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ABSTRACT

In this study, a bipolar airlift type three-phase three-dimensional electrode reactor was used to
investigate the colour removal of Acid Black 210 dye and overall chemical oxygen demand (COD)
in the simulated textile effluent. Polyvinyl alcohol (PVA) beads containing activated carbon (AC)
are used for the fabrication of three-dimensional electrodes in the reactor. The experimental results
show that the removal efficiency depends on the initial dye concentrations, bead loading, supporting
electrolyte concentration, applied cell voltage, initial pH, air flow rates and AC (wt%) in beads. The
results reveal that the three-phase three-dimensional electrodes effectively remove the colour of 100
ppm Acid Black 210 dye and overall COD by 100 and 92.1%, respectively, at optimum operating con-
ditions (bead loading: 30.0 g L™'; NaCl: 2000 ppm; cell voltage: 20.0 V; pH: 7.0; air flow rate: 4.0 L min™;
1.25 wt% of AC) within 10 min. The colour and COD removal efficiencies of the three-dimensional
reactor were higher compared to those of a two-dimensional reactor at similar reaction conditions
(i-e., 72.92% of colour removal efficiency and 64.16% of COD removal efficiency for a two-dimensional
reactor). The results also indicate that the optimum conditions for colour removal may not be neces-
sarily the same as those of overall COD. The rates of COD and colour removal were very well-fitted
with pseudo-first order kinetics.

Keywords: Electrochemical treatment; Three-phase three-dimensional electrode; Hybrid beads;
Textile effluent

1. Introduction various types of acidic, basic, azo, reactive, and anthra-

o . uinone based compounds. Frequent changes of dyestuff

Textile industries use an enormous amount of water and d . 'p q NG yest
employed in the dying process cause considerable variation

chemlcals for the wet processmg Of.textlles. They also use in wastewater characteristics, particularly in colour, pH and
various types of dyes to give attractive colours. The waste- COD value

water from textile industries generally contains about 10%

of dyes used for textile colouration. These dyestuffs include Traditional methods used for the treatment of textile

wastewater include biological, physical, chemical and their
various combinations [1-3]. Electrochemical oxidation of
industrial effluents can take place through two different
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mechanisms. In direct anodic oxidation, the pollutants are
destroyed at the anode surface whereas in in-direct oxida-
tion a mediator (HOCI, H25208 and others) is electrochem-
ically generated to oxidize the pollutants. It should be noted
that in electro-oxidation of aqueous effluents both oxidation
mechanisms may coexist [4,5].

However, some dyes have higher water solubility and
lower molecular weight and such dyes cannot be treated
by traditional electrochemical methods due to their refrac-
tory natures [6]. This treatment method can be improved by
using a three-dimensional electrode. In the present study,
hybrid polyvinyl alcohol-activated carbon (PVA-AC) beads
were prepared and used as a three-dimensional electrode
inside a three-phase electrochemical airlift reactor to treat
the textile effluent. These beads also have an elastic rub-
ber-like property that prevents breakage during electroly-
sis. The three-dimensional electrode is rather attractive for
industrial applications since it can provide a more extensive
interfacial electrode surface area compared to a two-dimen-
sional electrode [7-10]. The current study makes use of an
airlift type three-phase three-dimensional electrochemical
reactor that could degrade textile dyes simultaneously by
direct anodic oxidation and by indirect cathodic electro
generated H,O, to treat the textile effluent.

2. Materials and methods
2.1. Materials

Analytical grade PVA (Mol. Wt. 13000-23000), boric
acid, finely powdered AC, sodium alginate, acetic acid,
HCI, ethylene dinitrilo tetraacetic acid, sodium carbonate,
sucrose, NaOH and NaCl were purchased from Ranboxy
Fine Chemicals Ltd., New Delhi, India. Acid Black 210 (CAS
No. 300285), an acid application group dye belonging to
azo (metalocomplex) chemical groups, was chosen for the
present study. Acid Black 210 (98% purity), along with other
textile chemicals used to prepare simulated effluent was
purchased from a local textile chemical supplier in Coim-
batore, India.

2.2. Preparation of simulated textile wastewater

Textile industry wastewater was systematically pre-
pared by taking the real-time process information to sim-
ulate exact real-time composition. Here, model mercerized
and non-mercerized cotton dyeing processes were consid-
ered where sizing, desizing, singeing, scouring, bleaching,
mercerization, dyeing and washing steps were performed
methodically [11]. The data for the different compositions of
textile wastewater were collected from literatures [12-21].
The Acid Black 210 dye used in dyeing cotton fabrics was
taken for preparing simulated wastewater.The exact chem-
icals equivalent to the composition of textile waste water is
shown in Table 1. These constituents were mixed with tap
water and warmed to 50°C for 1 h to get better homogeneity.
The simulated water was then cooled and stored in a poly-
propylene container at freezing temperature. It was further
used for conducting different runs of the experiments. The
characterization of the wastewater was determined as per
the guidelines of APHA (2005) handbook [22]. The physical

and chemical properties of the simulated textile effluent are
presented in Table 2.

COD was determined by closed reflux method using
QuickCODultra (LAR Process Analysers AG, Germany).
The pH of the solution was measured using LI 120 pH
meter (Elico Ltd., India). Colour was determined by the
absorbance values at 460 nm in a Scanning Mini Spec SL
177 (Type: 212, Elico Ltd., Hyderabad, India). Before deter-
mining the residual intensity of the colour, each sample
was adjusted to pH 6.8 using phosphate buffer after which
the intensity of the colour was calculated from calibrated
curves. The values of the initial and final colour were mea-
sured as described above and were used to calculate the
colour removal percentage using Eq. (1).

(c,-¢,)x100
C

o

Colour removal (%) = 1)
where C and C, are the initial and final colour intensities
respectively.

During the electrochemical process, colour (pigmenta-
tion) of the dye in the effluent was removed by interchang-

Table 1
Composition of simulated textile effluent

Contents Concentration (mg L™)
Acetic acid 150
Acid Black 210 dye 100
Biozyme 350
Catalase 40
Cottoclarin 22 500
Foryl FP (detergent) 300
Securon 540 200
Dextrin 1500
Ethylene dinitrilotetraacetic acid 300
Silicone oil 25
Sodium carbonate 750
Sodium chloride 1000
Sodium hydroxide 800
Sodium silicate 5
Sucrose 550

Table 2
Physical and chemical properties of simulated textile effluent

Parameters Concentration
COD, mg O, L™ 2972
Dissolved oxygen, mg O, L 1.35

pH 1045

Total solids, mg L™ 6450
Suspended solids, mg L™ 185

Fixed solids, mg L™ 6265

Volatile solids, mg L™ 3880
Turbidity, FTU 26
Conductivity, pS cm™ 14016
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ing the molecular structure or by completely or partially
degrading the dye. Therefore, colour intensities are differ-
ent from actual dye concentrations. Preparation of definite
dye concentrations requires an accurate quantity of dye that
is measured gravimetrically and added for varying the ini-
tial dye concentration studies.

2.3. Preparation of hybrid beads

Different concentrations (2-16% w/v) of PVA solutions
were prepared by dissolving PVA in warm distilled water.
Once the PVA powder was completely dissolved, sodium
alginate (0.05% w/v) was added to the solution for the
preparation of beads in required shape. Finely powdered
activated carbon was then mixed with the PVA-alginate
solution and stirred sufficiently to obtain the PVA-algi-
nate-AC suspension solution. This mixture was maintained
at 80°C and stirred for 2 h to get a uniform suspension. Then
the mixture was cooled down to 50°C and injected into gen-
tly stirred saturated boric acid solution to form spherical
beads through a 50 mL glass syringe. The injection speed
was controlled by a laboratory syringe pump at the rate of
30 drops/min and the air gap from syringe tip to water was
10 cm. The hybrid particles were incubated in boric acid
over 24 h under gentle stirring to crosslink PVA-AC beads.
The hybrid beads taken from the solution were washed
with distilled water. Beads having a spherical size between
0.5 and 0.6 cm were taken for studies.

2.4. Experimental setup and procedures

The schematic diagram of the experimental set up is
shown in Fig. 1. It consists of a tubular bipolar airlift type
three-phase three-dimensional electrode reactor made up
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Fig. 1. Schematic diagram of the airlift type three-phase
three-dimensional electrode reactor .

of polycarbonate material. The anode and cathode are
RuO,+TiO, (1:1 w/w) coated titanium mesh plates of 5x
15 cm having an active surface area of 48 cm? as shown in
Fig. 2 and placed 10 cm apart inside the reactor. PVA-AC
hybrid beads are suspended as a bed electrode to form
a three-dimensional electrode [23]. The compressed air
was uniformly sparged through a fine pore air diffuser
from the bottom of the reactor. The diameters of the air
bubble size are between 1 and 5 mm. The air flow was
varied from 1-5 L min™ which was regulated by a rota-
meter. When an electric potential is applied across the
PVA-AC hybrid particles, every particle gets polarized
and behaves as an anode in one side and as a cathode on
the other side. The electric power was regulated by a DC
power supply. All experiments were conducted at room
temperature.

To ascertain the purpose of reproducibility of reported
results, five independent experiments were conducted for
the same sample and their standard deviation taken for
further investigations. This is indicated by error bars repre-
senting the standard deviation of a data set is incorporated
in the figures.

3. Results and discussion
3.1. Effects of PVA concentrations on bead formation

For the preparation of PVA-AC hybrid beads by
PVA-boric acid method, the concentration of PVA is the
most important factor. It is impossible to form a PVA-AC
hybrid bead mixture using high concentrations of PVA due
to its high viscosity. Six PVA-AC mixtures at different PVA
concentrations (4, 6, 8, 10, 12 and 14% w/v) with a constant
of 1 wt% activated carbon were prepared.
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Fig. 2. Electrode used in hybrid electro-chemical reactor.
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Table 3
Bead formation and strength at different concentrations of PVA

PVA Concentration Bead Bead

w/v), % Formation strength

4 Not good and not stable No bead formation
6 Irregular beads Irregular bead

8 Good and not stable  Soft

1 Good and stable Strong

12 Good and stable Strongest

14 Not good and stable ~ Strongest

The formation of the beads and their strength were
examined and are shown in Table 3. These results show that
the strength of PVA-AC beads below 10.0% (w/v) of PVA
concentration is weak and bead formation becomes impos-
sible and irregular when PVA concentration is above 14%
(w/v). Good and stable beads were at 12% (w/v) of PVA
and this was used for further studies.

3.2. Effect of initial dye concentration on COD removal and
decolourization

The influence of initial dye concentration on COD
removal and decolourization of Acid Black 210 were inves-
tigated from 10 to 150 ppm. Fig. 3 shows the effects of initial
dye concentrations on the decolourization and correspond-
ing COD removal. It is observed that at lower concentra-
tions higher decolourization occurred which is due to the
faster electrochemical reaction rather than diffusion. During
anodic dissolution, a constant value of removal agents such
as oxidative, perceptive and adsorbent was also available
[24]. Therefore, the increase in the initial concentration of
dye lowers the rate of COD removal as well as decolour-
ization. It is observed that COD reduction is relatively pro-
portional to initial concentration up to 100 ppm and begins
to behave independently over 100 ppm. This is due to the
generation of the powerful oxidizing agent CI~ions on elec-
trode surface that remains constant at constant current den-
sity. Therefore, 100 ppm dye concentration was taken up for
further studies based on the above observations.

3.3. Effect of bead loading on COD removal and decolourization

Fig. 4 shows that efficiencies in COD removal and dec-
olourization increased when the bead loading increased
from 10 to 40.0 g L. But the result showed that for 30.0 g L™
of bead loading, a maximum of 71.05% decolourization and
62.16% COD removal were observed within 10 min of elec-
trolysis. There was no further increase in the COD removal
when bead loading was increased above 30.0 g L. Thus,
30.0 g L™ of bead loading was considered to be the optimum
for further experiments.

3.4. Effect of run numbers on COD removal and decolourization

The results obtained for 50 trial runs are presented in
Fig. 5. The electrolysis time for each run was 10 min. The
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Fig. 3. Effect of initial dye concentration (operating conditions:
Bead loading 25 g L"; NaCl 1000 ppm; Cell voltage 20 V; pH 11;
Airflow rate 3 L min™; AC 1 wt%; 10 min).
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Fig. 5. Effect of different runs (operating conditions: Dye 100
ppm; bead loading 30 g L*; NaCl 1000 ppm; Cell voltage 20 V;
pH 11; Airflow rate 3 L min™; AC 1 wt%; 10 min).

observation shows that COD removal and decolouriza-
tion efficiency decreased with an increase in the number
of runs. The results also indicate that electro-oxidation
of simulated wastewater using PVA-AC hybrid beads
decreased rapidly when used repetitively. In the first
run, 71.05% decolourization and 62.16% COD removal
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were observed up to the 5"run of electrolysis. The con-
centrations of pollutants decreased dramatically due to
the combined effect of adsorption and electrosorption
[25]. With the increase in the number of runs, COD
removal and decolourization decreased gradually due to
saturation in the uptake capacity of the adsorbent (i.e.,
PVA-AC beads), indicating that adsorption was not the
main contributor to the removal of pollutants in the later
stages. Moreover, the titanium electrodes used in this
study are dimensionally stable, corrosion resistant and
biocompatible [26]. Therefore, the decrease in efficiency
with continual trials is closely associated with hybrid
beads. This is indicated by the change in colour of the
beads during the repeated runs. It is noteworthy that
the PVA-AC hybrid beads could maintain decolouriza-
tion and COD removal efficiencies above 55 and 59.56%
respectively even at the 50" run.

3.5. Effect of supporting electrolyte concentration on COD
removal and decolourization

A possibility of increasing the degradation perfor-
mance by hybrid beads was investigated by using NaCl as
supporting electrolytes. The possibility of accomplishing
the electrochemical processes in this medium results in
the formation of different powerful oxidizing species such
as chlorine radicals, hypochlorous acid and hypochlorite
ions. The chlorine evolution reaction and the subsequent
formation of oxidizing species in solution are represented
as follows:

2CI & Cly, +2, 2)

Clyy © Cly 3)

Cly,y +H,0 > HCIO+CI" + H* (4)

HCIO <> H* +CIO™ )

Fig. 6 shows the results obtained using NaCl as a sup-
porting electrolyte. At a constant potential of 20.0 V, differ-
ent concentrations of NaCl were added to the electrolysis
medium, and the efficiency of dye removal was deter-
mined over 10 min. It was confirmed that COD removal
and decolourization efficiencies increased with an increase
in electrolyte concentrations. It was also observed that
there was no further increase in the COD removal with an
increase in the concentrations of supporting electrolytes
beyond 2000 ppm. This may be due to the increase in the
concentration of supporting electrolytes above a particular
level that leads to the formation of several intermediates,
followed by their subsequent mineralization. Therefore,
2000 ppm NaCl was taken as the optimum supporting
electrolyte concentration,which resulted in 70.23% COD
removal and 79.23% decolourization. There was no signif-
icant change in colour removal when NaCl concentration
increased beyond 2000 ppm indicating that the maximum
colour removal is related to oxidation of chromophore
groups.
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Fig. 6. Effect of supporting electrolyte concentration (operating
conditions: Dye 100 ppm; bead loading 30 g L™; Cell voltage 20
V; pH 11; Airflow rate 3 L min™; AC 1 wt%; 10 min).

3.6. Effect of applied cell voltage on COD removal and
decolourization

COD removal and decolourization efficiencies were
significantly affected by cell voltages. Electrolysis was car-
ried out with various cell voltages from 5.0 to 25.0 V. The
results are presented in Fig. 7. It was observed that increase
in applied cell voltages increased COD removal and deco-
lourization efficiencies. For 20.0 V, 79.32% decolourization
and 70.32% COD removal were observed within 10 min
but COD removal and decolourization efficiencies were
only 44.22 and 48.28% respectively for 5.0 V. This may be
attributed to the increase in the driving force of the elec-
trode reaction in addition to the increase in current and cell
voltage.

AT 25 V maximum, colour removal remains approx-
imately the same (79.5%) and COD removal increased to
75.55%. Since the main aim of the study is to reduce both
the colour and COD removal with minimum energy, 20 V is
chosen as the optimum.

3.7. Effect of initial pH on COD removal and decolourization

Experiments were carried out to study the effect of ini-
tial pH for COD removal and decolourization efficiencies.
The actual pH of simulated effluent was corrected to pH
11 and chosen as the maximum which was then varied at
different intervals up to pH 3.0 for finding its effect. Fig. 8
shows that the increase in the pH of the solution from 3.0
to 7.0 increases COD removal and decolourization. On the
other hand, a further increase in pH of the solution decreases
COD removal and decolourization. Thus, pH 7.0 was cho-
sen as the optimum at which point the colour removal was
95.2% and COD removal was 89.32%. These results can be
explained based on the following reasons: passivation of
electrode surface and formation of OH radical scavengers.
The OH radical scavenger is an active species for the degra-
dation of dye molecules in a carbon electrode.

3.8. Effect of airflow rates on COD removal and decolourization

The sparged air serves two purposes. One is to stir the
solution in order to speed up the mass transfer and the other
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Fig. 7. Effect of applied cell voltage (operating conditions: Dye
100 ppm; bead loading 30 g L™'; NaCl 2000 ppm; pH 11; Airflow
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Fig. 8. Effect of initial pH (operating conditions: Dye 100 ppm;
bead loading 30 g L'; NaCl 1000 ppm; Cell voltage 20 V; Airflow
rate 3 L min™; AC 1 wt%; 10 min).

is to supply the essential oxygen for electrochemical reac-
tions. This is because oxygen can be converted into stronger
oxidizing agents (ie. H,0,) on activated carbon electrode by
two electron reduction of oxygen as suggested by previous
studies [27,28]. The three-phase three-dimensional elec-
trodes could simultaneously make use of direct anodic oxi-
dation and electrogenerated H,O, to degrade dye molecules
[29]. As a result, it is expected that the sparged compressed
air can play an important role in the degradation of effluent.
According to Eq. (6), oxygen is adsorbed on the electrode
via a “2-electron” pathway where hydrogen peroxide is
formed as an intermediate. This process achieves high rates
of degradation.

0,+2¢ +2H" < H,0, (6)

The COD removal and decolourization efficiencies
obtained for different air flows are shown in Fig. 9. The
results indicate that increasing the sparging rate of air from
1.0 to 4.0 L min™ increases COD removal and decolouriza-
tion efficiencies. For 4.0 L min™ air flow rate, 90.83% COD
removal and 90.83% decolourization were obtained within
10 min while it was only 50.27 and 55.42% respectively for
1.0 L min™ air flow rate. Thus, 4.0 L min™ air flow rate was
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Fig. 9. Effect of airflow rates (operating conditions: Dye 100
ppm; bead loading 30 g L; NaCl 2000 ppm; Cell voltage 20 V;
pH 7; AC 1 wt%; 10 min).

taken as the optimum. At5 L min™ COD and colour removal
decreased to 86.23 and 90.7% respectively. This was due to
the agglomeration of small bubbles to form larger bubbles
which in turn decreased the conductivity of the electro-
chemical reactor.

3.9. Effect of AC (wt%) on COD removal and decolourization

The AC material having low mass densities, high sur-
face areas, great mesopore volume and high electrical con-
ductivity makes it a better choice as a particle electrode in a
three-phase three-dimensional hybrid electrochemical reac-
tor. At higher concentrations of supporting electrolyte, elec-
trochemical oxidation reaction between water and chloride
atanode discharges Cl- to the AC in beads,leading to the for-
mation of ClO- ions in the reactor causing indirect oxidation
of pollutants. Thus, concentration of AC in PVA-AC beads
plays a predominant role. Therefore, a high concentration
of AC powder is desirable for the preparation of PVA-AC
hybrid beads. However, they have a few limitations when
used in excess as a result of which the beads were prepared
between 0.25 and 1.25 wt% of AC powder. Increasing the
concentration of AC beyond this range results in improper
bead formation as it suffers from the loss of fluidity and so
AC concentrations above 1.25 wt% are not preferred. It was
apparent that increasing the concentration of AC increases
COD removal and decolourization efficiencies. 92.1% COD
removal and complete decolourization were found at 1.25
wt% of AC as shown in Fig. 10. Thus, electrochemical treat-
ment with PVA-AC beads system offers an efficient way
to remove colour and COD by both adsorption and elec-
trochemical redox reactions. AC serves as microelectrodes
when because of contact resistance, it polarizes under the
influence of electric field in between the anode and cathode.

4.Comparisonof two-dimensional and three-dimensional
electrochemical reactor

When compared to the two-dimensional electrochemi-
cal process, particle electrodes were introduced to increase
the higher specific surface area and decrease mass transfer
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Fig. 10. Effect of initial concentrations of AC (operating condi-
tions: Dye 100 ppm; bead loading 30 g L™'; NaCl 2000 ppm; Cell
voltage 20 V; pH 7; Airflow rate 4 L min™; 10 min).

making the three-dimensional electrochemical reactor more
effective with more potential for wastewater treatment. To
validate this, experiments were performed for the simulated
effluent in the same reactor with similar parameters and
with and without PVA-AC beads. The experimental results
show 92.1% of COD removal and complete decolourization
are obtained for three-dimensional electrochemical reactors
within 10 min. In contrast, COD removal and decolouriza-
tion efficiencies are only 64.16 and 72.92% respectively for
two-dimensional electrochemical reactors. This is due to
the addition of PVA-AC beads that enhance conductivity
providing more reactive sites leading to the formation of
polarized microelectrodes where every bead behaves like
an individual micro-electrolytic cell. Therefore, the three-di-
mensional electrochemical reactors exhibit higher COD and
colour removal efficiency when compared to two-dimen-
sional electrochemical reactors.

5. Kinetic investigations

In solutions containing chloride, direct electron-trans-
fer oxidation is negligible and the pollutants are removed
only by indirect electrolyses mediated by electrogene-
rated active chlorine [30,31]. Therefore, the rate of colour
and COD removal are proportional to the concentration
of pollutants and oxidizing agents (i.e., hypochlorite or
hydrogen peroxide). Since NaCl is used as a supporting
electrolyte, the kinetics of colour and COD removal as sug-
gested by Parasa et al. [32] are used and expressed in Eq.
(7). These terms describe the decrease of the concentration
colour and COD ([C] and [COD]) due to the indirect elec-
tro-oxidation by chemical reactions involving active chlo-
rine (CL).

For colour removal the rate equation can be written as

d(C
A ke g
dt
For COD removal the rate equation can be written as
—@ =k[coD]CL,] ®)

In[C,)/[C]

y=10.1988x
R:=0.9978
T

0.00 T T T
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Fig. 11. Kinetic analysis for colour removal.
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Fig. 12. Kinetic analysis for COD removal.

If the pollutant removal takes place by the formation of
hydrogen peroxide (when carbon is used as a cathode), the
kinetics of colour and COD removal may be expressed as
follows:

For colour removal the rate equation can be written as

d[c] _
A

For COD removal the rate equation can be written as

_@ =k[COD]| H,0, |

k[C][H,0, ] ©)

(10)

It is assumed that the reaction occurs mostly via an
indirect electro-oxidation and that the reduced interme-
diates after the reaction with a pollutant are continu-
ously reoxidized at the anode. It is assumed that under
stationary conditions there is no accumulation of reaction
intermediates in the solution and the rates of their pro-
duction (which is proportional to the applied current I)
and consumption are equal. During electrolysis, the pro-
duced hypochlorite or hydrogen peroxide oxidizes the
pollutants continuously. Accordingly, the concentration
of hypochlorite or hydrogen peroxide can be assumed to
be constant and Cl, or H,O, and k may be merged into a
pseudo-first order kinetic constant (k, ) as shown in Egs.
(11) and (12). k, can be obtained for colour and COD

obs
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removal by plotting In[C ]/[C,] and In[C D ]/[COD, vs
time respectively.

d[c] _

—— i =ka[C] (1
d[coD]

- dt - kobs [COD] (12)

Under the present study conditions, colour and COD
removal follow pseudo-first order kinetics. Values in the
Figs. 11 and 12 represent kobs, and the regression co-effi-
cient obtained for pseudo-first order kinetics were 0.9978
and 0.988 for colour and COD removal respectively. Thus,
the colour and COD removal fitted very well with pseu-
do-first order kinetics.

6. Conclusion

An airlift type, bipolar three-phase three-dimensional
electrochemical reactor was used to remove colour and
COD from simulated wastewater containing Acid Black
210 dye. Hybrid PVA-AC beads were prepared and used as
particle-type electrodes inside the reactor. It was observed
that the removal efficiency depended on initial dye concen-
tration, bead loading, supporting electrolyte concentration,
applied cell voltage, initial pH, air flow rate and AC (wt%)
in hybrid beads. It was concluded that 100% decolouriza-
tion and 92.1% COD removal within 10 min were observed
in three-dimensional electrochemical reactor at optimal
conditions. It is also confirmed that this process follows
pseudo-first order kinetics for which the regression co-ef-
ficient values obtained were 0.9978 and 0.988 for decolour-
ization and COD removal respectively.
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