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Abstract: Agriculture is being negatively affected by the decrease in precipitation that has been
observed over the last few years. Even in the Czech Republic, farmers are being urged to irrigate their
fields despite the fact that sources of water for irrigation are rapidly being depleted. This problem
might be partially solved via the reuse of treated wastewater in certain agricultural sectors. However,
the public perception of the reuse of wastewater remains negative primarily due to unknown risks
to the environment and public health. To overcome this barrier, a semi-operated irrigation field
was established at Kostelec nad Ohf#1i in the Central Bohemian region of the Czech Republic and
planted with common garden crops such as tomatoes (Lycopersicon esculentumt), potatoes (Solanum
tuberosum) and lettuces (Lactuca sativa L.) irrigated with two different water sources, i.e., treated
wastewater from a local nature-based treatment system, a hybrid constructed wetland (HCW), and
local fresh water from well. The HCW was put into operation in 2017 and was reconstructed in
2018 and includes both horizontal and vertical flow beds; the trial irrigation field was added in
the same year. The reconstruction of the facility significantly enhanced the removal efficiency with
respect to all monitored parameters, e.g., biochemical oxygen demand (BODs), chemical oxygen
demand (COD), N-NH,*, total N and the suspended solids (TSS), except for total P. The HCW also
ensured the significant removal of several observed pathogenic microorganisms (E. coli, intestinal
enterococci and thermotolerant coliforms). During the 2018 and 2019 growing seasons, we observed
the significantly enhanced growth of the crops irrigated with wastewater from the HCW due to the
fertilizing effect. The risks associated with the contamination of crops irrigated with treated water
are not negligible and it is necessary to pay sufficient attention to them, especially when introducing
irrigation with wastewater into practice.

Keywords: hybrid constructed wetland; nature-based solutions; wastewater reuse; nutrient recovery;
agriculture; sustainability; horizontal flow; vertical flow

1. Introduction

Due to the increasing need for irrigation worldwide aimed at enhancing crop yields,
the importance of sustainable water use is attracting ever-increasing attention. Moreover,
this trend is gradually moving from dry to relatively wet regions. One potentially ap-
plicable, and at the same time constantly available, source of water comprises treated
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wastewater (WW). While in dry areas the main driver for WW reuse comprises a lack
of fresh water [1,2], in wet areas environmental concerns related to WW discharge into
the environment predominate [3]. The reclamation of WW is considered a sustainable
practice towards a circular water economy and has the potential to solve several problems
simultaneously. Moreover, wastewater is favorably regarded in terms of its nutritious
value which allows its use as an alternative type of fertilizer able to enhance crop pro-
ductivity [4]. However, WW reuse in agriculture also presents a number of significant
risks linked principally to the presence of pathogenic microorganisms and their potential
spread to crops and the environment [5], an increase in bacteria antibiotic resistance in irri-
gated soil [6,7] and the presence of various organic pollutants such as pharmaceuticals [8]
and per- and polyfluoroalkyl substances (PFAS) [9] in the WW even following treatment.
Therefore, a well-proved WW treatment approach must be in place prior to its use for field
irrigation purposes.

Due to the high level of the removal efficiency of organic pollutants, nutrients,
pathogenic bacteria [10] and micropollutants, hybrid constructed wetlands (HCW) have
the potential to offer an attractive solution to the treatment of WW for reclamation pur-
poses [11]. HCW are a nature-based solution for wastewater management and are generally
characterized as sustainable systems that provide effective treatment combined with a min-
imum environmental footprint and a series of ecosystem services [12]. The use of HCW for
the treatment of various types of complex wastewaters commenced at the end of the 20th
century [13]. The main principle of hybrid systems is that they combine various types of
constructed wetlands placed in series, thus enabling them to effectively treat several types
of wastewater, e.g., domestic wastewater [14], livestock production wastewater [15,16],
mixed domestic and agro-industrial wastewater [17], grey water [18] and agricultural
runoff polluted with pesticides [19]. They have also proved effective in the successful
treatment of WW containing organic micropollutants [20] and pharmaceutical and personal
care products (PPCPs) [21]. In addition, the nutrients that remain following the treatment
of WW have the potential to serve for the fertilization of crops [4,22].

This study focused on the operational efficiency of a full-scale HCW that is inter-
mittently loaded with high volumes of moderately-polluted mixed WW discharged from
a hotel, a restaurant and a brewery and the sequential reuse of the treated WW for the
irrigation of various types of crops. The aim of the research was to determine whether
such hybrid systems can be used as the final stage of the WW treatment procedure for the
reclamation of water in the agricultural sector, fully respecting the various inherent risks
(primarily microbial contamination) and taking into account the potential to make use of
the nutritious value of the treated WW.

2. Materials and Methods
2.1. Hybrid System Description

The investigated hybrid system is located at Kostelec nad Ohf#i in the North Bohemia
region of the Czech Republic. The HCW receives high volumes of moderately-polluted
mixed WW from a hotel, a restaurant and a brewery. The system consists of 5 treatment
stages: (i) a septic tank, (ii) a horizontal filter (HF), (iii) a vertical filter (VF), (iv) a combined
filter consisting of an unsaturated vertically-flowed part and a saturated horizontally
flowed part (HVF) and (v) stabilization pond (SP). The layout of the study location is in
Figure 1.

At the beginning of the operation of the HCW (hereafter start-up), the VF and HVF
were operated in a fully saturated regime and thus anaerobic processes in the whole HCW
were prevailing. The reconstruction of the hybrid system was performed at the end of 2017
and consisted of the introduction of the recirculation system and a change of the water
filling regime at the VF and HVF. The newly introduced recirculation pump pumps the
water from the SP to the HF with approximately 2 L-s~! flow to prolong water retention in
the whole system and also to retain the water under the anaerobic conditions of the HF
for a longer time. The VF was equipped with a control shaft with a special dosing device
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that discontinuously doses ~1.5 m? of the WW each time the shaft becomes full. WW level
in the VF was also decreased so the aerobic conditions could take place. Finally, the HVF
was also equipped with the control shaft with a special dosing device that discontinuously
doses ~1.5 m? of the WW onto the surface of the filter. The outlet pipe of the HVF is located
approximately in the middle of the depth of the filter, thus resulting in the upper half of the
filter being unsaturated (aerobic conditions) and the lower half being saturated (anaerobic
conditions). Moreover, a small recirculation pump was installed in the outlet shaft for the
recycling of a part of the water (~0.5 L-s 1) back into the dosing shaft. The HCW has been
in “full operation” since the beginning of 2018.
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Figure 1. Map and layout of the hybrid system and the experimental irrigation field. WW = wastewater, CW = Constructed
Wetland, HF = horizontal filter, VF = vertical filter, HVF = combined filter.

The calculated maximal treatment capacity of the system is 150 population equivalent
(PE) with a maximal daily wastewater inflow of 16.5 m3.d~1. The wetland surface area of
the hybrid system is 2.2 m2-PE~!. The HCW basins are planted with common reed (Phrag-
mites australis), reed canary grass (Phalaris arundinacea), common cattail (Typha latifolia),
purple loosestrife (Lythrum salicaria) and yellow iris (Iris pseudacorus). More details on the
treatment system are provided in Table 1.
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Table 1. Hybrid Constructed Wetland system parameters.
HCW Part Effective Area Maximal Depth Effective Volume HLR HRT
[m?] [m] [m3] [em-d—1] [d]
Septic tank (In) 29.3 1.8 52.7 - 32
Horizontal filter (HF) 150 0.9 33.1 10.0 2.0
Vertical filter (VF) 81 1.3 26.2 18.5 1.6
Combined filter * (HVF) 88 0.8+0.6 34.6 17.1 21
Stabilization pond (SP) 148.2 2 42.6 - 2.6

* The first number refers to the unsaturated part; the second number refers to the saturated part; HCW = hybrid
constructed wetland, HLR = hydraulic loading rate, HRT = hydraulic retention time.

Table 2 shows the limits for the quality of discharged wastewater. These limits are
stricter in comparison with national legislation (Government Regulation No. 401/2015
Coll.) due to the permission to spray treated water on the operator’s land. However, no
limits are set for microbiological indicators and no national legislation imposes such limits.

Table 2. Limit values in rng~L*1 for the HCW in Kostelec nad Ohfi (given by legal permit in
accordance with Czech law).

BODs COD TSS TP TN NH *-N
Limit—average 30 130 30 8 - 15
Limit—maximum 40 150 40 10 - 20

BOD = biochemical oxygen demand, COD = chemical oxygen demand, TSS = total suspended solids, TN = total
nitrogen, TP = total phosphorus, TK = potassium, NH4*-N = ammonia nitrogen.

2.2. Design of the Experimental Irrigation System

The experimental irrigation system was constructed and put into operation at the
beginning of 2018 following the commencement of the full operation of the HCW. Two
sources of water were used for the experiments—fresh water from a well (hereinafter fresh
water) and treated wastewater (treated WW) from the HCW collected in the SP.

The experimental field has an area of 49 m? (7 x 7 m) and is built so that it is a
waterproofed tub using plastic PVC foil with a depth of 0.7 m. The original rendzina soil is
located in this area. The initial quality of the soil is summarized in Table 3.

Table 3. Qualitative description of irrigated soil at the beginning of the experiment.

Parameter Unit Value Parameter Unit Value
Bulk density g-cm*3 1.6 Mg mg~kg*1DM 3590
Porosity % 36.7 Na mg-kg 'pym 273
pH (25°C) - 8.2 K mg-kg 'pm 7550
Conductivity puS-em~! 124 Ca mg-kg 'pm 37,090
Total phosphorus mg -kg*1 DM 571 ClI- mg-kg~ oM 20
Total nitrogen mg-kgleM 265 S mg~kg*1DM 291
Total organic carbon % of DM 35,480 B mg-kg ™ 'pm 28.5

The experimental area was divided into four 1.5 m-wide plots, of which two were
planted with various model crops and two remained unplanted (control). Treated WW and
fresh water were each applied to one of the planted and one of the unplanted plots, thus
creating four differing treatment areas. Four drainage pipes connected to the sampling
shafts were positioned so as to collect any excess water that collected beneath the plots. An
irrigation control system fitted with a Hunter I-Core (Hunter Industries Inc., San Marcos,
CA, USA) control unit was installed in the service building adjacent to the field so as
to ensure the automatic application of the irrigation water to the plots independently.
The control system was equipped with a rain sensor that automatically shut down the
irrigation system in the event of rainfall (sensors lower limit >3 mm), the aim of which
was to prevent the leakage of nutrients and, potentially, pathogenic microorganisms and
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hazardous substances into the drainage system and, further, to the surface water. The
control system was connected to two water pumps (DAB Pumps, Mestrino, Italy) intended
for the pumping of the water sources into the drip irrigation system. The pumps were
equipped with 1” disk filters so as to prevent the clogging of the drippers. Drip irrigation
hoses were installed in each section of the irrigation field in the form of three parallel
lines. The spacing of the drippers was set at 40 cm, which also determined the distance
between the planted crops in the 2 planted plots. The plants were irrigated between June
and October in both seasons.

The experimental field was planted with common garden crops, one variety of each.
In 2018 tomatoes (Solanum lycopersicum L.), the TORO F1 variety, were planted, whereas
in 2019, three crops were planted; tomatoes (Solanum lycopersicum L.), the Tornado vari-
ety; potatoes (Solanum tuberosum), the Rosara variety; and lettuces (Lactuca sativa L.), the
Capitate variety.

2.3. Crop Sampling and Harvesting

Each crop was harvested and sampled according to its maturation characteristics. The
tomatoes were harvested at the fully red stage of maturity between August and September,
following which they were transported in a cooling box to the laboratory. The harvesting
procedure included a mixture of the mature tomatoes, and the weight of the harvest and
number of tomatoes were recorded. After each harvest, three mixed samples (replicas) per
treatment, each containing at least 3 randomly-picked tomatoes and each collected from
different plants were analysed in terms of the pre-determined parameters. During seasons
2018 and 2019, 12 mixed samples (72 tomatoes) and 24 mixed samples (135 tomatoes),
respectively were analysed for the selected parameters.

The potatoes were harvested in September 2019. The whole harvest of potatoes was
mechanically cleaned of soil and three mixed samples from each variant containing five
potatoes from randomly-selected plants were dispatched for microbial contamination
testing. The number of potatoes and the weight of the harvest were calculated following
cleaning with tap water. The weight of the previously collected samples was then added
to the sum. A further three mixed samples were then prepared from randomly-picked
potatoes from each variant for the completion of the analysis.

The lettuces from each treatment were harvested in June 2019. The above-ground
biomass was weighed and three samples per treatment were prepared for analysis in the
form of three mixed samples containing randomly picked parts from each plant.

2.4. Laboratory Analysis
2.4.1. Water Source Quality

The performance of the HCW system was evaluated based on samples extracted
regularly every two months from three sampling points—the inlet to the septic tank (In),
the outlet from the HVF (Out) and a mixed sample from the stabilization pond (SP). No
inlet samples were taken at the start of operation. Fresh water from the well was collected
from the pumping reservoir. Composite water samples collected over two hours were
stored at 10 °C prior to the analysis. The chemical oxygen demand (COD, mg-L~!) was
measured using the dichromate method following ISO guideline 6060 [23]. The biochemical
oxygen demand (BODs, mg-L~!) was measured following ISO guidelines 5815-1 [24] and
5815-2 [25]. The total phosphorus (TP, mg-L~!) was measured using the ammonium
molybdate spectrometric method following ISO guideline 6878 [26]. The total nitrogen (TN,
mg-L~!) was measured following European norm EN 12,260 [27]. The ammonia nitrogen
(NH*-N, mg-L~!) was measured by means of the manual spectrometric method following
ISO guideline 7150 [28]. The suspended solids (TSS, mg-L.~!) were measured via filtration
through glass-fibre filters with pore size 1.5 um following ISO guideline 11923:1997 [29].
The following parameters were evaluated in order to describe the microbial contamination
of the water sources: total coliforms (TC, CFU-mL~!), thermotolerant coliforms (TTC,
CFU-mL™1) and Escherichia coli (EC, CFU-mL~!), each determined following Czech norm
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CSN 75 7837 [30]. Intestinal enterococci (IE, CFU-mL 1) was determined following ISO
guideline 7899-2 [31].

2.4.2. Plant Analysis

The harvested plants and fruit were cut on a sterile surface under a laminar airflow
hood. The following parameters were determined for all the collected samples: the num-
ber of plants/fruit, the weight of the harvest, the weight of the plants/fruit and the dry
matter content (DM, %) using the gravimetric method following drying at 60 °C to a
constant weight. Some of the samples were tested for microbial contamination; the total
coliforms (TC, CFU-g~'py), thermotolerant coliforms (TTC, CFU-g~ ! pyy), Escherichia coli
(EC, CFU~g’1DM) and intestinal enterococci (IE, CFU~g’1DM) were determined using a
modified version of the determination method in water mentioned above. The modification
of the method comprised the preparation of a leachate from 90 mL of sterile physiological
solution in tap water and 10 & 0.5 g of the sample. The resulting suspension was shaken
intensively, allowed to settle for 5 min and then analysed. The results took into account
the dilution ratios. The rest of the biomass samples were tested for total nitrogen (TN,
mg-kg~!) via the determination of the TN content by means of combustion according to
the Dumas principle (ISO guideline 16634:2) [32], and total phosphorus (TP, mg-kg~!) and
potassium (TK, mg-kg~!) via the determination of selected elements by means of induc-
tively coupled plasma optical emission spectrometry following ISO guideline 11885 [33]
following homogenization and mineralization in hydrogen peroxide and acids.

2.5. Statistical Analysis

The results were statistically evaluated using R software, version 4.0.2. The comparison
of the HCW removal efficiency was tested by means of non-parametric Kruskall-Wallis
tests with evaluation at the p = 0.05 level.

3. Results
3.1. HCW System Performance
3.1.1. Organic Pollution

The HCW system at Kostelec nad Ohti did not perform well during the start-up phase.
The removal of BOD5 and COD was not sufficient and both parameters exceeded the
set outflow limits. The concentrations of BODs during the monitoring period are shown
in Figures 2 and 3. It is clear that during the start-up phase and the first four months
of full-scale operation the limits were exceeded on a regular basis. The average outlet
concentration in the start-up phase was 30.7 + 18.7 mg-L~!. Following reconstruction
and the stabilization of full-scale operation, the average outlet concentrations dropped to
5.6 +50mgL L

Similar trends can be observed with respect to COD (see Figures 2 and 3). The outlet
concentration of COD reached a maximum of 290 mg-L~! once during the start-up phase,
with the average outlet concentration being 134.9 + 83.9 mg-L~!. Following reconstruction,
the average outlet concentration dropped to 53.0 & 42.6 mg-L~1.

The outlet concentrations of BODs differed significantly (p < 0.05) between the two
monitored periods (see Figure 3), corresponding to well-performed intensification. We
observed a significant statistical difference between the Inlet (average concentrations of
530.7 + 108.3 mg-L 1) and the two outlet sampling points. Nevertheless, the concentrations
of BODs at the Out and SP did not differ significantly (p > 0.05). The BODs5 removal
efficiency during the full operation was 99.0 & 0.9% at the outlet and 95.5 £ 4.9% in
the stabilization pond, thus indicating that the stabilization pond did not improve the
water quality in terms of BODs. This was most probably due to the blooming, die-off and
degradation of aquatic algae. Similar effects were observed in other hybrid constructed
wetlands [17].
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Figure 2. BODs (upper) and COD (lower) concentration development. AV = average limit, MAX = maximal limit, In = inlet,
Out = outlet, SP = stabilization pond, FO = full operation, SU = start-up phase.
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Figure 3. BODs5 and COD concentration comparison during SU = start-up phase and FO = full-scale operation, In = inlet,
Out = outlet, SP = stabilization pond.

The average COD inlet concentration of 700.8 -+ 322.4 mg-L~! differed significantly
from the two outlet sampling point concentrations. Again, the concentrations at the Out
and SP did not differ significantly (p > 0.05). The COD removal efficiency during the full
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40 +
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Concentration N-NH: [mg/L)

o

operation was 91.4 & 6.4% at the outlet and 96.5 & 2.0% in the stabilization pond. The
quality of the water in terms of COD improved in the SP.

3.1.2. Nutrients

The ammonia nitrogen and total phosphorus concentrations were both considered
limiting parameters with respect to the environmental permit for full operation. Ammonia
nitrogen comprised an average of 85% of the TN concentration at the inlet and only 26% of
the TN at the outlet, indicating the effective nitrification of ammonia along the system and
the respective conversion to nitrate. Both parameters exhibited similar trends during the
monitoring period (see Figures 4 and 5).
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Figure 4. N-NHj, (upper) and TN (lower) concentration development. AV = average limit, MAX = maximal limit, In = inlet,
Out = outlet, SP = stabilization pond, FO = full operation, SU = start-up phase.
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Figure 5. TP concentration development. AV = average limit, MAX = maximal limit, In = inlet, Out = outlet, SP = stabilization
pond, FO = full operation, SU = start-up phase.

As can be seen in Figure 4 below, the ammonia was not removed until the completion
of reconstruction and the introduction of aerobic processes in the vertical filters. After
four months of full operation, the gradual development of plant growth in the modified
system resulted in the establishment of aerobic processes that promoted the nitrification
process [12], which led to the removal of the ammonia and TN in the HCW.

The average inlet concentrations of ammonia and the TN were 81.8 + 12.3 mg-L~!
and 102.1 4+ 17.3 mg-L~!, respectively. The efficiency of the removal of ammonia was
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Concentration of TS5 [mg/l]

97.4 &+ 2.0% with no differences being observed between the Out and the SP. The main
removal processes thus occurred in the VF and HVE. The TN removal efficiency was
86.3 £ 11.2% at the outlet and 87.1 & 13.0% in the SP. Denitrification under the predomi-
nantly anaerobic environment of the SP might explain the slight increase in the removal of
TN in the stabilization pond.

The average outlet concentration of N-NHy* was 77.3 + 11.0 mg-L~! during the
start-up phase and only 2.1 & 1.8 mg-L~! during full operation (see Figure 5); therefore,
significant statistical differences (p > 0.05) between the inlet and outlet concerned only
full-scale operation. However, the differences between the results at the outlet sampling
points evinced no statistical difference (p > 0.05); thus, the SP exerted no effect on the
removal of ammonia.

The outlet concentrations of phosphorus during the whole of the monitoring period
suggested that removal was independent of the operation phase (p > 0.05 for the comparison
of both phases). This should be attributed to the fact that phosphorus removal in CW
systems mostly takes place through abiotic processes such as adsorption to substrate media
and roots and less through biodegradation and plant uptake [11,34]. The average TP
concentration in the start-up phase was 2.5 + 2.0 mg-L~! at the outletand 1.9 + 1.1 mg-L~!
in the SP (see Figure 5). During full-scale operation, the concentration even increased to
4.5 + 43 mg-L~! at the outlet and 4.7 + 4.2 mg-L~! in the SP.

The efficiency of the removal of TP reached 86.3 &= 11.2% at the Out and 87.1 & 13.0%
in the SP during full operation, which was a very favorable result and probably due to the
fresh and unsaturated media used in the beds. Experience with other CW systems dictates
that TP removal will drop with time as the active adsorption sites of the substrate will
gradually become saturated with phosphorus.

3.1.3. Suspended Solids

In a similar way to the phosphorus, the removal of total suspended solids was in-
dependent of the operational phase (see the outlet concentrations in Figure 6) due to the
fact that constructed wetlands are generally very efficient in terms of the removal of TSS
through filtration processes that occur within the whole of the wetland filter body [2]. The
average inlet concentrations were 246.4 & 117.2 mg-L~! with a removal efficiency rate of
96.0 & 2.3% at the outlet.

'
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Figure 6. TSS concentration development. AV = average limit, MAX = maximal limit, In = inlet, Out = outlet,

SP = stabilization pond, FO = full operation, SU = start-up phase.

As can be seen in Figure 7, the concentration of TSS during the start-up phase and
during full operation did not differ significantly (p > 0.05); however, statistically differing
values were observed between the various sampling points. The average concentration of
TSS before and after reconstruction was 6.4 +-9.1 mg-L~! and 7.9 4- 3.8 mg-L !, respectively.
On the other hand, the average concentrations of TSS in the stabilization pond before and
after reconstruction were 20.5 + 16.1 mg-L~! and 101.0 4 109.1 mg-L~!, respectively. This
increase was due primarily to the growth of algae, which resulted in the deterioration of
the water quality.
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Table 4. Summarized operation performance of HCW during full operation.
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Figure 7. N-NH,", TP and TSS concentration comparison during SU = start-up phase and
FO = full-scale operation, In = inlet, Out = outlet, SP = stabilization pond.

Table 4 summarizes the average concentrations of the monitored parameters at the

inlet to the hybrid system and after purification in two stages—at the outlet and in the SP.
The results in this table are valid for full operation only.

Limit AV/IMAX

Year [mg-L1] In[mg-L-1]  Out[mgL-1] SP[mgL-1] Efficiency—Out[%] Efficiency—SP [%]
BOD 30/40 530.7 £ 108.3 56 £5.0 233 +£274 99.0 £0.9 95.5 £ 4.9
COD 130/150 700.8 + 322.4 53.0 + 42.6 21.8 £11.5 914+ 64 96.5 £ 2.0
TSS 30/40 246.4 £117.2 79+38 101.0 £ 109.1 96.0 £2.3 445+ 69.8
TP 8/10 114+12 45+43 47 +42 61.6 £+ 33.5 60.0 £32.3
TN n/a 102.1 £17.3 124 £ 6.4 11.1+75 86.3 £11.2 87.1£13.0
N-NH,* 15/20 81.8 +£12.3 21+138 19+17 97.4+£2.0 973 +£1.6
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3.1.4. Pathogens

The research focused on the removal of three indicator pathogenic bacteria—E. coli,
intestinal enterococci and thermotolerant coliforms, with particular emphasis on the fur-
ther use of the wastewater for the irrigation of crops. The results are summarized in
Figure 8. We observed statistically significant differences between the outlet concentrations
of the monitored parameters at both sampling points in the start-up phase and during
full operation. The E. coli concentrations were 14.7 + 14.0 CFU-mL~! at the Out and
28.5 4 27.0 CFU-mL~! in the SP during the start-up phase and, during full operation,
44.1 + 83.4 CFU-mL ™! at the Out and 47.4 4 143.0 CFU-mL~! in the SP. We observed a
significant decrease in E. coli (by 3 orders of magnitude) during the full operation compared
to the inlet concentration of 9030 + 10,100 CFU-mL L. In the case of intestinal enterococci,
we observed that the full operation resulted in a significant decrease in the presence of
IE from an inlet content of 33.7 4= 52.9 CFU-mL~! to 1.6 4 2.0 CFU-mL! at the outlet
and 1.5 + 1.2 CFU-mL ! in the SP. The total coliforms decreased by two to three orders of
magnitude during full-scale operation from a concentration of 12,900 + 13,000 CFU-mL !
at the inlet to 73.0 & 110.0 CFU-mL ! at the outlet and 278.0 + 861.0 CFU-mL ! in the SP.
The differences between the contents of pathogenic bacteria at the outlet sampling points
were not significant in terms of any of the parameters.
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Figure 8. Pathogen concentration comparison during SU = start-up phase and FO = full-scale
operation, In = inlet, Out = outlet, SP = stabilization pond.
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Generally, inlet concentrations of the microbiological parameters measured are lower
than typical values in domestic wastewater, since the HCW facility received a mixture of
domestic wastewater, restaurant effluent and an agro-industrial effluent (brewery wastew-
ater). Though the removal of pathogenic germs is not typically the main design target of
CW systems, removal of pathogenic microorganisms takes place through various chemical
(e.g., oxidation, UV radiation by sunlight, exposure to plant biocides), physical (e.g., fil-
tration, sedimentation), and biological (e.g., predation, biolytic processes, natural die-off)
processes [35], as indicated by the high removal rate detected along the wetland stages in
the present study.

3.2. Irrigation Tests
3.2.1. Yield

The use of treated wastewater from the HCW for the irrigation of agricultural crops
revealed promising results. The quality and fertilization effect of the water used for
irrigation is shown in Table 5. The volume of water used for irrigation did not differ
significantly between years. However, there is a noticeable difference in the amount of
total organic matter and nitrogen supplied from the treated wastewater in the growing
season of 2018, due to the poorer functionality of the HCW.

Table 5. Quality of the irrigation water sources.

Total Volume TOC TP TN TK
Year Water Source [m?] [mg-L-1] [mg-L-1] [mg-L-1] [mg-L-1]
Treated WW 14.2 69.4 1433 3.8+4.0 30.7 £ 32.0 711+£10.2
Fresh Water 14.2 58+42 0.0 24.6 +24.3 51.3+4.7
2018 [m?/plot] lkg/plot]  [kg/plot]  [kg/plot]  [kg/plot]
Treated WW 7.1 0.492 0.027 0.217 0.504
Fresh Water 7.1 0.041 0.000 0.174 0.363
Precipitation 2.9 - - - -
Treated WW 15 159 £9.6 52+46 127 + 8.4 6324175
Fresh Water 15 54+12 0.1 £0.02 8126 399+ 134
2019 [m?/plot] [kg/plot] [kg/plot] [kg/plot] [kg/plot]
Treated WW 7.5 0.119 0.038 0.094 0.471
Fresh Water 7.5 0.041 0.001 0.061 0.297
Precipitation 3.0 - - - -

TOC = total organic carbon, TN = total nitrogen, TP = total phosphorus, TK = potassium.

As can clearly be seen in Table 6, all the crops—tomatoes, potatoes and lettuce-irrigated
with treated wastewater provided significantly higher total yields. While the average
weight of the tomatoes in the first season was similar under both variants, the total har-
vested yield was 4% higher following irrigation with the WW. However, in the second year
of testing the harvested yield of tomatoes was 133% higher following irrigation with the
treated WW, and the average weight of the tomatoes was 31.6% higher. The difference
between the yields in the two seasons was most likely due to the previous depletion of
nutrients naturally present in the soil at the site and the clearly favorable effect of irrigation
with the purified WW on the total yield. Although the amounts of nutrients added via
irrigation with the treated WW were significantly higher than those provided in the fresh
water (see Table 4), the content of nutrients (N, P, K) in the tomatoes irrigated with the WW
did not differ from the contents of nutrients in the tomatoes irrigated with fresh water.

Similarly, with respect to the potatoes, we observed significantly higher yields follow-
ing irrigation with the WW. The total yield of biomass was almost 4 times higher and the
average weight of the potatoes 76% higher when irrigated with WW than when treated
with fresh water. However, again, the content of nutrients in the biomass did not differ
between the two irrigation approaches.

Finally, the lettuce yield followed the trend of the other crops with a significantly
higher yield (104%) and average plant weight (107%) following WW treatment than follow-
ing fresh water irrigation. Similarly, the nutrient content did not differ between the two
irrigation methods.
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Table 6. Harvesting data from the irrigation field experiment.

Amount Weight Total

Crop (Year) Treatment of Fruit of Fruit bM Biomass N TP K

[no.] [g] [%] [gpml] [%] [%] [%]
Tomato (2018) CwW 294 78.6 £21.7 62+04 1526.1 0.16 £ 0.00 0.15+10.19  2.01 +69.13
Fresh water 283 79.3 £20.1 6.3 £0.3 1466.9 0.16 £ 0.00 0.15+14.68 211 +69.75
Tomato (2019) Cw 628 61.7 £9.6 75+£0.0 2877.3 0.07 £ 0.02 0.26 £ 0.03 219 +0.11
Fresh water 373 46.9 £+ 21.0 7.3£0.0 1234.5 0.06 £ 0.01 0.26 £ 0.02 1.98 +£0.10
Potato (2019) Ccw 207 68.7 £21.8 181+ 09 1580.9 0.18 £0.01 0.57 £0.02 443 +0.24
Fresh water 116 39.0+174 144 +£0.3 4084 0.19 £+ 0.01 0.59 £+ 0.02 412 +0.08
Lettuce (2019) Ccw 21 311.0 £ 81.3 55£15 452.3 0.12 £ 0.02 0.34 £ 0.02 1.52 £0.07
Fresh water 12 150.3 £ 68.0 6.8 +27 222.3 0.08 £ 0.02 0.34 £ 0.03 2.23 +£0.40

DM = dry matter, TN = total nitrogen, TP = total phosphorus, TK = potassium.

The results thus provide convincing proof that HCW-processed WW has a high
fertilization potential due to the presence of N, P and K and other micro-nutrients.

3.2.2. Pathogens

In the Czech Republic, the quality of water used for irrigation is regulated by the
standard CSN 75 7143 [36], which divides the quality of water for irrigation into 3 classes,
namely Class [—water suitable for irrigation, Class [I—water conditionally suitable for
irrigation (time limit from end of irrigation until the harvest of crops) and Class Ill—water
unsuitable for irrigation. Microbiological indicators defining the applicability class are
given in Table 7. For all microbiological parameters of treated wastewater except TTC
the water meets the conditions of use for irrigation in class II. Fresh water is also class II,
as only in the case of enterococci have the conditions of class I been met. In the case of
TTC, it is water in class III. For this reason, even in this case, it is necessary to observe the
same harvesting conditions as for wastewater. The mentioned time limit from irrigation
to harvest is 14 days for vegetables of all species that must be peeled, cooked or washed
before consumption and 21 days for species consumed raw, but only after washing [36].

Table 7. Limits for Pathogen content in irrigation water given by Czech standard [36].

P : Class I Class II Class III
arameter [CFU-mL-1] [CFU-mL-1] [CFU-mL-1]
Coliform bacteria 100 1000 >1000
Faecal (thermotolerant) coliforms 10 100 >100
Enterococci 10 100 >100

With respect to the results of the microbiological analysis of the irrigation water
conducted regularly at the irrigation system pumping station, no significant differences
were observed in terms of the hygienic quality of the treated WW and the fresh water used
for the control variants (see Figure 9). In the case of the harvested crops, the differences
in the water source quality were somewhat “blurred” and the hygienic quality of the
harvested crops was observed to be approximately the same for both irrigation variants. In
other words, the replacement of fresh water with treated WW does not result in an increase
in risk.

With respect to the potatoes, we observed a significantly higher content of IE; however,
this difference could not be explained by the difference in the quality of the irrigation
water. The most probable explanation was that the secondary contamination of the samples
occurred during handling or, less likely, an episodic fluctuation occurred in the quality of
the fresh water used for irrigation. The presence of E. coli was observed only for the lettuce
harvest, with average concentrations in the order of the first hundreds of CFU- gDM_1 for
both irrigation approaches. Due to the single harvesting of the lettuce and potatoes, the
question remains as to whether the contamination of the crops following the two irrigation
approaches was a measurement error due to secondary contamination during harvesting
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or was due to the inappropriate subsequent handling of the samples. More data are listed

in Table 8.
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Figure 9. Quality of the two irrigation water types in terms of the content of thermotolerant coliforms
(TTC), Escherichia coli (EC) and intestinal enterococci (IE).

Table 8. Harvest data from the irrigation field experiment.

Escherichia coli Intestinal Enterococci  Thermotolerant Coliforms

Year/Crop Treatment [CFU gy —11 [CFU-gpy 1] [CFU-gpy 11
CwW 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
Tomato 2018) o) water 0.0+ 0.0 70.8 + 108.9 20.8 + 38.0
Tomato (2019) CW 0.0+ 0.0 40.0 +49.9 89 +19.1
Fresh water 0.0 + 0.0 46.7 + 68.0 36.3 + 60.7
CW 0.0+ 0.0 0.0+ 0.0 n/a
Potato (2019) g o water 0.0 + 0.0 1290.0 + 1824.3 n/a
Lettuce (2019) cwW 75.8 + 86.7 201.7 + 162.8 161.7 + 160.4
ettuce Fresh water 320.0 + 47.6 346.7 + 47.1 5433 + 48.2

4. Discussion

The main aim of this study was to describe the potential of hybrid constructed wet-
lands for the non-potable reuse of treated wastewater in the agriculture sector. The inlet
and outlet concentrations of six chemical parameters and three microbiological parameters
were studied for the assessment of the efficiency of an HCW in terms of purifying wastew-
ater to the stage at which it can be used for irrigation purposes. Hence, an experimental
field was established and used for the irrigation of selected crops (tomatoes, potatoes and
lettuce), the results of which allowed for the description of both the fertilizing effect of the
treated WW and the potential hygiene risks.

Wastewater reclamation is one of a number of non-conventional solutions being
considered worldwide aimed at easing water scarcity issues caused by climate change [37].
In decentralized semi-arid and arid areas particularly, where wastewater makes up a
considerable percentage of irrigation water [38], it is important that simple but effective
wastewater treatment technologies are developed. Responsible treatment approaches assist
in mitigating the risks associated with the application of WW to the soil [39] and, moreover,
the reuse of wastewater effluents helps in the recycling of nutrients and the protection of
water bodies [40]. It is very important to carefully consider the irrigation method applied.
In this study, the drip irrigation approach was applied, which is both efficient and uses
only around half the water required by other conventional methods [41].

While many countries worldwide are adopting diverse legal limits for the mini-
mum quality of water used for irrigation [42], the European Commission is proposing
to harmonize the rules applied within the EU via the implementation of Regulation of
the European Parliament and of the Council on minimum requirements for water reuse
2018/0169/COD [43]. According to this regulatory proposal, minimum reclaimed water
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quality will be divided into classes defined by crop category and based on the form of con-
sumption (raw, boiled) as well as the potential for direct contact with the wastewater (Table
1 of the regulation proposal [43]). The existing Czech standard [36], which regulates the
quality of irrigation water, does not consider the use of treated wastewater. For this reason
this study assessed the performance of the HCW according to the proposed EU regulation.

The studied hybrid constructed wetland evinced a high level of organic pollution re-
moval efficiency. The removal of BOD5 and COD amounted to 99.0 & 0.9% and 91.4 + 6.4%,
respectively, which is comparable to other hybrid systems with horizontal and vertical
filters in series with reported [44] removal efficiency levels of BODs of 92.7 4= 10.3% and of
COD 88.8 4= 10.2%. The high organic pollution removal rate was ensured by employing
unsaturated vertical filters and the simple recirculation of the wastewater; however, the
separate effects of these two factors were difficult to distinguish. Total suspended solids
were removed at a very high removal rate of 96.0 £ 2.3% and the outlet concentrations
corresponded to the results of other studies [14]. However, the effluent water was ob-
served to be very sensitive to changes in the TSS. We observed a significant increase in
TSS concentrations in the stabilization pond due to the growth of algae. This factor thus
plays an important role in terms of choosing the most suitable location for the pumping
of irrigation water aimed at preventing the clogging of the irrigation distribution system.
The outlet BOD5 and TSS concentrations with respect to full operation were 5.6 & 5.0
and 7.9 + 3.8 mg-L ™!, which means that the water quality met A class reclaimed water
quality requirements as set out in the relevant regulation [43]. However, the irrigation
water considered in the study was pumped from the SP, where the BOD5 and TSS con-
centrations were 23.3 4 27.4 and 101.0 & 109.1 mg-L~!, respectively. In this case, the WW
met the requirements of the C-D quality class, concerning which limits are set according
to EU Council directive 91/271/EEC: a limit value for BODs of <25 mg-L~! and for TSS
35-60 mg-L~!. Thus, we recommend the extraction of irrigation water directly from the
outflow and not from the stabilization pond.

The removal of nitrogen comprises one of the most important advantages of hybrid
systems. Moreover, this parameter is not limited solely to reclamation. Ammonia nitrogen,
which made up 85% of TN, was removed at a 97.4 & 2.0% efficiency rate, while the TN
removal was just 86.3 £ 11.2%. At the same time, N-NH;* made up just 26% of TN at the
outlet. Our findings in this respect are higher than those determined in other published
hybrid system studies [45,46], in which removals of 83-89% and 78-83% for N-NH4" and
TN, respectively have been reported. The results remain, however, significantly higher than
those obtained from traditional horizontal sub-surface flow CWs with reported removals of
N-NH,;* and of TN of just 40.4% and 33.9%, respectively [47]. Our results clearly show that
unsaturated filters with aerobic conditions comprise the most important factor in terms of
the efficient removal of nitrogen [11]. Moreover, the oxidation of the N-NH;* in the HCW
led to the creation of other nitrogen forms that provided mixtures of nitrate and ammonia
that are more beneficial to plant growth [48].

Generally, the removal of TP by constructed wetlands is limited. Vymazal (2013) [44]
reported the removal of TP in similar hybrid systems of 74 £ 13%, while our study
determined a removal of TP of 86.3 4= 11.2%. Moreover, the removal of TP was independent
of the configuration of the components of the HCW. The outlet concentrations of TP were
determined at 4.5 4+ 4.3 mg~L’l which, if limited, do not fulfil the required standards
for the discharge of wastewater. However, for the purpose of the reuse of non-potable
wastewater, the remaining nutrient concentrations provide a number of benefits, especially
if one considers WW reclamation as an alternative to other biological and chemical resource
recovery technologies such as microalgae, macrophyte, struvite, etc. [49].

An important parameter that points to the advantage of this technology is the low
acquisition and operating costs compared to conventional systems. As part of the evalua-
tion of the operation of the HCW system, the costs for the acquisition and operation of the
treatment plant were calculated. With an estimated useful life of 30 years, the total annual
cost (capital and O&M) is 4026 €. This corresponds to an annual cost of 26.8 € per PE or
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0.67 € per m? of treated water. These are operating costs comparable to other CW systems.
Tsihrintzis et al. (2007) [50], for example, states the operating costs of the free water surface
system at 22.7 € per PE, while for the vertical subsurface flow CW it states a cost of 36.8 €
per PE. Thus, implementation of modern hybrid CWs do not represent significantly higher
operating costs.

The removal of pathogens comprises one of the most important factors in terms of
reclamation. Many authors have reported removal rates for pathogens in constructed
wetlands of as high as 99.99% [51]. This study revealed a removal efficiency of 99.5% at the
outlet, with similar results in the stabilization pond for Escherichia coli, i.e., 95.4%, for intesti-
nal enterococci, 95.7%, and 99.4% and 97.8% for the thermotolerant coliforms. The outlet
concentrations of EC, IE and TTC were determined at 44.09, 1.55 and 73.00 CFU-mL ™1, re-
spectively and the SP concentrations of EC, IE and TTC at 47.36, 1.45 and 277.55 CFU-mL™!,
respectively. According to [43] the HCW effluent fulfils the quality requirements of class C
reclaimed water (crops consumed raw, the above-ground edible parts of which are not in
direct contact with the reclaimed water when using only the drip irrigation method). Simi-
lar or even higher concentrations of pathogens were observed in the reclaimed wastewater
studied in [52], which employed a drip system to irrigate tomatoes, lettuce and fennel with
treated municipal wastewater.

The yields of the crops were significantly higher following irrigation with the re-
claimed WW, particularly in the second season for the tomato plants. As evinced by other
similar studies [4,40,52], the weight of the harvested plants was higher following irrigation
with reclaimed WW than with fresh water. Moreover, the yields would probably have
been even higher if fertilizers had been used in addition to the nutrients added by the
wastewater [40]. The fact that the amount of nutrients available for the plants did not
exceed typical doses of nutrients provided by fertilizers was evident from the content of
N, P and K in the crop tissues. In particular, the content of N was at least one order lower
than reported in other studies [40,53]. Moreover, no significant differences were observed
in the N, P and K contents between the plants irrigated with wastewater and those with
fresh water. The fecal contamination of the plants was reflected by the content of E. coli,
intestinal enterococci and thermotolerant coliforms on the surface of the plants. E. coli con-
tamination was proven only in the case of the lettuce plants. However, EC contamination
was also detected on the plants irrigated with fresh water. Similarly, we observed the plant
surface contamination of the tomatoes, potatoes and lettuce by intestinal enterococci even
following irrigation by fresh water. Similar findings for tomatoes and lettuce were reported
in [52,54] also following the fresh water irrigation of the plants. Such findings thus serve
to contextualize the risks associated with the microbial contamination of plants irrigated
by wastewater. Nevertheless, it is important to note that these findings also indicate that
such plants should not be used without proper washing and cooking, and that reclaimed
wastewater should not be used for irrigation purposes when the edible part of the plant
may come into contact with the water [55].

5. Conclusions

The results of this study demonstrate that the use of wastewater for irrigation can lead
to significant savings in the consumption of fresh water for irrigation of agricultural crops
as well as savings in the application of fertilizers. It is thus a suitable tool for adaptation
to climate change and to preserve groundwater and surface water resources. The study
also showed that hybrid constructed wetlands are able to provide for adequate wastewater
treatment and sanitation at a level of efficiency that is comparable to other conventional
systems. Nevertheless, it is necessary to be aware of the various safety measures related
to the potential contamination of crops via fecal indicator microorganisms, including
those that are not normally considered in such research. Thus, in conclusion, the issues
considered in the study provide significant potential for future research.
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