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Abstract:

The discharge of effluents from the textile industry into water bodies has a severe impact on water quality. The pho-
tocatalytic degradation of two typical azo dyes used in the textile industry (Acid Brown 83 and Direct Blue 1) was
studied using the catalysts titanium dioxide (TiO;) and zinc oxide (ZnO) supported on polyethylene terephthalate
(PET) and polystyrene (PS) substrates. For these dyes, degradation reactions using different initial pH values and
supported catalysts were carried out. Adsorption isotherms were obtained and analyzed. No significant statistical
differences were found between the use of PET and PS as substrates on degradation rate constants for both dyes. For
Acid Brown 83 the highest rate constant was obtained at pH 2.5 using Ti0.. For Direct Blue 1, the rate constant showed
a significant difference only between the treatment at pH 2.5 using TiO,and the treatment al pH 11.0 using ZnO. The
adsorption of both dyes was higher on TiO; than on ZnO.
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1 Introduction

Since ancient times, over the history of mankind, humans have used dyes and pigments for art (e.g., rupestrian paint-
ings), for military and religious purposes, among many others [1-4]. The synthetic dye industry emerged in the middle
of the19th century and since then the production of synthetic dyes has been increasing continuously in both variety
and quantity of dyes. Currently, dyes are used extensively in many fields including the textile, leather, cosmetics and
food industries, paper production, and others [5]. It is difficult to quantify the production of dyes but, according to
certain authors, the world production of dyes can be estimated in 800 000 tons per year [6]. Taking into account con-
siderations of number as well as the production volume of colourants, azo dyes are the largest group, since they con-
stitute 70% of all organic dyes produced in the world [3]. During the dyeing process, around 10 to 25% of dyes are lost
and some 2 to 20% are discharged directly into natural water bodies [7, 8].

The discharge of dye-containing industrial effluents into water bodies has a severe effect on the quality of water.
Very low concentrations of dyes (less than 1 ppm) can affect the aesthetic and transparency of water as well as the gas
solubility [9]. Since most of the synthetic dyes are very stable to light, temperature and microbial degradation [10],
they are considered recalcitrant compounds. Moreover, under certain conditions, some dyes (azo dyes) can release
aromatic amines, which are considered as carcinogenic [11]. Therefore, depending on the characteristics of subse-
quent uses of water containing dye residues (e.g., animal husbandry or human consumption, among others), severe
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consequences for animal and human health could be expected. If untreated or deficiently treated wastewater contain-
ing dyes is used for irrigation, important mechanisms in soil involving nitrogen can also be negatively affected [12].

Pelileo is a town in Ecuador known for its textile industries. In this town, most of the industrial untreated (or par-
tially treated) azo dyes-containing wastewaters are discharged directly into the Patate River. Such effluents are diffi-
cult to treat using conventional technologies because of their low biodegradability [13]. Therefore, other options
should be explored. The heterogeneous photocatalysis is proposed as a feasible technology to treat azo dyes-
containing wastewater. This process uses UV radiation (potentially, also solar radiation) and semiconductor oxide
catalysts, such as zinc oxide (ZnO) and titanium dioxide (Ti0,), to generate highly oxidant hydroxyl radicals ("OH)
[14].

Photocatalytic reactions begin when the catalyst absorbs equal or greater energy than its band gap, and an elec-
tron in the valence band (vb) is promoted to the conduction band (cb) generating a hole in the valence band, as is
shown in equation (1) [15].

TiO; + hv _——» ecb(TiO2) + h'vb (TiOy) 6]

The valence band hole is strongly oxidant and the conduction band electron is strongly reductant. The electron-
hole pairs (e’/h*) can participate in redox reactions with water, organic compounds, hydroxide ions and oxygen in
order to oxidize the pollutants [15].
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Figure 1: Chemical structures and UV - Vis absorption spectrum of an aqueous solution 50 ppm of the azo dyes: a) Acid Brown 83, AB83,
and b) Direct Blue 1, DB1

The catalyst can be used in a suspension or supported over a wide variety of materials. If it is in a suspension, the
main disadvantage is the loss of catalyst, and the requirement of a filtration system. Therefore, the catalyst immobili-
zation on different supports is a good way to avoid these problems. In fact, several studies concerning the immobili-
zation of photocatalysts on a variety of substrates were reported in the past. Barka et al. [16] used nonwoven natural
and synthetic fibers coated with TiO; as catalyst for the degradation of the dye patent blue V. Mounir et al. [17] report-
ed the discoloration of water using TiO. immobilized on cellulose fibers, with and without carbon fibers. Other rigid
supports for TiO,, such as glass, quartz and stainless steel, were tested in the past [18, 19]. Substrates for the immobi-
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lization of ZnO were also studied. For instance, the deposition of ZnO on glass and ceramic substrates was reported
by Akyol and Bayramoglu [20]. In addition, the preparation of a substrate based on ZnO nanoparticles deposited on
paper and its antibacterial activity were reported [21].

Plastics have been also considered as materials for the immobilization of photocatalysts. For this purpose, re-
ports about the use of polythene, polypropylene, poly(tetrafluoroethylene), polymethylmethacrylate and others, can
be found in the scientific literature [22-26]. Among other plastic supports that can be used, polyethylene terephthalate
(PET) and polystyrene (PS) have a lot of advantages such as, their capability to be recycled, low weight, and UV radia-
tion resistance. Additionally, in contrast to some supports like glass, the immobilization process on polymers re-
quires only low energy and can be carried out at room temperature [26-28].

Titanium dioxide, TiO. is one of the most used catalysts worldwide. It has two different crystalline phases, ana-
tase and rutile, which play an important role in the photocatalytic process. It was reported that anatase allows a
higher methyl orange dye removal than rutile [29]. Zinc oxide, ZnO can also be used and there are reports on the effi-
cient removal of Rhodamine B and Red 27 [30, 31].

In this work, TiO, and ZnO supported on PET and PS were tested as photocatalysts for the degradation of two
commonly used azo dyes: Acid Brown 83 (Figure 1a) and Direct Blue 1 (Figure 1b). The effects of the substrate (PET
and PS), the catalyst (TiO; and ZnO) and the initial pH value on the degradation rates of these azo dyes were evaluat-
ed. The results presented in this work can be used for the design of reactors for wastewater treatment. In addition, the
information provided in this article contributes with data for future studies on the feasibility of applying this technol-
ogy in Ecuadorian textile industries for wastewater treatment.

2 Experimental and methods

2.1 Reagents

Commercial PET and PS food containers were employed as supports. The catalysts zinc oxide (ZnO, size of grain 20
nm, 99.5%) and titanium dioxide (TiO., size of grain 15 nm, 99% anatase), were purchased from Nanostructured and
Amorphous Materials, Inc. (USA). The azo dyes, Acid Brown 83 (AB83, CisHiiCuN¢NaOsS) and Direct Blue One (DBI,
C3:H2N6Nas016Ss), were purchased from Dyetex (Ecuador). For the heterogeneous photocatalysis, a batch lab scale
system (see the scheme in Figure 2) was built using two Sylvania UV lamps (8W, 254 nm) and a Petri dish with a mag-
netic stirrer (Thermo Scientific SP131015).

SIDE VIEW UPPER VIEW
System protector box o
_
1.cm
2 lamps 1
C »
1 le Petri dish
Water with | i 5
azo dye | = Jf—‘ Plastic (PET Stir bar

or PS) plate é’;
@ with catalyst Petri dish—" Plastic (PET
or PS) plate
Magnetic stirrer with catalyst

T T

Figure 2: Batch lab scale system to test the performance (azo dye removal) of the treatment using different immobilized catalysts and
applying different pH values

2.2 Immobilization of TiO, and ZnO on PET and PS substrates

PET and PS plates (diameter = 9 cm) were pretreated according to the method reported by Meichtry et al. [27]. The PET
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and PS plates were washed with distilled water in an ultrasonic bath (Branson 1510) for 1 h and then dried for 24 h at
room temperature.

TiO; and ZnO were immobilized employing a “dip-coating” technique with suspensions (2 g/L) of each catalyst
(28). The pH values of these suspensions were fixed at 2.5 for TiO, and at 11.0 for ZnO and homogenized by agitation
and ultrasound for 15 min and 25 min, respectively (28). Afterwards, the plates were submerged into the suspension
for 15 s and dried in a vertical position for 2 h at room temperature. For purposes of this work, one immobilization
should be understood as the process in which a plate is submerged in the suspension (of TiO; or ZnO) and then dried.
Several immobilizations were necessary in order to retain an appropriate amount of the catalysts on the plates (see
below).

Since it was necessary to evaluate the efficiency of the catalyst immobilization, the plates were subjected to grav-
imetric analysis using an analytical balance (Kern ABJ 220 — 4M).

2.3 Effect of the number of immobilizations and the used support

The effect of the number of immobilizations (5, 10 and 15) and the support used (PET and PS) on the AB83 and DB1
photocatalytic degradation constant was studied using a factorial 3x2 experimental design for each catalyst and dye.

AB83 and DB solutions (50 ppm) were prepared and the initial pH was adjusted to the same values as the cata-
lyst suspensions. The dye solution samples (20 mL) were treated in the batch lab scale system (see the scheme in
Figure 2) using the impregnated plates. The dye concentration was measured at different times using a spectropho-
tometer UV/Vis (Hitachi U-1900) at 415 nm for AB83 and at 565 nm for DBI1. The selection of these wavelengths is
consistent with the recorded UV-Vis absorption spectra of the solutions of dyes (see Figures 1a and 1b).

In order to verify whether the used support has influence on the reaction (rate constant) or not, the tests were car-
ried out in triplicate and the data processed using the Statgraphics Centurion software (version 16.1.03).

2.4 Effect of pH value of aqueous dye solutions

The effect of the pH value on the photocatalytic degradation constant was studied by the treatment of AB83 and DB1
solutions (50 ppm) in the batch lab scale system using the supported catalysts. The considered pH values were 2.5
and 6.0 for TiO, and 7.0, 9.0 and 11.0 for ZnO. The pH values of the solutions were adjusted at the desired level using
solutions 1 N of H.SO,; and NaOH. The pH values were measured with a Jenway 3510 pHmeter. A completely random-
ized experimental design was applied for this part of the work. The tests were carried out in triplicate and the data
processed using the Statgraphics Centurion software (version 16.1.03).

2.5 Adsorption tests

The AB83 and DBI1 adsorption on the plates with the immobilized catalysts (TiO, and ZnO) were studied at the same
pH values mentioned before. The plates were submerged into solutions containing 10, 20, 30, 40 and 50 ppm of AB83
and DBI, with agitation for 50 minutes and without UV radiation exposure. In order to build the adsorption isotherms,
the final concentrations of dyes were measured by UV/Vis spectrophotometry taking into account the appropriate
wavelengths for each dye.

2.6 Microscopy

In order to characterize the materials (before and after the photocatalytic treatment), PET and PS plates were impreg-
nated with TiO, and ZnO and then used in the treatment of the dyes at pH 2.5 for TiO; and 9.0 for ZnO. Photographs of
the plates were taken using a regular camera (see Figures S1 and S2, Supplementary Material), while microphoto-
graphs were acquired using an Olympus SZX16 stereo microscope equipped with a 17.3 megapixel Olympus DP73
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camera, and a Olympus SDF PLAPO 1XPF objective with a 0.15 numerical aperture. An amplification of 11.5x was
applied. In addition, the microphotographs were processed using the software Olympus Stream Basic 1.9.2.

3 Results and Discussion

3.1 Immobilization of TiO, and ZnO on PET and PS substrates

The catalyst mass on the substrates increased with the number of immobilizations as shown in Table 1. Furthermore,

the mass values of the immobilized catalysts were not affected by the use of PET or PS. In this work, the amounts of
immobilized catalyst obtained were higher than those reported in literature. In particular, Lopes de Barros et al. [28]

achieved 0.168 mg/cm? of TiO, after 15 immobilizations on PET. This difference in the immobilization of the catalysts

may be attributable to material characteristics such as the particle size. In this work, the particle size of TiO; was

smaller compared to the TiO; used by Lopes de Barros et al [28]. Furthermore, the standard deviation values for ZnO

were higher than those for TiO.. Also, microphotographs of the plates (see Figures S3 and S4, Supplementary Material)
revealed that ZnO tends to form lumps. This means that there is a certain degree of aggregation of the catalysts. From

the microphotographs, it can be noticed that the degree of aggregation of catalysts is higher for ZnO than for TiO,,

being this a possible explanation for the observed standard deviation values.

Table 1: TiO> and ZnO immobilized mass (mg/cm?) on PET and PS substrates

Immobilized mass (mg/cm?)

Number of Immobilizations Catalyst PET PS
TiO, 0.159+0.027 0.155 +£0.039
5 Zn0 0.104 +0.033 0.140 £ 0.026
TiO, 0.258 £ 0.039 0.273 £0.031
10 Zno 0.338+0.150 0.398£0.075
TiO, 0.399+£0.035 0.418 £ 0.060
15 Zn0 0.689+0.197 0.709+0.162

It is easy to observe the difference between the substrate without the catalyst and with the catalyst after the immobi-
lizations. Photographs of polystyrene (PS) plates before and after the immobilization of TiO, (15 immobilizations) are

depicted in Figure 3.
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Figure 3: Polystyrene (PS) plate before (A) and after (B) immobilization of TiO2. Photo B shows the plate after 15 immobilizations
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3.2 Effect of the number of immobilizations and the support used on the rate constants

Plates with different numbers of immobilization were tested in order to determine the effect of this variable on the
rate constants of the photocatalytic degradation reactions of AB83 and DB1 on both PET and PS substrates. Table 2
presents the average rate constants for both azo dyes on PET and PS substrates. The photocatalytic degradation fol-
lowed a pseudo-first order kinetics.

Table 2: Rate constants (k) of the photocatalytic degradation reactions of AB83 and DB1 using TiO, and ZnO supported on PET and PS sub-
strates as a function of the number of immobilizations

AB83 k (min™?)

TiO: Zn0
Number of immobilizations
PET PS PET PS
5 0.0520 £ 0.0087 0.0744 £ 0.0099 0.0169 +0.0009 0.0283 +0.0016
10 0.0719 £0.0079 0.0619 +0.0084 0.0347 £0.0100 0.0479 £ 0.0092
15 0.0785 £ 0.0092 0.0922 £0.0195 0.0556 +0.0053 0.0508 £ 0.0310
DB1 k (min)
Number of immobilizations Ti0: Zn0
PET PS PET PS
5 0.0499 £ 0.0035 0.0491 £ 0.011 0.0223 £0.0024 0.0239 £ 0.0036
10 0.0747 £0.0093 0.0608 +0.0103 0.0302 +0.0069 0.0412 £0.0075
15 0.0838 +0.0215 0.0845 +0.0177 0.0623 £0.0105 0.0529 £ 0.0025

The analysis of the data showed that the use of PET or PS did not influence the rate constant values of both dyes us-
ing TiO:(see Figures S5 and S6, Supplementary Material) and ZnO (see Figures S7 and S8, Supplementary Material).
For AB83 there was no significant differences between 5 and 10 immobilizations, but there was a significant increase
with 15 immobilizations using TiO, (Figure S9, Supplementary Material). For the case of DBI, the rate constants
showed no significant difference when 5 and 10 immobilizations and 10 and 15 immobilizations were compared.
However, the rate constant increased between 5 and 15 immobilizations using TiO; (see Figure S10, Supplementary
Material). In addition, there was a significant improvement of the rate constants between 5, 10 and 15 immobiliza-
tions for both dyes using supported ZnO (Figures S11 and S12, Supplementary Material).

Lopes de Barros et al. [28] demonstrated that although the catalyst mass increases with the number of immobiliza-
tions, the degradation rate constant value depends on the percentage of surface coverage. However, the heterogenei-
ty (i.e., formation of lumps) of the immobilized catalyst onto the plate should also be considered. The aggregation of
the catalyst could result in a higher weight of the catalyst on the plate, a minor change in the surface area of the cata-
lyst and, therefore, just a slight increase of the rate constant value may be observed. As mentioned before the micro-
photographs of the plates revealed that the degree of aggregation of catalysts is higher for ZnO than for TiO,. Consid-
ering both the rate constants and the surface characteristics of the plates, it seems that after more than 10
immobilizations TiO. fully covers the plates or, at least, its coverage is close to complete. This fact could explain why
in the case of DBI1 the rate constants did not showed a significant difference between 10 and 15 immobilizations. On
the other hand, with 15 immobilizations of ZnO, there is still not a complete coverage, so it could explain why the rate
constants for both dyes increased with 15 immobilizations.

Other azo dye degradation studies with suspended TiO, and ZnO achieved similar values to those obtained in this
study with supported catalysts. For example, Byberg et al. (32) studied the degradation of Direct Yellow, Direct Red
and Direct Violet 51 using TiO; and found rate constants of 0.0543 min”, 0.0453 min® and 0.0306 min’, respectively.
Abo-Farha [33] achieved degradation rate constants of 0.0429 min and 0.0352 min™ for Acid Orange 10 and Acid Red
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114, respectively. Daneshvar et al. [34] evaluated the degradation of Acid Red 14 using suspended ZnO and found a
rate constant of 0.0548 min™.

3.3 Effect of pH value of aqueous dye solution

The pH value influences the azo dye adsorption over the surface of catalysts because the charge of TiO, or ZnO surface
depends on it [33, 35]. For pH values below the zero point charge (ZPC), the catalysts are positively charged, while
above this value the catalysts are negatively charged. The equations 2 and 3 provide an explanation on this aspect
[36].

pH<ZPC:M-OH + H* _—» MOH; #)
pH>ZPC:M-OH + OHF — MO + H* (3)

The ZPC of Ti0.is approximately 6.8, and the ZPC of ZnO is 9.4 [37, 38].

The photocatalytic degradation rates of AB83 and DB1 using TiO; and ZnO supported on PS at different pH values
are shown in Figure 4, where C is the concentration of the dye at time zero and Co is the concentration of the dye at
time t. The concentrations were measured in parts per million (ppm).
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Figure 4: Photocatalytic degradation rate of Acid Brown 83, AB83 (a) and Direct Blue 1, DB1 (b) using Ti0O2 and ZnO supported on polysty-
rene, PS (15 immobilizations) at different initial pH values

AB83 and DBI1 are acid azo dyes, therefore they are negatively charged. When TiO,was used, the rate constants re-
vealed no significant statistical difference between pH 2.5 and 6.0 (see Figures S13 and S14, Supplementary Material).
This can be explained by the fact that below pH 6.8 the attraction between the surface of the catalyst and the dye
favors the adsorption and consequently the photocatalysis. Other degradation studies of acid azo dyes such as Reac-
tive Orange 107, Reactive Black 5, Acid Orange 10 and Acid Red 14 demonstrated that the photocatalysis using TiO.is
higher at acidic conditions [33, 39]. Additionally, Daneshvar et al. [40] proved that the rate constant for the degrada-
tion of Acid Red 14 did not decrease significantly between pH 2.0 and 7.0. Therefore, the results presented in this
work are in good agreement with earlier observations.

When ZnO is employed, although the attraction below pH 9.4 improves the photocatalytic process, acidic conditions
do not favor the photocatalysis due to catalyst corrosion. As a result, dye adsorption and *OH radicals production are
reduced [31, 34]. For AB83, the higher degradation rate constants using supported ZnO were achieved at pH 7.0
(0.0694 min™). Also, no significant differences in the rate constants were observed between pH values of 9.0 and 11.0
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(see Figure S15, Supplementary Material). On the other hand, the rate constants of DB1 showed no significant differ-
ences between pH 7.0 and 9.0, but there was a significant decrease at pH 11.0 (see Figure S16, Supplementary Materi-
al). The difference between the results for both dyes could be attributed to differences in the adsorption onto the sur-
face of the catalysts (see below in subsection 3.4). Similar findings were reported in the past for Acid Red 14, Reactive
Blue 160 and Methyl Orange [34, 41, 42].

In order to find the best conditions for the degradation reactions, both pH value and catalyst were evaluated re-
spect to their effect on the degradation rate constant. This statistical analysis was carried out for both dyes considered
in this study and the results are depicted in Figure 5a and 5b for AB83 and DB, respectively. The best (highest) rate
constant for AB83 (0.0922 min™) was obtained at pH 2.5 for supported TiO,, while in the case of DB1 there were signifi-
cant differences only between the treatment using TiO.at pH 2.5 and the treatment using ZnO at pH 11.0.
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Figure 5: Effect of the catalyst and the pH value on the degradation rate constant (k) of a) Acid Brown 83, AB83, and b) Direct Blue 1, DB1

3.4 Adsorption tests

During the photocatalytic experiments for the azo dyes degradation, gradual coloration of the plates was observed for
both dyes (see Figures S1 and S2, Supplementary Material). It is well known that the adsorption of dye molecules onto
the catalyst surface is an important step for the photocatalytic reaction [43]. Therefore, it is necessary to estimate the
influence of the adsorption process in the treatment. Taking into account this aspect, the adsorption of both azo dyes
onto the plates at different pH values and for both catalysts was studied and the data evaluated by mean of the
Freundlich model. The linear form of the Freundlich adsorption model is presented in equation (4).

log q.=log K¢ + i log C, (4)

In equation (4), C. is the equilibrium concentration (mg/L), g. is the amount adsorbed (mg/g), while K¢ and n are
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Freundlich constants related to adsorption capacity and adsorption intensity, respectively. For interpretation purpos-
es, it is known that a high value of K; implies a high adsorption capacity. It is accepted that values of n>1 represent
favorable adsorption conditions [44].

The calculated Freundlich constants for AB83 and DB1 adsorption on supported TiO, and ZnO (PS, 15 immobiliza-
tions) are summarized in Table 3. The adsorption was studied using only PS plates because the material of the poly-
meric support did not influence the degradation rate constant values of both dyes. In addition, Figure 6 shows two of
the linearized adsorption isotherms for illustrative purposes.

Table 3: Freundlich constants of AB83 and DB1 adsorption on supported TiO; and ZnO (PS, 15 immobilizations)

AB83 DB1
PH K¢ n R? K¢ n R?
(mg AB83/g cat) (mg DB1/g cat)
2.5 (Ti02) 33.14 4.48 0.9979 17.08 0.77 0.8970
6.0 (Ti0y) 9.87 1.81 0.6609 20.63 3.25 0.8905
7.0 (Zn0) 5.86 3.71 0.9037 9.60 1.72 0.4108
9.0 (zn0) 2.02 1.79 0.8103 24.35 4.21 0.877
2.5 (Ti02) 33.14 4.48 0.9979 17.08 0.77 0.8970
1.8
AB83 DB1
1.6+ 1.6+
log q = 0.2232 log Ce + 1.5203 log §'=-1.8040log. Cia ¢ 12528
R?=0.9979 R?=0.8970
1.44 1.4 4 | |
o o
)} o 1.2+
L2 4o °
1.0
1.0
os{ ™
! J ! T T T T T T
-3 2 -1 0 1 -0.2 0.1 0.0 0.1 0.2 0.3 0.4
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Figure 6: Linearized Freundlich adsorption isotherms of the dyes onto PS plates: a) AB83 on TiO:at pH=2.5 and b) DB1 on TiOz at pH=2.5

DB1 and specially AB83 show a high adsorption on TiO,at pH 2.5. This behavior was also reported in the past for other
azo dyes like Acid Orange 10 and Acid Red 14 at pH values below 6.8 (33). From the values in Table 3 can be inferred
that the adsorption tends to be higher on TiO, than on ZnO. Since non-adsorption was observed for ZnO at pH 11.0, no
data was presented for this pH value in Table 3. It can also be observed that some values of R? are low. Perhaps the
explanation for the observed low correlation factor may be found analyzing the characteristics of the adsorption tests
and the immobilized catalysts. The adsorption tests were performed using the catalysts immobilized on the plates,
and it is possible that this experimental setup could affect the mixing and the contact of the solution with the adsor-
bent during the agitation. Moreover, as it was explained in subsection 3.1 the degree of aggregation of catalysts is
higher for ZnO than for TiO(see Figures S3 and S4, Supplementary Material). This could explain why lowest values of
R’ were observed for ZnO. In general, the results show that the adsorption on the plates is important and it seems that
has a positive effect in the treatment.



- Mufioz et al. DE GRUYTER

4 Conclusions

As expected, the catalyst mass on the substrates (PET and PS) increased with the number of immobilizations. The
catalyst mass reached values of 0.399 mg/cm? for TiO; and 0.689 mg/cm?for ZnO on PET, and 0.418 mg/cm? and 0.709
mg/cm?on PS, respectively. For the specific case of TiO; on PET, the mass of immobilized catalyst was higher than
previously reported by other authors, probably due to the characteristics of the TiO, used in this work. The AB83 and
DB1 photocatalytic degradation rates followed pseudo-first order kinetics and were not influenced by the substrate
material (PET or PS). The rate constant depended on the catalyst surface coverage percentage of the plates. It in-
creased with the number of immobilizations using supported ZnO and TiO..

The highest rate constant of the photocatalytic degradation reaction of AB83 (0.0922 min™) was obtained at pH 2.5
with supported TiO.. On the other hand, the rate constant for DB1 showed a significant difference between the treat-
ment at pH 2.5 using Ti0 (0.0529 min™) and the treatment at pH 11.0 using ZnO (0.0845 min™). The adsorption of both
dyes is higher on TiO, than on ZnO. No adsorption was found on ZnO at pH 11.0.

Considering that both PET and PS are materials usually discarded after their primary use, the recovery of these
materials for water treatment purposes is an attractive alternative. This may help developing countries not only to
deal with a common fraction of solid waste (plastics), but also to implement treatment systems for industrial
wastewater, thus protecting the environmental quality of water bodies.

References

1. Vazquez, C.; Maier, M.S.; Parera, S.D.; Yacobaccio, H.; Sold, P. Anal. Bioanal. Chem. 2008, 391, 1381-1387.

2. Melo, M.).; Claro, A. Acc. Chem. Res. 2010, 43, 857-866.

3. Bafana, A.; Devi, S.S.; Chakrabarti, T. Environ. Rev. 2011, 19, 350-370.

4. Miliani, C.; Domenici, D.; Clementi, C.; Presciutti, F.; Rosi, F.; Buti, D.; Romani A.; Laurencich Minelli, L.; Sgamellotti, A. J. Archaeol. Sci.

2012, 39, 672-679.

Forgacs, E.; Cserhati, T.; Oros, G. Environ. Int. 2004, 30, 953-971.

Palmieri, G.; Cennamo, G.; Sannia, G. Enzyme Microb. Technol. 2005, 36, 17-24.

7. Zaharia, C.; Suteu, D. In Organic pollutants ten years after the Stockholm convention — Environmental and analytical update; Puzyn, T.;
Mostrag-Szlichtyng, A., Eds.; Intech, 2012; pp. 55-86.

8. Julkapli, N.M.; Bagheri, S.; Hamid, S.B.A. Sci. World J. 2014, Article ID 692307.

9. Banat, I.M.; Nigam, P.; Singh, D.; Marchant, R. Bioresour. Technol. 1996, 58, 217-227.

10. Revankar, M.S.; Lele, S.S. Bioresour. Technol. 2007, 98, 775-780.

11. Ventura-Camargo, B. de C.; Marin-Morales, M.A. TLIST 2013, 2, 85-103.

12. Topag, F:0.; Dindar, E.; Ugaroglu, S.; Baskaya, H.S. J. Hazard. Mater. 2009, 170, 1006-1013.

13. Ratna, Padhi, B.S. Int. J. Environ. Sci. 2012, 3, 940-955.

14. Poyatos, J.M.; Mufio, M.M.; Almecija, M.C.; Torres, J.C.; Hontoria,E.; Osorio, F. Water, Air, Soil Pollut. 2010, 205, 187-204.

15. Ibhadon, A.O.; Fitzpatrick, P. Catalysts 2013, 3, 189-218.

16. Barka, N.; Qourzal, S.; Assabbane, A.; Nounah, A.; Ait-Ichou, Y. Chem. Eng. Comm. 2011, 198, 1233-1243.

17. Mounir, B.; Pons, M.N.; Zahraa, O.; Yaacoubi, A.; Benhammou, A. ). Hazard. Mater. 2007, 148, 513-520.

18. Fernandez, A.; Lassaletta, G.; Jiménez, V.M.; Justo, A.; Gonzdlez-Elipe, A.R.; Herrmann, ).-M.; Tahiri, H.; Ait-Ichou, Y. Appl. Catal., B
1995, 7, 49-63.

19. ElYadini, A.; Saufi, H.; Dunlop, P.S.M.; Byrne, A.; El Azzouzi, M.; El Hajjaji, S. ). Catal. 2014, Article ID 413693.

20. Akyol, A.; Bayramoglu, M. ). Hazard. Mater. 2010, 175, 484-491.

21. Ghule, K.; Ghule, A.V.; Chen, B.-).; Ling, Y.-C. Green Chem. 2006, 8, 1034-1041.

22. Tennakone, K.; Tilakaratne, C.T.K.; Kottegoda, I.R.M. J. Photochem. Photobiol., A 1995, 87, 177-179.

23. Rizzo, L.; Koch, J.; Belgiorno, V.; Anderson, M.A. Desalination 2007, 211, 1-9.

24, Sanchez, L.; Guz, L.; Garcia, P.; Ponce, S.; Goyanes, S; Marchi, M.C.; Candal, R.; Rodriguez, J. J. Adv. Oxid. Technol. 2015, 18, 246-252.

25. Ponce, S.; Carpio, E.; Venero, J.; Estrada, W.; Rodriguez, J.; Reche, C.; Candal, R.). J. Adv. Oxid. Technol. 2016, 12, 81-86.

26. Singh, S.; Mahalingam, H.; Singh, P.K. Appl. Catal., A 2013, 462-463, 178-195.

27. Meichtry, .M.; Lin, H.).; de la Fuente, L.; Levy, I.K.; Gautier, E.A.; Blesa, M.A; Litter, M.1. ). Sol. Energy Eng. 2007, 129, 119-126.

28. Lopes de Barros, A.; Queiroz Domingos, A.A.; Almeida Fechine, P.B.; de Keuleleire, D.; Ferreira do Nascimiento, R. ). Appl. Polym. Sci.
2014, 131, 40175.

29. Andronic, L.; Andrasi, D.; Enesca, A.; Visa, M.; Duta, A. J. Sol-Gel Sci. Technol. 2011, 58, 201-208.

30. Corzo Lucioni, A.; Vega-Baudrit, J. Rev. Iberoam. Polim. 2012, 13, 60-68.

31. Shanti, M.; Kuzhalosai, V. Indian J. Chem. 2012, 51A, 428-434.

32. Byberg, R.; Coob, J.; Diez Martin, L.; Thompson, R.W.; Camesano, T.A.; Zahraa, O.; Pons, M.N. Environ. Sci. Pollut. Res. 2013, 20, 3570-
3581.

o



DE GRUYTER Mufioz et al, ==

33. Abo-Farha, S. J. Am. Sci. 2010, 6, 130-142

34. Daneshvar, N.; Salari, D.; Khataee, A.R. J. Photochem. Photobiol., A 2004, 162, 317-322.

35. Gupta, V.K.; Jain, R.; Mittal, A.; Saleh, T.A.; Nayak, A.; Agarwal, S.; Sikarwar, S. Mater. Sci. Eng., C 2012, 32, 12-17.
36. Kansal, S.K.; Kaur, N.; Singh, S. Nanoscale Res. Lett. 2009, 4, 709-716.

37. Glimis, D.; Akbal, F. Water, Air, Soil Pollut. 2011, 216, 117-124.

38. Miao, ).; Jia, Z.; Lu, H.-B.; Habibi, D.; Zhang, L.-C. ). Taiwan Inst. Chem. Eng. 2014, 45, 1636-1641.

39. Gil Maia, C.; Sousa Oliveira, A.; Mendes Saggioro, E.; Costa Moreira, ). React. Kinet., Mech. Catal. 2014, 113, 305-320.
40. Daneshvar, N.; Salari, D.; Khataee, A.R. J. Photochem. Photobiol., A 2003, 157, 111-116.

41. Bansal, P.; Sud, D. Sep. Purif. Technol. 2012, 85, 112-119.

42. Chen, C.; Liu, J.; Liu, P.; Yu, B. Adv. Chem. Eng. Sci. 2011, 1, 9-14.

43, Konstantinou, I.K.; Albanis, T.A. Appl. Catal., B 2004, 49, 1-14.

44, McKay, G.; Blair, H.S.; Gardner, J.R. ). Appl. Polym. Sci., 1982, 27, 3043-3057.



- Mufioz et al. DE GRUYTER

Supplementary Material

Figure S1: Photographs of polyethylene terephthalate (PET) plates impregnated with TiO, (left) and ZnO (right). Photographs a) and b)
shows the plates impregnated with TiO, and ZnO, respectively, after 15 immobilizations. Photographs c) and d) show the plates impregnat-
ed with TiO2 and Zn0, respectively, after the treatment of a solution of DB1. Photographs e) and f) show the plates impregnated with TiO
and ZnO, respectively, after the treatment of a solution of AB83. The treatments of the solutions of dyes were performed at pH values of 2.5
and 9.0 for the plates impregnated with TiO; and ZnO, respectively (due to considerations of stability)
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Figure S2: Photographs of polystyrene (PS) plates impregnated with TiO2 (left) and ZnO (right). Photographs a) and b) shows the plates
impregnated with TiO, and ZnO, respectively, after 15 immobilizations. Photographs c) and d) show the plates impregnated with TiO, and
Zn0, respectively, after the treatment of a solution of DB1. Photographs €) and f) show the plates impregnated with TiOz and ZnO, respec-
tively, after the treatment of a solution of AB83. The treatments of the solutions of dyes were performed at pH values of 2.5 and 9.0 for the
plates impregnated with TiO2 and ZnO, respectively (due to considerations of stability).
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Figure S3: Photographs of polystyrene (PS) plates impregnated with TiO; (left) and ZnO (right). Photographs a) and b) shows the plates
impregnated with TiO, and ZnO, respectively, after 15 immobilizations. Photographs c) and d) show the plates impregnated with TiO, and
Zn0, respectively, after the treatment of a solution of DB1. Photographs e) and f) show the plates impregnated with TiO and ZnO, respec-
tively, after the treatment of a solution of AB83. The treatments of the solutions of dyes were performed at pH values of 2.5 and 9.0 for the
plates impregnated with TiOzand ZnO, respectively (due to considerations of stability)
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Figure S4: Microphotographs of the polystyrene (PS) plates impregnated with TiO: (left) and ZnO (right). Microphotographs a) and b) shows
the plates impregnated with TiO2 and ZnO, respectively, after 15 immobilizations. Microphotographs c) and d) show the plates impregnated
with TiOzand ZnO, respectively, after the treatment of a solution of DB1. Microphotographs e) and f) show the plates impregnated with TiO2
and ZnO, respectively, after the treatment of a solution of AB83. In f), two sections of the plate are shown. The treatments of the solutions
of dyes were performed at pH values of 2.5 and 9.0 for the plates impregnated with TiO, and ZnO, respectively (due to considerations of

stability)
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Figure S5: Effect of the material support on the degradation rate constant (k) of Acid Brown 83 (AB83) using TiO, at pH 2.5
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Figure S6: Effect of the material support on the degradation rate constant (k) of Direct Blue 1 (DB1) using TiO,at pH 2.5
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Figure S7: Effect of the material support on the degradation rate constant (k) of Acid Brown 83 (AB83) using ZnO at pH 11.0
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Figure S8: Effect of the material support on the degradation rate constant (k) of Acid Brown 83 (AB83) using ZnO at pH 11.0
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Figure S9: Effect of the number of immobilizations on the degradation rate constant (k) of Acid Brown 83 (AB83) using TiO. at pH 2.5
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Figure S10: Effect of the number of immobilizations on the degradation rate constant (k) of Direct Blue 1 (DB1) using TiO; at pH 2.5
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Figure S11 : Effect of the number of immobilizations on the degradation rate constant (k) of Direct Blue 1 (DB1) using TiO2 at pH 2.5
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Figure S12: Effect of the number of immobilizations on the degradation rate constant (k) of Direct Blue 1 (DB1) using ZnO at 11.0
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Figure S13: Effect of the pH value on the degradation rate constant (k) of Acid Brown 83 (AB83) using TiO: (15 immobilizations)
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Figure S14: Effect of the pH value on the degradation rate constant (k) of Direct Blue 1 using TiO2 (15 immobilizations)
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Figure S15: Effect of the pH value on the degradation rate constant (k) of Acid Brown 83 (AB83) using ZnO (15 Immobilizations)
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Figure S16: Effect of the pH value on the degradation rate constant (k) of Acid Brown 83 (AB83) using ZnO (15 Immobilizations)
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