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Abstract: The increasing occurrence of toxic cyanobacteria in water sources, driven by climate change
and eutrophication, is of great concern worldwide today. Cyanobacterial blooms can negatively
affect water bodies and generate harmful secondary metabolites, namely microcystins (MCs), which
significantly impair water quality. Various adsorbents used for MC removal from water sources
were assessed in this investigation. Activated carbon constitutes the most widely used adsorbent for
treating contaminated waters due to its high affinity for adsorbing MCs. Alternative adsorbents have
also been proposed and reported to provide higher efficiency, but the studies carried out so far in this
regard are still insufficient. The mechanisms implicated in MC adsorption upon different adsorbents
should be further detailed for a better optimization of the adsorption process. Certainly, adsorbent
characteristics, water pH and temperature are the main factors influencing the adsorption of MCs. In
this context, optimization studies must be performed considering the effectiveness, economic aspects
associated with each adsorbent. This review provides guidelines for more practical field applications
of the adsorption in the treatment of waters actually contaminated with MCs.
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1. Introduction

Cyanobacteria are among the most primitive and widespread life forms on Earth. Over
thousands of years, harmful cyanobacterial blooms (CyanoHABs) have naturally occurred
from various species of cyanobacteria derived from freshwater and marine waters. Several
species of cyanobacteria are known to produce a wide variety of metabolites. Among the
most commonly produced metabolites, which have proved to be harmful and resistant,
are microcystins (MC), which are considered a risk to ecosystem sustainability and human
health [1].

These structurally and biochemically diverse metabolites, often referred to as MCs,
include terpenoids, lactones, and alkaloids that function as metal chelators and protease
inhibitors [2]. MCs are well known as a toxic secondary metabolite released into the
water by approximately 40 species of cyanobacteria [3]. Cyanobacteria generate toxins as
a response to different environmental stressors such as eutrophication, global warming,
nutrient inputs resulting from human activities as well as interspecies chemical competition
between species [4,5].
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Being a global environmental problem, MC pollution has been attracting increasing
attention [6,7]. Numerous existing approaches have been adopted to remove CyanoHABs
and their deleterious MCs from water sources. Indeed, some technologies, like coagulation—
flocculation, air floatation, sedimentation, filtration, and disinfection, show high removal
efficiencies of cyanobacteria cells [8-11]. These conventional methods are, however, in-
effective for removing soluble MCs released into water during cell aging and/or as a
result of cell deterioration caused by external stressors or by the treatment itself [12,13].
Effective treatment options that have successfully been used to remove extracellular MCs
include adsorption [4], nanofiltration [14], ozonation [15], chlorination, and photolysis with
ultraviolet radiation at 185 and 254 nm [16].

According to the literature, adsorption has been widely studied, and is considered
one of the most attractive treatment alternatives for removing pollutants from water [17]
including dissolved extracellular MCs from water sources. Adsorption exhibits significant
advantages over conventional methods, including technical, economic, and environmental
considerations [18], and it can be applied on an as-needed basis, since CyanoHAB problems
are transient and intermittent in nature [19,20]. Activated carbon (AC) is among the
commonly used adsorbents for effective MC removal, due to its porous nature and large
specific surface area [18]. Several studies have shown that AC adsorption is extensively
applied for removal of residual organic pollutants, including dissolved MCs from water
sources, due to its high mesoporosity [21].

To date, more research has been conducted on various adsorbents for removing MCs
from water. However, most of these studies have focused on AC and the remaining
studies on other adsorbents have been conducted only on a laboratory scale. Recently,
some generalizations have been proposed, in particular regarding factors influencing
the adsorption process of MCs and the possible associated mechanisms; however, more
studies are still needed in order to further optimize the adsorption process on each kind of
adsorbent for an improved efficiency.

The challenge of sustainable water management is to develop environmentally friendly,
economically viable and energy-efficient processes for the treatment and conservation of
water resources. As a result, successful approaches will provide high pollutant removal
and nutrient retrieval efficiencies while simultaneously reducing the carbon footprint,
reducing waste, and safeguarding human health and the environment [22]. In this context,
the interest in sustainable and environmentally friendly water treatment processes using
several types of adsorbents to remove organic matter and MCs has increased in recent years.

This review provides an overview of the origins, characteristics, and effects of MCs, an
evaluation of various adsorbents used for the removal MCs and the major factors affecting
their adsorption, and a discussion of the possible mechanisms involved in the adsorption
of MCs. The main challenges and limitations of the practical application of adsorption
processes in removing MCs from water bodies will also be highlighted.

2. Origin and Characteristics of MCs and Their Impact on Water Sources

Eutrophication of freshwater resources and the presence of CyanoHABs are still ex-
panding geographically because of anthropogenic activity and global climate change [23,24].
In marine and freshwater, the incidence and severity of blooms have significantly in-
creased [25-27]. The most common bloom-forming cyanobacteria in freshwater bodies is
Microcystis aeruginosa [28-30]. CyanoHABs can thrive under a wide variety of environmen-
tal conditions, and are especially prolific and competitive. Their formation, occurrence and
frequency are controlled by many factors, such as climatic conditions and anthropogenic
activities [31].

One characteristic of cyanobacteria that is becoming increasingly widely recognized is
their capacity to produce toxic secondary metabolites, called cyanotoxins, or bioactive com-
pounds that affect animal and human physiology, such as lipopolysaccharides, peptides
and alkaloids [32]. Genomic studies suggest that some cyanobacteria are capable of gener-
ating over a hundred distinct bioactive molecules, with variable levels of toxicity [33,34].
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Cyanotoxins are mainly produced in the exponential and stationary developmental stages,
and are usually stored in cyanobacterial cells. They are commonly liberated into the sur-
rounding waters by natural lysis of the cells after their death [32,35] or through certain
water processing that leads to cell damage and toxin release [35,36].

Numerous investigations have identified the presence of cyanotoxins in surface waters
and at the inlets of drinking water treatment plants [37—41]. According to a comprehen-
sive national survey conducted in French surface waters consisting of 26 sampling sites
over 24 months, concentrations of up to 1000 ug/L of cyanotoxins were reported [42,43].
Liu et al. [44] reported maximum dissolved cyanotoxin concentrations of 35 pug/L during
the 2004 Wuxi drinking water crisis in Lake Taihu, China. McQuaid et al. [41] found
significantly higher cyanotoxin values during water blooms in China, with total cyanotoxin
concentrations of up to 127 ug/L of MC-LR being found. Otherwise, minimum concen-
trations below 1 pg/L of dissolved cyanotoxins were measured in Lake Taihu and Lake
Dianchi in China, even when the concentrations of suspended Microcystis cells exceeded
109 cells/L [45]. Hence, the World Health Organization (WHO) has set an interim guideline
of 1 pug/L for cyanotoxins in drinking water [46].

Cyanotoxins are classified, according to their side effects on animal cells or organs, as
neurotoxins (homoanatoxin-a, anatoxin-a, anatoxin-a (S), hematotoxins-a and saxitoxins),
hapatotoxins (cylindrospermopsin, MCs and nodularin), and cytotoxins (debromoaplysi-
atoxin, lipopolysaharide endotoxin, aplysiatoxin and lingbyatoxin). Cyanotoxins can
exhibit additional effects on skin, have carcinogenic potential, and can be gastrointestinal
irritants [2,47-51].

Microcystins (MCs) are the prevalent and dominant class of cyanotoxins identified
in freshwater [31]. MCs are mainly produced by Microcystis; however, a variety of other
genera have been found to produce MCs, including Planktothrix, Anabaena taxa, and Nostoc
and Gloeotrichia [52,53], sometimes at relatively high concentrations [54]. The main route
of exposure to MCs for humans is through drinking water, although other pathways like
food, recreational waters, and dietary supplements may be important for some crops and
individuals. Indeed, they are considered to be potential tumor promoters, leading to diar-
rhea, nausea, vomiting and even death [31,55-57]. MCs are also recognized as very potent
acute liver toxins, with an LD50 in mice of approximately 50-500 ug/kg via intraperitoneal
injection (Carmichael, 1997). In addition, they can cause several problems in drinking water
treatment plants, like increased turbidity of water [58] and plugging of filters, thus reducing
filter run-times and consequently increasing backwash frequencies [49]. MCs are diverse
in terms of their chemical structure, and consist of more than 279 congeners, varying in
their toxicity by up to one order of magnitude, as reported by Bouaicha et al. [59]. The
molecular weight of MCs ranges from 985 to 1024 Da. Their molecules are characterized by
the presence of two carboxylic groups and one amino group in their molecules, enabling
them to bear a negative charge at a pH between 3 and 12 [60]. Most MC congeners have
the same general structure of cyclo-(D-alaninel-X2-D-MeAsp3-Z4-Adda5-D-glutamate6-
Mdha?) [61-63] (Figure 1).

Mdha (Mdhb)
DGl som CH, O

N.
Adda HN"\/\n’ \N)LNH D-Ala

HC O CH, L.CH,

Figure 1. General chemical structure of microcystins.

They are designated by the one-letter abbreviations to indicate the two variable amino
acids present. Other minor variations are known in the chemical structure, including
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the lack of the methyl group and in the ADDA part of the molecule [64,65]. Therefore,
the most common toxic MCs, which are produced especially by M. aeruginosa, are of
particular concern in environmental research, including MC-LR, MC-RR, MC-LA, and
MC-YR (Figure 2) [66]. However, other congeners may be found, such as MC-LF and
MC-LW. Among the four mentioned MCs, MC-LR has been reported to exhibit the highest
chemical stability, the largest molecule size, the highest solubility in water, and the most
complex structure, and is thus considered to be the most toxic congener [67]. In the water
intakes of six drinking water treatment plants located in southeast of Quebec (Canada),
MC-LR was found to be the dominant toxin present, with a maximum concentration of
3.5 ug/L in untreated water and 0.04 ng/L in treated water [68].
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Figure 2. Chemical structure of the common toxic microcystins” congeners.

3. Removal of MCs by Adsorption from Water Sources
3.1. Assessment of Various Adsorbents for MC Remouval

Adsorption is considered one of the most effective technologies for removing organic
pollutants, including MCs [69-71]. A wide variety of adsorbents (e.g., AC, zeolites, and
clays) have been used, showing highly efficient adsorption capacities towards MCs [72,73].
MCs are large molecules, with a volume of 2.63 nm [74], an area of 1.8 nm [75], and a
molecular length of about 1.9 nm [76]; thus, only adsorbents with adequate surface area,
porosity, or valence bonds can be effectively and selectively used to remove MCs.

Numerous studies have been carried out using the conditions found in water treatment
plants in order to evaluate the effectiveness of adsorbents for the removal of MCs. Most
of the studies related to MC adsorption have been conducted on the MC-LR congener, in
particular [56,77,78]. MC-LR is a large molecule (MW = 994 Da) that is a complex aggregate
of amino acids. Hence, it is hydrophobic in an aqueous solution. This is critically relevant
to addressing the physical and surface chemical properties of the chosen adsorbent for MC
removal [79].

As shown in Table 1, the most common adsorbent in drinking water treatment plants
is AC, due to its high affinity for MCs. AC has been shown to be an effective adsorbent for
the removal of a wide variety of organic and inorganic pollutants due to its exceptionally
high surface area (50 to 1500 m?/g). It is also characterized by well-developed internal
microscopy and a large spectrum of surface functional groups [80]. The use of AC provides
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several inherent advantages, including lower carbon usage rates for many applications
and the ease of regenerating spent carbon. Among other advantages, it also possesses
the advantage of being a less expensive material, only requiring capital expenditure for
feeding and contact [81]. However, it has been reported that, after saturation, AC could be
itself constitute a waste material that needs to be managed, which may limit its large-scale
application in many areas. In addition, some instability due to the effect of temperature
on some surface functional groups can also be observed [82]. Indeed, in solution, AC
forms agglomerates with various pore sizes, increasing the surface area of the hydrophobic
interior, enhancing the adsorption of organic materials such as MCs. Two types of AC have
been used: powdered activated carbon (PAC) and granular activated carbon (GAC). The
former is typically used as a transient treatment option to address transient contaminants,
and is added to water intermittently in the form of powder or slurry as needed, while
the latter is applied in fixed beds to reduce naturally occurring organics, taste and odor
compounds, and synthetic organic compounds in industrial waters, and is typically used
in continuous-flow column reactors [3,39]. GAC has received more consideration than PAC
due to the fact that GAC is used in columns or beds, which provide higher adsorption
efficiencies and more control over the process. The higher cost of GAC is frequently com-
pensated by higher yields, especially with the continuous removal of organics. Initiation
and propagation of biological activity on GAC may be beneficial in breaking out additional
organic molecules [39].

Depending on the nature of the feedstock and the preparation method, the properties
of the AC and its adsorption capacity towards MCs vary significantly. According to the
literature, it has been confirmed that MCs are preferentially adsorbed into mesopores (2 to
50 nm) rather than macro- and micropores due to their size (1.33 to 2.94 nm) [31]. Many of
the studies shown in Table 1 reported that coal- and wood-based coagulants are the most
effective for MC adsorption due to their large mesopore volume. For instance, Cook and
Newcombe [83] investigated the performance of wood and charcoal PACs in the adsorption
of MC-RR, MC-LR, MC-YR, and MC-LA for 3 days at pH 6.0-8.5. The homogeneous surface
diffusion model was used to predict the kinetics of MC-LR and MC-LA adsorption. The
results showed differences in the adsorption of each of the studied congeners, with removal
efficiencies for both adsorbents in the following order: MC-RR > MC-YR > MC-LR > MC-LA.
Equilibrium and batch kinetic tests show that MC-LR was more readily adsorbed than MC-
LA, and the percentage of removal was found to be independent of the initial concentration
of each MC congener. According to the authors, the number of negatively charged carboxyl,
D-glutamate and -methylaspartate groups and positively charged basic amino groups is
controlled by the net charge of the molecule. Similarly, Ho et al. [56] also reported that
MC congeners exhibited different adsorption behaviors in contact with PAC in the order
MC-RR > MC-YR > MC-LR > MC-LA, as reported by Cook and Newcombe [83]. Further
studies have shown that wood AC presents higher MC adsorption due to the mesoporous
nature of the carbon material [84-86]. Donati et al. [87] similarly evaluated MC-LR removal
using two coconut shell-based PACs, three charcoal-based PACs, two wood-based PACs,
and one peat moss-based PAC. Although all PACs gave typical isotherms of high-affinity
monolayer adsorption, the level of MC-LR adsorption varied greatly between the PACs
and showed a distinct trend. The results demonstrated that wood-based PAC had the
largest volume of micropores and mesopores, followed by coal, coconut shell- and peat
moss-based PACs. The findings indicated that the most effective adsorption was achieved
by wood-based PACs, with a maximum adsorption capacity of 280 ug/mg followed by
charcoal-based PACs with adsorption capacities of 116, 75 and 70 png/mg MC-LR per mg
carbon. The lowest maximum adsorption capacities were given by coconut shell-based
PACs (20 and 40 pg/mg), followed by peat moss-based PACs (20 pug/mg).

Next to AC, biochar (BC) is increasingly being recognized as a potential technical and
ecological adsorbent for organic and inorganic pollutants from contaminated waters. BC is
a pyrogenic black carbon derived from the thermal conversion of feedstocks in O-limited
conditions [88-90]. Feedstocks used for BC come from a wide range of sources, and are
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readily available in large quantities and at low cost [91]. BC has a relatively large surface
area, a porous structure, high negative charge, and is resistant to degradation [92,93], and
it is believed to be a favorable adsorbent for contaminant management in the aquatic
environment [94-96]. It is also characterized by high electrical conductivity and stability,
even at lower production temperatures [97]. BC production requires less energy compared
to AC, which requires higher temperature and an activation process [98]. Furthermore,
BC can be reused several times after regeneration, and may become an ideal resource for
environmental technologies in water treatment due to its economic and environmental
benefits [99].

Several BCs derived from diverse feedstock have been evaluated with respect to the
removal of MCs from contaminated waters [100-102], and some possible mechanisms
responsible for MC adsorption have been proposed [100,101]. Nevertheless, few studies
have focused on the ability of BC to adsorb MCs in drinking water and wastewater. Among
the numerous structural congeners of MCs, only MC-LR has been investigated in adsorption
studies on BC. For instance, Zheng et al. [103] evaluated the ability of iron-activated BCs (FA-
BCs) to remove MC-LR. Their findings demonstrated that the surface area and adsorption
capacity of the FA-BC ratio improved when the iron impregnation ratio was increased
from 86 m?/g and 0.76 mg/g to 835 m?/g and 9.00 mg/g.

It has been reported that BC properties are strongly affected by the pyrolysis condi-
tions, with temperature being the dominant factor. Under conditions of higher pyrolysis
temperatures, BC provides higher surface area and aromaticity, resulting in a higher capac-
ity for MC adsorption due to the electron donor—acceptor interaction [104]. Li et al. [100]
showed that manure-based BC produced at 600 °C exhibited better MC-LR adsorption
capacity, owing to a higher mesopore volume. In the same study, the manure-based BC
at a pyrolysis temperature of 600 °C showed increased adsorption capacity for MC-LR
due to the fact that the ash rendered polar groups and organic matter readily available
for adsorption. Li et al. [101] demonstrated that BC produced at 300 °C exhibited very
good adsorption capacity, although it possessed a low surface area. Wei and Lu [105]
also investigated the performance of BC at different pyrolysis temperatures (300, 400, 500,
600 and 700 °C) for the removal of MC-LR. BC pyrolyzed at 700 °C was found to have
a specific surface area of 360.9 m?/g and a maximum adsorption capacity of 10.96 ug/g,
which was twice as high as that observed for BC pyrolyzed at 300 °C. For all adsorbents,
the adsorption kinetics was observed to show a good fit with the pseudo-second order
kinetic model (R?: 0.94-0.99), and the adsorption equilibrium was well depicted with
the Freundlich model (R? > 0.9). Similarly, Liu et al. [106] studied the ability of BC to
sanitize water from different MC congeners under different preparation conditions using a
spent mushroom substrate—produced under CO; (BCs) or N, gas (BNs)—under pyrolysis
temperatures of 300 and 600 °C. The results showed considerable variation in the distribu-
tion coefficients K4 (0.98-19.2 L/kg) between MCs (MC-YR > MC-RR > MC-LR) and BCs
(BC600 > BN600 > BC300 > BN300), depending on the combined effects of hydrophobicity,
electrostatic attraction, H-bonding, cation bridging, and the number of adsorption sites
on the BCs. The adsorption of MCs was a pH-dependent and endothermic physisorption
process that followed pseudo-second-order kinetics (R? = 0.99) and the linear isotherm
model (R? > 0.88) [106].

Even with increases in the application of BC in water and wastewater treatment [107],
many deficiencies still exist in the use of BC as a convenient adsorbent for MCs removal.
Most of the existing data concentrate on MC-LR adsorption, whereas few are available for
other MC congeners. In this context, a comparative study on the adsorption of different
microcystin congeners by BCs is necessary, as they usually exist as a mixture of various
congeners in the environment [108]; therefore, it is imperative to study the co-adsorption
of various MCs on BCs. In addition, an understanding of the underlying mechanisms
associated with the specific properties of microcystins needs to be established.

Furthermore, mesoporous carbon (e.g., from silica) has also been shown to possess
important adsorption capacity towards MC-LR [109]. Mesoporous carbon is a new material
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considered to possess interesting properties, including high specific surface area and
pore volume, tunable pore sizes and geometries, and good chemical and mechanical
stability [110]. Park et al. [109] investigated various types of mesoporous carbon: two types
of commercial mesoporous carbon (MC1 and MC2), and MC3 synthesized at 900 °C. The
results showed that MC1 was the most suitable type for MC-LR removal, with a maximum
adsorption capacity of 35,670.49 mg/g. The MC kinetic process was found to fit the pseudo
second-order model (R? = 0.98), while the equilibrium isotherm models demonstrated the
best fit for the Langmuir model for the equilibrium data of MC1 and MC2, suggesting that
single-layer adsorption had occurred. Nevertheless, only a small number of investigations
have been performed on mesoporous carbon as an adsorbent for MC-LR [111-113]. It has
been reported that mesoporous carbon can serve as an additional adsorbent for MC-LR
removal, because it is primarily composed of mesopores (2-50 nm) and has a unique
interconnected channel structure, high stability, and large pore volume. Teng et al. [111,112]
studied the adsorption of MC-LR on mesoporous carbon, and demonstrated an adsorption
capacity 10 times greater for MC-LR than that of PAC. Moreover, Zhang and Jiang [114]
further noted that the use of mesoporous carbon decreased the MC-LR concentration
to <1 mg/L, due to its possessing numerous accessible mesopores, despite using lower
doses of mesoporous carbon than what was used for PAC. Huang et al. [113] functionalized
mesoporous carbon to increase its adsorption capacity for both MC-LR and MC-RR. The
results showed that functionalized mesoporous carbon achieved its maximum adsorption
capacity of 2360 and 2868 ug/g at pH 7, according to the Langmuir model for MC-LR
and MC-RR, respectively. Park et al. [109] showed that mesoporous carbon contained a
mesoporosity in the range of 81-91.3%, suggesting that the mesoporous structure had been
properly constructed. The mesoporous carbon was effective for the removal of MC-LR to
below the WHO guideline level after a 10 min reaction with a carbon dosage of 20 mg/L.
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Table 1. An overview of adsorbent performance in removing MCs.
Characteristics i .
Initial Concentration Adsorbent
Adsorbent/ . Q. Kd Kf
Feedstock Preparation Method s§ A Vsl Vn%es Vmiscm APD Adsorbate of MCs Dosage (mg/g) (/L) (ugl-nL"/g) References
(m?/g) (cm3/g) (cm®/g)  (cm?/g) (nm) (ug/L) (mg/L)
. . Chemical preparation: MC-LR 1700
Graphene g;(ll(c(l;/(}raphlte KMnO; and NaNOs for - - - - -
30 min at 90 °C MC-RR 1878 _ _ Pavagadhi
500 500
MC-LR 148 etal. [115]
Activated carbon Commercial - - - - -
MC-RR 1.03
Protonated mesoporous 615 1 81% ~ 651 MC-LR 37
carbon
Amino-functionalized Chemical preparation: o - -
carbon oxidation, acylation 93 0.6 96% - 3.92 MC-LR 1000 100 29 Park et al.
- - - and amination [116]
Amino-functionalized 109 0.24 92% - 3.92 MC-LR 23
carbon
Powdered activated Commercial 1400 176 80% 20% - MCs from M. 5-305 20 *RE > 84% - - Sengl et al.
carbon/Wood aeruginosa [77]
Mesoporous carbon Commercial 256 0.69 0.63 0.05 10.72 MC-LR 35,670
Mesoporous carbon Commercial 615 1 0.8 0.17 6.51 MC-LR 1000 200 34,899 _ _ Park et al.
. R . 109]
Chemical preparation with 5 L
Mesoporous carbon H,80, at 900 °C for 6 h 1488 1.40 1.20 0.19 3.77 MC-LR 12,273
Biochar/Pine sawdust Pyrolysis at 600 °C for 3 h 371 0.1518 0.0022 0.1201 1.63 MC-LR - 5.393 -
Biochar/Pine sawdust Pyrolysis at 300 °C for 3 h 1.38 0.0034 0.0015 0.0004 9.94 MC-LR - 0.738 -
Biochar/Maize straw Pyrolysis at 600 °C for 3 h 353 0.1659 0.0070 0.1112 1.87 MC-LR 40 150 - 13.824 - Lietal. [100]
Biochar/Maize straw Pyrolysis at 300 °C for 3 h 3.78 0.0125 0.0036 0.0004 13.25 MC-LR - 1.575 -
Biochar/Chicken manure Pyrolysis at 600 °C for 3 h 86 0.0942 0.0317 0.0225 4.34 MC-LR - 15.529 -
Biochar/Chicken manure Pyrolysis at 300 °C for 3 h 4 0.0206 0.0120 0 20 MC-LR - 6.321 -
MC-RR
. MC-YR k. -
Powdered activated Commercial 1289 035-045 - - 20-25 2 100 [MCs]s =<1 - -
carbon MC-LR pg/L
MCLA Ho et al. [56]
MC-RR
Powdered activated MC-YR o =<1
o o Commercial 1105 030-040 - - 10 22 50 MCS): =< - -
MC-LR HE

MC-LA
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Table 1. Cont.
Adsorbent/ Characteristics Initial Concentration Adsorbent 0 Kd Kf
Feedstock Preparation Method SSA Vi Vines Vimicro APD Adsorbate of MCs Dosage n ge/g) @D (gl "L7g) References
(m?/g) (cm?/g)  (ecm®/g)  (cm®/g) (nm) (ug/L) (mg/L)
Wood-based biochar from Pyrolysis at 700 °C for 6 h 392 - >2 MC-LR 20200 - 298 - Lietal. [101]
o . - - ietal
Ziziphus jujuba Pyrolysis at 300 °C for 6 h 41 - 27 MC-LR - 313 -
Molecularly imprinted  p o orizationat0°C ford8h 584 0.66 0.69 - MC-LR 3.64 - -
polymer- Itaconic acid
Molecularly imprinted 1o orization at 0 °C for 48 h 517 0.61 0.72 - MC-LR 2.98 - -
polymer- Methacrylic acid
ol I:In‘;rrfﬁf;g‘;ffm 4  Polymerizationat0°Cfor48h 369 043 1.9 - MC-LR 017 . .
POy 50,000 10,000 Krupadam
Non-imprinted etal. [117]
polymer—Methacrylic Polymerization at 0 °C for 48 h 365 0.41 1.87 - MC-LR 0.15 - -
acid
Powdered activated Commercial 429 0.48 0.21 - MC-LR 171 - -
carbon
Resin XAD Commercial 613 0.54 0.43 - MC-LR 143 - -
FeCl3-activated Polymerization at 800 °C for Zeng and
biochar/Bermudagrass 120 min 835 MC-LR 10.10 . . Kan [118]
MC-LR
Powdered activated MC-LY * [MCs]y =< 1 Campinas
carbon combined to Commercial 1112 40% 38% 6000 5 10 /‘L‘ - and Rosa
ultrafiltration MC-LW Hg [119]
MC-LF
Granular activated
carbon/Norit Commercial 950 - 0.08 0.81 1400 MC-LR 14.5 - -
Coconut shell
Granular activated
carbon/F-400 Calgon Commercial 950 - 0.17 0.68 1200 MC-LR 250 - 16.6 - - Huang et al.
Bituminous coal [79]
Granular activated
carbon/YUB Commercial 1050 0.76 0.24 1200 MC-LR 73.7 - -
Wood
Iron activated N N Zeng and
biochars/Bermudagrass Polymerization at 105 °C for 6 h 835 MC-LR 500 40 9 - - Kan [120]
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Table 1. Cont.

Characteristics

Adsorbent/ Initial Concentration Adsorbent 0 Kd Kf
Feedstock Preparation Method SSA Vi Vines Vimicro APD Adsorbate of MCs Dosage n ge/g) @D (gl "L7g) References
(m?/g) (cm?/g)  (ecm®/g)  (cm®/g) (nm) (ug/L) (mg/L)
Polymerization at 300 °C for 6 h 3.87 0.012 - 0.000548 18.70 MC-LR 5.30 - 0.69
Polymerization at 400 °C for 6 h 31 0.032 - 0.009174 16.71 MC-LR 7.74 - 0.93
Biochar/Rice straw Polymerization at 500 °C for 6 h 163 0.101 - 0.04825 6.33 MC-LR 15 100 6.15 - 1.83 We‘[la(‘]‘% Lu
Polymerization at 600 °C for 6 h 174 0.115 - 0.04721 5.46 MC-LR 9.54 - 1.44
Polymerization at 700 °C for 6 h 360 0.194 - 0.1070 5.22 MC-LR 11.39 - 245
MC-LR 6.37
Polymerization at 600 °C for 402 0.022 - - 2 MC-RR } B 236
4 h under CO;,

MC-YR 224
MC-LR 0.78

Polymerization at 300 °C for _ R _ - -
4h under CO, 0.96 0.023 9.52 MC-YR 2.05

Biochar/Spent MC-RR 11.5 Liuetal.
mushroom substrate 20-400 1000 [106]

MC-LR 1.31

Polymerization at 600 °C for _ - g _ _
4 h under N, 2.78 0.014 20 MC-RR 14.9
MC-YR 4.89
MC-LR 0.61
Polymerization at 300 °C for 1.05 0.023 _ - 9.04 MC-RR _ _ 0.87

4 h under N

MC-YR 1.54

SSA: specific surface area, Vy: total pore volume, Vpicro: micropore volume, Vimeso: mesopore volume, Ky: sorption coefficient, Ky:

efficiency, ** [MCs]y: final MC concentration, Qe: adsorption capacity, APD: average pore diameter.

Freundlich adsorption coefficient, * RE: removal



Processes 2022, 10, 1235

11 of 23

3.2. Factors Influencing the Adsorption of MCs
3.2.1. Characteristics of Adsorbent

To understand the adsorption process, and to select a suitable adsorbent for a target
cyanotoxin, an analysis of the physico-chemical properties of the adsorbent is necessary.

The adsorption efficiency of an adsorbent towards a particular organic compound is
determined not only through its concentration in solution, but also particularly through
its specific surface area, pore size distribution (internal pore structure), and surface chem-
istry [121-124]. The affinity of the adsorbent for adsorbing MCs is also controlled by the
size and the conformation of the molecule [83,87]. Donati et al. [87] and Pendleton et al. [85]
have suggested that the size and conformation of MC molecules, as well as adsorbent pore
volume, seem to be the dominant parameters controlling MC adsorption, with minimal
influence of electrostatic interactions due to the hydrophobicity of the molecule and the
low number of ionizable functional groups.

It has been stated that adsorbents with a specific surface area of approximately
670 m? /g and above are efficient for the adsorption of MCs [125]. Nevertheless, the effec-
tiveness of MC adsorption is strongly related to the pore size distribution of the targeted
adsorbent, rather than the absolute value of its surface area [126]. For instance, AC has
a large surface area, generally between 400 and 1500 m?/g, giving it a large number of
available adsorption sites [31]. It has been reported that AC with a surface area that is
mainly distributed as secondary micropores with a diameter between 0.8 and 2 nm can be
used for the adsorption of MCs, and smaller mesopores can contribute to further improving
the adsorption efficiency [13,121]. In contrast, other studies have shown that AC possesses
a limited ability to adsorb the relatively large MC-LR due to its microporous structure
(pore size < 2 nm) [109]. Similarly, prior studies have reported that both micropores and
macropores (>50 nm) are inefficient for the removal of MC-LR, while mesopores contribute
considerably in the adsorption process [31,87,127]. Pelekani and Snoeyink [127] confirmed
that an important property influencing the adsorption process is the pore size distribution
(PSD) of the adsorbent, which determines the fraction of the total pore volume that is acces-
sible for the adsorbate. An adsorbent with a sufficiently large PSD can adsorb both large
and small organic matter, including MCs, with an adsorption efficiency that depends on
direct competition for the available adsorption sites [128,129]. Several studies have stated
that mesoporous adsorbents (pore size 2-50 nm) are more efficient for adsorbing MCs than
macropore-dominated adsorbents [56,85], as mesopores more readily accommodate MCs
that are around 1-3 nm in size [85,87]. Wood-based AC, with a relatively high mesopore
distribution of about 0.8 cm?/g, has been reported to have a greater removal extent and
faster removal rate towards MCs than charcoal, coconut, and peat-based AC, which have
mesopore volumes of less than 0.2 cm?/ g [56,85,87].

It is important to ensure that the target adsorbent PSD is adequate for the size of the
target pollutants, particularly when they are present as a mixture of substances of different
molecular weights. Alternatively, both large and small organic matter, including MCs, can
be effectively adsorbed on AC exhibiting a large PSD. In this case, adsorption efficiency
depends on the existence of direct concurrence for adsorption sites [128,129]. Thus, the
adsorption capacity depends on the accessibility of the organic molecules to the internal
surface of the adsorbent, which is a function of their size [78]. Newcombe et al. [130]
claimed that the adsorption strength increases with decreasing pore size owing to the
increased number of contact points between the adsorbate and the adsorbent surface.

The surface chemistry of the adsorbent is another important parameter affecting the
adsorption rate of MCs. The surface of the adsorbent may have an acidic character as a result
of functional groups, namely carboxyls, phenols, lactones, and acid anhydrides [131-133],
dissociating to produce a negative surface charge [134]. Similarly, several studies have
reported that various adsorbents possess a fundamental character that can be ascribed to
delocalized m-electrons within the basal planes, nitrogen functionalities, and surface oxygen
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groups, such as pyrones [131], chromenes [135], diketones, and quinones [136], which
accept protons from solution and are responsible for the positive charge of the surface.

Therefore, according to the source of the carbon and the activation method, the porosity
and the surface activity vary. Hence, the appropriate selection of adsorbent must reflect the
nature of the MCs to be removed, taking into consideration the chemical properties of each
adsorbent used.

322 pH

The pH of the water influences adsorption processes significantly, since it determines
the adsorbent surface charge and the speciation and degree of ionization of the adsorbate,
and directly affects electrostatic interactions [137]. Several studies on the effect of pH on
the adsorption of MC-LR have demonstrated that the adsorption increases with decreasing
pH value (from 8 to 2.5). For instance, Zhu et al. [78] noted that high pH values, which
resulted in an electrostatic repulsion between the negatively charged MC molecules and AC,
were responsible for the low adsorption capacity of PACs. Nevertheless, the electrostatic
repulsion disappeared at low pH levels, and the MC molecules became electrically neutral,
thus enhancing their adsorption onto PACs. According to [79], the weak acidic functional
groups of MCs became more available for adsorption under acidic conditions. A further
study performed by Hnatukova et al. [137] showed that the adsorption efficiency of M.
aeruginosa on two GACs with pHpzc of 5.5 and 6.7 was approximately two times at pH 5
that at pH 8.5 [135]. Lanaras et al. [76] reported that at low pH, the MC molecules clustered
together, and the size of the molecules decreased, thus increasing the available adsorption
surface area of the targeted adsorbent. Meanwhile, AC contains more acidic functional
groups under acidic conditions. The adsorption capacity of AC increased due to the forma-
tion of hydrogen bonds between MC molecules and the surface of AC [76]. On the other
hand, increasing the pH leads to acidic oxygen functional groups on the GAC dissociating,
thus providing a negative charge, whereas the negative charge increased in MC molecules
as a result of the dissociation of functional groups, such as -COOH- and -S-, leading to
strong electrostatic repulsive interactions [135]. The same study studied the efficiency of
two commercially adsorbents (Filtrasorb 200 and Norit 1240) in removing M. aeruginosa and
organic matter including MCs. The two carbons studied exhibited positive and negative
charges as a function of pH. The Filtrasorb 400 carbon had a pHp,c of approximately 6.7,
while the N1240 was found to be a more acidic carbon, with a pHp;. of approximately 5.5.
Consequently, both carbons exhibited a net positive charge under applied acidic conditions
of pH 5 and a net negative charge at a basic pH of 8.5. Bjelopavlic et al. [132] also noted
that solution pH influenced the characteristics (protonation/deprotonation) of surface
functional groups, thus determining the surface charge of adsorbent surface and therefore
the electrostatic interaction between the adsorbent and the MC molecules. Therefore, with
the function of pH, positively or negatively charged functional groups predominate in MC
molecules [136].

3.2.3. Temperature

The adsorption of MCs has also been shown to be influenced by the temperature of the
adsorption medium [133,138]. It has been noted that the solution temperature has a strong
effect on the kinetic energy, on the solubility of the adsorbed molecules, and on the solution
viscosity, which may affect the adsorption of organic molecules [133,138]. Zhu et al. [78]
demonstrated that the adsorption of MCs (MC-LR and MC-RR) at 15 °C was higher than
that at 25 or 35 °C on wood carbon. In the same study, both Gibbs and van’t Hoff equations
were adopted to assess the effects of temperature on the adsorption equilibrium of MCs
on wood carbon. On the basis of the results, it was deduced that the adsorption process of
MC-RR and LC-LR was dominated by physical adsorption. A negative Gibbs free energy
was found, suggesting that the adsorption process of MCs occurs spontaneously. The
same study reported that variations in adsorption enthalpy were negative, suggesting
that the adsorption process is exothermic in nature. Therefore, using a lower temperature
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would promote the adsorption of MCs. The same conclusion has also been reported by
Moreno-Castilla [133] and Sebben and Pendleton [139]. Park et al. [109] also investigated
the adsorption efficiency of MCs on mesoporous carbon using thermodynamic models.
The results indicated that MC-LR adsorption was exothermic nature on mesoporous car-
bon, as shown by the negative value of enthalpy variation (AH" = —9.63 to 72.23 k] /mol).
The negative value of the change in Gibb’s free energy (AGY = —13.73 to 17.41 k] /mol)
indicated that MC-LR adsorption on mesoporous carbon was a spontaneous reaction that
demonstrated a higher affinity for the adsorption of MC-LR on mesoporous carbon at lower
temperatures. The highest capacity of adsorption was achieved at 25 °C, although the
adsorption of MC-LR on mesoporous carbon was not greatly affected when the temperature
varied within the range of 25-45 °C.

Nevertheless, both positive and negative effects of temperature changes on adsorption
capacity can occur, mainly depending on the type of adsorbate and adsorbent [140,141].
Conversely, other studies have indicated an increase in the amount of MCs adsorbed on AC
with increasing temperature; thus, the process is endothermic [142]. On the other hand, the
negative value of the adsorption entropy supported a decrease in the randomness of the MC
molecules on the surface of PAC, which is attributed to structural changes in the adsorbate
and the adsorbent. Consequently, it was concluded that the adsorption capacities of the
MCs decreased with increasing temperature. The enhanced adsorption efficiency at higher
temperatures can be explained by the fact that with increasing temperature, molecules inter-
act with each other more easily. This behavior leads to the formation of larger associations
that are able to bind to active centers on the surface of adsorbent [138,143,144]. Indeed, a
switch from monolayer to multilayer adsorption may occur at higher temperatures using
higher concentrations of a given substance [145]. Additional studies have also indicated
that some organic compounds must first break the bonds of other molecules in the adsor-
bate before being adsorbed onto the target adsorbent. This bond breaking process between
the treated water and the adsorbate may require energy input, such as an increase in the
temperature of the solution [146,147].

Several investigations have been conducted to evaluate the effect of different tem-
peratures on MC adsorption, concluding that the process can be either exothermic or
endothermic. These investigations, though, seldom explain the possible reasons for the
thermodynamic behavior of the substances studied. At times, the outcomes are incongru-
ent, and further research on this issue is needed. The Langmuir and Freundlich isotherm
models remain the two most commonly used models regarding adsorption in solution. The
Langmuir isotherm model is mainly adapted to solution adsorption data when a plateau
is observed in the adsorbed amount with a decreasing equilibrium concentration of the
solution. This suggests that maximum sorption corresponds to a monolayer adsorption of
molecules on a solid surface possessing a finite number of sorption sites [148]. Meanwhile,
the Freundlich isotherm model is often suited to solution adsorption when no apparent
plateau can be observed in equilibrium solutions at relatively higher concentrations. It is
an empirical model and indicates whether the adsorbent presents a heterogeneous sur-
face [149]. These models have been widely used to address the effects of temperature on
the adsorption process. According to Rabe et al. [140], temperature affects not only the
adsorption equilibrium, but also the adsorption kinetics. Therefore, a thorough analysis of
the adsorption thermodynamics can shed light on the molecular interactions between the
adsorbate and the adsorbent at the phase interface.

3.3. Possible Adsorption Mechanisms

The interaction of MCs with different types of adsorbents is associated with different
mechanisms, which are interrelated with the properties of the adsorbent, the characteristics
of the MC molecules, and the solution characteristics [60,133].

The mechanisms most frequently involved, and which have been reported to predominate
in the adsorption of MCs, are associated with the non-specific dispersion forces [123,132,133],
such as van der Waals forces, which are universal short-range attractive forces that act
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between all kinds of particles. Other types of interactions like hydrogen bonds and interac-
tions between hydrophobic parts of the carbon skeleton (i.e., graphitic surfaces lacking any
functionality), which are mainly due to the aversion of the hydrophobic species to water
and not to their attraction to the surface, have also been reported [133]. Such interactions
are highly prevalent, and are vera important, since they occur between all types of particles.
Strong but close interactions may arise via electrostatic forces and hydrogen bonds between
polar or polarizable molecules of the adsorbate and the predominantly oxygen-containing
groups located in the pore structure of the adsorbent or on the edges of the graphene carbon
layers [150]. They are linked to particular sites in the structures of the adsorbent and the
adsorbate, and are thus considered specific.

Different types of interactions that could be involved in the adsorption of MCs have
been described in the literature (Figure 3) [122,132,133,151]. It has been reported that the
interaction between MCs and AC are restricted to electrostatic and hydrophobic inter-
actions [56,60,83]. Although similar in molecular size, the MC congeners interact with
the adsorbent in a manner corresponding to their relative hydrophobicity, with the more
hydrophobic forms (e.g., MC-LF) being more rapidly adsorbed, and to a greater extent than
the less hydrophobic forms (e.g., MC-LY). Meanwhile, electrostatic interactions occur be-
tween the MCs’ ionic functional groups and the charged functional groups on the adsorbent
(for instance, the oxygen-containing groups) [152]. Campinas and Rosa [60] reported that
electrostatic interactions between MCs and ACs are affected by ionic strength; an increase
in ionic strength leads to an increase in adsorption due to the reduction in electrostatic
repulsion. Several studies have reported that the ionic strength effect depends on adsorbate
variables, including surface concentration and molecular size [153-155]. Indeed, adsorp-
tion carried out by attractive electrostatic interactions can be expected to decrease with
increasing ionic strength in the presence of low concentrations. Randtke and Snoeyink [154]
reported that an increase in salt concentration can increase the adsorption capacity of GAC
significantly due to the ionic strength effect, which depends on the molecular size of the
adsorbate. Similarly, an additional study performed by O’Connor et al. [156] stated the
influence and the dominance of electrostatic interactions during the adsorption of amino
acid onto mesoporous silica. The results showed a pH change for solutions with a final
pH > 5, which was somewhat lower than that at a final pH of 4.5-5. This may indicate a
shift in the adsorption mechanism with less ion exchange and more electrostatic binding as
the silica surface becomes more deprotonated.
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Figure 3. Potential mechanisms for MC adsorption.
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Hydrophobic and 7—m interactions have been recognized as an additional mechanism
controlling the adsorption of MCs onto adsorbents [20,135,157,158]. Hydrophobic inter-
actions are a result of the tendency of molecules to adsorb onto a carbon surface instead
of remaining dissolved in water [130]. Attractive 7—m interactions are formed between
delocalized m-electrons from the polyaromatic basal planes of the adsorbent and 7-electrons
from the aromatic structures of the MC molecules [135,158]. Substantive electrolytes also
play an important role in MC adsorption, and this function is apparently different for
different MC congeners. According to Campinas and Rosa [60], adsorption of MC-LR on
PAC from water containing CaCl, showed higher adsorption efficiency than from water
containing KCl. The same study confirmed that the increase in electrolyte concentration
screened electrostatic interactions, resulting in improved adsorption kinetics, especially
under neutral to acidic pH conditions, for the following negatively charged MC-LY, MC-LW
and MC-LF.

Several studies have shown that general hydrogen bonding is also prevalent in the ad-
sorption of very low molecular weight cyanobacterial components, including MCs [125,159,160].
Hydrogen bonds are typically formed between the protonated functional groups of the ad-
sorption participants, as has been reported for the N heteroatoms of the guanidyl group in
arginine molecules and the hydroxyl groups of AC [139,158]. Similar trends were observed
for the adsorption of the abundant amino acids in MCs using two types of AC (Filrasorb
(FTL) and Picabiol (PIC)). The results showed that the dominant adsorption mechanism
was electrostatic interactions for both FTL and PIC. These interactions were weaker due to
the lower negative charge of FIL caused by the smaller amount of acidic functional groups;
therefore, the overall adsorption efficiency was lower [20].

Therefore, the contribution of the above interactions to the adsorption of MCs on the
target adsorbent remains questionable, since each adsorbent has its own characteristics,
and each solution has its own specific characteristics. Therefore, analyzing the relative
importance of molecular size and surface concentration for the effect of ionic strength is
equally important. I would also be of interest to consider model compounds with different
molecular sizes in order to understand whether the behavior of MCs can be predicted on
the basis of surface concentration and molecular size.

4. Real World Application of Adsorption for the Removal of MCs: Performances
and Limitations

The control of cyanobacteria in raw water supplies, and thereby MCs in the drinking
water system, can be dealt with at several different points, from source to tap. Preventing
cyanobacterial growth by preventing natural eutrophication of the water is the most
important long-term management objective for cyanobacterial control. However, the
final point at which cyanobacteria and MCs can be controlled is within the water treatment
system. Once the MCs are dissolved in water, adsorption remains the most widely used
method for removing MCs, as it requires an operational process that is less complicated
than conventional treatment techniques, and may offer higher removal efficiency. Several
adsorbents have been studied to sanitize water of MCs, including AC [56,77,86] and
BC [100,118,126].

To date, AC remains the most widely used adsorbent in drinking water treatment
plants. It is used, when needed, to remove the extracellular MCs released in the water
at the final step of the water treatment process [119,161]. The effectiveness of AC for the
removal of MCs varies depending on the origin of the carbon, contact time, and the initial
concentration of the MCs, although effective removal of MCs generally requires a high
dosage of AC, sometimes ranging from 20 to 30 mg/L [31,56,119,161]. Nevertheless, the
effectiveness of AC can be affected by the properties of the water, i.e., natural organic matter
content, pH, the presence of anions, and temperature [78,84,162,163]. Depending on the
structural properties of AC and its interaction with the target MC molecule, its performance
can sometimes be limited. To further improve MC removal efficiency, several treatment
methods have been used in combined systems. By combining coagulation—flocculation,
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adsorption, and ultrafiltration, drinking water quality has been effectively improved in
terms of MC removal [4]. Within laboratory-scale experiments, PAC added simultaneously
during the coagulation processes at 5 mg/L made it possible to achieve a removal efficiency
of up to 34% for MCs and over 50% for neurotoxins. At the pilot scale, a PAC dosage of
20 mg/L followed by a pre-ozonation treatment reduced M. aeruginosa bloom-derived MCs
by more than 90%. Further studies have confirmed that PAC doses greater than 20 mg/L
are often required to achieve nearly complete removal of MCs [164-166]. A further study
concluded that the combination of these methods with adsorption may improve DOC
and MC removal, while also resulting in membrane fouling [167]. However, the main
drawback of these multi-step processes is the potential release of intracellular MCs during
the treatment, leading to the use of increased doses of adsorbent and thus increased process
costs [168]. During the real application of adsorption for the removal of MCs, the presence
of natural organic matter in contaminated water should also be taken into consideration,
as organic substances can compete with MC molecules for the available adsorption sites
on the adsorbent surface, inducing a reduction in adsorption efficiency [162]. Most of the
studies performed so far have been focused on the application of adsorption to remove
MCs in less complex media. These studies lack a systematic approach for evaluating
the removal efficiency of MCs in real conditions with more complex waters. Additional
research is still needed to improve our knowledge of the effectiveness of adsorption for
removal of MCs from real water sources, both in the laboratory and at field scale. A
rapid evaluation of treatment efficiency in drinking water treatment plans is essential
for ensuring the safety of the drinking water supply. In the case of adsorption columns,
operating periods are strongly influenced by natural organic matter, and thus the systems
must be regularly monitored to confirm their performance [169]. Restrictions on the use of
AC have led to increased interest in developing alternative carbon adsorbents to sanitize
water from MCs, including graphene oxide, carbon nanotubes, synthetic polymers and
biomaterials [115,117,170,171], demonstrating not only better adsorption capacity, but also
rapid adsorption kinetics [86,115].

Compared to the large literature on AC, research on other adsorbent materials is
rather limited, and consists primarily of laboratory-scale studies. Therefore, knowledge
concerning the extent to which environmental factors and characteristics of MCs affect their
adsorption behavior is still limited. Nevertheless, some of these alternative carbon-based
adsorbents demonstrate high potential for the effective removal of MCs.

5. Conclusions and Outlook

Climate change and related environmental factors are leading to widespread blooms
of toxic cyanobacteria in fresh water, making it more challenging to protect water supplies.
MCs are frequently detected in various water supplies, and can result in great risk to
various ecosystems and impair human health. Adsorption has been reported as a suitable
technology for eliminating various MC congeners. Nevertheless, the adsorption process
is influenced by various factors, such as surface area, porosity, surface chemistry of the
adsorbent, water characteristics and pH, and type of MCs. Adsorbents with enhanced
mesoporosity have been reported to be more favorable for adsorbing MCs. The water pH
and ionic strength are the main properties controlling the adsorption efficiency. Adsorption
temperature represents an additional consideration that typically impacts adsorption as a
physical process, although for MC adsorption, insufficient studies are available to clearly
demonstrate the effects of temperature. Electrostatic interactions, hydrogen bonds, the
hydrophobic effect and 7— interactions have been recognized as mechanisms implicated in
MC adsorption. The combination and scope of these interactions are highly correlated with
the pH and ionic strength of the contaminated water. However, additional research is still
needed to more deeply understand the primary mechanism involved in the MC adsorption
process. AC has been reported to be the most widely used adsorbent for removing MCs
from contaminated water. Other studies have demonstrated, however, that alternative
adsorbents provide higher efficiency on removing MCs than AC. The difficulties associated
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with regeneration and spent AC disposal are reasons to move in the direction of using
environmentally friendly adsorbents based on biomass waste (e.g., BC) and modified sor-
bents (e.g., graphene oxide, functionalized mesoporous carbon, silica, and coated magnetic
nanoparticles). However, the cost of synthesizing modified adsorbents is higher than that
of AC, and most research to date has been limited to the laboratory scale. To this end,
optimization studies must be performed considering the economic and environmental
aspects associated with the treatment technology. Therefore, more investigations must be
performed in the field in order to determine more practical applications using continuous
flow column experiments involving real water with a multicomponent composition.
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