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Abstract — Owing to rising oil prices and anthropogenic global warming, focused attempts are being made toward
production of industrially important compounds by using renewable biomass. In this context, algal biomass as third-gen-
eration biomass is important because it doesn’t compatible with food resource, has high yield, and helps abate green-
house gases. Here, we investigate whether Undaria has the highest sugar content, which would make it the most suitable
biomass for lactic acid production among the four algal biomasses tested. For effective pretreatment of Undaria, the
response surface methodology was used. The amount of solid loaded and catalyst concentration were related to the
extraction rate of total sugar. Lactic acid was produced by pretreatment of Undaria by using four Lactobacilli, and
L. alimentarius and L. brevis were found to be suitable for lactic acid production.
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T2 F 7 0] = (hydrocolloid)?] ¢ 5 =¥ o] g5 o] A v A=
Hlo] 2 A5 (Biofuel) ¥ 3H3t=2] 33l #st 57} EhdsiA 1
] 31 T3], Aol A ARESE v (Undaria.sp)ye =2 23]
of Al oFAlgt mj o 2 AZE oF 3007 E2 sl A T 26% S
A k4], o= oA 9 3R] Tl glof sllFe] %%
A1 AL B0 7Fs S ARSI QlTh. 2 ATrellxl = Skt
& 3 oluA] FA L ARk 0 2 A w1l e] o] & ThsAdell tiste]
ZAFS3ITE.

ZIAk(Lactic acid)S LHHE 0 2 A3E HEA| Abv]A]| 52 2%
A7 = AR Rt ofy e} 3P, Al Aok S AiF 0w
HLEHA o] &5+ 5 23 5714k (Organic acid)e|th. £3] 2 &
o] F7PdEE A fEll Eekag e FolakA] o= B o= Qs
FEE S0 GEA wtell B8 s tA A =2l
st #o] Tk AR ek A E Ak
(Polylactic acid)®] |52 AREE= ZAtel] tisk =07} 3] $7}
SRz FAlolTHs]. AIAIA o= ZARAe] Tt RE ARE 5%2] A
skal glom, EEjRitke] o rt ARA o7 FUbstaL e
ok uf 3% = d ool Zke] F o= oS T Ao ® o
AR 0| =A%} A= A1718 F1A T Qo] #He A
o §71A0 2 A, Ee A Rl op 2} Eel e a Fe)2
(Polypropylene glycol), =1 H A Acrylic acid) 52] 3F5E2 Ak
shs Tad A B EE AREETH6). o]k o] ZAke ATA]
o frgAo] g & EHoln, ZikE AAtehE e R E A
2] steleld v AEetA Aol vk HAke] ¢ D
@ LY ZAto] 50 : 5002 3k oAy 9 FelE B
o] 2/gu) 9] xdo] Brbssltt. Eeldlhke L8 A4ty DE A4t
9] £ o2 AAV=H &d°] DFI LE 24k vlEof wpebA
AgEet. M 289 o] ks ek st slhke Ee
i) Aabel] A gelA] ool DY B L Q] Aiks AMglroz
Arkek = Qe e A E o] 83T

Lactobacillus 75 F2HEZ Aake Aakske v| A& f
] S AAlehs Gt 7] wikell A E I Akt Al
A, eJekEo 2 de] AMH a1 Qlu}. 3], Lactobacillus T+ 6
g ALE A A 241 dldl-rto]o] 3 7 Z (Embden-Meyerhof
pathway) ¥4 of]e} SEhd ARE- A2l IAX AR = H 2
(Phospho-ketolase-pathway)S 7F4| 1L §lo] thakst /-2 /3 ¥
2 o] & thsl S 7 AL Bate] g-ral B AT
2ol 2 gFslehs].

B Ao M= Lactobacillus 7oA F BAQ 02 H | 257
AAEE-S o] g3sto] AAks Aaksilt. AR S o] 83t 4%
9] B|ZF T 7P Gl =& 2k Atel Aje R
Attt xR Al AAEE 8 v AN S

o] g3ty HA AL FAFIA O 4F 9] Lactobacillus 5
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Table 1. Experiment variables of levels and coded value

o opyE -

AN

Fol s AL BRI AL so] FakaaLe)
R e TS

2-1. =F| HIEA

S| 2=5F2] & 5 412 National Renewable Energy Laboratory
(NREL)?] &gl A& Zraste] Z18skaieH9]. slxf+
v| o (Undaria sp., &=, 3=) 57l (Gelidium sp., AF, $=7),
A(Porphyra sp., &%=, gt=), k&l (Ulva sp., A7, &) & 4572
AEFE FA T Az 242 20 mesh ©|3HE F-28F5 2.
], w3 gk ez 242t 50 °CollA] sk wRt x5 03 g (A
W2 £0.001 @)= A Eol Ao] ARg-sklet. w=n]d sl =79}
72% (wt/wt) A& 3 miE Al@ael] ¥al 30 °CollA] 60 i FRt
F2zo A Hhgision ) 15 & 1S For feEulE Ao
St} Jhgo] Byt dl2F{E A F 5Tt 4% (wrywt7t H =
5 SHRTE 7K 5 dalE vlEellA 121 °C, 60+ Bt W
T FolH E o] &sto] 1/dd S Felakdinh NS 045
ume] X HE|E o] &3lo] AR F 0]574 0.005 M| kg9,
Ay 2% 60°C, §% 0.6 mL/minol|A] 50 & &<} HPX87-H Column
300 x 7.8 mm(BIO-RAD, "|=r) 9 RID detector”} =g HPLC
(Agilent 1200, Agilent, 1]=1)y& ARE-351o] 24951300}

HA2| =Xzt

[

2. HISEMHEMHE 0|85 &
o) Ak A E T G STE H A} ob] Aste] wb

5 X129 (Response surface methodology, RSM)S- A-8-8}1 T},
S-S S8t A E A= S A A A1 (central composition
design, CCD)& 24313t A3 Q1A= Fv)| 9 -5 (Catalyst
concentration) 0.25~1.25% (wt/wt), RF-5-A] {H(Reaction time) 15~75-%,
3.3 9] B]E(Slurry) 2.5~12.5%, WF-5-2 % (Reaction temperature)
120~200 °CE & 47H4 QA W= A sto] A Ayl
CHTable 1). WH-&-3EHE4] S 913 A3 7122 Design Expert
Software Version 11(Stat-Ease, #]=7)2] RE-g-3 74" of| Table 1
of| A A7 st IxbE A]-g-ato] AEAEE 3 Th(Table 2). AH S} ¥
7} AR YA 0% o]Fo] Flom, 23] yiEsio] kg Witk
AR ATZ ARES v AF - 39 Z1E o] gakglon,
2] gk 5 A(10-40 meshyell A2] Wg-&7]ol 47435 5 25t
AR Al 2 A E (Relative humidity) 30% <5 25 °C2)
317 o) A5l 428k (Moisture content : MC) 5% 1| RFo] 5] &
= fFA BT A5 i TS TR 574 71(MA-150,
Sartorius AG, &5 ¥)E ©]-8&-3to] RES A e Sttt vE-g-<]
o] g7k Ak Full= 96% (wywt) SAEE o] 8kl o, Fuje] Fe
0.25~1.25% (wtwty’} H 55 SRl 32 Sks sl

o

o]

= o

Coded value levels

Variables Symbol

2 -1 0 1 2
Catalyst concentration (wt%) A 0.25 0.5 0.75 1 1.25
Slurry (wt%) B 2.5 2 7.5 10 12.5
Reaction temperature (°C) C 120 140 160 180 200
Reaction time (min) D 15 30 45 60 75
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Table 2. Independent variables and responses of 4-factor S-level central composite design

Independent variables

Response

Std Run Catalyst concentration (wt%), A Slurry (wt%), B Reaction temperature (°C), C Reaction time (min), D Total sugar (g/L.) Sugar recovery (%)

1 8 0.5 5 140 30 1.71 32.68

2 22 1 5 140 30 1.31 2493

3 16 0.5 10 140 30 1.77 16.91

4 27 1 10 140 30 1.24 11.88

5 26 0.5 5 180 30 1.28 2438

6 28 1 5 180 30 2.11 40.35

7 13 0.5 10 180 30 2.10 20.01

8 4 1 10 180 30 2.62 25.03

9 17 0.5 5 140 60 1.16 22.19

10 9 1 5 140 60 1.16 22.10

11 25 0.5 10 140 60 0.74 7.05

12 19 1 10 140 60 0.18 1.74

13 7 0.5 5 180 60 0.72 13.80

14 30 1 5 180 60 1.79 34.10

15 6 0.5 10 180 60 1.11 10.63

16 12 1 10 180 60 1.63 15.53

17 5 0.25 7.5 160 45 1.66 21.17

18 15 1.25 7.5 160 45 243 30.88

19 20 0.75 2.5 160 45 0.52 19.68

20 18 0.75 12.5 160 45 3.00 22.88

21 1 0.75 7.5 120 45 0.17 2.19

22 21 0.75 7.5 200 45 0.37 4.67

23 29 0.75 7.5 160 15 0.16 2.06

24 14 0.75 7.5 160 75 2.53 32.18

25 23 0.75 7.5 160 45 1.64 20.83

26 11 0.75 7.5 160 45 1.59 20.18

27 0.75 7.5 160 45 1.75 2222

28 3 0.75 7.5 160 45 1.73 21.95

29 24 0.75 7.5 160 45 1.66 21.09

30 10 0.75 7.5 160 45 1.73 21.97
30 ml 2~ H12] 2 REg-7]of] Al G435 20 mIE B, A3 7l FTHD). Y= 2] 9 3l 7% 3] w59 7 38, x, x
2ol whehr] g-efo] Aol tieto] vl S 2.5~12.5% 7l F@st | QAL B Y YO A, g Wl visk Ad
09 937 120200 °CE £ 55 A8l PID 25 A0 4l AT, B T Rl tiE nAE-S T A, B
A7h g2 @ A~ (oil bath)°ﬂ A 1AIRE /B 3E 5 A A o] Hgol] gk o3} Al E o] it
whet 30~75% &t WHe-S KA enh vk o] T 7 e
S7s8l7] f1ste] Wt 1 ‘—% Fo] FHE o]&ato] Bt 7 Y =B+ Z Pix;+ Z Byxix;+ Z B’ M

72% (wiiwt)SAEE A 2] &0 St 57t 4% (wywhE 5
2713k}, shato] A7 © ARl fae motH e 121 °C
60 =<k Hk-e5kit) HHSE-8 045 pmiﬂ Alg =] HE]E o] &-351]
AE T 0187 0.005 M| ZAkg-o, A7 £ 60 °C, 155 0.6
mL/min®| 4] 5045 <+ HPX-87H Column 300 x 7.8 mm (BIO-RAD,
w]=t), RI detector’} 2FE HPLC (Agilent 1200, Agilent, 7]= )&

AHgB10] BT

RESHERHEA & 4714 QAjol thsle] yhg 5 359 %
(Total sugar concentration), & 3]5& (Sugar recovery)s %2331

th 2Ele] JEdg =017] flato] vhekst 854S Sal 7 <]
27} 2ol nX|i= ks 1efste] Akt Rl HEAge-
FAF 22 (Analysis of variance, ANOVA)S &35}o] 3 7}5}% of
(Table 3). 217t ST E0] & T2 558 3 358
A= G offjel] LR o)X} o g A o] Al o w

of v
F§s}

ij=1 ii=1

2-3. AF MA{E| HHUHO| HIZ=

2] A o] ARG W& AR E ARESIGIoH, SRl
A FET7E 1% (wywty’F H S GRS d7keko] fols Alx
SHATk. 2 L feliel #2231 L] €98 Hrlstka, g9l uist
o] M]E 5% (wyw)E H7Fskar aghast7] el 121 °C 60i 54t
WSkt F3ket Ml s 53] Hste] SHEETLIE

] ]-01] zﬂ—_(?_z_,]iw: 60°C Z:?ﬂ “5139 %QESOMP&’H
getal F5ATE 55 n]9 9] WA 2E2 10N NaOHE o] &
3oy pH 622 Z3lslitt.

2-4. O¥=
2 Aol AFE-E #F 5+ KCTC (Korean Collection for Type
Cultures)l|A 13841 2™ L. alimentarius KCTC 3593, L. brevis KCTC
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3102, L. plantarum KCTC 3108, L. fermentum KCTC 50495 A}
L3IATE T 25% 28 A1E(Glycerol) S-2ollA] -80 °CollA] 1.
Btk BAE #FE 30 °C 32 37 °C MRS Agar Z0]Eo]]
2] 7 8lS¥(Pre-cultivation)%] $1T}.

2-5. R

2 Aol A A Aok 2 vlekS 918l Lactobacilli MRS medium
(MRS)E AH8-313Ith. MRS BIR] 9] 22402 10 g/L°] 3= (Peptone)
10 /L8] S5 FZE-(Meat extract), 5 g/L.8] FH F55(Yeast extract),
20 g/L2] ZF 32 (Glucose), 2 gL 1A+ 2= 2 7HE(di-Potassium
hydrogen phosphate), 1 g/L2] Tween® 80, 2 g/L2] A|EZA:A0)
T F(di-Ammonium hydrogen citrate), 5 g/L2] S}A|EAF UEFH
(Sodium acetate), 0.2 g/L.2] 3t vl 1Y% (Magnesium sulfate),
0.04 g/L°] 3t "F(Manganese sulfate) ©]tF. HAlulj =)= 121 °C
o A 157 &<t 3¢ Ht ] T}, 8l &F(Cultivation)<> 20 ml<]
MRS 8% 7} $H3-8 50 m12] Z2kF (Flask)oll A G35k}, o
FE 10% (vWV)E FF3 ST+ 30°C 2 37 °C, 200 rpm
oA k=l STt 10].

Table 3. Sugar composition of macro-algae

SRt

[e)
-84

AN

yul

3-1. oll=Fo| M=
Lactobacillus 777} ©]-8-8 4= 9} 3
ko] 1A 2S5 2135ES 0w A= Table 3¢

35.98%Z, 68rFQ SFI A0} A EAS] H]ZF2 0.01~0.02%=
w9 A2 s 7T sehgel ok e AE SRR, A Zh
7} 21.80, 35.16%% FAF HQl oW, T EAE 717} 1029, 0.79%=
kSt 52511 Bl /M sl 5 7P el =4
LERSE O W, 59.37%2] TF 5 29.40%% oFEFH] =, 29.94% =
FYEAR ARSI SR A 279 7 = 0.01~0.02%
o] gt S Y ZdetE A SRS WAt ARl £k v
AL = 1047%2 & I F ZYEA 480%E 7PY E U5 S
A8 o, FFF A 3.59%, AEA 1.09%= T slaF/oll
Hlgto] Afd o g 5o FFIA U AgEA FEE 7T
Lactobacillus 755 X&3t 2] &2 Aol Slo] 25

Tg o) gaith, g, FeEs 0l vl s ol §ah= 7

Biomass Glucose (%) Galactose (%)* Arabinose (%)? Fructose (%)? Total sugar (%)°
Undaria 34.29 10.41 9.46 45.85 10.47
Gelidium 0.03 0.06 67.87 32.03 32.12
Porphyra 0.05 0.03 97.72 2.19 35.98
Ulva 0.03 0.02 49.52 50.43 59.37
“Ratio of sugar in total sugar (Sugar/Total sugar*100)
bPercentage of total sugar in biomass
Table 4. ANOVA for reduced quadratic model of extracted total sugar
Source Sum of Squares DF Mean Square F-value p-value
Model 7.06 6 1.18 3.10 0.0225
A 0.3679 1 0.3679 0.9687 0.3353
B 1.09 1 1.09 2.88 0.1033
C 0.8340 1 0.8340 2.20 0.1519
D 0.0353 1 0.0353 0.0930 0.7632
AC 1.23 1 1.23 3.24 0.0852
C? 3.50 1 3.50 9.23 0.0059
Residual 8.73 23 0.3798
Lack of Fit 8.72 18 0.4842 122.37 <0.0001
Pure Error 0.0198 5 0.0040
Cor Total 15.80 29
Table 5. ANOVA for reduced quadratic model of sugar recovery
Source Sum of Squares DF Mean Square F-value p-value
Model 1360.42 6 226.74 3.80 0.0089
A 93.70 1 93.70 1.57 0.2229
B 411.30 1 411.30 6.89 0.0151
C 101.24 1 101.24 1.70 0.2057
D 3.23 1 3.23 0.0541 0.8181
AC 258.82 1 258.82 434 0.0486
C? 492.13 1 492.13 8.24 0.0086
Residual 1373.09 23 59.70
Lack of Fit 1369.89 18 76.10 118.84 <0.0001
Pure Error 3.20 5 0.6404
Cor Total 2733.51 29
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NESERRANS o183 2R, vioe] WA o4 I shot w2 Y AE 457

ATH11]. & APl AZZ ARE v]el2 7|ep s afnn 27
3 §go] 71 7100 3k AAte)] 7122 Al
99 4
3-2. HISEHEMHRSM)S 023 A M2 &|xis) o5 DD
ANOVA (Analysis of Variance)®] A¥= A Rdlo] 248 903
HOIEL} Table 4, Table 5= 717} 5% g 5= 2 F l5ge £
ANOVA 2%, 299 pvaluet= 2H7} 0.0225, 0.0089% 0.05% 8 70
e gk A welo] ARehe nolF B AAge] & |
Slof Fa st Qlahs Ak 29ka, Qlate] wE g av} o] ®
Agre wele] A slate] 2AGYTE A8 Al ol = B o .
£} 2 E A4 F WS A pvalueZt 081812 - A 2
b, g 2 diste] thE ARt vis)] iAo R S 5 3 "
L7} dojxl= A golEigin), Wk EaiA S o] 43 mula e ] .
Table 4914 & 31e JAAEE AL, oFd 2t o] A b
oh2,3].
Total sugar concentration (g/L)=1.73 + 0.1238A + 0.2134B I I I I | I I I
+0.1864C — 0.0384D + 0.2771AC — 0.3488C2 2) 00 400 300 200 100 000 100 200
Sugar recovery (%) = —153.987 — 120.799A — 1.655B + 2.806C Externally Studentized Residuals
—0.024D + 0.8041AC — 0.0103C> 3) Fig. 1. Normal plot of residual for responses.
Fig. 1> RSM2] 82l 328 F F F=9 T2 3|58l v
§F A BojFErh o AR ES M xkexternally studentized Fig. 29} Fig. 32 217} & & 5 2 @ 3]589] tiate] 7} ol
residuals)= 128 tZHAlol diste] U7 sh AL Fhs Bl 27} v x| GgES HojFr) Fig 2(a)= & ¥ w500 tislo] Wke-
ol Al Ao Bdo] s A EREE wE the As TAS] HE E Fn)) 0] s et F FEE 9o w5
U] 12]. aAe) g g Fuljo) FErt Sl whe SUkeks FAIE K
a) | b) , c)
25 25 25
2

Total sugar concentration (g/L)
Total sugar concentration (g/L)
Total sugar concentration (g/L)

160

> 0.7 ) 0.7
0.6 Catalyst conc. (wt%) Reaction temp. (0C)150 0.6 Catalyst conc. (wt%) Reaction temp. (0C) 150

7
6 Slurry (wt%)
5 05 140 05 140 S

, -
Slurry (wt%) 6

Fig. 2. 3D-plot, factors effect on total sugar concentration (g/L) : (a) slurry (%) and catalyst concentration (%), (b) reaction temperature (°C)
and catalyst concentration (%), (c) reaction temperature (°C) and slurry (%).

a) 4 b) 40 c) 4o
32 32
S g 24 T 24
z = z -
o o 16 o 16
3 3 3
g g 8 g 8
s 5 =
3 g o g o
180 180 10
7 0.7 07
Slurry (wt%) Reaction temp. (0C)150 0.6 Catalyst conc. (wt%) Reaction temp. (oC)150 < Slurry (wt%)
140 05 140 5

Fig. 3. 3D-plot, factors effect on sugar recovery (%) : (a) slurry (%) and catalyst concentration (%), (b) reaction temperature (°C) and cata-
lyst concentration (%), (c) reaction temperature (°C) and slurry (%).
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3-3. Lactobacillus w52| 0|% TXZIZOIAMS| ZL ML

2 A= T AAEES A AL AR o] g3l $8)
o, 68+ A2 74 221 Embden-Meyerhof pathway (EMP-P) ¥4t
ol 2} 58k A8 7 221 Phospho-ketolase-pathway (PK-P)E ©]
Sl A e EAE 7Rl Aak Ak 18 Aol AES
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Fig. 4= 1|¢] AA2|=2] vz} 2

o

—— L. plantarum
—l— L. fermentum
7+ —m—L. alimentariums
r —il—L. brevis

Lactic acid (g/L)
'

o

0 4 8 12 16 20 24
Time (hr)

Fig. 4. Lactic acid production of Lactobacillus strain in complex sugar
media.

Korean Chem. Eng. Res., Vol. 56, No. 4, August, 2018

3+ FA 9 Bl oA Lactobacillus T3 vjokst Aijo|t},
AAEEY & G55 26 gLE, AIFEo0=Z 32 gL
SFIN, 1.8 gL A=EXS 06 gL oFH AR FAE S o,
A7 A3 22291 Formic acid, 5-HMF %! Furfural-> Z}2} ©F 0.05
gL E-E 3tk W& 552 A3l Q4= Lactobacillus 752 A3
ol @EFo] gtk Kar o] glo] E3hijA] ol H7FskA] ekSke19].
L. alimentarius 2 L. brevisc W|F A1 £ A7 ofdjo]] BE T
A& 2l o, 77} 4.56, 4.77 gL AAHE AAksoth &
ollx] Zako z o] B AF 782 217} 146, 1.550.% o] &4 A
35 tiste] 73, 77%% RS L. plantarums W|F A& 144]
7k ol BE Fg 2RIl HEA O R 2.50 g/lLo] AAks A
Absoiet. o] wf ZAko 7 o] = AgF 782 0.780]1, o] 24 g
Eell thste] 38.5%%F AHAFSISATHTable 6). & A-ollA] thiof #]
A AR, L. plantarume 35 2140 2 2] Aalk o] 2lof] oA E
AF(Acetic acid) 2! &2 (Ethanol)S F/J3l=d] o] &3 tha 11
HTH20]. L. fermentume- =3 719E2] B3 Aol A 2aks A
AFSHA] gksktt, R 12F AR 7] Wil L. fermentum®]
o] o] Fo A A kgt 3 4= gk 21].

Fig. 5+ 1|9 AAZES @Y 07 o] 8319 Lactobacillus Tt
FE ket Ado|tY. L. alimentarius 2 L. breviss= 247} 3.70,
340 g/Le] ZkE Akttt oA Zake o) & A 782
747} 137, 1.250.% o] &4 Akl tislo] 68.5, 62.5%% 3
HiRJ oA B} ke 55 Wolnh Wgh Zhke] AL BEEE Al
2 0 2 7| e Flo] ER1E S tH(Table 6). L. plantarums=
=3 g4 A E AAks AEERAIEE AR ES ©ad
O = o] & Alelli= kS AkslA] St o] =, flell Alssgt viet
2o FAHEEMA L. plantarum®] "Y7¢0] o] FAA] kS-S 2w
S}, L fermentumsS S A] B ol A g Pl s £
3t AA g =olAl e FANE ZAakE Arkehs A& Bk L
Sermentum®] 2870l Qlo] AA =] L F7H41 A7 2
ettt AE ArelA] BEEE B A 9 82 71§
72l Ax 7] 2 olA, i) Aol glo] A3l 2107 Z-Eeh=
S-HMF ¥ Furfural? 2 E20] WA8sb7] witolvt. Bk 553

o

—l— L. plantarum
—l— L. fermentum
T+ —m—L alimentariums

—i— L. brevis

Lactic acid (g/L)

0 f f f f f f
0 4 8 12 16 20 24

Time (hr)

Fig. 5. Lactic acid production of Lactobacillus strain in Undaria
hydrolysate.
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Table 6. Comparison of different culture condition and inoculum in lactic acid production

Culture condition Inoculum Initial sugar (g/L) Sugar consumption (g/L) Yield (mol/mol) Productivity (g/L/h)

L.alimentarius 6.17 6.14 1.47 0.81

. L.brevis 6.08 6.04 1.55 0.79

Complex media

L.plantarum 6.34 6.34 0.78 0.19

L.fermentum 6.34 1.06 0.09 0.09

L.alimentarius 5.34 3.15 1.37 0.66

. L.brevis 5.25 3.23 1.29 0.57

Undaria hydrolysate

L.plantarum 5.98 0.38 0.07 0.08

L.fermentum 537 1.39 0.24 0.20
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