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Abstract Wastewater (WW) for irrigation and applica-
tion of biosolids in soil is becoming important as it is
going to become very common in the near future. By
2050, the world is going to have four billion people living
in water-scarce countries, making it a norm of freshwater
for the cities and WW for agriculture. Further, biosolids
might still be used as green biofertilizers for soils, if they
are improved from an ecological point of view. However,
application of biosolids in soil is argued because of the
amount of organic pollutants that compromise the dy-
namic equilibrium of the biological systems. Therefore,
information on the concentration, behavior, and cycling
of organic pollutants as well as their possible degradation
pathways is needed to predict, prevent, and remediate
these pollutants from different sources including WW
and biosolids. Among the group of organic pollutants,
emerging contaminants (ECs) enter into the soil with the
irrigation water from treated effluents and fertilization by
biosolids. Quantification of ECs from WW and biosolids
is of main importance to predict the toxic effects of WW
effluents and sludge. Moreover, their incorporation into
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vegetables through irrigation and their magnification
through natural food webs have been proved and
must be monitored. This review presents information
on the different sources of emerging contaminants
and linking with the ecological effects they produced
by reacting in the environment during various
applications of WW and biosolids in soil. The
available methods for analysis and quantification of
ECs in different matrices, such as WW and biosolids,
are also presented.

Keywords Biosolids - Emerging contaminants -
Toxicology - Wastewater - Soil

Abbreviations

ECs Emerging contaminants

EDCs Endocrine-disrupting compounds

GC-MS Gas chromatography-mass spectrometry

LC-MS Liquid chromatography-mass
spectrometry

LC-MS/MS Liquid chromatography-tandem
mass spectrometry

MEC Measured environmental concentration

PPCPs Pharmaceutical and personal care
products

PNEC Predicted no-effect environmental
concentration

SPE Solid phase extraction

VAPs Value-added products

WWTP Wastewater treatment plant

Ww Wastewater
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1 Introduction

Wastewater (WW) and biosolids accumulate pharma-
ceuticals and other emerging contaminants (ECs) that
may eventually release to the environment. In Canada,
for instance, wastewater treatment plants (WWTPs)
produce around 4 million tons of dry sludge yearly.
These biosolids are rich in nutrients, and hence, they
are commonly used to improve soil nutrient content for
growing plants in agriculture, parks, and indoors. Many
pharmaceutical and personal care products (PPCPs) and
endocrine-disrupting compounds (EDCs) have been
detected in the discharge from WWTPs indicating their
presence in biosolids (Venkatesan and Halden 2014;
Sabourin et al. 2012). Therefore, the land use of
municipal biosolids may initiate a bioaccumulation
and magnification effect of ECs affecting the equilibri-
um of biological systems from individuals to entire
ecosystems.

Synthetic pharmaceuticals are present in sewage
effluents mainly due to the input of urine and feces
from urban areas. While in developed countries
these effluents are discharged into water bodies after
a regular treatment, in many developing countries,
they are used for irrigation of crops or they reach
water bodies without any treatment. Therefore, the
input of ECs can be divided into different scenarios.
In wastewater treatment plants, some pharmaceuti-
cals, such as antibiotics, are partially eliminated and
the final discharge still contains residual concentra-
tions that reach the water bodies (Mohapatra et al.
2013, 2014; Sabourin et al. 2012). Hence, many of
these pharmaceuticals are present in natural aquatic
systems in small concentrations. Despite this general
observation, the basic question remains whether
there is some risk to aquatic organisms due to this
chronic exposure.

Furthermore, many studies showed the effects of
different ECs on the biochemistry, cell structure,
growth, reproduction, and mortality of organisms
in the environment and on populations and commu-
nities in surface water and soil systems (Farré et al.
2010). While much of the information on ECs
indicated that they were a minor risk at any scale,
there is some evidence that ECs could affect human
and environmental health (Pomati et al. 2008). For
example, the veterinary use of diclofenac, which is a
human pharmaceutical used as an anti-inflammatory
treatment, was directly linked to the alarming
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reduction of vulture populations in certain areas of
Asia (Oaks et al. 2004). The veterinary drug,
ivermectin, which is used to treat parasitic infections
in livestock, has been shown to affect the growth of
aquatic invertebrates even with concentrations lower
than the ones expected to be measurable in aquatic
environments (Garric et al. 2007). Ethinylestradiol, a
main ingredient of contraceptive pills, was proven to
trigger endocrine-disruptive effects in a fish species
(Lange et al. 2001).

Hence, there is an urgent need to increase the
understanding of the fate of ECs after application
of WW and biosolids in soil and generate innova-
tive methods for the discharge of WW to water
streams as well as sludge recycling and reuse.
Further, the main problem associated is the
quantification of the ECs in WW and biosolids in
trace amounts (below ng/L). In the given context,
the present review presents a critique on the fate
and occurrence of emerging contaminants, source,
and ecological effects of these contaminants during
various applications of wastewater and biosolids in
soil. The wide spectrum of available analytical
methods for quantification of emerging contami-
nants in different complex matrices including
wastewater and biosolids is also presented.

2 Land Application of Wastewater and Biosolids

Wastewater and biosolids have been applied on
agricultural fields in North America and Europe at
least since the 1890s. Following the experience
gained with the empirical case studies, various
regulatory measures and methods were devised to
ensure the safety of human and environmental
health. More scientific efforts were invested not
only on safety but also on testing the efficiency of
the developed procedures (Venkatesan and Halden
2014; Sabourin et al. 2012). However, due to
continuous industrial development, there is still
concern for new problems that could unexpectedly
arise with the application of human and industrial
waste. Main concerns include (i) pollution of
aquifers due to deficient management, (ii) soil
pollution and reduced crop production, (iii) the
effect on the market and economies, (iv) epidemio-
logical effects on health, (v) accumulation of heavy
metals, and (vi) organic contaminants including
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ECs. Thus, it became increasingly important to treat
the biosolids and WW before its beneficial applica-
tion in soil.

With the growing human population, the differ-
ence between availability and actual need for water
is widening worldwide. Scientists around the globe
are working on new ways of conserving water. In
this sense, reusing WW for irrigations of crops or
ecosystems would help to increase the availability of
drinking water. WW is mainly composed of indus-
trial and household runoffs. Urban WW treatment
facilities are designed to generate a final liquid
product that is supposed to be harmless for the local
natural environment causing a negligible impact on
human health and local wild communities. However,
this is especially difficult when the discharged
volume is considerable to the natural local water
body as is the case of large cities (Meneses et al.
2010). Moreover, WW can also be seen as a
valuable resource from economical point of view
since it is rich in nitrogen and phosphorus and such
nutrients can increase the productivity of soil
(Murray and Ray 2010). However, previous treat-
ment may be required depending on the use of land
to be irrigated.

Further, amounts of biosolid waste are constant-
ly growing together with global population
increase. Biosolids are composed of almost 50 %
of organic matter. Thus, they may be used to
improve the physicochemical and biological
features of soils that are depleted due to excessive
use. They also act as nutrients for the bacterial
community and facilitate the aggregate formation
and stabilization (Tisdall and Oades 1982).
Consequently, important soil physical-chemical
properties, such as bulk density, porosity, humidity,
and ion exchange capacity, are improved together
with the enhancement of the soil community.

The elevated organic matter content of biosolids
is an advantage as it can be used to remediate metal
polluted areas. This is because they convert metals
to less soluble fractions (Brown et al. 2003).
Therefore, metal-polluted mining debris, construc-
tion fields, landfill cover soils, and eroded land are
the targets to be restored. Restoration takes place
not because of their ability to bind pollutants but
due to the previously mentioned high content of
nitrogen and phosphorous that enhances plant
growth and ultimately fostering ecosystem

sustainability (Brown et al. 2005). As it can be
inferred, this implies that biosolids might represent
an evolution compared to chemical fertilization
since their bioavailable P and chelated Fe content
is comparatively higher than standard fertilizers
(Lombard et al. 2011).

Until date, there are three main steps that can be
modified to improve sludge management control at
source, initial transport, processing, and final disposal,
and reuse to produce value-added products (VAPs).
Wastewater sludge reprocessing to VAPs holds the fu-
ture key to sustainable management. In this perspective,
sludge can be transformed not only into biofertilizers but
also to other bioproducts, such as pesticides, plastics,
surfactants, flocculants, and enzymes, among others
(Verma et al. 2005; Ben Rebah et al. 2001). The avail-
ability of biopesticides and biofertilizers (different VAPs
among others) as effective (in terms of cost-
effectiveness) and safer than chemical pesticides is ob-
viously desirable. However, field application of sludge-
based biopesticides and biofertilizers is disputable due
to the presence of trace organic compounds, including
many ECs (e.g., EDCs and PPCPs). The development of
sludge treatment or value-added technologies needs to
consider the removal of the pollutant as it is closely
related to beneficial uses of sludge. Most of the literature
has been reported on the fate of trace contaminants in
drinking water, surface water, and WW, virtually
neglecting sludge which is an essential by-product of
wastewater treatment plant. Further, during the process
of value addition, there may be formation of more toxic
by-products than the parent compound, which needs to
be investigated. This propitiates the need to not only
produce VAPs from sludge but also to examine the
distribution and transformation of ECs in the environ-
ment during the process of production and application of
VAPs.

3 Source of Contaminants

Wastewater generated by household activities is recog-
nized as the main source of solids and nutrients entering
treatment plants. However, its composition and genera-
tion process within households is yet to be properly
interpreted. The comprehension of how pollutants enter
household WW is the key to better manage water re-
sources within an integrative frame.
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In recent years, the importance of WW in terms of
loads of contaminants entering the wastewater treatment
plants has increased. In most of the cities, adoption of
strict trade waste monitoring and cleaner production has
reduced the total industrial load of heavy metals, such as
cadmium, chromium, lead, mercury, nickel, and zinc to
the treatment plant to less than 12 % of the overall load
(Sorme et al. 2003).

In spite of the information collected so far in the
literature, data on ECs in WW and on their origin is
limited. The majority of studies on WW have focused
on biological oxygen demand (BOD), chemical oxygen
demand (COD), nitrogen, and phosphorus. The un-
known effects of low concentrations of ECs in the
aquatic ecosystem require studies on the occurrence,
sources, fate, and transport of these compounds in
wastewater treatment to better understand and possibly
identify mitigation measures.

Emerging contaminants end up in WW through sev-
eral pathways including the disposal and use of consum-
er products, farm runoff, toxic spills, and excretion via
the urine and feces of these consuming pharmaceuticals.
The human body only metabolizes a percentage of each
drug taken, expelling the rest into the municipal waste-
water system. Another source is from consumer prod-
ucts, such as soap, shampoo, disinfectant washes, and
toothpaste which contains biologically active com-
pounds released to the sewer system and ultimately
transported to WWTP (Cabeza et al. 2012). Figure |
represents typical setup of a WWTP showing wastewa-
ter and sludge release and different possible pathways of
release/transformation of ECs to the environment.

Municipal facilities to treat WW are designed to
reduce organic pollutants load but not for ECs that are

present in the WW at concentrations of nanograms per
liter or lower. Therefore, many compounds pass through
these standard treatment systems remaining unaffected.
Emerging contaminants, such as pharmaceuticals, endo-
crine disruptors, pesticides, iodinated contrast products
for X-ray, and personal care products, were detected in
WW, groundwater, and surface waters (Mohapatra et al.
2012, 2013). These chemical products can reach the
aquatic systems through leaky sewers and septic sys-
tems, which can allow contaminants to infiltrate into the
groundwater, and pass through wastewater treatment
plants to discharge contaminants into receiving waters.
The fate and concentrations of many ECs in the envi-
ronment are mostly unknown, making the design of
treatment strategies difficult. From the WWTP effluent,
ECs are discharged into surface waters where they may
have measurable effects on aquatic life at low concen-
trations (Haider and Baqri 2000). Once in surface wa-
ters, pharmaceuticals have been shown to disturb the
natural biochemistry of many aquatic organisms includ-
ing fish and algae.

Many of the problems associated with the removal of
ECs from WW are their low concentrations and chem-
ical diversity, which make detection and analysis diffi-
cult. Low concentrations require extremely sensitive
analytical equipment while the wide range of distinct
chemical compounds necessitates techniques to identify
many chemicals at once. The methods for recognition
and quantification of several formerly undetected ECs in
WW, as many EDCs and PPCPs, showed a large im-
provement in the last decade together with a fast prog-
ress in the analytical techniques (Mohapatra et al. 2013;
Gomez et al. 2006). As laboratory procedures are de-
veloped and ECs can be accurately quantified, to
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investigate the sources, removal pathways, and fate of
ECs in WW and biosolids and its further application in
soil becomes important.

4 Methods Used for Analysis of Contaminants

To date, a large number of analytical methods have been
developed to quantify ECs in WW and biosolids. They
generally use chromatography (gas or liquid) coupled to
mass spectrometry (MS) or tandem MS (MS/MS).
Nevertheless, analytical studies on ECs need increased
sensitivity and selectivity, more than anything due to the
complexity of matrices such as WW, WWS, and bio-
solids. Separation techniques include gas chromatogra-
phy (GC) and LC, while for detection, MS is the most
widely employed technique. Because of the low volatil-
ity of many ECs, gas chromatography-mass spectrome-
try (GC-MS) analysis requires an additional derivatiza-
tion, which makes sample preparation laborious and
time consuming, and also increases the possibility of
contamination and errors. As a result, the use of LC-MS
and LC-MS/MS is increasing. Farré et al. (2010) com-
pared LC-(ESI)-MS and GC-MS (after derivatization
with BF3-MeOH) for monitoring some acidic and very
polar analgesics (salicylic acid, ketoprofen, naproxen,
diclofenac, ibuprofen, and gemfibrozil) in surface water
and WW. Results showed a good correlation between
methods, except for gemfibrozil, for which derivatiza-
tion was not completely achieved in some samples.
The most frequently used equipment in targeted anal-
yses is a triple quadrupole (QgQ), because it provides
high selectivity and sensitivity which are often required
with complex environmental samples, such as WW and
biosolids. In MS/MS techniques, analytes are detected
via selected reaction monitoring (SRM) or multiple
reaction monitoring (MRM) by measuring known prod-
uct ions from precursor ions. The disadvantage of MS/
MS techniques is that they lead up to biased information
on samples, because only the user-defined data obtained
through SRMs or MRMs are saved. Studying ECs in
WW and biosolids poses several difficulties because of
the low concentration of pollutants and the diverse
composition of the matrices. Figure 2 presents the
scheme of the steps for studying ECs within WW or
biosolids. Complete extraction, effective cleanup, and a
low threshold detector are needed to successfully quan-
tify ECs in WW and biosolids. Solid phase extraction
(SPE) is usually chosen because of the advantages it has

over other methods such as (a) low solvent volume
needed, (b) easy operation, and (c) easy to reproduce
results (Laven et al. 2009). But, further research is
needed to compare signals with and without SPE when
analyzing ECs in WW.

Another extraction method, Soxhlet, requires much
more time and comprises boiling, rinsing, and recovery
of solvent. Soxhlet consumes a large volume of organic
solvents and is a longer method. As an option to this
extraction method, ultrasound is commonly implement-
ed. The cavitation caused by the ultrasonic bath mini-
mizes the time required in Soxhlet extraction methodol-
ogy. Nevertheless, some researchers indicated that this
method was not so easy to reproduce as Soxhlet (Luque-
Garcia and Luque de Castro 2003).

Microbiological assays are commonly used to deter-
mine the presence of drugs in biological samples, but
these methods are not applicable to soil sediments or
sludge matrices since they are not sensitive and specific
(Diaz-Cruz et al. 2003). In such cases,
immunoanalytical techniques are better suited to track
organic pollutant traces in the nature, due to their easier
sample preparation, high sensitivity, and low-cost chro-
matographic and mass spectrometric methods. Still, the
selectivity of the antibodies applied in a given immuno-
assay allows only a single EC species detection.
Therefore, for screening of different ECs, several repe-
titions with different antibodies are needed. Analyses of
polychlorinated alkanes are difficult due to their intrin-
sically complex industrial formulations. For instance,
estrogens in WWTPs have been a largely investigated
class of contaminants; even so, their concentration in
sludge was never well addressed because of analytical
artefacts of poor selectivity and poor detection limits
(Richardson and Ternes 2011).

Small particles that present large surfaces (0.8—
1.7 m? g), negative charges, and interstitial spaces are
physical features of biosolids that facilitate strong
sorption of charged chemicals, consequently
complicating the analysis of the chemical composition
of biosolids. Moreover, the addition of conditioners,
such as lime, iron chloride, and positively charged
polyacrylamide, also interferes with the analysis. For
instance, Rogers (1996) indicated the partition of lipo-
philic compounds to primary slime during first precipi-
tation which is correlated with K, octanol-water parti-
tion. In order to have a reference, he indicated that log
K., <2.5 presents a small sorption probability, log K.,
>2.5 and <4.0 has an intermediate sorption probability,
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Fig. 2 Analytical procedure schematic diagram for analysis of emerging contaminants (ECs) in wastewater and biosolids

while log K, >4.0 would generate an elevated sorption
probability. All these factors should be considered dur-
ing the method development for quantification of ECs in
complex matrices such as biosolids. The main inconve-
nience, in quantification of ECs in WW and biosolids,
was the matrix influence on the measured concentration
of the analyte. This may be solved with the addition of
standards. The development of different analytical pro-
cedures for quantification of ECs in various matrices,
such as WW and biosolids, shows the way to study their
occurrence and fate.

5 Fate of Contaminants in Land and Groundwater

Entrance of ECs into groundwater can be classified as
local sources or dispersed sources. The first originates
from discrete locations and is dumped into water bodies.
They generate a pollution plume upstream that can be
monitored and easily located. Usual examples are in-
dustrial effluents, wastewater treatment facilities, and
stormwater overflows as well as open air mining, waste
landfill facilities, and septic containers. Wastewater
sources are considered as one of the most important
point sources of ECs in the aquatic environment
(Glassmeyer et al. 2005). Figure 3 represents the sche-
matic presentation of daily mass flow of ECs in different

@ Springer

unit operations of wastewater treatment plants. Many
researchers studied the fate of ECs from WW to ground-
water and polluted surface water bodies. Old landfill
areas were also proven to liberate ECs into groundwater
for many years even after closure, continuing to pollute

M Effluent
5% O Grit residues
@ Primary Sludge
W Secondary Sludge
O Mixed Sludge
O Dewatered Sludge

10%

47%

3%

Fig. 3 A schematic presentation of daily mass flow of ECs in
different unit operations of wastewater treatment plants. Quantities
of ECs in these streams are expressed relative to those observed in
the influent (in %) (data from Alidina et al. 2014; Mohapatra et al.
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groundwater due to inappropriate design and construc-
tion of the different isolated layers, poor waste manage-
ment options, and unsuited locations. However, the
present landfill design and management practices in
some regions of Europe and North America follow strict
regulations. Unfortunately, there are currently poor
functioning regulations in many developing countries
in regard to groundwater preservation from such pollu-
tion sources. The combination of these facts together
with an increasing use of pharmaceuticals in the last
decades has indicated the possibility of ECs polluting
groundwaters that are used without previous treatment
in many regions around the globe. Diffuse pollution, on
the other hand, is introduced to the environment along
large areas instead of punctual sources. These sources
include the irrigation or runoff of biosolids or excrement
in agricultural areas or urban areas, leaching and perco-
lation of sewage treatment facilities, and spray
settlement.

Some literature reported the higher concentration of
perfluorochemicals and polychlorinated alkanes in wa-
ters and their migration to groundwater (Clarke and
Smith 2011). Sarmah et al. (2006) studied the presence
and ecological storage of antibiotics used for animal
treatment. They indicated that several antibiotics were
present in groundwater due to fertilization with cattle
excrement. Buerge et al. (2011) pointed out the presence
of saccharin in Swiss wells from a fast bio-mineralizing
soil, at amounts as high as 260 ng/L, which were related
to fertilization with pig excrement. Table 1 presents
concentration of ECs in WWTP influent and their per-
centage decrease in effluent that ultimately act as source
of these contaminants in groundwater.

However, most ECs studies concentrated on surface
water and WW, while wells have received less attention.
During the past 10 years, some literature studies report-
ed pharmacological products and EDCs in water
(Mohapatra et al. 2010, 2011, 2014; Murray et al.
2010; Diaz-Cruz and Barcel6 2008) indicated a list of
priority micro-pollutants in different types of waterbeds.
Nevertheless, extensive revisions are still needed re-
garding with the presence of the most used ECs in
groundwater. Stuart et al. (2012) presented a revision
on the threat posed by ECs in British groundwater while
Lapworth et al. (2012) extensively reviewed the pres-
ence of ECs from cradle to grave in the northern
hemisphere.

The European Water Framework Directive (WFD)
(2000/60/EC) and Groundwater Directive (2006/118/

EC) set a list of environmental goals to protect freshwa-
ter and the depending natural communities. Therefore,
list of threshold contaminant concentrations were set as
environmental health endangering limits. The release of
ECs into the environment is of a particular concern
because they may affect ecological or human health.
Although previous references stated that studied ECs
amounts are under toxicity limits in the ground
waterbeds due to natural mitigating effects and dilution,
still many are discovered at concentration which may
pose life risks (>100 ng/L). The combined toxicity of
multiple contaminants is not well understood. In addi-
tion, there are a number of specific pollutants that have a
global footprint, and are frequently detected in ground-
water resources. Due to the presence of ECs in all
environmental compartments, including soil and
groundwater, it becomes important to study the toxic
effect of these contaminants.

6 Ecological and Toxic Effect of Emerging
Contaminants

The toxicity of every compound in relation to each
organism is set by the dose. It can be defined as acute
if the reaction is immediately observable as symptoms
like nausea, breathing difficulty, skin rash, vomiting,
dizziness, and death. Monitoring and hazard evaluation
is applied to add on the evaluation of the danger posed
by drinking water. The prediction of eventual negative
responses of exposed organisms is carried out by means
of in vivo experiments or clinical cases.

A revision of potential effects of pesticide combina-
tions was performed by Carpy et al. (2000) while Relyea
(2009) focused their impacts on aquatic systems.
Borgert et al. (2001) on the other hand, suggested a pool
of criteria to be taken into account when evaluating
information and interpreting chemical relations for a
wide range of compounds, such as drugs, pesticides,
industrial chemicals, food additives, and natural
products. With a similar goal, Eljarrat and Barcelo
(2003) proposed a factor to compare toxic effects. This
allowed to compare the toxic effect of different combi-
nations of chemicals and tested its usefulness by
comparing dioxins and related compounds. Similarly,
Pomati et al. (2008) studied the reaction of human and
fish cell-cultures for the commonly used pain relievers,
anticonvulsants and antibiotics at environmental levels.
All these works indicated that drug combinations at

@ Springer


https://www.researchgate.net/publication/12605104_Health_risk_of_low-dose_pesticides_mixtures_A_review_of_the_1985-1998_literature_on_combination_toxicology_and_health_risk_assessment?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/49668230_Saccharin_and_Other_Artificial_Sweeteners_in_Soils_Estimated_Inputs_from_Agriculture_and_Households_Degradation_and_Leaching_to_Groundwater?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/5474939_Trace_organic_chemicals_contamination_in_ground_water_recharge?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/236647576_Evaluating_Chemical_Interaction_Studies_for_Mixture_Risk_Assessment?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/5800322_Effects_and_Interactions_in_an_Environmentally_Relevant_Mixture_of_Pharmaceuticals?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/41055924_Physico-chemical_pre-treatment_and_biotransformation_of_wastewater_and_wastewater_Sludge_-_Fate_of_bisphenol_A?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/7102739_A_Global_Perspective_on_the_Use_Sales_Exposure_Pathways_Occurrence_Fate_and_Effects_of_Veterinary_Antibiotics_VAs_in_the_Environment?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/221807475_Emerging_Organic_Contaminants_in_Groundwater_A_Review_of_Sources_Fate_and_Occurrence?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/50214455_Parameter_optimization_of_ferro-sonication_pre-treatment_process_for_degradation_of_bisphenol_A_and_biodegradation_from_wastewater_sludge_using_response_surface_model?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/51972736_Review_of_Risk_from_Potential_Emerging_Contaminants_in_UK_Groundwater?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==
https://www.researchgate.net/publication/257828613_Analysis_and_Advanced_Oxidation_Treatment_of_a_Persistent_Pharmaceutical_Compound_in_Wastewater_and_Wastewater_sludge-Carbamazepine?el=1_x_8&enrichId=rgreq-b3f1c234f50d2d125223e54120fc860a-XXX&enrichSource=Y292ZXJQYWdlOzI5MzgwNDQ5NTtBUzozNDMxOTg3Mjg3Njk1NTJAMTQ1ODgzNjM2MTc1NA==

77 Page 8 of 14

Water Air Soil Pollut (2016) 227: 77

Table 1 Concentration of emerging contaminants (ECs) in WWTP influent and their percentage decrease in effluent

ECs Influent concentration Decrease (%) in effluent Reference
Acetylsalicylic acid 3.1 pg/L 88 Heberer (2002)
Alkylphenol ethoxylates - 99 Petrovic et al. (2003)
Acetaminophen 27,000 ng/L 100 Duet al. (2014)
Atenolol 1400 ng/L 84 Du et al. (2014)
Bisphenol A 1.68 ng/L 76 Mohapatra et al. (2011)
Bezafibrate 5.3 pg/L 83 Stumpf et al. (1999)
Caffeine 230 ug/L 99 Heberer (2002)
Carbamazepine 420 ng/L 38 Mohapatra et al. (2013)
Ciprofloxacin 0.37 png/L 80 Alder et al. (2001)
Clofibric acid 1.2 ng/L 51 Heberer (2002)
Codeine 300 ng/L 99 Duet al. (2014)
Cyclophosphamide 0.14 pg/L 94 Steger-Hartmann et al. (1997)
Diclofenac 3.02 pg/L 98 Heberer (2002)
Dimethylaminophenazone 1.1 pg/L 38 Ternes (1998)
17«-Ethinylestradiol 0.01 pg/L 99 Johnson et al. (2002)
Fenofibric acid 1.03 pg/L 64 Stumpf et al. (1999)
Fragrances 154 pg/L 99 Simonich and Begley (2000)
Gemfibrozil 0.9 ng/L 69 Stumpf et al. (1999)
Ibuprofen 4.1 ng/L 90 Stumpf et al. (1999)
Indomethacin 1.1 pg/L 83 Ternes (1998)
Ketoprofen 0.6 ng/L 69 Stumpf et al. (1999)
Metoprolol 6.5 ng/L 83 Ternes (1998)
Naproxen 1.3 nug/L 78 Ternes (1998)
Phenazone 0.3 ng/L 34 Ternes (1998)
Propranolol 8.9 ng/L 96 Ternes (1998)
Sucralose 62,000 ng/L 28 Duet al. (2014)
Sulfamethoxazole 2800 ng/L 81 Du et al. (2014)
Warfarin 2.3 ng/L - Duet al. (2014)

nanograms per liter concentrations were able to impair
cell reproduction, and in the case of hydrophilic com-
pounds, it was most likely to affect aquatic
communities.

Stuer-Lauridsen et al. (2000) modeled the expect-
ed amounts of some pharmaceuticals to be found in
the environment by dividing the consumed quanti-
ties by the WW volume produced per inhabitant and
then added a dilution factor of 10 and bibliographic
information of Kow and TDso. They indicated the
scarcity of data related to the ecotoxic effects that
allowed the estimation of the expected amounts,
while the results for ibuprofen, paracetamol, and
acetylsalicylic acid were over the limit of no effect.

@ Springer

Schulman et al. (2002) evaluated the hazard posed
to human health by drugs related to the
abovementioned groups, and those have been widely
reported to be present in WWTPs’ effluent, surface
water, drinking water, and groundwater. They have
taken into account the toxic potential and pharma-
cological nature, exposition potential, and transport
and fate of the considered drugs and concluded that
there was no human risk at the present environmen-
tal levels. However, recent studies pointed out that
in spite of the progress achieved in water treatment
processes and their capability to reduce EC concen-
trations, the reports of their presence in all types of
waters indicated that ECs can still bypass the
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treatments and reach the water beds in important
quantities. Moreover, when these WWTPs remove
ECs, they get transformed into other by-products
depending on process conditions, which could be
potentially more toxic. Dry climate environments
are proven to be especially sensitive to groundwater
pollution by ECs because the water recharge cycling
of these areas facilitates chemical concentration
(Cabeza et al. 2012). In these scenarios, the forced
artificial recharge reduces the natural mitigation and
dilution ability of the system finally impacting on
the water, reducing the sustainability of this practice
in such areas. This problem has to be immediately
addressed since artificial recharge is nowadays the
main water resource management option in deserts
worldwide. Moreover, a demand of irrigation with
WW and fertilization with biosolids for agriculture
is increasing in the developing countries, when
taking into account the fact that much of the fruits
and vegetables available in the market in the
developed countries are imported from these areas.
The problem is of global concern since all humans
are exposed to this threat. In this sense, there is an
agreement that these agricultural practices increase
the exposure of humans due to the direct uptake by
crops. For instance, chlorinated flame retardants
(TCEP and TCPP) were the most bioconcentrated
in leaves and seeds (Eggen et al. 2013) of meadow
fescue (used as cattle food). Moreover, Calderon-
Preciado et al. (2011) correlated the presence of
medication in irrigation WW and irrigated crops.
They estimated an average of 9.8 pg of pollutants,
reaching each consumer through marketed fruits
and vegetables weekly (taking into account 27
agrochemicals). Also, bioconcentration in several
cereals and vegetables as tomatoes and beans has
been reported by Eggen and Lillo (2012). While
pumpkin and zucchini plants were reported to
remediate the polluted soils through accumulation
in roots and only low quantities would reach the
fruits (Reinhold and Aryal 2011), cucumber does
uptake carbamazepine when irrigated with waste-
water (Shenker et al. 2011). The varying ECs
capture capacity among vegetable species which
may be partially explained by the different amounts
of lipids contained in the roots that facilitate an
interaction with lipophilic compounds (Wu et al.
2012). Since the presence of ECs in vegetables
depends on the interaction of each particular EC,

Table 2 Pharmaceutical compounds measured in WW or environment in the most populated countries in nanograms per liter except where others are indicated
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Table 3 Biological effects of ECs detected in the environment on plants, invertebrates, and vertebrates

Group Pollutant Effect LOEC concentration  References
Oncorhynchus mykiss Carbamazepine Gill damage 5-20 ug/L Triebskorn et al. (2007)
Cyprinus carpio (fishes) Diclofenac Liver damage
Metoprolol
Danio rerio (zebra fish) Carbamazepine Embryos and 25,000 pg/L Ferrari et al. (2003)
Clofibric ac. larvae mortality 70,000 pg/L
Diclofenac 4000 pg/L
Chironomus riparius (midge) Carbamazepine 70 to 210 mg/L Oetken et al. (2005)
P subcapitata (microalga) Clofibric ac. Growth reduction 75 mg/L Ferrari et al. (2003)
Diclofenac 10 mg/L
Lactuca sativa (macrophyte) Metoprolol + other 10 Emerging seedlings ~ >100 pg/L Larsson et al. (2007)
Brachionus calyciflorus (rotifer) Carbamazepine Reproduction 25 mg/L Ferrari et al. (2003)
Clofibric ac. Reduction 246 mg/L
Diclofenac 1000 mg/L
Ceriodaphnia dubia (crustacean)  Carbamazepine Reproduction 52 mg/L Ferrari et al. (2003)
Clofibric ac. Reduction 640 mg/L
Diclofenac 1000 mg/L
Perna perna (mussel) Triclosan Larval development  0.135 mg/L Sanzi Cortez et al. (2012)

LOEC lowest observed effect concentration

the soil and the plant species, it is clear that
monitoring ECs in crops should be implemented as
a regular procedure by national agencies of food
quality control.

As previously stated, the dilution factor is a
relation between the amount of water and the
presence of ECs. Therefore, not only the volume
of available water is important but also the amount
of EC dumped into the environment. In this sense,
it is clear that the most populated areas would be
hot spots of ECs input to the environment. They
are China, India, the EU, the USA, Indonesia, and
Brazil. Among them, the presence of ECs in WW
and biosolids has been extensively reported
(Table 2). There are several reports of ECs that
trigger deleterious reactions in European fish
species at environmentally reported concentrations
(Ternes 2007). Table 3 provides some examples of
different animal and plant species that show
adverse reactions to ECs. The lowest observed
effect concentrations (LOECs) are 10 to 100 times
less than the acute standard tests with the water
fly, Daphnia magna (Ferrari et al. 2003), or Danio
rerio. Therefore, chronic tests with native species
in early developmental stages and mixtures of ECs
are needed.

The procedures implemented to evaluate and manage
the risks from drinking polluted groundwater based on
research information are not enough as of date. Social,
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legal, economic, and political issues need to be taken
into account for setting accurate guidelines to prevent
and reduce groundwater pollution. Consequently, each
country must provide different regulatory frames which,
in the near future, could cause inconveniences among
countries sharing a single river basin or any other types
of water reservoir.

Further, other factors, such as global warming, can
affect the proper management of wastewater and solid
wastes which ultimately change the effect of different
treatment methods for removal of ECs from these
sources. The ecosystem will be negatively affected if the
receiving water body for wastewater effluent has a higher
temperature due to global warming, adding cost and
energy to the process for cooling down the effluent
before discharge. Macdonald et al. (2005) presented a
review on climate change in the Arctic and its impact on
contaminant pathways and interpretation of temporal trend
data. They concluded that the risk of contaminants to arctic
ecosystems cannot be fully understood by studying
isolated components and rapid transport of a contaminant
to the Arctic in air may or may not be followed by entry
into food webs. Further, a report by Snyder et al. (2012) on
climate change impacts on emerging contaminants
showed that climate change and the consequent impact
to drought and precipitation conditions severed the short-
age of freshwater which put pressure on water utilities to
adopt new technologies to treat and deliver water re-
sources, ultimately treating the contaminants.
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7 Conclusions and Future Challenges

Field utilization of wastewater and biosolids is a useful
practice to restore organic matter and reuse, to amelio-
rate physicochemical and biological features of soils, to
facilitate resettlement of plants, and to restore altered
communities. Nevertheless, it is important to pay atten-
tion to the possible accumulation and magnification of
ECs and other pollutants that come from the application
of WW and biosolids, since such pollutants can trigger
adverse effects even at low concentrations.

Wastewater and biosolids are possible vehicles facil-
itating the entrance of ECs into the ecosystems.
Wastewater treatment facilities produce millions of tons
of sludge annually. As sludge is enriched in minerals
and organic compounds useful for growing plants, it is
commonly used as a natural fertilizer enhancing the soil
qualities. ECs have been detected in crops, and there-
fore, human populations would be chronically exposed
to them. Furthermore, there are several reports indicat-
ing adverse effects of ECs on natural populations of
plants and animals at environmental concentrations.
Since a large list of organic compounds, including phar-
maceuticals, have been detected in wastewater derived
from WWTPs, doubts on the safety of biosolids in
regard to ECs are increasing. Therefore, the adoption
of monitoring protocols and the constant innovation of
treatment techniques are the key for future drinking
water and safe fertilization using WW and biosolids.
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