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- The present study investigated an adsorption technology as a promising solution for the treatment of harmful cyanobacteria

blooming waterbodies.

- The adsorption process using carbon-based mesoporous materials can efficiently remove cyanotoxins.
- Therefore, an adsorption strategy might be a feasible and efficient way for the remediation of water resources contaminated

by harmful cyanobacterial blooms.
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Abstract: Cyanobacterial harmful algal blooms (Cyano-HABs) are an international
environmental problem that negatively affects the ecosystem as well as the safety of
water resources by discharging cyanotoxins. In particular, the discharge of microcystins
(MCs), a highly toxic substance, has been studied most actively, and various water
treatment methods have been proposed for this purpose. In this paper, we reviewed
adsorption technology, which is recognized as the most feasible, economical, and
efficient method among suggested treatment methods for removing MCs. Activated
carbons (AC) are widely used adsorbents for MCs removal, and excellent MCs adsorption
performance has been reported. Research on alternative adsorption materials for AC such
as biochar and biosorbents has been conducted, however, their performance was lower
compared to activated carbon.The impacts of adsorbent properties (characteristics of pore
surface chemistry) and environmental factors (solution pH, temperature, natural organic
matter, and ionic strength) on the MCs adsorption performance were also discussed.
In addition, toward effective control of MCs, the possibility of the direct removal of
harmful cyanobacteria as well as the removal of dissolved MCs using adsorption strategy
was examined. However, to fully utilize the adsorption for the removal of MCs, the
application and optimization under actual environmental conditions are still required,
thereby meeting the environmental and economic standards. From this study, crucial
insights could be provided for the development and selection of effective adsorbent and
subsequent adsorption processes for the removal of MCs from water resources.

Keywords: harmful algal blooms (HABs), harmful cyanobacteria, cyanotoxins, micro-
cystins, adsorption, adsorbents
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2]ot ol tiet s et RS Fa5
gro] oty A AAA o= F9 FArdofA
7+ (harmful cyanobacteria)®] tHEAY O 2 QI mZ A
(cyanobacterial harmful algal blooms, Cyano-HABs)©]
Aol R8s st @8wA= tiFEAL ik
E5], Bt dUYEF (nutrients) ] P2 F G5}
(eutrophication) =] A Q121 = JefjA| 74 o] W3}
= QIst] & 559 A7 AR Holu HE xolsh=
ol A ApF AAE AL 9lom o7 dAde] Fdel
oA LI Mot Fr=rF A9t I (O'Neil et
al. 2012; Rastogi et al. 2014; Shi et al. 2016; Griffith and
Gobler 2020). 401 & ©]/F9] FAlto] FAreolA ol
=2 A WS o] ikl HAEal glom o] F
Microcystis sp.7} & == tEA ] Foff FAlwtol
T} (Paerl et al. 2001; Fahnenstiel et al. 2008). Aol 5=
7h SR A 8 4tao] i 9 T8 QI A A
=9 HAE fdsts 59 S 291 ZAIE oty o] F
o] o] WhAY 2tA A T g0 2 ol WAl o] Wi &
A o7]= 5o ArR]A gl AAA ZAE oA 4= Q)
TH(Kim et al. 2018a). 53], 5l EAlt2 24 tiAM==
microcystin (MCs), nodularin (ND), anatoxin-a (ATX-a),
9 cylindrospermopsin (CYL)™} Z-& TRt Alopie =41

(cyanotoxins)< Y 4= Q1o ozet ZAA=E2

el rd > tlo

N

(6) D-Glu
COOH

(7) M-Dha (Dha) (L-Ser)
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A0 5 Al ol A st A|a2o] AFEab ol Al
EEo] A9 SHAE AFE & Atk (Pietsch et al.
2002; Nyakairu et al. 2010; Vlad et al. 2014).
npo] A2 A| AR =27F WA ardofA 7Y o
WA o s HEHY e AlokeRAoR dHA glow
Microcystis sp. =58 T2 A7 X W& = 2|9 Anabaena
sp., Planktothrix (Oscillatoria) sp., Aphanizomenon sp. &=
£ Nostoc sp.2F 22 @AlTolAE ATt Bk
T At (Mbukwa et al. 2012). Bto]A2ZAAEE F49 7F
573274 (hepatotoxin) 2 Figure 13 Zo| 77§ ofn|ic
Ao g2 e B3Rt JEe] €5 WER]E (monocyclic
heptapeptides)©|™, /45 ofn|le4te] Fiof whet 2|4
8001 Z o]/Fo] oA (M.W. 985~1024/Da) S 7Hd = 1
= ZAo7 BIEAYH(Mbukwa et al. 2012; Le Manach et
al. 2016). tF2] pto] A2 A AE2 cyclo-(D-alaninel -
X2-D-MeAsp3-Z4-Adda5-D-glutamate6-Mdha7) 2]
ZE 7HA A 1o ol& F FAl(leucine, L)¥ &atd
(arginine, R)= 7}A]+= "Fo] A2 A|AE-LR (MC-LR)®]
SZ WA AN 7Y iAo g HEEE JEoH
=/3o] 71 7St €A QAT (Dawson 1998; Merel
et al. 2013). A2 A= FAHE vo|T2A AT 2 T
% phosphatase-17} -2A 8/ {A|5to] Tl o] wte]
QIMERS Fkestal 7+ MlEZEEA 9] A2 (keratin), =3
© (plectin) @] 432 Y. 2A AL F)Al(apoptosis)E
WslE 2102 A At (MacKintosh et al. 1990; Jeon et
al. 2015). T&0] YA 0= L Fo] o] o)W 7HAs}
173 B ket I AIXIT AL B A E QI (Wagner et al.

MC variant X part Z part M.W.

s (Da)
i o i MC-LA Leu Ala 909
5)Adda ____ H ||
X 0 MC-LL Leu Leu 951
OCH; (0]
5 MC-LF Leu Phe 985
" T MC-LY Leu Arg 994
04L N, X () L-Arg MC-YL Tyr Leu 1001
I i || (L-Leu)
(4) L-Ala o) (L-Phe) MC-LW Leu Trp 1001
(L-Arg) (L-Trp)
(L-Met) (L-Tyr) MC-RR Arg Arg 1037

Fig. 1. General structure and molecular weight of some of the most frequent microcystins. It was modified using figures in published liter
ature by Chen et al. (2016).
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2021). Tho]AEA ARG TR BFEHH O R QPR T
£ 7H31 glo] A2 wal} ofele] SFel 7171
F& 4 212 (Zhan and Hong 2022), HoAHE< &
of 4, 5t I Slke] SR B AR S
2t (Jeon et al. 2015). THEEA], @ A 214 9 21217
A, D5BFL 5T RAZY fol2E FY} 2
cled A2E Fotol vlola2A A8 w3 4 9
ol9} AT th4=o] majate] 7 B 1E T QJtH(Chorus et
al. 2000; Wurtsbaugh et al. 2019; Melaram et al. 2022). %]
T ATelAE mlolaRA AR 09 HUESE
Apgstol AuEl AaolH 7)EA R EE o] ntol

"
ol

=

b *
TS

— Y
3 2+ Ak g2po] Frhet wRlo] k= Aol
QIth (Poste et al. 2011; Sviréev et al. 2019). =
ArES B ATHH AR nto| A=A AE ] 4
ol o]efol e X4 FFofl o7t wof Ate =
A =T, 20078 oF=RIE LA =27 HA
A AEAZIE 270 19419] E1d0] &, TF
I EU A = A B g g e R e B e

H AH7E i EH o]t (Giannuzzi et al. 2011).
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AZAAE (LR, -RR, -YR)°] A&H A& Eilstct % 201613 2022 °f F=XEoA BFO|AEZAIARLR
(Xiang et al. 2019). FH|2} o} 2]7}o] T 4rof 4] mfo]3 o] HEE & AHIZE HEEHA ARR|A o g =eh& o
Table 1. The removal efficiencies of microcystins by different treatment methods
I . Removal
Classification Applied methods efficiency (%) Reference
« Method: Adsorption using activated carbon (0.1g L™") 100 Ho et al.
« Target: MC-RR (initial concentration: 400 ug L™’ 20Mm
« Method: Adsorption using biochar calcinated Kentucky bluegrass (0.1g L™") at 750°C 56.5 Song et al.
.  MC-LR (initi ion: -1 ' 2021
Physical Target: MC-LR (initial concentration: 400 ug L 0
treatment » Method: Polysulfone resin micropore membrane 912 Lee and Walker
« Target: MC-LR (initial concentration: 50 ug L™) ’ 2008
» Method: Ultrasound treatment (1,200 W) for 15 min 99 Chen et al.
- Target: MCs (initial concentration: 12.43 umol L™") 2020
+ Method: Cl, treatment (12 mg L™") 93 Daly et al.
« Target: MC-LR 2007
« Method: KMnQj4 treatment (1.25mg L™") 95 )
S ) 4 Rodriguez et al.
« Target: MC-LR (initial concentrations: 3.2ug L™") 96 2007
Chemical MC-RR (initial concentrations: 7.1 yg L™")
treatment
« Method: Fenton method using MG-9Fe;03(0.5g L™") 86 Han et al.
« Target: MC-LR (initial concentration: 500 ug L™") 2017
» Method: Photocatalyst treatment using AgBr/AgsPO4/TiO; (0.01 g) for 5 min 100 Wang et al.
« Target: MC-LR (initial concentration: 125 pg L™") 2015
» Method: Sphingomonas sp. CBA4 MC-degrading bacteria treatment for 36 h 100 Valeria et al.
« Target: MC-RR (initial concentration: 200 pg L™") 2006
Biological » Method: Actertobacter sp. CMDB-2 treatment for 14 h 9 Li and Pan
treatment « Target: MC-LR 2014
« Method: artificial wetland (7 days treatment) 99 Bavithra et al.

« Target: MC-LR

2019
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7171 % 5}ith. WHO (World Health Organization)©ll 4]
+ HfelaZA A" o 2 QI W& odstr] fiste] nt
O|ARAAEL LIRS 7|F202 A5+ Y HX7F 1ug L' ©]
SHEY o8 HHF 0.04pgkg )= TeE 4= s A
skl glom Mg 52 919t A= 2~20ug L9 7
Z& AAsL Tt (Arman and Clarke 2021). =WHE H]
Foto] A 5, FHAE, Y7HE T F7llAE
WHOCA At At 7| = A4E st §l
TH(Merel et al. 2013; Li et al. 2017).

T4 S che HrelARAA”HE Ao
= Ast7] gt A o] /Rt 28] 8753l
AL o] E fIsto] Table 19 23t of|ef o] Tkt =2
A, shebd 2T ARSI WSl A4, 51
o WEEgl eet 2 Supaler g Beld 4
& ko] A2 wlgo] R, nolLzA AT Al
7} b5 delzlobs Bk ARSH Azl wre A
97449 1A g dol2R A~ A2l PEes Bl

-
7 QAR AL8 drejEote] g Ago] Basta

g9] Hej7t 7-gohA| Rt gt ] X 4
A 221 LA FET 5 Q= Aol o] F7t &
TE T (Liu et al. 2010). TEHA, Blo] A2 A AR A2 E $
e Bt X Aol AAAQ AH27)&e Ajte] Ha
siot. @A7EA] AjtE 71 5,
& A8 2 3 4 vE E oy asat 22
71e4, AAA, FE33H FH o2 Qlste] =2-g o3}
A7l LAEES Aot {1 arAQl 42 He
© 2 7Y 9l (Mahmoodi et al. 2013, 2014). 53]
=X WA Aol mE 41&3 74 A-8o] stk o
of ZFAA A A A o2 WA SH= X @A} o] 2
B & Aol 4102 QI £H e @S HAT 4
= dAA9l 7]&o] E 4= Tk (Cermakova et al. 2022;
Bouaidi et al. 2022). @A Fofl FAlto] vlEsH
= SAEELE Yot FAlae] SRl wet ohefotA]

T FEe] ZRelME

2} (adsorption) <=4

2 mo

1

i

al

e jo i
9,

p

N8} mgﬁ
L@ o A

[¢]

Qe SH2AQ vfo] 22
N2RE AA dpgo ok glov] S, tiie vfo]

A

AZAAELLR (MC-LR)9] T2 2 A|AE St S
(activated carbons), " H-&Z4AY (biosorbents), HFO].2

2} (biochars) 5] Thget S2taA o] /i & Z-gof o
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3 @77} ol 2ol X ek, ST A HEHE S
Alo] nto] LA ARl g §2 EAL Gl AT
29H 5499 i s S1g gAINe) &
Ae)7)40) AEAE 39T 4 9k 24 Zolck et
A, AEG FHAA} 5§ 202 AEoHE Ro] a5

. 2 =RNE BEXALS Fote] 27k Baug o}
O|ARAIAH AAE 915 &

2, xS 0|8%t Olo|AZA|AEIO| H|A

AloHe EAIQ] mpo| A ZAIAE 2 B RE o] 11 9]
£ ot|lcAt FZ2A 9] FRol wek o2 k2] H 9] o]
A 7T A (Mbukwa et al. 2012; Le Manach et al.
2016). ©l52 BHHO R 1,000 Da2l HAFF oF 2.63
nm*9] H1E5 712 Ad] Expo|w M4 o] 24875
Fotal ol -gldolA] ag/del EAE Bl
T}H(El Bouaidi et al. 2022). THebA], o]t EAS 1L
o] mpo] ARZA| AR O] Fzto]| go|gt 24, ety E4
= 7= oheFet S Y] AdEat §& E40] FrhE

J

et eF e (activated carbons)

§-77140) 2gBAS Aesb) Si9
S8 Q= tHEHQ FERAA |tk (Nille et al.
2021). A% HHFoll= vA|7]F (micropore, <2 nm),
57171 (mesopore, 2~50 nm) 2 A tH7]-F (macropore,
>50 nm)°] G/ 0] o]\ F2EHA (400~1,500
m’ g )& 7 250 BA FEA|R QIste] £
A a/de W mhela A A" F2F 8l Al A o
St AT-E Q1o 7P EEs] E-85 o] Hom ml-e gt
ol2tal B E|11 9t} Pavagadhi (2013)2] Ao T2
™ 0.5g L'9] graphene oxideE AFH&-5H] 500 ug L™ €] 1t
O] AR A]AELRR (MC-RR) 882 30°C A 5E7F
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Table 2. MC-LR sorption performances of biosorbents obtained from Langmuir and Freundlich models under different sorption conditions

<:Soor1rg;[tli(z>rr]1 Adsorption performance parameters
Adsorbents Langmuir model Freundlich model Reference
H Temp.
P C) G b . <
(mgg™  (Lmg™ !
Sathishkumar
a b
Peat 3 30 255.7 0.025 0.53 16.58 otal 2010a
Polysulfone -biomass composite fiber (PSBF) 4 25 40.24° N/A N/A N/A '
PEI-coated PSBF (PEI-PSBF) 25 1,7811°  19.34° N/A NA et
Decarboxylated PEI-PSBF (DC-PEI-PSBF) 5 25 1,823.5° 59.22¢ N/A N/A
N/A N/A N/A 0.3045 414
Bamboo-based charcoal modified with chitosan Zhang et al.
(charcoal: chitosan=6:4) NA NIA N/A 0.2948 3.64 201
N/A N/A N/A 0.2540 2.67
Chitosan-cellulose Tran et al.
composite sorbent (67 % chitosan) N/A NA % NA N/A NA 2013
Treated rice husk NA 25 N/A N/A 106 109 Sg'fgama etal
Giant reed derived biochar (300°C) 0.14 1.27 1429 0.086
Giant reed derived biochar (400°C) 0.71 3.89 1.587 0.80 Liu et al
5 25 '
Giant reed derived biochar (500°C) 412 18.6 2.941 50.8 2018
Giant reed derived biochar (600°C) 42.4 42.4 4.167 52.1
Pine sawdust biochar (300°C) N/A N/A 1.56267 2.636
Pine sawdust biochar (600°C) N/A N/A 1.949 32.508
Maize straw biochar (300°C) N/A N/A 1.135 2.443 Li etal
6-7 25 eta
Maize straw biochar (600°C) N/A N/A 1.590 54.325 2018
Chicken manure biochar (300°C) N/A N/A 1.099 8.810
Chicken manure biochar (600°C) N/A N/A 1.695 70.469
10 926° 0.006° 1.631 173
Peeled wood-based biochar (300°C) 25 7372 0.017° 2.151 2.4
40 686° 0.039° 3.106 120.4 )
75 Li etal.
10 2,898° 0.547° 4.310 1221 2014
Peeled wood-based biochar (700°C) 25 3,719° 0.787° 3.802 1567
40 4,197° 0.816° 3.597 1753
Powder-activated carbon (wood based) 5.00 0.6 0.909 6.97
Powder-activated carbon (shell based) 70 25 4.42 0.4 1.1 6.33 ég?;t al
Powder-activated carbon (coal based) 3.19 0.2 0.526 6.13

aThe unitis pg g™
®The unitis L pg™
°The unitis L g™

374 (©2023. Korean Society of Environmental Biology.



A5t o 90%°] MC-RRO] A 77} 7H&5}tt. Pend-
leton et al. (2001)°] 287t 52449 v/ &4 (wood-
based ¥ coconut-based carbons)+ pH 6.59] 79
A g 5252 (isotherm) ol Al ZH2F 189 +107%
22+2pg mg o] Ff wpO] A2 A AELLR %;;x 8}
ol= uf 9}, T3k KOHE ARESI] &
A&r4A (KOH activated semi-cokes, ASCs-K
5k 8,000 ug L™'9] Afo]ARZAIARLLR €4 X
7,929.8 ug L] Htfj mfo] = A|ARLR S5 5}
ST} (Chen et al. 2015). 7]E2] EAoA= mfo
/\E] ] _9__4-7(—] oz 7\—"7% SH /\ O]‘— _9,]—/&&}5]—_,]
A sior & a7t g4 E}%'—
7t M= 7188 R
ATt (He et al. 2016). U}OI_:L?LA]iEl o] &
7] RIS 7182 2717} mfo| A 2A| A~
(1.33~2.94 nm) 2} H|Z=5HA L W ofof ek U
o o]‘:]'(Zhu et al. 2016; Ampiaw et al. 2019).
227 7 = 7180l AR
= S2AQ] mfo] 2z A 2| O]
o] 2ol A+ HES 4 7] "ol 5% &
2 O] }hg}E}(Newcombe et al. 1997; Zhu et al. 2016).
5 et al. (2002)°] =¥ /et 7159 37171 4
2248 7%, 0B o] e 2/ FHj I F
= H7} Aol 4= QItt. AAZ, Pendleton et al. (2001)
2 A7 (<2 nm)& 7H= 848 O34 125
Y] ¢52 carbon black®] o] A RAIAELLR S35
H| 15 Foto] nA7]5o] afo] LA AE-LRO] &2
Tolohr] s QIS v vt whebA, S8 A
7159 Fu7t 71 2 E95o] nfo] A= A|A”-LR
L gitd o7 st 4+~ 9= gAeto|gt & & ok
(Huang et al. 2007). 551, 2~50nm®] 27]|& 71A]= F3F
J1ge] ulgo] 2 Eheto] tlo]ZA AT FASHE
ol % waHoln), ofelst ahol A2 A AEIS] o]
T BB FRAL of2] BL BANE uwH v}
QI (He et al. 2016; El Bouaidi et al. 2022). Donati et al.
(1994)2 A& (coal), ZFH (coconut), ZA (wood) H ©]
7 (peat moss)E Y== Tt S4Je] 715 /441 uto]3
EAAE-LR 2ol tigt Bl g J3gstelom St
7155 73 Wol st e A 7I8E E4deto] A
0

gH(70~116 ug mg ™), I3 (20~40 ug mg™) L ©17](20
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ug mg ') 7I¥re] B T o] -9 280 ug mg ™' 2 Mt
O|ARAA®.IR T2 52 7HIth Bt Park
et al. (2018)2 F3171g2] Fuu]7} 81~91.3%°] L&

°] 35,670.49 mg g'©| Xt "fo]ARA|ARLLR S2H
| of& 2451 S A AR )-S Solg) HE gl o

e e )
Zhang and Jiang (2011)2 S%t7]5 7]5§He] E/deto] o
HhAQl FUE et 22 FQlgoR: T'&—J nfol
AZAAELREEE 75X (1 ug L) olot= A 7A1Z
o ok AE Baskict

gt Yo EAot= 7179 B4 HgEol &
gt B EAcks BY 287 vio|ARA|AH 9
i]—oﬂ 051 3

o] daut 2]'/‘45}—4 7\1]}— oL
q 71912t} (Considine et al. 2001). &
S RS S el i L ) B S P e e i Tl
H 7F25A7] (carboxyl groups), M= 5+4t7] (phenolic
hydroxyl groups) ¥ 7= 7F=2X 7] (quinone carbonyl
groups)E FAL 5 AUth(Ampiaw et al. 2019). o]t
a4ta ZIREe] 287 = Y mH o A 54
(hydrophilicity) ® 4t/ 871 573 (acidity/basicity)°ll 9
T2 5 7] tiwol 84| o] AAY S
Aol dFE PlE F Sl F837 2%0|th(Campinas
2009; De Ridder et al. 2013). Huang et al. (2007)-> At ]
2] A5o] geto] 7Hx]= gaAta 3 S4o] o
nfo] L= A|AR-LRO] FA/35-S Hlw et A, 4F &g
o] &/l % B2 A7 2871
wof Jlom B 9 upo] 2= A|A”H-LR 252
Helth= 25 HAIsH3IT.
4G olelo] 52| §& vtolaRA2”S A|715H
7] 91t F2raA 2 A vio] 27 F-8-E]7] & SEATHL
et al. 2014; Li et al. 2018). H}o] 2= #H 7|22 @5&
ot 7714 dRE Atart ARE 2204 dHgs
ot A & A= oA dadlz ST FAF
gt 542 7117 izl A2 E 1Rt FRAaA 2 A
o] Qltkal K% 11 Itk (Inyang and Dickenson 2015;
Kaetzl et al. 2018). T3t HFo] @2h= A& E/Jeto] H]ok
of U2 Az 2k, Aol 7Fsotths Ao Bt

ZAA A o] al XA FR A= AT (Yang

A
oZ: mot B B B mor ox

—

1o
Y
e
N
N
ok
o

gdol

Tt
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et al. 2018; Dai et al. 2019). HFo] 22}o] B gh4 Ak
Hl-&, F77)8 Fo 94 gHzy e EAS E

A= T8 9A4E Hho] @2} A X 2L o|t}(Keiluweit
et al. 2010; Kloss et al. 2012; Wu et al. 2012; Zhang et al.
2015). A& &7t Z7FES5 Hio| @249 7|5 @4 |
2 9 gAY 3 O] US4 (aromaticity) ©] 57t
ato] A2 A|AF A A G E0] SR (Ahmad et al. 20125
Li et al. 2018). Li et al. (2014)< 300°C2} 700°C2] Z71 ]|
A A zE EA 7149t BFo] @ 2F(wood-based biochar) 2] T}
o|AZA|AE-LRO| iRt F2Hd5& Hlw skl 700°C
of| Al AZH HFo]l 227} 300°C 274 AXH Hio] 9
AFE T 5H) =2 MC-LR &2F (3,719 ug g )= Hgh
vh Qleh. T3 Li et al. (2018)2 600°C2] ZZANA A=
H 9o EHS 7|Hto 2 JF vho] @ 2} (chicken manure
biochar)+= 300°COllA] A| 2% Hfo] @ ApE T B2 g2 OF
o] npo] AR A AELRE] F2&o] 7h55lH o] =2
oA A xE Hio] @2p7F 945 S-S H F714
|71 EA4LS 7HA7] w2oletal K15ttt Zhu et al.
(2016), Liu et al. (2018) 12|11 Wei et al. (2021) SA] B}
0| @A} A XL LT FE4-5 Hlo| ARA| AR A AR
&o| Zold& eIt v 9lom Hio] @2} Y| 454,
BAZ1A e, 48T 59 bt 7132 F5te] mho)
2AA"o] F2HE T A A6

ohg/d ©Aar|hke] SR ofy et A 1EA 2
AL} e rreket AE7IEke] 42 4

o O

caFet ol e ool

[e3

N orfo

2
N

B ro
N

—~

=) 2ol 54 S=
ol o2 LARAL A AT AAE
(biosorbents) 2 E-8%]17 lth(Volesky and Holan 1995;
Won et al. 2006; Volesky 2007; Liu et al. 2009; Won et al.
2013; Kim et al. 2016a, 2016b). B4 F2aA= H71E
o] AAtdst gl F&-=& A4S Sk HEA S 24

1= R B — |
AR 1
9

2 rlo g Ly

B

=
Atgol 7Ps e At sty A

5} 7)40] EYe Foo] H2H

24 H7HET Qo (Won et al. 2014; Kim et al. 2016a).

2 712 EAA A SZHANE -8ote] 552 mlo]

AZA2EE A A gt AHIE 21E 4= Sl
==

Sathishkumar et al. (2010a, 2010b) 0|7 (peat) & &
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I pH 37} 30°C9] S22 A 3022] w2
74}k 0.26 mg gt o] Fof mio]ZL=A|AE-LR
HUSHTE B3, Eol7] Z1Rte] A FR A=
< AEE Foto] 2 nfo]|AZAAELLRE] 93.7% 5
22X A o] 7Hsstetal H s3I, Palagama et al.
(2019)9] 9= 5% BAS o83k 4FA 2|2} 250°C9] &
A E A% BA (rice husk)E A S = &850
63-2] uto]AZA]AE (LR, -RR, -YR, -LA, -LE, 2 -LW)
of| thet A A 5& F7lstalet. o] 50] Hgt Axfof| w}
2H, AA 75te] S = 659 nfo]ARA| A0
A SN (F 5% 150ug L7, ZF 25ug L) 30 mLefl 20
mg<] BA 7|9t FHRANE FAHAS o 408 oWl
BE ufo]ARAAH thoto] 95%9] AARES 71
< RI5IHL Kim et al. (2018b)2 W& A #7129
vte|2]o} (Escherichia coli) APE wAH1E E=]/dE XA
£ o] g1t 11 3tet ol 24 ALEAI polyethylenimine
(PED= A& 219 7iA-E Foto] HRd e Sz
A|ZsHA AL o] 5 Argote] nfo] 2 A AELLROY| et &

‘5= ASSHA g w30l o=, PEI 9 7§

Foto] SR BRI ol 28715 F7HA
S 24 pH 59| 274 opg g 'oll 77HIE deEd9
nfo] = A AF”-LRO| thet 2455 1,781.12pg g ' &
2 dAoHA AAAE 4= Y-S FRI5HIT) T2 PEL &

Mot |

o 2%

opo] 2 A AELLRO| et SHZISE (affinity) S 19.34
Lg el 59.22L gl o2 7HAA|

21 Avke Basket
29 24 A0S Foto] BT 5 gIFo] FAIES

S AR gl vtolaz A28 s 9]
T S EaACl etolo] ol 1T TR BALANE
o] A W A H L Gk 2L ST 4 glk. s,
o] A o

\=]
EERESEE-2 R
&

=,
Ol
L

W 5] 22 e de I 4 7] HiEel tite
374 Aol Ageart 2 4 9
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3. Olo]AZA|IA
&3AUxt

Szt o] mH EAE ofyet F2to] o]Fo]
A= 2, pH, A #7112 (normal organic materials,
S AR = U}O]ﬂi*]i‘ﬂg =

lo
o}
<

aAfe] Aol dad
M A Eal e
AFE Zldstelon 2 &
NOMs -7 59| 217t utol A=A AH AAGE
ol m]2]+= AIHE Table 301 2]ttt

F2o] o] FojA e RE+ &
A= T 22 5oy Ae] S ndorA &
el MCsell tigt 250l 42 vd 4 =
QIZt2 KW IE| T QItH(E] Bouaidi et al. 2022). SHA|R
SE= Ao 29 B4 wet &7t v|2=
o] ttE 4= Uttt Zhu et al. (2016)2 2 (Gibbs) 2t
S I (Van't Hoff) 29| 285 &oto] Alite 4<st

Eilzl o)
=R |

S < e}

5

I qm oo oo P 1o

2 L of

Table 3. Effect of environmental factors on the MCs adsorption
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A2 olgste] B J G n}olay]aﬂ %
L A GRre BT

[}
3} L7t 24 s mho

o
N I-FU
T
E
r‘
=
e
_11
o
[
fu
>,

o2 12 fu o I
T

AT} (Moreno-Castilla
2004; Schreiber et al. 2005; Park et al. 2017). ¥FHO| Li et
al. (2014)<> 300°C%} 700°CoflA A= =A 7|5 Hio]2
#9] nho] A2 A2 LR S2S GG Aota] 5
Ag Heloky B 5ttt E5], 285 Hio]@2}o] =2
pHpse 81(8.5~9.7) 7|§tO & Hfo] @ 2ko] mfo] A2 A A
9IR B2 AHY|H Q8L Fo 7o sh st
2] Z2o|m 300°Co A A|ZH Blo] 217} 700°C2] HFo]
@7}l vsto] S5 B2 Gl Al HE FA

et
g% pHE 82 240 28] QoA TS Fag 3
A QlAelc}. pH B8 (pH 2+p

e R

Ry

9)7k E2aA 0] ufo] 2

Environmental
factors

Effect on adsorption performance

Reference

+ 5mg L™" of NOMs (Tannic+humic acids) reduced MC-LR removal efficiency

Campinas and Rosa

from 98% to 67% 2010
Natural organic « MC-LR adsorption efficiency of activated carbon was decreased from 65% to 12% in Huang et al.
matters (NOMs) a real water sample (Fen-San source water) 2007
« Suwannee river fulvic acid (5 mg L™") reduced MC-LR adsorption rate of adsorbent Lee and Walker
973% to 86% 2006
* MC-LR adsorption increases at a low pH (pH 3) compared to high pH (pH 8) ;(;Jg;g etal
. . . . . Mashile et al.
Solution pH * 16% increase in MC-LR removal rate with a decrease in pH (pH 3-9) 2018
. . . . . . Zhu et al.
« Adsorption capacities for MC-LR and MC-RR decreased with an increasing adsorption pH 2016
« Increase in the MC-LR adsorption rate with increases in the Ca?* concentration Campinas
from 2 mM to 100 mM 2009

lon strength

» MC-LR adsorption capacity was enhanced under 2.5-10 mM of ionic strength condition

(KCI+CaCly)

Campinas and Rosa
2006
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= mpo]A A A" et &

B85 Qlth(Pendleton et al. 2001;

Huang et al. 2007; Zhang and Jiang 2011; Zhu et al. 2016;

Kim ef al. 2018b). HFo]AZAA~E F2Hd 5ol tigt pH

FF2 pH =214 Oﬂ U}E SHAaA ] B Ee FAE Y
E

mfo| A2 A|AELLR B X Y ol 287l 7=
BA7]9] &A8t B4 (pKa =2.09, pKa=2.19)°] =2t
pH 2.19 o1/g9] &0 Fol2 Fe= ZARITH(Li et
al. 2014). webA, A 2] SA5H] 2871E =0l
© geja g2 gt UT°13E/\V\F4J+ 337]

e

et al. 2017; Li et al. 2018). TS, AP o] ZHof| A nto]=
ZAAE B *Eﬂﬂ%lv% farels S5 287

Afole] vidr&E o] 7}
TZE °oFHA ?:1}3-71 Tt A Qo e
715 Wizl Hdo] S7kste] 250 S7F ol
Lo ¥ 4= Itk (Liu et al. 2018). &) Pavagadhi et al.
(2013)7 Liu et al. (2018)2 AVd =704 S/dete] Ed
© ¢ uro ofo] Abg FE7|E 71A 2 9lona B4
o wIT} ofo| A 2N AF B 7 54 Ageo] Z7lo}
WA 25 ST Al sl

% A4 F71EE (NOMs) 9] 55 A] upo] T2 4]

1?4_ _g_ltﬂ] 0:101:0 U];‘é_} _/'\_ 1]:]- QEI-/K El = 0o] &z A
2] mpo] AR A AE O] A A F-Eof gt NOMs 9] 036(}

& AA AR AL fdiA LEsor & T8

agtal g Q7] diZol B2 2olA E’r-M
o} (Pendleton et al. 2001; Campinas 2009; Huang et al.
2017). Table 3014 &1 &= 91520], &4t (humic acid)©]
U B4t (tannic acid) ¥ 22 F7]E0] =5 4 &

ol 32

ol

¢
lI

§°lf0

A o A8 S22 npo|ARA A" et F2H]
SOl fragith f71E2 BA S A g2
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As A 7130 45 B uk] B4 5 gL
Noz BH 0@BUel FAAYE Fokt 2L W
stel E2aAe] EHEEE FAAZ 4 ek (Pelekani

and Snoeyink 1999; Campinas 2009). 53|, A &At&
o] f71E2 H& At S AAE /FEE Sl
Campinas et al. (2009)7} Li et al. (2002)°] 25t HilH
HF Qloh. 24Re] A, 7159 2717 A2 g2 7]
59 27] #iAl= sl {7lE0] 2 BB AN AaE
4= 9T} (Pelekani and Snoeyink 1999). Egt, 7]-52] 27|
7t & S F8g o R f7]E0l JOH 71g0] 2]
&4% RS 4= glokar Eiﬂ“u}(Donaﬁ et al. 1994;

Fe] olZ(4ll: Na*, Ca™ ’:)4 1 trJrf’/‘r

17} B 27
FFE HE 5 ﬁlt}(Campmas and Rosa 2006). =2

e

B0 gj5t BAJEF] BHAEC S
034 &7t S7hol wet Soketrtal B
AA| = Campinas (2009)+= -&& Ca®* 0]
2t F2taA) 9] ufo] A2 A A|-LR 24
7Fetthe A7 BAalRt EE QL

Jo
N
oo
E

(ST
zo 2
rr

rr xo

)

Kl oo
o]\ L rlu

o)

N
)
<l
<
E:)

or
I.r]
ot
N,
o[N
P

4. SHATE 0|8 NIE U

O = e )

OfolaZAJAEl KA

nfo] AR A AE Y} 2 Alofle Z412 fofl EAlwE Al
I ol EAstetr AlZrF Abd 2 Eofl=wA siEE
o ERH ZAA A FEE HolreS Tt fall
Aldt9] FAE AIZFC R o]l 2 HAEEY A =
2 At E olE o ol EAleE AlEE 2 HA 0= A
A g 3l Zlo] AU Aokl B4l @ 2 oSt
= 2] et Aotk (Jeon et al. 2015). =AFH | HAY
ot ol Al 7\1]7% 01'7] flote] FE A A E Bt
ke ]y 9] O} AAE A2
31571 o= g A 45 Eo ol A TheFe] who] A2 A
= ¥l 2t (Kim et al. 2018a).



Sfebal A Ei ARSFA Aol AT i Axe] A
Bg fEshs PO A3 dAFE] AAT ool
7) wj2o] § ol 22 A28 FE F7HAZ 4 ek

o I>

=
(Park et al. 2022a). TetA], 5l EAlH ] A ZE =25}
2] O HA AAT 4= UL FAof| A|AH A2 9] 3]4-7}
7hsRt 71e9] o] a7 E L }lom o & 9%t F& A
e -8t ol At Mol 24 AQ1 S2/3]4 W<t
o] AIAI =L It (Kim et al. 2018a; Park et al. 2020; Park
et al. 2022a). 3 HAlE ] A2 EHl= 7t=2547,
471 T hFet gol2Ad 28719 EA=E Qlste] 4
AlollA 245t W E4& 7H 4 glon ofol2d &
|75 RS S mH A7 Qlgow S
o] 7Fsstthal Hilk
o2 w7 &S 7]5ke.
ol 24 IEA}] PEI & 5ote] Alxe H-73 9
SEAAE ol EAITER] M. aeruginosa A1 ZE A ASH
7] $lote] -85 vF QLO0™ X7 M. aeruginosa ME &
5 (6.18x10° cells mL™) ] 76%E AAL 4= o= =<l
SFCH(Kim et al. 2018a). T2, Kim et al. (2019)-> PEI
£ TR A o] E-Hlo] U A H]E (alginate-biomass
bead) & AF&SH Aol 5%x10° cells mL™'9 27| M.
aeruginosa M| Z7NA 67%] AZ AARES K
J5h7| & sFRT. wiAlg WS Bl PEIE R &
ZH (PEI-cotton)E M. aeruginosa | Z22] AHE flote] &
et 7Aoll= 98.7% 2] 3 M. aeruginosa HIZE A A
&5 EATH(Kim et al. 2021). Fol243 28715 thg
fotal e 71EAN 719te] A5 S2HAA (chitosan
fiber, CF)= M. aeruginosa A2l oAl 85.2%2] A7
G8S 7HE Aor Hugglon A 4o mHF
o] Y= 5 M. aeruginosa M|l et A AZE] 5
F2 H T (Park et al. 2020). M. aeruginosa Al
= A7} 7Fe?t F22A]]] PEI-cotton ™ CF
, EHSS o] 83 54 e ot 5
EA4o] gRlE]o] Jx Y o) SA 48] 7Fs
QF QFARE SR A 2 A 7Hs/d2 IS BE ATt (Park et
al. 2020; Kim et al. 2021). &4 1EAE &85 S24
ANE M. aeruginosa M| 23] A| Ao avtAolzts B
W% QISITE Park et al. (2022b)> E2jH|E SR o|E
(polyvinyl chloride, PVC) &4 #-59] CI” F42-& PEI &
2p= 518HA 2|85k PEI-PVC AA1E 28513 on A

b o oo
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24A17F oJWjof] 7] MI3E 5% (1% 10° cells mL™1)of| thHH]
Stol 85.29%2] M. aeruginosa A2 A 77} 7h-ssietal B
USHGITE ESE, Q1A QN HiA] oA 43P Ao
74e] ZA9-HT} B 71 HHAZH (72417 0] 8 E oLt
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435 N1 9)e}. u}
ol FAlte] AlE
HH%EJ njo]| A ZA|AELS
Folo] FA4HtE AE LA o, ¥
=49 D}OBE&A]_EJPJ AR obet HiEAQ Fall &

m
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>,
>
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fo
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.
E
o,
i)
k
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>
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o
=
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_L4
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) =
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N
>
s o
J‘ 1,

mlo
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ﬂHN‘
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41 (Cyanotoxins) S
2t Al ot Fd= F71
2 PAS W 9ok S8, BAo] 2t vlo] 22 A ~H

(microcystins, MCs) 2] A|AE {1t A7} 7P o]
A= o] Fom o] I3t theFet =4 2] B o] A|gtE]

I Ut} 7 =RolAE 7]E0] HalE nfo] A 2 A|AH A
AL 9%t 71& F AAA, A Uete s frpita
U= 2714 (adsorption) ol THot] FHS Fa1 XA
sttt 24 (activated carbons)< OO AR A|AE A
AE SIer FHAAE 7P FHLIsH 8= gleH
g o] ARA|AY 20| HalE L QiT Hio]
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2 2} (biochar), "4 S 247 (biosorbents) &t Z-2 SAJ &t
< Aot S2taA o] €8 AT AP o &
AJete] vlste] 1 537t U]g@' A7doltt, o] 31 Els ‘j]'o]

4 QE 1}04 07]“ a
ol24 &)t ¥F= A= Aoz HAHI glon

Eu} 9 A

Alete] AHAJA AAE ﬁi —E—Z 134 =g 7%—*45
15kt kA, o] 2R A AE O] A AS 7 A
2l &t o] E-8-S fleliAe AA & x70lA A
B3 28 A, AAIAQ WA o] X3} AF7F B Qs
o w2 =22 AAE AAs 24 E A

Yo} O,

ek 11{0]1 mlo

fol @ mtolazA2Ho] AAS 918 BIHA
P 2 A8 ) A D e Bt B AN
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