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Abstract: Degradation and detoxification efficiency of high concentrations of
commercially available reactive textile dye Reactive Black 5 solution (40, 80,
200, 500, 1000 mg L), were studied. Advanced oxidation processes in water
falling film based on dielectric barrier discharge in a non-thermal plasma
reactor were used. For the first time, this reactor was used for the treatment of
high concentrations of organic pollutants such as reactive textile dye Reactive
Black 5 in water. Solution of the dye was plasma treated in a thin aqueous
solution film that was constantly regenerated. The reactor works as a con-
tinuous flow reactor and the electrical discharge itself takes place at the gas—
—liquid interphase. The dye solution was recirculated through the reactor with
an applied energy density of 0-374 kJ L™'. Decolorization efficiency (%) was
monitored by UV-Vis spectrophotometry. Samples were taken after every
recirculation (~ 22 kJ L) and decolorization percentage was measured after 5
min and 24 h post plasma treatment. The efficiency of degradation (i.e.,
mineralization) and possible degradation products were also monitored by
determination of the chemical oxygen demand (COD) and by ion chroma-
tography (IC). Initial toxicity and toxicity of the solutions after the treatment
were studied using Artemia salina test organisms. Efficiency of decolorization
decreased with the increase of the dye concentration. Complete decolorization,
high mineralization and non-toxicity of the solution (<10 %) were acomplished
after plasma treatment using energy density of 242 kJ L', while the initial
concentrations of Reactive Black 5 were 40 and 80 mg L™
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INTRODUCTION

Advancement in technology and science by the end of the 20" and start of
the 21% century undoubtedly led to increased quality of life for humankind. How-
ever, the ecological aspect of new technologies and their environmental impact
were studied less than they deserved. Organic compounds are extensively used in
every possible way and in great amounts. Problems that occurred were the toxic-
ity of certain compounds and the resistance towards classic techniques for water
treatment including reverse osmosis, coagulation, carbon adsorption and biolog-
ical treatment as well. This could slowly lead earth’s ecosystem to a problematic
state, to say the least. It is a devastating fact that at the start of 21* century more
than a quarter of earth’s population has health problems caused by insufficient
drinking water, or its low quality as the consequence of water pollution. There-
fore, a lot of attention has been given to the water purification treatments, and the
extensive search for new and ecological technologies for pollution control are on
the way.

Synthetic organic dyes are widely used as colorants in all the industries
imaginable: food, cosmetics, textile, paper, pharmaceuticals, etc. Annual product-
ion of synthetic organic dyes worldwide was estimated at 0.7 million tons and is
at constant rise. There are more than 10,000 different commercially available
synthetic dyes, but the reactive types are the most important category.'

Moderate amounts of dyes were used in the past and they did not represent a
serious problem. Nowadays, due to increased use of dyes the situation is differ-
ent. The textile industry is the largest consumer of reactive textile dyes.” Pre-
sently, used dyeing process is not very efficient and the excess amount of dye is
required in order to achieve complete colorization of textile. In such a way, a lot
of wastewater containing the excess of reactive dyes is produced. The treatment
in wastewater plants sometimes cannot completely remove the toxic and hazard-
ous dyes and consequently they are released into the environment. A good over-
view of wastewater treatment and water recycling in textile industry is given in
the study by Rott et al.’ These wastewaters have high chemical oxygen demand
(COD), high concentrations of salts that increase ionic strength, and a lot of dif-
ferent, toxic substances. The reactive textile dyes were recognized as the most
toxic constituents of these wastewaters. Therefore, advancement in more efficient
technologies for reactive dye removal was in the focus of research in the past and
will be in the future.

Reactive dyes account for 20-30 % of dye market and they are used in wide
variety of applications with cotton dyeing as the most important one. Their usage
is at a constant rise due to the great performance/price ratio. Great performance
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DEGRADATION AND DETOXIFICATION OF DYE 83 1

could be attributed to their high solubility as well as reactivity. Nowadays, azo
dyes, a type of reactive textile dyes, account for more than a half of all reactive
dyes used worldwide.*"°

Toxicity, low removal rates by classical physicochemical processes and neg-
ligible biodegradability of reactive dyes demanded development of novel and
effective methods for their removal from wastewaters. Among many newly deve-
loped technologies, the advanced oxidation processes (AOPs) showed great effi-
ciency for wastewater treatment. The main goal of all degradation processes is to
achieve complete mineralization of organic matter, i.e., total conversion to car-
bon dioxide and water. Advanced oxidation processes could achieve such goals,
or at least they are able to convert the toxic and non-biodegradable organic
compounds into less toxic and more readily biodegradable intermediates.

The main advantage of AOPs compared to other classical methods of waste-
water treatment is their extremely destructive nature. Total mineralization of org-
anic waste is achieved through the process, while no additional waste is gener-
ated, or the amount is exceptionally low."" AOPs give rise to chemical species,
mainly hydroxyl radicals (*OH) that are able to oxidize most of the organic com-
pounds present in wastewaters.'> Hydroxyl radicals are short-lived, but have the
strongest oxidation potential after fluorine, and low selectivity when used for
degradation purposes in wastewater treatment. Due to their instability, hydroxyl
radicals need to be generated continuously. Hydroxyl radicals could be accom-
plished by different (photo)chemical or electrochemical reactions, e.g., classic
ones like Fenton’s or photo-Fenton’s reaction,">'® ozone,'™'® or the increasingly
popular photocatalysis based on TiO,, BiVO, and some other semiconductors.' '
Presently, most promising processes are based on electrical discharge technol-
ogies, e.g., dielectric barrier discharge (DBD) or pulsed corona discharge
(PCD).""**2* Another advantage of AOPs is that they could be used alone or in
combination with other classical methods for wastewater treatment.

Electric discharge in the air induces conversion of molecular oxygen into
ozone. Besides ozone, other chemically active species like O°, “OH, N°, O3*, N,*,
OH", O*, N', O are generated (*indicates high energy state).”***>* All of the
species mentioned are short-lived and cannot be contained and used afterwards.
Therefore, a new approach to use the oxidation potential of these species in water
was required. Problem was solved by in situ electrical discharges in water or in
contact with water.”> The most frequently used electric discharges are DBD and
PCD.

The quantification of environmental impact of certain effluent containing
various organic compounds and subsequent treatment efficiency could be esti-
mated using different bioassays.”* As a model for rapid screening of toxicity,
Artemia salina was used to estimate the non-thermal plasma reactor potential and
the consequences of water treatment.”>> Advantage of using Artemia salina for
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these kind of biological tests is tolerance of high salinity environment which
makes it versatile and useful.*

One goal of the research conducted was to test the coaxial plasma reactor
system (DBD) for degradation and detoxification of high concentrations of reac-
tive textile dye, Reactive Black 5. Another goal was to estimate capacity of DBD
reactor, which was done for obtaining 50 % of decolorization of Reactive Black 5
as a model compound. UV-Vis spectrophotometry, COD and ion chromato-
graphy (IC) monitored the degradation efficiency and specific degradation pro-
ducts. The toxicity of the dye solution was determined before and after the
plasma treatment by means of Artemia salina test organisms.

EXPERIMENTAL
Materials

Reactive textile dye, Reactive Black 5 (purity >98 %, Clariant, Switzerland) was used
without further purification. Reactive Black 5 is a dissociated anionic sulfonate in an aqueous
solution. Molecular structure and general characteristics of Reactive Black 5 are presented in
Fig. 1. Potassium hydroxide (p.a.) was supplied by Merck, Germany. Artemia salina cysts
(Artemia-mix) and sea salt (Tropic Marin®) are products of Sera®, Germany. Artemia-mix
contains lyophilized cysts and food. Synthetic seawater was prepared by dissolving 100 g of
sea salt in 3 L of deionized water. Besides sodium chloride (Sigma Aldrich, USA, p.a.) for
osmotic adjustment of samples, sodium hydroxide (Merck, Germany, p.a.) and sulfuric acid
(Sigma Aldrich, USA, p.a.) were used in Artemia salina bioassay. Catalase from Aspergillus
niger was supplied by Sigma—Aldrich, USA. All solutions were prepared using deionized
water with conductivity ranging between 1.0 and 1.5 pS cm™.
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NaoasOCHZCH2—§QN:N S0,Na
0
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NaQ;SOCH,CH,— S
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0

Chemical class; Azo

Application class: Cotton Fig. 1. Molecular structure and general char-
Maximum apsorbance, Ama=590 nm acteristics of Reactive Black 5.
DBD reactor

Coaxial DBD reactor used in this research was designed as a non-thermal plasma reactor
which is an open type reactor operating in air, at atmospheric pressure and it is described in
Kuraica et al.’’ and Doj&inovié et al.** Briefly are mentioned only few details of the reactor
characteristics. In the reactor with the peristaltic pump, the solutions of Reactive Black 5
passed through the central tube to the top and then, they were falling down forming a thin
layer over the inner electrode. Therefore, the solutions were in the direct contact with plasma
generated between two electrodes (Fig. 2). Plasma above the water layer generated ozone and
UV radiation, as well as a wide range of reactive species like excited atoms, molecules (such
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as H,0, and O;), electrons, and ions in both the gas and the liquid phase. This type of reactor
was successful in phenol removal from water’® and also in dye removal,”* pesticide removal,”
medicaments removal’® and surfactants removal.*’ Electric discharges were generated in the
air between the glass and the water layer at a distance of 3.5 mm, by applying a voltage up to
14 kV at frequency of 200 Hz and power of 25 W deposited in the discharge. Three discharges
were connected in parallel in order to increase the total flow of treated solutions. Power of
discharge for this system calculated using Q-V plots was 75 W. Flow rate through three
parallel DBD reactors was 210 mL min™. Solutions were recirculated up to 17 times.

It needs to be pointed out that the currently treated solution was never mixed with a
solution which has been treated in the previous passing (Fig. 2). Whenever the solution passed
through the reactor, the same amount of energy density, ~22 kJ L', was introduced into the
solution.

@ 27 mm

400 mm

HV Power
supply
17 kV 200 Hz

Fig. 2. Schematic image of coaxial falling film
DBD reactor: inner glass barrier diameter
20.0 mm, length 500 mm, thickness 1.5 mm);
outer glass barrier (diameter 30.0 mm, thick-
ness 1.5 mm, length 600 mm); outer metal foil
electrode (diameter 30 mm, length 400 mm).

Methods of analysis

Determination of decolorization efficiency at high concentrations of Reactive Black 5.
The ability of the reactor for degradation of the reactive azo dye, Reactive Black 5, was tested
in triplicate. Each solution of the dye was prepared by dissolving the commercial dye without
additional purification in deionized water. In series of experiments, initial concentrations of
Reactive Black 5 were 40, 80, 200, 500 and 1000 mg L™, and applied the energy density was
0-374 kJ L. Initial values of pH and conductivity are measured and their values are in the
following range: pH from 8.44 (for 40 mg L™ solution) to 10.45 (for 1000 mg L™ solution)
and conductivity from 32 (for 40 mg L™ solution) to 722 pS ecm™ (for 1000 mg L™ solution).
Initial pH value of the solutions was not adjusted because in our previously published
research,”*** adjusting of initial pH value had no effect on degradation of dyes and 4-chloro-
phenols. In all cases, water samples containing different concentrations of the dye passed up
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to seven times through the discharge. Decolorization efficiency is defined as the percentage
decrease of solution’s absorbance according to Eq. (1):

Ay—A

Decolorization =100 ——— €8

where A, is the absorbance at the maximum absorption wavelength (4,,,) of the initial dye
solution, while 4 is the absorbance at the maximum absorption wavelength of the dye solution
after the plasma treatment. The absorbance measurements were performed using a UV-Vis
Cintra 10 spectrometer (GBC Scientific Equipment, Australia) 5 min and 24 h after the
plasma treatment and then decolorization efficiency was calculated.

Determination of the chemical oxygen demand (COD)

Chemical oxygen demand (mg O, L) was measured for all initial Reactive Black 5 dye
samples from previous series of experiments, i.e. solutions that had the initial concentrations
of 40, 80, 200, 500 and 1000 mg L. Also, COD value was determined for plasma-treated
samples with applied energy density of 66 and 242 kJ L™ for each of the initial concentrations
except for the 40 mg L. These measurements were performed two days after the plasma
treatment.

Preparation of the samples for COD determination was performed by microwave dig-
estion at high temperature and pressure (up to 100 bar). Microwave digester was ETHOS 1,
Advanced Microwave Digestion System, Milestone, Italy, with segmented rotor HPR-
-1000/108S. In this type of apparatus, with poly(tetrafluoroethylene) vessels, up to ten samples
can be prepared simultaneously, which considerably accelerates the process. Vessels were
filled up to one-fourth with samples and other chemicals required by the method. Heating time
was optimized, while the temperature was 150 °C. Optimization was achieved by using the
solution of precisely known COD value (COD = 900 mg O, L. Solution was made by
dissolving dried primary potassium hydrogen phthalate standard. Three temperature regimes
were tested, i.e., their influence on the accuracy of the method. All three analyzed regimes
required gradual sample heating for 7 min until the temperature reached 150 °C and then the
digestion time at constant temperature of 150 °C differed (10, 20 and 25 min). After cooling
of the samples, the contents in the vessels were quantitatively transferred to erlenmeyers and
titrated with standard iron(I) ammonium sulfate solution with ferroin indicator according to
the procedure described by the standard method.

Determination of inorganic and organic anions by Ion Chromatography (IC)

Ion chromatography was used for quantitative and qualitative determination of inorganic
and organic anions in the initial samples of reactive textile dye, Reactive Black 5, from
previous two series of experiments, i.e., for samples containing the dye in concentrations of
40, 80, 200, 500 and 1000 mg L. Also, ion chromatography analysis was done for plasma
treated samples of the dye with applied energy densities of 66 and 242 kJ L. Determination
was performed on Dionex ICS-3000 chromatographic set-up consisting of a single pump, a
conductivity detector (ASRS ULTRAII (4 mm), recycle mode), an eluent generator (potas-
sium hydroxide) with a Chromeleon” Chromatography Workstation and Chromeleon 6.7
Chromatography Management Software. All the separations were performed using IonPac
AS15 Analytical, 4 mmx250 mm and IonPac AG15 Guard, 4 mmx50 mm columns. The flow
rate of the mobile phase was 1.00 mL min™ and the elution was gradual in the following
order: 0-3.5 min, 0.75 mM KOH; 3.5-7 min, 7.5 mM KOH; 7-20 min, 60 mM KOH; 20-25
min, 60 mM KOH; 25-30 min, 60-0.75 mM KOH; 30-35 min, 0.75 mM KOH. In addition,
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the following conditions were applied: column temperature was 30 °C, conductivity cell
temperature was 35 °C and the suppressor current was 149 mA. The backpressure was ~18
MPa.

Toxicity of Reactive Black 5 towards Artemia salina test organisms

For the toxicity tests the brine shrimp Artemia salina was used according to Vanhaecke
et al.*' The Artemia salina cysts were hatched in synthetic sea water at 32.0£0.5 %o to produce
instar larvae.*” An acute toxicity test was performed in darkness at a temperature of 26x1 °C,
for the test period of 24 h, with control and two dilutions (sample:sea water, 1:1 and 1:3
volume ratios) with three replicates per dilution, and six of control. The test was carried out
with different initial concentrations of Reactive Black 5 dye (40-1000 mg L) in 50 mL
borosilicate glasses in the following way: artificial sea water was used as control solution
(negative control) and as a diluent for samples. Before testing, pH value of each sample was
adjusted to 7 using sodium hydroxide or sulfuric acid. Solution salinity was adjusted using
solid sodium chloride. Sample volume was 10 mL. With a Pasteur pipette 20 naupliis were
placed into each vessel. They were considered dead if no movement was observed within 10
seconds. Lethality for each sample dilution was expressed as the percentage of mortality.
Tests were considered valid if the mortality in the control did not exceed 10 %.

RESULTS AND DISCUSSION

In the present study, the decolorization and degradation of high concentra-
tion of the commercial reactive azo dye Reactive Black 5 were studied using an
advanced oxidation process (AOP) in a non-thermal plasma reactor based on
coaxial dielectric barrier discharge (DBD) and the toxicity of the solutions before
and after plasma treatment was determined using the test organisms Artemia sal-
ina. Within reactor, water formed a falling film that is in direct contact with the
plasma. As water is constantly flowing over the top of the reactor, thin water film
constantly regenerates, i.e., reactor works as the flow reactor. Energy density of
~22 kJ L™ was introduced into the solution after one passing through the reactor.
Applied energy density was increased by multiple recirculations of solution
through the reactor. Reason for using such high concentration of the dye is for
determining the DBD reactor capacity, and for evaluating DBD reactor usage in
potential industrial accident situation.

Decolorization efficiency of high concentrations of reactive dye Reactive Black 5

Influence of high concentrations of reactive dye Reactive Black 5 on decol-
orization efficiency as function of applied energy density, was examined using
dye concentrations of 40, 80, 200, 500 and 1000 mg L™, while the energy density
was ranging from 22 to 374 kJ L™ (Fig. 3a). Decolorization efficiency was
measured 5 min and 24 h after the plasma treatment. For different dye concentra-
tions, decolorization increased with input energy increase, rapidly at the begin-
ning of dye treatment and slowly after several passes through the reactor. Higher
decolorization rate after 24 h, in comparison with 5 min post-plasma treatment
decolorization has been observed because of longer living oxidative species (such
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as O; and H,0,) remaining after treatment in the dye solution, which promoted
further degradation and decolorization after initial degradation mainly caused by
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Fig. 3. a) Decolorization vs. energy density and b) decolorization vs. specific energy for
various initial concentrations of reactive dye Reactive Black 5 (c,, 40-1000 mg L™") and
residence time (5 min and 24 h).

Based on these results, it could be concluded that decolorization efficiency
decreased with increase of dye concentration. However, if the decolorization is
depended on specific energy (energy density divided by dye concentration) (Fig.
3b), it is obvious that the most efficient decolorization was obtained for the high-
est dye concentration. Production of *OH, as the most important reactive species,
was independent of the dye concentration, as their productions were caused by
electron dissociation of water molecules.* *OH non-selectively reacted with sur-
rounding molecules and as itslifetime was very short (micro-seconds in a gas
phase or order of nano-seconds in a liquid phase), it reacted with the dye mole-
cule only if it was closer than “OH mean free path. Otherwise, “OH would react
with water molecule. The increase of dye concentration enabled dye molecules
were in close proximity to *“OH and increased the possibility for their interaction
and, consequently, the increase of the decolorization efficiency. Analyzing the
decolorization and degradation processes from point of view of specific energy,
the explanation is not straightforward. Therefore, the rest of the discussion was
focused on the use of energy density as a parameter. Based on the results pre-
sented in Fig. 3a, it could be concluded that oxidation species for both lower and
higher concentrations of the dye are used evenly for decolorization reactions and
for oxidation of intermediates. Analysis of experimental results indicated that
increase in decolorization efficiency in time was decreasing as dye concentration
increased (Fig. 4). Specific energy could be useful for DBD reactor capacity
estimation since concentration of dye at which specific energy stops decreasing
even if compound concentration is still being increased. Using Reactive Black 5
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dye as a model compound for capacity estimation graph of specific energy vs.
dye concentration can be plotted using data obtained for 50 % decolorization and
5 min after the plasma treatment (Fig. 5a). Specific energy was decreasing with
dye concentration increase, even if the energy density was increasing. Therefore,
more energy was used per dye molecule in case of lower dye concentrations.
From Fig. 5a, can be concluded that capacity of reactor to obtain 50 % decolor-
ization was reached when specific energy decreased and did not significantly
change regardless of dye concentration increase. Reactor capacity was reached
for Reactive Black 5 concentrations above 1000 mg L. It was determined that
reactor capacity had linear dependence of applied energy density in the tested
concentration range for which effectiveness of 50 % decolorization is achieved
after 5 min and 24 h after the plasma treatment (Fig. 5b).

100
90
80
70
60
50
40]

30

Decolorization, %

20+ a Fig. 4. Dependence of decolorization on
—— 66 kJL . . .
10 —e—242kJL concentration of reactive dye Reactive
0 . Black 5 (co= 40-1000 mg L) for applied
0 200 400 800 800 1000 energy densities of 66 and 242 kJ L™ (24 h
Dye concentration, mg L’ after the treatment).

Determination of COD

Chemical oxygen demand (mg O, L") is a simple analytical method for
water control. It could be used to determine the content of all substances that can
be oxidized (organic and inorganic). However, it does not provide the inform-
ation about the nature of organic or inorganic substances, and is more of a gen-
eral indication of water pollution. If no oxidable inorganic substances in the sol-
ution are present, but only organic compounds, COD value of water is in correl-
ation with total organic carbon (TOC) value, i.e., it shows the load of water with
organic substance.

COD value of initial (0 kJ L") reactive dye Reactive Black 5 solutions (80,
200, 500 and 1000 mg L) and solutions after the DBD treatment with applied
energy density of 66 and 242 kJ L' were measured. COD value of plasma treated
samples was measured 48 h after the treatment. Measured COD values were
shown in the histogram (Fig. 6).
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The decrease of COD with the increase of applied energy density indicate
that the portion of initial dye is being completly mineralized to CO, during the
plasma treatment in the DBD reactor. The decrease of COD (ACOD, %) as a
function of initial dye concentration for applied energy densities of 66 and 242 kJ
L is shown in Fig. 7. Variation of ACOD values for the energy density of 242 kJ
L shown in Fig. 7 is within measurement uncertainty (15 %) for COD deter-
mination method, thus having no effect on overall data interpretation. The change
of chemical oxygen demand (ACOD) was calculated using the equation:
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COD, — CODgp,
CoD,

ACOD =100

2)

where COD, is chemical oxygen demand (mg O, L") of initial dye solution
before the plasma treatment and CODgp, chemical oxygen demand (mg O, L) of
dye solution after the plasma treatment, i.e. at the same energy density (ED).

70 -
60 - ——66 ki L-1
——342 k) 11

ACOD, %

Fig. 7. The changes of chemical oxygen

20 demand (COD) of plasma treated dye
10 | solutions for various initial dye concen-
trations (¢o = 80, 200, 500 and 1000 mg

o 500 400 600 800 1000 Lj) and energy densities (66 and 242 kJ
Dye concentration, mg L1 L 5 after 48 h)

It could be concluded that for the energy density of 66 kJ L™ increase in dye
concentration resulted in gradual decrease of ACOD compared to energy density
of 242 kJ L™ (Fig. 7). These results are opposite to the ones obtained for decol-
orization (Fig. 4). The decolorization reaction is not always strictly followed by
mineralization reaction, as the mineralization reaction could appear via lower
intermediates. For higher applied energy density (242 kJ L), decolorization was
almost complete and decrease was more gradual with increased dye concentra-
tion, while the drop in COD value is higher due to the presence of lower inter-
mediates at higher concentration (Fig. 8).

Determination of inorganic and organic anions using IC

Ion chromatography was used for quantitative and qualitative determination
of inorganic and organic anions in initial reactive dye Reactive Black 5 solutions
of 40, 80, 200, 500 and 1000 mg L. Also, IC analysis of anions was done for
plasma treated samples of dye with applied energy densities of 66 and 242 kJ L™
Measurement was done 24 h after the plasma treatment. Qualitative and quanti-
tative analyses were done for four anions: sulfate, oxalate, acetate and formate
(Fig. 8). Chlorides, malonates, maleinates and fumarates were not detected after
the plasma treatment for both applied energy densities. It is interesting to note
that measured concentrations of nitrates were higher than maximum concentra-
tion of standard solution that was used for apparatus calibration. Taking into
account that nitrates are being made during discharge from atmospheric nitrogen,
and probably in lesser amount during dye oxidation, repeated quantification in
the corresponding range of concentrations would not give the needed information
about the mechanism of dye degradation.
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Fig. 8. The changes of concentrations of obtained anions during the plasma treatment with
applied energy densites of 66 and 242 kJ L™ for various concentrations of dye Reactive Black
5: a) sulfate, b) oxalate, c) acetate and d) formate.

The change in concentration of sulfates as a function of concentration
change of Reactive Black 5 after the plasma treatment and applied energy den-
sities of 66 and 242 kJ L™ is shown in Fig. 8a. Concentration of sulfate increased
with the increase of initial dye concentration for the same applied energy density.
Also, increase of applied energy densities from 66 to 242 kJ L 'resulted in inc-
reased sulfate concentration. For initial dye concentration of 1000 mg L™, with
applied energy densities of 66 and 242 kJ L™, measured concentrations of sulfate
were 132.5 and 152.7 mg L™, respectively. Probably, sulfates originated from the
part of the molecule that is linked with —CH,CH,— group (Fig. 1). The maximum
theoretical concentration of sulfate, by this mechanism of degradation and initial
dye concentration, was 193.6 mg L. Decolorization with these applied energy
densities was 23.3 and 59.6 % which indicated that the great part of the energy
was spent on removal of aliphatic sulfo groups instead of decolorization process,
i.e., the oxidation of diazo bond. The same trend was noted for all initial dye
concentrations.
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The change in concentration of oxalate as a function of concentration change
of Reactive Black 5 after the plasma treatment with applied energy density of 66
and 242 kJ L™ is presented in Fig. 8b. For applied energy density of 66 kJ L™, the
concentration of oxalates was increased for dye concentrations up to 200 mg L™,
while it decreased with further increase in dye concentration. The concentrations
of oxalates were increased proportionally with the increase of initial concentra-
tion of dye in the examined range, with applied energy density of 242 kJ L.
Considering the trend of oxalate formation, it could be concluded that for lower
applied energy density (66 kJ L), and for lower dye concentrations (up to 200
mg L), there was sufficient energy that could be used for almost complete
degradation of dye to oxalates. Increase of dye concentration over 200 mg L™
and the same applied energy resulted in oxalate concentration decrease, as the
applied energy was spent more on initial phases of dye degradation than on final
reactions of mineralization, i.e., formation of oxalates. Higher applied energy
density (242 kJ L"), along with considerable degradation of the dye at all exam-
ined initial concentrations, resulted in enough energy to be spent on the final dye
mineralization to oxalates and therefore there was a linear increase of their con-
centration.

The changes of acetate and formate concentrations as a function of the initial
dye concentration change with applied energy densities of 66 and 242 kJ L™ were
presented in Fig. 8c and d. It could be observed that the trend of formation of
these anions for both applied energy densities was similiar to the trend of oxalate
formation at 66 kJ L. Also, it can be concluded that the main reasons for such
trend of acetate and formate formation are the same as for oxalates (135 kJ L™).

Results of toxicity screening bioassay

The toxicity of Reactive Black 5 dye was investigated using Artemia salina
test organisms, and the results are shown in Fig. 9a and b. Dye toxicity was given
as mortality percent of Artemia salina test organisms. Toxicity of untreated and
treated dye solutions increased with the increase in dye concentration. Toxicity
test was conducted seven days after plasma treatment, in order to ensure that
possible hydrogen peroxide residues were removed by catalase. For both dilu-
tions, the toxicity of initial dye solution increased with the increase in dye
concentration. For dye concentration of 500 and 1000 mg L™ and used dilution,
sample:sea water (1:1 volume ratio), the toxicity was higher than 50 %. For both
dilutions, the toxicity decreased with the increased energy density (Fig. 9a and
b). After plasma treatment with applied energy density of 242 kJ L™ (Fig. 9a),
starting from highly concentrated dye solutions of 500 and 1000 mg L with
mortality of 55 and 75 %, the mortality significantly decreased (below 50 %) to
the values of 35 and 44 %. With the increase of dilution (sample:sea water, 1:3
volume ratio) the toxicity of non-treated and treated solutions was significantly
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decreased in comparison to the less diluted solutions. After plasma treatment
with applied energy densities of 66 and 242 kJ L™, the mortality for solution of
40 mg L™ decreased from 20 to 10 % (Fig. 9a). Therefore, it could be considered
as non-toxic solution. For solutions of 40 and 80 mg L™ and energy density of
242 kJ L', mortality was less than 10 % (Fig. 9b), which is below the validity
criterion for mortality in the control group.

100 - 100 -
90 a) Dilution, volivol= 1:1 a0 b) Dilution, volfvol= 1:3
{sample : sea water) (sample : sea water)
801 owl 01 o 0w
70H{—e— BSkJL' 701 —e— 66 kJL
o 60|t 242KL _e0] A 2azkIL
° =~
2 50 - 50
= =
40 & 40
S 5
= 304 = 304
20 20
104 10
Y ol
0 20 40 60 80 200 400 600 800 1000 20 40 60 80 200 400 600 800 1000
Dye concentration, mg. L' Dye concentration, mg L'

Fig. 9. Mortality of Artemina salina of various Reactive Black 5 solutions
(¢o, 40-1000 mg L") before and after plasma treatment for different dilutions.

CONCLUSIONS

Degradation and detoxication of high concentrations of textile azo dye Reac-
tive Black 5 in the range from 40 to 1000 mg L™ using non-thermal plasma reac-
tor with gas—liquid dielectric barrier discharge were demonstrated. Applied
energy density was in the range from 0 to maximal 374 kJ L. Efficiency of
decolorization at high concentrations of Reactive Black 5 (40—-1000 mg L") dec-
reased with the increase in concentration. Complete decolorization of dye with
concentrations of 40 and 80 mg L' was achieved using applied energy densities
of 110 and 198 kJ L™, respectively, while for 1000 mg L™ the maximal decolor-
ization using energy density of 374 kJ L™ was 65 %. Also, the increase of decol-
orization during residence time of 24 h decreased with treated dye concentration
increase. The increase of decolorization with the residence time was 10-20 % for
dye concentration of 40 mg L', while it was around 3 % for concentration of
1000 mg L. Based on our results, the reactor capacity was reached for Reactive
Black 5 concentrations above 1000 mg L. Change in COD values of dye sol-
utions after plasma treatment was the highest for the lowest dye concentration
and applied high energy density, while it decreased with dye concentration inc-
rease. Efficient sulfate release was confirmed by IC, which indicated that larger
energy portion was used for detachment of aliphatic sulfo groups than for actual
decolorization process or diazo bond oxidation. This trend was observed regard-
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less of the initial Reactive Black 5 concentration. Toxicological tests, with Arte-
mia salina test organisms, indicated significant decrease in the toxicity of sol-
ution after treatment. Toxicity of dye solution treated with applied energy density
of 242 kJ L™ and dilution of sample:sea water (1:3 volme ratio) for extremely
high initial dye concentration of 1000 mg L™ decreased to 25 %. It could be
considered as low toxic solution. For the same treatment and the same dilution
for common dye concentrations in effluents (40 and 80 mg L) toxicity is lower
than 10 % which could be considered as non-toxic. Finally, it can be concluded
that for common Reactive Black 5 concentrations in effluents and for low energy
consumption, using DBD reactor complete decolorization, high mineralization
and non-toxicity of treated solutions can be achieved.
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U3BOJ
MMPUMEHA HETEPMHWYKOTI IVTASMA PEAKTOPA 3A JETPAJALIMIY U
JETOKCHUKAIINJY BUCOKHMX KOHLUEHTPAIIUJA BOJE REACTIVE BLACK 5 Y BOOU

BUJbAHA I1. JOJUMHOBHUR', EPATUCIIAB M. OBPAJJOBHUR?, MUJIOPAJT M. KYPAULIA®, MAPUJA B. IEPTATT',
CJIOBOJAH JI. JOJUR?, JEJAH P. UHEUR*, TOMUCJIAB b. TOCTH® u IPATAH JI. MAHOJJIOBUER?

1YHusep3umeu7 y Beoipagy, Hncuuttiy i 3a xemujy, thexHonoiujy u metwanypiujy , Ebeiowesa 12, beoipag,
2)’Hueep3umew y Beoipagy, ®usuuku paxyniieii, Beoipag, 3YHusep3uu76m y Beoipagy, Xemujcxu
paxyniiewi, Beoipag u 4Yuueep3umew ogbpane y Beoipagy, Bojua axagemuja, beoipag

Y oxBUpY OBOT pajia MpoyYyaBaHa je eUKACHOCT Ierpajanuje U ZeTOKCUKAIHje BUCOKUX
KOHLIEHTpalKja KOMEPLHUjaTHO JOCTYITHE peakTuBHe TeKCTUiHe Boje Reactive Black 5 (40, 80,
200, 500 u 1000 mg L. Kopumihen je yHanpeheHu oxcumaliMoHHU mpolec nomohy HeTep-
MMYKOT TIa3Ma peakTopa Ha 0a3u JUeNeKTPUYHOr DapujepHor mpakmema. OBaj peakrtop je
KopuirheH Mo NMpBH MyT 3a TPeTMaH BHCOKMX KOHLEHTpaLMja OpraHckux 3arabyjyhux cym-
CTaHIM Kao LITO je peakTWBHa TeKCTWiHA Ooja Reactive Black 5 y Bomu. PactBop Hoje je
TPeTHpaH IUIa3MOM Kao TaHAK CJI0j BOJEHOT pacTBOpa KOjH Ce CTaJHO oOHaBma. Peaktop
Pajiy Kao KOHTHHYa/IHH IPOTOYHU PEAKTOD U €IEKTPUYHO NpaKIeme ce 0fBhja Ha Mehydasu
rac-TeqHocT. PactBop 0oje je cykuecHBHO pELMIKYJIHCaH KpPO3 PEaKkTop, a MpUMEmEeHa Iyc-
THHA eHepruyje je duma 0-374 kJ L EduxacHoct nexonopusauuje (%) je mpahena nomohy
UV-Vis cnextpodoTtomMeTpuje. Y30pLH Cy Y3UMaHH HAKOH CBake penupkynauuje (~22 kJ L
Y TPOLIEHAT eKOJI0pU3alyje je MepeH mocie 5 min u 24 h ox rtasma tpetmaHa. EdukacHoct
MOTITyHe Aerpafaudje (Tj. MUHepain3auuje) ¥ Moryhux mpousBona ferpanganuje cy mpaheHu
ompehuBameM xemujcke morpollte kuceoHuka (COD) u joHckom xpomatorpadujom (IC).
[ToyeTHa TOKCMYHOCT ¥ TOKCUYHOCT pacTBOpa HAaKOH TpeTMaHa Cy IpoydaBaHu nomohy Arte-
mia salina Tect opraHu3ama. IToka3aHo je ma ce edHMKACHOCT JeKOJOpHU3alkje cMamwyje ca
nosehameM KoHUeHTpauuje Ooje. IloTmyHa Iexonopusaudja, BUCOKA MHUHepaausaldja U
HETOKCUYHOCT pactBopa (<10 %) cy NOCTUTHUTH HAKOH TPeTMaHa IIa3MOM IIPHU IPUMEEHO0]
TyCTHHHU fHepmje ox 242 kJ L kaga cy nouetHe KoHIeHTpauuje Reactive Black 5 due 40 u
80mglL .

(ITpumibeHo 5. jaHyapa, peBugMpaHo 22. MapTa, npuxsaheHo 25. maprta 2016)
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