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Abstract

This study evaluated the biosorption properties of calcium ion using Aerobic Granular Sludge (AGS). A sequencing batch
reactor was used to induce the production of Extracellular Polymeric Substances (EPS) through salinity injection, and the
calcium ion adsorption efficiency was analyzed by a batch test. The EPS contents showed significant changes (104-136 mg/g
MLVSS) at different salinity concentrations. The calcium ion adsorption efficiency was highest for AGS collected at 5.0%
salinity, and it was confirmed that the biosorption efficiency of AGS was increased owing to the increase in EPS content. The
results of the Freundlich isotherms showed that the ion binding strength (1/n) was 0.3941-0.7242 and the adsorption capacity
(Ky¢) was 2.4082-3.3312. The specific surface area and the pore size of the AGS were 586.1 m%g and 0.7547 nm, respectively,
which were not significantly different from each other. It was confirmed that the influence of biological properties, such as
EPS content, was relatively large among the factors affecting calcium ion adsorption.
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2Bl AE SeR| ik 5 el Qlol, 27
(Davis et al., 2003), w-=(Binupriya et al., 2006), A=
(Tunali et al., 2006) % &J<&2{X|(Ahmad et al.,
2010)2} 22ttt BE2HAIE o 8=t 7 3
LA

o, v AP} ag3(self-aggregation) @/
of osff FAE= 27 TeflE eRRhe BdsEA
oije] areoln Lk RS HAskar glof o] A4
=49 Y & Rt golgt Aol ok
(Wang et al., 2018). wehA, 37|14 s S8R =
HEFEA A 28 7Rs/do] o, TRt o2/
Bo| gzlA|e|et TelE At s =a 9L
TH(Ferreira et al., 2016; Mihciokur and Oguz, 2016).
TFAHeR, 8N Y 271 TeflE ERRY] HS
S5 negative surface charge)E =0 oFo] -2 414
Tkt 4= Ql= 7o g HE3l ¢l om(Sun and Sun,
2011), 531 A Q] 154} E-2)(Extracellular Polymeric
Substances, EPS)-2 t}=9] Z2-8-7|(functional groups)
9} A3} A Z(binding sites)S H-55}31 §lo] A5}
AlzA o] Fefet 208 Asd 4= Ut Huang et al.,
2018). &5t o] gt EPS+= 11 g5 (high-salinity) 274
oe] ol TS ek AoR wusEw 9t
(Wan et al., 2014; Corsino et al., 2017, Mesdaghinia
etal., 2017).

371 el SRS o83 ol FAA et
HHE A== v)3EHA(specific surface area)i} 2+
< B4 S41 dE A5 9% Kim(2015)9]
Q77 mme glor] FAsEA 7l sl 3
A)(Sequencing Batch Reactor, SBR)Z ©]-83} Park
and Lee(2015)= Zol2o] nlgE F2ko) ogt 2
HES- Asfo] AEHolm Zgol Alofo] TS
skl lont, 3714 Telke £2iA12] EPSE} Z5o]

2
sk Algolck. wehd] 2 ol B4 ek 2o
A% o] §3F 01 2.0 BBEH) T A7 4245}
A} S, ARG BE SRS 99 24 i A
28 53 5714 ek L2 BPS AW 31E %
=, EPSo] w2 4ol HA] gHel Wi

o] BEEAARAL] g 7FsHS Brlskad &

S 2k A, AR Rl e 2 e S
29| EPS $Fd B7bsioiek 4, 20 9E 7Y
Hkgo] TR 271 Tl S2RIE ol8sto] Aol
L0] ZAFE-L BASI9] AA, Freundlich 528
2ALS o]gslo] ol 20| JREAdS AR cR 3
7¥5kct. YA, BET (Brunauer Emmett Teller) 54
<= o83t 3714 s &2X]9] AlE =7)(mean
pore diameter)2} B]EHZ-S A5

= AR A A HARI G FUxo| whE 37
Zefxje] EPS A 5 9 Bk 771 et
S94~= NaCl (Samchun Chem., Korea)S ©|-8-3}%

NH,Cl ¥ NaHCOj; (Samchun Chem., Korea)& ©]-&
1o Zk2F 200, 25 2 200 mg/LE A|Z313c) = My
WAl 5714 ks SelAle) 2ol BAEAS 3
7Vl Y8l ARgEl §<9l4= Ca(OH), (Samchun
Chem., Korea)& o} alo] &2ixj2} £3 7, 27] s
o1& BES 250 mg/L7} SAEES A|zs|9c). Et
71 Aol HArEal 9l 271 ol AEgAr pH
HOJ=4.0~7.02 B11%]31 Q)91 (Wang et al., 2018)
pH7} W& %, Jehs Pl FFe miAER
(Corsino et al., 2018), H-= A4 HoSO,E 0183}
o] pHE 6.5~7.02 Z45}0] 4513t} 3714 18
B SRl AEA 7o) W7ok A uljRt 0.2
mm oA} 37]|9] &£2jX|&E 4185}44(80 mesh/0.2 mm
STS sieve) ARE3IR.2H %7] MLSS (Mixed Liquor
Suspended Solids)@} MLVSS (Mixed Liquor Volatile
Suspended Solids)&= Z+2} 3,870, 3,370 mg/L It

2.2, AEER Y 2T

AIF-2 Fig. 10 AAE viel o] 8842 L (115
mm x 115 mm x 180 mm)2] o}=& A& vke7| 2 %
6 set A|Zelo] ARgS o ZF g0l A4 U
B2 o5t Mz L EQL 7|2 95} U] TAE A3
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Fig. 1. Schematic diagram of batch test reactor.

Shelch e AEE 6710 AlRE Lajt ' §A
of] WHFEl 4= Q1= Jar Tester (C-JT-H, Changshin Sci.,
Korea)E o]-8-50] AAJsIGItt. AA9] 3 ¥ dxjel
Hit Yol T2 EPS AAktte B o kO] A9, A
H el 1,2, 3,4 W S%E ZE RS0l 7
7N &2t Xl on, dsaliRA] AR de
2 ARSI 1 cycle AR 12 hro]
-2 50%E 2853ich A AR
7], Ak, A, G5 9 FA SAlelA A2t s,
480, 210, 10, 5 @ 10 mino|QUc} AA| &A7]7F =2t
o] 74, 7= W= ez Zggsiglon 7], 4k
4 THl= ZAIE Elo|H(HTS-24BF, Anjunsa, Korea)
£ olg3sto] Alofsigink. =3t AA -7 X S|
2.29.24.8~25.1TC, 3E7|ctA 0|4 9] 4 kax(Dissolved
Oxygen, DO)=1.0~2.0 mg/L2 8-A]=|3]c}

I R AR Aol FARRES Bk A WA A
Aol A7lo] T 3714 TIelE SEAE ARSI
ZegsIie). ZF Hkg7 ol fFt 271/d TefE &7
A= Aol ShA Bl A Al 2715 BAE1% o,
Freundlich 528324 #82 ¢35} 500, 1,000,
1,500, 2,000, 2,500 %! 3,000 mg/L= 3)4J5}o] AMES5}H
ek olof wet sl 2714 ek 2% 0.5 Loj|
2ot 99 0.5 LE F=dsislon] Ak 200ks
frAlste] A Fssisict AR EPS AAkite 9
Sy 7e) nl2k7 || &2 Jar Tester (C-JT-H, Changshin

5]
B
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olo K3
2~
o Mo
flo

o H &
El

e

Sci., Korea)E 0]-85159.2™ 100 rpm 2] &= & wHES:
AASFITE R A 4717 S| 4422 24.6 ~
24.8TC, 884 0.2~0.4 mg/L2 §A=ct 2
o2 A % 6 hro) WRg A1) wpe} Ag Alelel
A5 o A AF 271E Table 1of] JERHSIT:

2.3. Freundlich S25%H!

Zr20]-29] 321 7<= Freundlich modelS A}85}
of Frlsigict. T 8] tisto] FHeteHAl AREE
3L k= Freundlich -5-252FA12 F 3 delol|A419] 24|
A(solid phase)i} A aqueous phase) Afe]e] 82
RS HEOR 3 FHA 02 St et SAA| el
CRIAEO 2 o207l Hloiel FRH BARE o]
tHLadnorg et al., 2019; Wu et al., 2019). 7] ~12)
5 &8A|9] Z450]& S22 Freundlich 525229
Age 2= AHoF RUEM QJUuiKim, 2015;
Ferreira et al., 2016). Freundlich 525242 t}2-9]
4 (1), @ Fao] Bajsigion 5714 e S
A|9] ol F2RE (Ko o 28 AE(n) S ==

alolry.

x/m :](fcyel/n (1)
o714, x = Lol 2 (mg)

m= 374 J2E &R S ()

K¢ = Freundlich 32415~ (S22
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Table 1. Experimental conditions of lab. scale reactor

Phase I: Evaluation of EPS" production

Vol. (L) Flow (L/day) Cycles/day HRT (hrs) pH DO (mg/L) Temp. (C)
2 2 2 7.0~7.5 1.0~2.0 24.8~25.1
Operation time for 1 cycle (min): Fill(5)—0xic(480)—Anoxic(210)—Settle(10)—Draw(5)—Idle(10)
Salinity injection (%): 0, 1.0, 2.0, 3.0, 4.0 and 5.0
Phase II: Evaluation of Ca®* biosorption
Vol. (L) AGS? (L) Ca*' Inf. (L) Ca*" conc.” (mg/L) pH DO (mg/L) Temp. (C)
2 0.5 0.5 250 6.5~7.0 02~04 24.6~24.8
DEPS: Extracellular Polymeric Substances ?AGS: Aerobic Granular Sludge
Jnitial Ca®* concentration of AGS mixed with influent
Ce = 7301 & FHETE (mg/L) o
n = TE2A| 8] Xk o} A (o] 24t
%) 3. Zn % o
4 () A ekl shiel e 48 31, P Gt
Fig. 20]= 249 & U= we Al &

log (%) =ilogq+log[(f )
m n

2.4, EMHH

Alg2] MLSS2} MLVSSE standard methods
(APHA, 2008)E& 7|&o7% HA51% o Z5o]l9]
739, ICP (inductively coupled plasma)-AES (atomic
emission spectrometer) (JY-24, ISA Jobin Yvon,
France) S AMgsto] B4R 2714 el oA
9] EPS 3RS £E<9H|3]| =(formaldehyde)2} NaOH
£ Agolo] 3253149 2™ (Liu and Fang, 2002) =%
hil2l(Protein, PN)} thd<3(Polysaccharides, PS)+=
Folin A]2KLowry et al., 1951)3} phenol-vitriol ¥
(Herbert et al., 1971)& ALE51o] 24351900k ES:
Az A 5714 ek SeAe] Ak v
217 0] 9. 573 Ko 4242 10° torr ol
R)5h OF 56 AJ7HEQ} B A|7] B, BET (ASAP
2020, Micromeritics Ins., USA)E ¢]-83}o] E4351%

717k 5ete] 5714 s &A1Y T E(PN), EP%*
FPS) slFo] Wtk 222 U PS/PN ratio 3+
Ueldch 2] o2 g8 sEo)A4] & Extracellular
Polymeric Substances (EPS)= 104 mg/g MLVSS©]
4] 136 mg/g MLVSS7}A| A5519 0w PN} PS9]
Ao The AR oA Fieh MelE Uepit i
FUsw7) 5.0%71A] Z713e| wet PN 72 mg/g
MLVSSOA 82 mg/g MLVSSE 2 2717} glglont
PS©] 72, 32 mg/g MLVSSOA] 54 mg/g MLVSS7}
A g5k 73RS HERE o]ofl wE PS/PN ratiow=
27] 0.4490|4 0.66712] Z7I5191c). EPS:= 3714 71
= STA] S SRt Fadt (ke HarEa glo
uf, 271 A 27l0] 5714 1 Lelle] Pse]
H|E A}=510] EPSQ] 1442 WH3IA|Z7]w PS/PN ratio
7F ARF o 2 ZF7lEckal Bkl Q= Mesdaghinia
et al.(2017)3} Fang et al.(2018)2] A2} -G-ASH
A0 2 YEPITE T3 MLSS2FMLVSS = s g
ZZ10l|A ulE ARESE ARg-0 R QIgt AP Hel |
2 H nE sAE el fREsley, 27 3,870,
3,370 mg/Loj|A] FE 5= S5kl Eq—E]- 5.0%92] &
QZAofA 5,140, 4,560 mg/L7IA] A53tc) o=



2717 TeflE SRIAE o1 8T ol s

ol =5 21 s SRR st ARt
ol tigt A8} do] e At ket (Ramos et al.,
2015; van den Akker et al., 2015). oo w2} Ago]
F=% 3714 Js £9%]9] PN, PS, PS/PN ratio,
MLSS % MLVSSE Table 2] LFebic).

140

0.8

H  protein (PN)
3 polysaccharides (PS)
—O— PS/PN ratio
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Fig. 2. Results of protein, polysaccharides and PS/PN ratio
value with salinity injection.

3.2 Z&0I2 &'

Fig. 30l= EPS At S52 31 37|14 s &
eix9] 249 Zgole F2F 71E e LRt A A
A7 59t SRk e] SRE 0] WP s EEshe
AZEO] 789, tiFE 120~150 min HY{Ql Aoz Z4
Aok Aol F2H] 49, 2714 Tefhe &A1
Tt SR FAEEo] Sk AR vEh
on, AR FUEE 5.0%004 AFet 37143 dehe &
2z19] F2ago] 7hY %k Zo® Uehylth A
F9%=15 0, 1.0, 2.0, 3.0, 4.0 9 5.0%0]| 2] Lol
FHEw(3.0 g AGS 718 27] 250 mg/LoA] 2kt

Table 2. Evaluation of EPS production

ot

Niae 681
184, 156, 120, 92, 68 X 42 mg/LZ UERE O™ kA
B3 EPS Slaf 3710 ofgt 5714 el Seo)
AEEA 0] FoE Alow 2B 4 gk 3714
T SO o183 Lol FHTRe det A
£ 433 Kim(2015)2] A7} Al 5714 7

= 2o e 19 Hsulfate 4G YRS 0} §3k
T2 0 79 ) % 0.5, 2.0 gold 247} 15.2,
48 mgo] ol 0] FHTE o= wuska gk
£ oAl i ule) 2714, 0.5, 2.0 9] 5714
S X FoleollA 217, 43, 58 mgo] Lol
B Uehlon], g 5% 39 240 212,
184, 208 mg®] F2HES LiERH Kim(2015)9] 47 o)
o] 95 SRS UERTh T Kim(2015)2 0.5
~6.0 g 5] Tt F2H(metal form, Alsjersn]
W QAR 2 B4 2k SR olgsk]

200 mg/L0] 7ol FRAIEE Wt A7), 6.0 gol
A T T (sulfate A/ TEE o} 83H FHA) R
29 Fyo] M 5714 ek Sx0) 52 HPs
24 mg/L & e} F2kigo] 7FF 945 Ao

[e)

)Gtk e B Apele] SRS AR v
79, Tha Aole kS Ui Qi) ol
A7t 3714 ek Leixle] ARE SH(EPS)S
ol g3t ATE S ATH VR 7| A7) B,
3714 ek 2eXY] Beld B4 A0S ot B
WARES F3 AT 4okl ] whEel Aoz B
t} E3F Kim et al.(2018)& RO 53420] Zh¢ro| Lo]
Ay WA vl ol 2 FAAele] B
= Al Ak 24 Bgole o] et

TS SERo] ol el 2ol L] 2

3k= 4
9lom Kim et al.(2016) E3F SAR5H

ol K

o rf

=
=

|
)

A=Y
|
H 3].51

o, d
o

Mode (Salinity injection, %)

Parameter Unit 5 " > 3 p .
PN mg/g MLVSS 72 74 76 79 80 82
PS mg/g MLVSS 32 36 40 44 46 54
PS/PN ratio - 0.44 0.49 0.53 0.56 0.58 0.66
Total EPS mg/g MLVSS 104 110 116 123 126 136
MLSS mg/L 4,230 4,560 4,680 4,860 4,930 5,140
MLVSS mg/L 3,780 3,970 4,030 4,270 4,370 4,560
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Fig. 3. Results of Ca>* biosorption using aerobic granular sludge.
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Fig. 4. Results of Freundlich isotherm using aerobic granular sludge.
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3.3, Freundlich S22

Fig. 4ofl= 21 A9lol W& 271 s SeiA|
9] Freundlich 5252 28 2as vepllch g2t
HE0] s W 4= Sl ol ddt Z=(1/n)7}
0.1~0.5 HY -9, S2A-Eo] v~ =51, 0.5~
1.0 ®9l= 327 At 1 ol A%, S22t
o]t E11E]ar QIti(Tan et al, 2008; Pradhan et
al., 2019). 24943, 5714 Tels L2iRle] oleA
Z3e(1/n)= A 2700014 0.3941 ~0.724220] €]
2 Uepton, 5t o249 A s vEhir: 27
d s E2AIE o83t Zn(ID) SRS 3%t
Wei et al.(2016)-2 o223 715 0.3267 2 245190
S, Sun et al.(2009)2 Zn(11)3} Co(I1)%] S2ka8
HAS B5lo] 0]2A43% 7I=E0.166~0.7202] HY=
Huska glom] & dtoa] = ol det e
71 Ate] Weiet AR Aom EAEITE Ee &
A0l TS Ye = Kr 3k =25 338 &
o] S5k Zlo = HATEA Qltk(Lee, 2018). #A4w
371 e A9 K 7R i =U9EE 0, 1.0,
2.0, 3.0, 4.0 ¥ 5.0%2] ZAA AxIH o2 Z75l=
B UERlen, =7] 2.4082(0%)0l4  Zdh
33312(5.0%) 7] Z7He Aoz Eawlon) Eat
) B35S e R 5.0% 512 2eie)
5018 F2AALE x/m = 3.3312Ce Y &2 LERyt
o). Fig. 5oi= % EPS S]] dist F25 K 2}o]
AE EABIGOH, FYUgt SR SRiAE ARSI
oflie F2FsEol qlof Adolgt Auks vehd 22 oA
=413 EPS 9 2lolof] ot Atz drgo] 7Rssith
TRt 18] 739, EPS ¥ S0t oA S71E e
= odsio, Ao 79, Kol vlsto] Ao Liet
LA 925 EjIe = QIik of= 2714 1ehe S
A9 EPS 7Pk F2Fs =8l Keg S 4= Qle,
Inof= Foks AR ehem, 7]&E AqtofA] A2 438
EA] o2 2714 Tt SeiR| o] ol SRS
ot ARG AR Algo] 7hed Ao wthETh &
714 TelkE EERIE 0183t Zn F2 AFE St
Wu et al.(2019)2] ALof|A= EPS ol oJ3t Zn**
AE H18)a1 9J 0w, Freundlich 52521 -84

7 Kb 13.19 (EPS: 171.66 mglg MLVSS)OJA]
24.17 (EPS: 233.42 mg/g MLVSS)2 Z7515-20=
1/n& 0.26380]4] 0.2016 02 7HAaslk= AnlS LUeh)
2 Aol 4] AAIZE EPSF 1/n 9] A tA| W83} At
gHANE vehich =3 SHdEeiRe a1 el
SYAE o83l EF L ZEF==(fluoroquinolones)
SIS =9yt Ferreira et al.(2016)-2 3714 1)
35 &2 T EPSoll= tjket 3e) saky 2447]
(chemical functional groups)} FHO| ZAgt HQ

(binding site) =& Qo] FEF2o] XIPE 4= 9l

thar Harshal glom, 2 dtoflA Argshs 28 S

0 Results of K, with extracellular polymeric substances

O K
3.6
32+
S 28t
< 5
O

24 O Nonlinear Regression

Equation: Polynomial, Quadratic

20 F F(x) = 10.3569 - 0.1546x - 0.0008x”

(R?=0.9848)

1.6 : : :
100 110 120 130 140

Total EPS (mg /g MLVSS)
Fig. 5. Results of K value with total EPS.

3.4, HEHY U M337|

Fig. 6°lli= BET= ©|-85}0] Zwol2 F2MIES
3Yst7] o] EPS A4t St el 248 5714

= SA|9 H|EHA Alg =2719] Halgh #
2L BAANE el 3714 JelE SERs 9
HFEHAS BE5k QlOW(Krysiak-Baltyn et al.,
2019), LefE Wiolle o] 3= SRRIHETA
o] EAH= Ao & B a1w]a1 Itk Liu et al., 2003).
AT, it o] W vlsEE A Als=7 19
Frofmfeh Mk LEhA] gigkom, Bl A2 542.9~
628.3 m%/g2] W92 Bt 586.1 m¥/gS LJERA O A
I 37)= 0.6401~0.8324 nmo] HWYZ B 0.7547
nmE YERY Kim(2015)9] A-FrAute} -fAket H3kS
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ekt weby 5714 ek <elxo) s
A 2710] glo] 2 WA gleols Brska 2ol
gl Xol7h ek 21 ulo] £ ), 2]
B0l ke A QL= vl ERAT} Al g7}
re Bl S4o] ulslo] EPS et e A
o ofgk ool AthEoR 2 AL SRl 4=

=

rfo

N

nd
30

39 1
=

2

2 A7 5714 ks SeiAE olgslel 2
oo YETH BHS sk ke 34
olg3lo] AW PE 7S B3 EPS S H

[¢) 3 =
For, skt vke2 9 deole aes
o

o o
S oo O

%

d
2] O] EFAF 80| FHE S-S ERIgh 4= Uitk
Freundlich G-2-5212] 24143}, o] 243 Z=(1/n)
0.3941~0.7242, Z252(Ky) FhS 2.4082~3.3312%
UFERY, Zhgol S2tol B89 SIS 4= Qlolrt
T3 371 s ERiAY naEA Ay 270
Z¥7} B3t 586.1 m?/g, 0.7547 nm= = B2} ¢I90

o] o1 F2ol oS nlX| QLR EPS Tt
e AP Aol ofst ool AiHOR 2 Y
2 38 4 Slglck. Thst BALS Eslo] 3714 19
= SeA|9] 25012 BABAS PFHOR W 4
Qlglom] a5 A ol e H5 T A pH, 4
o] wig 27o] o3t Ao} o] 2ol FAA]
o] A S B4 9 Tlefst 7] IS o) 84 v

32k (scanning electron microscope/energy dispersive
X-ray spectroscopy, X-ray photoelectron spectroscopy)
5] 374891 A7t M as 20w Pk

i o = R = e e M v 2 e A
2| HkS. 3A]¢] (ZHA|H1E: 2016002190006)
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