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Abstract The industrial processing of precious
stones is a source of revenue for several Brazilian
towns, especially in the state of Rio Grande do
Sul. Given the growing number of small-sized
companies that process precious stones, wastewater
production is inevitable and is a cause for concern
inasmuch as preservation of nature is considered.
The present study investigates the detoxification of
the wastewater produced by the process of rhoda-
mine B dyeing using oxidation processes. Ozoni-
zation (O3), ultraviolet irradiation (UV), and O3/UV
methods were assessed. Some of the parameters used
to measure the efficiency of the analyzed treatments
included COD, ecotoxicity (Daphnia magna), cyto-
toxicity, and genotoxicity assays (Allium cepa assays).

Results show predominance of negative and local
environmental impacts, which are reversible in more
than 70% of cases. The major proposed reversibility
measures were the change in the process layout and
dye wastewater segregation. Among the analyzed
methods, ozonization proved to be more efficient in
decolorization, with 60 min of treatment, pH=9 and
dosage of 5.705 mg O3/mg of rhodamine B. A pseudo
first-order reaction, with a kinetic constant of 7.5×
10−2 min−1, was observed. The cytotoxic and geno-
toxic effects were assessed for both raw and treated
wastewaters. Despite complete decolorization, cyto-
toxicity and genotoxicity assays revealed an EC50 of
28.6, in addition to chromosome aberrations in 40%
of dividing cells for the treated wastewater.

Water Air Soil Pollut (2012) 223:1753–1764
DOI 10.1007/s11270-011-0980-9

Ê. L. Machado (*)
Department of Chemistry and Physics,
Universidade de Santa Cruz do Sul,
Av. Independência, 2293,
96815-900 Santa Cruz do Sul, Rio Grande do Sul, Brazil
e-mail: enio@unisc.br

V. de Sales Dambros
Master’s Program in Environmental Technology,
Universidade de Santa Cruz do Sul,
Santa Cruz do Sul, Brazil

L. T. Kist
Department of Chemistry and Physics,
Universidade de Santa Cruz do Sul,
Santa Cruz do Sul, Brazil

E. A. Alcayaga Lobo
Department of Biology,
Universidade de Santa Cruz do Sul,
Santa Cruz do Sul, Brazil

S. B. Tedesco
Department of Biology,
Universidade Federal de Santa Maria,
Santa Maria, Brazil

C. C. Moro
Department of Inorganic Chemistry,
Universidade Federal do Rio Grande do Sul,
Porto Alegre, Brazil



Keywords Rhodamine B . Dyeing . Genotoxicity
assays . Agates . Ozonization

1 Introduction

Dyeing is the stage in the processing of precious
stones with the greatest environmental impact because
it changes the color of water (turbidity), its natural
pH, its conductivity, the chemical oxygen demand
(COD), the biochemical oxygen demand (BOD),
solubilized nutrients (e.g., nitrogen and phosphorus),
and also contaminates and pollutes the water with
heavy metals (Senger 2005). Although companies
work with different kinds of stones, agate geodes are
the major type used in the dyeing process. The colors
used in the dyeing process vary, but green, yellow,
red, purple, pink, black, and blue are the most
predominant.

The dyes used for dyeing agates can be either
organic or inorganic. Inorganic dyes often contain
acids such as chromic acid and nitric acid combined
with other compounds, while organic dyes usually
include crystal violet, rhodamine B, and brilliant
green. Rhodamine B, for example, is used to dye the
stones pink (Senger 2005). Rhodamine B is also
widely used as a textile dye and as a fluorescent tracer
for the water molecule (Jain et al. 2007).

As to its environmental impact, rhodamine B is
associated with toxicity in humans and animals,
causing irritation to the skin, eyes, and respiratory
tract (Rochat et al. 1978). More specifically, some
studies have described its carcinogenicity and neuro-
toxicity (Kornbrust and Barfknecht 1985; Mirsalis et
al. 1989; McGregor et al. 1991; Shimada et al. 1994).

Therefore, the interest in studies that assess
rhodamine B degradation methods using advanced
oxidation processes is fully understandable. In the
literature, it is possible to find research on photo-
catalytic treatments [ultraviolet (UV)/TiO2], photo-
peroxidation, and Fenton and photo–Fenton processes
(AlHamedi et al. 2009; Barros et al. 2006; Jain et al.
2007; Wang et al. 2008). The results of these studies
demonstrate that these treatments are effective as far
as the decolorization and characterization of some
oxidation products are concerned. However, ecotox-
icological and cytotoxicological aspects, in which
interest has grown rapidly, still require further

investigation. Also, there is a paucity of studies on
the ozonization of rhodamine B. Ozonization has
shown to be efficient against several pollutants (Shu
2006; Kurosumi et al. 2008; Avramescu et al. 2009;
Bian et al. 2009), having the advantage of in situ
generation of oxidants, which is not always possible
for advanced oxidation processes (AOPs) involving
peroxide, photocatalysis, and Fenton processes
(Ahmed et al. 2011; Saritha et al. 2009).

Considering the economic importance and the
environmental impacts associated with the precious
stone industry, the aim of this study was to investigate
the sources of wastewater production from agate-
processing plants, as well as alternatives for a cleaner
remediation of dye wastewaters as opposed to the
current practice of sodium hypochlorite oxidation
(Pizzolato et al. 2002). Therefore, the aim of the
present study was to propose alternatives for im-
provement of the aspects of the precious stone dyeing
process and to investigate UV, ozone (O3), and UV/
O3 processes for oxidation of rhodamine B in
alcoholic solution and of wastewaters from an agate
industry in the state of Rio Grande do Sul, Brazil.
Treatments were assessed to determine the kinetics of
decolorization and of the detoxification potential of
the selected remediation method.

More specifically, cytotoxic analyses were per-
formed to determine whether the wastewaters pro-
duced by the previously described industrial processes
are mutagenic or can somehow affect the genetic
composition of ecosystems in the vicinity of the
industry, since living organisms are frequently ex-
posed to environmental agents with an ability to
induce chromosomal mutations. Such mutations may
lead to the development of cancer and to cell death.
Therefore, detecting these products and identifying
their potential effects is crucial for studying their
impact on living organisms (Costa and Menk 2000;
Silva et al. 2003; Srivastava and Mishra 2009;
Andrade et al. 2008; Yildiz et al. 2009).

2 Methods

2.1 Characterization of the Agate-Processing Plant

The initial phase of the study consisted in characterizing
the agate-dyeing company, located in the State of Rio
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Grande do Sul, Brazil. In this stage, the workflow of the
agate-dyeing process with organic dyes was assessed
and data on the amount and types of inputs, raw
materials, water use, and wastewater production were
obtained. The analyses and assessments were made by
identification of the several processes used in agate
dyeing, which produces impacts on the physical, biotic,
and anthropic environments. The identification and
qualitative characterization of impacts were achieved
by the interaction matrix derived from the Leopold
matrix (Leopold et al. 1971).

The probable impacts of the assessed activities or
actions on the physical, biotic, and anthropic environ-
ments represented in the interaction matrix were listed
consonant with each environmental element. The
impacts were identified based on the relationship
between the proposed action and the environmental
factor considered and its qualitative characterization.
Alternatives for improvement of the dyeing process
were suggested after the identification of environ-
mental impacts.

2.2 Physicochemical Characterization of Wastewaters

General and specific parameters were used to charac-
terize real wastewaters and rhodamine B samples
prepared in the laboratory. General parameters includ-
ed COD (5220B), pH (4500B), turbidity (2130B),
total nitrogen (4500B-C), total phosphorus (4500E),
surfactants (5530C), suspended solids (2540D), and
conductivity (2510B). All procedures were carried out
in compliance with the American Public Health
Association (APHA) et al. (2005). Specific parame-
ters only included rhodamine B absorbance at
585 nm.

2.3 Ecotoxicological Characterization

Daphnia magna and Allium cepa were used for the
ecotoxicological and cytotoxicological assays, respec-
tively. Ecotoxicity tests followed the Brazilian ABNT
standard 12713 (2004). For toxicity assays, the
microcrustacean D. magna was used as biomarker,
being exposed to different wastewater concentrations.
After the assays, the number of immobile individuals
was established.

Samples consisted of diluted raw wastewater and
treated wastewater. Distilled water was used as

negative control for mutations, and the aqueous
extract of Baccharis trimera 75 gL−1 was utilized as
positive control for full inhibition of cell division
(Fachinetto and Tedesco 2009). B. trimera is a plant
with medicinal properties that is native to southern
Brazil (Fachinetto and Tedesco 2009). It is a small
dioecious shrub of the Asteraceae family, with leafless
and three-winged branches, whose membranous to
slightly coriaceous wings are interrupted in an
alternate fashion.

Samples of dye wastewaters used in the genotox-
icity assays were previously collected and/or prepared
for the assays using onions. The raw wastewater was
collected from the washing of the dyed stones and
stored in containers protected from light and excess
heat.

The methodology used to assess the samples by the
A. cepa test followed Fiskesjö (1993), modified by
Bagatini et al. (2007). Four groups of four bulbs of A.
cepa were set to grow roots in water. The control
group was kept in water, and the bulbs of the other
three groups were placed for 24 h in the different
samples of the diluted and treated wastewaters.
Aqueous extract of B. trimera was added to the
positive control, given its widely known antiprolifer-
ative potential (Fachinetto and Tedesco 2009). After
that, the radicles were collected and placed in fixing
solution (3:1 ethyl alcohol, acetic acid) for 48 h and
preserved in 70% ethanol at 4°C. For slide prepara-
tion, the radicles were hydrolyzed in HCl 1 mol L−1

for 5 min, washed in distilled water and crushed
(Guerra and Souza 2002; Guerra 1999), and stained
with 2% acetic orcein. Slides were prepared with the
root tips of each bulb, and 4,000 cells were counted
for each group of bulbs. Then the mitotic indices were
calculated and statistically compared by the chi-
square test (χ2) using the Bioestat 3.0 statistical
package (Ayres et al. 2003).

2.4 Treatment Assays

2.4.1 Wastewater Treatment with Ultraviolet, Ozone,
and O3/UV methods

Photodegradation, ozonization, and photoozoniza-
tion assays were performed with an acrylic,
column-type reactor of 10-L working volume,
equipped with an air diffusion system, gas sampler
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with side-arm flasks containing an ozone-absorbing
solution, and a concentrically mounted germicidal
lamp (30 W, λ=254 nm, T8GL).

The ozonizer (RADAST 2C) runs on electrical
discharge and produces up to 2,000 mg of O3 h

−1.
It is supplied with airflow previously dried with
CaCl2 and SiO2 gel traps. Air compression was
achieved with a Tecnal® vacuum pump. Ozone
concentrations at the inlet and outlet of the column-
type reactor were measured iodometrically by the
method of Flamm (1977).

The treated wastewaters were prepared with rho-
damine B concentrations of 20 mg L−1 dissolved in a
solution of alcohol/water (10% v/v). The pH was
adjusted with 10% sodium hydroxide (10% v/v) for
pH 9. Treatment assays with the synthetic samples
were conducted for 60 min, with samplings every
10 min for the construction of kinetic curves. The
ozone concentration in the reactor was 1,141.08 mg
O3 h

−1 (switch at 100%) and irradiated power of 3 W
L−1. For real samples, the same conditions were
maintained for pH, reaction time, ozone concentra-
tion, and irradiation intensity. The exception was the
sampling at 0 and 60 min for optimal decolorization
efficiency since, in this case, decolorization did not
require 60 min of reaction time.

3 Results and Discussion

3.1 Characterization of the Agate-Processing Plant

The processing of precious stones in the Plateau
Region of the state of Rio Grande do Sul, southern
Brazil, has undergone important changes in the past
10 years, mainly with the outsourcing of virtually all
the processing of geodes, including their cutting and
finishing. This had economic, operational, and envi-
ronmental implications, which indicate the need of
supportive demand for outsourced companies. The
organization of the new processing units is not
compatible with the demand for production, especial-
ly with respect to environmental protection. Figure 1
shows the characteristic set of operations of these
outsourced companies and the layout of the agate-
processing plant assessed in this study.

Amongst the operations involved in the processing
of precious stones by outsourced companies, dyeing,
with the use of inorganic and organic compounds,
harbors the highest potential risk for environmental
contamination. Ethanol is the major solvent used for
dyeing with organic compounds. Figure 2 shows the
general dyeing process, which varies depending on
the use of specific dyes.

Fig. 1 Current layout of the
assessed company
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Figure 2 shows details of the transfer of specific
dyes into barrels, processed in water bath for 48 h,
with later washing of the removed stones before the
finishing stage. It is in this sequence of operations that
approximately 9% of the wastewater is produced by
the plant. Data on materials, in addition to the

environmental impacts of the processes, are shown
in Table 1.

The diagnosis of activities related to the agate-dyeing
process was set up to help with prognosis. After
application of the Leopold interaction matrix, the
environmental impacts of agate processing were

I
N
L
E
T

TANK WITH SPECIFIC DYES

TANK WITH WATER

WASHING

TANKS FOR DYEING FOR 
DIFFERENT COLORS

IN WARM BATH

Fig. 2 Current dyeing
process at the assessed plant

Table 1 Input and output of
raw materials in agate
processing at the assessed plant

Stages of the dyeing process Input Output

Crushing and roll crushing Unpolished stones (100 kg) Polished stones (20 kg)

Leftovers (80 kg)

Polishing and washing Polished stones (20 kg) Wastewater containing
silica powder (1,000 L)Water (1,000 L)

Dyeing Polished stone (20 kg) Dyed stones (20 kg)

Rhodamine B (4 kg) Residual dye from dyebath
Commercially available
ethanol (60 L)

Warming (60–90°C) Dyed stones (20 kg) Dyed stones (20 kg)

Vapor

Cooling Dyed stones (20 kg) Dyed stones (20 kg)

Washing Dyed stones (20 kg) Dyed stones (20 kg)

Water (100 L) Wastewater (100 L)

Paraffin application Dyed stones (20 kg) Dyed stones coated with
paraffin (21 kg)Paraffin (1 kg)

Packaging Dyed stones coated with
paraffin (21 kg)

Dyed stones coated with
paraffin (21 kg)

Plastic wrap (3 kg) Plastic wrap (3 kg)
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described in detail. Its effects on the physical, biological,
and anthropic environments include environmental
threats caused by dyeing and postdyeing washing.
Figure 3 summarizes the characteristics of the envi-
ronmental impacts based on data from the matrix.

The analysis of the interaction matrix revealed that
the only positive impact factor from the dyeing
process is the economic gain, which allows for
relative improvement in revenues in the region where

the company is located. However, the use of organic
dyes, chiefly rhodamine B, is the major negative and
direct environmental impact. The combination of
local impacts and medium- and short-term ones
causes problems to the water body, which has a low
flow rate (<10 m3 h−1) and is therefore easily affected
by the discharged pollutant load.

The crushing of agates and their dyeing also include
dynamic and plastic impacts. In the present study, we

Value

76%

24% 

Space

3%

64%

33% 

Order

89%

11% 

Time

42%

48%

11% 

Dynamics

27%

37%

36% 

Plastic

79%

21% 

Regional impacts

Local impacts

Strategic impacts

Long-term impacts

Short-term impacts

Medium-term impacts

Temporary impacts

Cyclical impacts

Permanent impacts

Positive impacts

Negative impacts

Indirect impacts

Direct impacts

Irreversible impacts

Reversible impacts

Fig. 3 Qualitative assess-
ment of environmental
impacts according to the
different criteria adopted
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assessed the potential to control plastic impacts by
changes in the layout of the dyeing process and in the
potential cleaner remediation of dye wastewaters.

As alternative measures to the problems with the
processing of agates we recommend the following
actions:

– Change in the general layout of the company,
with reorganization of internal processes but
without changes in the procedures. This way,
the production process could be better organized,
facilitating the transport of raw materials to the
company, as well as their shipping. Also, there
would be greater room for circulation and less
physical stress on employees, as well as lower
exposure of workers to suspended particulate
material, due to the use of bag filters in the
crushing and roll crushing processes (Fig. 4);

– Change in the dyeing procedure producing two
dye streams, an organic and an inorganic one.
This would allow each dye stream to have an
appropriate and specific treatment, without the
mixture of different chemical compounds, help-
ing with the detoxification of wastewaters from
the postdyeing washing process (Fig. 5); and

– Investigation of the remediation process with
detoxification potential in order to modify all
physical and chemical variables of the wastewa-
ter, making sure they comply with CONSEMA’s

resolution 128/06 and implementation of a pro-
cess of input recovery for the production chain by
the introduction of elements such as chutes,
substances that can adsorb the dyes and give
them back later, reusing them in the dyeing
process, for instance.

To increase environmental gains even further, it is
proposed that bag filters and cyclones be installed in
order to avoid the release of particulate material
during the crushing and roll crushing processes. In
addition, after paraffin application, the product is
ready to be shipped out.

The changes proposed for the dyeing process are
aimed at reducing expenditures on dyes and reusing
most of them. The separation of dyeing processes into
two streams, an organic and an inorganic one,
facilitates the subsequent treatment of wastewaters
generated in the process, given that the wastewaters
from dyeing with metallic ions and with anilines will
not be mixed and can then be treated separately and
consistently with their chemical composition. Thus,
each wastewater treatment plant would treat only a
specific group of wastewaters, as shown in Fig. 5.

3.2 Analytical characterization of the wastewaters

The major focus of the present study was on the
effects of oxidation methods on the dye wastewaters

Fig. 4 New general
layout suggested for the
company
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from agate processing. Table 2 shows the analytical
characterization of the wastewaters produced from
dyeing of geodes with rhodamine B alcoholic
solution.

Several parameters were found to be critical with
regard to the environmental impact limits established

by CONSEMA’s Resolution 128/06. They include
COD, total phosphorus, and true color. However,
other aspects related to toxicity and genotoxicity are
also important analytical parameters to classify the
wastewater under study as hazardous. Classifications
as genotoxic and highly ecotoxic are expressed as

Fig. 5 New layout
suggested for the dyeing
process. WWTP wastewater
treatment plant

Table 2 Characterization of
wastewaters with regard to
established limits

aCONSEMA (State Environ-
mental Council of the State of
Rio Grande do Sul)

Parameter Raw wastewater Amounts established by CONSEMA’s
resolution 128/06a

COD (mg L−1 O2) 2,600 400

pH 5.6 9

True color—absorbance
(λ=585 nm)

0.26 The receiving water body should not
change color (true color)

Total nitrogen (mg L−1) 5.8 20

Total phosphorus (mg L−1) 470 4

Surfactants (mg L−1) 0.06 2.0 mg MBAS/L

Suspended solids (mg L−1) 57.5 180

Setteable solids (mg L−1) <0.1 ≤1.0 ml/L in 1-h test in Imhoff cone

pH 5.6 Between 6.0 and 9.0

Turbidity (TU) 19.2 –

Conductivity (μ Scm−1) 0.363 –

Chromosome abnormalities (%) 27 –

EC50 (D. magna) 26.8 –

Flow (m3 day−1) <20
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percentage of chromosome abnormalities and as an
index of inactivity (in percentage values) of the
microcrustacean D. magna.

Table 3 shows the details about the cytogenetic
analyses of the raw diluted wastewater. It shows the
actual toxicity of the wastewater. This becomes
evident when the number of cells with abnormalities
and the number of dividing cells are compared.

3.3 Decolorization assays using UV, O3, and O3/UV

Based on the characterization of wastewaters, the
investigation of the remediation process with detox-
ification potential was chosen in order to improve all
of the physical and chemical wastewater parameters,
so that they comply with CONSEMA’s Resolution
128/06. In this case, photodegradation, ozonization in
alkaline medium, and photoozonization assays were
conducted. The purpose of the latter two methods was
ozone radical reaction, known to be more efficient in
the presence of the hydroxyl ion. Thus, all assays
were targeted at assessing rhodamine B degradation
curves. Figure 6 shows the results obtained from each
decolorization method: ultraviolet light (UV), ozoni-
zation (O3/HO

−), and ozonization associated with
ultraviolet light (O3/UV) in the treatment of waste-
waters containing rhodamine B.

Ineffective photodegradation by UV is related to
characteristics of the absorbance spectrum (UV–vis).
More intense photodegradation would occur at
585 nm. The maximum absorption λ of the dye also
occurs in the UV-C region but is ineffective on
degradation.

Ozonization assays were conducted by applying
the mass equivalent of 1.4 and 5.7 mg O3 mg−1 of
rhodamine B. Ozone transfer to the column-type
reactor was complete throughout the treatment period.
The increase in the degradation rate confirms a
pseudo first-order reaction (in this case, only one
variable is taken into account, i.e., color), since there

is a direct relation between the increase in ozone
concentration and decrease in color.

Therefore, when considering the exposures with
the comparative tests, the O3/HO

− method exhibited
more efficiency in decolorization in the alkaline
medium. Table 4 shows the results of kinetic studies
for different ozone concentrations.

The decolorization rate of rhodamine B is
directly proportional to the ozone concentration.
With a fivefold increase in ozone concentration,
the kinetic constant also increases. The increase in
the degradation rate confirms a pseudo first-order
reaction (in this case, only one variable is taken
into account, i.e., color), which is also observed
by AlHamedi et al. (2009) in the advanced oxidation
of rhodamine B.

The kinetic constant values obtained by AlHamedi
et al. (2009) for the concentration of 1.2 mg L−1 of
rhodamine B correspond at best to k=10.3×
10−2 min−1. These studies investigate the UV/H2O2

process, being closest to the literature findings. The
oxidant/dye ratio was better for ozonization assays
compared to the hydrogen peroxide/dye ratio in the
study by AlHamedi et al. (2009).

Table 3 Cell behavior in water and in wastewater

Sample Number of cells
showing no division

Number of cells showing
regular division

Cell abnormalities % of chromosome abnormalities in relation
to the number of dividing cells

Negative control
(distilled water)

3,790 202 8 4

Diluted wastewater 3,868 104 28 27

0 10 20 30 40 50 60
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

 O3/OH- - A

 O3/OH- - B

 O3/UV

 UV

A
/A

0

Time (min)

Fig. 6 Rhodamine B degradation curves in advanced ozonization
processes (O3/OH

−—A=228.16 mg O3 h−1 and O3/OH
−—B=

1,141.08 mg O3 h
−1) and UV radiation (λ=254 nm)
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Therefore, the O3/OH-B process was chosen for
the analysis of treatment with real samples, including
cytotoxicity assays. These data are shown in Table 5.

After testing the different treatments and defining
the most efficient decolorization method, it was
observed that COD values remained unchanged, i.e.,
approximately eight times above the limit established
by CONSEMA’s Resolution 128/06, even after
treatment. Another relevant factor was that BOD5

values were far below the detection limits, indicating
refractoriness of the wastewater.

Although wastewater decolorization was effective
after 40 min of O3/HO

−, it proved to be inefficient for
detoxification, for increasing biodegradability, and for
decreasing eutrophication. This may be explained by
partial oxidation, which combines compounds that are
more toxic (especially genotoxic) than rhodamine B.
As for total phosphorus, oxidation does not enhance

its removal. Other AOPs capable of improving the
oxidation rate, such as Fenton’s reagent, electro-
oxidation, photo/Fenton system, amongst others,
should be further investigated.

4 Conclusions

The environmental impacts caused by the dyeing of
agates with organic dyes can be reduced with the new
process layout; productivity will also improve, and an
efficient separation of wastewaters containing organic
and inorganic dyes will be possible, allowing waste-
waters to be more efficiently recovered and remedied.
As for the remediation process, ozonization in
alkaline medium was the most efficient method for
decolorization of wastewaters produced by organic
dyeing with rhodamine B. The kinetic data revealed
complete decolorization in 40 min of treatment for an
ozone concentration/dye concentration ratio of 57.
The kinetic constant was equal to 7.5×10−2 min−1

under the best condition.
However, the increase in genotoxicity is a limiting

factor since a significant increase in the rate of cells
with chromosomal abnormalities, such as anaphase
bridges, was observed. Also with regard to genotoxic

Table 5 Raw and treated
wastewaters and
emission limits

DL detection limit
aWastewater alkalinized
for treatment
bNot available

Parameter Raw
wastewater

Wastewater treated
with O3/HO

−
Amounts established
by CONSEMA’s
Resolution 128/06

COD (mg L−1 O2) 2,600 2,560 330

pH 5.6 7.8a 9

True color—absorbance
(λ=585 nm)

0.26 0.0 The receiving water
body should not
change color
(true color)

Total nitrogen (mg L−1) 5.8 6.2 20

Total phosphorus (mg L−1) 470 474 4

Surfactants (mg L−1) 0.06 <DL 2.0 mg MBAS/L

Suspended solids (mg L−1) 57.5 12.0 180

Settleable solids (mg L−1) <0.1 <0.1 ≤1.0 ml/L L in 1-h
test in Imhoff cone

Turbidity (UT) 19.2 8.0 –

Conductivity (μS cm−1) 0.363 0.380 –

Chromosomal Abnormalities % 27 40 –b

CE(I) 50% (D. magna), % 26.8 28.6 –b

Flow (m3 day−1) <20 – <20

Table 4 Effect of ozone concentration on the kinetics of
decolorization of rhodamine B (20 mg L−1) in 60 min

Method Concentration
(mg O3 h

−1)
k (min−1) Decolorization

(%)

O3/UV-A 228.16 1.5×10−2 60

O3/UV-B 1,141.08 7.5×10−2 100
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effects, mitosis was inhibited at the root tips of the
tested onions, indicating that the ozone-treated waste-
water decreased plant growth. In addition, nonbiode-
gradable behavior and ecotoxicity were not
attenuated, since partial oxidation without significant
decrease in COD shows that the oxidation rate must
be high. Applications under more drastic conditions
and other AOPs should be investigated.
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