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Abstract: This study evaluates the feasibility of using pretreated domestic wastewater
(PDW) for food production in a hydroponic system. In the face of increasing water shortage
problems and rising fertilizer costs, PDW combined with a limited amount of fertilizer is
evaluated for its effects on plant growth, biomass yield, and product safety. The results
showed that lettuce grown with PDW and mineral fertilizers reached a fresh weight of 116,
while the use of organic fertilizers increased the yield to 127 g, compared to only 54 g with
raw water. Nitrate concentration (NO3) was higher in lettuce grown with organic fertilizers
(1044.33 + 144.04 mg/kg) than with mineral fertilizers (623.33 & 85.62 mg/kg), but the
values remained well below the acceptable limit of 5000 mg/kg for safe consumption.
Analysis of heavy metals confirmed that levels of arsenic, cadmium, mercury, and lead were
significantly lower than the maximum permissible values set by FAO and EU regulations.
In addition, no phthalates were detected in the lettuce biomass, confirming the safety of the
materials used in the hydroponic system. The use of PDW in hydroponic crops significantly
reduces dependence on potable water and synthetic fertilizers, contributing to sustainable
resource management. This approach not only reduces production costs, but also reduces
the water footprint of crops, which is crucial in the context of global water availability
problems. The findings support the validity of using PDW in decentralized food production
as a sustainable solution for regions facing water and fertilizer shortages. Further research
will focus on optimizing nutrient management and environmental conditions to increase
system efficiency and food safety.

Keywords: wastewater reuse; hydroponic system; wastewater management; nutrient
recovery; sustainability

1. Introduction

Worldwide, there is a growing contamination of soil and water, caused, among other
reasons, by intensive agriculture, which is due to the need to generate ever more significant
quantities of food to meet the demands of the growing population [1].

Hydroponics, a rapidly advancing method of cultivation, allows for the growth of
vegetables in a soilless culture utilizing artificial lighting, which has been found to have a
limited impact on the environment. In hydroponic systems, plants are grown in a medium
that supports the root structure, as opposed to soil. This medium is commonly placed in
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nets on a waterbed and the plants are supplied with nutrients through a nutrient solution [2].
Hydroponic technology presents several benefits, particularly in terms of sustainability. In
the context of this study, hydroponic cultivation utilizes low-potential waste heat energy,
such as that derived from industrial processes or renewable sources [3,4], providing a
system for growing vegetables year-round. The controlled environment eliminates the
need to contend with extreme weather conditions, reduces the energy required for tillage,
and eliminates the need for pesticides to combat animal pests and weeds. Additionally,
the use of domestic wastewater in hydroponic production can be an effective solution in
an era of increasing water stress [5]. The reuse of nonrecycled, nutrient-rich hydroponic
waste solution and PDW for growing plants in greenhouses is a possible way to control
environmental pollution [6]. The benefit of reducing pollutants in wastewater is also
important, as well as the utilization of nutrients by plants and therefore reducing burden
on the environment. Approximately 25% of water impairments are attributed to nutrient-
related issues such as oxygen depletion, algal growth, biological integrity, and turbidity [7].
To enhance the quality of wastewater and reduce the detrimental impact on freshwater
resources, it is essential to remove organic pollutants from wastewater [8].

In recent years, antibiotics, becoming the most frequently detected pharmaceutical
compounds in the wastewater. Advanced oxidation processes such as non-thermal plasma
technologies can be used, which not only generate hydroxyl radicals capable of degrading
CEC and inactivating pathogens but also increase the nitrate concentration in purified
water [9,10].

In this study, lettuce was chosen as the plant for evaluating the effects of PDW and
half-rate fertilizers on growth. Lettuce and other leafy vegetables have a relatively short
growth cycle [11], making it possible to conduct multiple experiments in a shorter period.
Additionally, due to its quick production cycle and high mass production, lettuce serves as
an ideal model plant for studies in vertical farming. It has also been identified as one of the
leading leafy plants for commercial production in vertical agriculture systems [12].

On the other hand, lettuce has been known to accumulate nitrate at levels that can be
harmful to human consumption if consumed in excessive amounts [13]. The accumulation
of nitrate in plants is influenced by both environmental conditions and genetic factors.
Among environmental factors, the intensity of light appears to have the strongest impact
on the accumulation of nitrates in plant tissues [14]. Previous studies have shown that
increasing light intensity within a certain range improves lettuce growth and quality,
and it has been suggested that the most efficient light intensity for lettuce in a plant
factory is between 200 and 400 pmol m 2 s~ ! [15-17]. These high levels of nitrate are
associated with the rapid growth facilitated by 12 to 14 h light cycles in vertical farming.
Additionally, scientific studies have shown that lettuce can be successfully produced with
treated greywater without posing a significant health risk from pathogens or metal(loid)s,
while also achieving a 5.1 log10 reduction in E. coli in the final effluent [18].

Another area of interest is the fertilizers applied during the growing process. In hy-
droponic systems, two types of fertilizers are commonly used for vegetable production:
mineral and organic fertilizers [19]. Mineral fertilizers, based on chemical fertilizers created
from mined, scarce, and nonrenewable sources [20] such as fossil fuels (N fertilizers in the
Haber—Bosch process) or fossil ore deposits (phosphate rock) [21], are the most widely used.
Previous studies have reported that nitrate accumulation is closely related to the amount of
fertilizer applied, with the highest levels of nitrate found in the use of inorganic fertiliz-
ers [22]. As concerns about food sources grow, organic fertilizers are gaining popularity.
Several studies have begun to investigate the use of organic fertilizers for hydroponic pro-
duction [23-25]. Additionally, research has been conducted on the utilization of byproducts
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from bioenergy systems as organic fertilizers to improve crop production and maintain soil
health [26].

However, the use of organic fertilizers and pretreated domestic wastewater may lead
to heavy metal contamination of the final product. There is growing evidence that organic
fertilizers and wastewater may have higher concentrations of trace metals such as As, Cd,
Hg, and Pb. Studies have shown that Chinese organic fertilizers can have trace heavy metal
content that exceeds typical values [27,28]. With the use of these fertilizers, trace metal
accumulation can occur in the grown biomass [29]. While some metals, such as Cu, Co, Fe,
Mo, Mn, and Zn, are essential nutrients for proper plant growth, others, such as Hg, Cd, Nj,
and Pb, are toxic to plants [30]. One concern is the potential for the higher accumulation of
metals in leafy plants compared to root vegetables [31].

Lastly, some concerns arise from the materials used to create the growing platform,
such as PVC or plastic PP, as the root structure is in constant contact with the material [32].
The transfer of phthalates to lettuce can occur through contact with packaging materials.
These materials are frequently associated with microplastics, phthalates, and heavy metals,
which can be deposited on plant roots or in their biomass [33,34]. Phthalates are a type
of synthetic organic compound that are widely used as plastic additives to increase the
flexibility of plastic polymers [35]. The most detected phthalate additives are di-n-butyl
phthalate (DnBP) and di (2-ethyl hexyl) phthalate (DEHP), both of which are included on
the priority list produced by the US Environmental Protection Agency (USEPA) as potential
endocrine-disrupting compounds [36]. Human interaction with these compounds can lead
to oxidative stress, genotoxicity, inflammatory and reproductive diseases, and various
forms of cancer [37].

Phthalates are commonly transferred to vegetables through contact with plastic wrap-
ping or packaging [33]. Given that the roots and lower leaves of lettuce in the nutrient
film technique (NFT) system are in constant contact with plastic material, our hypothesis
was that the lettuce biomass would accumulate phthalates due to prolonged contact with
plastics [38].

The need for the evolution of alternative methods of cultivation is always a hot topic,
especially to confront the multiple problems that conventional agriculture and conventional
wastewater treatment are. It seems that an innovative method, such as hydroponic cultiva-
tion, comes to solve many of problems of both area plastics [39,40]. Integrated wastewater
treatment and hydroponic plant production systems that solely depend on wastewater to
supply nutrients for plants have been reported to be deficient in nutrients such as nitrogen
(N), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg). This is attributed
to the low content of nutrients such as N, P, K, Ca, and Mg in wastewater effluents [41].
Therefore, growing plants effectively in hydroponic systems will require the addition of
fertilizer to the wastewater that is used as a supplementary nutrient source. At present,
however, there is limited information on the effects of combining PDW with commercial
fertilizers for plants grown hydroponically.

2. Materials and Methods
2.1. The Hydroponic Farm with NFT System

The experiment was carried out in a vertical hydroponic laboratory with an NFT
closed recirculating system where water containing dissolved nutrients flows over the roots
of plants in a thin film, allowing them to absorb nutrients and water directly. This allows
for a high degree of control over environmental conditions, including nutrient levels, air
temperature, water temperature, light intensity, water circulation, and humidity conditions.
We produced eight batches of lettuce, 116 plants with 11.5 kg of biomass. The individual
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series (batches of lettuce) only varied in the type of feed water, in accordance with the
research objective.

The climate of the laboratory was maintained at 21 °C to 22 °C using an air condition-
ing system that compensated for the change in the external environment. Humidity was
kept at 50% to 60% using the same means. The growing system was made up of four floors
with twenty plants on each floor. The plants were seeded 20 cm apart in three rows spaced
15 cm apart, each row with ten seedlings. The construction, including the growing space,
was made of polypropylene of food certified quality.

Salads were seeded in rock wool blocks, suitable for water temperatures up to 25 °C
and a pH of 5.8 to 6. For the source of growth light, LED strips (cold white light) with a
correlated color temperature of 6000 K, a luminous flux of 2100 Im/m, 120 LED per meter,
a power rating of 20 W/m, and a light degree of 120° were used. The growth area on one
floor was 195 x 56 cm, and each floor had four strips of lights, 10 cm apart, with a distance
from the growing base 20.5 cm. This resulted in an even spread of the luminous flux across
the growing space. The diagram of the research system is shown in Figures 1 and 2.

Fertilizer dosing

h 2

Ozonation Equalization and Nutrient
readior Mixing Tank
» e =
f T T Vertical Hydroponic Tower g
(NFT System) S
Ozon : =
Circulating ¢ %
pump o } 3
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Figure 1. The diagram of the research unit [own source].

Figure 2. Hydroponic farm with NFT system in the lab [own source].

PDW from a small domestic treatment plant has been used, with ozonation treatment
afterwards. The wastewater was pretreated mechanically using an Imhoff tank and subse-
quently subjected to ozonation with a ZY-H135 ozone generator (ECS Piotr Paruszewski
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Kobyla Géra, Bierzéw, Poland) operating at a maximum capacity of 1000 mg/h. The
ozonation process was carried out in a reaction chamber with a volume of 0.2 m3. From
the reaction chamber, the wastewater flowed into an equalization tank, from where it was
supplied to the system feeding the cultivation setup.

As for the quality of pretreated sewage, it was characterized by a pH of 6.5 to 7.4, and
the concentration of organic compounds measured as BODjs at the level of 30-50 mg O, /L.
The analysis of the individual elements was carried out in an accredited laboratory. No
nutrients were measured in the pretreated sewage because they were treated as substances
that affect plant growth and were therefore dosed in addition to fertilizers.

PDW was used in lettuce production where the values determined are as follows:
total nitrogen (N) = 55 mg/L and total phosphorus (P) = 8 mg/L. The wastewater was
supplemented with two types of fertilizer, the nutrient composition of which is given below
according to the producer’s data (General Hydroponics Flora Nova). However, fertilizers
were applied at only half the rate recommended by the producer. Their concentration
was maintained at the desired ratio per liter of water during the 7-week growth period.
The rationale for applying a reduced 50% fertilizer dose was based on the fact that the
wastewater itself already contains nitrogen and phosphorus. The research concept aimed
not only to utilize the reclaimed water from the wastewater but also, and perhaps more
importantly, to recover and reuse the biogenic elements that contribute to plant growth.
The implementation of such a system is designed to reduce not only the extraction of
water from primary sources but also the demand for synthetic fertilizer production. This
approach aligns with sustainable agricultural practices by promoting resource efficiency
and minimizing environmental impact.

An additional critical factor in determining the reduced fertilizer dose was the consid-
eration of food safety, particularly for children who may consume the produced lettuce.
Excessive nitrate levels in vegetables can pose health risks, especially to vulnerable popula-
tions. By lowering the fertilizer input, the study sought to ensure that nitrate concentrations
in the lettuce remained within safe limits, adhering to established health and safety stan-
dards. This dual focus on sustainability and consumer health highlights the broader
implications of integrating wastewater reuse into agricultural production systems. In the
first example, mineral fertilizer was used to supply the following components (1.1 mL/L):
total nitrogen (N) = 70 mg/L, phosphoric anhydride (P,Os5) = 44 mg/L, potassium oxide
(K20) =110 mg/L, calcium oxide (CaO) = 44 mg/L, magnesium oxide (MgO) = 16 mg/L,
sulfur anhydride (SO3) = 11 mg/L, and iron (Fe).

In the second example, the PDW was supplemented with organic fertilizers to sup-
ply the following components: total nitrogen (N) = 80 mg/L, anthydride phosphorique
(P20s5) =20 mg/L, potassium oxide (K,O) = 118 mg/L, sulfur anhydride (5O3) = 100 mg/L,
magnesium oxide (MgO) =20 mg/L, copper (Cu) = 0.2 mg/L, and iron (Fe), Zinc (Zn).

It should be emphasized that to maintain microbiological safety, the sewage was
subjected to an ozonation process before being introduced into the system, after the pre-
treatment process.

2.2. Plant Material

The plant material consisted of one type of leafy salad, lettuce, shown in Figures 3
and 4, Gagarin RZ-type lettuce dubacek (Lactuca sativa L. var. crispa) (resistance HR,
B1:16-36 EU/Nr:0:). Lettuce is generally grown as an annual autotrophic therophytic herb,
though under some conditions it can behave as a biennial. In our case, the harvest was
carried out from the first year. The root system consists of the primary spherical root, with
which the plant is well fixed in the rock wool cube. Simple or segmented leaves with
pronounced ribbed veins alternately grow in the rosette until the plant removes the stem
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into tiny yellow Asteraceae flowers arranged in a cape. This lettuce forms achenes when
fully matured.

(@) - (b)

Figure 3. (a) Vertical view and (b) horizontal view of the lettuce produced using mineral fertilizer
[own source].

@) (b)

Figure 4. (a) Vertical view and (b) horizontal view of the lettuce produced using organic fertilizer

[own source].

2.3. Methods Used for Elemental and Phthalate Analysis

When lettuce was harvested, the root structure was separated from the stem and leaves.
The lettuce stems and leaves were kept in a refrigerator at 4 °C for the next 12 h before
being processed into the dry mass required for the tests. The analysis of the individual
elements was carried out in ALS Czech Republic, s.r.o. an accredited laboratory using
appropriate accredited methods to determine individual concentrations of each element in
the lettuce produced.

The determination of nitrates in the lettuce leaves was made using the colorimetric
method involved extracting nitrate ions with distilled water, followed by a reaction with
salicylic acid in a sulfuric acid medium, resulting in the formation of a yellow complex. The
absorbance of this complex was measured at a wavelength of 410 nm using a spectropho-
tometer, and the nitrate concentration was calculated based on the calibration curve.

For the determination of arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg) in
vegetables, samples were first digested using a mixture of concentrated nitric acid (HNO3)
and perchloric acid (HClOy) to break down the organic matter and release metal ions. The
digested solution was then introduced into the Atomic Absorption Spectrometer (AAS),
where each metal was quantified by measuring its specific light absorption.

Phthalates in vegetable samples were determined using Gas Chromatography-Mass
Spectrometry (GC-MS). The samples were homogenized and extracted with an organic
solvent, typically hexane or dichloromethane, followed by purification through solid-phase
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extraction (SPE) to eliminate matrix interferences. The purified extracts were then injected
into the GC-MS system, where phthalates were identified and quantified based on their
characteristic mass spectra and retention times.

3. Results
3.1. Lettuce Growth, Harvestation, and Biomass Processing

This study employed a procedure in which seeds were planted in rockwool cubes
soaked in water or PDW and left to germinate in a dark space for five days until the first
leaves developed. Once the first set of seed leaves emerged, the plants were transferred
to a location with artificial light to prevent excessive growth. Following this, the plants
developed their roots and first true leaves, at which point they were transplanted into net
pots and placed in a closed loop NFT system with artificial light and fertilizer.

Harvesting occurred when the lettuce heads were fully formed and prior to the bolting
phase, approximately 7 weeks after transplantation to the NFT system (with a 14 h/day
light period and a 10 h/day dark period). Fresh biomass (g) was determined by selecting
20 plants from the vertical farm, separating the root structure from the stem, and converting
the stem and leaves to a dry mass. The average number of leaves and fresh biomass of
plants is shown in Table 1.

Table 1. Effects of different fertilizers on morphological traits of plant [own source].

Type of Used Water Fresh Biomass of Lettuce (g) Number of Leaves (n)

PDW + Mineral F. 116 =3 39+2
PDW + Organic E. 127 £3 44 + 2
Raw Water (No Fertilizer) 54 + 8 40+ 3

Note: average values; £SE (standard error).

The table presented shows the effects of a combination of PDW and two different
fertilizers on the morphological traits of a lettuce. The data compare the use of PDW with
half-dose mineral fertilizers, organic fertilizers, and then PDW (control group) on the fresh
biomass and number of leaves of the plant.

The results indicate that the use of PDW and both fertilizers significantly increased
the fresh biomass of the lettuce plant compared to the control group using raw water.
Specifically, the use of mineral fertilizer resulted in a fresh biomass of 116 £ 3 g and the use
of organic fertilizer resulted in a fresh biomass of 127 + 3 g. This suggests that both types
of fertilizers are effective in promoting growth in lettuce plants, although it was only used
at half the dose recommended by the producer.

The number of leaves on the plants did not see any increase when using the combina-
tion of PDW and fertilizers, with 39 & 2 leaves and 44 + 2 leaves, respectively, compared
to 40 * 3 leaves in the control group using raw water. This suggests that both types of
fertilizers may not have any effect on the promotion of leaf growth in the lettuce plants. It
is worth noting that the standard errors (SEs) of the means are relatively low, indicating
that the results are likely to be reliable and generalizable. We are not comparing the effects
of PDW without fertilizers but raw water vs. PDW with fertilizers. Also, we are making
the conclusion that PDW with fertilizers do not have an effect on leaf growth in lettuce
compared to raw water.

3.2. Effects of Mineral and Organic Fertilizers on Nitrate Uptake

The tables presented the concentration of nitrates (NOs) in hydroponically grown
lettuce using PDW supplemented with half the rate of mineral and organic fertilizers and
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using raw water as a control. The data presented in Table 2 support the initial hypothesis
that organic fertilizers promote higher amounts of nitrates absorbed into the grown veg-
etable. The results of the analysis indicate a difference of 421 mg/kg of nitrates (NO3) in
the biomass of the whole lettuce produced in the first and second experiments and 100.33
mg/kg of nitrates in the third and fourth experiments when using mineral and organic
fertilizers. The results suggest that the PDW with organic fertilizer has a role in the increase
in nitrates in hydroponically grown lettuce. However, it is worth noting that the nitrate
increase is not as significant as some previous studies have indicated [22].

Table 2. Concentration of nitrates NOj3 in two hydroponically produced lettuce samples using PDW
and mineral and organic fertilizers and using raw water [own source].

Type of Used Water Sample NOj; (mg/kg)
PDW with Mineral Plant Sample 1 623.33 £ 85.62
Fertilizer Plant Sample 3 589.67 £ 80.95

PDW with Organic Plant Sample 2 1044.33 + 144.04
Fertilizer Plant Sample 4 690.00 = 94.87
Raw Water (No Fertilizer) Plant Sample 5 148.67 +£14.83

Note: average values; £SE (standard error).

The results from Table 2 indicate that the use of raw water results in a significantly
lower NOj3 concentration in lettuce plants compared to the use of domestic pretreated
wastewater with mineral and organic fertilizers. Specifically, the use of raw water results in
an average NOj concentration of 148.67 & 14.83 mg/kg. This suggests that the use of raw
water as a source of water results in lower levels of nitrates in lettuce plants.

A more substantial difference in the concentration of NOj is present when comparing
the pretreated domestic wastewater with raw water (no fertilizers) as shown in Table 2. Raw
water resulted in 895.66 to 441 mg/kg less NOs in the plant compared to PDW mixtures
with fertilizers. This further supports the conclusion that the use of domestic pretreated
wastewater with both mineral and organic fertilizers results in significantly higher NO3
concentrations in lettuce plants compared to the control group using raw water.

However, using only raw water resulted in a significant decrease in biomass over the
same growing period, as shown in Figure 5.

—&— Mineral F. Organic F. Raw water

140
120 W
100

80

60

40

20

WEIGHT (G)

SAMPLE 1-4 (-)

Figure 5. Fresh biomass of samples 1-4 from randomly selected lettuce produced in the hydroponic
system using PDW supplemented with half the dose of organic and mineral fertilizers [own source].

3.3. Heavy Metals

The data presented in Table 3 show the concentrations of heavy metal traces (As, Cd,
Hg, Pb) contained in lettuce leaves produced using PDW with fertilizers. The table also
includes the maximum permissible concentrations of these heavy metals in lettuce for
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human consumption established by the European Union and the Food and Agriculture
Organization of the United Nations (FAO) [42]. The text highlights that all investigated
heavy metals (As, Cd, Hg, and Pb) present in the lettuce produced are below the maximum
concentration recommended by the FAO and the EU.

Table 3. Heavy metal concentration that occurs in hydroponically produced lettuce, using mineral
and organic fertilizers [own source].

Heavy Metal Unit Type of Used Water FAO1 EU?2
- - PDW + Mineral . PDW + Organic F. - -
As mg/kg 0.100 = 0.02 0.100 % 0.02 - -
Cd mg/kg 0.085 + 0.002 0.077 £ 0.002 0.2 0.1
Hg mg/kg 0.005 +£ 0.001 0.004 £ 0.001 - 0.01
Pb mg/kg 0.010 £ 0.002 0.010 £ 0.002 0.3 0.3

Notes: ! The maximum concentration of heavy metals in leafy vegetables by the Food and Agriculture Organi-
zation of the United Nations is mg/kg. 2 European Union Commission Regulation of the maximum allowed
concentrations of heavy metals in leafy vegetables in mg/kg.

All investigated heavy metals (As, Cd, Hg, and Pb) present in the lettuce produced
are below the maximum concentration recommended by the FAO and the EU. Although
cadmium is more solvable compared to other metals, which means that it can accumulate
more in vegetable tissue [38], its presence in our produce was the lowest between tested
heavy metals. Cadmium was alleviated when using organic fertilizers, while Hg was higher
in mineral fertilizers. The variation in these metal concentrations is likely attributed to the
standard error in the analysis and errors in the subsequent statistical analysis, especially
since all the measured values were below the detection limit of the laboratory equipment.

3.4. Phthalate

The concentration of several types of phthalates occurring in hydroponically grown
lettuce using PDW + fertilizer was determined in the laboratory. Its values were of-
ten below the limit of detection, in the following range: 0.1 mg/kg (Tributyl Phos-
phate), 0.3 mg/kg (Butylbynzylphtalate, Di-Butylphthalate, Di-iso-Butyladipate, Di-iso-
butylphthalate), 0.5 mg/kg (Di-Butyladipate, Diethyladipate, Diethylhexyladipate, Di-
ethylphthalate, Dimethylphthalate, DINCH, Di-n-octylphthalate, Dipenthylphthalate (sum
of I and N), Di(2-propylheptyl) phthalate, Tributyl O-acetylcitrate, Diethylhexyl seba-
cate), 1 mg/kg (Diethylhexylphthalate), and 5 mg/kg (Di-iso-Decylphthalate, Di-iso-
Heptylphthalate, Dinonylphthalate (sum I and N)).

The working hypothesis was the possibility that fertilizers could interact with materials
used for the construction of the growing platform and thus alter its stability, which could
lead to contamination of the water and the grown biomass by phthalates released from PVC
or PP [32]. The second hypothesis was the effects of constant contact of the root structure
with the said material and the possibility of uptake of phthalates by the roots [38]. The
results of the analysis are given below.

All tested phthalate esters were determined to have a quantification level in the final
product. This leads to the conclusion of refutation of both original hypotheses concern-
ing phthalates in this analysis. The results indicate the safety of the material used for
hydroponic farming in the vertical farm in an experiment. Similarly, these results could be
used to validate the safety of other vertical farms and growing complexes operating under
similar conditions.
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4. Discussion

The study presented in this article aimed to investigate the effects of using PDW
supplemented with half doses of mineral and organic fertilizers on the growth and morpho-
logical traits of hydroponically produced lettuce. The results, presented in Table 1, indicate
that both mixtures significantly increased the fresh biomass and number of leaves of the
lettuce plant compared to the control group using raw water, suggesting that PDW and
both types of fertilizers are effective in promoting growth in lettuce plants. Additionally, it
is worth noting that the standard errors (SEs) of the means are relatively low, indicating
that the results are likely to be reliable and generalizable.

The study also conducted an elemental analysis, which found that NO3 concentrations
were substantially lower than the recommendations of the Scientific Committee of Food.
The concentrations of arsenic, cadmium, mercury, and lead were particularly important
due to their potential harmful effects on human health, which are well documented in
previous studies [43—46]. The study also found no presence of phthalates in the lettuce,
which is important due to the potential danger of phthalate contamination of food to
human health [47,48] and the increasing use of PVC materials for packaging, storage, and
transporting food. The Scientific Committee on Food (SCF) stated in the regulation (EC)
2005 that the total intake of nitrate is normally well below the acceptable daily intake (ADI)
of 3.65 mg/kg of body weight. This is also regulated by the FAO [49] and Commission
regulation [50], stating that the maximum permissible concentration of nitrates such as
NO3 must be 5000 mg/kg for lettuce grown under cover. In our analysis, NO3 was highest
at 1044.33 + 144.04 and 623.33 £ 85.62 mg/kg, respectively, for PDW mixtures, which is
20.89% and 12.47% of the maximum allowed NOj3. This would suggest that using raw
water would be safer for production of the lettuce on a smaller localized scale compared
to the pretreated domestic wastewater. On the other hand, the morphological traits of the
plants suffered substantially when no fertilizer was used as shown in Figure 4. This is due
to the lack of necessary nutrients in raw water which are separated from the raw water.

The concentration of mercury is not specified by the FAO [49] for the norms for leafy
vegetables, only for fish, while the EU regulation (EC) [51] specifies the permissible amount
of mercury at 0.01 mg/kg. Neither the FAO [49] nor the EU [50] specifically specify arsenic
concentrations in leafy vegetables or lettuce. Cadmium has stricter regulation in the EU [52]
at 0.1 mg/kg compared to FAO regulations (2019) at 0.2 mg/kg. Lastly, lead is regulated at
0.3 mg/kg in both the FAO [49] and the EU regulation [53,54].

The results of this study contained minimal amounts of As, Cd, Hg, and Pb in the
lettuce produced. Table 3 shows that the concentrations were below the permissible levels
(maximum allowed concentrations of heavy metals in leafy vegetables). In the case of Cd,
however, the resulting value is too close to the permissible value. Therefore, it cannot be
generalized that there is a high safety of growing lettuce in PDW mixtures against the
presence of heavy metals.

5. Conclusions

The study clearly confirms the potential for the safe and effective use of partially
treated domestic wastewater (PDW) in food production within hydroponic systems. The
application of PDW, supplemented with half doses of organic or mineral fertilizers, resulted
in satisfactory lettuce growth, comparable to traditional cultivation methods. Despite
the reduced fertilizer dosage, both biomass accumulation and leaf count were adequate,
demonstrating that PDW can effectively support food production.

Analysis of lettuce biomass revealed no presence of heavy metals or other harmful
contaminants, confirming the safety of using PDW mixed with fertilizers in hydroponic
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cultivation. Additionally, prolonged exposure to the NFT hydroponic system did not lead
to phthalate migration into the plants, further emphasizing the safety of this technology.

The use of PDW in food production not only offers a viable alternative to conven-
tional water sources but also reduces synthetic fertilizer consumption, lowers production
costs, and significantly decreases the water footprint of crops. This approach enables
efficient management of water and nutrient resources, aligning with global sustainable
agriculture goals.

Future research should focus on further improving this technology by analyzing the
effects of PDW without fertilizer supplements and optimizing environmental conditions,
such as lighting. However, the current findings provide a solid foundation for developing
innovative, safe, and sustainable food production methods based on wastewater reuse.
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