Appl. Chem. Eng., Vol. 22, No. 5, October 2011, 447-452

HIO|20{L1X] & HJO|2estd=21 C4-C6

b

ol
O
Nz

Production of C4-C6 for Bioenergy and Biomaterials

Byung-Chun Kim, Sung Chul Yi, and Byoung-In SangJr

Department of Chemical Engineering, Department of Fuel Cells and Hydrogen Technology, Hanyang University, Seoul 133-791, Korea
(Received September 29, 2011)

A A

azke]

v 9 st R=dR A Thed vpe] QA0 o] 3 S SIFAITI L

olet,

ZA o=

Hho] @ el %] gl ‘2‘}0135}6} ATQI C4-C6 AAtol] T3l =38F2A} st} =23k C4 B n-butanol ¥} n-butyric acidE
theF AAakst= v AE-S Clostridium tyrobutyricum, Clostridium beijerinckii, Clostridium acetobutylicum©] T}, T 3291 C6

242 n-hexanoic acid= Clostridium kluyveri®t Megasphaera elsdenii?t T AJATSITh,
n-butanol, n-butyric acid, n-hexanoic acid®] # o] ik 717} 21, 55, 19 gLol Ytk vl oA o] &
Az wAE] 23 p-butanol, n-butyric acid, n-hexanoic acid®] AJAteFS
= %J_?l n-hexanoic acidi= n-hexanol® 2 4= = 11 773 E4=Z A&
Q1 Clostridium sp. BS1< galactitols ©]-83}%] 5 ¢/L2] n-hexanoic acidE

T HAFAEAAY %

& vAE

n s el o) Ei%
Az AlA
S7HAF . 53] C6
BHA AL A7t Es] W ), At

A,

Depletion of petroleum increased the need of alternative energy and chemical resources. Biomass, a renewable resource, can
be transformed to bioenergy and biomaterials, and the materials from biomass will ultimately substitute petroleum based en-
ergy and chemical compounds. In this perspective, production of C4-C6 compounds for bioenergy and biomaterials are de-
scribed for understating of current research progress. n-Butanol and n-butyric acid, the major C4 compounds, are produced
by Clostridium tyrobutyricum, Clostridium beijerinckii, and Clostridium acetobutylicum. n-Hexanoic acid, a typical C6 com-
pound, is produced by Clostridium kluyveri and Megasphaera elsdenii. Reported maximum amount of n-butanol, n-butyric
acid and »-hexanoic acid was 21, 55, and 19 g/L, respectively, and extraction of these C4-C6 compounds are induced increase
production by those anaerobic bacteria. In addition, a new bacterium Clostridium sp. BS-1 produced 5 g/L. of n-hexanoic

acid using galactitol.
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n-butanol =2 71 o9 BAE VK= dFE W {714k Ak 2
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2. C4 HPO|SEFEQ] n-butanol} n-butyric
acid2| A

3242l ¢4 421 n-butanol T} n-butyric acidi= T2 Clostridium
9] g7 dM|1fell 2J3l acetone-butanol-ethanol (ABE) &= A4k
HrH6]. ABE @ ol o8t n-butanol} n-butyric acid®] AJ&3H2] A
A e ARE ATtE] ghed), AREleitdo] ABE TE AHE
< diAls] A 20417] 2ell= 7HE 2 A A 2E 2] shsl
t}. Hlo] @ F-E-E(biobutanol) H}o] 2 ol[E-&(bioethanol)oll H]3F] &=
< ouA] RS 7D, =3 & AlolA] ¢k, iAol stk
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n-butanol 2] “J1HE vlo] @ efgkEe] v]3)] W AT W HF A
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2.1. C4 M OIS

n-Butanol> 2 k= tlR A v|AE2 Clostridium beijer-
inckii®} Clostridium acetobutylicum©.Z & T} ABE @&E 3t} C
beijerinckii=C. acetobutylicum®I|X A 72 A 714 x2F 34
v AEO|t}. C bejjerinckii= TFE ABE U 58} vEIIA R ARY
(acidogenesis)Z} 284 (solventogenesis) TS 71 #A] acetoneZ}
n-butanolS FHETE AR Aol A AJAHE acetic acid 9} butyric acid
7} A3 DAl A ThA] o] 850 acetone¥} n-butanol = =] =
Zo|T}. C. beijerinckii NCIMB 8052 @5 fr#ll2] Zdwo] #5421, C
beijerinckii BA101<- A 5714 Ha1El BE v]AEo] 23t p-butanol
Aokt v wete] 7 w2 ol 17~21 g/Le] n-butanolS AY4kst
tH8). C. beijerinckii NCIMB 80522] W&ol 23 n-butanol AJA+ 24
ol n-butyric acid®] 7= n-butanol 2] AHFS T7HA7) AL AEa)F
oA A AT = C. beijerinckii®] E3F7F A E 0] n-butanol®] 7
&x o7 AR TK(Figures 1 and 2)[7]. C beijerinckii NCIMB
8052 rAEHE 3o A48 AEvhE 7HA 3l ZekAv|E DNAE
TR ko m® o] wABEE] H3l= Alis DNAS] W3lel] 7]Q1dnk
[9]. €48 558 n-butanol ALO 2 FHA3sl7] Y5t A=) g v
Hog HIZo|= C beijerinckii NCIMB 80522] A Alwg thiate
2 AFS Als71E9 AR E(genome-scale metabolic model) = Al
AEATH10]. A= MZL- C. bejjerinckii ++5-2] wWiFz7] =
A3l 4 7] 772 EAHOIE p-butanol Y-S Eol= A=t
AL gITH11,12].

C. acetobutylicum ATCC 824+ BH73}E-8 o]8-3F 41%]4 ABE ¥
fol 2;Fot AREH vAER ETH, xylose, cellobiose, H&, xy-
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Figure 1. Schematic diagram of a continuous reactor.
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Figure 2. Comparison of butanol production levels by C. beijerinckii
NCIMB 8052 in batch cultures with butyric acid addition. Butanol
concentration with 0 mM butyrate (@), butanol concentration with 18
mM butyrate (A), and butanol concentration calculated on the basis
of 100% conversion of 18 mM butyrate to butanol (X).

lan 59 thF3t ©FAS 0] 8351 p-butanol= YAHSITH13]. C. ace-
tobutylicum ATCC 8245 1571 Wa S ayshd u|YES] H gz
mbutanol AJ4te] THAFTE C acetobutylicum ATCC 8242] E|3l= £
] Ak FAx7F ko] 9l pSOLIClER= 210 kbe] ZakAn|=
DNA A0 2 YePdt) C acetobutylicum™. n-butanol P4+ F3S

el Am1Ee] Ak o] A EATH14].
n-Butyric acidE WA= A= OlBAQ1 wAES Clostridium
tyrobutyricum©|t}. B2 v E0] n-butyric acidE A4S}l W 1E]
o] =, C probutyricumS n-butyric acid Akl A 71 =2
TE FES 7RITH1S]. e 22 A1 Ak vl =T o]
C. tyrobutyricum®] n-butyric acid A #HF diAMHEl 23] A3
£ wed|le], AR AsiE alasty] 918 vd=e] dEsl Ak
] &2 FAol 1A n-butyric acid] AYAto] S7RATH17).
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Figure 3. Volatile fatty acid production from the fed batch operation
with C. tyrobutyricum. (a) Values for the optical density (@), pH (A)
and glucose concentrations (O) and (b) Results showing the total
biogas (A) and bio-hydrogen (A) produced and the volatile fatty acid
concentrations (acetate (@) and butyrate (O)).

/L2 n-butyric acidE JAFSFITH19].

3. C6 HO|Er 291 n-Hexanoic Acid2| At

n-Hexanoic acid: caproic acid2til®E k= 6719 ©AS 7HX=
2143 o] Aake 2 dAX " (natural fats)ol] A% REAE AL trigly-
cerided] 7FEEEE A% AAEE FAREO|TH20]. AAkEo] o,
n-hexanoic acid®] 444 o] 8-> F2 AT} T} hexyl esters 5
o] gletE ATAR o] FHA[21], v]HE2] LR o3 YAk
mbutanol©1H n-butyric acidell HI3] @ 4214 3tk AN O car-
boxylic acid2} P IAIZ @t F) 9H- 2. & p-hexanol & A $HE]
of duAdoe® AHgE F Qv RS AT Ut Levy &
n-hexanoic acid7} BI#A] &2 A5 EZZHE A1kE] 3 Kolbe 7]
F3l|(electrolysis) & ©]-8-3}] alkane fuels® 3= = A& o] &3}
™, n-hexanoic acid®] Aol A AT 707 o SIcH22-24].

3.1. Hexanoic Acid 24AF OJME
n-Hexanoic acidt P]AEHoFol o)k 217 wra = AakE 4= ik

vAE T HEE B p-hexanoic acid AAF -2 1942330 EEH
71’4 AtQ1 Clostridium kluyverii[25]%. hexanoic acid 234+ ¥l A
T7F 71 ol EE o Foll shel7|E etk F3 3 ALl Rho-
dospirillum rubrum*= pyruvic acidE Laste] -3 AElS] 7] =
7o/43= CO,, acetic acid, propionic acidE AAFsFA|qE oFik-g- Alej
9] %7] Z7elX= CO,, Hs, acetic acid, propionic acid, n-butyric
acid, valeric acid " n-hexanoic acidsS AYAFSFCH26]. Clostridium
scatologenes<= n-butyric acid XU} B-457) B2 A WARS 2hg o] 5
PRHER ek RuEa F5e o] tiAME] n-hexanoic
acid® ERIEUTH27,28]. FUS T2 02 AFst oF2 HdeM=
methanol ©]§- Aol T2 Al H3S AFA| St} ©]5 methanol
olg o7 EZH Eubacterium limosum< methanol Z5F-E] acetic
acid, »-butyric acid, n-hexanoic acids AJAFSISITH29]. Peptostreptococcus
elsdeniii= 22t oF2] el Holsh= 9l vAES AR &
AollA FEHo] Halg 7O o] Foll I dFES FALe RN
E] CO,, Ha, acetic acid, propionic acid, n-butyric acid %! valeric acid
= AAabsla, 359 WA F p-hexanoic acidE AR 189N S
23] ruminal bacterium®]tH30]. Giesecke S5 E1A| 2] "ol A A
% 5708 P. elsdenii w57} 2.2 5] acetic acid, propionic acid,
n-butyric acid % valeric acid At E T O ZHE] p-hexanoic
acidS Akttt B gich31]. 195939 A5 XS P. elsdenii
Gutierrez et al.>- 1971'A° Megasphaera elsdenii= A% S h
[32]. M. elsdeniix= -5, maltose, lactate %! sucrose= ©]-8-31] ace-
tic acid, n-butyric acid 72]11 #F4 © 2 p-hexanoic acidE YA
4], NADH, AJ4tag oA pyruvate2] tiAlellA] f-2% acetyl-CoA 2]
Ao FFHHS-CF p-hexanoic acid”} AJAFETH33]. ol
Ato] x3rE uix|o A acetic acid”} ¥iA] Foll A H-F- M elsdenii
7] AHL SR AN acetic acid2] 3717} n-butyric acid2] YAt
% Z7HE 531 n-hexanoic acid®] AAFES A A TH34,35].
o= o] w7 7= TheEsE A fr 1Ak e etE Rl
o] Z7HEAA BF FF M elsdenii DSM 204602 Al A QD £
Mz R E3ITH36).

71 ae HE Akl g8l AsE WA H=ul[37], M elsdenii
5 HE grpEel o5t o] AsliE vkt Aslle] 5= Ak
AHERD AhAte] Aol AE FIVICH33). M. elsdenii ATCC25940-2-

T o] 83k 6~8 gL n-hexanoic acidE 30% (g/g) TS =
AAFERATE o] w3k 422]Q] amberlite IRA-4007} M wljok7] o)
A 1A M elsdeniis o831 71 A, n-hexanoic acid2]
AL 19 o/LE FEL 30%E 22 S718FA T 38).

C. kuyverix= 5°0]37 % ethanol?} acetate =~ succinateS ©]-&-3}
o] H,, n-butyric acid, n-hexanoic acidS HAFe <= ITtH6,39]. C. kiuy-
veri®] n-hexanoic acid "JAtoll= C. kuyveri7} 08314 Fol= Hlo]
LuAE TES F Y OE vAEETE TEAREY o] §E AR
H St} Kenealy 5= C. kuyveri®t T2 F 59 cellulose w3l Al
Q1 Fibrobacter succinogenes 2} Ruminococcus flavefaciens®] <3t |k
AFE SFATH40]. W55 9 Fa2] AltRl, F. succinogenes <}t R.
Sflavefaciens 7V 2] AFdtia 4# 7 cellulose TETFOE T
nfjekell A #F Wk a k=2l acetic acid®} succinic acidE 2 g/L AJAFSH
TH41,42]. Cellulose 23l Mo C kiwyveri &3 vjFoll = cellu-
lose®} ethanolS 7122 o]g3ato] A3t k2] n-hexanoic acid”} AY
A Qe &35t okl A 6.0 g/Le] cellulose?} 4.4 g/L2] ethanol©]
2.6 /L n-butyric acid?} 4.6 g/L n-hexanoic acid= W=tk o] 4
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N
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Table 1. Volatile Fatty Acid Production by Clostridum sp. BS-1 in Diverse Culture Conditions

Culture conditions Galactitf)l a VFA & Ly pH
consumption Acetic acid Butyric acid Hexanoic acid
mCAB - 0.40 £ 0.14 0.27 + 0.06 0.32 £ 0.05 6.54 + 0.05
mCABGa2" 4.08 £ 0.01° 0.36 + 0.01 0.44 + 0.01 0.98 + 0.03 4.88 + 0.05
mCABGa + 1.5 g L sodium acetate 6.31 + 0.04 1.16 + 0.10 1.06 + 0.05 1.22 + 0.04 4.84 + 0.03
mCABGa + 100 mM MES 4.80 + 0.18 0.49 + 0.08 0.55 + 0.07 1.73 £ 0.19 6.14 + 0.03
mCABGa = 100 mM MES 10.00 + 0.18 127 £ 0.19 1.07 + 0.2 299 + 0.22 6.02 = 0.05

+ 1.5 g L' sodium acetate

* Data were analyzed after 4-day cultivation in each medium.
" mCAB medium containing galactitol.
© Values are mean * standard deviation (n = 3).
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Figure 4. Volatile fatty acid production by Clostridum sp. BS-1 in
mCABGa medium. Symbols : acetic acid (Hl), butyric acid (4), and
hexanoic acid (¢).

oA cellulosedld] A0 FE 489 ethanold} acetic acid =
AAFE= A TFo] n-hexanoic acid ABAFS $]3F &3hu)
S A TH40].

succinic acid&
ol -]

3.2. Hexanoic Acid M2t &1 OVYE Clostridium sp. BS-1

kA 3)]%2] Ceylon moss+ galactose (23%) 2! glucose (20%)
ok T U ©pslES SRR S0 AEel Histo] Aldst
Hlo] 2. e A] AAF FAE-E 7HA 3L QITH43). slx2] 3498 52
319l galactose aldose reductase == 3}8} Fwujjo]l 2]3} hydro-
genation ¥H-3-C % galactitol = ®1%Hd = Qlvk HZ A7 HelA&=
sz Al FElgt galactitol S ©]g-5ke] Hie] Q. 38} =2 njo] Q. o

3L
s ul

s} =2
A =845 AshE @713 dEs ARAY AlEE e e
sl A sk A 7] szl 84 £ Asludge)E
1= AEE ARE-SE vkl A galactitol ©]-8-3R= &2 Clostridium
£8] S FYIT) o] 5 3R] Clostridium sp. BS-12- &7
47 7] FgAHEQl acetic acid, n-butyric acid®} T1E-©] n-hex-
anoic acids YAHSFSITHFigure 4)[44].

7120l n-hexanoic acid At O 2 B HE C kluyveri® 3% £7]
Aakste o rAETS] E3F Bll9F S 2 nhexanoic acid®] A
| S7Fgol Bal =T, vlszst A7} Clostridium sp. BS-1
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o 213+ n-hexanoic acid At FEF ST} Galactitol S 3l
Ze]A] vkl E2lE Clostridum 48] o 5 acetic acidS U A
A= vu|AE #5229} Clostridium sp. BS-12] &3 vljokol| A n-hex-
anoic acid®] AJAito] F7pgo] AT HEgh T wiekell A ace-
tic acidS 718t wjkoll A n-hexaoic acid?] Aato] F7F=Th44].

Clostridum sp. BS-1> 10 g/L2] galactitol?} 0.23 g/L.2] sodium ace-
tateZ ©]-83F] 1 /L2 n-butyric acid®} 2.9 g/L2] n-hexanoic acidE
Aakekelet. Bt acetic acidE Y18t e Clostridium sp. S}
o] EghufjokollA] 10 g/Lo] galactitolS ZH]3}] 0.7 g/L2] acetic acid,
0.8 g/L %] n-butyric acid 78] 12 2.7 g/L 2] n-hexanoic acidE A2+
t}. n-Hexanoic acid®] AAHF T7He $18 wkz=7s wskst A9
Clostridium sp. BS-1= 5 g/L7F4¢] hexanoic acidE TH& 5 AATE
Abslgh Aol JaFs vX = BJAAV} Clostridium 45 W7852] A
A& ZRFUH45]. MES, NapS * 9H,0 =& cystein HCIS 3713t vl
A\ Clostridium sp. BS-12] n-hexanoic acid 4> F71E ik
(Table 1)[44].
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AN 7rsst Aol A getduadd A5 A
Akl 357 Thsel shue] AlAERS Faw it
714121 acetic acid, #-butyric acid, n-hexanoic acid 5
2] o= f718vel 23l FEqelA HA FE F 5 ATH22-24]
23t g o]g3lo] FE G (extractive fermentation) 2} 20|
o} 28 34S Ts A= qE PRl ot Ak oA
AN HE A=l e AAEE F7HAIXITH46,47).
n-Butyric acid®] A Y 9 FE25 s 3= LEAA nbu-
tyric acidi= 53 A (hollow-fiber membrane)= £3F] oleyl alcohol
7} alamine 3362 £3N 02 FZHKFigure 5)[17]. T34 &
7Ie FEEaA B & 9le T T(phase separtation)= =5
st f718A12 252 AR A AFUAE Hl6l A TH48,49].
Clostridum sp. BS-19] 7Z-¢- A4abd 3] f714ks 771898 At
okl FEH Ao A% MsHH n-hexanoic acid®] AJAto] F
7V ). T FE0] A9 AAkE o] &3to] wjek e Aol E e

. o]
FE

H
=
= A
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pH 302 Y30} Z}zte] 3ubAf-7)4ko] th3t pKa gk o]l AFEl
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S

o
o
379 ¢

Clostridum s -17} 23413 n-hexanoic acid= &2 02 /7]

o
P.
TOoR FEHL

o‘l? B RO o



Hle] oo iX) @ o] 9 BEL AR C4-Co A 451

Recirculation Loop l Extraction Loop Stripping Loop

4

Fibrous-Bed
Bioreacior

HF
Membrane
Extractor

- -

Pump

= 4y
v Sebvent
pH
Controller
Pump Z E

Base Pump

Fermentor Stripping soin

6N NaOH

Figure 5. A fermentation and pertraction process using immobilized
cells and hollow-fiber membrane extractors.

5.4

rhu

shetel s E291 C4-Co BH 2]
‘ol {}5}0% A 5okt C4 TX]O] n—butanoliP n-butyric acid 12
I C6 22 n-hexanoic acidE ©3}ES o] &3sto] Wi 24
oAl AAksh= wAE g Fo) EJ_EJ‘H SIS}, n-butanol, n-butyric
acid, n-hexanoic acid®] o A4t WS- 242} C bejjerinckii, C. ty-
robutyricum, M. elsdenii®] 11, ] AR 712} 21, 55, 19 g/Lol
Stk wEsk mlgEe] o8| AYAkE frAe HFAAEANE LS
Z f§718vE AHSte] & WS At f71Ake] Ailol %‘
71t 1 23S dEA ot At vl p-hexanoic acid
o] v Y& Tgel gt kel At w7k AFANE SIS
o] sl ﬂl RE AF52 Clostridum sp. BS-19] n-hex-
anoic acid®] A W FE& Aok

oix|e} shetd w4 2] A dS S8l A& 7k tiAl
oflx] zpde] sido] F8-5t Aol wAEel €3k C4-Co 3=,
53] c69 ael st it A7 AER HikkS AXE] & AR
Atz T

Z AL

This work is the outcome of a Manpower Development Program for
Energy supported by the Ministry of Knowledge and Economy (MKE).
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