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Abstract: As the global population reaches eight billion, large quantities of wastewater (domestic,
industrial, livestock) need to be treated in an efficient, green, and environmentally friendly manner.
Wastewater hydroponics technology (HP) can efficiently remove various pollutants (conventional and
emerging pollutants, heavy metals, and microorganisms) and create economic benefits. This paper
aims to systematically review the principles, applications, and limitations of wastewater hydroponics
technology in the context of pollution and nutrient removal. Unlike constructed wetlands, wastewater
hydroponics has been proven to be effective in removing pollutants through small-scale in situ
restoration. For instance, the average removal of COD, total nitrogen (TN), total phosphorus (TP),
copper (Cu), and zinc (Zn) was more than 70%, 60%, 80%, 64.2%, and 49.5%, respectively. However,
HP technology still has the disadvantages of high energy consumption, complex control parameters,
and low public acceptance of using wastewater for planting crops. Therefore, further research is
needed to reduce system energy consumption. In addition, hybrid technologies, such as two-stage
hydroponics that use aquatic plants (algae or aquatic floating weeds) to recycle pollutant-containing
wastewater nutrients for hydroponics, should be further developed.

Keywords: food crops; hydroponics; phytoremediation; pollutant removal; wastewater purification

1. Introduction

Water is crucial for sustainable human and socio-economic development, energy
and food production, ecosystem stability, and human survival. It also plays a central
role in climate change adaptation and serves as a critical link between society and the
environment. With rapid population and economic growth, large quantities of urban,
industrial, and livestock wastewater are generated daily. According to the UN Water
Sustainable Development Goal report, 44% of household wastewater worldwide remains
untreated [1].

Domestic wastewater may contain potential pollutants, including detergents from
bathrooms, food scraps and oils from kitchens, and excrement from toilets. As a result,
it can contain pathogens, nutrients, and organic matter [2]. In recent years, the water
industry has placed greater emphasis on treating and recycling wastewater due to social
and environmental pressures. However, high-strength industrial wastewater still contains
numerous persistent organic contaminants and inorganic pollutants, as well as heavy
metals, presenting significant challenges to environmental safety [3]. In agriculture, the
widespread use of chemical fertilizers and pesticides to enhance crop yields and livestock
quality poses a significant threat to surface and groundwater [1].

Globally, 80% of wastewater is discharged into the environment without adequate
treatment. As a result, approximately 1.8 billion people are exposed to fecal-contaminated
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drinking water sources, putting them at risk of diseases such as cholera, dysentery, typhoid,
and infections of the spinal cord, as well as the risk of polio [4].

In addition to the direct harm caused by bacteria and viruses in water, heavy metal
pollution poses another threat to human health. Lead (Pb), for instance, can adversely
affect the human nervous system, particularly leading to learning deficits and a decline
in IQ among infants and young children [5]. Arsenic (As) can seriously affect human skin
and internal organs and cause various malignant tumors [6]. Chromium (Cr(VI)) facilitates
UV-induced skin cancer [7].

Cadmium (Cd) has the potential to cause osteomalacia and osteoporosis, leading to
severe damage to the liver, kidneys, reproductive system, and cardiovascular system. It is
also recognized as a carcinogen, contributing to the development of cancer [8]. Further-
more, emerging contaminants such as cosmetics, pharmaceuticals, personal care products,
and microplastics have been identified in wastewater treatment plants and natural wa-
ter sources worldwide. These contaminants cannot be effectively eliminated, and may
even be detected in drinking water, posing potential risks such as endocrine disorders,
birth defects, developmental disorders, and impacts on fertility and reproductive health
in humans [9,10]. Additionally, these pollutants can promote malignancy and increase
the resistance of bacterial pathogens. In order to minimize potential harm to humans
and ecosystems resulting from wastewater, various physical, chemical, and biological
wastewater treatment technologies have been developed [11].

Among them, popular approaches widely used for wastewater treatment and re-
sources recovery include adsorption by activated carbon and biochar, advanced oxidation
processes (such as photocatalysis), biological methods (such as constructed wetlands-CWs),
and hybrid methods based on membrane technology. These methods offer different treat-
ment performances, depending on the specific requirements and characteristics of the
wastewater being treated [12,13]. However, these technologies often suffer from the issue
of high implementation and maintenance costs [14]. For instance, the production cost of
biochar and filtration membranes is significant, resulting in higher overall investment and
operational expenses [15]. Additionally, certain treatment technologies can generate signifi-
cant amounts of by-products or residues. If these by-products or residues are not properly
treated, they can result in secondary pollution. For example, in the case of biochar or mem-
branes used for adsorption or filtration, recycling or appropriate treatment is necessary to
ensure their harmlessness and prevent any negative environmental impact [16]. Advanced
oxidation processes often require the addition of oxidants and catalysts, which can also
produce by-products [17]. Furthermore, some technologies have strict operating condi-
tions and environmental requirements, which can make widespread adoption challenging.
For instance, cultivating microorganisms for biofiltration requires a significant amount
of time [18], while membrane technology requires pressure control to prevent clogging,
fouling, or rupture [19]. Therefore, it is crucial to identify a method that is easy to imple-
ment, involves low investment and operating costs, and offers economic value through
by-products. Hydroponic systems have gained significant attention for their ability to
support plant growth in controlled environments. This soil-less method of plant cultivation
utilizes water-based nutrient solutions to provide plants with the essential elements they
need for healthy development. Hydroponics offers several advantages, including efficient
resource utilization, optimal nutrient uptake, and higher crop yields compared to tradi-
tional soil-based farming. Beyond its application in conventional agriculture, hydroponic
systems also hold great potential for wastewater treatment. Wastewater hydroponics is
one such method, which is derived from traditional hydroponics. Traditional hydroponics
involves growing plants without soil utilizing mineral nutrient solutions [20]. This method
serves as an excellent alternative to mitigate the drawbacks of soil media, which consume
substantial amounts of freshwater and fertilizers. In traditional hydroponics, nutrients are
directly delivered to the plant roots, providing optimal conditions for plant growth and
ensuring consistent yields [21]. Wastewater hydroponics, however, employ wastewater
instead of traditional hydroponic nutrient solutions, allowing for wastewater purification
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while simultaneously obtaining economically valuable by-products [22]. In addition, the
effects of different types of wastewater in hydroponic experiments are rarely examined.

Therefore, this review aims to discuss the process mechanism in wastewater hydro-
ponic systems, compare the wastewater hydroponics and CWs systems, review the progress
of wastewater hydroponic experiments in recent years, and propose future research directions.

2. Wastewater Hydroponic Process
2.1. Nutrient Solutions

In wastewater hydroponics, the nutrients present in wastewater serve as essential
elements for plant growth. These nutrient solutions must contain a significant amount
of macro elements, including nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg), and sulfur (S), as well as trace amounts of microelements, such as iron
(Fe), boron (B), manganese (Mn), zinc (Zn), and copper (Cu). According to [23], these
essential elements are classified based on their relative concentrations in plant tissues,
with the order being N > K > Ca > Mg > P > S > Fe > B > Mn > Zn > Cu. Therefore,
insufficient nutrients in the wastewater can hinder crop growth. Studies have indicated
that irrigating crops with treated wastewater can lead to yield reductions of nearly 50%
compared to commercial nutrient solutions, due to the low nutrient concentrations in the
wastewater [24–27]. Additionally, the chemical composition of wastewater nutrients can
vary significantly, including variations in micro and macro nutrient content, pH levels,
pollutants, and pathogens, depending on the wastewater source and treatment processes.

2.2. Wastewater Hydroponics

Generally, wastewater hydroponics can be categorized into open systems (where the
nutrient solution is used only once) and closed systems (where the nutrient solution is
recirculated). The open hydroponic system, also known as static solution culture, involves
the simple application of the nutrient solution without considering the potential risks of
plant infection or increased salinity resulting from recycling the solution. There are two
types of open systems: deep water culture and floating raft culture. In a deep water culture
(Figure 1a), plants are grown in pots with a growth medium, and the bottom of the pots
are immersed in the nutrient solution, allowing some roots to be submerged, while others
remain in the air [28]. In a floating raft culture (Figure 1b), plants are grown on a rigid
Styrofoam raft that floats on a pool of nutrient solution. Both methods require aeration of
the nutrient solution to prevent oxygen deficiency in the plant roots, which could inhibit
cellular respiration [29]. Based on the experience in commercial hydroponics, the deep-
water aquaculture system is recommended as a potential cultivation method for lettuce
and other leafy vegetables. It offers simplicity, ease of operation, shorter crop duration,
economic feasibility, high yield, and high-quality produce [30].

A closed hydroponic system, which is also called a continuous flow solution culture,
can save more water and fertilizers than an open system. The nutrient film technique
(Figure 1c) is the most common closed hydroponic system. In this system, the nutrient
solution is pumped through the growing zone and flows over the plant roots. The water-
saving effect of this system has been confirmed by many studies. The authors of [31] studied
the recycling of hydroponic wastewater to grow cucumbers in greenhouses and found that
the reuse of wastewater reduced water consumption by 33%, resulting in savings of 59%
N, 25% P, and 55% K. One potential problem of closed hydroponic systems may be the
accumulation of salt ions, mainly Na and chlorine (Cl). The increase in salt concentration
leads to a decrease in plant photosynthesis and transpiration rates, a reduction in plant
weight, and an apparent toxicity effect caused by Cl [32]. During the initial period of
elevated salinity, root growth is rapidly and severely affected, with significant damage to
older leaves observed after a few days, followed by mass death of older leaves after a few
weeks [33]. Trajkova et al. [34] found that the cucumber yield in the nutrient solution with
Na concentration of 31.0 mM was significantly lower than that of the standard solution with
Na concentration of 1.23 mM. However, Grewal et al. [31] found that cucumber yields were
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not affected by salinity accumulation. They believed that the Na content of the drainage
water reused for irrigation could not have been increased, because approximately 67% of
the cucumber crop irrigation was from a fresh nutrient solution made with drinking water.
In addition, not all plants are affected by high salinity. Sweet basil has been tested to have
no effect on plant yield and quality at high NaCl concentrations (up to 30.0 mol/m3) and
low P concentrations (0.1 mol/m3) [35]. The selection of wastewater hydroponic system
depends on whether the effluent quality meets safe discharge standards, with particular
attention paid to the removal of heavy metals and emerging pollutants.
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2.3. Hydroponic Plants

Commercial hydroponics are suitable for growing various fruits and vegetables using
corresponding cultivation techniques [36]. Wastewater hydroponics is not recommended
for growing vegetable species that use plant roots and stems as edible parts, because the
roots and stems of the plants are in direct contact with wastewater. In addition to vegetable
farming, wastewater hydroponics can also be used for flower farming. Damasceno et al. [37]
irrigated gerbera with treated domestic wastewater in four volumes: 0%, 25%, 50%, and
75%, mixed with chemical fertilizers. The results showed that fertilizer-only irrigation
produced only 6.1% more flowers than wastewater-only irrigation. The combination of
mineral fertilizers and treated wastewater favored gerbera’s growth and leaf development,
and the harvested flowers were of higher quality.

3. Mechanism of Hydroponic Plants to Purify Wastewater

The principle of hydroponic wastewater purification is phytoremediation, which is a
low-cost and solar-powered natural cleaning technology. Plants assist in the removal of
pollutants in a variety of ways, including phytoextraction, phytovolatilization, phytodegra-
dation, and rhizofiltration (Figure 2). Phytoextraction refers to the absorption and transport
of pollutants by plant roots from soil or water. Phytoextraction occurs either through
metal hyperaccumulators or fast-growing plants for continuous extraction or application of
acidifying chemical (NH4)2SO4 to enhance plant uptake and transport of metals [38]. In
addition, phytomining is a special method of phytoextraction with excellent commercial
potential, which utilizes the absorption and accumulation of metals by plants to extract
and accumulate noble metals from dispersive sources. This technology is widely used
to recover nickel from contaminated land [39]. Dinh et al. [40] summarized nearly two
decades of research on the phytomining, enrichment, and extraction of various precious
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metals, especially gold and silver. They believed that, in the case of depleted reserves,
phytomining is a promising approach to recover noble metals from low-grade ores or
secondary resources. However, this technology is only aimed at polluted soil, industrial
wastewater, or mine wastewater that may also contain a large quantity of precious metals.
So far, there is no relevant research on this type of wastewater hydroponics. Moreover,
given the significant rise in rare earth prices and industrial demand in recent years, the
utilization of phytomining for extracting rare earth elements has yet to be extensively
explored and implemented in practical applications. This approach holds great promise
as a sustainable and eco-friendly method for extracting rare earth elements from both
wastewater and ores [40,41].
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Phytovolatilization means that plants absorb pollutants through their roots and con-
vert them into gaseous states, which are then released into the atmosphere through plant
evapotranspiration. This technique has been used to remediate metal contamination (i.e.,
mercury (Hg) and Selenium (Se)) with volatile properties. For example, selenium can be
volatilized by conversion to dimethyl selenide [(CH3)2Se] [42,43]. Groundwater contami-
nated with volatile organic compounds, such as perchloroethylene and trichloroethylene,
can also be remediated with this technology. This passive repair technique costs much less
than traditional repair techniques [44].

Phytodegradation involves the direct degradation of organic pollutants through the
release of enzymes from roots or through metabolic activities within plant tissues. During
plant degradation, organic pollutants are taken up by roots and metabolized in plant
tissues into less toxic substances. As with plant extraction and volatilization, plant uptake
generally occurs only when the solubility and hydrophobicity of the contaminant are
within acceptable limits. Phytodegradation has been observed to remediate some organic
pollutants, such as chlorinated solvents and herbicides [45].
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Rhizosphere filtration is primarily used to remediate contaminants in water by adsorb-
ing or precipitating contaminants to plant roots or by absorbing contaminants around the
root zone of plants [46–48]. Wastewater hydroponics mainly uses this technology to repair
heavy metals and radioactive pollutants [49].

Chanu and Gupta [50] investigated the ability of hydroponic water spinach to remove
Pb from wastewater and found that plant roots accumulated higher concentrations of Pb
relative to stems and leaves, which had the ability to retain and limit the transport of heavy
metals from roots to stems. A similar response was observed for copper in the same plant
by Khumanleima Chanu and Gupta [51]. Two other studies also showed that the plant
could be propagated by fragmentation, where uncontaminated parts can be excised and
regenerated in uncontaminated media and new batches of wastewater can be reprocessed.
Once growth has resumed, contaminant-rich necrotic fractions can be safely disposed of.
Garousi et al. [52] evaluated the tolerance and accumulation of selenium in hydroponic
sunflowers. The selenium content in the plants increased significantly with increasing
selenium concentration. Chlorophyll a and b in the plants were not damaged after three
weeks of selenium exposure up to 3 ml/L, which shows that the selenium of sunflower has
high tolerance and absorption capacity, and selenium is easily transferred from the roots
to the shoots. In addition to studying a single heavy metal, researchers also conducted a
series of experiments on the ability of hydroponic plants to absorb various mixed heavy
metals. Helianthus annuus can simultaneously absorb As, Cd, Cr, nickel (Ni), and Fe, and
a significant increase of the As and Cd enrichment phenomenon was observed [53]. Iris
sibirica can tolerate and accumulate Pb, cobalt (Co), and Ni, and the bioaccumulation
factor of Pb is greater than one, indicating that it has a good phytoremediation potential
for Pb and can be used for the remediation of mineral wastewater [54]. Researchers also
used sunflower to absorb and accumulate radioactive elements, Cd, plutonium (Pu) [55],
uranium (U) [56], and radon-222 [57].

Regarding the elimination of pathogens, a growing body of literature indicates that
plant roots play a significant role [58–62]. The first mechanism involves oxidation. Through
radial oxygen loss [63], plants release oxygen into the rhizosphere via their root system,
thereby increasing the dissolved oxygen concentration in that area. However, as most
intestinal bacteria are facultative or obligate anaerobes, the presence of aerobic conditions
poses a significant threat to their survival [64–66]. Previous studies have demonstrated
that aeration for 2 h resulted in an 8–10-fold increase in the bacterial mortality rate [67].
Moreover, the utilization of artificial aeration systems in hydroponic methods such as deep
water culture and floating raft culture can enhance the removal efficiency of E. coli [68,69].
Another mechanism involves the release of root exudates by plants, which possess antimi-
crobial properties [70]. Earlier research has revealed that root exudates from plants like
Scirpus lacustris and Phragmites australis have the ability to eliminate fecal E. coli and other
pathogenic bacteria [71]. Recent studies have highlighted the secretion of proteins called
lectins by plants, which enable the binding of pathogens to the root surface and cause
damage to their structure [72]. Additionally, plants can secrete specific defense proteins
to counteract infection by harmful bacteria [73]. For example, sweet basil roots secrete
rosmarinic acid to combat Pseudomonas aeruginosa infection [74].

Comparison between Wastewater Hydroponics and Constructed Wetlands

Similar to wastewater hydroponic systems, CWs are widely used in sewage purifica-
tion through microbial degradation, plant absorption, and substrate filtration due to their
low treatment costs and stable operation. By simulating natural wetlands, CWs utilize the
triple synergistic effects of natural ecosystems in physical, chemical, and biological states to
achieve sewage purification. Thus, plants and media are the key elements in applying CWs
in sewage treatment. However, there are many differences between wastewater hydroponic
systems and CWs. Wastewater hydroponics are shallow wastewater treatment systems that
typically treat low-intensity polluted wastewater. CWs are usually deep-water treatment
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systems, which can be used to treat landfill leachate, usually as the secondary or tertiary
treatment stage of wastewater treatment plants [75].

CWs use a large number of media fillers to settle, filter, adsorb, and trap important
pollutants in sewage [76]. With the accumulation of contaminants, many non-degradable
solids enter the CW system. At the same time, microbial metabolism produces colloidal
sludge with high water content and low density, resulting in a gradual decrease in the
porosity of the filling layer, blocking the water flow channel, and ultimately affecting the
effectiveness of treatment and operating life of the CW [47,48]. Wastewater hydroponic
systems, on the other hand, use almost no media filtration, which means there is no risk of
system clogging, thereby extending system life.

Hydroponic systems are mostly set up in a greenhouse environment or condition.
Greenhouses protect crops from harsh weather (extreme temperatures, extreme rainfall,
and strong winds) and pests, providing favorable climatic conditions for plant growth.
In contrast, most of the CWs are outdoors, and purification performance varies with
the seasons [77]. In winter, plants may wither and release nutrients, causing secondary
pollution.

There are still a lot of uncertainties about the economics of these two technologies. A
notable feature of hydroponics compared to CWs is that crops or flowers with a higher
economic value can be used to remediate wastewater. The harvested vegetables, fruits,
and flowers can generate sizable economic benefits. In recent years, the development of
vertical farming has made it possible for hydroponic wastewater treatment technology to
require less space, and it can also be implemented on-site. The yield of hydroponic crops
is several times higher than that of traditional soil-based planting [78]. However, high
initial investment requirements and huge energy consumption also significantly affect the
economics of this technology. In contrast, CWs also require a specific initial investment, and
a suitable location needs to be selected for site construction. However, the whole system
has low energy consumption and simple operation. The CW itself can be used as a natural
habitat and flood control facility, which can improve the aesthetic significance of suburban
and rural areas, but the economic benefits are not obvious [75].

Based on the characteristics of the two technologies, Gong et al. [79] attempted a
combination of CW and hydroponic vegetable (HV) systems to test the purification effect.
The four systems tested included HV, subsurface flow constructed wetland (SFCW), HV
followed by SFCW (HV/SFCW), and SFCW followed by HV (SFCW/HV). Among them,
the HV/SFCW system achieved the best performance, by removing 39.1% COD, 61.1% TN,
and 55% TP. They therefore suggested that HV/SFCW was most suitable for rural sewage
tail water treatment.

4. Hydroponics Performance in Pollutant Removal from Wastewater

Based on the type of wastewater and hydraulic retention time, wastewater hydroponics
can be divided into domestic, industrial, and animal husbandry wastewater. As shown
in Tables S1 and S2, the plant species, hydroponic system type, and hydraulic retention
time (HRT) selected in each case are different, so there are considerable differences in the
wastewater treatment results.

Figure 3 shows the removal performance in domestic wastewater. When hydroponics
are used to treat domestic sewage, the HRT ranges from 3 h to two weeks, the removal rate
of TN is greater than 60%, the average removal rate of COD is 70%, and the removal rate of
TP is greater than 80% over 4 to 8 days. When treating industrial and livestock wastewater
using hydroponics (Figure 4), the HRT is significantly longer than that of domestic sewage
(up to 67 days), and the relationship between the removal effect of many elements and the
HRT is not apparent.
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Figure 3. Hydroponic performance in the removal of pollutants from domestic wastewater. The
following references have been used to draw the graph: [75,80–86].

At the same time, there are also significant differences in the treatment effects of
different plants under the same conditions. The TN removal rate reached 98% for umbrella
palm, but only 39% for vetiver [87].

Water quality indicators representing the treatment performance were also different.
The conventional water quality parameters include N, P, COD, biochemical oxygen demand
(BOD), total suspended solids (TSS), total dissolved solids (TDS), and total organic carbon
(TOC). To protect public health, it is important to pay attention to the detection of E. coli
when using vegetables as hydroponic plants. In the effluent of wastewater hydroponic
vegetables, Ndulini et al. [86] found that the removal rate of fecal coliforms was up to
93% when the HRT was 8 days. In the leaves of hydroponic lettuce, E. coli and fecal
coliforms were not detected in treated greywater, treated post-hydrothermal liquefaction
wastewater, or wastewater treatment plant (WWTP) effluents [88–90]. The results indicate
that it is possible to grow leafy vegetables in hydroponic systems with treated wastewater;
however, particular attention needs to be paid to the risk of microbial contamination during
irrigation and harvesting. In addition, hydroponic plants can also remove heavy metals
while absorbing nutrients. Davamani et al. [91] found that the removal rates of lead and
cadmium in paper board mill effluent were 54% and 33%, respectively after 40 days, due
to the affinity of vetiver to lead. Jin et al. [92] found that, after 20 days of hydroponic
spinach using swine wastewater, the removal rates of Cu(II) and Zn(II) reached 64.29%
and 49.53%, respectively, and the water quality met the national discharge standard for
livestock wastewater in China.

In terms of plant selection, wastewater hydroponics mostly use small herbaceous and
aquatic plants (Table 1), which have a short growth cycle and strong adaptability. Economic
value is also one of the key considerations in wastewater hydroponics. Most of the selected
plants can be used for food, medical treatment, animal feed, and ornamental purposes.
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Table 1. Common plants in wastewater hydroponics and their uses.

Name Category Use Reference

Spinach Leafy green flowering plant Food [92,93]
Romaine lettuce Annual plant Food [81,93]
Bidens pilosa L Herbaceous flowering plant Food and medicine

[86]Amaranthus hybridus Annual flowering plant Food, medicine, ornamental
Chrysopogon zizanioides Perennial bunchgrass Skincare, animal feed, perfumery, medicine [75,85,87,91,94]
Water lettuce Aquatic plants Animal feed, medicine

[75]Giant salvinia Aquatic fern Cancer research
Water hyacinth Perennial aquatic plant Bioenergy, food, medicine [75,80,95]
Nephthytis podophyllum Evergreen herbaceous plant Ornamental [82]
Ipomoea aquatica Semi-aquatic, tropical plant Food, animal feed, medicine [83]
Pointed cabbage Biennial plant Food [96]
Typha latifolia Perennial herbaceous plant Food and medicine [97]
Umbrella palm Grass-like plant Ornamental [87]
Ramie Perennial herbaceous plant Textile [98]
Citrullus colocynthis Desert viny plant Food and medicine [99]

WTPs are typically designed to remove suspended solids and oxygen demand (COD,
BOD5), they cannot completely remove organic pollutants from wastewater, especially trace
contaminants such as pharmaceutical components, which include analgesics, antibacterials,
antibiotics, antidepressants, anti-inflammatory drugs, antipyretics, lipid-lowering drugs,
antidiabetic drugs, and sedatives. These pharmaceutical ingredients constitute emerging
pollutants to water bodies. Many studies have been conducted to remove emerging
contaminants using hydroponics, and the plants and removal rates reported in the relevant
literature are summarized in Table 2.

Table 2. Plants and removal rates reported for emerging pollutants.

Pharmaceutical Ingredients Plant Exposure
Concentration

Period
(Days) Removal Efficiency References

Antidiabetic II medicine
(Metformin)

Typha latifolia 6.45 mg/L
28

74.0 ± 4.1%
[84]32.29 mg/L 81.1 ± 3.3%

Blood lipid regulator
(Carbamazepine)

Scirpus validus 0.5 mg/L 21

54–64%

[100]
Analgesic
(Naproxen)

80–94% (30–42% by
photodegradation)

Anti-inflammatory
(Diclofenac)

85–98% (73–77% by
photodegradation)

Blood lipid regulator
(Clofibric acid) 41–73%

Stimulant drug
(Caffeine) 100%

Opioid analgesic
(Codeine) I. pseudacorus 24 × 10−6 mg/L

2
93%

[101]
Antidepressant
(Citalopram) 84 × 10−6 mg/L 87%

X-ray contrast agent
(Iopromide) Typha latifolia 15.8 mg/L 28 87% [102]

Anti-inflammatory and analgesic
(Aspirin) Brassica juncea 4–180 mg/L 28 90%

[103]
Antibiotic
(Tetracycline) 5–225 mg/L 24 71%

Antibiotic
(Ciprofloxacin) Chrysopogon

zizanioides
10 mg/L 7

93%
[85]

Antibiotic
(Tetracycline) 97%
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Figure 4. Hydroponic performance in the removal of pollutants from industrial and livestock
wastewater. The following references have been used to draw the graph: [87,91,92,94,98,99].

Several studies have examined the kinetics of removing pollutants from hydroponic
plants and have found that the process follows first-order kinetics, meaning that the rate of
pollutant removal is related to the initial concentration. Interestingly, different experiments
have yielded conflicting conclusions. Cui and Schröder [84] discovered that metformin
was more effectively removed from nutrient solutions at lower treatment concentrations
compared to higher concentrations. Similarly, negative correlations between initial con-
centration and removal efficiency were observed in hydroponic experiments using Typha
spp. to remove carbamazepine, and in constructed wetlands employing C. alternifolius to
remove four pharmaceutically active compounds [104,105]. However, Zhang et al. [100]
found a positive correlation between the initial spiked concentration of carbamazepine
and its removal efficiency. This finding aligns with findings by Enyoh and Isiuku [106],
who observed the same phenomenon in the removal of 2,4,6-trichlorophenol by Canna
indica. Furthermore, some studies have reported that the removal rate is independent of
the influent concentration, but positively correlated with temperature.

Emerging pollutants taken up by plants through their roots are translocated to dif-
ferent parts of the plants, causing them to be detected in the stems, leaves, and fruits,
and root vegetables pose a higher risk of exposure to humans than leafy vegetables in
heterogeneously polluted environments [84,107–109]. These organic pollutants may be
partially or wholly degraded, metabolized, or transformed into less toxic compounds or
even inorganics. However, research on the transformation of medicinal components by
plants is limited. For instance, metformin (MET), a widely used drug for treating type
2 diabetes worldwide, is frequently detected in surface water monitoring events. Typha
latifolia, a plant species, has been found to convert MET into methyl biguanide (MBG) in a
hydroponic environment. However, MBG accounts for only a small portion of the overall
MET conversion, and further studies are needed to explore other conversion products [84].
It is important to note that new compounds formed during the transformation of intermedi-
ates may be more environmentally toxic than the original compounds (Yan et al., 2020). For
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example, a study on the removal of carbamazepine with four wetland plants discovered
that an intermediate metabolite (acridine) was more toxic than the parent compound [110].
Additionally, the safe disposal of plants after harvest also requires further research [111].

5. Advantages and Limitations of Wastewater Hydroponics

Wastewater hydroponics offers several advantages as a green process for wastewater
treatment. Firstly, it relies on natural processes such as adsorption, biodegradation, and
phytoremediation, making it environmentally friendly. Secondly, it serves a dual purpose
of treating wastewater while enabling the growth of crops and plants that can potentially
be used for human consumption, provided sufficient precautions and quality control
measures are in place. Additionally, the process is highly versatile, allowing for various
configurations, dimensions, types of plants, and operational parameters (e.g., hydraulic
retention time). Moreover, this method requires minimal maintenance once it has been
properly established.

However, wastewater hydroponics have significant limitations. Wastewater hydro-
ponic systems are highly dependent on the power supply to support plant growth. Power
consumption is needed for lighting, as well as various sensors to monitor hydroponic
parameters, and this power is often provided by the grid. Some studies have proposed
the use of microbial electrochemical systems, such as microbial fuel cells, to collect and
store the bioelectricity generated by bacterial metabolism for the lighting, monitoring, and
pumping power requirements in hydroponic systems [112,113]. Although this method can
increase the removal efficiency of pollutants and reduce greenhouse gas emissions while
supplementing electric energy, the high initial investment, difficult control, and overly
complex systems restrict the application of this method [114].

It has been observed that the wastewater treatment effectiveness and crop yield in
wastewater hydroponic systems are influenced by various factors, including environmental
conditions (such as temperature, pH, electrical conductivity (EC), light intensity, and
duration) and hydroponic system parameters (such as wastewater type and strength, plant
and substrate type, aeration duration, nutrition retention time, and irrigation system).
Among these factors, hydraulic retention time (HRT) is a key parameter that determines
the rate of pollutant removal.

The public’s acceptance of wastewater cultivation for edible crops is also one of the key
factors that determine the economics of wastewater hydroponics. A survey of parents of
high school children in Greece found that 60% had a positive attitude towards wastewater
reuse, but 77% voted against the use of wastewater in greenhouse vegetables [115]. In
Brazil, a questionnaire survey of 356 people on wastewater reuse showed that 30% of the
people believed that the reuse of treated water within the scope of normative standards
for irrigation of raw food (vegetables, fruits, and vegetables) may bring health problems,
and 20% thought that the same water used to irrigate rice, beans, and corn would also
cause health problems [116]. A similarly sized survey in Belgium showed that 11% of the
respondents would not eat vegetables grown from treated wastewater, even if the water
quality had been rigorously tested [117]. In Qatar, a larger survey (1352 people) on the
reuse of industrial wastewater showed that 74% of the respondents did not accept the
reuse of industrial wastewater. The respondents were worried that the pollutants in the
wastewater could not be completely removed, and also expressed concerns regarding the
possible risks of long-term use of wastewater [118].

The concerns about food irrigated with wastewater are not unfounded, as numerous
studies have found that pathogens can enter crops through the roots, with the highest
concentrations typically found in the root system. Moreover, hydroponic plants pose
a greater risk of pathogen entry compared to soil-grown plants [119]. Hirneisen and
Kniel [120] observed the internalization of Hepatitis A Virus (HAV) and Murine Norovirus
(MNV) in spinach and green onions under hydroponic conditions, whereas no viruses were
found in soil cultivation systems. Under hydroponic conditions, both human norovirus
and animal caliciviruses can enter through the roots of lettuce and be transmitted to sprouts
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and leaves [121]. Studies have demonstrated that plants can serve as alternative hosts for
pathogens. For example, salmonella can enter edible plants while still retaining its toxicity
to animals [119]. Once these pathogens enter the internal tissues of plants, they cannot
be removed through surface cleaning, and currently, there is no research on disinfection
methods specifically targeting pathogens that have been internalized in plants. Therefore,
it is recommended to use ornamental or non-edible crops for wastewater hydroponics. In
addition to growing crops directly in wastewater, microalgae or duckweed can be used
to recycle nutrients from wastewater. Microalgae are photosynthetic organisms that can
thrive in wastewater by utilizing nutrients and organic compounds. Numerous studies
have examined the use of microalgae for wastewater treatment. For instance, Li et al. [122]
investigated the cultivation of chlorella using municipal wastewater and observed that,
after 14 days, the algae removed 93.9% of ammonia, 89.1% of total nitrogen (TN), and 80.9%
of total phosphorus (TP). Similar cultivation periods and treatment results were reported in
studies involving microalgae treatment of landfill leachate and mine wastewater [123,124].
Duckweed, on the other hand, is a small, rapidly growing aquatic plant that floats on the
water surface. It exhibits a high protein content, and its biomass can double in 16 to 24
h. Duckweed is relatively easy to handle, harvest, and process. Notably, compared to
algae, it is simpler to harvest duckweed in large quantities because it does not require
time- and energy-consuming centrifugation or membrane filtration steps [125]. Regarding
wastewater treatment, duckweed demonstrates a similar efficacy to microalgae. In a pilot-
scale study conducted by El-Shafai et al. [126], it was found that duckweed, during the
warm season (with a hydraulic retention time of 15 days), could remove 98% of ammonia,
85% of total kjeldahl nitrogen (TKN), and 78% of TP from domestic wastewater. In winter,
it took eight weeks for duckweed to remove 83.7% and 89.4% of TN and TP, respectively,
from swine wastewater [127]. Therefore, both microalgae and duckweed exhibit relatively
stable recovery efficiencies for wastewater nutrients. Future research can explore their
use in nutrient recovery from wastewater, followed by the conversion of the harvested
biomass into a nutrient solution for hydroponics. This approach can enhance water quality
treatment performance and avoid direct contact between sewage and crops.

6. Conclusions

While the field of hydroponics has achieved significant success in commercial applica-
tions, research in the field of wastewater hydroponics is still limited. A literature review
indicates that various aquatic and terrestrial plants can effectively treat different types of
wastewater, including domestic, industrial, and livestock waste. Wastewater hydroponics,
through phytoremediation, offers the potential to remove heavy metals, microorganisms,
emerging pollutants, and conventional pollutants. However, there are several limitations
to this approach. The average removal rates of COD, total nitrogen (TN), total phosphorus
(TP), copper (Cu), and zinc (Zn) were found to be more than 70%, 60%, 80%, 64.2%, and
49.5%, respectively. The efficiency of wastewater hydroponic systems is influenced by
various operating parameters, such as influent concentration, pH, plant selection, light
duration, and hydraulic retention time (HRT). Furthermore, there is currently no standard-
ized evaluation index for assessing the effectiveness of pollutant removal in wastewater
hydroponics. Therefore, determining optimal operating parameters is crucial to ensure
high pollutant removal and efficient utilization of wastewater hydroponic systems. In
contrast to large-scale hydroponics in constructed wetlands, most wastewater hydroponics
experiments are still limited to laboratory-scale trials. Immature technology, along with
high energy consumption and capital investment, restricts the scale and economic feasibility
of wastewater hydroponics. Future research should focus on developing and utilizing
alternative green energy sources, such as solar energy, to reduce energy costs.

While scientific reports have not detected E. coli or helminth eggs in vegetables grown
from wastewater, public concerns about potential bacterial contamination persist. Therefore,
it is crucial to establish stringent procedures throughout the entire process of wastewater
hydroponics to prevent vegetable contamination during planting and harvesting stages.
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Pre-treating specific wastewater to remove toxic chemicals like heavy metals and E. coli is
necessary.

7. Future Perspective

Routine analysis of harvested vegetables should be conducted to detect any exceedance
of food safety standards, which would require proper disposal. Additionally, instead of
directly using wastewater for crop cultivation, fast-growing aquatic plants like microalgae
or duckweed can be utilized to sustainably recycle nutrients in wastewater. The harvested
biomass can then serve as a nutrient solution for hydroponic crops. This approach, known
as the ‘double hydroponic’ method, may present a new direction for future advancements in
wastewater hydroponics. In addition, alternative green energy sources should be developed
and utilized, such as solar energy, to reduce energy consumption and operational costs.
This technology could also determine optimal parameters for pollutant removal, including
influent concentration, pH levels, plant selection, light duration, and hydraulic retention
time (HRT). Standardized evaluation indices for accurate comparisons and optimization
should be established. In summary, wastewater hydroponics hold great potential for
addressing the continuous generation of large volumes of wastewater and the subsequent
water scarcity crisis. However, further improvement and development is necessary to fully
realize this potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15142614/s1, Table S1: Removal performance in domestic
wastewater-based hydroponics; Table S2: Removal performance in industrial and livestock wastewater-
based hydroponics.
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