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SESSION: ELEMENTS OF THE PERIODIC TABLE IN ENERGY
SAVING AND RECYCLING

Saving and recycling, with a focus on catalysis to convert CO,
into fuels, CH, to CH;OH and biomasses to added-value
products.

Novel approaches based on non-noble metals such as Fe, Mn and
Cu will be proposed and disc@ to fulfill this goal.

When can a catalyst for the production of fuels and
chemicals be considered sustainable ?
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Note di presentazione
The topic of this session, as taken from the web site of the congress, is focussed on the problem of raw materials supply, from the viewpoint of both feedstocks for the chemical and energy industries, and of sources for the preparation of catalysts and materials. And emphasis is put on a few non-noble elements Fe, Mn and Cu, which are proposed as being the ideal constituents of sustainable catalysts. So, the question is: what is a sustainable catalyst for the production of fuels and chemicals ? 
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Relatore
Note di presentazione
Probably it will be a catalyst which does not include the so called critical raw materails, whose scarcity is starting to become a problem in the EU.
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Note di presentazione
But we should exclude the so-called high-concern elements, in terms of REACh registration.
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Note di presentazione
Also, it would be wise to exclude the conflict elements, those which are the reason for internal conflicts especially in some countries in Africa
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Note di presentazione
And it would be wise to exclude those which are classified as more toxic
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Note di presentazione
Or those which are potentially toxic
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Note di presentazione
And of course all the trans-uranic elements. Finally, there is not so much left, Fe and Cu (but not Mn). Therefore, the choice of the ethically more suitable topic for my lecture was not an easy task for me. 
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Preparation Method

Coprecipitation

Sol-gel

Hydrothermal

Solvothermal
Microemulsion/Reverse micelles
Template

Mechanical milling

Plasma

Flux growth

Oxidative cleavage of styrene to benzaldehyde with HyO, Solid PhELSE,‘

Oxidation of cyclohexane to cyclohexanol/cyclohexanone with Oz or HyO; Combustion

Hydroxylation of benzene /phenol to phenol/diphenols with HyO, . .
Oxidation of vanyllol to vanillin with air Microwave combustion

Spinel-type
Ferrites

Tetrahedral Site

Reaction

Oxidation of benzyl alcohol to benzaldehyde with Hy O, Microwave hydrothermal
Oxidation of monoterpenic alkenes with O, T
Oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid (hmf to fdca) with Hy O, or O, Pechini method
Oxidation of aniline to azoxybenzene with H,O, Electrochemical
Oxidation of toluene to benzaldehyde with H, O, ) : :
y Electrospinning

Oxidation of ethanol to acetaldehyde with O,
Oxidation of veratryl alcohol to veratryl aldehyde with O, Thermal treatment
Ketonisation of butanol to heptanone Ultrasonic wave-assisted ball mﬂhng

Total oxidation of voc with air Spra rolvsis
Friedel-crafts acylation pray py y
Knoevenagel condensation Aerosol

Reduction of ketones Forced hY d I’Dl}’SiS

Reduction of nitroarenes Cl 1-t 1l
Methylation (alkylation) of phenolics, aniline, pyridine ycol-therma
Methanol, ethanol reforming (by means of chemical-loop) RE‘ﬂUXil‘lg
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Note di presentazione
Finally I decided to focus on spinel-type ferrites, based on Fe, which due to their flexible composition and different chemical-physical characteristics obtained in function of the preparation method, have been used in literature for a variety of different applications, in the liquid and in the gas phase, as catalysts for oxidation and many others.


B
Spinel-type mixed ferrites as e /O? carriers for H, production from H,O

THERMOCHEMICAL CYCLES
Thermal cycle Steps | Maximum temperature (°C) | Efficiency (%a)
Thermal splitting of H,O Sulfur cycles
b Sl : 0 o
(Westinghouse, ISPA Mark 11) (1150 without catalyst)
Hzo _)Hz + %OZ A3300K Sulfur-iodine 3 - 38
(General Atomics, ISPRA Mark 16) (1150 without catalyst)
Volatil Loxid |
Zinec/zine oxide 2 - 45

Hybrid cadmium

Thermochemical splitting of H,0 12

Non-volatile metal oxide cycles

{ A-O —A + %0,

The two-step process eliminates the need for Low temperature cycles
HZ/OZ separation Hybrid copper-chloride 4

1600

Iron oxide 2 -
A+H,0 —H, + A-0 Corium oxid g ‘ "“
2 43

530

11
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Note di presentazione
In relation to the energy sector, one interesting application is the use as electrons and oxygen carriers in the production of hydrogen. The thermla splitting of water requires etc


The steam-iron process

>2000K

—————— —

[ —.

lds Man Angel No.z
{out of frame)

ve tons of squhuric acid

and four tons of iron filings, .
ostmg inall 175 dallars.. -

Chutes Parks was the home of the Los Angeles Angcls baseball club situated at the corner of Hﬂshmgluu
= Beulevard and Grand Avenue and a popular site of many airship exhibitions. A contest between the Man

Angel Nez and Bullet = judged upon speed, altitude attained and general manoenvring — resulted in a tie.

oted by Wordin
ut tremendous
| in length, 18

r, with a hydro-

foree.

To fill the envelope required five
tons of sulphuric acid and four
tons of iron filings, costing in all
175 dollars.




A chemical-loop reforming of bio-alcohols €O, CHa HaO (CO. Ha) condenser e
>

o
Ethanol 4 Fe,0, + CH, —> 8 FeO + 2 H,0 + CO, AH° + 88 kcal/mole
R1
N, (02) Az
>723 K ‘{] hematite
h 4

me ane
I - - - R2 R2
| H,H,0, CO.CO,... °0: 3
_____________ 2 Fe;0,+ 120, > 3 Fe,0; 3FeO + H,0 > Fe;0,+H,
...but also chemicals ——

air H,O

Overall: CH, + 2/3 H,0 + 2/30, - CO, + 8/3 H, (in R1+R2+R3)

L. Calvillo, et al, J. Mater. Chem. A, 2018, 6, 7034-7041
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S. Cocchi, et al, Appl. Catal. B 152—-153 (2014) 250-261
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V. Crocella, et al, J. Phys. Chem. C 116 (2012) 14998-15009 Stefano Cocchi Cristian Trevisanut Olena Vozniuk

Ferrites for Chemical-loop reforming




The first part of the loop: oxidised spinel + ethanol

>723K 1 Where X—Fe,Co,Ni,

| XFe,O,
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Samples treated in air at 450°C

Reduction degree, %

60 min red with ethanol
450°C

40 |
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10 |
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NiFe,0, —a—==—""""
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Time, min

70 |
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v X = magnetite

| O =Fe,C

| V= NiFe alloy
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2-Theta - Scale

62 % Fe,C
22 % Fe spm

CoFe, O "

56 % Fe® (Co,Fe.)
33 % Fe,C

11 % Fe spm

NiFe,O,:
17 % FeNi alloy
69 % Fe,C

velocity (mm/s)



The second part of the loop: reduced spinel + water

F X—Fe,Co,Ni,Mn,Cu

XFe,O,

60 min oxid with steam

T 450°C

Fe+ H,0 - FeO +H,

3FeO + H,0 - Fe;0, + H,
Fe;C+H,0 > 3Fe+CO +H,
Fe;C+ 2H,0 - 3Fe + CO, + 2H,

C+H,0>CO+H,
CO+H,0 > CO, +H,

FeO+C-> Fe+CO
2FeO+C > 2Fe+CO2
Fe;0,+C-> 3 FeO+CO

100 ~

NiFe,O,
80 1
—_ ~H2
R 60 -
] -=-C02
2 40
>
co
20 1
07 ‘ ‘ ‘ !
0 10 20 30 40 50 60
time (min)
100 -
CoFe,O,

30 40 50

time (min)

60

X
X = spinel
V=Ni,Fe
#=Ni1
O0=CoO
X X . X
1 .
| E . NiFe,O,
[ | V#—“ Il V
| oy V| Mo 4l I H#
et ot bt || e g PR o N Y P
| |
0| i i" CoFe,O,
I i ) I ol
'|1' | l!j'ul\- | '.ll\"'ﬂ .\“'“""‘l -'l.aI:il P ,.'\“.I:I,.f"],n. " ,D,. -,
.'I: | ' l'lf ;: 'l . FE3O 4
3 o L AN LY ’ \.._.,J'\.*I\ M

time (min)

% of Cv/ afterih | % of C*/ afterih
reduction re-oxidation
41.0 28.6
43.8 36.9
491 393

CoFe,0, sample after 1 cycle (red+ox)




Coups

T 450°C
In-situ XRD: Fe;0,

L Fe30 2
water

Fe30 by & Fe3C

——

L f ethanol

-

Fe30 7

2nd step: oxidation with water

—-—Fe304 =-Fe

-+ Fe3C

Juny
o
o

(o]
o

composition (%)
5 3

N
o

o

0 0,2 0,4 06 0,8 1
water fed (mmol)

1,2

1st step: reduction with ethanol

100
%0 |
Rao |
C L
g0
=60
(%]
050 |
o
c40 |
S3 |
20 |
10

0 e ——

-Fe304 -4 Fe ®Fe3C

o0 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16

ethanol fed (mmol)




Mossbauer spectroscopy

5-min cycles (20 cycles) species

Fe,O, after 5|Fe®
B Fe B minutes
R | o
41 after 5' reduction L reduction
(o) J | ~
| jfter 1ck\£c|e (5+5) k N Fe304 after 1
_ 10 20 30 40 50 60 7( 80
2-theta complete cycle

(5/5minutes)

Fe;O, after 19

cycles + 5 min

7 after 19 cycles \
e . .
(o) after 20,cycles (5+5) -
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20 min cycles (450°C)

Evaluation of COKE:

CHNS analysis

Selectivity to H,

Degree of reduction after
20 min
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Redox properties, and more generally their catalytic activity, are strongly influenced by the nature of
M and by the M distribution among the 16 octahedral and 8 tetrahedral sites in the crystal lattice.
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Relatore
Note di presentazione
Comparing the energy position of the absorption edge in the XANES spectra with those of the reference samples, it is possible to determine with great accuracy the oxidation state of each element in the spinel structure. In CoFe2O4, the oxidation state of Fe and Co is close to +3 and +2, respectively, as expected; whereas in FeCo2O4, the oxidation state for Fe and Co is +3 and +2/+3, respectively.
Moreover, the fine structure of the pre-edge can provide further information about the structure of spinels. At K-edges in fact, pre-edge peaks, which correspond to 1s/3d transitions (with 3d–4p mixing), may occur at about 15–20 eV before the white line. An increase of the intensity of these features corresponds to the removal of the inversion symmetry in the environment of the absorbing atom. Therefore, the preedge feature can provide a direct indication of whether a metal
center is located in a tetrahedral or an octahedral site. At the Co K-edge, the pre-edge peak intensity of cobaltite is higher than that of ferrite, indicating that the cobaltite contains a higher amount of tetrahedrally coordinated Co ions. Conversely, the Fe K-edge pre-peak intensity is higher in the CoFe2O4 sample.
The cation distribution was determined by using EXAFS data of the starting materials. The crystallographic site occupancy in spinels is defined by the inversion parameter g, i.e. the fraction of tetrahedral sites occupied by majority ions.
An inversion degree of 0.7 and 0.6 was calculated for CoFe2O4 and FeCo2O4, respectively.


Investigation of the 1st step (reduction with ethanol)

Time resolved experiments were carried out using the QuickEXAFS procedure, monitoring the reduction of the
materials collecting a spectra every 5 seconds.
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. The cobaltite is completely reduced at a temperature lower than ferrite.

Cations in tetrahedral sites are more prone to reduction with the respect to those in octahedral sites.
Fe in cobaltite and Co in ferrite (cations A in AB,O,) are firstly totally reduced to metal phases.
# Before reaching the metal phases, CoO is formed in cobaltite and FeO is formed in ferrite.

. Despite the good reducibility of FeCo,0, imparted by the high amount of cobalt, its performance in the production
~of hydrogen is quite poor due to an inefficient oxidation by water steam, which is able to oxidize only the outer
" shell of the nanoparticles. In contrast, a higher iron fraction makes the system more reversible, because in this case

1 an |ntermed|ate iron wustite phase WhICh is a better oxygen buffer, can be stably formed.

[ ([l BRI S I B W B A lsere ™ 1
@ Oxygen
L

Normlized Absarbance

¥ ~C
0~0D24

B atoms — octahedral
positions

Frali] T30 7730
Energy (eV]

@ A atoms—tetrahedral
positions

AB.O, spinel



Relatore
Note di presentazione
In operando XAS was performed during the annealing of the samples from RT to 500 °C in a reducing atmosphere (0.69% vol of ethanol in N2).
The change of the average oxidation state of the cations was calculated from XANES spectra, whereas modifications in the geometric site were deduced from the EXAFS data.
From these data a general behavior of the reduction mechanism is deduced, which appears to be largely controlled by the type of cation coordination. The cations in tetrahedral sites (A) are more prone to reduction than those in
octahedral sites (B). This is evidenced by the decrease of the peak corresponding to Mocta–Mtetra bonds until its complete suppression at about 350 C, whereas the Mocta–Mocta peak intensity decreases only slightly. 
It was concluded that the disappearance of the Mocta–Mtetra peak is related to the formation of M(II) oxide phases, probably a mixed (Fe,Co)O1-x, wustite. In the case of FeCo2O4, the maximum conversion to M(II) oxides is reached at
400 °C, whereas in the case of CoFe2O4 at 375 °C. These M(II) oxides are highly disordered, also in the short range order, since no clear EXAFS peaks can be identified. Only in the case of majority cations of the spinels (B cations, i.e. Fe in ferrite and Co in cobaltite), the growth of a shoulder related to M–O bonds typical of wustite structures is identfied at 1.7 °A, starting from 375 to 400°C.
Mossbauer experiments suggest that during the thermal or chemical reduction of ferrites, the removal of oxygen induces a change in the oxidation state of cations that therefore adjusts their site occupancy, by populating interstitial sites i.e. sites that are not normally occupied in the parent structures; however, the structural details of such processes are strongly dependent on the specfic oxide structures. Our XAS data therefore, for the first time capture time resolved snapshots of
tetrahedral cation diffusion into normally unoccupied octahedral sites forming cation excessive spinels, which at the limit of high reduction are eventually converted to wustite type oxides.
At high temperatures (>350 °C), the wustite phases and the residual ferrite/cobaltite are mostly converted to metal phases. therefore, a direct decomposition of the spinel to the metal seems unlikely
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Products formed at the beginning of the first

step

Fe;O0,: acetone (20%)

NiFe,O, : acetone (4%)

CoFe,0,: acetaldehyde and dimethylether (11%)
CuFe,0,: acetone (30%)

MnFe,O,: acetone (27%)

Cu,y sMn, sFe,0,: acetone (40%)

Cu, Co, sFe,0,: acetone (30%)
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Chemical-loop ethanol reforming with short-time

cycles in order to:

- Minimise coke formation during the first step

- Produce cleaner H, during the second step

- Obtain higher yield to products (other than CO,
CO,, H, and H,0: fuel gas)

- Also: modify catalyst composition in order to
address the formation of more valuable
compounds (C4)




Tools for cost saving in the production of bio-fuels: the bio-refinery concept

OPEX

- In the bio-refinery, the production of both bio-fuels and bio-chemicals should be integrated

- By-products and co-products should also be valorised (close the cycle in the exploitation of raw materials, in the
recovery and reuse of by-products and wastes: Circular Economy)

- Technologies should be designed in such a way to follow the Green Chemistry and Green Engineering rules
CAPEX

- A multifunctional approach, in order to lower the number of steps in complex transformations
- In order to lower investment costs, adopt the co-location principle
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Hydrogen

The value-chain for energy

production:

Bio-fuels and chemicals
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ca 5 M tons/year

Bio-acrylic acid

NIPPON
SHOKUBAI @

Other technologies by Metabolix,
Novomer, Genomatica...



http://www.shokubai.co.jp/en/�

Two-step process (in a single vessel)

Glycerol + O, (+H,0) } Glycerol (+H,0) L

Acid catalyst for glycerol
dehydration to acrolein
(2r/W/0)

T

Redox catalyst for acrolein
oxidation to acrylic acid
(Mo/V/W/0)

Patents by Arkema

Acrylic acid (+ by-products)

One-pot process (with a single catalyst)

W6+ (V4+)

Redox
sites

HEXAGONAL TUNGSTEN BRONZES: W/V/O

Chieregato et al, Appl. Catal. B 2014
Chieregato et al, ChemSusChem 2015
Cespi et al, Green Chemistry 2015
Chieregato et al, Coord Chem Rev 2015
Soriano et al, Topics Catal 2016
Chieregato et al, ChemSusChem 2017




Total Acidity: 135
umolNH; g Lewis +H20 Brgnsted
BAS/LAS: 33 Acd | ) Acid
Surface area: 31 m?/g W+ -Wnrt-OH

Total Acidity: 23
a umolNH, g

BAS/LAS: 7

Surface area: 2 m?/g

Normalized Signal (a.u./g)
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Relatore
Note di presentazione
Acidity and exchange properties (HTB different from monoclinic)


Selectivity (%)
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W-V-Nb-O Hexagonal Tungsten bronze (monophasic)

Catalyst AcroleinYield Acrylic Acid Temperature (°C) Residence Productivity 1
0 v Tests with oxygen
(%)

W-V 10 26 300 0.38 4 Surface area of W-V HTB: 20 m?/g
W-V-Nb 18 33 290 0.15 16 Surface area of W-V-Nb HTB: 57 m?/g
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Guerbet reaction

c-C couplin§) Higher alcohols

g (gasoline)

é )

——> Higher alcohols

Bio-ethanol

. /

v’ Sustainable feedstock;
v" Solventless;
v' H, efficiency = 100%;




Guerbet Reaction in our conditions

Ph ]
MeOCgH,
BEST REACTION CONDITIONS: T = 150 °C; AUTOGENIC PRESSURE; MeOCH,
Ru-cat 0.2%; t = 4h; NaOEt = 20%. e _7
Ru-cat DEE H‘
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80
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Conversion: 72.1% . )
0 Yield Alcohol: 61% Linegyyigohal:
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Yield n-
Alcohols C4- BLOM
C10 u

In collaboration with the team of
Valerio Zanotti

Rita Mazzoni

Mazzoni et al, ACS Sustainable Chem. Eng. 2019 and coworkers

Catalyst 3: 0.2%mol, NaOEt 20%mol, Additive: 1.5%mol.



Relatore
Note di presentazione
A new ionic catalyst combining ruthenium, a ligand such as cyclopentadienone and containing an imidazolium cation as the counterion was demonstrated to be active in the homologation of ethanol to higher alcohols.
The catalyst was found to have an activity comparable to ruthenium catalysts reported in the literature and more active than the Shvo catalyst



i i : Acid-catal. ste idati
Maleic anhydride from bio-butanol P Oxidative steps o
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Pavarelli et al, ChemSusChem 2015, 8, 2250




(VO),P,0, catalyst

V redox properties
Surface acidity
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Non ¢ i1l possesso naturale delle materie prime che basta
a dare la ricchezza, come non e il difetto delle stesse.materie
prime che produce la poverta: le uniche vere fonti capaci di

dare rticchezze durature e di distribuirle nel mondo, annu

landone le poverta, sono 1 commerci e gli scambi onesti
materie prime e di prodotti finit1, le industrie che consumano

¢ che LTASTOrMAans, 1 cervellr e le braccia che perdano gl uo

Tl -.'i|1' I-.‘,|[|]1:I..-’..-'.1I:Ll e e ;,,I_'E‘-{‘[”.w:-_.‘-

MARIO GIACOMO LEVI, Lindustria chimica italiana e le possibilita del suo avvenire,
in "La chimica e l'industria”, Milano, novembre-dicembre 1945, anno XXVII, nn. 11-12,

pp. 189-195

It is not the possession of natural raw materials that is sufficient to give
the richness, as is not the defect of the same raw materials that
produces poverty: the only true sources capable of giving lasting riches
and distributing them in the world, eliminating poverty, are the trade
and honest exchanges of raw materials and finished products, the
industries that consume and transform, the brains and the arms that
work, the men who fraternize and work together


Relatore
Note di presentazione
I started my lecture with the problem of raw materials supply. Let me close again with it, and let me read it in italian. LEGGERE
This sentence was included in the talk given in Milano in 1945 by prof. Mario Giacomo Levi. MGLevi was full professor of industrial chemistry at the Milan Politecnic but in 1939 due to the racial laws in Italy he had to leave the chair, and then he had to escape in Switzerland. At the end of the 2° WW, he could come back and give a talk on the perspectives of the italian chemical industry, which was published in la Chimica e L’industria. 
Before Milan, MG levi was the first Director, in 1921, of the High School of Industrial Chemistry in Bologna, later on Faculty of Industrial Chemistry, nowadays Department of Industrial Chemistry of Bologna University, department which I am honoured to direct today.
Well, I think that this sentence, which was said by MG Levi more than 80 years ago, is should be source of inspiration for all of us, because this is the basis for a truly sustainable future.


Non ¢ i1l possesso naturale delle materie prime che basta
a dare la ricchezza, come non ¢ il difetto delle stesse materie
prime che produce la poverta: le uniche vere fonti capaci di
dare ricchezze durature e di distribuirle nel mondo, annul-
landone le povertd, sono i commerci e gli scambi onesti di
materie prime e di prodotti finiti, le industrie che consumano
e che trasformano, i1 cervelli e le braccia che operano, gh uo-
mini che fratermzzano e che collaborano |
MARIO GIACOMO LEVI, Lindustria chimica italiana e le possibilita del suo avvenire,
in "La chimica e I'industria”, Milano, novembre-dicembre 1945, anno XXVII, nn. 11-12,
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