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Abstract: Water bodies and aquatic ecosystems are threatened by discharges of industrial waters.
Ecotoxicological effects of components occurring in untreated and treated wastewaters are often not
considered. The use of a linear, multi-compartmented, non-forced, static system constructed with PET
bottles is proposed for the quality assessment of treated waters, to deal with such limitations. Two
synthetic waters, one simulating wastewater from the textile industry and the other one simulating
wastewater from the cassava starch industry, were prepared and treated by homogeneous Fenton
process and heterogeneous photocatalysis, respectively. Untreated and treated synthetic waters and
their dilutions were placed into compartments of the non-forced exposure system, in which zebrafish
(Danio rerio), the indicator organism, could select the environment of its preference. Basic physical–
chemical and chemical parameters of untreated and treated synthetic waters were measured. The
preference and avoidance responses allowed verification of whether or not the quality of the water
was improved due to the treatment. The results of these assays can be a complement to conventional
parameters of water quality.

Keywords: ecotoxicological assays; heterogeneous photocatalysis; Fenton; advanced oxidation
processes; graphitic carbon nitride; Danio rerio

1. Introduction

The human population is growing every year and the obvious consequence is the rise
in the global demand for food and goods, which leads to increasing pressure on water
sources [1]. Overexploitation of water bodies is the consequence of both the increasing
demand for freshwater for different purposes and climate change (droughts are increasing
in many regions). According to Mekonnen and Hoekstra [2], approximately 4.0 billion
people are under conditions of severe water scarcity for at least 1 month per year; it is
reasonable to assume that water scarcity could affect more people in subsequent years as

Processes 2021, 9, 734. https://doi.org/10.3390/pr9050734 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-7831-331X
https://orcid.org/0000-0003-2723-6614
https://orcid.org/0000-0002-5015-6455
https://orcid.org/0000-0003-1793-2966
https://orcid.org/0000-0002-2983-5824
https://doi.org/10.3390/pr9050734
https://doi.org/10.3390/pr9050734
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9050734
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9050734?type=check_update&version=1


Processes 2021, 9, 734 2 of 17

the effects of climate change gradually become more significant. To this already intricate
scenario, complications related to the systematic pollution of surface water bodies due to
human activities must be added. The adoption of strong policies to prevent the pollution
of water bodies and efficient treatment of wastewater are crucial to avoid a crisis that could
threaten mankind itself.

Treated, deficiently treated and untreated domestic and industrial wastewaters are
usually discharged into receiving water bodies, leading to the introduction in these aquatic
ecosystems of biodegradable and non-biodegradable organic matter, nutrients, pathogens,
inorganic pollutants and toxic substances [3]. It is out of the question that pollutants
introduced into a water body have impacts on organisms living in such ecosystems [4]. For
example, the discharge of effluents with a high content of biodegradable organic matter
into a receiving water body results, indirectly, in the consumption of dissolved oxygen,
and fish mortality could take place [5]. The main strategy to protect water bodies usually
applied by regional and national authorities in countries worldwide is the establishment of
permissible limits for the discharge of (treated) wastewater of both domestic and industrial
origin. The discharge of a liquid effluent to a river is allowed if the values of the parameters
comply with permissible limits listed in the regulations. It is assumed that the discharged
pollutants would be present in the water body at low concentrations, thus being easily
eliminated by the self-purification processes in water. There are several processes involved
in water self-purification that have been identified over time and they can be affected by
human activities [6,7]. However, based only on ensuring compliance with the limits in
regulations, is it possible to guarantee that water quality will not change sufficiently to
trigger adverse effects in the aquatic ecosystem? Certainly, the answer is no. Since the
assimilation capacity of a water body (e.g., a river) is variable, experimental and theoretical
(models) approaches were proposed [8], as tools useful for water quality management.
Bolinches et al. [9], based on their evaluation of the Manzanares river (Spain) scenario,
highlighted the necessity for adjusting the quality of discharges to protected water bodies.
Therefore, approaches focusing on the resulting water quality after the discharge must
be prioritized.

It should be pointed out that, in some cases, water pollution may not necessarily result
in mortality of aquatic species; variations in certain parameters could be noticeable by
changes in the diversity and populations of organisms, and this is applied, for example,
to assess water quality using benthonic macroinvertebrates [10]. This happens because
species capable of resisting certain levels of pollution are selected and other species can
die or move to other places with more favorable conditions. It was reported that some
fish species can smell (detect) some pollutants [11,12]; therefore, changes in populations in
affected zones by point- and nonpoint-source pollution have an explanation [13,14]. The
behavior of living organisms in water in response to the presence of pollutants allowed
the development of ecotoxicological strategies to evaluate the quality of water and even
some trends. One strategy involves the non-forced exposition of organisms such as fish,
tadpoles and shrimps to samples of water of different quality, allowing the organisms to
move, avoiding contamination [15–17]. In this way, the tests do not result in the death of
the organisms (the main difference with classical toxicological tests); instead, the organisms
simply move to a specific compartment, allowing researchers to identify the water with
the highest quality. This kind of test was used in the past to study the impact of anthro-
pogenic activities over natural water bodies [18,19]. Although the conventional approach
of measuring physicochemical parameters allows valuable information about the quality
of water to be obtained, they likely do not provide a “big picture” of the impacts and/or
implications on the environment of a discharged effluent. Therefore, such results should
be combined with alternative ecotoxicological tests to reach broader interpretations [20,21].
The use of non-forced exposition systems, with well-known indicator organisms (e.g.,
zebrafish) for the assessment of water treatment methods, could be an innovative approach
to complement traditional measurements.
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Concerning wastewater treatment, advanced oxidation processes (AOPs) are a group
of treatments that are effective for the removal of non-biodegradable and recalcitrant
organic compounds such as pharmaceuticals, pesticides, solvents and synthetic dyes,
among others [22–26]. They are based on the generation of highly reactive radicals such
as hydroxyl radicals (•OH) [27]. These radicals can be produced by different strategies;
among them, the Fenton processes were widely studied for decades [28–30]. Another
attractive type of process is based on the photocatalytic generation of •OH with ultraviolet
and visible radiation. In this sense, a great variety of solid semiconductors (suspended
or supported) were proposed for water and wastewater treatment by heterogeneous
photocatalysis [31–36]. To evaluate the efficiency of AOPs, the decrease in the concentration
of a target pollutant, the chemical oxygen demand (COD) and the total organic carbon
(TOC) are generally measured. There are limitations for this kind of evaluation; for instance,
some toxic pollutants occurring at low concentrations in wastewater could be eliminated
without important changes in the COD content, or the removal of the organic charge may be
accompanied by the formation of degradation byproducts with toxic characteristics, leading
to the underestimation of the toxicity of treated wastewater. Therefore, ecotoxicological
strategies could be very useful to complement the evaluation of AOPs since they may
overcome the drawbacks of traditional physical–chemical parameters. There are reports on
the use of zebrafish to evaluate the quality of industrial wastewaters [37,38] and even with
the application of non-forced avoidance assays [39]. However, there are no reports on the
application of non-forced exposure systems to assess treatments based on AOPs.

In this work, the use of a linear, multi-compartmented, non-forced, static system
constructed for the assessment of the quality of treated water is proposed. Two synthetic
waters, which were intended to simulate industrial wastewaters, were treated by AOPs.
The preference (and avoidance) of zebrafish (Danio rerio) for compartments in non-forced
exposure systems was evaluated taking into consideration the physical–chemical and
chemical characteristics of the water. The applicability of these systems to complement the
results of conventional water analysis is discussed.

2. Materials and Methods
2.1. Reagents and Synthetic Waters

Reactive Red 120 dye, RR-120 (C44H24Cl2N14Na6O20S6, commercial purity), was pur-
chased from Quifatex S.A. (Ecuador) and used as received. All other chemicals were of
analytical grade. Hydrogen peroxide, H2O2 (30% w/w), was purchased from Fisher Scien-
tific. Iron (II) sulfate heptahydrate, FeSO4·7H2O (>99%), sodium chloride, NaCl (≥99.0%),
sodium hydroxide, NaOH (≥97.0%), sulfuric acid, H2SO4 (95.0–98.0%), urea, CO(NH2)2,
were provided by Sigma-Aldrich, while calcium oxalate monohydrate, Ca(COO)2·H2O
(99%), was bought from VWR.

Two synthetic waters (i.e., aqueous solutions of “pollutants” simulating real wastew-
aters) were prepared: (1) an aqueous solution of RR-120 of a concentration of 80 mg/L,
used to simulate wastewater from the textile industry, and (2) wastewater from the cassava
starch industry. The synthetic water from the cassava starch industry was obtained by
replicating, on a laboratory scale, processes taking place in this industry. For this, cassava
(Manihot esculenta) tubers from the province of Manabí (Ecuador) were washed, weighed
(100 g) and peeled. Cassava peels and associated residues were wasted. The peeled cassava
was grated, mixed with 500 mL of distilled water for 5 min and then the coarse solids were
separated by filtration through a piece of cotton fabric (muslin). Coarse solids were wasted
and the filtrate was left still for 10 min to ensure the sedimentation of starch particles. The
supernatant liquid was the synthetic water from the cassava starch industry.

2.2. Preparation of Supported g-C3N4 (g-C3N4 onto Calcium Carbonate)

The photocatalyst used to treat the synthetic water from the cassava starch industry
was graphitic carbon nitride (g-C3N4), which is active with visible radiation. Since nanopar-
ticles of g-C3N4 are difficult to remove from water and consequently could remain in the
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treated water, this photocatalyst was supported on larger particles of calcium carbonate
(an insoluble salt). This material, consisting of g-C3N4 supported on calcium carbonate
(called “supported g-C3N4” for purposes of this work), was prepared using the preparation
method of g-C3N4 reported by Picho-Chillán et al. [32], based on the pyrolysis of urea. It
should be noted that, in this study, the precursor was a solid mixture of urea and calcium
oxalate monohydrate in a ratio of 2:1 (w/w) instead of only urea. Since the solid mixture
was heated up to 600 ◦C, calcium oxalate was transformed to calcium carbonate [40], thus
acting as a supporting material for g-C3N4. The supported g-C3N4 was disaggregated
with a mortar and pestle and then washed with distilled water and sonicated to remove
g-C3N4 nanoparticles that were not properly attached to the supporting material. For
comparative purposes, urea and calcium oxalate monohydrate were pyrolyzed under the
same conditions in separate experiments. The identity of species in the so-called “sup-
ported g-C3N4” was confirmed by infrared spectroscopic measurements. The infrared
spectra of pyrolyzed urea (i.e., pure g-C3N4), pyrolyzed calcium oxalate monohydrate (i.e.,
calcium carbonate) and the supported g-C3N4 were recorded using a Varian 670 FT-IR
spectrometer (Agilent Technologies, Santa Clara, CA, USA) with a liquid nitrogen-cooled
mercury-cadmium-telluride (MCT)-based focal plane array (FPA) detector (field of view
(FOV) of 211 µm × 211 µm and a lateral resolution of 3.3 µm × 3.3 µm). The spectral range
was 3900 to 900 cm−1, and the resolution was 2 cm−1, with 16 scans.

2.3. Physical–Chemical and Chemical Characterization of Water

The temperature, pH and electrical conductivity of the water samples were measured
with an Orion Star™ A320 multiparameter meter (Thermo ScientificTM). Turbidity was
measured with a Hach 2100P portable turbidimeter. Chemical oxygen demand (COD) and
total organic carbon (TOC) were measured according to the standard methods 5220-D and
5310-B, respectively [41]. Temperature, pH, electrical conductivity, turbidity, COD and
TOC were measured for both synthetic waters (untreated and treated). For the synthetic
water from the cassava starch industry (untreated and treated), total cyanide in water
was measured according to the standard methods 4500-CN C (distillation) and 4500-CN E
(colorimetric method) [41].

The concentration of RR-120 was measured by UV–Vis spectrophotometry. For quan-
tification purposes, a calibration curve was prepared using aqueous solutions of RR-120 of
known concentrations (standard solutions). Both standard solutions and samples of the
synthetic water containing the dye were filtered through syringe microfilters (pore size
0.22 µm, Millipore Millex-GV) before the spectrophotometric measurement. For the treated
synthetic water, an additional filtration step with quantitative filter paper was included
before the filtration through the syringe microfilter. The absorbance of the aqueous solu-
tions was measured at a wavelength of 507 nm with a UV–Vis spectrophotometer (Hitachi
U-1900).

To assess the quality of the dechlorinated tap water and verify that it was adequate
for the requirements of zebrafish, basic physical–chemical and chemical characterization of
this water was performed by the Centro de Investigación y Control Ambiental (CICAM) of
the Escuela Politécnica Nacional, Quito, Ecuador.

2.4. Advanced Oxidation Processes

The synthetic water from the textile industry (i.e., water containing RR-120) was
treated by a homogeneous Fenton process. As a reference, the pH of the solution, as well
as the amounts of the reagents needed for the degradation of RR-120, were obtained from
the work presented by Garófalo-Villalta et al. [42]. The Fenton reaction was carried out in
a flat-bottom flask (containing 250 mL of the synthetic water) immersed in a water bath
to guarantee a reaction temperature between 20 and 25 ◦C during the experimentation.
An appropriate mixture of the reacting system was ensured by the use of a PTFE-coated
magnetic stir bar. The pH value of the synthetic water was adjusted to 2.8 by the addition
of H2SO4 1 M; then, 0.2 g of FeSO4·7H2O was added and the reaction started with the
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addition of H2O2 (30% w/w) in a sufficient amount to ensure a concentration of 17.7 mM.
The total time of reaction was 60 min. After this time, the reaction was stopped by the
addition of enough NaOH 1 M to reach a pH value of 12.0. Under this alkaline condition,
the remaining H2O2 degraded and iron precipitated as a hydroxide [43]. The alkaline
mixture stayed still for 10 min, and the liquid supernatant was separated and then treated
with H2SO4 1 M to reach a pH value of 7.0. This resulting solution was considered the
treated synthetic water from the textile industry and the remaining RR-120 was quantified
by UV–Vis spectrophotometry.

The synthetic water from the cassava starch industry was treated using the supported
g-C3N4 as the photocatalyst. A borosilicate crystallizing dish (95 × 55 mm) was used as
a reactor for the photocatalytic treatment of the synthetic water. This reactor was placed
into a cooling system based on the circulation of tap water. The content of the reactor was
continuously mixed with a PTFE-coated magnetic stir bar. All these components were
placed into a protecting wood box equipped with a Xe lamp (35 W). A similar experimental
setup was reported by Picho-Chillán et al. [32]. For the treatment, 50 mL of the synthetic
water from the cassava industry were mixed with 100 mg of supported g-C3N4 and placed
into the reactor. Then, 125 µL of H2O2 30% (w/w) were added; the treatment started when
the lamp was switched on. The total time of reaction was 120 min. After this time, the
mixture was centrifuged with a M-SCEN-206 Lab centrifuge (LABEC) at 5500 rpm for
20 min. The collected liquid supernatant was then the treated synthetic water from the
cassava starch industry.

2.5. Assay Organisms

Zebrafish (Danio rerio) were purchased from a local commercial supplier and ac-
climated for at least one week before the assays. The acclimation was performed by
maintaining the fish in a 113.3-L aquarium filled with dechlorinated tap water and under
continuous aeration. The dechlorination of tap water was achieved by bubbling air into
water for 24 h. Approximately half of the aquarium water was changed every second day
to eliminate residues derived from fish feeding. Fish were fed with artificial fish food once
every 48 h, and the feeding was suspended 24 h before the tests. Zebrafish used in the
assays was 3–4 months old and 1.5 ± 0.3 cm long.

2.6. Free-Choice Non-Forced Exposure System

A linear, multi-compartmented, non-forced, static system, similar to the one reported
by Araújo et al. [19], was constructed using PET bottles. Each compartment was 38 cm long
and contained ~1000 mL of water. PET bottles were glued using white silicon (Sikaflex-
11FC+) and the resulting compartments were connected at the mouths of the bottles. The
system had seven compartments; therefore, the total length was 266 cm, as shown in
Figure S1 (Supplementary Materials). For practical purposes, the connections between
compartments were blocked with a piece of polystyrene to facilitate filling with water and
avoid premature contact among waters of different qualities. The pieces of polystyrene
were simultaneously removed to start the experiments.

Before the assays with fish, the capability of the system to maintain heterogeneity
among the compartments was tested with aqueous solutions of NaCl. The compartments
were filled with aqueous solutions of NaCl with concentrations in the following sequence:
100, 84, 66, 50, 34 and 17 mg/L. These solutions were prepared with dechlorinated tap
water. The seventh compartment, after the compartment with the most diluted solution
of NaCl, was filled with dechlorinated tap water. The initial electrical conductivity was
measured in each compartment. Then, the pieces of polystyrene dividing the solutions
in the compartments were removed, and the electrical conductivity of solutions in all
compartments was measured every hour up to 6 h. In this manner, the degree of mixture
of solutions in the compartments could be evaluated.

The assays with fish were carried out for the synthetic waters from the textile industry
and the cassava starch industry. The experimental approaches to assess the quality of



Processes 2021, 9, 734 6 of 17

untreated and treated synthetic waters from the textile and cassava starch industries with
the non-forced exposition system are summarized in Figure 1. Moreover, schemes showing
the location of synthetic waters and their dilutions in the linear, multi-compartmented,
non-forced, static system are depicted in Figure S2 (Supplementary Materials).
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For the synthetic water from the textile industry, the first compartment was filled with
untreated water (80 mg/L of RR-120). The next compartment was filled with the treated
water and the four successive compartments were filled with dilutions of the treated water
with dechlorinated tap water in the following ratios: (v/v) 1:2, 1:4; 1:8 and 1:16. The last
compartment was filled with dechlorinated tap water.

It is well-known that wastewater from the cassava starch industry has variable COD
contents that can be as high as 20,000 mg/L [44]. This value was reported for the cassava
industry in Thailand. However, in South America, reported COD contents are lower;
for example, the COD content of wastewater from the cassava industry in Brazil was
6014 mg/L [45]. In any case, such contents of organic matter are too high to be directly
tested with fish. Therefore, for the synthetic water from the cassava starch industry,
untreated and treated synthetic water were diluted with enough dechlorinated tap water to
reach a COD content of 200 mg/L. These dilutions were prepared based on the measured
COD of the untreated and treated synthetic water. Two different assays were carried out;
in one assay, the first compartment contained the untreated synthetic water with a COD
content of 200 mg/L, and, in the other assay, the first compartment contained the treated
synthetic water, also with a COD content of 200 mg/L. For both assays, the subsequent
compartments contained dilutions of the first solution (COD contents: 100, 50, 25, 10 and
5 mg/L) and the last compartment was filled with dechlorinated tap water.

Three organisms (zebrafish) were added into each compartment and then the pieces
of polystyrene were removed to open the connection between compartments. Starting at
this point, the number of organisms in each compartment was determined after 4 and 6 h.
The assays were performed in a closed dark room, and a red light source was used for
counting the organisms. All assays were performed in triplicate together with an assay
with dechlorinated tap water in all compartments (blank).

2.7. Statistical Analysis

The distribution of organisms in the assays was evaluated with Fisher’s exact test
(one-sided p-value) using the GraphPad InStat 3 software. Comparisons (2 × 2) were
performed between the distribution of expected (=9) and observed organisms in the control
compartment with the distribution of the expected (=9) and observed fish in each treatment
individually after 4 h and 6 h of exposure. The expected distribution was established as
9 fish in all cases, considering the initial number of organisms and no movement (absence
of preference or avoidance) during the experiments. Comparisons were also performed,
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taking as a reference the treatment with the highest number of fish when it was superior
to the control. Therefore, a possible relation between the number of expected organisms
and the number of observed organisms in each compartment was statistically verified [15].
If p < 0.05, there was a statistically significant variation between the number of expected
organisms and the number of observed organisms in each compartment. On the other
hand, if p > 0.05, there was not a statistically significant variation between those numbers.

The number of expected organisms in each compartment c (Expectedc) was calculated
with Equation (1).

Expectedc =
∑z

i=1 Observedi

z
(1)

where i represents the number of each compartment, z is the total number of compartments,
and Observedi is the number of organisms observed in each compartment at the end of
the assay.

Fish preference (%) for water in each compartment c was calculated with Equation (2).

Pre f erence (%) =
Observedc − Expectedc

Expectedc
∗ 100 (2)

where Observedc is the number of organisms observed in each compartment c in a specific
assay. If Preference (%) for a given compartment is positive (+), the organisms show a
preference for this compartment. However, when this value is negative (−), the organisms
tend to avoid this compartment [19]. These values allowed the assessment of the quality of
water in the compartments.

For calculating preference/avoidance, the numbers of fish in the three replicates
were pooled to minimize the statistical importance of each organism, as proposed by
Araújo et al. [46]; therefore, multiple comparisons among means (statistically significant
differences among compartments) could not be performed. Considering the formula to
calculate avoidance, the escape of one fish from the most contaminated compartment
would represent 33% (1 out of 3), which could lead to very high variability in the results
if data were treated as replicates. Otherwise, the use of more fish in the experiments
was prevented for two reasons: (i) meeting the 3R concepts for animal experimentation,
reducing the number of fish, and (ii) avoiding the overpopulation effect in case all the
fish moved to the control compartment (in this case, the maximum density of fish would
be 21 fish/L: 3 fish per 7 compartments). It is important to consider that the stocking
density in this case (21 fish/L) would already be above the OECD recommendation for
ecotoxicological tests with juvenile zebrafish (between 5 and 10 fish/L; OECD guidelines
203 and 215 [47,48]), although for a very short period of time.

3. Results
3.1. Characterization of the Dechlorinated Tap Water

Before any experiments with zebrafish, the quality of dechlorinated tap water was
verified. This was indispensable to ensure that this water had adequate physical–chemical
and chemical characteristics; fish were maintained in this water to avoid any stressful
conditions before the assays in the non-forced exposure system. Relevant parameters
of water quality for the dechlorinated tap water used to maintain zebrafish and dilute
the synthetic waters are presented in Table 1. Moreover, this table presents theoretical
conditions of water that are appropriate for zebrafish life.
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Table 1. Comparison of the appropriate theoretical conditions of water for zebrafish life and the
physical–chemical and chemical properties of dechlorinated tap water (water used to maintain fish
and dilute synthetic waters used in assays).

Parameter Units
Theoretical Conditions

Dechlorinated Tap Water ***
Lawrence * Avbesh et al. **

pH - 7.0–8.0 6.8–7.5 7.23
Temperature ◦C 24–30 26.0–28.5 21.5
Electrical
Conductivity µS/cm - 300–1500 180.9

Alkalinity mg CaCO3/L - 50–150 39.0
Hardness mg CaCO3/L 75–200 50–100 47.0
Dissolved oxygen mg/L 7.8 >6.0 6.6
Turbidity NTU - - 0.31
Biochemical
oxygen demand mg O2/L - - >2

Chemical
oxygen demand mg O2/L - - 43

* Reference [49]. ** Reference [50]. *** Except for electrical conductivity, these parameters were measured by the
CICAM. Additional results of the water analysis are presented in Table S1 (Supplementary Materials).

As expected, the dechlorinated tap water had a very low content of substances
contributing to the biochemical oxygen demand (BOD5) and chemical oxygen demand
(COD). The analysis also showed a negligible residual free chlorine amount (see Table S1,
Supplementary Materials).

3.2. Advanced Oxidation Processes

The synthetic water from the textile industry was treated through the homogeneous
Fenton process. The degradation of RR-120 led to decolorization of the solution, as can be
observed in Figure S3 (Supplementary Materials). However, the degradation of the dye did
not ensure an improvement in water quality since degradation byproducts may possess
toxic characteristics. Both untreated and treated synthetic waters from the textile industry
were characterized and the results are shown in Table 2.

Table 2. Physical–chemical and chemical characteristics of the untreated and treated synthetic water
from the textile industry.

Parameter Units Untreated Synthetic
Water

Treated Synthetic
Water

pH - 5.91 7.44
Temperature ◦C 20.0 16.6
Electrical conductivity µS/cm 64.5 1224.0
Turbidity NTU 0.61 8.32
Chemical oxygen demand mg O2/L 53.0 16.5
Total organic carbon mg C/L 25.6 22.5
Concentration of RR-120 mg/L 80.00 2.38

By examining the results of the treated synthetic water, the drop in the concentration
of RR-120 is evident. The electrical conductivity rises due to the treatment and this has
an explanation in the formation of weak acids (typical degradation byproducts resulting
from oxidative processes) and inorganic ions such as nitrate and sulfate resulting from
mineralization of the dye. The decrement in values of COD and total organic carbon (TOC)
due to the treatment indicates that part of the RR-120 was mineralized. The achieved
mineralization percentage based on TOC is 12.1%.

The heterogeneous photocatalytic process used for the treatment of the synthetic
water from the cassava starch industry required the photocatalyst g-C3N4. To facilitate the
separation of g-C3N4 after the treatment, a supported g-C3N4 was prepared. The grayish
appearance of the material resulting from the pyrolysis of the mixture of urea and calcium
oxalate monohydrate suggested the formation of graphitic carbon nitride. This material
was disaggregated, cleaned with distilled water and dried. Then, the infrared spectrum
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was recorded and the occurrence of CaCO3 and g-C3N4 was confirmed. The infrared
spectrum of the supported g-C3N4 is shown in Figure S4 (Supplementary Materials). In
this figure, for comparative purposes, the spectra of pyrolyzed urea and calcium oxalate
monohydrate are also shown. The infrared spectrum of the supported g-C3N4 shows
three bands at 713, 873 and 1405 cm−1, which can be attributed to typical vibrations of
CaCO3 [51]. Weak signals can be observed at 1255, 1568 and 1635 cm−1, which could be
assigned to vibrational modes of g-C3N4 [52].

The synthetic water from the cassava starch industry was treated through a hetero-
geneous photocatalytic process with the supported g-C3N4. Both untreated and treated
synthetic waters were characterized and the results are shown in Table 3.

Table 3. Physical–chemical and chemical characteristics of the untreated and treated synthetic water
from cassava starch industry.

Parameter Units Untreated Synthetic
Water

Treated Synthetic
Water

pH - 6.81 8.24
Temperature ◦C 18.6 19.4
Electrical conductivity µS/cm 1268.5 1188.5
Turbidity NTU 9.48 4.94
Chemical oxygen demand mg O2/L 5980.0 5510.0
Total organic carbon mg C/L 2972.8 2731.0
Total cyanide mg/L 1.36 0.05

The first aspects that can be observed from the data are the low COD and TOC
removal values, 7.85 and 8.13%, respectively. The contents of organic matter in the treated
synthetic water are still too high for a discharge into a receiving water body. The turbidity
of water was improved and the electrical conductivity changed slightly. Perhaps the most
important improvement in water quality attributable to the treatment is the decrement
in the content of total cyanide. The cassava plant produces two cyanogenic glucosides,
linamarin and lotaustralin [53]. Processing of the roots results in the release of these
substances into wastewater, and natural degradation processes taking place in water can
produce hydrogen cyanide (HCN). Cyanogenic glucosides coming from cassava can act
as precursors of HCN [54] and the high toxicity of this compound could affect aquatic
organisms. Our measurements confirmed the occurrence of cyanide-related substances
that were measured as total cyanide. The content of total cyanide in the untreated synthetic
water was 1.36 mg/L and this value dropped to 0.05 mg/L in the treated synthetic water.
This represents the removal of more than 96% of the content of total cyanide. It is likely
that this is the most important benefit of the proposed treatment and could facilitate further
complementary treatments.

3.3. Water Selection by the Zebrafish

The first step was a test to verify the maintenance of heterogeneity between compart-
ments. For this, aqueous solutions containing different concentrations of NaCl were placed
into the compartments. The initial electrical conductivity of solutions in all compartments
was measured; then, the polystyrene pieces between the compartments were removed and
the electrical conductivity of all solutions was measured again after 4 h and 6 h. The results,
shown in Table S2 (Supplementary Materials), indicate that the mixture of solutions of
adjacent compartments is minimal and concentration gradients can be maintained. The
coefficient of variation (CV) for the electrical conductivity reached a maximum of 2.74%.

The assays performed only with dechlorinated tap water allowed us to confirm that
the organisms had no special preference for any compartment. The results of these assays
are presented in Tables S3 and S4 (Supplementary Materials).

The preference and avoidance responses of zebrafish exposed to untreated, treated
and dilutions of treated synthetic waters from the textile industry are plotted in Figure 2.
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After 4 h of exposition, zebrafish already showed a preference for dechlorinated tap water
and diluted solutions of the treated synthetic water, as shown in Figure 2a. This trend was
confirmed after 6 h of exposition (Figure 2b); organisms not only avoided the untreated
synthetic water but also seemed to tolerate very well the most diluted solution of the
treated synthetic water. It is possible that, for this very diluted solution, the concentration
of RR-120 was too low to repel the organisms and/or the degradation byproducts of RR-120
did not possess toxic characteristics affecting zebrafish.
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Figure 2. Preference and avoidance responses (%) of zebrafish exposed to untreated, treated and
dilutions of treated synthetic waters from the textile industry: (a) after 4 h of exposition, and (b) after
6 h of exposition. Data were pooled from 3 replicates; therefore, the standard deviation is not
presented. Asterisks represent statistically significant differences (p < 0.05) in the distribution of
organisms when compared with the distribution in control (Fisher’s exact test (2 × 2); see Tables S5
and S6 in Supplementary Material).

The preference and avoidance responses of zebrafish exposed to dilutions of untreated
synthetic water from the cassava starch industry are plotted in Figure 3. After 4 h of
exposition (Figure 3a), the organisms were already repelled by solutions with the highest
COD content and preferred the dechlorinated tap water. After 6 h, the trend was confirmed
and, additionally, the preference for the most diluted untreated synthetic water (COD
content of 5 mg/L) increased, as shown in Figure 3b.
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Figure 3. Preference and avoidance responses (%) of zebrafish exposed to dilutions of untreated
synthetic water from the cassava starch industry: (a) after 4 h of exposition, and (b) after 6 h of
exposition. Data were pooled from 3 replicates; therefore, the standard deviation is not presented.
Asterisks represent statistically significant differences (p < 0.05) in the distribution of organisms
when compared with the distribution in control (Fisher’s exact test (2 × 2); see Tables S7 and S8 in
Supplementary Material).
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The preference and avoidance responses of zebrafish exposed to dilutions of treated
synthetic water from the cassava starch industry are plotted in Figure 4. It must be pointed
out that the COD contents of the dilutions of treated synthetic water were the same as the
dilutions of untreated synthetic water; therefore, the content of organic matter was not
a variable affecting the behavior of zebrafish in these two assays. The organisms in the
assay with dilutions of treated synthetic water were attracted to solutions with the highest
COD content.
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Figure 4. Preference and avoidance responses (%) of zebrafish exposed to treated synthetic water
from the cassava starch industry: (a) after 4 h of exposition, and (b) after 6 h of exposition. Data
were pooled from 3 replicates; therefore, the standard deviation is not presented. Asterisks represent
statistically significant differences (p < 0.05) in the distribution of organisms when compared with the
distribution in control (Fisher’s exact test (2 × 2); see Tables S9 and S10 in Supplementary Material).

Changes in the distribution of organisms per compartment could be related to the
content of total cyanide in water. The relation of the distribution of organisms per compart-
ment and the content of total cyanide for the assays with untreated and treated synthetic
waters from the cassava starch industry is depicted in the plots of Figure 5. Certainly, the
removal of cyanide seems to have a strong influence on the preference of zebrafish.

Processes 2021, 9, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 5. Relation of the distribution of organisms per compartment and the content of total cyanide 
for (a) dilutions of the untreated synthetic water after 4 h of exposition; (b) dilutions of the untreated 
synthetic water after 6 h of exposition; (c) dilutions of the treated synthetic water after 4 h of expo-
sition; and (d) dilutions of the treated synthetic water after 6 h of exposition. The asterisk (*) indi-
cates values that show significant and very significant statistical variations with respect to the ex-
pected number of organisms. Data of organisms per compartment were pooled from 3 replicates; 
therefore, the standard deviation is not presented. 

4. Discussion 
The synthetic water from the textile industry contained a dye which is a pollutant 

usually found in low concentrations in real industrial wastewaters. Even in low concen-
trations, dyes can affect aquatic flora and fauna [55], thus interfering in ecosystems. On 
many occasions, the treatments applied to waters containing dyes are effective only in 
decolorization, and aspects concerning the fate of degradation byproducts are often un-
derestimated. In this regard, the application of non-forced exposure systems with 
zebrafish can provide a more accurate assessment of the quality of treated water and the 
potential to repel organisms. This was confirmed with the results of assays with untreated 
and treated synthetic water from the textile industry. Zebrafish showed a preference for 
treated water, especially in a higher dilution (see Figures 2–4). It makes sense that organ-
isms avoid the untreated water because, according to an earlier report, zebrafish embryos 
exposed to an azo dye (congo red dye) presented inner damages and also larvae hatching 
was stopped [56]. For the specific case of RR-120, it seems that the degradation byproducts 
resulting from the treatment with the Fenton process did not possess toxic characteristics, 
at least not with the dilutions considered in this study. Moreover, since most of the dye is 
degraded due to the treatment, the photosynthesis of phytoplankton and aquatic plants 
would not be affected, as happens in the presence of the dye, which alters the transmission 
of light through the water [57]. Both the physical–chemical characteristics of water and 
the behavior of the organisms indicate that the treatment improved the quality of water, 
at least compared to the untreated water. 

Figure 5. Cont.



Processes 2021, 9, 734 12 of 17

Processes 2021, 9, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 5. Relation of the distribution of organisms per compartment and the content of total cyanide 
for (a) dilutions of the untreated synthetic water after 4 h of exposition; (b) dilutions of the untreated 
synthetic water after 6 h of exposition; (c) dilutions of the treated synthetic water after 4 h of expo-
sition; and (d) dilutions of the treated synthetic water after 6 h of exposition. The asterisk (*) indi-
cates values that show significant and very significant statistical variations with respect to the ex-
pected number of organisms. Data of organisms per compartment were pooled from 3 replicates; 
therefore, the standard deviation is not presented. 

4. Discussion 
The synthetic water from the textile industry contained a dye which is a pollutant 

usually found in low concentrations in real industrial wastewaters. Even in low concen-
trations, dyes can affect aquatic flora and fauna [55], thus interfering in ecosystems. On 
many occasions, the treatments applied to waters containing dyes are effective only in 
decolorization, and aspects concerning the fate of degradation byproducts are often un-
derestimated. In this regard, the application of non-forced exposure systems with 
zebrafish can provide a more accurate assessment of the quality of treated water and the 
potential to repel organisms. This was confirmed with the results of assays with untreated 
and treated synthetic water from the textile industry. Zebrafish showed a preference for 
treated water, especially in a higher dilution (see Figures 2–4). It makes sense that organ-
isms avoid the untreated water because, according to an earlier report, zebrafish embryos 
exposed to an azo dye (congo red dye) presented inner damages and also larvae hatching 
was stopped [56]. For the specific case of RR-120, it seems that the degradation byproducts 
resulting from the treatment with the Fenton process did not possess toxic characteristics, 
at least not with the dilutions considered in this study. Moreover, since most of the dye is 
degraded due to the treatment, the photosynthesis of phytoplankton and aquatic plants 
would not be affected, as happens in the presence of the dye, which alters the transmission 
of light through the water [57]. Both the physical–chemical characteristics of water and 
the behavior of the organisms indicate that the treatment improved the quality of water, 
at least compared to the untreated water. 

Figure 5. Relation of the distribution of organisms per compartment and the content of total cyanide
for (a) dilutions of the untreated synthetic water after 4 h of exposition; (b) dilutions of the untreated
synthetic water after 6 h of exposition; (c) dilutions of the treated synthetic water after 4 h of
exposition; and (d) dilutions of the treated synthetic water after 6 h of exposition. The asterisk (*)
indicates values that show significant and very significant statistical variations with respect to the
expected number of organisms. Data of organisms per compartment were pooled from 3 replicates;
therefore, the standard deviation is not presented.

4. Discussion

The synthetic water from the textile industry contained a dye which is a pollutant
usually found in low concentrations in real industrial wastewaters. Even in low concen-
trations, dyes can affect aquatic flora and fauna [55], thus interfering in ecosystems. On
many occasions, the treatments applied to waters containing dyes are effective only in
decolorization, and aspects concerning the fate of degradation byproducts are often under-
estimated. In this regard, the application of non-forced exposure systems with zebrafish
can provide a more accurate assessment of the quality of treated water and the potential
to repel organisms. This was confirmed with the results of assays with untreated and
treated synthetic water from the textile industry. Zebrafish showed a preference for treated
water, especially in a higher dilution (see Figures 2–4). It makes sense that organisms avoid
the untreated water because, according to an earlier report, zebrafish embryos exposed
to an azo dye (congo red dye) presented inner damages and also larvae hatching was
stopped [56]. For the specific case of RR-120, it seems that the degradation byproducts
resulting from the treatment with the Fenton process did not possess toxic characteristics,
at least not with the dilutions considered in this study. Moreover, since most of the dye is
degraded due to the treatment, the photosynthesis of phytoplankton and aquatic plants
would not be affected, as happens in the presence of the dye, which alters the transmission
of light through the water [57]. Both the physical–chemical characteristics of water and
the behavior of the organisms indicate that the treatment improved the quality of water, at
least compared to the untreated water.

The synthetic water from the cassava starch industry contained a high organic charge
that is biodegradable [44,45]. Unlike wastewaters from the textile industry, the biodegrad-
ability of the organic charge contained in wastewater from the cassava starch industry is
not the problem. The problem lies in the contamination potential associated with very high
values of COD; therefore, the uncontrolled discharge of this wastewater could easily lead
to the consumption of dissolved oxygen in a water body, thus triggering negative effects on
aquatic life. For this reason, authorities focus on the establishment of permissible limits for
the discharge into water bodies. The assays with synthetic water from the cassava starch
industry reported in this paper show an important limitation concerning this criterion
broadly applied by regulators worldwide. Certain pollutants occurring in wastewaters
in a very low concentration may have strong impacts on the behavior of organisms, as
observed for precursors of hydrogen cyanide present in cassava tubers. The heterogeneous
photocatalytic process applied to treat this synthetic water showed poor performance
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in the removal of the organic charge; however, it was highly efficient in the removal of
precursors of hydrogen cyanide and, potentially, other unknown pollutants that were not
observed in this study. When these “trace” pollutants were removed, the behavior of
organisms was different; fish were attracted to solutions with the highest COD content.
The reason for such behavior could be the absence of at least precursors of hydrogen
cyanide, which were present in the untreated synthetic water. Of course, the occurrence
of other trace components contributing to the toxicity of the untreated water cannot be
ruled out; however, the behavior of organisms would suggest their effective removal due
to the treatment. Furthermore, since most of the organic charge in this kind of synthetic
water can be attributed to (soluble) starch, the observed movement of the organisms to
the concentrated waters may be related to the search for food. In fact, the presence of
high organic load can unmask the potential risk of the discharges as the sensory stimuli of
chemicals could be confounded with food [58–61].

The results regarding preference/avoidance confirm that these responses are appro-
priate to be applied as a proof of concept in environmental risk studies. In this regard, three
important advantages could be highlighted: (i) innovation of a realistic exposure approach,
in which organisms are exposed to different dilutions of the rivers and the discharges into
them; (ii) application of a simple but ecologically relevant response to identifying the level
of repellence of the contaminants, and (iii) the assessment of the ability of the river to
self-depurate the chemical discharge and how the efficiency in this process could affect the
distribution of the biodiversity. As initially described by different authors [15,18,62], the
avoidance test in a non-forced exposure system allows the simulation of different scenarios,
in which contaminants are discharged into the aquatic ecosystems and, then, the effects on
the spatial distribution of organisms can be measured. The non-forced exposure approach
allows the spatial integration of habitats that are commonly treated as independent and
isolated areas in the classical exposure approaches [17,19]. The importance of considering
that habitats are connected relies on understanding how the effect observed in an ecosystem
could affect other undisturbed adjacent ones [63,64] under a meta-ecosystem approach.

Secondly, the use of an approach based on repellence, instead of toxicity, provides a
novel view of the risks that contaminants can present for organisms and ecosystems [21,65,66].
This approach makes clear that the loss of biodiversity caused by the discharges of the
effluents is not exclusively attributed to the toxicity and consequent death of organisms,
but also the repellence of the chemical present triggering an avoidance response in many
populations [21,65,67]. The results of the current study showed that the discharge of
effluents into a river has the potential to trigger an avoidance response, which could bring
about serious consequences for the ecosystems. However, our results showed also the
importance of the efficient treatment of effluents to minimize this potential repellence once
effluents are discharged.

It is important to remark that both AOPs proposed to treat the synthetic waters
had limited efficacy in the removal of pollutants. This was intended and allowed us to
verify an improvement in the ecotoxicological quality of treated waters (compared to
untreated waters), although the measured physical–chemical parameters indicated poor
mineralization and low removal of COD for the synthetic waters. Especially interesting
is the fact that, for waters from the cassava starch industry with the same COD content,
the preference and avoidance responses of zebrafish were remarkably different when the
untreated and treated water were used in the assays. In a study using dairy wastewater
to assess the ability of self-depuration of a river and the consequences for the spatial
distribution of fish, Silva et al. [39] showed that a total COD of 30 mg/L was attractive
to fish despite the potential toxicity that it could exert. Such a result demonstrates that
conventional parameters may not be sufficient to assess water quality, and ecotoxicological
strategies could be an important complement.

Finally, the proof of concept here applied helps to elucidate the resistance or vulner-
ability of the aquatic ecosystem after receiving treated or untreated effluents. As shown
by Silva et al. [39] and by our studies, not only the capacity of the river to self-depurate
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the effluent but also an efficient treatment to reduce the chemical load is crucial for the
dynamics of migration that the discharge can cause. We encourage the use of this approach
from the perspective of assessing wastewater treatment and the ability to self-depurate
the rivers.

5. Conclusions

Two synthetic waters intended to simulate industrial wastewaters were treated by
AOPs. Two experimental approaches using a linear, multi-compartmented, non-forced,
static system to assess the quality of the untreated and treated synthetic waters were applied.

The synthetic water from the textile industry contained a dye, and this water was
treated by a Fenton process. Zebrafish showed a preference for treated water and this is
evidence of the improvement of water quality due to the treatment. In this experimental
approach, a comparison between the untreated and treated synthetic waters was performed
by placing both waters in the same system.

The synthetic water from the cassava starch industry contained a high organic charge,
and this water was treated by a heterogeneous photocatalytic process with visible radiation.
The achieved COD and TOC removal values were below 10%; however, the content of
total cyanide decreased by more than 96%. Zebrafish showed a marked preference for the
treated water while they avoided the untreated water. Such behavior was attributed mostly
to the removal of precursors of hydrogen cyanide due to the treatment.

The importance of applying ecotoxicological assays for the assessment of water quality
is evident. Limitations of conventional parameters usually used for monitoring purposes
can be overcome if they are combined with assays such as those proposed in this work.
These assays can be applied to evaluate the efficiency of complex wastewater treatments.
Future works should focus on the assessment of treatments based on other advanced
oxidation processes. There are several promising variations of these oxidative treatments
and their applicability is dependent on the impacts (positive and negative) that they can
have on the environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9050734/s1, Figure S1: Linear, multi-compartmented, non-forced, static system constructed
with PET bottles, Figure S2: Schemes showing the location of synthetic waters (and/or their dilutions)
in the linear, multi-compartmented, non-forced, static system, Table S1: Results of the water analysis
of dechlorinated tap water performed by CICAM, Figure S3: Untreated and treated synthetic water
from the textile industry, Figure S4: Infrared spectra of the supported g-C3N4, and pyrolyzed urea and
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