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Abstract.

Microcystins (MCs) are toxins produced by cyanobacteria causing a major environmental threat to water resources

worldwide. Although several MCs have been reported in previous studies, microcystin-LR (m-LR) has been extensively studied as
it is highly toxic. Among the several techniques employed for the removal of this toxin, adsorption with AC has been extensively
studied. AC has gained wide attention as an effective adsorbent of m-LR due to its ubiquity, high sorption capacity, cost
effectiveness and renewability. In this review, the adsorption of m-LR onto AC was evaluated using the information available in
existing scientific literature. The effects of the pore volume and surface chemistry of AC on the adsorption of m-LR considering the
structural and chemical properties of ACs were also discussed. Furthermore, we identified the parameters that influence adsorption,
including natural organic matter (NOM), pH, and ionic strength during the m-LR adsorption process. The effect of these parameters
on MCs adsorption onto AC from previous studied is compiled and highlighted. This review may provide new insights into future
activated carbon-m-LR adsorption research, and broaden its application prospects.
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1. Introduction

Cyanotoxins produced as secondary metabolites by
cyanobacteria poses health hazards to human and animal
health. (Campinas and Rosa 2010). Among the many types
of cyanotoxins that have been discovered, microcystins
(MCs, liver damaging toxins), are the most prevalent in
water ecosystems and have, therefore, been widely studied
(Brooks et al. 2016). The most common known congeners
are m-LR, m-RR, and m-YR, which result from the
presence of the L-forms of leucine (L), arginine (R), or
tyrosine (Y) at positions 2 and 4 (Sivonen and Jones, 1999).
As a result of MCs level of toxicity, the World Health
Organisation (WHO), set a tolerable daily intake (TDI)
value of m-LR for a 60 kg adult to be 0.04 pg/kg body
weight/day, and the guideline value for its presence in
drinking water as 1 pg/L (Chorus and Bartram, 1999).
Owing to the high incidence of microcystins occurrence in
water, coupled with the recognized potential health risk,
methods/techniques for the detection and removal of
cyanobacterial toxins has been increasing (Sengiil et al.
2018, Taylor et al. 2011, Zamyadi et al. 2015). Although the
conventional ~ methods of  coagulation/flocculation,
sedimentation, and filtration can effectively remove cell-
bonded MCs, these methods are ineffective for removing
dissolved microcystins (Lawton and Robertson, 1999).
Chow et al. (1999) stated that although conventional
treatment (coagulation) removes cyanobacteria cells, sludge
containing toxic cyanobacteria cells can break down rapidly
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and release dissolved toxin. This may be critical, as
dissolved toxin is not removed by coagulation, flocculation
and filtration. In general, micro- and ultra-filtration
membranes could be expected to remove cyanobacterial
cells effectively but there is also the risk of the cells
releasing dissolved toxin in the absence of frequent back
washing and proper isolation of the backwash water (Chow
et al. 1997, Gijsbertsen-Abrahamse et al. 2006). There is
existing literature on the efficacy of chlorination and
ozonation for the removal of microcystins. A residual of at
least 0.3 mg/L of ozone for 5 minutes will be sufficient for
all of the most common microcystins. For chlorine, a dose
of 3 mg/L applied to obtain a residual of 0.5 mg/L for at
least 30 minutes will be effective (Acero et al. 2005, Ho et
al. 2006a, Newcombe 2002, Nicholson et al. 1994,
Rositano et al. 2001, Rositano et al. 1998). Microcystin LA
may however require a higher residual, as it is slightly less
susceptible to oxidation by chlorine (Ho ef al. 2006). Yeo et
al. (2018) also recently developed a numerical model to
optimize the removal of m-LR with chlorine. Their model
successfully estimated the removal rate of m-LR in a clear
well.

The molecular structure of the hepatotoxin is shown in
Fig. 1. Prominent among the search for a more accurate,
robust, and less expensive technique to remove MCs from
water sources is adsorption by activated carbon (AC). AC
adsorption is the most widely employed method for
removing micropollutants, particularly hydrophobic
compounds, in water treatment plants (Cook and
Newcombe, 2002). Owing to the unique properties of
activated carbon fibers in comparison to other carbonaceous
materials, they are considered reliable for industrial
applications (Dellero et al. 1999, Xie et al. 2004). Most
studies relating to the adsorption of cyanotoxins by AC
have focused on microcystins (Donati et al 1994, Keijola et
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Table 1 Review of literature analyzing microcystins in water streams

MCs identified Technique Focus of study References Location
m-RR, m-YR, m-LR, m-FR, m-WR HPLC-DAD, LC-MS QT Douma et al. (2010) Morocco
m-RR, m-LA, m-LR, m-YR HPLC-MS/MS Q Amé et al. (2010) Argentina
m-RR, m-LR, m-YR HPLC-PDA, LC-MS/MS Q Triantis et al.(2010) Greece
m_I‘le'}{HIf_’LnX’YnE’L“\}\;,Li’LY LC-MS/MS Q,C Graham et al. (2010)  United States
II‘;' LLIZ‘;IS; 25\5 LC-ESI-MS/MS C,T Kriiger ef al. (2010) China
m-LR, m-RR HPLC-UV T Peng et al. (2010) China
m-LR, m-RR. m-YR HPLC-MS/MS D,Q Li et al. (2010) China
m-RR, m-YR, m-LR, m-FR, m-WR,
Demethyl m-LR, Demethyl m-YR, MALDI-TOF CT Fathalli et al. (2011) Tunisia
Demethyl m-RR
HILLLI; “nlllﬁi nrfgvlé LC-MS/MS 0,Q Mooney et al. (2011) Ireland
“n]llil; E_'E[i’ mLs LC-ESI-MS D, Q Yen et al. (2011) Taiwan
m-LR, m-RR, m-YR HPLC-UV D,Q Liu et al. (2011) China
m-RR, m-YR, m-LR, m-WR, m-YR LC-ESI-MS I,Q Mbukwa et al. (2012) South Africa
m-RR, m-YR, m-LR, m-LW DGGE/qPCR/UPL Q,C Yen et al. (2012) China
m-LR, m-RR, m-YR, PCR/LC-MS I,Q Srivastava et al. (2012) India
m-RR HPLC-DAD, MALDI-TOF I Vasas et al. (2013) Hungary
nn:_%{l%, ‘:11;5 nnfgvl; I‘I‘;ﬁf;’g LC-HRMS, LC-MS/MS NMR ILC Miles e al. (2013) Tanzania
m-LR, m-RR HPLC-MS Q Duong et al. (2013) Vietnam
m-LR, m-RR, m-YR LC-ESV/Ion trap-MS/MS D, T Rodrigues et al. (2013) Portugal
m-LR, m-RR, m-YR HPLC-DAD D,Q Tian et al. (2013) China
m-LR, m-RR, m-YR, m-LA SPE/LC-ESI-MS/MS D,Q Kaloudis et al. (2013) Greece
m-RR, desMe m-RR MALDI-TOF-MS, LC/ESI-q/TOF-MS/MS D,C Ferranti et al. (2013) Italy
nrlnLLl} ﬁ{ﬁg&ﬁ LC-MS/MS D,T  Faassen and Liirling (2013) Netherlands
m-LR, m-RR UPLC-MS/MS LQT Rodriguez et al. (2014) Germany
m-LA, m-RR HPLC-DAD O Zastepa et al. (2014) Canada
m-LR, m-RR HPLC-DAD Q Yu et al. (2014) China
m-LR, m-RR, m-YR PCR/LC-MS CQ,T Srivastava et al. (2012) India
m-LR, m-RR, m-YR HPLC-DAD LQ,T Pavlova et al. (2015) Bulgaria
Tﬁ&‘&ﬁ 25\% UPLC-MS/MS D,Q Zhang et al. (2015) China
m-LR, m-RR, m-YR LC-MS C,Q,T Singh et al. (2015) India
m-LR, m-RR, m-YR HPLC-MS/MS D, T Jia et al. (2016) China
m-LR, m-RR, m-YR, m-LF, m-LW UPLC-MS/MS LQ Pekar et al. (2016) Sweden
m-LR, m-RR, m-YR, m-FR, m-WR, LC-MS/MS, PPIA I,C Bouhaddada et al. (2016) Algeria
m-LR, m-RR SPE/ LC-MS/MS D,Q Hu et al. (2017) China
m-LR, m-RR, m-YR UPLC-MS/MS T Zhong et al. (2017) China
m-LR, m-RR HPLC-UV o He et al. (2018) China
m-LR, Q%“&lg $E\‘; m-LF, LC-MS/MS QT Turner et al. (2018) England
m-LR, m-RR, m-YR HPLC-DAD D, Q Shang et al. (2018) China

C: Characterization, D: Detection, I: Identification, O: Occurrence, Q: Quantification, T: Toxicity, HPLC-DAD/HPLC-
PDA: High-performance liquid chromatography-photodiode array detector, LC-ESI-MS/MS: Liquid chromatography-
electrospray ionization-tandem mass spectrometry, LC-HRMS: High-resolution LC-MS, MALDI-TOF: Matrix-assisted
laser desorption ionization-time of flight spectrometry, NMR: Nuclear magnetic resonance, PPIA: Protein phosphatase
inhibition assay, UPLC-MS/MS: Ultra-light liquid chromatography-electrospray ionization-tandem triple quadrupole/mass

spectrometry.
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Fig.1 Structure of the peptide hepatotoxin, microcystin
(Preece et al. 2017)

al. 1988, Lambert et al. 1996, Maatouk et al. 2002).
Activated carbon has been found to be effective for MC
removal due to the surface change and pore texture that
activated carbon has (Ho ef al., 2011, Huang et al. 2007,
Pavagadhi er al. 2013, Pendleton et al. 2001). The
adsorption capacity depends on the accessibility of the
organic molecules to the inner surface of the adsorbent,
which depends on their size (Zhu et al. 2016). There are
different types of carbon precursors that have been used for
the preparation of activated carbon. These include coconut,
coal, and wood among others, which have been activated by
different methods such as chemical and physical activation
leading to the creation of numerous mesopores (Mashile ef
al. 2018). Activated carbon is undoubtedly considered as a
universal adsorbent for treatment and is commonly used for
the removal of various pollutants from water because of
convenience, ease of operation and simplicity of design
(Faust and Aly, 1987). However, its widespread use in
water treatment is sometimes restricted due to the high cost
of commercial activated carbon. To address this
shortcoming, several researchers have explored the use of a
large variety of naturally occurring and agricultural waste
materials (which are cheaper, renewable and occur
abundantly) for the production of AC (Diao et al. 2002,
Hena et al. 2014, Juang et al. 2000, Mashile et al. 2018,
Warhurst et al. 1997).

In this review, previous studies on the detection,
quantification, characterization, and toxicity of MCs and
techniques used for their removal are summarized. The
removal of m-LR, the most toxic microcystin, through
adsorption using AC is then summarized. The importance of
the structural and chemical properties of AC and the
operational conditions affecting the adsorption process are
also studied. The occurrence, quantification, and toxicity of
MCs in water resources worldwide are presented in Table 1.

2. Adsorption of microcystin by activated carbon

Adsorption is a promising treatment technology for the
removal of m-LR. The application of a granular activated
carbon (GAC) contactor effectively reduced the m-LR
concentrations below the guideline values (Chennette,
2017). Various studies have used activated carbon

(granulated and powdered) to remove MCs and found that it
performed well (Falconer et al. 1989b). For MC adsorption
to occur, the MC must be able to penetrate activated carbon
pores that are larger than or equal to its own size. MCs have
been found to preferentially adsorb to mesopores than
macro and micropores owing to its size (1.33 to 2.94 nm),
which lies within the carbon mesopore size range of 2 to 50
nm (He et al. 2016b). An analysis of the different properties
of GAC used by treatment plant showed that carbon with
the largest volume of mesopores and macropores adsorbed
the most m-LR (Huang ef al. 2007).

A large amount of literature discussing AC sources (raw
material) has identified the AC source as an important
characteristic that dictates the AC’s pore size and
distribution, which then influences MC removal (Huang et
al. 2007). Wood based activated carbon adsorbents have
been found to have higher efficiencies in MC adsorption
because of the presence of a number of mesopores in a
small portion of the material. (Huang et al., 2007, Lee and
Walker, 2006, Pendleton et al., 2001, Yan et al., 2006).
Donati et al. (1994) also found that wood-based PAC
contains a higher volume of mesopores than coal, coconut,
and peat-based PAC. Therefore, wood-based PAC exhibits
the highest m-LR adsorption capacity. During the
adsorption of m-LR, it is important to note that m-LR is a
large molecule (MW= 994) that is a complex aggregate of
amino acids. Therefore, it is hydrophobic in an aqueous
solution (Huang et al. 2007). Thus, it is crucial to consider
the physical and surface chemical properties of the
adsorbent selected for m-LR removal (Huang et al. 2007).
In their study on the effects of activated carbon properties
on the capacity of m-LR adsorption, Huang et al. found that
the carbon’s properties influence the amount of m-LR
adsorbed. Although AC can effectively remove MCs, there
are some drawbacks. A high dose of PAC is required to
meet the WHO guidelines (Falconer et al. 1989b, Song et
al. 2005). Furthermore, the presence of natural organic
matter reduces the MC adsorption capacity of PAC (Donati
et al. 1994, Svrcek and Smith, 2004).

Other cyanobacterial toxins have been successfully
removed by AC adsorption (Huang et al. 2007, Lambert et
al. 1996, Wang et al. 2007, Yan et al. 2006). Other studies,
(Chen et al. 1997, Dixon et al. 2011, Drikas et al. 2009, Ho
et al. 2011, Lalezary-Craig ef al. 1988, Ng et al. 2002, Orr
et al. 2004, Persson et al. 2007) have also proved the
efficient use of GAC and PAC to remove other
cyanobacterial metabolites.

2.1 Significant characteristics of activated carbon

To understand the adsorption phenomena and the
production and selection of an appropriate activated carbon
for a target micropollutant, the chemical qualities of AC
have been extensively explored (Greenwald er al. 2015,
Watanabe et al. 2012). The properties that influence the
efficiency of substance removal by activated carbon include
the particle size, internal pore structure (pore size
distribution), and pore surface chemistry (Watanabe et al.
2012). These are important factors that should be
considered in the production and selection of an appropriate
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Table 2 Studies on the characteristics of activated carbon and percentage removal rates of MCs

Surface area

Carbon pore volume

Removal rate

AC type References
P m?/g Mesoporous Microporous %
PAC/UF 1112 3792 7332 70-98 Campinas and Rosa (2010)
950, 950, 0.089", 0.175°, 0.812°, 0.689",
(G1), (G2), (G3) 1050 0.760b 0.242b 37-100 Huang et al. (2007)
UF/PAC 1400 80° 20¢° 84 Sengiil et al. (2018)
MNS-based ACF 1,079.5 0.20° 0.30° - Albuquerque Junior et al. (2008)
CS-based ACF 1,090.0 0.21° 0.27° 99.27 Albuquerque Junior et al. (2008)
SCB-based ACF 1,174.3 0.39° 0.23b 98.73 Albuquerque Junior et al. (2008)
UCM-based ACF 1,269.6 0.12° 0.50° - Albuquerque Junior et al. (2008)
PWR-based ACF 1,550.1 1.06° 0.35° 62.31 Albuquerque Junior et al. (2008)
CALGON ACB 871.2 0.03° 0.32° 3.7 Albuquerque Junior et al. (2008)
Carboleste AC F 789.5 0.04° 0.30° 43 Albuquerque Jnior et al. (2008)
NORIT GAC 956.0 0.17° 0.41° - Albuquerque Junior et al. (2008)
B1 (G3) - 0.40f 0.52f 189¢ Pendleton et al. (2001)

F (G3) - 0.38f 0.46" 2008 Pendleton et al. (2001)

N (G3) - 0.26" 0.42f 1618 Pendleton et al. (2001)

Al Gl) - 0.05" 0.68" 2¢ Pendleton et al. (2001)

P (Gl) 0.07* 0.29° 7¢ Pendleton et al. (2001)
Cecarbon PAC 200 863 0.39° 0.10° 708 Donati et al. (1994)
Picatif PCO normal 991 0.42° 0.02° 408 Donati et al. (1994)

Picazine 1197 0.60° 0.49° 2808 Donati et al. (1994)
Calgon-type WPL 1000 0.44° 0.05° 758 Donati et al. (1994)
PHO ASTM M32 1067 0.45° 0.03° 20¢ Donati et al. (1994)

Norit W20 863 0.23° 0.06° 20¢ Donati et al. (1994)
Nuchar SA 1366 0.72° 0.27° 2208 Donati et al. (1994)
Prototype PAC 1329 0.66° 0.19° 1168 Donati et al. (1994)
Calgon Filtasorb 300 1057 0.14° 0.23b 99 Chennette (2017)
Norit 0.8 GAC (1) 1035 301.72 0.35° >90 Julio (2011)
Norit 0.8 GAC (2) 1083 346.42 0.36" >90 Julio (2011)
PAC Norit SA-UF 1112 0.357° 0.343" 93-98 Campinas (2009)

ACFs: Activated carbon fibers, (a) m?%/g, (b) cm®/g, (c) %, (d) m-LR, (¢) m-RR, (f) mL(liq)/g, (g) ng/mg, GAC: Granular
activated carbon, (Gi): Coconut shell, (G2): Bituminous coal, (G3): Wood-based, CS: Coconut Shell endocarp, MNS:
Macadamia nut shell, PWR: Pine wood residues, PAC: Powdered activated carbon, PAC A & B: Coal-based, SCB: Sugar
cane bagasse, UCM: Unripe coconut mesocarp, UF: Ultrafiltration

type of AC for a target micropollutant and for
understanding the adsorption process (Greenwald et al.
2015, Watanabe et al. 2012). The porous structure of
activated carbon provides it with a large surface area,
typically between 400 and 1500 m?2/g, which significantly
increases the number of adsorption sites (He et al. 2016b).
Powdered and granular activated carbons typically exhibit a
heterogeneous pore structure of micropores, mesopores, and
macropores (Kasaoka et al. 1989). Therefore, during the
adsorption of biological contaminants on ACs, the presence
of these heterogeneous volumes of pores contributes to its
importance as a useful adsorbent (Kasaoka ef al. 1989).
Some recent works have reported the successful
production of AC from different materials and use in
wastewater treatment for the adsorption of different
substances (Khaleel er al. 2015, Alighardashi et al. 2017,
Wijetunga and Gunasekara 2017, Ingole ef al. 2016).

2.1.1 Effect of carbon pore volume

An important property that influences the adsorption
process is the pore size distribution (PSD) of the adsorbent,
which determines the fraction of the total pore volume that
an adsorbate of a given size can utilize (Pelekani and
Snoeyink, 1999). Previous research has established a link

between an adsorbent’s pore size and its consequent
influence on the adsorption process. First, Newcombe et al.
(1997) stated that the adsorption strength increases as the
pore size decreases due to the increased number of contact
points between the adsorbate and the adsorbent’s surface.
Second, when the micropore width becomes less than
approximately twice the adsorbate’s diameter, the
adsorption potentials between opposing pore walls begin to
overlap (Dubinin, 1960). In addition, Li et al. (2002) stated
that size exclusion limits the adsorption of contaminants
with a given size and shape if the pores are too small.
Owing to the presence of a greater number of contact points
between the molecule and the adsorbent, adsorbate particles
will preferentially access pores that exhibit a similar size
(Pelekani and Snoeyink, 1999). A study using three GACs
based on coconut shells, bituminous coal, and wood noted
the importance of surface properties in the adsorption of
MCs (Huang et al. 2007). Various studies that have been
conducted on AC pore sizes and the percentage removal
rates of MCs are summarized in Table 2.

2.1.2 Effect of carbon surface chemistry
The discovery of atoms other than carbon as building
blocks of AC surfaces has necessitated study on the effects
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of the presence of these atoms as they define the chemical
characteristics of the activated carbon’s surface. Oxygen is
an important heteroatom found on the surface of AC
occurring as carboxylic acid, phenolic hydroxyl, and
quinone carbonyl groups (Boehm, 1994, Caly and Radovic,
1994). The nature and number of these oxygen complexes,
which largely depend on the treatment temperature and
activation method (Snoeyink and Weber, 1967), have been
reported to have a positive correlation with the density of
hydrophilic sites (De Ridder et al. 2013). These
heteroatoms are equally crucial in determining the
acidity/basicity of the AC surfaces in an aqueous solution.
Upon exposure to oxygen at 473-973 K or to oxidants, such
as air, water vapor, hydrogen peroxide, and some acids
(nitric and sulfuric), AC can develop acidic characteristics,
and develop basic characteristics upon high-temperature
treatment (> 973 K) (Campinas, 2009). Considine et al.
(2001) also asserted that the MC adsorption capacities of
AC can be largely determined by the hydrophilicity of the
carbon, as indexed by its oxygen content. The electrostatic
interactions between the carbon’s surface and the adsorbate
molecules play an important role in the adsorption process.
Therefore, a positive surface will attract a negatively
charged molecule, while a negatively charged surface will
repel a negatively charged molecule (Newcombe et al.
1997). Huang et al. (2007) studied the effect of surface
chemistry on MC adsorption by AC and observed a
connection between the surface oxygen groups and
adsorption in the aqueous phase. Specifically, a higher
number of carboxylic groups on the carbon’s surface results
in an increase in MC adsorption. Julio (2011) also
demonstrated that, although the structure and surface
chemistry are two crucial properties to consider when
selecting a form of AC, surface chemistry had a greater
impact on the amount of MC adsorbed. He asserted that
modifying the carbon (making it more basic and/or more
porous) is a quick, cheap, and efficient method of
improving the m-LR adsorption rate of the AC. By carefully
modifying the surface chemistry of the AC, the author
concluded that surface chemistry an extremely important
property to consider for m-LR adsorption. However, Donati
et al. (1994) and Pendleton et al. (2001) reported no
significant effect of carbon surface chemistry on MC
adsorption.

2.2 Influencing water MCs

adsorption

parameters in

2.2.1 Effect of natural organic matter

Some studies on the effect of natural organic matter
(NOM) on the adsorption of MCs onto AC are presented
below in Table 3. The effect of the presence of NOM on the
m-LR removal efficiency by PAC has been reported in
many studies (Campinas et al. 2013, Cook and Newcombe,
2008, Pendleton et al. 2001). The micro contaminant
removal efficiency of PAC is largely affected by
competitive adsorption with NOM, and pore blockage and
direct site competition are the most likely modes of
competition (Campinas, 2009). Competing NOM may
sometimes not access the same sites as the target molecules
due to pore size exclusion, but it can constrict or block

Table 3 Effect of natural organic matter (NOM) on
adsorption of MCs

Targeted Nature of NOM . Effect on
MCs NOM concentration adsorpgon References
(mg/L) capacity
Tannic + Reductionin ~ Campinas
m-LR humic 5 removal from  and Rosa
acids 98% to 67% (2010)
Decrease in Huang et al
m-LR - - removal from (2007) ’
65% to 12%
Decreased in
- removal of 15% Zhang et al.
m-LR 2 with 25 mg/Lof  (2011)
NOM
Reduction in m- Lee and
m-LR SRFA 5 LR removal of = Walker
11.3% (2006)
Decrease in
m-LR Natural ) Picazine Donati et al.
organics removal of MC  (1994)
of 11%
Decrease in
m-LR Natur.al ) Nuchar SA Donati et al.
organics removal of MC  (1994)
of 23%
Decrease in .
m-LR ;\rlggrllriils - PAC removal of Do?laglgit) al.
MC of 46%
Decrease in Lee et al
m-LR SRFA 5 removal from (2009) ’
97.3% to 86%
Decrease in m-
m-LR Tannic acid LR removal "y o 2011
from 98% to
48%
Tannif: + Decrease in m- Campinas
m-LR humic 1.5-2.7 LR removal of (2009)

acids 30%

MCs: microcystins, SRFA: Suwannee River Fulvic Acid

pores and obstruct the transportation of the target molecule
to the final adsorption sites, causing a reduction in the
adsorption rate (Pelekani and Snoeyink, 1999). Several
authors confirmed that widening the PAC pore size
distribution could reduce or even prevent pore blockage by
NOM (Donati et al. 1994, Li et al. 2002, 2003, Newcombe
et al. 1997, Pelekani & Snoeyink, 1999, Quinlivan et al.
2005). Studies have demonstrated that low-molecular-
weight NOM compounds exert a higher competitive effect
on micropollutants, which is due to direct site competition
(Campinas, 2009). However, other studies have found that
smaller NOM compounds may also cause pore
constriction/blockage (Li et al. 2002, 2003, Newcombe et
al. 2002, Pelekani & Snoeyink, 1999). The presence of
NOM may affect the capacity of AC to adsorb MC and
attenuate its rate of adsorption, thereby reducing its
efficacy.

2.2.2 Effect of pH

Many authors have discussed the effect of pH on the
adsorption of MC by activated carbons as the ionizable
functional groups on the carbon’s surface may respond to
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Table 4 Effect of pH on adsorption of MCs

Table 5 Effect of ions on adsorption of MCs

Targeted  pH

Trend of effect Reference
MC range
MC adsorption increases ata Huang et al.
m-LR  8.0-3.0 Jow pH (2007)
MC adsorption increases with Mashile et al.
m-LR = 9.0-3.0 a decrease in pH (2018)
. Pendleton et al.
m-LR  6.5-2.5 Increase in m-LR removal (2001)
m-LR, m- Adsorption (?apamt.y for qu Zhu et al.
- decreased with an increase in
RR pH (2016)
o) : .
m-LR 9.0-3.0 16 % increase in MC removal Zhang et al.

with a decrease in pH (2011)

changes in pH (Pendleton ef al. 2001). Studies on the
effects of pH on m-LR adsorption by activated carbon
revealed that adsorption increases with decreasing pH (from
8 to 2.5) (Huang et al. 2007, Pendleton et al. 2001). Zhu et
al. (2016) observed that at high pH values and the
electrostatic repulsion between negatively charged MCs
molecules and AC were responsible for the low PAC
adsorption capacity. However, at low pH levels,
electrostatic repulsion disappeared and the MC molecules
became electrically neutral, which then enhanced its
adsorption by PAC. For most ACs, the surface charge is
negative at a high pH due to the increase in hydroxyl groups
and anions. Moreover, MCs are also negatively charged
under basic conditions, which results in repulsion between
PAC and MCs. Thus, a high pH is unfavorable for the
adsorption of MCs by AC. Under acidic conditions, the
weak acid functional groups in MCs become more
conducive to adsorption by AC (Huang et al. 2007).
Furthermore, at a low pH, the MC molecules begin to
cluster and the molecular size decreases, which increases
the surface area available for adsorption by activated
carbon. Moreover, AC contains more acidic functional
groups under acidic conditions. The formation of hydrogen
bonds between MC molecules and the surface of activated
carbon enhances the adsorption capacity of AC (Lanaras et
al. 1991). Some studies that have discussed the influence of
pH on MC adsorption by AC are presented in Table 4.

2.2.3 Effect of ionic strength

Another important factor that affects electrostatic
interactions between MCs and AC is the ionic strength. The
carbon-adsorbate interactions are mainly hydrophobic or
electrostatic. The ionic matrix of water plays a crucial role
in the electrostatic interactions. The ionic strength may
enhance or reduce MC adsorption by AC (Campinas and
Rosa, 2006). When attractive electrostatic interactions occur
between the carbon’s surface and the adsorbate and the
concentration of the adsorbate on the carbon’s surface is
low (surface concentration), an increase in ionic strength
will hinder adsorption (Newcombe and Drikas, 1997).
However, if electrostatic interactions are repulsive or the
concentration of the adsorbate is high (leading to lateral
repulsion between the adsorbed molecules), non-
electrostatic forces govern adsorption and an increase in
ionic strength will enhance adsorption (Campinas and

Targeted fonic
Ions  strength Trend of effect Reference
MCs
(mM)

. Campinas
m-LR Ca?* 2-100 Increisis 11(11 the rgte of and Rosa

m-LR adsorption (2006)
m-LY, m- K+, Enhanced adsorption Campinas
LW, mLF ca2+ 2190 rate and Rosa

i (2006)
Campinas
m-LR Iégé;; 2.5-10 Engzrslgfstgr_lLR and Rosa

(2006)

Cl, Increases in m-LR

m-LR NOs, ) adsorption of 16, 18, Zhu et al.

> SO4%, 24, and 16%, (20106)

COs> respectively
Cr, Increases in m-RR

m-RR NOs, ) adsorption of 16, 15, Zhu et al.

S04, 19, and 16%, (2016)

COs* respectively
Increase in the m-LR

24 adsorption capacity = Campinas

m-LR Ca 2-100 with increases in the (2009)

calcium concentration

Rosa, 2006, Newcombe and Drikas, 1997) as it induces a
shielding effect. Such effects of ionic strength on MCs may
be attributed to the prevailing type of adsorbate-adsorbent
interactions, which depend on the net charges and
hydrophobicity of the carbon and adsorbent, the cation
charge (mono or divalent), and the adsorbate’s surface
concentration and molecular size (Campinas and Rosa,
2006). When explaining the relationship between ionic
strength and the molecular size of the adsorbate, Randtke
and Snoeyink (1983) reported that the adsorptive capacity
of GAC for organic anions (particularly those with a high
molecular  weight) increases significantly as the
concentrations of salts increase. However, recent studies
indicate that the effect of ionic strength depends on two
adsorbate variables, 1i.e., the surface concentration
(Bjelopavlic et al. 1999, Newcombe and Drikas, 1997) and
molecular size (Kilduff et al. 1996, Li et al. 2002). Some
studies that have reported the effect of ions on MC
adsorption are presented in table 5.

3. Conclusions

AC has been used extensively in the adsorption/removal
of MC since its discovery as a strong and reliable adsorbent.
The superior adsorption capacity of AC compared to other
adsorbents is mainly attributed to its high performance
relative to its cost, non-toxicity, provision of a large external
surface area that can be easily accessed by biological
contaminants, and presence of well-developed meso and
micropores. The adsorption capacity of AC is versatile and
can be utilized in the removal of a diverse range of
biological contaminants, including cyanobacterial toxins
from aquatic systems, particularly microcystin. Several
factors have been found significantly influence MC
adsorption onto AC, including the carbon particle size,
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carbon surface chemistry, presence of organic matter, pH
value of the liquid, and the presence of ions. The amount of
available literature for the application of AC for microcystin
treatment is increasing at a tremendous pace, with several
enhancement of biosorption capacity through modification
of Dbiosorbent, assessment of biosorbents under
multicomponent pollutants, mechanistic modelling to fully
grasp the sorption mechanisms, and regeneration studies.
Overall, AC offers an efficient, cheap, non-toxic and
biocompatible adsorbent for MC removal.

Acknowledgement

This work was supported by the National Research
Council of Science & Technology (NST) grant from the
Korea government (MSIT) (No. CAP-18-07-KICT).

References

Acero, J., Rodriguez, E. and Meriluoto, J. (2005), “Kinetics of
reactions between chlorine and the cyanobacterial toxins
microcystins”, Water Res., 39, 1628-1638.
https://doi: 10.1016/j.watres.2005.01.022.

Albuquerque Janior, E.C., Méndez, M.O.A., Coutinho, A. dos R.,
and Franco, T.T. (2008), “Removal of cyanobacteria toxins from
drinking water by adsorption on activated carbon fibers”, Mater.
Res. 11, 371-380. https://doi.org/10.1590/S1516-
14392008000300023.

Alighardashi, A., Pakan, M., Jamshidi, S. and Shariati, F.P. (2017),
“Performance evaluation of membrane bioreactor (MBR)
coupled with activated carbon on tannery wastewater treatment”,
Membr. Water Treat., 8(6), 517-528.
http://dx.doi.org/10.12989/mwt.2017.8.6.517.

Amé, M.V,, Galanti, L.N., Menone, M.L., Gerpe, M.S., Moreno,
V.J. and Wunderlin, D.A. (2010), “Microcystin-LR, -RR, -YR
and -LA in water samples and fishes from a shallow lake in

Argentina”, Harmful Algae 9, 66-73.
https://doi.org/10.1016/j.hal.2009.08.001.
Bjelopavlic, M., Newcombe, G. and Hayes, R. (1999),

“Adsorption of NOM onto activated carbon: Effect of surface
charge, ionic strength, and pore volume distribution”, J. Colloid
Interface Sci. 210, 271-280. https://doi.org/10.1006/jcis.1998.5975.

Boehm, H.P.,, Diehl, E., Heck, W. and Sappok, R. (1964), “Surface
Oxides of Carbon”, Angew. Chemie Int. Ed. English, 3, 669—677.
https://doi.org/10.1002/anie.196406691.

Boehm, H.P. (1994), “Some aspects of the surface chemistry of
carbon Dblacks and other carbons”, Carbon 5, 759-
769https://doi.org/10.1016/0008-6223(94)90031-0.

Bouhaddada, R., Nélieu, S., Nasri, H., Delarue, G. and Bouaicha,
N. (2016), “High diversity of microcystins in a Microcystis
bloom from an Algerian lake”, Environ. Pollut., 216, 836-844.
https://doi.org/10.1016/j.envpol.2016.06.055.

Brooks, B.W., Lazorchak, J.M., Howard, M.D.A., Johnson, M.V.
V., Morton, S.L., Perkins, D.A K., Reavie, E.D., Scott, G.I.,
Smith, S.A. and Steevens, J.A. (2016), “Are harmful algal
blooms becoming the greatest inland water quality threat to
public health and aquatic ecosystems?”, Environ. Toxicol. Chem.,
35, 6-13. https://doi.org/10.1002/etc.3220.

Campinas, M. and Rosa, M.J. (2010), “Removal of microcystins
by PAC/UF”, Sep. Purif Technol., 71, 114-120.
https://doi.org/10.1016/j.seppur.2009.11.010.

Campinas, M. and Rosa, M.J. (2006), “The ionic strength effect on
microcystin and natural organic matter surrogate adsorption onto

PAC”, J.  Colloid Interface  Sci., 299,
https://doi.org/10.1016/j.jcis.2006.02.042.

Campinas, M., Viegas, RM.C. and Rosa, M.J. (2013), “Modelling
and understanding the competitive adsorption of microcystins
and  tannic  acid”, Water  Res., 47, 5690-5699.
https://doi.org/10.1016/j.watres.2013.06.048.

Campinas, M.P. (2009), “Removal of cyanobacteria and
cyanotoxins from drinking water by powdered activated carbon
adsorption/ultrafiltration”. https://sapientia.ualg.pt/handle/10400.1/247.

Chen, G., Dussert, B.W. and Suffet, .LH. (1997), “Evaluation of
granular activated carbons for removal of methylisoborneol to
below odor threshold concentration in drinking water”, Water
Res., 31, 1155-1163. https://doi.org/10.1016/S0043-
1354(96)00362-4.

Chennette, V.A.L. (2017), “Granular activated carbon for the
removal of seasonally present Microcystin-LR”, M.Sc.
Dissertation, University of Waterloo, Ontario, Canada.

Chorus, 1. and Bartram, J. (1999), Toxic Cyanobacteria in Water:
A Guide to their Public Health Consequences, Monitoring and
Management, World Health Organization, Geneva, Switzerland.
https://doi.org/10.1201/9781482295061.

Chow, C.W.K., Drikas, M., House, J., Burch, M.D. and Velzeboer,
R.M.A. (1999), “The impact of conventional water treatment
processes on cells of the cyanobacterium Microcystis
aeruginosa”, Water Res., 33(15), 3253-3262.
https://doi.org/10.1016/S0043-1354 (99)00051-2.

Considine, R., Denoyel, R., Pendleton, P., Schumann, R. and
Wong, S.H. (2001), “The influence of surface chemistry on
activated carbon adsorption of 2-methylisoborneol from aqueous
solution”, Colloids Surfaces A Physicochem. Eng. Asp., 179,
271-280. https://doi.org/10.1016/S0927-7757(00)00647-6.

Cook, D. and Newcombe, G. (2008), “Comparison and modeling
of the adsorption of two microcystin analogues onto powdered
activated  carbon”,  Environ.  Technol. 29, 525-534.
https://doi.org/10.1080/09593330801984415.

Cook, D. and Newcombe, G. (2002), Removal of microcystin
variants with powdered activated carbon, in: Water Science and
Technology: ~Water Supply, IWA Publishing, 201-207.
https://doi.org/10.2166/ws.2002.0170.

De Ridder, D.J., Verliefde, A.R.D., Schoutteten, K., Van Der
Linden, B., Heijman, S.G.J., Beurroies, 1., Denoyel, R., Amy,
G.L. and Van Dijk, J.C. (2013), “Relation between interfacial
energy and adsorption of organic micropollutants onto activated
carbon”, Carbon N. Y 53, 153-160.
https://doi.org/10.1016/j.carbon.2012.10.042.

Dellero, T., Sarmeo, D. and Touzain, P. (1999), “Chemical heat
pump using carbon fibers as additive. Part I: enhancement of
thermal conduction”, Appl. Therm. Eng., 19, 991-1000.
https://doi.org/10.1016/S1359-4311(98)00104-5.

Diao, Y., Walawender, W. P. and Fan, L.T. (2002), “Activated
carbons prepared from phosphoric acid activation of grain
sorghum”, Bioresource Technol., 81, 45-52.
https://doi.org/10.1016/S0960-8524 (01)00100-6.

Diez-Quijada, L., Puerto, M., Gutiérrez-Praena, D., Llana-Ruiz-
Cabello, M., Jos, A. and Camean, A.M. (2019), “Microcystin-
RR: Occurrence, content in water and food and toxicological
studies, A review”, Environ. Res. 168, 467-489.
https://doi.org/10.1016/j.envres.2018.07.019.

Dixon, M.B., Richard, Y., Ho, L., Chow, C.W.K., O’Neill, B.K.
and Newcombe, G. (2011), “A coagulation-powdered activated
carbon-ultrafiltration - Multiple barrier approach for removing
toxins from two Australian cyanobacterial blooms”, J. Hazard. Mater:,
186, 1553-1559. https://doi.org/10.1016/j.jhazmat.2010.12.049.

Donati, C., Drikas, M., Hayes, R. and Newcombe, G. (1994),
“Microcystin-LR adsorption by powdered activated carbon”,
Water Res., 28, 1735-1742. https://doi.org/10.1016/0043-
1354(94)90245-3.

520-529.



412 Rita E. Ampiaw, Muhammad Yaqub, and Wontae Lee

Douma, M., Ouahid, Y., Campo, F.F. Del, Loudiki, M., Mouhri, K.
and Oudra, B. (2010), “Identification and quantification of
cyanobacterial toxins (microcystins) in two Moroccan drinking-
water reservoirs (Mansour Eddahbi, Almassira)”, Environ.
Monit. Assess., 160, 439-450. https://doi.org/10.1007/s10661-
008-0708-5.

Drikas, M., Chow, C.W.K., House, J. and Burch, M.D. (2001),
“Using coagulation, flocculation, and settling to remove toxic
cyanobacteria”, J. Am. Water Works Assoc., 93, 100-111.
https://doi.org/10.1002/j.1551-8833.2001.tb09130.x.

Drikas, M., Dixon, M. and Morran, J. (2009), “Removal of 2MIB
and geosmin using granular activated carbon with and without
MIEX  pre-treatment”,  Water  Res., 43, 5151-5159.
https://doi.org/10.1016/j.watres.2009.08.016.

Dubinin, M.M. (1960), “The potential theory of adsorption of
gases and vapors for adsorbents with energetically nonuniform
surfaces”, Chem. Rev., 60, 235-241.
https://doi.org/10.1021/cr60204a006.

Duong, T.T., Le, T.P.Q., Dao, T.S., Pflugmacher, S., Rochelle-
Newall, E., Hoang, T.K., Vu, T.N., Ho, C.T. and Dang, D.K.
(2013), “Seasonal variation of cyanobacteria and microcystins in
the Nui Coc Reservoir, Northern Vietnam”, J. Appl. Phycol. 25,
1065-1075. https://doi.org/10.1007/s10811-012-9919-9.

Faassen, E.J. and Lirling, M. (2013), “Occurrence of the
microcystins MC-LW and MC-LF in dutch surface waters and
their contribution to total microcystin toxicity”, Mar. Drugs, 11,
2643-2654. https://doi.org/10.3390/md11072643.

Falconer, L.R., Runnegar, M.T.C., Buckley, T., Huyn, L. and
Bradshaw, P. (1989b), “Using activated carbon to remove
toxicity from drinking water containing cyanobacterial blooms”,
J. Am. Water Work. Assoc., 81, 102—-106.
https://doi.org/10.1002/j.1551-8833.1989.tb03170.x.

Fathalli, A., Ben Rejeb Jenhani, A., Moreira, C., Welker, M.,
Romdhane, M., Antunes, A. and Vasconcelos, V. (2011),
“Molecular and phylogenetic characterization of potentially toxic
cyanobacteria in Tunisian freshwaters”, Syst. Appl. Microbiol.
34, 303-310. https://doi.org/10.1016/j.syapm.2010.12.003.

Ferranti, P., Fabbrocino, S., Chiaravalle, E., Bruno, M., Basile, A.,
Serpe, L. and Gallo, P. (2013), “Profiling microcystin
contamination in a water reservoir by MALDI-TOF and liquid
chromatography coupled to Q/TOF tandem mass spectrometry”,
Food Res. Int., 54, 1321-1330.
https://doi.org/10.1016/j.foodres.2012.12.028.

Faust, S.D. and Aly, O.M. (1987), Adsorption Process for Water
Treatment, Stoneham: Butterworths Publishers, United Kingdom.

Gijsbertsen-Abrahamse, A.J, Schmidt, W., Chorus, I. and Heijman,
S.G.J. (2006), “Removal of cyanotoxins by ultrafiltration and
nano filtration”, J. Membr  Sci., 276(1-2), 252-259.
https://doi.org/10.1016/j.memsci.2005.09.053.

Graham, J.L., Loftin, K.A., Meyer, M.T. and Ziegler, A.C. (2010),
“Cyanotoxin Mixtures and Taste-and-Odor Compounds in
Cyanobacterial Blooms from the Midwestern United States”,
Environ. Sci. Technol., 44, 7361-7368.
https://doi.org/10.1021/es1008938.

Greenwald, M.J., Redding, A.M. and Cannon, F.S. (2015), “A
rapid kinetic dye test to predict the adsorption of 2-
methylisoborneol onto granular activated carbons and to identify
the influence of pore volume distributions”, Water Res., 68, 784—
792. https://doi.org/10.1016/j.watres.2014.10.022.

He, Q., Kang, L., Sun, X., Jia, R., Zhang, Y., Ma, J., Li, H. and Ai,
H. (2018), “Spatiotemporal distribution and potential risk
assessment of microcystins in the Yulin River, a tributary of the
Three Gorges Reservoir, China”, J. Hazard. Mater, 347, 184—
195. https://doi.org/10.1016/j.jhazmat.2018.01.001.

He, X., Liu, Y.L., Conklin, A., Westrick, J., Weavers, L.K.,
Dionysiou, D.D., Lenhart, J.J., Mouser, PJ., Szlag, D. and
Walker, H.W. (2016b), “Toxic cyanobacteria and drinking water:

Impacts, detection, and treatment”, Harmful Algae, 54, 174-193.
https://doi.org/10.1016/j.hal.2016.01.001.

Hena, S., Ismail, N., Isaam, A.M., Ahmad, A. and Bhawani, S.A.
(2014), “Removal of microcystin-LR from aqueous solutions
using% burn-off activated carbon of waste wood material”, J.
Water  Supply  Res. Technol. Aqua, 63(5), 332-341.
https://doi.org/10.2166/aqua.2013.256.

Ho, L., Lambling, P., Bustamante, H., Duker, P. and Newcombe,
G. (2011), “Application of powdered activated carbon for the
adsorption of cylindrospermopsin and microcystin toxins from
drinking water supplies”, Water Res., 45, 2954-2964.
https://doi.org/10.1016/j.watres.2011.03.014.

Ho. L., Onstad, G., Von Gunten, U., Rinck-Pfeiffer, S., Craig, K.
and Newcombe, G. (2006), “Differences in the chlorine
reactivity of four microcystin analogues”, Water Res., 40(6),
1200-1209. https://doi.org/10.1016/j.watres.2006.01.

Hu, X., Ye, J., Zhang, R., Wu, X., Zhang, Y. and Wu, C. (2017),
“Detection of free microcystins in the liver and muscle of
freshwater fish by liquid chromatography-tandem mass
spectrometry”, J. Environ. Sci. Heal. B, Pestic. Food Contam.
Agric. Wastes, 52, 770-776.
https://doi.org/10.1080/03601234.2017.1356670.

Huang, W.J., Cheng, B.L. and Cheng, Y.L. (2007), “Adsorption of
microcystin-LR by three types of activated carbon”, J.  Hazard.
Mater:, 141, 115-122. https://doi.org/10.1016/j jhazmat.2006.06.122.

Ingole, P.G., Sawant, S.Y., Ingole, N.P., Pawar, R.R., Bajaj, H C.,
Singh, K., Cho, M. H. and Lee, HK. (2016), “Preparation of
activated carbon incorporated polysulfone membranes for dye
separation”,  Membr: Water  Treat.,  7(6), 477-493.
http://dx.doi.org/10.12989/mwt.2016.7.6.477.

Jia, J., Chen, Q. and Lauridsen, T.L. (2016), “A systematic
investigation into the environmental fate of microcystins and the
potential risk: Study in Lake Taihu”, Toxins (Basel), 8, 170.
https://doi.org/10.3390/toxins8060170.

Juang, R. S., Wu, F.C. and Tseng R.L. (2000), “Mechanism of
adsorption of dyes and phenols from water using activated
carbons prepared from plum kernels”, J. Colloid Interface Sci.,
277, 437-444. https://doi.org/10.1006/jcis.2000.6912.

Julio, M.D.E.D.J. (2011), “Carbon key-properties for microcystin
adsorption in drinking water treatment: Structure or surface
chemistry?”, M.Sc. Dissertation, NOVA University Lisbon,
Portugal.

Kaloudis, T., Zervou, S.K., Tsimeli, K., Triantis, T.M., Fotiou, T.
and Hiskia, A. (2013), “Determination of microcystins and
nodularin (cyanobacterial toxins) in water by LC-MS/MS,
Monitoring of Lake Marathonas, a water reservoir of Athens,
Greece”, J. Hazard. Mater., 263, 105-115.
https://doi.org/10.1016/j.jhazmat.2013.07.036.

Kasaoka, S., Sakata, Y. and Tanaka, E.N.R. (1989), “Preparation of
activated fibrous carbon from phenolic fabric and its molecular-
sieve properties”, Int. Chem. Eng., 29, 101-114.

Keijola, A.M., Himberg, K., Esala, A.L., Sivonen, K. and Hiis-
Virta, L. (1988), “Removal of cyanobacterial toxins in water
treatment processes: Laboratory and pilot-scale experiments”,
Toxic. Assess., 3, 643—656. https://doi.org/10.1002/tox.2540030516.

Khaleel, M.R., Ahsan, A., Imteaz, M., El-Sergany, M.M., Nik
Daud, N.N., Mohamed, T. A. and Ibrahim, B.A. (2015),
“Performance of GACC and GACP to treat institutional
wastewater: A sustainable technique”, Membr. Water Treat., 6(4),
339-349. http://dx.doi.org/10.12989/mwt.2015.6.4.339.

Kilduff, J.E., Karanfil, T., Chin, Y.P. and Weber, W.J. (1996),
“Adsorption of natural organic polyelectrolytes by activated
carbon: A size-exclusion chromatography study”, Environ. Sci.
Technol., 30, 1336—1343. https://doi.org/10.1021/es950547r.

Kriiger, T., Wiegand, C., Kun, L., Luckas, B. and Pflugmacher, S.
(2010), “More and more toxins around-analysis of
cyanobacterial strains isolated from Lake Chao (Anhui Province,



Adsorption of microcystin onto activated carbon: A review 413

China)”, Toxicon, 56, 1520-1524.
https://doi.org/10.1016/j.toxicon.2010.09.004.

Lalezary-Craig, S., Pirbazari, M., Dale, M.S., Tanaka, T.S. and
McGuire, M.J. (1988), “Optimizing the removal of Geosmin and
2-Methylisoborneol by powdered activated carbon”, J. Am.
Water Works Assoc., 80, 73-80. https://doi.org/10.1002/j.1551-
8833.1988.tb03028 .x.

Lambert, T.W., Holmes, C.F.B. and Hrudey, S.E. (1996),
“Adsorption of microcystin-LR by activated carbon and removal
in full scale water treatment”, Water Res., 30, 1411-1422.
https://doi.org/10.1016/0043-1354(96)00026-7.

Lanaras, T., Cook, C.M., Eriksson, J.E., Meriluoto, J.A.O. and
Hotokka, M. (1991), “Computer modelling of the 3-dimensional
structures of the cyanobacterial hepatotoxins microcystin-LR and
nodularin”, Toxicon, 29, 901-906. https://doi.org/10.1016/0041-
0101(91)90228-]J.

Lawton, L.A and Robertson, P.K.J. (1999), “Physico-chemical
treatment methods for the removal of microcystins
(cyanobacterial hepatotoxins) from potable waters”, Chem. Soc.
Rev., 28, 217-224. https://doi.org/10.1039/a805416i.

Lee, J. and Walker, H.W. (2006), “Effect of process variables and
natural organic matter on removal of microcystin-LR by PAC —
UF”, Environ. Sci. Technol., 40, 7336-7342.
https://doi.org/10.1021/es060352r.

Lee, J. J., Walker, H., Weavers, L., Lenhart, J. and Chin, Y. (2009),
“Removal of microcystin-Ir from drinking water using
adsorption and membrane processes”, Ph.D. Dissertation, The
Ohio State University, Columbus, USA.

Leon, C.A., Leon, D. and Radovic, L.R. (1991), “Interfacial
chemistry and electrochemistry of carbon surfaces”, Chemistry
and Physics of Carbon, 24, Marcel Dekker Inc., New York,
USA.

Li, F., Yuasa, A., Ebie, K., Azuma, Y., Hagishita, T. and Matsui, Y.
(2002), “Factors affecting the adsorption capacity of dissolved
organic matter onto activated carbon: modified isotherm
analysis”, Water Res., 36, 4592-4604.
https://doi.org/10.1016/S0043-1354(02)00174-4.

Li, Q., Snoeyink, V.L., Maridas, B.J. and Campos, C. (2003),
“Flucidating competitive adsorption mechanisms of atrazine and
NOM using model compounds”, Water Res. 37, 773-784.
https://doi.org/10.1016/S0043-1354(02)00390-1.

Li, Z., Yu, J., Yang, M., Zhang, J., Burch, M.D. and Han, W.
(2010), “Cyanobacterial population and harmful metabolites
dynamics during a bloom in Yanghe Reservoir, North China”,
Harmful Algae, 9, 481-488. https://doi.org/10.1016/j.hal.2010.03.003.

Liu, Y., Chen, W., Li, D., Huang, Z., Shen, Y. and Liu, Y. (2011),
“Cyanobacteria/cyanotoxin-contaminations and eutrophication
status before Wuxi Drinking Water Crisis in Lake Taihu, China”,
J. Environ. Sci., 23, 575-581. https://doi.org/10.1016/S1001-
0742(10)60450-0.

Maatouk, I., Bouaicha, N., Fontan, D. and Levi, Y. (2002),
“Seasonal variation of microcystin concentrations in the Saint-
Caprais reservoir (France) and their removal in a small full-scale
treatment plant”, Water Res., 36, 2891-2897.
https://doi.org/10.1016/S0043-1354(01)00507-3.

Mashile, P.P., Mpupa, A. and Nomngongo, P.N. (2018),
“Adsorptive removal of microcystin-LR from surface and
wastewater using tyre-based powdered activated carbon:
Kinetics and isotherms”, Toxicon, 145, 25-31.
https://doi.org/10.1016/j.toxicon.2018.02.044.

Mbukwa, E.A., Msagati, T.A.M. and Mamba, B.B. (2012),
“Quantitative variations of intracellular microcystin-LR, -RR and
-YR in samples collected from four locations in Hartbeespoort
Dam in North West Province (South Africa) during the
2010/2011 summer season”, Int. J. Environ. Res. Public Health
9, 3484-3505. https://doi.org/10.3390/ijerph9103484.

Miles, C.O., Sandvik, M., Nonga, H.E., Rundberget, T., Wilkins,

A.L., Rise, F. and Ballot, A. (2013), “Identification of
microcystins in a Lake Victoria cyanobacterial bloom using LC-
MS with thiol derivatization”, Toxicon, 70, 21-31.
https://doi.org/10.1016/j.toxicon.2013.03.016.

Mooney, K.M., Hamilton, J.T.G., Floyd, S.D., Foy, R.H. and
Elliott, C.T. (2011), “Initial studies on the occurrence of
cyanobacteria and microcystins in Irish lakes”, Environ. Toxicol.,
26, 566-570. https://doi.org/10.1002/t0x.20577.

Newcombe, G. (2002), “Removal of algal toxins from drinking
water using ozone and GAC”, AWWA Research Foundation
Report, American Water Works Association, Denver, CO

Newcombe, G; and Drikas, M. (1997), “Adsorption of NOM onto
activated carbon: Electrostatic and non-electrostatic effects”,
Carbon N. Y, 35, 1239-1250. https://doi.org/10.1016/S0008-
6223(97)00078-X.

Newcombe, G., Drikas, M. and Hayes, R. (1997), “Influence of
characterised natural organic material on activated carbon
adsorption: II. Effect on pore volume distribution and adsorption
of  2-methylisoborneol”,  Water Res. 31, 1065-1073.
https://doi.org/10.1016/S0043-1354(96)00325-9.

Newcombe, G., Morrison, J. and Hepplewhite, C. (2002),
“Simultaneous adsorption of MIB and NOM onto activated
carbon. 1. Characterisation of the system and NOM adsorption”,
Carbon N. Y., 40, 2135-2146. https://doi.org/10.1016/S0008-
6223(02)00097-0.

Ng, C., Losso, J.N., Marshall, W.E. and Rao, R.M. (2002),
“Freundlich adsorption isotherms of agricultural by-product-
based powdered activated carbons in a geosmin-water system”,
Bioresour. Technol., 85, 131-135. https://doi.org/10.1016/S0960-
8524(02)00093-7.

Nicholson, B.C., Rositano, J. and Burch, M.D. (1994),
“Destruction of cyanobacterial peptide hepatotoxins by chlorine
and  chloramine”,  Water  Res.,  28(6), 1297-1303.
https://doi.org/10.1016/0043-1354 (94)90294-1.

Orr, PT., Jones, G.J. and Hamilton, G.R. (2004), “Removal of
saxitoxins from drinking water by granular activated carbon,
ozone and hydrogen peroxide - Implications for compliance with
the Australian drinking water guidelines”, Water Res., 38, 4455—
4461. https://doi.org/10.1016/j.watres.2004.08.024.

Pavagadhi, S., Tang, A.L.L., Sathishkumar, M., Loh, K.P. and
Balasubramanian, R. (2013), “Removal of microcystin-LR and
microcystin-RR by graphene oxide: adsorption and kinetic
experiments”, Water Res., 47(13), 4621-4629. https://doi.org/
10.1016/j.watres.2013.04.033.

Pavlova, V., Stoyneva-Gértner, M., Uzunov, B., Uzunov, B.,
Bratanova, Z., Lazarova, A. and Karadjova, 1. (2015),
“Microcystins-LR, -YR and -RR in Six Bulgarian Water Bodies
of Health and Conservational Importance (2012-2014)”, J. Water
Resour: Prot., 07, 1375-1386.
https://doi.org/10.4236/jwarp.2015.716111.

Pekar, H., Westerberg, E., Bruno, O., Lidne, A., Persson, K.M.,
Sundstréom, L.F. and Thim, A.M. (2016), “Fast, rugged and
sensitive ultra high pressure liquid chromatography tandem mass
spectrometry method for analysis of cyanotoxins in raw water
and  drinking  water-First  findings of  anatoxins,
cylindrospermopsins and microcystin variants in Swedish source
waters and infiltration ponds”, J. Chromatogr. A, 1429, 265-276.
https://doi.org/10.1016/j.chroma.2015.12.049.

Pelekani, C. and Snoeyink, V.L. (1999), “Competitive adsorption
in natural water: role of activated carbon pore size”, Water
Research, 33(5), 1209-1219. https://doi.org/10.1016/S0043-
1354(98)00329-7.

Pendleton, P., Schumann, R. and Wong, S.H. (2001),
“Microcystin-LR adsorption by activated carbon”, J. Colloid
Interface Sci., 240, 1-8. https://doi.org/10.1006/jcis.2001.7616.

Peng, L., Liu, Y., Chen, W., Liu, L., Kent, M. and Song, L. (2010),
“Health risks associated with consumption of microcystin-



414 Rita E. Ampiaw, Muhammad Yaqub, and Wontae Lee

contaminated fish and shellfish in three Chinese lakes:
Significance for freshwater aquacultures”, Ecotoxicol. Environ. Saf.,
73, 1804—1811. https://doi.org/10.1016/j.ecoenv.2010.07.043.

Persson, F., Heinicke, G., Hedberg, T., Hermansson, M. and Uhl,
W. (2007), “Removal of geosmin and MIB by biofiltration - An
investigation  discriminating  between  adsorption  and
biodegradation”, Environ. Technol. 28, 95-104.
https://doi.org/10.1080/09593332808618770.

Preece, E.P.,, Hardy, F.J., Moore, B.C. and Bryan, M. (2017), “A
review of microcystin detections in Estuarine and Marine waters:
Environmental implications and human health risk”, Harmful
Algae, 61, 31-45. https://doi.org/10.1016/j.hal.2016.11.006.

Quinlivan, P.A., Li, L. and Knappe, D.R.U. (2005), “Effects of
activated carbon characteristics on the simultaneous adsorption
of aqueous organic micropollutants and natural organic matter”,
Water Res., 39, 1663-1673.
https://doi.org/10.1016/j.watres.2005.01.029.

Randtke, S.J. and Snoeyink, V.L. (1983), “Evaluating GAC
adsorptive capacity”, J. Am. Water Works Assoc., 75, 406—413.
https://doi.org/10.1002/j.1551-8833.1983.tb05177 x.

Rodrigues, M.A., Reis, M.P. and Mateus, M.C. (2013), “Liquid
chromatography/negative electrospray ionization ion trap MS2
mass spectrometry application for the determination of
microcystins occurrence in Southern Portugal water reservoirs”,
Toxicon, 74, 8—18. https://doi.org/10.1016/j.toxicon.2013.07.013.

Rodriguez, 1., Alfonso, C., Alfonso, A., Otero, P., Meyer, T.,
Breitenbach, U. and Botana, L.M. (2014), “Toxin profile in
samples collected in fresh and brackish water in Germany”,
Toxicon, 91, 35-44. https://doi.org/10.1016/j.toxicon.2014.10.018.

Rositano, J., Newcombe, G., Nicholson, B. and Sztajnbok, P.
(2001), “Ozonation of NOM and algal toxins in four treated

waters”, Water Res., 35(1), 23-32.
https://doi.org/: 10.1016/S0043-1354(00)00252-9.
Rositano, J., Nicholson, B.C. and Pieronne, P. (1998),

“Destruction of cyanobacterial toxins by ozone”, Ozone: Science
& Engineering, 20, 223-238.
https://doi.org/10.1080/01919519808547273.

Sengiil, A.B., Ersan, G. and Tiifekgi, N. (2018), “Removal of intra-
and extracellular microcystin by submerged ultrafiltration (UF)
membrane combined with coagulation/flocculation and
powdered activated carbon (PAC) adsorption”, J. Hazard. Mater.,
343, 29-35. https://doi.org/10.1016/j. jhazmat.2017.09.018.

Shang, L., Feng, M., Xu, X., Liu, F,, Ke, F. and Li, W. (2018),
“Co-occurrence of microcystins and taste-and-odor compounds
in drinking water source and their removal in a full-scale
drinking water treatment plant”, Toxins (Basel), 10, 1-17.
https://doi.org/10.3390/toxins10010026.

Singh, S., Rai, PK., Chau, R., Ravi, A.K., Neilan, B.A. and
Asthana, R.K. (2015), “Temporal variations in microcystin-
producing cells and microcystin concentrations in two fresh
water ponds”, Water Res., 69, 131-142.
https://doi.org/10.1016/j.watres.2014.11.015.

Sivonen K. and Jones, G. (1999), “Cyanobacterial toxins. In:
Chorus I, Bartram J (eds) Toxic Cyanobacteria in Water: A guide
to their public health consequences, monitoring and
management, Consequences, Monitoring and Management”,
World Health Organization, Geneva, Switzerland. 41-111.

Snoeyink, V.L. and Weber, W.J. (1967), “The Surface Chemistry
of Active Carbon, A Discussion of Structure and Surface
Functional Groups”, Environ. Sci. Technol, 1, 228-234.
https://doi.org/10.1021/es60003a003.

Song, W., Teshiba, T., Rein, K. and O’Shea, K.E. (2005),
“Ultrasonically induced degradation and detoxification of
microcystin-LR (Cyanobacterial Toxin)”, Environ. Sci. Technol.,
39, 6300-6305. https://doi.org/10.1021/es048350z.

Srivastava, A., Choi, G.G., Ahn, C.Y., Oh, H.M., Ravi, A.K. and
Asthana, R.K. (2012), “Dynamics of microcystin production and

quantification of potentially toxigenic Microcystis sp. using real-
time PCR”, Water Res., 46, 817-827.
https://doi.org/10.1016/j.watres.2011.11.056.

Svreek, C. and Smith, D.W. (2004), “Cyanobacteria toxins and the
current state of knowledge on water treatment options: A
review”, J. Environ. Eng. Sci., 3, 155-185.
https://doi.org/10.1139/s04-010.

Taylor, P., Winter, J.G., Desellas, A.M., Fletcher, R., Heintsch, L.,
Nakamoto, L., Utsumi, K. and Morley, A. (2011), “Lake and
Reservoir Management Algal blooms in Ontario, Canada:
Increases in reports since 1994”, Lake Reserv. Manag., 27, 37—
41. https://doi.org/10.1080/07438141.2011.557765.

Tian, D., Zheng, W., Wei, X., Sun, X., Liu, L., Chen, X., Zhang,
H., Zhou, Y., Chen, H., Zhang, H., Wang, X., Zhang, R., Jiang,
S., Zheng, Y., Yang, G. and Qu, W. (2013), “Dissolved
microcystins in surface and ground waters in regions with high
cancer incidence in the Huai River Basin of China”, Chemosphere,
91, 1064-1071. https://doi.org/10.1016/j.chemosphere.2013.01.051.

Triantis, T., Tsimeli, K., Kaloudis, T., Thanassoulias, N., Lytras, E.
and Hiskia, A. (2010), “Development of an integrated laboratory
system for the monitoring of cyanotoxins in surface and drinking
waters”, Toxicon, 55, 979-989.
https://doi.org/10.1016/j.toxicon.2009.07.012.

Turner, A.D., Dhanji-Rapkova, M., O’Neill, A., Coates, L., Lewis,
A. and Lewis, K. (2018), “Analysis of microcystins in
cyanobacterial blooms from freshwater bodies in England”, Toxins
(Basel), 10(1), 39. https://doi.org/10.3390/toxins10010039.

Vasas, G., Farkas, O., Borics, G., Felfoldi, T., Sramko, G., Batta,
G., Bacsi, 1., Gonda, S., Vasas, G., Farkas, O., Borics, G.,
Felfoldi, T., Sramko, G., Batta, G., Bacsi, I. and Gonda, S.
(2013), “Appearance of Planktothrix rubescens Bloom with [D-
Asp3, Mdha7]MC-RR in Gravel Pit Pond of a Shallow Lake-
Dominated  Area”, Toxins  (Basel), 5, 2434-2455.
https://doi.org/10.3390/toxins5122434.

Wang, H., Ho, L., Lewis, D.M., Brookes, J.D. and Newcombe, G.
(2007), “Discriminating and assessing adsorption and
biodegradation removal mechanisms during granular activated
carbon filtration of microcystin toxins”, Water Res., 41, 4262—
4270. https://doi.org/10.1016/j.watres.2007.05.057.

Warhurst, A.M. Raggett, S.L. McConnachie, G. Pollard, S.J.T.
Chipofya, V. and Codd, G.A. (1997), “Adsorption of the
cyanobacterial hepatotoxin microcystin-LR by a low-cost
activated carbon from the seed husks of the pan-tropical tree,
Moringa oleifera”, Sci. Total Environ., 207, 207-211.

Watanabe, T., Amano, Y. and Machida, M. (2012), “Screening of
powdered activated carbons to remove 2-methylisoborneol for
drinking water”, Water Sci. Technol. Water Supply, 12, 300-308.
https://doi.org/10.2166/ws.2011.134.

Wijetunga, S. and Gunasekara, C.D.F.A. (2017), “Evaluation of
refused tea waste activated carbon for color removal:
Equilibrium and kinetic studies”, Adv. Environ. Res., 6(1), 1-14.
http://dx.doi.org/10.12989/aer.2017.6.1.001.

Xie, J., Wang, X. and Deng, J. (2004), “Modifying the pore
structure of Pit-ACF with the chemical vapor deposition of
methane and propylene”, Microporous Mesoporous Mater., 76,
167-175. https://doi.org/10.1016/j.micromeso0.2004.08.008.

Yan, H., Gong, A., He, H., Zhou, J., Wei, Y. and Lv, L. (2000),
“Adsorption of microcystins by carbon nanotubes”, Chemosphere,
62, 142-148. https://doi.org/10.1016/j.chemosphere.2005.03.075.

Yeo, I, Park, Y. and Kim, D. (2018), “Developing numerical
method to predict the removal of microcystin-LR in a clear
well”, Membr. Water Treat., 9(3), 173-179.
http://dx.doi.org/10.12989/mwt.2018.9.3.173.

Yen, H.K., Lin, T.F. and Liao, P.C. (2011), “Simultaneous
detection of nine cyanotoxins in drinking water using dual solid-
phase extraction and liquid chromatography-mass spectrometry”,
Toxicon, 58,209-218. https://doi.org/10.1016/j.toxicon.2011.06.003.



Adsorption of microcystin onto activated carbon: A review

Yen, HK., Lin, T.F. and Tseng, 1.C. (2012), “Detection and
quantification of major toxigenic Microcystis genotypes in Moo-
Tan reservoir and associated water treatment plant”, J. Environ.
Monit., 14, 687—696. https://doi.org/10.1039/c1em10389;j.

Yu, G, Jiang, Y., Song, G., Tan, W., Zhu, M. and Li, R. (2014),
“Variation of Microcystis and microcystins coupling nitrogen

and phosphorus nutrients in Lake Erhai, a drinking-water source
in Southwest Plateau, China”, Environ. Sci. Pollut. Res., 21,
9887-9898. https://doi.org/10.1007/s11356-014-2937-1.

Zamyadi, A., Coral, L.A., Barbeau, B., Dorner, S., Lapolli, F.R.
and Prévost, M. (2015), “Fate of toxic cyanobacterial genera
from natural bloom events during ozonation”, Water Res., 73,
204-215. https://doi.org/10.1016/j.watres.2015.01.029.

Zastepa, A., Pick, F.R. and Blais, J.M. (2014), “Fate and
Persistence of Particulate and Dissolved Microcystin-LA from
Microcystis Blooms”, Hum. Ecol. Risk Assess. An Int. J., 20,
1670-1686. https://doi.org/10.1080/10807039.2013.854138.

Zhang, D., Liao, Q., Zhang, L., Wang, D., Luo, L., Chen, Y.,
Zhong, J. and Liu, J. (2015), “Occurrence and spatial
distributions of microcystins in Poyang Lake, the largest
freshwater lake in China”, Ecotoxicology, 24, 19-28.
https://doi.org/10.1007/s10646-014-1349-9.

Zhang, H., Zhu, G., Jia, X., Ding, Y., Zhang, M., Gao, Q., Hu, C.
and Xu, S. (2011), “Removal of microcystin-LR from drinking

water using a bamboo-based charcoal adsorbent modified with
chitosan”, J. Environ. Sci.,

23, 1983-1988.
https://doi.org/10.1016/S1001-0742(10)60676-6.

Zhong, Q., Sun, F., Wang, W., Xiao, W., Zhao, X. and Gu, K.

(2017), “Water metabolism dysfunction via renin-angiotensin

system activation caused by liver damage in mice treated with
microcystin-RR”, Toxicol.

Lett., 273, 86-96.
https://doi.org/10.1016/j.toxlet.2017.03.019.

Zhu, S., Yin, D., Gao, N., Zhou, S., Wang, Z. and Zhang, Z.
(2016), “Adsorption of two microcystins onto activated carbon:
equilibrium, kinetic, and influential factors”, Desalin. Water Treat.,
57,23666-23674. https://doi.org/10.1080/19443994.2015.1137492.

JK

415





