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A B S T R A C T

Textile effluents are a mixture of dyestuff, surfactants, dispersants, acids, alkalis and bleaching agents, among
other compounds, and some of these are highly soluble and relatively recalcitrant. Suitable improvement of
textile effluents may require combined treatment processes, such as Conventional Treatments and Advanced
Oxidative Process (AOPs). Electron beam irradiation (EBI) has been proposed as a possible technology for the
treatment of textile effluents. In this context, the aim of the present study was to evaluate the efficiency of an
Electron Beam treatment applied to toxicity and color reduction of a textile effluent containing reactive Red 239
dye. Effluent COD and TOC were also evaluated. The assessed effluents were submitted to EBI treatment at doses
ranging from 0.5 to 15 kGy. Vibrio fischeri bacteria and Daphnia similis crustaceans were exposed to both irra-
diated and non-irradiated effluents, the toxicity was evaluated through EC50 (median effective concentration)
calculations. EB irradiation successfully reduced effluent toxicity and color. The EC50 for D. similis(48h) were of
6.31% ± 3.19 (non-irradiated) and 27.56% ± 9.31 (10 kGy), and for V. fischeri(15min), of 7.41% ± 1.52 (non-
irradiated) and 31.89% ± 10.99 (10 kGy), respectively. Approximately 70% toxicity reduction was obtained for
both organisms, while 95% color reduction was obtained by applying 5 kGy.

1. Introduction

Despite the extreme importance of textile manufacturing for the
Brazilian economy, the environmental aspects of this sector can still be
improved. Effluents from the textile industry are critical, as they con-
tain numerous contaminants, such as surfactants, dyes, peroxides, salts,
acids, metals, suspended solids and organic compounds, as well as other
additives. The high solubility, residual color and low biodegradability
of many of these compounds require additional efforts for suitable
cleaning. In this regard, combined processing emerge as a possibility,
where activated sludge systems and Advanced Oxidative Processes
(AOPs) may enhance organic degradation efficiency.

About 72 toxic chemicals have been identified in textile effluents,
and it is estimated that approximately 200 billion liters of effluents are
produced annually worldwide by the textile industry (Kant, 2012).
Many negative effects have been identified due to the hundreds of
contaminants diluted in aquatic systems, affecting dissolved oxygen,
turbidity, color, temperature and, consequently, aquatic organisms. In
this regard, the potential relationship between effluent toxicity and
chemical oxygen demand has been discussed by Liang et al. (2018).
Furthermore, highly toxic products can be generated even after

biodegradation, confirming the need for measuring whole acute effects
after AOPs applications whenever possible.

Several negative effects of industrial pollutants on different living
organisms due to dyes and textile effluent exposure have been evi-
denced. For example, Danio rerio fish have displayed genotoxicity in-
duction, enzymatic alterations, oxidative stress and decreased swim-
ming embryo activity (Abe et al., 2018; Meireles et al., 2018), while
many toxic effects of textile effluents containing reactive dye Blue 222
have been evidences for D. similis, V. fischeri and B. plicatilis (Borrely
et al., 2016). In addition, physiological changes and behavioral symp-
toms involving the heart, kidneys, lungs and intestinal epithelium were
detected, as well as cell degeneration, renal tubule epithelial cell ne-
crosis and alveolar emphysema have been reported in Rattus norvegicus
(Akhtar et al., 2018).

The importance and scarcity of water today indicate the need for
combined treatment processes. A possible technology in this regard is
ionizing radiation using accelerated electrons. During this process,
highly reactive intermediates (e.g. hydroxyl radicals) generated by
water radiolysis are the primary oxidants in the reaction, leading to
organic dye degradation. Besides radiation, other frequently used
methods employed for the oxidation of organic compounds include UV-
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peroxide, ozonation, the photo-Fenton process, photocatalysis, and so-
nolysis (Wojnárovits and Takács, 2008).

Radiation efficacy concerning color removal and biodegradability of
real industrial wastewater, as well as organic pollutant removal, using
doses lower than 10 kGy have been reported in several studies. For
example, two different industrial textile complexes demonstrated that
this technology, alongside biological treatment processes, significantly
improve effluent degradability and decolorizing. In China, EB irradia-
tion enhanced effluent biodegradability up to 224% (3 kGy) (Kim et al.,
2011; Han et al., 2002; He et al., 2016; IAEA, 2017).

In this context, the aim of the present study was to assess electron
beam treatment efficiency in the toxicity and color reduction of a textile
effluent containing the reactive dye Red 239. Sublethal effects of the
effluents on Daphnia similis were observed during 21 days. Physico-
chemical analyses, such as COD, TOC and pH were also determined in
effluent samples.

2. Material and methods

2.1. Preparation of samples

The effluents were obtained by cotton dyeing during textile pro-
cessing in a pre-industrial textile laboratory, representing the complete
cotton coloring process (bleaching, dyeing and washing). The reactive
Red 239 dye (Fig. 1) was applied and all compounds in the assessed
effluents are known (Table 1).

2.2. Electron beam irradiation

The liquid effluents were irradiated at the Radiation Technology
Center (CETER/IPEN/SP-Brazil), using a Dynamitron Electron Beam
Accelerator and applying the following parameters: 1.4 MeV, fixed
energy, batch system, conveyor speed of 6.72 m min−1 and variable
electric current according to the required doses. Sample pH was de-
termined before irradiation, with mean pH of 7.84 ± 0.45.

The samples were distributed in pyrex vessels (246 ml), ensuring
4 mm sample thickness, and the vessels were protected by plastic
wraps. Doses were determined using a Perspex Harwell Red Batch KZ-
4034 dosimeter, with less than 5% variation. The effluent samples were
irradiated with doses ranging from 2.5 to 10.0 kGy, and 0.5, 1.0 and
15.0 kGy were included for color analyses.

2.3. Toxicity assays

• Acute Toxicity:

Acute toxicity assays using the crustacean Daphnia similis (ABNT
NBR 12713: 2016) and bacteria Vibrio fischeri (ABNT NBR 15411:2012)
followed Brazilian Technical Methods standards.

The Daphnia similis assay comprised exposure of juvenile individuals
to the effluent samples for 48 h. Organisms immobility was the mea-
sured end point. The acute toxicity assay with Vibrio fischeri was per-
formed in M-500 microtox Microbics system. Bacteria luminescence
was analyzed before and after 15 min of exposure to the effluents. Loss
of luminescence was indicative of toxic samples. Nine assays per sample

were performed for each organism.
Results were expressed as EC50%, an inversely proportional para-

meter, i.e. the median concentration to observe an effect for 50% of all
exposed organisms for exposure at standardized conditions. Statistics
were applied according to the standard methods recommendation,
using the Trimmed Sperman Karber analysis for D. similis and linear
regression for V. fischeri.

Sample toxicity removal (%) after EBI treatment as calculated as
follows (Eq. (1)):

⎜ ⎟= ⎛
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Where: TUo = Toxicity Units before irradiation and TUirrad = Toxicity
Units after irradiation, and EC50% = median concentration of effect.

• Sublethal effects:

Sublethal textile effluent effects on Daphnia similis were also de-
termined, during 21 days. Exposure concentrations were based on acute
toxicity assays (triplicate), and, thus, lower than those applied in the
acute effect assays. Image analyses were carried out using a Leica MZ95
magnifier (3.2×), Leica DFC 295 camera and the Leica Application
Suite V4.12.0 software.

2.4. Physico-chemical parameters

Color: Absorbances were determined at 520 nm on a 1800 UV-VIS
Shimadzu spectrophotometer and assessed using the UV-Probe Ver. 2.7
software. Color removal was calculated as follows (Eq. (2)):
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Where: Ao = absorbance of the effluent solution before irradiation and
Airrad = absorbance of the effluent solution after irradiation.

Total Organic Carbon (TOC); Chemical Oxygen Demand (COD)
and pH: The TOC analyses were performed using a Shimadzu TOC-
5000A equipament, and the results were based on total carbon and
inorganic carbon values. COD was assessed by a colorimetric method
using a spectrophotometer. TOC and COD removals (%) obtained by the
EBI method were calculated using values before and after irradiation,
by applying equations similar to (1) and (2). For these analyzes, the
effluent samples were irradiated at doses ranging from 2.5 to 15 kGy.
Effluent pH values were determined by using a specific electrode
(Micronal B474) for the untreated and irradiated samples (2.5–10 kGy).

3. Results and discussion

3.1. Toxicity reduction performance by EB irradiation

Aquatic organism toxicities of the textile effluent containing the
reactive dye Red 239 irradiated with EBI were determined herein.Fig. 1. C. I. Reactive Red 239 - chemical structure.

Table 1
Chemicals used in the cotton dyeing fiber process.

Catalase enzyme (g L−1) 0.50
Anionic Dispersant agent 1.00
Anionic Sequestering agent 1.00
Sodium carbonate 0.50
Sodium chloride 50.00
Sodium hydroxide 1.00
Sodium metasilicate 0.50
Nonionic Ethoxylate Surfactant 1.00
Reactive dye Red 239 15.00
Acetic acid (mL L−1) 1.00
Hydrogen peroxide 2.00
Sulfuric acid 0.15
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Acute toxic effects and EBI efficiency regarding toxicity are reported in
Figs. 2 and 3, while sublethal daphnid effects are summarized in Fig. 4.

Regarding the EC50 values displayed in Fig. 2, high toxicity level
were observed for non-irradiated samples, very toxic for both assessed
organisms, with EC50s below 7.5%. As EC50 is an inversely propor-
tional parameter, higher EC50 values indicate that higher concentra-
tions of treated samples are required to achieve effective median con-
centrations (EC50%), evidencing lower effects on the assessed
organisms after irradiation. The obtained toxicity removal values (TR,
%), displayed in Fig. 3, confirm that acute effect removal was enhanced
from 2.5 up to 10 kGy for both organisms.

For example, at 5 kGy and 10 kGy, EC50 = 16.36% ± 5.37 (5 kGy)
accounted 61.43% toxicity removal for D. similis and 50.73% for V. fi-
scheri (EC50 = 15.04 ± 2.48), while 10 kGy resulted > 70% acute
effects removals for both exposed organisms, at EC50 values of
27.56 ± 9.31 for D. similis and 31.89 ± 10.99 for V. fischeri.

Concerning acute textile effluent effects, several published reports
demonstrate significantly toxic effects for different organisms before
treatment, corroborating data from the present study, such as those
reported by Sharma et al. (2007), EC50 = 0.7% for L. aequinoctialis
when assessing textile wastewater in India and Liang et al. (2018),
EC50 = 1.7% for V. fischeri when evaluating textile wastewater in

Fig. 2. Acute toxicity (EC50% average values) of a textile effluent containing RR239 versus applied EBI doses.

Fig. 3. Textile effluent toxicity removal (TR) (%) after EBI treatment.

Fig. 4. D. similis exposed to textile effluent under different conditions. A. Control. B. Organism exposed to the raw effluent. C. Organism exposed to the treated
effluent at 5 kGy.
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China. For daphnids, EC values of 4.58% for D. similis exposed to a
mixture of reactive RB 222, RR 239, RY145 dyes and 10.40% for D.
magna exposed to an effluent containing the reactive dye Red 120 have
been reported (Darsana et al., 2015; Rosa et al., 2019).

Regarding the results obtained after the EBI treatment, considering
5 kGy as a suitable dose for acute toxicity removal, about 61% and 51%
acute toxicity removal were obtained, while efficiencies of 34.55% for
D. similis and 47.83% B. plicatilis (2.5 kGy) and V. fischeri 57.29%
(5 kGy) were observed by Borrely et al. (2016) for an effluent con-
taining the RB222 dye. On the other hand, a lower efficiency was ob-
tained for real effluents containing the reactive dye Yellow 160, of
approximately 18% at 2.5 kGy (Borrely et al., 2019).

Daphnid sublethal effects and reproduction effects were assessed
after exposure to effluent samples for 21 days. Neonate assessments
were carried out every other day. The negative control (Fig. 4A) cor-
responds to the ideal number of incubated eggs for a female 21-day old
daphnid exposed only to natural water under the same conditions as
those exposed to the effluent samples. Daphnid reproduction rates were
reduced after exposure to untreated effluents, where the dye entered
the eggs and filtering system, also leading to egg malformations
(Fig. 4B). On the other hand, less dye deposition was noted for organ-
isms exposed to the treated effluent at 5 kGy (Fig. 4C). In this case,
although reproduction rates were lower when compared to the control,
no egg malformations were observed.

Concerning different classes of organisms, biochemical alterations
in zebrafish embryos, as well as alterations in swimming activity and
toxic cell effects, such as enzyme changes and oxidative stress, have
been previously reported (Abe et al., 2018; Meireles et al., 2018). In
another case, Sharma et al. (2007), reported dye deposition in gills and
internal organs, body darkening, eye whitening and mucus secretion in
Gambusia affinis fish specimens. Regarding mammals, Rattus norvegicus
specimens exposed to textile wastewater exposed has been associated to
several physiological changes and behavioral symptoms, and sub-
chronic exposure led to the renal tubule epithelial cell degeneration and
necrosis, as well as hepatocyte necrosis (Akhtar et al., 2018).

The importance of toxicity measurements is clear, as it includes the
interaction of most pollutants contained in raw effluents, not only dyes.
However, physicochemical parameters alone are not enough for the
evaluation of effectiveness of the proposed treatments for removing
hazardous compounds.

3.2. Removal of organic pollutants by EB irradiation

Color and organic compounds were also determined in the in-
vestigated effluents, displayed in Figs. 5 and 6 and Table 2.

Concerning textile effluent decoloration after EBI treatment, an
applied dose of 5 kGy led to 95% color removal compared to raw
samples, while 0.5 kGy accounted for 80% color removal. Considering
dye solution decoloration and textile effluent treatment by radiation,
similar results have been demonstrated when applying ionizing radia-
tion, as follows: Direct Black 22, 100% color removal at 6 kGy (Vahdat
et al., 2010); Reactive azo (95.3% removal) and Direct azo (95.5% re-
moval), at 7 kGy (Abdou et al., 2011); Reactive Blue 222, 90% removal
at 2.5 kGy (Borrely et al., 2016); while dye mixtures from textile in-
dustries presented 61% removal at 0.5 kGy (Ting and Jamaludin,
2008).

The mean COD concentration in the raw effluent was of
385.5 mg L−1. The best result after EBI treatment was obtained at a
5 kGy, of 327.0 mg L−1. Similar COD values in raw textile effluents
have been reported by He et al. (2016), of 316 mg L−1, and of
309 mg L−1 after the application of a 6 kGy.

After effluent sample EBI treatment, TOC values decreased (Fig. 6)

Fig. 5. Color removal of the investigated effluent versus applied EBI. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 6. COD and TOC values of the investigated textile effluent versus applied
EBI.

Table 2
Efficiency of EBI technology for color, COD and TOC removal in textile ef-
fluents.

Effluent Samples
Dose (kGy)

Color Removal CR
(%)

COD Removal (%) TOC Removal (%)

2.5 94.00 11.28 18.33
5.0 95.60 15.17 25.22
7.5 95.64 6.22 15.54
10.0 96.15 13.22 22.12
15.0 98.00 – 47.81
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from 322.3 mg L−1 in the raw effluent to 241 mg L−1 after a 5 kGy and
168.2 mg L−1 after a 15 kGy, indicating EBI efficiency concerning TOC
removal, of approximately 25% and 48% for both doses, respectively.
Similarly, Liang et al. (2018) reported that a TOC value for untreated
textile wastewater from an industrial complex in China of 320 mg L−1.
Applying ionizing radiation, in aqueous solution with remazol Black 5
dye, 45% TOC removal with 5 kGy was reported by Abdou et al. (2011).

Concerning pH, no significant change was noted comparing the raw
effluent samples (7.84 ± 0.45) with samples treated with 5 kGy
(8.53 ± 0.69) and 10 kGy (8.36 ± 0.58).

Relatively low irradiation doses have been reported as a possible
and feasible target for EBI by several authors as an advanced process to
contribute with other technologies for the improvement and reuse of
industrial effluents.

4. Conclusions

The toxicity results reported herein represent the effects of several
contaminants present in textile effluents. Both acute and sublethal ef-
fects decreased after EB irradiation. The assessed textile effluent was
very toxic, with an EC 50 average of 6.31 for D. similis and 7.41 for V.
fischeri. EBI was effective for toxicity removal, resulting in>70% acute
effects. Sublethal D. similis effects when exposed to effluents samples for
21 days, were also detected. After the application of a 5 kGy, less dye
deposition was noted in the daphnid filtering system, and no egg mal-
formation was observed. Textile effluent irradiation improved both
acute and sublethal effects and is a promising technique for textile ef-
fluent treatment.

Other benefits were also observed after irradiation at 5 kGy, such as
over 95% decoloration, 15.17% COD removal and 25% TOC removal.
The degradability of such type of contaminants may be improved by
combining processes.

Therefore, the aforementioned negative biological effects comprise
a strong motivation for searching for innovative technologies in order
to improve the treatment of different classes of contaminants.
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