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Outline

* Introduction
 Well-formed, size-controlled ruthenium nanoparticles active and

stable for acetic acid steam reforming.

* Investigation of the promoting effect of Mn over a Pt/C catalyst in

steam reforming and aqueous phase reforming of glycerol.

 Cooperative action of Brgnsted and Lewis acid sites of niobium

phosphate catalysts for cellobiose conversion in water.

e General conclusions
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|ntroduction — Biomass vs Qil
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Introduction — Biomass and catalysis

Biomass processing: . . .
P & Some biomass transformation technologies:

Harsh/controlled reaction conditions _FCC - Pyrolysis

and/or multi-step approaches . HDO - Reforming

- Tech development

Fermentation -
- High reactivity (functional groups)

- Stability and selectivity issues

) Nanostructuring:
Enhancement:
- Unique properties
y - Reaction rates y
CATALYSIS - Tunable

- Stability (cokin
y 8) - Multiple functionalities

- Selectivity
- Costs reduction



Background — Reforming reactions and H,

CH, O+ (n—k)H,0 => nCO+(n+m/2-k)H, Reforming AH >>0
CO+H,0 > CO,+H, WGS AH <0

- Syngas production (Reforming)

- Hydrogen production (Reforming + WGS)
- Chemical commodity (Haber—Bosch)

- Clean energy vector

- Today natural gas is main feedstock (MSR) Autobuszrg

00
d Idrogeno
, o s Zero emissioni
- Biomass as feedstock for sustainability Q@ CHIC & ‘Topay

(biomass-derived from pyrolysis) —

- Active and stable catalysts
- Noble metal-based catalysts (high activity)

- Non-noble metals (poor coke resistance)



Background — Steam reforming of acetic acid

Aldehydes

Water el 13% lAlcohols

4,4 3%
" ll Carboxylic acids

9%

Furans

2%
Ketones

3%

Phenolic
N monomers

3%
< Phenolic
I oligomers
20%

Bio-oil average composition

-

Sugars S
25%

CH,COOH + 2H,0 > 2CO0, + 4H,
AH = +32.21 k) mol

Bio-oil is a hard-to-treat mixture
Poor catalysts stability
Acetic acid up to 12 wt.% of aqueous fraction

Model molecule of carboxylic acids.

Severe coke deposition
MNPs sintering
Harsh reaction conditions

Reaction temperature > 600 °C

Energ. Fuels 28 (2014) 385-402
Int. J. Hydrogen Energ. 32 (2004) 212-223

7



|V| otivation

Why Ruthenium and Mg(Al)O?

Ru good reforming activity

Ru low coke deposition rates

Mg(Al)O widely used in reforming

Mg(Al)O has basic character



Literatu re

Noble metal-based catalysts: Rh, Pt, Pd — > Expensive

Non-noble metal-based catalysts: Ni, Co —— = Poor stability

Addition of a second metal (Cu, K, Fe)

Modification of the support (La,0;, CeO,, ZrO,)

Size-Controlled Metal Nanoparticles (SCMNPs) deposition procedure:

' ‘ ' - MNPs size control
_} - MNPs lower defectivity
_ —

- Easy

Appl. Catal. B: Environ. 83 (2008) 96—109
J. Mater. Chem. 19 (2009) 9030-9037

9



Aim of the study and hypothesis

» Preparation of an active and easy-to-prepare Ru-based catalyst

» Enhance catalyst life time

 SCMNPs deposition method leads to Ru NPs with low defectivity

* Increased stability



Catalysts preparation and characterization

(a) Impregnation of Size Controlled Metal Nanoparticles

(b) Wet impregnation

Trioctylamine (TOA) Support
> M » M/(TOA)MG70
H,, THF, 24 h COLLOID Argon, THF /( ) (a)
MCl, <
Support i) 2 h @ 500 °Cin air
» MCl,/Support » M/MG70 (b)
Water, 4 h i)1h@ 700 °CinH,
M: Ru and Rh

Characterization: Support: Mg(Al)O mixed oxide

ICP-OES  DRIFTS-CO From Hydrotalcite (Sasol, MG70) calcined @ 900 °C

H,-TPR HRTEM

TGA J. Organomet. Chem. 689 (2004) 639-646

Appl. Clay Sci. 48 (2010) 250-259
Appl. Catal. B: Environ. 121 (2012) 40- 49



Characterization — H,-TPR and XRPD

Phase composition

MgAl,O, MgO Hydrotalcite
Sample
(%) (%) (%) Ru/MG70
MG70 36.1 52.7 14.7 g RU(TOA)/MG70
1S
Ru/MG70 33.7 51.5 14.8 = Rh/MG70
Ru(TOA)/MG70 32.6 52.3 15.1 Rh(TOA)/MG70

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
T (°C)

- Lower degree of cations incorporation in MG70 in SMNPs samples

- No variations in support phase composition



Characterization — DRIFTS-CO

| 0.01 K.M. units
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- Ru MNPs defectivity Ru(TOA)/MG70 < Ru/MG70
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Catalytic Tests

Reaction conditions: 700 °C; 35.7 wt.% AA/H,0; WHSV

Catalyst reduced in-situ at 700 °C in H, flow.

1004= “&} 100
S Ca——— e
'\n\.é
80 - - 80
— =:Ziitt::::.::,__‘_"::V.V __________ - —:;.-
X 80—+ T - - 60
ke’
o
>
T 40 - 40
204 | —=—Rh/MGT70 -20
e Rh(TOAYMG70
0 T T T T 0
0 5 10 15 20

Time (h)

Conversion (carbon based) (%)

H, yield (%)

: 6 h1; fixed-bed reactor.

100 4 s} 100
o—’/°\./o/_
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\‘\\ \./.
-— Ol
404 - L 40
= ‘- mm a
204 | —=— Ru/MGT70 -20
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- No differences between Rh catalysts

- Ru/MG70 rapidly deactivates

- Ru(TOA)/MG70 stable and comparable to Rh

Conversion (carbon based) (%)
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Characterization — HRTEM

Ru(TOA)/MG70

Ru/MG70

Fresh

[«
[=]

- N W s O
0o O O O ©

Relative Frequency (%)

o

3

dp=16nm;Sd=05

Relative Frequency (%) .

012 3 4567 8 910

Particle size (nm)

-
o o

3 3 8 8 8

Relative Frequency (%)

o
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Particle size (nm)
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0
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858 8

Used after 20 h t.o.s.

dm=1.8nm;Sd=06

Particle size (nm)

dn=2.7nm;Sd=08

0123450678 910
Particle size (nm)

MNPs average sizes distribution: Ru(TOA)/MG70 < Ru/MG70

High MNPs stability
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Characterization -TGA

Coke deposition rate

Sample
(Mg oke Bear ™ W)
Ru/MG70 4.9
Ru(TOA)/MG70 20 <4mm
Rh/MG70 3.9
Rh(TOA)/MG70 19 <4

- Rh catalysts low coke deposition rate
- Ru/MG70 high coke deposition rate
- Ru(TOA)/MG70 = Rh(TAO)/MG70



Conclusions

_[Ru(TOA) NPs CH,COOH +H,0 H, +CO,
(X X @20h

Conversion: 1 000/0

Coke: 2.0 mg_,. 9., h’
CH,COOH +H,0 H, + CO,
RuCl, RuCl, RuCl, @20 h
\4 \4 \4 Conversion: 60%
L B Coke: 4.9 mg_, g,
2:Ain H2 Oke: * mgcoke gcat

F. Bossola et al., Appl. Catal. B: Environ., 18 (2016) 599-611
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Background — SR vs. APR

Steam reforming

Aqueous phase

reforming

Dllh Like

Mature technology

High H, production rates

No need of vaporizing
the feed

Diluted solutions

EDislike

Need of vaporizing the feed
Coking

Concentrated solutions

Early stage of development
Low H, production rates

High pressure units



Background — Reaction pathways

c-C —

H

'HZ

-CO -0 .CO
HO/Y\OH ._.2 HOMQ —_— HO/EH — HO/\|<|) —  MOH e 2H,
OH OH
Glycerol Glyceraldehyde Ethylene Glycol Glycolaldehyde
l -H,0 | -H,0 l -H,0
) b 2 3
0 Acetol O pyruvakdenyde Acetaldehyde

C — C: Dehydrogenation/decarbonylation

C — O: Dehydration

Appl. Catal. B: Environ. 99 (2010) 206-213
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|V| otivation

Why Manganese?

Similar to Re
Cheap
Tunable redox and acidic properties

High oxygen capacity and mobility



Aim of the study and hypothesis

» Preparation of an active Pt-Mn/C catalyst
» Investigation of the promoting mechanism of Mn over Pt

» Investigation of the differences between SR and APR

 Mn promotes CO spillover from Pt sites

* Mnincreases acidity



Catalysts preparation and characterization

Methods and materials

Incipient Wetness impregnation

(NH3),Pt(NO;), - 6H,0

e Pt/C
Mn(NO,), - 4H,0
Activated carbon * Pt-Mn/C
i « Mn/C

Pt loading: 2 wt.%
Pt/Mn: 1/1 (mol/mol)

Characterization

N,-physisorption isotherms HRTEM — EDX
ICP-OES CO-pulse chemisorption
H,-TPR CO-TPD

NH;-TPD ATR-IR spectroscopy with pyridine



Characterization - ICP-OES, CO-pulse chemisorption and BET

Pt Mn Dispersion SSAger
Sample
(wt.%) (wt.%) (%)* (m2g?)
C - - - 1075
Pt/C 1.41 - 94.5 957
Pt-Mn/C 1.21 0.51 92.1 992
Mn/C - 1.79 - 1093

*Calculated by CO-pulse chemisorption

- High Pt metal nanoparticles dispersion

- No Mn surface coverage of Pt NPs



H, Consumption (a.u.)

Characterization - H,-TPR

167 186 270

/\.l

:
\
M

T L T - T @ T
100 200 300 400
Temperature (°C)

H/Pt
Sample
(mol/mol)
Pt/C 87 %
Pt-Mn/C 134 %
Mn/C -

" .

P2-MnO, + 2yH, — = Pt-MnO,, — = Pt-Mn®

Pt>*+ H, —— Pt°+H,0

5 MnO, + H, —<—

- No Mn reduction below 350 °C

- Interaction Pt-Mn
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Characterization — TEM-EDX

- Pt NPs mean diameter < 1.0 nm

- Both Pt and Mn homogeneously dispersed (EDX)
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Catalytic tests - SR

Reaction conditions: 225 °C; 10 wt.% GLY/H,O; GHSV: 30k — 90k min; fixed-bed reactor.

Catalyst reduced in-situ at 280 °Cin 10 vol.% H,/N, flow.

Conversion (%) and TOF of Hy (min'1)

100

100

@
o
1

(o2}
o
1

sy
o
1

N
o
1

I Pt/C @ 30,000 min™
I Pt-Mn/C @ 90,000 min™'

I Pt/C @ 30,000 min™
I Pt-Mn/C @ 30,000 min™

I Pt-Min/C @ 90,000 min”’ 80+

Product selectivity (%, carbon based)

Conversion

|

TOF H, H, CcOo CH, CO, EG Acetol Alcohol

- H,TOF > x3

- Conversion 2 x4
- Higher selectivity toward acetol

- C-O cleavage activity (dehydration)
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Catalytic tests - APR

Reaction conditions: 225 °C; 10 wt.% GLY/H,O; 30 bar N, initial pressure; Parr reactor.

Catalyst reduced ex-situ at 280 °C in 10 vol.% H,/N, flow.

Conversion (%) and TOF H, (min")

100

100
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~
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| " 1 1
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Conversion

B Pt-Mn/C ,l, 5 il g‘t;g'“’ C
B FiC 2 -
S 80
=
o
8
@
S 60
S
>
= 40
o
o
Q <
_ w
S 204
©
S
£ |
0 -
TOF H, H, CO,  CH, EG  Acetol  Alcohol

H, TOF - x1.4
Conversion - x1.3
Higher selectivity to H,

C-C cleavage activity (dehydrogenation)
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Characterization — STEM, CO-TPD, and ICP-OES

CO-TPD performed after steam pretreatment at 225 °C.

102

Pt-Mn/C

Signal (a.u.)

......

PvC

HDAAF-STEM of post catalysis SR (A) and APR (B) of Pt-Mn/C 2 100 1 2200 20 30 30
Temperature (°C)

- No differences in Pt NPs sizes
- No CO spillover
- After SR no differences metal loadings

- Mn leaching post APR




Characterization — NH,-TPD and ATR-IR

NH;-TPD and ATR-IR with pyridine performed after steam pretreatment at 225 °C,

Mass Intensity (a.u.)

Pt-Mn/C

Pt/C

v . Y . : . Y v

50 100 150 200 250 300
Temperature (°C)

NH,-TPD:
- Higher amount of acid sites

- Formation of strong sites

Absorbance (a.u.)

- - - - - - - - -
1800 1700 1600 1500 1400 1300

B L B B+L L

\//PNA\V\\
—~—

M

Wavenumber (cm™)

ATR-IR:

- Both Brgnsted and Lewis acid sites

- Strong Lewis acid sites (Mn"*)
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Reaction pathways

Steam reforming

CO +H,

N

C,H,
Pt/C .

CO+H,

> \ /\ Acetol

. I + H,0

Pt-Mn/C

O ree © rt-Mn @ Mnm

Aqueous phase reforming

CO +H,

N
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Background

Brgnsted acidity Lewis acidity
OH
B R o P OH Isomerization o O N
HydronS|s HO Dehydratlon HO o)
o o% /\@/\
OH CHZOH
OH OH oH
Cellobiose Glucose Fructose HMF

- Cellobiose derived from saccharidic biomass and waste agricultural/forestry residues
- Target compound 5-hydroxymethyl-2-furaldehyde (HMF)

- Cellobiose conversion to HMF typically carried out with a multi-step approach

- Hydrolysis catalyzed by Brgnsted acid sites (BAS)

- Isomerization and dehydration catalyzed by Lewis acid sites (LAS)

Green Chem. 17 (2015) 40-71



|V| otivation

Why niobium phosphate?

Acidic solid catalyst

Both Brgnsted- and Lewis-type acidity

Lively catalytic activity in polar and protic solvents

Resistant to harsh reaction conditions/reusable

Cheap

Araxa niobium mine in Brazil, Source: CBMM



Literature — niobium phosphate (NbOPO, - nH,0)

- Commercial acidic catalyst supplied by Companhia

Brasileira de Metalurgia e Mineracao (CBMM)

- Amorphous until 1100 °C [Bronsted acid

- Mesoporous & ‘ 3
Q5 l ‘

- NbOg octahedra (Nb-O polarized — Brgnsted sites) O/i’é’xo _.ﬂ\m{/"

- P-OH groups (Brgnsted sites) P

- NbO, tetrahedra (Nb>* - Lewis sites) [ Lewis acid |

- Both water and probe coordinate Nb>*
- Medium overall acid strength

- Water-tolerant acid sites

\Brensted acid

o 'o'\i 1

J. Phys. Chem. 97 (1993) 12178-12185
J. Am. Chem. Soc. 133 (2011) 4224-4227
Appl. Catal. A: Gen. 502 (2015) 388-398
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Aim of the study and hypothesis

» Investigate the water-tolerant acidic properties of NBP and NBP-

modified materials

* Drop of Brgnsted-type acidity in liquid water

* No major variations in Lewis-type acidity in liquid water



Catalysts Preparation and Characterization

Sample HCI conc. (M) Methods and materials
NBP ) - NBP provided by CBMM
NBPO1 0.1 - NBP treatments:
NBP1 1.0 * Dried overnight at 120 °C

NBP10 10 * HClfor 1 h under stirring at RT
*  Washed with water and stirred 1h at RT (3

times)

Characterization * Dried overnight at 120 °C

FT-IR with pyridine



Catalytic tests

Reaction conditions: 130 °C; 50 mM cellobiose aqueous solution; 3 mL mint; 100 h t.o.s.

Tests performed in a total recirculation line

120 40
0 ==
100 N ®
0o
o 30
On ] [Tl
_ 80 Opo o -
4 O Qg
o
o
E 60 % 20
g
S 15
40 4
10
20 5 A
®
2 LeR ges 04} @ o 0 —_ i AN
0 o7 B B ‘ St ‘ \ NBP NB N NBP
0 20 40 60 80 100
time / h [ CEL conversion [ GLC yield [ FRU yield & HMF yield £ CP1 yield

- Consecutive reactions
- Activity: NBPO1 > NBP10 > NBP1 ~ NBP
- NBPO1: Highest LAS/BAS
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Characterization — Nature of the acid sites

FT-IR pyridine in vapor phase vs. agueous solution

Desorption experiments from RT to 250 °C.

Acidity data collected @ 150 °C

LAS: 1448 cm!
BAS: 1540 cm!
HO,P?: 3665 cm
-OH: 2500-3600 cm™!
LAS+BAS: 1448 cm™

m

e

—

- - - - - - - - [T

Absorbance (a.u.)
T R R N ———————_—,—

z

P ) S —— B I ¥ ¥ |

TR
AN

T " T " T T
4000 3500 3000 2500 1600 1500 1400

Wavenumber (cm™)

- Both Brgnsted and Lewis acid sites in all samples

- Bregnsted acidity mainly due to P-OH groups
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Characterization — Nature of the acid sites

Sample

NBP
NBPO1
NBP1

NBP10

(meq g?)

LAS

0.080

0.151

0.157

0.159

Py

BAS
(meq g?)
0.047
0.123
0.118

0.093

LAS/BAS

1.69
1.23
1.33

1.72

LAS
(meq g?)
0.058
0.121
0.121

0.095

Py + H,0

BAS
(meq g?)
0.045
0.029
0.052

0.040

LAS/BAS

1.30

4.25 4mm

2.35

2.40

HCl treatment increases acidity (mostly BAS) in vapor

Water-tolerant acid sites

In aqueous solution LAS/BAS increased



Conclusions

c E LLO B | o S E HS(&XJOH <:) HO by T H M F

F. Bossola et al., Appl. Catal. B: Environ., 193 (2016) 93-102
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General conclusions

» Biomass-derived secondary raw materials transformation improved by catalysts nanostructuring

» Control of catalysts key features:

- Reduced MNPs defectivity in SR of AA — > |Improved coke resistance
- New catalytic pathways in SR and APR of GLY = ———> Higher H, production rate

- Balanced surface acidity in cellobiose to HMF ——> One-pot consecutive reactions

» Investigations and characterization under real or simulated working conditions
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