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Abstract: The harvesting of microalgae is a critical step that
precedes biodiesel conversion. The most widely used harvesting
technology is flocculation and floatation. In this study, the
efficiency of the flocculants aluminum sulfate and poly
aluminum chloride were evaluated for harvesting the alga
Dunaliella tertiolecta in conjunction with dissolved air
floatation. Using the jar test the optimum concentration
range for aluminum sulfate was 1.0~1.5 g/L and for poly
aluminium chloride, 1.5~2.0 g/L. The degree of coagulation
was visualized by microscopy. Further analysis in combination
with dissolved air floatation showed that the optimal
concentration for aluminum sulfate was 1.1 g/L and for poly
aluminum chloride, 1.6 g/L.
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7Fe sk 8] &2 @ E Jlomn, FAAE A A
HAsh= o] Akste e A|dste] R0 E V]S Ws)t
g Az SAEEAE B2 doAith oo wt AlAl 2
oAM= S AEE AT biomass A 0|85 tiA
ofu] 7itkel] F=star Ut [1-3].

A A F SRl Blo] @ ol x| 2] A9 vlo] 2
oA, vlo] @ ofgkE, nlo] e 7EAT viE S Qi vl Q. T
A2 corn, canola, oil palm 3= jatropha @} -2 SAF 2&
= Hlo]e miAE o]8sto aket = Gk BEsh 3A|T) ol
AR MMETFE =2 A s 7L Qo] vlel e
oA ks 99k vlo] e miAE o] g5 X1 glrt [4].
nAER= 58 F Aesel vlste] WA Ailkrgo]
Fom, Al fIsh A=A 2 wjeksy |7k4] el Alto]
k= o] i [5-7]. mIAIERRVE vlol 2 TR 3k
7] fleliME TS 2 Aot gt WA mlAlRF
£ o= ujekstal vkl o=t RNhE it
T ¥ 27E ol8slo] Ads FEskaL 1 A AefA] vlo]
L HAR Askels e AA Hlole tAls Aiksitt
TE- vlo] @ oA AAte] Qlof T s Gk Q1Af o]
S &y n|82 AR 0" 3 Aot a&o] £4]
2 WS ofluA] 8] Rl ofe} $ @ Slol =
QIS T [8]. MAIERF 7 o R = o3, S,
7, Q%52 dissolved air floatation (DAF)S & 4= AT}
Be g HES dA VeEe B2 oy 228t
of. @A A7} wo] Eohal EA FEas E 2
2L ot o IpH o] A9 Algto] A filter AHA| €]
fouling®] A717] wiZel] #7124 0% vhE wAls] Fojof
sheh, R o] A9 5017k oflyA] vl-8-2 Aot Alzk
o] o Aulx Fgaso] A7} drt A4 A
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S0)7h= AR ollyA] o] Hom fAH|7} Ho] 7]
el AghekA] skt [9,10].

SR E] 789 scale-up 7 17F Hrhs A2 et
aluminum A9 Alzheimerd X|W& F&38= o2 &
HA4] Qlal AR AL Q7] wiEel B s SAAE
AREEE 4= glo] E5tE W] o 7 ARE-E|ojolt S} [11-13].
wEbA A2 oFe] SHAIE o] gt SHE vMEFES
DAFE o] gsto] F7dA171aL o] & Frekeh= o] A5
= oflyx] vl&el vlste] Fgago] 7 =t [10].

2 AFM = S DAFE £835t0] &3
G E ARSE NS W] S Rekslal S 13 A Rl
& Wl tiste] AN STt vIMZSF Dunaliella
tertiolecta®) 73-5- aluminum AGoq #=& SHAES K
STt [14]. wEbA 2 AFE FEsk=t -S4l aluminum
ALz Addsisitt. A5 Fask=tl SlojA dAvd 54
= &oto] Az R S3lo] ol ERIsglnt. o=
55 T3l Qlo] o] wA= YIS ERlstaat
ot} 123l vM|IEETF viekele] pH7} -l vl 3%k
RIS o5 F3oto] S HY} DAFE &85 #HA
Fo] A o]8sto] A Al S g5lskal o]
o] g3t 8k HAZxA w3t 29T

o

i o o o

2. 438A = 2 Y

21 SAEF R A%
Aol ALR-E W MZF 75 Dunaliella tertiolecta 1™,
QlatehellA] weke wjekale who} A3ls X1dsiqint. vlek
9] F53= Beer-Lambert SHAIE e al|A] wljkee] 55
%= (optical density ©]3F ODZ ¥7))& 1 o|8}= 3|9A171
5 ARSI

ARESE -S3A| -2 poly aluminum chloride (10%) £}
aluminum sulfate®|™] poly aluminum chloride (10%)2] 74-%-
() 87101l (Lucky Environment & Chemical, Seoul,
Korea)ollM A5~ o} AR5} 31, aluminum sulfate 2] 73-$-
Sigma-Aldrich Korea (St. Louis, MO, USA) A& 7315}
ARSI

22. 3 SH = A3 WY
A S FEEE AEsh] flste] R0 ® HgA ol
A 2= WPHRD Jar testd S ARESIGIOH, o] F A7 Al
YAl YRR st A XSGt Be A A
(25C oM W3 310, 500 mL AHZFEEk~=e] 500 mL
A2 gdS FHso. AF S A% =
g~ A HE SRS st Sk ES A
= WH3AA Foo SAAE J7ke 5 SR A7E vk
I 2 Y 4= Q5 F wHEESE (agitation speed)E 1 min
&<k 180 rpm &= 75 WHES &%l o, o] & S A7}
HjeFlz}t vEgo] dojd 4= QIAIE 30 rpmellA 30 min
B¢ ¢ wnkS s

wRle] F9 5 pHE S743F31.0™ 60 min &<F FA]

ek AT s}t HA9] F= AEs] 918 10 min

vl FYEE Sgsnt.

23. 37 3= S WY

A Z572] 55+ UV/vis spectrophotometer (Shimadzu
BioSpec-mini, Japan)E ©]-23l4] Beer-Lambert2] H2]e] 2]
sto] SABIATE S5 A mMERF wjeFde] FH o 2R
3 cmolEfollA] AdeS- AHFH 1] UVivis spectrophotometer
£ o] &alA FHEE RIS 1 ¥ jar testE S5
wRke] By vAI R wjds SRAl H7E A mpt
A& FHOZRE 3 em ob S AMFHT T UVivis
spectrophotometerS 0834 =S S5 S99
- A, Y FHEE ol fale] nAERR s AF
SR}, o] Wi, v|MZF Dunaliella tertiolectal] 3732
640 nmelA] FFEE S FFES} vMET ST
o] AR AAA e oato] wEw SIeE 5 S A
-4 'BE=E A9 sto] vk 22 Ao SJaliA] ARketint.

Flocculation efficiency (%) = (1 - A/ B) x 100

o7 A: S F FROZRE 3 em olale] Q= A
N HAZEF w5, B: o A FHOENE 3 em oFel]
W= e AT FE
2.4. Dissolves air floatation (DAF) 5§

DAF "H& o]-&st =8 WhHe- & A7-HellA (P =
glofol] 214 7 ARSI = lab scale®] DAFE ¢85}
o] A&s 2A] SI3ITE DAFS] BE A2 a4l tisied]
uldo] 73t sus316L= A2t 3191.0H, a7t B o=
HatZ sus304= AJASIGITE tank 0] 8-> #1313 L, o
2 6 amZ7F] AY = QA A it Al Al 32 Wi
< 1 mmE sI3lem ARG AL sus304 2} sus316LO]T .

2.5. @u)3g 4F 9 pH SH Y

g 2 AM7sta 7174158k} nanobio system &
manipulation 172 ¢li= microscope (Olympus ix71,
Japan) & o]-g-to] SAsIom, 7F w2 wlgoll 24
= Fa AR o= vilEE gl W HEA 0= 4004
2 vAEFE S5 pHSS pH meter (Mettler-
Toledo InPro 3030, Swiss)E ¢85t 57d31Itt. pH meter
7] ARgell kA WA calibrations FoF o] A7e] Az)Ad
= E30h

3.89 9 g

3.1. Jar testS o] 23 A A&

Y| A2 Dunaliella tertiolecta WFHelA] aluminum sulfate
739 05,1,15,2¢/LF A7} 3lo] 9127, poly aluminum
chloride (10%) 7% 0.5, 1, 2, 4 g/LS A7F3) F9Ih.
aluminum sulfate 7<% Fig. 1(a)°lA] & 5= Q1%0] 0.5 gLE
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o] Fole wie gdo] 2 dojuter 1 gLE Hol
P P S SF S8 Hole Als IR & 5 3
ATh. Table 19] Ak} o] 1.5 g/Le} 2.0 glLE ¥

F9E = aluminum sulfate®] 47 pH (5.5~8.5)F Hlo]
e “H’ﬁ: of =] HhX]o nlsix] AA ] HolA|=
Ze =1 & 4 Q]

Table 1. The pH during the jar test with aluminum sulfate

78905 g/LoA= ¥
‘?—JOMX]

T AR ol AHef Fo] 2
%P_Qur 1.0~2.0 g/LollA g3e] & dofdrh=
ATt Table 39] A¥gka} ol 4 gL E
A2 pH7F A7 (5~9)F o]

witoll Al Eato] dofuhal S EE FERE "ojH= Ale
2l

ol
2
N
2 o
o et
> 2
o[o

Table 3. The pH during the jar test with poly aluminum chloride
(10%)

Type Injection concentration Jar test 1 Jar test 2" Jar test 3" — . - - -
g/L pH pH pH Type Injection concentration Jar test 1™ Jar test 2™ Jar test 3
41800 2.0 431 425 426 gL pH pH pH
(Aluminum 15 458 436 434 PA.C. 40 484 480 478
sulfate) 1.0 5.5 5.14 5.7 (Poly 2.0 6.15 6.16 5.98
0.5 6.34 6.13 6.21 Aluminum 1.0 6.79 6.79 6.60
Chloride) 0.5 7.51 7.51 7.30
Table 2. Dissolved air floatation by aluminum sulfate
Injection concentration Flotation Table 4. Dissolved air floatation by poly aluminum chloride (10%)
Type g/L g/L Injection concentration Flotation
1.5 2.58 + 0.06 Type /L /L
R
@luminum sulfate) 11 3153 401 PAC. 1.8 3.69 £ Oi
RRNE o Ry e L B £
Chloride) 12 238+0.14
(@ 7 o5 el 1.0 2.09 +0.11
S =HE
> 9] m0pl] o2 whgoR pH7F S4 Tl 9%l sl ot
E, 809 _ ~ . 7(40 /ﬂ'cﬂ;,], DAFE o]_Q_—o—].o:] 5]7(4}-: }d%oﬂ r/Hz:s_]— _%‘7]-
% ;g: ;Ho] A8S AT BE AL Alg o] AlgAS =
£ %] o171 Sistel 331 ol W ANIEHct
:g 40 1
S ] 3.2, pHY| W2 WAZF 3 T
E 0] 5 #A| aluminum sulfate®] 73-9- Table 142} 7o) 0.5~
oL LR L LR 0 s el 7918 uks 2 pHALole] Q= Ae B
Time (min) g 2l8lom, 1.5~2 g/LE Bol F3& Wl 2% pHRSI
) — = SO Al o] QoA $3l o] Hol A A&
fg: o 1oL Q.’?fé} T At S HAl poly aluminum chloride (10%)
£ 1001 -l o] 79 Table 3 B & 4 Sl%0] 0.5~2g/LE ¥
5 o8 v pHWSTE 40 el R A% Heg 5
£ o Ut 0.5 gLE o] S W pHYSIE 49 sl
T 60 el 1ot S3A12] ol 27] wizel S5 afol F4
g = = gtk S 12 gL ARIeIAE B SEES B
3 301 ol 74° gRIgk 5= 300t 4 gLE ¥olF%ls Wi pH
g WS A7 WS Wohp] wgel A} o] cloih &
0 Hago] v "ojAl= s F1d 5 38t o5 =
O @m0 Y2 pH;u Z i 8Ael o) Fod JAIAh: AE
Fig. 1. Flocculation efficiency of aluminum sulfate and poly =4 A,
aluminum chloride (10%) using Dunaliella tertiolecta and the jar
test (a) aluminum sulfate, (b) poly aluminum chloride (10%). 3.3. DAFE o] 83t A 5= A

Fig. 1(b)ell4] & 5= 3152°] poly aluminum chloride (10%)

kA A73l jar testE F31] FoIF aluminum sulfate £}
poly aluminum chloride (10%)%] 474 5%E DAFE ©]
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gste] A3sk A} aluminum sulfate®] 7-9- Fig. l(a)oﬂ
Aol o] 1.0~1.5 glLAtelollA 7S &2 S3ads B
71 Wizl 1.0~1.5 giLAtelelxe] §33A] 5129 ﬂﬂ ok
o] vkl F73kal DAFE ol&sto] AdE F&sp3ict
21312 Table 29} 20| 5’—@%1].4 01 g’W SoluprbaA
st S31419 d= 1.1 g/LE Fol FA= W 7P
T rgaES iaigtﬂ 15E 01111—5 A reaE
o] Wojxl:= Ag Rl 919}‘:]'.

Fig 1(b)e2} 2] poly aluminum chloride (10%) 7+
739 1.0~2.0 glLold 7P & S &S B3V wiiol
1ALl gk Hdigto]l EAE A olgl FAstar Abol @k

of thsle] DAFA S-S AAIEIITE 5514 poly aluminum
chloride (10%)2] 7d-$- Table 42} o] —"—%‘Jﬂ]J F502¢g
A ZA7kshax A3E X3 e19lem, 1.6 gLE Zﬁ%
w7 SeEkago] S} 1.8 gL yol ?‘ﬁé e

= FEg8o] A4 Folte= AL gk 4 it

= =

Fig. 2. Microscopic pictures of the Dunaliella tertiolecta.

olE EdlZ 3344 aluminum sulfate &] ¢ 1.1 gL Y
w7t 4] F% grolH, ~€2ﬂ PACS] 749 1.6 gL w7}
HA s glolehs AEe WY 5 Al o] - Avjds
Eoto] 3 AEE AlAH 0w | Wkt

34. a“]% S SRR A

WA 25T Dunaliella tertiolectai= QWP ©Z 8~12 um
9] sizes Zt7] whitel AvES F3to] S HEE B
o 0191‘“4' dAuld A2 A jar testd IS EUE
=23 1 a, 1, 3o DAF A33AS &3] doj=l dHo]g]
of| 71xslo] 5745 AAISISITE DAF s F3ato] dojzl
HA o] S EEE sl O jar test W FEE A

Fig. 3> -4 aluminum sulfateS AFE3t jar testZA}o]]
gt &u)gd ARRlolt}, Fig. 3(a)= -S4 aluminum sulfate
o] & 1.0 g/L ¥ol T3l SYA] FHO R {0l
o] TAUE Ae Q’O]zﬂ' 2131t} Fig. 3(b)= 534
aluminum sulfate®] FS 1.5 g/L Yol o FAUE
Z5F "ozl ZH“'“*}O] o= Z1& FR1e 5=
t} o]E Edi® §37) Ato] dofutE 1.0~1.5 g/LAte]lell
A v BEE Ssich

(@

(b)

Fig. 3. Micrograph showing the effect of various concentrations of
aluminum sulfate during the jar (a), 1.0 g/L (c), and 1.5 g/L.

(@

(b)

Fig. 4. Micrograph showing the optimal concentration range of
aluminum sulfate using Dunaliella tertiolecta, the jar test and
dissolved air floatation (a), 1.0 g/L (b), 1.1 g/L (¢), 1.2 g/L (d),
and 1.3 g/L.
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Fig. 4(a) 534 aluminum sulfateE 1.0 g/l €] 5]
om A FHOR 2RE0] B v As IRIT
T AT} Fig. 4(b)= 5HA| aluminum sulfates 1.1 g/L
gol Flom 7P 0] 7HE Wol S3 o] e A
S glg 4= Q)8lH}. Fig. 4(c)= 54| aluminum sulfate S
12 g/L Yol 9o 1.1 gLE Yo] & w9} v
sto] AiEAte] doltEo &R1e = ST Fig. 4(d)+=
A aluminum sulfates 1.3 g/L 2ol7=¢lom H4 A
Aol dofieg g1 4= QIGIT}. o] o] Fex=
OS5 Aitate] dodg gl = U

o] A3} Table 22| Ak o835t -3 A aluminum
sulfate®] HZA s 1.1 g/Lehs A3 WiE 5 3lqltt

Skd WP v A= -84 poly aluminum chloride
(10%)°ll thst dn7d A2-S AASISIT. Fig. 5+ jar test
= ArEGlE We] sEE 7L dnd dHEE SIith
Fig. 5(a)= -354]| poly aluminum chloride (10%)% 1.0 g/L
do] TS wje] ARle® P 7F A1 A gIgk
= Atk Fig. 5(b)= -S54 poly aluminum chloride (10%)
£ 2.0 gL Yol F8& we] ARIC= Fig. 5(b)ell Hls}e]
Aol dofukes ERIE = QI o5 EdiE S4aE
0] 7 T30 1.0~2.0 giLrfelold dvd ws siglet.

s

(@

(b)

Fig. 5. Micrograph showing the effect of various concentrations of
poly aluminum chloride (10%) during the jar (a), 1.0 g/L (b), and
2.0 g/L.

Fig. 6(a)i= -5-%#]| poly aluminum chloride (10%)S 1.0 g/L
gol TS we) ARle s SHA| FHORE e 2RE
o] Dk e IRIE < QU Fig. 6(b)= 834 poly
aluminum chloride (10%)E 1.6 gLE Y] 73S w9
ARIO = 71 S5 o] o] dofukaE E1E 4 Uit
Fig. 6(c)$} Fig. 6(d)= 534l poly aluminum chloride (10%)
= 771 1.8,2.0gLE Fol TS W AXIOR Fig. 6(c)°l]

nlto] ARte] ddolsteg Helg 4 ik

o] Av}9} Table 4°] Argls vlus] Bols o S4A
poly aluminum chloride (10%)2] %55 1.6 g/l
AES U = S

(@

(b)

Fig. 6. Micrograph showing the optimal concentration range of
poly aluminum chloride (10%) using Dunaliella tertiolecta, the jar
test and dissolved air floatation (a), 1.0 g/L (b), 1.6 g/L (¢), 1.8 g/L
(d), and 2.0 g/L.

4. 2E

WA 25 Dunaliella tertiolectar= -5-7J A poly aluminum
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chloride (10%)& Yol %S - jar testE &5t A%
OXJ%E HA7F1.0~2.0 gLeh= Aa & 9»11045} o]

& ©]-8-3}o] dissolved air floatation?} & U]ﬁ ARRE o) &
0}01 HAEE7) 1.6 g/LE]r—‘ A&7 27 pHSL pH (5~9)
7} obd W9l o ellM= S3EEo] ‘HOV]‘:F“ Aes U
T QA8

35#) aluminum sulfate”3-F- jar testE &3] 0.5~1.0 g/L
A w A SHEE HAYS Rl s9la, o] Fated
dissolved air ﬂoatationi} duld PES Feto] HAl st
1.1 g/lLeh= A28 UE 4= A3t} 834 poly aluminum
chloride (10%) %} U]’{V]'X]i 217 pHHSE AuHA| Hw
SAEE B3 AAH Holxitk= 21 1 = Ut

= A= FalA 5 A aluminum sulfateﬂ aluminum

chloride (10%)°] H&+sEE A& & & 019,10‘:'1 z20
E2434 A4 pHHSI 7} ofd %Eoﬂ/q oA FH wit

HA 3] WolXth= ARE 3ke1st 4= Olo-h;]. quq ol
4 pHolS] £ S 3 A B ool £ 9L
3] Wil o= HPE ARAZRL Hlol 2. Tl o] At
A 4 Slolet 7]Higt.

ol

R D D E R E DATD
Q] Ag1el] 23] AT,
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