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ABSTRACT

Biogas production from food wastes using three-stage
methane fermentation system and

cultivation of methanotrophs using the biogas

Ji Hyung Lee
Advisor: Prof. Si Wouk Kim
Dept. of Renewable Energy Convergence

Graduate School of Chosun University

The three stage methane fermentation system was constructed based on
the fermentation system developed in our laboratory. This system
consisted of hydrolysis, anaerobic acid and methane fermenter. The first
stage was a semi-anaerobic hydrolysis/acidogenic process which converted
food wastes into complex organics such as carbohydrates, fats and
proteins. The operation temperature, hydraulic retention time (HRT) and
total chemical oxygen demand (tCOD) were 45, 2 days and 78,542 mg/L,
respectively. The second stage was an anaerobic acidogenic process which
produced organic acids such as butyric acid, lactic acid and acetic acid,
as well as ethanol. The operation temperature, HRT, and tCOD were 35C, 2
days and 72,151 mg/L.

In the third stage, strictly anaerobic methane fermentation, biogas was
produced by methanogenic bacterium using organic acids including acetic
acid. Biogas consisted of methane and carbon dioxide with 78 % methane

proportion. The operation temperature, HRT, and tCOD for methanogenesis

- VII -
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were 47°C, 12 days, and 8,412 mg/L. The effects of initial COD
concentration of food waste and HRT of first stage and second stage on
the organic acid productions were examined.

When the initial COD concentration of food waste was about 120,000 mg/L
and HRT of the first stage and second stage were 24 : 72, the total
amount of organic acid was about 12,500 mg/L. When the initial COD
concentration of food waste was about 70,000 mg/L and HRT of the first
stage and second stage were 36 : 90, the total amount of organic acid was
about 14,000 mg/L. When the initial COD concentration of food waste was
about 50,000 mg/L and HRT of the first stage and second stage were 24 :
72, the total amount of organic acid was about 9,000 mg/L.

The production of organic acid by the inoculation of Clostridium
perfringens was examined during the second stage anaerobic acid
fermentation. 4.5 g/L organic acid was produced without inoculation of C.
perfringens in the batch experiment. On the other hand, when C.
perfringens was inoculated and the pH is adjusted to 6.5 or not, total
production of organic acids were 32.0 and 24.5 g/L, respectively. The
production of organic acid was 7.0 g/L when the C. perfringens was not
inoculated through the repetitive batch experiment. On the other hand,
the production of organic acid were 25.0 and 11.5 g/L when C. perfringens
was inoculated and the pH is adjusted to 6.5 or not, respectively.

Finally, the methanotrophic bacterium isolated from the soil was
identified as Methy/osinus sp. JH and cultured using the biogas produced
by the three stage methane fermentation system and pure methane. The
proportion of methane and oxygen were 43 : 57 and 51 : 49 in biogas and
pure methane used for cultivation. When Methy/osinus sp. JH was cultured
using the biogas and pure methane, the growth rate was not changed
significantly. The result of this experiment suggests, it is appropriate

to cultivate methanotrophic bacteria using the produced biogas.
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Complex Organics

[ Carbohydrates Proteins Fat, oil and grease ]
| | '[ l .
Hydrolysis Hydrolysis
=& l Voo ;
Amino acids, Sugars Long chain fatty acids
Acetogenesis l l Acetogenesis

< Intermediates >
Propionic Butyric Lactic

l Acetogenesis

— Acetic acid <+ Hydrogen -

l Methanogenesis

Methane

Fig. 1. Pathway of anaerobic methane fermentation.
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Table 1. Steps involved in anaerobic oxidation of complex wastes.

Hydrolysis

sugars, amino acids and long chain fatty acids + 2H,0 — CgHi206 + Ho

Acidogenesis
CeH120s < 2CHsCH.0H + 2C0,
CeHi20s + 2H, <> 2CH;CH.COOH + 2H,0
CeH120s — 3CH;COOH

Acetogenesis
CHaCHC00™ + 3H,0 <> CHsCO0™ + H" + HCOs™ + 3H,
CeHi205 + Ho0 <> CHsCOO™ CHsCOO™ + 3H, + HF

Methanogenesis
CHsCOOH — CHs + CO,
C0z, + 4H, — CHs + 2H0
2CHsCH,0H + CO, — CH4 + 2CH3COOH
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Ck. Methylotrophic bacterias= MIE, GIEt=Z, HES Or2, &2 HE el

it 22 JIENEAE BHARDM UHXRA2Z2 0l8dct= Ma@sS2 EHO0I

gl& A (Methane monooxygenase, MMO)E =t
QAOM, HHYE Mo 2l sSol W2t soluble MMO(sMMO) 2F particle
MMO(pMMO) Dt ZEEICH. sMMoE %2 Fel/bl0I20A HIE(<0.9 nmol of
Cu/mg of cell protein)Z HHE MIZENAM LM, pMO= ECH =2 Fel/
HHOIRUHA HIE2 HHE MEOAM ZSHECH HIEASAIT2 MMOO 2loH Ol &t

Ol &t3tT0f DIt=SS MAZ=E0, 0 I MaeE HEse £ UE =40 HE

(]

S A (Methano! dehydrogenase, MOH)Ol 2o & ZHdIEZ AtstE
D ZE YdsltEse ZE 2dds €24 S4A(Formaldehyde
dehydrogenase, FADH)OI 2loif &FSHE X EACE MBtE D, 0] ZSEAMS ZE
&b &b S A (Formate dehydrogenase, FDH)Ol 2lolif OIAtSIEIAZ MEH=ICH,
stH, L2l ZEUHCIE= FADHOI Slof ZS&=2 ASHEIX 210, ribulose
monophosphate pathway(RuMP) B& L= serine BZ20 2o HIOIQUHAZ S35t
EJIE BCHFig. 2). ")
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CytCred 0z H:0 CytCox

RuMP Serine
pathway pathway

Carbon
assimilation

Flg. 2. Pathways for the oxidation of methane and assimilation of formaldehyde in methanotrophic bacteria.
Abbreviations MMO: Methane monooxygenase; MDH: Methanol dehydrogenase; FDH: Formate dehgydrogenase; FADH:

Formaldehyde dehydrogenase; CytC: Cytochrome c; RuMP: Ribulose monophosphate.
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11X B &0|4 Jig==2dl= 10 L2 BIOFLO 3000 &= X (New Brunswick Scientific,

USA)E 0I8otd 1D, 2XF 814 MES= 7 L2 KB-250 &S (KoBioTech, Korea)S
Ol=ZotCt. dell 11 LS 3x 8714 HE g€sXs & AN UM HAESHAS

M, €5x° 2EE %XFI| <IoH Tokyo Aikakikail2l NTT-1200 &=2=xE AZotCH
(Fig. 8).F1 2t &t5x Al0I2 SAHIIS2 452 Watson Marlow, 3135 HHEIS

2XF €014 MeESOl AYHN olEE "€IOIA M Clostridium perfringens KCTC3269
= MESIHAME (Korean Collection for Type Cultures)OlA 220 2 HF0 ALS
StACH. C. perfringens KCTC32692 HHO AtEE BHiXI= Reinforced Clostridial
Medium@ 2 HHXISl XM Table 22F 21, HIZF2== 30C, HHXIS pH=E 6.8(+0.2)
2 StULE.
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Fig. 3. Conversion of food waste to biogas through three stage fermentation system.
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Table 2. Composition and concentration of Reinforced Clostridial Medium for

Clostridium perfringens

Composition Contents (g/L)
Peptone 10.0
Beef Extract 10.0
Yeast Extract 3.0
Dextrose 5.0
Sodium Chloride 5.0
Soluble Starch 1.0
Cysteine HCI 0.5
Sodium Acetate 3.0

- 15 -
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Table 3. Composition and concentration of nitrate minimal salt (NMS) medium for

methanotroph
Composition Contents (ml/L)

MgSO4-7H,0 (%100 stock, 10g/100ml) 10 (final 4.057 mM)
KNO; (x100 stock, 10g/100ml) 10 (final 9.891 mM)
CaCl,'2H,0 (%100 stock, 2g/100ml) 10 (final 1.55 mM)

solution Fe-EDTA (3.8 w/v%) 0.1

Na;MoO4-2H,0 (0.1 w/v%) 0.5

Trace element solution 1

Phosphate stock 10

Vitamin stock 1

- 16 -
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Table 4. Composition and concentration of stock solution for NMS medium

Composition of Trace element solution

Contents (mg/L)

FeSO4-7H,0O
ZnSO4 - TH,0
MnCl,-7H,0O
CoCl, 6H,O
NiClL-6H,0O
H;BO;

EDTA

500

400

20

50

10

15

250

Composition of Phosphate stock solution

Contents (g/L)

KH,PO4

NazHPO4 . 7H20

26

62

Composition of Vitamin stock solution

Contents (mg/L)

Biotin
Folic acid
Thiamine HCl
Ca pantothenate
Vitamin B,
Riboflavin

Nicotin amide

20

20

50

50

1

50

50

_']7_
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Fig. 5. Time-dependent changes of COD and VFA concentrations of food wastes containing

120,000 mg/L of initial COD. Different reaction times for hydrolysis

. acid fermentation

were 24:72 (a), 36:60 (b), and 48:48 (c). Symbols: (e), glucose; (o), lactate; (m), acetate;

(O), ethanol and (A), COD.
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were 24:72 (a), 36:60 (b), and 48:48 (c). Symbols: (e), glucose; (o), lactate; (m), acetate;

(O), ethanol and (A), COD.
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Fig. 8. Production of organic acids from food wastes through batch fermentation: (a)
without inoculation of C. perfringens, (b) with inoculation of C. perfringens without pH

control and, (c¢) with inoculation of C. perfringens with pH control at 6.5. Symbols: (e)
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Table. 5. Operational conditions

and performance of three-stage methane fermentation

system.
Parameter First stage Second stage Third stage
HRT (d) 2 2 12
Temperature (°C) 45 35 47
COD (mg/L) 78542 72151 8412
(88.4 %)
Gas Yield (m/kg VS) - - 0.61
Gas composition (%)
CH,4 - - 78
CO, - - 22
Methane yield (m/kg COD) - - 151
Glucose (mg/L) 1071.1 22.8
Ethanol (mg/L) 672.0 1530.5
Organic acids (mg/L)
Acetic 820.6 2751.1
Lactic 4319.9 15642.8
Butyric - 3493.7
Propionic - -
Valeric - -
Total 5140.5 21887.6
- 130 -

Collection @ chosun



SSx

E. 3X HIE ¢

EMEIRCH. O Z2, 3Kt
Methanomassi|iicoccus

wolfeijJb 22F 76, 22 cl1d

bourgensis,

HHOI2JtA QL &=

AU AS
Methylopila &2 &0 SJ|4
ot ALk,

otJ| <l oH

[
T

=
=

Methylosinus sp.
o HIE=2

Cct
=2

a0, 22 BIE At el
, 20 mL2 NMS HBHXIE €2 O3
1) headspace2 =J|E 50mL& 221
200 uL2

JF HIOIQJIAE €0 =

ol

iﬂ

Methylosinus sp. JHE

Collection @ chosun

2 %2 HEZ Zet& A

BIEIIAE Ol

o -

tBH

—

H3Sot
Ol

luminyensis

28t Methanotroph HHi &

Z22lE HEASINZ 2 Methylosinus species O, O &
0| C}.

A=

T

of W, =& Methylosinus sp.
il M BiOl2ItARt == HES 0IE0tY
o &&otALt. 160 mL vial= 0l&0t
lue butyl rubber stopper2 20t =RUCt. el
= Ht 5t

Ch. =

Ol:sEI-

agils

51%2F 49% OIA LD,
OIRUCH. Vialg

o
T

_3']_



—@— biogas
—O— pure (a)

1.0

0.8

OD600nm

0.6

0.4

0.2 1

Time (hr)

50
I nitial of oxygen

[ Final of oxygen (b)
[ Initial of methane
40 { [ Final of methane

30

% (VIV)

20

10

biogas pure methane

Fig. 11. Culture of Methylosinus sp. JH using pure methane or biogas. Methane and
oxygen ratios is 51 : 49 using pure methane. And methane and oxygen ratios is 43 : 57
using biogas. (a) Growth curve of Methylosinus sp. JH, (b) Percent of gas in headspace of

vial.

_32_

Collection @ chosun



ol K o) - o
"g g3 umE weg
I W < 5 © = ™ 8 z o U o R M - 0
+ S o 2 2 L S < X . m R © o
N o= oz R ﬂ 3 < =R S o < M ok
X0 K 2 s N 2o L ogud %o g W e @
~ TS o o R = o WA 0
B0 ol 57 oF - &3 K0 mw o © o RI
N = o mAO 0 B mmlM O_l - FI i o T < . —_
3 W M__m RO _ U 0 ﬁ% ) RO S g Y ol
= o ~ % 3 s d 0o os © I a1 8% 5 o G
a <+ Si 2 % 2 ol © < KE m AR s H
0 = Mo ~ 33 N < z B R A
= < < T es . 7
w~ I A mEe o <0
Ol o = 2 M Py o X o M o %0 zl © nr ur
0 5a+.w,|o.w,mn4. Wwos 3 M0 wr ,
-~ K ][ =) 5 < . =5 0 35 — KD — =
Do %rjﬁo_amle 2 2 .5 %D w = -
W s A& BB g S S w oz < 5 w S I BT o
o m o O ¥ ws © R 3 R m o~ S s 53
L M _._.|_.__ © o3 20 . K S 0o 9o 53 = _uw_ mv w o
< = . Wz M = o = 1 s N
_.m - S N o ol — 33 oo~ M oF TR N I
o= camomwamﬂm__mgmo w oS s o0l
M 2 _ - ° % < 8 " g o © S < R 0
w o S < 5 g X o Wl © wooo S <
ol S Ul w T g = 5 = E J o R = z T
= % mmsm__ogmomg4 o om° =4 M
o g S S W e o4 Moz Ao w = ol
° s W L - AR 8 @ N 5w D o a < W
%m L H 5 25 u oo W A &2 gy WD e 1)
L o Y o }EELEIHESPEE
~ K K . HM -0 B o < m = w9 = i
— 8 WA o O 40 53 20 0 © g < 53 o} ol =
S S oo %82 834 D o - BT
IR 3l 3 5 KA ~ & 2 5w or X M O T
55%47%@Awz%ﬂwgo_gx%%OT&g
Rogmwﬂ%mmwaog1moamogwgmomog
> W 2 @ 3 2 ° = < 3 20 3
1 N . 8 W I o W% T w3
<t . ] o <X B B <
ok ©
7 @

- 33 -

Collection @ chosun



0
H0
10
=
=z
ro
b
[
\__\'__J
o
=
Im
iz
=}
Q'E
2l
=2
N
N
o
o
['\)
(@)
(@]
~
=
E3
0z
z
0
:Q
Q

9. & MM LS X Bt= 324 AEUAM C perfringense B36tl, pHE =AKXIot
AN AAS B2 |IA2 HoH OLHIEA Jell) 2EIZ4H0] R0 22 8.0, 2.0
Jel 1.5 g/Lot A ACE

10. & MM 2S5 X0 Bt5 SIZA AWM C perfringense 8&5t1), pHE 6.52
SAGIAS 2 KIS o OLMEA el SEIZ24AH0] SHRo 22 18.0,
3.0 Jd2ld 4.0 g/LIoF MAE AL

11. 3 OietEs AIAES HE = SAHJII=S2 C00 s== 70,000 - 80,000 mg
COD/LOIIA 2F 8,000 mg COD/LZ 90% 2 AGHACH

12. 3Xt HIEt €S X0A= BIOILILADL SHR0 2F 8L MAEAST, OHIEHD Ol4&tst
At =2 42010, O = e S0l 2 78% 0IA2H, &st=As 500
ppm O8H A

13. 3t HE&=

14. 3X O gsXxo ZHadW =0 U= NEYEdSS NGSE Sol 248 21
Methanocul leus  bourgensis,  Methanomassiliicoccus  luminyensis 12l
Methanothermobacter wolfeiiJdt 2t2 76, 22 Jel1l 2%2 HIEZ2 LIESICY.

15. 3CHH g 25 AAHS Sof dMatE HoILItAt == HE=S 0l86t:

Ct. OIED &0 HIZ0] HOI2 JtA2l Z0

9 OIS M =0l JtE el U0, 8oLt

&0t 2= II”

>

o

i =2 d4& 52 X0l=

_34_

Collection @ chosun



10.

11.

12.

13.
14.

o

WIS, 2EF, ME (2011), HIOIL20U X HHOIQOHA . SA

S22 HA &2=&(2007). Pilot-scale 3EH LSAIAEES 0188 RII4 HII

SZ2PH 1NSE HE 44 Iz e,

. Biarnes M (2013). Biomass to biogas—anaerobic digestion, E Instruments

International. Retrieved 11 Oct 2013.

Bilitewski B, Hardtle G, Marek K (1997). Waste management. Springer, Berlin.

. E. P. A (2006). Biosolids technology fact sheet : multi-stage anaerobic

digestion. Retrieved 11 Oct 2013.

Ostrem K (2004). Greening waste: anaerobic digestion for treating the organic
reaction of municipal solid wastes. M.S. thesis, Columbia University, New
York.

Van Haandel A, van der Lubbe J (2007). Handbook biological wastewater

treatment. Retrieved 13 Oct.

. Verma S (2002). Anaerobic digestion of biodegradable organics in municipal

solid wastes. M.S. thesis, Columbia University, New York.

Zupan¢i¢ GD, Grilc V (2012). Anaerobic treatment and biogas production from
organic waste. In: Kumar S (ed) Management of organic waste. InTech,
Croatia, pp 1-28.

Bajpai P (2017). Anaerobic Technology in Pulp and Paper Industry,
SpringerBriefs in Applied Sciences and Technology, 7-12.

G. F. Parkin and W. F. Owen (1986). Fundamentals of anaerobic digestion of
wastewater sludges. J. Environ. Eng., 112(5), 867-920.

Peter J Cook (2014), HHWUX JIE 12l EA. MO0,

INTECH. (2017) Conversion of Non-Homogeneous Biomass to Ultraclean Syngas

_35_

Collection @ chosun



15.

16.

17.

18.

19.

20.

21.

22.

23.

and Catalytic Conversion to Ethanol.

Klerk, A. D. (2014). Engineering evaluation of direct methane to methanol
Conversion.

J. Y. XIN (2004). Production of methanol from methane by methanotrophic
bacteria. Biocatalysis and Biotransformation. 22(3), 225-229.

Choi et al. (2003). The Membrane-Associated Methane Monooxygenase (pMMO) and
PMMO-NADH:Quinone Oxidoreductase Complex from Methy/ococcus capsulatus Bath.
J. BACTERIOL, 185(19), 5755-5764

C. E. Bjorck, P. D. Dobson and J. Pandhal (2018). Biotechnological
conversion of methane to methanol: evaluation of progress and potential.
AIMS Bioengineering, 5(1), 1-38.

Hanson RS, Hanson TE (1996). Methanotrophic bacteria. Microbiol Rev 60: 439-
471.

Xin JY, Cui JR, Niu JZ, et al. (2009). Production of methanol from methane
by methanotrophic bacteria. Biocatal Biotransfor 22: 225-229.

S. Asakawa and K. Nagaoka (2003). Methanoculleus bourgensis, Methanoculleus
olentangyi and Methanoculleus oldenburgensis are subjective synonyms. Int J
Syst Evol Microbiol, 53, 1551-1552.

B. Dridi et al. (2012). Methanomassiliicoccus luminyensis gen. nov., sp.
nov., a methanogenic archaeon isolated from human faces. Int J Syst Evol
Microbiol, 62, 1902-1907.

M. Oworkin et al. (2006). The prokaryotes: Vol. 3: Archaea. Springer, 11,
241.

_36_

Collection @ chosun



	Ⅰ. 서론
	A. 연구 배경
	B. 연구 목적
	C. 이론적 배경

	Ⅱ. 실험재료 및 방법
	A. 실험 재료
	B. 실험 방법

	Ⅲ. 결과 및 고찰
	A. 음식폐기물의 초기 COD 농도와 시간에 따른 유기산 생산량 
	B. 산 생성 발효에서 C. perfringens 접종에 따른 유기산 생산
	C. 3단계 발효 시스템의 COD 변화와 3차 메탄 발효조의 가스 생산량
	D. 3단계 메탄발효 시스템의 운전조건 및 성능
	E. 3차 메탄 발효조의 균주 탐색
	F. 바이오가스와 순수 메탄가스를 이용한 Methanotroph 배양

	Ⅳ. 결론
	참고문헌


<startpage>14
Ⅰ. 서론 1
 A. 연구 배경 1
 B. 연구 목적 2
 C. 이론적 배경 2
Ⅱ. 실험재료 및 방법 10
 A. 실험 재료 10
 B. 실험 방법 11
Ⅲ. 결과 및 고찰 18
 A. 음식폐기물의 초기 COD 농도와 시간에 따른 유기산 생산량  18
 B. 산 생성 발효에서 C. perfringens 접종에 따른 유기산 생산 23
 C. 3단계 발효 시스템의 COD 변화와 3차 메탄 발효조의 가스 생산량 27
 D. 3단계 메탄발효 시스템의 운전조건 및 성능 29
 E. 3차 메탄 발효조의 균주 탐색 31
 F. 바이오가스와 순수 메탄가스를 이용한 Methanotroph 배양 31
Ⅳ. 결론 33
참고문헌 35
</body>

