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Abstract: In this work, a sand filtration-activated carbon adsorption system was evaluated to re-
move the fungicide content of a biologically treated effluent. The purification process was mainly
carried out in the activated carbon column, while sand filtration slightly contributed to the improve-
ment of the pollutant parameters. The tertiary treatment system, which operated under the batch
mode for 25 bed volumes, resulted in total and soluble COD removal efficiencies of 76.5 4+ 1.5%
and 88.2 £ 1.3%, respectively, detecting total COD concentrations below 50 mg/L in the permeate
of the activated carbon column. A significant pH increase and a respective electrical conductivity
(EC) decrease also occurred after activated carbon adsorption. The total and ammonium nitrogen
significantly decreased, with determined concentrations of 2.44 & 0.02 mg/L and 0.93 + 0.19 mg/L,
respectively, in the activated carbon permeate. Despite that, the initial imazalil concentration was
greater than that of the fludioxonil in the biologically treated effluent (i.e., 41.26 & 0.04 mg/L ver-
sus 7.35 £ 0.43 mg/L, respectively). The imazalil was completely removed after activated carbon
adsorption, while a residual concentration of fludioxonil was detected. Activated carbon treat-
ment significantly detoxified the biologically treated fungicide-containing effluent, increasing the
germination index by 47% in the undiluted wastewater or by 68% after 1:1 v/v dilution.

Keywords: activated carbon adsorption; sand filtration; detoxification; postharvest fungicides;
imazalil; fludioxonil

1. Introduction

Tertiary treatment systems are based on the application of a wide range of phys-
ical and chemical methods to completely remove various recalcitrant pollutants from
activated sludge secondary effluents [1,2]. Physical methods include sand filtration, ultra-
filtration (UF), nanofiltration (NF), desalination (reverse osmosis) and activated carbon
(AC) adsorption [3], while coagulation and flocculation, ultraviolet disinfection, ozonation,
photocatalysis and other advanced oxidation methods are well-known chemical treat-
ment approaches [4,5]. Sand filtration and activated carbon adsorption are considered
eco-friendly approaches, since no chemicals are required to remove the pollutants.

Sand filtration has been recognized as one of the most widely used physical methods
in tertiary wastewater treatment, resulting in high suspended solids removal at a low
cost [6]. The treatment efficiency depends on the hydraulic loading rate, which varies from
0.05 to 0.4 m/h [7]. Previous studies have shown that treatment of secondary effluents with
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a slow sand filtration process results in reduced suspended solids compared with the rapid
filtration process [1,8]. In addition, the implementation of slow sand filtration reduces the
need for backwashing. Thus, the low capital and operating cost as well as the easiness and
simplicity of handling and maintenance are the main advantages of slow sand filtration [1].

Over the last few decades, activated carbon adsorption has been widely used in the
tertiary treatment of wastewaters [9,10]. The advantages of the activated carbon process are
the high active area and porosity of the activated carbon and its high adsorption capacity
for a wide range of pollutants [11]. Activated carbon can remove low molar mass pollutants
(<300 Da) [12,13]. Among the various forms of activated carbon, granular activated carbon
(GACQ) is the most common type used for the tertiary treatment of municipal [13] and
industrial [14] wastewaters. The effectiveness of adsorption depends on the GAC’s specific
sorption capacity, the dose and the chemical properties of the activated carbon and the
composition of the effluents [10,15].

Activated carbon adsorption processes effectively remove recalcitrant and toxic com-
pounds, including heavy metals [16], alkylphenols, bisphenol A [17], aromatic hydrocar-
bons [18,19], pharmaceuticals [20,21] and pesticides [14] from wastewaters. However, it
was only recently that activated carbon adsorption processes were applied for removing
fungicides from agro-industrial effluents [22,23]. Crini et al. [23] reported removal efficien-
cies of triazole fungicides greater than 99% by filtration through both powder and granular
activated carbon. Sarker et al. [24] reported high adsorption efficiency of benzotriazole and
benzimidazole in three different types of activated carbon.

The quality of the discharged effluents of industrial wastewater treatment plants must
comply with EU wastewater regulations, whereby residual toxic, bio-accumulative or
persistent pollutants, such as fungicides, must be removed [25]. This goal is often achieved
through the design and implementation of effective tertiary treatment methods, enabling
the safe discharge of treated effluents in natural water bodies. Fruit-packing industries
generate wastewaters characterized by high levels of fungicides, with fludioxonil, imazalil
and thiabendazole being the most common fungicides used in this sector. These fungicides
are used to protect fruits like citrus, pomes, bananas and berries from infections at the
postharvest level caused by plant pathogens, such as Alternaria, Botrytis and Penicillium
spp- [26,27]. The concentration of these fungicide-rich effluents could range from 20 to
100 mg/L [28], while their initial concentration levels in the solutions used for treatment of
fruits are 200 mg/L and above. Apart from the demanding biological treatment methods
that should be applied for the depuration of such wastewaters, their discharge effluents
should be further treated at the tertiary level to remove residual pesticides and therefore
meet the legislation limits.

Moreover, tertiary treatment systems can boost irrigated agriculture, reducing YJR
water footprint and ameliorating the environmental impact of wastewater disposal [29].
Such treatment approaches can be considered useful tools to meet the criteria enacted
by EU regulation 2020/741 regarding irrigation uses of treated wastewaters [30]. Thus,
the implementation of low-cost and high-efficiency tertiary treatment methods, like sand
filtration and activated carbon adsorption, can allow direct environmental discharge or
irrigation uses of the fungicide-rich wastewaters generated by the fruit-packing industry.

In this study, a treatment system consisting of sand filtration and activated carbon
adsorption column is evaluated as a tertiary treatment system for the removal of residual
imazalil and fludioxonil concentrations from the biologically treated effluents of a fruit-
packaging plant.

2. Materials and Methods
2.1. Description of the Sand Filter-Activated Carbon Column System

A laboratory-scale sand filter and an activated carbon column of a 5 L working volume
each were installed and operated in series for the tertiary treatment of biologically treated
wastewater containing residual concentrations of fludioxonil and imazalil (Figure 1). The
sand and activated carbon columns were cylindrical and made of opaque plexiglass. Each
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column had a 14 cm internal diameter and 30 cm usable height. The sand filter was filled
with 4 cm of gravel on the bottom and 26 cm of quartz sand above the gravel layer. The
AC column was filled successively from the bottom to the top with gravel (4 cm in height),
quartz sand (3 cm in height) and granular activated carbon (23 cm in height). In the sand
column, the secondary effluent was moved downward, and the treated filtrate was directed
from the bottom to the top of the activated carbon column.

Sand column AC column

3cm quartl;sand 1

4 cm gravel

Figure 1. The laboratory-scale sand-activated carbon (AC) system consisting of quartz sand (A)
and granular AC (B) used for the tertiary treatment and detoxification of a biologically treated
fungicide-containing wastewater.

2.2. Sorbent Materials and Operating Conditions

Quartz fine sand and granular activated carbon SILCARBON K835 were used as the
filter and sorbent materials and were purchased from SIBELCO Filcom BV and TEMAC
company, respectively. Their physicochemical properties are presented in Table 1. The
organic and other contaminant adsorption of the granular AC SILCARBON K835 was
higher than any commercial carbon due to the combination of a high bulk density and

the large internal surface area. The filtration and adsorption processes were performed at
22 °C.

Table 1. Physicochemical properties of quartz sand and granular activated carbon.

Parameter Quartz Sand Parameter Granular AC
Grain shape Sub-angular Bulk density 500 =+ 25 kg/m?>
Aqueous solution pH 5-8 Effective size 1.2-2.2 mm
Relative density 2-3g/ cm? Ash content <5%
Melting point >1610 °C Iodine number 1050 mg/g min
Effective size 2-3.5 mm Surface area 1050 m?/ g
Color White Dechlorination half-value length <5 cm
Content 96% Si0O, Hardness 98%
Respirable quartz <1% Activation method Steam
Solubility in water Negligible Humidity 5%

The sand filtration-activated carbon adsorption system was operated under the batch
mode, and analyses of five (5) individual samples of 15 L each were carried out, corre-
sponding to 25 bed volumes in total. During system operation, the hydraulic loading rate

was set at 0.024 and 0.016 m/h for the sand and activated carbon column, respectively.
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The sand and activated carbon were washed with distilled water prior to filtration of the
biologically treated fungicide-containing wastewater. Due to the low concentration of
suspended solids in the biologically treated effluent, no clog-up or deposit formation of
sand or the AC column occurred during infiltration.

2.3. Analytical Methods and Phytotoxicity Test

To evaluate the performance of the tertiary filtration processes, all physicochemical
parameters were determined according to the “Standard Methods for the Examination of
Water and Wastewater” [31]. The pH and electrical conductivity (EC) were determined by
using a Hanna HI 98191 pH meter and a Crison CM35 conductivity meter, respectively.
The concentrations of the total Kjeldahl nitrogen (TKN) and ammonium nitrogen (NH4*-N)
were assessed by employing the Kjeldahl and steam distillation methods, respectively,
whereas the nitrates and nitrites were estimated through filtration in a Cd-copperized col-
umn and colorimetric estimation of the absorbance at 453 nm by using a sulfanilamide/(1-
naphthyl) ethylenediamine-dihydrochloride indicator [31]. The turbidity was estimated
in the activated carbon permeate by using a Hach 2100Q IS portable turbidimeter. Es-
cherichia coli counts were determined after 0.45-um filtration of 100 mL of activated carbon
permeate and incubation of the membrane filter culture on Chromocult Coliform Agar
plates at 44 °C for 24 h.

The determination of the fungicides’ imazalil and fludioxonil was performed in an
HPLC-PDA system (ECOM, Czech Republic) equipped with a C18 250 x 4.6 mm column
(Fortis, UK), where acetonitrile/HO 75:25, v/v was used as the mobile phase at a constant
flow rate of 0.8 mL/min [32]. The fungicides’ concentrations were determined via an
external calibration curve constructed by analysis of a series of standard solutions of
the two analytes. The limits of detection and quantification were 0.25 and 0.5 mg/L,
respectively, for both fungicides, and the method showed linearity in a concentration range
of 0.5-20 mg /L (R? of 0.9977 and 0.9993 for fludioxonil and imazalil, respectively).

The seed germination index (GI) was used as an estimation of the reduction in the tox-
icity of the treated effluents. Hence, the biologically treated fungicide-containing effluent,
either undiluted or diluted at 1:1 v/v, the sand filtration and the activated carbon-treated
effluents were used to determine the seed GI. In particular, a total of 25 organic tomato
seeds were placed in a Petri dish containing three layers of filter paper and moistened
with the biologically treated fungicide-containing effluent, the sand or the activated carbon
permeate, as appropriate. The GI was estimated under the tested experimental setups after
5 days of incubation at 24 °C.

2.4. Wastewater Characteristics

The sand column was first fed with biologically treated fungicide-containing wastew-
ater derived from the effluent of a fixed-bed bioreactor, while the activated carbon column
was fed with the filtrate obtained from the sand column. Each column was evenly fed
once in every cycle of experiments. The main physicochemical characteristics of the bio-
logically treated fungicide-containing wastewater were as follows: total chemical oxygen
demand (COD), 209 £ 4.3 mg/L; soluble COD, 181 £ 5.6 mg/L; 5-day biochemical oxy-
gen demand (BODs), 2 mg/L; pH, 6.8 &+ 0.01; EC, 4.06 £ 0.01 mS/cm; total suspended
solids, 24 +£ 2 mg/L; TKN, 7.65 £ 0.19 mg/L and NH4*-N, 1.77 £ 0.09 mg/L. No ni-
trates or nitrites were detected in the biologically treated fungicide-containing wastewater.
The total nitrogen (TN) was determined as the sum of the TKN, NO3™-N and NO, -
N concentrations. The biologically treated fungicide-containing wastewater contained
41.3 + 0.04 mg/L of imazalil and 7.4 = 0.43 mg/L of fludioxonil.

2.5. Statistical Analyses

Analysis of variance (ANOVA), using Ducan’s multiple range test, was conducted
to identify statistically significant differences in the pollutant parameters and in the ger-
mination indices prior to and after sand filtration and activated carbon adsorption. The
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Student’s t-test at p < 0.05 or p < 0.01 was employed to evaluate the removal efficiencies
after sand filtration and activated carbon adsorption.

3. Results and Discussion
3.1. Evaluation of the Tertiary Treatment System’s Ability to Remove Macronutrients from the
Biologically Treated Fungicide-Containing Effluent

Regarding the removal of organic matter, the total COD was significantly reduced
from 209 £ 4.3 mg/L in the biologically treated fungicide-containing wastewater to
177 £ 21 mg/L and 49.1 & 2.1 mg/L in the permeate of the sand filter and activated
carbon column, respectively (Figure 2). Moreover, the soluble COD was significantly de-
creased from 181 + 5.64 mg/L in the biologically treated effluent to 151 & 2.1 mg/L in the
sand filtrate, whereas the respective value in the permeate of the activated carbon absorbent
was extremely low (21.3 &= 2.1 mg/L (Figure 2)). Both the total and soluble COD removal
efficiencies in the sand filter were similar and relatively low, being equal to 15.3 £ 1.5% and
16.4 & 1.8%, respectively (Figure 2). However, the COD was effectively removed in the ac-
tivated carbon column, showing total and soluble COD removal efficiencies of 76.5 + 1.5%
and 88.2 & 1.3%, respectively (Figure 2). Reynoso Varela et al. [33] reported an improve-
ment of COD removal during the addition of granular activated carbon in the mixed
liquor of a sequence batch reactor (SBR) system treating wastewater containing 4 mg/L
endosulfan. The highest COD removal efficiency was clearly observed in the activated
carbon column treatment. This indicates the high contribution of activated carbon to the
removal of organic load compared with that of the sand filter. Mohammad-pajooh et al. [34]
reported COD removal efficiencies of up to 75% after adsorption of treated landfill leachate
in the granular activated carbon. On the other hand, the removal of dissolved organic
carbon by approximately 16% in the sand filter may be attributed to the slow hydraulic
loading rate applied [7]. Moreover, the total suspended solids (TSS) were equal to 24 and
22 mg/L in the biologically treated wastewater and the sand filtrate, respectively, which
were then reduced greatly to 4 mg/L in the activated carbon permeate, complying with the
threshold limit for unrestricted irrigation (EU regulation 2020/741) [30]. In addition, the
turbidity in the activated carbon permeate was 1.55 &= 0.03 FNU (formazin nephelometric
units), meeting the legislation limit set by EU regulation 2020/741. No E. coli was detected
in the permeate of the activated carbon column.
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Figure 2. Total and soluble COD concentrations during processing of the biologically treated
fungicide-containing effluent through the sand filter and the activated carbon adsorption column
system. For each measured parameter, bars designated by the same letter are not significantly
different at the 5% level.

The high electrical conductivity value of the biologically treated fungicide-containing
effluent was due to the addition of a salt and trace element solution in the fungicide-
containing wastewater, which was initially treated in a fixed-bed bioreactor. Both the pH
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and EC were not significantly altered by sand filtration, although changes in these parame-
ters were recorded in the permeate of the activated carbon column (Figure 3). In particular,
the pH was significantly increased from 6.75 & 0.01 in the biologically treated fungicide-
containing wastewater and the sand filtrate to 7.22 £ 0.04 in the activated carbon permeate.
The pH rise can be attributed to the interaction of the anions of the wastewater and the
activated carbon surface through the performance of an ion exchange type phenomenon,
where activated carbon adsorbs anions after surface protonation [35]. In an opposite
manner, the EC remained unchanged after sand filtration, whereas the EC values were
significantly reduced from 3.98 £ 0.07 mS/cm in the sand filtrate to 3.22 4+ 0.21 mS/cm in
the activated carbon permeate due to ion adsorption.

8
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Figure 3. The pH and electrical conductivity (EC) changes during processing of the biologically
treated fungicide-containing effluent through the sand filter and the activated carbon adsorption
column system. For each parameter, bars designated by the same letter are not significantly different
at the 5% level.

No effect of sand filtration on the removal of nitrogenous compounds is observed in
Figure 4. However, the organic nitrogen content was effectively removed by decreasing
the TKN concentration from 7.65 &= 0.19 mg/L and 7.09 & 0.09 mg/L in the biologically
treated wastewater and the sand filtrate, respectively, to 2.33 £ 0.09 mg/L in the activated
carbon permeate. Nitrate-N was reduced from 0.31 £ 0.02 mg/L in the biologically treated
effluent to 0.10 =+ 0.01 mg/L in the permeate after activated carbon adsorption. Sand
slightly contributed to nitrogen content removal (i.e., by 5.25 &= 1.75%), whereas the total
nitrogen removal reached 69.18 + 2.03% after activated carbon adsorption. The statistically
significant increase of the negligible NO3; ~-N concentration in the sand filtrate may be
attributed to the low activity of nitrifying microbiota immobilized in the sand. This is also
supported by the respective decrease in NH,;*-N concentration in the sand filtrate. On the
other hand, the NH;*-N concentration was reduced below 1 mg/L in the activated carbon
column.



Processes 2021, 9, 1223

7 of 11

w0
[+
o

o

" ,70 ‘
F 1360 |
6 s

o

. gso |

T ['4

g c 40

z* &

£30
3 . 5 ]
I
2 b p Ezo

- ‘ -
a

i ® =5

Ammonium-N TKN Nitrate-N TN Removal (sand Total Removal

contribution)

o -

:m
-
o

o

u Effluent Sand m®Activated carbon

Figure 4. Changes in the concentrations of different nitrogen forms (NH,;*-N, TKN, NO3 ~-N, total
Kjeldahl nitrogen) (left graph) and removal levels (right graph) during processing of the biologically
treated fungicide-containing effluent through the sand filter and the activated carbon adsorption
column system. For each measured parameter, bars designated by the same letter are not significantly
different at the 5% level. Asterisks indicate statistically significant differences at the 1% level regarding
the total nitrogen (TN) removal efficiency after sand filtration and the sand filtration-activated carbon
adsorption process.

3.2. Evaluation of the Tertiary Treatment System’s Ability to Remove Imazalil and Fludioxonil from
the Biologically Treated Fungicide-Containing Effluent

The imazalil concentration in the biologically treated wastewater was reduced from
41.26 & 0.04 mg/L to 32.24 + 1.73 mg/L upon slow sand filtration (removal efficiency of
21.9 £ 4.11 mg/L), and it was finally fully removed (residue below the limit of detection)
in the activated carbon permeate (Figure 5). No statistically significant differences were
observed in the concentration of fludioxonil between the biologically treated wastewater
and the sand filtrate, whereas activated carbon resulted in the removal of this fungicide by
87.40 £ 4.14%, detecting a residual concentration below 1 mg/L. However, the increase in
the contact time between the wastewater and the activated carbon may favor the adsorption
capacity over time. A strong correlation was observed between the total and soluble COD
and the concentration of imazalil or fludioxonil (p < 0.05). Activated carbon has been
reported to optimally remove basic pesticides at a pH near their dissociation constant
(e.g., near pH 6.5 in the case of imazalil). However, recent findings suggest that the
highest adsorption capabilities are recorded in more alkaline pH for carbonaceous sorption
materials [36], as was also verified in the current study for the imazalil concentration. On
the other hand, the dissociation constants of fludioxonil highly deviated from the neutral
pH, a fact that influenced the removal efficiency of this fungicide in the activated carbon
column.
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Figure 5. Imazalil and fludioxonil concentrations (left graph) and their removal efficiencies (right
graph) during processing of the biologically treated fungicide-containing effluent through the sand
filter and the activated carbon adsorption column system. For each pesticide, bars designated by the
same letter are not statistically significant at the 5% level. Asterisks indicate statistically significant
differences at the 1% level regarding fungicide removal efficiencies after the sand filtration and sand
filtration-activated carbon adsorption process.

Regarding pesticide removal, activated carbon was identified as the best absorbent at
the first eluted pore volumes, resulting in the complete removal of 30 uM of thiophanate-
methyl [37]. Moreover, activated carbon performed better than ozonation during post-
treatment of the effluent of an MBR, processing wastewater that contained the pesticides 2,4-
D, atrazine, carbendazim and diuron [38]. Interestingly, the activated carbon’s performance
was even better than that of reverse osmosis during removal of the above-mentioned
pesticides from the effluent of this MBR system [38]. Moreover, the adsorption capability
of the activated carbon was higher compared with that of common sorption materials like
sand during the removal of micropollutants, including imazalil, in a constructed wetland
system [39]. Martin-Gonzalez et al. [40] found that activated carbon could optimally adsorb
imazalil sulphate at concentration of 100 mg/L and a neutral pH. The use of activated
carbon resulted in the effective removal of six pesticides commonly applied in viticulture,
including imazalil [41]. In particular, the use of activated carbon as a fining agent resulted
in the complete removal of imazalil from white wine. Despite this previous research on the
efficiency of activated carbon for removing imazalil from wastewaters and other effluents,
this is the first report that shows the high sorption affinity of activated carbon leading to
the efficient removal of fludioxonil from biologically treated agro-industrial wastewater.
Regarding fludioxonil sorption in other industrial applications, the fludioxonil removal
efficiency was determined to be 90% during clarification of red wine with charcoal, which
is similar to that reported in the current study (87.40 £ 4.14%) [42].

3.3. Detoxification of the Biologically Treated Fungicide-Containing Effluent in the Sand
Filtration-Activated Carbon Adsorption System

Germination tests were carried out using either undiluted or 1:1 v/v diluted biolog-
ically treated wastewater, sand filtrate and activated carbon permeate (Figure 6). Sand
filtration showed no significant contribution in the detoxification of the biologically treated
fungicide-containing wastewater. However, activated carbon adsorption resulted in the at-
tenuation of effluent phytotoxicity by increasing the GI from 1.51 & 1.06% in the undiluted
biologically treated wastewater to 48.00 = 6.29% after activated carbon adsorption. Further
attenuation of the toxicity was observed for the 1:1 v/v diluted effluent, where the Gl raised
significantly from 12.4 & 1.94% prior to sand filtration to 79.77 4 9.30% after activated
carbon adsorption. Moreover, the rise in pH highly contributed to the improvement of
the Gl in both the diluted and undiluted effluents (p < 0.01). Rott et al. [43] reported that
powdered activated carbon resulted in the detoxification of a pesticide-containing wastew-
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ater. In addition, sediment contaminated with hexachlorobenzene and lindane could be
effectively detoxified with activated carbon treatment [44]. The toxicity, as estimated by
duckweed tests, was attenuated by at least 10-15% during photocatalytic treatment of a
15 mg/L imazalil sulphate solution using TiO, containing 7% activated carbon instead of
using titania alone [45].

100
= c
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= 80
2
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15 :
% 40
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® 20 a a
C 4 2
. : : =

— =
Biollogically-treated Sand filtrate Activated Carbon Biollogically-treated Sand filtrate (50% v/v)  Activated Carbon
wastewater (Undiluted) (Undiluted) permeate (Undiluted) wastewater (50% v/v) permeate (50% v/v)

Figure 6. The germination index (GI) values of the biologically treated fungicide-containing effluent,
either undiluted or diluted by 50%, before and after treatment through the sand filter and the
activated carbon adsorption column system. Bars designated by the same letter are not statistically
different at the 5% level.

4. Conclusions

Evaluation of a tertiary treatment system composed of sand filtration and activated car-
bon treatment clearly showed the greater contribution of the former process in the removal
of macronutrients, biosolids and pesticides from a biologically treated agro-industrial
effluent. This tertiary treatment led to a significant reduction of the total COD levels
(<50 mg/L), EC, total nitrogen (from 7.94 + 0.02 mg/L to 2.44 + 0.02 mg/L) and NH;"-N
(<1 mg/L), resulting in the production of high-quality treated effluents complying with
the guidelines recommended for Mediterranean countries regarding effluent discharge, as
well as with the limits enacted by Greek Joint Ministerial Decree 145116/11. In addition,
the tertiary treatment employed, and especially activated carbon adsorption, achieved
the complete removal of imazalil, partial but still significant removal of fludioxonil and a
significant detoxification of the biologically treated fungicide-containing effluent. Overall,
the tertiary treatment employed, and activated carbon filtration in particular, showed high
potential to drastically reduce the organic and inorganic load of secondary biologically
treated effluents from fruit-packaging plants, enabling their direct environmental discharge
or recycling in primary agricultural production as irrigation water.
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