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TS AA 0 R HE ofghE-& AASHE acetogenic BHHIE| 011 Clostridium ljungdahlii 23573 | A vk a =] 24
st 7 AT oekE A IS AESIGITE 7 A U olekE Atk IS E &
yeast extract, fructose, NH4Cl, KHPO, & 417 3FSI T Yeast extract 5 =7t 571d45 45 A
ofgkg AAato] Frtalgl ow ofgh-g H] AT 2 yeast extract 7] WX FERTF S 0.05 gLolA 7HE =
Fructose & =7t S714E 5 A2 S7BFAAITE 5 o/L& I3k fructose 792 ANehE AR HAAIFATH
Yeast extract 5 g/LQl Z71A fructose 5 g/L9t WolS wl dgh& BAbEE7t 0297 g/LE 7S =9k O, fructose s
9] okoks ) w2 #F s Q) oekE v A2 0.281 g/g DCWE =30 NHCl2 5 Aol
ofghg AR T Aol& KolX| &orom 30 gL o Frk Fstd A s 7t LrERRTE KHPO,o HlEi = w5
7V SV E 15 AT olekE Aako] B STt NHCIPF KHPOLE AHE-8F -9 ollehs Bl AAHY 2 yeast
extracts A AHEst A9 A YERT
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Abstract
In this work, effect of the culture medium composition on the fermentation process of Clostridium ljungdahlii, which is acetogenic

bacteria to product ethanol from synthesis gas, was examined to improve the microbial growth and ethanol production.
Components of the culture medium such as yeast extract, fructose, NH4Cl, and K,HPO, were selected as influence factors for
the cell growth and ethanol production. As the concentration of yeast extract increased, both of the cell growth and ethanol pro-
duction increased. And the ethanol productivity was the highest at an yeast extract of 0.05 g/L, which is lower than that of base
medium. As the concentration of fructose increased, the cell growth increased, but the ethanol production decreased when the
concentration of fructose was higher than that of base medium (5 g/L). In an experiment with the yeast extract of 5 g/L, produced
ethanol concentration was the highest (0.297 g/L) when fructose concentration was 5 g/L, however, the specific ethanol pro-
ductivity was higher (0.281 g/g DCW) when the fructose was not added due to very low cell mass. The cell growth and ethanol
production were not significantly influenced by NH4Cl concentration, however the growth inhibition was observed at a 30 g/L
of NH4Cl. When the concentration of K,HPO, increased, both of the cell growth and ethanol production increased. In experiments
with NH4Cl and K,HPO,, specific ethanol productivities were higher when the low concentration of yeast extract was used.
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Figure 1. Scheme of Wood-Ljundahl pathway.

oleujAE o] &3t Hpo]QoehE AR A AA
A o] Aol ty] 29E Y 5 vk A

4 el st tjor st A43stlth2). sV FEA
Hlo] @ uj1o] 2k8 93] & fRe] AAA 7 skl Auel] o
Algto] dejm] A&k pat 7hA el JEe 71x]& ©do] gtk ofel
gk gijke g e AEFR o= § H24A vlo] QujAE o] g3k n}
ol ofehe Ak o] ARE ] AEEoz] QITh3]. BIxAER
22 A8 Hx HA, wood chipt} -2 F2A| vlo] Quj A= AE
2o FnAER et Badow o] FelA JlTH4)

Y AE R AT Ho|ous F AER 0 20] A TheREu
HA AR Qe A Fo] el ol ovke® Agdch Ab 7t
FEAE Ak olgate] Bl AEReAE Balleh, aAaNkES
A4 cellulase®} xylanaseol| &J3l] setgo|y 68Fg o2 Fa st o]
=9 &3l AAels gads AAsks dAE #gol Feste] 34
o] B3R aL ool wt AT AV s EATE A
o} Ak Zkeay &4 WS 2] gasification B 1S HIESH
BE vlo] Qu A S 4] 71 (synthesis gas)E FTAIZ 4= Gl O
v, FZ CO, CO, Hy W NoE 3% 7kAE 0188 F 9l
2s 7= dHElolol| o3 HaEo] ogkd 5 HloledRmE A3
7Vs 85,6, Clostridium ljungdahlii®}t -2 acetogenic HE|2]ol=
7] 2714 Wood-ljungdahl pathwayE E35Fo] ollg-&3} ofx EAF
59 f8AkES A = SlKFigure D[7].

7F T CO= acetogenic HrE|E|ofe] = A 07 ARE-E 7,
Tt HAAREoIA|(electron donor)ZE ARE-EITE Acetogenic HlE|Z] o
i acetyl-CoAES /3311, ©] acetyl-CoA”} ollgHE3} ol EAIC R
AZATHR]. YA o EARS o ELHElo| =g AA oekE®
oAl A3 4= Qloh9]. olelst d=1e] B oA dofuf= WG
2 ()73 ZrH1o0].

-

lo

ot off

3sst M 29 H A 4 =, 2018
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A
CO + H,0 — H, +CO, 1
4CO + 2H,0 — CH;COOH + 2CO, ©)
6CO + 3H,0 — CH;CH,OH + 4CO, 3)
2CO + 2H, — CH;COOH “)
2CO + 4H, — CH;CH,OH + H,0 ®)
4H, + 2CO, — CH;COOH + 2H,0 ()
6H, + 2CO, — CH;CH,OH + 3H,0 )

Gasification= ©]-&-3F nlo] Quj A2l FA7IAR el Asy AE =
& o] &3t vio] @ oflgkE A4S FE 100] WiF ATV} A5y
I 3t} SFA]TL, acetogenic WHE|E]ote] =® A &5 o]of] mpE
& oflghE I AEA Y IS A d™Eo] HaL 9l
o} o ek A adS S1sl WA g vhe7] A #2359 o
T7F & H I Q1. & AelMe 7k AEEh A
$18+ AA| Zv| 2 acetogenic BYEIZIORRI C. lungdahlii 755 AH4-3F
of, vk wjA 9] Aol whE vE A} ollehE Ahtel] ik JEk
S FI3it) vix] AJE 5 yeast extract, fructose, NH,Cl, 12|31
K;HPO, 9] 5 50] Wiste] me 772 A4 oe-s, ohEAL B4
o vAE YFS LF3IsITh

2.4 ¥

2.1. A HE A B HHX|

Ao AREE vAE-S Clostridium ljungdahlii PETC (55383)2
ATCC(American Type Culture Collection)ollX] T-¢15to] AME-3FSITE
T WS Q13 V2R E v 22 20 R o] FolA] gt
719 A]3= NHLC1 1.0 g/L, KoHPO, 0.33 g/L, MgCl, 0.52 g/L, CaCl,
+ 2H,O 0.1 g/L, KCI 0.33 g/L, NaCl 1.0 g/L, NaHCO; 1.0 g/L, yeast
extract 0.5 g/L, resazurin 0.001 g/L, L-cysteine -+ HCI 0.5 g/L, Na,S *
9H,0 0.5 g/L, fructose 4 g/L, 1 M phosphate buffer solution 10 mL/L,
trace element solution 10mL/L, vitamin solution 1 mL/LE T35 ™
trace element solution< nitrilotriacetic acid 1.5 g/L, MgSO, - 7TH,O
3.0 g/L, MnSOs - H,0 0.5 g/L, NaCl 1.0 g/L, FeSO, + 7TH,0 0.1 g/L,
CoSOs + 7TH,0 0.18 g/L, CaCl, - 2H,0 0.10 g/L, ZnSO, - 7H,0 0.18
g/L, CuSO;s + SH,O 0.01 g/L, KAI(SOs), + 12H,O 0.02 g/L, H3;BO;
0.01 g/L, Na;MoO, + 2H,0 0.01 g/L, NiCl, + 6H,O 0.03 g/L, Na,SeO;
+ 5H,0 0.0003 g/L, Na,WO, - 2H,0 0.0004 g/L, vitamin solution<
biotin 20 mL/L, folic acid 20 mg/L, pyridoxine - HCl 100 mg/L, thi-
amine * HCl 50 mg/L, riboflavin 50 mg/L, nicotinic acid 50 mg/L,
D-Ca-pantothenate 50 mg/L, p-aminobenzoic acid 50 mg/L, vitamin
B12 10 mg/L, lipoic acid 50 mg/LE o]Fo]A Qtt Adof Alg¥
7= MS F97H~(Gyeonggi-Do, Korea)oll X i #l| 23t &
FEAH 20 vol% CO, 20 vol% CO,, 10 vol% Ha, 50 vol% N,2
2o TR
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Table 1. Ethanol and Acetic Acid Production Change by Adding Yeast Extract in C. ljungdahlii Culture

Yeast e(xgt/rE)Ct conc. EtO(I—gI/ Lc)onc. Acetic(g/c]id(; conc. EtOL/Acetic acid ratio EtO(I—gl/ gprggxs&i)vity

0 0.001 0.074 0.007 0.014

0.05 0.036 0.219 0.164 1.143

0.5 0.296 0.415 0.715 0.607

5 0.370 0.464 0.797 0.409

10 0.394 0.580 0.679 0.315

50 0.587 1.422 0.413 0.271
2.2. AEIQ I:clﬂ:g 4 —@— Yeast extract 0 g/L

22.1. WYX EA W3} HUAH o Yesstoract05 gt
250 mL #cjopyel 75 mLo] vl wiAE W F 545 ALE v} ) o Yonst extact 101
o-——0~_-0- Yeastextract 50 g/L

71€] inletel] No & 3~5 min 5% F43to] wi#] k] AbAE A7 813
oh A ouieka wPEE wiekelEs wiA9) 10 vol% HESAL A7t
HEd Ao FA7FAS 5~7 min < FASATE ojuf Higjopy
o] e g7y o =2 120 kPa UI2IZ F-A813I) 5
+ shaking incubatoroll A HlF&% 37 C, 200 rpmS] WHEZRZAA
HjeFFATE A4S 28 Al AFH = PN outletell FAME 01§
sto] FaATE MiA] A gt Y A fI% °
+ yeast extract, fructose, NH,Cl 18|11 K,HPO,2] F 475 Al
shelnk o] Aditsol = AT olekg kel 71X]& JEs o
1] Sl 71 = elA g a2 gelste] A¥
&SI 718 a4 F57) 0.5 ¢/L]! yeast extracti= 7]
TR =AY W0, 005, 0.5, 5, 10, 50 gIL9] 67F4] FEoflA A

it

i=]
}\éT’___‘

-

]
=

¢ ol flo

=)
=
& 2333t} Fructose, NH4Cl, KoHPO,S] 32 yeast extract 0.5,
5 gLo F FXolA ZF QIxFe] FEe dste] AjS xeEgict
Fructosei= 0, 5, 10, 15 g/Le] &=olA, NH,Cl-> 1.0, 10, 30 g/L,

K,HPO, = 0.33, 3.3, 33 g/L9 Lol AdS =353k

<

222, =4 g

A& AZAFL UV-vis T3F5=7(Optizen POP, Mecasys
Co., Korea)E ©]-8-3}%] 600 nmellA] optical densitys 5733t 5
%)% optical density= A@F=4ell 23l dry cell weight % W3S
o}, afjeF v ellA] o gh&3} o}l EAS] F5= high performance lig-
uid chromatograph (LC-20AT, Shimadzu Co., Japan)E ©]&-3}o] 4
3l o™, AYL Aminex HPX-87H column (300, 7.8 mm; Bio-Rad
Laboratories Inc., Hercules, CA, USA)E A3l 2%+ 60 CTZ
253t} 0154l 5 mM 3AF S 0.6 mL/min®] FEFOE A4
3to] RI detector® O&HET} oFAHOIE 555 A8t okl
A4 Felsto] dFet IS FEet &, S A2 pore size 0.45
pum?] syringe filter (6784-1304, Whatman, Germany)E AF&-sto] o3}
3lo] HPLC #4) Alg-5tdth12].
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3. 43t

3.1. Yeast extract S=7} MZD} ofEF2 MAK| D|X|= A4Sk
Yeast extract®] &% W37}t C ljungdahlii®) A7l vX = JEdFS
A8 A& Figure 20 YERISITE 7132 8lloF sl Aol A] yeast ex-
tract®] F% 0.5 g/Lolw, o]HT} WE 0 T 0.05 g/LO] yeast ex-

O -1
tracts H7Fe - o A& 719 o] FoIAA] QASkTE Yeast ex-

T-a

Optical density (ODgoQ)

40

Time (h)
Figure 2. Growth curve in C. ljungdahlii culture according to yeast
extract concentration.

=

tract SEZ 7132wl 5L 0.5 g/LolA 5, 10, 50 g/L7HA Z7HA1A
= 752 oD Hul 0.66, 1.12, 1.53, 2.822 F7FISIE 50 g/L
0172 yeast extract 7= AAA e wMFEHS gk v Alx
of FA st} APsHA] Utk Clostridium & w7 #FollA] yeast
extract =0l thet FaS Frlsh= A7 Bard vt glom, ol
&3l yeast extract’} - 373 oghE Aol S 71XTh= A
Aol d#A] Qt13]. o] AFelA= 9IA Ul yeast extract EEE
0.5, 1, 2 gL= Zolshy A3t Ager g9 dAxdzpo] 2hzt
0.20, 0.21, 0.28 g/LE F7}8h= 218 #EeIqlt Hgh yeast extract
L7t S7VEGE AR o§hE FEE 1.05, 0.85, 0.40 g/LE THA
3l oM, ol EAL FE 3.20, 4.00, 490 gLOE F7FEI3TLE &
Ao XM= yeast extract®] T HEE 7= Al vlsl of = 3t
o A¥E sk

Table 194 yeast extract®] &% W3lo| W C. Jjungdahlii ¥oF
g elA] 36 h B T ollebg 7 oM EAN ks EE YER T Qi
HIA] W yeast extract®] S5} FobATE o[tk oA EALS] A4
Fhe BT U olebE9] 5 yeast extracts H7FSFA] &
ke W ALY ABAEA] ¢Sk, yeast extract®] FE7F 0.0590141 50
glLZ F7VEE 0.0360014 0.587 g/L= 78Itk kA, ofleh-g/
LA EAl H]E2 yeast extractd] 5%7F 5 g/LY wi7bA] 0.797= 57}
sttt 21 o de] oM fhastth 1 AxAET gk v
IS ) EkelS ul, yeast extract 5 g/LollA] HulQl 1.143 g/g
DCWE A3, 71 o139 yeast extract H7Fs T 7= ollghg Ak
AE 2sle AAaAFh

=4

[0

3.2. Fructose ST71 Q&I HERE MoK OIX|= L&k
Figure 39 fructose] &% W37} C ljungdahlii 75+ 7373l v]
A& FEE HERASITE 7132 ullx] 27391 yeast extract 0.5 g/LE At
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Table 2. Ethanol and Acetic Acid Production Change by Adding Fructose in C. Jjungdahlii Culture at Different Yeast Extract Concentration

Initia(lg/fgctose EtO(I—gI/ Lc)onc. Acetic(egi/ci(; conc. EtOH/Acetic acid ratio EtO(l:gI/ é)rgéljl\;;i)vity

0 0.032 0.058 0.558 0.223
Yeast extract 05 gL 5 0.144 0.250 0.577 0.281
10 0.093 0.886 0.105 0.125
15 0.064 1.270 0.050 0.067
0 0.107 0.212 0.504 0.281
Yeast extract 5 0.297 0.367 0.809 0.275
5 gL 10 0.135 0915 0.148 0.088
15 0.191 1.440 0.133 0.105

14 | —®— Fructose 0 gL SIATE Yeast extract FE7F 0.5 gL w) At ogke: F o} v

D i ivod et AP, TTRAL ollRE/O P EAL Bl fructose 5 gL WS W 7}

=5

(=]

s

—-=A—- Fructose 15 g/L

9 g

=

7]

c

(0]

kel

©

9

j3

o]

40

Time (h)
(a)

8 —&—— Fructose 0 g/L

o 31 m} Fructose 5 g/L

éo ——w—— Fructose 10 g/L

o —-=A—-  Fructose 15 g/L
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Figure 3. Growth curve in C. ljungdahlii culture with yeast extract
concentration of (a) 0.5 g/LL and (b) 5 g/L according to fructose
concentration.

435 Addof|A= vl Y fructose?] E=Z 5, 10, 15 L= F7HAA
T #5 FEE YERE 0D7F 12 hellA] 0.8 Ulel 2 n]sdt S
HAKFigure 3(a)). °1& A71849Q fructose s F71BIH RS 7]
WA E 752 F7} A37do] o]FolXR] Xate Ae UERH,
o158 FE3] 93 tekdt A5 5319 yeast extracts F7t 3
sto] tiatag o] #lE HEs AT AS FUHRL o] Tsdt
< RS} Figure 3(b)© yeast extract® 7|2 wliZ] A< 108121 5
g/LE A3 A8 9] Axjo|w, fructose T 0, 5, 10, 15 g/LE 5
ZIx 7] w2} 12 hell A1 2] OD7} 0.56, 1.26, 1.74, 2.13 0.2 X|&2 0
2 F7VhE Ag gRlsisith

Yeast extract EE=9} fructose FEE BEIBIAS -5 C. ljungdahlii
9] njekoll A ofletE-1} ofA|EAF YAREE(36 holl4)E Table 201 Bl

3sst M 29 H A 4 =, 2018

& =3E Yeast extract 571 5 g/LY wol] Aake ofgbE HEe)
ogkE/oM EAL HIE-E fructose 5 gLE B wl 7P =gkom,
offeha H]AAMIE fructoseE AHESHA s W 7P =ik A
A0 F yeast extract 7] 3l FE3E sHdglo] FFH Tk 7PYs)
oA fructose §E=2] TV AehE ArbEE S7FE o]oX|A| Nk, o
ehE AT lRhE/oA EAE AL HIE-2 7 |=kA29] fructose
E AA AR o Folxithal £ 4 Qlth

3.3. NH,Cl S=71 43} of|Eks Mool O[xl= de
Hlok 1w 2] W NH,C19] 5% W3lel W2 C lungdahlii 05 7373}
kg, ofHEALS] Aol WX FEFE BASHITE 71 vl H)
2ol NH,CI2] FEE5 1, 10, 30 gLZ E23t9s wl #5372 4% 5
A& 9] W(Figure 4(a)), NH(CI2] 557} 1 B4 10 gLY o 75
3 B2 A2 29tk AN NH,CLY F55 30 g/LE AR-3
Ae-olls A Asdrde] #EE AT v U yeast extract®] %
5 5 L2 721 el A NHCLE $55 1, 10, 30 gL 2 2
sl 7 A B8 248 A 7K Figure 4(b)), yeast extract 5=
BAIR] 1, 10 g/Le NH,Cl FEAE D3 A3 E4S Hol,
30 gLe] FEeMe AAGNE o] BEHATE NHClE 555
gt olehe T ol EA AAMIS 36 h viYF T BlwEtis o
\pye)

oJu gt zpo] 7} TEE A ek3ket thel yeast extract®] 557} 0.5 g/L
Ql 7| 2u)AE o] &gt Hof|A HofZ #5557} yeast extractE 5
g/L ARE-3t Ao nlg] w9 wtom R o ekg n]AAAYS 7] En)A]
ol X9 wfjekel A 28l o)ke] A& KTk

34. KHPO, =71 MEm} ofEk2 MAW O|X|[= st

KHPO,= W37 2] HE FollA] KHPOs8} 374 pHE R-AI3h=
g5 stk da el A7)l A EE [t 9
3 pH7} "o A H=1), o] F A3 = Stk 4% g-8o] 8
3] k2 whg HiXE fT)Ake] BEsk HH oz w|AE gt
offebs Aatel slETH14,15]. ¥l WA U] K.HPO,S] 55 Wik} C.
ljungdahlii 377 3733} of|€hE, opA|EARS] AJAtel] mlX|&= ks
A8kt 7] 5 ok wijx] o] K,HPO,2] 552 0.33, 3.3, 10 gLE &
algs vl 752 A 545 AT E(Figure 5(a)), K:HPO, S <&
5 S7hel wet 7 Aol nldste] dEE @to] IEE I
713 wfjoF wiA| o} 109]9] yeast extract E5E2 5 g/L= 43k A3
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Table 3. Ethanol and Acetic Acid Production Change by Adding NH4Cl in C. Jjungdahlii Culture at Different Yeast Extract Concentration

NH4CI conc. EtOH conc. Acetic acid conc. . . . EtOH productivity
EtOH/Acetic acid ratio
(gD (gL) (gL (g/g DCW)

1 0.234 0.410 0.570 0.428
Yeast

extract 0.5 g/l 10 0.273 0.373 0.732 0.499

30 0.238 0.335 0.709 0.527

v 1 0.261 0.392 0.667 0.187
east

extract 10 0.241 0.433 0.557 0.181

5 gL 30 0.258 0.352 0.733 0.274

Table 4. Ethanol and Acetic Acid Production Change by Adding K;HPOy in C. ljungdahlii Culture at Different Yeast Extract Concentration

K,HPO, conc. EtOH conc. Acetic acid conc. . . . EtOH productivity
EtOH/Acetic acid ratio
(g/L) (g/L) (g/L) (g/g DCW)
v 0.33 0.219 0.182 1.203 0.572
cast
extract 33 0.365 0.229 1.597 0.497
0.5 gL 10 0.381 0.357 1.066 0.448
v 0.33 0.204 0.278 0.732 0.152
east
extract 33 0.286 0.457 0.625 0.168
5oL 10 0.484 0.526 0.920 0218
1.0 1.0
§ 08 % 08 y—— -
o (=] /i\\ // A
e o S \* J/ o
> 06 > 06 i é\\\v/
= = | .
2 e é / N
8 o4 8 o4
] 02 —@— NH4CI1 gL 8 02 —_@— KaHPO4 0.33 g/L
5 s A NH4CI10 gL a A KgHPO4 3.3 g/l
(@) / —w— NH4CI30 gL o —w— KoHPO4 10 g/L
0.0 . . : 0.0 4 . : =
0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)
(@ (a)
1.8 2.5
S 16 =)
3 1.4 3 20
a : [m)
Q 12 . e}
2 10 / o B o i
2 o8 : i// 2
§ 06 e § 1o
8 o4 / —e— NH4Cl 1 gL § 05 1/ —e— KyHPO40.33 g/L
2 s Y. A NH4CI10 giL S A KoHPO4 3.3 glL
(ST 8 —w— NH4CI30 g/L o —w— KoHPO4 10 g/L
0.0 ¥=—==-¥ ; . 0.0 . .
0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)
(b) (b)

Figure 4. Growth curve in C. ljungdahlii culture with yeast extract
concentration of (a) 0.5 g/ and (b) 5 g/L according to NH,Cl
concentration.

AT KHPO, w0l vladh o 47 3 54 Bglon, &
KoHPO, 550l A yeast extract 55 0.5 g/LolA 5 gLZE S7HA17]
™36 h ¥lY T FF TEE oF 3HH4 %712 ®BSIthFigure 5(b)).

Figure 5. Growth curve in C. ljungdahlii culture with yeast extract
concentration of (a) 0.5 g/L and (b) 5 g/L according to K,HPO,
concentration.

KHPO, 8| F5& 23t oeb& ¥} ol EAL A4S 36 h vl
2 d]wsl3lS wi(Table 4), yeast extract®] &%=7F 0.5 =& 5 g/L<l

735 EAFlA, KHPO, O 57t 571 ofjhadt oAl EAL A

Appl. Chem. Eng., Vol. 29, No. 4, 2018
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AR ZrlekT Bl 22 K,HPO, &S0+ yeast extract 5501
e oehE A 59 uglE Ao)rt IERER] AL, ofA
EAL A= 94 S8Rtk kA yeast extractS 0.5 g/LE
QA & A7) e FF TR Qlle] ofjekg njAAdL =4 U
o, o EARS] Arkego] A 0w Ao ofghg/otEAL A
T =4 Jebdth
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