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"On the arid lands there will spring up industrial colonies without
smoke and without smokestacks; forests of glass tubes will extend
over the plains and glass buildings will rise everywhere;

inside of these will take place the photochemical processes

that hitherto have been the guarded secret of the plants,

but that will have been mastered by human industry which will know
how to make them bear even more abundant fruit than nature,

for nature is not in a hurry and mankind is. ”

Giacomo Luigi Ciamician
Science 36, 385-394 (1912)
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ABSTRACT

Selective oxidation of benzyl alcohol into benzaldehyde in anoxic acidic aqueous solution,
through a TiO,/Cu(ll)/solar UV photocatalytic system, has been investigated both in a
laboratory scaled reactor equipped with a high-pressure mercury lamp as well as in a solar
pilot plant.

During the laboratory experiments, benzaldehyde gave best results, in terms of yield, equal to
35% with respect to the initial benzyl alcohol concentration. A partial conversion of
benzaldehyde to benzoic acid has also been observed. Traces of hydroxylated by-products
have also been detected. On the basis of the formation of these species, a production of HO
radicals has been thus inferred.

The study has suggested that different operative parameters, such as the composition and
amount of TiO, photocatalyst, pH, ionic inorganic components in water, and the initial
concentration of Cu(ll) ions, play an important role in the photocatalytic selective oxidation
of benzyl alcohol.

The mechanism of photocatalytic selective oxidation of benzyl alcohol into benzaldehyde and
benzaldehyde into benzoic acid has been investigated in the presence of TiO, catalyst and
cupric ions, as electron acceptor, in water at a pH = 2.0 and under deaerated conditions.

A competitive adsorption has been proposed in which the aromatic substrates are adsorbed on
the TiO, surface and react with the positive holes. Whereas Cu(ll) ions are reduced to Cu(0)
by the photogenerated electrons.

A new kinetic model has been developed by writing a set of mass balance equations for the
main species involved in the photocatalytic oxidation process. The resulting mathematical
model has been used for the analysis of the data collected at different starting substrates’
concentrations. During each of the selective photoxidation runs, it satisfactorily predicts the
concentrations of Cu(ll) species, organic substrates, and intermediates. The effect of ionic
components, which compete with benzyl alcohol and benzaldehyde for the reaction with
positive holes on the catalyst surface and behave as scavengers towards HO radicals, has been
taken into account in the model.

The values of some rate constants of the reactions of the holes with benzyl alcohol,
benzaldehyde, Cu(ll) species, and inorganic anions (SO;~ and H,POZ), not available in the

literature, have been estimated by a proper optimizing procedure.



The conversion of hydroxybenzyl alcohols, methoxybenzyl alcohols and nitrobenzyl alcohol
into the corresponding aldehydes has been attempted by using the same process.

The presence and position of substituent groups in the aromatic alcohols structure change the
photocatalytic oxidation rates and product selectivities with respect to that previously
observed for unsubstituted benzyl alcohol. In particular, the presence of both electron
donating (hydroxy, methoxy groups) and electron withdrawing (nitro group) on the aromatic
ring of the substrate causes a detrimental effect on the selectivity of the process with respect
to that of benzyl alcohol.

The technical feasibility of selective photocatalytic oxidation of benzyl alcohol to
benzaldehyde, in aqueous solutions and in presence of cupric ions, has been then investigated
in a solar pilot plant with Compound Parabolic Collectors.

Under deaerated conditions, the presence of reduced copper species has been proved by XPS
analysis. The results indicated that, at the end of the process, cupric species can be easily
regenerated and reused, through a re-oxidation of reduced copper that is produced during the
photolytic run, with air or oxygen in dark conditions.

A figure-of-merit (Acnm), proposed by the International Union of Pure and Applied Chemistry
(IUPAC) and based on the collector area, has been estimated, under the proposed conditions,
with the aim to provide a direct link to the solar-energy efficiency independently of the nature
of the system. Generally speaking, it can be considered that the lower Acm values are, the

higher is the system efficiency.



1 STATE OF THE ART

1.1 Aldehydes

Aldehydes are represented by the general formula RCHO (figure 1), where R can be hydrogen
or an aliphatic, aromatic, or heterocyclic group.

Fig. 1 Aldehydes general formula.

Aldehydes, particularly the aryl ones, due to their high reactivity, represent an important
chemical intermediate class for the production of useful fine chemicals in many industrial
sectors: pharmaceutical, food, fragrance, etc.!!

Knowing that they can be easily found in nature®®, such as in the oils of some plant species

(figure 2), aldehydes are produced through suitable industrial processes to meet the global

.
i -

demand.

o}
= H HO H
OCH;
Cinnamaldehyde Vanillin Benzaldehyde

Fig. 2 Some aldehydes present in nature.


http://upload.wikimedia.org/wikipedia/commons/3/3a/Aldehyde2.png

Usually, their industrial production relies on the selective catalytic oxidation of the
corresponding alcohols. In general, the oxidation processes are carried out in harmful organic
solvents at high temperature and pressure, in presence of expensive and environmental toxic
oxidant agents (such as permanganate and dichromate salts), and lead to the formation of

dangerous side products®®!.

1.2 Industrial production of aldehydes

Although many processes are known for the synthesis of aldehydes, but only some of them
are used on an industrial scale!”. The most important ones on the industrial scale are the

following:

A Hydroformylation of olefins (oxo synthesis) ["":

=) R0

—CH=CH. .
] Hz Catalyst {-'H3
—>R~___
T=50-200°c ~ CHO
P=10-345 atm

Fig. 3 Oxo synthesis.
In this process, olefins react with synthesis gas (CO, Hy) to form aldehydes at a temperature
and pressure respectively ranging from 50-200 °C and 10-345 atm in presence of Ru, Rh, and

Co based catalysts;

A Dehydrogenation of primary alcoholst™:

Heat
) k Catalyst /H
R—CH, » R—C
\OH \\O
T-250-400°C
P=1 atm 2

Fig. 4 Dehydrogenation of primary alcohols.



The endothermic dehydrogenation reaction is carried out at room pressure and temperature
ranging from 250-400°C in presence of Ag and Cu catalysts activated by the addiction of Zn,
CoorCr,

A Partial oxidation of primary alcoholst":
O,

Catalyst /H
R—CH2 | } R—C
“OH \\O
T=70-80 °C
P=1 atm

Fig. 5 Partial oxidation of primary alcohols.

H,0

The oxidation reaction is carried out in the liquid phase with a stoichiometric excess of air or
oxygen, at temperature ranging between 70-80°C, and in presence of catalysts consisting of
Mn(I1) and Co(ll) acetate. In traditional processes, Cr(VI) compounds, as potassium chromate

or bichromate, were used instead of oxygen.

Other processes, less utilized, for aldehyde production are the oxidative dehydrogenation, the

hydrocarbons oxidation, and the olefin oxidation.

The main concerns about the listed processes are:
A use of rather expensive and often harmful to the environment catalysts;
A severe operating conditions (high temperatures and pressures);
A recovery costs of catalysts for environmental and economic reasons;
A system costs to ensure a good safety level (highly flammable mixtures, ignition

phenomena, etc...).

During the last decades, with the aim to overcome these difficulties, numerous studies
devoted for the development of catalytic processes that use, for environmental and safety

reasons, less dangerous solvents, as water, have been performed®®*?.

10



New processes essentially differ from the previous one in:
use of chemical reagents with lower environmental impact;
use of solvents that are less toxic, less flammable, and cheaper;

A
A
A use of cheaper catalysts with lower environmental impact;
A use of less severe operating conditions;

A

possible use of solar radiation.
1.3 Solar radiation in chemical processes

Chemical industry has already investigated, partially at least, the possibility of exploiting
solar energy for the conduction of chemical processes.

In this regard, a very interesting case is the Japanese company Toyo Rayon Ltd. In 1991,
Toyo Rayon has reached the production of 160,000 t/yr of e-caprolactam (5% of global
demand) by using the photonitrosation of cyclohexane process (fig. 6), reducing production
costs by 17%!H.

- L& / (j - r']

T L o i ., ""'\.\_\”_.—' 1}
C=10-12% / C~ 100 %
. L i . .
S=R0-85 % | 5= [
Distillation -
L= )%
=050 f“][
Distillation Iy
r T sNOC ., rh\q 2)
J - HCl . - ;
e C=80% e
Sei6%

Fig. 6 Comparison of selectivity (S) and conversion (C) between thermochemical (1) and

photochemical (2) synthesis process of cyclohexanone oxime.
According to Funken et al.™, it is reported that the process is carried out using industrial

lamps that could be replaced, when possible, with solar radiation, adequately concentrated, by

using a reactor such as the one in figure 7.
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Fig. 7 Example of a reactor for solar photonitrosation of cyclohexane process.

The Authors have shown that, by including solar reactors into a e-caprolactam production
plant like that reported in figure 8, it's possible to further reduce production costs of e-
caprolactam due to the fact that the consumed electricity by the industrial lamps is greatly
limited™?. Moreover, considering that electrical energy is mainly derived from the
combustion of fossil fuels, it was estimated that, for a production of 160,000 t/yr of e-

caprolactam, the use of solar reactors could reduce CO, emissions of about 280,000-400,000
tlyr.
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Fig. 8 Block diagram for a solar a e-caprolactam production plant.

Another interesting application of solar radiation is represented by the synthesis of juglone (5-
hydroxy-1,4-naphthoquinone), a coloring agent for foods and cosmetics, from 1,5-

dihydroxynaphthalene (figure 9)!**4

. Most of the corresponding thermal pathways are
characterized by severe disadvantages concerning vyield, selectivity, sustainability, or
reproductivity!>®l. In contrast, the photosensitized oxygenation of 1,5-dihydroxynaphthalene
with artificial light sources furnishes juglone in yields ranging between 70-88%, even on

multigram scales™”".

OH 9]
sun, solvent, O
9 - (U
Sensitizer
OH OH ©

Fig. 9 Photooxygenation of 1,5-dihydroxynaphthalene.

On this basis, in August 2003, M. Oelgemoller et al.' tried to use a specific reactor for the
solar production of juglone from 1,5-dihydroxynaphthalene by using rose bengal as sensitizer

and isopropanol as solvent. The reactor was made of a glass tube equipped with holographic
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mirrors (figure 10), designed to reduce warm-up effects (and thus the costs for process
cooling) caused by infrared radiation. The given holographic concentrators (2 elements; 20 x
100 cm total) were made of dichromated gelatin which show a reflectivity range of 550 + 140

nm, optimal for the usage of rose bengal™.

solar radiation

product
= ]
G
~
glas tubula d
reactor
line focusing

¥ il Ly

transmitted
radiation

focused A, : focu
wavelengthy/’/’/! x\'\mﬂ“ﬂ,‘"" halogram

Fig.10 concept of holographic mirrors.

On the 12" August 2003, a test run was conducted with 1.0 g (6.2 mmol) of 1,5-
dihydroxynaphthalene and 0.1 g of rose bengal in 200 mL of solvent. After less than 3 hours
(figure 11), GC analysis revealed that most of the initial dihydroxynaphthalen had been
consumed. At this stage, the collector has received 2.3 mol of photons and juglone was
isolated in a yield of 79 %, which is an improvement on laboratory experiments carried out

under identical conditions.
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Fig. 11 Direct normal irradiance and product composition vs. illumination time for the rose

bengal-mediated photooxygenation of 1,5-dihydroxynaphthalene (August 2003).

1.3.1 Solar photo-reactors

Solar photo-reactors have been generally used for the treatment of wastewater, for biological
applications and, only in recent years, for the selective oxidation of organic substances. In
literature, different kinds of solar powered photo-reactors are reported®?*! and are discussed
briefly in this section.
Particularly, all the used solar photoreactors can be divided in three families:

1. Parabolic Trough Collectors (PTCs);

2. Non-Concentrating Collectors (NCCs);

3. Compound Parabolic Collectors (CPCs).
The engineering concept for the PTCs comes from the solar thermal applications. The system
supports turbulent flow with good homogenization. It is a closed system, preventing
vaporization of volatile compounds. Its main disadvantage though, is that, through their
geometry, the collectors can only use direct beam radiation, making them practically useless
during cloudy days (figure 12).
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Fig. 12 PTCs reactors during the photooxygenation of citronellol™.

On the other hand, Non-Concentrating Collectors (NCCs), generally used for biological
applications, are much cheaper than the PTCs. They have no tracking system, and harvest
both direct beam and diffuse radiation. The disadvantages are the problems caused by mass
transfer through laminar flow, possible vaporization of contaminants, and difficult scale up

properties (figure 13).

(23]

Nannochloropsis sp.

The Compound Parabolic Collectors (CPCs) combine the advantages of the two

abovementioned reactor types eliminating their disadvantages. They are static reactors

16



without tracking system and have been found to be the most efficient harvesting optics for
non-concentrating systems?®.. They support turbulent flow, have a closed system, are cheap,
and easy to maintain. Since the temperature does not play any significant role, there is no
need of insulation. For these reasons, in the last years, the CPCs are the solar reactors most

commonly used, in particular for the treatment of wastewater (figure 14).

Fig. 14 CPC-solar reactors for the treatment of contaminated waters in southern Spain in El
Ejido in the province of Almeria (Albaida S.A).

The photochemical CPCs reactor consists of various parts:

e tanks where mixing of the solutions with various chemicals take place;

e resistant pipes, to bring the reactive mixture to the CPC reactor;

e pumps used to provide a steady mass flow with minimal pressure drops.
The pipes can be made of high density polyethylene (HDPE) or polypropylene (PP), avoiding
the use of metallic or composite material which could be degraded by possible oxidation
during the process. All materials used must be inert to UV degradation in order to be
compatible with the minimum lifetime requirements of the system (usually 10 years). The
piping, valves, and reactor must be strong enough to resist the necessary water flow pressure,
which has typical values of 2-4 atm (nominal system pressure drop) and a maximum of 5-7
atm.
The reflective material should be cheap, weather resistant, and should have a high reflectivity
in the desired range. For example, if the process carried out in the reactor needs UV radiation
(photo-Fenton or application with TiOy), the reflectivity of traditional silver-coated mirrors,
ranging between 300 and 400 nm, is very low (25.2% at 280 nm to 92.8% at 385 nm).
Aluminum is the only metal surface which is highly reflective throughout the UV spectrum,
with a reflectivity ranging from 92.3% at 280 nm to 92.5% at 385 nm. However, the
aluminum surface has to be treated, due to the fact that when it is freshly deposited, its surface

17



tends to be fragile. Using a conventional glass cover, the reflectivity is lowered and UV light
is filtered. The thin oxide layer that forms naturally on aluminum is insufficient to protect the
surface under outdoor conditions. Since the oxide layer continues to grow, a dramatic UV
reflectance drop is observed. For applications that need UV radiation, the best materials
available nowadays are electropolished aluminum or organic plastic films with aluminum
coating®.
For this type of applications, the tubes are required to be:

e UV and visible light transparent;

e resistant to UV, low or high pH and chemicals present in the reactor (oxidant,

pollutants and their degradation products);

e resistant to high temperatures during summer (60°C).
The materials for these reactors, therefore, are limited to fluoropolymers, quartz glass, and
borosilicate glass. Quartz has excellent properties (chemical and thermal stability, mechanical
resistance and excellent UV transmission), but its high production cost makes it not
completely feasible for photocatalytic applications. Fluoropolymers have a good thermal
stability, good UV transmittance, excellent UV stability, and chemical inertness. One
disadvantage is that the wall thickness of flouroploymer tubes has to be increased to achieve
the desired minimum pressure rating, which in its turn will lower its UV transmittance.
Borosilicate glass has a good transmittance with a UV cut-off of about 285 nm. It is
chemically, mechanically, and UV stable, as well as cheaper than quartz glass.
A uniform flow distribution inside the reactor must be assured, as non-uniform flow
distribution leads to non-uniform residence times, resulting in decreased performance
compared to ideal flow situations. The flow inside the reactor should be turbulent to ensure
good mixing and to ensure that there is no settlement of suspended solids (even more
important when using catalyst like TiO,, in suspension).
The system is composed of a tube positioned above a reflector consisting of two truncated
parables with a concentration factor (Rc) (ratio of tube perimeter to aperture) of almoste one
(figure 15). The concentration factor (Rc¢) of a two dimensional CPC is given by:

1

Recre =7 =5
’ sinf, 2rm

The normal values for the semi-angle of acceptance (0,), for photocatalytic applications are
between 60° and 90°. This wide angle allows the receiver to collect both direct and a large part

18



of the diffuse light (1/R¢ of it). A special case is when the acceptance angle is 6,=90° and
1/Rc=1 (non-concentrating system). When this happens, all the UV radiation (direct and
diffuse) can be collected and redirected to the reactor.

Fig. 15 Section of a CPC reactor.

If the CPC is designed for an acceptance angle of +90° to -90°, all incident diffuse radiation
can be collected. Moreover the reflected light is distributed all around the tubular receiver, so

that almost the entire circumference of the receiver tube is illuminated (figure 16).

Incident radiation

photocatalytic reactor reflecting surface
(borosilicate glass tube)  (electropolished aluminium)

Fig. 16 Behavior of incident solar radiation on a CPC reactor
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1.4 Selective photocatalytic systems for aryl aldehydes production

Most of the recent studies, focused on development of industrial alternative processes for the
production of aldehydes, are aimed at the elaboration of selective photocatalytic systems that
make use of solar radiation.
These processes would offer significant advantages over the classical ones such as:

A use of renewable energy source;

A optimal operating conditions: room pressure and temperature;

A use of readily available and environmental friendly catalysts.
Generally, photocatalytic systems uses oxides of semiconductor metal (SC) as catalysts and

oxygen as oxidant!?"!

. It has been shown that titanium dioxide (TiO;) is one of the best
photocatalysts because it is characterized by high stability, good performance, and low
cost®!. For these reasons, during the last three decades, it has been extensively studied as a
tool to oxidize organic pollutants in aqueous solution by means of a UV source and oxygen

(Or al r) [20, 29-30] )

The photocatalytic process can be represented as in the diagram of figure 17, where A is an

electron acceptor (oxidant species) and D is the electron donor (species to be oxidized).

A adsorption

energy . A_ reduction
A o
CB 3
\%
Eg g
I VB

h+
Catalyst partlcle\%‘lﬁ oxidation

D adsorption

Fig. 17 Diagram of a general photocatalytic process.
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The process begins with the absorption of UV radiation by the catalyst and with the formation

of an “electron-hole” pair:

. hv n _
TIOZ — hVB + eCB

While the high reducing capability of photogenerated electrons allows the reduction of the
electron acceptor, that traditionally is represented by dissolved oxygen. In the latter case, the

reaction leads to the formation of O, radicals?® 2>

O, +ecg = 03

The positive hole can directly react with dissolved organic substances, water molecules, or
OH' ions adsorbed on the catalyst surface. In particular, the last two reactions generate HO'

radicals.

S+higp—> P
H,0 + hiz > HO® + H*
HO™ + hi —» HO"

In recent years, titanium dioxide photocatalysis has been used for the functionalization of
light n-alkanest®* and the selective photo-oxidation of aromatic alcohols!****! or phenols®®'.
In particular, in 2009 Zhang et al.®® have studied the mechanism of the photocatalytic
oxidative transformation of alcohols performed in benzotrifluoride by using bare TiO,
anatase. The mechanism proposed by the Authors (figure 18) begins with the alcohol
adsorption on the surface of TiO, by a deprotonation process. Hence, the adsorbed alcohol
reacts with the photogenerated hole on the TiO, surface forming a carbon radical whereas the
electron transforms Ti(IV) in Ti(lll). Both the carbon radical and Ti(lll) easily react with O,
and a Ti peroxide intermediate is formed. The cleavage of this species gives rise to carbonylic
species, produced from the partial oxidation of the alcohol, and hydrogen peroxide molecules,

coming from the reaction between Ti peroxide intermediate and two H" ions.
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Fig. 18 Reaction scheme between TiO, and alcohol molecule.

In the same year, Higashimoto et al.*”} have proposed a photocatalytic process by which
benzyl alcohol and some of its derivates, dissolved in acetonitrile, under light radiation, in
presence of TiO, and O,, were converted into the corresponding aldehydes with a conversion
and selectivity of ca. 99%. The only exception to this behaviour was represented by the 4-
hydroxybenzyl alcohol that was oxidized to 4-hydroxy benzaldehyde (selectivity of ca. 23%
with a conversion of ca. 85%) along with some unidentified products. Remarkably, the
reactions proceed not only under UV, but also under solar radiation. It means that the process

proceeds without the use of industrial lamps.

Besides TiO,, other solid semiconductors or substances have been tested“>*!). Heteropoly
acid solids (HPAs), also called polyoxometallates (POM), are ionic crystals made up of
oxygen with certain metals (such as tungsten, molybdenum or vanadium), non-metals (such as
sylicon, phosphourous or arsenic), hydrogen, and crystallization water. An example of POM

is reported in figure 19.

Fig. 19 a) primary structure (Keggins structure, PW1,04”); b) secondary structure
(H3PW1,040-6H,0).

POM:s are used in solution as well as in the solid state as acid and oxidation catalysts!®. As

semiconductor photocatalysts, also the POMs have photochemical characteristics. In fact,

both classes of materials are constituted by d° transition metal and oxide ions and exhibit
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similar electronic characteristics (HOMO-LUMO transition for the POMs and band-gap
transition for semiconductors). The irradiation in the UV-Vis region results in an excited state,
consisting in a charge transfer from the oxygen to the metal, which is able to draw oxidation
reactions!*?*¥!. The photoexcited POM is then reduced but its regeneration is easily obtained
by oxidation with the O, present in the reacting medium.

In this regard, in 2005 Farhadi et al.*® reported the partial oxidation of benzyl alcohols using
sol—gel silica-encapsulated HsPW1,049 as a heterogeneous photocatalyst and acetonitrile as
solvent, under O, flux at room temperature (r.t.). They optimized the reaction conditions for

the partial oxidation of 1-phenyl ethanol to acetophenone with yield of 84% (figure 20).

OH @)
H3PW12040/ Sioz / hv

>

O,/CH.CN / r.t.

Fig. 20 Selective oxidation of benzyl alcohol by means of sol—gel silica-encapsulated
H3PW1,04o.

In a very similar process, primary and secondary benzyl alcohols have been oxidized to the
corresponding aldehydes and ketones in high selectivity (ca. 90% after 3 hours of reaction)
when HsPW 1,040 entrapped into a ZrO, matrix is used®. The photocatalytic cycle for the

partial oxidation of alcohols with this catalyst is shown in figure 21.

[POM/ZrO,)’
R'RECHOH
i
R'RZ2C=0
POWZIO;  [POMIZrO,] 4t 2H*

H.O 12 (}Q

Fig. 21 Selective oxidation of benzyl alcohol by means of H3PW 1,040 entrapped into a ZrO,

matrix.
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With this typology of catalyst, it was also found a dependence of selectivity on the nature of
solvent. In fact, the highest yield values in aldehydes are achieved using acetonitrile as
solvent (table 1).

Entry Solvent [rradiation time (h) Yield” (%)
1 n-Hexane 5 67
2 CH,;CN 3 93
3 CHCls 5.5 48
4 CHxCl» 6 52
5 Et,O 5 55
6 Acetone 5.5 60
7 Toluene 4.5 58
3 CH>CICH2Cl 6 56
9 CeHe 4.25 60

10 Cyclohexane 5 53

11 AcOEt 5 60

12 PhCl 4.5 57

Tab. 1 Experimental procedure: 4-chlorobenzyl alcohol (10 mmoles); POM/ZrO, (0.259);
solvent (10mL).

Although these processes are characterized by considerable advantages already mentioned,
such as high selectivity and the use of renewable resources, they also have some
disadvantages, such as:

A possibility of generating flammable mixtures;

A use of organic solvents.

During the last decade, aiming to minimize the environmental impact of industrial processes,
a new approach, known as “Green Chemistry”, has been increasingly making inroads into the
world of research. Accordingly, reducing the use of organic solvents is being attempted
knowing that these solvents are not only often flammable and toxic for operators but can be
also a source of environmental pollution*, is being done.

In this perspective, Palmisano group**”

proposed a very interesting study about a
photocatalytic process by which 4-methoxybenzyl alcohol (MBA) is partially converted in p-
anisaldehyde (PAA) in presence of oxygen and a home prepared TiO,, by using water as
solvent. In these works, it is shown that MBA oxidation proceeds through two parallel
pathways!*®: partial oxidation of MBA to the corresponding aldehyde and complete oxidation

of MBA to CO, and H,0 (figure 22).

24



PAA
MBA

CO?
Fig. 22 Two parallel pathways of MBA photoxidation in presence of TiO, and O,.

Particularly, by using different TiO, samples, prepared with low treatment temperaturel*®, a

selectivity over 74%, with a conversion over 80%, was achieved (figure 23).
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Fig. 23 Experimental results of MBA photocatalytic oxidation obtained with a TiO; load
equal to 0.2 g/L.

The proposed process does not require the use of organic solvents, but needs the presence of

oxygen which, in contact with solution of alcohols or other organic substances, could generate

explosive mixtures.

1.5 Photodeposition of metals

Substituting oxygen with reducing agents that trap electrons in the conducting band still
enables the oxidation of the organic species. An interesting case is in which oxygen as a

reducing agent is replaced by a metal ion (M™) present in the solution. As reported by D.
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Chen at al.®™, the process begins with the absorption of UV radiation by the catalyst with the

“electron-hole” pair formation:

TiO, + hv —— h{g + ecp

The metal ion M™, reacting with the conduction band electron (ecg), reduces to a lower

oxidation state:

M+ + ecp >y M@-1+

Whereas the organic species (RH) are oxidized through a direct reaction with the positive

holes hig:

RH + h{z — R+ H?

or mineralized by HO radicals:

HO*+RH — R*+ H,0 —— ... ... H,0 + CO, + inorganic acids

In absence of oxygen, the hydroxyl radicals are produced only by the reaction with the

positive holes:

HO™ + h{z —— HO"

In some cases, the reduction of the metal results into its precipitation from the solution, thus
enabling its separation and recovery. The reduction of many metals such as Cu(ll), Ni(ll),
Pb(I1) and Zn(ll) has already been investigated °***. Among others, some papers have been

devoted to the photoreduction of Cu(ll) ions in the presence of simple organic species such as
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formic acid®, sodium acetate, ethanol, tert-butyl alcohol, acetone, sodium oxalate, EDTA,

citric acid and other substances™ in the absence of oxygen, as reported in table 2.

illum., N, purge no illum., air oxidation

compounds % init. TiO, % init. TiO,

[Cu**]? Color [Cu?*]P color
water 98 White 99 white
sodium acetate 99 White 100 white
sodium propionate 98 White 99 white
ethanol 97 off-white 100 white
ethanol (3.9 M) 1 Purple 100 white
tert-butyl alcohol 96 White 96 white
tert-butyl alcohol (1.9 M) 100 White 100 white
Acetone 87 White 93 white
acetone (3.1 M) 100 White 100 white
sodium oxalate 1 Pink 87 white
sodium formate 1 Purple 100 white
citric acid 1 gray-purple 55 pale pink
EDTA 1 Purple 8 purple
methanol 40 dark purple 100 white
methanol (5.7 M) 1 dark purple 100 white
2-propanol 54 Purple 99 white
2-propanol (3.0 M) 1 Purple 100 white

Tab.2 Cu(ll) photodeposition in presence of TiO, and various organic compounds.

a) The experimental runs were carried out with a solution of 130mL containing CuSO, at the
concentration of 50ug/mL, 1M (except when indicated) of organic substances and 0.26g of
TiO,. The solution was buffered to a pH range 3.5-3.6 whit HCI and NaOH and was exposed
to UV radiation for 45min.

b) The solution was poured in a 400mL beaker and stirred in contact with air for 40min.

It has been reported (Table 2) that, at the end of the process, the simple addition of air into the
system allows the re-oxidation of precipitated copper, which completely dissolves. As its
photodeposition, also the copper re-oxidation depends on the organic substance present in the

solution®" as reported in figure 24:
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Fig. 24 Concentration profiles of dissolved copper into a solution buffered to a pH range of

3.5-3.6 containing 100mM of organic substance, 2g/L of TiO, and 100ug/ml of Cu.

After the photocatalytic run, chemical state of solid copper was also intensively investigated,

but controversial results were reported. Most of the researchers reported that the solid is

composed of a mixture of zero valent copper and cupric oxide (and, in some case, cuprous
oxide)® . In some studies it was concluded that the reduced Cu species was zero valent
copper® 81 However, the possibility of the presence of both Cu(l)/Cu(ll) species, due to a

reoxidation of metal copper during the preparation of the analytical samples, was not

completely ruled out™®?.
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2 THE AIM OF THE RESEARCH

The study evolves around an innovative and environmentally friendly process capable of
selectively oxidize alcohols into their respective aldehydes: the TiO,/Cu(ll)/hv photocatalytic
system. In fact, it's possible to assume, as shown in figure 25, that alcohols diluted in an
aqueous solution can be selectively oxidized into aldehydes with the simultaneous reduction
of Cu(ll) to Cu(0).

heat
“u(Il)
hv Culll o
TiO,| > h+e » Cu(0)
~ H,0 || R-CH,OH  H
OH" == =) R—C_
O

Fig. 25 Diagram of TiO,/Cu(ll)/hv photocatalytic system for the selective oxidation of
alcohols.

In particular, titanium dioxide, under the effect of UV/VIS radiation, is energized and,
successively, generates electron-hole pairs. The Cu(ll), present in solution, captures the
photogenerated electrons of the valence band reducing itself first to Cu(l) and then to Cu(0).
At the same time, the holes can react with molecules of alcohol, which oxidise to respective
aldehydes and water, generating HO" radicals. The described process occurs in absence of
oxygen to prevent competition with Cu(ll) or Cu(l) in capturing photogenerated electrons.
Once the aldehyde is produced and separated from the solution, it is possible to reoxidize the
copper using an airflow, as reported in figure 26. Consequently, it is possible to consider

copper as a catalyst.
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Fig. 26 Diagram representing the possibility to reuse the copper.

The described process is studied, by using laboratory scale reactors, and modelled at varying

operating conditions such as:
A type of TiOy;
A TiO, load,;
A Cu(Il) concentration;
A pH;
A effect of anions concentration

A UV irradiation;

The Cu(ll)/TiO,/hv process is very interesting and innovative not only because it could use a

renewable energy source (solar energy), but also because it solves problems related to

aldehydes production. In fact the proposed process is characterized by:

the use of water as solvent;

> > > >

the use of chemical reagents, alcohols, with low environmental impact;

the use of a cheap and environmental friendly catalyst, as TiO,;
optimal operating conditions: room pressure and temperature;
the difficulty to create flammable mixtures due to the absence of oxygen.

Moreover, the development of the TiO,/Cu(ll)/solar radiation system for the selective

oxidation of benzyl alcohol to benzaldehyde in water has been studied. The study consisted of
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using a solar photocatalytic pilot plant at different operating conditions (TiO, photocatalyst
type, Cu(ll) initial concentration and irradiance of solar radiation). The possibility of reusing
copper as a catalyst has been also tested by oxidizing the precipitated zero valent copper with
an air flow blown into the pilot-plant in dark conditions.

At last, after the oxidation runs, analysis of solid has been carried out to clarify the nature of

copper species at the end of the process.

The alcohol used for this investigation is benzyl alcohol, which should be oxidized to

benzaldehyde.
2.1 Benzaldehyde and its derivatives

Benzaldehyde exists in nature, occurring in combined and uncombined forms in many plants.
The best known natural source of benzaldehyde is amygdalin, in which it exists in a combined
form as a glycoside and is present in bitter almonds. Benzaldehyde is an important starting
material for the production of odorants and flavours. Being responsible for the odour of
natural bitter almond oil, it is incorporated directly in perfumes, soaps, foods, drinks, and
other products. Substantial amounts are used in the production of derivatives, such as
cinnamaldehyde, that are also employed in the perfume and flavour industries. In the
pharmaceutical industry, benzaldehyde is used as an intermediate in the production of fine

chemicalst®?.
Industrially, benzaldehyde is principally produced by:

Hydrolysis of benzal chloride®

CHClz CHO

+ HO H +ut+ 201

Fig 27 Hydrolysis of benzal chloride.

Benzal chloride and the alkaline hydrolyzing agent (e.g., calcium hydroxide, calcium, or

sodium carbonate) react as counter currents in a flow reactor in an unreactive organic solvent
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(e.g., toluene, xylene). A temperature of 125-145 °C and a pressure of 12-18 atm are

maintained.

A

Oxidation of toluene!®®

CHs= CHO

+ o % -+ 0

Fig 28 Oxidation of toluene.

The partial oxidation of toluene with oxygen to give benzaldehyde can be carried out in either
the gas phase or liquid phase. Benzaldehyde itself is easily further oxidized to benzoic acid
and other products. Conditions must therefore be carefully chosen to favour only partial
oxidation. For the production of benzaldehyde, more important than gas-phase oxidation is
the oxidation of toluene in the liquid phase by oxygen in the form of air or other gaseous
mixtures. This is carried out at 80-250 °C, preferably in the presence of cobalt, nickel,

manganese, iron, or chromium compounds (alone or in combination) as catalysts.

The process has been also tested with substituted benzyl alcohol. In particular, in table 3, are

reported the alcohols used for this investigation and the corresponding aldehydes.

R ALCOHOL ALDEHYDE

-H benzyl alcohol (BzA) benzaldehyde (BzAD)

-OH  (2-, 3- and 4-)hydroxybenzyl alcohols (HBzA) (2-, 3- and 4-)hydroxybenzaldehydes (HBzAD)

-NO, 4-nitrobenzyl alcohol (NBzA) 4-nitrobenzaldehyde (NBzAD)

-OCH;  (2- and 4-)methoxybenzyl alcohol (MBzA) (2- and 4-)methoxybenzaldehydes (MBzAD)

Tab. 3 Substituted benzyl alcohols tested with the process TiO,/Cu(ll)/hv.
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These substituted aldehydes, as benzaldehyde, are produced with processes that generally

require:

A

A

use of catalysts rather expensive and often harmful to the environment;
severe operating conditions (high temperatures and pressures);

use of chemical reagents with high environmental impact;

use of solvents with high toxicity, flammable and expensive;

system costs to ensure good safety level (highly flammable mixtures, ignition

phenomena, etc...).

33



3 EXPERIMENTAL

3.1 Experimental set-up and procedures

3.1.1 Laboratory-scale experiments

All the experiments with UV lamp have been carried out at 25°C in a batch annular glass
jacketed reactor with an outer diameter of 6.5 cm and a height of 40 cm wrapped with an
aluminium foil and filled with 0.280 L of solution. At the top, the reactor has two inlets for
feeding the reactants, for withdrawing samples and for the entry of a gas flow. In fact, in all
the experiments, the solution has been preventively purged with nitrogen to remove the
dissolved oxygen that could have competed with cupric ions for the reaction with the
electrons. During the runs, a gaseous stream of nitrogen has been continuously fed to the

irradiated solution to prevent any contact with oxygen as shown in figure 29.
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Fig. 29 Batch annular glass reactor.
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The reactor has been equipped with a 125 W (power input) high-pressure lamp (by Helios
Italquartz), mainly emitting at 305, 313 and 366 nm (manufacturer’s data), enclosed in a glass
sleeve, immersed in the solution, and mixed with a magnetic stirrer placed at the bottom.

The photon flow of the lamp at 305 nm was 1.47-:10° E-s™ (I°@0s), determined through
hydrogen peroxide photolytic experiments®),at 313 nm, 1.56-:10° E-s* (1°(z13), determined
by valerophenone actinometry®!) and at 366 nm, 4.10-10° E-s™ (1°(3s), measured using a UV
radiometer Delta Ohm HD 9021).

During the experimental run the samples have been collected with a syringe and have been

immediately filtered and analysed.

To understand the effect of the irradiance on the TiO,/Cu(ll)/hv system, some experiments
have been carried out in a Suntest solar simulator (Suntest XLS+ photoreactor, Atlas)
equipped with a 765-250 W/m? Xenon lamp (61-24 W/m? from 300 nm to 400 nm, 1.4:10% -
5.5-10" photons/m*s) and a cooler to keep the temperature at 35°C. The UV irradiation, in
the range of 300-400 nm, has been monitored by using a portable radiometer (Solar Light CO

PMA 2100) fixed on the shaker inside the lamp influence zone, like shown in figure 30.

\ Nenon lamp y

Vial | Vial
Vial | Vial
Vial | Vial
vial Ivial Radiometer

Vial | Vial

Lamp influence area c

ON

0 100 200 300 400 SO0

(I T B
OFF W

Fig. 30 System used for the experiments performed in the Suntest XLS+ photoreactor.
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In this case, a volume of 700 ml of reacting solution has been prepared in a one liter flask and,
after 30 minutes of stripping with nitrogen, has been rapidly poured in ten cylindrical glass
vials, each of which has a capacity of 42 ml and a diameter of 25 mm. The vials have been
rapidly closed with a screw cap, to prevent the entry of oxygen, and have been simultaneously
exposed to the lamp radiation and agitated by a shaker like shown in figure 30. The
temperature has been set to 35 °C. Each vial represented a sample to remove from the solar
box at different reaction times. Once collected, all the samples have been rapidly filtered and

analyzed.

3.1.2 Pilot-plant experiments

To clarify the effect of the solar radiation on the studied system, from May to July 2012, some
experiments have been carried out in a solar pilot-plant, elsewhere described in its
geometrical and functional characteristics'®®, installed in the Plataforma Solar de Almeria
(37° latitude N, Spain).

In particular, the employed solar pilot-plant consisted of twelve Compound Parabolic
Collectors (CPC) mounted on a static platform tilted at the same angle as the local latitude
facing south. The total solution volume was 39 L, where only 22 L are exposed to solar
radiation. The rest was distributed between the recirculation tank (9 L) and the hydraulic
connections (8 L). The recirculation tank of the adopted CPC has been modified, as reported
in figure 3L, in order to ensure the absence of oxygen, essential for performing the proposed
process. For this purpose, the solutions, containing the catalysts and the substrate, have been
preventively purged with nitrogen gaseous stream through two porous ceramic spargers, by
closing the valve Vn, in order to remove the dissolved oxygen. During the experimental runs,
a continuous nitrogen flow has been guaranteed to the reactor to prevent the entry of air in the
reactor. However, it has been switched in the freeboard of the recirculation tank, by opening
the valve Vn, to inhibit the stripping of organic substances from the solution. In latter, the
bubbling of nitrogen has been strongly limited by the pressure drop due to the spargers.
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Fig. 31 Solar pilot-plant with a zoom on the recirculation tank.

To better follow up the concentration profiles of the compounds involved in the process, some
experimental runs have been carried out for two days. In these cases, the irradiated part of the
reactor has been covered and the recycling tank has been capped to respectively stop the
photochemical reactions and to prevent the entry of oxygen.

Samples have been collected in a glass bottle at different reaction times, by opening the valve
Vs, rapidly filtered to prevent the reoxidation of precipitate copper, and finally analyzed.

All the experimental data of these runs are reported in function of the accumulated energy per
unit of volume (kJ/L), incident on the reactor at the corresponding time of the withdrawn
sample (Qn)*™:
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A
Qn = Qn_1 + At, - UVy Vr ) Aty = ty —th
t

Q0=0 fOI‘ t0=0

where Qn-1 represent the accumulated energy (per unit of volume, kJ/L) taken during the
experiment relative to the previous sampling; Ata, UVnand V: are, respectively, the elapsed

time, the average UV-irradiance (measured by a global UV radiometer KIPP&ZONEN,
model CUV 3 mounted on a platform tilted the same angle as the CPCs) which reaches the
collector surface (Ar) between the two samplings and the total solution volume.

In particular, the UV radiation (300-400 nm), required for the performance of the process
TiO,/Cu(ll)/hv, is only a small fraction of solar radiation that reaches the Earth's surface, as
shown in figure 32 (green and blue lines), where is reported the solar spectra, obtained from
“American Society for Testing and Materials (ASTM)”.
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Fig. 32 Standard solar spectra for space and terrestrial use.
— Extraterrestrial spectra;
— Total global (hemispheircal) spectrum;

—— Direct normal spectrum;
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3.2 Analytical methods

At different reaction times, the concentrations of benzyl alcohol, benzaldehyde, benzoic acid,
2-hydroxy-benzyl alcohol, 3-hydroxy-benzyl alcohol, 4-hydroxy-benzyl alcohol, 2-hydroxy-
benzaldehyde, 3-hydroxy-benzaldehyde, 4-hydroxy-benzaldehyde, 2-hydroxy-benzoic acid,
3-hydroxy-benzoic acid, and 4-hydroxy-benzoic acid have been evaluated by HPLC analysis.
For this purpose, the HPLC apparatus (Agilent 1100) has been equipped with a diode array
UV/Vis detector (A= 215, 230, 250 nm) and Phenomenex (Gemini 5u or sinergy 4u Hydro-RP
80A C18 150x3 mm) columns, using a mobile phase flowing at 0.7 mL min~*. The mobile
phase has been prepared by a buffer solution (A), H,O (B) and CH3CN (C). A linear gradient
progressed from 15% C to 28% C and from 45% B to 32% B in 10 minutes with a subsequent
re-equilibrium time of 3 minutes. One liter of buffer has been made by 10 mL of phosphoric
acid solution (5.05 M), 50 mL of methyl alcohol and water for HPLC.

For the analysis of 4-nitro-benzyl alcohol, 4-nitro-benzaldehyde, 4-nitro-benzoic acid, 2-
methoxy-benzyl alcohol, 2-methoxy-benzaldehyde, 2-methoxy-benzoic acid, 4-methoxy-
benzyl alcohol, 4-methoxy-benzaldehyde, and 4-methoxy-benzoic acid, the columns of HPLC
apparatus (Agilent 1100) have been changed as well as the mobile phase characteristics. In
particular, sinergy 4u Hydro-RP 80A or sinergy 4u Polar-RP 80A (Phenomenex) columns
have been used with a mobile phase of 50% buffer, 30% H,0 and 20% CH3CN, flowing at
1.0 mL min™.

The concentration of dissolved copper ions has been measured by means of a colorimetric
method using an analytical kit (based on oxalic acid bis-cyclohexylidene hydrazide,
cuprizone®) purchased from Macherey-Nagel. An UV/Vis spectrometer (UNICAM-II
spectrophotometer) has been used for the measurements at a wavelength of 585 nm.

Total organic carbon (TOC) has been monitored by Shimadzu Total Organic Carbon analyser
model TOC-5050A, equipped with an auto sampler ASI 5000A.

The pH has been regulated with phosphoric or perchloric acid and monitored by means of an
Orion 420A+ pH-meter (Thermo), for the laboratory scale experiments, and by a portable pH
meter (Crison pH 25), for the pilot-plant experiments.

BET specific surface areas of the different catalysts have been measured by the singlepoint

BET method using a Micrometrics Flow Sorb 2020 apparatus.
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The Cu/Ti ratio for unknown solids, withdrawn at the end of some photocatalytic runs, has
been estimated by an Energy Dispersive X-ray spectrometer system (SwiftED, Oxford
Instruments) attached to a Scanning Electron Microscope (TM-1000, Hitachi).

Powder X-ray diffraction (XRD) patterns have been estimated using a X'PertPRO
(PANalytical) diffractometer with nickel-filtered Cu Ka radiation. The X-ray generator has
been operated at 45 kV and 40 mA. The powders have been scanned from 26 = 4° to 90° with
a 0.02 step size and accumulating a total of 5 s per point.

X-ray photoelectron spectroscopy (XPS) analysis has been carried out under high vacuum
chamber with a base pressure below 9x10” Pa at room temperature. Photoemission spectra
have been recorded using a SPECS Gmbh system equipped with an UHV PHOIBOS 150
analyser with Al monochromatic anode operating at 12 kV and 200 W with a photon energy
of hv = 1486.74 eV. A pass energy of 25 eV has been used for high-resolution scans. Binding
energies (BE) have been referenced to Cls peak (284.6 eV) to take into account charging
effects.

The XPS spectra have been then fitted using the XPS PeakFit software. The areas of the peaks
have been computed by fitting the experimental spectra to Gaussian/Lorentzian curves after

subtracting the background (Shirley function).

3.3 Materials

Four commercial microcrystalline TiO, powders have been used for the study of the effect of
TiO, typology on the adopted system:
1. TiO, Degussa P25 (80% anatase, 20% rutile, BET specific surface area 50 m* g );
2. TiO, Aldrich (pure anatase phase, BET specific surface area 9.5 m? g%, adsorption
average pore width 88.5 A);
3. TiO, Aldrich (pure rutile phase, BET specific surface area 2.5 m® g, adsorption
average pore width 59.8 A);
4. TiO, Aldrich (rutile phase with small amount of anatase, BET specific surface area 2.7
m?g ™, adsorption average pore width 63.6 A).
The pH has been regulated with H3PO4 or HCIO,4. Cu(ll) ions have been introduced in the
reactive solution as cupric sulfate pentahydrate (CuSO4 x 5H,0) or cupric perchlorate
hexahydrate (Cu(ClO,4), x 6H,0). The cupric salts have been purchased from Sigma Aldrich
with a purity >98.0% (w/w).
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The provenience, the purity, and some characteristics of the organic reagents used in this
work are listed in Appendix 1.
All the reagent have been used as received from the provider without any modifications.
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4 PRELIMINARY LABORATORY EXPERIMENTS

Benzyl alcohol has been selected as substrate, copper sulphate as source of Cu(ll) ions and
HsPO, as pH regulator, with the aim of studying, by using the batch annular reactor described
in third chapter (figure 29), the possibility to carry out a selective oxidation process through

the system TiO,/Cu(ll)/hv at different experimental conditions:
A type of TiOy;
A TiO; load;
A Cu(Il) concentration;
A pH;

A effect of concentration of anion.

Preliminary photodegradation runs (data not shown) in presence of benzyl alcohol and
CuSQq, without TiO, or the substrate and TiO, (pure anatase) without Cu(ll) ions addition to
the solution under nitrogen gaseous steam, and at pH=2.0, did not result into any consumption

of benzyl alcohol even for long reaction times (more than 12 hours).

4.1 Effect of TiO, type

The results obtained during some runs of photoxidation of benzyl alcohol at pH = 2.0, with
different TiO, commercial samples, at a load equal to 200 mg/L, are shown in figure 33. The
diagrams show that the reactivity of benzyl alcohol is strongly influenced by the type of TiO,
used in the experiment, whereas the specific surface area could not be taken as a predictor of
the sample reactivity. In particular, the best results in terms of conversion, at a fixed reacting
time, were observed when Aldrich TiO, (pure anatase) has been used in the run. In this case,
after 120 min of reaction, the concentration of Cu(ll) approaches to zero with a 75%

conversion of the alcohol, despite of an initial ratio [benzyl alcohol/Cu(ll)] = 1.
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Fig. 33 Effect of TiO, type: Benzil alcohol oxidation.
[Cu(ID]o = 1,5mM. [Benzyl Alcohol]p = 1.5mM. pH =2.0. T =25 °C. [TiO2]o = 200 mg/L.
Runs without oxygen: e Aldrich (pure anatase, SA = 9.5 m? g}),
m P25 Degussa (80% anatase, SA = 50 m? g),
Aldrich (pure rutile, SA = 2.5 m* g%),
A Aldrich (prevalently rutile, SA = 2.7 m? g™).
Run with oxygen without Cu(Il): o Aldrich (pure anatase).
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A similar reactivity, but with a lower conversion of benzyl alcohol (65%), is shown by a P25
Degussa sample in which anatase form is present at 80% with a specific surface area (50 m?
g) higher than the Aldrich sample (pure anatase, 9.5 m* g ™). The catalysts, in which TiO; is
present as rutile form, either prevalently or totally, show lower activities than the samples
containing prevalently anatase.

The observed results can be explained through the fact that, for both crystallographic forms of
TiO, (anatase and rutile), the valence band (VB) redox potentials are more positive (2.96 and
2.85 V vs NHE respectively)® than the "OH/~OH and ‘OH/H,O redox couples (1.89 and
2.72 V vs NHE respectively)'®®.. Consequently, both adsorbed water and hydroxyl groups can
be oxidized to reactive hydroxyl radicals on both irradiated TiO, types surfaces!*®!:

h
1) TiV-O0H- + h* — TiV — OH*

h
2) TiV—H,0 + h* — TiV — OH* +H*

Nevertheless, the more negative redox potential (-0.27 V vs NHE) of the anatase conduction
band (CB), makes it more competitive than the rutile one (-0.15 V vs NHE) for reduction
reactions®. In this way, taking into account that the standard redox potential of Cu®*/Cu(0)
couple is 0.337 VI cupric ions can be reduced to metal copper by anatase CB electrons
more easily than by rutile CB electrons.

Another phenomenon to take into account to explain these results is the ability of different
TiO, types to absorb the UV radiation emitted by the lamp. In this regard, four tests were
performed to measure the adsorbance at 366 nm of the H,O-TiO, mixture, by using a HD
9021 Delta Ohm radiometer, at varying loads of different TiO, samples. As shown in figure
34, pure anatase and P25 have the same behaviour and, at a load of 200 mg/L, adsorb more
than 95% of UV radiation emitted by the lamp. Contemporary, also the other two TiO,
samples (pure rutile and prevalently rutile) have a similar behaviour but, at a load of 200 mg/I,
adsorb less than 50% of UV radiation.

In any case, as reported by othersl*"? several other properties of the tested photocatalysts
such as particle geometry, crystallinity, density of surface functional groups, and defects

should be considered to foresee the behaviour of the adopted TiO,.
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Fig. 34 Adsorbances of different TiO, types.
pH=2.0.T=25°C.
Runs in presence of atmospheric oxygen: e Aldrich (pure anatase, SA = 9.5 m? g'}),
m P25 Degussa (80% anatase, SA = 50 m® g),
Aldrich (pure rutile, SA = 2.5 m* g%),
A Aldrich (prevalently rutile, SA = 27 m? g™).

45



Moreover, since for each Cu(ll) ion reduced to Cu(0), two photogenerated electrons are
consumed and two positive holes have to be saturated, the experimental data invariably
indicate the existence of secondary reactions in which other species, in competition with
benzyl alcohol molecules, consume the positive holes thus reducing the consumption ratio
[benzyl alcohol]/[Cu(ll)], to a value lower than 1,0.

As it can be inferred from figure 35a, during the process, the substrate is mainly converted
into benzaldehyde that partially undergoes to a further oxidation to benzoic acid (figure 35b).
When the highest conversion of the substrate is achieved (72%), 35% of initial benzyl alcohol
resulted to be converted into benzaldehyde and only 8% into benzoic acid for pure anatase
TiO..

In order to better understand the importance of replacing oxygen with Cu(ll) ions, the data
related to a run in which the alcohol is in contact with oxygen, without any addition of Cu(ll),
in the presence of Aldrich TiO, (pure anatase) sample are presented in figures 33 and 35a
(empty red circles). Although the system results to be capable of promptly converting benzyl
alcohol (figure 33), the yield in benzaldehyde is very low (figure 35a). Similar results have
been also obtained with different TiO, samples (data not shown).

The slight decrease of the concentration profiles of benzaldehyde for reaction times higher
than 90 min (figure 35a: full red squares, full blue circles), when Cu(ll) is totally converted to
Cu(0), could be ascribed to its loss from the solution due to a stripping effect of the inlet
nitrogen gaseous stream bubbling. An example of the importance of this effect is given in the
same figure (figure 35a: empty blue squares) reporting the results collected by bubbling a
nitrogen gas stream in a solution initially containing only benzaldehyde (in darkness and in
absence of TiO, and Cu(ll) ions).

During the runs, small amounts of undesired by-products, such as 2-hydroxy-benzyl-alcohol,
4-hydroxy-benzyl-alcohol, 2-hydroxy-benzaldehyde and 4-hydroxy-benzaldehyde, have been
detected in the reacting solutions, as a result of hydroxyl radicals (HO") attack to benzyl
alcohol and benzaldehyde molecules. In fact, despite the elimination of oxygen from the
system inhibited HO" formation from H,0, photolysis, the production of hydroxyl radicals
through the adsorbed water and/or hydroxyl groups with positive holes (reactions 1 and 2)

cannot be ruled out.
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Fig. 35 Effect of TiO, type: Benzaldehyde (a) and Benzoic acid (b) production.

[Cu(1D]o = 1.5mM. [Benzyl Alcohol]p = 1.5mM. pH =2.0. T = 25 °C. [TiO]o = 200 mg/L.

Only stripping with nitrogen at dark (o).
Runs without oxygen: e Aldrich (pure anatase, SA = 9.5 m? g}),
m P25 Degussa (80% anatase, SA = 50 m® g),
Aldrich (pure rutile, SA = 2.5 m? g%,
A Aldrich (prevalently rutile, SA = 2.7 m? g™).
Run with oxygen without Cu(ll): o Aldrich (pure anatase).
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During each run, the decrease of the concentration of cupric ions (figure 36) has been
accompanied by the precipitation of a purple solid mixed with TiO, particles. According to
what reported by some of the Authors in a previous paper®, this solid could be Cu(0). When
Cu(Il) has been totally converted to Cu(0), i.e. at 120 min for P25 Degussa sample and TiO,
Aldrich pure anatase (figure 36, full blue circles and red squares), no further consumption of
benzyl alcohol (figure 33, full blue circles and red squares) neither production of both
benzaldehyde and benzoic acid has been observed (figure 35a and b, full blue circles and red

squares).

[Cu(ID]/[Cu(1N]g

0,0 . . o & . &
0 50 100 150 200

Time (min)

Fig. 36 Effect of TiO, type: Copper reduction.
[Cu(1D)]o = 1.5mM. [Benzyl Alcohol]p = 1.5mM. pH =2.0. T = 25 °C. [TiO2]o = 200 mg/I.
Runs without oxygen: e Aldrich (pure anatase, SA = 9.5 m? g%),
m P25 Degussa (80% anatase, SA = 50 m® g),
Aldrich (pure rutile, SA = 2.5 m* g™,
A Aldrich (prevalently rutile, SA = 2.7 m? g™).
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4.2 Effect of TiO, load

The effect of initial TiO, load has been successively investigated by carrying out some
oxidation experiments in which different amounts of the photocatalyst (Aldrich pure anatase)
per unit volume were added to the reacting solutions (figure 37 a and b).

As expected, an increase of the catalyst load from 50 mg/L to 200 mg/L results into a marked
increase of the system. To better understand the effect of TiO, load, in figure 38 the benzyl
alcohol oxidation rates have been reported, in correspondence with an alcohol consumption of
20% (blue columns) and 50% (cyan columns), for each experimental run reported in figure 37
a. As shown in the diagram, in both cases, there is almost linearity between the benzyl alcohol
oxidation rate and TiO, load, for values in the range of 50-200 mg/L. An increase of TiO,
load, for values higher than 200 mg/L, does not lead to an increase of system reactivity (data
not shown) probably due to scattering and screening of radiation by the excess particles,
which mask part of the photosensitive surface*"®!. Moreover, as reported in figure 34, with
load of 200 mg/L of pure anatase it is possible to adsorb 96% of the photon emitted by the
lamp per unit of time.

As reported in figure 38, by increasing the conversion of benzyl alcohol decrease its oxidation
rate. This phenomenon is due to the increasing of concentration of benzaldehyde which
competes with benzyl alcohol in the adsorption on TiO, activated sites and in the reaction

with the positives holes.
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Fig. 37 Effect of initial TiO, load: Benzyl alcohol consumption (a) and benzaldehyde
production (b).
[Cu(1D)]o = 1.5mM. [Benzyl Alcohol]p = 1.5mM. pH =2.0. T = 25 °C.
TiO, (Aldrich pure anatase): @ 200 mg/L, m 150 mg/L, ¢+ 100 mg/L, A 50 mg/L.
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Fig. 38 Effect of initial TiO, load: Benzyl alcohol oxidation rate.
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[Cu(1D]o = 1.5mM. [Benzyl Alcohol]p = 1.5mM. pH =2.0. T = 25 °C.

B 20% benzyl alcohol conversion;
M 50% benzyl alcohol conversion.
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4.3 Effect of Cu(ll) initial concentration

Figures 39a and b show the results obtained in oxidation runs at pH = 2.0 with the same TiO,
sample (Aldrich, pure anatase, 200 mg/L) but at different initial concentrations of Cu(ll),
added to the solution as CuSO,.

A higher initial concentration of Cu(ll) results into a decrease of the system reactivity as can
be easily verified by comparing the half-life time of the substrate which changed from 50 to
90 min for [Cu(ll)]o equal to 1.12 mM and 2.30 mM respectively. Moreover, for both runs,
the selectivities to benzaldehyde, evaluated at 15 min (72%) and 90 min (57%), do not change
significantly from the values calculated by using the data shown in figures 33 and 35a. A
possible explanation for these findings may be a change of the light absorption properties of
the reacting solutions, with an increasing inner filter effect at increasing Cu(ll) initial
concentrations. UV absorption measurements have been thus performed on the reacting
solutions in order to evaluate the capability of cupric solutions to absorb the lamp radiation at
the adopted wavelengths (305, 313 and 366 nm). However, the values, estimated for the molar
extinction coefficients of cupric aquocomplexes at pH = 2,0, allowed ruling out the possibility
of existence of any inner filter effect due to these species (data not reported).

The search of an explanation for the observed reduced reactivity of the oxidation of the
alcohol at increasing Cu(ll) concentrations revealed some difficulties which forced the
attention on the fact that for the runs considered a parallel increase of sulphate ions had to be
taken into account. That is, since cupric sulphate was used as Cu(ll) salt to prepare the
solution, it is evident that any increase of Cu(ll) resulted into that of sulphates. Therefore, it

has been necessary to understand the effect on the system reactivity exerted by these species.
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Fig. 39 Effect of initial Cu(ll) concentration: Benzyl alcohol consumption (a) and
Benzaldehyde production (b).
TiO, (Aldrich, pure anatase) = 200 mg/L. pH = 2.0. T = 25 °C. [Benzyl alcohol]o = 1.50 mM.
[Cu(1D]o: @ 1.12 mM, m 1.42 mM, ¢ 1.84 mM, A 2.30 mM.
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4.4 Effect of sulphate initial concentration

Some photocatalytic tests have been thus carried out varying the initial sulphate concentration
with different additions of Na,SO, salt (Fig. 40).

The results obtained in these experiments indicate that sulphate ions exert a marked inhibiting
effect on the photoactivity of TiO,, by decreasing the oxidation rate of benzyl alcohol and its
conversion when their initial concentration increases (full symbols).

This behaviour can be ascribed, as reported by otherst™*"®, for the reaction between sulphate
species and the positive holes (h*) with the formation of sulphate ion radicals (SO3™) on the

illuminated titanium dioxide surface:

3) SO;” +ht —— S0~

and for a radical scavenging effect of sulphate ions:
4) SO02~ + HO®* —— SO;”~ + HO™

SO;~ species are reported to be less reactive than the hydroxyl radicals towards organic
moleculest’.

In any case, as reported by Abdullah and coworkersl’”), a catalyst deactivation, by the
adsorbed sulphate ions which can block the TiO, active sites, cannot be ruled out.

The selectivity to benzaldehyde, which increases at increasing sulphate concentration (empty
symbols), confirms the capability of sulphate ions to scavenge very reactive and unselective
hydroxyl radicals.

In conclusion, the presence of SO;~ ions exert a dual function:

e are in competition with benzyl alcohol for the adsorption on TiO, surface and for the

reaction with the positive holes, decreasing the process reactivity;

e radical scavengers against the HO" radicals, increasing the process selectivity.
Therefore, the results reported in figure 39a and 39b could not be attributed only to the effect
of Cu(ll) concentration but also to a combination of the latter and the concentration of
sulphate ions. In particular, the negative effect of sulphate on the system reactivity prevailed
over the effect exerted by Cu(ll).
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Fig. 40 Effect of initial sulphate concentration.
[Benzyl alcohol]o = 1.50 mM. [Cu(I1)]o = 1.15 mM.
TiO, (Aldrich, pure anatase) = 200 mg/L. pH =2.0. T =25 °C.
Full symbols: benzyl alcohol consumption, empty symbols: Benzaldehyde production.
[SOZ7]: (e;0) 1.15 mM, (m;0) 1.9 mM, (+;0) 2.4 mM.

[BzAldehyde]/[ BzAlcohol |
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4.5 Effect of pH

Figures 41a and 41b report the results obtained from varying the pH of the solution, between
2.0 and 4.0.

During the tests, increasing the pH from 2.0 to 4.0, a decrease in thebenzyl alcohol
consumption as well as the benzaldehyde formation rates occurred. These results have two
main causes. First of all, TiO, surface may be characterized by an amphoteric behaviour, that
Is either positive or negative charge could be present on it as function of pH:

5) = TiOH} 2 = TiOH + H*
6) =TiOH 2 =Ti0~ + H*

The pH’s value at which TiO; has a net zero surface charge is defined pHzp. The surface has
a net positive charge for pH < pHzp, whereas for pH > pHpc, the surface has a net negative
charge.

It could be assumed, according to a pHpc equal to 4.2 for the adopted TiO, Aldrich samplel™,
that an increase of the pH from 2.0 to 4.0 reduces the concentration of positive charges on the
catalyst surface partially inhibiting the adsorption (and the reactivity) of benzyl alcohol (pKa
= 15.2078)),

On the other hand, since phosphoric acid has been used to adjust the pH of the reacting
solutions, in the pH range 2.0-4.0, the prevalent species present is H,PO,. The capability of
H,PO; ion to react with the positive holes formed on the catalyst after radiation is well

knownt?:

It is clear that for any increase of pH resulting into a higher concentration of this ion, a
marked inhibition of the direct oxidation of the substrate could be expected.
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Fig. 41 Effect of pH: benzyl alcohol consumption (a) and benzaldehyde production (b).

[Benzyl alcohol]p = 1.50 mM. [Cu(I)]o = 1.50 mM. TiO, (Aldrich, pure anatase) = 200 mg/L.

e pH=2.0; mpH=25; ¢ pH=3.0; A pH=4.0.
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In order to confirm these hypothesis, some further photo-oxidation tests have been performed,
with and without an addition of NaH,PO, (2.44 mM) salt in benzyl alcohol solutions (1.60
mM), at pH = 2.0 (regulated with H3PQOy,), in the presence of TiO, (200 mg/L, Aldrich, pure
anatase), and with an initial Cu(ll) concentration equal to 1,15 mM (data not shown). After
120 min of reaction, when Cu(Il) has been completely reduced to Cu(0), benzyl alcohol total
conversions of 55.0% (without NaH,PO,4) and 45.8% (with NaH,PO,) have been achieved
respectively. Moreover, the percentage of the substrate converted into benzaldehyde has been
25.7% (without NaH,PO,) and 32.7% (with NaH,PQ,), thus indicating a capability of

dihydrogen phosphate ions to behave as a radical scavenging towards hydroxyl radicals!’?:

8) H,PO; + HO* —— H,PO, — HO"

4.6 Summary

Starting from previously discussed data, collected at different experimental conditions, the
simplified pictorial scheme of the mechanism for the selective photooxidation of benzyl
alcohol to benzaldehyde and benzoic acid by TiO, photocatalysis could be depicted (figure
42).

The irradiation of the photocatalytic surface leads to the formation of positive holes (h*) in the
valence band (VB) and electrons (e ) in the conduction band (CB). First of all, the positive
holes react with benzyl alcohol (substrate) and benzaldehyde (intermediate) to produce
benzaldehyde and benzoic acid respectively. Surface hydroxyl radicals are also formed by the
reaction of water molecules with the holes. Hydroxyl radicals attack both benzyl alcohol and
benzaldehyde to form undesired by-products (2- and 4-hydroxy-benzyl alcohols, 2- and 4-
hydroxy benzaldehyde). Finally, the holes can be trapped by sulphate and
dihydrogenphosphate ions to generate less reactive SO; and H, PO} species. The electrons in

the conduction band react with Cu(ll) ions which are reduced to Cu(l) and Cu(0).
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Fig. 42 Mechanism of selective oxidation of Benzyl alcohol by TiO,/Cu(I1)/UV.
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5 MODELING OF TiO,/Cu(ll)/nv SYSTEM FOR THE
BENZYL ALCOHOL SELECTIVE OXIDATION

On the basis of the previous results, a new kinetic model has been developed to describe the
TiO,/Cu(ll)/hv process for the selective oxidation of benzyl alcohol in benzaldehyde. No
examples have been found in the literature about the modeling of a similar process. Therefore,
to account for and to validate main involved reactions described in the previous chapter, the
process has been studied through a quantitative description of the oxidation process of benzyl
alcohol (BA) to benzaldehyde (BHA) and benzaldehyde to benzoic acid (BAC) in agueous
media.

During all the experimental runs reported in this chapter, after the lamp has been turned on,
the nitrogen flow has been sent in the freeboard of the glass reactor (figure 29). In this way,
the absence of oxygen during the experimental runs has been guaranteed. Contemporary, the
kinetic model has been simplified by removing the contribution of the disappearance of

organic compounds, such as benzaldehyde, through stripping.

5.1 Kinetic scheme

The kinetic scheme related to the selective oxidation of BA and BHA has been built by
considering the following reaction steps.
TiO; irradiation generates the photoelectrons and positive holes which are responsible for the

system reactivity:

TiO,

¢
I’l) TiOZ +hv —— h¢B + eEB q)TiOz =6.0-10"2 mol E1 [58]

A very fast recombination (r2) competes with the reactions in which photoelectrons and
positive holes are involved (r3-4, r8-9,r20-r22, r25-r26):

k
r) hip + ecy —— heat Koo = 3.0-1010 M1 =10
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OH radicals are generated by the interaction between positive holes and either H,O adsorbed

molecules or HO™ groups present on TiO, surface:

K

rs) (Hy0).q4s + hig 0% , HO' + HY Ky,o/n  (Unknown parameter)
_ + Kuno/n .

rs) (HO™)gqs + hyg — HO Kyosn  (unknown parameter)

BA, BHA, and BAC adsorb on the same type catalyst active site, defined by s*. For the

equilibrium adsorption constants of the BA (K_ . ), BHA (K}4s), and BAC (K} 4s) species on

ads

TiO, catalysts the following values are reported as 3.22:10° M 4.67-10° M™*! and
1.0-10° M respectively.

However, several reports appeared in the literature showing that the value of the equilibrium
adsorption constants determined in TiO, photo-assisted systems are generally larger than
those measured separately under dark conditions®*®. In particular, for BA and similar
molecules, the values measured under irradiation are about 12 times larger than those found in
the dark®®! Therefore, in the present work the following values have been taken into

consideration:

K

fs) BA + 5* ——= BA,q K, =3.9-10° M1
Kids ,
re) BHA + s* <= BA, 4. K/ qs = 5.6-10* M1
. Kias W 4o and -1
17) BAC + s <= BAC,qq K/ =1.2-10* M

BA and BHA adsorbed on the catalyst react with positive holes giving rise to the formation of
BHA and BAC respectively:

K

rs) BA,gs + 2hig SR LEN BHA 445 Kga/n (Unknown parameter)
+ KBHA/

rg) BHA,qs + 2hyg ———— BAC,q4s Kgna/n (Unknown parameter)

Alternatively, BA and BHA are attacked, on the aromatic ring, by hydroxyl radicals leading to

the formation of by-products (hydroxylated aromatic species):
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kpa/HO

o) BAggs + HO® ——— P Kpa/uo = 8.40-10%0 M1 s~ 1[%]
k
r11) BHA g5 + HO" ——25 P Keajiio = 440 - 1010 Y1 =1 (59

Moreover, an unselective attack of HO radicals occurs on the species present in the reacting
medium with a consequent formation of polymeric species. In particular, HO radicals directly
attack either aldehydic or benzylic groups with the formation of radicals (B, By) which may

add to other molecules of BHA or BA starting some polymerization processes ¥ ¢l:

ke
r) BAggs + HO® — Bj k. (unknown parameter)
. kq . BAags/kg
ris) By + BAags PS5 PS kg (unknown parameter)
K
ra) 2By — 5 PS ki (unknown parameter)
K
r15) BHA 445 + HO® —> B; ka (unknown parameter)
. kp . BHAags/kp
rs) By + BHA 45 PS; PS kp (unknown parameter)
K
r7) 2By —= 5 PS K> (unknown parameter)

where k. and k;, as have been described, have to be considered as an aliquot of the kinetic
constants of HO radicals to benzyl alcohol and benzaldehyde respectively.
The possibility that HO radicals may react with adsorbed BAC to give undesired

hydroxylated by-products has been also considered:

BAC/HO

k;
rg) BACyqs + HO® ——— P Kpac/no = 4.30-10° M1 571 [
The hydroxylated aromatic products obtained in the reactions (rio), (r11), and (rig) were
lumped into a single undesired by-product indicated with the symbol “P”.

The catalytic cycle is closed by the photoreduction of Cu(ll) ions to Cu(0) species:

Keuan/e

rig) Cu(Il) + ecg ———— Cu(l) Kcuanye = 8.88-10° M~1s~t B
_ Kcuar)y/e 5 M~-1 -1 [55]
r20) Cu(l) + ecg —— Cu(0) kCu(I)/e = 8.88-10°> M~ "s

Cu(l) is also re-oxidated to Cu(ll) by positive holes:
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k u
r1) Cu(l) + hig SRLULIN Cu(1I) Kcuyn (Unknown parameter)

The proposed model takes into account also the effects due to two anionic species (SO3~ and
H,PO; ) which are present in the system since the Cu(ll) ions are introduced in the solution
as CuSO, and the pH is adjusted with H;PO,.

It is known from the literature that when SO3~ and H,POj} species are present in the reacting

solution, they may compete with the substrate for the adsorption on the catalyst sitest’*5!

nr

— d —
ry) SO2™ + s* = S0? ads qs (Unknown parameter)
I%I
rs) H,PO; +s* ——= H,POZ 4 was (Unknown parameter)

Alternatively, these species may compete with the substrate for the reaction with positive

holes on the catalyst!">"!:

Kso,/h

r24) SO3~ ads T h{yg ——— S0;~ Kso,/n (Unknown parameter)

ads

kH2P04/h

rs) HyPOZ 4 + hyp H,PO; Ky, po,/m (Unknown parameter)

Furthermore, they behave as HO radical scavengers giving rise to the formation of other (less

reactive) radical species:

k
) SO3™, . +HO+ HY =2, 505" = +H,0  kso, /o = 1.19-105 M1 =1 [
k
r7) H,POy 4 + HO' 2P0, H,PO; ,, + HO™ Ky, po, /o = 2.0 10* M1 511

For the sake of simplicity, these two anionic species (S02~ and H,PO;) are considered as a

single pseudo-component (BC):

K
r2g) BC + s™ — BC.as Kgc (unknown parameter)
k
l9) BCaqs + hig R, kgc/n (Unknown parameter)
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KBc/HO . .
r3o) BCyqs + HO® ——— ... Kpc/uo has been assumed in this work as a mean value

5.2 Mass balances

On the basis of the proposed mechanism, the following material balance equations can be

written for each species present in the reacting system.

5.2.1 Hydroxyl radicals
By considering the reactions rs-rs, rio-ri1, rig and rsp, it has been possible to derive the mass

balance on HO radicals:

d[HO"] N . .
T Km[hyg]l — kga/mo - [HO'] - [BAags] —Kpua/mo - [HO®] - [BHA4s]+

eqs)

—kpac/no  [HO"] - [BAC,4s] —Kpc/mo " [HO'] - [BCqgs]

where ky, = kHZO/h . [HZO] + kHO/h : [HO_] .
In the equation eq;, the constants kga /o and Kgua/mo account for the overall attack of HO

radical species to both aromatic ring positions and benzylic or aldehydic groups respectively.

5.2.2 Polymeric radicals
By considering the reactions ri,-r14, and ris-ry7, it has been possible to derive the mass balance

on B and By, polymeric radicals:

d[Bs
%) )k HO°) - [BHA ) — 21 (B2
d|By
eds) [th] =k¢- [HO"] - [BAads] — 2k - [B}./]Z

where k; = S, * Kgna/no and ke = S¢ - Kga/no, being S, and S the selectivities of HO radical

attack to aldehydic and benzylic groups respectively.
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5.2.3 Conduction band electrons and valence band holes
The mass balance of photogenerated electrons and valence band holes, reported in equations
eqs and egs, have been obtained by considering the reaction series ri-ra, rig-rag, and ri-ry, ra-rs,

rg-rg, 21 and rog respectively:

dle=
eq4) % =F - krec ) [e(_ZB] ' [h$B] - kCu(II)/e ) [e(_ZB] ' [Cu(H)] +
— kcumy/e - [ecal - [Cu(D)]

d[h{
€ds) % =F —Kyec [eEB] ) [h\-;B] — Ky - [hiil-B] - kCu(I)/h ) [h\-'/-B] ) [Cu(l)] +

—2-Kkga/n - [AVg] - [BAaas] — 2 - Kpua/n * [hyg] - [BHAas] — 2 Kpeyn - [AVs] - [BCags]

Where the term F represents the electron-hole pair generation term by photolysis which can

be written as®*-°4:

eqe)

q)TiO ° MTio
F=—y 2 -Z;lgi-<1—exp(—2.3-L-smz—v 2))
1=

where the term o, is the quantum yield, which for TiO; is equal to 0.06 mol-E™% v is the
irradiated volume of the reactor (0.280 I), L is the reactor path length (1.10 cm), I3; the power
emitted by the lamp at the three different wavelengths (13,5=1.47-10° E-s™, 13;; = 1.56:10°

E-stand 19,,=4.10-10° E-s ™), €rio,the molar absorption coefficient of TiO, suspension, 9.50
l-,g™t-cm™ and @ the TiO, load expressed in g-I™.

Equation eqg is correct under the assumption (verified) that, in the wavelength range 303-366
nm, the absorption of the other substances present in the solution is negligible compared to

that of the titanium dioxide:

mrjp,

€pa " [BA] + egpa - [BHA] + epac * [BAC] + ecyqn * [Cu(lD)] K erip, v
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5.2.4 Cuprous and cupric ions

The mass balance of Cu(ll) and Cu(l) ions, reported in equation eq; and eqs, have been

obtained by considering the reaction series ryg, r2; and rig-ro; respectively:

d[Cu(ID]

edr) —ac Keuanye * [ecp] * [CuID] + Keyqym - [Avge] - [Cu(D)]
d[Cu(D] _ _ N
eds) T Kcuanye * [ecs] - [CulID] = keyym * [hve] - [Cu(D]+

— kcuy/e - [ecsl - [Cu(D)]

5.2.5 Benzyl alcohol, benzaldehyde and benzoic acid

The benzyl alcohol mass balance (eqy) has been derived from reactions rg, rio and ryy:

d[BA, 4]
edo) d—:ds = —kga/n - [h¥s] - [BAags] — kpa/mo - [HO'] - [BAgas] — Kq - [BAags] - [B;]

Equation eqo represents the benzaldehyde mass balance, obtained on the basis of reactions rs-

lo, r11 and rqg:

d[BHAads]

€00) dt

= Kkga/n * [hyp] - [BAads] — Kpna/n - [hig] - [BHA4s] +

—kgna/mo - [HO'] - [BHA,45] — ky - [BHAq46] - [B]

The benzoic acid mass balance, reported in equation eq;1, has been derived from reactions rg

and rqg:

d[BACags] _

eq1) It = Kkpacn - [hyp] - [BHAL4s] —Kpac/no * [HO®] - [BACaqs]
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5.2.6 Sulphate and dihydrogenphosphate anions
For the sake of simplicity, the anionic species SO3~ and H,POj; have been considered as a
single pseudo-component BC, whose mass balance has been obtained by considering the

reactions ryg-r3p and is reported in the follow equation:

d[BCads]

I —kpc/n * [hyg] - [BCags] —Kpc/mo * [HO®] - [BCygs]

ed12)

5.2.7 Hydroxylated aromatic species

As it has been done with the anionic species, also the hydroxylated aromatic compounds,
resulting from the HO radicals attack to BAags, BHAa4s and BAC,4s molecules (ri, ri; and rig
respectively), have been considered as a single pseudo-component P:

d[P]

dt = kga/no * [HO'] - [BAgs] +Kpua/mo - [HO®] - [BHA4s] +

eqi3)

+kgac/no * [HO'] - [BAC,4s]

5.2.8 Adsorbed species
In some reported equation (in particular eq:-eqs, eqs and eqg-13) appear the concentrations of
adsorbed BA, BHA, BAC and BC species, which have been calculated on the basis of

Langmuir-Hinshelwood model:

m -
T\;OZ 'Kads'[BA]

1 + Kags'[BA] + K} 45 [BHA] + K} /45 [BAC] + Kpc[BC]

o

EQ14) [BAads] =

MTi0, s
v 'KadS'[BHA]

1 + Kags'[BA] + K} 45 [BHA] + K} 45 [BAC] + Kpc[BC]

o

eqlS) [BHAads] =
mTjQ
72 Kias [BAC]

1 + Kags'[BA] + K} 45 [BHA] + K} /45[BAC] + Kpc[BC]

o

equ) [BACads] =
m -
22.Kpc[BC]

1 + Kags'[BA] + K} 45 [BHA] + K}/45[BAC] + Kpc[BC]

o

EQ17) [Bcads] =
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M
The term a - TTIOZ indicates the total concentration of total active sites which depends upon

mrio, 5 -1 i i
the catalyst load (T) A value of a = 1.02-10° mol - g~ total moles of active sites per
: A ]
unit mass of catalyst was calculated through the formulas o = N Z(‘; where Agp = 9.5m? g*
a-“sat

is the specific surface area (measured by the singlepoint BET method) of the adopted TiO,

(Aldrich, pure anatase), N, = 6.022 1023 is the Avogadro’s number, and S2, = 1.55 -

10718 m? is the surface area of TiO, covered by one molecule of adsorbed BAPY,

The initial concentration of the pseudo-component BC has been calculated and is given by:

10—pKa(H3PO4/HzPOZ)-[H3P04]0 =

+
1+10~PH
14

[BClp = * [Cu(ID],

JPXamsoz/5037)
10PH

1

The first term is related to the concentration of di-hydrogenphosphates ions in the solution,

due to the use of phosphoric acid (PKa(u,po,/H,po;) = 2-12), to regulate the pH. The second
one represents the concentration of sulfate (pK 505 /s02-) = 1.92) present in the reacting

medium as the result of the addition of cupric sulfate to the solution.

5.2.9 Steady-state hypothesis

Applying the steady-state hypothesis on HO, By, and By radicals, equations eq;-eqs are
modified as following:

— km'[h\J?B]
kpa/HO'[BAads]tksHa/HO [BHAads]+kpac/HO' [BACads]+kpc/Ho ' [BCads]

eqlS) [HO.]SS

K, [HO*]-[BHALqs
€d19) [Bx Iss = \/ [ 2]'k[t2 ds| =k, - ([HO"]ss - [BHA,4s)*®

= ky * ([HO"]s - [BHAads])O'S

ke [HO*|[BAags
o) [Bé]sf\/ [HO*]-[BAags]

2'kt1

_ Kk, \0-5 ke )05
W|tth=(2k ) andkxz(zk ) .
v ‘Rt1
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By considering steady state concentration of the radical species, represented in equations egi7-

eq19, the BA,4s, BHA, 45, BAC,4s, BC,q4s, and P mass balances (eqe-eq:3) become:

d[BAaq4s]
eq21) _dta_s = —Kkga/n - [hyg] - [BAqas] +
km'[h\tB]'[BAads]
—Kpa/Ho - +
kpa/Ho'[BAads]tkBHa/HOo [BHAads]+kpac/Ho [BACads]+kpc/Ho ' [BCads]

—ky - ([BAgsD™® - k[ N

y ads kga/H0°[BAads)tkpna/Ho [BHAds]Hkpac/Ho [BACads|+Kpc/mo [BCads)

d[BHAads]

€022) 1t = Kkga/n * [hyp] - [BAadas] — Kpnan - [hig] - [BHA4s] +

—k . km'[hQ-/B]'[BHAads]
BHA/HO kpa/Ho'[BAadsl+kBua/HO [BHAads]+kpac/Ho'[BACads]+kec/Ho ' [BCads]

0.5
km [hiil—B]
kga/Ho'[BAads|+keHa/Ho [BHALgs]+kpac/Ho [BACads|+Kc/Ho [BCads]

- kx ' ([BHAads])l'S ' <

where k, = kp -k, and k, = kg 'k,

d[BACads]
€023) —a Kpac/n - [hyg] - [BHA,g5]+
—k . km'[h\tB]'[BACads]
BAC/HO kpa/HO'[BAads]tksHa/HO [BHAads]+kBac/Ho' [BACads]+kpc/Ho'[BCads]
d[BCads]
€024) T at kpc/n * [hyg] - [BCags] +

—k . km'[h\tB]'[BCads]
BC/HO kpa/HO'[BAads]tkBHa/HO [BHAags]+kpac/Ho [BACads]tkec/Ho ' [BCads]
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d[P] km:[h¥s]-(ka/H0 [BAads]+KeHa /H0 [BHAads]+Kkpac/Ho [BACads])

€d2s =
G2s) dt kpa/Ho'[BAads]+kBHa/HO [BHAads]+kpac/Ho [BACads]+kpc/Ho ' [BCads]

5.3 Integration

The mathematical model of the selective oxidation of benzyl alcohol by means of the
TiO,/Cu(ll)/hv system, as it has been developed, is thus characterized by a set of 9 ordinary
differential equations (ODEs), where 8 parameters (km,, Kcucy/hs Kga/n: Kuasn: Kecyn, Kac,

ky, ky) appear, with values unknown in literature.

dlegp] _
dt
dhip] _
e
d[Cu(1I)]
dt
d[Cu(n)]
dt s
d[BA_ 4] _
@
d[BHALqs] _
dt
d[BAC,45] _
dt
d[B‘Cads]
dt
d[P]

—_— = ... eq2s
| dt

eq4

eqs

= . €q7

eqs

eqzl

= ... €q24

Fig. 43 Set of 9 ODEs that describe the selective oxidation of benzyl alcohol by means
TiO,/Cu(ll)/hv system

Once integrated, this set of differential equations (figure 43) makes it possible to calculate the
concentration of each species participating in the process against time. Unfortunately, there
are too many unknown parameters to be estimated (figure 44a) from the data collected in runs
starting from an agueous solution of benzyl alcohol, copper sulfate, and titanium dioxide. To
overcome the difficulties associated with this assessment, the results collected by following
the evolution of a simpler subsystem have been firstly taken into account.

70



Cu*
o I
o Cu w 'y
('">/¥< ¥ UVLAMP
B
VB Cut

Fig. 44

71



In particular, studying the oxidation of benzaldehyde, in absence of benzyl alcohol, sulphate,
and dihydrogenphosphate ions (figure 44b) by means of the TiO,/Cu(ll)/hv system, the
number of unknown parameters to estimate and of ODEs is reduced and the mathematical

model is simplified, as can be seen from figure 44c.

5.3.1 Benzaldehyde oxidation

In all the experiments used for the optimization of this subsystem, copper(ll) has been
introduced in the reacting system as cupric perchlorate (not as cupric sulfate) and the pH has
been regulated with perchloric acid (not as phosphoric acid) due to the fact that the adsorption
of perchlorate anions does not occur on TiO, surface, according to the results of previous
investigations reported by others’”). These studies demonstrate that perchlorates have
negligible effects on the rates of photocatalytic oxidation of organics over illuminated
titanium dioxide.

In this way, benzaldehyde oxidation subsystem is characterized only by 7 ODEs because, in
absence of benzyl alcohol ([BA]o = 0), sulphate, and dihydrogenophosphate ions ([BC], =0),
equations eqy; and eqp4 are deleted. For the same reason, the ODEs describing the mass
balances on hyg, BHA.s, BACas and P species (egs, eg-€Qxs and edys) have been

respectively modified by neglecting the terms including BA,gs and BC concentrations:

dhig] . N
€026) dt =F — kyec * [ecg] - [hyp] — ki * [Ayg] +
—Kkcumyn * [hyg] - [Cu(D] = 2 - kgpan * [Ayg] - [BHALq4s]
d[BHA4s]
e SR80 = kg el [BHAs] +

e . km'[h$g] [BHALqs]
BHA/HO  kpua/mo [BHAags] +keac/no [BACads]+kpc o [BCads]

0.5
km [h{'/—B]
kgra/Ho'[BHAugs]+kpac/o [BACads|+Kpc/Ho [BCads]

- kx ' ([BHAads])l's ' <
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d[BACads]

€02s) e = Kkpacn ' [hyg] - [BHA q4q]+
Tk _ km'[h{g] [BACads]
BAC/HO kpna/Ho'[BHAads]+kBac/Ho'[BACads]+kec/Ho [BCadsl
e20) d[P] _ km'[h{p](kena/no'[BHAadsl+kpac/no [BACads])
29

dt kpna/Ho'[BHAads]+kpac/Ho [BACads]+kec/Ho [BCads]

On the other hand, the ODEs describing the mass balances on ecg, Cu(ll), and Cu(l) species
are those previously reported (eq4, €g7-€Qg).

The described set of ODEs has been solved by using the MATLAB routine “ode45”, which is
based on the Runge-Kutta method with adaptive step-size.

For the selective oxidation of BHA, four unknown parameters ( kgya/m, Km, Kcuay/n: and Ky)
are included in the set of mass balance equations. The kinetic parameters have been estimated
through the adoption of an iterative optimization procedure (Marquardt approach) which
minimizes the squares of the differences between calculated and experimental concentrations
of each species (objective function)!®®!:
m n h
¢ = ZZ Vi — Ciﬂ)z
=1 j=1i=1
where the terms y and c are the calculated and experimental concentrations. Whereas m, n,
and h are the number of experimental data recorded in each experiment, the number of the
involved species (BHA, BAC, and Cu(ll)), and the number of the experiments used in the
optimization procedure respectively.
The experimental data collected in four oxidation runs (pH = 2.0, mr;o, 56.6 mg), at different
benzaldehyde and Cu(ll) starting concentrations (t=0, [BHA]o = 0.74-0.40 mM, [Cu(ID]o =
1.69-0.44 mM, whereas [BAC], # 0, being present in small amounts, experimentally
measured, in the commercial BHA samples), have been simultaneously used in this
procedure. In table 4, the estimated values for the four constants are reported along with their

uncertainties. It is noteworthy to observe that the values of some of them do not seem
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completely satisfactory, in one case being as high as, approximately, 18% of the estimated

value.

KgHa/h Km Keuy/n ky
(M~1-s71) (M~'-s7h) (M~t-s™1) (M~'-s71)
3.00 - 10* 8.48-1071 4.65-103 412-103

+ - B +
3.15-10° 7.23-107? 9.52-102 7.32-10?

Tab.4 Values estimated for the four unknown parameters along with their uncertainties.

A visual comparison of the calculated and experimental concentration data for the Cu(ll),
BHA, and BAC species is shown in the figures and are reported in figures 45a-d. A good
capability of the model to simulate the system behavior appears from the analysis of these
figures.

This conclusion is confirmed on a quantitative basis as well as by the overall percentage
standard deviations and those of BHA, BAC, and Cu(ll) species (reported in table 5) which
are lower than those associated to the experimental determination of the concentrations of the

measured species.

Figure [BHA]o [Cu(1]o OBHA Ocu(ir) Opac Otot
(mM) (mM) (%) %) (%) (%)

45a 0.467 1.69 0.05 0.17 2.55 2.77
45h 0.418 0.948 1.94 1.21 2.23 5.39
45¢ 0.401 0.440 1.34 1.23 0.19 2.76
45d 0.740 0.862 0.40 0.72 1.59 2.70

Tab. 5 Percentage standard deviations on the BHA, BAC and Cu(ll) species, for each

experimental run utilized in the optimization procedure.
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Fig. 45a Predicted (solid lines) and experimental (symbols) concentration-time profile for
BHA selective oxidation.
pH=2.0. T =25 °C. mr;0,=56.6 mg.
[BHA]o = 0.467 mM, [Cu(l1)]o = 1.69 mM.
Cu(ll): —@, BHA: —HM, BAC:
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Fig. 45b Predicted (solid lines) and experimental (symbols) concentration-time profile for

BHA selective oxidation.
pH=2.0.T =25 °C. mr;0,=56.6 mg.
[BHA], = 0.418 mM, [Cu(I1)]o = 0.948 mM.

Cu(ll): —®@, BHA: —M, BAC:
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Fig. 45c Predicted (solid lines) and experimental (symbols) concentration-time profile for

BHA selective oxidation.
pH =2.0. T =25 °C. mr;0,=56.6 mg.
[BHA]o = 0.401 mM, [Cu(l1)]o = 0.440 mM.
Cu(ll): —®@, BHA: —M, BAC:
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Fig. 45d Predicted (solid lines) and experimental (symbols) concentration-time profile for
BHA selective oxidation.
pH =2.0. T = 25 °C. mqy0,=56.6 mg.
[BHA]o = 0.740 mM, [Cu(I1)]o = 0.862 mM.
Cu(ll): —@, BHA: —HM, BAC:
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5.3.2 Benzyl alcohol oxidation

For the analysis of the data collected during the oxidation runs of benzyl alcohol, an approach
similar to that previously used for benzaldehyde oxidation has been adopted. The above-
described model, developed for BHA oxidation, has been properly modified based on the
results collected during the oxidation of BA. First of all, because [BA], # 0 for t = 0, the
ordinary differential equation eqy;1 has been considered in addition to those already included.
Moreover, it has been also taken into account the possibility of using this model for the results
of some experimental runs in which sulfates ions, added as CuSO45H,O instead of
Cu(ClQOy),'6H0, and dihydrogenphosphates species, added as H3PO, for regulating the pH
instead of HCIO,4, were present in the reacting medium (at t = 0, [BC]o # 0). For this purpose,
the equation eqy4 has been taken into account.

It is clear that, also in this case, some kinetic constants were present whose values were
known ‘‘a priori’’ (Kpa/n, Kgc, Kgc/n, and ky) and an optimization procedure has been
utilized to estimate them™!, by minimizing the objective function shown in paragraph 5.3.1.
In this case the species involved in the optimization procedure have been BA, BHA, and
Cu(ll).

The results of six oxidation runs (pH = 2.0 and mr;o, = 56.6 mg), at different benzyl alcohol
and Cu(ll) starting concentrations ([BA]o = 1.66-1.42 mM, [Cu(11)]o = 1.95-1.12 mM, and
[BC]o = 0-10.98 mM), have been simultaneously used in this procedure.

The best estimated values obtained along with their uncertainties are shown in table 6.

Kga/n Kpc Kgc/n ky
(M~1-s71) M) (M~t-s71) (M~1-s71)
3.80- 105 95.3 1.47 - 10° 6.47 - 103

+ - + -
3.25-10° 24.3 4.33-10° 1.97-10%

Tab.6 Values estimated for the four unknown parameters along with their uncertainties.

The value for the adsorption equilibrium constant for the pseudocomponent BC (Kgc =
95.3 +24.3M™1) falls in the range 1.5 < logK < 2.0, reported by others® for the
adsorption of SO;~ species on commercial TiO, pure anatase (same TiO, crystallographic
phase used in the experimental runs).

Unfortunately, no data for the kinetic constants of the reactions of photo-produced TiO,-holes

with aromatic molecules have been found for comparison purposes.
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Also in this case, visual comparisons of the calculated and experimental concentration data
for Cu(ll), benzyl alcohol, benzaldehyde, and benzoic acid are shown (figures 44a-f). The
model is capable of simulating the concentration trend for BA, BHA, and Cu(ll) species in all
the runs analyzed. On the other hand, the calculated concentration of BAC results
underestimated as already observed during the oxidation runs of BHA.

To validate the mathematical model and the best estimated values of the parameters found
with the applied procedure, the results of two additional selective oxidation runs of BA with
different TiO; initial load (m7;o,= 28.1-42.5 mg) have been analyzed by means of this model
without any further adjustment of the parameters. A comparison of calculated and
experimental data is shown in figures 46g-h. A good agreement is observed between
calculated and experimental concentration data thus indicating a good capability of the
proposed model to simulate the system behavior at varying initial conditions.

Less satisfactorily, although still appreciable, the prediction of BAC concentration profiles,
shown in figures 45 and 46, seems to suggest the existence of some model inadequacies
probably due to simplifying assumptions done or to the very low concentrations,
experimentally measured, of BAC. Moreover, the proposed kinetic model relies on the
implicit assumption that the unknown intermediates formed during the oxidation process have
a negligible effect on the consumption or production rates of the measured species. This
assumption, done to overcome the difficulties due to the lack of knowledge of the structures
and reactivity of these intermediates, could be responsible of large percentage standard
deviations found in some cases. The overall percentage standard deviations and those of BA,

BHA, and Cu(ll) measured species are reported in table 7.

Figure [BAl [Cu(ID]o [BClo Mg, Opa OBHA Ocu(n Otot
(mM) (mM) (mM) (mg) (%) (%) (%) (%)

46a 1.65 1.80 10.90 56.6 2.84 2.57 2.57 7.71
46b 1.42 1.50 0 56.6 0.96 1.72 1.72 5.11
46¢ 1.62 1.73 10.86 56.6 1.14 2.43 2.43 7.48
46d 1.46 1.50 10.75 56.6 191 2.19 2.19 8.04
46e 153 1.95 10.98 56.6 2.58 0.21 0.21 8.68
46f 1.66 112 10.56 56.6 1.66 0.11 0.11 9.35
469 1.48 1.57 10.79 28.1 0.38 0.71 0.71 6.22
46h 151 1.62 10.81 42.5 1.37 0.70 0.70 2.76

Tab.7 Percentage standard deviations on the BA, BAH and Cu(ll) species, for each

experimental run utilized in the optimization and validation procedure.
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Fig. 46a Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0.T =25 °C. m;p,=56.6 mg.
[BA]o = 1.65 mM, [Cu(II)]o = 1.80 mM, [BC]o = 10.90 mM
BA: —A Cu(ll): —@, BHA: —H, BAC:
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Fig. 46b Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0.T =25 °C. m;p,=56.6 mg.
[BA]o = 1.42 mM, [Cu(l1)]o = 1.50 mM, [BC]o = 0 mM
BA: —A Cu(ll): —@, BHA: —H, BAC:
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Fig. 46¢ Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0. T = 25 °C. mqy0,=56.6 mg.
[BA]o = 1.62 mM, [Cu(Il)]o = 1.73 mM, [BC]o = 10.86 mM
BA: —A Cu(ll): —®, BHA: —H, BAC:
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Fig. 46d Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0.T =25 °C. m;p,=56.6 mg.
[BA]o = 1.46 mM, [Cu(I1)]o = 1.50 mM, [BC]o = 10.75 mM
BA: —A Cu(ll): —@, BHA: —H, BAC:
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Fig. 46e Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0.T =25 °C. m;p,=56.6 mg.
[BA]o = 1.53 mM, [Cu(Il)]o = 1.95 mM, [BC]o = 10.98 mM
BA: —A Cu(ll): —@, BHA: —H, BAC:
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Fig. 46f Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH = 2.0. T = 25 °C. mqy0,=56.6 mg.
[BA]o = 1.66 mM, [Cu(Il)]o = 1.12 mM, [BC]o = 10.56 mM
BA: —A Cu(ll): —@, BHA: —H, BAC:
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Fig. 469 Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0.T =25 °C. m;p,=28.1 mg.
[BA]o = 1.48 mM, [Cu(l1)]o = 1.57 mM, [BC]o = 10.79 mM
BA: —A Cu(ll): —@, BHA: —H, BAC:

87



Concentration (mM)

0 30 60 920 120 150
Time (min)

Fig. 46h Predicted (solid lines) and experimental (symbols) concentration-time profile for BA
selective oxidation.
pH =2.0. T = 25 °C. mryp,=42.5 mg.
[BA]o = 1.51 mM, [Cu(I)]o = 1.62 mM, [BC], = 10.81 mM
BA: —A Cu(ll): —®, BHA: —H, BAC:
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5.4 Summary

The TiO, photocatalytic selective oxidation of benzyl alcohol to benzaldehyde and
benzaldehyde to benzoic acid in the presence of cupric ions in water, at pH = 2.0, under
deareated conditions has been investigated aiming at clarifying the reaction mechanism.

A reaction mechanism with competitive adsorption has been proposed in which the aromatic
substrates get adsorbed by TiO, surface and react with the positive holes. Whereas, Cu(ll)
ions are reduced to Cu(0) by the photogenerated electrons.

According to the proposed reaction scheme, a Langmuir-Hinshelwood kinetic model, not
previously reported, has been proposed by writing a set of mass balance equations for the
main species involved in the photocatalytic oxidation process.

The resulting mathematical model has been tested by using the data collected at different
starting substrates concentrations and resulted capable to predict satisfactorily the
concentrations of Cu(ll) species and organic substrates during the selective photo-oxidation
process.

The effect of SO3~ and H,PO; species, which compete with benzyl alcohol for the reaction
with positive holes on the catalyst and behave as scavengers towards surface HO radicals, has
been included in the model.

The values of the rate constants of reactions of the holes with benzyl alcohol (kga,n),
benzaldehyde (kgua/n), Cu(l) species (kcyay/n), and inorganic (SO3~ and H,POZ) anions
(kgc/n) have been estimated by a proper optimizing procedure. The following values (M~ -
s™') have been respectively found: ks, =3.80 - 10° £ 3.25 - 103, kpya,n =3.00-10* £
3.15- 103, keymy/n = 4.65 - 103 £9.52- 10, and kgcyy =1.47 - 10° + 4.33 - 10°.

The optimized value for the adsorption equilibrium constant for the pseudo-component BC
(Kgc = 95.3 + 24.3 M~1) is close to that reported in the literature for the adsorption of sulfate
ions on pure anatase TiO,.

In conclusion, the developed model validates the main reactions previously considered on a
qualitative approach and may be used for the performance prediction of a TiO,-photocatalitic

oxidation process of aromatic alcohols in water and in presence of cupric ions.
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6 EFFECT OF THE STRUCTURE OF THE ORGANIC
SUBSTRATE

In the present chapter, the investigations of the capability of TiO,/Cu(ll)/hv system to
promote a selective TiO, photo-oxidation of some substituted benzyl alcohols in water, in
absence of oxygen, is reported. In particular, the effect of the chemical structure of the
substrates has been studied on the selectivity for partial oxidation to the corresponding
substituted benzaldehyde. The choice of the species under examination has been based on
some reports indicating an effect of ring substituents on the selectivity to the desired products
during TiO,-photoxidation“®". With this aim, attention has been focused on TiO, photo-
oxidation of benzyl alcohol, hydroxybenzyl alcohols (ortho (2HBA), meta (3HBA) and para
(4HBA) isomers), 4-nitrobenzyl alcohol (4NBA), and methoxybenzyl alcohols (ortho
(2MBA\) and para (4MBA) isomers) into the corresponding aldehydes and acids, adopting the
same optimal experimental condition found as in the fourth chapter: pH = 2.0 (with H3PQOy,),
TiO; (Aldrich pure anatase) load = 200 mg/L. Cu(ll) ions have been introduced in the reactive
solution as cupric sulfate pentahydrate (CuSO,4-5H,0). In these studies, the batch anular glass

reactor, described in the third chapter (figure 29), has been used.

6.1 Oxidation of hydroxybenzyl alcohols (HBAS)

The photocatalytic oxidation of hydroxybenzyl alcohols to the corresponding aldehydes
proceeded with lower conversions and selectivities than those obtained with aqueous
solutions containing benzyl alcohol (BA) as substrate (figure 47a and b) under the same
operating conditions. From figures 47a and b, it is clear that the photoreactivity of the
investigated alcohols follows the sequence: BA > 3HBA > 2HBA =~ 4HBA. The profiles of
the concentration of cupric ions and hydroxybenzoic acids during the photocatalytic oxidation
of the different substrates are shown in figures 48a and b. It is immediately evident from these
diagrams that the reactivity for the photoreduction Cu(ll) ions (figure 48a) follows the same

sequence reported for alcohol consumption (figure 47a).
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Fig. 47 Benzyl and Hydroxybenzyl alcohol photo-oxidation: conversion of Benzyl and
Hydroxybenzyl alcohols (a) production of Benzaldehyde and Hydroxybenzaldehydes (b).
[Cu(1)]o = 0.50 mM. [Alcohol]o = 0.50 mM. pH =2.0. T = 25 °C.

TiO; (Aldrich, pure anatase) = 200 mg/L.
® BA-BHA. B 2HBA-2HBHA. A 3HBA-3HBHA. ¢ 4HBA-4HBHA.
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Fig. 48 Benzyl and Hydroxybenzyl alcohol photo-oxidation: Cu(ll) reduction (a) production

of Benzoic and Hydroxybenzoic acids (b).

[Cu(11)]o = 0.50 mM. [Alcohol]o = 0.50 mM. pH = 2.0. T = 25 °C.

TiO, (Aldrich, pure anatase) = 200 mg/L.
@ Cu(l1)-BAC. H Cu(ll)-2HBAC. A Cu(I)-3HBAC.

Cu(l1)-4HBAC.
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When Cu(ll) species was completely reduced into Cu(0), i.e. at 60 min for BzA, 90 min for
3HBzA, and 120 min for 2HBzA and 4HBzA, no further consumption of alcohols (figure
47a) nor production of both aldehydes and benzoic acid derivatives was observed (figure 47b
and 48b).

In particular, when all cupric ions have been reduced to Cu(0), the oxidation stopped and
conversions percentages of 55.5 % of BA, 48.2 % of 3HBA, 42.1% of 4HBA and 44.1% of
2HBA have been recorded.

The oxidation yields to the corresponding aldehydes, estimated at reaction times where
complete reduction of cupric ions into Cu(0) has been observed, equal to 31.3% (BHA),
21.6% 4-hydroxybenzaldehyde (4HBHA), 11.5% 3-hydroxybenzaldehyde (3HBHA) and
20.2% 2-hydroxybenzaldehyde (2HBHA) have been found (figure 47b). The results, reported
in figure 48b, indicate that the investigated system is capable of partially converting the
aldehydes to the corresponding carboxylic acids. The oxidation yields to hydroxybenzoic
acids are higher for all hydroxybenzyl alcohols (2HBA, 3HBA and 4HBA) than that of BA to
benzoic acid (BAC).

A possible explanation of the observed trend in the oxidation reactivity can be given on the
basis of some indications reported in the literature!®. It has been demonstrated that
benzoquinone is present in the reacting medium during hydroquinone photodegradation
promoted by TiO,. In particular, benzoquinone is reported to form, as a result of
hydroquinone oxidation by the positive holes hyg, and to reduce to the latter by the photo-

generated electrons (ecg), as reported in figure 49:

(o]

—Ca @ + 2H benzoquinone

]

hydroquinone

Fig. 49 Keto-enolic oxy-reductive tautomerism of hydroquinone
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This effect, well-known as the keto-enolic oxy-reductive tautomerism of hydroguinone,
reduces the concentration of the substrate in the reacting solution and considerably diminishes
the rate of its degradation. The delay in the selective TiO, photo-oxidation of 2HBA, 3HBA,
and 4HBA with respect to BA can then be ascribed to the possibility of establishing, at least
for two of the hydroxyl alcohols studied, a keto-enolic oxy-reductive tautomeric equilibrium
with the formation of quinone methide species, by analogy to that reported for hydroquinone.
Quinone methides are widely occurring reactive intermediates in the chemistry of phenols and
are generated by processes of photoinduced electron transfer involving transient phenolic
species.

In detail, for 2HBzA and 4HBzA, a similar reactivity has been recorded. The oxidation of
both ortho and para hydroxybenzyl alcohols by two photogenerated hig gives quinone
methide species, which react with two photogenerated ecg to regenerate the phenolic forms,

as reported in figure 50:

QUINONE
METHIDE

OH
CHOH
O
O
oht | | 2¢; 4 i
VB CB 2h'-.,.-'|3 2935
CH-0OH CH-0OH
HO
OH

2HBA 4HBA

Fig. 50 Keto-enolic oxy-reductive tautomeric equilibrium with the formation of quinone
methide species from 2HBA and 4HBA.
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Since for 3HBA, a higher reactivity than that of 2HBA and 4HBA but lower than that of BA
was observed, a slightly different explanation can be found. In this case, a consideration of
structure indicates that its oxidation involves only one photogenerated hole with the formation
of aromatic radical species which, capturing one electron from the conducting band of TiO,,

gives rise to the equilibrium shown in figure 51.

CH-0OH CH.OH
h\/B
— + HF
OH €cs o)

3HBA

Fig. 51

Since no quinonic form can be written for the radical species at the right side of the last
reaction, it can be concluded that its stability is lower than that of the quinone methide of
4HBA and 2HBA.

Therefore, it can be expected that in the case of the last two species, when they undergo
photocatalytic oxidation, the fraction present in the solution as free alcohol is lower than in
the case of 3HBzA, thus showing reactivity lower than that recorded for the latter. On the
other hand, the reactivities of all three substrates (2HBA, 3HBA and 4HBA) are always lower
than that of BzA since it can neither be involved in a keto-enolic oxy-reductive tautomeric
equilibrium nor in one similar to that reported for 3HBzA. The observed lower
photoreactivity of hydroxybenzyl alcohols with respect to benzyl alcohols results in the
presence of a higher residual Cu(ll) concentration, at each reaction time (Fig. 48a), and in a
more competitive oxidation reaction of hydroxybenzyl aldehydes to hydroxybenzoic acids

(positive holes being for both alcohols and aldehydes the oxidant).
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6.2 Oxidation of methoxybenzyl alcohols (MBAS)

In figure 52, the concentration profiles for the consumption of BA, 2MBA, and 4MBA are
compared, whereas figure 53 shows the concentration profiles of corresponding aldehydes
(BAD, 2MBAD and 4MBAD) and benzoic acids (BAC, 2MBAC and 4MBAC) generated by
their oxidation. A slightly more marked reaction rate (only for 4AMBA) and conversion
degrees (for both methoxybenzyl alcohol isomers) have been recorded relative to benzyl
alcohol.

Similar results have been previously observed for 4AMBA only™® and ascribed to the presence
of methoxy group on the aromatic ring, an electron-donor substituent favoring the abstraction
of an electron in the OH group by a positive hole. Nevertheless, the higher consumption of
2MBA and 4MBA does not result in higher yields to the corresponding aldehydes (2MBHA
and 4MBHA) than BHA. Whereas, further oxidation of the last species forms the related acid
derivatives, i.e. 2MBAC and 4MBAC, in concentrations equal or higher than that of BAC
produced by the BAD photo-oxidation. In particular, for 2MBHA (solid green squares in
figure 53), after 60 min treatment, its concentration rapidly decreases.

Separate experiments (figure 54) demonstrated that this species undergoes a direct photolysis
(only UV), not resulting in the production of 2MBAC, which explains its partial degradation
during the selective oxidation of 2MBA. On the other hand, no evidence of consumption for
direct photolysis has been recorded for 4MBHA (data not shown). Whereas, a more
pronounced conversion is obtained for the latter than for BHA to the carboxylic acids (figure
54). This is probably due to the electron-donating effect of the methoxy group on the aromatic

ring which favours the reaction with the positive holes.
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Fig. 52 Photo-oxidation of Benzyl and Methoxy benzyl alcohols: Benzyl and Methoxybenzyl
alcohol conversion.
[Cu(1)]o = 0.50 mM. [Alcohol]o = 0.50 mM. pH =2.0. T = 25 °C.
TiO, (Aldrich, pure anatase) = 200 mg/L.
e BA, ¢+ 2MBA, m 4AMBA
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Fig. 53 Photo-oxidation of Benzyl and Methoxy benzyl alcohols: Benzaldehyde and
Methoxybenzaldehydes yeld (full symbols) and Benzoic and Methoxybenzoic acids
production (empty symbols).

[Cu(1)]o = 0.50 mM. [Alcohol]o = 0.50 mM. pH =2.0. T = 25 °C.

TiO, (Aldrich, pure anatase) = 200 mg/L.

@, 0O: BHA, BAC. ¢,O: 2MBHA, 2MBAC. l,[]: 4AMBHA, 4MBAC.
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Fig. 54 Photo-oxidation of methoxybenzyl aldehydes under deaerated conditions: aldehydes
decay (full symbols) and carboxylic acids (empty symbols) production.

Direct solar photolysis (without TiO, and Cu(ll) and with [2MBHA], = 0.50 mM ):
2MBHA

Photo-oxidation by TiO,/Cu((I1)/hv system:
[Cu(ID]o = 0.50 mM. [BHA], = [BHA]o = 0.50 mM. pH =2.0. T = 25 °C.
TiO, (Aldrich, pure anatase) = 200 mg/L.
@®,0: BHA, BAC. I1,[1: 2MBHA, 2MBAC.
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6.3 Oxidation of 4-nitrobenzyl alcohol (4ANBA)

The concentration profiles for the oxidation of 4ANBA (full symbols) and the production of 4
nitrobenzaldehyde (4ANBHA) (empty symbols) with TiO,/Cu(ll)/hv and TiO,/hv systems are
shown in figure 55.

A rather different behavior of 4ANBA substrate has been shown when compared with that of
benzyl alcohol (figure 55, crosses). The disappearance of 4ANBA proceeded along different
pathways, one of which did not require, for its activation, the presence in the reacting solution
of Cu(ll) and contributing significantly to conversion of the substrate with a low selectivity to
ANBHA.

Although the reaction rate of 4ANBA with TiO,/Cu((ll)/solar hv system seems comparable
with the reactivity of BA, a detrimental influence due to the electron-withdrawing effect of
nitro (-NO,) group present on the aromatic ring™*® cannot be ruled out since it was clear that
the rate of disappearance of 4NBA was strongly sustained by its photodecay in the presence
of the sole TiOy/solar hv.

A low selectivity of 5.2%, for a 50% conversion of the substrate, has been observed in the
case of the oxidation of 4NBA into 4ANBHA by the system TiO,/Cu((Il)/solar hv. This result is
in agreement with those previously reported (3.3-5.3%) by others*® and can be easily
ascribed to the relevance to the disappearance of 4ANBA of its photodecay in the presence of
only TiO, without oxygen (figure 55, red solid squares), which showed negligible selectivity
to the corresponding aldehyde (figure 55, red open squares).

Moreover, as reported in figure 56, 4ANBHA, which is the desired product, is efficiently
photoconverted, with clear production of 4-nitrobenzoic acid (empty symbols), by direct solar
photolysis (hv) or TiO,/hv system, thus indicating the absence of any further relevant effect

due to the presence of Cu(ll) in the reacting system (solid diamonds).

100



Normalized concentration

10 3 1,0

0.8 - - 08
= =
E = 2
= =
2 067 - 0.6 .2
- g =
= = g
= = 2
S 04 A 04 T &
= S 2
= =2

02 - 02 3

0,0 -_ﬁ:. E 5 ﬁ : . 0,0

0 50 100 150 200

Time (min)

Fig. 55 4-Nitrobenzyl alcohol (4NBA), benzyl alcohol (BA) consumption and 4-
nitrobenzaldehyde (4ANBHA), benzaldehyde (BHA) formation under
deaerated conditions.

TiOz/Cu(Il)/hv system: [4NBA]o = [BzA]o = 0.50 mM. [Cu(ll)]o = 0.50 mM. pH = 2.0.
T =25 °C. TiO, (Aldrich, pure anatase) = 200 mg/L.

@, ANBA; O, 4NBHA

, BA; & BHA
TiO,/hv system: [ANBA]o = 0.50 mM. pH=2.0. T=25°C.
TiO, (Aldrich, pure anatase) = 200 mg/L.
M, ANBA; [ 1, ANBHA
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@ O: direct solar photolysis;
B[ TiOy/hv. TiO, (Aldrich, pure anatase) = 200 mg/L.
: TiO,/Cu(ll)/hv. TiO, (Aldrich, pure anatase) = 200 mg/L. [Cu(1)]o = 0.5 mM
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On the basis of the previous results and following literature suggestions, the TiO, catalytic
photo-transformation of 4NBA and 4NBHA with or without Cu(ll) can be ascribed to
different kinetic contributions (figure 57). First of all, ANBA can be photoreduced to 4-
nitrosobenzyl alcohol (4NsBA) and successively to 4-aminobenzyl alcohol (4ABA) by a
transfer of photoinduced electrons (ecg) from the TiO, surface to 4ANBA and 4NsBA. Several
Authors have shown that the photoinduced reduction of nitroaromatics by TiO, catalyst,
under aerated or deaerated conditions, in organic solvents or in acidic aqueous suspension but
in the presence of a ‘hole scavenger’, may be used as an alternative route for fine chemicals
production®%2 For the system investigated, analytical efforts indicated the presence of
small amounts of 4ABA in the reacting solution (data not shown).

Moreover, the irradiation of 4NBA in agueous media can involve an intramolecular oxidation-
reduction (photoredox reaction) in which the nitro group is reduced into nitroso group and
concurrently the alcoholic group is oxidized to aldehydic group to give p-nitrosobenzaldehyde
(4NsBHA\) as the major product'®. In addition to the photoredox reaction, the same group of
Authors, reported that the photolysis of 4NBzA produces a significant amount of
azoxyaldehyde (AZOAD), whose presence gives a yellow color to the solution*®! as
observed in the present investigation after the photolytic treatment with TiO,/hv. Since Cu(ll)
competes with 4NBA and 4NsBA for the reactions with the photogenerated electron, the
addition of cupric ions to the reacting solution (TiO2/Cu((ll)/hv) increases the selectivity to
ANBHA | as shown in figure 55. The latter, once formed, reacts (figure 56) following different
photoreactive pathways, as shown in the scheme reported in figure 57.

For direct photolysis, without TiO, catalyst and Cu(ll), 4ANBHA is partially converted to 4-
nitrobenzoic acid (4NBAC). These results are in agreement with those previously collected by
others!* %! who reported the photo-isomerization of 4NBHA into p-nitrosobenzoic acid
(4NsBAC) in water and indicated it as a photoredox reaction. The last one, for direct
photolysis, leads, in part, to the formation of 4ANBAC.

In presence of TiO,, 4NsBAC can also be selectively oxidized to 4NBAC, by reacting with
the positive hole, as reported by others!'®®!. On the other hand, the 4ANBAC, by reacting with
the photogenerated electron, can be reduced to 4NSBAC. For this reason, when TiO; is
present in reacting solution, the addition of Cu(ll) ions results into an increase of selectivity
from 4NBHA to 4NBAC due to the fact that Cu(ll) competes with ANBAC for the reaction
with the photogenerated electrons.
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6.4 Summary

In the present work, the possibility of selective oxidation of hydroxybenzyl alcohols (ortho,
meta and para isomers), 4-nitrobenzyl alcohol, and methoxybenzyl alcohols (ortho and para
isomers) to the corresponding aldehydes in aqueous solution, at room temperature, under
acidic (pH = 2.0) and deaerated conditions, has been evaluated using the photocatalytic
system TiO,/Cu(Il)/hv system. For each run, at the end of the process, the complete reduction
of Cu(Il) into Cu(0) has been observed. The presence of a hydroxy, methoxy, or nitro group
in the alcohol molecule markedly affects the maximum yield (table 8) of the partial oxidation
of the selected substrate. In particular, both electron donating or withdrawing effects of the
substituent groups have a detrimental effect on the selectivity of the process with respect to
that observed for the unsubstituted benzyl alcohol. A partial conversion of aldehydes into the
corresponding benzoic acid derivatives has also been observed. Different reactivities and
selectivities to desired products have been registered during the experiments, according to the
positions of the substituent group investigated on the aromatic ring. However, the selectivity
values, recorded during the present investigation, indicate that the proposed system is a poor
tool to achieve selective conversion of the substituted alcohols investigated into the
corresponding aldehydes in aqueous solution.

The highest yields in aldehyde among the corresponding alcohol conversions and selectivity

values are reported below in table 8, for each substituted benzyl alcohol studied:

Time  Yield in Aldehyde  Alcohol Conversion  Selectivity

(min) (%) (%) (%)

BA 60 31 54 57
2HBA 120 20 44 45
3HBA 90 12 46 26
4HBA 120 22 40 55
2MBA 60 15 55 27
4MBA 30 19 45 42
ANBA 45 11 45 24

Tab.8 Comparison of yield, conversion and selectivity values obtained from the selective

oxidation of substituted and unsubstituted benzyl alcohol with TiO,/Cu(ll)/hv system.
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7 SCALE UP AND PRECIPITATE
CHARACTERIZATION

In the present chapter, the possibility to adopt the TiO,/Cu(ll)/hv system, by direct use of the
solar radiation daily arriving on the earth surface, for the selective oxidation of benzyl
alcohol to benzaldehyde in water has been taken in consideration. The effect of the solar
radiation (300< A <800 nm) on the system behaviour has been studied, using the solar
photocatalytic pilot plant described in the experimental section (figure 31), at different
operating conditions, changing the:

e TiO, photocatalyst type;

e  Cu(ll) initial concentration;

e irradiance of solar radiation.
TiO, load and pH values have been fixed (TiO, load = 200 mg/L and pH = 2.0) according to
those adopted in previous chapters of this thesis and in other studies™”. HsPO, and CuSO,

have been selected to adjust the pH and used as source of Cu(ll) ions respectively.

7.1 Effect of TiO, type

The results obtained during different experimental runs of solar photo-oxidation of benzyl
alcohol, with two different typologies of commercial TiO, samples, at the same load (200
mg/L), are shown in figures 58a and 58b and have been reported in function of the accumulate
energy (Qn).

The runs have been carried out in two consecutive days. At the end of first day, when the
reactor has been covered, the UV-irradiances (wavelength 300-400 nm) and temperatures
decreased (see figs 58a and 58b). During the runs, measured UV-irradiances approximately

ranged between 40 and 50 W/m? approximately (fig. 58b, continuous lines).
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Fig. 58 Effect of TiO, type: BA solar photoxidation (squares) and temperatures profiles

(dashed lines) (a); Cu(ll) solar photoreduction (squares) and UV-irradiance

(continuous lines) (b).

[BA]o = 1.5 mM. [Cu(ID], = 1.5 mM. Initial TiO, load = 200 mg/L. pH=2.

56a: (M, - - -) Aldrich TiO,, (M, - - -) P25 Degussa TiO..

56b: (M, —) Aldrich TiO,, (ll, —) P25 Degussa TiO,.
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As shown in the diagrams, the reactivity of the system is higher when TiO, P25 by Degussa is
used instead of the TiO, Aldrich catalyst. In particular, in presence of P25 Degussa sample
(blue symbols), for a Q, value of 123 kJ/L, the BA concentration approached zero (figure 58a)
and Cu(ll) ions were totally reduced (figure 58b). Whereas, if Aldrich TiO, sample is used
(red symbols), about 27% of initial benzyl alcohol and Cu(ll) ions were still present in the
solution.

The higher reactivity observed for the system in presence of P25 Degussa TiO; is in
disagreement with the earlier results, reported in the fourth chapter in figures 33 and 35, that
show a similar reactivity when P25 Degussa and Aldrich TiO, catalysts are used in presence
of UV radiation emitted by a laboratory thermostated lamp.

This discrepancy may probably be due to the different emission spectra characterizing the
lamp and the sun as well as different light absorption characteristics, in the range of 300-800
nm, of the two used catalysts.

Moreover, the different reactivities, recorded in the solar experiments, could be also attributed
to the differences between the averages of the measured temperatures: 38.6 °C and 34.3 °C for
runs carried out in presence of Degussa P25 (blue dashed lines) and Aldrich TiO2 (red dashed
lines) catalysts respectively (figure 58a).

As shown in figure 59, the BA solar photocatalytic oxidation resulted in the production of
BHA (diamonds), for Aldrich (red symbols) and P25 Degussa (blue symbols) TiOz2 catalysts,
and BAC, an undesired product that derives from the reaction between the positive
photogenerated holes on the TiO2 surface and benzaldehyde. BAC yields are also reported in
the same figure (triangles). According to previous results, the highest BHA production rates
were obtained in presence of P25 Degussa TiO2. Moreover, for this catalyst, the maximum
BAC production rate was reached at the highest yields of BHA.

However, for accumulated energy values higher than 80 kJ/L, when the unconverted BA
concentration was less than 20% of its initial concentration (figure 58a, blue squares), a
decrease in BHA yield with respect of initial BA amount, from 53.3% to 45.5%, has been
observed using P25 Degussa TiO, samples. This result can be explained by considering a
competition between the BA and BHA molecules in the reaction with the photogenerated

positive holes on the TiO; surface.
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Fig. 59 Effect of TiO, type on the BHA and BAC production.
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The BHA selectivity, with respect to BA consumption, has been calculated and reported in
figure 60 for both TiO; types. As shown in the diagram, it seems that the use of Aldrich TiO,
sample renders the system more selective, reaching, for Q, values of 130 kJ/L, BHA
selectivity values close to 70% (in presence of P25 Degussa, only a value of 50% has been
obtained at the same Q).

The highest selectivity achieved in presence of Aldrich TiO, sample is correlated to the lower
degree of conversion (figure 58a, red squares) when compared with the test in which Degussa
P25 is used (figure 58a, blue squares).

TOC measurements collected during the runs are also reported in figure 60, in terms of
mineralization degrees (dashed lines). The trends are very similar, with a degree of
mineralization at the end of the experimental runs of 9% and 7% in presence of P25 Degussa
and Aldrich TiO, respectively.
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Fig. 60 Effect of TiO, type on the BHA selectivity (full cyrcles) and mineralization degree
(dashed lines).
[BA]o = 1.5 mM. [Cu(Il)]o = 1.5 mM. Initial TiO, load = 200 mg/L. pH=2.0.
Aldrich TiO,: (@) BHA selectivity, (---) mineralization degree.
P25 Degussa TiO,: (@) BHA selectivity, (---) mineralization degree.
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7.2 Effect of cupric ions concentration

To evaluate the effect of the initial concentration of Cu(ll) ions, some experimental runs of
solar photoxidation of benzyl alcohol have been carried out with Aldrich TiO, at the load of
200 mg/l and pH = 2.0, varying the CuSO;, starting concentration (0.5 mM, 1.0 mM and 1.5
mM).

As shown in figures 61a and 61b, the temperatures and UV-irradiances profiles (solid and
dashed lines) are so similar to be considered equals for the three runs.

With Cu(ll) and BA starting concentrations of 0.5 mM and 1.5 mM respectively, the BA
oxidation stopped for Q, values close to 35 kJ/I where a complete reduction of cupric ions has
been observed (green triangles).

The highest Cu(ll) initial concentration (1.5 mM) resulted into a decrease of the system
reactivity and BA conversion (fig. 61a, blue circles) and, at the same time, the Cu(ll)
reduction rates decrease. According to the results reported in figure 39 of the fourth chapter
and reactions ry; and rp4, shown in the fifth chapter, the observed results are due to a partial
catalyst deactivation by the adsorbed sulphate ions which may block the TiO, active sites (s*).
In addition, they are due to an inhibition of BA photo-oxidation rates because these ions are in
competition with BA molecules in the reaction with the positive holes.

In fact, since Cu(ll) species have been added to the reactive solution as cupric sulphate,
increasing the initial concentration of Cu(ll) ions results into an increase of sulphate
concentration and, consequently, into a decrease of system reactivity.

In figure 62, the experimental concentration profiles of BHA and BAC (full and empty
symbols) that are in agreement with BA concentration trends shown in figure 6la are
reported. In particular, the best result found, in term of yield, has been of 43% for BHA,
starting with [Cu(I1)]o = 1.0 mM, for a accumulated energy value of 67 kJ/L. For all the runs,
the selectivity was always higher than 67% and the mineralization degrees were lower than
4.5% (data not shown).
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Fig. 61 Effect of initial Cu(ll) concentration on the BA and Cu(ll) concentration profiles: BA

solar photoxidation and temperatures profiles (6a); Cu(ll) solar photoreduction and UV-

irradiances profiles (6b).

[BA]o = 1.5 mM. Initial TiO, (Aldrich) load = 200 mg/L. pH = 2.0.

56a: (A,
56b: (A,

) [Cu(ID)]o=0.5mM, (l,—) [Cu(I)]o= 1.0 mM, (®—) [Cu(I]o= 1.0 mM,
) [Cu(ID]o=0.5mM, (l,-—) [Cu(I]o= 1.0 mM, (®,--) [Cu(I]o= 1.0 mM,
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Fig. 62 Effect of initial Cu(ll) concentration on the BHA and BAC concentration profiles:
BHA (full symbols) and BAC (empty symbols) productions.
[BA]o = 1.5 mM. Initial TiO; (Aldrich) load = 200 mg/L. pH = 2.0.
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113



7.3  Effect of irradiance and temperature

As previously shown in figures 58b and 61b, the Cu(ll) concentrations are characterized by a
s-shaped profile and, in particular, when the solar UV radiations and reactor temperatures
reached the top, a marked increase of Cu(ll) reduction rate has been observed. With the aim to
better assess the relationship between the changes of both irradiances and temperatures during
a solar run and the s-shaped of cupric ions concentration profile, a set of three laboratory
photolytic experiments, with Cu(ll) initial concentration equal to 0.5 mM, have been carried
out at three different irradiances, kept constant during a single run and under controlled
solution temperature (T=35 °C). For this purpose, the solar box apparatus, described in the
experimental section (figure 30), has been used. Since the internal diameters of CPC solar
reactor tubes and the solar box vials are 31 mm and 24 mm respectively, the TiO; load that
maximizes the adsorption of UV radiation emitted by solar lamp is higher than that used for
solar experiments carried out in CPC reactor.

The optimum TiO, concentration (Cc.), for which the optical thickness equals that of CPC

reactor configuration (t=9.12) can be easily calculated as suggested by others™"%¢!:

Ccat (G‘l‘k) . d 58 mg/

where o is the scattering coefficient (1.295-10° m?kg), k is the catalyst specific mass
absorption (1.75-10° m?/kg) and d the internal tube diameter (24 mm).

As shown in figure 63, by increasing the UV irradiance from 39.5 W/m?to 59.7 W/m?, the
Cu(Il) photoreduction rate increases.

A parallel increase of BA oxidation rate has also been observed (data not shown). The results
collected during these runs indicate that, under controlled temperature and irradiance, no S-

shaped concentration profile has been recorded.
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Fig. 63 Effect of irradiance on the Cu(ll) concentration profiles.
[BA]o = 1.5 mM. [Cu(ID)]o = 0.5 mM. Initial TiO, (Aldrich) load = 258 mg/L.
pH=2.0and T =35 °C.
UV Irradiance (solar box): A 39.5 W/m?, M 49.0 W/m? , @ 59.7 W/mZ.
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7.4  Figure-of-merit: collector area per mass

To estimate the operating costs of sole natural radiation, the figure-of-merit concept, proposed
by othersi*® has been used. For solar-energy-driven systems, the figure-of-merit allows the
assessment of the solar technology efficiency used for the investigated process. In fact, even if
there is no cost for solar radiation, there could be a non-marginal capital cost for the collector.
Being the capital cost of a solar collector generally proportional to its area, a figure-of-merit,
based on the solar collector area, is appropriate.

For the adopted experimental batch conditions, the appropriate figure-of-merit is the collector

area per mass (Acwm), defined as the collector area required to reduce a unit mass of substrate

in the reacting system in 1 hour (t,) for an incident solar irradiance of 2000 W m™ (Eg):

1000-A, -t - E,
M'Vt'tO'E__g'(Ci— Cf)

Acy =

where A, (3.19 m?) is the real collector area, M is the molar mass of the substrate (108.14
g/mol), V¢ (39 L) is the volume of treated solution, E; (814.6 W/m?) is the average direct
solar irradiance over the reaction time t (4.83 h), ¢j and ¢t are respectively the initial and final
substrate concentrations (mol/l), Eg is the standardized irradiance (1000 W/m?, based on the
AML.5 standard solar spectrum on a horizontal surface)!*!%, and t, is the reference time (1 h).

On the basis of the previous formula, an average value of Acy = 3.08:10° m? per kilogram of

benzyl alcohol consumed per hour has been thus calculated for the collector area per mass
(200 mg/L of Aldrich TiO,, pH=2.0, [Cu(ll)]o = 1.0 mM, and [BA], = 1.5 mM).
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7.5 Copper reuse and analyses of precipitated solid

The possibility to reuse the reduced copper, as catalyst, has been tested by carrying out an
experimental run, by using the CPC solar reactor, consisting in three cycles of BA photo-
oxidation. When all Cu(ll) species has been totally reduced into precipitate copper, its
reoxidation has been carried out, in dark conditions, under air bubbling in the recirculation
tank for 30 minutes. At the end of the first cycle, the reactive solution has been re-purged with
nitrogen gas, for other 30 minutes, to remove the dissolved oxygen and a new photocatalytic
cycle has been started. The experimental results, reported in figure 64, pointed out that it’s
possible, for each cycle, to reoxidize completely the precipitate copper to cupric species
(empty blue diamonds).

During the first two cycles of BA solar photo-oxidation, no particular changes have been
observed on the reactivity of the system. Whereas, during the third cycle, a decrease of both
BA consumption and BHA production rates have been observed. This behavior could be
explained by considering that the solution composition changes during the experimental run.
In particular, at the beginning of the 3" cycle, BA conversion and BHA yield have been 43%
and 33% respectively thus favoring competition kinetics between BA and BHA, both
adsorbed on TiO; surface, towards the reaction with the photogenerated holes.

The BHA selectivities of the process for the three photocatalytic cycles are reported in figure
65. As shown in the diagram, the highest selectivities (up to 100%) have been obtained in the
first cycle, whereas lower selectivities have been observed during the second (close to 75%)
and the third cycle (close to 40%) thus supporting the idea that, increasing the reaction time,
there is an intervention of undesired oxidation reactions of BHA once produced.

After each photocatalytic cycle under anoxic conditions, the solid has been separated from the
solution, stored under inert atmosphere and submitted to SEM, EDS, XRD, and XPS analysis
in order to better investigate the distribution of copper deposited on the solid and its oxidation
states.

The images and the results obtained from SEM and EDS analysis are reported in Appendix 2.
In particular, from the EDS investigations, Ti/Cu atom ratios, for the solids, have been found
to be 97.8/2.2, 96.5/3.5 and 85.2/14.8 (w/w) for the samples withdrawn at the end of the first,

second and third cycle respectively.
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Fig. 64 Copper reuse: Normalized concentration profiles for Cu(ll), BA, BHA and BAC.
[BA]o = 2.5 mM. [Cu(ID]o = 0.5 mM. Initial TiO, (Aldrich) load = 200 mg/L. pH = 2.0.
<& Cu(ll), ® BA, B BHA, A BAC.
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Fig. 65 Copper reuse: BHA selectivities during the three cycles.
[BA]o = 1.5 mM. [Cu(ID]o = 0.5 mM. Initial TiO, (Aldrich) load = 200 mg/L. pH = 2.0.
O 1" cycle, O 2" cycle, A 3" cycle.
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The results from EDS analysis support the idea that reduced Cu species, formed during the
photo-oxidative runs and accumulated on TiO, surface, increase from the first cycle to third
one up to 17.4% by weight. The increase of Cu amount on TiO, is probably due to the
deposition of a part of photocatalyst powders, during the experimental run, in the recirculation
tank and/or along the hydraulic connections of the plant, thus decreasing its active load
available in the solar photo reactor. Consequently, a reduction of BA consumption and BHA
production rates, really observed, occurred, in particular during the third cycle.

A typical XPS spectra for the solid samples, reported in figure 66, show different peaks. The
peaks at 932.8 eV and 952.6 eV indicate the predominant presence of copper reduced species
(+1/0) as previously reported by others?® % 1 \Whereas, the existence of peaks at 935.4 eV
and 955.2 eV can be attributed to the presence of cupric species!®, such as CuO, probably an

artifact produced during the preparation of the sample before the XPS analysis.
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: Cu(0/+1)
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Fig. 66 XPS spectra for the solid sample after the photocatalytic oxidation run.
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Unfortunately, no results have been obtained from XRD analysis. This is because the amount
of Cu reduced species accumulated on the TiO, surface (max 17.4%) is below XRD detection
limit that is about 50% (w/w), as reported earlier. For this reason in figure 65, where the

results of XRD analysis have been reported, only the peaks relative to anatase appear.
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Fig. 67 XRD analysis.

Therefore, it is possible to hypothesize that the oxidation of precipitate copper begins with the

reaction between metallic copper and oxygen, as reported below:

Cu(0) + 0, — Cu(l) + 05~
Cu(l) + 0, —» Cu(Il) + 03~

The superoxide radical, in presence of H*, is in equilibrium with the hydroperoxide radical:

05" + H* & HO;

The hydroperoxide radical can terminate, leading to the formation of hydrogen peroxide, or

can react with the cuprous ions reducing them to cupric ions M21%3:
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2HO; — H,0, + 0,
HO3 + Cu(Il) -» Cu(l) + H* + 0,

The Cu(l) ions can contribute to the production of HO" radicals in the bulk from the Fenton-

like reaction™!:
Cu(I) + H,0, — Cu(Ill) + HO®* + HO™
The HO' radicals, generated in the last reaction, can oxidize Cu(l) ions to Cu(ll) or can attack

the organic substances present in the solution (BA, BHA, and BAC) leading to the formation
of undesired by-products:

Cu(l) + HO* - Cu(Il) + HO™
S+ HO® — by-products

Since the reoxidation of Cu(0), in water and in presence of O,, leads to the formation of HO’

radical, it is better to reoxidize the precipitated copper once it is separated from the solution

containing the organic substances.
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7.6 Summary

The possibility to convert benzyl alcohol into benzaldehyde by photocatalytic oxidation in
aqueous solution under natural solar radiation has been demonstrated at pilot plant scale. The
oxidation rates have been strongly influenced by the initial cupric ions concentration, incident
solar irradiance, and temperatures. The best result found, in terms of yield, is of 53.3% for
benzaldehyde with respect to the initial benzyl alcohol concentration (63.4 % of selectivity)
for an accumulated energy value (Q,) of 78.9 kJ/L (reaction time of 385 min) and operating
with an average temperature of 38.6 °C.

EPS investigations, carried out on the solids withdrawn during different photocatalytic cycles,
confirm the existence of both Cu reduced (0/+1) and oxidized species, the latter probably
produced during the sample preparation before the analysis.

The results also indicate that cupric species can be easily regenerated and reused with air or
oxygen in dark conditions.

A figure-of-merit (Acm) has been calculated to be equal to 3.08-10% m? per kilogram of benzyl
alcohol converted and per hour.
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8 CONCLUSIONS

The possibility to produce benzaldehyde through a selective oxidation od benzyl in aqueous
solution, under acidic conditions, using the photocatalytic system TiO2/Cu(ll)/hv has been
studied, in laboratory-scale and pilot plant reactors, at varying operating condition.

Four samples of TiO, characterized by different crystallographic forms and specific surface
areas have been used during some laboratory-scale experiments. The best result found has
been a yield of 35% of benzaldehyde, with respect of the initial benzyl alcohol, in presence of
pure anatase. Benzaldehyde has been also partially converted to benzoic acid. The presence of
undesired by-products, such as 2-hydroxy-benzyl alcohol, 4-hydroxy-benzyl alcohol, 2-
hydroxy-benzaldehyde and 4-hydroxy-benzaldehyde, has been demonstrated and indicated an
active production of surface HO radicals.

The sulphate and dihydrogenphosphate anions resulted to exert a negative effect on the photo-
oxidation rates of benzyl alcohol and to behave as scavengers towards surface HO radicals. A
decrease of benzyl alcohol oxidation and benzaldehyde formation rates has been observed by
increasing the pH from 2.0 to 4.0. Moreover, an increase of irradiance corresponds to an
increase of reactivity of the system.

A reaction mechanism with competitive adsorption has been proposed in which the aromatic
substrates (benzyl alcohol, benzaldehyde and benzoic acid) adsorb on TiO, surface and react
with the positive holes whereas Cu(ll) ions are reduced to Cu(0) by the photogenerated
electrons. The competition of SO;~ and H,PO, species with aromatic substances, for the
adsorption on TiO; surface and for the reaction with positive holes on the catalyst, and the
behavior of these ions as scavengers towards surface HO radicals have been included in
reaction mechanism.

The resulting mathematical model, not firstly reported, has been tested, by using the data
collected at different starting concentrations of substrates and catalyst, and results capable to
predict satisfactorily the concentrations of Cu(ll) species, organic substrates and intermediates
during the selective photo-oxidation process, thus validating the main reactions considered in
the kinetic scheme. Moreover, the values of eight parameters, unknown “a priori”, have been

estimated by a proper optimizing procedure.
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The presence of a hydroxy, methoxy or nitro group on the aromatic ring of the alcohol
molecule markedly affects the yield of the partial oxidation of the substrate investigated in the
sense that both the electron donating or withdrawing effects of the substituent have a
detrimental effect on the selectivity of the process with respect to that observed for
unsubstituted benzyl alcohol.

The results obtained with the system TiO,/Cu(ll)/hv, by using the solar radiation daily
arriving on the earth surface in a pilot-plant reactor, are in accordance with the ones collected
by using the laboratory scale reactor. In particular, the best result found, in terms of yield, has
been of 53.3% for benzaldehyde with respect to the initial benzyl alcohol concentration (63.4
% of selectivity) for an accumulated energy value (Q,) of 78.9 kJ/L (reaction time of 6.42 h)
and operating with an average temperature of 38.6 °C.

From the experiments conducted in the pilot-plant reactor, a collector area per mass of 3080
m? has been obtained. This number indicates that a collector area of 3080 m? is enough to
oxidize 1 kg/h of benzyl alcohol for an incident solar irradiance of 1000 W m™.

The results also indicated that cupric species can be easily regenerated and reused with air or
oxygen in dark conditions.

EPS investigations, carried out on the solids, withdrawn during different photocatalytic cycles
carried out with the pilot-plant, confirmed the existence of both Cu reduced (0/+1) and
oxidized species, the latter probably produced during the sample preparation before the

analysis.
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APPENDIX 1

Benzyl Alcohol
CAS number: 100-51-6 H

Benzaldehyde
CAS number: 100-52-7

Benzoic Acid

CAS number: 65-85-0
Molecular Weight: 122.12 g/mol
Melting Point: 122.41 °C
Solubility in water: 2.9 g/L

Molecular Weight: 108.14 g/mol O
Boiling Point: 205 °C
Solubility in water: 40 g/L
Purchased from: Sigma Aldrich
Purity: >299% (w/w)
O
O
OH

Molecular Weight: 106.12 g/mol

Boiling Point: 178.1 °C

Solubility in water: 3 g/L H
Purchased from: J.T. Baker

Purity: >95% (w/w)

Purchased from: Sigma Aldrich
Purity: >299.5% (w/w)

2-Hydroxybenzyl Alcohol
CAS number: 90-01-7

Molecular Weight: 124.14 g/mol

Melting Point: 83-87 °C OH
Solubility in water: 6.9 g/L

Purchased from: Sigma Aldrich o H

Purity: 99.0% (w/w)
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3-Hydroxybenzyl Alcohol

CAS number: 620-24-6
Molecular Weight: 124.14 g/mol
Melting Point: 69-72 °C
Solubility in water: soluble
Purchased from: Sigma Aldrich

Purity: 99.0% (w/w)

4-Hydroxybenzyl Alcohol H

Purity: >98.0% (w/w)
2-Hydroxybenzaldehyde
CAS number: 90-02-8

Molecular Weight: 122.12 g/mol

Melting Point: 196-197 °C H
Solubility in water: slightly soluble

Purchased from: Sigma Aldrich H

Purity: >98.0% (w/w)

3-Hydroxybenzaldehyde

CAS number: 100-83-4
Molecular Weight: 122.12 g/mol
Melting Point: 100-103 °C
Solubility in water: soluble
Purchased from: Sigma Aldrich

Purity: 97.0% (w/w)

OH

O
CAS number: 623-05-2
Molecular Weight: 124.14 g/mol
Melting Point: 114-122 °C
Solubility in water:
Purchased from: Sigma Aldrich

OH
O
H
OH

127




4-Hydroxybenzaldehyde
CAS number: 123-08-0
Molecular Weight: 122.12 g/mol
Melting Point: 112-116 °C
Solubility in water: 1.3 g/L

O H
Purchased from: Sigma Aldrich
Purity: 98% (w/w) OH
2-Hydroxybenzoic Acid

CAS number: 69-72-7 O
Molecular Weight: 138.12 g/mol

Melting Point: 159 °C OH
Solubility in water: 2.3 g/L

Purchased from: Sigma Aldrich
Purity: >99.0% (w/w)

3-Hydroxybenzoic Acid

Purity: 99.0% (w/w)
4-Hydroxybenzoic Acid
CAS number: 99-96-7
Molecular Weight: 138.12 g/mol
Melting Point: 214-217 °C
Solubility in water: 6 g/L
Purchased from: Sigma Aldrich

CAS number: 99-06-9 O OH
Molecular Weight: 138.12 g/mol
Melting Point: 201 °C
Solubility in water: slightly soluble
Purchased from: Sigma Aldrich OH
O é O H
OH

Purity: 99.0% (w/w)

128




2-Methoxybenzyl Alcohol
CAS number: 612-16-8

Molecular Weight: 138.16 g/mol
Boiling Point: 248-250 °C
Solubility in water: slightly soluble
Purchased from: Sigma Aldrich
Purity: 99.0% (w/w)

OH

2-Methoxybenzaldehyde
CAS number: 135-02-4

Molecular Weight: 136.16 g/mol
Boiling Point: 238 °C

Solubility in water: slightly soluble
Purchased from: Sigma Aldrich
Purity: 98% (w/w)

O~ __H
&OCHS

2-Methoxybenzoic Acid
CAS number: 579-75-9
Molecular Weight: 152.15 g/mol
Melting Point: 98-100 °C
Solubility in water: very soluble
Purchased from: Sigma Aldrich
Purity: 99% (w/w)

H

0.0

4-Methoxybenzyl Alcohol
CAS number: 105-13-5

Molecular Weight: 138.16 g/mol
Melting Point: 22-25 °C

Solubility in water: slightly soluble
Purchased from: Sigma Aldrich
Purity: 98.0% (w/w)

OH

2

OCHg
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4-Methoxybenzaldehyde
CAS number: 123-11-5
Molecular Weight: 136.15 g/mol
Boiling Point: 248 °C

Solubility in water: 2 g/L
Purchased from: Sigma Aldrich
Purity: 98.0% (w/w)

O

OCH,

4-Methoxybenzoic Acid

CAS number:
Molecular Weight: g/mol
Melting Point: 182-185 °C

Solubility in water: 0.53 g/L (37 °C)

Purchased from: Sigma Aldrich
Purity: 99 % (w/w)

0
/I::J/j“OH
H,CO

4-Nitrobenzyl Alcohol
CAS number: 619-73-8
Molecular Weight: 153.14g/mol
Melting Point: 92-97°C
Solubility in water: 2 g/L
Purchased from: Sigma Aldrich
Purity: 99% (w/w)

OH

3

OuN

4-Nitrobenzaldehyde

CAS number: 55-16-18
Molecular Weight: 151.12 g/mol
Melting Point: 103-106°C

Solubility in water: slightly soluble

Purchased from: Sigma Aldrich
Purity: 98% (w/w)
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4-Nitrobenzoic Acid

CAS number: 62-23-7
Molecular Weight: 167.12 g/mol
Melting Point: 237-240 °C
Solubility in water: 0.42 g/L
Purchased from: Sigma Aldrich
Purity: 98% (w/w)

OH

NO,
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APPENDIX 2

SEM and EDX Analysis

SEM and EDX Spectrum details 1th Cycle
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