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Abstract

An electrochemical reactor for oxygen/ozone production was developed using perforated planar electrodes. An
electroformed f-PbO, coating, deposited on a platinised titanium substrate, was employed as anode while the
cathode was a platinised titanium substrate. The electrodes were pressed against a solid polymer electrolyte to
minimise ohmic drop and avoid mixing of the gaseous products (H, and O,/O3). Electrochemical ozone production
(EOP) was investigated as function of current density, temperature and electrolyte composition. Electrochemical
characterisation demonstrated ozone current efficiency, ®gop, 0zone production rate (g h_l), veEop, and grams of O3
per total energy demand (g h™' W™"), vgop increase on decreasing electrolyte temperature and increasing current
density. The best reactor performance for EOP was obtained with the base electrolyte (H,SO4 3.0 mol dm™)
containing 0.03 mol dm ™ KPF,. Degradation of reactive dyes used in the textile industry (Reactive Yellow 143 and
Reactive Blue 264) with electrochemically-generated ozone was investigated in alkaline medium as function of
ozone load (mg h™') and ozonation time. This investigation revealed ozonation presents very good efficiency for

both solution decolouration and total organic carbon (TOC) removal.

1. Introduction

Oxidation of organic pollutants (e.g. dyes of the textile
industry, pesticides, etc.) can be carried out using appro-
priate anodically formed oxidants, as in the case of ozone
[1-5]. The so-called Advanced Oxidation Processes
(AOP) allows the optimisation of ozone application by
increasing the concentration of hydroxyl radicals
(HO - E®=2.80 V) resulting from O;-decomposition in
aqueous solutions, permitting a significant increase in
decomposition rate for recalcitrant pollutants [1, 3, 5-7].

Different ozonation systems based on electrochemical
technology have been described [6, 8-11]. Electrochem-
ical reactors for ozone production can be constructed
making use of a solid polymer electrolyte and high-
porosity 3D-electrodes [6, 8—10]. In this configuration
ozone is released directly in the electrolyte-free water
stream. Such technology gives a high Osz-concentration

in the gaseous phase (~14 wt. %), and presents high gas
dispersion into the aqueous phase. Ozone can also be
generated in another reactor configuration using hollow
cylindrical fluorocarbon-impregnated carbon anodes
and solid polymer electrolyte technology [1]. Inherent
advantages of this ozonation system are its high current
efficiencies (~35%), lower cell voltage and elimination
of hydrogen management through the use of air
cathodes [6, 12]. The disadvantage of this configuration
is that decomposition of organics is limited by the ozone
mass transfer rate from the gas to the liquid phase,
where it is needed for reaction with organics.

Ozonation systems based on electrochemical technol-
ogy are a promising alternative to the conventional
ozonation systems (corona process) especially in the case
where high Os-concentrations are required (e.g. decom-
position of resistant organic pollutants such as dyes and
pesticides).
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This paper reports the characterisation of an electro-
chemical ozonation system based on the use of perfo-
rated planar electrodes and its application to the
degradation of some reactive dyes used in the textile
industry with electrochemically generated ozone.

2. Experimental details
2.1. Electrochemical reactor

The reactor consisted of symmetric perforated planar
electrodes (10x8x0.15 cm) pressed against a solid polymer
electrolyte, SPE, (Nafion® 117). The geometric area of the
perforated electrodes was 137 cm?, while the electrode area
in intimate contact with the solution was 80 cm?. Elec-
trodes were perforated to avoid blockage of the electric
field and permit proton transport between cathode and
anode. The B-PbO, electrode was prepared by electrode-
position at constant current from acid Pb(NOs3), solution
onto both faces of a steel micro-sphere blasted perforated
Ti-support, previously etched for 10 min in boiling oxalic
acid (10% w/w) and then platinised. Pt electrodeposition
was carried out at constant current density (30 mA cm™?)
for 20 min from a solution containing 10 g dm™*
H,PtClg+ 10 mg dm™ Pb(CH;CO,),-3H,0, at 24 °C.
S-PbO, was electrodeposited at constant current density
of 30 mA cm™ for 1 h onto both sides of the platinised
Ti-support from a solution containing 0.01 mol dm™>
HNO;+ 0.2 mol dm™ Pb(NOs),, at 60 °C. The average
thickness of the -PbO, layer, estimated by weighing, was
approximately 40 um. Fluka “purum” products were
used throughout.

The cathode consisted of a perforated platinised
titanium substrate prepared under identical conditions
as described above using an electrodeposition time of
1 h. Nafion® 117 SPE was pre-treated in boiling nitric
acid (50%) for 30 min and hydrated in boiling deionised
water for 2 h [13].

Figure 1 shows a scheme of the reactor while Figure 2
presents the experimental set-up used in the investiga-
tion. The reactor compartments were manufactured
from 1-inch thick acryl plates, while Viton® tubes were
employed to circulate the electrolyte between the anodic
reactor compartment and the all-glass electrolyte reser-
voir/gas separator flask (5 dm?). The anodically formed
gases (O,+ 03) were separated from the electrolyte in
the gas separator flask and transported to the spectro-
photometer using N, as carrier gas. In the dye degra-
dation investigation the O,/O; mixture was passed
directly into the Reactor Flask containing the reactive
dye.

2.2. Equipment and techniques

Ozone concentration in the gaseous phase was analysed
by UV absorption measurements at 254 nm, using a
homemade gas flow cell. Absorbance was read after
15 min of cell polarisation when steady state conditions
were observed. EOP partial current, jgop, and EOP
current efficiency, ®gop, were calculated using the
equations [2, 14]:

Jeop = (4 VzF) /(&) (1)

® U

Fig. 1. Scheme of the electrochemical reactor for ozone production. (a) cathodic compartment; (b) rubber gasket (Viton®); (c) cathode,
Ti’/Pt’ (d) SPE, Nafion® 117; () anode, Ti/Pt/ f-PbO,; (f) anodic compartment.
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Fig. 2. Experimental set up employed for ozone generation and investigation of decolouration/degradation of textile dyes.

Orop(%) = [(4 V2F)/(ell7)]100 2)

where: A =absorbance at 254 nm; IO/:VOIumetric flow
rate of (N, + O, + O3) (dm3 s71); z=number of electrons
(z=6); e=ozone absorptivity at 254 nm (3024
em™ ! mol™" dm’ [15]); /=optical path length (0.63 cm);
I+ =total current (OER + EOP) (ampére); F=Faraday’s
constant (96485 C mol™"). The EOP specific power
consumption, Pyp, was calculated using the equation
[16]:

Plop(Wh g7 1) = (UzF)/(1.73 x 10°®gop) (3)

where U is the cell voltage.

The reactor performance for the EOP was investi-
gated as functions of the operating parameters analysing
the “ozone production rate”, vgop, and the parameter
“gain of ozone mass per total power consumption”,
Jeop, which were calculated according to Equations 4
and 5, respectively [16]:

onp(g h_l) = 3600(onpM)/(ZF) (4)

dror(g W 'h™") = veop/ It U (5)

where M is the ozone molecular weight (48 g mol™").

The electrochemical reactor was powered by a 80 A/
12 V d.c. current source. The electrolytes used consisted
of sulphuric acid solutions, in the presence or absence of
fluor-compounds. In all cases the electrolyte was circu-
lated in the anodic compartment using a model 7018-21
MASTERFLEX peristaltic circulation pump (Cole-
Parmer). The linear velocity of the electrolyte was
1.30 cm s~ and the space velocity 5.19 min~'. The flow
regime was turbulent (Re > 3000). Temperature control
was achieved by means of a model FC55A01 FTS
cooling system connected to the all-glass electrolyte
reservoir/gas separator flask. The electrolyte tempera-
ture at the anode surface was monitored using a model
61 FLUKE digital thermocouple.
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2.3. Ozonation of aqueous textile dye solutions

The decolouration/degradation efficiency of the ozona-
tion process was evaluated using as model recalcitrant
compounds reactive dyes employed in the textile indus-
try. The decolouration/degradation of C.I. Reactive
Yellow 143 (RY 143) and C.I. Reactive Blue 264 (RB
264) dyes were carried out in alkaline solutions
(pH=10) containing 150 ppm of these compounds.
The samples were prepared by dissolving the commer-
cial dyes, furnished by CERMATEX Textile Industry
Ltd. (Americana, Brazil), in distilled water.

Decolouration of 40 ml samples of reactive dyes was
followed spectrophotometrically measuring the absor-
bance at their maximum wavelength of absorbance (421
and 619 nm for RY 143 and RB 264, respectively) as
functions of the ozonation time. A model D4000 HACH
Spectrophotometer was used throughout. Removal of
the total organic carbon (TOC) was investigated by
measuring the TOC-decay as a function of ozonation
time. TOC measurements were carried out using a
model 2000 Shimadzu TOC Analyser.

Gas dispersion in the reactor flask was done passing
the gas mixture (O,+ O3) through a gas diffuser (Shott
#2 coarse glass frit) placed at the bottom of the ozone
reactor flask. Non-reacted ozone at the flask outlet was
analysed spectrophotometrically at 254 nm as a
function of ozonation time. Figure 2 shows the set up
used for ozone generation and degradation of the
textile dyes.

3. Results and discussion

3.1. Characterisation of the electrochemical ozonation
system

Previous studies [2, 14] showed galvanostatic polarisa-
tion of -PbO, electrodes produces a transient behav-
iour of the electrode potential and EOP-current
efficiency. Therefore, the galvanostatic polarization
experiments were carried out by recording the cell
voltage, U, and measuring ozone absorbance after
15 min of polarisation when a steady response was
observed. Figure 3 shows the dependence of U and
®Orop on I, for different temperatures.

Figure 3a shows that U-values are little affected by
temperature for It < 30 A; however, for higher Ir-values
a reduction in temperature is accompanied by an
increase in the cell overvoltage. Figure 3b and ¢ show
the dependence of ®gop on It and temperature for the
1.0 and 3.0 mol dm™ H,SOy electrolytes, respectively.
®rop increases on increasing It and decreasing temper-
ature, giving values in the ~0.5-4% current efficiency
interval. In agreement with the fundamental studies
presented by Foller and Tobias [17], ®gop-values
increase with increasing sulphuric acid concentration.
This behaviour differs from the set-up using high-
porosity 3D-electrodes (lead dioxide supported on
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Fig. 3. Dependence of cell voltage, U, and EOP current efficiency,
Drop, On total current, It, and temperature. Electrolyte: (a) and (b)
1.0 mol dm™ H,S04; (c) 3.0 mol dm™ H,SO,.

porous titanium substrate), where a maximum in ®@gop
is reached at moderate temperatures (~30 °C) [8, 9].

Due to the rather different surface current distribution
and bubble adherence at the electrode surface, compar-
ison of the behaviour of perforated planar electrodes
and high-porosity 3D-electrodes is very difficult [8, 9,
18, 19]. While with planar electrodes in contact with
conventional electrolytes all regions of the electrode
surface are, in principle active, in the case of high-
porosity 3D-electrodes making use of electrolyte-free
water the active surface area is restricted to the electrode
regions in intimate contact with the solid polymer
electrolyte [18, 19].

Figure 4 shows the dependency of the EOP specific
power consumption, P](E)OP’ ozone production rate, vgop,



15 A T=00C

® 10

0.8
0.6 — o)
0af
0.2 —

0.0F
25

2.0//
15

g
10/

05

Veop/ 8 h'

~
()
N’

9.0/ 10°(g W' h)

0.0 —
I/A

Fig. 4. Dependence of EOP specific power consumption, PYp, 0zone
production rate, vgop, and gain of ozone mass per total power con-
sumption, Ygop, on total applied current, I, and electrolyte tempera-
ture. Electrolyte: 3.0 mol dm™ H,SO0.,.

and the gain of ozone mass per total power consump-
tion, Ygop, on It and temperature for the 3.0 mol dm™
H>SO, electrolyte.

P2op-values decrease with increasing I and decreas-
ing temperature, giving values in the 1.5-0.4 kW h g™
interval (Figure 4a). Comparison with the literature
[8-10] shows these values are higher for perforated
planar electrodes. Figure 4b and ¢ show that both vgop
and Ygop are affected by temperature and current
density. Maximum ozone production occurs at high
current densities, where minimum power consumption is
observed. Figure 4c also shows that the best EOP
performance (maximum Jgop-value) is reached at high
It-values and low temperatures.

Several studies [2, 5, 12, 17] have shown that the
introduction of additives (e.g. NaF, HBF,, KPFy) to the
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base electrolyte (e.g. H>SO,) significantly increases EOP
current efficiency. Foller and Kelsall [12] reported EOP
current efficiencies of up to 45% with an electrochemical
reactor using tubular glassy carbon as anode and
concentrated fluorboric acid (62 wt. %) as electrolyte.
Fundamental aspects of the influence of the electrolyte
and electrode material on the EOP process were
discussed previously [2, 14, 16].

Figure 5 shows the influence, for several tempera-
tures, of the introduction of KPFg to the electrolyte
(3.0 mol dm™ H,SO,4) on the current efficiency and
specific power consumption for the EOP process.

Comparing Figures 3 and 5 it is observed that
introduction of KPFg4 considerably increases ®gop. As
discussed by Foller and Kelsall [12], EOP current
efficiencies higher than 20%, obtained at high current
densities, imply a specific generation rate per unit
electrode area of up to three times that of corona
discharge technology. Figure 5b shows that the EOP
energy demand decreases at high /t-values and low
temperature, reaching a minimum of 60 Wh g~'at 0 °C
for It >40 A. This result is identical to that reported for
high-porosity 3D-electrodes [8—10].

Ozone production rate, vgop, and gain of ozone mass
per total power consumption, ¥gop, calculated for the
electrolyte containing 0.03 mol dm™ KPFg as functions
of It and temperature are presented in Figure 6.

(a) 24 [
21

o T=0°C

Fig. 5. Dependence of EOP current efficiency, ®gop, and EOP spe-
cific power consumption, P2op, on total applied current, It, and
electrolyte temperature. Electrolyte: 3.0 mol dm™ H,SO,+0.03 mol
dm™ KPF,.
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Fig. 6. Dependence of ozone production rate, vgop, and gain of
ozone mass per total power consumption, Ygop, on total applied
current, Ir, and electrolyte temperature. Electrolyte: 3.0 mol dm™
H,80,+0.03 mol dm™* KPF.

Comparison of Figures 4b and 6a shows that ozone
production rates increase significantly when KPFg is
added to the sulphuric acid electrolyte. The maximum
ozone production rate of 4.7 g h™' is higher than the
corresponding rate reported for high-porosity 3D-elec-
trodes (~0.8 g h™") [8], and comparable to the rate in
reactors using tubular glassy carbon anodes (5 g h™)
[12]. Figure 6b shows that introduction of KPFg¢ pro-
motes a significant increase in the gain of ozone mass
per total power consumption, thus showing a substan-
tial reduction in the energy demand.

3.2. Decomposition of reactive dyes with
electrochemically generated ozone

Ozonation kinetics of textile dye solutions depends on
solution pH, initial dye concentration (IDC) and ozone
load [20, 21]. While the influence of IDC and ozone load
is straightforward, the influence of pH can be under-
stood considering that when ozone is solubilized in
water, hydroxide ions (HO") initiate a chain reaction
leading to ozone degradation generating several oxy-
genated radicals among them the hydroxyl radical (HO)
[22]. The hydroxyl radical (HO), the basis of the so-
called advanced oxidation processes (AOP), is the most
important specie formed due to its non-selectivity and
much higher redox potential (E°=2.80 V) than ozone
(E°=2.07 V) [23].

Therefore, depending on solution pH, the overall
oxidative decolouration process can be controlled either
by molecular ozone (direct process) or hydroxyl radicals
(indirect process), or a combination of both [21]. A
scheme for the ozonation of a given parent dye
molecule, X, was recently proposed by Da Silva and
Jardim [24]:

According to the scheme, the extent of the ozonation
reaction and the competition between both direct and
indirect oxidative processes control the degree of min-
eralization of the parent dye molecule, thus governing
the decolouration of dye solutions and the nature of
persistent by-products, denoted by X,.

It is worth emphasising that there is a distinction
between decolouration of the dye solution and total
degradation (mineralization). For most textile dyes,
decolouration via chemical oxidation (e.g. ozonation)
occurs when the chromophore bond is removed, while
the major daughter products of the parent dye molecule
may remain intact [25]. Therefore, decolouration may be
the first step in the degradation route of a dye molecule,
which is not necessarily accompanied by TOC removal.
Thus, decolouration usually requires a lower oxidant
load than mineralization.

Based on the above discussion, degradation of the
reactive dyes (RY 143 and RB 264) was carried out in
alkaline medium in order to favour the indirect
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Fig. 7. Pseudo first-order behaviour representative of the decolour-
ation kinetics. Textile dye: (a) Reactive Yellow 143 (150 ppm);
(b) Reactive Blue 264 (150 ppm). pH = 10. Ozone load (mg h™"): (O)
330; (O) 250; (A) 210. T=24 °C.

oxidative route via HO' formation. The efficiency of the
degradation process was investigated by monitoring the
decolouration kinetics and the removal rate of total
organic carbon, TOC, as functions of ozone concentra-
tion and ozonation time.

Figure 7 shows the pseudo first-order decolouration
kinetics observed for the dyes RY 143 and RB 264 as a
function of the ozone concentration.

Decolouration kinetics depend on ozone concentra-
tion and the chemical nature of the dye. For both RY
143 and RB 264 the pseudo-first order rate constant,
kops, increases with increasing Os-concentration, albeit,
it increases with increasing HO-concentration. Consid-
ering that the effluent pH in the textile industry is
frequently high (>9) [25], ozone concentration is an
important parameter, which should be optimised to
furnish an optimum hydroxyl radical concentration in
solution in order to obtain adequate effluent decolour-
ation, before completing the treatment with the cheaper
conventional biological treatment.

Decolouration efficiencies higher than 99% were
obtained in all cases. The half-life time constant, 7y,
decreases from 3.85 to 1.98 min (RB 264) and 4.20 to
2.22 min (RY 143), when the ozone load is increased
from 210 to 330 mg h™'.

Figure 8 shows the influence of ozonation time and
ozone load on total organic carbon removal.
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Figure 8 shows that the TOC/TOC-ratio decreases
with increasing ozone concentration and ozonation
time. These results suggest that contact time and ozone
concentration are very important variables for TOC-
removal. A strong decrease in the TOC/TOC-ratio is
observed for short ozonation times while for longer
times the ratio levels off.

Analysis of these findings also reveals that TOC/
TOC, decay does not have pseudo first-order kinetics.
This behaviour indicates that degradation takes place
via direct (ozone) and indirect (hydroxyl radical) oxida-
tion processes, where the overall oxidative route is
mainly characterised by a low oxidant concentration. As
a consequence, only partial mineralization is achieved
and a considerable amount of persistent by-products is
formed. Indeed, TOC-removal values after 60 min of
ozonation were 40, 45 and 55% (RY 143) and 33, 37 and
46% (RB 264), for Os-concentrations of 210, 250 and
330 mg h™!, respectively.

Comparison of these experimental data (see Figures 7
and 8) with literature reports for different AOP [26],
suggests that ozonation in alkaline medium is a very
efficient process for both decolouration and TOC-
removal, despite the later being less pronounced. These
results are consistent with the fact that, after the primary
attack of the dye’s molecular structure (conjugated
system), which is mainly responsible for decolouration

TOC/TOC,

1 s 1 L 1

0 10 20 30 40 50 60
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Fig. 8. Influence of ozonation time and ozone concentration on the
reduction of total organic carbon, TOC. Textile dye: (a) Reactive
Yellow 143 (150 ppm); (b) Reactive Blue 264 (150 ppm). pH=10.
Ozone load (mg h™"): (O) 330; (O) 250; (A) 210. T=24 °C.
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[27], the resulting parent fragments having lower or non
chromophore activity are further degraded by the
hydroxyl radicals supplied to the solution via continuous
ozonation. Thus, after the initial rapid decolouration of
the solution (breakdown of the conjugated system of the
dye), degradation is sustained by a continuous attack by
the hydroxyl radical of fragments possessing a higher
recalcitrant nature.

The ozonation process is very sensitive to the nature
of the gas dispersion system that controls the mass
transfer rate of the gas into the liquid phase [28, 29].
Thus, in applications involving treatment of residuary
waters/effluents containing recalcitrant organics the gas
dispersion system should be optimised together with the
ozone concentration in order to increase the degradation
kinetics and reduce ozone loss. When an efficient gas
dispersion system is employed under dynamic condi-
tions the unreacted ozone leaving the residuary water
can be significantly reduced, presenting Os-capture
efficiencies higher than 90% [28].

The results presented clearly show that electrochem-
ical ozone production is an attractive technology for
water/effluent treatment. The development and optimi-
sation of electrolytic ozonation systems, allied with the
optimisation of important parameters, such as (i) ozone
concentration; (ii) effluent pH; (iii) gas dispersion system
and (iv) TOC-removal, constitute an important issue in
environmentally friendly technologies oriented towards
effluent treatment.

4. Conclusions

Characterisation of an electrochemical ozonation sys-
tem showed that ozone production depends on current
density, chemical composition and electrolyte temper-
ature. Ozone current efficiency values in the 0.5-21%
interval were obtained as functions of these parame-
ters. This wide range of current efficiency permits high
flexibility for its application. Maximum ozone produc-
tion was obtained at high current densities and low
temperature for sulphuric acid solution (3.0 mol dm™)
containing the KPFg (0.03 mol dm™). Analysis of the
energy demand, based on the determination of the gain
in ozone mass per total power consumption, revealed
that optimising operational parameters could reduce
the cost associated with electrochemical ozone produc-
tion.

Decolouration/degradation of reactive dyes employed
in the textile industry (RY 143 and RB 264) was carried
out, and revealed that ozonation is very efficient for
both decolouration and removal of total organic car-
bon. However, due to the higher cost of electrochem-
ically generated ozone, total organic carbon removal
should be conducted to such an extent that cheaper
treatments (e.g. biological) complete the degradation
process. The results obtained strongly support further

development and optimisation of electrochemical tech-
nology for ozone production.
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