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Abstract: As the occurrence of harmful algal blooms (HABs) have become severe in
precious water resources, the development of efficient harmful algae treatment methods
is considering as an important environmental issue for sustainable conservation of water
resources. To treat HABs in water resources, various conventional physical and chemical
methods have been utilized and showed treatment efficiency, However, these methods
can lead to discharging of cyanotoxins into the water bodies by chemical or physical
algal cell lysis or destruction. Thus, to overcome this limitation, the development of
safe HABs treatment methods is required. In the present study, adsorption technology
was investigated for the removal of harmful algal species, Microcystis aeruginosa from
aqueous phases. Industrial waste biomass, Corynebacterium glutamicum biomass was
valorized as biosorbent (PEI-modified alginate/biomass composite fiber; PEI-AlgBF)
for M. aeruginosa through immobilization with alginate matrix and cationic polymer
(polyethylenimine; PEI) coating. The functional groups characteristic of PEI-Alg was
determined using FT-IR analysis. By adsorption process used PEI-AlgBF, 52 and 67% of M.
aeruginosa could be removed under the initial density of M. aeruginosa 200 x 10°* cells
mL™" and 50 x 10* cells mL™", respectively. As the increasing surface area of PEI-AlgBE
the removal efficiency was increased. In addition, we could find that adsorptive removal
of M. aeruginosa has occurred without any M. aeruginosa cell lysis and destruction.

Keywords: adsorption, Microcystis aeruginosa, harmful algal bloom, polyethylenimine
(PEI), surface modification
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Z2@Molet 2= /ol ulHERFo] oA (Harmful
algal bloom)-> Microcystis sp.\t Anabaena sp.8t -2 Fx
2 (Cyanobacteria) 7} %% AHANA F2sH S5
= @4E U3ttt (Paerl et al. 2001; Fahnenstiel et al. 2008).
AL AF2dstz olst /\i/ﬂ-ﬁ H/pjdeddozy
H fU5E HEst ko] YFATF (nutrients) 2 A7 5
A o] F-G ¥} (eutrophication), 12|11 19]A Q1 4=
5t olsto] o] st LA ] ¥ o] HIL ol A7} Al
SEmA A1) gl SR Ak o) s
of tim 24 B B AL S §
SA7IE 5 124Rel dalo chigel A ) A 12t
Q1 ol o] AL BolAS ekt 2e B BAS
AAIA 4= QATH(Kim et al. 2018). gt ol Y25
microcystins (MCs) ©]} cylindrospermopsin (CYL) ¥t 2
Q17 FEof ARl 2 /-54EH (cyanotoxins
Aol HiEA1Z 4= At (Ledn and Pefiuela 2019). B4~

oA w25 RIS Fa B

5 HEE= MCse (R3S A7l H=AEEE
(hepatotoxin) = =Z 9 Al AEE = g EEel
E74olt}. 71 3, microcystin-LR (MC-LR)< 7 &/do
738 MCs®| FHlE H1E Q7] wjZof] AAREAZ]E
(World Health Organization; WHO)O|A= MC-LRE] =4
(LDso= 52 1&5to] A4 Y MC-LRO] 7]&
5 1.0ug L™ o]5k= AA3EA Itk (Merel et al. 2013; Li
et al. 2017; Dixit et al. 2019).

Chorus et al. (2000)°] 2™ w|=r, Habd 59] =7
A ol Al EFIE dit R SARE Rl Y 9 A
Zof| oJet thefet AA| mshAt|7E Halsa Qlot. whet
A oleig Tshe B QAT S g St
Slstel 9 Sakglel] WA o DAERE z—g——
2] (ultra-sonication), UV AUV irradiation), =7]
(aeration/circulation), ©7}(filtration), TES ,—.-_%?_]'
(coagulation) ¥ ¥H:F3HpA (hydrogen peroxide), A
(algaecides) A2, <1/ HEFO| = (algicidal peptides
78 tioFst £, slehA "ol A8 9 sfdhE] 7
(Kim et al. 2016, 2018; Han et al. 2018). SFA|qF o]2igh 1t
He P A S & 4 e 22 ARG @4, 1L

H|-g-0] A|HdEZF D 2-8H] 59 A7} 91Tt (Guan et al.
2014). 3 ol mIH 2RO Ay Al HlaETz0] ut
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5 FHs Uﬂ—rvj—oﬂ Rl B ‘]375 ol EAlsh= 257
S4EA 9 HiEE SAZ 1=l AUt (Kim et al. 2018).
et nek BRG] AL SAZE A2 7129
o] apelcy

&%} (adsorption)2 F2HAA (24
AF22A 5)E AHgste] A W £AsH
U da 59 o2 e¥Ede avHoR

w712 (e
of & u]ﬁ]é%), %Mg%a A O] TRt Hiol e m A
71 (-OH)Y 7I2EA7] (-COOH)
&e = % obfl7] (-NH,) 2t &2 o]
4 A8718 7HAAL ol HAEA 17] wiZef, &F
4 Ee ol LE=229 AAE AT BAE
Al (biosorbents) 24 Z-8-3F 5= Slt}(Volesky 2007;
Vijayaraghavan and Yun 2008). Won and Yun (2008)< &
B4t H71ER1 Corynebacterium glutamium-= YA 24
A2 ARgSt] Zol24 E=Ql Reactive Yellow 2 (RY2)E
Sz /A At HFE H11gE vF It E3h Ramrakhiani
et al. (2011)-> A (fungal biomass) %1 Termitomyces
dypeatuss 67t A& (Cr(1V)) 2] AIAE g A=
H‘*O}Oﬂ‘:’r °XL°ﬂ *}QE]L SEAA 0] Ao ZA St
F2 B g2 T &
e AAELS 2L FaT 04 3 Shiolet
(Won et al. 2013). S22-87]<t BH2 2 449 EA
2} o] w gk (ion-exchange), "8 §717124 Q12 (electrostatic
interaction), Z #|©]4 (chelation) 5 TF3H &2 #HAY
5= Fot] LAEEY F2/A A7 o] Foli, whet
A, A W L dedo AstEAS dEste] Skl
HEHS oofet E2)/3Fe 8 02 i (modification) &2
24 F2Hd5S AL 4= At (Vijayaraghavan and Yun
2007; Akar et al. 2013). 5-5], polyethylenimine (PEI) 4 poly
(acrylic acid) (PAA) 2} -2 o] 2/ IEAFE AR 49,
o]24 L&Al gt F2%F A maxprt gdsitt
O HIET Qi (Deng and Ting 2005; Yan et al. 2012; Mao
etal. 2013).

ol PIM 5, M. aeruginosa= A& O 725417
(pK.=3.9), 471 (pK,=7.1), 12| 2L o}H17] (pK,=9.0)
£ 7113 97, ol 8715 pr, SAL2 st]
TSR ACNA AlEe] AL AAlH s FH5HE Wt
2 B 3153 Qltt(Hadjoudja et al. 2010). =415 W= M.
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SAAAPE 7T Gl obalz|oh 4_}% P
Szkzre 7 of] AAH 7| olglog g%

. =
aerugmos =
=] R Sy

ot H}EW o] 7HE 7Nte 2 B Ao A
MZF M. aeruginosa A|ASE7] 13k Fol-24d —E—Z}j\_

2 g o] 5 o83t M. aeruginosa 11]74 = ]'O]' ‘:]'

C. glutamicum /\]'-Q“O]'Oﬂ‘:]' _xh,} e Z_]"\:_]'
15t C. glutamicum
H}O]Qﬂﬂi*% YA E2ER] LA Y| O] E (alginate) 2t &5
(alginate/biomass composite fiber; AlgBF)
c}. U:o]- oFoleA] 22 7|¢l ol 7| E ok
SHotal Q= PEIS ixﬂ nﬂ#Oﬂ :ﬂo}d PEI-modified

2 pehie.

1. M=

2 AT A AT S2RAA O =Sl Hio] em A
H 7] (C. glutamicum)-2 oAl At g4tz oA Ay
tASR (F)HA (Daesang Co., Gunsan, Korea) [l 4] A}
WAe 5 AzE 2T Feh2 ATVYT 240 14
stet 2HNA-S YA, sodium alginate (Alg, >98%,
Junsei Chemical Co., Japan, Japan), PEI (branched form,
50% in H,O, M.W.~750,000; Sigma-Aldrich, MO, USA),
Glutaraldehyde (GA, 25 wt.%; Junsei Chemical Co., Japan),
Calcium chloride (CaCl,; MP Biomedicals, CA, USA)E At
|3 A H o F2AA] Al Zolls WAME Y-S (Taeha
Co., Seoul, Korea)©] ©]-&F| I}t ZApAISH Al ZHHL2 “2.2
S2AA o] Az ol A AT st

EpZl @ A=4Q1 M. aeruginosa (M. aeruginosa KW) w5
+ GFEAFANA FAE Ao AP FGAT
(Korea Institute of Bioscience and Biotechnology; KRIBB) <]
S8 HiApd o] EFofl = A2 AHESHATE M. aeruginosa
HFoll= BG11 BRI 7F ARGE Lo H, | 2] 9] %732 Table
10 FAISF3ITH

2, ZEAMY M=

EHLAE Az Gtol WA AlgE SR &

Removal of Microcystis aeruginosa removal biosorbent

Table 1. Composition of BG11 media

Concentration (mg L™")

Chemicals
BG-11 medium

NaNO3 1,500
KoHPO4 40
MgSQOas-7H20 75
CaCly-2H,0 36
Citric Acid-H,0 6
Ferric Ammonium Citrate 6
NazEDTA-2H,0 1
N82CO3 20
H3BO3 2.86
MnCl; -4H,0 1.81
ZHSO4'7H20 0.22
NazMoQgs-2H,0 0.39
CuSQO4-5H20 0.079
Co(NO3)2 - 6H20KCI 0.0494

SHATA 3% wto] Alg 882 FHISHITE. FH]H Alg -84
of & el C. glutamicum BFO] PR (< 50 pm) =H
= E%5t] Alg/biomass Z -8 (Alg: biomass=3:7 in
suspension) < A|Zotal Hfo] QU AT} A oA BAFS 4
NE= 12A17F F1F WRESHATE =H] % Alg/biomass &
_Q_OH o H}}\}-_Q_ 1/]_‘;__9_ EOH 3% W/V—q CaCl, _Q_OHoﬂ Ho}/\]—
Sto] Ad-7FE ] AlgBFE Al =530t Al 25 AlgBF= &
FolAL Q= CaCl, 42 Al75H] flsto] SF7+E A
Sto] 33] Al&sto] Qe Al - o] 2ha ¥ AlgBFE 119
PEL -84 (2% w/v)°ll @il 6A17F 52t ¥F-E-AIZ{Th PEI 7N
2 5 AlgBFE &0 o 2 HE Haola ZHFskal Q1 PEI
SH= AASH flste] SRTE AR 13] A&kl
1L2] GA 89 (0.6mL L)l olF0o] 4AIZF B2t 7hu st

o Aashoick, FHmukgo] $HHl F, PELAGBFE £
25t FR-E ARgote] 39] AR s F3leh Al
PEI-AlgBF+= 24417 59t T2 2E Aokl Az
&A= Aol A3E= B¢ dAAelE o Eatsto]
AR-g-sHAT

il

e
H

3. BAATY EHEN

A ZF= AlgBFQ]' PEI-AlgBF 9] 1 287|542 Fourier
transfer infrared spectrometer (FT-IR) (Cary 630 FT-IR,
Agilent, USA) S AF8-51] 25T FT-IR 242 650~
4000 cm™' 2] T Oﬂoﬂﬁ Y= 12 Attenuated total
reflectance (ATR) *&4]-Z AH8-SFATE. M. aeruginosa®] A2

A3t 50 F2FAA FH-2 Field emission scanning electron
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microscope (FE-SEM)2 AMg-5to] Wstelt #44%
% M. aeruginosa 22| % - 2] PEL-AlgBF+= X5/l 4]
607t 5T ¥ (4nm)= 3P F, FE-SEM (Quanta 250
FEG, FEI, USA)7|7]& AHg5te] AA12] 2H-S a9l
ot

4. M, aeruginosa Ext H|7| ™7}

+2H& B?F M. aeruginosa®] AA BIHE 9Aste] W
2 BG11 BiA°A4 0.15L min™" 2] F71F Y4, 50 umol
m 9] F=F 9 25°CO] 21X M. aeruginosa’s ¥l G}
At A BiFE M. aeruginosar= FHlEE]E Sto] i
2194 Eelste] FAoh I 7, 150 mL SH52 E3F
St M. aeruginosa®] 27] AIZEWEE HX AT
((50.0£5.7) x 10* cells mL™") == terA 4] ((200.0 +
11.9) x 10* cells mL ") 2 X745l It 71 &, PEI-AIgBF
0.3g= M. aeruginosa 8Nl FYAIZ omf AujFe] =
At L F7IFUEE, T H 20 oA Bk
off 7
<2 2 (control) &2 AAotH o Aozl AlZE 7+

2 MEYES Fgsto] g f 2A5t= M aeruginosa

o

AL O] £=5 hemacytometers ©]-8-5F0] S5t BE
S X

=]

LB AA WA, BHAAE B4 RS A

1 SAATO| B %87 54

PEIS Alg3to] 74 PEL-AIgBFS] EH 27| W¥s}
£ &S] 910t AlgBFS} PEI-AlgBF 9] FT-IR w414 7}
E B3I 650~1800 cm™ ] IOl A H el AlgBR2}
PEL-AlgBF 2] FT-IR AH E -2 Fig, 10]] IEA|SHI Tt AlgBF
oA Hol& 1,031 cm ‘oA Holx mAE C-O stretchs
LERATH (Chung ef al. 2004). 1,081 cm ™o A & 4= Q&=
peak= 2R ol =] U= C. glutamicum©]
B EA5H= Q47104 B]ZE P-OH stretching= <]
03+ (Kim ef al. 2015). 1,4107} 1,617 cm™ 2ol A] Ho]
+ 709 13+ AlgBFoll EA5}= o] 23t 725417
(-CO0-)E 53t} (Chung et al. 2004). A1 1,540 cm™
oA AT 4= = Wil ofet IR I3+ CN stretching

744 ©2019. Korean Society of Environmental Biology.
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Fig. 1. FT-IR spectrum of AlgBF and PEI-AlgBF.

|4 H]ZEH Ao]tt(Choi and Yun 2006; Liu et al. 2009).
PEI-AIgBF®] ZT}o| A& pEIZ /MAH 244 EHY}
VHE IR 579 HelE #ES 4 Uitk WA PEI A
4 ¥, PEL-AlgBF 2] IR 23 E §]o] A= polyethylene -5
9] CH, scissoring vibratione WEFW= 1,451 cm™ T3
o] 5l= AT 4= A ATh(Zieba-Palus 2017). £ C-N
stretching% UERE 1,541 cm ' T 37} AlgBFOﬂ H|5}oq
7Tt o] %t m 2.2] WSh= AlgBF 2| EHo| PEIC]
A= ZHo] Hlths A2 oJu|d 4= Uk T3, AlgBF
oA Hold 1,617em™ 9 T37} 1,632cm™ 2 ©] 5}
Aol 9 E7hEA Wstilt ol= GA 7t Rtg o=
o15te] A o]9l7] (imine, =N-)S YEHE= IR 12
(1,650cm™)7} 1,617 em™ H-20] T T30} HA A LreREY]
|0 2 HIth(Ghoul et al. 2003). =3}, PEI7} AlgBF2]
o] 72 E wj AlgBFO| 7F=547]9} PEI 412 o7l
717t Mz G714 18 ofste] Aol wtet o] 23}
H 7k2E47](-C00-)E 2HIStE 1,601 cm™ 9] T
2] FAaES7] e Aol 11 A7t At 54
o m39] o]Fo] TEH 1,405cm ™' 2] WA FA] o] 25}
H 7t2847]9] gd4E tth & FTIR AY-E 55t
PEI-AlgBF 2] 0| ¢Fol2/d A7}l PEIVF & /=
o] Qa1 1of| Wt M. aeruginosas ST 4 = ol
4 AE71d o717 A e m SRS e &
St AA| PEL-AlgBF 2] M. aeruginosa®ll tiet A|A &35
gelsl7] 9sto] PEI—AlgBFf?} A M. aeruginosa Hjjoks}
A F2H 5= BTl HQt

J
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Fig. 2. Microcystis aeruginosa removal efficiencies of PEI-AlgBF
conducted under different initial cell densities of (A) 50 X 10* cells
mL™" and (B) 200 x 10*cells mL™".
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2.

oot

|
=52 A4 WA Al HFYD M. aeruginosa®t T2 HE
7ol skof wet == FE dAE st vk ol
S =2 A DAl whet SRk 0] A8 7 de BT
5t7] flste] thE 5 IAY oA (A oD A ol
sfEol= M. aeruginosa A|ZeFo] £A6H= XA A PEI-
AlgBF®| M. aeruginosa Al°] 7V5/d& 75kt Fig. 2
X 50x10*cells mL™* (BAGAN L 200 x 10* cells mL™* (A
Ay TA) o] 7oA Aol M. aeruginosa] AL &
o WskE BT ATfold. FHaAE A8 g
control A1 E2] 73-%, 24417t &<t 271 M. aeruginosa®] Al
I 5 fFABIAY 251 F7tohs AdS Bk o
A9k, PEI-AlgBFE 483 3¢, e w5 T & =

0|23t M, aeruginosa M|7| 1}

rl

2

Removal of Microcystis aeruginosa removal biosorbent

oA M. aeruginosa A& 5-0] A5 T
ZBAGA ] 72, PELAIGBFE 283t Z] 244]
M. aeruginosa®] AL = (18£3.58) x 10* cells mL ™' 2
715 ] 67.3%2] M. aeruginosa M| 2] FAEE H
o oA DAl A8 A -Folli= 24413 ©]F 52.25%
O] M. aeruginosa= PEL-AlgBF= AAT 4= U3k o]
§F PEI-AIgBF®] M. aeruginosa?t Al 7= S5HE We M
aeruginosa®} PEI-AlgBF7} 7}2]+= QFol2/4d 287141 ol
712} AA7|A elF o7 Qs Ao 2 Helth FT.IR B4
Aol Fol2/d 287191 oti7|E vt 3
+ PEI 2217} PEL-AlgBFol| Z & o] Qlth= AMd-& &4t
o} M. aeruginosa®] Z2}o| o] R0l 2= ME2] pH= 6~6.4
& M. aeruginosa®] FHO| EA|H= 7t2547] Ti= o
ESAY)E 259 pK, 5400 wet 255 A
=013} 57| "z, M. aeruginosa M| & FEH-2 AA 2 ©
2 ZHsE WA "ot ¥, PEL-AlgBFO] IR E ol
A DBEZQI PEI= 12} 23}, 18] 11 33} o}l 7|2 7HA| 2L
I 1 pK, @2 247} 4.6,6.7, 12|11 11.622 BIE
oF (Willner et al. 1993). WebA], 20| o] F0|2]= pH
AN L7 oprlZ| 7} oko]‘__ o= = AN 439
A Q7 el 54
14 Ao GaaA wrel S 4
o LI, PEIE W 29 FALAE A
AL AT} (Kim et al. 2018) A
9} H]S=3%F M. aerugmosaJ brd o
7 M. aeruginosaSt A%
FASHE wl= ofvl7] Atelo] FAd714 e
1712t o 2 Adrgstal Qi
. aeruginosa's 28t 9] PEI-AlgBF 2] FE-SEM
(Flg 3)E AHHEH Sz 42 BHo| S2E T
] M. aeruginosa M| 25 &S 4= U3t ol 2lqt A}
= PEL-AlgBFE A&t M. aeruginosa®] 7| 74 TRl A] Al
O] w7} R ER] e E’r~ R 94“]3}‘11 ol =& M
aeruginosa®] A ATl A =
W] f=tte A e

o A
o 32
32
o

-IO](

Pt

%

—_

I“N ;94 ;94 O_u

=
=

ox

)
olt
T
E

o,

oﬁ H‘l
r&
-
2,
o)

o rlo rt e o r}L

o0 2 oo %
—Emﬂiw\imlm
o & iy

I
o
4

ro

2

ofl i
:
i r—?-l' ol
&= _IIN' -

Lru,J

3. M., aeruginosa M|7{0]| tj$t ZXtAX] HEHXO| G

2 Agolq Az AedHel g2
BESIE L ERES NS EEEE
A AR kel o] ARTe] T A
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Fig. 3. FE-SEM observation of PEI-AlgBFs surface (A) before and (B) after Microcystis aeruginosa adsorption.

Table 2. Size information of PEI-AlgBFs fabricated by different needles

Needle Diameter of needle  Average diameter of sorbents Unit volume® Length of fiber orbents®  Surface area of sorbents®

no. (mm) (mm) (mm3) (mm) (mm?)

18G 0.97 0.59+0.06 1 3.65 732

20G 0.66 0.44+0.07 6.55 9.38

22G 0.47 0.33+£0.06 12.05 12.47

25G 0.29 0.06+0.02 310.85 62.51

#Assumed unit volume of fiber sorbent
®Calculated length of sorbent from assumed unit volume
‘Calculated surface area of sorbent from assumed unit volume

Z5 PELAIgBF= t& F/AE 7= A& 2ld 4= 9
Itk PEL-AIgBF 9] F7= 18 G>20 G >22G>25GE]

S 271 Aol e 2hastoiet 7 2Ae] BRHS W
517] lske] RE A7} Sl Rulg Zrechn 71ge
A @4 TS Fote] 2ol 2 PELAIgBRS] F71E

2

Defslel chgel 5] ol Gotel 2 27} 4

% Sl 279] de (L)% ERA (5)E AXstac
L=V/x (1)
Surface area = 27>+ 27rL 2)

o714 vi= o2 A4 ’*Zﬂi’J Koz &
£ 1mm’Z At r2 ZF A7 7HA) = J
(mm). 9] A& AR5} 74]*&% 270] Fol= 3.65m
(18 G), 6.55mm (20 G), 12.05 mm (22 G), 2] 1! 310.85
mm (25 G)°|™ F&AaA7 7HA= A 72
mm” (18 G), 9.38 mm” (20 G), 12.47 mm”* (22 G), E]I_'
62.51 mm” (25 G) 2 A=) &7 0] A7t F25

746 ©2019. Korean Society of Environmental Biology.

o] ZI1erE M. aeruginosan]
o

= 174011*1 Xﬂiﬂ PEI- AlgBF— —E— A I
Zto] Bagaelle =7t 7] AlZ = HH] 16.6%2
a8t Heon Ao 1 We 2569 UES A
g3to] A2 PELAIGBFE 22 A2] A7t 59t 18 Ge}
the]ste] 3,38 =2 M. aeruginosa A A& (55.5%)= 715
gom T Aol gt p 2 0.01018i0k o= 240 &
wo] Y245 pEIZ M T4 H«] H2jo] S7t
Sto] TR Aol vlste] ¢ lﬁ—% S 2 5 3V
o= HAlth o|eh npRrix] I o =, eﬂ% FHzEe
7V 2= 23S W= M. aeruginosa *ﬂ;‘TEﬂ- Elecels
31% gtgo| EotA7] el Hot Al a&
o= woEe|A,

2~
-
A
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Fig. 4. The effect of the surface area of PEI-AlgBFs on the Micro-
cystis aeruginosa removal efficiency.

N 9

2 AFol M= Brolemi A H71E<1 Corynebacterium
25} ’7145/]—9/]- PEI _\__LD‘:]7H7G jq.;(-]_Q_

&oto] ol HIAIRFR] Microcystis aeruginosas A AL 4=
9= 5%47Q] PELAGBFE N5} girh, x0] by
Alell Z¢glo] PEL-AlgBF= A2 5E M. acruginosas
BEALR AAY = e Follz2F AATEAA
M. aeruginosa M| 2£2] M| S FESIA] Fokeh. F2kAaA 0
FHALZ M. aeruginosa®] A|AGE0l wi-¢ 2 IF= +
£ FAAAE ZRIF &= 991tk PEL-AIGBFE AHE-SH M.
aeruginosa &2/ A7 FAL 71E 7)ol Hlste] &4 Y
Fdol W71 wiZell Hrt bskal P Al faf=F
Ao} 4]0l & Zolt.

glutamium-=- Algs ©]-8

1o

A AL

2 dA4s rEdigue] o oF-2ldeds dFa
9} BK21 plus ol Z-2| ] A AFFEO] 2] L& oIt T
Sh B Al g AfThe] A 7HA| (WA S NRE-
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