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A B S T R A C T   

A continuous flow photocatalytic packed-bed reactor irradiated by UV-LEDs was employed for the degradation of 
two toxic anionic azo dyes: Eriochrome Black-T (EBT) and Methyl Orange (MeO). Commercial anatase TiO2 in 
pellets form was used as packing material for the photoreactor. The experimental tests were carried out using 
both distilled and tap water as aqueous matrix for the two selected dyes. The influence of the liquid flow rate on 
the performances of the photocatalytic packed-bed reactor was investigated in the range 0.5–2.1 mL/min. 
Photocatalytic results showed that, under UV light, the system allows to achieve steady-state dyes concentration 
values without deactivation phenomena in 510 min irradiation time. Using distilled water, the highest efficiency 
of the process (EBT and MeO decolorization of about 100 % and 90 %, respectively) was observed with a liquid 
flow rate of 0.5 mL/min (contact time =6.6 min). In the presence of tap water and using the same contact time, 
the EBT decolourization was still total whereas MeO degradation was lower and equal to 70 %. For this reason, 
the photocatalytic reactor was followed by an adsorption unit based on the use of activated carbon. With such 
configuration, the complete MeO decolourization was achieved. 

The total removal of toxicity for EBT was achieved with just one packed-bed reactor being the toxicity of 
potential by-products not relevant. In the case of MeO, the full toxicity removal was obtained only after 
powdered activated carbon filtration.   

1. Introduction 

In recent years, the fate of a series of chemical pollutants, including 
contaminants of emerging concern, in the aquatic environment has 
gained growing interest. Little is still known about the effects of dyes 
released into water bodies [1–3]. Dyes are extensively used in various 
industrial sectors including plastic, printing, food, paper, gasoline, 
pharmaceutical, and textile industries [4]. The global dyes and pigments 
market is expected to rise up to USD 37,623.08 million by 2023 with an 
estimated annual growth rate of 5.46 % (2018–2023). Textile segment 
occupies a major share of the dye market in terms of type, volume, and 
complexity worldwide [1]. A very large fraction of synthetic dyes used 
by dyeing industries are composed of azo dyes. Reactive azo dyes are 

characterized by one or more azo groups (–N––N–) that act as chro-
mophore in the molecular structure [5]. During the dyeing process 
around 10–15 % of the dye is lost and discharged into the effluents, 
leading to potential toxic effects to both humans and the environment if 
not properly removed. Due to their chemical structure and synthetic 
origins, dyes are resistant to fading on exposure to light, temperature, 
and many chemicals. The compounds containing the azo group are 
difficult to degrade even at low concentrations because of their resis-
tance to light, heat, chemicals and microbial action. Therefore, it is very 
difficult to remove azo dyes by means of conventional wastewater 
treatments [6–9]. These features, coupled with their toxicity, make azo 
dyes a possible source of ecological concern, especially for freshwater 
aquatic ecosystems [2]. The presence of dyes in natural water bodies 
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leads to a decline in light diffusion which in turn distresses the photo-
chemical activities of species present in the aquatic streams or structures 
[2,10]. Their partial degradation by bacteria results in the formation of 
toxic amines [11,12]. Several studies underlined the toxicity of textile 
azo dyes [2,13–16], showing potential adverse effects [17]. Despite their 
continuous release worldwide, the impact of dyes and their residues 
have been scarcely evaluated since now. With ever-increasing ecological 
awareness, the environmental legislation and regulatory authorities are 
now more concerned about the hazardous nature of industrially-related 
synthetic dyes and dyes-containing hazardous wastewater effluents [1, 
18]. 

Eriochrome Black T (EBT) and Methyl orange (MeO) are considered 
among the most problematic dyes in wastewater [19]. EBT is a toxic and 
carcinogen anionic azo dye which is used as an indicator in com-
plexometric titrations and for dyeing nylon, silk and wool fibers [20,21]. 
Likewise, MeO finds extensive applications in textiles, plastics, cos-
metics, dye manufacturing industries [22]. MeO exhibits environmental 
hazard and toxicity to human health and can cause breathing, diarrhoea, 
vomiting and nausea [19]. They are both considered as recalcitrant to 
biological treatments, therefore alternative methods have been recently 
attempted for their removal from wastewater, mainly adsorption pro-
cesses [19,20,22]. Several adsorbents such as magnetite/pectin and 
magnetite/silica/pectin hybrid nanocomposites [23], activated carbon 
[24], anionic layer double hydroxide [25], NiFe2O4 magnetic nano-
particles [26], modified ostrich bone waste [22] and epibromohydrin 
modified crosslinked polyamine resin [19] have been applied for the 
removal of EBT and MeO from aqueous solutions. Although good results 
were achieved with these methods, these adsorbents were expensive and 
difficult to synthesize. Moreover, once exhausted, the material used in 
the adsorption process must be handled as hazardous waste becoming 
itself a source of contamination [27]. Various studies related to the 
regeneration of adsorbents (i.e., thermal, chemical, microbiological and 
vacuum regeneration) have been carried out to compensate for the 
disadvantages of the adsorption technique, obtaining a certain degree of 
success [28]. Nevertheless, these techniques are generally limited either 
from a technical and economic point of view. More recently advanced 
oxidation processes [21,29,30] have also been attempted. Heteroge-
neous photocatalysis based on titanium dioxide has been successfully 
employed in the decolorization of organic dyes from the textile industry 
[31]. Generally, the photocatalytic process involves the generation of 
free radicals that are able to oxidize pollutants several pollutants, such 
as dyes [32–35]. In particular, the organic dyes adsorbed onto the 
catalyst surface can be converted into harmless compounds such as 
carbon dioxide and water. However, the use of TiO2 in powder form is 
disadvantages because a separation step is required after the photo-
catalytic treatment in order to reuse the recovered photocatalyst parti-
cles [36–40] and this could be one reason to still limited large-scale 
applications of a photocatalytic process for the wastewater treatment 
[41]. Moreover, the wastewater treatment photoreactors filled with a 
catalyst in macroscopic forms have a unique advantage to avoid filtra-
tion step to separate and reuse the catalyst from the treated effluent [42, 
43]. Other reasons that prevented the development of this technology is 
the absence of proper reactor design and optimization because of the 
most studied photoreactors are in batch configuration [44–47], so it is 
desirable to evolve a continuous flow reactor since batch treatment 
systems would be not useful for practical applications. Several research 
papers were focused on the use of continuous-flow photoreactor with 
immobilized TiO2 [48–50] but most papers deal only with the evalua-
tion of the dyes decolourization. At our knowledge, scientific literature 
about the employment of a continuous-flow reactor for water depollu-
tion through the dual evaluation of photocatalytic decolourization and 
its related toxicity is still limited [41]. The aim of present work is to test 
a continuous flow photocatalytic packed-bed reactor filled with com-
mercial TiO2 pellets in order to remove EBT and MeO azo dyes from 
aqueous solutions and their related toxicity, including biological models 
belonging to various trophic levels like R. subcapitata, L. sativum and 

D. magna. 

2. Materials and methods 

2.1. Materials 

The commercial TiO2 pellets (T_PTs) in cylindrical shape (size: 12.5 
mm × 5.5 mm) were provided by Sigma Aldrich. The pelletized acti-
vated carbon (PaC) in cylindrical shape, used as adsorption materials, 
(FILTERCARB KI 60; size: 11 mm × 4 mm; specific surface area (BET): 
1000-1100 m2/g) were provided by Carbonitalia. Eriochrome Black-T 
(C20H12N3O7SNa) and Methyl Orange (C14H14N3NaO3S) anionic azo- 
dyes were purchased from Sigma Aldrich. Distilled and tap water 
(Table 1) were used for preparing all the aqueous solutions used in the 
tests. 

2.2. Sample characterization 

The N2 adsorption-desorption isotherm at − 196 ◦C was performed 
with Sorptometer 1042 instrument (Costech). BET and T-plot methods 
were used for the specific surface area of T_PTs while Bar-
ret–Joyner–Halenda (BJH) method was applied for the determination of 
pore size distribution. Before the analysis, the sample was pre-treated at 
150 ◦C for 30 min in He flow. UV–vis reflectance spectra (UV–vis DRS) 
were recorded with a PerkinElmer spectrometer Lambda 35 using a RSA- 
PE-20 reflectance spectroscopy accessory (Labsphere Inc., North Sutton, 
NH). Wide-angle X-ray diffraction (XRD) patterns were obtained using a 
micro-diffractometer Rigaku D-max-RAPID, using Cu-Kα radiation and a 
cylindrical imaging plate detector. Laser Raman spectra were obtained 
at room temperature with a Dispersive MicroRaman (Invia, Renishaw), 
equipped with 514 nm laser, in the range 100–800 cm− 1 Raman shift. 

2.3. Photocatalytic tests using packed-bed reactor operating in batch and 
continuous mode 

The experimental setup consists of a packed-bed photocatalytic 
micro-reactor, an external stirred aerated tank containing the polluted 
solution and a peristaltic pump to provide a continuous flow of water 
along the photocatalytic reactor. The packed-bed reactor is a cylindrical 
pyrex reactor (ID =1.3 cm, LTOT =10 cm and VTOT =7 mL) filled with 4 g 
of T_PTs. The packed-bed reactor was irradiated by a UV LEDs strip 
(provided by LEDlightinghut; nominal power: 12 W/m; wavelength 
emission peak: 365 nm) positioned around and in contact with external 
surface of the cylindrical body. The photon flux at reactor external body 
of packed-bed photoreactor was measured using a spectro-radiometer 
(StellarNet Inc) and it was about 25 mW∙cm− 2. All the photocatalytic 
tests were performed at the spontaneous pH of the polluted solutions and 
the temperature of the system was in the range 20− 30 ◦C during all the 
performed tests. The photocatalytic experiments were conducted both in 
batch and continuous mode. In the case of batch mode, the total volume 
of the treated solution was 100 mL and the system was left in dark 

Table 1 
Physical and chemical characteristics of tap water.  

Conductivity 493 μS/cm 

pH 7.23 
CO2 10 mg/l 
SiO2 8.2 mg/l 
HCO3

− 326 mg 
Ca 85.8 mg 
SO4

2− 23.0 mg 
Mg 18.5 mg 
Cl− 6.8 mg 
Na 4.1 mg 
NO3

− 3 mg 
K+ 1.2 mg 
F- <0.2  
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condition for 2 h before to switch on the UV-LEDs in order to reach 
adsorption–desorption equilibrium of the pollutant on the T_PTs surface. 
The total irradiation time was equal to 180 min. The overall liquid 
stream is fed from the bottom of the reactor and liquid stream passes 
through the catalytic bed and finally comes out from the top of the 
reactor, being conveyed in the same tank used for feeding the reactor. 
The liquid sample was withdrawn from the tank. For the experimental 
condition in continuous modes, the liquid flow rate was varied in the 
range 0.5–2.1 mL/min using a peristaltic pump (Watson Marlowe 120 s). 
The aqueous solution containing the pollutant to be removed was pre-
pared and collected in the feed tank (3 L). The feed tank is equipped with 
a magnetic stirrer to assure the complete homogenization of the stock 
solution. The overall liquid stream is fed from the bottom of the reactor 
and liquid stream passes through the catalytic bed and finally comes out 
from the top of the reactor, being conveyed in a tank where the treated 
solutions were collected. The liquid sample was withdrawn at the outlet 
of the continuous flow micro-reactor. The photocatalytic tests were 
carried out using two anionic azo dyes: Eriochrome Black T (EBT) and 
Methyl Orange (MeO) at 10 mg/L initial concentration. In both exper-
imental modes, the liquid samples were analyzed by spectrophotometric 
measurements (Perkin Elmer UV–vis spectrophotometer) in order to 
determine the concentration of EBT (at λ = 574 nm) [51] and MeO (at λ 
= 464 nm) [52]. 

2.4. Ecotoxicity and data analysis 

Toxicity was investigated in accordance to [53,54] via a battery of 
toxicity tests including biological models belonging to various trophic 
levels (D. magna, R. subcapitata, and L. sativum). Toxicity tests with 
D. magna were carried out according to [55]. Newborn daphnids (< 24 h 
old) were exposed in four replicates for 24 and 48 h at 20 ± 1 ◦C under 
continuous illumination (1000 lx). Before testing, they were fed with 
R. subcapitata (300,000 cells/mlad libitum. All toxicity tests included the 
assessment of negative and positive controls in accordance with the 
specific reference method. Toxicity was expressed as percentage of ef-
fect. Microalgae growth inhibition test with R. subcapitata was carried 
out according to [56]. Cultures were kept in Erlenmeyer flasks. The 
initial inoculum contained 104 cells/mL. The specific growth inhibition 
rate was calculated considering 6 replicates exposed at 20 ± 1 ◦C for 72 
h under continuous illumination (6000 lx). Effect data were expressed as 
percentage of growth inhibition. Phytotoxicity tests were carried out 
according to [57] on L. sativum. The germination index (GI, %) was 
considered as endpoint [58]. All endpoints were assessed in triplicate 
including negative (ultrapure water) and positive (H3BO3) controls. The 
GI can assume values greater or lower than 100 %, where a value equal 
to 100 % means that the seedling average length and germination rate 
between a specific treatment and the negative control are the same [59]. 
If values are between 80 % and 120 %, the effects are likely the negative 
controls, otherwise values greater than 120 % indicate biostimulation 
and lower than 80 % inhibition effects. Toxicity data were analysed 
according to [60]. According to [61], the hazard classification system 
based on percentage of effect (PE) includes a Class I for PE < 20 % (score 
0, no acute hazard), Class II for 20 % ≤ PE < 50 % (score 1, slight acute 
hazard), Class III for 50 % ≤ PE < 100 % (score 2, acute hazard), Class IV 
when PE = 100 % in at least one test (score 3, high acute hazard) and a 
Class V when PE = 100 % in all bioassays (score 4, very high acute 
hazard). Finally, the integrated class weight score was determined by 
averaging the values corresponding to each microbiotest class normal-
ised to the most sensitive organism (highest score). Data were checked 
for normality (Shapiro-Wilk (S-W)test) and homogeneity of variance 
(F-test) prior to the application of parametric methods (one-way analysis 
of variance, ANOVA) to compare the potential significant differences 
between treatments and negative controls. If S-W or F-test failed, 
non-parametric methods were used (Kruskal-Wallis one-way analysis of 
variance ranks). Post-hoc Tuckey’s method was used to check all pair-
wise multiple comparison procedures (only significant differences were 

evidenced). The minimum level of acceptable significance was set at α =
0.05. Data were processed by means of SigmaPlot version 11.0, from 
Systat Software, Inc., San Jose California USA, www.systatsoftware. 
com. 

3. Results and discussion 

3.1. T_PTs photocatalyst characterization 

The T_PTs sample was characterized using different techniques. 

Fig. 1. a) XRD pattern, b) Raman and c) UV–vis reflectance spectrum of 
T_PTs catalyst. 
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Fig. 1 reports the XRD diffraction pattern, Raman and UV–vis DRS 
spectra. 

In particular, the crystallinity and the crystal phases of T_PTs sample 
were examined by XRD analysis (Fig. 1a). Several well-defined diffrac-
tion reflections are detectable at 2θ = 25.4◦, 38.1◦, 48◦, 54.1◦, 55.2◦, 
62.7◦, 68.9◦, 70.5◦ and 75.2◦ that are related to TiO2 crystals in 
tetragonal anatase phase [62]. The average crystallite size of T_PTs 
sample calculated for the diffraction plane (1 0 1) (corresponding to the 
peak at 25.4◦) was estimated according to the Scherrer equation and the 
obtained value is reported in Table 2. The TiO2 crystallite size was found 
to be equal to 16 nm, a value very close to commercial PC105 titania in 
anatase phase [62,63]. In agreement with the XRD data, all Raman 
active modes (Fig. 1b) positioned at 144, 197, 399, 513, 519 and 639 
cm− 1 are associated to TiO2 in anatase phase [64,65]. UV–vis DRS 
spectrum of T_PTs (Fig. 1c) showed that the absorption onset of this 
sample was around 390 nm, which is typically found for commercial 
TiO2 samples in anatase phase [63]. The optical band gap of the T_PTs 
(Table 2) was determined using the Kubelka-Munk equation. Also in this 
case, the obtained band gap value (3.2 eV) falls in the range expected for 
the TiO2 material in anatase phase [66], meaning that the T_PTs pho-
tocatalyst can be activated by the UV light emitted by LEDs used in the 
photocatalytic tests. The results of N2 adsorption-desorption measure-
ments at − 196 ◦C are reported in Fig. 2 and Table 2. 

The adsorption (Fig. 2a) increased gradually with the relative pres-
sure (p/p0) due to the adsorption of N2. As shown in Fig. 2a, the isotherm 
is identified as type IV, which is typical for mesoporous materials [67]. 
Moreover, the adsorption-desorption isotherm of T_PTs sample exhibi-
ted one hysteresis loops, lying from 0.5 up to 0.9 p/p0 values. The 
Barrett-Joyner-Halenda (BJH) pore size distribution is displayed in 
Fig. 2b. T_PTs exhibits the mean pore size at about 6 nm, evidencing only 
the presence of mesopores. This result was confirmed by the values of 
micro- and meso-surface area (Table 2). In fact, the sample showed a 
value of micro-surface area (10 m2/g) very lower than meso-surface area 
(95 m2/g). 

3.2. Photocatalytic tests using the packed-bed reactor operating in batch 
mode 

Preliminary photocatalytic tests were driven using the packed-bed 
reactor operating in batch mode. The experimental results in terms of 
EBT and MeO decolourization as a function of irradiation time were 
reported in Fig. 3. 

It is worthwhile to note that, during the photolysis test (carried in the 
absence of photocatalyst) no EBT [68] or MeO [69] decolourization was 
observed. On the contrary, the presence of T_PTs photocatalyst led to a 
significant decrease of EBT and MeO relative concentration, reaching 
the total EBT and 86 % MeO decolourization after 180 min of UV irra-
diation. The different trend observed for the decolourization of the two 
anionic tested dyes could be ascribed to the presence of two sulphonate 
groups in EBT structure (while there is only one in MeO), inducing to the 
EBT molecules a more electronegative surface than MeO, thus resulting 
in more favourable adsorption of EBT on the surface of T_PTs sample 
[23,70,71]. The previous observation is confirmed from the experi-
mental results obtained after 120 min of run time in dark conditions 
(data not shown). In fact, EBT decolourization was equal to 93 %, while 
MeO was not adsorbed by T_PTs. The experimental data strengthen the 
hypothesis that adsorption and orientation of the dye molecules on the 
surface of the catalyst could determine the mode of the target dye 

Table 2 
Chemical physical characterization results of TiO2 pellets.  

Sample Crystallite size (nm) Band gap energy (eV) 
Surface area (m2/g) 

BET Micro Meso 

T _PTs 16 3.2 105 10 95  

Fig. 2. N2 adsorption and desorption isotherms (a) and pore size distribution 
curve (b). 

Fig. 3. Photolysis and Photocatalytic EBT and MeO decolourization under UV 
light using T_PTs catalyst in the packed-bed reactor operating in batch mode; 
EBT and MeO initial concentration: 10 mg/L; T_PTs catalyst amount: 4 g; So-
lution volume 100 ml. 
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decolourization. 

3.3. Photocatalytic tests using the packed-bed reactor operating in 
continuous mode 

For the scale-up of a photocatalytic system for water treatment, a 
continuous process is desirable to demonstrate a higher flexibility and 
efficiency compared to a batch system, due to its ability to keep constant 
the pollutant concentration when the system reaches the steady state 
condition [72]. 

3.3.1. Photolysis, adsorption and adsorption /photocatalytic activity tests 
on T_PTs photocatalyst 

Fig. 4 shows the comparison of the photolysis, adsorption test in dark 
conditions and adsorption/photocatalytic test performed with T_PTs 
photocatalyst. 

From the results reported in Fig. 4a, it is possible to observe that 
during the photolysis test, the only electromagnetic radiation emitted by 
the UV LEDs does not provide sufficient energy for the degradation of 
EBT dye. In fact, also for very long irradiation time, only a very little 
reduction of concentration was obtained (about 1 %). A different trend 
was observed for the adsorption test. In the first 3 min of run time, the 
active sites of T_PTs sample were available to adsorb EBT molecules, 
reaching a decolourization degree of about 30 %. After 3 min of run 

time, a gradual increase of EBT concentration was observed until to 
reach the initial concentration value after about 100 min, indicating the 
complete saturation of the T_PTs catalytic bed. Fig. 4a reports also the 
result obtained with the adsorption/photocatalytic test. As it is possible 
to observe, the presence of UV light induced a decolourization of EBT 
equal to 45 % after 300 min of test time. This value has remained con-
stant for the entire duration of the adsorption/photocatalytic test and 
this is attributable to the contribution of the photocatalytic action pro-
mote by T_PTs catalytic bed that was to not subjected to deactivation 
phenomena. The presence of UV light is able to activate the T_PTs 
sample that can generate hydroxyl radicals able to oxidize the EBT 
molecules adsorbed on the T_PTs surface, making continuously available 
the active sites of T_PTs for the adsorption of further EBT molecules 
[41]. Fig. 4b shows the experimental results observed for the decolou-
rization process of MeO. Both the photolysis test (presence of the only 
UV radiation) and dark adsorption showed no efficiency in the removal 
of dye molecules according to the collected data in batch configuration 
(Fig. 3). On the contrary, the adsorption/ photocatalytic test immedi-
ately showed about 20 % of MeO decolourization and this value remains 
unchanged for the overall duration of the test (510 min). This decrease 
in MeO concentration is attributable only to the photocatalytic 
contribution. 

Different results were reported by Suhadolnik et al. [73], showing 
that only 10 % of dye degradation was obtained in their continuous 
system. This efficiency was further improved to 100 % using a more 
sophisticated design that utilizes a complicated hybrid system of 
photo-electro catalytic degradation. On the other hand, complete dyes 
degradation was found using TiO2 on glass plates [48]. In comparison to 
the latter, our study achieved similar photocatalytic degradation per-
formances using an efficient and simple design based on the use of 
commercial TiO2 sample. 

3.3.2. Influence of the liquid flow rate on photocatalytic performances 
The influence of EBT and MeO aqueous solution flow rate was 

studied in terms of the decolourization of the two target dyes (Fig. 5). 
The chosen flow rate has been varied in the range from 0.5 to 2.1 mL/ 

min. The results concerning the EBT decolourization are reported in 
Fig. 5a. With the increase of contact time, the decolourization of EBT 
increased, leading to an improvement in the performances of the system. 
In details, using a flow rate equal to 2.1 mL/min, which corresponds to a 
contact time of 0.7 min, it is possible to observe that, in the first 180 min 
of the test, the kinetics of adsorption phenomena was higher than the 
photocatalytic one [41], while after about 380 min and until the end of 
the test (510 min), the EBT decolourization value became stationary, 
reaching a decolourization value equal to 39 %. In the same manner, 
with a liquid flow rate of 0.9 mL/min (contact time of 1.6 min), the trend 
of the curve is very similar to the previous case, obtaining, after 300 min, 
61 % decolourization of EBT dye. The best results in terms of EBT 
decolourization was achieved with a flow rate of 0.5 mL/min (contact 
time equal to 3.3 min); in fact, already after 85 min of run time, the 
steady-state concentration value was reached with 80 % of EBT decol-
ourization. It is important to underline that, also in this case, the 
decolourization value remained constant for the entire duration of the 
test (510 min). This means that the T_PTs photocatalyst together with 
UV light is able to continuously regenerate the active sites of the T_PTs 
sample, as earlier observed in our previous work dealing with the 
removal of crystal violet dye by means of a continuous photoreactor 
[41]. Similar results were achieved for MeO decolouration (Fig. 5b). In 
particular, with the decrease of the liquid flow rate, there was an 
improvement of the performances of the T_PTs photocatalyst in the 
presence of UV light. The best result, also in this case, was obtained with 
a flow rate equal to 0.5 mL/min. In this operating condition, the MeO 
decolourization was equal to 54 % for the overall test time. 

3.3.3. Influence of the water matrix on T_PTs photocatalyst 
For the scale-up of photocatalytic water treatment process, it is 

Fig. 4. Photolysis, adsorption and adsorption/photocatalysis tests in the pres-
ence of a) EBT and b) MeO in the packed-bed reactor operating in continuous 
mode; EBT and MeO initial concentration: 10 mg/L; T_PTs catalyst amount: 4 g; 
Liquid flow rate : 2.1 mL/min. 
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important to evaluate the influence of various inorganic ions commonly 
present in real water matrix on decolourization rate of the selected 
organic dyes. In particular, in the literature, it is reported that the 
presence of inorganic anions such as nitrate, chlorides, carbonates and 
sulphates generally inhibit the activity of photocatalysts leading to a 
decreased efficiency in pollutant photodegradation [74]. Moreover, 
generally, inorganic ions can induce fouling phenomena of the TiO2 
surface, scavenging both the hole and the hydroxyl radicals [75]. Fig. 6 
evidences that the presence of inorganic ions contained in the used tap 
water (Table 1) led to a lower EBT decolourization. The EBT decolou-
rization reached a steady-state value of about 58 % after 300 min of 
process time and, therefore, a lower value than that one achieved in the 
presence of distilled water (80 %) (Fig. 6a). 

A similar effect was observed for MeO dye (Fig. 6b). The dye 
decolourization reached a steady-state value of about 40 % after 180 
min, lower than those one observed in the presence of distilled water (54 
%). In order to enhance the decolourization efficiency of the target dye, 
the contact time was further increased from 3.3 up to 6.6 min by using a 
system consisting of two packed-bed reactors of equal geometry in series 
filled with 4 g of T_PTs each. 

Fig. 7 shows the experimental results both with tap and distilled 
water, evidencing that in the case of EBT decolourization, the photo-
catalytic system was able to assure the total dye decolourization 
(Fig. 7a). From the results reported in Fig. 7b, it is evident that the use of 
two photocatalytic reactors allowed to increase also the MeO 

decolourization efficiency with respect to the single reactor (Fig. 6b). In 
detail, despite the MeO molecules were not adsorbed on the T_PTs sur-
face, during the entire test time, the presence of a greater quantity of 
photocatalyst (T_PTs) irradiated by LED-UV, allowed to obtain a 
removal of the pollutant equal to 90 % using distilled water and 70 % 
using tap water, evidencing that, despite the increase in efficiency, the 
use of two reactors in series, did not assure the total MeO decolouriza-
tion. For this reason, a hybrid process has been developed for the 
treatment of the tap water spiked with MeO (at 10 mg/L initial con-
centration). In detail, the photocatalytic unit was followed by adsorption 
unit. The two units operated in continuous mode using a liquid flow rate 
equal to 0.5 mL/min. The photocatalytic unit (consisting of the two 
photoreacotrs in series) was overall filled with 8 g of T_PTs while the 
adsorption unit was filled with 4 g of PaC. In this way, at the outlet of the 
photocatalytic unit, MeO decolourization efficiency was equal to 70 % 
and increased up to almost 100 % at the outlet of the adsorption unit 
(Fig. 8). In summary, the experimental results reported in Fig. 8 showed 
that thanks to the photocatalytic unit followed by an adsorption process, 
the total MeO decolourization was achieved at the outlet of the overall 
system. 

Fig. 5. Adsorption/photocatalysis tests in the presence of a) EBT and b) MeO in 
the packed-bed reactor operating in continuous mode at different liquid flow 
rate (0.5–2.1 mL/min); EBT and MeO initial concentration: 10 mg/L; T_PTs 
catalyst amount: 4 g. 

Fig. 6. Comparison of adsorption/photocatalysis tests in the presence of a) EBT 
and b) MeO in the packed-bed reactor operating in continuous mode using 
different water matrix (distilled water or tap water); EBT and MeO initial 
concentration: 10 mg/L; T_PTs catalyst amount: 4 g; liquid flow rate: 0.5 
mL/min. 
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3.4. Ecotoxicity 

Although dyes pose a potential environmental risk, the literature 
offers only limited information about their ecotoxicity [2,13,15,16]. 
Croce et al. [2] reported that according to their survey carried out in 
2016 on ECHA registered dyes, only 100 monoconstituent organic 
substances are registered and only a limited number of these dyes (16 %) 
are characterized by data about aquatic toxicity to daphnia and algae 
suitable for REACH. Ecotoxicity data were provided in Fig. S1 (one 
packed-bed reactor) and S2 (two packed-bed reactors) in Supplementary 
Materials (SM) for both MeO and EBT for all the considered exposure 
scenarios including distilled and tap water and all testing species. Data 
were normally distributed and homoscedastic. In SMs, the results from 
each scenario were presented and discussed in detail evidencing that 
D. magna and R. subcapitata were the most sensitive testing organisms for 
both dyes [2]. In order to provide a final and integrated assessment of 
the results, data were presented in Table 3 according to the class weight 
score approach [60]. Results evidenced that toxicity was never up to 
score 1 (slight acute hazard) both in treated and untreated samples. The 
treatment with one packed-bed reactor showed limited effects in toxicity 
removal from treated specimen for both MeO and EBT, evidencing in the 
case of “MeO tap water 0.5 mL/min” condition a toxicity increase 
compared to the control probably due to the generation of more toxic 
by-products, similarly to “EBT distilled water 0.9 and 2.1 mL/min” 
scenarios. The use of two reactors in series did not change the results for 
EBT “tap water” scenario compared to the treatment with one reactor, 
similarly to MeO. In the case of MeO, the full toxicity removal was ob-
tained only after PAC filtration. Thus, the total removal of toxicity for 
EBT can be achieved with just one packed-bed reactor being the toxicity 
of potential by-products not relevant. Toxicity data are in line with MeO 
and EBT degradation kinetics. 

4. Conclusions 

A continuous flow photocatalytic packed-bed reactor irradiated by 
UV-LEDs was used for the degradation of two anionic azo dyes using 
commercial TiO2 pellets (T_PTs) in cylindrical shape (size: 12.5 mm ×
5.5 mm). X-ray diffraction analysis and Raman spectroscopy showed 
that the TiO2 pellets were in anatase phase. N2 adsorption-desorption 
analysis at − 196 ◦C evidenced that T_PTs exhibits pores with mean 
size of about 6 nm. Moreover, the photocatalyst showed both micro- 
surface area (10 m2/g) and meso-surface area (95 m2/g), underlining 
that it was mainly composed by mesoporous structure. Eriochrome 
Black-T (EBT) and Methyl Orange (MeO) were selected as model azo 
dyes for photocatalytic tests and toxicity assessment. Photocatalytic 
tests were carried out spiking EBT and MeO both in distilled and tap 
water. Photocatalytic results showed that, under UV light, the contin-
uous packed-bed reactor allowed to achieve steady-state conditions 

Fig. 7. Adsorption/photocatalysis test in the presence of a) EBT and b) MeO 
using two continuous flow packed-bed reactors in series with different water 
matrix (distilled water or tap water); EBT and MeO initial concentration: 10 
mg/L; T_PTs catalyst amount: 8 g; liquid flow rate: 0.5 mL/min. 

Fig. 8. Behavior of MeO relative concentration in the tap water at the outlet of 
the photocatalytic unit (composed by two packed-bed reactor in series) fol-
lowed by adsorption unit filled with pelletized activated carbon; T_PTs catalyst 
amount: 8 g; PaC amount: 4 g; liquid flow rate:0.5 mL/min. 

Table 3 
Integrated class weight score considering each treatment scenario; 0 = no acute 
hazard; 1 = slight acute hazard; * = untreated spiked solution (10 mg/L); 
ranking according to [60].  

Treatment scenario MeO EBT 

1 packed-bed reactor 
distilled water 

Control* 1 0 
0.5 mL/min 1 0 
0.9 mL/min 1 1 
2.1 mL/min 1 1 

tap water Control* 0 0 
0.5 mL/min 1 0 

2 packed-bed reactors 

distilled water Control* 1 0 
0.5 mL/min 1 1 

tap water 
Control* 0 0 
0.5 mL/min 1 0 

tap water 
control 0  
PAC 1  
0.5 mL/min + PAC 0   
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without evidencing deactivation phenomena. In the case of distilled 
water as aqueous matrix, the highest decolourization efficiency (EBT 
and MeO decolorization of about 100 % and 90 %, respectively) was 
achieved using a liquid flow rate of 0.5 mL/min, corresponding to a 
contact time equal to 6.6 min. Using the optimized contact time, in 
presence of tap water spiked with the dyes, the max % of EBT decol-
ourization and the total removal of toxicity were achieved, whereas 
MeO degradation was lower (about 70 %). To increase the MeO decol-
ourization performance in presence of tap water, the photocatalytic 
system was coupled to a subsequent adsorption unit filled with com-
mercial activated carbon reaching the almost total MeO decolourization 
as well as toxicity removal. 
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