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Abstract

Pharmaceuticals have low biodegradability and can retain
their chemical structure for long periods of time leading to an
accumulation in the environment causing irreversible changes.
Electrochemical oxidation has been proved to be an environ-
mentally friendly and economically viable solution for bio-
refractory of organic molecules as well as for the disinfection
of wastewaters. This paper aims to evaluate the performance
of specific energy consumption for a given reduction of toxic
organic compound loads in a continuous flow bipolar packed-
bed electrochemical reactor and compare this with a classi-
cal parallel plate reactor. The energy cost for both the parallel
plate and bipolar electrochemical reactors are similar (around
1.6 kWh m) lower than other advanced oxidation process
reported in literature. However, the bipolar configuration is
particularly suitable for low conductivity waste water and/or
for avoiding the formation of organochloride compounds in a
chloride rich wastewater.
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1 Introduction

Dissolved organic contaminants present in municipal waste-
water are usually controlled by processes based on secondary
biological treatment. These well-stated techniques are often
also applicable to some industrial wastewaters which contain
pollutants of a biodegradable nature. When the pollutants are
hardly-biodegradable or toxic for the common biomass used in
biological treatments, advanced oxidation processes may be an
alternative to achieving the local final discharge limits [1-5].
The selection of the most appropriate method to be applied
depends on a series of factors, the predominant of which are
technical aspects such as the availability of facilities (equip-
ment and vessels) and reagents (prices and providers), the vol-
ume to be treated, the physiochemical properties at the inlet of
the process and the concentration of the primary pollutants. In
this field, electrochemical oxidations have been proven to be
applicable for water with low concentration of dissolved pol-
lutants where incineration or chemical oxidation/reduction is
not economically feasible. Electrochemical oxidation may be
implemented in a compact form; it does not produce sludge
and has no need of dissolved oxygen, acidity adjustment or the
addition of any chemical reagent, and it has been found to be
particularly useful when the wastewater has sufficient electrical
conductivity (presence of dissolved salts). In practice, electro-
chemical oxidation works at ambient pressure and temperature,
is apt for automation but requires a particular reactor design to
work in optimized mass transfer conditions [6].

Electrochemical oxidation includes direct and indirect paths.
In the first process strong oxidants are generated from the dis-
sociative adsorption of water over polarized anodic surfaces:
in the case of conductive metal oxide

1
anodes, and hydroxyl radicals OH* in the case of semiconduc-

superior oxides MO
X+

tor like anodes. The organic molecules then react with these oxi-
dants at the electrode surface. In indirect or mediated electro-
oxidation the abatement kinetics are generally enhanced by the
occurrence of homogeneous oxidation pathways supported by
oxidizing species (persulphates, hydrogen peroxide, etc.) which
are generated over the anode and are dissolved into the solu-
tion. Particularly, in the presence of chloride ions, which are
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Table 1 Concentration of pharmaceuticals in wastewater [11]

Pharmaceuticals

Name and concentrations

Antibiotics

Sulfonamides: sulfamethoxazole (20-580 ng/L), Fluoroquinolones: ofloxacin (6-52 ng/L),

ciprofloxacin (6-60 ng/L), Bacteriostatic agents: trimethoprim (110-370 ng/L), Penicillins:

penicillin G(«25 ng/L)

Analgesics, non-steroidal antipyretics
and anti-inflammatory

Diclofenac (10-510000 pg/L), naproxen (500-7840 ng/L), ibuprofen (490-990000 ng/L),
ketoprofen (130-3000 ng/L) y carbamazepine (100-1680 ng/L)

Antiepileptics and stimulants (central
nervous systems)

Caffeine (3200-11440 ng/L)

Beta blockers and triglycerides

Propranolol (50 ng/L), atenolol (10-730 ng/L), metoprolol (10-390 ng/L), clofibric acid

(470- 170000 ng/L),gemfibrozil (300-3000 ng/L), Bezafibrate (100-7600 ng/L)

Steroid hormones

170-ethynylestradiol (1 ng/L), estrone, 17f-estradiol, estriol (usually <10 ng/L)

lodinated X rays contrast

Iopromida (26-7500 ng/L), iomeprol (1600 ng/L)

Antiulcer

Ranitidine (50-188 ng/L)

very frequent in wastewaters, the generation of hypochlorous
ions is rather easy. The presence of Cl ions lead to the oxidation
of organic molecules to chloro-organic compounds, whose dis-
charge limits in surface water basins are often even more restric-
tive than those of the original pollutant molecules [6].

In this work wastewater with dissolved pharmaceutical com-
pounds was considered as effluent for which electrochemical
oxidation may be a recommendable remediation technique
[8-10].

Pharmaceuticals are physiologically designed to affect
humans in trace concentrations, and as such they are found
in very low concentrations in wastewater. However, their low
biodegradability means they retain their chemical structure,
leading to an accumulation in the environment and causing
irreversible changes to the human genome, as well as effects
on the endocrine system [11]. Table 1 classifies the groups of
pharmaceuticals that are commonly found in wastewater and
their respective concentrations [11].

In this work we propose an innovative electrochemical reac-
tor based on a porous mass of semiconductor material which is
placed between the anode and cathode. This reactor is fed with
the current in continuous voltage mode and the porous mass
becomes charged and acts as a bipolar electrode. In this electro-
chemical reactor the electrolysis current (/), which crosses the
central compartment, is comprised of an ionic current (i,) pass-
ing through the electrolyte and an electronic current (i) pass-
ing through the porous mass. In porous bipolar electrodes the
contribution of the latter current is generally of low intensity
and only sufficient to compensate the de-polarization action of
the environment [13]. The current in semiconductor materials
is due to migration of generated positive “holes” (h") at the
valence band and electrons (¢) in the conduction band. Both
current carriers can modify the polarization of the water mol-
ecules that dissociate into radicals [15], which can eventually
react with dissolved organics or generate secondary oxidizing
agents.

In a prior work [16] a batch mode of this reactor was tested
for the generation of hydroxyl radicals by heterogeneous cata-
lytic reaction between a “charged” semiconductor-surface and
water dipoles, avoiding the generation of hypochlorous ions to
find an application for the degradation of non-biodegradable
toxic organic compounds.

The present research aims to evaluate the performance of
specific energy consumption for a given reduction of toxic
organic compound load in a continuous flow bipolar packed-
bed electrochemical reactor and to compare this with a classi-
cal parallel plate reactor. Diclofenac has been used in this work
as a target pharmaceutical molecule due to its abundance and
refractoriness. Table 2 [11] shows that diclofenac has a fairly
low percentage removal by conventional oxidation methods
(i.e. Fenton, photochemical, chlorination, ozonation methods).

Table 2 Pharmaceuticals concentrations detected (by liquid/mass
chromatography) in waste water and influent treatment plants [11]

Bipolar Packed-bed Electrochemical Reactor

. Influent  Effluent
Therapeutic group Compound
(ng/L)  (ng/L)
Ketoprofen 451 318
Naprxeno 99 108
Analgesic and
o Tbuprofen 516 266
anti- inflammatory
Diclofenac 250 215
Acetaminophen 10194 2102
Clofibric acid 72 28
Lipid-lowering drugs ~ Gemfibrozil 155 120
Bezafibrate 23 10
Antiepileptic Carbamazepine 420 410
Antiulcer drugs Ranitidine 188 135
Atenolol 400 395
B-blockers Sotalol 185 167
Propranolol 290 168
201862 2 189



2 Materials and Methods
2.1 Analytical method

The residual concentration of diclofenac was analyzed dur-
ing the electro-oxidation runs by means of UV-visible Beckman
Du® 650 USA spectrophotometry on periodically withdrawn
samples. Measurement of carbon oxygen demand (COD) (on
an Orbeco-Hellige water analysis system model 975-MP) was
performed by the standard digestion method.

2.2 Bipolar reactor configuration

The bipolar packed-bed electrochemical reactor used in
this study is shown in Fig. 1. It is composed of 3 tubular sec-
tions made of acrylic bonded by flanges of the same material,
between which rubber discs are inserted to prevent liquid leak-
age. The total height of the reactor is 47 cmy; it is 4.5 mm thick
and has an external diameter of 80 mm.

Fig. 1 Bipolar packed-bed electrochemical reactor. (1) Power source (2)

centrifugal pump (3) hoses (4) recirculating tank (5) reactor (5.1) cathode

chamber (5.2) central compartment (5.3) anode chamber (6) pedestal (7)
support (8) flowmeter (9) valve.

The electric field was imposed by connecting the positive
terminal of the high voltage power supply (FUG (Germany);
operational ranges: 0-6 kV; 0-20 mA) to the anode wire located
at the bottom of the column, and the counter electrode (stain-
less steel) in the upper position of the intermediate section.
The treatment solution was circulated between the cell and
a container by a 0.5 H.P. centrifugal pump with a maximum
flow-rate of 40 L min''. The hydraulic circuit is completed with
valves and turbine (magnetic) flow meters.

2.3 Electrodes in the bipolar reactor

The anode was titanium wire of 99% purity (Aldrich) and
the cathode used was a stainless steel mesh. These electrode
materials were selected for their stability in the media consid-
ered. Furthermore, a semiconductor electrode of a porous mass
of titanium oxide doped with antimony oxide was incorpo-
rated between the cathode and the anode. This titanium porous
mass was obtained by means of a thermal treatment of titanium
sponges (2-12 mm average particle diameter and 99.5% purity

from Sigma) characterized by high micro-porosity (50%). The
pore diameter distribution (200-1000pm) exceeds the limiting
diffusion layer thickness and promotes good mass transfer and
continuous ionic diffusion within the mass. The optimal thermal
treatment for the generation of surface titanium oxide was found
to be 5 h at 500 °C under slight air flow. XRD analysis confirmed
the formation of a thin and highly crystalline anatase layer.

2.4 Bipolar reactor operation

The starting volume for each run was 13 L of a solution of
1 g L' diclofenac 98% (Aldrich) containing 1g L' of sodium
sulfate (Merck Na,SO,*10 H,0, 99% purity). Prior to feeding
the reactor, the solution was completely homogenized. The
principal parameters varied during the runs were: electrolyte
concentration, flow rate, the distance between the electrodes
and imposed electrical voltage.

2.5 Parallel plate reactor configuration

The parallel plate reactor shown in Fig. 2 was made of glass
fiber and consisted of four flat electrodes; two anodes placed in
the central position and two cathodes in the external zone. All
plates were separated by 1cm and measure 60 cm by 15 cm.
The cathode material was stainless steel and the anodes were
made of oxidized titanium. The circuit consists of PVC pipes
of % inch; the liquid was re-circulated by a centrifugal pump
(0.5HP) and controlled by a (magnetic) turbine flow meter.

[

Fig. 2 Front and left view of parallel plate reactor. Dimensions are in centimetres.

The pump recycled the diclofenac solution from a plastic
container (18 L) and sent it to the reactor (3825 ¢cm?), where it
was degraded. The initial concentration of diclofenac was 100
mg 1. In this case the reactor was operated in galvanostatic
mode, i.e., with fixed current control.

3 Results and discussion
3.1 Bipolar packed bed electrochemical reactor

The electrolysis runs were performed and samples were col-
lected regularly for analysis, recording the residual concentra-
tion ratio of C_/C , where C_ is the initial concentration and C,
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corresponds to concentration at time of sampling (measured by
UV absorbance). The bipolar reactor was operated by varying
salt concentrations at a fixed current intensity and the resultant
behavior is shown in Fig. 3. This figure shows that work at
a higher sodium sulfate concentration has a positive effect on
degradation. In this case the voltage level is in the low range
and, as expected, the higher salt content lowers the cell poten-
tial, thus resulting in a decrease in energy consumption. For the
sodium sulfate content of 0.1 g L' the resultant cell potential is
10.5 V, while for 1 g L the cell potential drops to 6.5 V. After
two hours of operation the energy consumption for the exper-
iment with 0.1 g L' of sodium sulfate was 270 kJ, whereas
for the experiment conducted at 1 g L' of sodium sulfate the
energy consumption was 150 kJ. Table 3 presents a summary
of estimated first-order kinetic constants together with the
calculated time for 90% abatement. In this voltage range the
dissolved salt allows lesser current dissipation (joule effect)
leading to improved current efficiency. It is also possible to
hypothesize that the generation of persulphates may participate
in the degradation of organic matter and thus the kinetics con-
stant would then depend on current intensity or even increasing
the migration of species.

Table 3 Summary of the results obtained at a distance of 14cm between

electrodes. Starting concentration of diclofenac equal 100 ppm.

Run 1 2
Na,SO, (gL 0.1 1
Flow rate (L min™) 1.14 1.14
Potential (V) 10.5 6.5
Kinetic contants (h™) 0.006 0.036
Time (90% removal)(h) 383.76 63.96
Energy consumption(kWh m™) 967.07 9.77

The results shown in Fig. 4 suggest that increasing the flow
rate does not generate a significant increase in the oxidation of
diclofenac. It may therefore be inferred that the removal of the
pharmaceutical is independent of the flow rate in these condi-
tions; this may be due to an absence of limitations to diffusion
when using the porous bed.

Comparing these results with those shown in Table 3, it can
be seen that increasing the distance between the electrodes raises
the operative cell potential and, for a salt content of 1 g L,
working with a lower current input leads to improved results
in terms of both the apparent kinetics constant and the specific
energy consumption, as summarized in Table 4. These results
suggest the effective uses of the central porous mass as an active
oxidizer, as the kinetics are not directly related to the current
intensity induced under the imposed electric field. Energy con-
sumption after 120 min was 27 kJ, for all experiments.

The Fig. 5 shows that a decrease in current causes an
increase in the voltage. The best results, in terms of apparent

kinetics constant, were obtained without sodium sulfate and
20 mA (Table 5); however, the best economic conditions are
obtained at the lowest obtained cell potential.

Fig. 6 shows that increasing the distance between electrodes
(to 46 cm) causes an expectable rise in cell potential and a pos-
itive effect on the apparent kinetics constant (Table 6).
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Fig. 3 Evolution of residual diclofenac concentration in a bipolar
packed-bed electrochemical reactor. Flow rate: 1.14 L min™'; (diamonds)
Na,SO,=0.1 g L', (squares) Na,SO,: 1 g L. Electrode separation 14 cm.

Insert: close-up of area of interest.

0,9 A

0,7 A

0.6 A

Residual concentration (Ca/Ca0)

04 T T T T T !
0 20 40 0] a0 100 120
Tione (min)

Fig. 4 Evolution of residual diclofenac concentration in a bipolar packed-bed
electrochemical reactor. Initial diclofenac concentration: 100 ppm; Electrode
separation: 32 ¢cm; imposed current: 0.1 A; Na,SO, concentration: 1 g L;
voltage: 31 V; Flow rate: 1.14 L min™' (squares); Flow rate: 2.28 L min™',
(triangle); Flow rate: 4.56 L min™' (circle); Flow rate: 9.35 L min™' (asterisk)
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Fig. 5 Evolution of residual diclofenac concentration in a bipolar packed-bed
electrochemical reactor. Initial diclofenac concentration: 100 ppm; Electrode
separation: 32 cm; Flow rate: 9.35 L min™'; Na,SO, concentration: 0 g L
(diamonds); Na SO,: 0.1 g L™ (triangles); Na,SO,: 1 g L™ (asterisks).
Na,SO, 2 g L (squares). Insert: close-up of area of interest .
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Fig. 6 Evolution of residual diclofenac concentration in a bipolar packed bed
electrochemical reactor. Initial diclofenac concentration: 100 ppm; Electrode
separation: 46 cm; current: 20 mA; Flow rate: 9.35 L min™'; Na,SO,: 0.1 g L'
(diamonds); Na,SO,: 1 g L' (squares); Na,SO,: 0 g L™ (triangle). Insert: close-up
of area of interest.

Table 4 Summary of the results obtained at a distance of 32 cm between
electrodes. Starting concentration of diclofenac equal 100 ppm; Na SO,:
1 g L' current: 0.1 A; voltage: 31 V.

Run 1 2 3 4
Flow rate (L min™) 1.14 2.28 4.56 9.35
Kinetic contants (h!) 0.114 0.132 0.108 0.150
Time (90% removal)(h) 20.19 17.44 21.32 15.35
Energy consumption (kWh m3)  4.81 4.15 8.08 3.66

Table 5 Summary of the results obtained at a distance of 32 cm between
electrodes. Starting concentration of diclofenac equal 100 ppm; current:
20 mA except the test done at 49 V which was done at 17.55 mA; flow rate:

9.35 L min™.
Run 1 2 3 4
Na,SO, (gL") 0 0 0.1 0
Potential (V) 60 49 36 9
Current (A) 0.02 0.01755  0.02 0.02
Kinetic contants (h'") 0.03 0.012 0.03 0.012
Time (90% removal)(h) 76.75  191.88  76.75  191.75
Energy consumption (kWh m) 7.08 12.69 4.25 2.65

Table 6 Summary of the results obtained at a distance of 32 cm between
electrodes. Starting concentration of diclofenac equal 100 ppm; current: 0.1A
except the test done with 0.1 g L' de Na,SO, which was done at 0.01 A :

9.35 L min™".
Run 1 2 3
Na,SO, (g L") 0.1 1 0
Potential (V) 62 25 119
Kinetic contants (h) 0.034 0.056 0.036
Time (90% removal)(h) 63.96 42.64 63.96
Energy consumption (kWh m?)  6.10 1.60 11.70

The comparison of the results obtained under different con-
ditions indicates that there are optimum conditions of opera-
tion (near to a 1 g I'! of sulfate salt; 46 cm of inter-electrode

gap) and it can be seen that to promote the reactivity of the
semiconductor porous mass the cell potential must be as high
as is attainable (limited by Ohm’s law) and the best way to
accomplish this is to increase the distance between the elec-
trodes rather than diminishing the salt content.

3.2 Parallel plate electrochemical reactor

The more classical electrochemical reactor, the parallel plate
reactor, was operated under galvanostatic conditions at con-
stant salt content of 1 g L', varying the flow rate and imposed
current. Fig. 7 shows that an increase in the flow rate favors
the removal of diclofenac. The lowest energy consumption was
30 kJ obtained operating at a flow rate of 62 L min' and 2.4 A
(resulting cell voltage of 4.2 V).

Residual concentration (Ca/Ca0)

0.4 T T T T . '
0 20 40 G0 80 100 120
Time (min)

Fig. 7 Evolution of residual diclofenac concentration in a parallel plate
electrochemical reactor. Initial diclofenac concentration: 100 ppm; Na,SO,:
1 g L'; flow rate: 62 L min™' and current 2.4 A (diamonds); flow rate:
62 L min"' and current 3.2 A (triangles); flow rate: 31 L min™' and current 2.4 A
(circles); flow rate: 31 L min"' and current 3.2 A (asterisks); flow rate: 6 L min™!
and current 2.4 A (squares); flow rate: 6 L min™ and current 3.2 A (crosses).

Fig. 8 shows that there is an optimum between the current
and the removal rate, as the process is limited by diffusion of
diclofenac to the anode and not by the reaction at the anode
surface. The optimum condition must therefore be close to the
diffusion limiting current.

80 -
60 |
40 -

20

(%) removal

0 T T T T T |

Current (A)

Fig. 8 Diclofenac removal versus applied current in a parallel plate electro-

chemical reactor. Flow rate 62 L min™'; Na SO, concentration: 1 gL*

Table 7 summarizes all the results obtained in this reactor.
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Table 7 Summary of the results obtained in a parallel plate electrochemical reactor. Starting concentration of diclofenac equal 100 ppm, Na,SO,= 1 g L.

Run Flow rate Potential Current Time (90% removal) Energy consumption
(L/min) V) (A) (h) kWh/m?
1 62 42 3.09 5.48 3.55
2 6 43 3.2 12.79 8.79
3 62 3.2 1.3 5.48 1.13
4 6 33 1.3 38.37 8.23
5 31 3.7 2.26 9.59 4.00
6 31 3.8 2.26 6.39 2.74
7 62 42 2.26 6.39 3.03
8 62 43 243 5.48 2.86
9 62 4.6 2.6 5.48 3.27
10 62 4.1 2.77 6.39 3.62
11 62 42 2.94 7.67 4.73
12 62 4.7 3.11 7.67 5.60

3.3 Comparison between bipolar packed-bed
electrochemical reactor and Parallel plate
electrochemical reactor

As possible to observe from the results, the kinetics of degra-
dation is rather superior in the case of the parallel plate reactor
which needs lower electrolysis time to reach higher degrada-
tion rate, however, a completely different scenario appear if the
result were analyzed in terms of specific energy consumption.

The results obtained for Diclofenac oxidation in the two elec-
trochemical reactors were compared in terms of specific energy
consumption and are shown in Fig. 9. The calculations were
made considering the experimentally determined kinetics and
the energy consumption needed for the same abatement rate in
both reactors modality. This comparative figure also includes the
results of an analogous advanced oxidation process available in
the literature [19]. In this comparison it can be seen that only the
process comprising UV irradiation and the use of hydrogen per-
oxide (Photo-Fenton) presents energy costs that are comparable
with the values determined in this study. An important consider-
ation here is that the energy consumption reported using a Photo-
Fenton process is related to the UV lamp and does not consider
the cost of the hydrogen peroxide (which is relatively high).
With regard to the result obtained under the best conditions of
the two electrochemical reactors it can be seen that the differ-
ences are negligible. Therefore, the use of the electrochemical
reactor based on a bipolar electrode may be competitive with the
classical parallel plate reactor only when operational conditions
are appropriate to its use i.e. low level of salt content in the efflu-
ent or availability to generate high voltage and low electric cur-
rent, or when there is a need to treat wastewater with a high level
of chloride and to avoid chlorinated organic compound by-prod-
ucts, since with the porous semiconductor mass only hydroxyl
radicals from dissociative adsorption of water occurs and the
electrode potentials do not allow chlorine generation paths [17].

100
= Energy Cost (kWh/m3)

18
16
. 14
80 12
1
08
06
60 0.4
: O
o
Bipolar Reactor  Parallel Plate  UV/H202 (Azoic
(Diclofenac) Reactor coloring)
40 (Diclofenac)
20 l
0

UV/H2ZO02 (Azoic UV/US/H202
colormg) (trichloroethylene)

Energy cost (KWh/m3)

Bipolarreactor
(diclofenac)

Parallel plates
reactor
{diclofenac)

Sono fenton
(phenol)
Advanced oxidation process (AOP)

Fig. 9 Comparison of energy costs between electrochemical reactors and
conventional oxidation processes [19]. Insert: close-up of the same results.

4 Conclusions

A novel electrochemical reactor was operated in continuous
mode oxidizing dissolved pharmaceutical bio-refractory mole-
cules (Diclofenac). The comparative results show that high cell
potential attained with increased electrode distance favors the
activity of the semiconductor porous mass placed between the
electrodes. A solution of 100 mg L' of diclofenac is oxidized
effectively with minimum specific energy consumption (under
the best conditions tested) of 1.6 kWh m, which is compara-
ble to the performance of other advanced oxidation processes.
Similar results can be obtained using a parallel plate reactor
(using the same electrode materials) however the two different
reactor typology may answer different operative needs.
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