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Hydrogen Gas Production by Fermentation from Various Sugars Using Clostridium butyricum
NCIB 9576. Kim*, Mi-Sun, Kwang-Woong Moon, In-Gu Lee, Tae-Jin Lee, and Chang-Keun
Sung'. Korea Institute of Energy Research, Tagjon 305-345, Korea, 'Chungnam National Univ-
ersity, Tagjon 305-764, Korea — Clostridium butyricum NCIB 9576 evolved hydrogen gas and produced
various organic acids from glucose, lactose, starch, and glycerol. Total amount of hydrogen gas pro-
duced from 1 and 2% glucose were 630 and 950 ml H,/l-broth, respectively, for the first 24 hrs of in-
cubation and the maximum hydrogen production rates were 42 and 94 ml H, /hr/l-broth, respectively.
The initial pH 6.8 decreased to 4.2~4.5 during the first 12~16 hrs of fermentation when the pH was
not controlled, resulting in ceasing the cell growth and hydrogen evolution and in degradation of 82
and 40% glucose after 24 hrs of incubation from 1 and 2% glucose, respectively. When pH was con-
trolled to 5.5, glucose was consumed completely and resulted in increasing hydrogen production appr-
oximately 38~50% compared to the experiments without the pH control. C. butyricum NCIB 9576
produced hydrogen gas approximately 644, 1,700 and 3,080 m! H,/l-broth with 0.5, 1 and 2% lactose,
respectively and the maximum hydrogen production rates were 41, 141 and 179 ml Hy/hr/l-broth,
respectively. All of the lactose added was degraded completely during fermentation even though pH
was not controlled. C. butyricum NCIB 9576 produced 183 and 709 ml H,/l-broth with 0.1 and 0.5%
starch for 48 hrs, respectively, when pH was not controlled. The maximum rates of hydrogen gas pro-
duction were 43 and 186 ml H,/hr/l-broth, respectively and 80~100% of starch added was fermented.
Approximately 107 ml H,/l-broth was produced using 1% glycerol by C. butyricum NCIB 9576 and
the pH was maintained higher than 6.1 during fermentation without pH control. The degradation of glu-
cose, lactose, starch and glycerol by C. butyricum NCIB 9576 were affected by the pH of fermenta-
tion broth and the organic acids released during fermentation. The pH of fermentation broth dropped
to 4.2~4.6 after 12~14 hrs incubation when glucose was used as a substrate while pHs were main-
tained above pH S5 under the same experimental conditions when lactose, starch and glycerol were
used. The organic solvents and acids produced during glucose fermentation were mainly ethanol, buty-
rate, acetate and a little of propionate, while butyrate was the main organic acids during the lactose,
starch, and glycerol fermentation by C. butyricum NCIB 9576.
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Fig. 1. Schematic diagram of the experimental apparatus
for the hydrogen production.

1. 1.5 [ reactor with a water jacket, 2. sampling port, 3. gas sam-
pling port, 4. gas collector, 5. magnetic stirrer, 6. water cir-
culator to control the temperature, 7. water bath.

o, A E IR Lel§ F, o}2E 7taE E8A ¥
2714 5ok F weke 37TdA A wieksid o,
24217k wie} wubsled A& wiFd st 4o Fch &
wjekS Fig. 13 22 AAXI 24 37CelA 120 rpm
o2 wukslgdtt. GlucoseS BAaYLo2 o]83l= 2%
%7) pHE 6.8% %3l o wiekF pH 248 3174 ¢
& Ags} pHE 5.5 ¥ 6,52 AT AL st
lactose, starch 2 glycerol& 492 2 o] 8-3h= A¥
& 27] pH 6.82 239l o, v} pHE ZA3A] o
stet.

I

wjof Z wrAElE AHA 7l2Ae acetic acid buffer
(pH 3)E & 47 Zetazo 24892 (Fig. 1),
4 e W E X Y head space 7F~F gas-tight mi-
crosyringe2 100 pl H# 3l gas chromatography
(Shimadzu 14-B)& #43}5ic}h. AH8-2 column 3m
x 2 mm ID glass® molecular sieve 5AS FH=AZ
AH8-8] 2w thermal conductivity detector(TCD)Z ¥
Azt BAsts F A 7 AFE A GCY =
& column <% 80T, injector =% 100T, detector
25 12098, carrier 7kAE olE2Fo|H, flow
rate 35 ml/ming& F-X3g )

et 24

WEAES HANS AT AR A, T
Aot AsAs E2Fg F ASN 400 ul& 5N HCI 50
w2 A3} & ¥ internal standard 3% 1% 1-pro-
panol 40 pl& -1t c}. Porapak QSE 54 £4=E



64 Kim et al.

3= 3mx2 mm ID columng ©]&3)4] gas chromato-
graphy(Shimadzu 14-B)E- flame ionization detector
(FID)¢} Az 3be] EA3ksde). B4 242 column &%
2307C, injector &% 2207T, detector &% 220Ce]|,
carrier 7} A4 E flow rate 50 ml/min® AFS-3}

et

J|E} 244

aieFe] F2] glucose?} lactose %% dinitrosulfuric
acid(DNS) whi[7]e.2 138 AzFsledrt. =37 st-
arch®] §%+< 55N HCl 0.2 mi&} 2 ml Al 85 <F 302
7 3 el 71d3d F F3)sle], DNS why o2 Ae
stdet. vk ] pHE 4437 A7kl pH meter(Orion,
model 420A)% A2A EA sl FAEEE oA
A7 ZHALe 2 A R AS UV-visible spectro-
photometer(Hewlet Packard, 8452A Diode Array
Spectrophotometer) 2 34 660 nmel|4| 2+7t F4 =8

=439},
2 ¥ nE

GlucoseZ | $AAAL

Clostridium butyricum NCIB 95762 3 7]ufo) 24 A
ZF &4 1 2 2% glucose ZH-E] & 630 ml 2 900 ml 5=
a/day/l -kl & 22 gAstgon] Ho $4 ik
T2 47 42 3 94 ml/AZH/1-eeke) o)git) 3 7)1E )
A F glucose= 82 E 40% Tto] ztzt o] 4= ch(Fig.
2). Wikl A Au 21 {714 2§ St 24
Hs=dl acetate, butyrate7} 2 A= .29, pro-
pionate®} 71471 2 acetone, ethanol 5°) A% 7

(A) 100 3 L - 2500
* 80 - 2000
¢ z F7
7] 4
Q &
1 82
CIE N - 1500

Q
% g le 3

g
-] S
9 -5 - 1000
+ )
g £
3 8 -5
2 204 L 500
s [

o

o- 0 T T 4 -0
] 24 48
Time (hr)

Total hydrOgen gas production (ml)

S5 A wiek F pHE 9 ¥-23E 2AE R ggpon,
woF 12~16417F F<F 7] pH 6.86114 4.2~4.52 Jo}
A vjoF 2447t o)F FA AR L 4 Aare A
A7 skt a2 H7HE glucoses vioFale] pH
7} 5 ol FAE w7 C. butyricum NCIB
95769 23 E3pA o= o]fo] F1eF Aow FAH
th 53] 2% glucose® H7}sblL AS- wiok 24 A7
¥ 2] pH7} 4.5 o13l2 FolH 3, Aol FA A
A % glucose #3 A7) dolipa], HFjo 2 o
60% glucose7} vloF Fell Fo} qlgic). ubd o9} 2o
C. butyricum NCIB 95761 2]} glucose?] F& &3¢
< wjek717t S ajokde] pHE 5.5 9 6508 2A3ln
24 S7HE RAck(Fig. 3). 5, viekd2] pHE 552 24
&S 79, oF 18~20 A F A7FE 1% glucose A%
o] =l om, ofuf WAE 4] & ok oF 870~
945 ml/day/lI-m Ao}, o] pHE 2A}A @
731} oF 38~50% 4 WA o] Z71gE Aol =
g bE F wlokdS pH 6.5°08 A3 A4 A
7He glucose 100%7} E-ai= &) oF 14-154]7}0] 4B
HAL, wiF 244)7F Eob £4E ok 940~1,000 ml/
day/1-a ek} A st w3k wioke] pH 242 Q
ato] ATl WAL 48X AA] AR o7 Zr)slyd
Lo}, FIFERS wlok 24~48X17F Abo] 2+ 62 ml ¥
190 miell &), wikd-& pH 6,52 AL A%
552 243 E o Br} oF 6~8% 71k B2 54 A
A By, AA A4S AESH a4 7"
o] &% A9 ol EAs= vk vleE]o} S v £ 3l
2 Aov) dheejole] B4 HAslelr) 99 pH 5.52
F4ske Zlo] vigAsltla Alg . FA Falgke
BF 15~17A12}e)] o)l om, 2% 544} vty

(B) 100, 3 8 r 2800
T ®4% - 20
a 3 L7
2 g
5 22
% 642 - 1500
3 Fe %

o i

K] Q-% F 1000
- g 14
k=t 2
8 = S
g i -0
a

o 0- T 4 -0
0 24 a8
Time (hr)

Fig. 2. Anaeroabic fermentation patterns of Clostridium butyricum NCIB 9576 using glucose as a carbon source. Cultures were
anaerobically grown in 1.3 / reactor containing 1,000 ml of modified PYG media at 37°C.
(A) 1% glucose; (B) 2% glucose, —@- cell concentration abs. 660 nm; - pH; -4 degradation of glucose; ~# total H, gas
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Fig. 3. Effect of pH on the glucose consumption and hydrogen gas production during the anaerobic fermentation of Clos-

tridium butyricum NCIB 9576.

Cultures were anaerobically grown in 1.3 / reactor containing 1/ of modified PYG media containing 1% glucose as a carbon source
and pH was controlled to 5.5 (A) and 6.5 (B) —@-~, Cell concentration abs. at 660 nm: —&—, Degradation of glucose: <~ , Total H, gas
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Fig. 4. Anaerobic fermentation patterns of Clostridium butyricum NCIB 9576 using lactose as a caborn source. Cultures were
anaerobically grown in 1.3 / reactor containing 1,000 ml of modified PYG media at 37C.
(A) 0.5% lactose, (B) 1% lactose, (C) 2% lactose. Legends are same as in Fig. 2.
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Fig. 5. Anaerobic fermentation patterns of Clostridium butyricurn NCIB 9576 using starch as a carbon source. Cultures were
anaerobically grown in 1.3 [ reactor containing 1 I of modified PYG media at 37T.
(A) 0.1% starch, (B) 0.5% starch, —@~, Cell concentration abs. at 660 nm: —&— , Degradation of starch: {1~, pH <, Total H, gas
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Fig. 6. Production of organic acids and ethanol by Clos-
tridium butyricum NCIB 9576 using 1% glucose as a carbon
source.

—7—, Ethanol: —7x~, Butyric acid: -O—, Acetic acid: -+, Pro-
pionic acid.

pH7} Pola 4% Zhrdivts B s o4, o9 &2
HAke B AgdAMx S Co butyricum NCIB
95762 starchS 71 & 183 w), glucoser} lactose?]
7--xch wje 5 rade] pHrb =4 {25 0eH, o
wji= butyrate®.t} acetate®] Aol =sith =3 1%
glucoseE 4 o2 ARg3le, vk pH 5.5~6.0%
%438t 7 $(Fig. 6) acetic acide= 3} 16 mMo] v
20~24A17kell EAE 3, o] F ZHasle] 48A1kellE 10
mM 7}k A=l Butyric acids #ied 27] 20417
7R = A AAER] gAY, 2F AL Frtsked ul
oF 40X A] Hd AAEEE B3, wioF 64417 F
o} 30 mM 7} A= s{c}, C. butyricum NCIB 9576
=3 W%k & propionateE 1~2 mM 4% FA 35t
e} o B2 wioF 12-13A17F % A= o] ek
2417k Al 25 mM AEE AAlstgdc) ohal W)
A e AY A7 -5 g o] Agd vich
tha o)z} glojA oF 2.5~4.0 mME wloF 24417 &
ot &R3gen starchE 7|AR o4& o C. buty-
ricume Aek-2-& Al AYAJstA] kgprh. gt o] ojoll =
formate®} oMMEE A% YAl ot of Aguict &l
A QA =A== gkt ol9} & o= 7R {4k
AR 9D F2H Wde =3 Sad4E 9Ae 3
o] glolA] Ex} & Ex}7] acetate B+ butyrate =
P& AEnto @ AH3ke oo ukgolA e 27t 4 mol B
£ 2 mol®] $47} Zhzk A=t

C. butyricume glucoseZH-E] butytated T8 tHAr}
AHE-2 2A48H= Aldol® Embdem Meyerhoff 7422
Az F, o|4iks}EA:, butyrated AAFHA, FAle
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lactate, acetate, butanol, o|&r-2-% QA3 4= gl vt F
BA2E Zeth f9 ZE A AR vl wlFRA ol
e} e 4 gl o) A} A ollx] AaHEAYL- fer-
redoxin®] 3= NADH A3} uh-g-of oJ3k Aoz &
29l AksEk) A Atel A=

Acetate ¥ butyrate’} A" F$E A7 w34l e

2 BASR thes} Ak,

CoH,,06+6H,0 — 2CH,CO0 +2H"+2CO,+4H,
C6H1206 - CH3(CH2)2 COO +H++2COZ+2H1

Z kgl 28 44 2 mol acetic acid®} F
Alefl Hh 4 mol 48 A4k} o]+ glucose 1 mol=
2 QAL 5 9lE 12 mol F4 F oF 33%2] A3t
E3aix|ut, ol FAlol AR acetate FEAel 2
g a4 71" B2A Agst F27] shellA] FIA 2
glgjolel] ola] ofzf A3} o] F2 A& FA4EAAS
= & & e} &, 2CH,COO0H+4H,0 — 4CO,+8H,
7] E o ole} 2L Ao R HE] FEA e ¢
3F A o] 24 2 2 1 mol glucoseZ2H-E] o] 12
mol TA7F AR, AR o 7 HE Fol] WAE=
pH 3l f714F A E 5 284 388 3A F
313, vige] A, AE H5E o] &8 A9 e v
oht Hlg= Foll EAsle F&ol2 W A4
FaA A e S Fot ek 1A
ok frlake] 48 FHAdstE & 9l
9] HA3h= v S A7 a7k
Clostridium % A2 Ao 37| AefollA] A B
vk oz} HEA ¥431E 2 xylan, pectin, mannitol,
sorbitol, glycerol, cellobiose, sucrose $& ¥-3ll5led =
A7 A% A7 ol 71A o] 84S 2 9lelA vt
olemlA A4S AEIH o2 A 7I=Y 753 v
AEolt}, o1F C. butyricums A} AHEEHN F714F 2
GEFE A, T2 ¢4 A B8-S 2 AdE
71 #Folct. o] FFx= C. aceticum™ C. pastewrianum
Soll vl i el & o] &V E Zeth &
3] C. butyricums 4= A2 A9l butyrate®} ace-
tate 52 714 T2 FH3he FFEA W 9T
g4 AAbell 71 de] ol 8Ew FF o), o] TFe
o8 4" frAE 7|AR o4t BPA Al
27t A ake] AS- oF 75~80%Y T4 WA AEE
Zrer}, o)e} ke C. butyricumst FEA AlFY two-
phase A B3} vijofS AEFH o8 o4 JAE F
dgtste] AAA e 7R H7t = o adeH2]

2 o

Clostridium butyricum NCIB 95768 37] a4

glucose, lactose, & starch& o]&a}e] B3l §7]4}
45 Ak 1 2 2% glucosed o4& o, &
A bR 2] wioF 2447k F9F 7+t 630 2 950
ml Fa/l-meFRoln, o 4 YA 27t 42 ¥
94 ml 4/ AIZH/1-eekdeltt. pHE A4 @k
739wk 12~16A17F 59 27) pH 6.8 4.2~4.5%
ol x| an wek 24417k o] F- FA FA] Y FAaAYARE A
o] AAsld o, 714 4HlE2 ok 82 9 40%°ldTh.
wleF F pHE 552 23S A, vk 18~20417
ok 714 o] 488 100%2 Z7hstR o, 44 WA
% pHE ZA3FA] odshs oo} vimsted oF 38~50%
Z7skth. C. butyricums 0.5, 1 2 2% lactose S 714
2 0|84 wf HFA R Zb7} oF 644, 1,700 E 3,080
ml S4/1-ufekel-S gakstg o, Ho $ia A
247k 41, 141 2 179 ml/ A7/ 1-e kol e}, olwf 7t
H lactoser =leFde] pH x£Agle] =F EI=ch
0.1 % 0.5% starch® 7|42 o]43 o, 4847 53t 7+
7+ 183 2 709 ml & 3/1-ufFd & Aaksigl o, o
o) FH o G52 AARE-E 27 43 2 186 ml/ A2/ 1-wl ekl
olglem, H7hd 0.1 ¥ 0.5% starch+ 22} 100%, 2
ok 80% HsH= Htt. 1% glycerol vloF 244] 7k EF <F
107 ml Hy/1-vfofel-& wrAsll on], pHE 2E & 24
ol &4 6.1 ol Z A HAC HE F pHE =%
sHA] ke 3F, 71FE o] 83]F glucose, lactose,
starch®] #3182 ol C. butyricume] vl F A4k
e fr714ke] A o2 Q1% wofde] pH Wl 7]l
st Aer EMEL F glucoseds 7] R o]43F &
7] BE 12~16A17 F<t ity pHE 4.2~4.5% ¥}
A1Z1 b lactose?} starchZHE] & 752 vl ok 71 of 4]
pH 5 o]Ake 2 A= ). GlucoseE 7] - 2 o] &3t uf
o] 3 ethanol, acetate, butyrateZ sjoFe) Sof
o] &A3}¢] 2, propionater A A} edgkA|uL,
lactose, starch, glycerol& 7|A & ©]4% = buty-
rateZ} T2 A=}

'

ZAKQ| &

o] EEL AAAR hAAUA 7 EAE AT
o2 FoE QT 42] Adolo], ] Aol 7hi}
=Yg},
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