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Abstract The presence of thousands of microcontaminants in wastewaters and
their potential risks has drawn a large attention of the scientific community during
the last years. The presence of these contaminants is especially controversial when
wastewater is considered for reuse because a large number of microcontaminants
are frequently not totally removed by conventional wastewater treatment processes.
As a contribution to the knowledge in this field, this chapter focuses on the
application of four well-known and widely used technologies to the elimination
of microcontaminants. Membranes, activated carbon, ozonation, and advanced
oxidation processes (AOPs) are deeply reviewed to assess their efficiency and
safety in the elimination of these contaminants from wastewater effluents. A brief
description of each technology is presented together with a review of their real
application, mostly in wastewater treatment plants (WWTPs). A deep analysis of
the found data allows to conclude that the four presented alternatives can be useful
for microcontaminant mitigation although none of them seem to be a universal
barrier for microcontaminants when used separately. In addition, each technology
presents drawbacks which demand further research to be overcome. Depending on
the final use of reclaimed water, the treatment may require the combination of
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several of the studied technologies although that results in an economic impact

which cannot be neglected.
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Abbreviations

AOPs Advanced oxidation processes

BAC Biological activated carbon

BDPEs  Bromodiphenyl ethers

CAS Conventional activated sludge

DEHP Bis-(2-ethylhexyl)phthalate

DOC Dissolved organic carbon

DOM Dissolved organic matter

EDCs Endocrine-disrupting chemicals

EEQ E2 equivalence factor

GAC Granulated activated carbon

HRTs Hydraulic retention times

HS Compound-humic substance

Kow Octanol-water partition coefficient

MBR Membrane bioreactor

MF Microfiltration

NDMA  N-Nitrosodimethylamine

NF Nanofiltration

NOM Natural organic matter

PAC Powdered activated carbon

PhACs Pharmaceutically active compounds

PPCPs Pharmaceuticals and personal care products

RO Reverse osmosis
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SAT Soil aquifer treatment
SRTs Sludge retention times
TDS Total dissolved solid
UF Ultrafiltration

WWTPs Wastewater treatment plants

1 Introduction

The lack of surface water for drinking water production is of growing concern and
attracts worldwide attention. In response to the water scarcity, treated wastewater is
considered a viable alternative water resource. This book chapter focuses on
urban wastewater reuses following passage through wastewater treatment plants
(WWTPs). The main applications of urban water reuse are direct or indirect potable
reuse and direct or indirect non-potable reuse.

As regards potable water reuse, to our knowledge, direct reuse has been
implemented only in Africa [1]. In contrast, indirect potable reuses have been
widely accepted by introducing reclaimed water into surface or groundwater
bodies. Artificial groundwater recharge is the most widespread practice due to the
additional treatment provided by underground transformations and because
reclaimed water loses its identity as sewage water. Soil aquifer treatment (SAT)
is one of the most regarded practices for indirect potable reuse [2]. To improve
wastewater quality, SAT can be combined with preceding advanced treatments.
Undoubtedly, the quality of water extracted from a recharged aquifer depends on
the introduced water.

Non-potable water reuse includes all water reuse practices other than potable
water reuse. Reclaimed water is mainly used for agricultural and landscape irri-
gation or groundwater recharge. In addition, several cities use reclaimed water for
different urban applications such as toilet flushing [3, 4], fire protection, or washing
purposes (Fig. 1).

Possible human exposure to reclaimed water puts higher demands on the waste-
water treatment in order for the wastewater to be safe for direct or indirect appli-
cations. Advanced treatment technologies have been evaluated for improving the
quality of reclaimed water in order to prevent potential effects of recalcitrant
compounds.

Due to the concern related to the presence of microcontaminants in water
sources, several studies on their removal at WWTPs have been carried out at full
scale. Nowadays, conventional WWTPs produce water in compliance with major
relevant regulations. However, municipal wastewater is considered the primary
source of microcontaminants [6] in waterways. A variety of organic micro-
contaminants, including pesticides, pharmaceutically active compounds (PhACs),
personal care products, and estrogens as well as their human metabolites, are not
completely removed in WWTPs with conventional treatments, and therefore they
are detected in wastewater effluents [7—10]. The presence of microcontaminants is
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especially concerning if treated wastewater is being considered for reuse. It has
been seen that traditional biological treatment via activated sludge is not very
effective for the removal of several of such contaminants. Thus, studies analyzing
the efficiency of conventional WWTPs without advanced treatments are presented
herein.

Although the non-potable direct reuse of treated effluents may have beneficial
effects (e.g., addition of nutrients to the soil), irrigation with reclaimed water,
for example, may cause sorption of microcontaminants and metals in agricultural
crops and the contamination of groundwater sources [11-14]. Moreover, several
studies reported the presence of microcontaminants in agricultural irrigation net-
works [11, 12].

2 Existing Technologies for Water Reuse

In the last decade, some researchers investigated the efficiency of different
advanced water treatment processes for contaminants of emerging concern (CEC)
removal to reduce the impact of discharges of reclaimed water into different water
bodies [15]. In this work, we review various available technologies for the removal
of microcontaminants showing their advantages and disadvantages. The selected
technologies presented in this chapter (membranes, ozone, adsorption, and
advanced oxidation processes (AOPs)) are those considered more mature and
ready to be applied at WWTPs [16, 17]. In fact, most of them are currently being
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used successfully in WWTPs for different purposes. The elimination rate reported
proves that these technologies can eliminate a high fraction of the micro-
contaminants present in water. However, the necessity or not of this step must be
carefully studied, since all of them are economically and energetically demanding.
Thus, their application can be only considered if water conditions and requirements
justify it.

Membrane technologies provide an important solution in reuse and recovery of
water. Membrane filtration involves the passage of wastewater, usually from
biological treatment, through a thin membrane for the purpose of removing parti-
culate material, pathogens, organic matter, nutrients, and dissolved substances not
removed by previous treatment processes. Generally, membrane processes are
considered the most powerful technologies for removing microcontaminants, and
microfiltration (MF) coupled with reverse osmosis (RO) (MF-RO) has become the
most widely used technology together with SAT [18].

Ozone is an unstable gas generally produced by electric discharge in a gas phase.
Its stability in water is on the order of minutes, requiring on-site generation. Ozone
has been used in drinking water and WWTPs since several decades. Thus, o0zo-
nation is a mature and quite reliable technology. Currently, ozone is mainly used for
disinfection purposes in the production of drinking water. However, since the
concern for the presence of several microcontaminants in wastewater is growing
up, ozone is being considered a good alternative to control this problem due to its
high oxidizing capacity and the ability of generating hydroxyl radicals.

Adsorption is the process of accumulating substances that are in solution on a
suitable interface. During adsorption, molecules of a substance (adsorbate) collect
on the surface of another substance (adsorbent). Thus, adsorption is considered to
be a mass transfer operation, usually from a fluid phase to solid phase. Adsorption
process involves the transfer of the adsorbate molecule from the bulk solution to the
adsorption site in the adsorbent. Adsorption treatment of reclaimed water is usually
thought of as a polishing process for water that has already received normal
biological treatment.

AOPs are generally based on an initial generation of hydroxyl radicals (HO-),
which then become the system’s main oxidizing agent, able to remove a large
number of contaminants. In general, contaminants which exhibit the highest levels
of oxidation are characterized by high HO- rate constants associated with their
electron-rich moieties (e.g., phenols, anilines, olefins, and activated aromatic).

2.1 Membrane Filtration
2.1.1 Membrane Technologies
MF and ultrafiltration (UF) membranes are commonly used for the filtration of

municipal secondary effluent. The resultant water from these membrane processes
may be used for diverse reuse applications after disinfection. The membrane
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driving force in MF and UF is the hydrostatic pressure difference or vacuum in open
vessels. On the other hand, sieve is the typical separation mechanism. The combi-
nation of a biological treatment with MF or UF membranes is called membrane
bioreactor (MBR) and is widely used in water reuse systems. MBR is an alternative
to the conventional secondary treatment with activated sludge that provides
enhanced organic compounds and suspended solid removal. MBRs possess the
following advantages over conventional wastewater treatment: high effluent qual-
ity, excellent microbial separation ability, absolute control of sludge retention times
(SRTs) and hydraulic retention times (HRTSs), high biomass content and less sludge
bulking problem, low-rate sludge production, small footprint and limited space
requirement, and possibilities for a flexible and phased extension of existing
WWTPs [19]. The presence of membranes improves the removal of micro-
contaminants in MBR because of both the intrinsic effect of the membrane and
also the increase of SRT. Higher SRTs lead to the diversification of micro-
organisms, including some slow-growing bacteria such as nitrifying bacteria,
which improves the removal of microcontaminants. Sorption to biomass and
enmeshment in the membrane biofilm are also important mechanisms of elimination.

MBR technology has demonstrated to meet unrestricted irrigation World Health
Organization (WHO) standards by means of a supplemental disinfection
[20]. Regarding microcontaminants present in municipal wastewater, MBR techno-
logy does not efficiently remove them (see the section on “Microfiltration, Ultra-
filtration and Membrane Biological Reactor”). Other applications such as aquifer
recharge, surface water augmentation, dual water systems in households, and
industrial process water require advanced levels of purification nonaffordable
with the technologies above mentioned.

MF and UF membranes are also widely used as a pretreatment step to help
prevent fouling of the less permeable nanofiltration (NF) and RO membranes.
In contrast to MF and UF, solution/diffusion and exclusion separation mechanisms
govern the NF and RO separation. In addition, the hydrostatic pressure difference is
the only driving force in NF and RO. In terms of water reuse, NF membranes are
commonly used to reduce total dissolved solid (TDS) concentration for specific
applications. To this end, NF is also used in conjunction with RO. Both NF and RO
are also used to treat pre-filtered effluent (typically with MF or UF) for surface
water augmentation or indirect potable reuse applications such as groundwater
injection. Also, the two-stage scheme MBR-RO/NF is nowadays increasingly
accepted for water reuse. Terms “loose” (low rejection) and “tight” (high rejection)
are commonly used to define the overall rejection efficiency of NF and RO
membranes. Even though most inorganic and organic constituents and micro-
organisms are removed, disinfection is required to ensure system reliability in the
event of a leak or defect in the membrane and to control the growth of micro-
organisms in the pipelines.

Figure 2 outlines the effectiveness of each membrane technology in removing
the different constituents of wastewater as a function of their size.
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Fig. 2 Size range of constituents in wastewater and operation range of membrane processes

2.1.2 Membrane Separation Mechanisms

Generally, up to four basic mechanisms may be involved in the rejection of solute
by membrane processes: sieve, size exclusion (steric effect), adsorption onto
membrane, and charge repulsion. To illustrate that, the example of low rejection
rate of caffeine by RO membranes due to its physicochemical properties can be
used. As a representative of hydrophilic and nonionic compounds, the rejection
driven by charge exclusion and adsorption is negligible, and steric exclusion is
solely responsible for the retention of caffeine. In addition, the lower molecular
weight of caffeine in comparison with other target compounds might result in the
decreased removal efficiency during the RO membrane filtration process [21].

These mechanisms are largely dependent on a number of factors, i.e., membrane
process type, operating conditions, specific microcontaminant characteristics,
membrane fouling, matrix composition, and membrane characteristics. The last
factor seems to be more relevant in the case of NF and RO membranes. Although to
a lesser extent compared to NF, the retention in RO systems is also membrane type
dependent [22].

Recently, major efforts have focused on assessing how matrix characteristics
affect the microcontaminant rejection by membranes. According to Nghiem and
Coleman [23] and Comerton et al. [24], membrane fouling is likely to contribute to
higher rejections of PhACs by NF/RO, especially for some hydrophobic ionogenic
compounds. However, other studies reported that organic fouling can both improve
and lessen the retention of microcontaminants because membrane fouling has been
observed to both increase compound adsorption and decrease mass transport caus-
ing higher diffusion of solutes across the membrane [25-27]. The main mechanisms
by which fouling seems to influence membrane rejection are the modification of the
membrane surface charge, pore restriction, and cake-enhanced concentration
polarization.

Regarding the natural organic matter (NOM) present in the matrix, most authors
agree with a positive effect over the rejection of microcontaminants. Plakas
et al. [28] clarified that an increase in compound rejection may result from the
binding of microcontaminants to NOM due to hydrogen bonding, forming NOM—
compound complexes that are larger, have an increased negative charge, and/or
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have a higher affinity for adsorption to the membrane when compared to the
compound alone. Sadmani et al. [29] further analyzed the interactions of major
organic matter fractions of NOM with the different microcontaminants as a func-
tion of their characteristics. They determined that dissolved organic matter (DOM)
fractions interact preferentially with neutral microcontaminants, resulting in
increased rejection, presumably due to enhanced size exclusion of compound—
humic substance (HS) pseudo-complexes arising from dipole—dipole interactions.
The increase in rejection can be also attributed to an increase in the negative surface
charge of the membranes due to the presence of NOM (electrostatic repulsion)
[30]. According to Sahar et al. [31], NOM interactions could be the explanation for
the lower removals observed for the microcontaminants present in lower concen-
trations in the raw sewage since the matrix effect which influences the removal
mechanisms would decrease.

The speciation of microcontaminants may result in a significant change in
rejection as a function of pH, with much greater retention occurring for ionized,
negatively charged compounds. For uncharged microcontaminants, intrinsic phys-
icochemical properties of the molecules play a role in their retention. UF and NF
exhibited much higher removals for less polar microcontaminants [32]. The pres-
ence of divalent cations, calcium in particular, can also influence the membrane
charge and the interaction of compounds and humic acids with each other and the
membrane surface. They can have a positive effect on microcontaminant retention
but can also interfere with the microcontaminant-NOM complex reducing its
formation and thus retention [24, 28, 33]. According to Sadmani et al. [29], an
increase in cation concentration leads to a decrease in removal of neutral com-
pounds probably by decreasing the availability of HS interaction sites.

2.1.3 General Disadvantages of Membrane Technologies

Although membrane processes are effective treatments for removing a wide range
of microcontaminants, one of their drawbacks is the generation of huge volumes of
concentrates that are commonly discharged to water bodies. Although the discharge
of membrane retentates is currently not regulated, safe environmental practices
would suggest that such a concentrated waste stream should be treated before its
release and dilution into the environment. Treating these concentrates would
minimize the environmental impacts associated with their discharge or manage-
ment [21, 34]. Backwash streams need also to be considered especially if chemicals
are used in pretreatment or for membrane cleaning. On the other hand, another
important drawback of these filtration systems is the high energy consumption
associated to the high operation pressures. These reasons, together with the costs
associated to fouling problems and replacement of membranes, prevent these
technologies to be truly sustainable.
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2.1.4 Full-Scale Application Assessment

MF, UF, NF, and RO have been applied during the treatment of municipal effluents
in WWTP for water reuse [30, 35-37].

Microfiltration, Ultrafiltration, and Membrane Biological Reactor

MF and UF are widely used processes to efficiently eliminate turbidity. Regarding
the rejection of microcontaminants, adsorption onto membrane polymers, as well as
interaction with NOM in wastewater, can improve their removal by MF or UF
membranes. An advanced water recycling demonstration plant was studied by Khan
et al. [22] in order to investigate the effectiveness of MF in the removal of some
commonly prescribed PhACs, as well as natural and synthetic hormones found in
sewage. They observed partial reduction in concentration for all target compounds
that could be attributable to adsorption on the membrane rather than removal by
size exclusion. However, they warned that the adsorption capacity of the membrane
for a particular compound can reach saturation, and therefore they would desorbed
from the membrane when its concentration in the influent becomes lower. Sahar
et al. [31] reported that the incorporation of UF after a conventional activated
sludge (CAS) system increased the removal of antibiotics (including sulfamethox-
azole) by up to 30%, probably due to the activity of the biofilm formed on the
membrane surface that incidentally makes the “biomembrane” a tighter physical
(enmeshment) and chemical (sorption) barrier. Despite all that, microcontaminants
are generally poorly removed during MF and UF because the membrane pore sizes
are much larger than the molecular sizes of microcontaminants. Al-Rifai et al. [35]
confirmed that MF did not significantly decrease the concentration of 11 PhACs and
two nonsteroidal estrogenic compounds. Snyder et al. [36] confirmed that MF and
UF membranes have little value for the removal of the vast majority of organic
contaminants after studying the removal of a large number of endocrine-disrupting
chemicals (EDCs), PhACs, and personal care products. They highlighted the good
removal of steroids possibly due to their relatively lower water solubility. However,
other compounds did not follow this pattern. The study was evaluated in different
pilot- and full-scale plants using secondary non-disinfected effluents and tertiary
treated wastewaters.

As commented in Sect. 2.1.1, MBR systems seem to enhance the removal of
microcontaminants compared to CAS. Trinh et al. [38] observed good eliminations
(>90%) for most of the studied compounds. However, others were incompletely
removed (24-68%), including amitriptyline, carbamazepine, diazepam, diclofenac,
fluoxetine, gemfibrozil, omeprazole, sulfamethoxazole, and trimethoprim. Similar
limited target compound removal was observed in two pilot-scale MBRs using
different types of membranes in a WWTP in South Korea. MBR systems were
found to be efficient for hormones (e.g., estriol, testosterone, androstenedione) and
certain PhACs (e.g., acetaminophen, ibuprofen, and caffeine) with approximately
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99% removal. However, the results showed that MBR treatments did not decrease
the concentration of the flame retardant TCEP and the PhACs erythromycin,
trimethoprim, naproxen, diclofenac, and carbamazepine [39]. Kovalova et al. [40]
examined the fate of PhACs and metabolites in a pilot-scale MBR that treated a
hospital effluent and reported high removal (>90%) except for the persistent
iodinated contrast media. Sahar et al. [31] presented significant but variable elimi-
nations of different microcontaminants in a MBR pilot plant scale operated in a
WWTP. Snyder et al. [36] reported that, while the MBRs are effective for reducing
the concentration of many EDCs and PhACs from WWTP primary effluents,
several compounds remain unaffected, and very few compounds are reduced to
below the method reporting limit. They concluded that the removal is likely related
to biodegradability of the individual compound.

In summary, MBRs show greater and steadier elimination of microcontaminants
compared to CAS systems because of the reasons outlined in Sect. 2.1.1. This
improvement is especially evident for hydrophobic compounds. According to
Alturki et al. [41], the high removal efficiency for these hydrophobic compounds
could be attributed to enhanced residence time in the biological reactor due to ready
adsorption to the mixed liquor suspended solids.

From the presented data, it can be concluded that the use of MF or UF mem-
branes alone is not sufficient for microcontaminant removal. Hence, the combi-
nation of MF or UF with other processes (e.g., NF or RO) is essential for enhanced
elimination of microcontaminants.

Nanofiltration and Reverse Osmosis

Khan et al. [22] compared the effectiveness of NF and RO in the removal of some
PhACs and hormones. Retention for individual compounds in NF varies strongly
with the membrane type. Comerton et al. [24] studied the rejection of 22 EDCs and
PhACs in a MBR effluent. Rejection of EDCs and PhACs by a “loose” NF
membrane was poor and variable, which shows that the membrane pore size is
large relatively to the compound size. However, the use of a “tight” NF membrane
improved the rejection. This was variable and appeared to be influenced by specific
compound properties. Rejection was most strongly correlated with compound
hydrophobicity, with the more hydrophobic compounds showing higher rejection.
Analogue variability was observed for antibiotics by Kosutic et al. [42] for “tight”
membranes, with removals higher than 90% and poor removal (<40%) when the
rejection of small antibiotic compounds (<200 Da) was assessed. For its part,
Yangali-Quintanilla et al. [30] ensured that “tight” NF can be equal to or “better”
than RO. The elimination efficiency of NF membranes for different emerging
contaminants was very close to that achieved by RO membranes. The average
retention efficiency by tight NF was 82% for neutral organic contaminants and 97%
for ionic contaminants, while RO was able to achieve 85% removal of neutral
contaminants and 99% removal of ionic contaminants. Sang et al. [39] also
defended the excellent performance of NF in comparison with RO. RO and NF
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showed similar excellent removal (>95%) for all the PhACs and flame retardants
studied, being the flame retardant TCEP which presented the lowest rejection.

As commented above, the results undertaken by Khan et al. [22] indicated that
the RO process was the most effective in the removal of all tested compounds. Only
in one case, one of the PhACs (salicylic acid) was identified in the RO permeate.
However, hormones appeared to be more difficult to remove, and traces of those
compounds were found in the RO permeates. A polyamide RO membrane provided
excellent rejection (>90%) of all EDCs and PhACs investigated in a MBR effluent
by Comerton et al. [24]. The authors suggested RO as the final step in a water reuse
application, where removal of microcontaminants is of particular concern. Garcia
et al. [43] studied the efficiency in the removal of 22 “priority”” microcontaminants
in a municipal WWTP for water reuse using MF and RO. Although MF was able to
remove some compounds by more than 50%, the incorporation of RO significantly
enhanced the removal efficiency, ranging from 65% to 90% for most micro-
contaminants other than naphthalene and ibuprofen. All organics other than
EDTA, bis-(2-ethylhexyl)phthalate (DEHP), and bromodiphenyl ethers (BDPEs)
were effectively removed by RO to concentrations below 50 ng/L in the permeate.
The authors compared their full-scale results for naphthalene and ibuprofen with
the ones obtained in pilot plant experiments (>99%) and attributed the differences
to the lower feed concentrations at full scale combined with more aged membranes.
Sui et al. [44] studied the occurrence and removal of 15 PhACs and consumer
products in four WWTPs of Beijing, China. Whereas the eliminations achieved by
UF did not exceed 50%, all the target compounds except caffeine were not detected
in the effluent of the WWTP equipped with RO. Again, Drewes et al. [21] found
that in two full-scale RO facilities, target EDCs and pharmaceuticals and personal
care products (PPCPs) were efficiently rejected to below detection limit except for
caffeine, still detected in the permeates. The study performed by Al-Rifai et al. [35]
in one Australian wastewater recycling scheme proved the ability of RO to remove
trace organic contaminants including 11 PhACs from various therapeutic categories
and nonylphenol and bisphenol A, two nonsteroidal estrogenic compounds.
Al-Rifai et al. [45] monitored the removal of these same microcontaminants in a
full-scale water recycling plant in Queensland, Australia. The RO membrane
process contributed efficiently to the removal of all the microcontaminants except
bisphenol A. In contrast to the last two cited studies, nonylphenol presented the
worst removal (83%) within different EDCs studied during a pilot-scale sewage
treatment equipped with RO [46]. A study analyzing the removal of different
PhACs, hormones, and industrial products in a WWTP in Tel Aviv (Israel) revealed
that high total removal rates (>93%) were achieved by the both configurations
assessed at pilot plant scale (MBR/RO and CAS-UF/RO) [31]. Snyder et al. [36]
studied several pilot- and full-scale RO systems monitoring the removals of a large
amount of EDCs and PPCPs. RO systems removed nearly all target analytes to
below or very near the method reported limit. However, trace levels of some
contaminants were still detectable in RO permeates (i.e., the PhACs meprobamate,
gemfibrozil, naproxen, sulfamethoxazole, loperamide, and the personal care prod-
ucts TCEP, DEET, and galaxolide). They also observed that the second pass in a
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double-pass RO was able to remove compounds that were not entirely removed
during the first pass.

2.2 Ozonation
2.2.1 Main Concepts and Bases of Ozonation

Ozonation is a mature technology, and the reactions involved in the process are well
known. There are two main reaction pathways for microcontaminant elimination by
ozone. Ozone can react directly with organic contaminants through an ozone
molecular reaction. This reaction is slow and selective. On the other hand, in
alkaline waters, ozone can also react with water or other substances, forming the
highly oxidant hydroxyl radicals HO-.

Due to its instability and quick reactivity, ozone must be generated on-site using
air or high-purity oxygen. Normally, the gas generated contains between 1% and
3% of ozone by weight if initial gas is air and between 8% and 12% if pure oxygen
was fed. Ozonation units in WWTPs for secondary effluent disinfection are
injecting doses in the range of 3—30 mg ozone L™".

After the generation, since the concentration of ozone is very low, it is important
to ensure a good contact between the gas and the water to ensure a good distribution
of ozone and avoid over-concentrations of ozone which can lead to the formation of
hazardous by-products.

Furthermore, ozonation presents a reasonable cost of 0.16 € m> [47] compared
to other tertiary treatments.

2.2.2 Full-Scale Application

Due to the several ozonation units already operating in different WWTPs, there are
already some studies about the effectiveness of ozonation to eliminate micro-
contaminants at full scale. Also several studies can be found at pilot plant level.
As an example of the use of ozonation at full scale, Table 1 summarizes some
details of some works cited in this chapter. In the listed references, ozonation units
usually are placed after the secondary treatment, and they come before some sand
or carbon filter.

Microcontaminant Removal

The effects of ozonation after biological treatment for microcontaminant removal
have been widely studied. Similar results are found if microcontaminants are
gathered according to their affinity to react with ozone. There is a first group of
compounds which are easily removed below detection limits with an average dose
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of ozone (0.8 g O3 g~ 'DOC). Normally, those compounds present second-order rate
constants >10* M~'s™! (regarding to the direct reaction with Os) such as com-
pounds with aromatic rings, double bonds, or amine moieties, with a high affinity
for direct reaction with ozone [6]. There is a second group of compounds with low
affinity for O3 (second-order rate constants <10* M~ 's™") but with high affinity for
the strong and unselective hydroxyl radical. An average removal around 60% was
achieved for these substances. HO- radical exposure to microcontaminants varies
with the EfOM composition (it is sensitive to the addition of coagulants), presence
of HO- scavengers (such as carbonate), and pH. Finally, there is a third group which
includes those microcontaminants with low affinity to O3 direct reaction and also to
HO-.. They formed the group of recalcitrant compounds with low removal (below
40%): atrazine, iothalamic acids, atenolol, diatrizoate, iopromide, mecoprop,
benzotriazole, 5-methylbenzotriazole, sucralose, DEET, diazinon, galaxolidone,
benzothiazole, microcontaminants with amide groups in general, etc [47, 48].

Regarding to specific removal data, Hollender et al. [6] found that, of the
55 microcontaminants identified after the secondary clarifier, only 11 were detected
after the ozonation, using a moderate dose of 0.62 g O; g~ ' DOC. Margot et al. [47]
found that the number of microcontaminants with a concentration above 100 ng L™
was reduced from 52 compounds in the effluent of the biologically treated waste-
water to 30 compounds after the ozonation with an average ozone dose. Thirteen
(13) substances were removed over 90%. Nakada et al. [49] monitored 24 pharma-
ceutically active compounds. The combination of ozonation and sand filtration with
activated sludge treatment led to an efficient removal (>80%) of most of the target
compounds, mainly due to the ozonation step. Rosal et al. [50] found that 31 of the
54 microcontaminants detected at influent of the ozonation were below the detec-
tion limit using a moderate dose of 6.2 mg O; L™'. Reungoat et al. [51] studied the
removal of microcontaminants in a reclamation plant. After the main ozonation
(0.5 mg O3 mg DOC™), 26 of the 54 microcontaminants initially detected were
below the detection limits. Among the others, 9 showed a reduction higher than
90%, 13 higher than 70%, and only iopromide and gabapentin were reduced by
55%. Later, the study was extended, and Reungoat et al. [52] investigated the fate of
41 microcontaminants in three full-scale WWTPs using ozonation followed by
biological activated carbon (BAC) as advanced tertiary treatment. Twenty-one
(21) compounds were found at the influent of the ozonation. Half of them presented
a removal higher than 80% after the ozonation. The percentage of removal of the
microcontaminants at the different WWTPs was very similar.

The persistent compounds required extended exposure to HO- to achieve signifi-
cant concentration reductions. Thus, in some of the studies, more extreme condi-
tions were tested, and ozone dose was increased to high values. At the highest ozone
dose tested by Hollender et al. [6], 1.4 g O; g~' DOC, only two X-ray contrast
media still detected the originally 11 recalcitrant compounds. At even stronger O;
dose conditions (17.6 mg O3 L™', equivalent to 2.6 g O3 g~ ' DOC), Margot
et al. [47] found that even the most resistant microcontaminants were highly
removed, with an average elimination of 80%. However, at these O3 concentrations,
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cost is much higher, and the generation of bromate is more feasible and so usually is
discarded.

Generation of By-Products

One of the main problems faced by ozonation is the generation of some unintended,
toxic by-products. For example, when bromide-containing wastewater is ozonized,
bromate, a genotoxic carcinogen [53], can be generated. Thus, bromate was
recently included in stringent drinking water standards. Both the European Union
and the United States Environmental Protection Agency (EPA) established a
maximum contaminant level of 10 pg L™'. Normally, bromide concentrations in
wastewater are low enough to be below that threshold, but further research about
how to minimize their presence is required. More recently, the observation that
ozonation results in direct nitrosamine formation [6] indicates a new focus of
attention which must be investigated. Nitrosamines are highly toxic, especially to
the liver, and are suspected human carcinogens [54]. Recent investigations point to
specific precursors of nitrosamines as degradation products of fungicides and even
bromide catalysis [55].

Hollender et al. [6] studied the generation of both undesired by-products, and for
the highest dose of ozone tested, 1.4 g O; g~' DOC, the bromate concentration was
never found to exceed 7.5 pg L ™", lower than the 10 pg L™ threshold fixed by EPA
or European regulations. The authors also monitored eight nitrosamines, being N-
Nitrosodimethylamine (NDMA) the most predominant, with concentration up to
21 ng L™". They found that the amount of NDMA generated during ozonation was
only a function of the composition of the influent coming from the clarifier. Only
25% of NDMA was removed with the highest ozone dose. Margot et al. [47] also
studied the formation of bromate. Before ozonation, bromate concentration was
below the detection limit. After ozonation (0.8 g O3 g_1 DOC), the concentration
grew up to 3.7 pg L™, again below the drinking water standard of 10 pg L™". The
authors found that the formation of bromate was dependent on the ozone dose
applied, exceeding the drinking water standard for an ozone dose above
1.4 mg Oy mgf1 DOC. As it can be seen, for the same dose of ozone, different
amounts of bromate were measured. This proves the importance of a continuous
monitoring of the bromate concentration to be sure that water standards are not
overcome since it is affected by the characteristics of the influent.

Due to the process-related formation of reactive transformation products, it is
recommended to install a stage with biological activity (e.g., sand filter) after
ozonation of the wastewater so that these products can fully biodegrade.
For example, sand filter can retain 50% of NDMA generated during ozonation.
Biological sand filtration proves as an economic, useful complement to ozonation
for elimination of by-products biologically degradable and removal of suspended
solids and phosphate [6, 47, 50]. Unfortunately, bromate concentration is not
reduced during the sand filtration, and therefore a high ozone dose should be
avoided to ensure low bromate concentrations in the effluent [47].
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Ecotoxicity of Ozonation Processes

Since the harmful by-products generated by ozone are a concern for the use of this
technology, the use of a battery of bioassays as complementary tools to chemical
analysis can provide valuable additional information on the water quality and the
process efficiency. Furthermore, the bioassays allow taking into account the pres-
ence of non-identified compounds, formed transformation products, and/or mixture
effects. Generally, bioassays carried out in different studies show that ozonation
decreases the toxicity of waters. At average ozone doses, it can be concluded that
the mixture of degradation products formed has an overall less harmful potential
than the mixture of parent compounds [47, 51, 52].

Reungoat et al. [52] found that more than 87% reduction of estrogenicity was
observed in the ozonation stage of all the three reclamation plants studied. Even at
the lowest dose of 0.2-0.3 mg O; mg~' DOC, high removal of estrogenicity was
achieved. Nonspecific toxicity, measured with Microtox test, was reduced around
30—40% showing that new by-products generated during ozonation were less toxic
to Microtox test than the former ones. In another study [51], authors carried out
more specific measurements after a treatment train composed by ozonation + BAC.
Authors carried out different bioassays to measure specific toxic actions: Ah
receptor response (removal of 62% of dioxin and dioxin-like activity), genotoxicity
effects (removal of >93%), neurotoxicity effects (removal of >90%), and phyto-
toxicity effects (removal of 75%). If only ozonation step is considered, the specific
toxicity values of the listed bioassays notably decreased. For example, estrogenicity
effects present 90% of removal after the main ozonation. Margot et al. [47] did a
similar study but with different bioassays, arriving to similar conclusions. They
monitored the photosynthesis inhibition (removal of 82%), the algae growth inhi-
bition (75%), and estrogenic activity (89%). Finally, they also found that ozonation
clearly reduced the fish early-life stage toxicity of the effluent.

In spite of the good perspectives for ozonation presented in most of the literature,
there are also some works which warn about the necessity of further research to
consider ozonation a totally safe technology. Actually, some studies show an
increase of toxicity of wastewater effluent due to the formation of toxic
by-products during the ozonation stage [56-58]. Petala et al. [56] found that
ozonation of secondary effluents with high doses of ozone may increase the toxic
potential (Microtox test) or mutagenic activity (Ames test) of the stream. Muta-
genic activity was usually reduced when ozone dose and contact time were
increased. Magdeburg et al. [57] monitored the toxicity of a secondary effluent
with in vivo test battery before and after ozonation and sand filtration. Authors used
one aquatic plant and five invertebrate species. They found that ozonation induced
an increase of toxicity for three of the tested systems, assuming the generation of
adverse by-products. After sand filtration, toxicity levels were reduced up to the
levels at the outlet of the secondary effluent or even lower. A similar study was
carried out by Stalter et al. [58]. They evaluated the variation of toxicity after a
conventional secondary treatment followed by an ozonation + sand filter unit, by
means of the fish early-life stage toxicity test. They found that ozonation decreases
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the estrogenic activity. However, authors also showed that ozonation produced a
development retardation in fishes, probably due to the generation of toxic
by-products. That negative effect disappeared after sand filtration, proving that
the by-products are easily degradable or adsorbable.

According to the overall results, it may be assumed that usually the outlet flow
presented a lower toxicity than the inlet. However, since there are also some studies
which warn about the generation of toxic by-products, further research is required
to know the operation parameters that make ozonation a safe technology. The
controversy that use of ozone presents is clear. The necessity of a proper design
of the ozone reactor and a careful study of the operation parameters as contact time
seem obvious [47].

Disinfection and Other Contaminants Removal by Ozonation

With regard to other parameters, ozonation proves to be an excellent tool for
disinfection purposes. Ozonation is able to disinfect the effluent greatly, with
removal of coliphage virus below the detection limit (5 UFP ml™'") (>95%
removal) and a reduction over 97% in the concentration of fecal bacteria; this
level is below the European standard for good bathing water quality [47].

If other contaminants (DOC, phosphorous, NO3; ) are monitored, ozonation is
not very effective against them. For example, DOC removal is normally very small
in an ozonation unit, proving that it is difficult for ozonation to achieve the complete
mineralization of microcontaminants. Ratios of 10% of DOC removal can be found
in literature [51, 52]. Thus, if required, it is convenient adding a complementary
step after ozonation to decrease those parameters.

2.3 Adsorption
2.3.1 Main Concepts and Basis of Adsorption with Activated Carbon

Adsorption is a technology widely used in wastewater treatment, and several types
of materials have been tested as absorbents. However, although there are a large
variety of adsorbents in the market, most of the adsorption units in WWTPs use
activated carbon due to economic reasons. Activated carbon is generated by a
pyrolysis process at 700°C. After the pyrolysis process, the obtained chair is
“activated” being exposed to oxidizing gases as steam or CO, at high temperatures
(800-900°C). There are different types of activated carbon according to the pore
sizes and the particle size, with a different adsorption capacity. The two types of
activated carbon more frequently used are powdered and granulated activated
carbon.

Powdered activated carbon (PAC): It refers to particles with a diameter less than
0.074 mm and an apparent density between 300 and 700 g L™'. PAC presents a
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large surface to volume ratio with a small diffusion distance. PAC is usually fed
directly to other process units in the treatment process. Since both DOM and
microcontaminants adsorb onto the activated carbon, the PAC stage is best located
after extensive biological treatment in order to minimize competition and the PAC
consumption. PAC also offers the advantage of being used seasonally when risk of
microcontaminants may be greater (e.g., low-flow events) [36].

When loaded with microcontaminants, PACs should be disposed, but
recirculation of the spent PAC to the biological treatment before its elimination
can additionally improve the global microcontaminant removal efficiency without
impacting the quality of the biological treatment [47]. This configuration enhances
microcontaminant removal by 10-50% comparison with the application without
recycling [59].

Granulated activated carbon (GAC): It has a diameter greater than 0.1 mm and
an apparent density between 400 and 500 g L™". The higher diameter and lower
head loss allow it to be used in dedicated vessels. As with PAC, residence time is
the major factor that affects the yield of the process. GAC usually is loaded in the
contactor (frequently a fixed bed reactor), and the wastewater passes through
it. Adsorption capacity is reduced with operation time, so it is very important to
plan periodically regenerations, especially to avoid desorption and releasing of
hazardous components to the effluent [17].

There is also a variation of GAC called biological activated carbon (BAC). BAC
is a type of GAC with a biofilm in the surface which adds biological activity to the
GAC properties. The major advantage of the BAC system is that the recalcitrant
organic matter removed from water is firstly adsorbed into the macropores, where it
is detained long enough to promote its slow biodegradation by attached bacteria,
also leading usually to continuous bioregeneration of the GAC [60].

2.3.2 Full-Scale Application of Adsorption Process for Wastewater
Treatment

Adsorption is considered as a good option for the removal of microcontaminants
due to the wide amount of compounds that can be retained. The rate of adsorption of
the microcontaminants to the activated carbon and the contact time will be key
parameters for the final contaminant removal achieved. The first one is the function
of the properties of both adsorbate (Kow, pKa, molecular size, aromaticity versus
aliphaticity, and presence of specific functional groups) and adsorbent (surface
area, pore size and texture, surface chemistry, and mineral matter content)
[40]. The contact time is fixed with the design of the unit. In PAC systems, 1-3 h
contact time is normally provided compared to contact times of typically less than
30 min in GAC where the effluent is passed through a packed bed. The presence of
competing solutes for the adsorption sites, as dissolved organic carbon (DOC), is
also important when microcontaminant removal is pursued [47, 59].

Activated carbon has been widely used in WWTP as PAC, GAC, or BAC form.
Therefore, there are a number of studies which have applied these technologies to
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microcontaminant removal at real WWTPs. Table 2 shows the characteristic of the
WWTPs of some of the most complete works listed in this chapter focusing on the
use of adsorption as microcontaminant removal technology.

Microcontaminant Removal

As it is expected, better removal of microcontaminants is achieved for higher doses
of activated carbon and longer retention time. Also, electrostatic and hydrophobic
interactions seem to play an important role in the adsorption process. Positively
charged substances usually present a very high removal, independently of their
hydrophobicity. PAC usually is charged negatively due to the layer formed by
EfOM over the surface of the carbon particle, mainly attracting positively charged
compounds. With regard to hydrophobic interactions, Rogers et al. [61] provided a
general rule of thumb for applying octanol-water partition coefficient (Kow) to the
estimation of adsorption: log Kow<2.5 indicates low sorption potential, 2.5<log
Kow<4 indicates medium sorption potential, and log Kow >4 indicates high sorp-
tion potential. Thus, the most hydrophilic compounds are eliminated to a lesser
extent [47].

Margot et al. [47] carried out an extensive study and monitored 70 compounds
present at the inlet of the PAC slurry reactor with a moderate concentration (10—
20 mg PAC L™Y). Authors found that 32% of microcontaminants presented a very
good affinity for PAC and more than 90% was removed. Almost all were either
positively charged (five substances) or neutral (seven substances) at the pH of the
wastewater, covering a broad range of hydrophobicity (log Dy,' from —1.3 to 3.7).
Around 38% of analyzed microcontaminants presented a medium affinity for PAC
and had, on average, between 70% and 90% removal, including six neutral and six
negatively charged compounds. Thirty percent of monitored microcontaminants
composed of neutral or negatively charged compounds (including all the hydro-
philic contrast media) showed poor or very variable affinity for PAC with an
average removal between 11% and 66%. A higher PAC dose of 60 mg L™" was
tested during one campaign, leading to more than 90% removal for those substances
with a low PAC affinity.

Better results were reported by Boehler et al. [59]. They monitored 19 micro-
contaminants before and after adding PAC in a WWTP, and at least 80% of each
microcontaminant was removed by the PAC with a dose of 15 g PAC m>. Also
DOC was greatly reduced, with an elimination of around 45%. It was also proved
that the performance of PAC in eliminating microcontaminants depends upon PAC
dose and contact time, the molecular structure and behavior of the targeted com-
pound, as well as the water/wastewater composition. Grover et al. [62] studied the
effect of installing a GAC unit at the effluent of an urban WWTP at Swindon (UK).

! Log Dow is a corrected form of the octanol-water partition coefficient (log K,,) determined for
nonionic substances, to account for the molecule dissociation or protonation at pH 7.
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Authors monitored three representative EDCs and five detected PhACs. Two EDCs
were below detection limit after the GAC unit, and 64% of the third one was
removed. With regard to the PhACs, concentrations were substantially reduced in
post-GAC effluents. On average, the additional removal of PhACs by GAC was
between 17% for propranolol and >98% for indomethacin. Also estrogenic potency
of the effluent was estimated by means of E2 equivalence factor (EEQ). It was
found that EEQ was reduced from 2.2 to 14.6 ng L' before GAC to <0.5 ng L™
after GAC, proving that the final effect of the water had notably decreased. In South
Korea, Sang et al. [39] studied the elimination of different chemicals during
drinking water and wastewater treatment processes at full- and pilot-scale by
GAC technology in seven WWTPs and drinking water plants. Sang et al. [39]
monitored 26 microcontaminants (PhACs, hormones, antibiotics, personal care
products, flame retardant). The authors found that the conventional water treatment
processes (e.g., coagulation and sand filtration) tested were inefficient. However,
the monitored microcontaminants were removed below detection limits, thanks to
the GAC step.

Another important factor when using activated carbon refers to the remaining
adsorption capacity at a given moment. If adsorption capacity is exhausted, the
activated carbon can only perform a biological degradation, but for those microcon-
taminants which have escaped from traditional biological reactor, removal may be
very poor. Thus, exhausted activated carbon reactors (several BACs perform on this
way) can be useful to remove biodegradable by-products generated by prior
advanced treatments but not to eliminate microcontaminants. For example, Snyder
et al. [36] studied the performance of two full-scale GAC installations installed in
water plants for removing 29 microcontaminants including PhACs, personal care
products, pesticides, steroids, fragrances, and antimicrobials. The first installation
uses on-site GAC regeneration to ensure the activated carbon was capable of
adsorbing organic compounds. Authors found that all the microcontaminants mon-
itored were below detection limit except atrazine, but with a removal higher than
90%. On the other hand, the second installation does not replace regularly the GAC,
and it was exhausted. On this case, the GAC column shows a very poor removal of
the organic microcontaminants monitored. However, Reungoat et al. [52] studied
the effect of three BAC units installed in WWTP after ozonation units with different
results. They monitored 21 microcontaminants before and after the BAC unit.
Authors found that BAC units could further remove all the remaining micro-
contaminants. Fifteen microcontaminants presented removals higher than 80%.

It is also interesting to underline that human PhAC metabolites usually are much
less removed by activated carbon than the original compound. Indeed, the liver or
kidney transforms the pharmaceutical drugs to more polar and hydrophilic com-
pounds, so they can be easily eliminated through the urine or bile, but then there is a
weaker tendency to be absorbed by activated carbon [63].
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Ecotoxicity of Activated Carbon Processes

Since no by-products are generated by adsorption process, an improvement in the
indicators of the bioassays is expected after the activated carbon treatment, as it is
proved experimentally. Margot et al. [47] carried out an ecotoxicological evalua-
tion of PAC use. Around 85% of toxicity was removed by PAC reactor. Photosyn-
thesis inhibition was strongly reduced (87%) as well as algae growth inhibition
(84% of removal) and estrogenic activity (88% of removal). Furthermore, PAC
significantly decreased the toxicity of the WWTP effluent on the development of
rainbow trout embryos for all end points measured: the overall survival of the fish,
the hatching success, the swim up, the individual development (weight and size),
and the induction of estrogenic effects. In the same line of results, Reungoat
et al. [52] carried out a nonspecific toxicity test (bioluminescence inhibition test
with V. fischeri) before and after different BAC units in three different WWTPs.
Authors measured a removal between 13% and 54% of nonspecific toxicity. The
units were installed after an ozonation unit which achieve a removal of 30—40% of
toxicity. Overall, the combination of ozonation and BAC filtration could achieve
removals of 50% for DOC and more than 90% for a wide range of micro-
contaminants as well as a reduction of 70% of nonspecific toxicity and more than
95% of estrogenicity. Thus, BAC process proved to be an excellent complement to
ozonation step.

Microcontaminant Removal by Adsorption

Regarding DOC elimination, activated carbon can show a good performance. For
BAC reactor, DOC removals up to 48% have been reported [52]. Similar values of
DOC removal were found in PAC+UF units. PAC shows a good performance for
phosphorus, NH,, and BOD5 removal and a complete removal of TSS, intestinal
bacteria, and coliphages [47].

Finally, activated carbon proved to be technically feasible at large scale in
municipal WWTP. For example, PAC presents a reasonable cost of 0.18 € m™>
[47], very similar to ozonation.

2.4 Advanced Oxidation Processes (AOPs)

The AOPs covered in this section are UV/H,0,, photo-Fenton, heterogeneous
photocatalysis, and O3/H,0,.
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2.4.1 General Disadvantages of AOPs

The main disadvantages of AOPs are their high chemical requirement and/or the
energy consumption, which are reflected in high operating costs. Regarding the use
of H,0,, there are significant limitations associated with its use. For example, the
additional costs and complexities associated with chemical storage, handling, and
injection may limit its attractiveness, and the residual HO, must also be quenched
in some applications prior to environmental discharge.

Similarly to the use of ozone, AOPs (except in cases under very drastic oxidation
conditions) do not commonly result in complete mineralization of micro-
contaminants. Therefore, the major concern is the formation of oxidation
by-products (or transformation products) from microcontaminants. To further
reduce parent compounds and oxidation by-products, biological post-filtration
(sand filtration or activated carbon filtration) can be considered.

2.4.2 Water Reclamation: Full- and Pilot-Scale Application

The UV/H,O0, full-scale process installed after a RO membrane in a water reuse
facility studied by Snyder et al. [36] showed significant degradation of the four
target microcontaminants still present in the permeate of the RO. De la Cruz
et al. [64] reported very high removals for 22 selected microcontaminants
(15 PhACs, 2 X-ray contrast media, 1 corrosion inhibitor, and 4 biocides/pesticides)
in an effluent from a municipal WWTP using a UV/H,0, pilot-scale process
(cylindrical reactor chamber of 37 L equipped with five lamps of 150W each
emitting at 254 nm). They carried out experiments at different flow rates and
H,O, concentrations and concluded that a concentration of 50 mg H,O,/L and a
residence time of 10s provided the most economical setting and the best microcon-
taminant elimination (global degradation >88%). However, they reported a global
degradation of only 26% working at much lower flow rate with UV alone. Only two
(diclofenac and ketoprofen) microcontaminants reached more than 80% degrada-
tion. Sang et al. [39] determined that a UV pilot-scale treatment applied after RO
and NF processes did not contribute significantly to microcontaminant removal.
Another bench-scale UV/H,0, process study performed by Kim et al. [65] showed
that 90% removal efficiency was reached in 39 of the 42 PhACs found in a WWTP
secondary effluent. The UV dose (254 nm) was 923 mJ/cmz, and the contact time
and H,0, concentration were 5 min and 7.8 mg/L, respectively. They found that
only few PhACs (especially ketoprofen, diclofenac, and antipyrine) were signifi-
cantly removed by UV radiation alone. The removal efficiencies of macrolide
antibiotics such as clarithromycin, erythromycin, and azithromycin resulted very
low even by the introduction of UV doses 20 times higher than common disinfec-
tion doses and contact times of 15 min. Good removal of microcontaminants cannot
be expected by the UV processes alone and let alone at the radiation doses applied
for disinfection of treated water in WWTPs (40-140 mJ, /cmz). The addition of H,O,
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to the UV processes reduces drastically the UV energy required for the effective
PhAC removal.

Snyder et al. [66] studied the degradation of steroids, PhACs, pesticides, and
industrial chemicals by ozonation at pilot scale. TCEP, musk ketone, and mepro-
bamate were not well removed. They concluded that the addition of H,O, caused
little benefit and even in some cases decreased the efficiency of Oz;. Ozone with
addition of H,O, was assayed in at pilot scale in a water reclamation plant for
removing several steroid hormones and PPCPs. Results showed considerable
removal efficiency (N90%) for almost all of the target contaminants, except
TCEP (13%), TCPP (26%), atrazine (69%), meprobamate (80%), and ibuprofen
(83%) [67, 68].

Chi et al. [69] assessed the performance of a heterogeneous Fenton’s pilot-scale
process to remove different EDCs and PPCPs from three different municipal
WWTP secondary effluents. The system incorporated a modified polyacrylonitrile
catalyst which allowed to decompose >90% of the EDCs and >40% of PPCPs
using 200 mg/L of H,0O, in 3 h residence time working at natural pH. According to
them, the system showed great potential in the removal of low levels of PPCPs and
EDCs when compared to homogeneous Fenton’s, photo-Fenton’s, electro-Fenton’s,
and photocatalysis on TiO,. Solar photo-Fenton and solar TiO, photocatalysis were
studied at pilot scale as tertiary treatments for the remediation of 66 micro-
contaminants present in municipal WWTP effluents by Prieto-Rodriguez
et al. [70]. Photo-Fenton (pH 2.8) achieved 90% of microcontaminant elimination
in short reaction times using 5 mg Fe?*/L and 60 mg H,O,/L. It also proved to
substantially eliminate the degradation products. However, solar photocatalysis
with TiO, resulted very inefficient in terms of treatment time and accumulative
energy compared to solar photo-Fenton. They highlighted the potential of solar
photo-Fenton as tertiary treatment in municipal WWTPs, with estimated treatment
costs in the range of <0.4 €/m®, which is very competitive compared with more
mature processes.

2.4.3 Treatment of Retentates

Because there is an urgent need for environmentally friendly management options
for RO brines, diverse technologies for the treatment of RO brines have been
investigated. Although more conventional treatments have been studied for this
purpose (coagulation/flocculation, activated carbon adsorption, ozonation, electro-
chemical oxidation, river bank filtration among others), AOPs appear to be appro-
priate for the treatment of these waste streams that are highly concentrated in
recalcitrant microcontaminants [34]. Authors evaluated the efficiency of
UV/H,0, for mitigation of 11 PhACs present in RO brines of a wastewater
reclamation facility. Although high oxidant doses were necessary to ensure the
complete removal of all the monitored microcontaminants, authors conclude that
UV/H,0, process appeared to be a promising and efficient tool for treating these
concentrates. There is still a lack of studies and information about the efficiency of
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AOPs in removing microcontaminants from these complex matrices and improving
the quality of the effluents.

2.5 Overall Comparison

In Table 3, a comprehensive comparison among the different technologies is
presented. Although each individual microcontaminant can behave differently
with each technology, if an overall comparison is made, it is found that the highest
rejection of microcontaminant is presented by RO or NF, although they also present
some drawback as the generation of a waste stream. Activated carbon presents an
efficacy for microcontaminant removal very similar to ozonation. AOPs show a
good potential for microcontaminant removal but the technology is less tested at
full-scale level.

3 Overall Conclusions

In this chapter, four technologies for eliminating the microcontaminants present in
the effluents of WWTPs have been reviewed: adsorption, membranes, AOPs, and
ozonation. The choice has been done since they are well known, already used in
existing WWTP. Therefore, its specific utilization for the removal of micro-
contaminants may be done easily. All treatments prove to be feasible at large
scale and for long-term operation in real WWTP conditions. However, given the
wide range of properties exhibited by microcontaminants, there is no single treat-
ment process that provides an absolute barrier to all chemicals. To minimize their
presence in treated water, a sequence of diverse treatment processes seems suitable.
However, other considerations must be taken into account to ensure the viability of
the solution since the most restrictive technologies are economically expensive and
energetically demanding. Therefore, it is necessary to carry out more research to
improve and make them more efficient.
Finally, the main conclusions for each technology are listed below.

3.1 Membrane Filtration

The use of MF or UF membranes alone is not sufficient for microcontaminant
removal. Therefore, the combination with other membrane processes (i.e., NF or
RO) is essential for enhanced elimination of microcontaminants. All analyzed data
indicate that NF and RO could be considered as a powerful tool to mitigate the
presence of most of microcontaminants present in municipal wastewaters.
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There is some controversy about how membrane selectivity affects the effi-
ciency of membranes in microcontaminant removal. In general, it seems that there
is a tendency for an expected decrease in microcontaminant rejection with decreas-
ing membrane selectivity. However, some authors consider that conductivity rejec-
tion does not appear to be a reliable indicator to assess the removal efficiency of
microcontaminants by NF/RO membranes.

In general, microcontaminant removal efficiency would follow the next order:
RO > “tight” NF > “loose” NF. However, different comparative works [22, 39, 43,
71] concluded that, although the retention of microcontaminants by NF is lower
than that obtained by RO, the latter has demonstrated only marginally increased
rejection in comparison with NF.

There are different points of view about the appropriateness of NF or RO to
mitigate the microcontaminant problem. According to some studies, it would be
questionable, unless desalination is a requirement, that the use of RO is preferable
than the use of NF. Its higher operational costs incurred from higher pressure
operation would not justify the additional purification achieved in comparison
with NF. Other studies remark that not even the RO can serve as an absolute barrier
to microcontaminants. Therefore, additional treatment processes should be consi-
dered to be incorporated aside the RO to ensure complete removal of such sub-
stances. In addition, an important point to be taken into account is that NF and RO
require significant amounts of energy, which may lead indirectly to greater environ-
mental risks than the presence of minute concentrations of organic contaminants.
Thus, careful consideration must be given to the actual costs and benefits of these
processes simply for the removal of microcontaminants [36].

It is also important to consider brine disposal associated with RO and NF
membranes. The rejected compounds are merely concentrated in brine streams
which must be disposed of properly since brine would be expected to have much
greater toxicity than the influent water.

3.2 Adsorption

Adsorption with activated carbon has proved to be an efficient tool for removal of
microcontaminants. Since it adsorbs a wide variety of compounds, EfOM competes
strongly for the active site, decreasing the adsorption rate of microcontaminants.
Thus, it is convenient to install the activated carbon unit as a tertiary treatment after
an operation which reduces organic matter. Activated carbon adsorbs easily hydro-
phobic and positively charged compounds although other interactions as hydrogen
bond formation and pi—pi interaction between microcontaminants and the activated
carbon surface seem to be important. Since there is no transformation of the
compounds, no hazardous by-products are expected. Thus, bioassays reviewed
show a less toxic effluent after the adsorption treatment. Finally, use of PAC as
tertiary treatment and the reuse of it in the biological reactor (a kind of counter-
current system) show efficiencies 10-50% higher. PAC can also be added seasonally
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to face peaks of contamination. GAC is not so flexible but requires a smaller
residence time.

3.3 Oczonation

Ozone is a useful technology for microcontaminant removal. In most of the studies
reviewed, it achieves great results with removal over 80% for several of compounds
analyzed. However, the rate of removal proves to be very dependent on the type of
contaminant. Ozone is efficient in the oxidation of compounds with electron-rich
moieties, which react directly with ozone. A second group of compounds less
efficiently removed includes those compounds which react with radical HO-.
Finally, there is a group of recalcitrant compounds which present a low reactivity
with molecular ozone or hydroxyl radical.

The main concern when using ozone for wastewater treatment is the generation
of hazardous by-products as bromate, nitrosamines, or other unknown species
which can increase toxicity of the effluent. At normal operation conditions, those
compounds seem to be generated in very small amounts, below the recommended
thresholds proposed by recognized official organisms. To minimize this risk, it is
very important to assure a good contact between gas and liquid. It is also advisable
to install a barrier unit after the ozonation process. For example, a sand filter has
proved to be very effective on those scenarios where ozonation produced an
increase on toxicity or to eliminate nitrosamines.

3.4 Advanced Oxidation Processes

The efficiency of AOPs for organic contaminant removal has been well proven at
laboratory scale. The non-selectivity of these AOPs is a great advantage and
guaranty. Nobody doubts about the potential of AOPs to degrade microcon-
taminants. However, more studies at pilot and full scale are needed in order to
determine the optimal operational conditions and elaborate consistent and reliable
cost evaluations.
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