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Abstract: In this study, inorganic flocculant with biodegradable
polymer flocculant was usedfor microalgae harvest. The
aim of this study was to optimize the concentration of
inorganic flocculant, the concentration of biodegradable
polymer flocculant and reaction volume for decreasing
the amounts of flocculant and obtaining the suitable pH
range for seawater by response surface methodology. The
flocculation of three marine microalgae, Chlorella ellipsoidea,
Dunaliella bardawil, and Dunaliella tertiolecta, using inorganic
flocculants and biodegradable polymer flocculants was
investigated. The results indicated that the optimal flocculant
quantity showed 0.1 g/L of ferric chloride, 7.5 g/L of chitosan
on Chlorella ellipsoidea. In the case of Dunaliella bardawil,
the optimal flocculant quantity showed amount of ferric
sulfate more than 0.12 g/L and chitosan more than 0.75 g/L.
In the case of Dunaliella tertiolecta, the optimal flocculant
quantity showed 1.0 g/L of sodium aluminate, 0.75 g/L
of chitosan.

Keywords: microalgae, harvest, Chlorella, Dunaliella,
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Aol ARSSE v|AIZF= Chlorella ellipsoidea, Dunaliella
bardawil “12]31 Dunaliella tertiolecta’s M85V}, Chlorella
ellipsoidea 735+ (2N =ZKE] 7815 Dunaliella
sp. 2] 735 AZdista A aete g stud AR
HE EQF okt 2jar vk o) FE1olskE 34 A
71 Zeellx] ARgsISIT.

7] S HA 2= Ferric chloride, Ferric sulfate, Sodium
aluminate = ARE3IA 1 ARSI 1A -S4 AZ = Chitosan,
Starch, Sodium alginate, Alginic acidE AFE3ISIt ©15S
Sigma-Aldrich Korea (St. Louis, MO, USA), Kanto Chemical
(Tokyo, Japan)=5-E 733t
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Om g3 100 mL?1 - P)AIZEF vl 100 mLE
250 mL Flaskel] Yo RESAIFH L 935327} 250 mL,
400 mL3! 79~ v]AIEF vk 250 mL, 400 mLE 500 mL
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Table 1. Variables used Box-Behnken design with actual factor
levels corresponding to coded factor levels

) Coded levels
Variables Symbol
-1 0 -1
Ferric chloride (g) A 0.01 0.03 0.05
Chitosan (g) B 0.1 2.3 4.5
Reaction volume (mL) C 100 250 400

Table 2. Variables used Box-Behnkendesign with actual factor
levels corresponding to coded factor levels

Coded levels

Variables Symbol
-1 0 -1
Ferric sulfate A 0.01 0.03 0.05
Chitosan B 0.00 0.25 0.50
Reaction volume C 100 250 400

Table 3. Variables used Box-Behnken design with actual factor
levels corresponding to coded factor levels

Coded levels

Variables Symbol
-1 0 -1
Sodium aluminate A 0.1 0.3 0.5
Chitosan B 0.1 0.3 0.5
Reaction volume C 100 250 400
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BioSpec-mini, Japan)E ©]-8-3l4 Beer-Lambert =] 2]
slo] F-getARl W o7 SAegint. 84 Aol mAl xR
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Table 4. P value of analysis of variance for response surface quadratic model

S DF Chlorella ellipsoidea Dunaliella bardawil Dunaliella tertiolecta
ouree Flocculation efficiency pH Flocculation efficiency = pH  Flocculation efficiency  pH

Blocks 1 0.647 0.826 0.264 0.440 0.377 0.542
Regression 9 0.000 0.000 0.000 0.000 0.000 0.000
Linear 3 0.000 0.000 0.000 0.000 0.000 0.000
Square 3 0.015 0.000 0.001 0.000 0.000 0.000
Interaction 3 0.018 0.000 0.903 0.079 0.015 0.000
Residual Error 19

Lack-of-Fit 15 0.531 0.104 0.438 0.576 0.396 0.001
Pure Error 4

Total 29
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Fig. 1 Comparison of flocculation efficiency in various flocculants
of Chlorella ellipsoidea (a), Dunaliella bardawil (b), and Dunaliella
tertiolecta (c).
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o]5 O R 3lo] Response surface methodology &
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3.2. RSME 0)-8-3t Chlorella ellipsoideal] -3 A 3 =
A st
HjeFst S|k v/ Chiorella ellipsoideas -5-5Sk v
Ferric chloride®} Chitosan®] &3 & Z271S 2314} RSM
< o] &3t} o] W, =5 WH2A Ferric chloride®] <,
Chitosan2] ¢F, HFS- B2 Ao on & Hagga] 23]
57 pHE ERIsISI
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ellipsoidea®] &5 &£l tisl o5} &2 2212 e

(e} o 2~
FES A& = UL}
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g Volume 400 £ _
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Fig. 2 Contour plot of flocculation efficiency by the combined effects between FeCl3 and reaction volume (a), chitosan and reaction
volume (b), and FeCl; and chitosan (c)Contour plot of pH by the combined effects between FeCl3 and reaction volume (d), chitosan and

reaction volume (e), and FeCl; and chitosan (f).

Aggke] 919 ndle)] Ax|eh= J=E YeRfar Sk, 17
2 3]l oigk pgte] 0.051 T 2] wjEe] {2 skch
I AR U F QUnk =3, 13 eake] A9 Ao HA
E9] PZlo] 0.531F 0.05KT} It} 0712 912 2312 S
o] rdlo] ke AdskA A AlXIthal & 4 Qi

1231 -S3A oF L RESFIel| WE Chlorella ellipsoidea
o] pHell thal] Theat 22 2212 o) Ras 9 5
U3

pH=5.462-54.194 x A+ 1.455 x B+ 0.005 x C+338.542
x A%-0.235 x B*+9.858 x AB - 0.038 x AC

Table 4014 & 5= Ql50] R* 72 98.3% 24| o]
2 A ARgko] 91o] mdlef] & Axekal QITR=AS B
=} pHell tiish &7 Aol st pgke] 0.05HT} 2fe.
vg {9 srfarst 4= Qi wek 7} ae] A Ao
HAES PZto] 0.104% 0.05KT} =t} o]& 9]9] 2414
o] mdlo] Wkg s Adap| A3t ARt & 4= it

Fig. 2(a)i= Chitosan®] o] 2.3 g© & U uj| Ferric
chloride &} W8 3] 2] Wislo] w}2 4 & TS e}
itk BES- 7571250 mL ©Vde] HEkS- F37]ollA] Ferric chloride
o] A7FH0] 0.03 g oY Wl =& S a&S vEhd

Fig. 2(b)i= Ferric chloride®] %©] 0.05 g2 73t uj
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Fig. 3. Contour plot of flocculation efficiency by the combined effects between Fe,(SO4); and reaction volume (a), chitosan and reaction
volume (b), and Fe>(SO4); and chitosan (c¢). Contour plot of pH by the combined effects between Fe(SOs); and reaction volume (a),

chitosan and reaction volume (b), and Fe»(SO4); and chitosan (c).

Chitosan®} HH3- 73] 9] wisle] & 53 a-&& L),
WS- H3]7} 100 mL~350 mL 3%~ ChitosanE 1.0 g ©]3}
2 7K o 60% ode] 33 & ATS Helth

Fig. 2(c)i= 797} 400 mL= &7t 0] Ferric chloride 2}
Chitosan®] 715 Mg}l W& &5 &5 HERAT Ferric
chloride®] %] 0.05 g/Lo)d;, Chitosan2] o] 3.75 g/LO]
321 73-9-9} Ferric chloride®] %F©] 0.1 g/L°)d; Chitosan®]
ol 7.5 g/L o= E3e ATt MY w2 8 &8
ZA8E Bl

Fig. 2(d)+= Chitosan®] %] 2.3 g© = UAE uff Ferric
chloride 2} Wh&- F-3] 2] Wigle]] W& pHE HOoJEtt. Ferric

chloride @] o] 74485 pH7} 5718}, Fig. 2(a)llA]
$3 &80 %% 250 mL~400 mL, 0.03 g~0.05 golA=
pH7} 7.25H 0} B2 H8E Bl

Fig. 2(e)i= Ferric chloride®] ¥©] 0.05 g© & 73 o
Chitosan} ¥F-3- 73] 2] Wigle] whE pHA & HeRdTh
Chitosan®] #4842 pH7| ashs AeS Bl
Fig. 2(b)el] $-3 &&o] =5 HI9lelA] pHE| o] 5 ©]
a2 LR =) o) sl 2ol AEeHA] 92 pHOlTt
webe a4 27 (315 pH = 8.2) Mol 3% pHE 2k
HES- 539 250 mL ©)d, Chitosan 371 2.0 g o w7}
HAolgh=s 425 Ut
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Fig. 2(hi= 597} 400 mL= 273t W] Ferric chloride 2}
Chitosan®] 3475 Hg}e]] whE pHE WFERATE. Ferric chloride
9} Chitosan®] 557} H22] pHE 7HIHA 33 &8°]
=2 H9lE 2Eo W Ferric chloride”} 0.1 g/Lo), Chitosan

°] 7.5 gL oF& AW7HEE w7k HXolzks e iRtk

3.3. RSME 0] 43} Dunaliella bardawil®] A &3
27 33

wjoFst |k v Z=7R1 Dunaliella bardawil®] 73-5- 71
S A ZA Ferric sulfates A3l It2b S A ZA
Chitosans Z338191S W] & 85 &&S B0V E o]
A =9 g Hkg FuE AHSA7EA RSM= ©]8-38t
o] &3 &E&Y pHell v|RX|= Faks ERIsh= Ads 3
SFSIT}. Chlorella ellipsoidea$} WFF7}A] = Box-Behnken
Mo A 308 APE Bajol reat 2 231 2l

O o 2~
o] BEls A& 4 AT}

FE. =20.8+17162x A-124.1 x B+ 0.4 x C - 12571.0 x
A?+94.0 x B’+201.5x AB-2.7x AC +0.2 x BC

Table 404 & 4= 9l50] R® ZES 74.0%2A o]
A Aggro] 919 mdle] o] H% AX|FR=A]5 LJeRA
o}, w3, 3] 7EA ol gt Pgkol 0.0012A] 3714 A3}
7F 9 shekar & S ik

pH =28.24413 - 6.40625 x A-0.07583 x B+ 0.00232 x C +
6.25000 x A*- 0.02000 x B*+2.25000 x AB +0.01250
x AC +0.00003 x BC

pHoll thet 2ele] 74 Table 4014 & 4= 9l5o] R?
T 89.1% FA] o] AL A Adglo] 912] Rello]] U]
sh= AE HERaL Qlrk. 37124l sk ANOVA 4
A] Interaction®l] thgF PZke] 0.079 = 0.05 R} Z7] wl&
o] Ferric sulfate 9k Chitosan 9 HFS-5-31] Ab&2k2o st
A Al YA fthal B 5 AN AAAR]
3ATA A st Pa 0.0000]7] Wl 2] shekar
B 7 QT B, F @ake] A3 Ho HIAES] pRlo]
0.576 2 0.05 K.} =1t o] 52 912 221 FEje] K lo]
WSS AdsHl ARt ARkl & = it

Fig. 3(a)*= Chitosan®] 0.25 g/L & o} Wk3- $-9]9} Ferric
sulfate 2] Wslel] W& 53 a-&S5 vepdLh ¥-8- H3)7}
150 mL~300 mL©]al Ferric sulfate”} 0.03 g~0.05 g %<10]
=3 7E 80% olYe =2 &4 &S Hlth

Fig. 3(b):= Ferric sulfateE 0.03 g o Chitosan}
WS 73] wigle] i &3 &8-S YERTE RES Fu)7t
150 mL~300 mL 7kl 70% olde] 84 F&S Kol
Chitosan F7}go] 1HA8rs S3ado] S7lehe A3
Holm Helt},

Fig. 3(c)© HH& F-3]& 250 mL= 3}31-& o Ferric
sulfate$} Chitosan®] 7155 Hsle] e §5 &5 LE}
Wit} o37]A5= Ferric sulfate 0.08 g/LO)d, Chitosan 1.2 g/L

ok g Alell 80% oVdel = &3 &S HAlh

Fig. 3(d)+= Chitosan®] 0.25 g & ™ Ferric sulfate®} ¥+
& F9]¢] Wiglel| mE pHE YERATE. Fig. 3(a)olA] =2
3 585 BY W F97F 150 mL~300 mLo] 1L
Ferric sulfate”} 0.03 g~0.05 g d%°l|4¢] pHE 8.35~8.52]
e BTt

Fig. 3(e)i= Ferric sulfate”} 0.03 g& d| Chitosan 7}
¥} Wk F9] WAgle]] i pHE WERATE ©17]¢A] Chitosan
&Foll Zdaglo] Wk H-u7F A-GS pHE #hol] EokAl=
S RIS 4= Ql%lom, pH 57 A7) pH 8 o] #t
FABEATE. o] A2 343t 3|9 75l ti$t Chitosan
°] Pgte] 0.669°]aL Hkg- HF-d]of tgt PEko] 0.000.0 24
IS 5397} pHell tste] st Adateh= A4 4
A= vtk webA §3] &89 pH = v I Hsils
] Chitosan 0.05 g ©J3}, ¥+ 53] 150 mL~300 mL o=
=3 A W HA 2Hdolehs AES UE F

Fig. 3(f)= Wk H3]7} 250 mL<Y @ Chitosan®} Ferric
sulfate2] 37} Wislel] wE pHE LFERHATE ©17]0ll4 Ferric
sulfate F71g0] S715E pHE S7F6Rs A3= HRIth
Z128]31 Chitosan ¥.UR= Ferric sulfate W3}l W& pH W3}
£ 7HF o E g1 4= itk o]RE S S Aol
Ferric sulfate2] P3to] 0.024 24 0.055C} 25 79 pHOll
tste] FQ3k QIR AR EAAYE VST

10 o oM

T

3.4. RSME- 0| 23} Dunaliella tertiolecta®) -3 A £
27 JH35
X Z5F Dunaliella tertiolecta®l] tHolol-5- A& E36k=
o AdelA Fig. 1(c)ellx] A e 7] &34 Sodium
aluminate 2} &3N3 1EA}F -2F A chitosans Z§ 51
=2 A 289 5 (pH 8.2)°ll A3t pHE 2h= 34
Al vk -y 2S5 2] fs S eIt
Dunaliella tertiolecta™. "}2F7}AZ Box-Behnken 1O %
A3 308] AT Fjo} hah 2 2714 Fepel vl
2 g 5 v
FE. = 89.523 + 137.598 x A - 67.274 x B - 0.495 x C -
23.646 x A*+132.323 x B>+ 0.001 x C*- 25.281 x
AB-0.312 x AC-0.049 x BC

Table 404 B 4= 9l50] R*ZES 90.7%2A] 071 A4
A3gko] 9o Bl Al Ax|shs vpepdith, gk, 1k}
Qx}2] Ak Ao EH|AE PEo] 0.396° % 0.05KCF AL,
o|Z2 919 2214 o] Helo] nkewH-S A At
A7tk & 4= ik

pH = 9.05595 +4.46458 x A - 0.26250 x B - 0.00575 x C +
0.29167 x A%+ 0.54167 x B>+ 0.00001 x C*- 0.01058 x
AC - 0.00050 x BC

Table 4914 & 5= QU50] R® 3K 98.6% 2A] 01742 A4
Agzko] 919] mdof z AX|gkS Bt} Td ANOVA
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Fig. 4. Contour plot of flocculation efficiency by the combined effects between NaAlO, and reaction volume (a), chitosan and reaction
volume (b), and NaAlO; and chitosan (c). Contour plot of pH by the combined effects between NaAlO, and reaction volume (d), chitosan

and reaction volume (e), and NaAlO, and chitosan (f).

iAoM) B4 Aol tigk Pate] 0.000. 024 72 &
thy B 2 011:]-

Fig. 4(a)i= Chitosans 0.3 gﬁ{i skl ™ Sodium
aluminate &} W F3] H3lo] }E 4 285 Vet
Sodium aluminate %©] 0.03 g ©’, ¥H&- 53] 100 mL~
150 mL 3= 325 mL~400 mL o
o]/\l-_o_ Eo:hﬂr

Fig. 4(b):= Sodium aluminateS 0.3 g3 7}3} 1 = o
Chitosan¥} H5- §-3]9] Wislo] u}= $-3] 35_%% LERA
o} whE- 47} 350 mL o3 vl 33 &Eo] 70% ©1d

< nolt).

Fig. 4(c)= WFs 5397} 400 mLY W Sodium aluminate
3} Chitosan Zq7}31:01] w2 91§88 veRit) $449
°k°ﬂ w}am S && Aol7h A1 86% ol w3

Hs BH]lth

Fig 4(d)': Chitosan< 0.3 g 37Fsk-& | Chitosan¥};

H3- ]9] Wstel] s pHE VFERHTE WS- Hu)7) A
E—[% Sodium aluminate”} 57875 pH7} 57 16lk= A&
< H3It} JES- 73] 200 mL ©1d; sodium aluminate 0.2 g
G ellA pH7} 8.5 olsk= th““/]'. o|ZL allell ZAsh
pH <l

w2bA Fig. 4(a)$} Fig. 4(d)Z Hlwalw, sfigol <735k
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pHE 7HAWA =2 &4 a8 2= WS 73] 200 mL
o1, sodium aluminate 0.2 g ©|sP7} 4 FHolgh= A&
& U % e

Fig. 4(e)== Sodium aluminateE 0.3 g 37}35l% = o
Chitosan¥} W3- 7-37]2] W3} whE pHE WFERATE. Chitosan
W7ol Aiglo] Wk B2k F71EE pH7b ol
78S Holth 53], 350 mL~400 mL & = pH 8.6 ©|3}
2 3firel] 71 A 3sISIt). o122 Fig. 4(b)ollA REE- 73
350 mLoVd A W 70% oVde] 54 aES Hols 4 24
78] wiee] o] Zxiel Sl AAlsh=Al A dsi.

Fig. 4(f)= 92 -3]71 400 mL < ] Chitosan¥} Sodium
aluminate 7} Wsle| wk& pHE YERATE. Sodium
aluminate 37}&o] 57185 pH7} 5718 Chitosan®]
715 pHY7F Ashs A 3s Kol

Fig. 4(c)$} Fig. 4()E vlwslals o sl =10l 71
<7 pH H$IQ] pH7} 8.45~8.5%] Sodium aluminate
1.0 g/Lo)d, Chitosan 0.75 g/L ©131Y w7} 90% ©]743-<]
A s USATAA sl A3 pHE WA=
HA F7o0F R}

4. 2E

3 v MZF % (Species), <5 (Genus)©ll w2} 2 gHst -5
AZF =t Chlorella ellipsoidea®] 735 7] e HA=
Ferric chloride®} AtallAd 124l -5 %A Chitosans AR
slgiem, 3ol dojur] SlsiM #2<] pH s 7H=
Ferric chloride®] %¥©] 0.1 g/L, Chitosan®] o] 7.5 g/L-&
3elgks Wt HHolgks des Ui Uitk

Dunaliella bardawil®] 735+ 7] -5 #|2A] Ferric
sulfate 2} A3 174} S5#]| Chitosans 238}
B = e afo] vehe As gRlE e,
a5 pHell Z)3kst 8.5 F-22] HI9lE HolwA H& 34
A8S 7] #1804+ Ferric sulfate®] 7143 0.12 g/L
O 7 Chitosan®] H7FFS 1.0 gL o= sk= Zlo] #4 =4
olgh= dE5 UE Uit

Dunaliella tertiolecta®] 73-5-+= pH7} 8.65- A w2
5% Z710] Sodium aluminateE 1.0 g/L, Chitosans
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