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A B S T R A C T

Photocatalytic partial oxidation of tyrosol (Tyr) to hydroxytyrosol (Htyr) which is a valuable antioxidant com
pound, was carried out in a fully recirculated flow photoreactor under UVA light irradiation by using as pho
tocatalyst bare or fluorinated TiO2 immobilized on glass beads. The maximum selectivity towards Htyr obtained 
under optimized conditions in the presence of fluorinated TiO2 at pH 8.7 was approximately 12 %. Reducing the 
residence time did not result in any further improvement of reaction selectivity due to the fast overoxidation of 
Htyr.

The photocatalytic reactor was then coupled with an adsorption unit containing a home-made adsorbent 
exposing amine-stabilized boronate moieties, which showed negligible interaction with Tyr but was capable of 
selectively binding Htyr on its surface. This allowed for the complete recirculation of the reactant Tyr to the 
reactor, while the desired product Htyr could be selectively removed from the reaction medium, significantly 
limiting its parasitic overreaction. Consequently, performing the reaction in the coupled system doubled the 
selectivity towards Htyr for all configurations, providing a maximum selectivity of 25 % under optimized con
ditions, which is twice the highest value ever reported for this photocatalytic reaction.

Finally, the kinetic experimental data were modeled using the Copasi software package to elucidate the re
action pathway and estimate the apparent kinetic parameters of the photocatalytic process, both alone and in 
combination with the adsorption unit. The simulated results showed excellent agreement with the experimental 
data.

1. Introduction

Hydroxytyrosol (Htyr, 2-(3,4-dihydroxyphenyl)ethanol) is one of the 
most powerful antioxidant in nature, mostly found in leaves and fruits of 
olive trees [1]. Htyr exerts important bioactive functions, such as 
providing protection against oxidative stress in cells, acting as good 
transporter of substances through the human body due to its amphi
philic nature, and exhibiting anti-inflammatory, anticarcinogenic, 
antimicrobial, immunomodulatory, cardioprotective and neuro
protective activity [2]. These outstanding properties, along with the 
growing demand for natural ingredients in pharmaceutical, food and 
beverages, and cosmetic (especially for antiage products) industries, 
justify the high economic value of this compound. The Htyr market 

accounts for 2.3 billion dollars in 2023 and is forecasted, by the end of 
2033, to rake in revenue for 4.6 billion dollars [3].

Nowadays, the main industrial method for Htyr production is its 
extraction from olive vegetation water [4,5], a process which generally 
affords mixtures of Htyr and tyrosol (Tyr, 2-(3-hydroxyphenyl)ethanol), 
which has much lower economic value. The increasing worldwide de
mand for Htyr combined with the limitations of current extraction 
processes (large use of solvents such as hexane and ethyl acetate, 
multi-step, low yield, and time demanding steps), recently boosted the 
research towards novel and more efficient Htyr production methods. 
Htyr can be synthesized generally starting from the corresponding car
boxylic acid [6], or from other molecules such as catechol [7] and 
homovanillyl alcohol [8], using various types of protocols many of 
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which are summarized in a recent review [9]. The use of Tyr as the 
reactant is promising [10], by considering that both compounds are 
present in olive extracts, which can be therefore enriched in the more 
valuable Htyr component (Fig. 1).

Several synthetic protocols starting from Tyr have been proposed 
(see Bouguerra Neji et al. [11] and references therein), but green and 
sustainable processes are required given the use of Htyr in food and 
health care products.

Traditionally used as a tool for environmental remediation, hetero
geneous photocatalysis has been recently proposed as a promising green 
technology for selective chemical synthesis under mild conditions [12, 
13]. In particular, following the absorption of photons, in a photo
catalyst such as TiO2, charges are formed that induce redox reactions. In 
an oxygenated aqueous medium, mainly oxygen species are obtained 
that can potentially react (Reacting Oxygen Species, ROS) [14,15].

Among these, OH radicals can be produced efficiently, suggesting 
that the hydroxylation of Tyr to Htyr should occur without major dif
ficulties under photocatalytic conditions. Unfortunately, the selectivity 
towards Htyr in the presence of bare powdered TiO2 is extremely low 
because, once generated, this catecholic compound undergoes fast 
oxidation and does not significantly accumulate in the reacting medium, 
especially in batch systems. This problem has been preliminarily miti
gated by fluorinating the surface of TiO2 in order to reduce the affinity of 
Htyr for the surface of the photocatalyst [16]. As a result, the selectivity 
towards Htyr could be increased ten times with respect to the reaction 
performed in the presence of bare TiO2. However, under the best 
operating conditions, the maximum selectivity value obtained was only 
10 %.

The present work was aimed at further improving the selectivity of 
the reaction by carrying it out in a fully recirculated flow reactor and 
introducing an adsorption unit for the selective separation of Htyr 
during the process.

Continuous flow reactors are highly desirable for industrial appli
cations, because they provide several advantages over batch systems, 
such as the potential for automation, easy scale-up of the system, low 
construction and operating costs, enhancement in quality control and 
real time monitoring [17,18]. Moreover, in the case of photocatalytic 
partial oxidation reactions, this reactor configuration may allow for 
optimization of selectivity, by opportunely tuning the residence time 
[19,20].

Another way to increase the selectivity of a photocatalytic partial 
oxidation is to selectively remove the target compound from the reacting 
medium while being produced, thereby preventing its overoxidation. 
This approach has been exploited for the recovery of high value added 
compounds such as aldehydes, by coupling a photocatalytic reactor with 
a membrane separation unit [21,22]. For instance, in the case of the 
photocatalytic synthesis of vanillin, pervaporation [22] or dialysis [23]
membrane separation allowed to increase the selectivity towards the 

product [24]. In the present work this task has been faced by using an 
adsorbent material that exhibits negligible affinity for phenolic com
pounds such as Tyr, but is capable of removing from the reacting me
dium catecholic compounds such as Htyr. In this way, similarly to the 
membrane approach described above, Htyr could be selectively sepa
rated from the reacting medium, thus avoiding its overoxidation while 
the reactant could be recycled to the photocatalytic reactor. The 
adsorbent used in this investigation has been synthesized in our labo
ratory by modifying the surface of a commercial TiO2 sample with 
amino and boronic moieties. The synthetic procedure, the character
ization and the mechanism of selective binding of the catecholic moiety 
with the boronate groups have been thoroughly described in our pre
vious paper [25]. More recently, an in-depth analysis of the adsorption 
mechanism of catechol and phenol onto this material has been also re
ported [26]. By taking advantage of the extensive knowledge acquired 
on this adsorbent material, we hereby report on its effects on the 
selectivity of the photocatalytic partial oxidation of Tyr towards Htyr. 
Finally, Tyr conversion kinetics was investigated and modelled to 
elucidate the reaction pathway and to estimate the effects of different 
experimental conditions on the apparent kinetic rate constants.

2. Material and methods

2.1. Experimental set-up and modeling

Fig. 2 shows the experimental set-up.
The experimental set-up consisted of a cylindrical borosilicate pho

toreactor, an adsorbent bed, and a tank. The materials used to build the 
set-up (borosilicate glass for the reactor, Pyrex glass for adsorbent vessel 
and tank, and Chem-Durance-Bio® for tubing) did not adsorb dissolved 
organics and were inert. The photocatalytic reactor (internal diameter 
20 mm, length 300 mm) was packed with 490 glass beads (diameter 
4 mm) onto which TiO2 P25 (Evonik, ca. 80 % anatase and 20 % rutile, 
specific surface area ca. 50 m2/g) was deposited as described in Section 
2.2. The reactor was placed within a wooden box to avoid irradiation of 
the other parts of the set-up, and was externally irradiated in hexagonal 
geometry by 6 actinic lamps (Philips, 14 W each, emission spectrum 
centred at 365 nm), each of them 75 mm distant from the axis of the 
reactor. The radiation intensity impinging on the reactor was measured 
by a radiometer Delta Ohm DO9721 with an UVA probe. When only one 

Fig. 1. Hydroxylation of tyrosol (Tyr) to hydroxytyrosol (Htyr). Fig. 2. Experimental set-up.
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lamp was on, the photon flux incident on the reactor wall nearest to the 
lamp was 7.2 W/m2. The adsorbent bed was placed in a cylindrical 
cartridge containing 12 mg of a surface modified TiO2 P25 sample, 
prepared as described in Section 2.3. During the photocatalytic runs, the 
liquid solution exiting the reactor passed through the adsorbent bed and 
was continuously recirculated back by a peristaltic pump, after passing 
through a perfectly mixed tank (a 250 mL two necks round bottom flask, 
partially filled), whose task was to aerate the solution. Prior to irradia
tion, the solution was recirculated, by excluding the adsorbent bed, for 
60 min in the dark in order to attain adsorbtion/desorption equilibrium 
of Tyr onto the photocatalytic bed. The flow rate ranged between 30 and 
134 mL/min and the operating temperature was about 25 ◦C, main
tained by means of a cooling air flow during irradiation. The circulating 
aqueous solution had an initial concentration of 0.5 mM Tyr and the 
natural pH was 5.5. Selected tests were performed by adjusting the pH of 
the solution at 8.7, i.e. the pka of the boronic moiety, by adding an 
opportune amount of NaOH. Samples of the flowing solution (1 mL 
each) were withdrawn from the tank at fixed times, filtered with a 0.2 
μm Whatman PTFE microfilter, and analyzed by a Shimadzu HPLC 
Prominence equipped with a Shimpack GWS C18, 5 μm, 150 × 4.6 mm 
column and a diode array UV–vis detector. The eluent consisted of a 
solution containing 90 % v/v of a 1 % v/v CH3COOH aqueous solution 
and 10 % v/v acetonitrile. The HPLC chromatograms were obtained at 
280 nm, the flow rate was 1 mL/min, and the injection volume was 
20 μL. The amount of Tyr and Htyr adsorbed onto the adsorbent bed was 
measured after each run, by washing the adsorbent bed 5 times with 
fixed volumes of an aqueous HCl solution (pH = 2.3), which was ana
lysed as described above by means of HPLC. The photocatalytic bed was 
regenerated after each run by recirculating bi-distilled water under UV 
irradiation during 120 min. The trend of the selectivity during time in 
the coupled system was obtained by performing the same run three 
times, and each one stopped at 8, 15 and 30 min, respectively. The 
photocatalytic activity of the bed was regularly tested by performing the 
degradation of formic acid and by verifying that the rate of reaction did 
not significantly change. Formic acid was chosen as it undergoes direct 
mineralization without formation of other intermediates. Kinetic data 
from photocatalytic runs with or without the adsorption unit were 
modeled by using the Copasi Software [27].

2.2. Preparation of the photocatalytic bed

The immobilization of TiO2 P25 onto glass beads was carried out by 
slightly modifying a procedure elsewhere reported [28], and here briefly 
described. 6 g of titanium tetraisopropoxide (TTIP, Sigma-Aldrich, 
97 %) was mixed with diethanolamine (Riedel de Haën, 99 %) in 
molar ratio 1: 4 and the mixture was subsequently dissolved in 27 g of 
2-propanol (Sigma-Aldrich, 99 %) and left stirring 2 h at room temper
ature. Demineralized water in molar ratio H2O/TTIP = 2 was added 
slowly to the mixture, to induce hydrolysis of the alkoxide. 40 g/L of 
TiO2 P25 was added to the solution and the suspension was vigorously 
stirred for 12 h, after being sonicated for 15 min. The obtained sus
pension was then used for the sol-gel deposition of six TiO2 layers. Prior 
to deposition, 100 g of the glass beads were chemically etched by dip
ping them for 24 h in an 8 % v/v aqueous solution of HF (Sigma-Aldrich, 
48 %) to make rougher the surface of the beads and allow better adhe
sion of the film. The beads were then rinsed with distilled water and 
dried at 80◦C overnight.

For each TiO2 layer deposition, the beads were dipped into the TiO2 
suspension for 30 min. Afterward, they were allowed to drain the so
lution in excess for 2 min, placed in a Pyrex tube at 150 ◦C for 2.5 h in 
the presence of a slow air flow, and finally calcined at 550 ◦C for 3.5 h. 
This procedure was repeated six times to increase the thickness of the 
film and to improve its mechanical stability. It was observed that further 
layer deposition did not increase the rate of photocatalytic mineraliza
tion of formic acid (tested as described before), so no additional layers 
were added.

Selected runs were performed in the presence of fluorinated TiO2. 
Fluorination was performed after immobilization on glass beads, in the 
experimental set-up described above. A 4 % v/v aqueous solution of KF 
(Sigma-Aldrich, p.a.), with a pH adjusted to 3.2 using HNO3, was flowed 
through the packed reactor for 8 hours in the dark. These experimental 
conditions maximized the amount of fluorine adsorbed at the surface of 
TiO2, according to the relevant literature [29]. Thereafter, the photo
catalytic bed was rinsed with distilled water and dried at 70◦C 
overnight.

The thickness of the film and the atomic distribution was measured 
by means of a SEM-EDAX mapping (FE-SEM, Supra 40/40VP equipped 
with an EDAX probe, Zeiss, Oberkochen, Germany), operating at a 
voltage of 20 kV on a specimen prepared by embedding few beads in a 
polystyrene resin which was then smoothed in order to evidence the 
beads cross section. Prior to analysis, a 6 nm thin layer of Pt/Pd was 
deposited on the sample under Ar atmosphere. The cross-section 
micrograph and the EDAX mapping of the supported TiO2 layer 
covering a glass bead are reported in Fig. 3a and b-c, respectively.

The surface of the glass beads exhibited significant roughness and 
porosity due to the HF etching. The TiO2 layer was observed both at the 
surface and within the cracks. The film appeared to be composed of 
spherical microstructures, likely resulting from TiO2 P25 aggregates 
embedded within a continuous network of TiO2 formed upon hydrolysis 
and calcination of the TTIP precursor. The thickness of the film was ca. 
40 μm. The total amount of catalyst present in the fixed bed was 0.12 g. 
This value was calculated by measuring the weight of the covered beads 
before and after the deposition. The BET specific surface area of the TiO2 
layer was about 60 m2/g as measured by using the single-point BET 
method using a Micromeritics Flow Sorb 2300 apparatus.

2.3. Preparation of the adsorbent

The adsorbent bed consisted of TiO2 P25 (Evonik) modified with 
amino and boronic groups, prepared as elsewhere reported [25]. A 
scheme detailing the modification steps (Figure S1), along with addi
tional figures (Figures S2-S3) and a table (Table S1) summarizing the 
main physicochemical properties of the material as described in the 
literature, has been provided in the Supplementary Information Section 
for the reader’s convenience. This modification minimizes interactions 
with phenolic compounds such as Tyr, while simultaneously allowing 
selective adsorption of catecholic compounds such as Htyr, as demon
strated in previous reports [26].

Briefly, the surface of TiO2 was initially silanized with 3-aminopro
pyltrimethoxysilane (APTMS, Sigma-Aldrich, 97 %). In particular, 1 g 
of TiO2 was dispersed in 50 mL of anhydrous toluene (Alfa Aesar, 
99.8 %), sonicated for 15 minutes, and stirred for 1 h. Subsequently, 
2.4 mL of APTMS were added drop-wise to the suspension, which was 
kept for 24 h at 85◦C under vigorous agitation. Thereafter, the solid was 
separated by centrifugation (5000 rpm for 15 minutes), washed five 
times using anhydrous toluene, and finally dried under vacuum at 70 ◦C. 
1 g of the resulting powder was further modified by reaction with an 
excess of 4-carboxyphenylboronic acid (CPBA, Sigma-Aldrich, p.a.) in 
30 mL of anhydrous methanol (Sigma-Aldrich, 99.8 %) for 24 h under 
dark conditions. The obtained powder was separated by centrifugation, 
washed five times with methanol, and dried overnight at 70◦C.

3. Results and discussion

3.1. Optimization of the photocatalytic flow reaction

Preliminary experiments were carried out to evaluate the influence 
of some operating parameters on the photocatalytic flow reaction per
formance in the presence of the bare TiO2 packed bed and by-passing the 
adsorption unit. The influence of the flow rate on the Tyr partial 
oxidation and on the selectivity towards Htyr is reported in Fig. 4a and b, 
respectively, by taking constant the reaction volume (120 mL) and at 
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natural pH 5.5.
Changing the flow rate from 30 to 134 mL/min did not affect the 

conversion of Tyr as expected, nor did it alter the maximum selectivity 
value obtained towards Htyr, which was ca. 1.3 % for all of the runs. The 
only observable effect was related to the time at which the maximum 
value of selectivity could be obtained, which was shifted towards shorter 
reaction times with increasing the flow rate from 30 to 134 mL/min, i.e. 
with reducing the residence time from 4 to 0.89 min. This reduction was 
not sufficient to increase the selectivity towards Htyr, indicating that the 
reaction’s selectivity might likely benefit from being performed in more 
suitable microreactors.

A more pronounced effect on the selectivity of the reaction was 
observed by increasing the total volume, keeping constant the other 
parameters. Results are shown in Fig. 5.

No effects on the reaction rate can be observed, as the slope of the 
degradation curves in Fig. 5a doubles by halving the reaction volume 
from 240 (residence time 1.8 min) to 120 mL (residence time 0.89 min). 
On the other hand, the highest achievable selectivity is significantly 

reduced. Notably, in agreement with the results of Fig. 4, the maximum 
value of selectivity is shifted towards longer reaction times with 
increasing residence time.

According to these results, subsequent experiments have been car
ried out at a flow rate of 30 mL/min and with a total volume of 120 mL.

Previous studies on Tyr partial oxidation in batch systems showed 
that surface fluorination did not significantly alter the reaction con
version, while being beneficial in terms of selectivity towards Htyr. In 
particular, selectivity values up to 10 times higher than those obtained 
with the bare sample could be obtained in the presence of fluorinated 
P25 Evonik TiO2 [16]. It has been proposed that the increased produc
tion of hydroxyl radicals and the lower hydrophilicity of the surface of 
the fluorinated sample favour hydroxylation of Tyr and desorption of 
Htyr, respectively, thus hindering the overoxidation of Htyr and 
increasing the selectivity.

The influence of surface fluorination on conversion and selectivity of 
the partial oxidation of Tyr to Htyr has been also investigated in the 
present flow system. Two different pH values, i.e. 5.5 and 8.7 were 

Fig. 3. SEM-EDAX analysis of the glass beads supporting the TiO2 film used in the fixed bed reactor. a: cross section micrograph, b: mapping of titanium atoms (green 
points), c: mapping of silicon atoms (red points).

Fig. 4. Effect of the flow rate on the normalized concentration of Tyr (a) and selectivity towards Htyr (b). Reaction volume 120 mL, initial Tyr concentration C0
Tyr =

0.5 mM, pH = 5.5.
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selected. Results are shown in Fig. 6.
In agreement with previous results, fluorination did not significantly 

alter the reaction conversion. Instead, the selectivity values increased by 
two and ten times in the presence of fluorinated TiO2, at pH = 5.5 and 
8.7, respectively. The reader is referred to Khlifi et al. [16] for a detailed 
discussion on mechanistic aspects related to the influence of surface 
fluorination on conversion and selectivity of this reaction.

On the other hand, the effect of pH deserves here more attention. The 
increase in selectivity towards Htyr in the presence of fluorinated TiO2 
was more significant at alkaline pH.

This can be explained by considering the reduced interaction of 
hydroxytyrosol with the surface at alkaline pH. In fact, while the zero 
point charge of bare TiO2 is reported to be ca. 6.3, that of fluorinated 
TiO2 is ca. 4 [30]. Therefore, at each pH value above 4, the surface of 
fluorinated sample is always more negatively charged compared to the 
bare sample. By considering that both the OH groups of hydroxytyrosol 
are protonated under the present conditions, (pKa1 and pKa2 are 9.45 
and 13, respectively) [31] chemisorption of Htyr through the catecholic 
moiety is hindered at both the pH values, and this effect is more pro
nounced at alkaline pH. The reduced interaction between Htyr and the 
surface of the photocatalyst under these conditions hinders its over
oxidation and results in the observed selectivity enhancement.

By concluding this preliminary part, fluorination is confirmed being 
a viable strategy to enhance the selectivity towards Htyr even in flow 
photocatalytic systems. However, reducing the residence time in the 
considered range did not result in improved selectivity, probably 
because of the fast kinetics of photocatalytic degradation of Htyr.

3.2. Coupling photocatalysis and adsorption units

Fig. 7 shows the maximum selectivity values obtained after 
8 minutes reaction with (red bars) and without (blue bars) adsorbent 
bed, by using bare and fluorinated TiO2 at pH = 5.5 and 8.7, and by 
keeping constant the other experimental conditions (reaction volume 
120 mL, flow rate 30 mL/min, initial Tyr concentration 0.5 mM). The 
striped portion of the red bars indicates the selectivity which would have 
been obtained without considering the Htyr desorbed from the adsor
bent bed after the run, i.e. by only considering the Htyr detected in the 
recirculating solution. In the presence of the adsorbent bed, the selec
tivity towards Htyr almost doubled with respect to what obtained by 
considering only the reaction step for all of the considered cases. In 
particular, ca. 25 % selectivity could be obtained at pH = 8.7 in the 
presence of fluorinated TiO2. This result is particularly relevant and 
represents a twofold increase in the selectivity towards Htyr with respect 

to the highest value ever reported in literature. It is worth mentioning 
that the values of selectivity calculated in the absence of the adsorbent 
bed (blue bars) are similar to those calculated without considering the 
amount of Htyr adsorbed onto the adsorbent bed (striped red bars). 
Notably, no significant variation on the amount of Tyr in the solution 
was observed in the presence of the adsorption unit, thus confirming the 
negligible adsorption of Tyr onto the bed.

The selectivity values have been calculated also for three separated 
runs lasting 8, 15 and 30 min, respectively, in the presence of fluori
nated TiO2 at pH = 8.7, under the experimental conditions described 
above. The values in the presence (red bars) and in the absence (blue 
bars) of the adsorbent bed are shown in Fig. 8.

It is evident that the selectivity trend in the presence of the adsorbent 
bed during time is similar to that reported in Fig. 6. Indeed, a maximum 
is observed at 8 min, while selectivity decreases for longer reaction 
times. For all the considered reaction times, the presence of the 
adsorption bed doubles the selectivity values.

To explain the remarkable effect of the adsorbent bed, it is necessary 
to describe more closely the chemical environment at its surface. The 
surface of the adsorbent exposes both boronic groups, grafted to the 
surface directly or through silane bridges, and free amino groups. These 
latter react through Lewis interactions with vicinal boronic groups, thus 
stabilizing tetracoordinated boronate moieties covalently linked to the 
support. In the absence of the amino groups, the boronate groups would 
exist only at pH > 8.7, i.e. above the pKa of boronic acid. On the other 
hand, the presence of free amino groups at the surface of the adsorbent 
stabilizes the boronate moiety, which therefore can exist in water at 
much lower pH values. The existence of tetracoordinated boronate 
groups at circumneutral pH is of fundamental relevance for the aims of 
this investigation. In fact, as demonstrated in previous reports [25], only 
in this form boronate can selectively bind with molecules bearing cat
echolic functionalities, acting as a selective adsorption site for them, 
while showing negligible interaction with phenolic compounds. By 
inferring the same mechanism working also for Htyr and Tyr, showing 
the same functionalities, one can hypothesize that the Htyr photo
catalytically produced could be selectively adsorbed at the surface of the 
adsorbent, while Tyr can be recycled back to the photocatalytic reacting 
unit. Fig. 9 schematically shows the stabilizing effect of amino groups on 
the boronate moieties, which therefore are capable of selectively bind
ing Htyr molecules.

By considering that the presence of the adsorbent bed almost doubles 
the selectivity towards Htyr at both pH = 5.5 and 8.7, it can be 
concluded that its adsorbent efficiency is similar at both pH values. The 
higher selectivity obtained at pH = 8.7 can therefore be attributed 

Fig. 5. Effect of Tyr initial volume on the normalized concentration of Tyr (a) and Htyr selectivity (b). Flow rate 134 mL/min, initial Tyr concentration C0
Tyr =

0.5 mM, pH = 5.5.
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mainly to an improved efficiency of the reaction step at this pH (see 
Fig. 6) rather than to a beneficial effect of the adsorption bed. This 
finding highlights the remarkable effect of the amino groups stabilizing 
the boronate moieties even at circumneutral pH, extending the activity 
of the adsorbent out of the range of existence (pH ≥ 8.7) of isolated 
boronate groups [32].

3.3. Kinetic modeling and parameters estimation

The kinetic profiles of Tyr and Htyr during the photocatalytic ex
periments under various conditions were studied. Representative time- 
course data are presented in Fig. 10.

The kinetic data were analysed by hypothesizing the model depicted 
in the Scheme 1.

In this model, the transformation of Tyr to Htyr occurs via two 
parallel pathways. The first pathway is the direct hydroxylation, char
acterized by the kinetic constant k1. The second pathway is a two-step 
process, characterized by the kinetic constants k2 and k3. The latter 

pathway involves the formation of the intermediate [I], which Bou
guerra Neji et al., 2002 identified as the phenoxy radical [33], depicted 
in Fig. 11 by its three mesomeric forms [11].

The radical intermediate form [B] undergoes a rapid second electron 
transfer, followed by hydrolysis, resulting in the formation of Htyr (k3). 
Htyr then participates in additional reactions (k4) that produce sec
ondary products (referred to as P1) and is subsequently removed from 
the reaction medium. In the presence of an adsorbent bed, this process 
may also involve adsorption onto the substrate, further eliminating Htyr 
from the reaction medium. Similarly, the radical [C] proceeds through a 
series of reactions (k5) that ultimately lead to the formation of hydrox
yquinone and other secondary products (referred to as P2).

The rate of formation/disappearence of each species that is involved 
in the five-step model can be represented by the following set of ordi
nary differential equations (Eqs. 1–5): 

d[Tyr]
dt

= − k1[Tyr] − k2[Tyr] + k− 2[I] (1) 

Fig. 6. Normalized concentration of Tyr and selectivity values towards Htyr at pH = 5.5 (A, B) and at pH = 8.7 (A’, B’), in the presence of bare (blue squares) and 
fluorinated TiO2 (red circles). Flow rate 30 mL/min, reaction volume 120 mL, initial Tyr concentration C0

Tyr = 0.5 mM.
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d[Htyr]
dt

= k1[Tyr] + k3[I] − k4[Htyr] (2) 

d[I]
dt

= k2[Tyr] − k3[I] − k5[I] (3) 

d[P1]

dt
= k4[Htyr] (4) 

d[P2]

dt
= k5[I] (5) 

The apparent rate parameters (Table 1) for each set of experimental 
conditions were estimated by simultaneously solving the rate laws re
ported above. This was achieved by minimizing the objective function 
using the Evolutionary Programming feature of COPASI 4.39.

It has been observed that while the flow rate does not influence the 
values of the kinetic constants (the values reported in the table are 

Fig. 7. Maximum selectivity values towards Htyr obtained after 8 minutes with 
(red bars) and without (blue bars) adsorbent bed, by using bare and fluorinated 
TiO2 at pH = 5.5 and 8.7, and by keeping constant the other experimental 
conditions (reaction volume 120 mL, flow rate 30 mL/min, initial Tyr con
centration 0.5 mM).

Fig. 8. Selectivity values towards Htyr obtained in the presence (red bars) and 
in the absence (blue bars) of the adsorbent bed obtained in separated runs 
lasting 8, 15 and 30 minutes. Reaction volume 120 mL, flow rate 30 mL/min, 
initial Tyr concentration C0

Tyr = 0.5 mM, pH = 8.7.

Fig. 9. Scheme of the interaction between Htyr and amine stabilized boronate 
moieties at the surface of the adsorbent.

Fig. 10. Typical kinetic profiles for Tyr (■) and Htyr (■) in the absence (A) 
and presence (B) of the adsorbent bed. Reaction volume 120 mL, pH = 8.7, flow 
rate 30 mL/min. The lines represent simulations obtained using the model 
described in Scheme 1.

Scheme 1. Reaction pathway of Tyr oxidation.
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averages), the presence of the adsorbent significantly affects the rate of 
certain processes. Specifically, there is a marked increase in the disap
pearance rate of Htyr (k4). This increase can reasonably be attributed to 
the adsorption process, as Htyr exhibits a high affinity for the adsorbent 
used.

Furthermore, the presence of the adsorbent leads to a marked 
decrease in the disappearance rate of the intermediate radical (k5) and 
an increase in its transformation rate into Htyr (k3). These changes 
suggest that the adsorption of Htyr onto the support effectively removes 
this product from the reaction medium, thereby promoting its greater 
production.

Lastly, a slight decrease is observed in the direct oxidation rate of Tyr 
(k1), which is likely a result of the increased rate of Htyr formation 
through intermediate formation.

The proposed mechanism and the observed changes in kinetic con
stants underscore the efficacy of the adsorbent in selectively enhancing 
the production of Htyr.

4. Conclusions

In this work, a photocatalytic totally recycled flow reactor per
forming the partial oxidation of tyrosol (Tyr) to hydroxytyrosol (Htyr) 
was coupled with a selective adsorption unit. Preliminary photocatalytic 
runs, performed in the absence of the adsorption unit, showed that the 
reaction provided a maximum selectivity of 12 % in the presence of 
fluorinated TiO2 at pH = 8.7. Reducing the residence time from 4 to 
0.89 min did not result in selectivity enhancement. Performing this 
partial oxidation in opportunely designed microreactors could possibly 
further reduce the residence time, thus providing beneficial effects in 
terms of reaction performances. On the other hand, in the presence of 
the adsorption unit, the selectivity towards Htyr could be doubled up to 
25 %. The adsorbent, in fact, exposing at the surface boronate moieties 
stabilized by vicinal amino groups, was able to selectively remove the 
target product (Htyr) from the reacting medium, while leaving almost 
unaltered the concentration of the reactant (Tyr). The kinetic of the 
reaction has been modelled by considering both the reaction and the 
adsorption units, and the relevant constants governing the process have 
been retrieved.
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