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HIGHLIGHTS

e Good agricultural practices should
include the management of rinse
wastewater.

e Large farms can generate excessive vol-
umes of rinse wastewater for direct
reuse.

e Biobeds and solar photocatalysis have
been applied in full-scale treatments.

e Fungal treatment is a promising option
for  treating  agricultural  rinse
wastewater.
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ABSTRACT

Pesticides have become indispensable compounds to sustain global food production. However, a series of sus-
tainable agricultural practices must be ensured to minimize health and environmental risks, such as eco-friendly
cultivation techniques, the transition to biopesticides, appropriate hygiene measures, etc. Hygiene measures
should include the management of rinse wastewater (RWW) produced when cleaning agricultural equipment and
machinery contaminated with pesticides (among other pollutants), such as sprayers or containers. Although
some technical guidelines encourage the reuse of RWW in agricultural fields, in many cases the application of
specialized treatments is a more environmentally friendly option. Solar photocatalysis was found to be the most
widely studied physical-chemical method, especially in regions with intense solar radiation, generally using
catalysts such as TiO,, NayS20s, and H20, operating for relatively short treatment periods (usually from 10 min
to 9 h) and requiring accumulated radiation levels typically ranging from 3000 to 10000 kJ m~2. Biological
treatments seem to be particularly suitable for this application. Among them, biobed is a well-established and
robust technology for the treatment of pesticide-concentrated water in some countries, with operating periods
that typically range from 1 to 24 months, and with temperatures preferably close to 20 °C; but further research is
required for its implementation in other regions and/or conditions. Solar photocatalysis and biobeds are the only
two systems that have been tested in full-scale treatments. Alternatively, fungal bioremediation using white rot
fungi has shown excellent efficiencies in the degradation of pesticides from agricultural wastewater. However,
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greater efforts should be invested in gathering more information to consolidate these technologies and expand
their use in the agricultural sector.

1. Introduction

Pesticides are substances intended to prevent, destroy, or control any
pest, including insects, rodents, weeds, and fungi (FAO, 1990). The in-
crease in world population and the economic growth experienced since
the mid-20th century were largely due to the increasing expansion of
intensive agricultural practices. Nowadays, pesticides are still vital to
meet the global food demand (EC, 2019, 2009). Over the last decades,
the use of these compounds has increased significantly worldwide
(Fig. 1), being widely applied in many industries, commerce, homes,
parks, and gardens, although by far the largest pesticide use is in the
agricultural sector, which accounts for approximately two-thirds of the
global pesticide (Atwood and Paisley-Jones, 2017).

Nevertheless, prolonged exposure to some pesticides (even at low
concentrations) is believed to be associated with numerous health dis-
orders in many species, including humans, such as reproductive syn-
dromes, respiratory dysfunctions, endocrine disruption, diabetes,
neurological alterations, and cancer (Pathak et al., 2022; Rani et al.,
2021; Sabarwal et al., 2018). Some pesticides can also be degraded into
transformation products (TPs) that can be even more toxic than the
parent compounds (Ueyama et al., 2007). In addition, interactions be-
tween pesticides (and their TPs) can trigger synergistic mechanisms with
unpredictable toxicological effects (Hernandez et al., 2017).

In addition, a low proportion of the applied pesticides is believed to
act effectively against target pests, while the remaining amount is
released into the environment (Tudi et al., 2021). Once applied, pesti-
cides can reach water bodies by spray drift, crop-runoff (endo-drift),
sub-surface drainage, and leaching through the soil, especially after
rainfall and during fumigation campaigns, which is known as “diffuse
contamination” (Rabiet et al., 2010; Triegel and Guo, 2019). In contrast,
“point-source contamination” is a type of pollution that originates from
a specifically identifiable source where toxic substances or pollutants are
released at high concentrations and can easily be traced back to the
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source, and includes activities such as pesticide mixing, rinse waste-
water, leaks, improper handling of mix left-overs, fruit washing, etc
(Gikas et al., 2018). Although point-source contamination can be pre-
vented by applying appropriate management practices and routines, it is
still estimated to represent 40-90 % of pesticide pollution in surface
waters. Examples of point-source contamination include spills during
the handling of agrochemicals, leaks from storage containers, leachates
from machinery cleaning, etc (De Wilde et al., 2007).

The occurrence of pesticides in the water resources of the European
Union (EU) member countries has been a problem of growing concern
during the last decade. Water bodies near areas of intense agricultural
activity are particularly prone to pesticide contamination. Increasing
concentrations of pesticides have been detected in surface waters near
agricultural fields (Ccanccapa et al., 2016; Kock-Schulmeyer et al.,
2019; Pascual Aguilar et al., 2017; Postigo et al., 2021). Given the
environmental risk posed by the increasing presence of pesticides in
water, the European Water Framework Directive and Groundwater
Directive established a permissible limit of 0.1 pg L™! for individual
active substances and 0.5 pg L™! for mixtures (including in both cases
their major metabolites) in surface water and groundwater (EC, 2006,
2000). However, between 10 and 25 % of the samples analyzed in the
surface waters (10,219 samples in total) had one or more pesticides
exceeding the threshold limit, with an increasing trend observed from
2013 to 2020, as shown in Fig. 2 (EC, 2022a). Periodic renewals of
pesticide approvals for use in member states are carried out by the EU
and can be consulted in its updated pesticide database (EC, 2022b).
Despite being banned, recent studies have reported the detection of
pesticides not approved by the EU in the surface waters of some member
states. This fact, rather than their illegal use, has been attributed to the
persistence of these compounds in the environment (Calvo et al., 2021;
Paiga et al., 2021).

Furthermore, the European Commission adopted a package of pro-
posals to align EU policies to reduce net greenhouse gas emissions by at
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Fig. 1. World use of pesticides (adapted from FAOSTAT, 2022).
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Fig. 2. Frequency at which pesticides detected at the monitoring points
exceeded thresholds from 2013 to 2020 (10,219 samples in total) (EC, 2022a).

least 55 % in 2030, known as the European Green Deal (EC, 2019). This
program includes the target of reducing the use and risks of chemical
pesticides by 50 % in 2030 through three action plans: 1. The Zero
Pollution Action Plan, which sets out a vision for a pollution-free envi-
ronment in Europe and outlines a series of actions to achieve this goal.
The plan recognizes the negative impact of pesticides on human health
and the environment and calls for a reduction in their use through the
promotion of non-chemical alternatives and the implementation of in-
tegrated pest management practices (EC, 2021); 2. The Farm to Fork
Strategy, which is a comprehensive plan for making the EU’s food sys-
tem more sustainable. One of the key objectives of the strategy is to
reduce the use and risk of pesticides in agriculture, while also promoting
more sustainable farming practices (EC, 2020a); and 3. The Biodiversity
Strategy, which aims to protect and restore biodiversity in Europe. One
of the key objectives of this strategy is to reduce the use and risk of
pesticides, particularly those that are harmful to pollinators and other
beneficial organisms (EC, 2020b).

The Food and Agriculture Organization of the United Nations (FAO)
created a methodology known as Integrated Pest Management (IPM),
which is a coordinated approach that combines a set of sustainable
agricultural practices to ensure effective pest control and crop safety.
IPM is widely promoted by the scientific community, which is beginning
to materialize in the pesticide regulatory policies of many developed
countries. The EU has adopted IPM as a central pillar of action in the
2009 Directive on the sustainable use of pesticides (EC, 2009). Practices
encouraged by IPM include the use of proper cultivation techniques,
hygienic measures, pesticide monitoring, promotion of biopesticides,
and the use of synthetic pesticides with high selectivity and at reason-
able doses (Chandler et al., 2011).

The good agricultural practices proposed by the IPM program can be
applied by farmers to significantly limit the risk of pesticide contami-
nation. These practices should include the proper management of agri-
cultural rinse wastewater (RWW), a concentrate with a high pesticide
content produced while washing agricultural equipment and machinery
(Papaevangelou et al., 2017). Nevertheless, farmers often spray pesti-
cides incorrectly or dispose of the residues generated unsafely, espe-
cially in developing countries (Bagheri et al., 2021). In fact, in the
questionnaires on attitudes and habits in the handling and disposal of
pesticides, most farmers report little knowledge of the correct handling
and application of pesticides. Health problems are more frequent in
people over 65 years of age, with little education, low income, accus-
tomed to using very hazardous products, and untrained in pesticide
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usage (Sharafi et al., 2018). Furthermore, social awareness campaigns
aimed at the general public have proven to be ineffective in ensuring
proper management of agrochemicals and their residues in the agri-
cultural sector. That is, the fact that farmers belong to a society con-
cerned about environmental issues does not necessarily guarantee safe
pesticide use. Improving agricultural practices requires programs and
strategies specifically designed for farmers (Karasmanaki et al., 2021).

2. Management of pesticide containers and packaging

One of the main sources of RWWs is the rinsing of plastic containers
and bulk containers, which are two of the main formats used to
distribute pesticides to consumers. These materials usually contain
chemical residues after application, making them hazardous wastes that
must be properly managed (EC, 2015). Nevertheless, a common practice
is to uncontrollably burn or bury these agricultural residues, which pose
a serious risk to the environment (Blanco et al., 2018; Briassoulis et al.,
2013).

Alternative management of agricultural packaging is encouraged in
certain regions, but it is administrated under different protocols
depending on the legislation of each country (Briassoulis et al., 2013).
Among the countries with the most developed packaging return systems
are Germany (Pamira, 2017), France (Adivalor, 2018), and Spain (Sig-
fito, 2018), although each system has its particularities. The most rele-
vant difference is regarding the category of the rinsed container, as in
countries such as Germany and France it is declared as non-hazardous
waste, whereas in Spain it is designated as hazardous waste (Picuno
et al., 2020). This classification is important in determining the recy-
cling value of such waste, as non-hazardous materials are considered
raw materials rather than wastes (Fig. 3). In this regard, FAO and Cro-
pLife recommend the recognition of rinsed containers as non-hazardous
materials (CropLife, 2010).

The triple rinse technique for pesticide containers is recommended
by the main international agencies, such as CropLife, the FAO, and the
World Health Organization (WHO). This method applied immediately
after emptying the containers can significantly reduce contamination
(UN, 2021). Sequential washes have been shown to exponentially
reduce the concentration of pesticides in containers, typically reaching
95 % removal after the third rinse cycle, hence the use of the recom-
mended personal protective equipment during cleaning is essential to
avoid exposure to contaminants (Osborne et al., 2015).

Pesticide containers can also be sent to specialized plants for treat-
ment. For example, in Spain there is a non-profit association called
Sigfito. This company is responsible for the management of empty
packaging, which may still contain pesticide residues, at the end of its
life span (Sigfito, 2018). For this purpose, Sigfito uses the triple rinsing
technique to subsequently recycle empty containers. Sigfito is associated
with two companies that deal with the waste produced: FCC Medi-
oambiente (FCC Medio Ambiente, 2022), which specializes in solid
waste management, and SITA SPE IBERICA S.L.U. (Agbar, 2022), ex-
perts in semisolid management.

3. Management of rinse wastewater

Not only the cleaning of agrochemical containers but also of agri-
cultural equipment, machinery, and products (such as fruits and vege-
tables) can produce RWW with a potentially high content of pollutants,
such as fertilizers or, especially, pesticides, and must be subsequently
managed (Beltran-Flores et al., 2023a). Three basic strategies can be
used to deal with agricultural RWW: direct reapplication on the field as a
diluted phytosanitary product or reuse as a diluent for subsequent
pesticide dosing, disposal as waste, and treatment to improve water
quality (Felsot et al., 2003).
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Fig. 3. Hazard classification of rinsed pesticide containers (CropLife, 2010).

3.1. RWW reuse

RWW reapplication is sometimes possible as pesticides are consid-
ered to be diluted below suboptimal concentration (Kuo and Regan,
1999). In these cases, RWW is recommended to be reused in the same
season and crop in which it was first applied, avoiding mixtures and
cross-contamination (Minnesota Department of Agriculture, 2016). In
fact, some recognized guidelines suggest RWW reuse on the same field
(or on its margins) as the cheapest and simplest option for many farms
(EPA, 2012; Life aquemfree, 2018; Shukla et al., 2001).

Nevertheless, RWW reapplication is mainly limited to single/small-
scale farms, as large farms can generate excessive volume for direct
reuse and thus must be treated (preferably) or disposed of instead (Felsot
et al., 2003). While RWW reuse may be a more economical solution for
small farms, an incorrect implementation can cause contamination of
the surrounding water, crops, and soil, causing adverse effects on the
environment and human health, and leading to significant losses and
costs not only for the particular farmer but for the entire society. There
are 4 main costs associated with pesticide pollution (Bourguet and
Guillemaud, 2016):

- Regulatory costs: investment in public research, regulations, decrees,
laws, handling and disposal guidelines, etc.

- Human health costs: preventive medicine, annual check-ups, health
problems in agriculture, etc.

- Environmental costs: pesticide resistance, soil degradation,
decreased pollination, health and product quality risks for livestock,
health issues for domestic animals, etc.

- Protective costs: protective clothing, glasses and masks, purchase of
organic food and bottled water, etc.

Of particular concern are the so-called “hidden costs”, which are
costs that are not considered in the economic evaluation of pesticide use
and farmers are not aware of them (Bourguet and Guillemaud, 2016).
However, most of these costs can be avoided by proper management of
pesticide-contaminated agricultural residues, such as RWW.

3.2. RWW disposal methods

Traditionally, farmers have developed very simple and low-cost
methods intended for accumulation and confinement rather than
decontamination of RWWs. In some cases, these systems have been
enhanced by incorporating uncontaminated soil or sludge to promote
RWW remediation. These techniques include land cultivation, disposal
pits, and evaporation ponds.

Land cultivation consists of dispersing the RWWs in uncontaminated
soil to promote the degradation of the compounds using natural
physical-chemical and biological processes. In this regard, microbes
present in the soil have exhibited some capacity to degrade multiple
pesticides. In a pilot-scale bioremediation study, soils contaminated
with DDT (35.37 mg kg ™! to 6.97 mg kg™!) were treated with Chrys-
eobacterium sp. PYR2 for a period of 45 days, reducing its concentration
by 80 % (Qu et al., 2015). In another study, Singh et al. (2016) reported
82 % degradation of chlorpyrifos (50 mg kg™?!) in 10 days using a bac-
terial consortium of species typically present in soil (Pseudomonas sp.,
Klebsiella sp., Stenotrophomonas sp., Ochrobactrum sp., and Bacillus sp.).
In this respect, microbial consortia are usually more effective at
degrading pesticides than using an isolated pure culture (Raffa and
Chiampo, 2021).

Regarding disposal pits, there are three main types: soil, plastic, and
concrete pits. Soil pits are basically holes dug in the ground without any
lining to prevent the liquid from leaking out. This method can have
negative consequences for the environment, such as soil and ground-
water contamination (Vryzas, 2018). Improved systems to prevent
leakage are plastic or concrete pits. Plastic pits are open systems that
facilitate the evaporation of water into the atmosphere, while concrete
pits are commonly closed and contain a certain proportion of soil to
enhance the degradation of pollutants. Junk and Richard (1984) studied
a 90.000 L polyethylene-lined pit in which 150 kg of 24 different pes-
ticides had been deposited for two years, highlighting the negligible
dissemination of these contaminants into the surrounding air and water.
Another study evaluated the disposal of 45 types of commercial pesti-
cides over 6 years in a concrete pit, achieving evaporation of the liquid
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phase and partial degradation of the pollutants (Hall, 1984). In the same
study, previous experiments using plastic, fiberglass, and other mate-
rials were unsuccessful due to freezing, thawing, and rupture problems
in winter. In this regard, concrete pits are often considered the safest
type of pits against leakage, but they are generally too large and
expensive systems for most farms. These methods are considered obso-
lete and dangerous for the environment, and other more advanced and
sustainable systems should be considered (Al Hattab and Ghaly, 2012).

Evaporation ponds (EVP) typically collect and contain the RWW
while the water evaporates naturally (Fig. 4 a). These systems are among
the most cost-effective and simple engineering approaches for RWW
disposal and are especially used in developing countries with high levels
of solar radiation. EVP has not only been used in the management of
agricultural drainage wastewater, but also for other purposes, such as oil
mill wastewater, salt production, industrial wastewater, mine waste-
water, and landfill leachate, among others (Izady et al., 2020). However,
evaporation and leaching of the accumulated waste pose a serious threat
to the environment, as it can potentially lead to contamination of surface
water bodies, aquifers, and the surrounding soil (George and Patil,
2021).

EVPs are usually constructed with impermeable geomembrane
liners, such as high-density polyethylene lines, which are usually
selected based on their ability to resist chemical corrosion, ultraviolet
radiation, low infiltration, and their long durability. However, even
when a geomembrane liner is used there is a risk of infiltration and
environmental contamination; for example, carbamate pesticide
wastewater accumulated in EVP in India (Bhopal) could percolate into
underlying aquifers due to leaks from the low-density polyethylene
flexible geomembrane liner, affecting the well water quality (George
et al., 2001). Furthermore, as in the case of disposal pits, these systems
are designed to retain rather than treat pesticides, e.g., Fujii (1988)
analyzed bottom sediments caused by agricultural wastewater seepage
from EVPs for one year and detected the persistence of pesticides such as
dichlorodiphenyldichloroethane (DDD) and dichlorodiphenyldichloro-
ethylene (DDE), both with maximum levels of 0.8 g kg~! in the sedi-
ment. These results highlight the leaching potential of EVPs, which can
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act as hot spots for the release of pesticides into the environment
(George and Patil, 2021).

EVPs may include a certain proportion of soil/lime to promote the
degradation of pesticides, and in this case, are called evaporation beds
(EVBs). In this regard, an EVB with lime provided better results than an
EVP without lime in terms of removal of diazinon, 78 vs. 63 % respec-
tively, and of 70 vs. 45 % ethyl parathion, respectively (Hodapp and
Winterlin, 1989). Another study also evaluated the ability of EVBs to
degrade pesticides from RWWs. The addition of lime to the bed soil also
accelerated degradation, but only for some pesticides (Winterlin et al.,
1984).

A more advanced evaporation technique consists of applying a
decentralized and optimized dehydration process. In Spain, a company
called Syngenta has developed and installed several systems to manage
RWWs (Syngenta, 2022). This system is based on natural dehydration,
thus producing solid waste as a by-product. Although this is an enhanced
approach, it is still based on the reduction of water content, as in the case
of the EVPs described above, and a post-treatment must be applied to the
concentrate or solid residues. Accordingly, the solid or paste generated
is typically stabilized by different chemical agents and finally disposed
of in landfills (BOE 646/2020). Landfill management cannot be
considered a genuinely environmentally friendly treatment option and
other sustainable alternatives must be explored.

3.3. RWW treatment

In this scenario, the development of effective treatments for the
removal of pesticides from RWWs is mandatory. Decentralized treat-
ment of RWW is presumably the most appropriate strategy, although a
viable treatment for this type of waste should be developed. Several
treatment techniques, whether physical, chemical, physical-chemical,
biological, or combinations of the above, have been described to
remediate different types of pesticide-contaminated matrices (Marican
and Durdn-Lara, 2018). Physical-chemical methods have been exten-
sively studied for pesticide removal, such as sorption using activated
carbon and advanced oxidation processes (AOPs), which are
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Fig. 4. RWW management by disposal methods: a) evaporation pond (based on Adam et al. (2023)), b) solar photocatalysis (Sutisna et al., 2017); and treatment
systems: c¢) biobed (based on (Castillo et al., 2008)) and d) fungal bioreactor (based on Beltran-Flores et al. (2023b)).
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well-established, fast, and effective techniques. However, these ap-
proaches often involve high operating costs and the potential generation
of residues or TPs (Ahmed et al., 2017). In contrast, despite the com-
plications associated with biomass handling and the longer operational
periods required, bioremediation has proven to be a reliable, sustain-
able, and cost-effective technology, and hence it may be considered a
more suitable approach for low-cost applications needed on farms
(Marican and Duran-Lara, 2018). Nonetheless, some of these approaches
adequate for treating pesticide-contaminated agricultural effluents may
be ineffective for dealing with RWW, which have particular character-
istics, e.g., relatively high organic load and toxicity (Beltran-Flores et al.,
2023a; Moreira et al., 2012). This section presents the information re-
ported in the scientific literature to date regarding the specific treatment
of RWW (Table 1).

3.3.1. Sorption

Dhaouadi et al. (2010) removed 97 % rotenone (initial concentration
39 mg L) from RWW originating from the cleaning of agricultural
application equipment by adsorption on chemically modified activated
carbons. Gikas et al. (2022) studied the removal of pyraclostrobin from
contaminated water from spray equipment rinsing sites using three fil-
ters filled with bauxite, carbonate gravel, and zeolite, obtaining 33 %,
37 %, and 61 % of pesticide removal, respectively. However, sorption
seems hardly suitable for the treatment of RWW, as its high organic load
might lead to a potentially rapid saturation of the sorbent material
(Table 2) (Heidarinejad et al., 2020; Rivera-Utrilla et al., 2011; Yin et al.,
2007).

3.3.2. Advanced oxidation processes

Among the AOPs, the most developed technique to date for the
treatment of RWWs is solar photocatalysis (Fig. 4 b), which has been
considerably reported in the literature (Table 1). Titanium dioxide
(TiO3) photocatalyzed degradation of pesticides in RWW of agricultural
sprayers demonstrated high degradation efficiency for multiple pesti-
cides in 10 h of treatment (91 % dichloroaniline, 70 % benzopyran, 78 %
atrazine, 50 % propazine, 70 % alachlor, 56 % prometryn, 63 % bro-
macil, 67 % cyanobenzoate) (Muszkat et al., 1995).

A Fenton-like photosensitization process using dye significantly
improved the degradation efficiency of carbofuran residues (Kuo and
Ho, 2010). The COD degradation efficiency of the RWW increased from
37 to 61 % and 66 % with the addition of methylene blue (MB) and
alizarin red S (ARS), respectively. Nevertheless, better results were ob-
tained by the addition of ARS in terms of mineralization and toxicity
reduction, reaching 57 and 90 %, respectively.

In another study, direct photolysis by ultraviolet C (UVC) and UVC/
H,0, radiation was applied for the degradation of three pesticides,
azoxystrobin, difenoconazole, and imidacloprid, commonly found in the
tomato RWW (Cunha and Teixeira, 2021). Direct photolysis achieved
total removal of azoxystrobin and imidacloprid in 15 min using 21.8 and
28.6 W m™2, respectively, while the highest percentage degradation of
difenoconazole was 52 % at 28.6 W m~2 UVC. Concerning UVC/H30,,
total pesticide removal was achieved after 10 min working at [HyO02]p =
130 mg L™ and 26 W m™2,

Some experiments have also been performed using solar photo-
catalysis treatment at pilot scale. A titania-based photocatalysis system
was used for RWW treatment and successfully mineralized the herbicide
2,4-D (dichlorophenoxyacetic acid), and insecticides tetrachlorvinphos,
fenitrothion, pirimiphos-methyl, and fenamiphos (Herrmann and Guil-
lard, 2000). In another study, solar photocatalysis using sodium per-
sulfate was conducted to treat RWW contaminated with another series of
pesticides (pymetrozine, flonicamid, imidacloprid, acetamiprid, cym-
oxanil, thiachloprid, spinosad, chlorantraniliprole, triadimenol, tebu-
conazole, fluopyram, difenoconazole, cyflufenamid, hexythiazox,
spiromesifen, folpet and acrinathrin) using sodium persulfate (NazS»0g)
under natural sunlight (Vela et al., 2019). After treatment, almost
complete degradation (97 %) of the target pesticides was achieved,
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although dissolved organic carbon (DOC) remained at 13 % of the initial
content. In addition, the treated water was used for growing broccoli
(Brassica oleracea L. spp. Italica cv. Parthenon) with no evidence of
general quality reduction.

Garrido et al. (2020) evaluated the elimination of traces of pesticides
(acetamiprid, cyproconazole, cyprodinil, difenoconazole, fenhexamid,
hexythiazox, myclobutanil and thiamethoxam) in RWW, using natural
sunlight and TiO; in tandem with sodium peroxydisulfate (NasS»0g) as
photocatalytic/oxidizing agents. The pilot scale results show that the use
of solar irradiation, together with a commercial photocatalyst such as
TiOy and NapS;0g, represents an excellent technique to degrade the
pesticide residues studied, obtaining on average (n = 5) a final amount
of about 13 % of the initial mass of pesticides present in the RWW. The
same approach was used to treat other pesticides detected in similar
RWW, yielding removals in the range of 0-47 % for thiamethoxam,
0.1-33 % for imidacloprid, 2-66 % for acetamiprid and 0.02-60 % for
thiacloprid (Fenoll et al., 2019). A similar study evaluated the reuse of
RWW treated by solar photocatalysis with TiO and NayS»0g for the
cultivation of lettuce (Lactuca sativa), in which no significant deterio-
ration in general quality parameters was observed (Aliste et al., 2020).
The same system was used for the treatment of another series of pesti-
cides detected in RWW, achieving eliminations of 96 % in winter and 98
% in summer (Kushniarou et al., 2019).

Based on the good results, a few studies have tried to apply solar
photocatalysis in a full-scale system. RWW produced in a vineyard of
area A = 0.15 km? was treated by solar photocatalysis on a corrugated
steel inclined plate of area S = 1 m? on which a thin TiOy-coated ma-
terial was adhered (Pichat et al., 2004). After 8 days of treatment, a
considerable improvement of the overall water quality in terms of TOC,
toxicity, and BODs was observed, but it was concluded that better
operability and treatment efficiencies could be obtained by using an S/A
ratio about three times higher. In addition, to improve the characteris-
tics of treated water not only in terms of pesticide content but also in
terms of overall quality, this technology has been combined with acti-
vated sludge processes in pilot-scale treatment trains, obtaining prom-
ising results (Section 3.3.9).

Therefore, solar photocatalysis is positioned as the best alternative
within AOPs for the treatment of agricultural RWW, which has
demonstrated remarkable pesticide removal efficiencies and improve-
ments in overall water quality while reducing inherent costs by using
solar energy, although this application has some disadvantages (mainly
high operating costs and the production of TPs) and is recommended
mainly in regions with abundant solar radiation (Table 2). This tech-
nology generally employs catalysts such as TiOy, NasS20g, and Hy0a,
operates for relatively short treatment periods (usually from 10 min to 9
h), and requires typical accumulated radiation levels ranging from 3000
to 10000 kJ m—2 (Blanco-Galvez et al., 2007; Malato Rodriguez et al.,
2004; Meng et al., 2020).

3.3.3. Biobeds

While physical-chemical treatments can be effective, in most cases
they are unaffordable for the average farmer. For agricultural purposes,
treatment systems must be inexpensive, simple, reliable, labor-saving,
low time-consuming, and with limited waste disposal costs. In this re-
gard, bioremediation systems have proven to be cost-effective strategies,
which in many cases are farmer-friendly and flexible to adapt to local
conditions (De Wilde et al., 2007). Bioremediation is the process by
which pollutants are biologically degraded or transformed into less or
non-toxic forms (Abatenh et al., 2017). The main bioremediation tech-
niques are: (a) promotion of the activity of indigenous microorganisms
(biostimulation); (b) inoculation with degrading microorganisms (bio-
augmentation); (c) application of immobilized enzymes; and (d) use of
plants with biotransforming activity (phytoremediation) (De Wilde
et al., 2007). The best-developed bioremediation systems for the treat-
ment of agricultural RWW are the biobed, the biobac (or Phytobac®),
and the biofilter. The concept of the three systems is similar: they
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Table 1
Reported studies on RWW treatment.
Technique Scale RWW origin Pesticides Initial Removal Source
concentration (%)
Sorption
Filtration with bauxite, Bench- Sprayers Pyraclostrobin 1.3mgL! 33-61 Gikas et al. (2022)
carbonate gravel, and scale
zeolite
Ammonia-impregnated Bench- Agricultural Rotenone 39mgL! 97 Dhaouadi et al.
activated carbon scale application (2010)
equipment
Advanced oxidation process
Direct photolysis UVC Bench- Tomatoes Azoxystrobin, difenoconazole and imidacloprid 1.5-28mgL™!  52-100 Cunha and
scale (simulated) Azoxystrobin, difenoconazole, imidacloprid, 1.5-29mgL™! 100 Teixeira (2021).
Bench- Tomatoes fenitrothion, pirimiphos-methyl, fenamiphos
scale
Solar photo-Fenton Bench- Rinsate (simulated) Carbofuran 100 mg L! 100 Kuo and Ho (2010)
scale
Solar photocatalysis with Pilot- Containers and Acetamiprid, acrinathrin chlorantraniliprole, 0.02-1.17 mg 99-100 Vela et al. (2019)
sodium persulfate scale phytosanitary cyflufenamid L! 59
treatment equipment  cymoxanil, difenoconazole 0.51 mg L™}
fluopyram, folpet, hexythiazox, imidacloprid,
pymetrozine, spinosad A & D, spiromesifen,
tebuconazole,
thiachloprid and triadimenol
Flonicamid
Solar photocatalysis with Bench- Sprayers Dichloroaniline, benzopyran, atrazine, propazine, 6-273 pg L7! 56-91 Muszkat et al.
TiO, scale alachlor, prometryn, bromacil, and cyanobenzoate (1995)
Solar photocatalysis with Full- Sprayers used in a Folpet, triadimenol, tebuconazole, quinoxyfen, 0.3-38 mg Lt 52-100 Pichat et al. (2004)
TiO, scale vineyard chlorpyriphos, dinocap amd mancozeb
Solar photocatalysis with Pilot- Tanks, containers, Thiamethoxam, imidacloprid, acetamiprid, and 0.1-11.6 mg 40-100 Fenoll et al. (2019)
TiO, and NayS,0g scale machinery, and thiacloprid Lt
equipment
Solar photocatalysis with Pilot- Tanks, containers, Acetamiprid, myclobutanil, thiamethoxam, 0.2-6.0 mg L ! 48-100 Garrido et al.
TiO, and NayS,0g scale machinery, and cyprodinil, difenoconazole, cyproconazole, (2020)
equipment hexythiazox and fenhexamid
Solar photocatalysis with Pilot- Tanks, containers, Azoxystrobin, cyproconazole, cyprodinil, Total: 1.2-1.4 96-98 Kushniarou et al.
TiO, and Na,S,0g scale machinery, and fludioxonil, kresoxim-M, metalaxyl, metribuzin, mg L (2019)
equipment pendimethalin, propyzamide, pymetrozine,
pyriproxyfen, and rimsulfuro
Solar photocatalysis TiO2 Pilot- Containers and Chlorpropham, flutolanil, methoxyfenozide, 8.1-7.8mgL™! 100 Aliste et al. (2020)
and NayS,0g scale phytosanitary prochloraz, iso-xaben, boscalid, propyzamide, DOC
treatment machinery napropamide, azoxystrobin, triadimenol, flutriazol,
myclobutanil and propamocarb
Bioremediation
Biobed Bench- Rinsate 39 pesticides ~1,5 pg L™ 97-99 Bergsveinson et al.
scale (2018)
Biobed Bench- Rinsate (simulated) 2,4-D 56 mg L! 100 Cessna et al.
scale (2017)
Biobed Pilot- Rinsate (simulated) Isoproturon, pendimethalin, chlorpyrifos, 2-22 mg L! 99 Fogg et al. (2004)
scale chlorothalonil, epoxiconazole and dimethoate
Biobed Full- Machinery Propyzamide, chloridazon, triclopyr ethofumesate, 0.1-27 mg L™? 98 Cooper et al.
scale chlorotoluron, bromoxynil, 2,4-D, mecoprop, (2016)
MCPA,
fluroxypyr, dicamba, carbetamide,
clopyralid, MSM and Metazachlor
Biofilter Pilot- Sprayers (simulated) Atrazine, carbofuran, diuron, lenacil, simazine, 100 mg L! >95 Pussemier et al.
scale isoproturon, chloridazonand and chlortoluron (2004)
Biofilter Pilot- Sprayers (simulated) Atrazine, azoxystrobine, carbofuran, chloridazon, ~67 pg L7} 92 Pigeon et al.
scale diuron, ethofumesate, flupyrsulfuron-methyl, (2005)
lenacil, MCPP, metalaxyl, metconazole,
metolachlor, nicosulfuron, iprodione and simazine
Biofilter Pilot- Rinsate (simulated) Chlorpyrifos, metalaxyl and imazamox 750 mg L~ 100 Vischetti et al.
scale (2004)
Biobac Pilot- Rinsate (simulated) Atrazine, simazine, lenacil, metalaxyl diuron and 10 mg Lt 61-100 Spanoghe and
scale carbofuran Steurbaut. (2004)
Horizontal subsurface flow Pilot- Sprayer (simulated) Fluopyram 1.40 mg L7} 25-71 Parlakidis et al.
Ccw scale (2022)
Horizontal subsurface flow Pilot- Rinsate (simulated) Boscalid 2mgL! 49-100 Papaevangelou
Ccw scale et al. (2017)
Horizontal subsurface flow Pilot- Rinsate (simulated) Pyraclostrobin 1.3 mg Lt 57-75 Gikas et al. (2022)
cw scale
Horizontal subsurface flow Pilot- Rinsate (simulated) Terbuthylazine 0.4mgL™? 74-98 Gikas et al. (2018)
CW scale
Fungal treatment Bench- Rinsate Azoxystrobin, chlortoluron, tebuconazole and 519 mg L~} 81-100 Beltran-Flores
scale thiacloprid et al. (2023a,b)

(continued on next page)
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Technique Scale RWW origin Pesticides Initial Removal Source
concentration (%)
Treatment train
Activated sludge/solar Pilot- Plastic containers S-Metolachlor, 2,4-D, MCPA imidacloprid, alachlor, 20 pg L 1-45 86 % of 18/ Vilar et al. (2012)
photo-Fenton/activated scale washing terbuthylazine, isoproturon, bentazone, mgL~! 19 pestides
sludge tebuconazole, atrazine, linuron, metobromuron,
dimethoate, diuron, metribuzin, metalaxyl,
chlortoluron, simazine, and terbuthylazine-desethyl
Activated sludge/solar Pilot- Plastic containers S-Metolachlor, 2,4-D, MCPA, imidacloprid, 20 pg L1-45 90 % of 18/ Moreira et al.
photocatalysis TiO,/UV scale washing alachlor, terbuthylazine, isoproturon, bentazone, mg L} 19 (2012)
system with preliminary tebuconazole, atrazine, linuron, metobromuron, pesticides
acidification dimethoate, diuron, metribuzin, metalaxyl,
chlortoluron, simazine and terbuthylazine-desethyl
Solar photo-Fenton/ Pilot- Shredded and Oxamyl, methomyl, imidacloprid, dimethoate and 40-175mgL™! 100 Zapata et al.
activated sludge scale washed containers pyrimethanil (2010)
Full- Shredded and Oxamyl, methomyl, imidacloprid, dimethoate and 40-110 mg L' 100 Zapata et al.
scale washed containers pyrimethanil DOC (2010)

Note: 2,4-D is 2,4-dichlorophenoxyacetic acid, MCPA is 2-methyl-4-chlorophenoxyacetic acid, UVC is ultraviolet C, H,O is hydrogen peroxide, TiO, is titanium
dioxide, Na»S,0g is sodium persulfate, MSM is metsulfuron-methyl, AOPs advanced oxidation processes, CW constructed wetlands and DOC dissolved organic carbon.

contain an active biological matrix that retains the pesticides and pro-
motes microbial degradation (De Wilde et al., 2007).

Biobeds are bioreactors designed to deal with pesticide residues
produced during agricultural activities, such as agricultural washing
wastewater (Fig. 4 c). The original Swedish biobed was developed by
Torstensson and Castillo (1997), was intended to deal with pesticide
spills on farms, and consisted of three different layers: clay at the bottom
(10 cm), followed by a biomixture (50 cm) of soil, peat, and straw
(25:25:50 v/v, respectively), and a top cover of grass. Nowadays, this
structure is still quite respected, although certain modifications are
implemented for each specific use and location. Each component plays a
role in the biobed. The clay layer has low permeability and high sorption
capacity, thus acting as a barrier that slows the downward flow and
extends the pesticide retention time. The biomixture is composed of
three widely available components: a lignocellulosic substrate, aimed at
enhancing the growth and enzymatic activity of ligninolytic fungi with a
proven ability to degrade some pesticides, a humic-rich material
(commonly peat and compost), which enhances pesticide retention ca-
pacity and provides potentially degrading microbiota to the matrix, and
soil, which is considered to be the main source of pesticide degrading
communities. Finally, the grass layer aids in regulating moisture and
contributes to the retention and degradation of pesticides.

Bergsveinson et al. (2018) studied biobeds effective in removing
pesticides from up to four different rinses, achieving an average removal
of up to 99 %. The different characteristics of the RWW caused changes
in the composition of the microbial population but maintained a core of
60-70 % of the prominent orders of the bacterial and fungal assemblage.
Bacterial communities exhibited greater variation in diversity, while
fungal populations remained more stable. In any case, the biobeds
achieved high pesticide removal regardless of the microbial assemblage,
which establishes them as a robust system for rinsate bioremediation.
Note that high concentrations of pesticides, frequently found in RWW,
could negatively affect the degradative activity of the consortium,
especially when treating compounds of high toxicity.

A study conducted in the Canadian prairies evaluated the effect of
temperature on the performance of biobeds for the treatment of a
simulated sprayer tank rinsate containing seven herbicide-active in-
gredients (Cessna et al., 2017). In this study, the half-lives of all herbi-
cides were found to be <70 days at 20 °C. However, temperatures in this
region are considerably lower than 20 °C, thus the temperature of the
biobeds would not be high enough to achieve complete dissipation of the
herbicides, even over a long period. In such cold regions, supplementary
heating is recommended to maintain incubation temperatures of
approximately 20 °C, thus optimizing herbicide degradation. Therefore,
given that RWWs are produced in agricultural fields, where considerable
temperature variations can occur, the degradative activity of the

consortium could be adversely affected unless the biobed is adequately
protected, such as inside covered or even temperature-controlled
facilities.

Larger scale studies have also been reported. Two semi-field scale
biobed systems were compared in the treatment of pesticides from
farmyard spills, as well as from tank and sprayer washing activities: a
lined system, in which the biomix was contained in a closed column, and
an unlined system, in which leachate was able to filter out from the
bottom of the biomix (Fogg et al., 2004). Although line systems prevent
contaminant leachates, they tend to accumulate a high moisture content
in the deepest parts of the bed. In contrast, unlined biobeds showed that
only the most soluble pesticides leached out and that the system
removed 99 % of all pesticides, with most being degraded within 9
months. Thus, this study showed that biobeds can perform better
without sealing or covering, to favor the aeration and degradative ac-
tivity of microorganisms. However, a possible leakage may pose a
serious risk of contamination due to the high pesticide content of RWWs.
Cooper et al. (2016) evaluated the effectiveness of three-stage on-farm
biobed for RWW treatment. Monitoring of water quality over two years
revealed that individual pesticide concentrations were reduced by
68-99 %, with an average decrease in total pesticide concentrations of
up to 98 %. No indication of seasonality in pesticide removal efficacy or
decline in biobed performance was reported over the two-year moni-
toring period. Nevertheless, high concentrations of pesticides were
detected at the deeper sampling points, which could pose a risk to
groundwater quality.

Biobeds seem to be a very appropriate technology for RWW treat-
ment since it is a simple, economical, and effective remediation method
for pesticide removal. Despite their proven effectiveness under certain
conditions, the standardization of biobed-like systems for the treatment
of RWW still has to be optimized:

- Selection of the appropriate substrate in the biomixture. Lignocel-
lulosic substrates are readily available on farms and hence are widely
used in biobeds. However, other materials, such as peat, may not be
sufficiently accessible or affordable in other countries and should be
substituted by more suitable alternatives (Diez et al., 2013). In fact,
compost is the most applied humic-rich material in tropical regions
of Latin America and the Mediterranean instead of peat (Karanasios
et al.,, 2010; Rodriguez-Rodriguez and Rodriguez-Saravia, 2023).
Substrate replacement must be well studied, as it can affect the pH
level or the structure of the biomixture, e.g., forming preferential
flow paths or floodings. For example, peat-based biomixtures
enhance the co-metabolic degradation of pesticides by providing a
low pH habitat to favor fungal growth and enzyme production. In
contrast, compost-based biomixtures can induce neutral or basic pH
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Table 2
Advantages and disadvantages of the main treatments applied to the remediation of RWWs.
Technique Advantages Disadvantages Source
Activated carbon v" High pesticide removal X Saturation due to high Heidarinejad et al.
efficiency organic matter content in (2020); Rivera-Utrilla
v" Relatively low cost RWWs etal. (2011); Yin et
v" Short treatment period X - . al. (2007).
v" Safety: no transformation Matgnz ICgencration
products are produced Teqite
v" High availability X Adsorption capacity depends
on the pesticide properties
Solar v" High removal efficiency X High operating costs Blanco-Galvez et al.
photocatalysis and even mineralization of X Radical iho by th (2007); Malato
pesticides h'a hlca scavel}gmg y the Rodriguez et al.
v" Operating cost savings due igh conicnt, of oTganic (2004); Meng et al.
to the use of solar energy material (2020).
v" Short treatment period X Potential production of
transformation products
X Sunlight dependence
X Sensitive to pH
X Post-treatment is required
Biobed-like v Effective for many X Pesticide persistence Aguilar Romero,
systems pesticides, especially for X i lati (2021); De Wilde et
non-polar compounds Sedlmeﬁt qcclqm lé atlon, al. (2007); Rodriguez-
v" Sustainable and cost- especially in [ined systems Rodriguez and
effective option X A large area is usually Rodriguez-Saravia
v" Simple operation required (2022)
v Reuse of agricultural X Lixiviation risk, especially
residues as substrate polar compounds
X A long treatment period is
normally required
X Biomixture aging
X Production of metabolites
X Biomass maintenance
X _Climate dependence
Constructed v" High pesticide removal X Large area required Gorgoglione and
wetlands efficiency X Cli Torretta (2018;
v Sustainable and low Climate dependence Hadidi (2021);
operating and maintenance X Long treatment period Kennedy and Mayer
costs X Persistence of some (2002).
v' Versatility pesticides
Fungal treatment v" High capacity for ¥ Slewnistabolisti Beltran-Flores et al.
degradation of pesticides X i (2023a); Mir-
v" High toxicity resistance Substrate supply is necessary Tutusaus et al. (2018)
v" No prior acclimatization X pH control
> I;?UO? is required X Aeration may be desirable
imple operation !
v Reuse of agricultural X Climate dependence
X

residues as substrate

Biomass aging
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environments, which stimulate the metabolic degradation of pesti-
cides by bacteria (Karanasios et al., 2010). In addition, the C/N ratio
must be evaluated, as low N levels favor fungal co-metabolic activity,
i.e., extracellular enzyme production, over metabolic activity, and
fungal growth (Dias et al., 2020). Given that RWWs are generally
treated on-site in agricultural fields, agricultural residues produced
by the farm could be used as substrate, considerably reducing
operating costs.

Substrate size and biomixture homogeneity. In general, a reduced
substrate size is desirable, as it increases the specific surface area and
thus the pesticide retention capacity of the biomixture. In this regard,
milling and/or crushing processes are recommended to reduce the
substrate size, but they entail additional costs. Furthermore, the
biomixture should be distributed homogeneously to avoid dead
zones or low-efficiency regions in the bioreactor (Castillo et al.,
2008).

Biomixture aging. One of the most critical parameters is biomixture
maturity. Young biomixtures tend to have lower pesticide retention,
thus it is recommended to incorporate a pre-composting period. The
mature biomixture produced in the pre-composting stage should be
applied not only at the beginning but also throughout the treatment
to compensate for substrate consumption, which can lead to
increased economic cost and operational complexity. However, an
over-mature biomixture is also undesirable and can lead to oxygen
deficiency, thus reducing the degradation capacity of the system
(Castro-Gutiérrez et al., 2017). In fact, old substrates resulting from
biobeds must be subsequently managed, generally by composting or
vermicomposting, which adds more complications (Masin et al.,
2018).

Long operating periods are commonly required to achieve the com-
plete removal of adsorbed pesticides. In the original Swedish bio-
beds, periods of 1 year were reported to reduce the pesticide content
below the detection limit (Torstensson, 2000). However, the
required duration may change depending on the characteristics of
the biobeds, climatic conditions, and RWW characteristics. In fact,
RWWs typically have high levels of organic matter, thus part of the
degradation potential of the biobed can be used to remove com-
pounds other than pesticides, reducing efficiency and increasing
treatment time. Nevertheless, treatment time is not usually a limiting
factor for the bioremediation of RWWs, since they are commonly
generated in small volumes and only during spraying campaigns,
thus having long periods available for their treatment.

Climatic conditions are one of the key variables influencing the
performance of biobeds. For example, higher temperatures can
enhance the enzymatic and metabolic activity of the microbial
community, as well as increase the solubility of pesticides, leading to
higher bioavailability (and biotransformation) and consequently
better treatment efficiency. Rainwater is another factor that must be
controlled to avoid solubilization and dilution of pesticides and may
require additional infrastructure costs (Castillo et al., 2008).

This type of process can generate metabolites, which may be even
more toxic than the original compounds. In this regard, a useful
approach to evaluate and monitor the performance of biobeds is the
use of ecotoxicological tests, which measure the toxicity of all
remaining pesticides and their potential transformation products,
and thus determine the detoxification capacity of the treatment. The
detoxification efficiency of the biobed depends on many factors, such
as environmental conditions, the biomixture, the pollutants, among
others (Acosta-Sanchez et al., 2020; Pérez-Villanueva et al., 2022).
Bioaugmentation of certain microorganisms with proven degrada-
tion capabilities, such as the white rot fungi (WRF) T. versicolor, has
shown good performance in terms of degradation of some metabo-
lites (Lizano-Fallas et al., 2017; Rodriguez-Rodriguez et al., 2018).
Limited local legislation, technological development, and full-scale
experience. As previously described, the potential functionality of
biobeds depends on each region and application. This specificity
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encourages further studies of the possibilities of this technology. The
role of local legislation is a key constraint, as this type of technique
requires a certain regulatory framework to be applied by farmers. For
example, Guatemala is the only country in Latin America in which
biobeds have been recognized as an official technology for pesticide
management. However, other countries are already moving towards
the inclusion of this technology in the agricultural sector (Dias et al.,
2020).

Therefore, biobeds are considered efficient and robust systems for
the treatment of RWW. According to the reported studies, biobeds
usually employ different materials as lignocellulosic substrate
(depending on the region), work in operation periods that typically
range from 1 to 24 months and with temperatures preferably close to
20 °C. The main advantages and disadvantages of biobeds are also
summarized in Table 2 (Aguilar Romero, 2021; De Wilde et al., 2007).

Despite the strong potential of biobeds for the treatment of RWWs,
these systems still face major challenges, such as the determination of
their life span and their subsequent disposal. The life span of the biobeds
seems to be significantly influenced by climatic conditions, reaching 5-6
years in cold regions such as Sweden, and 3-4 years in warmer or
tropical locations such as Costa Rica (Arbeli and Fuentes, 2007; Tor-
stensson, 2000). One of the most recommended measures to extend the
durability of the biobed is to progressively replenish the volume of
biomixture lost during treatment. Regarding the disposal of spent bio-
mixture, various approaches have traditionally been proposed, such as
incineration, landfill disposal, or simple storage, although nowadays the
most widely accepted practice is composting, which requires a minimum
period of 6 months and toxicity monitoring to evaluate its eventual
disposal on the soil (Rodriguez-Rodriguez and Rodriguez-Saravia,
2023). In any case, further rigorous studies on these topics are needed to
adequately address the challenges that still face this technology. An
interesting option for this type of treatment can be its combination with
other complementary methods, such as solar photocatalysis, in a treat-
ment train, which should be explored in future research.

3.3.4. Biobacs (or Phytobac®)

Biobeds have been used in several countries as a sustainable and cost-
effective strategy for the treatment of highly polluted water. However, the
configuration and composition of biobeds must be adapted to the specific
characteristics of each region, which requires a comprehensive study of
the available materials, climatic conditions, legislation, and agricultural
practices (Rodriguez-Castillo et al., 2018). Such modifications may
include the replacement of some biobed materials or even changes in the
bioreactor configuration, leading to the development of new variants of
biobeds, renamed as biomassbed in Italy, biofilter in Belgium, Phytobac
and biobac in France, and biotable in Guatemala (Castillo et al., 2008).
Biobac is based on the biobed concept but features a watertight concrete
or plastic foil cistern that limits water removal to evaporation only. Unlike
unlined systems, biobacs allow leachate recovery but generally require
large volumes of substrate to avoid saturation or even flooding of the bed.
Simulated RWW spiked with 10 ppm atrazine, simazine, lenacil, diuron,
metalaxyl, and carbofuran was treated for 1 year in two pilot plants of
bioremediation systems based on the Phytobac® concept for in situ
retention and/or degradation of pesticides (Spanoghe and Steurbaut,
2004). These compounds were retained for at least one month by the
Phytobac® filler, allowing enhanced microbial populations to degrade
the pesticides. None of the pesticides leached out, except metalaxyl,
which was detected at a concentration of 3.5-3.9 mg L™! in the biobac
drain. Nevertheless, biobacs have some common drawbacks, such as
difficulty in protecting from precipitation, complex mixing and homog-
enization, and low treatment capacity.

3.3.5. Biofilters
Biofilters usually consist of two or three units of plastic containers (1
m?) filled with a biomixture, stacked vertically, and connected with
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plastic valves and pipes. Biofilters were first developed in Belgium and
were intended to modify the biobed concept to a smaller, more flexible,
and modular configuration, but capable of treating large volumes of
effluent. Eight different pesticides (atrazine, carbofuran, diuron, lenacil,
simazine, isoproturon, chloridazonand, and chlortoluron) from RWW
were monitored during one year of treatment in a biofilter. An average
removal of more than 95 % was achieved, with none of the target
compounds detected in the effluent during this period, except for lenacil
(Pussemier et al., 2004). In another study, twenty different biofilter
installations demonstrated pesticide removal efficiencies from RWWs
higher than 92 % (Pigeon et al., 2005). However, leaching problems
were observed for the more hydrophilic pesticides, such as carbofuran
and chloridazon, compared to the more hydrophobic pesticides that
tended to be adsorbed by the organic substrate, such as metconazole and
iprodione. The relatively high concentration of pesticides frequently
found in RWWSs poses a high environmental risk in case of leaching
losses, thus biofilter application should be limited to RWWs with low
polar pesticide content or should incorporate an impermeable collection
system to prevent leakage, although the latter may result in undesirably
high moisture levels in the deeper layers. In addition, 75 % of the bio-
filters showed pesticide degradation above 95 %. A modification of a
biobed, called biomassbed, was used as a biofilter to treat simulated
RWW by Vischetti et al. (2004). Up to 100 % removal of chlorpyrifos,
metalaxyl, and imazamox was achieved after 4 weeks of treatment when
using citrus peels and garden compost.

3.3.6. Phytoremediation

Constructed wetlands (CWs) are man-made ecosystems designed to
mimic natural wetlands that typically consist of shallow basins filled
with various types of vegetation and treat polluted water sources. The
effectiveness of CWs is mainly determined by some key design param-
eters, such as the type of flow (horizontal or vertical), plant species, and
porous media (Tsihrintzis et al., 2010). In this regard, Parlakidis et al.
(2022) applied CWs with horizontal subsurface flow (HSF) to remove
fluopyram from the RWW produced during the cleaning of pesticide
spraying equipment. Five units of CWs were studied: WG-C was planted
with Typha latifolia, WG-R with Phragmites australis, WGZ-R with
Phragmites australis and contained gravel and zeolite as porous media,
WG-R-P with Phragmites australis and bioaugmented with plant
growth-promoting rhizobacteria, and WG-U was left unplanted as a
control. Mean removal efficiencies obtained for fluopyram were 25 %,
36 %, 60 %, 62 %, and 71 % for WG-U, WG-R, WG-C, WGZ-R, and
WG-R-P units, respectively. Phragmites australis bioaugmented with
PGPR Pseudomonas putida (WG-R-P unit) was the most effective,
doubling fluopyram removal compared to the WG-R unit.

In addition, two HSF CW units with Phragmites australis, one with
cobbles and one with fine gravel, were used to treat water containing
boscalid at concentrations similar to those commonly detected in RWW
(Papaevangelou et al., 2017). The results showed high removals in both
reactors, which in the first two months ranged between 75-94 % and
95-100 % for CW with cobbles and fine gravels, respectively.

Gikas et al. (2022) studied two pilot-scale CWs filled with a porous
medium of cobbles and fine gravel and planted with Phragmites australis
to remove pyraclostrobin from contaminated water from spray equip-
ment wash sites. The unit with a fine gravel porous medium achieved the
highest pyraclostrobin removal efficiency, 75 vs. 57 %, indicating that
the grain size of the porous medium is a key design parameter in CWs. In
another study, both a CW and a biobed were used for the treatment of
the herbicide terbuthylazine from wastewater in which RWW conditions
were simulated (Gikas et al., 2018). The CW and BPS achieved
maximum removals of 74 % with a hydraulic retention time (HRT) of 6
days and 98 % in 28 days, respectively. However, the matrix was poorly
detoxified, as demonstrated in seed germination assays, so the authors
proposed the combination of the CW and the BPS to increase the removal
efficiency for future work.
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Therefore, CWs seem to be a sustainable and effective alternative for
the treatment of RWW. Nonetheless, their application may be limited to
certain meteorological conditions, some pesticides may be resistant to
this type of treatment, and they usually require large spaces and oper-
ating periods, as presented in Table 2 (Gorgoglione and Torretta, 2018;
Hadidi, 2021; Kennedy and Mayer, 2002).

3.3.7. Bacterial treatment

Numerous studies in the literature deal with the use of bacteria to
biodegrade pesticides from synthetic RWW. For example, a new Steno-
trophomonas acidaminiphila strain, Y4B, was able to completely degrade
glyphosate at high concentrations (50-800 mg L) with a degradation
efficiency of more than 98 % within 72 h (Geed et al., 2017). In another
publication, Geed et al. (2017) studied the biodegradation of synthetic
wastewater containing atrazine, malathion, and parathion in a
two-stage Integrated Aerobic Treatment Plant using Bacillus sp. isolated
from the agricultural field. The treatment succeeded in reducing the
initial pesticide content (COD of 1232 mg L) of the influent stream by
90 %. Regarding real RWW, Ben Salem et al. (2019) evaluated the
degradation potential of two bacterial strains previously isolated from
Tunisian soil (Enterobacter cloacae and Serratia rubidaea) as biological
agents in the formulation of a bio-detergent for cleaning empty pesticide
containers. In summary, the triple rinse with bio-detergent proved to be
a new, simple, and effective method, which resulted in lower levels of
residues in the rinse effluent than those obtained from the triple rinse
recommended by FAO. This work also suggests the use of bio-detergent
to enhance the microbial treatment of phytosanitary effluents, particu-
larly through its application in the Phytobac® system.

3.3.8. Fungal bioreactors

An alternative type of process that has shown good results in elimi-
nating pesticides is fungal treatment by WRF (Fig. 4 d). In recent years,
there has been a growing interest in WRF bioremediation because of the
unique characteristics of these microorganisms, which include a
powerful enzymatic system capable of degrading numerous micro-
pollutants, such as pesticides, and its strong resistance to toxicity (Gao
et al., 2010).

Several fungal bioreactors have been investigated to remove pesti-
cides (Table 3). In continuous mode, more than 85 % aerobic biodeg-
radation of chlorpyrifos by Aspergillus sp. was reported in packed bed
bioreactors (Yadav et al., 2015). Aspergillus niger was also able to
continuously degrade 60 % of the herbicide atrazine from wastewater in
a bioreactor (Marinho et al., 2017). One of the most widely used WRFs is
T. versicolor due to its proven ability to degrade multiple xenobiotics. For
example, Nguyen et al. (2013) explored the degradation of several
pesticides in a fungus-augmented MBR inoculated with Trametes versi-
color, achieving removals of 29 % ametryn, 11 % atrazine, 57 % feno-
prop, 92 % pentachlorophenol, and 20 % propoxur.

Nevertheless, the consolidation of fungal bioremediation using WRF
requires overcoming a key limitation, microbial contamination. When
operating under non-sterile conditions, other microorganisms compete
for substrate consumption and may compromise the dominance and
survival of WRF. In recent studies, one strategy particularly effective is
the immobilization on lignocellulosic supports. These materials consti-
tute a specific substrate for WRF, thus benefiting their activity against
bacteria (Toran et al., 2017).

The immobilization strategy has already been explored for the fungal
treatment of pesticides. Hu et al. (2021) recently compared the pesticide
removal efficiencies achieved by T. versicolor immobilized on pine wood
in sequencing batch mode in two different bioreactors, a fluidized-bed
and a trickled bed reactor. The latter reactor showed higher yields
even for lower contact times, which was partially attributed to the
sorption capacity of the wood. A recent study reported the ability of
T. versicolor immobilized on pine wood to remove up to 94 % of diuron
during an operating period of 35 days in a rotating drum bioreactor.
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Table 3
Reported evidence of pesticide abatement with fungal bioreactors.
Reactor Fungus Water Matrix Pollutants Sterility Period HRT pH Co Pesticides Removal Source
(%)
Bottle reactor A. niger Synthetic Vishniac solution ~ Spiked Sterile 8 days Batch 35 30mglL’! Atrazine 72 Marinho et al.
water (2017)
T.. versicolor Real water WWTP effluent Spiked Sterile 12h Batch 45 350 pugL7! Atrazine and DEET 0 Shreve et al. (2016)
Fixed-bed T. versicolor Real water Agricultural Spiked Non- 20 days 1 day 45 10mglL’! Bentazon and diuron 6-42 Beltran-Flores et al.
bioreactor wastewater sterile (2021)
T. versicolor Real water Agricultural Spiked Non- 40 days 3 day 45 10mgL’! Bentazon and diuron 18-61 Beltran-Flores et al.
wastewater sterile (2021)
Fluidized-bed T. versicolor Synthetic Defined medium Spiked Sterile 7 days Batch 45 4mglL? Acetamiprid and imidacloprid 20-65 Hu et al. (2022)
reactor water
T. versicolor Real water Agricultural Spiked Non- 30 days 3 days 45 10mgL’! Bentazon and diuron 30-37 Hu et al. (2021)
wastewater sterile
T. versicolor Real water Rinse Non- Sterile 17 days Batch 45 5-19mg Azoxystrobin, chlortoluron, 77-100 Beltran-Flores et al.
wastewater spiked L' tebuconazole and thiacloprid (2020)
Non- 17 days Batch 45 5-19mg Azoxystrobin, chlortoluron, 38-87
sterile L! tebuconazole and thiacloprid
Membrane T. versicolor Synthetic Malt extract- Spiked Non- 110 2 days 45 5pgL7! Fenoprop, pentachlorophenol, 11-92 Nguyen et al.
bioreactor water based sterile days propoxur, Ametryn, and atrazine (2013)
Packed bed reactor  Aspergillus sp. - - Spiked Sterile 45 days - 7 180-250 Chlorpyrifos 920 Yadav et al. (2015)
mg L~}
Verticilium sp. and Synthetic Define medium Spiked Sterile 10 days 9.8h 55 50mgL’! Atrazine, chlorpyrifos and iprodione 59-96 Levio-Raiman et al.
Metacordyceps sp. water (2021)
Packed-bed T. versicolor Synthetic Tap water Spiked Non- 35-49 3 days 4.4 10 mg L™} Diuron 89-94 Beltran-Flores et al.
channel water sterile days (2020)
bioreactor
Rotating drum T. versicolor Real water Agricultural Spiked Non- 225 3-5 4.5 10 mg L™! Bentazon and diuron 14-33 Beltran-Flores et al.
bioreactor wastewater sterile days days (2022)
T. versicolor Real water Agricultural Spiked Non- 16 days 3 days 45 10mgL’! Diuron 61 Beltran-Flores et al.
wastewater sterile (2020)
T. versicolor Real water RWW Non- Non- 34 days Batch 45 5-19mg Azoxystrobin, chlortoluron, 81-100 Beltran-Flores et al.
spiked sterile L! tebuconazole and thiacloprid (2022)
Slurry reactor Bjerkandera adusta Real water Slurry Spiked Sterile 30 days Batch 45 25mgkg! a,B,y,8-HCH 95 Quintero et al.
(2007)
Trickle-bed reactor  T. versicolor Real water Agricultural Spiked Non- 30 days 3 days 45 10mgL’! Bentazon 48 Garcia-Vara et al.
wastewater sterile (2021)
T. versicolor Real water Agricultural Spiked Non- 36 days 3 days 4.5 10 mg L ! Diuron 63 Hu et al. (2020)
wastewater sterile
T. versicolor Real water Agricultural Spiked Non- 30 days 3 days 45 10mgL’! Diuron 69 Hu et al. (2021)
wastewater sterile

Note: HCH is hexachlorocyclohexane and Cj is the initial concentration.

‘ID 32 Sa.0)f-UDIJY H

£8ZIVI ($202) TSE 21aydsoway)



E. Beltran-Flores et al.

However, part of the biomass was detached from the wood throughout
the treatment (Beltran-Flores et al., 2020). Biomass washing was solved
by replacing pine wood with holm oak wood and by modifying some
operating parameters, which allowed operation over a long period of
several months (Beltran-Flores et al., 2022).

Immobilization on lignocellulosic support seems to improve pesti-
cide removal performance. This can be attributed to two main reasons:
the addition of a more favorable substrate for WRF and the sorption
capacity of these materials. For example, wood is a very porous material,
with a high capacity to retain pesticides inside. Recent studies showed
that contaminated substrate could be further treated by T. versicolor in a
biopile-like system, although better biodegradation efficiencies could be
expected by improving the treatment (Beltran-Flores et al., 2021, 2022).
In this regard, more research should be conducted on the biodegradation
of pesticides adsorbed on wood.

Based on all these previous results, a recent study applied a rotary
drum reactor inoculated with T. versicolor immobilized on holm oak
wood for RWW treatment at real pesticide concentrations (Beltran--
Flores et al., 2023a). The treatment was highly effective in terms of
pesticide removal, achieving 100 % azoxystrobin, 84 % chlortoluron,
100 % tebuconazole, and 81 % thiacloprid after 17 days. Nevertheless, a
considerable increase in DOC and color was observed in water resulting
from the extraction of soluble organic compounds from the wood. This
drawback might be addressed by using a wood with a lower content of
soluble organic compounds and also by combining this technology with
other treatment techniques, such as AOPs or activated sludge processes.

Despite the limited scientific evidence of WRF technology for RWW
treatment, this approach has demonstrated high pesticide removal ef-
ficiency in multiple studies (Table 3). Fungal bioremediation is espe-
cially appropriate for the treatment of relatively small volumes since
fungi have a slow metabolism that requires long HRT and high con-
centrations to take advantage of their high resistance to toxicity and
powerful enzymatic system, which makes this technology a promising
solution for the treatment of RWW. The main advantages and in-
conveniences of WRF for RWW treatment are also listed in Table 2
(Beltran-Flores et al., 2023a; Mir-Tutusaus et al., 2018). Future research
should address the application of this technique for RWW remediation,
with the dual objective of eliminating pesticides and achieving an
effluent with sufficient quality to be reused, complying with current
regulations. In addition, the risk posed by the use of the WRF to sur-
rounding crops should be assessed.

3.3.9. Treatment trains

Treatment trains can synergistically combine the advantages of
several technologies, often obtaining better results than those achieved
by each treatment independently. In this regard, AOPs have been used as
pre-treatment to oxidize biologically persistent pollutants to more
biodegradable compounds (Mansour et al., 2014). These pre-treatments
usually pursue a low mineralization of the contaminants to reduce
operating costs associated with this type of treatment. Afterward, a
biological stage can be applied to eliminate potential TPs. Nonetheless,
several studies have also reported the strategy in the opposite direction,
i.e., applying first a bioremediation treatment to reduce organic matter
content followed by an AOP stage to achieve pollutant removal or even
mineralization (Oller et al., 2011).

Solar photo-Fenton treatment followed by a biological oxidation
process was combined to treat pesticide-containing RWWs (Vilar et al.,
2012). This treatment was not only able to achieve 52 % mineralization
and 86 % abatement of 18 of the 19 pesticides detected but also suc-
ceeded in reducing the high intrinsic organic load (1662-1960 mg O,
.L™!) below the discharge limits accepted by Portuguese regulations
(150 mg Oz L™1). This work highlights the excellent performance of the
combined AOP/biological oxidation treatment for RWWs, which is
based on achieving acceptable biodegradability using the minimum time
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of photocatalytic oxidation, and subsequently applying biological
oxidation to reduce the overall process cost and making it a more
attractive approach.

In another work, Moreira et al. (2012) also studied a treatment train
combining biological and AOP steps, at pilot scale and applying a pre-
liminary biological pre-treatment process. An immobilized biomass
reactor (IBR) followed by AOP was used, testing both heterogeneous
(TiO-/UV and TiO5/H505/UV, with and without acidification) and ho-
mogeneous (UV, HyO5/UV, Fe?*/H,0,,UV, and Fe?*/H,0,) systems. In
this case, a biological treatment before AOPs was chosen due to the high
biodegradability of the treated RWW. This first step achieved a reduc-
tion of the chemical oxygen demand (COD), DOC, and biological oxygen
demand (BODs) of 46-54 %, 41-56 %, and 88-90 %, respectively. The
photo-Fenton reaction, conducted with an initial iron concentration of
140 mg Fe?*.L™!, proved to be the most efficient process, achieving 86
% mineralization and the removal of 18 of the 19 pesticides initially
detected.

ALBAIDA Recursos Naturales y MedioAmbiente S.A. is a company
that recycles empty plastic pesticide containers from greenhouses in El
Ejido (south-eastern Spain). These containers are crushed and washed,
producing RWWs with pesticide residues that are treated by a combi-
nation of solar photo-Fenton and bioremediation. This technique was
applied after comparing two alternative strategies at pilot scale, photo-
Fenton/bio and Bio/photo-Fenton, mainly in terms of DOC, COD,
toxicity, and biodegradability, being the most successful system scaled-
up at full scale (Zapata et al., 2010). The industrial-scale combined
system (photo-Fenton/bio) achieved 84 % removal, 35 % corresponding
to the photo-Fenton treatment, and 49 % to the aerobic biological
treatment. The Bio/Photo-Fenton combination was also tested, but it
was ineffective owing to the low initial biodegradability of this RWW.

4. Conclusions

Good agricultural practices include the management of agricultural
rinse wastewater, which should preferably be treated onsite before being
discharged or reused. Among the physical-chemical methods, solar
photocatalytic treatment has attracted particular interest due to the
good performance shown in terms of pesticide elimination in short pe-
riods, especially in regions with intense solar radiation. Biological
treatments, such as biobeds and fungal bioreactors, seem to be prom-
ising approaches, but their global market insertion depends on their
feasibility when using different substrates, pesticides, and operating
conditions, scenarios that need to be carefully studied in future research.
Treatment trains are also an interesting approach, as they integrate the
advantages of different treatment technologies, but new combinations of
the most effective techniques have yet to be explored.
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