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Abstract The production of table olives is a significant eco-
nomic activity in Mediterranean countries. Table olive pro-
cessing generates large volumes of rinsing water that are char-
acterized by high organic matter and phenol contents. Due to
these characteristics, a combination of more than one technol-
ogy is imperative to ensure efficient treatment with low oper-
ational cost. Previously, biological filters were combined with
electrooxidation to treat table olive washing water. Although
this combination was successful in reducing pollutant loads,
its cost could be further reduced. Constructed wetlands could
be an eligible treatment method for integrated table olive
washing water treatment as they have proved tolerant to high
organic matter and phenol loads. Two pilot-scale horizontal
subsurface constructed wetlands, one planted and one
unplanted, were combined with a biological filter and
electrooxidation over a boron-doped diamond anode to treat
table olive washing water. In the biological filter inlet, chem-
ical oxygen demand (COD) concentrations ranged from 5500
to 15,000 mg/L, while mean COD influent concentration in
the constructed wetlands was 2800 mg/L. The wetlands
proved to be an efficient intermediate treatment stage, since
COD removal levels for the planted unit reached 99 % (mean
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70 %), while the unplanted unit presented removal rates of
around 65 %. Moreover, the concentration of phenols in the
effluent was typically below 100 mg/L. The integrated trick-
ling filter-constructed wetland-electrooxidation treatment sys-
tem examined here could mineralize and decolorize table olive
washing water and fully remove its phenolic content.

Keywords Constructed wetlands - Electrooxidation -
Table olive washing water - Hydraulic residence time -
Phenols - Biological filter

Introduction

The annual global production of table olives is estimated at
approximately 1.5 million tons (Kyriacou et al., 2005;
International Olive Council, 2002), with the majority based
on Mediterranean countries (mostly Spain, Italy and Greece)
(Beltran-Heredia et al., 2000). Table olives can be classified
into three types based on their colour, green, black and black,
through oxidation (Beltran-Heredia et al., 2000). In Greece,
the annual table olive production is estimated at 45,000 tons of
black olives and 20,000 tons of green olives that are processed
in approximately 75 factories (Kyriacou et al., 2005;
Kopsidas, 1992). Table olive processing wastewater
(TOWW) is a serious environmental threat due to its seasonal
production and its high organic and phenolic loads (Kotsou
etal., 2004). Typical characteristics of TOWW include a wide
range of pH values (from 3.6 to 13.2), high loads of suspended
solids (0.03—0.4 g/L) and high organic matter content (BODs
0f 0.1-6.6 g/L and chemical oxygen demand (COD) of 0.3—
16.2 g/L) (Kotsou et al., 2004; Kopsidas, 1992).

TOWWs are usually retained in evaporation ponds, caus-
ing bad odours and in some cases surface and groundwater
pollution (Beltran-Heredia et al., 2000). However, in recent
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years, a great variety of treatment methods have been tested to
treat TOWW, including the following: aerobic degradation
systems (Benitez et al., 1997), anaerobic digestion (Borja
et al., 1993; Wheatley, 1990), ozone oxidation (Rivas et al.,
2000), Fenton oxidation (Rivas et al., 2003), a combination of
UV radiation and hydrogen peroxide, as well as photo-Fenton
(Benitez et al., 2001), and combined biological and chemical
treatments (Kotsou et al., 2004; Benitez et al., 2001; Rivas
etal., 2001; Beltran-Heredia et al., 2000; Benitez et al., 1997).

Biological methods have been recognized as inexpensive
and effective processes (Kotsou et al., 2004). Although aero-
bic biological treatment methods are more efficient, these pro-
cesses are limited by the unbearable cost of the continuously
provided mechanical aeration. However, recent research has
shown that trickling filters can successfully aerobically de-
grade COD and phenols from olive mill and table olive mill
wastewater at relatively low cost (Tatoulis et al., 2016;
Michailides et al., 2011). Constructed wetlands are also con-
sidered a promising technology to treat wastewater due to
their low cost, simple operation and maintenance, and
favourable appearance (Shutes, 2001). Although constructed
wetlands have been used to treat a variety of wastewater, until
now, only a few attempts to treat olive mill wastewater have
been published (Gikas et al., 2013; Herouvim et al., 2011;
Kapellakis et al., 2012; Bubba et al., 2004). Both trickling
filters and constructed wetlands are biological systems that
do not require mechanical aeration.

The concept of coupling chemical and biological methods
for industrial wastewater treatment has been recognized as a
promising approach for effluents that cannot be treated effec-
tively by single processes (Comninellis et al., 2008). Industrial
effluents usually contain high concentrations of several organ-
ic pollutants, including biodegradable, biorecalcitrant and tox-
ic fractions; in this respect, the manner in which processes can
be coupled is case-specific. In recent years, advanced electro-
chemical oxidation processes have been tested for wastewater
treatment as a single process or a part of process integration
(Martinez-Huitle et al., 2015; Radjenovic and Sedlak, 2015;
Ganzenko et al., 2014). In the case of agro-industrial effluents
that usually contain biodegradable fractions, electrochemical
oxidation is used as a post-treatment step to polish the final
stream prior to discharge. The efficiency of hybrid systems
comprising aerobic/anaerobic biological treatment followed
by electrochemical oxidation over boron-doped diamond an-
odes has been demonstrated for the treatment of cheese whey
(Katsoni et al., 2014a), olive pomace leachate (Katsoni et al.,
2014b; Grafias et al., 2010) and table olive wastewater
(Tatoulis et al., 2016).

The aims of this work were to study the effectiveness of
pilot-scale horizontal subsurface flow (HSF) constructed wet-
lands on TOWW treatment in a Mediterranean climate and
optimize a hybrid system for TOWW treatment. TOWW
was pre-treated by a biological trickling filter, while effluent
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from the constructed wetlands was post-treated using
electrooxidation. In this way, pollutant concentration was re-
duced further before effluent reuse or disposal, and operation
cost was minimized. The combination of two low-cost biolog-
ical methods (a trickling filter and a constructed wetland) will
further increase biological pollutant reduction at minimal cost.
In addition, the lowered pollutant load will reduce the opera-
tional cost of the electrooxidation polishing stage.

Materials and methods
Description of the biological filter

TOWW was first treated in a pilot-scale biological filter
(Tatoulis et al. 2016), which had a working volume of 6 L
and was operated as a sequencing batch reactor with recircu-
lation (draw-fill mode) of 0.5 L/min. Final dissolved COD
concentrations in the filter effluent ranged from 500 to
4000 mg/L, depending on initial COD concentrations (i.e.
5500, 7500 and 15,000 mg/L), and total phenol effluent con-
centrations ranged from 100 to 500 mg/L (Tatoulis et al.,
2016).

Description of pilot-scale constructed wetland units

Two identical pilot-scale HSF wetlands (Fig. 1) were con-
structed at the Department of Environmental and Natural
Resources Management, located in Agrinio, Western Greece.
The two units comprised high-density poly-ethylene (HDPE)
tanks with the following inner dimensions: 72 cm long, 33 cm
wide (surface area = 0.24 m?) and 35 cm deep. Both units
were filled with fine gravel (Dsy = 6 mm). One unit was
planted (OG-P) with common reeds (Phragmites australis)
obtained from local streams, and the other was kept unplanted
(OG-U) as the control. To achieve rapid vegetation growth,

Fig. 1 The pilot-scale constructed wetland units
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the OG-P unit was planted with three reed stems (12 reeds/
m?). Both pilot-scale units were equipped with inlet and outlet
hydraulic structures similar to those used in full-scale systems.
Wastewater inflowed through a perforated plastic pipe
(diffuser) placed across the entire width of the upstream side
of the tank. These diffusers were fastened onto the tank so that
they were perfectly horizontal, thus ensuring the uniform dis-
tribution of wastewater across the tank. The outlet was an
orifice (1/4 in. diameter) located at the base of the downstream
end of the unit, connected to a U pipe. The elevation of the
downstream end of this pipe, from which water overspilled,
controlled the downstream water surface level in the tank at
the upper surface of the porous medium (i.e. at about 35 cm).
Overspilled wastewater was collected in a 35-L plastic tank
for proper disposal. Void volume was estimated by draining
the tanks and measuring the water volume of each. Water
volume and mean porosity for OG-P were 13.5 L and 29 %,
respectively, and 14 L and 30 %, respectively, in the OG-U
unit. The units were operated from July 2014 to April 2015
with a hydraulic residence time (HRT) of 4 days, from May to
June 2015 with an HRT of 2 days and from July to November
2015 with an HRT of 8 days.

Electrooxidation experiments

Batch electrooxidation experiments were performed in a double-
walled, cylindrical glass vessel with a liquid capacity of 0.2 L. A
rectangular electrode (16 cm?) made of boron-doped diamond
was used as the anode and the cathode was made of stainless
steel. A control unit was used to keep the TOWW temperature
constant at 30 2 °C. It should be noted that the electrooxidation
experiments were conducted at lower current densities (between
16.1 and 125 mA/cm?) than in a previous study (Tatoulis et al.,
2016) because the effluent obtained from the OG-P wetland unit
had a mean COD value of just 450 mg/L.

Evapotranspiration assessment

Evapotranspiration (ET) was assessed on a daily basis. Each
morning the outlet storage tanks were emptied and the volume
of the treated wastewater was measured. The volume of the
wastewater introduced into the units was also measured on a
daily basis. Influent and effluent volumes, as well as precipita-
tion values, were then used to assess ET. During days of high
temperatures and solar radiation, ET values reached 15.5 L/day
(i.e. 13.6 mm/day), exceeded wastewater influent volumes and
lead to a reduction in unit water level. These high values of ET
lead to wastewater volume condensation and the overestima-
tion of effluent concentrations. Thus, it was imperative to cor-
rect effluent concentrations in terms of ET and precipitation to
prevent their under- or overestimation. Nevertheless, in real
conditions, high ET values will increase pollutant concentra-
tion but also decrease effluent volumes. For this reason, a post-

treatment stage (in this case electrochemical oxidation) is most
likely needed to bring the final effluent pollutant concentrations
within the legislation limits for disposal.

Water quality monitoring

Water samples were collected from the influent and the efflu-
ent sampling points of each unit with a frequency equal to the
HRT. pH, electrical conductivity (EC) and dissolved oxygen
(DO) were measured in situ. DO, pH and EC were measured
using a CONSORT C 835, multi-parameter analyzer.
Meteorological data were obtained from the meteorological
station of the National Observatory of Athens located in
Agrinio and for the entire operation period, the mean air tem-
perature was 19.2 °C and total precipitation was 1314 mm.
Dissolved COD was monitored measuring the absorbance
of the sample after dichromate digestion (HANNA instru-
ments C9800 reactor) at 150 °C for 2 h in the presence of
silver and mercury sulphates (closed reflux method) (APHA,
1989). The absorbance was measured by a HANNA C99
Multi-parameter bench photometer. Total organic carbon
(TOC) was measured by an Aurora 1030W analyzer (OI
Analytical). Total phenolic compounds (with respect to
syringic acid) were determined spectrophotometrically using
a Boeco (Germany, S-20) spectrophotometer, according to the
Folin-Ciocalteu method (Waterman and Mole, 1994).

Results and discussion
Constructed wetlands

Statistics (i.e. mean and standard deviation) of the physico-
chemical parameters measured in the influents and effluents of
both pilot-scale wetland units are presented in Table 1. Mean
pH values increased from 5.8 in the influent to approximately
6.4 in the effluent. This can be attributed either to biological
oxidation or the dilution of carbonate salts in the porous me-
dia. EC showed a slight increase in the effluent values of both
units due to the extensive ET, while DO concentrations de-
creased, as expected, due to microbial activity and pollutant
oxidation. Nevertheless, in most cases, DO concentrations
remained above 3 mg/L, indicating that aerobic conditions
prevailed in the pilot-scale wetlands.

Figure 2 presents time series charts for influent and effluent
concentrations of COD for the OG-P (planted) and OG-U
(unplanted) wetland units. Effluent concentrations were
corrected by removing precipitation and ET volumes. A trick-
ling filter was used to pre-treat the TOWW (Tatoulis et al.,
2016) before it entered the wetlands. Mean influent and efflu-
ent concentrations recorded in the OG-P were 2750 = 900 and
900 + 800 mg/L, respectively, and 2800 £ 940 and
1000 = 900 mg/L, respectively, in the OG-U unit. In both
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Table 1

Statistics of physicochemical parameters measured in the

influent and effluents of each pilot-scale constructed wetland unit

Parameter Planted (OG-P) unit ~ Unplanted (OG-U) unit
Influent  Effluent  Influent Effluent
pH Mean 5.81 6.47 5.80 6.41
SD 0.92 0.68 0.72 0.76
Min. 4.22 4.67 4.59 4.54
Max. 7.55 7.42 7.20 7.50
DO (mg/L) Mean 3.72 2.82 3.71 2.83
SD 1.50 1.59 1.72 1.80
Min. 1.85 1.73 2.05 1.33
Max. 7.70 9.09 7.73 10.10
EC (uS/cm) Mean 1368 1535 751 879
SD 2751 2822 1494 1550
Min. 10 7 10 7
Max. 9700 9730 6280 6200

DO dissolved oxygen, EC electrical conductivity, SD standard deviation,
Min. minimum, Max. maximum

units, COD effluent concentrations presented fluctuations,
which can be attributed to the following: (a) the initial wetland
commissioning phase (approximately the first 2 to 3 months
of operation), (b) HRT alteration, as wetland units need to
adjust to the new loads, (c) temperature decrease and plant
die off, which takes place mostly during winter months, and/
or (d) influent concentration fluctuations which can shock
constructed wetlands. As reported by Herouvim et al.
(2011), organic matter is mainly removed by aerobic or anaer-
obic processes, and this is verified in the present study as
organic matter removal in the planted (mean of 70 %) and
unplanted units (mean of 62 %) did not show any significant
differences (ANOVA p value = 0.678 > 0.05). Nevertheless,

a

5000

{ |—=— Influent

vegetation has a positive effect on organic matter removal as it
increases the available surface area for microbial growth and
dissolved oxygen concentrations. Furthermore, as reported in
previous studies (Herouvim et al., 2011; Akratos and
Tsihrintzis, 2007), the presence of vegetation in constructed
wetlands increases organic matter removal during winter
months when compared to non-vegetated wetland units.

Another crucial operational parameter for constructed wet-
lands is HRT, as minimum HRTs lead to smaller wetland sur-
face area requirements. Three different HRTs that have been
previously used for organic matter removal in HSF construct-
ed wetlands (i.e. 2, 4 and 8 days) were applied in the present
study (Sultana et al., 2016; Akratos and Tsihrintzis, 2007).
The effect of HRT on COD removal was assessed by
performing one-way ANOVA analysis in specific data sets,
where temperature values were not significantly different
(p = 0.007 > 0.05) and COD influent concentrations were
almost identical. For both units (OG-P and OG-U), the one-
way ANOVA results showed that an HRT of 2 days leads to
significantly lower (p = 0 for OG-P and OG-U) COD removal
efficiencies (48 % for OG-P and 40 % OG-U) compared to the
removal efficiencies achieved with an HRT of 4 days (95 %
for OG-P and OG-U). On the contrary, no significant differ-
ences (p = 0.376 for OG-P and 0.073 for OG-U) were record-
ed for HRTs of 4 and 8 days (90 % for OG-P and 78 % OG-U).
As reported by Sultana et al. (2016), an HRT of 4 days is
sufficient to safely remove organic matter when COD influent
concentrations are below 2500 mg/L.

COD removal is temperature dependent thus implying that
organic matter removal is mostly a result of aerobic and an-
aerobic bacterial activity (Akratos and Tsihrintzis, 2007), as
bacteria increase their function when air temperature rises. To
statistically assess the effect of temperature on COD removal,
the results obtained from experiments conducted with an HRT
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Fig. 2 Time series charts for COD removal in the a planted (OG-P) and b unplanted (OG-U) wetland units
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of 4 days were divided into two data sets (above and below
15 °C) (Sultana et al., 2016; Akratos and Tsihrintzis, 2007).
While temperature did not significantly affect the unplanted
unit (OG-U) (p = 0.678), the planted unit (OG-P) was signif-
icantly affected by temperature (p = 0.026). The dependence
of COD removal efficiency on influent concentration ob-
served in these experiments was expected, since microbes
cannot degrade very high organic matter concentrations and,
at the same time, reeds cannot provide the oxygen concentra-
tions needed to degrade all the organic matter. The data, there-
fore, imply that in these pilot-scale constructed wetlands, or-
ganic matter was removed by microbial activity.

One of the main pollution issues associated with olive pro-
cessing is the presence of phenols, which have rather toxic
effects on the environment. Figure 3 presents time series charts
for phenol influent and effluent concentrations in the OG-P and
OG-U units, respectively. Both units seem to be rather effective
at removing phenols as mean removal efficiencies were 78 and
75 % for OG-P and OG-U. Fluctuations in effluent concentra-
tions seem to follow fluctuations in influent concentrations
(Fig. 3). Similar to COD removal, the effect of HRT on phenol
removal was also assessed using one way-ANOVA and respec-
tive data sets (described above). Although phenol influent con-
centrations fluctuated greatly, especially when pilot-scale units
operated under 8-day HRTs, effluent concentrations remained
stable and were not affected by HRT alterations (OG-P-
p =0.06; OG-U-p = 0.387), thus indicating that CW units can
achieve stable operation.

Electrooxidation post-treatment
Effluents from the constructed wetlands with relatively low

COD concentrations (i.e. when operated with an HRT of
8 days) were post-treated by electrooxidation in order to
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remove residual pollutants before final disposal. For that pe-
riod, the mean concentrations of COD and total phenols re-
corded in the effluents were 450 and 85 mg/L, respectively.
Figure 4a shows the effect of the applied current density on
COD removal. Almost complete COD removal (i.e. 94 %)
was achieved after 90 min of electrooxidation at 62.5—
125 mA/cm? and this decreased to 76 and 67 %, respectively,
when the two lower densities of 31.2 and 16.1 mA/cm? were
applied. Since the permissible COD discharge limit for indus-
trial effluents is 125 mg/L (Gazette of the Government (GR)
2011/354B), this value can be achieved after 45 min of
electrooxidation at 62.5 mA/cm? (indicated by the dashed line
in Fig. 4a). In addition to COD removal, fast decolourization
occurred between 45 and 60 min for all the currents tested
(Fig. 4b). When effluent from the trickling filter was fed
directly into the electrooxidation unit, the time needed to
achieve the permissible discharge limit ranged between 60
and 240 min at 187-250 mA/cm’ (Tatoulis et al., 2016), de-
pending on the efficacy of the trickling filter’s operation.

Figure 5 shows COD evolution profiles at different initial
COD concentrations during electrooxidation at 62.5 mA/cm?.
This was performed by diluting a sample (COD concentration
of 450 mg/L) obtained from the planted wetland unit (OG-P)
with water. Shorter treatment times were needed to achieve
complete removal at lower initial concentrations, i.e. for the
run at 220 mg/L COD, 15-30 min sufficed to bring the efflu-
ent to the permissible discharge limit. The evolution of TOC is
also given in Fig. 5 for the undiluted experiment. The fact that
the extent of mineralization (i.e. 76 %) after 90 min is lower
than COD removal (i.e. 94 %) implies that the remaining
organic matter is highly oxidized.

Anodic oxidation over non-active boron-doped diamond
electrodes is characterized by improved mineralization rates
compared to active anodes. This is ascribed to the fact that the
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Fig. 3 Time series charts for phenol removal in the a planted (OG-P) and b unplanted (OG-U) wetland units
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Fig.4 Effect of current density on a COD removal and b decolourization from an OG-P wetland unit effluent sample with an average COD of 450 mg/L
(dashed line, permissible Hellenic COD discharge limit of 125 mg/L for industrial/municipal effluents)

electrogenerated hydroxyl radicals are weakly adsorbed onto
the anode surface, and, therefore, they are available to oxidize
the organic matter to carbon dioxide and water (Martinez-
Huitle et al., 2015; Comninellis et al., 2008). To assess the
technical feasibility of electrooxidation, figures-of-merit such
as the average current efficiency (ACE), the specific energy
consumption (SEC in kWh/g COD removed) and the electric
energy per order (E, in kWh/m®) can be employed as follows
(Radjenovic and Sedlak, 2015; Bolton et al., 2001):

COD,—COD,
ACE=—""""""fy 1
81t (1)

103Ut
SEC = 2
3600(CODy—COD, )V 2)

103Ut

Eo=————C0D, (3)

3600Vlog COD

where COD, and COD; (in mg/L) correspond to concentra-
tions at = 0 and ¢ = ¢ (seconds), respectively, / is the applied
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Fig. 5 Effect of initial COD on its removal for an OG-P CW effluent at
62.5 mA/cm2. For the run at the higher initial COD, the respective TOC
profile is also shown in secondary axis (indicated by the arrow)
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current (A), U is the applied voltage (V), F' is the Faraday
constant (96,487 C/mol) and V'is the liquid volume (m>).

At the conditions where the permissible COD discharge
limit is attained (i.e. ACOD = 314 mg/L, I =1 A,
U=27.9Vand t=2700s), an ACE value of 28 % is computed
from Eq. (1), implying that other electrochemical reactions,
such as oxygen evolution, occur concurrently with COD re-
duction. This said, the cost of removing 1 g of COD is com-
puted to just 1.7 Euro cents according to Eq. (2) and taking
into account that the average cost of energy for industrial use
in Greece is 0.05 €/kWh. On the other hand, the cost of
electrooxidation would rise to about 3 Euro cents per gramme
of COD removed in the absence of a constructed wetland step
(Tatoulis et al., 2016). The operational cost of the biological
filter per unit volume of effluent treated has been estimated at
0.09 Euro/m’ (Michailides et al., 2011), while the operational
cost of constructed wetlands is negligible. Conversely, the cost
for electrooxidation increases by two orders of magnitude
(i.e., 9.5 Euro/m?) according to Eq. (3).

The proposed trickling filter-wetland-electrooxidation
hybrid system

Based on the results derived from this work, as well as the
results obtained when the biological filter was coupled only
with electrooxidation (Tatoulis et al., 2016), a flexible hybrid
system is proposed for the treatment of table olive washing
water (TOWW). This system comprises a biological filter, a
horizontal subsurface flow (HSF) constructed wetland and
electrooxidation. As a rule of thumb, each of the three sequen-
tial stages should achieve a COD decrease by an order of
magnitude. Specifically, the system may consist of the
following:

1) A biological trickling filter with mixed, aerobically grown
indigenous cultures which is capable of treating TOWW
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with initial COD concentrations of up to 15 g/L (Tatoulis
et al., 2016). The efficiency of the filter depends on the
type of operating mode (i.e. batch or sequencing batch
operation with recirculation) and on the hydraulic reten-
tion time. However, decolourization cannot be achieved
even under the most favourable conditions when COD
effluent is as low as 0.5 g/L. Therefore, a suitable post-
treatment step should be applied to improve the quality of
the final discharge in terms of residual pollutant content
(Tatoulis et al., 2016).

2) HSF constructed wetlands can be used as an intermediate
polishing step for the biologically pre-treated TOWW.
The use of constructed wetlands prior to electrooxidation
leads to a final polishing step that can operate at mild
currents and short treatment times.

3) Electrochemical oxidation is deemed suitable as a
polishing step to decolourize the effluent and lower the
final COD value to under the permissible limit of
125 mg/L for municipal and industrial effluents (Gazette
of the Government (GR) 2011/354B). Although
electrooxidation over a boron-doped diamond anode can
treat biologically pre-treated effluents at concentrations of
2-5 g/LL COD, this would require several hours at high
current densities (up to 250 mA/cmz); thus, its combina-
tion with a biological filter and a constructed wetland may
reduce the overall treatment cost.

Conclusions

A novel integrated TOWW treatment system is proposed,
comprising a biological filter, an HSF constructed wetland
and electrooxidation. This combination can fully mineralize
and decolourize TOWW, which can then be safely disposed.
Although a biological filter and electrooxidation have been
successfully combined for TOWW treatment in the past
(Tatoulis et al., 2016), their combination with constructed wet-
lands is likely to reduce the treatment cost of electrooxidation
from up to 3 Euro cent per gramme of COD removed to 1.7
Euro cent per gramme of COD removed. Nevertheless, con-
structed wetlands have high surface area requirements; thus,
when land availability is limited, the combination of a biolog-
ical filter only with electrooxidation will be favoured.
Constructed wetlands were used to treat TOWW for the first
time and from these initial pilot-scale experiments, it can be
concluded that:

HSF wetlands treating TOWW achieved significant COD
(70 and 62 % for the OG-P and OG-U units, respectively) and
total phenol (78 and 75 % for the OG-P and OG-U units,
respectively) removal. COD removals are further enhanced
(90 and 78 % for the OG-P and OG-U units, respectively)
when HRTs are longer than 4 days.

The similar removal efficiencies recorded between the
planted and unplanted wetland units indicate that organic mat-
ter was mainly removed by biological processes.
Nevertheless, the presence of plant vegetation did slightly
increase COD removal, thus proving the positive effect of
vegetation on constructed wetland operation.
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