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Green Chemistry

Betterpreventthan treatwaste

Maximizencorporation of the used materials intéhe final product

Useand generate substance@®ssessingttle or notoxicity to human health an@&nvironment
Use and design products preservaificacy offunction

Useof auxiliary substancegsolvents, separation agents, etc.) shob&avoided or be innocuous
Minimizeenergyrequirements and worlat ambient temperatureand pressure

. Raw materialsshouldbe renewablewherever possible

Unnecessargerivatization (blocking groupprotection/deprotection) should be avoided possible
. Usecatalytic reagents (as selective as possilvkher thanstoichiometricreagents

10. Design chemicals suat at their life-end they do nofpersistin the environment

11. Developeal-time monitoring to allow forinstant alert at formatiorof hazardousubstances

12. Select substances asnonimize potential forchemicalaccidents(e.g. releasesexplosions, fires)

©CO~NOORWNE

P.Anastas J.Warner,GreenChemistry: Theory and Practig@xford University Press: New York, 1998



It is not easy
0 SAY3XH

Greensolvents
Degradationof 'Water, ethanol Possibilityof solarlight
dimethylcarbonate irradiation

pollutants

Mild operatingconditions

Synthesisof valuable (roomT and P)

products

TiQ, is cheapand RadicathainNB I O A 2 y & X
non toxic low selectivity?



Photocatalyticmechanism

UV light




Alcoholsto aldehydes

The selectiveoxidation of alcoholsto Carbonyl Effect of the Nature of the Alcohol on Conversion and Selectivity?

compounds is a process of great industrial Conversion* Selectivity
. ) ) ) ; Entry  Alcohol Product (%) (%)
iImportance generally it is carried out In
. . 1 e e 18 =45
environmentally harmful organic solvents at s e i 20 05
high temperature and pressureby employing R e 24 95
stoichiometric oxygen donors (such as 4 o s 26 =93
5 O;a 37 =05
chromateand permanganate}hat not only are O
. . =05
expensive and toxic compounds but also  ° A, A, M
produce highamountsof dangerouswastes T (e () P #95
8 Q_\, O_%) 35 =95
Photocatalysisn the presenceof TiO, is ableto O O (O 97 7
yield selectivereactionasshowedin Tablel. ' (83% styrene)
" O O ® )
The table reports results related to ' (benzaldehyde = 48,
photoreactionsoccurringin a gassolid system acetophenone = 10)

* Alcohol, 1.43 mmol min~'; O»/alcohol, 22; temperature, 463 K.
" After a 2-h reaction period.

U.R.Pillai E.SahlegDemessig J.Catal, 211 (2002) 434



OH H 9)

7
THE CASE STUDY OF 1o, |
A-METHOXYBENZYL ALCOHOL UV light
? H,0 0
CHg CH,
Catalyst SSA Crystallite Particle MBA t,, [h] Selectivity
[m?/g] size size [mM] half -life [% mol]
[nm] [nm] time
HPA?Z 235 5 28 1 4.1 31
HPA2 235 5 28 10 19.5 39
HPRC 107 7 50 1 2.1 58
HPR 107 7 50 10 8.8 62
HPB° 82 9 95 1 1.8 39
HPB* 82 9 95 10 9.1 50
SA? 2.5 52 240 1 2.1 21
Merck © 10 60 170 1 2.0 16

2Home-prepared anatase, “Home-prepared rutile, ‘Home-prepared brookite , 9Sigma-
Aldrich rutile, ©Anatase

Nanostructured, low crystalline Tighome-preparedphotocatalystsex TiC), synthesisedinder mild conditions, showed high
selectivity for the oxidation of 4methoxybenzyl alcohoto p-anisaldehydeg in water ¢ comparedwith commercialones. The
experiments were carried out in a batch Pyrex cylindriphlotoreactorand a medium pressure 500 W Hg lamp was used.

G.Palmisancet al.,Adv. SynthCatal, 349 (2007) 964S.Yurdakalet al.,J. Am. ChenCommun, 130 (2008) 1568;
M. Addamoet al.,Catal Lett, 126 (2008) 58; VWugugliaroet al.,PhotochemPhotobiol Sci. 8 (2009) 663



Home-preparedTIiO, ex-TIC)

Hydrolysis of TiCl , 20 thr_:_lxmg
in water —_— (RT)
(1/10 viv)

boiling
_

Dialysis

(cellulose membrane

Poorly crystallized
ANATASE - HPA (0.5 h boiling) precipitation

RUTILE - HPR (8 h boiling) Poorly crystallized .
PUTILE - HP1/X G Dilute and leave at RT

BROOKITHPBcan be obtained by thermal treatment at 1 of a Ti¢kolution prepared in &Claqueous
solution. The clear supernatanttisen separatedand water is added. The procedure is repeatette. Finally
brookite particles are present in the supernatant, whereas rutile precipitates.

Details are given in: A. Di Paola et al., Coll. Surf. A, 317 (2008) 366
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XRDOdiffractogramof the samples: (a)rookite-

rutile mixture; (b) pure rutile; (c) purerookite;
(d) calcinedbrookite. B=Brookite R=Rutile
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Raman spectrum of a horqarepared
pure brookite sample



Howeverthe highest selectivity (up t34%9 was obtained by usingutile samples
preparedundervery mild conditions at roortemperature.

BET specificsurfacearea (SSA)particlesizeandcrystallitesize of thephotocatalysts

TiCl,/H,O Aging Time for precipitation Agglomerates Crystallite

Catalyst v/v ratio SSA/m® g! time/days starting/days size/nm size/nm
HP1/20 0.05 129 9 8 286 5.5
HP1/35 0.029 116 6 3 1050 5.6
HP1/50 0.02 118 6 3 719 6.8
HP1/75 0.013 125 4 2 304 7.1
HP1/100 0.01 135 + 2 244 6.1

SA — 2.5 — — 240 52

Photocatalystperformance for MBA photoxidationto MBAD for 50%conversion

Catalyst Selectivity C balance

Catalyst amount/g L™ t»/h (%o mol) (Vo)
HP1/20 0.2 2.3 45 91
HP1/35 0.6 3.6 60 96

—> HP1/50 0.2 6.65 74 99
HP1/50 0.6 2.6 72 98
HP1/75 0.2 2.95 55 94
HP1/100 0.2 33 61 96
SA 0.4 2.15 21 70

4 C-balance was obtained as sum of MBA, MBAD and CO, concentra-

tion.

S.Yurdakalkt al.,Green Chem11 (2009) 510
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XRD patterns of HP and commercial TiO, samples; A) SA, B) HP1100, C)
HP175, D) HP150, E) HP135,F) HPY 20. oORO6: ruti |l e pea

By increasing the catalystrystallinity, the selectivity decreases,
whereas the activity increases.



The photoreactivity results obtained by using the three studied TiO, phases as
photocatalystsindicate that the aromatic alcohol moleculesparticipate in two parallel
oxidativeprocesse®n the catalystsurface the first one is the partial oxidationgivingrise
to the aldehydeandthe secondone isthe completeoxidationproducingeventuallyCQ.

In the first pathwaythe adsorbedaromaticalcoholis transformedinto the corresponding
aldehydewhichdesorbsfrom the surface

In the second one the substrate is mineralized through consecutive oxidation steps
producingspeciesvhichremainadsorbedonto the surface



Why the HP samplesare much more selective (less oxidant power) than the
commercialsampledor this reaction?

Arethe intrinsic electronicpropertiesimportant?
Dothe surfacephysicechemicalpropertiesplayarole?

In order to answer, although tentatively, to the above questions, a catalyst
characterizationwas carried out in collaborationwith the groupsof Prof H. Kisch
(GermanyandM.J LépezMuioz (Spain)

The photoelectrochemicalfeatures of some anataseand anatasérutile samples
were determinedand an ATRFTRstudywasperformed

V. Augugliarg H. Kisch V. Loddg M.J [ ' Ldufioz C. MarquezAlvarez G. Palmisanp L Palmisano E Parring and S
Yurdakal Appl. Catal A 349 2008 189
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Electronigoroperties

Someintrinsic electronic properties of home prepared (HP) TiO, catalystswere

investigatedby:
Diffuse Reflectance Spectroscopy
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Royet al. determinedthe flatband potential, E,, of CdSand Cd%Ag,S (1.5wt%) particles
from photovoltage measurementsin the presenceof the electron acceptor methyl

viologen (MV?*). Measurementshave been taken whilst irradiating the semiconductor
suspensionsThisis one of the simplesttechniquesfor the determination of the E, of

semiconductorghroughthe following equation

B2 =-0.45Vvs NHE k=0.059V)

B = By + K(pH-pH)

By assuminghat the difference betweenthe quastFermilevel potential of electronsand
conduction band edge is negligible,the valenceband edge valuescan be obtained by
addition of the bandgapenergy

HF).5, HR2, and HPY band edgeis locatedat 2.84 V, whereasit is shiftedto 2.74 for HFS,
which containsa significantamountof rutile, andfor HRB, nearlypure rutile.

Thevaluesof band gap,valenceband and conductionband edgesare almostidenticalfor

all the HP samplesin which anatase phase is predominant, whereas appreciable
differencescanbe noticedfor an HPsamplecontaininghighamountof rutile phase

AM. Roy,G.C De,N. Sasmahand SS Bhattacharyya|nt. J HydrogenEnergy20 (1995 627-630



Catalyst Band gap (eV) Eq«, (PH 7) (V) VB edge (V)
Degussa P25 3.26 -0.55 2.71

(AR)

Merck (A) 3.22 -0.43 2.79

HPO.5 (A) 3.36 -0.52 2.84

HP2 (A) 3.36 -0.52 2.84

HP4 (A,R) 3.36 -0.52 2.84

HP6 (A,R) 3.26 -0.52 2.74

HP8 (R) 3.11 -0.37 2.74




SurfaceProperties

The ATRFTIRresults indicate that HP and DegussaP25 surfacesshow a very
dissimilarhydrophilicityand different ability for adsorbingbenzaldehyde

HFO.5

The photoactivity results obtained with
HF).5 catalystshow a low oxidation rate of
benzyl alcohol but a high selectivity to
benzaldehyde

The surface of HRO.5 catalyst is rich in
molecularlyadsorbedwater, whichis ableto
displace benzyl alcohol (BA) moleculesin
the dark

Under irradiation water displacesBA and
the produced benzaldehyde more
effectively,determininga verylow oxidation
rate of benzyl alcohol and a higher
selectivity

P25

The reactivity results, in the case of P25
indicate that the mineralization pathway
predominatesoverthe partial oxidation

The smaller hydrophilicity of P25 as
compared to HFD.5 implies a low ratio

between water and benzyl alcohol and,
therefore, it is likely that mineralization
sites are not preferentially occupied by
water molecules

The displacementof BAand benzaldehyde
(before its further oxidation) occurs with

more difficulty!



PIPERONARYNTHESIS

Synthesis of valuableiperonalin aqueous suspensions of horpesparedTiO, has been
recently performed, followed by separation and characterization of the obtained product.

Piperonalswidely used:
- asbasis for the heliotropaype perfumes and
for cosmetigpreparations;

pharmaceuticaproducts
- as aromatherapy since it is abl® elevate
mood and to impart a general wedking

- as anintermediate for agrochemical and o oh Tio. HO o o o
. . 10, My
jucts; <Oj©A . I <oﬁ ﬁﬁ

Piperonylalcohol

Home prepared poorly crystallized TiO
catalysts giveelectivitiesof about19%at
conversions of 30%, whereas commercial
TiO, allows to reaclselectivitiesof only 6%

M. Bellarditaet al.,Appl.Catal B 144 (2014)607
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Synthesiof vanillin

—=

Startingcompound o A Component ofignin.
CH-0O = < A Cheapand abundant component of waste
OH streams of wood-, paper, nutraceutical
Ferulic acid - industries
HO

G. Camera Roda, V. Augugliaro, V. Loddo, L. Palmisano, G. Palmisano
Production of Aldehydes by Oxidation in Aqueous Medium with Selective Rect
of the Product by Means dPervaporation

a Concesso il 142-2013R | f f QBrewektife Maréhi, Ministero dello Sviluppo
Economico, Roma. Numero Domanda: RM2010A000319, Tipologia Invenzion
Numero Brevetto 000140506®epositato il 1406-2010.

,HCHS b Grantedby USPTO 111-2014 Patentapplicationn. 13/703618,patent number
O PCT/1B2011/05254Depositedon 1006-2011.

OH c Depositedat the EuropeanPatentOffice (11729741.6 1451) on 1606-2011.

Vanillin



x Purificationsteps x Harmfulsolvents
x Selectedbacterialstrains x Foodunsaveproduct

(StreptomycesE. Coli,
Actinomyce$ 1500 $ / Kg

x Timedemandingprocesses : @ x Lowerguality of the product

,Vanﬂaplam oW



Synthesis of vanillin in water by TiO2
photocatalysis u UV irradiation

Startingsubstrate
[min]

_H0 Ferulicacid (Merck)
—— Coolingsystem Vanillylalcohol(Hpcs) 90 15 21
o, H,O _ Isoeugenol (Merck) 90 54 12
Sampling Eugenol  (Merck) 60 20 5
[ g proereacer ———
: t.. [min] X% S%
Lamps ' P25 30 11 3
o7 Merck 90 14 12
HPC3 90 42 2
HPO.5 120 96 1.5

The reportedselectivitiesare the highest obtained

V.Augugliarg G. Camer&oda, VLoddqg G.PalmisangL.PalmisanpF.Parring M. A. PumaAppl Catal B:Environ
111-112 (2012 555



Vanillin recovery by
pervaporation

Vanillincrystals99.8%

Thepolymericmembraneusedis made ofpolyoctylmethylsiloxane(POMS) opolydimethylsiloxane(PDMDS);ommerciallyavailable



