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Abstract

In this study, Mg-Sericite was used as a flocculant to harvest freshwater microalgae, Chlorella. vulgaris. Mg-Sericite separated
successfully >95% of the C. vulgaris at the following optimal parameters: Mg/Si mol ratio 1.25 to 1.50, mixing time of 20 min
and settling time of 20 min. The harvesting efficiency was pH dependent. The highest harvesting efficiency (99+£0.3%) was
obtained at Mg/Si mol ratio 1.5 and pH 9 to 11. These results indicated that a biopolymer, Mg-Sericite, can be a promising

flocculant due to its high efficiency, low dose requirements, short mixing and settling times. This harvesting method is helpful

to lower the production cost of algae for biodiesel.
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1. Introduction

AAL WA F=aE 20093004 20353 Alolol] <k 4u)
o4 371 ACE GHHI Utk FRFAIANE Hlo] Q9
YA Al B3e G#HeE B lon oY RG3}
o #l=E 202087HA A= A LHIFY 20%E Hlol L
Az AT Agolw, FHF TFE 20209704 F
$8& AEY 15%E "ol AZ AL Al YO|tiIEA,
2014). WA ZFE vloletd g A £ e A2z ¢
goly AZAE, "ol 4, olidstgs 1Y H o {9
Ho|2& AT F Atk 23U PAZRFY AP of
AR 7N1E FHA8 H&) 1/5~1/10 222 ZA4
o] "oJXtH(Chisti, 2007). olol w} FHIZol= HMZFe
A E Eol7] S8 7 AEFY BT A AY

71€S ol&std IXE E IYNY vAZRFE A
B2 A7 AP JoKChisti, 2007; Choi and
Yu, 2015; Kong et al., 2013).
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HAg ] w2t Ax E2 FFY 03~08%°lth ol
o @l 99.2~99.7%9 Eo] EFH Stk A&
u]gtcH(Danquah et al., 2009). WehA plHZF9 38
k|
5 QAA7A B A 27
£2](Show and Lee, 2014), &3} (Moreno-Garrido, 2008)
<3 (Vandamme et al., 2013)2.2 83513 l&d, o}
a7(5~15 um)e] "Al 2R+ AF7F i o
o] dom, oux FFAH AAEIYE AH L
Z2A 27 dasith 719 SFGEY ZAHL "ol
I o] o 80%ZE HThe= ZolH, Aty 234
ulo]
Atk
SR

R

rr

PN
0

(Barros et al., 2015; Lee et al., 2009). &<
2 A& o] rpoleujAE Fg5l7] Y2

A ZFol FYstd A4S ol &t HAZFE £
WHH (Cerff et al., 2012; Liu et al., 2013) == 7| A
o] g3ty nARFE Fste= W (Letelier Gordo et
al., 2014; Vandamme et al., 2010) 52| o8 7}1x] WHEo]
A ZFY F8E5S FEA77] A& AREEL ok 28
U oojEd HES dTE BAAEN s A oA,
Abdu|e] W H|go] QsltkDassey and Theegala,
2013). wWetA iR Ao AMEE ¢ Qe 1EE, A&

o A 2F9 FEHol Basith £ A= Mg-Sericite
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F T3 MAER AH BE 5)2 BARuA sk 2
AT A AFEH Mg-Sericite SHAE o] &3to] FH 1]
AZFE vlol ot Bt ol g FEY AR 2 HFOR
Ab&el Zhsstth Mg# Sie AdAl Fash Ierud
2M Mg-SericiteZ 0]&5t] 3 DAZFE AEoR
AHEE AS das nuEs BEE 5 glen, nolet
AZ AT A wtolen A NF G 4 gt

(Farooq et al., 2013; Habib and Parvin, 2008). Mg-Sericite
SHAE At PAERE F4E 47 S48
ARST 15gY FHES 45T & Ak OAZF #
@ vholerldel AA AN H8F o 85% AX wole
w2 Aak71ee] G E tHOncel, 2013). wbA ol 3wt
ojoujx A& AP wAER{ FI HlolerA 9

NARRE S F4AL 5 itk
2. Materials and Methods

2.1. Materials and experimental design

2.1.1. Microalgae cultivation

£ A+ AREE Chiorella vulgaris (C. vulgaris; KMMCC-355)
+ IM Medium& ©]-&35t] 25 + 2 °C 2% 2719 10
UZE F24 A Foll A EE ko] IM HiA] 1L A@AE
o w&t I F=9 nAEFE Bt AR C
vulgaris+= Spirulina, Dunaliella 71¥] 31 Haematococcus &3+
A A FEFHL e vAERFoIN AZEFe] w1,
%ol m=i &g HEHol 2 HAZFoIth IM H
A9 FAHGES 200 mLY FTHFE 7IFLE 40 ¢
Ca(NO;3):H,0, 2.48 g KH,PO4, 10.0 g MgSO4:7H,0, 3.18 g
NaHCOs, 0.45 g EDTAFeNa, 0.45 g EDTA Na,, 0.496 ¢
H3BO3;, 0.278 g MnCly-4H,O, 0.20 g(NHi)sM07024°4H,0,
0.008 g cyanocobalamin, 0.008 g thiamine HCI, 0.008 g
biotin, 16.0 g NaNO; 18] i 7.2 g Na,HPO4- 12H,0°] T}, H
AzF wFs Hsted] WI71Y L2 white LED(Light
Emitting Diode)E AME3tth Al AMESH LED #AZ =
29 AF5E=E F3A717] A bar 219 LED FZE =
g Agstgler, LEDY E55 = dd2 29 FP-60-12 3
$FF71(AD & Lighting, Suwon, Kyonggi-Do, Korea)E A}
&35t BE 2L HddA olE FEsth A
AHEHE 29 ¥& Usie BFE 200~250 pmol
photon/m™/s 21, AFL 53 wrBle] FFZES AL

2.1.2. Mg and Sericite as Clay

2 Ao HEZEZ ALET Sericites 325 mesh
EE(F) HEEIES g en FAF] 47 dRF
2 Table 1°] YeRA It

Sericite®] FLAEL Si0, ALOs; Fe0;, CaO, MgO &
o, 1 FAME 53] Si0,9 ALOs;= Sericite?] A2HA]
Aol M2} 68~80% HAEE FA-FstaL Ath Sericite= SiO:
FAEY A FEH ALO:S B HEEC] AMHARE
£t ZUAY FXE AMEREGeR dAAHY Qi o F

Table 1. Composition of sericite by XRD

Compound Natural [weight %]
Si0; 59.9~72.1
ALO; 17.0 ~18.5
Fe,0; 05~1.2
K0 58~7.1
MgO 1.1~16
Na,0 0.1~0.2
TiO, 0.5~08
Ca0 02~03
P05 0.09 ~0.15
other 49~6.5

z&d 7+E dzEgs 2 9729 EgS ol
3 AtHReddy et al., 2013).

£ AT AHEE MgClL-6H,0E <% 98.0% ©°l4o|H
Junsei Chemical Co. Ltd(Tokyo, Japan))2] A|&S AME3I%
o Fol29 7t &5 - HTY - FUES 7 3
2 F e, 271 2 b gol2o]l FEW 4%
shte]l AEFEF Hor shthe Folo] ZdsAUL &
= HEZEFH st EFEo] B EH(Smith and
Davis, 2012; Vandamme et al., 2012). Fe2+, Ca2+, Mg2+, Fe*'
aga AP 5 ot gol2 I Sated ol o
7kl Fol2& FEFEF ZHStH Sericite-Mg-HIA 2/
Tz SHE F4std FHFrHLee et al, 2013; Molina
Crima et al., 2003). Sericitex= 3&h-¥H$9 #-F7&3F
MgCl-6H,09] §3 9 7t gedE st JhiF s w2
SH/RAAHE Aolth o2t Mg-Sericited] &7 A= wIA
g 2 dAAAE FRET T UTHFarooq et al, 2013;

Reddy et al., 2013; Salim et al., 2011).
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o
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2.1.3. AlgidhH

Mg-Sericite ™A= ol o] AX3IH T Sericite
2239 MgCl 6H,0S 25:12 &3 5 &7/ ILE @
o] 15 AIZF st EFEAES 1500 ippme 2 A E
st 2 4E5HE AHESHAT AP Jar-testd] FoR
APSH o, IM wix] 1 Lol mlARF} AlxH Mg-Sericite
SAAE A7 A @ 0~50 mgLes TPt zuwt

A& 150 rppmo 2 283 FEuyiglon o] Folg A¥
Alge] et 30 ppmo 2 & uwkstGth Wk EFA S
308 B¢ FAAD F 2500 rpm O 2083 A4 Fel
T FAE AEPstd gutstdd FrHA e F-F
7189 AALL ZFH pH/F a8 mAE 9
F& BA5AA NaCld HS0.5 o838t 1~ 12744 %
date] AAstAct

2.2. Analytical methods
FF2 ZEA(HOBO-Light Intensity, Onset Computer,
USA)E o] &3ta] =Pttt REA = LI-193SA AA <

Journal of Korean Society on Water Environment, Vol. 31, No. 3, 2015



330

z3y

LI-1400 7]ZAI(Li-COR, Inc., Lincoln, Nebraska, USA)E
ol gstd FFXFE Ao, 53 A AMAY mAERF
& AASA pAZRE AT F5EFY S/FE JL gt
At 588 FE ALt B8 E&S UERAT vole
2 TS & F Ae AERY A5 10 mLY
AZS GF/C(Watmann, ¥=)2 T3 & 105°Col A 244]
Az F 2 AFES S35 Mg-Sericite SRAE
o]

3y

&3 AT BYPage A T F5dY FlA
AMZS AF A spectrophotometer(Beckman Coulter, model
DU 730)& ol&3t & ZEE S3tATHAPHA, 2012).

mAEF Y ae okfet 2ol AdstAt

Removal rate(%) = {(OD, - OD;) / OD,} x 100 1)

9714 OD,= 849 % 9xolH, OD+= &3 F9
AR AR A M2 F dE otk RE AP 5
AAEt Bt vlolHE ARESHATH

Sericitedl] $rE U= 771 GEY 2 FH BEHS
X-ray fluorescence(XRF-1500, Shimadzu, Japan)g A}&3}o]
EX3A T sericite] 2 ARAS(XP26, Mettler Toledo,
Swiss)Z =439 2H, pHE pH meter(SevenGO pro,
Mettler Toledo)E ©] &3t Z33tATH

3. Results

3.1. Various Mg/Si mol ratio

ot Mg/Si¢] mol Hl o] HINZRY F&E HlA =

S Fig. 19 YA TE 0.25 Mg/Si mol HIEA 63%
9 5L YeEhd v 1~1.759 LA 95%0] 49
S E

S Ueigith Ay FEE2 1259 1.5904 344
97%%} 98%E YERHO] Sikth Mgo] 1.25 & 1.54) 22

o] mAzR Fo HH ngolArh HAZFY X
W2 Fol2g Wi 9lo} ol FUt BETE uAXR
& 3 F lon, 27t 32 ot Folo] HItH
H JEZED WA zR7T 2dstd &4, 349 IES
E2 Fol2F mAxF Atol9 Ztud &S &M Van der

Separation efficiency [%)]
w
©

025. 05 075 1 125 15 275 2@ 225 2S5 275 3
Mg/Si mol ratio [mol/mol]

Fig. 1. Separation efficiency by various Mg/Si mol ratio(C.
vulgaris concentration 4.35 g/L, pH 10, mixing time
20 min, settling time 20 min)
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Waals®] 3ol st Fol2F mAEFE SHAXAH
(Farooq et al., 2013; Reddy et al., 2013). Fig. 1¢] <354
Mg/Si¥) mol H]E&©] 20]4to] E® wA|ZF2 T%}g {4y
adted], ole Mgd 4% Hlastd g9 7tugEs s
= Si9 &o] HUFoz FEZ39] Sericite-Mg-PI Al &
ol FatA FhH= Y HiEolH & F A

d

|0

olo

3.2. Different concentration of microalgae

3.19 AP A wat Mg/Si ¥l7F 1.5¢9 o g 5%
9 mAZERFA HAE TS BASATE Fig 24 C
vulgaris® g = wE FEES JERAAT C
vulgaris®] E+ 02914 50 g/L7kA 25t A2
3’4’ C. vulgaris 1 g/Lolé}S’J AsEoNA 80 + 3% FE&E

S YA =3 35 £ 03~9.5 £ 04 g/LY FEA
0%01*0‘4 Té}ga YERHQAL, 4.0 £ 03~85 = 04 g/L
9] BRAANE 95%014Y F&ES YRt 59, 5 +
02~8 =03 gLy F=NAE 98 = 1% o|FY F&F&ES
Ve YTk mEA 15 Mg/Si mol HIE o] &ate mAZF
T8 4 Mg 2 288 Yl C vulgaris9
EE5+£02~8 + 03 gLe F=oIAth C. vulgaris
=71 10 gL o)A e HA 880 gastded £
A e C vulgaris®] =9 Aol W2 $+8&5 &
T A} Mg-Sericite®] 4 10 mg/LZ 13k A3
Fof] 7
A9

ol

7108, vz {9 F=o| wel Mg-Sericite 7

2 ru& o, m> okr OPF Nlm

FS Z7F A2 227t Ak Mg-Sericite®} C. vulgaris
B BE Fg8E9 A=
Atk

339 AFA7E e

3.3. Relationship between microalgae concentration and
Mg-Sericite dosage
Mg-Sericite®] %3} nAZFY w99 ABBAE Fig. 3
of Yehlen, o] Mg-Sericite %X‘Jx‘ﬂ‘g o] &3la] 95%
o8 HAZF FEES JYERE @Y d@BA
Mg-Sericite®] &2 H]A =72 %Eﬂ- 1 g/L °o]3td dl+ 20
~23 mg/L, 1 ~5 g/L A& 12~20 mg/L, 5~9 g/LE 12~
15 mg/L, 9~11 g/L& 15~23 mg/L7F 23 on 125 g/L

100 7
\Q
= %
= %
] 5
2 .
&9 50 0.
-5 3
e
£ %
b \
* L 4 <
0 , ‘ ‘ ‘
0 10 20 30 40 50

Chlorella vulgaris concentration [g/L]

Fig. 2. Separation efficiency by different microalgae concentration
(Mg/Si mol ratio: 1.5, Mg-Sericite dose: 10 mg/L, pH:
10, mixing time 20min and settling time 20 min)
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100 %
R*=0.9991

C. vulgaris concentration [gfL]

o] 100 200 300 400 500

Mg-Sericite concentration [mg/L]

Fig. 3. Relationship between Mg-Sericite dosage and C. vulgaris
concentration(Mg/Si mol ratio 1.5, Separation efficiency
>95%, pH 10, mixing time 20 min and settling time 20
min)

o} 15 gL9 HAZRFE 5%l &5y dsliMe 44
30 mg/L9} 40 mg/LY] Mg-Sericited] o] Zagth nA=
7Y E=5+02~8+03 gL € o 7FF H2 Mg-Sericite
o] Fol(2F 10 mg/l) Zagon ojnfo] F&E2 98%A Tt
A RFY =71 718l wEk Mg-Sericite S8 A =
A Z7H oW 50 g/Le HAIERFE 97% &3] YA
£ 60 mg/Le Mg-Sericite &A1 Lol DAt E 1
gL o MAZRE Tt Ao 1~10 gL HWAZFE
S A B 9 B2 F9 Mg-Sericite®] o] a3 1
g/L °3te] mAZRFE 83 A2 SHA AFEF gy H|
BAF oAt WEtA fr1EA Y §& o83t nARFY
FEE 37F A7l Ao] vt stt mAERY FEE 100
gLAA Z7F A1A AF3 Mg-Sericite] ZHFBA = 0.9991
2 Y nAZzFY 559 Mg-Sericite] F32] 4AAA

£ g =9

3.4. Different pH
SHE Fisle dAES SRAE
el & £59 FH=E B=s
25

S YA 89 ol
‘é‘_ =

oft

do tmg 84
AQ HAgoln. Atk
AeaA BeE &
o @i pH, Fe, @

Ze|=, gAY F7 2 FoAZ dFS LerHPapazi

g o

=7

100 — 3
2
® %
R
5 * I 20 =
2 60 E
£ * P
k< £
o v -
s 40 2
2 & 10 £
g .
g 20 *
+
0 ‘ : ‘ L o
0 2 4 6 8 10 12

pH

Fig. 4. Relationship between pH and settling time(Mg/Si
mol ratio: 1.5, mixing time 20 min)

40

H
o

A

20

Mixing time [min] ¢
N
°©

Settling time [min]

0 —¢ T T - O
(o] 20 40 60 80 100

Separation efficiency [%]

Fig. 5. Separation efficiency by different mixing time(Mg/Si mol
ratio: 1.5, Mg-Sericite dosage: 10 mg/L, pH: 10)

et al., 2010). Mg-Sericite -SHAE °|&& t+&S pHE ©]
23 nAZRF FFES Fig. 49 YeERNATE pH 6914 F
B 50%°]49 S Eol Uerr] AlFEreH pH 9o]4
AAE 8% F&8ES YRR, pH 1264+
gEo] 95%= gt ZAsHHTh wEkA Mg-Sericite &3
AE o] &3 FFH pHE 9~112 HAL pHS FAA]
e F@BAE pHF 2 & W FAARLEE oF 3089
83927 pH 9 o]l A& oF 58 =9 FA ATt

83t & pH7l £84% AWM AU

>~

1)

3.5. Different mixing time and settling time
Fig. 5¢] A7t AAAITb] W2 vy 2f/ $&8E
YeER Atk ZERAIZE 20874 = 880 7St

=3
o] AT B ¢ len, 2
M Mg-Sericite &7 A

Sl
WAIZES 2080l FAARE Eet
) A

Bl
rl:f.

LAIZES ]S
158N 7zt

pal

g 58, 108 I3

K

53%, 75% 18|13l 95%9% &S Yo FJHATLE
208AME 99%9 AAES Yelo] nukr |tz wpb@dst

A7 2029 FAAZr] oYk
4. Discussion

Mg-Sericite -SHAE ©] &3t FEYFY WA ZFE &
gste A2 Mg 7t &S o] 838t sericitedt WA ZF
E AR 72 g ste EYAHA Aot o
g SR 8 Fo] oA e = HA FF
o3 dojdrt. & A" Mg-Sericite SH{AE= A &
AstE WA Hol Wo] SASE WAL e vAERFS
AA Aesle] w=A FAZFHFarooq et al., 2013; Reddy
et al., 2013).

AP AT 25 E(Reddy et al., 2013) Mg SericiteS 71
HHo g nAZF S AHEd 2T A4 52%9F 40%9
THEES ISHTE ol Mg SericiteE SHAZE TN
B oz ALET F9 Mg-SericiteE 2] AHEE it} &

F
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g45s ¢ F Utk ASAA vAERFIE Askd
ol o] wsten Ay vty &
SHAl Zkdinh olddl m HPATFAES AAERF
9 FgES FNNAA A=Y HERFE FI5ts
ATE FIFgHLee et al., 2009; Moreno-Garrido, 2008;
Salim et al., 2011). Vandamme et al. (2013)< Kaloine S ©]
&3t 1 g/LolstY Chlorella vulgarisE F83 B 55%
o] =& HAUFH2H, Carlos (2014)= cationic starchE
o] 83t 68%<] Chlorella protothecoides 5+3&S HIL3}
Aot 2% 2 Aol A AHE-S Mg-SericiteSH A= 1 g/L
0|3t AwE9 HAZFE 0% T F slo] A
Al mAERY FEES FHNE F At

Semerjian and Ayoub (2003)2 Mgo] /3o A& 53
AE AHEstA PAERFE 94 3¢ J19 55 9
A& pH 10.5~11.00] #ZHol™, Vandamme et al. (2013)
2 Mg oxideZ7} FAE do7lE= A= -2 pH 11.0012
Basgh ol £ AF 2Fde dAsk= Aotk 29 A
5t Wst= YAE Atol9 45 A&l 9FE F7] WE
o &8 &g FFe vAY HAPATl dsid Mg,
Ca’ 59 Wit 2% ol pH/t F7tsld P4 2RHE
S33te 9% 9&g Fi(Vandamme et al, 2012). 5,
nAZEF Gd WA Jgd 5 o2& &8 % Aot
£ 53k n¥std SAdE "ga e WA 2/ AEE
SRt FAHES FAHSIh AW S =Z sericite= pH 8 ~
9859 &ZYE wi o™ Mg-Sericite SHAE AME
g B SHAY gl m mAERIE dRE dE &
Aol pHE A&ttt makA pH 2H S 9 F7HH0 ¢
Z2 oFF9 FY2 FaskA ¥t Papazi et al. (2010)<
Al(SO4); 1000 mg/L& AHE3SH C. vulgarisE 60% 53t
Atk Y Lee et al. (2013) #7138 EFE(organo-clay)&
o|g3ta] 308t Chlorella sp.& 100% E&sich &
Aol AF2H Mg-Sericite I 20 Eokoll 99%9] EI A&
et e, o]#fgt JdF A= organo/inorgano clay
ol gty gz PAZRFE FFE & US &
At
2 AT A AAIT Mg-Sericite -3
1o} B ER7Y F82 ot &
o, &3, o3 2 A4 9% 22
JFHLE g vA 2FE F
ol W2 ARG HEo] Bo (Lee et al,
2009; Salim et al., 2011). =3 4FnE @, otd 4 2 2
3 & 77 SHEAT FF ALEHAT, TR=EE Al
771 SRAE &2 29 A4 2 AAgd mE F714
H]-&-o] & Q3}k(Salim et al., 2011; Sirin et al., 2012; Show
and Lee, 2014). Catonic poly acryl amide, catonic starch 2
chitosan 59 7] S84 F4o] ¥ EH7F =2
H 7| B4 7HA 2 10 $/kg, AE2 1~3 $kg 2 ]G]
tH(Show and Lee, 2014; Vandamme et al., 2013). 284 &
AT A ALEG Mg-Sericite A= <F 0.18 $/kg 22 H]
8ol AFsta &G ol A H§o] BastA
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%t WA Mg-SericiteE o] &3l HNZRE 3 FE
g B HAZRFE o8& woledAde] Aiu LS A7
sled =0 2 4 Qlth EF, Mg-Sericite SJAE AL
g A F Mg 11T SEA Zag 25 nugRE
A QY ZENA HFA Lo m(Becker, 2004; Habib and
Parvin, 2008) WAl ZF {2 HloleH AR ARG F 9ol =
F7t2 AASFA G vpoletAR Agst® bttt
(IEA, 2014; Lee et al., 2013).

5. Conclusion

Mg-Sericite SHAE o] &3t mAZRE S FEIF
A ot et 2t
1) Mg/Si9] #F3 & u]&2 1.25~1.5082H oln mAx
F9 FFES 95% ool Atk
2) Mg-Sericite SFJAE o]&st] HAZFE T 9
A wkAIZE 2 FAAZE 208, pHE 9~ 11Tk
3) Mg-Serictie®] & PAZFY FE<Y FHTA=
0.9991% Vet ZAAAZ of¢ wkor wAZzFY
BE7F 7kl el Mg-Sericite?] ¥&= 7T
4) Mg-Sericite= Ao 2 mAZF 2 F£83S &
Aoz & ¢ o] mARF{F I Hloleodo A

DHE GFEEd EES € F IS ALSE oA"Y
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