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Abstract: Phenol is widely used in industry. Due to its high stability and toxicity, it represents a threat
to the environment and human health. In this study, a kinetic investigation of phenol heterogeneous
photodegradation was conducted using commercial Aeroxide P-25, performing experiments in a
wide range of conditions. In detail, a negligible adsorption effect was detected. An activation energy
of Ea = 14.3 + 0.5 k] mol~! was measured, and the catalyst loading effect indicated an optimal
condition due to the shield of the catalyst particles to the UV irradiation. The catalyst was most active
at pH =7 and it was stable for 25 h of reaction time; thus, it will be worth to investigate its application

in flow.
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1. Introduction

Phenol is one of the most common building blocks in the chemical industry, with a
global annual production of approximately 10 million tons [1]; its major applications are in
the production of bisphenol A, phenolic resins, caprolactam, aniline, and alkylphenols [2],
and it is also widely employed in petrol, pharmaceutical and metallurgic industries and
in pesticides, explosives, dyes, and textiles production [3]. Phenol and its derivatives are
extensively present in the environment; they can result from a wide range of natural pro-
cesses, such as the decomposition of organic matter, biosynthesis by fungi and plants [2,4],
or tyrosine transformation in mammalian digestive tracts [5]. A consistent aspect of the
presence of phenols in the ecosystem is related to human activity. As mentioned above,
phenols are widely used in the chemical, petrol, tinctorial, and pharmaceutical industries,
and their presence is related to the use and production of phenoxy herbicides and phenolic
biocides [6]. These pollutants can drain off municipal or industrial sewage to surface water
or be emitted into the atmosphere as a result of combustion processes. The total phenol
concentration of industrial effluents is typically in the range of 300400 mg/L [7]. Every
year in Europe, more than 1.6 million tons of phenol is consumed in manufacturing, of
which 11,200 tons is discharged into the environment [8]. Phenol is a highly toxic substance,
with peroxidative capacity, is hematotoxic and hepatotoxic, and causes histopathological
changes and mutagenesis toward humans and other living organisms [6]. Moreover, phe-
nol is toxic to marine lifeforms, including algae, protozoa, invertebrates, and vertebrates,
with noxious effects which include reduced fertility, decreased survival of the young, and
the inhibition of growth [9]. A value of 140 mg/kg was reported as the minimum lethal
oral dose for humans [6]. Due to its toxicity, phenol disposal limits are strict: in Italy,
the maximum phenol concentration in wastewater is 0.5 mg/L in superficial water and 1
mg/L in sewers [10]; the United States Environmental Protection Agency set a maximum
concentration of phenol in wastewater of 0.1 mg/L [11]. Due to the refractory nature of
phenol towards degradation by microorganisms, conventional biological methods are not
effective for its removal from water [12]. For this reason, it is of great technological interest
to develop methods capable of degrading phenol completely or converting this refractory
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species into smaller molecules, which can eventually be further oxidized by biological
methods.

Wastewater treatment technologies are mainly based on phase separation techniques,
such as adsorption processes and stripping, and destructive methods, such as biological
and chemical oxidation and reduction. The problem with separation techniques is the
necessity of the final disposal of the pollutants after their separation from the effluent.
Appropriately developed methods based on oxidation, instead, generally give a complete
solution to the problem of pollutant removal [9]. Oxidation methods aim to convert the
pollutants to carbon dioxide, water, and inorganics (mineralization) or, at least, transform
them into harmless products. Above concentrations of 300 mg/L, phenol exerts a bacte-
ricidal action, which prevents biological oxidation methods from being effective for its
removal [13]. Nowadays, advanced oxidation processes (AOPs) have a prominent role in
wastewater treatment research due to their potential to degrade recalcitrant compounds
in mild conditions [14,15]. AOPs are defined as water treatment processes that involve
the generation of hydroxyl radicals in sufficient quantity to affect water purification [16].
The hydroxyl radical (¢OH) rapidly attacks most organic species and initiates a complex
cascade of oxidative reactions that can lead to mineralization or to the formation of oxida-
tion products that are sometimes less toxic and more susceptible to bioremediation than
the starting species [17], making AOPs promising in the field of wastewater treatment.
There are different kinds of AOPs, which can employ homogeneous or heterogeneous
catalysis and different sources of energy (light radiation, ultrasound, and electrical) for
the production of the hydroxyl radical. Among AOPs, heterogeneous photocatalysis has
shown great potential as an efficient technique for the degradation of both aquatic and
atmospheric organic contaminants [18,19].

One of the advantages of heterogeneous photocatalysis in comparison to the ho-
mogeneous phase processes is the possibility to readily separate and reuse the catalyst,
thus reducing costs and environmental issues related to the process [20]. Heterogeneous
photocatalysis involves the acceleration of a photochemical reaction on the surface of a
photocatalyst, which is a semiconductor material; the only difference from conventional
catalysis is the mode of activation of the catalyst: in photocatalysis, thermal activation
is replaced by photonic activation. Photodegradation catalysts are typically semiconduc-
tor (S5C) oxides or sulfides, characterized by a particular value of the band-gap energy,
which is the energy difference between the conduction band and the valence band of the
material [21,22]. Photocatalytic initiation takes place when the catalyst absorbs a photon
whose energy, hv, is greater than the semiconductor band gap, thus promoting an electron
(e7) from the valence band to the conduction band, leaving an electron hole (4*) in the
valence band (photoexcitation process). The fluid-phase molecules are then adsorbed on
the solid and electron transfer takes place from solid surface to acceptor molecules (O,)
and from donor molecules (H,O) to the solid [14], resulting in the formation of the radicals
responsible for the oxidative degradation of the organic species present in the solution.
Electron-hole recombination must be prevented because it reduces the process efficiency
and brings photoelectric energy dispersion in the form of light or heat. The efficiency
of the photodegradation reactions mainly depends on the following parameters: light
intensity [23-25]; nature and concentration of the substrate [20,26,27]; nature, morphology,
and concentration of the photocatalyst [27-33]; solution pH [28,34,35]; and the reaction
temperature [36-38]. Non-selectivity, high activity, stability to high temperatures, mechani-
cal stability, and resistance to poisoning are required for a photocatalyst to be employed
for industrial applications [39]. Moreover, for a semiconductor photocatalyst to be effi-
cient, the interfacial redox processes involving e~ and #* must compete effectively with
their recombination. Titanium dioxide displays almost all the above properties, with the
downside that it does not absorb visible light [28,36]. This material has become a standard
photocatalyst in environmental photodegradation processes for a wide variety of organics.
The commercial TiO, photocatalyst Aeroxide P-25 consists of a nano-powder comprising a
mixture of a crystalline phase, containing the two crystalline structures anatase and rutile in
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an approximate proportion of 80/20, and a small amount of amorphous phase. In P-25, the
average sizes of the anatase and rutile elementary particles are 85 and 25 nm, respectively,
while the surface area is approximately 50 m?/g and the pore diameter is 14.3 nm [40].
This catalyst has been extensively used in the study of heterogeneous photodegradation
processes and has been found to be more active than both the pure crystalline phases in
many different systems [40], using both pure and modified P-25 [41]. The high activity
arises from the increase in the efficiency of the electron-hole separation due to the multi-
phase nature of the particles [42]. Guo et al. [43] identified some phenol photodegradation
intermediates and proposed the following reaction mechanism: the hydroxyl radicals attack
the phenyl ring, yielding catechol, resorcinol, and hydroquinone; then, the phenyl rings in
these compounds break up to give malonic acid; then, short-chain organic acids such as
maleic, oxalic, acetic, and formic acid are produced; and finally, CO, is emitted. Despite the
interest, systematic kinetic investigations are still missing from the literature, to investigate
the influence of the main operation conditions on the photodegradation reaction. This
study is surely needed to scale up the photodegradation to a system in flow, as the kinetic
parameters are needed to design a continuous device. Thus, this study was mainly focused
on performing a kinetic analysis of the heterogeneous photodegradation reaction of phenol
in the presence of the commercial photocatalyst Aeroxide P-25 in a discontinuous system,
with the aim of providing the Arrhenius plot and the kinetic parameters (kinetic constant,
frequency factor, and activation energy) for the process. Moreover, the effects of many
operational parameters (temperature, initial phenol concentration, and solution pH) on the
reaction kinetics were studied, with the aim of performing a system optimization.

2. Materials and Methods
2.1. Materials

Phenol solutions were obtained from crystalline phenol (C¢HgO) > 99% (Sigma-
Aldrich, St. Louis, MO, USA); meanwhile, nitric acid (HNO3) aqueous solution > 65%,
and sodium hydroxide (NaOH) pellets > 98% (Sigma-Aldrich) were used in pH-controlled
experimental runs.

The catalyst used in most experimental runs was Aeroxide P-25, supplied by Evonik
Industries. Table 1 lists the properties of this catalyst [44].

Table 1. Properties of the Aeroxide P-25 catalyst.

Property Value
CAS-No. 13463-67-7
Specific surface [m?/g] 35-65
pH (in 4% dispersion) 3.5-45
Density [g/ cm?] 41
Average particle size [nm] 21
Tamped density [g/L] 130
Anatase: rutile weight ratio 80:20
TiO, content [wt.-%] >99.5
Al,O3 content [wt.-%] <0.3
SiO, content [wt.-%] <0.2
Fe; O3 content [wt.-%] <0.01
HCI content [wt.-%] <0.3
2.2. Methods

2.2.1. Experimental Procedures

The kinetic experiments were conducted in a 1 L capacity glassy jacketed reactor,
characterized by an inner diameter of 10 cm and an inner length of 18 cm (see picture
and sketch depicted in Appendix A, Figure A1). As demonstrated, the lamp was installed
coaxially to the photoreactor, fixed in the central neck of the reactor head. A magnetic
stirrer was used to ensure good mixing of the suspension, while air was fed to the liquid
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solution via a gas flowmeter regulator, connected to a 25 um sintered filter, used as a
sparger, immerged in the liquid solution. Temperature was controlled via an external
ultra-thermostat connected to the jacket of the reactor.

The experiments were carried out using the following procedure: the necessary
amount of phenol was weighted on an analytical balance under a fume hood and dis-
solved in water in a 1 L glass flask; the solution was transferred in the glass reactor with a
capacity of 1.5 L and a sample was collected to check the initial phenol concentration of the
solution. The magnetic stirrer was turned on at 750 rpm and the thermostat was set to the
desired temperature (see Table 2). The air tank was opened, the air pressure was regulated
at atmospheric pressure (1 bar) with a pressure reducer, and the digital flow meter was set
to maximum in order to maintain the air flow rate in the system at 57.94 mL min~!. To
start the photodegradation reaction, the necessary amount of catalyst was weighted on an
analytical balance and transferred to the reactor. The lamp was turned on, representing the
beginning of the photodegradation experiment, and aluminum foil was wrapped around
the reactor to minimize light dispersion. The lamp used for irradiation was a Toshiba
FL4BLB, with a power of 4 W and emission centered at the wavelength of 365 nm, potential
difference of 220 V, length of 15 cm, and width of 1.5 cm. The irradiance of the lamp in
the experimental apparatus was calculated to be 510 W/m?. All experimental runs had a
duration of five hours, and eight samples were collected in the time (0, 30, 60, 90, 120, 180,
240, and 300 min) for each experiment to check the phenol concentration in the solution
throughout the reaction. Before analysis, the samples were centrifuged at 3200 rpm for
30 min and filtered to separate the catalyst particles from the solution to perform chro-
matographic analyses. In some runs, it was necessary to control the solution pH: this was
achieved using 0.05 M HNO3 and 5 x 10~* M NaOH solutions. Each sample was analyzed
three times to retrieve the experimental error bars, calculated as the standard deviation,
reported in the figures in the Results and Discussion.

Table 2. Experimental conditions for each kinetic experiment conducted in the batch reactor. Cy:
initial phenol concentration (ppm), Pcatalyst: loading (g/L), T: temperature (°C). * Experiment repeated
to investigate the reusability of the catalyst.

Test Co (ppm) Peatalyst (&/L) T (°C) vH
Al 25 0.125 40 7
A2 500 0.5 40 7
Bl 116 0 40 7
B2 26 0 40 7
1 500 0.50 40 7
2 120 0.50 40 7
3 65 0.50 40 7
4 25 0.50 40 7
5 25 0.125 40 7
6 25 0.065 40 7
7 25 0.031 40 7
8* 25 0.125 30 7
9 25 0.125 50 7
10 25 0.125 40 3
11 25 0.125 40 5
12 25 0.125 40 7
13 25 0.125 70 8
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At the end of every test, the solution was cooled and then transferred into a 1 L glass
bottle through a glass funnel. The solution was then vacuum filtered with a Biichner funnel
and a flask for catalyst recovery. The digital flow meter was calibrated using a bubble
counter in which soap was used to keep track of the flowing air to measure the airflow
rate at different setpoints of the instrument. The flow rate was measured for 10% setpoint
increments and a calibration curve was obtained by indicating the measured airflow rate as
a function of the instrument’s setpoint.

Linear regression of the experimental data gave the following flow meter calibration
(Equation (1)):

Air flow rate (:::3;1) = (0.579 £ 0.003) -Setpoint(%) 1)

For all the reported tests, the percent removal of phenol was calculated by Equation (2):

Co—C
Xphenot = = 100 @)

where Cy and C correspond to the phenol concentration (ppm) at the start and during the
reaction.

The experimental conditions adopted in the present study are listed in Table 2.

The reusability of the catalyst was tested by conducting a dedicated experiment,
adopting the experimental conditions of test 8. The catalyst at the end of each kinetic run
was recovered by filtration, washed with water, and dried under vacuum at 70 °C prior its
reutilization. The photocatalyst was then reused for a new kinetic experiment, for 5 cycles.

2.2.2. Analytical Method

Phenol concentration analyses were carried out using an Agilent 1100 High-Pressure
Liquid Chromatography (HPLC) system, with a 70% w/w methanol, 30% w/w water mobile
phase. The column used was a Phenomenex Luna C18, with a 5 um particle size, 100 A pore
size, 250 mm length, and 4.6 mm internal diameter. A Diode Array Detector (DAD) was used,
with a 1024-element photodiode array, deuterium, and tungsten lamps with a 190-950 nm
wavelength range. The absorbance peak of phenol corresponded to A = 270 nm.

The software used for apparatus control and data collection was Agilent ChemStation.
This system was used to create a calibration curve to determine the phenol concentration
over time. The curve was obtained by indicating the area of the chromatographic peaks of
phenol standard as a function of phenol concentration for five different solutions: 0.1, 1.5,
10, 50, and 110 ppm (Figure 1).
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Figure 1. Phenol HPLC calibration curve.
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The equation obtained by linear regression gives phenol concentration (C) as a function
of the area of the chromatographic peak (Equation (3)):

C = (0.0085 =+ 0.0005)-Peak Area (©)]
The R? value obtained by linear regression is 0.98, confirming the goodness of fit.

2.2.3. Characterization of the Photocatalyst

The surface morphology of Aeroxide P-25 was examined by field emission scanning
electron microscopy (SEM). SEM images were obtained with FEI Nova NanoSEM 450 emis-
sion SEM apparatus at an accelerating voltage of 5 kV (range of acceleration voltage: 50 V to
30 kV) equipped with a Through-Lens Detector (TLD). The sample was sputter-coated with
a thin layer of Au-Pd before imaging. Morphological properties were also investigated
using TEM: samples were prepared by placing a drop of the nanohybrid suspension on
one side of a 200-mesh carbon-coated copper grid. Bright-field TEM images were ob-
tained on the dried sample using an FEI TECNAI G2 200 kV s- twin microscope (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with lenses for high-resolution imaging.
Wide-angle X-ray scattering measurements (WAXS) of P-25 samples were obtained us-
ing nickel-filtered CuK« radiation with a Philips automatic diffractometer (Empyrean by
Panalytical, Malvern, UK).

3. Results and Discussion
3.1. Aeroxide P-25 Characterization
The commercial sample of Aeroxide P-25 was characterized to verify the main mor-

phological properties. SEM and TEM analyses confirmed that the sample consisted of
sphere-like grains with average dimensions of 25 nm (Figure 2A,B).

(B)
Figure 2. SEM (A) and TEM (B) images of the commercial Aeroxide P-25 photo-catalyst.

The XRD pattern confirmed that the sample consisted of TiO, (Figure 3). Several
peaks were detected: peaks (110),(101), (111), and (21 1) can be attributed to the
rutile crystalline phase (R); peaks (1 0 1), (0 0 4), and (2 0 0) can be attributed to the
anatase phase (A) [45]. The average crystallite grain size was calculated using the Scherrer
equation, obtaining 28 nm and 23 nm for rutile and anatase phases, respectively. Values
were calculated from the diffraction peaks at 20 = 54.1° and 25.3°, confirming the values
estimated from TEM images.
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Figure 3. XRD pattern of the commercial Aeroxide P-25 photo-catalyst: (A) fresh catalyst; (B) after
5 catalytic cycles, each of 5 h.

The mass fraction of anatase phase (x4) was calculated adopting the following equa-

tion [46], Equation (4):
1

AT T 126(Ir/ 12)
where, Ir and I4 correspond to the intensities of the strongest rutile and anatase peaks,

respectively. From the calculations, a value of 0.79 was obtained, confirming the values
reported in Table 1, given by the catalyst supplier.

)

3.2. Adsorption and Blank Tests

Preliminary phenol adsorption tests in the presence of P-25 were carried out, showing
no variation in phenol concentration after five hours. The results are reported in Figure 4
(tests Al and A2 in Table 2).

2.2~
{1 Test A1, C,=25ppm, payaye; 0-125g/L 1
2.0 [ Test A2, C, = 500ppM, 4iayet 0-59/L T
18 JCITestB1, C, = 116ppm
—  {[]TestB2, C,=26ppm
X 1.6 T
S 1.4- L
2]
0 1.2
>
S 1.0
o |
9 0.8
5 ]
& 061
0.4
0.2
0.0 : .
Adsorption experiments Blank experiments
t =300 min t =300 min

Figure 4. Phenol adsorption (without UV irradiation) and blank (without catalyst but with UV
irradiation) experiments, all conducted at T =40 °C and pH =7.
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To evaluate phenol degradation due solely to UV light irradiation, a first set of experi-
mental tests was carried out in the absence of the catalyst using two different initial phenol
concentrations: 26 ppm and 116 ppm at T = 40 °C (Figure 4, tests Bl and B2, Table 2).

The results indicate that phenol in 116 and 26 ppm aqueous solutions is not degraded
by UV light emitted by a 4 W lamp after five hours of irradiation. Previous studies reported
that phenol is totally or partially degraded by UV light in the absence of a catalyst [36,43];
this inconsistency is probably because the authors of these studies used more powerful UV
lamps than that used in the experiments described here. No blank tests in the presence
of visible light were carried out, because in the literature [47] it is reported that phenol is
stable under visible light irradiation.

3.3. Photodegradation Tests
3.3.1. Initial Phenol Concentration Effect

To investigate the effect of the initial concentration of phenol on the photodegradation
reaction rate, a set of experimental runs was carried out using approximately 0.50 g/L of
catalyst loading at T = 40 °C, with different initial substrate concentrations: 25, 65, 120, and
500 ppm (Figure 5, tests 1-4 in Table 2).

7.
50 - = 500 ppm 6x10
e 120 ppm
451 A 65ppm
3840 v 25ppm 5x107 -
= =
c 354 v é
o 30 4x107
v =
Q 25 =
C
Q 20 M } £ 3x107 %
B 15+ 8
o
2 101 } . 2x107 1
o 54
0 % L] n L u
I T i i i T T 1x107 T T T T T 1
0 50 100 150 200 250 300 0.000  0.001  0.02  0.003  0.004 0005  0.006
Time (min) C, (mol/L)
(A) (B)

Figure 5. Effect of the initial phenol concentration on: (A) the phenol conversion; (B) the observed
reaction rate (), fixing T = 40 °C and a catalyst loading of 0.50 g/L.

These results are consistent with literature [36,48,49], in which it is reported that the
phenol photodegradation reaction rate does not show a linear trend with the initial substrate
concentration. It is reported in the literature that by increasing the phenol concentration,
hydroxyl radical generation is inhibited by phenol occupation of the active sites of the
catalyst; moreover, phenol adsorbs photons, so increasing its concentration results in
greater shielding of the catalyst’s surface from light, inhibiting the formation of the active
radicals [49].

It is interesting to plot the observed reaction rate (r,,s) trend vs. the initial phenol
concentration (Cp), Figure 5B. The observed reaction, #,s, rate was calculated in agreement
with Equation (5).

dC
Tobs = — E (5)

For instance, the derivative was calculated by only selecting the data in the linear
region of the kinetic curve, drawn as molar concentration vs. time, expressed in minutes
(see Figure 6 for the linear fit).
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Figure 6. Effect of the catalyst/phenol mass ratio on the reaction rate, fixing T = 40 °C and an initial
phenol concentration of 25 ppm. Continuous lines represent the linear fit necessary to calculate the
observed reaction rate (7).

As revealed, the observed reaction trend with the initial phenol concentration passed
through a maximum. This phenomenon is in line with a Langmuir-Hinshelwood surface
reaction mechanism, considering a dual-site mechanism, where both phenol and oxygen
must adsorb the prior reaction (Equation (6)).

kCoCo2,0

Tobs = (6)
™ (14 KCy+ KCoyp)?

For experiments conducted at fixed oxygen concentrations, the rate expression can be
simplified as reported in Equation (7).

aCo
s = " 7
T b+ KCy)? @)

By studying this function to the limits, it is possible to determine that at low initial
phenol concentration, the trend in r,,; with Cy can be approximated to a straight line, as
shown in Equation (8):

Tops = a/CO 8)

However, at high initial phenol contents, the observed reaction rate is proportional to
the inverse of the initial phenol concentration (Equation (9)):

a"
Tobs = 60 (9)

Thus, the overall trend passes through a maximum, as revealed in Figure 5B.

This is a novelty, because usually in the literature, the phenol degradation experimen-
tal data are treated with a Langmuir-Hinshelwood single-site mechanism [49], because
researchers tend to work at lower phenol concentration compared with the present study.

During the test run with a starting phenol concentration of 500 ppm, the formation
of a thick foam was observed in the reaction environment; this white foam inhibited the
degradation reaction by shielding the catalyst particles from UV light.
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3.3.2. Effect of the Catalyst/Phenol Concentration Ratio

The previous sets of experiments were all carried out with 0.50 g of the catalyst. A set
of experimental tests was performed at different catalyst/phenol concentration ratios, with
a starting phenol concentration of 25 ppm, which represents the best phenol concentration
for degradation (Figure 6, tests 4-7 in Table 2).

The results show that an increase in the catalyst/phenol concentration ratio increases
the reaction rate, but for the runs with ratios of 20 and 5, the disappearing trend of phenol

is almost the same.
By plotting the observed reaction rate vs. the catalyst concentration, it is possible to

obtain the plot reported in Figure 7.

6x107

5x107

1

I'.ps (Mol/(L min))
L £
I

[ |

2x107 A %

0.0 I 011 I 012 I 013 I 0:4 I 0.5
Catalyst concentration (g/L)

Figure 7. Initial rate of reaction vs. catalyst concentration. Phenol concentration of 25 ppm, T = 40 °C.

Figure 7 shows that when increasing the catalyst concentration, the initial rate of
reaction at first increases; then, from 0.125t0 0.5 g L1, it starts to decrease. This behavior
could be attributed to the double effect of the catalyst concentration on the reaction rate:
on the one hand, increasing the catalyst concentration increases the number of active sites,
thus accelerating the reaction; on the other hand, it decreases the light penetration in the
suspension, due to the screening effect and unfavorable light scattering. Consequently, the
catalyst concentration of 0.125 g L~!, which yielded the highest reaction rate, was chosen
along the initial phenol concentration of 25 ppm to perform a set of kinetic tests.

3.3.3. Evaluation of the Kinetic Parameters

A set of kinetic tests was carried out to explore the effect of the temperature on the
reaction rate and to create an Arrhenius plot for the process. The three runs for this set
were performed using an initial phenol concentration of 25 ppm and catalyst loading of
0.125¢g L1, at three different temperatures: T = 30 °C, 40 °C, and 50 °C (Figure 8, tests 4, 8,
and 9 in Table 2).

The results show that an increase in the system temperature corresponds to a rise in
the phenol degradation rate: higher temperatures increase the collision frequency and the
number of active species with sufficient energy to react.

For all these runs, the trend in phenol disappearance against time was almost linear;
thus, the reaction was assumed to follow first-order kinetics.

The Arrhenius equation is shown in Equation (10):

Eq

In(k) = In(ko) — RT (10)
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where k is the reaction rate constant, kj is the frequency factor, E, is the activation energy, R
is the ideal gas constant, and T is the temperature.

= 40°C
404 | e 34°C 3
3 A 50°C
e
c 1
.0 30+ '
2 4
o)
= f
2 -
8% % .
2 :
c [ ]
2o g .
1
0 T T T T T T T T T T T T
0 50 100 150 200 250 300

Time (min)

Figure 8. Photocatalytic degradation of phenol at different temperatures, fixing a catalyst loading of
0.125 g/L and an initial phenol concentration of 25 ppm.

For each test, the observed reaction rate was calculated, and the kinetic constant was
obtained assuming a first-order kinetic rate expression (Table 3).

Table 3. Calculated kinetic parameters of the reaction.

T(°O) Co (mol L1) 7ops (Mol L1 min—1)  k (min—1)
30 2.84:10~% 3.14-1077 1.10-1073
40 2.79-107% 3.74-1077 1.34-1073
50 2.80-10* 4.39:1077 1.57.1073

By plotting In(k) vs. 1/T, the Arrhenius plot for the process was elaborated, as depicted
in Figure 9.

6.4 -
6.5 N

-6.6 \\%\

67 ™

In(k)

-6.8 +

0.00310 0.00315 0.00320 0.00325 0.00330
1T (1/K)

Figure 9. Arrhenius plot for the heterogeneous photodegradation of phenol.
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From the slope of the Arrhenius plot’s linear regression line, the activation energy was
calculated; the frequency factor was obtained from its intercept with the y-axis (Table 4).

Table 4. Kinetic parameters obtained from the Arrhenius plot.

In(ko) E,/R (k] mol—1) R?
—-11+0.2 1.7 £ 0.6 0.998

The activation energy was found to be 14.3 & 0.5 k] mol .

3.3.4. Effect of pH

The last set of experimental tests was performed to explore the effect of the solution
pH on the reaction rate. This is an important parameter because it determines the surface
charge properties of the catalyst and the size of the aggregates it forms. The effect of pH
on the degradation of organic pollutants has been investigated in many studies; however,
opposing conclusions have often been reported. Some researchers have found that higher
pH values favor the heterogeneous photodegradation reaction rate [50] because a higher
pH favors the hydroxyl radical production; others [48] found that the degradation rate
increases at a lower pH, whereas others [49] have found 5 to be the optimum pH value for
this process. For this experimental set, four test runs have been performed, at pH 3,5, 7,
and 8. The pH values of the solutions were adjusted with dilute HNO3 or NaOH. All runs
were performed with a phenol concentration of 25 ppm, a catalyst load of 0.125 g L1, and
UV light irradiation (Figure 10, tests 10-13 in Table 2).

= pH3

40 e pH5
o A pH7
=) p
é v pHS8
C
O 30 - %
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[ .
0]
=
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Figure 10. The effect of pH on the heterogeneous photodegradation of phenol, fixing T = 40 °C, an
initial phenol concentration of 25 ppm, and a catalyst loading of 0.125 g/L.

As reported in Figure 10, at a reaction time of 150 min, the phenol conversion was
higher at neutral pH (~7); there WAs only a slight difference in the phenol conversion at
the end of the tests for pH 5, 7, and 8. The results show that the phenol conversion at
150 min was the lowest for both pH = 3 and 8. However, from an industrial point of view,
the disadvantage of operating at a different pH from the natural value is the necessity of
neutralizing the solution before disposal. Thus, the best choice for a possible industrial
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implementation of heterogeneous photocatalysis in the treatment of wastewater containing
phenol would be to leave the solution pH unchanged.

3.3.5. Reusability Experiments

The reusability of the catalyst was checked by conducting dedicated kinetic experi-
ments, adopting the experimental conditions set for test 8 in Table 2, for a total of five cycles,
i.e., 25 h or reaction time. The results of the phenol conversion after each reuse experiment
are reported in Figure 11.

35

Phenol Conversion (%)
- - N N w
o [6)] o (@) o
1 1 1 1 1
}7
}7
}7
}7
}7

(&)
1

T T T T T T T T T

USE 1 USE 2 USE 3 USE 4 USE 5

t=5h t=10h t=15h t=20h t=25h

Figure 11. Reusability experiments results, fixing T = 40 °C, an initial phenol concentration of 25 ppm,
and a catalyst loading of 0.125 g/L.

As revealed, the catalyst could be considered stable during the whole experiment,
indicating its possible utilization in a device working in flow. A further demonstration was
given by the XRD pattern of the photocatalyst after the five catalytic cycles (Figure 3). As
revealed, the pattern is very similar to the fresh catalyst, demonstrating the stability of the
catalytic material.

4. Conclusions

In the present paper, a detailed kinetic investigation was conducted on phenol pho-
todegradation using commercial Aeroxide P-25. The photocatalyst was characterized,
confirming the physico-chemical properties retrieved from the supplier. From a prelim-
inary investigation, a negligible adsorption extent was measured, together with good
stability at UV irradiation in the absence of photocatalyst. The optimization tests for the
heterogeneous photodegradation reaction of phenol in a discontinuous reaction system
showed that a lower catalyst concentration increases the reaction rate; then, it was found
that the optimum catalyst/phenol concentration ratio for phenol conversion was 5. This ra-
tio was implemented for the performance of kinetic runs, which provided data to determine
the activation energy of the reaction, resulting in Ea = 14.3 4- 0.5 k] mol ~!. The experimental
tests at different values of the solution pH evidenced that the initial phenol degradation
rate was the highest at pH = 7, while at basic pH values there were slightly increases in the
final conversion of phenol. The analytic HPLC method used in this study did not evidence
the appearance of reaction intermediates; in fact, different chromatographic methods and
instruments (e.g., GC/MS and HPLC-MS) could be used to identify photodegradation
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by-products [51]. The photocatalyst was stable for 25 h of reaction time with dedicated
reuse experiments; thus, there is a clear possibility to test it in continuous devices.
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Figure A1. Picture (A) and sketch (B) of the photoreactor used for the kinetic tests.
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