Eng. (Uros):

e Edible bio-based packaging material

e Biorefinery and Biotechnological
Exploitation of Marine Biomasses

e Extraction of chitin from crustaceans

e Chitin conversion into chitosan and chitlac
e |solation of oligosacharides from algae

Forum 40 | National Institute of Chemistry | 9. May 2019


http://celkrog.si/?lang=en
http://celkrog.si/?lang=en

Department of Catalysis and Chemical Reaction Engineering | National Institute of Chemistry

SUBGROUP: BIOMASS-DERIVED BUILDING BLOCKS

Then and now (2013-2019)
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Liquefaction
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. o [
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oty ! ? CHR, I~ 1.  MihasS. Grilc et al., Biomass Bioenerg., 2014, 63, 300!" Highly Cited Paper
. CH R, _ _ ] 15 min 2. MihaS. Grilc et al., Appl. Catal. B., 2014, 150, 275" Highly Cited Paper
Hydrocracklng. R; cnz +H, —=R,~CH; * H,C—R, W 3. Miha S. Grilc, et al., Appl. Catal. B., 2015, 163, 467. "W Highly Cited Paper
R R 4 0 min 4. Mihas. Grilc et al., Catal. Today., 2015, 256, 302
. LY / . . - . V. ) ) .
Hydrogenatlon: /C:C\ tEhT RT/CHZ'CH;RZ 4000 3500 3000 2500 2000 1500 1000 500 5.  MihaS. Grilc et al., ChemCatChem., 2016, 8, 180.
v WavsnuRbsE{cIRE) 6. Miha S. Grilc et al., PCT Patent, 2016, PCT/IT2016/000140
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BIOMASS TO FUELS: OIL REFINERY ANALOGY

Feedstock
Crude oil?

(85% C, 12% H, <1% 0O)
Liquefied wood?
(48% C, 9% H, 43% O)

" Amine ‘l’rutlng‘f[-b Gasoline

| Hydrogen
H, Plant j-> Purification kf’ Hydrogen

~_ Catalyti
Conden: i

reating : e G a S
from FCC @——> }> o
t |nmorizn‘ll=?lg — et
Reformii 4
|
=l 5 Liquid fuel
i (85% C, 15% H, 0% O)

_—

Gasoline
Treating

=

Refining costs (crude oil):
80 €/ton
Refining costs (LW):
600 €/ton

F ARG
~ Lube Base 0il Lube
Upgrading j’—> Base Oils

uel

5 F
> Oil/Pitch

~wna |Coke and asphalt
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CONCEPT: BIOREFINERY

Fuels
Solvents
Platform chemicals
Polymers
Fine chemicals

5
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(HEMI)CELLULOSIC BIOMAS

l

Extraction Liquid EXTRACTIVES

(vitamins, flavonoids, terpenes,
terpenoids, phenolics)

31T UL
BARPHAXTARAR

Solid
C HC
H,O/EtOH, “2504,[ Pulping ]50_"0', CELLULOSE
T=180-230°C (glucose)
e P . Liquid
H

. Solid
Precipitation ————>

HEMICELLULOSE

(C5 sugars: xylose, mannose, glucose,
galactose and sugar acids)
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CELLULOSE AND HEMICELLULOSE VALORISATION: TOP - DOWN APPROACH

HO Cellulose Glucose Glucaric acid Adipic acid
A~ 2 CH,OH
%o HO /H%% o Acidic hydrolysis ’ o AT, AP HO HO O AT, AP, HO
o]
HO HOO’% o > OH _ HOMOH —_— OH
HO>"To /% H,0 OH OH catalyst, O, O HO HO catalyst, H, 0
HO HO OH 'qo/b,. B. Hocevar et al., Catalysts., 2019, 9, 286.
o $ /CO, . e . B. Hocevar et al., Appl. Catal. B., 2017, 218, 275.
] %,  Levulinic acid
7oy 0 - Nylon precursor

’ AT, AP, - Bio-based
HO CHz —————> sustainable process
catalyst, H; High yield (up to 89 %)

O Green solvents
No greenhouse gases emission

Conventional petrochemical process
0 OH 0

HO Rok Sivec et al., Ind. Eng. Chem. Res., 2019.
CRUDE 0,, 8~15atm Cu', NH,VO, MOH - Low yield of KA oil
—> R + . + N,0 )
KA-oil

oL NOx emission
Co & Mn salis>125 °C g% O |
. 70~90°C 100% conversion | * others
4~11% conversion 93-95% selectivity
~85% selectivity
Bio-polymers Monomers Valuable Chemicals
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CELLULOSE AND HEMICELLULOSE VALORISATION: TOP - DOWN APPROACH

o Cellulose Glucose Glucaric acid Adipic acid
- 0 CH,OH
° HO :%% o Acidic hydrolysis 20 AT, AP HO HO O AT, AP,
o
" HOO% Ho > G —> 0 r” “OH —
Ho>"To 0 H,0 OH oH catalyst, O, O HO HO catalyst, H,

OH 40/'

&, %, Levulinic acid
/4

E \

B. Hocevar et al., Catalysts., 2019, 9, 286.
B. Hocevar et al., Appl. Catal. B., 2017, 218, 275.

y-Valerolactone
AT, AP,

JWCH?, —— 0"
catalyst, H,

M. Grilc et al., Chem. Eng. J., 2017, 330, 383.

Furfuralo

T
Catalyst H,

Furfuryl alcohol

Rok Sivec et al., Ind. Eng. Chem. Res., 2019.

Hemicellulose ) Xylose
H
ma d + (Ho0) Hmm
oH . o
+(H0) | H* " |
"'Hiﬂ

Degradation Products

HO HOy
HO o\ﬂ\ou
/@/ [v}

aH

Xylobiose
{or Xylo -riose, -tetrose, elc.)

Bio-polymers Monomers

'

Hurning
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LEVULINIC ACID: PLATFORM CHEMICAL

AlM:
* Added-value biomass-derived products
* Fuel additives
* Monomers
* Flavors
* Solvents
* Use of cheap transition metal catalysts
* Avoiding the use of solvents
* Reaction mechanism proposal
* Microkinetic model development
* Process bottlenecks identification

Hscf\ql/\/\
» Ao ol e
HaC [¢) 5-nonanone )k/\rr

o
y-valerolactone 2-methyl-tetrahydrofuran
tetrahydrofuran ethyl

SOLVENTS FUELS FOOD, FLAVOURING AND
FRAGRANCE COMPONENTS

o
CH;
HOJL% 2
acrylic acid

> RESINS Ho.

CHEMICAL INTERMEDIATES
o

OH
HO

succinicacid O

PLASTICISERS

O
HO'
1,4-butanediol

levulinic acid

diphenolic acid
OH

)\/\/OH
HyC

3

R OH
J‘ POLYMERS

1.4-pentanediol
p ANTI-FREEZE AGENTS PHARMACEUTICAL HERBICIDES

AGENTS
o R o] 0 M \/\/\/\NH
©
o &
HgCJJ\/W NP W W

Nylon 6,6 (polyamide)

sodium levulinate 5 ammolevullmc acid
5_bromolevulinic acid

D.W. Rackemann, W.0.S. Doherty, Biofuels, Bioproducts and Biorefining 5 (2011) 198-214

LEVULINIC ACID HYDROTREATMENT TESTS:

* Solventless conditions

* Hydrogenation agent: gaseous H,

* Batch regime (S,L), continuous purge of gas phase
* Commercial NiMo/y-Al,O, catalyst

e Catalyst activation with DMDS and H,

VWVTAZNE DVIDS + H, NiMo/y-Al,O,

Oxide form " =Yy RieM ToNssllak Sulphided for

Temperature Pressure Stirring speed Catalyst

Run °C) (MPa) (min-1) (Wt.%) Particle size
1 225 5.0 1000 2 1.5 mm pellets
2 250 5.0 1000 2 1.5 mm pellets
3 275 5.0 1000 2 1.5 mm pellets
4 275 2.5 1000 2 1.5 mm pellets
5 275 7.5 1000 2 1.5 mm pellets
6 275 5.0 (N,) 1000 2 1.5 mm pellets
7 250 5.0 (N,) 1000 2 1.5 mm pellets
8 275 5.0 200 2 1.5 mm pellets
9 275 5.0 600 2 1.5 mm pellets
10 275 5.0 1400 2 1.5 mm pellets
11 275 5.0 1000 0 1.5 mm pellets
12 250 5.0 1000 0 1.5 mm pellets
13 275 5.0 1000 1 1.5 mm pellets
14 275 5.0 1000 4 1.5 mm pellets
15 275 5.0 1000 2 500-710 um
16 275 5.0 1000 2 150-250 um
17 275 5.0 1000 2 <40 um
18 275 5.0 1000 2 1.5 Q pellets
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LEVULINIC ACID HDO: EXPERIMENTAL SET-UP
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LEVULINIC ACID HDO: EXPERIMENTAL SET-UP
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LEVULINIC ACID HDO: EXPERIMENTAL SET-UP
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LEVULINIC ACID HDO: ANALYTICS

Solid phase (catalyst):

* N,-Physisorption
 TPR-TPO-TPR
 TEM, SEM/EDX

« XRD

* NH,;-TPD

Liquid phase analysis (sampling):

* GC-MS (ldentification)

e GC-FID (Quantification)
 UHPLC-FC and 3D Benchtop NMR

Gas phase analysis (online):
* FTIR (flow-through cell)
* u-GC

-
o
T

dV,/dDP x 10° cm® g nm™)

o
3

~ =) @
T T T T T T
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LEVULINIC ACID HDO: ANALYTICS

2 H,-TPR

Deconvoluted 2 H-TPR

I \ 0,-TPO
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Solid phase (catalyst):

=]
—
or O, consumption (a.u.

* N,-Physisorption
 TPR-TPO-TPR
 TEM, SEM/EDX

« XRD

* NH,;-TPD

Liquid phase analysis (sampling):

* GC-MS (ldentification)

e GC-FID (Quantification)
 UHPLC-FC and 3D Benchtop NMR

=)
T

IS
T T

dV,/dDP x 10° cm® g nm™)

N
T T T

Gas phase analysis (online):
* FTIR (flow-through cell)
* u-GC

Forum 40 | National Institute of Chemistry | 9. May 2019



Department of Catalysis and Chemical Reaction Engineering | National Institute of Chemistry Lm

. Metal content Active sites Surface Area Pore volume  Pore size
LEVULINIC ACID HDO: ANALYTICS L. Active Phce
(wt. %) (umol m™?) (m’g™) (em*g™) A)
\liMo/AlL,O;  3/15° NiMoS, 0.33° 170.9 0.471 110.4

Solid phase (catalyst):

'As mass content of NiO and MoOj; respectively for fresh catalyst

e N 5" P hys | sor pt | on ’ Determined according NiMoO, surface concntration :

- TPR-TPO-TPR & i | /\_L_
« TEM, SEM/EDX ) S ——
* XRD h ERN e
« NH,-TPD |

Liquid phase analysis (sampling): -
* GC-MS (ldentification)

e GC-FID (Quantification)
 UHPLC-FC and 3D Benchtop NMR

Gas phase analysis (online):
* FTIR (flow-through cell)
* u-GC

3000
2000
r(cm’) 1000

Wavenumber (
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LEVULINIC ACID HDO: REACTION PATHWAY NETWORK

Elementary reactions:

* Decarboxylation
* Ketone group hydrogenation
e Dehydrative cyclisation
* Alkene hydrogenation
e Oligomerization by C-C coupling
-H.O 1-Butene +H
2 S 2
Y\ k \+/\ k n-Butane
e} 11 T 16
Butanone 2-Butene
-CoMk, -COXk,, -coszm CONY,,
L) Q 0 Tl
+H, (|) -H,0 +H, -H,0
Y\AOH Tk WJ\OHIT-' WOHT’ H h H
o) 8 OH 12 4-Pentenoic SCid 17 Pentanoic acid 20 Pentanal
Lewvulinic acid 4-Hydroxypentanoic acidl +
via -H20¢ k, -HZOl Ky \/\AOH +Hvlk23
HOY&?\ 5 g 3-Pentenoic acid +H
I on \ +H, 0 +H, OH +H, -Hzf') 1-Pentanol OH
° O k; g Kis O Kis :OI/\/\OH ks /\+/]\
) aiAnge”‘f lactone y-Valerolactone 5-Methyltetrahydrofuran-2-ol 1,4-Pentanediol OH
z 10 2-Pentanol
O O tH, lkzz
-H,0
p-Angelica lactone;
HO 0 OH n-Pentane
-H,O
) H, o)
o e Ox_yb
(Oxo-carboxypentyl)-y-valerolactone ictone 1-Oxa-6-methylspiro[4,4]nonan-2-one
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C‘: Gas-liquid interphase  Liquid-solid interphase
H2 ¢ ¢ 3

LEVULINIC ACID HDO: MICROKINETIC MODEL

[
Cw

« Thermodynamics (VLE-EOS) Ak !
* Mass transfer G-L, L-S guqummssa_:
« Adsorption & desorption a :
» Bulk reactions

« Surface reactions

Mass transfer rate through G-L film:  Adsorption rate: Molar balances for component j:

GL L Li L A_ LA ~SIi ~*
r. =k'-AG-(C' -Cio)IVv r-=k:-C}-C dn.G LV-P
j J J J L i j i s Y Vi
. W*—erL'VLiZ 2T In gas phase
k}‘ =0.42-('u'—gj-8c_0'5 -a-dy Cys*(t=0)=ms-agpr - C4s/VL L
P dc: -
i 1 = BL LS .H In liquid phase
CLI:f P ,T, . . =r r +Zir| n q p
i = e Toyy) Desorption rate: a
Ag =6-Vg &g /dy 2/3 D —P.c* dc
J J J i o —\ —.LS_4. ads .des :
. s MN-NDdE | g I}Slirgo(Vm 70) ho T % On L-Sinterphase
G = . e ——— . . .
dr-(g-d)*° o9 Homogeneous reaction rate:
L
05 P dc: L
0.41-0 =k Cj-Ch dt’ =rPt—rf% 4+ xxH On active sites
b=~
9-(p1 —pg) ) . .
Mass transfer rate through L-S film:  Surface reaction rate: Molar balance for vacant sites:
LS _ .S L _ S C_C ~* ~* - -
r” =kj - As-(Cj ~Cchv, "=k -Cj1-Cjo Langmuir-Hinshel. dCys _ ZJ:r.D —ZJ:r-A Sy e
( ) 1/3 c i s s d ' <’
S _ 94 -(ps— P -2/3 . =k -C;;-C3?, Eley-Rideal
kj —0.34-{—25] -Sc i i j1%~j2 Y
i
A =M -age;
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LEVULINIC ACID HDO: MASS TRANSFER

Cg Gas-liquid interphase  Liquid-solid interphase
H2 : '

'
G-L mass transpo}\
1 H2 g <> H2

|
2 Co2g <> coz: ' C GVL

I
4 8 K C HZ

= C 2
LIQUID PHASE CATALYST SURFACE

GAS PHASE -,

L-S mass transport Adsorption
H2 <> H2 s + * <> H2
COo2 <> (02 s <> CO2
LA <> LA s <> LA
HVA <-> HVA s <> HVA
GVL <> GVL s <> GVL
AL <> AL s <> AL
H20 <> H20 s <> H20
VA <> VA s <> VA
S
s
s
S
s
s
s

0 NV AS WN R
0N A WN

PHO <-> PHO <> PHO
PL <> PL <> PL
<> P <>
<-> BK
<> BL
<> B
<> OBV
<> BE s
VVA s
MFO s
P14D(s

<>
<>
<>
<>
<>
<>
<>
<>
<>

R R S 2 T T U TR R T R T TR )

+
+
+
+
+
+
+
4
+
+
+ <>
+
4
T
.
+
s
+
+
+
+

<->

Forum 40 | National Institute of Chemistry | 9. May 2019



Gas-liquid interphase
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GAS PHASE + LIQUID PHASE CATALYST SURFACE

Liquid-.solid interphase

Homogeneous reactions

H2
H2
H2
+ H2

H2
H2

H2
+ H2
H2

R0 N 20 0 20 2 0 N 2 2 N N N N N N N N N A N 2

BK |
AL |
osv |
BL |
HVA |
GvL |
2BL |
GvL |
BE 1
VVA |
MFO |
BE |
B |
VA |
P14DO |
B |
PHO |
PL 1
B |
PL |
P |
HBV |
OMSN |

7,

~
” Surface reactions

Vs Bk
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LA
H2
H2
H2
Vs

Vs
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'S
H2
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H2
H2
H2
'S
H2
H2
\'A)
H2
H2
H2
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& 8 & F 0 8 % KN 8BS NSRS
D0 Z0 200 20N 2 N N N N N N N 0 N N N N N R N A 2
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KINETIC MODEL: DIFFERENTIAL EQUATIONS SOLVED NUMERICALLY IN MATLAB

T e
iU
s @

L] Find Fiies & o

PUBLL v (2)] Search Documentation

FILE

<@ = E G v C v Users » MihaG » AppData » Local » Microsoft » Windows » Temporary Internet Files » Content.Outlook » Y1ZSCWNQ - B

Current Folder Workspace

MName » Value

New to MATLABT See resources for Getting
Started.

Jx o>

[Read Only]

GLE_SCR.m 2 | ModelTransferToEricandFelicrm 2 | ModelTransferToEricandFelix_noFitm = | Model transientm = | GLE_SCR.m ¢ | ODE45.m = | DifEq.m x| koncentraci 2|+
k33_=2=k33_av_s¥exp|((-Ea_k33_=/Rg) * (1/T-1/548])}¢ Treakcije HMEE . w—
k32 _==k32_av s*exp|((-Ea_ k32 s/Rg)*(1/T-1/548)): “-
KEMPE MH s=kHMPE MH_av_s*exp((-Ea_kHMPB MH s/Rg)* (1/T-1/548)): 8
k31_s=k31_av_s*exp((-Ea_k31_s/Rg)~(1/T-1/548));
kD3342_==kD3342_av_s~exp( (-Ea_kD3342_s/Rg) = (1/T-1/548)); % reakcije HMPC
k_creacking s=k creacking av s*exp((-Ea_k crea s/Rg)*(1/T-1/548)):

KEMPC_MH s=kHMPC_MH_av_s*exp((-Ea_kHMPC MH s/Rg)* (1/T-1/548)):
KHMPC_XPCP_s=kHMPC_KPCP_av_s*exp((-Ea_kHMPC_XPCP_s/Rg)* (1/T-1/548));
kEMPC_MePCP_s=kHMPC_MePCP_av_s*exp( (-Ea_kHMPC MePCP_s/Rg) * (1/T-1/548));
kD2232 ==kD2232 av s+exp((-Ea kD2232 =/Rg)*(1/T-1/548)): % reakcije HEB
kC2232_s=kC2232_av_s*exp((-Ea_kC2232_s/Rg) * (1/T-1/548) ) ;
KHPB_HH_s=kHPB_HK av_s*exp((-Ea_kHPB_HE_s/Rg)* (1/T-1/548)):
346 kD234 _==kD234_av_s+*exp((-Ea_kD234_s/Rg)=(1/T-1/548)): % reakcije HEC
347
348 kC123 s=kC123_av_s*exp((-Ea_kC123_s/Rg)* (1/T-1/548)); % reakcija PB
349
350 KHHPC_H s=kHHPC_H av_s*exp| tha_kH.HPC_H_s/Rg] *(1/T-1/548)): %reakcifje HHEPC H
351 kHHPC_DH s=kHHPC DH av_s*exp((-Ea_KkHHPC DH_s/Rg)* (1/T-1/548));
352
353 KRPC_KH_s=kKFC_KH av_s*exp((-Ea_KKPC_KH s/Rg)* (1/T-1/548)): % reakclije KBC
354
355 KHHPE_H s=kHHPE_H av_s*exp| tha_kH.HPB_H_s/Rg] *(1/T-1/548)): % reakcije HHPE
356 kHHPE_E_s=kHHPS_B av_s+*exp((-Ea kHHPB_B s/Rg)* (1/T-1/548)):
357
358 KMPC_MH_s=kMPFC_MH av_s+*exp((-Ea_kMPC_MH s/Rg)* (1/T-1/548)): % reakclije MBC
359 kB134_s=kB134_av_s*exp((-Ea_kB134_s/Rg)~(1/T-1/548));
360
361 KB1331_s=kB1331_av_s~exp((-Ea_kB1331_s/Rg)*(1/T-1/548)): % reakcije MPB
362
363 dode=[- kH g 1 * Ag * (P/He — cH2_1); % bilans za H2Z(g) N
364 % bilans za H(1l) -

m | 3
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LEVULINIC ACID HDO: HOMOGENEOUS REACTIONS

10 — 300 10 — 300
a) ° LA T=250 °C, Py=5 MPa, N=1000 min~', C=0 wt.% b) ° LA T=275 °C, Py2=5 MPa, N=1000 min~', C=0 wt.%
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M. S. Grilc et al., Chem. Eng. J., 2017, 330, 383.
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LEVULINIC ACID HDO: CATALYST LOADING

10 T P 300 4o 300 10 300

b) ® — LA T=275°C, Pyp=5 MPa, N=1000 min™, C=0 wt.% C) . N T=275 °C, P,z=5 MPa, N=1000 min |, C=1 wt.%, pellets d) s 7=275 °C, Prz=5 MPa, N=1000 min ', C=4 wt.%, peliéts
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1»Oxa-ﬁ»meihylspiro{4‘4]nonan-24aﬂﬁ S. Grilc et

al., Chem. Eng.J., 2017, 330, 383,
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LEVULINIC ACID HDO: CATALYST LOADING

300

10 T = P oy 10 300 10 300
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LEVULINIC ACID HDO: TEMPERATURE
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LEVULINIC ACID HDO: H, PRESSURE
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LEVULINIC ACID HDO: STIRRING SPEED

e Mass transfer rate through G-L film becomes limiting between 600 and 1000 rpm: kj. ‘05 << kf TR
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LEVULINIC ACID HDO: CATALYST PARTICLE SIZE

e (Catalyst particle size from <0.04 mm powder to 1.5 mm pellets had no significant effect.
* Internal mass transfer has a negligible effect on the global reaction rates.
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LEVULINIC ACID HDO: VALIDATION EXPERIMENT

* Experiment prolonged to 220 min.

* Two times higher catalyst and levulinic acid mass (ratio remained unchainged).

* Very good agreement within 180 min, some discrepancies in last 30 min.
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LEVULINIC ACID HDO: A LIST OF KINETIC PARAMETERS

Regression analysis:
H H
* k" o750 EO
C C
* kararsec, B0

Grilc, Likozar, Chemical Engineering Journal, Vol. 330, 2017, P. 383-397

riC

C
ki at 275 °C

EaiC

(L mol™ min™) (kJ mol™)

L4 .A .D
ki, k;
Empirical correlations:
. L S
ki, k;
[ ] aG
Catalyst characterisation:
S *
* a,Cy
Parameter Value Unit
ki 547 x10° L mol ™ min*
kit 557 10* L mol ™ min'*
ki, 2.22 x 10" min'*
kiq 196x10°  min*
v 256x102  mmin?t
H, (1=275°) :
kS 243 x 102 m min*
H, (T=275°C) :
Kn (2750 128107 mmin®
ag =Ag/V,  106x10° m*
as =As [V, 443x10° m*

i ri" ki at 275 °c k" unit Ea"
(kJ mol™)
1 ki [LAT] 5.17 x 10 min 134
2 ko' [LAT] 612x10° min T 164
3 k" [LAY[LAY] 161x10* Lmol*min® 613
4  kS[OCPVH] >> k' min? n.a.
5 ks [BK"] [H2'] n.a. Lmol*min? na.
6 ke [LA[H"] <1.00x10* Lmol'min® na.
7 kM[ALY[H]  3.61x10" Lmoltmin® 203
8 kg"[OBV][H,-] 359x10° Lmol*mint 129
9 ke [HVA'] 517 x 10°® min* 134
10 ki [HVAY] n.a. min* n.a.
11 k" [BLY] n.a. min! n.a.
12 k' [HVAY n.a. min* n.a.
13 kis" [GVLY][H,] <1.00 x10° L mol* min?  n.a.
14 ky" [HBVY] >> kg min™* n.a.
15 ki [VVAY] n.a. min* n.a.
16 kig" [BEY] [H2'] n.a. Lmol*min? na.
17 ki [VVAH [H2] n.a. Lmol* min? na.
18 kig" [MFOM] [H2'] n.a. L mol* min?  na.
19 k' [VAY n.a. min* n.a.
20 ky' [VAY] [H2'] n.a. Lmol*min? na.
21 ky" [PDO'] [H1] n.a. L mol* min?  na.
22 ky' [PHON n.a. min* n.a.

1 ki© [LA*] [*] 215x 10° 113
2 k. [LA*] [*] <1x10? n.a.
3 ks [LA*] [LA*] <2x10° n.a.
4 k,© [OCPV*] [*] n.a. n.a.
S ks” [BK*] [H,*] n.a. n.a.
6 ke" [LA*] [H,*] 2.02x10°  19.9
7 k,° [AL*] [H,*]  7.58 x 10 80.0
8 ke [OBV*] [H,*]  3.60x10°  89.9
9 ke® [HVA*] [*] 215x10° 113
10 kio© [HVA*] [*] >> kg© n.a.
11 ku® [BL*] [*] n.a. n.a.
12 kAP S B s
13 k®[GVL*][H*] <1x10°  na
14 kuC [HBV*] [*] >> kg© n.a.
15 kis® [VVA*] [*] 215%x10° 113
16 kie” [BE*] [H,*] n.a. n.a.
17 kg IVAR[HA  >> k" n.a.
18 k" [MFO*] [H*] n.a. n.a.
19 kio® [VA*] [*] 2.15x10° 113
20 Kao® [VA*] [H,*] <1x10° na
21 kor® [PDO*] [H,*] n.a. n.a.
22 ko2® [PHO*] [*] n.a. n.a.

M. S. Grilc et al., Chem. Eng. J., 2017, 330, 383.I
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LEVULINIC ACID HDO: CONCLUSIONS

225 °C slow but selective LA HDO

Above 225 °C competitive non-catalytic DCX overdominates catalytic HDO

Ea DCX 134 kJ mol, dimerization 61 kJ mol1, HDO 19 kJ mol~!

HDO selectivity /1 H, pressure and catalyst loading

Mass transfer does not play major role, as long as gas hold-up is sufficient (> 800 rpm)

Microkinetic model accounts process parameters well (7, p, catalyst loading, stirring, geometry)

Y\ \Cg\ \/\ K, n-Butane

Butanone 2-Butanol ....2.;5.‘”.‘.".'.’.‘?..5
.u):Tk, -C OJT K -co,T Ky -coka,g COK,,

0 o) [ 0 o} #H, 0
Wk +H, \,/\)k HO | w +H, \/\)k -H,0
—_— —_— - —
‘ H H H

(o] o ke i 4-Pentenoic acig kiz Pentanoic acidO kzo Pentanal

- OH i 0]
Lewulinic acid 4-Hydroxypentanoic acid i +
_Hzol k, -H:0¢k1o 5\/\/U\OH +H, | kg
i 3-Pentenoic acid JHL
""""""""""""""""" —~— T
{ o +H, o} +H, OH +H, o 1-Pentanol OH
—_— —_—
0 k; o} kia o] W R AJ\
Angelica |
(-Ange Iia actone y-Valerolactone 5-Methyltetrahydrofuran-2-ol 1 4-Pentanediol
2-Pentanol
3 0]
+H,
K,
0 -HL( Ji
j-Angelica Iac(one ~
HO O n-Pentane
H O
(0] 0] —D— o] (0] —t— (@]
(Oxo-carboxypentyl)-y-valerolactone (Oxobutyl)-y-valerolactone Hydroxybutyl-y-valerolactone  1-Oxa-6-methylspiro[4 4]nonan-2-one
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Breaking cross-linking bonds
Re-condensation
Organosolv Softening

lignin Cracking of —O- bridges
Cracking of C-C bridges
Cracking of loops
Hydrogenation of double bonds
Hydrogenation of aromatic ring

| LIGNIN |

P Hydrodeoxygenation of —OH
Depolymerization
4 POTY Hydrodeoxygenation of — O —
Isomerisation
b OLIGOMERS

Cracking of loops
HO g Hydrogenation of double bonds
. Hydrogenation of aromatic ring
Cracking Hydrodeoxygenation of —OH
- Hydrodeoxygenation of — O —
“ MONOMERS Isomerization

\
? O
/

on ot
O Hydrogenation of double bonds
O, ! 0 / o / o Hydrogenation of aromatic ring
O w0 . HDO of —OH group

— HDO of — O — group
BOTTOM 1Hydr0treatment Isomerization

HO , :
° 0 Cracking of —O-bridges
@i @ d\/ @ Cracking of C—C bridges

0O

Y

FINE CHEMICALSl
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AlM: UNDERSTANDING CATALYTIC HYDROTREATMENT THROUGH KINETIC MODELLING

CATALYST SCREENING: KINETIC MODELLING:
1.) Metals on neutral support (C): « Mass transfer
Ru, Pt, Pd, Rh, Ni, Cu « Reactions in bulk phase
« Adsorption/desorption kinetics
2.) Metals on acidic support (Al,Oy): « Surface reactions on metallic sites
Ru, Pt, Pd, Rh, Ni, Cu « Surface reactions on acidic sites
3.) Variation of acidic supports: MODELLING SUPPORT:
SiO,, SiO,-Al,O,, TiO,, HZSM-5 . Quantum mechanics (DFT)

m[ ‘l,i; .‘:"Q“\‘ ’1" Q:“' “:“’ .‘f‘:.

Lignin monomers: more than 150 catalytic tests,
I 3600 samples, 54000 exp. points processed.

Forum 40 | National Institute of Chemistry | 9. May 2019
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LIGNIN MONOMER MODEL COMPOUND: EUGENOL gw
ScHs
Ru/C i
T=300"°C
\CH;;
|CH ? ?

Representative lignin monomer ‘ N e W NG i N s
* Hydroxyl group (H) & o .
* Methoxyl group (M)
e Allyl group (A)

Benzene ring (B)

PC ®  Dominant pathway
®  Less dominant
®  Non occurred reactions

A. Bjeli¢ et al., Chem. Eng. J.I 2018I 333, 240.

H3
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LIGNIN MONOMER MODEL COMPOUND: EUGENOL o
ScH
. HMABS
250 350
300
—~ 200 Hay
E ) SO
5 250 5 _— ot o
.§, 150 -~ o\cHJ O\cng “CH3
c 200 2 MAB HAB HMPB HMAC
° E]
© ©
£ 100 150 &
8 — E y 7 2\ i ~ 7 "\
8 50 - {100 F SO SN e o
© g/ PG e . A ST
‘“"/- vl N e - & . b\'.
| 50 VAl s S :
0 50 100 150 200 2 / , . T— \ o\
Time (min) ?Ag ?HPB MAC HAC MPB Hmm((::HJ
. . . b | | '
Representative lignin monomer - ' P Ny :
* Hydroxyl group (H) N

* Methoxyl group (M)
e Allyl group (A)
* Benzene ring (B)

AC PB MPC HPC

CH3

PC ®  Dominant pathway
®  Less dominant
®  Non occurred reactions

A. Bjeli¢ et al.I Chem. Eng. J.I 2018I 333, 240.
Forum 40 | National Institute of Chemistry | 9. May 2019
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DENSITY FUNCTIONAL THEORY: Ru(0001)

Open-source software:
* Quantum Espresso

Computationally cheap approach used:
 PW DFT with PBE + Grimme-D2
* Unit cell: 4x6x4 (96 Ru atoms) Adsorption configurations

e 500 structures calculated N~ L

Ru(0001) sites occupied at adsorption:
* Propyl-benzene/C6: 6 —OH/-OCH,: +1
H:1

AEads — Ladsorbed — Ecatalyst - Especies

(éf"‘ Homogeneous and surface reactions
4474” [

E (eV)

% Ep = Ers — Ereactant AE = Eproduct — Ereactant
Forum 40 | National Institute of Chemistry | 9. May 2019
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CATALYST CHARACTERISATION: Ru/C

* N,-physisorption

Sgen Vioress Pore size,
(mg™h | (cmg™) (A)
648 | 0792 | 488

* CO-chemisorption
Céesco = Cry = 38 pmol g™

.)N“
L Q-

* NHj-chemisorption

1ess | J : TS N Y a® ,é“,é“,é“&“ A
! gt | Tee w‘f:m@uw&*‘\“\f“\f‘

P
&

: ] & 4\.{
S 1858 17 | | X II'I‘II '\ r‘r, o k‘x‘k‘\.&.\.
%1553: I v WL . .“‘.' .Illl | [ 5‘\(@\3‘&%%%&‘4%%
%155?L h; II ”‘*I'. ', Vi . ==
resr| 'JJFi ) L e aat ""WW"“’Q
e [ 1 oSS [N TPD | | Pafenctetetancs
100 200 300 400 500 600 700 ' - S, > A P
Temperature (°C) ' L L - "4?"“\.‘5’{. ”"“""’tf"&"'

(.rwa,,uw ».»w'w,w~

’ww& A
.rww* ‘nf’w GRULSL
P i s i s i

« 1 adsorbed eugenol molecule covers 8 Ru(0001) atoms

Forum 40 | National Institute of Chemistry | 9. May 2019



Department of Catalysis and Chemical Reaction Engineering | National Institute of Chemistry Lm

CATALYST CHARACTERISATION: Ru/C

* N,-physisorption

Sgen Vioress Pore size,
(mg™ | (cm3g™) (A)
648 | 0792 | 488

* CO-chemisorption
Céesco = Cry = 38 pmol g™

* NHj-chemisorption

| [
i Y \
1.658 ;L",I hi l Illlll..*lII i
- I
LAY
3l I .{..'-l-,l_ﬁ_..' )
5| M | |'; il‘l . L
I L |
1,657 wé k idi it
| ak acidic sites
el [T NH,-TPD
00 200 300 400 S0 60 o0
Temperature (°C) ‘\t\_““; -

\\ \\65\“\"‘\

« 1 adsorbed eugenol molecule covers 8 Ru(0001) atoms

Forum 40 | National Institute of Chemistry | 9. May 2019



Department of Catalysis and Chemical Reaction Engineering | National Institute of Chemistry Lm

Cg Gas-liquid interphase  Liquid-solid interphase
H2 H H 4

MICROKINETICS: MATLAB

* Thermodynamics (VLE-EOS)
* Mass transfer

» Adsorption & desorption

« Bulk reactions

« Surface reactions

C

GAS PHASE i | i uQuiD PHASE!

Mass transfer rate through G-L film:  Adsorption rate: Molar balances for component j:
GL _ L Li L A_ LA ~Si ~* G Va
7 =kj-Ag-(Cf -Cp)IVi =k Gy Cus di=_r.GL.vLiZy" VP In gas phase
: dt ! R-T
K} =o.42.(”'—gj.3c—°-5-a.db Cvs*(t=0)=msVL
_ Pl : -
CH = F(Po, T, Yj) GL_ In liquid phase

Desorption rate:

=6-V. g /d 2/3 D_.D ~*
Ao =65 a1y ry =Ky -Cj
— * . 2
P =0.45%+o.31- Ue ]
dr-(g-dr)” 4019 Homogeneous reaction rate:
0.5 Pl
0410, =k Cj-Ch
b=~
9-(p1 =pg) ] i -
Mass transfer rate through L-S film:  Surface reaction rate: Molar balance for vacant sites:
LS _ .S L _ S C_C ~* ~* - -
= ki - Ag - (Cj —Cj')/VL "=k -Cj1-Cjo Langmuir-Hinshel. dCys :irp _ir'A+Zir'C
( )1/3 C _C ~* S t == I
s _ 94 -(ps — P -2/3 - =k -Ci;-C3, Eley—Rideal
k; _0.34-{7] -Sc i i T2

A =m, (3)

Parameters based on characterization or DFT Forum 40 | National Institute of Chemistry | 9. May 2019
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HOMOGENEOUS REACTIONS: ISOMERISATION AND HYDROGENATION

chy 275 °C

« Homogeneus isomerisation possible with the assistance of (acidic) phenolic group

M. Hus et al., J. Catal., 2018, 358, 8.

T=275 °C, p(N,)=5 MPa, No cat, N=1000 min-" Forum 40 | National Institute of Chemistry | 9. May 2019




HOMOGENEOUS REACTIONS: ISOMERISATION AND HYDROGENATION

IHMAB
o ¥ 250 300
250

200

S o
o o
Temperature (°C)

o))
o

100
Time (min)

150

‘I
CHy 4

Bimolecular homog. i”s?or“neris_abi“ Unimolecular homog. isomerisation
Ea =1.80 eV (173 kI mol™) Ea =2.84 eV (275 ki mol?)

« Homogeneus isomerisation possible with the assistance of (acidic) phenolic group

M. Hus et al., J. Catal., 2018, 358, 8.

T=275 °C, p(N,)=5 MPa, No cat, N=1000 min-" Forum 40 | National Institute of Chemistry | 9. May 2019
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HOMOGENEOUS REACTIONS: ISOMERISATION AND HYDROGENATION

IHMAB
OH 250 300
O N
\CH3
~ 200 250
g *4, E a
& 7" AN \% £ 150 200 @
+ % c £
OH CH3 OH S 2
= 150 &
O oL £ 100 s
CH3 Jhom CH3 S g
HMAB-A g I 100 o
HMAB HMPB o
' 50
| ; 0k
CHy CH3 & 0 50 100 150 200
- * Time (min)
€y '’ 1.08 . @ 1.02

% pl - 4 ¢ o

3 ® 140
¢ ¢ m'd.zs
Acid-assisted homogenous hydrogenation H,-assisted homogenous isomerisation
Ea =1.96 eV (189 k) mol1) Ea = 1.46 eV (140 k) mol™1)

« Homogeneous hydrogenation not possible (SPIN!) without assistance of an acidic phenolic group

M. Hus et al., J. Catal., 2018, 358, 8.

T=275 °C, p(H,)=5 MPa, No cat, N=1000 min-" Forum 40 | National Institute of Chemistry | 9. May 2019
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CATALYTIC TESTING OF Ru/C: KINETIC PARAMETERS BY REGRESSION ANALYSIS
Competitive HDO and HYD

250 250 K k
295 °C HDO < HYD
kHDO (alyl) << kHDO (aryl)
ALl {200 £ £
1= A 2 2 2 2 a - Tvp,< E0hpo
: TS S
g' 150 O\CH L HMAB
- HWPG 4150 o '
'_.g OH "E Kt & B,
= e & on T~ on
b 100 CHy HPC 2 0:;H; ) ey h O\CHJ
: 5 _ 100 MAB HAB HMPB HMAC
e £
g CH3 ] ﬁ l 00 Hy l lCHz
o 0 Y ¥V V VvV ¥ ¥ TR R\
150 2 TSP N
. £ & & & & & & \
100 150 200
Time (min)
250 €) 350 450 )
" 3250(: 200 400 225 °C =
;;200 - ~ 350 250 oC }
3 1?5 £ 300 275 °C
= 2008 E 260 300 °G )
E 100} 150 § if, 2001 325°C . - Y e I
8 g 150 = — X > = Kmercrs
5 so| 100 F 100 7” - = ; ;
50 = = - = \pcp MePCP
0 1% ok o j ; 'FE L = ? I ?
0 150 200 50 100 150 200 250 )
Time (min) Time (min) it

A. Bjeli¢ et al., Chem. Eng. J.|'2018| 333, 240.""

Reaction condition: p=5 MPa, m ,/mgyc=4.5%, N=1000 mirF'orum 40 | National Institute of Chemistry | 9. May 2019
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CATALYTIC TESTING OF Ru/C: KINETIC PARAMETERS BY REGRESSION ANALYSIS
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Competitive HDO and HYD

kHDO < kHYD

kHDO (alyl) << kHDO (aryl)

Adsorption and desorption constants

Fags Kaasm Kaes L
m’ mol! min™ m’ mol”" min min™ min™
>5.5x10° >3.0x10° Fogs 2317 Fagsgny > 3-15
Heterogeneous reactions
Reaction rate constants at 275 °C, Activation energies,
m’ mol™ min™ Jmol™
I krnvap a 134x10% Eapnapa 5.77x10%

KHMABIA 1.34x108 EajHMABIA 5.77x10%
FEMPBB 2.04%10° Eamvee B 3.72x10*
FavpEM 6.99x10% £agnvpe M 4.07x10%
ke 1.91x10° EapvpemM 2.05x10°

kPR H 1.86x10 EappRH 125%10
fupcn 4.37x10° Eagpch 1.83%10°
kppp 3.47x10° Eappp 3.16x10%
Fenvpe ME 1.30x10° Eapvpovm 8.00x10%
ko 2.30x10* Eampen 1.50x10°
fvpB B 2.03x10° Eanpp B 1.6x10*
FvpeM 30103 ;Eampom 1.00x10%
kmpcc 28 %102 Eapupcc 1.64x10°
FVePCP-HMe >10° EaEMePCP-HMe na.
Kevepcp-H << KeMePCPEMe EaymePcpH na.

ns

A. Bjeli¢ et al., Chem. Eng. J.I 2018I 333, 240.

Reaction condition: p=5 MPa, m ,/mgyc=4.5%, N=1000 mirF'orum 40 | National Institute of Chemistry
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EUGENOL HYDROTREATMENT: EXPERIMENTS WITH INTERMEDIATES (275 °C, 5 MPa)
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A. Bjeli¢ et al., Chem. Eng. J.I 2018I 333, 240.
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EUGENOL HYDROTREATMENT: INFLUENCE OF Ru/C CATALYST LOADING (275 °C, 5 MPa)
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EUGENOL HYDROTREATMENT: KINETIC PARAMETERS BASED ON REGRESSION ANALYSIS

Eayyp < Eaypg

Adsorption and desorption constants

Fade ¥ adsan Kdes K gasqr)
m® mol™ min™ m’ mol ™! min™ min™ min~"
=5.5%10° =3.0x10° Fyq %307 Koaggn ¥ 3.15

Heterogeneous reactions

Reaction rate constants at 275 °C, Activation energies,

m’ mol™ min” J mol”
KvaBa 1.34x10° LEampgan a 5.77=10*
KHMABLA 1.34%10° EarpmaBia 5. 77=10*
KavPEB 2.04%10° EApnvpB B 3.72%10°

— 186x10 |  EmH | 1.25%10
*upoH 4.37x10° Eapgpen 1.83x10°
PBEB 3.47 %10 £appp 3.16%10
FHMPC-MH 1.30%10% Eappapemi 8.00x10*
kmpen 2.30=10" EapnpcH 1.50%10°
MPB-B 2.03=10 EfypR B 1.6= 10
Fnpem 4.30x10° Eappem 1.00x10*
kavpoc 8.28x10° Eapmpec 1.64x10°
e PCP-HMe = 10° £8 {pePCP-HMe n.a.
AaMepcr-H << RipvePCP-HMe Eapmercpn n.a.

A. Bjeli¢ et al., Chem. Eng. J.I 2018I 333, 240.
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DFT CALCULATION ENERGY BARRIERS

OH "
» O o,
093 S0 081 o~ 078 036 C 103 C 0.83
H DO — HC. — HC - H DO
FO 63 +U 43 +0 40 +0.29 0 28 +0.04 L ),
37 77 .

Aryl ring "

+0,28
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CATALYST SCREENING: VARIATION OF METALS ON CARBON
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CURRENT WORK: LINKING SCALES (DFT, KMC, MEAN-FIELD)
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LIGNIN VALORISATION: CONCLUSIONS

Lignin is a complex molecule to start a process with

Depolymerisation leads to various monomeric units

Hydrotreatment: competition between aromatic ring saturation and oxygen removal

Activation energy of HDO is higher than for hydrogenation over noble metals

Noble metals should be used to convert lignin into cyclohexanolic species
OH

o—

OH

OH

~o
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OUR INVESTIGATION APPROACH GUIDELINES
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OUR INVESTIGATION APPROACH GUIDELINES
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OUR INVESTIGATION APPROACH GUIDELINES
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TAKE-HOME MESSAGE: BIOMASS IS A SUSTAINABLE SOURCE OF CHEMICALS

STEP 1
* Fractionation of LC Biomass: Cellulose, hemicellulose, lignin, extractives

STEP 2
* Depolymerisation of bio-polymers into building blocks (platform chemicals)

STEP 3
 Selective (catalytic) conversion of building blocks into added-value chemicals
* Hydrotreatment (treatment with H,) is only one among many possible transformation routes
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Thank you for your attention!
Acknowledgements:
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EUGENOL HYDROTREATMENT: CATALYSED REACTIONS WITH INTERMEDIATES (275 °C, 5 MPa)
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EUGENOL HYDROTREATMENT: INFLUENCE OF TEMPERATURE (5 MPa) Box-Behnken alghorithm

for initial approximations
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EUGENOL HYDROTREATMENT: INFLUENCE OF Ru/C CATALYST LOADING (275 °C, 5 MPa)
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EUGENOL HYDROTREATMENT: INFLUENCE OF STIRRING SPEED (275 °C, 5 MPa)
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' Catalysts screening (T=275 °C, p=5 MPa, m_,=0.31 g)
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FURTHER CATALYST SCREENING: METALS & SUPPORTS Variation of supports
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e 0 mol? min?

= 5.6 % 107

Reaction rate constants zt 275 °C, m?® meol? min
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A. Bjelic¢ et al.I Chem. Eng.J., 2018, 333 240.
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