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Coagulation Characteristics of Microalgae By Using Natural Coagulants

Yo-Han Kim

Department of U-Eco City, The Graduate School,
Pukyong National University

Abstract

Although coagulation—flocculation is effective and widely used, existing
metal based coagulants have negative effects on the environment and human
body. This study tries to reveal the possibility of using plan based natural
coagulants to replace the metal based coagulants such as Alum.

Chitosan and Polyglutamin coagulants were chosen as natural coagulants for
this study and the experiments. Response Surface Methodology(RSM) was
used for the design of this research and the dose of coagulant and a range
of pH were determined for the experiments by RSM.

The experiments using Chitosan was carried out with a range of pH
4.95710.0 and coagulant dose 407160mg/L. Through the optimization process
by using RSM, it was found that the optimum condition was when the
coagulant dose of 105mg/L at pH 7.3, and the micro-algae removal
efficiency(as ODggo) was 79.2%.

The other experiments using Polyglutamin was conducted with a range of
pH 4579, coagulant dose 107150mg/L. The optimum condition of
Polyglutamin coagulation/flocculation was when the coagulant dose of
115mg/L at pH 7.5, and the micro-algae removal efficiency(as ODsgg) was
almost 100%.

Key word: coagulation/flocculation, Chitosan, Polyglutamin, ODgs, pH,
coagulant dose
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stk =7 wiA= IMEIAIE ol &stler Ay AHEE mAx
g2 A HjFzolA 10 B FAste] Ao ARERF 2/ ODggoot ZFE A3t
w2 247+ 01602 /em, 331,333 cell/mLo|ith. @A ejuelt =F4dEA TE 7
F2 5000cello]al F&7oll A =77F 7 A3Hd-g-oll= 181,202~ 663,781cell/mL=
A s=8 A APe sEEEIR S ,2014).

33 AL 40002 =AY BRI FEAe] B&HS Fgure 3.1 3
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Z11 Figure 3.2 &7 x| ARzlo|th

Figure 3.1 Algae observed with microscope



T —
S
L

Figure 3.2. Algae cultivation reactor

B AFoA AHg-H Polyglutaminge FFAll 1= HARS] Polyglutamin-g-3 Al

E Az ol Ao AEHAL, 71BN SHAES AFA As AXLe 71 EA
SHAE AT Lot Aol AHH AT
AA-SHAR]  Polyglutaminel 71 EASHAE o] &3

I 2FY SREAE
ODggol/cm)e] A ]BE&2 ZSA3tAh 34 Al Magnetic Stirrere} Magnetic

barE ol g3t WAL AL, WS §/1E 250mLel WIAS AT

Ag A=A AHz& Figure 3.33 2t}



Figure 3.3 Test equipment
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< YERl, #32+ WS RHEAYS ol &sto] HdAE Polyglutamin 33

Ao ddAA=AE HERAIITH

r-\u:



Table 3.1 Experiment condition of Chitosan coagulation

Case Chitosan pH
1 37.5 7.50
2 37.5 7.50
3 37.5 10.05
4 60 7.50
5 37.5 4.95
6 52.5 5.80
7 37.5 7.50
8 22.5 5.80
9 22.5 9.20
10 37.5 7.50
11 37.5 7.50
12 15 7.50
13 52.5 9.20

Table 3.2 Experiment condition of Polyglutamin coagulation

Case Polyglutamine pH
1 80.0 6.75
2 33.3 5.25
3 80.0 6.75
4 80.0 6.75
5 80.0 6.75
6 80.0 6.75
7 10.0 6.75
8 126.7 5.25
9 150.0 6.75
10 33.3 8.25
11 126.7 8.25
12 80.0 4.50
13 80.0 9.00
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3.3.2 Sedgewick Rafter Chamber& 0| &3t Cell Count

Figure 3.4 Sedgewick Rafter chamber

1L H=2 AgEE A& 50 343t

2. Sedgewick-Rafter chamber <lo] AI&ES vlo]la=z I &

25uULE &HT
3. 93N A S o] &3t AFo] nt2r|H AFE ot
4. AFA ol Holx d=
Ak ot 2o

1000u L
sample XulL

oft
N
Ju
Lo
=
-
i
2
=
&
iy

Cell/mL= Cx Ax

C: &% A=
A : 8w

X : Sedgewick-Rafter chamber¢]o] &8 sample?] <&

o] §-5to]

eq(16)



3.33 O/M=F ZXE ¢ 8 UV/VIS-Spectrophotometer

2 AFNA E4E ODgsog ©l 83t SHEL S &43A

B 332 oF 100~2500nm7kA] o] AN E E3etal et o5 Arko]ste]
o] FFAdol olgdT. I mAMlEF FIAH AMREHE= RS of
400~700 nm FAHAH=E A A7) wfEol(H A+, 2015 OD 660nmeol| A =/
o] cellZf<re] AALELS A7 =Hs=d AFEE AT} Spectrophotometer
+ SCINCO Mega-2100 Spectrophotometer& AF&3l% 3 AP Table 3.3 3}
)

Table 3.3 SCINCO Mega -2100 Specifications

SCINCO Mega -2100 Specifications
Lamp Sources Deuterium and Tungsten Lamp
Wavelength Range 190 nm ~ 1100 nm
Spectral Bandwidth Variable(0.5,1.0,2.5,5.0,10,20 nm)
Photometric Range -4.0 to 4.0 Abs.




34 ODgoo & ZXFFTY 4 HHA

Figure 3.5 OD scang 3F 18], ODggoollA 0.1038 /cm=Z =HH ZF sample
1 9 cell 7= 212,300 cell/mLo]al , ODggollA4 0.0515 /cmZ SA4H 27/ sample?
9] cell 7H4== 105,300cell/mLE sample.1S sample.2Z o] Cell Al5=%k, ODgso

#hol 74zt 2.0155, 2.016124 ALl 22 o= A= o] 27/ 9 ODygos =
AL dle] IFARAS st Table 34 Y2 FAo] | AEZ 1, 29] OD
scan #<= YERH Folth

Absorbance(AU)

510 520 530 540 550 560 570 580 590 600 610 620 630 640 650 660 670 680 690
Wavelength (nm)

Figure 3.5 OD scan result for algae

Table 3.4 Calculated algae cell count and ODggy spectrum

algae cell
440nm 465nm 590nm 660nm count

(cell/mL)
sample.1 0.1333 0.1265 0.1038 0.1038 212,300
sample.2 0.065 0.0624 0.0524 0.0515 105,300
samplel/sample 2 2.0507 2.0272 1.9809 2.0155 2.0161




Figure 3.6 ol £43 mdd thia AFA ] WEA 225 dotsr] #sho]
95 % o|=7-7HPI, Predict Interval)™@} 95% 412 +3HCI, Confidence Interval)o]
Hegd A3 aH=ZE Yepgd e, ZFA T ODego atoll st A=X9

W 09982 AFH 9 w2 AYEE HAFAL, Figure 3.6 3742 eq.

Table 3.5 Calculated algae cell count and ODggo

cell/mL ODeeo
33133 0.0175
66267 0.0363
99400 0.0501
132533 0.0655
165667 0.0814
198800 0.1009
231933 0.1160
265066 0.1325
298200 0.1413
331333 0.1620
Z5F<(cell/mL) predicted = -6001 + 2083394 ODgg experimented eq17)

Table 3.6 Regression Analysis algae cell count(cell/mL) versus ODggo

Source DF SIS MS F P
Regression 1 S8IBE0 | 8F3E10 | 10489 <0.000
ODego Error 8 6.8A49EHR SHBIEH7
Total 9 9.06698E+10




Fitted Line Plot
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Figure 36 Algae as Cell Counts vs ODggo regression analysis



4.1.1 Chitosan £ 2 2 pHO| T E ODes H5l
71E4E SZPAE o83 e Fall 71EA SA FATFH pHe| Wstol
& ODggo AAES #AE SA T2 Minitab®] REFEEHEA -4
FAAY LS Tt Fetden, A3 Table 4.10] YeERATh Z7] ODggo
e 0.16 cmolgom, Hh 78.5%, 4 0.87% o AAES YeERAAH.

PH7E 79 o) 7|E4SHA FUFl BE ODo AAEL MusPe 715

e

2 SAA FY T uret AR o2 Zrbsith 37.5mg/ll B4 T5%E

X

Ao AALE Holu A FAFo] 49mg/LS Fo7tA thAl Tastes
AE YeElRAa, pH 9F SHA FUAZF 2 AHg a8 ¥ sts S
o

FAF ¢ YL SUA T

= e =

30~49 mg/L, pH 4.7 ~ 7.85 |4l ODey
5%01742 AA He AL FAT S+ AT

Ao AHLH ZFY FEE ODgo #SE 0.16 cmleolgd e, Case 9(pH
9.2, NNEAHEH/A FUF 22.5mg/Lol A 7Hg EL& kel 0.1586 cm'® ZA 5]
A ol HFEEL 087 %= A9 AT HA LUt €A case 1, 2,
7, 10, 11(pH 7.5, 71EAHA FUAF 375 mg/LelA 7P e %<l
0.03430.2 ZAHEHUY, olwe HYaL&e 785%=2 ekt o]x¥ pHrt
7~8d W P & AHYEEE Hola 7o]3) 8ol oM E SHEL] 20%

olatz We ATELS HYEH ok NELS SYAES ol 8T LHAHNA



pH 7-8°14 & AHa&S HAtds A7 ZAHAe 2 X schSara ann
et al, 2014). webx pH 7-8oA4 ¢ EAe] *E& FTw3I 1T Bavt

< A2 AsHET

%0

Figure 4.1 S A FYZFH pHAl & ODgod AA && WHIE VERA

S Aol Figd 2+ FigdlS 3x3¢o 2 T3 W ol



Table 4.1 ODgo(cm™ and ODgs removal efficiency of micro-algae in

Chitosan flocculant process on each case

ODsso
Case Chitosan pH ((251661(; Removal
Efficiency(%)

1 37.5 7.50 0.0343 78.5
2 37.5 7.50 0.0343 78.5
3 37.5 10.05 0.1566 2.12
4 60 7.50 0.0495 69.0
5 37.5 4.95 0.1362 14.8
6 52.5 5.80 0.1350 15.6
7 37.5 7.50 0.0343 78.5
8 22.5 5.80 0.0791 50.5
9 22.5 9.20 0.1586 0.87
10 37.5 7.50 0.0343 78.5
11 37.5 7.50 0.0343 78.5
12 15 7.50 0.1576 15
13 52.5 9.20 0.1554 2.9
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Figure 4.1 Contour plots of interactions of variables Chitosan (mg/L) and

pH and its effect on ODgg removal efficiency (%) of micro-algae.

80
60
40

20
OD66O0 (%) o

20 10.0

Chitosan pH
60 5.0

Figure 4.2 Three-dimensional response surface plots of Chitosan (mg/L) and

pH and its effect on ODgg removal efficiency (%) of micro-algae.



4.1.2 Chitosan % pHO| M2 ODg HISZE FH

X
hins
o

Table 418 57 ZZ13<Q MinitabS ©]&3le] pH, 7| B4 A
o] Wslo] M2 ZF ODeo AAEN PIX= FFS Fotstr] 93] Ht
AEAH-FAFEALE St F3tauch

Table. 4.3& ®AHEX(ANOVA, Analysis of Variance)S %3&te] 3] AuLS
o AHAE AESIAT I3 AF 3R FIAHS HERE o
& AETE 52 TAEYS ¢ 4 dokMahsa et al,

T2H 95%2] AEFFFoR
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=4
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ob
rlr
bt

= % oF @ Atole A#BAE Yehdle AFAFRIE 14 7hE
5 A3A3AVE A5 YERAY. AAA TR = 0.83542 83.54 %o AH
A7E JE Aoz velygt Table. 4.20] Yehd SPHFE 7| 2d97) o

Frslslel ARAFE AEIHT AASHASS
Chitosan 7%} BH(mg/L)3} pH¥ Sl W wW8sw5e 2F/A7 y& F37] Y8t
of ZE=sl HA Fe FSHWHFE A8 Chitosan T #H(Xi,mg/L),
pHXpdl W& ZFAAEES FsIATh 22 eqd®F 2.

y = -578.569 X; + 153.369 X, -0.0133439 X,
115063 X* +  0.135800 Xi*X, eq.(18)



Table 4.2 Estimated regression coefficients for Chitosan algae removal effi-

ciency
Term Coef SE_Coef T P
Constant 78.034 8.480 9.202 0.000
Chitosan 8.048 6.522 1.234 0.257
pH -9.596 6.522 -1.471 0.185
Chitosan*Chitosan -21.350 6.606 -3.232 0.014
pH*pH -33.253 6.606 -5.033 0.002
Chitosan*pH 9.234 9.507 0.971 0.364
S = 19.0145 PRESS = 182054
R-Sq = 8354% R-Sq(pred) = 0.002% R-Sq(adj) = 71.78%

Table 4.3 Analysis of variance for

Chitosan algae removal(ODgsp) effi-

ciency(%)
Source DF? | Seq SS” | Adj SS¢ | Adj MS? | F-value | P-value
Regression 5 12841.2 | 12841.2 2568.24 ™ 0.011
Linear 2 1333.2 1333.2 666.58 1.84 0.227
Square 2 111669 | 11166.9 | 5583.46 15.44 0.003
Interaction 1 341.1 341.1 341.09 0.94 0.364
Residual Error 7 2530.9 2530.9 361.55
Lack-of-Fit 3 2530.9 2530.9 843.62 o &
Pure Error 4 0 0 0
Total 12| 15372.0

* Degree of freedom

® Sequential sums of squares

¢ Adjust sums of squares

4 Adjust mean squares



=Y Figure 430 243 2o tizt #=5X9 WHEAH XS deofshy|

95% & F7HCI, Confidence Interval)o] H&H AHIAH Jyg=ZE U}

ODggo % predicted = 6.970 + 0.8354 ODge(%) experimented eq.(19)

Table 4.4 Analysis of variance of Chitosan algae removal efficiency (predicted

and experimented)

Source DF SS MS F P
Regression 1 10727.0 10727.0 52.81 <0.000
ODsso Error 11 2114.2 192.2
Total 12 12841.2
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Figure. 4.4 Main Effects Plot for algae removal efficiency of Chitosan

coagulant



4.2. Polyglutaming ©] &3 Z/F A A

4.2.1 Polyglutamin % pH =X0| E ODeg 3}

ZY22Eu $HAE o]8F SHe Fo FTeTTHY $AA T

pH7} 6 w 7| E4FSFA FAZFA w2 ODgg AAES v P S 2
SFEY $3A FAF wet Aoz Frisi 80mg/L Foll A 8%E
HZAY AASES Bolx $FA FYuko] 125mg/Le dol7kat oAl 248

AE YEFAA, pH & SHA FdZF mE A B&o] W3} st A

rlr

rulo

A0l 279 ODggy ahS 0.16/cmo) o™, Case 7(pH 6.75, ZgZFEW
SHA FAF 10mg/LolA 71 B w2l 0.0857cm'2 =4 HJa 0w
AP LS 46.66%2 A=Ak W case 1,3 4,5 .6 pH 7.5, EHZF
EbYl S A FAF 100mg/LolA  7H e gkl 0.00260.2 S = AT, ol
A &S 98.38%F UEFTE pHZE 9914 52 WEzke o XA
] 100mg/LolA 70mg/LZ Wel7b= 100%9] A &ESS Uehgsd ole

E=)
o

g
o

pH7} Wold 5 3o Zx= A7 A7t 2 YA grkMakoto Taniguchi et

al,2005). A FYFS 70~140mg/Le. 2  FAITH  pHol A

%Z

2 9g F Y O ABIAY Yo pHUFE Er)



Table 4.5 ODgo(cm™ and ODgs removal efficiency of micro-algae in

Chitosan flocculant process on each case

ODggo
Case Polyglutamine pH (251661(; Removal
Efficiency(%)

1 80.0 6.75 0.0026 98.38
2 33.3 5.25 0.0114 92.88
3 80.0 6.75 0.0026 98.38
4 80.0 6.75 0.0026 98.38
5 80.0 6.75 0.0026 98.38
6 80.0 6.75 0.0026 98.38
7 10.0 6.75 0.0857 46.44
8 126.7 5.25 0.0066 95.86
9 150.0 6.75 0.0042 97.38
10 33.3 8.25 0.0548 65.74
11 126.7 8.25 0.0023 98.54
12 80.0 4.50 0.0059 96.31
13 80.0 9.00 0.0177 88.94
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Figure 4.5 Contour plots of interactions of variables Polyglutamin(mg/L)
and pH and its effect on ODgg removal efficiency (%) of micro-algae.
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Figure 4.6 Three-dimensional response surface plots of Polyglutamin(mg/L)
and pH and its effect on ODgs removal efficiency (%) of micro-algae.



4.3.2 Polyglutamin & pH S0 IE ODgp BISEZHFH

Table 4.6 FA =23l MinitabS ©] 83t pH, ZEg=FEFU-SHA
FUF WHsto] mE 7Y ODgo AAE FlA= FFS Hetstr] el
Uttt Table. 4.7 +4HEA(ANOVA, Analysis of Variance)<
Aol AAPS AESAT. AFVAAH AFLHTAAY {FodS
Hetd die TS 255, PR Aes =2 FaEds & ¢ o
(Mahsa et al, 2014). P#2 4 A To4de Fdstes =724 95%2
AErEEor AASAS W Pgel 0.05ET & ks 7hA-oFstal 90%9
AFeEor HAYSHAL 7
T ATH

x50 ODgo AALe] B& HAPAA e =dusel =duse] AF 2

[1.]0
ok
2

wAtake] P-valueZt Polyglutamin ¢ &2 0.052th 2he kg 74A]7] o &
B 2de 95 %9 AFFEAAM ZHSFEHUSHA FAFe] Wl nE
%

T ODeso AAEN YFS WA dAZHE & 4 daL, P-valuert
o

Polyglutamin =& 0.12t} 22 ¢S 71A7]

AH5Ze A pH Wstell BHE 2Fe] Do AA L] FFL vixE et
I ¥ 5 Atk ODw AAES Uehdrlol 7@ Roz sudn =3 B

= 3 dS & Aoy AHaAE veidl= A2AATR)E 1 keSS
AABATE QS deERAT ZAAFRES 0.8354F 83.54 %o AHABAATE AU
+ Ao & Yeigth Table. 4.60] UEhd SHHFES] 7[Ede7t 27 of
ol eSS ZTgsld JAASTE 4HESITh AR5 EE 42 Polyglutamin
T Hmg/L)F pHESH] mE 93 HF] Z/AA yE F3t7] fste] Z=3)
HA e SYUUFE ALY 2RFAALES Tt 42 eq0)H 2.



y = 85.1896+ 0.367044 X; - 0.947050 X, - 0.00501925 X;*

- 0.767422 X,* + 0.106501 X;*X, eq.(20)

Table 4.6 Estimated regression coefficients for Polyglutamin algae

removal efficiency

Term Coef SE_Coef T P

Constant 98.582 2.409 40.917 0.000
Polyglutamin 13.200 1.853 7.124 0.000
pH -4.181 1.853 -2.256 0.059
Chitosan*Chitosan -10.932 1.877 -5.825 0.001
pH*pH -1.727 1.877 -0.920 0.388
Polyglutamin+pH 7.456 2.701 2.760 0.028
S = 540221 PRESS = 1467.71

R-Sq = 93.30% R-Sq(pred) = 51.83%

R-Sq(adj) = 88.51%

Table 4.7 Analysis of variance for algae removal(ODgg) efficiency(%) of

Chitosan

Source DF? | Seq SSP | Adj SS°| Adj MS? | F-value | P-value
Regression 5 284273 | 284273 | 568.546 19.48 0.001

Linear 2 1629.71 | 1629.71 | 814.855 2792 0.000

Square 2 990.67 990.67 495.337 16.97 0.002
Interaction 1 222.34 222.34 222.345 7.62 0.028

Residual Error 7 204.29 204.29 29.184

Lack-of-Fit 3 204.29 204.29 68.096 * *
Pure Error 4 0.00 0.00 0.000

Total 12 | 3047.02

* Degree of freedom

" Sequential sums of squares

¢ Adjust sums of squares

4 Adjust mean squares



3t 95% AFFZHCI, Confidence Intervale] Hg® HFgA gz

guileon, 279 0D660 AAEH ZFATY AAE g AZA diH|
=29 HL& AYEZS HAFAY. Figure. 4.7 ¢ 3AAL eqD olH
3 ARA ) thy EAFEA(ANOVA, Analysis of Variance)& E3te] 3] HAdk
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lal

o AR e AED

N

The regression equation is
ODgeo (%) predicted = 6.055 + 0.9330 ODgsy (%) experimneted eq(21)

Table. 4.8 Analysis of variance of Polyglutamin algae removal efficiency

(predicted and experimented)

Source DF SS MS F P
Regression 1 2652.12 2652.12 153.06 0.000
ODgs54 Error 11 190.60 17.33
Total 12 2842.72
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Figure 4.8 Main Effects Plot for algae removal efficiency of Polyglutamin

coagulant
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Z579o SR FAANA HASHA Polyglutamin®t Chitosans T3k S5 Al
TUFH pHE W3t A7 S HEAH| oste] AFS Hasta BPS A
A s AR HASE st e 22 ARE AT

1. 279 F7F 2] AolE Hol= F AlEE spectrophotometer® scan g+ 2}
F AlE9 ODgso #kolA 2vf Xfo]E o] ODgsy #kolA 2048 Afol& Ko
ODggp #kOl ZFe —’Fg Ell= A EZ AL = &S s

‘jr%’ﬂuj Zo] y= -6001+20833%4
o}

3. A A Chitosan®} Polyglutamin ¢ #(X1, mg/L)¥} pH(Xy)ol W& =
F AAEZE(,%) 2Ee R® S Chitosand 7% 83.5%, Polyglutamin®] 7
G 933%E UEHon [ AARE EEAL o o] =EHI

Chitosan®ll 9|3 ZFAAZE
y=-5785+1.851X,+153.4X5-0.013X,%-11.51X*+0.136X; X5
Polyglutamin®] 23+ Z/FAAH &
y=-85.18+0.367X,-0.947X,-0.00501X,%-0.76 7X>+0.106 X # X,

4. ¥ &35 #A 4 Chitosan® 45+ FAZFH pH7F A GE3FS F3 o
™ Polyglutamin®] 7-$-+ Polyglutamin =% #@o] pHe] G &Rt} Zt}

5 WS FHAH 3 =+E F3le] Chitosans A3 %%‘%Xé‘ﬂ]*ﬂ Chitosan T &
40mg/Le} pH7.391A4 HHE & 792%= 42 & AJY. =3 Polyglutamins
A& ST A= Polyglutamin ¢ %S 116mg/Let pH 7594 Hol&
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