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Abstract

Advanced oxidation processes (AOPs) are potential alternatives for treatment of effluents
containing hardly biodegradable textile dyes. These processes imply the generation and subsequent
reaction of hydroxyl radicals (OHe), which are some of the most powerful oxidizing species.
Among AOPs, ozonation (often combined with H202, UV, or both), showed to be promising either
for the complete mineralization of dyes or for their transformation into less complex and more

easily biodegradable structures.

In this study, the photocatalytic degradation of Levafix Brilliant Red E-6BA reactive textile dye

has been investigated in presence of H2O2 by means of a Free-Surface Reactor (FSR), with two
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types of Hg lamps (Medium Pressure, MP, and Low Pressure, LP) irradiating the liquid from the
top of the reactor without direct contact with the liquid. The dye degradation efficiency of the
process has been evaluated by comparing the reaction rate constants (RRC) from experimental
data and the total power consumption for wastewater treatment (Rww). In order to increase the
photodegradation efficiency, several TiO> based photocatalysts (TiO> commercial or prepared by
Flame Spray Pyrolysis (FSP), bare or loaded with 0.1 mol% Pd or Au) have been added to the

batch system.

The results suggest that the MP UV-FSR requires less energy for dye removal in case of high dye
concentration, whereas, for lower dye concentration, LP UV-FSR shows better performance in
terms of energy consumption. Bare P25 even in relatively low quantity (100 mg/dm?®) showed to
be an active co-adjuvant for dye decoloration and aromatic structures degradation with half the

energy consumption than a solution without photocatalyst.
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1. Introduction

Textile industries consume enormous quantity of water and chemicals for finishing and dying
processes. Most of the textile dyes have complicated aromatic structures with high resistance to
the conventional wastewater treatment processes because of their stability to sunlight, oxidizing
agents and microorganisms [1]. Therefore, from an environmental point of view, dyes removal
from industrial effluents is one of the major concerns, which imposes a stringent legislation for the
textile industry. Azo dyes and their degradation products include a huge number of contaminants
with toxic, mutagenic or carcinogenic effect on living organisms.

So far, many methods have been used to treat the wastewater, such as coagulation and flocculation
[2-4], the chemical oxidation including Fenton’s reagent [5-9], ClIO., NaCIlO or Oz [10], air
flotation processes adsorption by resins or activated carbon, activated sludge, anaerobic-aerobic
two stage biochemical process [11], electrolytic [12,13] and high impulse current. Most of the
mentioned techniques are only able to remove the color, i.e. breaking the N-containing bond which
guarantees electron mobility across the molecule, without achieving the total degradation
(mineralization) of toxic intermediates. The limitations of conventional biological or chemical
oxidation techniques can be overcome by the development of the so-called advanced oxidation
processes (AOPs), which can be standalone or combined with other techniques [14]. AOPs mainly
involve the generation of very strong oxidizing species, but relatively non selective. Primarily, it
means hydroxyl (*OH) radicals, formed through radical chain photo-induced decomposition of
hydrogen peroxide in pure water (equations 1-7), which in turn increases the degradation of
organic contaminants into harmless inorganic substances such as CO, and H.O under mild

conditions (full mineralization) [15]. One of the oldest and commercially available AOP methods



is the UV/H>02 method. H2O: is easy to handle in aqueous solutions and is a powerful oxidant and
a source of (*OH) radicals.
1. Initiation: H,0, + hv —» 2 « OH
2. Propagation:H,0, +¢ OH = H,0 + HO,*
3. HO, e +H,0, > Hy0 +¢ 0,0+ ¢ OH
4. Net Reaction: 2H,0, = 2H,0 +¢ 0, o
5. Termination:HO ¢ + « OH — H,0,
6. HO o +HO, o= Hy0 +0 0, o
7. HOyo+e0,H - Hy0, +00, 0

Although AOPs include very often photocatalytic methods activated by UV-light, recent studies
focus on solar light energy as a more challenging issue [16]. In this regard, heterogeneous
photocatalysis, such as UV-TiO.-based solar catalytic oxidation system, reveals some attractive
characteristics [17]. Titanium dioxide (TiO2) is an inexpensive, non-toxic and environmentally
friendly semiconductor, with high structural stability and is insoluble in aqueous solution.
Furthermore, the band gap of this material (3.2 eV) and band energy positions provide a high
photoactivity towards the degradation of many highly concerning molecules, with a further
possibility to exploit solar light for several applications, such as the treatment of organics [18-20]
and dye [19-22] pollutants from water. Since only a small fraction (about 3-5%) of the solar
spectrum constitutes the UV light, research efforts focused on the goal of shifting the optical
response of TiO> toward visible light and enhancing its photocatalytic activity by incorporating
transition metal oxides (such as Fe, Zn, Cu, Ni and V) [26-28] or noble metals (such as Au, Pd,
Ag and Pt) [25,29-32]. Some of these metals, e.g. Au and Pd, can improve light harvesting of the

TiO> thanks to plasmonic resonance in the visible region. In other cases, depending on the



workfunction, the metal nanoparticles distributed on the surface as co-catalyst may act as a sink
for the photo-promoted electrons, allowing to improve the lifetime of the photo-generated charges.
In the field of azo-dyes removal, a lot of investigations deal with either homogeneous or
heterogeneous light-supported approaches, mainly focusing on the development of new
photocatalysts or checking the effect of operating conditions. Pilot scale studies are only few [33—
35] and, furthermore, a homogeneous comparison of the two approaches is missing and no
attempts to conceptualise the possible scale up of the technologies is currently available. Elements
of choice must be the conversion achievable as a function of time, of course, but also elements to
ascertain the scalability of the processes and their economic impact.

Therefore, in this study, the efficiency of a H2O2/UV process for the removal of Levafix Brilliant
Red E-6BA reactive dye effluent is investigated. A Free-Surface Reactor (FSR) was used for
testing. A pilot scale photoreactor (10 L capacity) has been tested for the first time, comparing a
photochemical vs. photocatalytic AOP approach as example of rival technologies, characterized
by different cost of reactants, catalysts and power consumption. To check the effect of the
operating conditions on the dye removal efficiency, two main parameters were calculated: the
Reaction Rate Constant (RRC, 1/h) and the total energy consumption for wastewater treatment
(Rww, KWh/m®), so comparing the feasibility of the technologies proposed with an applicative
purpose. Different experimental parameters have been considered, such as the effect of H2O;
amount, dye concentration, the selection of different light sources, e.g. a medium pressure (MP)
or low pressure (LP) Hg lamp with different power.

The photocatalytic efficiency for dye removal in the presence of commercial TiO2 (Evonink P25)

has been studied in comparison with TiO obtained by flame spray pyrolysis (FSP), either bare or



added with gold (0.1 mol% Au-P25) or palladium (0.1 mol% Pd-P25, 0.1 mol% Pd-FSP), never

applied for this reaction.

2. Experimental

2.1. Catalysts preparation

The commercial P25 sample supplied by Evonik (code P25) was used as a benchmark and its
photocatalytic performance has been compared with TiO2 samples prepared in dense nanoparticles
form by Flame Spray Pyrolysis (FSP) [36—38]. The FSP samples were prepared by means of a
home-developed device, composed of a burner, which is co-fed with the titania precursor solution
and 5 L/min of oxygen. The flame is ignited and sustained by a ring of flamelets (0.5 L/min CH4
+ 1 L/min of O2). A syringe pump at constant feeding rate of 2.5x10 L/min has been used for
feeding the solution of the oxide precursor in organic solvent to the burner. Titanium Isopropoxide
(Sigma Aldrich, pur. 97%) was dissolved into p-Xylene and Propionic acid (Sigma Aldrich, pur.
97%) with a 0.4 M concentration. The pressure drop at the burner nozzle was set to 1.5 bar [39-
42].

The gold-promoted TiO2 samples (0.1 mol% Au-P25) were prepared by a modified deposition-
precipitation method using AuCls 11.4 mg and 3 g of commercial TiO, (Evonik P25, 50 m?/g) [43—
46]. These compounds were dispersed in bi-distilled water (just enough to cover the solid
particles).

Then the suspension was left under vigorous stirring for 1h at room temperature. Water was then
removed under mild vacuum and the collected samples were dried overnight in oven (100 °C).
Atomic Absorption Spectroscopy (AAS) analysis (Perkin Elmer 3100 instrument) was performed

to assess the final composition which resulted the same as the nominal one.



An aqueous solution of Pd(NO3)2 was used as a precursor for the Pd nanoparticles with 0.1 mol %
loading, added by impregnation on both P25 and FSP samples. Pd reduction was obtained in H»
flow at 300 °C for 3h, according to preliminary Temperature Programmed Reduction (TPR).

The metal loading has been optimised for a different application in the case of Au and kept fixed

for comparison in the case of Pd.

2.2.  Characterization techniques
Nitrogen adsorption/desorption isotherms were collected at -196°C on a Micromeritics ASAP2020
instrument on samples after pretreatment in vacuum at 300°C overnight.
X-ray diffraction (XRD) experiments were performed on a Rigaku D 11I-MAX horizontal-scan
powder diffractometer with Cu-Ka radiation, equipped with a graphite monochromator on the
diffracted beam.
Reflectance (DR) UV-Vis spectra of powder photocatalyst samples were measured on a Cary 5000
UV-Vis-NIR spectrophotometer (Varian instruments) in the range of 200-800 nm, in order to
study the effect of metal doping on the light absorption nature and the band gap of materials.
TPR analysis was carried out on a bench scale apparatus by flowing 40 cm®min of a 10 vol%
H2/N2 mixture, while heating the sample by 10 °C/min up to 700°C for 3h. The gas outflowing the
quartz reactor was analysed by with a TCD detector after entrapping the possibly formed water.
The electrophoretic mobility of samples P25 and FSP was measured at 25°C as a function of pH,
by means of electrophoretic light scattering technique on a Zetasizer Nano-ZS (Malvern
Instruments, Worcestershire, UK). Water suspensions were sonicated for 2 min with an ultrasonic
probe (400 W, 24 kHz, UP400S, Hielscher; Germany); the pH of the suspension was then adjusted

by adding either 0.10 M HCI or 0.10 M NaOH.



2.3.  Photoreactor design and test condition
The UV Free-Surface Reactor (UV-FSR) developed at the Institute for Sanitary Engineering,
Water Quality and Solid Waste Management (ISWA) of the University of Stuttgart, has been used
for all the experimental activity tests. The UV FSR (Figure 1), is basically an STR (stirred tank
reactor) working in continuous or batch mode, with part of its surface irradiated by one or several
UV lamps. Intensive stirring throughout the process provides almost ideally turbulent conditions
in the aqueous reactor content. This results in a constantly renewed surface, allowing water or
contaminants to meet statistically the photon source, independently from color and turbidity of the
suspension or solution. The following Figure displays a schematic diagram of the reactor used for
the experiments and some relevant technical specifications of the pilot scale 10 L FSR are listed

in Table 1.
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Figure 1: The 10 liters UV Free-Surface Reactor (UV-FSR) for batch or continuous operation [47]



Table 1: Technical specifications of the laboratory scale FSR with 2 different lamp types

Reactor type double jacket UV Free-surface reactor, made of glass
Reaction volume 10L
Distance between UV-radiator ca. 3 cm
and wastewater surface
Agitation Mechanical stirrer with adjustable speed, set at 450 RPM for
this experiment
Temperature Water-cooled double jacket controls the temperature. The
average temperature was ca. 20 °C for all tests
Hg lamps LP Hg Lamp:
e Six LP-UV lamps, each 10 cm length
e Monochromatic
e Maximum emission peak at 254 nm
e |nput power 210 W
e UV-C efficiency is 35-40% of total electrical input power
e Useful life time: 8000-12000 h
MP Hg Lamp:
e Single lamp with 10 cm length
e Polychromatic
e Emitting in a range of 200-280 nm
e |nput power 1700 W
e UV-C efficiency is 15-18% of total electrical input power
e Useful life time: 1500-4000 h

Lamp cooling system Air ventilation

Levafix Brilliant Red E-6BA red was selected as a proper reactive dye for this experiment. This

dye is an anionic, mono-functional reactive dye, very popular in the textile industry. It is hardly



biodegradable with high solubility in water, a high Chemical Oxygen Demand (COD) and a very

low Biochemical Oxygen Demand (BOD5) (Table 2).

Table 2: Physical and chemical properties of Levafix Brilliant red E-6BA”

Chemical composition Ca2H18CIF2LiNsNa2011S3
Solubility in water 70 g/dm?

Chemical Oxygen Demand (COD) 965 mg/g

Biochemical Oxygen Demand (BODs ") <30 mg/lg™™"
Wavelength of maximum absorption 440-445 nm

Molecular weight 885.0843 g/mol

Bulk density 350-570 kg/m?

*According to DyStar Colors Distribution GmbH, 2011, manufacturer database

** 5-day Biochemical Oxygen Demand

*** According to the index of water quality classification BOD > 5 mg/dm?® O is referred as
contaminated water [48]

According to the COD, which gives the information on the oxygen demand for the total oxidation
of the wastewater [49], the stoichiometric factors for the ratio COD:H.O; has been calculated
based on dye concentration, by assuming the efficient production of one OHe from each molecule
of H20; [15]. Consequently, factors F = 1.0 (stoichiometric conditions), < 1.0 (sub-stoichiometric
conditions) and Factor > 1.0 (over-stoichiometric conditions), mean that the oxygen demand by
H>0: is theoretically covered, not fully covered and covered in excess, respectively.

Tests were carried out in 10 L aqueous solution (derived from tap water) of Levafix Brilliant Red
E-6BA (purity grade > 99.0%; initial concentration = 100 mg/dm?3; initial pH ~ 7.5) in the FSR.
Two types of Hg lamps were used: One radiator/reflector unit contains six low pressure (LP) UV-
radiators with the length of 10 cm and input power of 35 W for each lamp (total input power of

210 W), the other radiator/reflector unit contains one single medium pressure (MP) UV -radiator

with the length of 10 cm and an input power of 1700 W (Table 1). Using the MP radiator (surface



temperature ~900°C), the solution was cooled down by means of water circulation in the outer
compartment of the double jacket reactor, in order to not exceed a reactor temperature of 20 °C. A
mechanical stirrer was located inside the reactor and adjusted to 450 rounds per minute to ensure
suitable and uniform agitation of the liquid medium and constant renewal of the irradiated surface
at the same time.

The first round of tests (Test 1-6) were performed without addition of catalyst, by varying different
factors: i) dye concentration (10-150 mg/dm?®), ii) the H20 (50 wt%) amount as oxidation agent,
based on different stoichiometry factors (F = 1 - 5.8) and iii) the MP Hg lamp and LP Hg lamp as
irradiation sources. These results are reported based on the unpublished study, which have been
produced by University of Stuttgart in previous experiments. The first three experiments were
perfumed using the MP Hg lamp, in which in the two of the experiments 10 mg/dm? was selected
as an initial dye concentration. Based on the calculated COD driving from dye concentration, the
H>0> was added with F = 1.0 (stoichiometric conditions), F=5.8 (over-stoichiometric conditions).
The third test was carried out with 150 mg/dm? of dye concentration with F= 5.8 as a H.0 addition
stoichiometric factor.

The further three experiments were performed under the same experimental conditions varying
only the irradiation source using LP Hg lamp.

In the second round of tests, 8 experiments were performed using only the MP Hg lamp to compare
the effect of catalyst doping on dye degradation, and the results were compared with the blank test
without catalysts (tests 7-14). The photocatalytic tests were performed using different catalysts
(FSP, 0.1 mol% Pd-FSP,1 mol% Pd-P25 and 0.1 mol% Au-P25) all in the same amount (50
mg/dm?). The initial dye concentration of 100 mg/dm® and the H.0, (50 wt%) with fixed

stoichiometric factor (F=1.8) were selected for all tests. The initial dye concentration Co (before



turning on the UV lamp) was measured at time t = 0. The best catalyst in terms of discoloration
and RRC then was selected to find the optimum dosage (in three different concentrations: 25, 50
and 100 mg/dmd) in a same condition as before.

Two Perkin Elmer Lambda XLS+ and Lambda 35 spectrophotometers were used to measure the
Levafix Brilliant Red E-6BA concentration at its Amax =542 nm in order to follow the degradation
kinetics. Samples were taken every 5 min for a total reaction time of 90 min, and photometry has
been performed in a 1 cm quartz cuvette. The maximum experimental error in the determination

of absorbance was 3%.

3. Results and discussion

3.1. Materials characterization

The XRD pattern of all samples show a mixture of the crystalline phases of anatase and rutile. All
the reflections were identified by comparison with the standard JCPDS spectrum of rutile (file 88-
1175) and anatase (file 84-1286) [50]. The FSP sample showed similar composition and particle
size with respect to P25 (Figure 2 and Table 3). The phase composition and the average particle
size of each sample have been estimated from the intensity ratio between the reflection of anatase
and rutile planes at (101) and (110) respectively (Table 3) [51]. The particle size of TiO, samples
has been calculated by using the Scherrer’s equation [52] and reported in Table 3. The addition of
so small co-catalyst amount did not induce the segregation of separate Au or Pd-based phases. The
metal was found dispersed in small nanoparticles corresponding to the nominal amount. According

to the detailed characterization of the same Au and Pd loaded TiO; for a different photocatalytic



reaction, i.e. the photoreduction of CO- to solar fuels and of nitrates in waste water [46,53,54], the
co-catalyst was found dispersed in form of fine nanoparticles. Au, in particular, was confirmed by
high-resolution transmission electron microscopy (HRTEM) and scanning transmission electron
microscopy (STEM) as dispersed in narrow particle size distribution (3.7-4.6 nm). X-ray
photoelectron spectroscopy (XPS) also confirmed the nominal surface amount of Au in metallic

form Au® (BE = 83 eV) without any detectable Au™ species (BE = 85.5 eV) [46].
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Figure 2: XRD patterns of (1) P25, (2) 0.1% Pd-P25, (3) 0.1% Au-P25, (4) FSP and (5) 0.1% Pd-FSP. Aand R
stand for the main reflections of anatase and rutile phases, respectively. Blue curves: Pd-loaded catalysts; red curve:
Au-loaded catalyst.



Table 3. Some relevant properties of the samples, as derived by XRD patterns, and Band gap calculation from DR
UV-Vis data elaborated according to Tauc plots and N2 sorption isotherms at -196 °C

Sample P25 FSP 0.1 mol% 0.1 mol% 0.1 mol%
Pd-P25 Pd-FSP Au-P25
Anatase / Rutile (%) 78122 69 /31 58/42 53/47 78122
Crystallite size (nm) 2 15 20 17 18 15
Band Gap energy (eV) P 3.36 3.36 3.16 3.13 3.12
BET Surface area (m?/g) © 45.3+0.5 67.5+1.2 56.6 £ 0.2 57.0+04 47.29 +0.17
Total pore volume (cm®/g) ¢ 0.12 0.14 0.25 0.21 0.28
t-Plot micropore volume (cm?/g) ¢ 0.01 0.02 0.004 0.0003 0.003

a Crystallite size quantification from XRD data through the Scherrer equation.
® as calculated by the Tauc equation for DR-UV-Vis spectra

¢ as calculated from N adsorption/desorption isotherms, collected at -196 °C
das calculated by applying the t-plot.

The FSP procedure led to a similar material than the reference commercial P25 sample,
characterized by a mixture of anatase and rutile phases, the latter slightly more abundant in the
FSP sample and increasing for the Pd-loaded sample (due to the thermal treatment). The crystal
size was also similar, a bit higher for the FSP catalyst according to the Scherrer equation. FE-SEM
analysis substantially confirmed the particles size, which was very uniform and centred around 15-
30 nm for the P25-based samples, with some poly-dispersity of particles size for the FSP samples,
which were mainly constituted by nanospheres (5-20 nm), together with bigger aggregates (ca.

100 nm) (Figure 3).

The images of BackScattered electrons are also reported in Figure 4, where brighter dots represent
electron denser species (i.e. the metals). From these micrographs we can conclude a fine dispersion

of the Pd co-catalyst over the whole surface, with very small metal clusters. On the contrary, Au



was characterized by slightly bigger clusters with maximum size 15 nm, i.e. covering the whole

titania particle.
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Figure 3: FE-SEM micrographs of (a) 0.1% Pd-P25, (b) 0.1% Au-P25 and (c) 0.1% Pd-FSP.
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Figure 4: Backscattering images of Pd and Au-loaded samples (brighter dots represent the heavier

Pd or Au clusters).

According to UV absorption spectra (Figure 5), all samples show an intense absorption in the
spectral range between 240-380 nm, mainly due to electron transfer from the 2p valence band
orbital of O to the 3d conduction band orbital of Ti [55,56]. The spectra of un-promoted P25 and
FSP samples show lower wavelength cut-off with respect to the metal-loaded samples. The main
reason for the observed bathochromic shift in transition and the visible light absorption is due to
changing of the energy levels of the semiconductor band gap through a charge transfer between
the metal conduction band and the valence band or the d—d transition in the crystal field [52].
Though the band gap quantified through the Tauc elaboration was the same for the bare Titania
samples, a higher absorbance was observed for the FSP sample and a slight shift towards higher

wavelengths, likely due to a higher rutile content.
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Figure. 5: DR UV-Vis spectra of P25 (blue curve), FSP (dark red curve), Pd-25 (purple curve), Pd-FSP (red curve)

and Au-P25 (yellow curve), (all samples were doped with 0.1mol% of Au or Pd).
In addition, Au-TiO2 samples exhibit significantly enhanced light absorption in the visible region
showing a broad band located between 450 and 600 nm typical of the Surface Plasmonic
Resonance (SPR) of Au nanoparticles (NPs) (inset of Figure 5). The broad visible light absorption

range is possibly due to wide size distribution of Au-NPs and the maximum of the SPR band (Amax)

intensity is mainly related to the size and content of Au particles [57].

The optical band gap energy E4 was determined according to the Tauc equation and reported in
Table 3. [58]. According to the Eg calculations, adding Pd or Au to TiO> results in the extension

of absorption edge to longer wavelengths and reduction of the band gap energy [55,59].

The BET SSA (Brunauer-Emmett-Teller Specific Surface Area) and pore volume have been

determined based on N2 adsorption/desorption isotherms at -196 °C, on both P25 and FSP samples



previously outgassed at 150 °C for 4h (Figure 6). t-plot method has been used for calculation of
Micropore volume (Table 3). Both P25 and FSP samples show a type Il isotherm, representing the
non-porous or macroporous adsorbent (Figure 6) [60]. FSP samples, however, show higher surface
area and pore volume with respect to P25 ones. The addition of the metals left almost unaltered
the surface area, as for order of magnitude, but decreased by at least one order of magnitude the

micropores volume, due to fine pore blocking after addition of the metal nanoparticles.
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Figure 6: N2 adsorption/desorption isotherms collected at -196 °C over samples outgassed at 150°C for 4h, P25
(squares), FSP (triangles)

3.2. Reactivity testing: Effect of dye concentration, H.O, amount and irradiation

source type (MP or LP UV lamps)

Figures 7a and 7b, report the discoloration of the model wastewater in the first round of
experiments without the presence of heterogeneous catalysts. For all the tests, discoloration nearly

follows a first order reaction kinetics and the rate of discoloration can be determined from the



exponent constant factor of the exponential degradation curve, which represents the dye removal
rate (Figure 7 and Table 4).
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Figure 7: Dye concentration evolution with time for a) MP UV-FSR and b) LP UV-FSR. (Curve 1: 150 mg/dm3
dye and F=5.8 (H.0.addition), curve 2: 10 mg/dm® dye and F=5.8 (H.O, addition) and curve 3: 10

mg/dm? dye and F=1 (H.Oaddition)

The MP-UV FSR system shows always a higher reaction rate constant (RRC) with respect to LP-
UV FSR. Especially with high dye concentration the RRC is ca. 11 times higher in MP-UV FSR
than for the LP case (Figure 8a, and Table 4).

The LP Hg lamp is monochromatic with a fixed wavelength emission at 254 nm, whereas the
maximum absorbance of UV radiation by H>O> occurs at about 220 nm and the molar absorption
coefficient of H202 at 254 nm is thus lower than at 220 nm. On the other hand, MP Hg lamp
typically produces 200 - 280 nm emission spectra, which is in the proper range for producing
higher amount of OH« radicals to react with the substrate dye.

A Reactor Characterization (Rc) number has been introduced as a factor for selecting the best UV

source from an economic point of view.



_ input power (W) X UV-C efficiency (%)
B Reactor Vol (L)

8. R,

Based on the lamps emission efficiency (Table 1), the Rc number has been calculated for the two

different light sources:

210 (W) x 0.35
9. Re@p—uvrsr) = 10 (L) =735W/L)

1700 (W) x 0.15
10.  Rc(mp-uv Fsr) = 10 (L) =255 W/L)

The Rc values demonstrate about 3.5 times higher UV-C radiation power per liter of reactor
volume for MP UV-FSR with respect to LP one. The calculation of Rc is based on the power input
and the efficiency of lamp emission in the desired UVC range. Under equal operating conditions,
a higher number of photons with appropriate wavelength increases the concentration of activated
hydroxyls.

The RC value can be used to evaluate the Rww, which is equivalent to the power consumption to
reach a pre-defined conversion goal, which is assumed as 95% dye decomposition from the model
wastewater (Figure 8b). The intended point (95%) has been selected based on previous studies,
which have been performed for discoloration of the same dye at the University of Stuttgart.

11.  Ryw = R, X t, (KWh/m3)

where ty is the irradiation time (min) needed for conversion of 95% of the dye (Figure 7, Table 4).
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experiments without the presence of an heterogeneous photocatalyst



Table 4: Summary of experiments for tests with and without the presence of an heterogeneous photocatalysts and the results of RRC and Ruw

Experiment Catalyst Concecnj:zl)i/(j:l g/ Dye concentration uv Stoichiometric  H20: dosage RRC (1/h) b (min)* Ruw
number am) (mg/dm?®) source Factor (F) (cm®dm?®) (kWh/m®)
1 No cat --- 10 MP 1 0.017 5.68 315 13.40
2 No cat --- 10 MP 5.8 0.1 7.23 24.5 10.41
3 No cat - 150 MP 5.8 15 4.66 38 16.15
4 No cat --- 10 LP 1 0.017 2.81 64 8.00
5 No cat --- 10 LP 5.8 0.1 4.32 41 5.02
6 No cat - 150 LP 5.8 15 0.44 405 50.00
7 No cat - 100 MP 1.8 0.3 1.13 191 83.0
8 P25 25 100 MP 1.8 0.3 1.74 130 56.4
9 P25 50 100 MP 1.8 0.3 2.25 104 45.2
10 P25 100 100 MP 1.8 0.3 2.33 95 41.4
11 Au-P25 50 100 MP 1.8 0.3 191 117 50.5
12 Pd-P25 50 100 MP 1.8 0.3 1.517 142 61.7
13 FSP 50 100 MP 1.8 0.3 1.73 124 53.7
14 Pd-FSP 50 100 MP 1.8 0.3 1.75 123 53.2

* irradiation time for 95% of reactive dye removal



According to the values of the Rww (Figure 8b, and Table 4), for removal of the higher
concentration (150 mg/dm®) of Levafix Brilliant Red E-6BA, MP UV-FSR shows a better
performance with about 3.5 times less energy consumption with respect to LP UV-FSR.

On the other hand, with a lower dye concentration (10 mg/dmq) in both over-stoichiometric (F=5.8)
and stoichiometric (F=1) conditions, LP UV-FSR requires only half of the energy consumption
with respect to the MP UV-FSR, which makes the LP-UV system more economic in such a case.
This finding is important for the practical application of the UV/H,0O> process. Several studies
have been focused on a degradation of wide range of pollutants, but few studies concern the
potential of MP and LP lamps regarding the energy consumption in AOPs systems [61] and
therefore their application potential.

Although the absorbance of H,O> at 254 nm is low, the results of this research show that the yield
of hydroxyl radical with LP lamp is almost comparable or even higher at lower dye concentration
than the MP lamp.

The regulations for the amount of Dissolved Organic Carbon (DOC) and anions (e.g. nitrate) for
drinking water are specific to each country. However, less than 1-2 mg/dm?® of DOC is the tolerable
range in drinking water. [15]. Although, such low concentrations have no measureable effect on
the UV treatment, there is evidence that the presence of nitrate and some parts of the DOC (e.qg.
Natural Organic Matter (NOM)) in the water matrix may act as radical scavengers [49]. It is known
that nitrate is able to photolyse when exposed to 254 nm forming radicals (e.g. OHe and NOxe).
This behavior is mainly due to high molar adsorption coefficient (e= 3.51 1/M cm) of nitrate at
254 nm that can contribute to high absorption of incident radiation [62]. Furthermore, research

studies show the high absorption coefficient of NOM at 254 nm ranging from 116 to 638 1/M cm.



This can be an explanation for our results on the higher efficiency of LP UV-FSR in radical
formation, in lower dye concentration [63].

Consequently, with MP-UV/H20; the influence of direct photolysis assists the degradation of
pollutants at the same UV fluence with respect to LP-UV/H0>. Nevertheless, LP-UV/H20- has
higher efficiency in converting the electrical energy to UV-C light, which means the energy
required to achieve 95% degradation of reactive dye can be significantly lower with LP-
UV/H20, than with MP-UV/H0; system, [61,64]. The results of experiments on better
performance of LP lamps in a term of power consumption in lower dye concentrations has been

clearly illustrated in Figure 8.

3.3.  Effect of heterogeneous photocatalysis on dye removal in MP-UV FSR

The initial step in the semiconductor-mediated photocatalysed degradation is the generation of an
electron-hole (e/h*) pair upon light absorption, leading to the formation of a hydroxyl radical
(OHe) and superoxide radical (O2™) anion in solution (equations 12-14). These are the primary
oxidizing species in the photocatalytic oxidation processes. For instance, when TiO; is used as
catalyst:

12. TiO,+hv > ey~ +hyp*

13. O0,+e,” — 0,

14. H,0 + h,," —» OH* + H*
where hv represents the energy of a radiation higher than the band gap of the semiconductor, e’
and hy" represent the electron promoted in the conduction band and the positive hole left in the
valence one, respectively. However, the fast electron/hole recombination is also a practical issue

with TiO2 and the main reason of energy-waste, which limits the achievable quantum yield. In



order to inhibit the electron-hole recombination, one strategy is to add electron acceptors, which
in turn have several different effects: i) to increase the quantity of trapped electrons, therefore,
avoid dispersive recombination, ii) to generate more radicals and other oxidizing species, iii) to
increase the oxidation rate of intermediate compounds and iv) to compensate problems caused by
low oxygen concentration. Furthermore, it may be economically justified the addition of inorganic
species to accelerate the degradation rate for highly toxic wastewater. Accordingly, radical chain
photo-induced decomposition of hydrogen peroxide as an electron acceptor in pure water produces
further OHe and enhances the photodegradation process (equations 1-7).

The effect of catalyst addition on RRC and Rww, has been studied. For all tests, 100 mg/dm?® and
0.3 cm®/dm?® (F=1.8) were selected as dye concentration and H202 (50 wt%) dosage, respectively.
The MP Hg lamp was selected as irradiation source due to better performance for removing the
higher concentration of dye. The results of the experiments have been summarized in Table 4.
According to the data, in the presence of heterogeneous photocatalysts the RRC values increased,
with a corresponding decrease of power consumption. The best performance for the same amount
of catalyst (50 mg/dm?®) has been obtained with P25, leading to almost half power consumption
with respect to the test in the same conditions but without catalyst. As expected, the dye
discoloration rate has been found to increase with the increase in catalyst concentration from 25
mg/dm? to 50 mg/dm?3. The reason is due to increasing active surface sites in the reactor, whereas
a further increase of catalyst concentration was not so effective.

The higher photocatalytic activity of Evonik P25 with respect to FSP at the same amount of catalyst
can be attributed to the surface charge properties of these photocatalysts. For P25 and FSP, the (-
potential curves at variable pH allowed to calculate the point of zero charge (PZC). It was

calculated as pH 6.25 and 4.5 for P25 and FSP, respectively [54]. Due to the low pKa value of the



sulfonic group in Levafix Brilliant E-6BA, it is found in its anionic form within the pH range of
our experiments (pH 7). Therefore, at pH 7, the surface of FSP catalyst is charged negatively,
hampering the adsorption of Levafix Brilliant E-6BA ions and ultimately leading to electrostatic
repulsion, which indeed results in lower photodegradation efficiency with respect to P25, which is
only slightly negatively charged at pH 7, a pH very near to the isoelectric point of this material
[22,65].

Operation with an almost neutrally charged surface may however induce agglomeration and
unstable suspension. This could be a problem for sample P25 tested at pH = 7, i.e. near to the
isoelectric point. To exclude this issue, we have measured the size of the particles in suspension
through DLS. The experimental evidence does not report any significant agglomeration of the
suspension as a function of pH in the adopted conditions (also thanks to the very low catalyst
concentration employed) (Figure 9). The choice to keep unmodified the native pH is favourable
from the applicative point of view to avoid the addition of acids and bases to waste water, which

would imply and additional post treatment to remove them.
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Figure 9: Size of the particles in suspension as measured by DLS as a function of pH.

On the other hand, gold and palladium doping (Pd-P25, Au-P25 and Pd-FSP), seems not to affect
the performance significantly. Indeed, in this type of reaction, the effect of metal entrapment for
the electrons photogenerated is by far less efficient than usual, given the presence of a very
efficient electron scavenger such as H.Oz (Table 4). Thus, the net effect of the metal is a reduction
of the active TiO. surface without any specific advantage.

The UV spectrum of Levafix Brilliant E-6BA is presented in Figure 10. In water, the hydrazone
form of Levafix Brilliant E-6BA, stable in the solid phase, undergoes an azo-hydrazone
tautomerism, via an intra-molecular proton transfer, so that both hydrazone and azo-form are
simultaneously present. Levafix Brilliant E-6BA exhibits peaks at 543, 519, 370, 328 nm and a
small shoulder at 288 nm (Figure 10). The visible spectrum peaks are due to chromophoric group
absorptions, whereas the bands observed in the UV region can be assigned to the aromatic rings

present in dye structures [66,67].
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Figure 10: (up) Structure formula of Levafix Brilliant E-6BA. (down) UV-vis spectrum
of 0.48 mM Levafix Brilliant E-6BA aqueous solution: absorption bands due to both the
azo- and hydrazone forms- of the dye are observed (the dye structure has been adapted

from Muthuraman et al., [68]).

Figure 11 describes the adsorption experiments of Levafix Brilliant E-6BA without P25 and with
the best amount of P25 (100 mg/dm?). After 90 min of irradiation, 51% and 21% of dye were
converted with 100 mg L™ of P25 and without P25, respectively. The same Figure 11 also

demonstrates the effect of dye adsorption in the surface of the catalyst, which is negligible, i.e. <

5% when comparing curves 1 and 2.
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Figure 11: a) UV-vis spectra of the starting 0.48 mM Levafix Brilliant E-6BA solution with 0.3
cm?/dm?® H,0, (1) and with 100 mg/dm?® P25 (2), and of the supernatant solutions after 90 min

without the presence of P25 (3) and with 100 mg/dm?® P25 (4).

The color loss of the dye solution was interpreted with the cleavage of the azo linkage (nitrogen
double bonds -N=N-) in the molecule (Figure 10). Azo bonds are the most active bonds in azo dye
molecules and can be easily oxidized either by positive holes in the valence band of the
semiconductor catalyst or by action of the hydroxyl radicals [69,70].

After 90 min of irradiation time no new bands form with respect to the starting solution. Higher
decoloration and degradation of the aromatic structures have been observed in the presence of
catalyst P25 (Figure 11). This is visible by looking at the decrease of the typical absorption bands

at 288 and 328 nm.



4. Conclusions

A UV Free-Surface reactor (UV-FSR) has been used for studying the photodegradation of Levafix
Brilliant E-6BA, a hardly biodegradable anionic reactive azo-dye. Experiments with model
wastewater including different concentrations of dye and H20> as oxidative agent were performed
with both medium pressure (MP) UV radiator (1700 W) and low pressure (LP) UV radiator (210
W). Comparing the Reactor characterization number (R¢) values for both sources of UV light, UV-
C radiation power per liter was 3 times higher with MP UV-FSR than with LP UV-FSR. The Rww
factor, calculated as energy consumption for dye degradation, has been obtained 3 times less for
treatment of high amount of dye concentrations in with MP UV-FSR than LP UV-FSR. The MP
Hg lamp produced a higher quantity of radicals than LP Hg one, however, with lower
concentrations of dye, the radicals termination with recombination or quench process is
dominating with respect to dye degradation. Therefore, at lower concentration of dye (10 mg/dm?®),
LP UV-FSR shows better performance for energy consumption with different amounts of H.O>
dosage (H202 dosage with two stoichiometry factors of 1 and 5.8), which may have an influence
on the results.

Catalyst effect on dye photodegradation has been also studied with 100 mg/dm® of dye
concentration and H2O: stoichiometry factor of 1.8. Interestingly, bare TiO, (P25) even in
relatively low quantity (100 mg/dm?, while literature often reports concentrations of ca. 1 g/dm?
for photocatalytic applications) showed to be an active co-adjuvant for decoloration and aromatic
structures degradation of the dye with half the energy consumption with respect to a solution
without heterogeneous catalyst. The FSP catalyst, instead, showed lower performance, leading to
higher energy consumption than P25. This result may be attributed to the surface charge conditions

and the isoelectric point of the two catalysts, as determined by -potential curves. The selected pH



for this study has been set as neutral (pH = 7), in which P25 has less negative surface charge with
respect to FSP. Therefore, repulsive electrostatic interaction is established between the anionic
form of the dye at that pH and the negative catalyst surface of FSP TiO., which explains the lower
photocatalytic activity for this latter catalyst.

Adding noble metals as co-catalysts (ca. 0.1 mol% Pd or Au) has no significant effect on the
catalysts efficiency. Metals are indeed effective to entrap electrons preventing their recombination
with holes. In this case, H.O2 was much more efficient as electron scavenger leading to a negligible

or even negative effect of the metal.
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