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Abstract: Water reuse policies demand high treated water quality, ensuring no harm to human
health and ecosystems. To foresee a safe water reuse, Advanced Oxidation Processes seem to be one
of the most appropriated technologies to achieve that goal. In this work, a wireless UV-A LEDs lab-
scale reactor powered by a resonant inductive coupling system was built maximizing the UV photon
absorption, being the energy inside the photoreactor supplied through a magnetic field generated
by induction coils placed on the external wall. The best operating parameters were found to be
[TiO2] = 500 mg L and [H20:] = 100 mg L attaining 50% of RB5 removal after 180 minutes, with
Ero=17.6 kWh m? order! and Esat = 1.75x10° kWh mol! order.
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1. Introduction

Worldwide, 80% of the generated wastewater is released without a proper treatment.
Water scarcity is a reality and so, wastewaters are now seen as a valuable resource. In this
line, wastewater treatment and reuse are being implemented globally as a promising so-
lution. Water is an essential resource in all sectors, but agriculture is the sector that put
this resource under more pressure, requiring 70% of all the water globally consumed, be-
ing also the sector that most contributes to environmental pollution. [1-2]. To minimize
water depletion and ensure food for all, the agricultural sector must be of major concern.
The biggest part of industries is not prepared to attain an efficient treatment, being in the
best cases only able to treat the wastewater to comply with the legislation to discharge
into wastewater treatment plants [1, 3].

Advanced Oxidation Processes (AOPs), generate hydroxyl radicals (HO") with an
oxidation potential = 2.8 eV, that can react with the several pollutants, oxidizing them to
simpler intermediates and potentially to CO2 and H20 [4]. These advanced treatments
have already proved their efficiency by different processes, such as TiO2 heterogeneous
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Published: date photocatalysis [5, 6-8], electrochemical treatments [9, 10], photo-Fenton [3, 11] and ozona-
tion [12, 13]. The combination of AOPs with UV radiation enhances the overall system
efficiency, in which light emitting diodes (LEDs) are rising comparing to the traditional

mercury vapor lamps. Nonetheless, by considering the commonly used wired systems,
photons are scattered during the air path diminishing the treatment effectiveness.

In this work, an azo dye (Reactive Black 5) was selected as a model compound to assess
the capability of a wireless UV-A LEDs lab-scale photoreactor activate TiO2 and decolor-
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2. Material and Methods
2.1. Reagents and analytical determinations

The Reactive Black 5 (RB5, C26H21N501956sNas, CI 20505) was provided by DyStar (Por-
tugal) and used without purification. The UV-vis absorption spectrum of the azo dye is
consistent with the non-hydrolyzed form, showing two absorption bands at 310 and 595
nm. The catalyst used was titanium dioxide (TiO2, P25 Evonik), having on its constitution
86.5% of anatase and 13.5% of rutile and a BET specific surface area of 55 m?/g. Hydrogen
peroxide (H20:2) was purchased from Panreac (30% w/v) and Merckoquant peroxide ana-
lytical test strips were bought from Merck. Sodium hydroxide (NaOH) and sulfuric acid
(H2S04) were supplied from Sigma.

2.2. Reactor and UV-A LEDs wireless system

15 wireless UV-A LEDs (InGaN Roithner RLS-UV365E) were placed inside a lab-scale
bubble column reactor (330 mL) (Figure 1) and used in the decolorization of dye (RB5) by
TiO:z photocatalysis. Each LED has a radiant flux of 1 mW and a viewing angle of 30°. A
wireless power transfer using a resonant inductive coupling system provided the electri-
cal power to each LED, being the LED emitters placed inside the reactor. The reactor tube
was made of polyvinyl chloride with a height of 30 cm and an inside diameter of 7 cm.
The system has incorporated a bottom air injection made by an aquarium air pump. This
wireless LED system and reactor are described in more detail in [3].
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Figure 1. Wireless UV-A LEDs lab-scale reactor scheme.

2.3. Experimental procedure

RB5 solutions (10 mg L) were prepared by dissolving the required amount of dye in
distilled water and then added the catalyst (200, 400, 500, 600 mg L-!). In order to enhance
the dispersion of the TiOz P25, the suspension was placed in an ultrasonic bath (Bandelin
Sonorex SUPER PK 106) for 3 minutes. To reach the adsorption equilibrium the dispersion
was placed in continuous stirring in the dark during 30 minutes, before each experiment.
The initial pH was measured (Jenway 3510 pH meter) and, when necessary, adjusted with
NaOH or H2S0s4 to the required pH value (between 3 and 8). The experiment started at
the time that the UV-A LEDs were turned on. When using H20: (250, 100, 150, 100 mg L-
1), time zero was set at the time both H202 was added, and UV-A LEDs were turned on.
During the experiments the solution was kept in constant aeration (Air pump Ecoair-9800)
through the bottom and the temperature was monitored with an analytical thermometer
(Ama Spezial +0.01 °C), being at 25 °C. Samples were taken at specific times with a syringe
and centrifuged twice for 15 minutes at 6000 rpm to separate the TiO2 P25 in suspension.
The samples were analyzed using a LLG- uniSPEC 2 UV/Vis single spectrophotometer
and the absorbance was measured at 595 nm, once it is the RB5 maximum absorption
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wavelength. Additionally, the H2O2 concentration was roughly followed by Merckoquant
peroxide analytical test strips. All the experiments were made in duplicate being the rep-
resented values the average of accepted results. The RB5 removal concentration was cal-
culated by Beer-Lambert law using the optical density and the molar extinction coeffi-
cient. The obtained data was adjusted to pseudo-first order kinetics and kinetics constants
were calculated.

3. Results and Discussion

Firstly, it is important to highlight that the system and UV-A LEDs were previously
characterized in terms of amplitude of the alternate current (AC) signal, the magnetic field
that reaches the LEDs and the optical irradiance. Very briefly, it was determined that: i)
the maximum magnetic field and optical irradiance were obtained at 26.8 and 27.0 kHz;
ii) the AC signal remains constant independently of the LED position, if below 45 mm
from the top; and iii) the receptor coil (L1 displayed in Figure 1) must always be in the
vertical position, to ensure LED optical irradiance.

3.1. Oscillation frequency and number of UV-A LEDs

In line with the above mentioned, it was important to verify which oscillation fre-
quency presented the best kinetic results, if 26.8 or 27 kHz. Experimental data confirmed
the assumption previously made (Data not shown). Data revealed that from all the work-
ing oscillation frequencies (25, 26, 26.5, 26.8, 27, 28, 29, 30, 31 kHz) between 26.5 and 27
kHz are expected to have the best kinetic results. A better kinetic result was achieved in
26.8 kHz (0.00885 + 0.00064 min'), followed by 26.5 kHz (0.00619 + 0.00054 min-') and then
27 kHz (0.00590 + 0.00028 min'). For this reason, all the following experiments were done
with 26.8 kHz of oscillation frequency and the following operating conditions: [RB5] = 10
mg L1; [TiO2] =500 mg L-; pH=6.5; T=25 °C.

3.2. Effect of TiO2, H202 and RB5 concentrations

Initially, two control tests were carried out with only UV-A LEDs and only RB5 so-
lution (dark/no UV-A LEDs) showing almost no decolorization. Adsorption experiments
revealed the same tendency when exposed to [TiOz] = 500 mg L-in the dark.

When assessing about TiO:2 dosage, the increase on the amount of TiO2 promotes a
faster decolorization (Figure 2a), except when TiO:zis increased from 500 (k = 6.19x107) to
600 mg L (k = 3.35x10-3). The decrease in the pseudo-first order kinetic value suggests an
excess of catalyst in solution, hindering catalyst activation. The catalyst dosage is a critical
factor, because if the solution is too opaque, light is unable to pass through it and activate
TiOz, decreasing or even inhibiting the photocatalytic process. These results agree with
the literature, using TiO2 powder as catalyst [5].

Regarding the H202 concentration (Figure 2b), it is possible to detect a slightly in-
crease in the decolorization of RB5 when adding 100 mg L of H20: to the solution. At-
tributed to the dissociation of H2O2and consequent formation of HO*, O2*-and HOO" [16].
In contrast, when adding higher concentrations, it is observed a negative effect. This may
suggest an excess of H20: in solution which is acting as a radical scavenger of HO*, gen-
erating radicals with lower reactivity and therefore slowing the kinetic rate [15]. Addi-
tionally, it is known that TiO2 can be dissociated or even adsorbed by H20: generating Ti-
peroxo complexes, which present lower photocatalytic activity than TiO2 [16]. Nonethe-
less, to the best of our knowledge, it is necessary to further investigated the interaction
mechanisms between H202 and TiO, to better understand the decolorization reactions.

It was also evaluated the system behavior under different RB5 concentrations (10, 25,
40 and 50 mg L). By increasing the pollutant dosage there is a decrease in the system
response, translating into lower kinetic values (Table 1). The RB5 solution presents a
strong dark color and by increasing the concentration, it may hinder the photons path and
reduce the illuminated volume, indicating a reduction of oxidation zones.
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Figure 2. RB5 decolorization with different: a) TiO2 concentration; b) H202 concentration. Fixed op-
erating conditions: [RB5] =10 mg L!; pH = 6.5; F=26.8 kHz; T =25 °C.

Literature reports two possible decolorization pathways: i) HO* attacks RB5 in the
azo form leading to the breakage of N=N; or ii)) HO* attacks RB5 in the hydroazo form
leading to the breakage of C-N bonds. Both configurations are stable in aqueous media
[17]. A study conducted with Reactive Red 195 dye using TiO2/UV-A revealed that N=N
breakage would be the preferred site for HO* attack, but in this case, it was not considered
the hydroazo tautomer [6]. But when considering both configurations, theoretical studies
concluded that the C-N bonds are the preferred site for HO* attack [18, 19]. In this line and
from the proposed mechanisms found in the literature for the photodegradation of differ-
ent dyes, it can be assumed that there is a prevalence of C-N breakage, and therefore a
predominance of stable hydroazo tautomers species in the aqueous solution used in the
present study. In this sense the photodegration reaction mechanism could be initiated by
the nucleophilic attack of the carbon in the aromatic ring connected to the nitrogen (C-N
bond). Since RB5 configuration is mirrored, there is a double N=N azo bond in the mole-
cule, and so the linkage with higher atomic charge will be the first one to suffer the nucle-
ophilic attack. This attack leads to the formation of the intermediate specie hydroazo-OH,
with an increase in the adjacent C-N bond energy. The increased C-N bond energy favors
its breakage, and there is a total separation of this aromatic ring from the main molecule,
forming a new intermediate specie, being in an equilibrium state with its tautomer. This
chain reaction is readily followed by a second nucleophilic attack to the other carbon ad-
jacent to the N=N bond, forming once again a hydroazo-OH and all the subsequent steps.
In sum, the C-N bond is more likely to be attacked by HO* rather than the N=N bond [17,
18].

3.2. Influence of pH

The pH value (3, 3.5, 4, 4.5, 5, 5.5, 6.5, 8) of the solution to treat influences the photo-
catalytic rates, under the following conditions: [RB5] = 10 mg L-}; [TiO2] = 500 mg L; F =
26.8 kHz; T = 25 °C (Figure 3). The pH value affects the TiO: surface properties, the hy-
droxyl radical’s generation and the deprotonation of the dye [20-22]. RB5 dissociation con-
stants (pKa) are at 3.8 and 6.9. TiOz point of zero charge is 6.7, what indicates that under
6.7 its surface is charged positively and above it is negatively charged. For RB5 the same
behavior is observed, therefore the best pH to work with should be between 3.8 and 6.7
or between 6.7 and 6.9, in which higher attraction forces are noticed. Moreover, it is known
that TiO2 zeta potential is pH dependent, having lower values at higher pH. The higher
the value, more stable the solution will be. pH 4, 4.5 and 5 present the fastest pseudo-first
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order kinetic value (Table 1), however, the experimental work revealed some TiO2/RB5
agglomeration as we started decreasing the pH from 5.5. For this reason, experiments
were conducted at around natural pH 6.5. Additionally, costs related to reagents were
also diminished. Nonetheless, future work includes exploring these pH values trying to
attain a compromise between treatment time, efficiency, reagent and energy consumption.

[RB5] = 10 mgL™;[TiO,] = 500 mgL™; F= 26.8 kHz; T= 25 °C

—m—pH=6.5
—A—pH=5
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Figure 3. Effect of pH in RB5 decolorization. Operating conditions: [RB5] = 10 mg L-; [TiO2] = 500
mg L1, F=26.8 kHz; T=25"C.

3.2. Electric Energy per order (Eeo) and Specific Applied Energy (Esae)

The amount of electric energy necessary to reduce RB5 concentration by one order of
magnitude in a unit of volume is defined as Eletric Energy per Order (Eco) and the Specific
Applied Energy (Esae) indicates the energy necessary to break 1 mol of the pollutant. Eeo
is defined by equation 1 in which P is the rated power (kW) of the system, V is the reactor
volume (m?) at the time t (h), kobs (min?) and Esae by equation 2, where Co is the initial
pollutant concentration (mol L1).

38.4x1073 P
Ego == — (Eq.1) M
E
Esag = cofo(ﬁ (Eq. 2) 2)

Low Eko values indicate lower eletrical treatment costs. In this case, Ero values will
only refer to the UV-A LEDs nominal eletrical consumption. Since the Eeo equation takes
into account the pseudo-first order kinetic constants obtained in each experiment, Eeo val-
ues will follow the same tendency [23]. Esat depends on Eeo and Co values. In this line, it is
possible to analyse both the electrical consumption values and the energy required to de-
colorize RB5 in Table 1, as follows: i) [TiOz] dosage, increasing the amount of catalyst led
to lower Eeoand Esae values, except when TiO2 concentration to 600 mg L-; ii) [H20:2] con-
centration, the addition of 100 mg L originated a lower electrical consumption when
compared to without H202in the media. However, by adding a higher concentration of
H:0: there was not a linear decrease in the electrical values, instead it was noticed a neg-
ative effect in the treatment. Similarly, the Esac values revealed to require less energy to
break the RB5 chromophor groups when adding 100 mg L of H20; iii) [RB5] concentra-
tion, since absorptivity decreases when increasing the pollutant concentration, it was
harder to decolorize the pollutant and therefore electrical values rise by increasing RB5
concentration; iv) pH values, pH 4, 4.5 and 5 presented the lowest Eeoand Esat values.

Table 1. Calculated pseudo first order kinetic rates (k), Electric Energy per order (Ero) and Specific
Applied Energy (Esat), for the experiments in Figures 2 and 3.
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Ero
Fixed Parameters Variable (m:{n'l) (kWh rr11)3 order- (KWh mIi)Sllfor der)
0 9.17x10-¢ 1.52x10* 1.51x10¢
[RB5] =10 mg L 200 7.78x104 1.79 x102 1.78x10*
pH=6.5 [TiOz2] 400 2.19x10° 6.38 x10? 6.32x103
T=25°C 500 6.19x1073 2.26x10" 2.24x10°
600 3.35x103 4.17 x10? 4.13x10°
[RB5] =10 mg L 0 6.19X10‘z 2.26 xlOi 2.24x10§
[TiO2] = 500 mg L1 100 7.92x10- 1.76 x10 1.75x10
pH =65 [H20:2] 150 3.77x1073 3.7 x10? 3.67x10°
T 2500 200 4.15x103 3.36 x10? 3.34x10°
250 4.07x10° 3.43 x10! 3.40x10°
-3 1 3
morwow 1 goi oz
71?= 2_5 ‘;C [RB3] 40 3.65x10+ 3.83x102 3.79x10*
50 2.74x10+ 5.10x102 5.05x104
3 6.91x10°3 2.02 x10! 2.00x103
3.5 1.02x10 1.38 x10" 1.36x10°
-2 2
RSI-0mEL s Smae s a7
[Ti0] =500 mg L™ pH 5 5.10x10° 2.74 2.72x102
T=25%C 5.5 1.51x102 9.25 9.18x10?
6.5 6.19x107 2.26x10" 2.24x10°
8 2.10x1073 6.65 x10! 6.59x103

Overall, the lowest values were at acidic pH between 4 and 5. Nonetheless, at the
considered optimal conditions ([RB5] = 10 mg L, [TiOz] = 500 mg L, [H202] =100 mg L,
pH=6.5,F=26.8 kHz; T = 25 °C) the Eto is 17.6 kWh m™ order! and Esat is 1.75x10® kWh
mol! order. Despite other papers presenting RB5 decolorization with Eeovalues calcula-
tion, it is not used wireless radiation. Nonetheless, the use of both low-pressure Hg lamps
and wired LEDs seems very interesting in terms of electrical consumption, reaching Ero
values of 12 and 60-82 kWh m= order, respectively [7, 8].

4. Conclusions

This work reported the decolorization of a dye, Reactive Black 5, by means of TiO:z
photocatalysis assisted by a wireless UV-A LEDs system.

The best operating parameters were found to be [TiOz] = 500 mg L-* and [H202] = 100
mg L, with an Electric Energy per Order (Eeo) of 17.6 kWh m- order. The wireless UV-
A LEDs system proved to be efficient in the removal of RB5 with TiO: photocatalysis,
despite requiring long treatment times. The results showed that the wireless UV-A LEDs
system is efficient in the activation of the catalyst TiO2 under different conditions, favoring
the generation of hydroxyl radicals and promoting the RB5 decolorization. Nonetheless,
this wireless UV-A system requires further studies to upgrade it and to maximize its effi-
ciency in order to be able to work in more realistic conditions.
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