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Abstract

Development of a pilot—scale three—stage fermentation
system for high—efficiency methane production from
organic wastes

Jung Kon Kim

Advisor : Prof. Si Wouk Kim, Ph.D.
Department of Bio Materials Engineering,
Graduate School, Chosun University

A novel pilot-scale three stage fermentation system was developed for
high—efficiency methane production from food wastes. This system consisted
of three reactors and total reactor volume was 2.5 m°. The first stage was a
semi—anaerobic hydrolysis/acidogenic process which converted food wastes
into variable sugars, amino acids, and volatile fatty acids (VFAs). The
operation temperature and pH were 45C, and 3.8 ~ 4.0, respectively. The
hydraulic retention time (HRT) was 2 days. Eleven microbial strains (K1 ~
K11) were isolated and characterized through this stage. Total chemical
oxygen demand (tCOD) was 71,234 mg/L. The second stage was an
anaerobic acidogenic process which can produce large amounts (14,560
mg/L) of VFAs including acetate, propionate, butyrate, valerate, and lactate.
The operation temperature and pH were 35T, and 3.5 ~ 3.8, respectively.
The HRT of this stage was also 2 days. Five strains (KA1 ~ KA5) were

isolated and characterized in this stage. The third stage was a strictly
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anaerobic methane fermentation process producing methane and carbon
dioxide from VFAs. The operation temperature and pH were 50C, and 7.1 ~
7.5, respectively. The HRT was 12 days. Seventy two percent of methane
from total biogas was generated and the yield was 360 L/Kg COD. Through
out these stages, 91% of tCOD was removed.

The effects of temperature and HRT on the methanogenesis were
examined. Operation temperature was adjusted from 30C to 55T, and the
HRTs ranged from 8 to 12 days. The rate of soluble chemical oxygen
demand (sCOD) removal correlated with digestion time according to the
first-order kinetic model developed by Grau et a/[Water Res., 9, 637-642
(1975)]. With liguor food waste, thermophilic digesters showed a higher rate
of sCOD removal than mesophilic digesters. The rates of biogas and
methane production by thermophilic digesters were higher than those by
mesophilic digesters regardless of HRT. Although maximum biogas production
occurred when the HRT of 10 days was used, the methane vyield was the
highest in the reactor when an HRT of 12 days was used (223 L CHa/kg
SCODuyegraded). However, digestion stability decreased when an HRT of 8 days
was used. The concentration of NHz—N generated in this experiment did not
inhibit anaerobic digestion.

The process characteristics of anaerobic methane fermentation using
several organic wastes were investigated. The substrates used were food
wastes, vegetable wastes, cow manures, pig manures and wastewater sludge.
The substrates were mixed with inocula (methanogenic fluid) at a ratio of
1:1, and several parameters including total solid (TS), volatile solid (VS),
sCOD, and biogas production were monitored. Anaerobic digestion of food
wastes and pig manures were occurred rapidly in the initial stage of
fermentation, whereas that of vegetable wastes were occurred slowly in the
late stage. Cow manures were degraded in the both initial and late stages of
digestion.

Total 10 m® pilot-scale methane fermentation system was operated under

_15_



the same condition as total 2.5 m® methane fermentation system. The
operation temperature and pH of the first stage were 45T, and 3.8 ~ 4.0,
respectively. The HRT was 2 days. tCOD was 56,734 mg/L. The second
stage was an anaerobic acidogenic process which can produce VFAs
including acetate, propionate, butyrate, valerate, and lactate. The operation
temperature and pH were 35C, and 5.0 ~ 5.5, respectively. The HRT was 2
days. The third stage was a strictly anaerobic methane fermentation process
producing methane and carbon dioxide from VFAs. The operation temperature
and pH were 50C, and 7.3 ~ 7.8, respectively. The HRT was 12 days. Sixty
eight percent of methane was contained in the biogas. Through out these

stages, total 93.5% of tCOD was removed.
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Table 1. Commercial anaerobic digestion process for removal of municipal

solid wastes'

A3 MMl 2% =3
A 499 =2 Jb HHIIZE =23 Y
25 & a (E/e) 9k
BREZ], = Drum
LAELIOF SS-MSW Dranco 20,000 1993
Salzburg (55C) screen
HEAF, B SS-MSW<2F  Wabio sS=2
0ete ] Drum 40,000 1990
Vaasa ot#==21Xl (Avecon) (38T)
otole, _ MSW
) og A Varlorga &= Drum 55,000 1988
Amiens (01=2l)
HIlA, SS-MSWe} Jysk
a oo 3 ~ ' 2 SAlZ22l 15,000 1991
Vegger SNER biogas
2hol &l MSW et B
_ Hgets Pagques =& (0I&¢Ql) 100,000 1996
Leiden SS-MSW
HEEIHFE,
Baden- = 2l SS-MSW BTA == 0DIE24 5,000 1993
Baden
goat SS-MSW<et
AR A Kompogas & =&Y 5,000 1992
Rumlang HIAMY D

*SS—-MSW : Source Sorted Municipal Solid Wastes.
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OHA DtASH ZES 1990 ~ 1994401 Z& AH=ol HNSHUMZ HEHGIH F&IS
b A0, &t L TAIHDISS HEDtAS & gHIg B3, LFG &)z AT,
Biodiesel &= &AZF, 12l1) HIOIQOHA JtASH X Dz AZS 52 HWEUNE
HHoly HMEHEOZ EXE ot UCH

SEAE S06] HHoIQOIUX JI=JHg0l ==0t0d 1983 ~ 19882t SAS2
SoustonsOil 2£&ZX A2 30m°2 SN KEFS Pilot PlantS 214510 RAIISS &
2ot 1 S22 &M SafizymOlets &HI S I CellulaseE AM4tot) UL
23l 84 MAD|=9 SA SE HBFHeIZ T2ot UCH &HH, FAHHDI |22 &)
23S Jl=2 A3 SAH0ID SAIHDIE HEIIASH JIe= (Gaz de France, Valorga
process) = JNZSH0! AmienAlOl EXIGHR D EI=20 JI&4E< ot UCH HOILHE
o AZ3 ER22 SMAHZo 230 =50 12 22 ARz 5232 =i
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OlEel0k= 140040129 MIE L&t E=501 B0l JtA MAD HHOIQOHA S 0]
25 10 ~ 100 KW32| JtASH &2 BZ3EHH 010, SEH ZH &Kl & &5 o
B2 MA2 HARCHO QUCH AHCI2 HIOIQUHA HAD(DIQ &H, Hx 220A
H2 AXs 2D JACH SEH S AR0E Foot UL

=2, Ugats, Tete 2|0 S5l diitads SetHDIge 28 A RIIEHDIS

£ PEIIE 0180t HEItASIGIHUL LFGE O0IE0t Ol A&t HDIE XMelE
FHGIH M D=2 ASHALD B2EAH 2 UCH ST S

ol 22590 28D A= Biogas plantZE REN =2 250 m/dayet SAHIIS
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ot= Werlte plant, SAIHDIZ, OFH, SEEII2 S 28,000 m’/year® MAIISHIIS
IS Freiburg Plant, =2 =& MDIE

42+ 200,000 m® XM2IGHHA 1.6 MWhel LEAILR M2l MASGHE Kiel Plantdt U
1, SE£EF U 550, H2t 208HE Xel 8¥ n2E HAS0/0, 3,0008F 72 (%

O

42094 3) EX5H0H 3 MWh ZEAIES JtsE MIEQ! Libeck plant S01 UL



Table 2. Anaerobic digestion processes operated in Korea
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(---> : thermochemical technology, —> : biological technology)

Fig. 1. Kind of bioenergy and application.
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Fig. 2. Definition of bioenergy technology.
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Organic materials

——
[ (Carbohydrate, Protein, Lipid)

Hydrolysis
‘ Simple Soluble Organic materials ‘

(Organic acids, Sugars, Alcohol, etc)

6% | 1
4% | 2 2 | 20%

k Propionate, Butyrate, etc J

%F

(Long chain fatty acid)

24% 2 2 | 52% Acidogenic stage
3 _ Vv
Hs, CO2 Acetate A
4 28% 72% 5 Methanogenic
stage
[ CO,, CHy ] v

Bacteria group

1. Hydrolytic fermentative bacteria

2. Hydrogen production bacteria
Syntrophic acidogenic bacteria

3. Hydrogen utilization bacteria
Syntrophic acidogenic bacteria

4. Chemolithotrophic methanogens

5. Methylotrophic methanogens

Fig. 4. Pathway of methane production through anaerobic fermentation®?.
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=4 B3 (Leach-bed processes)

= 82 24 Dry Batch Digestion S& M dl=gt JHEO0ILI E=HE M
g =E8A2I0esE E0lAM G20, = 3049 BHSEXE 0180t0 3H=Z 012
Xl ® 282 2501 Hel 25 3BM 2SI (stage )N UHE2
£ HJIst = MZ2 HIIS0l FLEHEAM 2301 AIEE., L HIIS0l =
UM stage 122 ME LN ZI=0 stage 10M MEE= HENX (KRIA
StRM)S HIE &8It 2ol ME D JAes stage 322 BUIO HIESH Al
2ICH Ol M stage 32 &4 DIM20l HE =20 X W 2SIt 8=
T|H stage 12 stage 22 =Lt 0I0 oiEole S8LE2= S 2L

— SEBAC(Sequential batch anaerobic composting) (01=)

@ && o S@I|48 43 (Wet continuous digestion)
2 332 RIIE TAHIIS0 D8= & & 10%2 £4Xl dH=Z 34
Sl THeHalol 2 EE BISIINAM A58 ez2 I8 Astdel He A2
2 2etNOl StSHRIL Sas Xl S8 AN HI=6tC 2 382 &
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SOA 20l AIESE D UACH
- Avecon process (EetE)
- ltalba process (OlHI2I)
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- Herning (210t3)
(® Multi-stage wet digestion (CtEt SAlA 3t
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- ANM process (<)
- Paques process (HIZ&tE)
- DSD-CTA process (5¢)

Olet 22 EJI4 Xl Pasteurtl 2ol E&EAAIL EMHGHA 2= RN &
Hot= I8 DIMz0| 2AHE 01F I8 g0l Uist A20F 2o Mg
U2 B, Chearylll 2ol @sY JtE 20l 018%= 28 AStEA0 HLEUURCH
TIl0= =2 I8 4500 OIXle Sl 28t A 01RHM 20t 1O =
Schlenz0ll 2o MFAIZHO CHE Fe0l 2UEUSH, Fullen2 Anaerobic

contant ProcessE JHEotH B2 HRTOA ==2 BODMHEE=S =0 &36t
RLCH 2l McCarty, Keefer S0l 2ol st 28 Hoi= &0l 28t AL2IE 0l
FSOHM2M, McCarty2t YoungOil 2ol anaerobic FilterJt JHEEIO1 Switzenbaum
and Jewell S0l 2o LHEUH Andrew= &IIE A5 sHsHE LS

AlBHRCH?.

3. ¥ X9 sHEH 24

= AF0AM et 2eXo SHN S4H= LO0t2)| o TS A0l LHE

S/So = exp—(k"1/So) (2)
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Table 3. Pathways of biological hydrogen production from various sources

Source Method Chemistry
Dark Dark
Fermentation CesHi20s + H20O ——==— 4~6 Hz + CO; + FII&f

5 Photosynthetic light
omass Fermentation #21&h + H0 —===— 4~7 H; + CO;
In Vitro light
Reaction CeHi206 + GDH, Hease ———-— gluconic acid + H
Direct 2 0O light
DhOtOIYSiS HZO - PS” - PS' g FD g HZase - H2
Water light
Indirect (1st stage) H.O —————- — PS — (CH0)
photolysis ~ CO,
(2nd stage) (CH.O) — FD— Hsase, N.ase — H»
gas Shift
. CO + H.O — CO, + H2
(CO) Reaction
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Table 4. Pathway of biological hydrogen production by dark fermentation

Microbial groups Contribution to
. Remark
(By end—-product) H» production

* Major Hz—producing bacteria in
anaerobic ecosystem

n—Butyrate ++ » Clostridia
e CeHi1205 ———> CH3CH2CH.COOH +2CO0O»>
+ 2H2
* |deal Hz—producing bacteria in anaerobic
ecosystem
Acetate T . CoHi20s + 2Ho0 ———> 2CH,COOH
+ 2C0, + 4H2
* Reduced fermentation product
Lactate -
° CeH]an —_———> QCH:-;CHOHCOOH
* Reduced fermentation product
Ethanol -
e CgHi20s ———> 2CH3CHOH + 2C0O»
* Consumption of H>
Propionate - - * CgHi206 + 2H2 ———> 2CH3;CH.COOH
+ 2H,0
Ho—utilizing L * Consumption of H>
methanogens e 4H, + CO, ———> CH4 + 2H20
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S0| MAZl= HAFEZE UEHYH 240|CH &29
dazdeg= HO2FH EMP 28 HX MAE pyruvic acidll CO.2 0lE=2
acetaldehyde2 &1 CIAl SHIG adD==S MAHSHAH =L 20 st &

=
Of 2SS Ol8ses U381 22 Gay-Lusaccll £10|2t2 StLt.
CsHi1206 — 2CoHs0H + 2CO»

o ge=z

i
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0
rr
=]
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AL

deflh M2 2= &0 =&ot¢ &

S Otefiet €Lt

(CeH1oO5)I’] + NH>O — nCeHi20s — 2nCoHs0H + 2nCO»

= A 162.14 18 180.16 92.14 88
100 kg 56.82 kg (71.5 L)
100 kg 51.14 kg (64.3 L)

Ol A0l 2ot OlEX2=2= glucose 100 kgL ZFH HIE 0.79472 HEL R

20l 51.14 kg (64.3 L) 445D =&E 100 kgOlAl 56.82 kg (71.5 L)t &4

ECh el BEdE & U 5%= 2229 MF0IL RS2 M40 AHlEC=z

+=SE2 0IEX2 90 ~ 95% &E=O0IC.
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Starch
l Amylase

Glucose
NAD* ﬁl
NADH l EMP
NADH
Na; CO,
Pyruvate
“on =,

Lactate l\A Co, cetaldehyde

ADH
Acetyl-CoA NADHT\A

NAD* Ethanol

Fig. 5. Pathway for production of ethanol by microorganism.
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Fig. 7. Schematic diagram of three—stage methane fermentation system (total

2.5 m®).
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Fig. 8. Three—stage methane fermentation system (total 2.5 m®).
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Fig. 10. Semi—anaerobic hydrolysis/acidogenic reactor (0.5 m®) for hydrolysis

of food waste.
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Fig. 11. Internal structure of semi—anaerobic hydrolysis/acidogenic reactor.
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Fig. 12. Crusher used in the three—stage methane fermentation system.
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Fig. 13. Schematic diagram of anaerobic acidogenic reactor (0.5 m?).
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Fig. 14. Anaerobic acidogenic reactor (0.5 m?) for organic acid production

from effluent of semi—anaerobic hydrolysis/acidogenic reactor.
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Fig. 16. Anaerobic methanogenic reactor (1.5 m® for methane production

from effluent of anaerobic acidogenic reactor.
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Fig. 17. HBC-Ring for cultivation of methanogenic bacteria in methano-

genic rector.
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Table 5. Morphological characteristics of isolated strains from semi—anaerobic

hydrolysis/acidogenic reactor

Isolates

Form Elevation Margin Color Surface Transparency
number
K1 circular umbonate undulate white  concentric opacity
convex cream smooth clarity
K2 circular & entire & & —
raised buff wrinkled opacity
convex entire smooth
K3 circular & & white & opacity
raised undulate wrinkled
K4 irregular  raised undulate buff wrinkled opacity
: . white . .
K5 irregular  raised undulate yellow wrinkled opacity
K6 circular  convex entire white smooth opacity
K7 circular  convex entire white smooth opacity
K8 circular flat entire cream concentric opacity
K9 circular  raised undulate buff wrinkled opacity
K10 circular  convex entire white smooth opacity
. . light . .
K11 irregular  raised undulate yellow wrinkled opacity
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Table 6. Physiological characteristics of isolated strains from semi—anaerobic

hydrolysis/acidogenic reactor

ltems K1 K2 KB K4 K5 K6 K7 K8 K9 Ki0 K11
rod rod

Shape rod . rod rod rod rod rod rod rod rod

(chain) (crooked)
Gram staining  + + + o+ o+ o+ o+ o+ = = _
Catalase test + + + 0+ + o+ o+ o+ o+ o+ +
Oxidase test + + + + o+ o+ o+ - + + +
( + : Positive, — : Negative)
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Table 7. Biochemical characteristics of gram positive bacteria isolated from

food wastes

Substrates K1 K2 K3 K4 K5 K6 K7 K8
PB (Peptone base) + + + + " i " "
BAC (Bacitracin) + + + + + + + n
OPT (Optochin) + + + + + + + +

HCS (Hemicellulase) - - - - - _ _ _
6CN

(6% Sodium chloride)
10B (10% Bile)

408 (40% Bile)

ESC (Esculin)

ARG (Arginine)

URE (Urea)

TZR (Tetrazolium Red)
NOV (Novobiocin)
DEX (Dextrose)

LAC (Lactose) - - _ _ _
MAN (Mannitol)
RAF (Raffinose) - - - - — _ _ _
SAL (Salicin)
SOR (Sorbitol)
SUC (Sucrose)
TRE (Trehalose)
ARA (Arabinose)
PYR (Pyruvate)
PUL (Pullulan) - - - - - - _ _
INU (Inulin) - - - - _ _ _ _
MEL (Melibiose) - - - - - - + +
MLZ (Melezitose) - - - - - - _ _
CEL (Cellobiose) - + - - - _
RIB (Ribose) + - - - — _
XYL (Xylose) - - + + +
CAT + + + + + + +
BH/CO - — - - _ _ _ _

|
+
+

|
+

|

|

|

+ o+ +
+ + + +
+ o+ o+
+ o+ +
+ o+ +
+ o+ +
+ o+ +
+ o+ +

+ + + +
+ [

+ + + +
+ + + +
+ + + +
+ + + + +
+ + + +
+ [
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Table 8. Biochemical characteristics of gram negative bacteria isolated from

food wastes

Substrates K9 K10 K11

DP3 (DP-300) - - -
OFG (Glucose(oxidative))
GC (Growth control)
ACE (Acetamide) - -
ESC (Esculin) + -
PLI (Plant Indican) - -
URE (Urea) - -
CIT (Citrate) - -
MAL (Malonate) - -
TDA (Tryptophan) - -
PXB (Polymyxin B)
LAC (Lactose)
MLT (Maltose)
MAN (Mannitol)
XYL (Xylose)

RAF (Raffinose)
SOR (Sorbitol)
SUC (Sucrose)
INO (Inositol)
ADO (Adonitol)
COU (p—Coumaric) - - -
H2S (H2S) - - -
ONP (ONPG Fermentation)

(O—-Nitrophenyl—-B—D— - - -
galactopyranoside)

RHA (Rhamnose) - + -
ARA (L-Arabinose) + + -
GLU (Glucose(fermentative)) - - +
ARG (Arginine) - - -
LYS (Lysine) - - -
ORN (Ornithine) - - -
OXl + + +

+ +
+ +
+ +

+ + + +

I+ + + |
I ! !
+ + + 4+ |

+ + +
!
!
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Fig. 18. (A) Extracellular amylase activity of selected strains from food
wastes; (B) Intracellular amylase activity of selected strains from food wastes.
One unit of amylase activity is defined as the amount of enzyme that

produces 1uM of glucose equivalent per minute.
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Fig. 19. (A) Extracellular protease activity of selected strains from food
wastes; (B) Intracellular protease activity of selected strains from food wastes.
One unit of protease activity is defined as the amount of enzyme that

changes 0.1 absorbance unit at 440 nm.

_56_



25

- (A)
........ D A
——v—— &3 T

20 | — v — k4 I

Extracellular cellulase activity
(U/mg protein)

Time (hr)

25

N
o
1
~
=

(U/mg protein)

Intracellular cellulase activity

Time (hr)

Fig. 20. (A) Extracellular cellulase activity of selected strains from food
wastes; (B) Intracellular cellulase activity of selected strains from food wastes.
One unit of cellulase activity is defined as the amount of enzyme that

produces 1uM of glucose equivalent per minute.
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Table 9. Morphological characteristics of isolated strains from anaerobic

acidogenic reactor

Isolates

Form Elevation Margin Color Surface  Transparency
number

KA1 Irregular Raised Undulate  White  Undulating clarity

KA2 Circular Convex Entire Cream Smooth opacity

KA3 Irregular Raised Undulate  White Wrinkled opacity

KA4 Circular Convex Entire Cream Smooth opacity

KA5 Irregular Umbonate Undulate White Wrinkled opacity
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Table 10. Physiological

acidogenic reactor

characteristics of

isolated strains

from anaerobic

Isolates

number Shape Gram stain Catalase Oxidase
KA1 Rod - - ++
KA2 Rod + - 4+
KA3 Rod + + +
KA4 Oval + + ++
KA5 Rod + + +
( + : Positive, — : Negative)
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Fig. 21. Comparison of ethanol production ability among isolated strains from

anaerobic acidogenic reactor.

_6‘]_



2000

——@—— Contorl
1 O ....... KAl
1800 e w—— KA2
——v—- KA3
1600 4| — = — KA4
= ——O—— KA5
o) — —4—— Cl. acetobutylicum
é 1400 -4 . ClI. butyricum \ O ............................... =3
= . .
% 1200
2
8 1000
<
800
600
0/}/ T T T T T T
0 20 40 60 80 100 120
Time (hr)

Fig. 22. Comparison of acetic acid production ability among isolated strains

from anaerobic acidogenic reactor.
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Fig. 23. Comparison of lactic acid production ability among isolated strains

from anaerobic acidogenic reactor.
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Fig. 24. Schematic diagram and photograph of 30 L semi—anaerobic

hydrolysis/acidogenic reactor.
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Fig. 26. Automatic control system for three—stage methane fermentation

system.
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Fig. 27. Food wastes reservoir (200 L) for 2.5 m® three—-stage methane

fermentation system.
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Fig. 28. (A) Change of pH in semi—anaerobic hydrolysis/acidogenic fermentor
according to the mixing ratio between food wastes and final effluent wastewater;
(B) Change of pH in the semi—anaerobic hydrolysis/acidogenic fermentor under
the condition that foodwastes were added or not; (C) Change of pH in the
semi—anaerobic  hydrolysis/acidogenic  fermentor under the condition that

foodwastes mixed with wastewater with different ratio were fed continuously.
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Fig. 31. Biogas production profiles at different temperatures through batch
reaction.
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Table 11. Comparisons of biogas productions depending on temperature and

HRT by semi-continuous fermentation using anaerobic fermentors.

. . . Gas production
Digestion condition

(/ /d) Methane content in
Temp. HRT . biogas (%)

. Biogas Methane
(c) (d)

10 7.3 4.5 61.6
40

12 6.1 4.0 65.6

10 8.7 5.5 63.2
45

12 7.4 4.9 66.2

10 10.4 6.7 64.4
50

12 8.6 5.8 67.4

10 6.8 3.7 54.4
55

12 5.6 3.3 58.9
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Table 12. Methane vyield in semi—continuous fermentation

Digestion condition

Methane gas vield(L/kg sCOD)

Temp.(T) HRT (d)

10 day 145
40°C

12 day 154

10 day 177
45C

12 day 187

10 day 216
50C

12 day 223

10 day 119
55T

12 day 129

_88_



1400

1200
1000
<
o)
£
= 800 - —e——  40°C(10d)
I-m ........ O eene 45°C(10d)
z ——-v—— 50°C(10d)
600 - —y 55°C(10d)
— =& —  Influent
400 - /—r.\kﬂ\ S n
~m
200 ; w * ‘ ‘ ‘
5 10 15 20 25 30
Time (day)
1400
(B)
1200
. 1000
S
>
E
£ 800 4 —e—  40°C(12d)
P O eene 45°C(12d)
% ——-v—— 50°C(12d)
600 4 —y 55°C(12d)
— & — Influent
400 - _ e F AR
[ LS Bt g "
200 w * ‘ ‘ ‘ ‘
c 10 15 20 25 30
Time (day)

Fig. 36. Temperature—dependent NHs—N concentration changes in different
anaerobic methane fermentors by semi-continuous fermentation; (A)

HRT-10day, (B) HRT-12day.
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Table 13. Elemental analysis of collected food wastes used for the 2.5 m®

three—stage methane fermentation system

Elemental composition(%)

Solid
VS/TS(%) COD/VS
content(%)
C H O N
12.38 89.3 0.71 47.8 6.1 40.9 5.2
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Fig. 40. Changes of tCOD (A) and sCOD (B) in the 2.5 m® three-stage

methane fermentation system.
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Table 14. Organic acid production in the

fermentation system

2.5 m® three—stage methane

Semi anaerobic Anaerobic Anaerobic
Organic acid hydrolysis/acidogenic ~ acidogenic methanogenic
process process process

Acetic acid(mg/L) 779 986 497
Propionic acid(mg/L) 53 62 181
Butyric acid(mg/L) 13 46 49
Lactic acid(mg/L) 5,403 13,426 422
Valeric acid(mg/L) 40
Caproic acid(mg/L)
Total acid(mg/L) 6,248 14,560 1,149
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Table 15. Operational conditions and performance of 2.5 m® three-stage

methane fermentation system

First Second Third
Parameter
stage stage stage

HRT (d) 2 2 12
Loading (kg VS/[m3d] 103.5 63.4 52.8
pH 3.8 3.45 72 ~ 7.9
Temperature(TC) 45 35 50
T-N(mg/L) 4542 4046 3538

NHs—N(mg/L) 52.2 76.7 1231
COD (mg/L)

TCOD 71234 63972 7394

(Removal rate) (90.6%)

sCOD 27569 30080 2400
Gas yield _ 3

(L/kg COD) 282
Gas composition(%)

CHg, - 9 72

CO: - 91 28
Methane yield _ B

(L/kg COD) 245
Volatile acids (mg/L)

Acetic 779 986 497

Propionic 53 62 181

Butyric 13 46 49

Valeric 0 40 0

Caproic 0 0 0

Lactic 5403 13426 422

Total 6248 14560 1149
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o 23 Mdls HII2S 44 33l
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A Az & et HE 2SIt SAIO Az e 212 7.6710 7.232] ==
PHOIA A ZJI0 & ZE2] A0 2 RII& H5d22 Qo pHIE 2f2h 24
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Fig. 45. pH changes in the anaerobic methane fermentor using different

organic wastes.
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Fig. 46. TS (A), VS (B), and VS/TS (C) changes of different organic wastes
in the anaerobic methane fermentor.
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Fig. 47. Gas production in the anaerobic methane fermentor from various

organic wastes.
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Fig. 51. Pilot-scale 10 m® three—stage methane fermentation system.
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Fig. 53. Semi—anaerobic hydrolysis/acidogenic reactor (0.5 m®) for hydrolysis

of food waste.
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Fig. 54. Crusher used for pilot-scale 10 m® three—stage methane fermentation
system; (A) A lateral view of crusher, (B) A frontal view of crusher, (C) A

screw of crusher.
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Fig. 55. Schematic diagram of 2 m® anaerobic acidogenic reactor.
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Fig. 56. Anaerobic acidogenic reactor (2 m®) for organic acid production from

effluent of semi—anaerobic hydrolysis/acidogenic reactor.
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Fig. 57. Schematic diagram of 6 m® anaerobic methanogenic reactor.
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Fig. 58. Anaerobic methanogenic reactor (6 m®) for methane production from

effluent of anaerobic acidogenic reactor.
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Fig. 59. Food wastes reservoir (1 m® used for pilot-scale 10 m® three-stage

methane fermentation system.




Fig. 60. Gas boiler system for combustion of biogas produced from

methanogenic reactor.
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Fig. 62. Photographs of gas holder.

- 130 -



Al HAA 2 4 ASO0l HIEFNEYIC 2 NEE20| 23.7 m’0l I==2
SIACH MetAM 1.5 m® 722 HIE USAAUA LMTH= JIAS 822 N

0

S == Us MEYIAE NAGHAULCE

el HE 2eXA2RH MEYIAZ FUDeE 20 JtAS AFRE Yildtes
check valveE &XI5tR 1D, HAS AcH MEHIAS E A0l 7 kgf/cm 0l &
S0 S3LH0I ZelH alarm pressure gaugedt ZFXIot0 ZEIt 2l safety
valveOll Sloff IHES22 BHEXESE HMEoUCH Lot MEHIAZFH ItAI HiE
= 220 governoret REHE EXIotH A= MitEl HIOIL JHAS Ol8st 2

el A0 AISE = U= MEHGHALEH

6. LSAAE XSS 33 ME

SAa=2 =l 1112 28 F UMM = dH=Z 20 EM=" = WEIDt
RN A= 1 m’ B SAIME NBEZNM AMAS WEHESHA SEMOHA
ZEAOO 2ok 1XF g0l Ji=2ol/& 22X AKFHOZ s Ss5HUES
ot ALk

b 2SX 2% HO

BSx9 2= OIME 259 =R 24017 =20 EHEI1 el 2&01
gt 252 #got =2XEHES dEHNS Jdotd BSJIS =0It Z= o

oS

- 131 -



0%
3+

oll

3

ol
&0
H0

il

-
1o

oF
ol
A0
R
o1
00

Kl

i 2+t MEEE

0

[0l <

[9)

FRACH 2l HI&AId=E &I

o

INESS

I

(=]
=2

t

g

=P

= 22X

[el3
s

IO E=EKX

E u

w Bk

OH

=
.

H

U

ak

I+
HO

832
Ie)

M

Ie]

Mr
LH
)
oD
o
o)
<{H

e}

00

i
=]

=l
<l

Bl
A

o
o

IF

HEol SHIAWSH

U

8t
5
10y
4
i
i
R
5l

0l

o8

Jb E2lXl

Kl

0

cC=
4 /

ol C
= L

esgaz =

2==Jt ChAl

ol

0

9

83
o)
H
or

ol
70

i
]
=l

o

of #elstA™ MR AIZE (HRT)S ZZEoHI

-/

(0]

22 Mo X

Ct.

H =310} Level gaugeE BtSD|

0

o
+

S SEMHAZE 0O

elgt

or

o]
(HO

i
oF
3+

ol
=
o

IF

D
00
ol

9]
K
-

Hr
A

3%
IS
Rl
Ki

e
A
)

Mo
[0

M X
=2 o

g0l JtA DL 02l

=

dot=

=2

=13

HRT=

| 24X It

F

I8
ch. g 282 DLIEHE

MIIA,
3X go1d Ol

oll
an
H

wr

ol
K0

io)

A
A=
=S

FOY BHOIL Dt
FOIl BFOI20F

1
—

BH

—

—

ol

A
il
o

H, 4 d3= 0l

O
Ol HAEXo2 HEHDIA

P HENE-dZE XA
o 2dgs MForA

A

b
A

|
ot

=

&
[

d

A
S
El

[a)

il
SXOIADIE

AH

=
=)

&

i

8%
[}
RO
K

o

g
S

£ &#Xlo

- 132 -



_F_
IO, 222 SHAE el 2E pH,
@]

otol A3 XNsZEEX= PLC (Programmable Logic
Controller)et 325 HZotD LYEI| 82 MELHMC DHHOILQLE(S)0IAM HMIAEt
SHMHMHAZEANHE Soll MOUEE=S 24otUL AZERH= AutoBase =
JIBLATZEQINE AMESIH 2 3T 0le= A Z23sS MSH CIXCIGHALE 0l
% 2|

=

£ Soto =0het Xt

- 138 -



%

6d "0334 T _m

: — -si
> G Y3LYM LOH

id 03

g0 |
Idd)

bd 0334

yue) abeio)s

§83004d 4v8 sYo 018

d3HSNY¥O

INTVA UV

Fig. 63. Monitor screen of automatic control system used for pilot—scale 10

m® three—stage methane fermentation system.

- 134 -



Fig. 64. Internal circuit of automatic control system for pilot—scale 10 m®

three—stage methane fermentation system.
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dXel BFS HE 84= MdDl= 1x BHEIIE IJts=2ol/4F S0 400
kg/dayl= FLEUH =FotIl &l sA= MdlJlel COD, T-N, T-P
NOs=N, NHs=N, TS, VS, pHE =JoIULE 2242 ASEYEH=2 COD= CrgEez,
TS2 VS= standard method2 2, T-N, NOs-N= X2l&d SHEEHOZ, T-P=

(@]

AFGHRACH 2t BEE 2|t d MFAIZt2 1X BHEIIE D20l /&F 2 X0A 2
2, 2% 818 & 2aX0lA 22, 33X 8J1d HE Z2ax0A 1282 XE0ot™
Ch. 8t 2 SZUAE S4= MAdJI2 SEE=0 02 245 s20H

3X EI14 ME LEXZUA LMets JIAZS 33X I8 HE LSE20AM
NMAMEEZ AZE 2HAH010 A MAE EXIotH Y SEHoIALH ItA 4
F E42 gas chromatography (TCD)(Shimadzu GC-14B)E 0l &ot0! EZ46tA
OH EAZAHE2 M 2 F M 3 Eo UM =ast EAXAHY SL5HH Z46HA

-

st AUHAZ0A =800 = A80 MEE SA= M) B2 JEsE &
S22 12.86%= TAER20, 0 Ji20 RII= &2 o 89.5%=2 LIEHTLY.
SAlE MdJ19 tCODE #E+ 63200 mg/L2 A EI/A2M VS= Ez 115120
mg/LZ COD/VS2l HIE2 54.9%S 21 pH= 5222 ZAMEJLH L& S4

£ MAJl e & A= 4900 mg/LE EAEIRD, BorY AHAO 550+ 101.7

=23

|0

—_
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mg/L, S2LI0tE ZAS sEJF 25.35 mg/LE ERotd Us X222 ZALU
Ct. Table 15= +=&8& S4= M2 78 &4 Hlg € RIS 8= LIEH
20ICH SA= AdJISl CN Hle2 & 9112 Rl Sol220] e &2 A2

& LIEFRCH
Lb 1XF BHEOIE DJi=20l/& 2 XU 2589 da B

OHMO101 Slol Iish=l Sa= Maldle 1& BHEIld Jis=2di/8 €822 R
=Lt 0 Bt3SJI2 MFAIS 222 2HoALH 0l E=AUSl tCODLt
sCOD&= 22t Fig. 652 (A)2t (B)Ol LtEHHH HEQE 2101 & 56734 mg/L2t
26489 mg/LZ 0l SEH0UAM SA22 tCODO0I B 10.23% MAHZUCE. 11X+ It

TZol/AF HEXO BEAL 5= B 4758 mg/LE SRAote A2 LIEE
Ct (Fig. 66). &AL =& & &4 ZA A2LI0Y HAS =s&E= 242
150 mg/L (Fig. 67 (A))2 29.2 mg/L (Fig. 67 (B))O0IALH.

11X DI DisEoll/& HEXS & A2 =50 8429 FAHAS 55
Qb HIWohAM H2 BigIF Sl A2 AAL R SIIXAHY ZAE I|lxAHo
S NEsS sl MAZEZ 0 SEUMA=E SII2 olst itstE REol=s W&
2 2 = USH Lot Ld2LI0tE A0 Site 11X LS U9l HA01 S4EH0I
Jl =20 s21¢gsJ12 s ZIIE AIID YR LSHJH S2st &A™
g0l HAaY Z=L0l ol OIFHXIX &0t SalE MdJ|l e RIIE 20 g
SO L2LI0tY dA2 MeEtEl Hoez Atz 0lH2 pHel HeE 2 i g+
pHII 3.852 SAIZ2 AtHM2l pHOI Hio E0K= A L8t B S|4 HEHM =
Jlake Moz Olg pH Mot Lot 2122 Ar2EICH (Fig. 68). & 212 5%

= E& 338.2 mg/L (Fig. 69)S | XIotD UUL
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Table 16. Elemental analysis of collected food wastes used for the 10 m

three—stage methane fermentation system

Elemental composition(%)

Solid
VS/TS(%) COD/VS
content(%)
C H O N
12.86 89.5 0.549 47.8 6.1 40.9 5.2
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Fig. 65. Changes of tCOD (A) and sCOD (B) in the pilot-scale

three—stage methane fermentation system.
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2128 B3 4104 mg/L2k 3894 mg/LE LIELE 0 SENM= 1Xt2k 2X SE 0
Hioh D=2 =2oiJb HE 0IFO0 M tCODRt sCODSl X0t &d S S0l
of XMool Y55 € = UULL HMHL SH0I 2t = SA=2 tCOD&0
of & 93.5%2 CODJ HMAHERUL, HE=0l CO28 CHs EEHS JHAZ BIEE|
AHU =2 ld=s 482 432z 0[SHALL

- 141 -



5500

5000 -
WW.
4500 - 0t
0. 00O TP O o Lo
.0 o o o O O--0 o
-3 4000 -
~
= A S
- A 4
§ 3500 Y\'\v/"v\v—v"“\v/v Ny vV Y ov
[
3000 A
2500
—®— Semi anaerobic hydrolysis/acidogenic process
O Anaerobic acidogenic process
—w¥— Anaerobic methanogenic process
0 T T T T T
10 20 30 40 50 60
Time (day)

Fig. 66. Changes of T-N concentration in the pilot-scale 10 m® three-stage

methane fermentation system.
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pilot-scale 10 m® three—stage methane fermentation system.
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Fig. 69. Changes of T-P in the pilot-scale 10 m° three—stage methane

fermentation system.
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15 mg/Le2 RA&ED
o Bz =50t <F 2830
= A2 2FLIULH

Table 162 3HH HE LS3F0MN Ldot=s FIMS LIEFH HOICH
A BHEDIE Jt==2ol/&t HEX0AM= 2 8430 mg/Lel RII4H0] A6 1,
0l Jt20l lactic acid2t 2 4344 mg/LE LIEFHHLD CHE22 acetic acidIt 3774
mg/LE MAGIALCEH 2X I8 & dSENME AMLE0IMSS0 2ol 1X Bt
JlE Ji==20oll/4 S X0A EO e RIMES HE6HH SRIIA MyeE2
= Ct

16322 mg/LOIY D, 1 XSE U= &2l acetic acid2l MA 0| 4836 mg/LE JtE
=UCMH, b2 2 butyric aicd, propionic acid, valeric acid, lactic acid =2&
LIEFGCEH 2XF B30l 11Xt &0l HloH =2 pHZE lactic acid 2Ct= JIEF THE

Sl2E =IILe] A0l SototRss € = URUCH 3% 819 HEY £2sxo
d2 1, 2xF S0l 2o 8= RIS 018ot0 HES d8ote 022
FIIAH0l 1, 2XF SE0l Blofl &Kol Hdags 2010 RUCH

bt. 3Xt &Jld Ol SX0A Zdol=s JtARME U 452 224

X Il HE LeXE RUE 2XF & LS W0l 0 SEOA 1222t2] MF
AMZtE H= St HEMAdZ0| HIEtS MAStCH ™St =010 =9 &30 2
et HEddze #4801 0 HARMFE MAoHH ZHMIIA 42 5 HES
e LS 50 &g Y2 SHS BAUACH oFXICH otE GO M HA HEHM S
o0l RIISES ol SAO HAYMALE SIict g LMItAS=2 F 1)
11.2 m*/day@ D, B2 2 6 m°/dayOIACt 012 C20 HEE2T SIH6t0 &
MIOLA = HEES0l 21D 68%2 SIHotALH (Fig. 70).

Table 172 &J| A5t pilot-scale 10 m® HIE LSAIAES 2M ZAH L A
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Table 17. Organic acid production in the pilot-scale 10 m® three—stage

methane fermentation system

Semi anaerobic Anaerobic Anaerobic
Organic acid hydrolysis/acidogenic  acidogenic methanogenic
process process process
Acetic acid(mg/L) 3,774 4,836 550
Propionic acid(mg/L) 66 2,289
Butyric acid(mg/L) 140 4,533
Lactic acid(mg/L) 4,344 1,645
Valeric acid(mg/L) 106 1,908 155
Caproic acid(mg/L) 1,111
Total acid(mg/L) 8,430 16,322 705
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Fig. 70. Accumulative gas and methane production in the pilot—scale 6 m°

methane reactor.
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Table 18. Operational

conditions and performance of pilot-scale 10 m

three—stage methane fermentation system

3

First Second Third
Parameter
stage stage stage
Baciflus . Methanoculleus
. . Clostridium .
. . . amyloliquefaciens, . bourgensis,
Microbial consortium 5 acetobutylicum, )
. coagulans, Cl. butyricum M. palmolei
Bacillus sp. ’ Methanosarcina sp.
HRT (d) 2 2 12
Loading (kg VS/[m3d] 110.5 61.8 54.5
pH 3.8 ~43 45 ~ 55 72 ~ 7.9
Temperature(T) 45 35 50
T-N(mg/L) 4758 4247 3515
NHs—-N(mg/L) 29.2 151.7 2832
COD (mg/L)
TCOD 56734 52453 4104
(Removal rate) (93.5%)
sCOD 26489 29853 3894
Gas yield B _
(L/kg COD) 425
Gas composition(%)
CHa - 9 68
CO2 - 91 32
Methane yield _ B
(L/kg COD) 289
Volatile acids (mg/L)
Acetic 3774 4836 550
Propionic 66 2289 0
Butyric 140 4533 0
Valeric 106 1908 155
Caproic 0 1111 0
Lactic 4344 1645 0
Total 8430 16322 705
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M. palmolei, Methanosarcina sp. a2 MET % US A THIJUL

H, &M 1222 =2 = =
A 20l BR0E HE Zs0les A s
AL,

2.5 m® A22 3CHH OIS LSAIAHS 0I25+0 100 kg/dayll SA2My
JIE Helatdl fst 382 2&st 20 14 BEIIE IJt=20/48 25 X2
ST, HMBRAIZ, L JIE 25122 22 45, 2 day, 103.5 kg VS/m*
day OI/U20H, pH, tCOD ¥ T-N& 22 3.8, 71234 mg/L, 4542 mg/LL&
S XIEIALCEH

11X BHEIIE Jt=E0l/& EEXUAE & 6247 mg/Le FIIAH0] ZAMGHA
1, 0l Jt&dl lactic acidIt 2 5400 mg/LE UEHHD CH22=2 acetic acid
Jb 779 mg/LE MHotRALCE.

25 m® R22 3 HIEt LSAAHS 025t 100 kg/day2l S24
JIE€ XHe2lotd|l #let &83= 2&st 20 2x &Jld & g5Ao 2HE=2E,
HMBAZE, 2 D2 25122 202 35T, 2 day, 63.4 kg VS/m>day 0/U2
04, pH, tCOD % T-N2 22 3.45, 63972 mg/L, 4046 mg/LL2 RXIZA
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6.

O

E USAAE B2 10 m°2 ARZ A4S IS BHIE LSAAHS LY
2 MZEGHACH 28 SHAHE 32 1X BHEIIE Jt2o/4 28X, 2% §
e 4

JHEEEHO RIZHGHRAC.
ZICH OIE M&Z 23.7 Nm®2l 2.3 Nm® 22¢% 1.3 Nm® 729 HIEM A
3 2712 &H 2 MXGHUCT.

Pilot-scale &8 1188 HE 28 AMAE 2 XH HE

10 m® R22 32 BIE LSAALS 012510 400 kg/dayol 842
JIE HMelatdl fist 882 A& Z0 (X BEIIE Ji=20oi/a8
d2%, AFAIZH, L JIE 25t 22 45T, 2 day, 110.5 kg VS/m*™
day OIU20Y, tCOD ¥ T-N& =22 3.8 ~ 4.3, 56734 mg/L, 4758
mo/L2Z K XIE UL
11X BHEDIE D=2 ol/o YE X0 = 2F 8430 mg/Lel RII4H0] ZAGH)A
Ol Jr20l lactic aciddl & 4344 mg/LE LIEILLD &2 2 acetic acid
JF 3774 mg/LE MAGHUL.
10 m® 722 3CHH IS LSAIAEHS 0125104 400 kg/dayll SAl2My
JIE HMelotd| |t SFs 2Hs 2 2xF 80|14 & Y5X9 2L
HMBAIZE, & D& 2522 202t 35T, 2 day, 61.8 kg VS/m>day Ol
04, pH, tCOD % T-N2 22f 5.0 ~ 5.5, 52453 mqg/L, 4247 mg/LL2 =
INE=PAB S
2X EIIE & HES XM= AME0IMESS0l 2ol 11X BHEDIE Jt==2ol/
A S U A F’LEP E2 RIS MHGHH SRIIM MH2 16322 mg/L
01AD, 2.5 m® A2 DIEt LSAIAEHOAMAE S2l acetic acidQl A e
Ol 4836 mg/Le2 HE =ULH, S22 4533 mg/Lel butyric aicd,
2289 mg/L2l propionic acid, 1908 mg/L2l valeric acid, 1645 mg/L2

s
lo

fol
FA

MO
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lactic acid, 1111 mg/L~| caproic acid =2 & MM T UL

10 m® 722 3t HIE LSAIAES 0I85101 400 kg/dayll SAISMY
JIE Xclotdl flgt S¥s 288 2t 3x &Jld Mg 25X 2z

l2k2 202t 50°C, 12 day, 52.8 kg VS/m®day Ol

T, MsAZE & JIE 2o =

ASM, pH, tCOD & T-N2 22 7.6 ~ 7.9, 7394 mg/L, 3538 mg/LL 2
S XIE AL

3x EI18 HE LSA0AN DHE HIOIIOtA Mab 82 425 L/kg COD
OIASM, HIOILOtA &S HESHE2 =0 68%0IAL, HEIA Mo =2
289 L/kg COD2 =2 ZALEIULE

=2 AFA0AM HEE A OE ZSAAES 01800 100 ton/day2l =JI

[a—

_|

A HII22 ™MolE FRo Jtat AY=2AAD E2E 91580L2A9| 0|2
(BHSMUHH| 74.2%)2 LS 2= U2

OIE L2SAIABS 483t Jisd £t 26| Jtse A2 HELULL
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Abstract
Effect of pH on the organic acids production tendency during anaerobic

acidogenic fermentation was monitored. The substrate used was food wastes

and pH ranged from 4.0 - 7.0. At pH 4.0, most of acid produced during

fermentation was lactic acid, while a small amount of acetic, propionic, and

was

acid production

produced. However, butyric

were

acids

butyric

Interestingly,

5.0.

pH was maintained over
significant amount of acetic and propionic acids were produced when pH

increased when

remarkably

was maintained around 7.0.
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Fig. 1-1. Time—dependent changes of pH in the acidogenic fermentor.
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Fig. 1-5. pH-dependent ethanol and various organic acids production in the
acidogenic fermentor; (A) ethanol, (B) acetic acid, (C) propionic acid, (D)

butyric acid, (E) lactic acid, and (F) valeric acids.
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Abstract

Hydrogen is a clean energy alternative to fossil fuels. Some bacteria have
been known to produce hydrogen from organic compounds by anaerobic
fermentation. In this study, hydrogen production by Cifrobacter amalonaticus
Y19 from glucose was investigated. Optimum culture conditions for hydrogen
production by C. amalonaticus Y19 were as follows: initial pH of 7.0, culture
temperature 35C and initial glucose concentration of 1%. Agitation
accelerated the hydrogen production. Organic nitrogen sources were more
effective than inorganic nitrogen sources, and yeast extract was the best
nitrogen source for hydrogen production. Among metal ions, CuSO, was most
effective for hydrogen production. In this condition, the maximum H: yield
was estimated to be 215.1 mmol Hz/mol glucose, and hydrogen content in
the biogas was 22%. On the other hand, the maximum H: yield was
estimated to be 227.6 mmol Hz/mol glucose, and hydrogen content in the
biogas was about 24%, during the fermentation when pH was maintained at
5.5.
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o2 M2 100 mL media bottleOl 50 mL2l HHAIE €1 Zdst =
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Abstract

Several microbial strains were isolated and characterized from food waste
fermentation broth. From the secondary acidogenesis reactor, a novel strain
KA4 responsible for alcohol fermentation was isolated and characterized. The
cell shape was oval and its dimension was 5.5 ~ 6.5 x 3.5 ~ 4.5 un. This
strain was identified as Saccharomyces cerevisiae KA4 by 26S rDNA D1/D2
rONA sequence. Optimal culture temperature was 30 ~ 35T. Cells were
tolerant to 5% (v/v) ethanol concentration, however, were inhibited
significantly by higher ethanol concentration up to 7%. The strain could grow
well up to 50% (w/v) initial glucose concentration in the YM medium,
however, the optimal concentration for ethanol fermentation was 10%. It
could produce ethanol in a broad initial pH range from 4.0 to 10.0, and
optimal pH was 6.0. In this condition, the strain converted 10% glucose to
7.4% ethanol during 24 hr, and ethanol yield was estimated to be 2.87 mol
EtOH/mol glucose.
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?Iot0d bioMerieuxAt2l APl 20C
glycerol,

(2) 2ela32 JI&E Test
=cl=l @It 018 Jisg JIES 20t2E)] 2
Aux system=2 AFEolL, AEE JlEdg O3 Z2h
2—keto—D—gluconate, L—arabinose, sorbitol, a—methyl-D—glucoside
celliobiose, melezitose, lactose, N-acetyl-D—glucosamine, adonitol, trehalose,
inositol, xylitol, glucose, galactose, maltose, saccharose/sucrose, raffinose. &l
S2Z0= 838 = 72AM24S2 Yot JI1E MBHEE BHOIICH
(3) Y 250 HE ME Fat
YM BHXIOIA 122t 35TCOHA & BHE 222 HYUS HSot0 HHi 2ot
ULH HHE2EE 25-45CHHAl 5T 222 =2 X &ot( 12t MEH o= S0t
S AZHOHCH HH2RE FotH 600 nmOlA =&et S22 M i 2%0 HE
FoladF2 WE =S X AMGHRULH
(3) 22y =3
YM brothE €zZ8t & 0-20% (v/v)2 HIES % 2t £ &Itot 35Tl
N o1t MEdfet = BHEMS 600 nmUlA SZE SZE2NH HWEISLEE
= Aot
(3) gL =35
Glucosedt 0-70% (W/V)IHK 10% 2tHA2=2 &2E YMUIXIO MHHSE 2l
=O| HHLMES H B0t 35TUHA 222t MEHIYotEs S0 FAIZHN BHIEMUS
Fot 600 nmOlM =8et s&2E=2M WEds SFotU
(4) =D1 pHOl & LD=sLs St
Glucosedt 10% (w/v) &RE LSEIXICl =J| pHE 2-100K =&& & &
e FelaFo HAUS B0t 35CTOHM 122 MEHIYE = HHYHS F
o OEtE =5 SHOIUCH, 0 I 4= EtsS sE2A ZSiXe
pHOI (HE £2D=2e S UE SHOGIULH
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=¥

SO & =T= DNSHO 2o SHOIRQM'?, LEHO eSO &2
2 UZAIZE 2tACZ TFOHH AZels = ASH 100 uyLs
ot0d gas chromatography (Younglin, MB00D)E ZA6tRUCH AI2E ZE SIS
2 80/120 Carbopack B-DA*/4% Carbowax (Supelco)E AtEotR 1, flame
ionization detecter (FID)E ZEAGIRULCE. E2AXH = column &= 13

1, injector®t detecter?l &= 25 200CTOIR20, carrier gasE NS ALZ56t
[, flow rate= 24 mL/min2=% ALECHRULH XS HAYSH 22l2F= 26S rDNA

D1/D2 rDNA sequenceE &40t =& oA LE.

(1) @=2 =22 & 8§

2 ARAUA 2FS2 SASMY I HelE s 3¢ HEE LS AIAEUNA
HHE NSZ2FH =S H8& 2 KAAE 22E BHXIAM 24A12F BHZE =
MASH UM ZZ2LE FAINMAS0Z2Z 2EGIALCt 0 2= EHRFEC=Z 3
Jl= 55 ~ 6.5 x 35 ~ 45 um (E=xHF)2 HWE 2 2010, S0t&s
LAHAE > AN SotHez SAES 2 = JU/UCH (Fig. 3-1 & Table 3-1). &£
st x&E HEgst 232 26S DNA D1/D2 rDNA sequenceE &4&st Z 1t
Saccharomyces cerevisiae & 32 99.9% 0142 homologyE 290 He=2 U

£
e

HI

EtLt 2l =2 Saccharomyces cerevisiae KAdE HHGIAULCH (Fig. 3-2). &t
2l @F2 0l JIsdh JI& HRE T A8 21 glucose, galactose, maltose,
saccharose/sucrose, raffinoseE JI&& oIS Z M & MESADL,
trehalose, inositol, xylitol2] B2 JI&Z2 0|2g == UKL HEO| “H2H, L
Xl JI&el  glycerol, 2-keto—D-gluconate, L-arabinose, sorbitol, «a
—methyl-D—glucoside, celliobiose, melezitose, lactose, N-acetyl-D—

glucosamine, adonitol= &3al 0|20lAl 206l A2 2 LIEFGCH (Table 3-2).
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Fig. 3—1. Scanning electron micrograph of isolated S. cerevisiae KA4. The
bar shows 1 um.
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Table 3-1. Morphological

characteristics of the isolate

ltems [solate
Shape Oval
Size 5.5-6.5 x 3.5-4.5 um

Mode of vegetative
reproduction

Colony

Form

Elevation

Margin

Color

Surface

Budding

Circular

Convex

Entire

Cream

Smooth

202 -



Saccharomyces bayanus NRRL Y-12624T (U94931)
Saccharomyces pastorianus CBS 1538T (AF113893)

Saccharomyces pastorianus MUCL 31496 NT (AF005709)
Saccharomyces cerevisiae NRRL Y-12632 NT (U44806)
KA4
1 Saccharomyces paradoxus NRRL Y-17217 NT (U68555)
Saccharomyces servazzii NRRL Y-12661T (U68558)
_|—_Sacc haromyces unisporus NRRL Y-1556T (U68554)
Saccharomyces barnettii NRRL Y-27223T (U84231)
Saccharomyces bulderi CBS 8638 T (AF125391)
Saccharomyces turicensis CBS 8665T (AF121252)
Saccharomyces exiguus NRRL Y-12640 NTT (U6 855 3)
Saccharomyces castellii NRRL Y-12630T (U68557)
_|:Saccharom yces dairenensis NRRL Y-12639T (U68556)
Saccharomyces kluyveri NRRL Y-12651T (U6 8552)
Saccharomyces rosinii NRRL Y-17919T (U84 232)
Saccharomyces spencerorum NRRL Y-17920T (U84227)
Saccharomyces transvaalensis NRRL Y-17245T (U68549)

0.01

Fig. 3—-2. Neighbour—joining tree based on 26S rDNA D1/D2 region sequences of
Saccharomyces. S. transvaalensis NRRL Y-17245 (U68549) was used as an

outgroup. Scale bar indicates 0.01 nucleotide substitution per nucleotide

position. NT, neo type., T, type strain.
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Table 3-2. Substrate utilization of the isolate

Substrates Isolate
Glucose +
Galactose +
Maltose +
Saccharose/sucrose +
Raffinose +
Trehalose, , w
Inositol W
Xylitol W
Glycerol -

2—-keto—D—gluconate,
L—-arabinose

Sorbitol
a—methyl-D—glucoside
Celiobiose

Melezitose

Lactose
N-acetyl-D—glucosamine

Adonitol

+: positive, w: weak, —! negative
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Fig. 3-3. Effects of temperature on the growth of S. cerevisiae KA4 (A) and
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- 206 -



ODGOO

1 -{| —@— S.cerevisiae KA4
O+ S.cerevisiae KCTC 1199

T T T T T T T T

0 1 2 3 4 5 6 7 8
Ethanol (%)

Fig. 3—-4. Effect of ethanol concentration on the cell growth.

- 207 -



C)DGOO

Time (hr)

C)DGOO

Time (hr)

Fig. 3-5. Effect of glucose concentration on the growth of S. cerevisiae KA4
(A) and S. cerevisiae KCTC 1199 (B).

- 208 -



i

fllJ

g s=0l M

P
Il 10%<

s

o)

SO OE=

Ct =
=)

o

s

Fig. 3-60i LtEFLHRLCEH

CHE-Z2CH 284 Ol

ol
<0

a

o0
JIJ

Ie]

_J
KIo

SE0lA

g

STt 20%E

Ct =

o
CEBEHELZE 10%2

2s =0l= =J1 XIS

3

2
[

fOl JtE =0l LIEHRA

o

48 A

o

2

3

A
(B

Rr
)

Ju

o)

i

totOd Jt
2.87 mol

A
()

H

o

Al

LEEFH Z 10H0I L.

S 10%0A =2 A7 25 pH 4014 0A O
=

3

EJ
[

AN

@]
pH BOIA 24AI12F €5 = 7.4%2 O

= Mo

t

El
[t

I pHOIl

B

O,

B 22330t HEREC o
(@]

S
S
. —

=
O UM H2 pH SEUA EEA O

14-15)

Fig. 3-72 Z=HiXl2

=J|
=

Mpasge

olmhel Oilst=

LIEFLHR L

Moreg

L=
=

3

El
)

0f
EtOH/mol glucose Ol L.

0l
HH

K
i

IH

= [,

&} of

=
[=)

ZUE

etA ole e

b=
99.9%

o
=

3=
= LIEtL Eelad =8 Saccharomyces cerevisiae KA4

=
—

== 26S rONA D1/D2 rDNA

KA4

Saccharomyces cerevisiae
25= 30 ~ 35 T 2 ZAMEJUSCH, 45 T OIA0A

I.

o

4 x
ot Lt

A
(=]

PSS
ay

homologyE

seguence

cerevisiae KAMd #F= MWEDZE S cerevisiae KCTC 11998 CH LHEA, UK
, DMALS OIEFS UM

O KA4 =2 Z

M
(S

0K

e}

KO
X0

Ju

- 209 -



90
10 A —&— produced ethanol (S. cerevisiae KA4)
—O— produced ethanol (S. cerevisiae KCTC 1199) r 80
—w— residual glucose (S. cerevisiae KA4) T
—v— residual glucose (S. cerevisiae KCTC 1199) 1 70
8 1 S
r60 o
—_
S 3
N—r
— p I 50 ©
o 6 =
% o
< - 40 c—g
w4 o
I 30 FJ
o]
@
F 20
2 m
r 10
O T T T T T O

0 10 20 30 40 50 60 70 80
Initial glucose (%)

Fig. 3-6. Changes of residual glucose or ethanol concentrations depending

on the initial glucose concentration after 24 hr ethanol fermentation.
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A modified three-stage methane fermentation system was developed to digest food waste effi-
ciently. This system consisted of three stages: semianaerobic hydrolysis, anaerobic acidogenesis
and strictly anaerobic methanogenesis. In this study, we examined the effects of temperature and
hydraulic retention time (HRT) on the methanogenesis. Operation temperature was adjusted
from 30°C to 55°C, and the HRTs ranged from 8 to 12 d. The rate of soluble chemical oxygen de-
mand (sCOD) removal correlated with digestion time according to the first-order kinetic model
developed by Grau ef al. [Water Res., 9, 637-642 (1975)]. With liquor food waste, thermophilic di-
gesters showed a higher rate of sCOD removal than mesophilic digesters. The rates of biogas and
methane production by thermophilic digesters were higher than those by mesophilic digesters re-
gardless of HRT. Although maximum biogas production occurred when an HRT of 10 d was used,
the methane yield was the highest in the reactor when an HRT of 12 d was used (2237 CH /kg
SCOD j410000)- However, digestion stability decreased when an HRT of 8 d was used. The concen-

tration of

H;-N generated in this experiment did not inhibit anaerobic digestion.

[Key words: anaerobic digestion, methane, temperature effect, organic waste, bioenergy]

Approximately 48 million tons of organic waste such as
food waste, livestock manure, vegetable waste and waste-
water sludge is produced in Korea each year. This organic
waste is generally treated in sanitary landfills. However, this
method of disposal causes secondary pollution of ground-
water and soil. In particular, Korean food waste putrefies
because of its high water content, which makes its transport
and storage difficult.

Anaerobic digestion has been suggested as an alternative
method of removing the high-concentration organic waste.
Several research groups have developed anaerobic digestion
processes using different substrates (1-5). The advantages
of such processes over conventional aerobic processes are a
low energy requirement for operation, a low initial invest-
ment cost and a low sludge production. In addition, the
anaerobic digestion process produces biogas, which can be
used as a clean renewable energy source (6-8). In Europe,
increasing numbers of biogas plants (BGPs) employing
anaerobic digestion use food waste and manure as energy
sources. Currently, there are 19 BGPs in Denmark, 11 in
Germany, and 10 in Sweden with additional plants under
construction (9, 10).

Anaerobic digestion can be developed for different tem-
perature ranges including, mesophilic temperatures of ap-
proximately 35°C and thermophilic temperatures ranging

* Corresponding author. e-mail: swkim@chosun.ac.kr
phone: +82-62-230-6649 fax: +82-62-225-6040

from 55°C to 60°C (11). Conventional anacrobic digestion
is carried out at mesophilic temperatures, that is, 35-37°C.
However, the thermophilic temperature range is worth con-
sidering because it will lead to give faster reaction rates,
higher gas production, and higher rates of the destruction of
pathogens and weed sceds than the mesophilic temperature
range. However, the thermophilic process is more sensitive
to environmental changes than the mesophilic process (12—
14).

A modified three-stage methane fermentation system that
can produce methane from easily biodegradable food waste
was developed in our laboratory (15, 16). This system uses
a process that entails three stages: semianaerobic hydroly-
sis/acidogenesis, strictly anaerobic acidogenesis, and strict-
ly anaerobic methanogenesis. This separate-reactor system
efficiently decreases hydraulic retention time (HRT) by in-
creasing the rates of hydrolysis, acidogenesis and methano-
genesis without affecting pH, and shows a high methane
yield. In this study, we determined the optimum reaction
temperature and HRT of the methanogenesis, which is di-
rectly related to methane production, with the aim of in-
creasing food waste digestion efficiency using the three-
stage methane fermentation system.

MATERIALS AND METHODS

Design of anaerobic methanogenic fermentor ~ The lab-scale
methanogenic digester used was a cylindrical-type reactor (200 [i.d.]
%350 [h] mm) equipped with sampling ports, a gas valve and pres-
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FIG. 1. Schematic of lab-scale methane digester.

sure gauze. The total volume was 11/ and the working volume was
8/ (Fig. 1).

Chemical properties of reaction mixture  The three-stage
methane fermentation system developed in this laboratory used a
process that entailed a primary semianaerobic hydrolysis/acido-
genic stage, a secondary anaerobic acidogenic stage, and a tertiary
strictly anaerobic methanogenic stage. The system was operated
to digest food waste rapidly. Table 1 shows the characteristics of
Korean food waste. These characteristics indicate that the food
waste is a good source for methane fermentation.

In this study, the acid fluid eluted from the secondary acido-
genic fermentor was used as the substrate and the methanogenic
fluid eluted from the methanogenic fermentor was used as the in-
oculum. The microorganisms used in the acidogenic fermentation
were Clostridium species and those used in the methanogenic fer-
mentation were a mixture of methanogenic bacteria isolated from
landfill soil and cow manure. The pH, soluble chemical oxygen de-
mand (sCOD), ammonium concentration and C/N ratio of the sub-
strate were 4.5, 17,000 mg//, 380 mg// and 15.8, whereas those of
the inoculum were 8.2, 2600 mg//, 1300 mg// and 2.0, respectively.

Operation conditions  In the batch reaction, 8 / of a mixture
of the substrate and inoculum (1:1) was placed in the methano-
genic reactor. Each reactor was operated at increasing tempera-
tures ranging from 30°C to 55°C at intervals of 5°C. The changes
in pH, sCOD, and gas production were monitored. The effect of
temperature the kinetics of the process was analyzed using the fol-
lowing first-order model developed by Grau et al. (17).

S/S,=exp—(k,XV/S,) (1)

Here, S is the concentration of organic matter at any fermentation
time (g-COD /77'). S, is the initial substrate concentration (g-COD
I, ky is a first-order kinetic constant (d'), and X, is the initial
concentration of microorganisms expressed as grams of volatile
suspended solids per liter (VSS Assuming that X, was con-
stant during the experiment, which means that £,X, is a constant
(k',, g-COD 'd™), Eq. | was simplified to

S/S,=exp—(k',t/S,) 2)

The kinetic constant of t

transforming Eq. 1 to
—In(S/Sy)=pt 3)
where p is equal to &' ,/S,..

Because p and S, are constants under the experimental condi-
tions studied, a plot of ~In(S/S,) against t yielded a straight line. &',
was determined from the slope (p, d™') of the line of the best fit us-
ing the least-squares method as

K\=pS, )

first-order model was calculated by
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TABLE 1. Elemental analysis of collected food waste

Solid Elemental composition (%)
content v(‘?,gs COD/VS & B 5 % 5

(%) i

12.38 893 0.71 47.8 6.1 40.9 52

In the semicontinuous experiment, the working volume was 8 /
(volume is changes depending on HRT) and fresh substrate was
placed in the digester each day. Operation temperature was changed
from 40°C to 55°C at intervals of 5°C, and HRT was set at 8, 10
and 12d.

Analytical methods  The following parameters were exam-
ined: pH, sCOD, and ammonium (NH,;-N) concentration. sCOD
was measured using the sealed tube method (sample size = 2 ml)
(DR/4000U spectrophotometer; Hach, Loveland, CO, USA) after
filtration (Whatman GF/C). NH;-N was determined using NH, sen-
sitive electrodes (model 95-12; Thermo Orion, Beverly, MA, USA),
connected to a pH meter (710Aplus pH/ISE Meter; Thermo Orion).

The amount of gas produced from the methanogenic digester
was monitored using a wet gas meter (W-NK-5; Shinagawa, Tokyo),
and gas composition was analyzed by gas chromatography (GC-
14B; Shimadzu, Kyoto) using a packed column (100/120 mesh,
1/8"% 10 fi, Haysep D; Alltech, Columbia, SC, USA). The temper-
atures of the column, injector, and detector (thermal conductivity)
were 100°C, 50°C and 150°C, respectively.

RESULTS AND DISCUSSION

With liquor food waste, the thermophilic digester gave a
stable performance, which was superior to that of the meso-
philic digester. Figure 2A shows sCOD as a function of
temperature for the batch reaction (S,=9800 mg-COD//).
sCOD decreased with increasing digestion time. The maxi-
mum sCOD removal efficiency (83%) was obtained from
the digester operated at 50°C. The removal rate at 45°C was
almost the same as that at 50°C. However, the rate at 55°C
decreased to 77%. Removal rates also gradually decreased
at temperatures lower than 40°C. Figure 2B shows a plot of
—In(S/S,) as a function of digestion time (d) for some tem-
peratures. A plot of the experimental data, as indicated by
Eq. 3, gave a straight line with the intercept at almost zero.
The kinetic constant &', was obtained using Eq. 4. The &',
values were 0.14 (30°C), 0.35 (35°C), 0.38 (40°C), 0.6
(45°C), 0.61 (50°C), and 0.42 (55°C). sCOD removal effi-
ciency increased with temperature up to 50°C. Chen ef al.
(18) reported that there is a kinetic advantage in the diges-
tion of livestock manure at thermophilic temperatures over
that at mesophilic temperatures. However, the advantages of
carrying out the digestion at temperatures higher than 55°C
are insignificant.

Figure 3 shows the levels of biogas productions at differ-
ent temperatures in the batch reaction. The a mount of bio-
gas produced from the reactors at 45°C and 50°C increased
with decreasing sCOD. Consequently, it was found that a
stabilization period is needed when digestion is carried out
at temperatures lower than 45°C or higher than 50°C. This
result suggests that the activity of the methanogenic bacteria
used in this study depends on to operation temperature.
Therefore, a thermophilic temperature <55°C is more effec-
tive for biogas production than a mesophilic temperature.
Bouallagui et al. (19) also reported higher biogas produc-
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tion using an experimental thermophilic digester than those
using psychrophilic and mesophilic digesters.

Figure 4 shows the HRT-dependent removal efficiencies
of sCOD by the semicontinuous reaction. The mean influent
sCOD was 14,500 mg//. When the HRT was 10 d, the sCODs
of the digesters operated at 40°C, 45°C, and 50°C decreased
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FIG. 4. Temperature-dependent sCOD removal efficiencies of dif-

ferent anacerobic methane digesters by continuous reaction. (A) HRT-
10d; (B) HRT-12 d.

to 3480, 3361, and 3240 mg//, respectively. The rates of
sCOD removal were 76%, 77%, and 78% at 40°C, 45°C,
and 50°C, respectively (Fig. 4A). The rate at 55°C was sim-
ilar to that at 40°C. Regardless of temperature, the pattern of
sCOD removal using an HRT of 12 d was similar to that
using an IIRT of 10 d, even though sCOD removal efficiency
using an HRT of 12d was better (Fig. 4B). As previously
stated, sCOD removal efficiency increased with increasing
temperature up to 50°C, regardless of whether the HRT was
10d or 12d. These results are in accordance with those
reported by Mackie and Bryant (20). They mentioned that
the thermophilic digestion of cattle waste is more stable
than the mesophilic digestion at different HRTs. However,
when HRT was decreased to 8 d, pH decreased significantly
and no sCOD removal or biogas production was observed
(data not shown).

Table 2 shows the temperature- and HRT-dependent total
biogas and methane productions in the semicontinuous re-
action. At 50°C, the maximum amount of biogas was pro-
duced when an HRT of 10 d was used, whereas methane
was generated cfficiently when an HRT of 12 d was used.
On the other hand, the lowest biogas production was ob-
served at 55°C with methane contents ranging from 54% to
60%, depending on HRT.

Table 3 shows the calculated methane yields according to
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TABLE 2. Comparisons of biogas productions depending
on temperature and HRT by continuous reaction
using anaerobic methane digesters

Digestion condition Gas production (/d) Methane
Temp HRT 'C(;}lem
°C) ) Biogas Methane n. (;/‘:;%ds
40 10 73 45 61.6
12 6.1 4.0 65.6
45 10 8.7 55 63.2
12 74 4.9 66.2
50 10 10.4 6.7 64.4
12 8.6 5.8 674
55 10 6.8 3.7 54.4
12 5.6 33 589

TABLE 3. Methane yields in continuous digestion

Digestion condition Methane gas yield

Temp (°C) HRT (d) (Z CH/kg sCODyy1400)
40 10 145
12 154
45 10 177
12 187
50 10 216
12 223
55 10 119
12 129

the results shown in Table 2. Although the maximum biogas
production occurred at 50°C with a 10 d-HRT, the methane
yield was highest (223 7 CH,/kg sCOD,,,...,) in the reactor
with a 12 d-HRT. Ahn and Forster (12) reported that a high
specific methane yield could be obtained in a thermophilic
digester with a long HRT. In many studies, researchers have
examined the potential of thermophilic digesters with the
main technical concern being not whether a thermophilic di-
gestion system will operate, but whether it has actual advan-
tages over a mesophilic digestion system for any type of
wastewater. Overall, the results show that there is a distinct
advantage in considering the treatment of food waste by

1400
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1000

NH,-N (mg/l)

800 40°C (12d)
- 45°C (12d)
600 4 50°C (12d)
- 55°C (12d)
Influent
400 _w%s =
b EEgEEE— e
200 T T T T T
0 5] 10 15 20 25 30
Time (d)
FIG. 5. Temperature-dependent NI;-N concentration changes in

different anaerobic methane digesters by continuous reaction.
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anaerobic digestion in the thermophilic range with a 10-d
HRT.

As shown in Fig. 5, NH;-N concentration increased from
380 to approximately 1000 mg// at all the temperatures tested
through semicontinuous anaerobic digestion. Many studies
have reported the inhibitory effects of a high free ammonia
(NH;) concentration on the metabolism of methanogens (21—
23). However, NH;-N concentration can be ignored for the
digestion of food waste because the NH,-N concentration
generated in this experiment did not inhibit anaerobic diges-
tion significantly.

Currently, we are exploiting ways to improve the anaer-
obic digestion of Korean food waste using a three-stage
methane fermentation system developed in this laboratory.
The above results show that thermophilic digestion with a
12-d HRT in the tertiary methanogenic digester is the best
way to increase the performance of anaerobic digestion and
food waste digestion efficiency.
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Abstract

We developed a process for production of methane at a pilot scale. This
process consists of three stages. The first stage is a semianaerobic hydroly-
sis/acidogenic step in which organic wastes are converted to various sug-
ars, amino acids, and volatile fatty acids (VFAs). Operation temperature
and pH were 45°C, and 5.0-5.5, respectively. Hydraulic retention time
(HRT) was 2 d. To remove the putrid odor and to enhance the hydrolysis of
organic wastes, a mixture of bacteria isolated from landfill soil was inocu-
lated into the reactor. Total chemical oxygen demand (+COD) and biological
oxygen demand (BOD) were 36,000 mg/L and 40,000 mg/L, respectively.
The second stage was an anaerobic acidogenic process, which can produce
large amount of VFAs including acetate, propionate, butyrate, valerate, and
caproate. Operation temperature and pH were 35°C, and 5.0-5.5, respec-
tively. HRT was 2 d. The third stage was a strictly anaerobic methane fer-
mentation step producing methane and carbon dioxide from VFAs. The
working volume of upflow anaerobic sludge blanket (UASB) type reactor
was 1200 L, and operation temperature and pH were 41°C, and 7.7-7.9,
respectively. HRT was 12 d. Seventy two percent of methane at maximum
was generated and the yield was 0.45-0.50 m?/kgVS of food wastes. Through
the process, 88% of tCOD and 95% of BOD were removed. The wastewater
was treated with the biological aerobic and anaerobic filters immobilized
with heterotrophic and autotrophic nitrifying and denitrifying bacteria.

*Author to whom all correspondence and reprint requests should be addressed.
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Ninety percent of total nitrogen (T-N) was removed by this treatment. The
residual T-N and total phosphorous (T-P) were removed by the algal per-
iphyton treatment system. The final concentrations of nitrogen and phos-
phorous in the drain water were 53 and 7 mg /L, respectively.

Index Entries: Anaerobic digestion; volatile fatty acids; methane; biologi-
cal filter; algal periphyton treatment system.

Introduction

Disposal of food wastes has become a major concern in Korea. From
the year 2004, sanitary landfills will be prohibited by the environmental
law due to the putrefaction and leachate of food wastes. Therefore, a few
alternative treatment techniques have been suggested. For example, tech-
niques converting food wastes to fermented fertilizer, foodstuff for ani-
mals, and compost have been developed. However, it has been realized
that the reuse of food wastes has a practical limitation due to the nutritional
imbalance and salts.

Anaerobic digestion is an alternative method to digest food wastes
and to produce methane that can be used as a renewable energy source. It
has long been used for the stabilization of wastewater sludges. However,
recently, ithas been applied to other fields through a better understanding
of the microbiology of this process and improved reactor designs. The
important advantage of anaerobic digestion over aerobic processes is that
50% of organic carbon is converted to biomass under aerobic conditions,
whereas only 5% is converted into biomass under anaerobic conditions, as
regards cell yields. The net amount of cells produced per metric ton of
chemical oxygen demand (COD) destroyed is 20-150 Kg in anaerobic
digestion, as compared to 400—600 Kg in aerobic digestion (1).

Generally two types of processes for anaerobic digestion have been
developed. In a conventional single-stage process, both acid and methane
could be produced simultaneously by the acidogenic and methanogenic
bacteria, respectively, so it is difficult to maintain optimal conditions for
fermentation. Moreover, fermentation stability tends to be lowered by
changes in influent properties. However, a two-stage digestion can pro-
vide optimal conditions for the process and allow operation at much higher
loading rates and shorter hydraulic retention times (HRTSs) (2). In this sys-
tem, syntrophicbacteria grow well even with excessive amounts of organic
compounds because hydrogen is maintained at low levels (3). Therefore,
the two-stage anaerobic system has been studied intensively.

One of the significant problems with high-solids anaerobic digestion
is volatile fatty acid (VFA) accumulation that leads to severe retardation of
the methanogenesis process. The high VFA accumulation with a concomi-
tant pH depression to 4 led to cessation of hydrolytic and acidfication
reactions presumably due to end-product inhibition of fermentative
acidogens. Syntrophic and acetoclastic methanogenic activities were also
severely inhibited under the sour digestion conditions (4). An innovative
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process resolving this problem was the leach-bed two-phase anaerobic
digestion process (5). Although this process could be operated success-
fully, methane fermentation was virtually inhibited under the extreme sour-
digestion condition.

A modified three-stage process that can produce methane effectively
from easily biodegradable food wastes has been developed in this labora-
tory (6). This system consisted of three stages: a semianaerobic hydroly-
sis/ acidogenic stage, a strictly anaerobic acidogenic stage, and a strictly
anaerobic methanogenic stage. The separate reactor system efficiently
reduced the HRT by increasing the rates of hydrolysis, acidogenesis, and
methanogenesis without affecting the pH and showed high methane yield.
These advantages were very important in the economical aspect because
the reactor volume could be reduced to a small scale.

We reporthere the composition and operational conditions of a pilot-
scale (total 2500 L) three-stage methane fermentation process. For practi-
cal use, we also developed a wastewater treatment system consisting of
both biological filter system and algal periphyton treatment system to
remove COD, total nitrogen (T-N), and total phosphorus (T-P) of the final
effluent to satisfy the “Permissible Pollutant Discharge Standard of Waste-
water” in Korea.

Materials and Methods
Design and Operation Conditions of Pilot Scale Three-Stage System

A three-stage methane fermentation system was developed to a pilot
scale on the basis of the bench-scale system (6) which was modified from
the two-phase digestion system designed by Ghosh and Pohland (7) (Fig. 1).
It consisted of a semianaerobic hydrolysis/acidogenic process, an anaero-
bicacidogenic process, and a strictly anaerobic methanogenic process. The
primary continuous stirred-tank reactor (CSTR) type of semianaerobic
digester was designed for rapid hydrolysis and acid production from food
wastes at a working volume of 200 L. Mixed household food wastes with
high total solid (TS) contents were crushed to small particles (3—5 mm)
and fed to the digester. The fluid was stirred at 180 rpm, and 1 vvm of air
was applied to the bottom of reactor. Food wastes were hydrolyzed
semianaerobically because of the unbalanced diffusion of oxygen in the
reactor. To remove non-degradable materials, a drain valve (i.e., & =20 cm)
was made at the center of the bottom of the reactor. Operation temperature
was adjusted to 45°C because a putrid smell was generated at 37°C by the
putrefactivebacteria. The pH was controlled to 5.0-5.5 with a finally treated
drain wastewater of pH 8.8-9.2. After 2 d digestion, 100 L of hydrolyzed
acid-containing solution was transferred to the bottom of secondary UASB
type digester with a 200 L working volume. In this reactor, a large amount
of VFA was produced for 2 d ata mesophilic temperature (35°C). Clostridium
butyricum was inoculated to improve the production of acids such as acetic
and butyric acid. One hundred liter of acid effluent was fed to the bottom

Applied Biochemistry and Biotechnology Vols. 98-100, 2002

- 231 -



756 Kim et al.

White Huorescont
9 | tubs
bu
SR Mhp gttt
s 2?8y
€ * g T
&
2 ¢ E
3 [ H
8 ¢ PR O
—Jo
Aeid fermenter Hathane fementer \K fiter Aigl pe
Hydrolysistacid Clarifisr P
fermenter
Recirculation

Fig 1. Schematic diagram of a pilot scale three-stage methane fermentation system
consisting of a CSTR hydrolysis/acidogenic reactor and two UASB reactors for
acidogenic and methanogenic processes. A, crusher; B, hydrolysis/acid reactor;
C, acid reactor; D, immobilized-bed methane reactor; E, clarifier; F, aerobic biological
filter chamber; G, anaerobic biological filter chamber; H, algal periphyton chamber;
I, gas reservoir tank; P, pump; AC, air compressor.

of UASB type methanogenic reactor. The working volume and operation
temperature were 1200 L and 41°C, respectively. Methane fermentation
was performed using methanogenicbacteria. Round form ceramicbiofilters
(@ = 3 cm) were used as packing materials. The digesters were equipped
with heat exchangers, gas meters, flame traps, and gas vents.

Design and Operation Conditions of Wastewater Treatment System

To remove residual COD, T-N, and T-P contained in the effluent
derived from the methane digester, additional wastewater treatment pro-
cesses have been developed (Fig. 1). One hundred liters of effluent were
transferred to the sedimentation tank (& = 0.4 m, h = 2.0 m) where solid
fractions were precipitated and the supernatant was applied to the aerobic
biological filter chamber (100 L) containing immobilized nitrifying bacte-
ria, which convert ammonia to nitric acid. One vvm of air was applied to
the chamber. One day after, 100 L of effluent were moved to the anaerobic
immobilized biological filter chamber (200 L) to remove nitrogen by deni-
trifying bacteria. The filters were made of polyvinyl chloride bars (length
=1m) and the surface was swelled so that they have a high ratio of surface
area to volume. To immobilize microorganisms, filters were submerged
into the wastewater for 30 d. Unpleasant gas blew off from the primary
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digester and was transferred to the aerobic biological filter chamber to
remove odor.

However, the wastewater still contained high concentration of T-N,
and a more advanced process was required to reduce it. Algal periphyton
treatment systems used periphyton to take up nitrogen and phosphorus
dissolved in the wastewater. Initial algal density has been shown to be
important for their activities and reduction of nutrients. Lau et al. (8)
reported that initial algal density of 1 x 107 cells/mL seemed to be more
beneficial for achievement of a satisfactory nutrient level within 7 d. In this
study, algal cells were inoculated at 7-8 x 10°/mL into the wastewater
containing 200 mg/L T-N and incubated for 4 d at 25°C with illumination
of 7000 lux.

Microorganisms

In the primary semianaerobic hydrolysis process, a mixture of mod-
erate thermophilic bacteria (at least 100 strains including Bacillus sp.,
Lactobacillus sp., Actinomycetes sp., photosynthetic bacteria, yeast) iso-
lated from many landfill soil samples were introduced for the rapid
hydrolysis of carbohydrates, proteins, fats, chitins, and pectins.
C. butyricum (NCIB 7423) was inoculated in the secondary acidogenic
process for the mass production of VFA, especially acetic and butyric
acids. In case of methanogenic process, cow manure and anaerobic meth-
ane-generating landfill soil were supplied to the reactor. Nitrifying and
denitrifying bacteria used in the biological filters were prepared from the
activated sludge. Algae, Selenastrum capricornutum and Chlorella sp., were
used in the algal periphyton treatment systems.

Analytical Methods

The following parameters were determined: TS, volatile solids (VS),
tCOD, soluble COD (sCOD), BOD, and pH. T-N, ammonia (NH,-N), nitric
acid (NO;-N), and T-P concentrations were also monitored. These param-
eters were analyzed by the methods described in the ref. 9. COD was mea-
sured by the closed reflux, colorimetric method using K,Cr,0;,, and BOD
was calculated from the difference between initial and final dissolved
oxygen of sample in the airtight Winkler bottle. Total VFAs (tVFAs) were
determined by gas chromatographic system (HP 5890A). Analytical condi-
tions were as follows: FFAP capillary column (Hewlett Packard, 0.2 mm X
25 m) temperature, 150°C; injector temperature, 200°C; detector (flame
ionization) temperature, 250°C; H, flow, 30 mL/min; air flow, 317 mL /min;
column head pressure, 100 kPa. The composition of food wastes was ana-
lyzed by Elemental Analyzer (model 240C; Perkin-Elmer). The amount of
gas produced from the digesters was monitored by a wet gas meter
(W-NK-5; Shinagawa), and the gas composition was analyzed by a gas
chromatography (GC-14B; Shimadzu) using a packed column (Haysep D,
100/120 mesh, 1/8 in. x 10 ft; Alltech). Temperatures for column, injector,
and detector (thermal conductivity) were 150,200, and 220°C, respectively.
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Results and Discussion
Operation and Changes in Chemical Properties of Digestive Fluid

A three-stage process for pilot scale production of methane was oper-
ated as a stepwise system. Because of high TS (17-18%), food wastes were
mixed with water at a ratio of 1:1 (v/v), then 100 L of the mixture was fed
to the primary digester. The mixture was stirred at 180 rpm and hydrolyzed
by a combination of aerobic and anaerobic bacteria for 2 d at 45°C. It was
postulated that 2 d of HRT was enough to digest the waste in the primary
digester. tCOD, sCOD, and BOD of the hydrolysate were 36,000, 23,000,
and 40,000 mg/L, respectively (Fig. 2). At the same time, VFAs produced
were continuously monitored through the fermentation process. In this
step, the main VFA was acetic acid, whereas trace amounts of propionic,
butyric, and caproic acids were produced (Fig. 3). Consequently, it seemed
that the easily degradable polymers were hydrolyzed rapidly to oligomers
ormonomers by theaerobicbacteria, and they were simultaneously further
converted to the acids by anaerobic bacteria. Although the initial pH was
adjusted to 6.5, it decreased to 3.8 as acids were produced during the
fermentation. The pH should be maintained at 5.0-5.5, because syntro-
phic and acetogenic activities were severely inhibited under sour diges-
tion conditions (4, 10-11). Therefore, mixing of acid hydrolysate with
alkalic effluent (pH 8.8—-9.2) derived from the finally treated drain waste-
water was an efficient way to resolve the problem, and then more acid
could be produced continuously.

When the primary digester was operated at 30°C, unpleasant odor was
generated by the putrefactive bacteria contaminated from food wastes.
However, the odor disappeared after the temperature was elevated to
45°C,because the bacteria cannot grow at the moderately high temperature.

After the hydrolysate was moved to the secondary digester, acid fer-
mentation was carried out for 2 d. The products still showed high values of
tCOD, sCOD, and BOD (Fig. 2), but more than two times large amounts of
VFAs were produced (Fig. 3). It indicates that a significant amount of the
biodegradable materials from food wastes is digested sufficiently and con-
verted to VFAs and carbon dioxide without removal of organic wastes in
large amounts. As shown in Table 1, the gas produced from acidogenic
digester was mainly carbon dioxide.

While the acid effluent was injected to the methane digester, pH was
adjusted to 5.0-5.5 with 5 N NaOH to relieve the acid impact on the
methanogenicbacteria, because the methane fermentation virtually stopped
under extreme sour conditions. While acid effluents resided for 12 d in the
methane digester, tCOD, sCOD, and BOD decreased dramatically (Fig. 2).
Removalrates of tCOD, sCOD, and BOD through the pilot-scale three-stage
process were 88%, 87%, and 95%, respectively. This indicates that the diges-
tion capability of the pilot-scale system is almost the same as that of bench
scale, which has already been recognized as an effective and time-saving
process for the disposal of food wastes with a high TS content (6).
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Fig. 2. Reduction of tCOD, sCOD, and BOD during the full digestion processes.
I, semi-anaerobic hydrolysis/acidogenic process; II, anaerobic acidogenic process;
III, anaerobic methanogenic process; IV, aerobic biological filter; V, anaerobic biologi-
cal filter; VI, algal periphyton system.
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Fig. 3. VFA production from the primary semi-anaerobic hydrolysis/acidogenic
process and the secondary anaerobic acidogenic process.
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VFAs and Methane Production

In the primary digestion process, 3331 mg/L of tVFA was produced
(Fig. 3). Although acetic acid (86%) was the favored product, propionic,
butyric, and caproic acids were produced in a small amount. In the second-
ary acidogenic process, the concentration of tVFA increased to 7463 mg/L,
and acetic (5221 mg/L), propionic (710mg /L), butyric (1186 mg /L), valeric
(118 mg/L), and caproic acids (228 mg/L) were produced (Fig. 3). For the
rapid acetoclastic reaction, acetic acid had an advantage to be cleaved to
methane easily. Therefore, it seemed that the semianaerobic system was
more effective than the strict anaerobic system in producing acetic acids.

Biogas could be accumulated in the methane reactor. The total gas
yield in the methane fermentation system was 0.65-0.70 m*/kg VS. Meth-
ane, carbon dioxide, ammonia, and hydrogen sulfide were detected. Sev-
enty two percent of the total gas produced was methane and the yield was
0.45-0.50 m?/kg VS (Table 1). Total gas and methane yield showed simi-
lar values compared to those of other work (11-14). The most important
parameters of the normal operation for the rapid digestion were particle
size of wastes, pH, loading rate, and volume rate between acid and meth-
ane digester.

Wastewater Treatment

Although more than 85% of tCOD, sCOD, and BOD were removed
through the three-stage process, the wastewater still contained high con-
centrations of them (Fig. 2). Moreover, only 19% T-N was removed through
the process (Table 1). In case of NH;-N, the concentration increased up to
1945 mg /L through the anaerobic methanogenic process. Therefore, addi-
tional wastewater treatment system was required because these concentra-
tions were too high to be drained out. Aerobic and anaerobic biological
filter systems have been developed. The biological filters were immobi-
lized with nitrifying and denitrifying bacteria together with heterotrophic
bacteria to degrade residual organic wastes in the wastewater. Through the
process, T-N and NH;-N concentrations decreased to 500 and 65 mg/L,
respectively, and BOD reduced to 21 mg/L. Removal rates of T-N, T-P, and
BOD were 90, 98, and 99.9%, respectively.

Since they were not further decomposed in the biological filter sys-
tems, an alternative method, algal periphyton system, was adopted. This
system was very effective for wastewater containing low concentrations of
T-N and T-P. . capricornutum grew faster than Chlorella sp. under the con-
dition that T-N concentrations are below than 500 mg/L. When they were
inoculated to the wastewater having higher concentrations of T-N, they
died slowly after 7 d. The optimum concentration of T-N for growth was
150 mg/L (Fig. 4A and B). At the same time, T-N removal rate of
S. capricornutum was also higher than that of Chlorella sp., and it reached
53% within 4 d (Fig. 5A and B). When 3.00 mg/L of Mg?* and 1.44 mg/L of
Ca? were added to the wastewater (initial T-N concentration, 150 mg/L)
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Fig. 4. Comparison of growth of S. capricornutum (A) with Chlorella sp. (B) in waste-
waters containing various concentrations of T-N.

and incubated for 4 d, the removal efficiency of T-N increased and the
final T-N concentration was 53 mg/L (Fig. 6). Consequently, the final
effluent could maintain low concentrations of COD, BOD, T-N, and T-P,
and satisfy the “Permissible Pollutant Discharge Standard of Wastewa-
ter” in Korea (Table 1). The permitted concentrations of COD, BOD, T-N,
and T-P in the wastewater derived from the industrial complexes are 40,
30, 60, and 8 mg/L, respectively.

Afterall, three-stage methane fermentation process has more advan-
tages than the conventional two-stage process: first, food wastes are
hydrolyzed rapidly in the semianaerobic condition and HRT is reduced
dramatically; second, nondegraded materials can be easily removed
through a hole at the bottom of the semianaerobicreactor; third, pH of the
primary and secondary reactors can be easily controlled by the addition
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Fig. 5. Comparison of nitrogen removal rates of S. capricornutum (A) with Chlorella
sp- (B) in wastewaters containing various concentrations of T-N.

of alkalic final effluent from algal periphyton process and more methane
can be produced.

Conclusion

1. Thepilotscale methane fermentationsystem developed in thisstudy
was an effective system to digest food wastes and to produce meth-
ane. Methane yield was 0.45-0.50 m?/kg VS of food wastes. The
removal efficiency of tCOD and BOD were 88 and 95%, respectively.

2. Wastewater eluted from the above system was further treated both
with biological aerobic/anaerobic filter system and algal periphy-
ton system. The remaining concentrations of COD, BOD, T-N, and
T-P were 73, 21, 53, and 7 mg/L, respectively.
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Fig. 6. Effect of Mg? and Ca®" on the removal of nitrogen by S. capricornutum in
wastewater containing 150 mg/L of T-N.
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Abstract

A novel and highly effective UV-TiO» photocatalytic reactor was developed for killing microorganisms, including
Escherichia coli. Among tested four types of TiO2-immobilized photocatalytic supporters (glass bead, muscovite
bead, alginate bead, and TiO; thin film coated quartz tube), the muscovite bead had a 99.9% percent bactericidal
activity within 5 min along with permanent longevity. Adding air bubbles or HoOs (<50 mg 17!) to the sample
solution significantly enhanced the killing activity in that 100% percent of bacterial cells were killed within 3 min.

Introduction

The shortage of clean water has been identified as
one of the most pressing problems of human be-
ings as reported by the United Nations: if there is
no change to current consumption patterns, two out
of three people will live in water-stressed conditions
by the year 2025 (BBC News 2002: UN warns of
looming water crisis. http:/news.bbc.co.uk/hi/english/
world/mewsid _1887000/1887451/stm.  March 22).
Consequently, global efforts have been made to de-
velop efficient technologies for better water manage-
ment including wastewater-recycling systems. Dis-
infection is the most important factor in recycling
wastewater. Among the conventional physical and
chemical methods for killing microorganisms, chlo-
rine has been widely used to disinfect waters because
it is relatively easy to use and low in price. Chlorine,
however, produces carcinogenic trihalomethane, and
some pathogens such as viruses, bacteria (Legionella,
Mycobacterium or Yersinia) and protozoans (Giar-
dia lamblia cyst) are resistant to chlorine disinfection
(Moser 1992, Kim et al. 2001).

The recently developed alternative technique to
inactivate microorganisms is UV illuminated TiO»
photocatalytic reaction (Kikuchi et al. 1997, Maness
et al. 1999, Koizumi 2002). Its suggested killing
mechanism is lipid peroxidation of bacterial cell mem-
brane by the UV irradiation in the presence of the
TiO> photocatalyst (Maness et al. 1999). Hydroxyl
radical (-OH) is one of the most powerful oxidizing
agents, and can successfully degrade a wide variety
of organic toxic compounds into nontoxic compounds
(Dillert er al. 1996). As a result, the advantages of
TiO> are high photocatalytic activity, non-toxic chem-
ical stability, resistance to photocorrosion and low cost
(Ollis et al. 1991). Here we describe the development
of a novel, low price, and highly effective UV-TiO,
photocatalytic reactor.
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Materials and methods

Bacterial culture conditions

Escherichia coli Y1090 (ATCC 37197) was cultured
aerobically at 37 °C for 6 h in 50 ml of Luria—Bertani
(LB) medium (1% tryptone, 0.5% yeast extract, and
1% NaCl, pH 7). When optical density of culture
medium reached to 0.7 at 600 nm, the medium was
resuspended in S0 mM potassium phosphate buffer
(pH 7) and cell density was adjusted to the required
final concentration (7 x 103 ¢.f.u. ml=1).

TiOs-immobilized photocatalytic supporters

As a photocatalytic TiO-containing solution, apatite-
coated TiOy solutions (diam. = 30 nm, Jupiter F4-
APS, Showa Denko Co. Japan) were diluted to 0.06%
(w/v) with distilled water. As a supporter for TiO»-
immobilization four different types of materials were
prepared: (1) TiOs-coated glass beads (diam. = 6 mm)
were prepared by submerging glass beads into the
TiO; solution. After drying at room temperature, the
beads were heated in an oven at 100 °C for 24 h.
(2) Muscovite beads were provided by mixing 500 g
muscovite powder with 120 ml distilled water and
fabricating to small and spherical (diam. = 15 mm)
beads. The beads were preheated at 800 °C for 24 h,
cooled at room temperature and submerged into the
TiOz solution. TiO-absorbed beads were heated again
at 1400 °C for 10 h. (3) TiO,-mixed alginate bead
was prepared by an immobilizing apparatus (MIA-
I, EYELA). Alginate solution (4%, w/v) was mixed
with equal volume of 0.1% TiO, solution and was
dropped into 0.1 M CaCly solution at 4 °C. After
30 min the beads were rinsed with fresh distilled water
and ready to use. (4) TiO»-thin film coated quartz tube
was prepared by chemical vapor deposition (thickness
7000 A).

UV-illuminated TiO» photoreactor

Two different types of laboratory scale photoreactors
were prepared as shown in Figure 1. The first pho-
toreactor (Figure 1A) was made of cylindrical pyrex
glass tube with a tubular low-pressure mercury-vapor
lamp (TL40W/12RS, Philips) in the center of reactor
and a plastic tube for acration, and then filled with
different types of photocatalytic supporters. Another
type (Figure 1B) of photoreactor consisted of pyrex
glass tube and TiO>-thin film coated quartz tube to

UV Ballast
s ey O |
gowelr
- Supply
UV Lamp Bead :
A T A I U T—
| ﬁ‘ﬂa‘f Resasese Yjw“f}’ﬁ“r‘fi | Air pump
YYTIYTYT 111‘ g

Bubble tube —

Reactor

1

Flow equalization
tank

(A)
| | u UV Ballast gﬁ‘&y&ry

Rotameter

Bubble
stone

Alr ‘PUII;I;J

(B)

Fig. 1. Schematic diagrams of UV illuminated photoreactors.
(A) Photoreactor was made of cylindrical pyrex glass tube
(55 % 920 mm) and a tubular low-pressure mercury-vapor lamp
(TL40W/12RS, Philips) emitting approximately 40 W of UV ir-
radiation at 306 nm. The famp was fixed in the center of reactor
and its electrical connections of both ends were exposed out to the
exterior side of reactor through holes prepared in the silicon stopper.
A plastic tube with small pores was inserted and 30 1 min~! of air
was applied. After installing UV lamp and air bubble tubes, the reac-
tor was filled with four different types of photocatalytic supporters.
(B) Photoreactor was made of pyrex glass tube (55 x 950 mm) and
UV lamp was positioned inside of quartz tube (21 mm x 1 m) coated
with TiOy thin film. Thirty I min~" of air was supplied through a
bubble stone.
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Log cell number

Time (min)

Fig. 2. Bactericidal efficiencies of photocatalytic reactors filled
with different TiO; immobilized supporters. Sample solution con-
taining E. coli was applied to the lower inlet of the reactor and was
flowed out from the upper outlet by a feeding pump. The sample
solution was continuously recycled at a rate of 2.5 1 min™! from
water jacket to photoreactor. UV only was illuminated (o the sample
solution without any supporters (s), UV: was illuminated to the TiO,
immobilized glass beads (o), quarlz tube (V), alginate beads (V),
and muscovite beads (B). %

protect UV lamp from breaking and to-make the UV
light transmitted to the reactor completely.

Bactericidal effect

The changes in number of viable cells in sample solu-
tion during the photocatalytic reaction recycles were
determined by plating appropriate serial dilution of
sample onto LB agar plates and counting the number
of colonies appeared after 24 h incubation at 37 °C.
Three independent replicate plates were used.

Results and discussion

Without photocatalysts, UV light inactivated 73.9.
85.2. and 96.7% E. coli cells during 1. 2 and 10 min
of irradiation, respectively (Figure 2). Such bacteri-
cidal activity of UV irradiation could be significantly
increased in the presence of photocatalysts, includ-
ing TiO2 (Block et al. 1997), which needs to be
immobilized to the supporters for practical needs.
Among four different types of supporters tested
in this experiment, all TiO»-coated beads coupled
with UV irradiation exhibited dramatically enhanced
bactericidal effectiveness compared to TiO»-thin film
coated quarts tube (Figure 2). In the case of glass

1399

Log cell number

0 2 4 6 8 10 12 14

(B)

Log cell number

6 8 10 12 14

Time (min)
Fig. 3. Effects of air bubble (A) and HO; (B) on bactericidal ef-
ficiency of photocatalytic reactor. (A) Thirty 1 min™! of air was
applied into the reactor through a plastic tube with small pores.
Without (e) and with (o) air bubble; (B) HoO> was added into sam-
ple solution prior to UV irradiation and sample solution recycling
in the final concentrations of 0 (e), 25 (o). 50 (V). 75 (V). 100 (M),
and 500 () mg 1=1,

beads, however, the TiO» film layer was gradually re-
moved from the bead surface by the continuous water
flow, and resulted in the almost complete loss of its
synergistic effects after 100 h of running. To overcome
this problem, alginate beads bearing similar surface
area were tested as an alternative to glass beads. The
alginate beads, however, were not so effective as glass
bead (Figure 2), which may due to the fact that algi-
nate with lower density could be slanted to one side
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of the reactor by the water flow pressure and result in
significantly decreased surface area.

When TiOz-immobilized muscovite beads were
examined, 99.9% cells were inactivated within 5 min.
Moreover, TiO> film layer of muscovite bead was the
most durable among the four types of beads tested.
These results suggested muscovite as the best candi-
date for photocatalytic supporter.

Several oxidants can enhance the effect of photo-
catalytic reaction (Augugliaro er al. 1991, Pelizzetti
& Minero 1993). Under our experimental conditions,
applying air bubbles enhanced bactericidal efficiency
in that intial viable cell number (7 x 107 ¢.f.u. mi—!)
decreased down to 3.6 x 10% c.f.u. mlI~! within | min
of UV irradiation (Figure 3A). The bactericidal ef-
fects of air bubbles increased gradually as the UV
irradiation time increased, which may result from the
increased dissolved O» provided by air bubbles. Such
enhanced dissolved O> may in turn react with the
electrons trapped on the surface of TiO» particle and
generate superoxide radicals. It can also react with H¥
and form Oy and Ha Oz, which can readily react with
the photo-generated electrons and produce hydroxyl
radicals responsible for the inactivation of bacteria
(Pelizzetti & Minero 1993, Pelizzetti et al. 1991).

Adding as little as 50 mg of H,0, 17! into sample
solution significantly enhanced inactivation efficiency
in that 100% of cells could be killed within 3 min
(Figure 3B). These results suggest that HoO» carries
higher capacity to react with electrons than O, and
consequently it may be even more efficient in prevent-
ing the electrons from binding to holes (Ollis er al.
1991). Hy0; can also directly form hydroxyl radi-
cals by reacting with electrons (Okamoto er al. 1985,
Pelizzetti et al. 1991) or by photocatalytic decomposi-
tion (Okamoto er al. 1985, Ollis et al. 1991, Millis &
Hunte 1997). Consequently, HoO, was more efficient
than O for the generation of hydroxyl radicals.

In conclusion, considering the low cost of major
components such as muscovite, UV lamp, and TiO
solution, our novel UV-irradiated photocatalytic re-
actor filled with TiO» immobilized muscovite bead
and optimized by adding air bubbles and H>O» seems
to be an economical, highly efficient and durable
microorganism-inactivating reactor.
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Abstract

A modified three-stage system was developed for the rapid production of
methane from food wastes. The primary stage was a semianaerobic hydroly-
sis/acidogenic system, in which approx 4100 mg/L of volatile fatty acids
(VEAs) was produced at a hydraulic retention time (HRT) of 2 d. The opera-
tion temperature and pH were 30°C and 5.0-5.5, respectively. The non-
degraded materials were removed through ahole at the bottom of the reactor.
The secondary stage was an anaerobic acidogenic system equipped with an
upflow anaerobic sludge blanket (UASB) type of fermentor. VFA was accu-
mulated up to 6100 mg/L by the addition of Closttidium butyricum to the
reactor at an HRT of 2 d. The optimum temperature and pH range were 35°C
and 5.0-5.5, respectively. The tertiary methanogenic stage produced CH,
and CO, from the VFA in the UASB reactor. Methane content was 72% of the
total gas volume, and the yield was 0.45-0.50 m?/kg of volatile solids at an
HRT of 12 d. The operation temperature and pH were 41°C and 7.6-7.9,
respectively. The three-stage process exhibited an unusually high total
chemical oxygen demand reduction rate up to 95%. Total nitrogen decreased
to 96% and <10 mg/L of total phosphorus remained in the final effluent.

Index Entries: Anaerobic digestion; volatile fatty acid; modified three-
stage methane production process.

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 731 Vol. 84-86, 2000

~ 245 -



732 Kim et al.

Introduction

The disposal of food wastes has become a major concern. Because of
the high moisture content (75-80%) of Korean food wastes, they are easily
putrefied and emit unpleasant odors. Landfilling creates serious environ-
mental pollution, and it is difficult to find land on which to dispose of the
food wastes. An alternative treatment is anaerobic digestion, which has
recently been developed to utilize food wastes for the production of energy
and materials. In this system, the organic compounds contained in food
wastes are decomposed to volatile fatty acids (VFAs) by hydrolytic and
acidogenic bacteria at the first stage (acidogenic phase). VFAs are further
decomposed to methane and carbon dioxide by methanogenic bacteria at
the second stage (methanogenic phase). The microbial consortia in the two
phases have substantially different physiological properties and nutrient
requirements. If the microbial growth conditions change, the growth
balance between acetogenic and methanogenic bacteria can be destroyed.
As aresult, cell growth is severely inhibited. To overcome these problems,
a two-phase anaerobic digestion process has been developed to separate
acid- and methane-producing phases (1-3).

In a conventional one-phase system, acid and methane are produced
simultaneously, and it is difficult to maintain optimal conditions for the
fermentation. Moreover, fermentation stability tends to be lowered by
changes in influent properties. However, a two-phase system can provide
optimal conditions for the process. In this system, syntrophicbacteria grow
well even with excessive amounts of organic compounds because hydro-
gen is maintained at low levels (4). Therefore, the two-phase anaerobic
system has been studied intensively. However, the studies were focused
mainly on easily biodegradable carbohydrates such as glucose. Hanaki
etal. (5) reported that phase separation is not effective for the degradation
of complex substrates consisting of carbohydrates, proteins, and lipids.
Over the last 20 yr, a number of notable process configurations have been
proposed: the leached-bed two-phase or LanFilgas Process (6-8), the
National Renewable Energy Laboratory high-solids system (9), the Valorga
Process (10), the Dranco Process (11), and the BTA Process (12).

We report here a modified three-stage system that can produce meth-
ane effectively from easily biodegradable food wastes. This system effi-
ciently reduced the hydraulic retention time (HRT) by increasing the rates
of hydrolysis and acid production, and produced larger amounts of meth-
ane than those by conventional systems. Nondegradable materials such as
shellfish and plastics in the food wastes could be easily removed from the
primary digestion reactor without additional processes.

Materials and Methods
Design and Operation Conditions of Three-Stage System

A three-stage system was developed on the basis of the two-phase
digestion system originally designed by Ghosh and Pohland (1) to produce
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Fig. 1. Schematic diagram of a modified three-stage methane fermentation system
consisting of a CSTR hydrolysis/acidogenic reactor and two upflow anaerobic sludge
blanket (UASB) reactors for acido genicand methanogenic processes. A, waste crusher;
B, hydrolysis/acid fermentor; C, acid fermentor; D, immobilized-bed methane fer-
mentor; E, clarifier; F, biological filter chamber; G, NaOH feeding bottle; H, gas reser-
voir tank; P, peristalic pump; AP, aerated pump.

methane at high rates (Fig. 1). It consisted of a semianaerobic hydroly-
sis/acidogenic process, an anaerobic acidogenic process, and a strictly
anaerobic methanogenic process. The primary continuous stirred-tank
reactor (CSTR) type of semianaerobic digester was designed for rapid
hydrolysis and acid production from food wastes at a working volume of
20 L. Mixed household food wastes with high total solid (TS) contents were
crushed and fed to the digester. The fluid was stirred at 100 rpm, and 1 vvm
of air was applied to the bottom of the reactor to hydrolyze the food wastes
after inoculation with a mixture of aerobic bacteria (Table 1). However, the
hydrolysate still became semianaerobic because of poor oxygen dissolu-
tion owing to poor mixing in the digester. To remove nondegradable
materials, adrain valve (i.e., ¢ = 10 cm) was made in the center of the bottom
of the reactor. The operation temperature and pH range were 30°C and
5.0-5.5, respectively. After a 2-d digestion, 10 L of hydrolyzed and acid-
containing solution was transferred to the bottom of a secondary UASB-
typedigesterhaving 20 L of working volume. Inthis reactor, alarge amount
of VFA could be produced for 2 d at a mesophilic temperature (35°C).
Clostridium butyricum was inoculated to improve production of acids such
as acetic and butyric acids. Ten liters of acid effluent was fed to the bottom
of the USAB-type digester for the final step. The working volume and
operation temperature were 120 L and 41°C, respectively. Methane fermentation
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Table 1
Microorganisms Used for Digestion of Food Wastes

Process Strain Substrate
Semianaerobic Cellulomonas cellulans Cellulose, chitin, pectin
hydrolysis/acidogenic
Flavobacterium breve Cellulose
Bacillus amyloliquefaciens ~ Carbohydrates
Bacillus licheniformis Proteins
Bacillus subtilis Carbohydrates, proteins
Bactllus alcalophilus Fats
Anaerobic acidogenic Clostridium butyricum Sugar, amino acids,

long-chain fatty acids
Anaerobic methanogenic  Methanogenic bacteria Acetate, formate

was performed using methanogenic bacteria. The digesters were equipped
with heat exchangers, gas meters, flame traps, and gas vents.

To remove residual organic carbon, nitrogen, and phosphate con-
tained in the effluent from the methane digester, several other processes
were used. The effluent was transferred to the sedimentation tank, where
the solid fractions were precipitated. The supernatant was applied to the
oxic biological filter chamber (45 L) consisting of immobilized nitrifying
bacteria. After 3d, the effluentwas fed to the anoxic immobilized biological
filter chamber (90 L) to remove nitrogen by denitrifying bacteria. The filters
were made of polyvinyl chloride bars (length = 1 m). The immobilized
filters were submerged into the wastewater for 6 d. The generated gas from
the primary digester was transferred to the oxic biological filter chamber to
remove the odors.

Microorganisms and Culture Conditions

Table1 gives the microorganisms used for the digestion of food wastes.
In the primary semianaerobic hydrolysis process, C. cellulans (NCIB 8868),
F. breve (NCTC 11099), B. amyloliquefaciens (ATCC 23350), B. licheniformis
(ATCC 21418), B. subtilis (ATCC 21394), and B. alcalophilus (NCIB 10436)
were introduced for the aerobic hydrolysis of carbohydrates, proteins, and
fats. C. butyricum (NCIB 7423) was inoculated in the secondary acidogenic
process for the mass production of VEAs. However, in the case of the
methanogenic process, cow manure and anaerobic methane—generating
landfill soil were supplied to the reactor. Nitrifying and denitrifying bac-
teria used in the biological filters were prepared from the activated sludge.

C. cellulans was cultured in sporulation broth (13) at 26°C, and F. breve
was in the nutrient broth (13) at 25°C. B. licheniformis, B. alcalophilus, and
B. subtilis were cultured in nutrient broth at 30°C. B. amyloliquefaciens grew
in spizizen potato broth (13) at 37°C. C. butyricum was cultured in
Clostridium acetobutyricum medium (13) at 35°C.
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Table 2
Elemental Analysis of Collected Food Wastes
L .— VS/TS Elemental composition (%)
(%) (%) COD/VS C H O N
17.53 91.3 0.69 47.8 6.1 40.9 5.2
Analytical Methods

The following parameters were determined: TS, volatile solids (VS),
total chemical oxygen demand (tCOD), soluble COD (sCOD), biological
oxygen demand (BOD), and pH. Total nitrogen (T-N), ammonia (NH N)
and total phosphorus (T-P) concentrations were also monitored. These
parameters were analyzed by the methods described in ref. 14, and moni-
tored three times per week during steady state. Total VFAs (tVFAs) was
determined by gas chromatographic system (HP 5890A). Analytical condi-
tions were as follows: FFAP capillary column (Hewlett Packard, 0.2 mm x
25 m) temperature, 150°C; injector temperature, 200°C; detector (flame
ionization) temperature, 250°C; H, flow, 30 mL /min; airflow, 317 mL /min;
column head pressure, 100 kPa. Waste food composition was analyzed by
an Elemental analyzer (model 240C; Perkin-Elmer). The amount of gas
produced from the digesters was monitored by a wet gas meter (W-NK-5;
Shinagawa), and the gas composition was analyzed by a gas chromatogra-
ph (GC-14B; Shimadzu) using a packed column (Alltech; Haysep D,
100/120 mesh, 1/8 in. x 10 ft). Temperatures for column, injector, and
detector (thermal conductivity) were 150, 200, and 220°C, respectively.

Results and Discussion

Chemical Composition of Korean Food Wastes

The average TS content of food wastes was 17.5%, and the average
V5/TS and COD/VS values were 91 and 69%, respectively. The elemental
compositions were C: 47.8%, H: 6.1%, O: 40.9%, and N: 5.2%. The C:N ratio
was 9.2 (Table 2). This means that Korean food wastes are good resources
for methane fermentation.

Process Operation and Changes
in Chemical Properties of Digestive Fluid

The three-stage methane production process was operated in a
stepwise system. The collected food wastes were mixed with water at a
ratio of 1:1 (v/v), and 10 L of the mixture was fed to the primary digester.
The mixture was stirred at 100 rpm and hydrolyzed by a combination of
aerobic and anaerobic bacteria for 2 d at 30°C. Each strain of the aerobic
bacteria listed in Table 1 was separately cultured in the optimal medium
and transferred to the substrate mixture of food wastes. After adaptation to
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Fig. 2. VFA production from a semianaerobic hydrolysis/acidogenic process and
an anaerobic acidogenic process.

serial culture, they were mixed and inoculated into the digester. During the
digestion, small amounts of glucose, cellobiose, thamnose, and several
unidentified sugars were detected (data not shown). At the same time,
large amounts of lactic, acetic, and propionic acids were continuously
monitored in the fermentation process (Fig. 2). Although the initial pH was
adjusted to 6.0, it decreased to 4.0 as the acid was produced (Fig. 3). Con-
sequently, it seemed that the easily degradable polymers were hydrolyzed
rapidly to oligomers or monomers by the aerobic bacteria, and that they
were simultaneously further converted to the acids by anaerobic bacteria.
Acids were fermented by the anaerobic microorganisms contaminated from
food wastes. It was postulated that 2 d of HRT was enough to digest the
wastein the primary digester. The tCOD and sCOD of the hydrolysate were
45,000and 32,000 mg /L, respectively (Fig. 4). However, the BOD (51,000 mg/L)
was higher than the tCOD, because the mixture contained a lot of particles,
and therefore it was difficult to measure precise values of tCOD and BOD.
Inaddition, removal of nondegradable materials was a very important step
for pretreatment of food wastes. As the wastes were digested, heavy mate-
rials sedimented to the bottom and were easily removed from the reactor
through a hole in the bottom of the digester.

The hydrolysate from the primary digester was added to the second-
ary acid digester using a gear pump. C. butyricum, cultured in the C. aceto-
butyricum medium, was inoculated and acclimated to the food extracts by
serial cultures as described previously. The cell mixture was applied to
the secondary digester, and acid fermentation was carried out for 2 d.
The products still showed high values of tCOD and sCOD; however, BOD
decreased to 60%, indicating thata significant amount of the biodegradable
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Fig. 3. pH changes through the full processes of a modified three-stage system.
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Fig. 4. Reduction of tCOD, sCOD, and BOD during the full digestion processes.

materials from food wastes is digested sufficiently and converted to VFAs
and carbon dioxide. As shown in Table 3, the gas produced from the
acidogenic digester was mainly carbon dioxide. During the fermentation,
the pH range was maintained at 5.0-5.5 to prevent the retardation of acid
production. Generally, syntrophic and acetoclastic methanogenic activi-
ties are severely inhibited under sour digestion conditions (7,8). Therefore,
itwas necessary to mix the acid effluentand the alkalic effluent (pH7.6-8.0)
from the methane digester to neutralize it; then more acid could be pro-
duced continuously.

Applied Biochemistry and Biotechnology Vol. 84-86, 2000

- 251 -



738 Kim et al.

Table 3
Operational Conditions and Performance of Three-Stage System
First Second Third Biological

Parameter process process process filter
HRT (d) 2 ) 12 9
Loading (kg VS/[m>d]) 20-22.8 25-27.4 12-18.8 1-1.2
pH 5.0-5.5 5.0-5.5 7.6-7.9 8.3-8.7
Temperature (°C) 30 35 41 30
T-N (mg/L) 4287 3216 2624 166
NH,-N (mg/L) 117 172 1205 66
COD (mg/L)

tCOD 44,948 30,582 2382 1145

sCOD 32,223 20,632 1071 1104
BOD (mg/L) 51,081 20,876 1356 287
Gas yield (m?/kg VS) — — 0.65-0.70 —
Gas composition (%)

i -— 8.9 72 —

CO, — 91.1 28 —
Methane yield (m?/kg VS) == — 0.45-0.50 —
Volatile acids (mg/L)

Acetic 3151 2976 313 —

Propionic 0 1013 0 —

Butyric 123 562 0 —

Valeric 829 1543 0 —

Caproic 0 0 0 —

Total 4103 6094 313 —

Assoon as theacid effluent was injected into the methane digester, the
pH was adjusted to the optimal condition with 5 N NaOH to relieve acid
impact on the methanogenic bacteria. This was done because the methane
fermentation virtually stopped under extreme sour-digestion conditions.
Theacid effluents were retained for 12 d in the methane digester. Under this
condition, tCOD, sCOD, and BOD values of the effluent were reduced
dramatically. Thereductionrates of tCOD, sCOD, and BOD in the complete
process were 95, 96, and 97%, respectively. This indicates that the modified
three-stage digestion system is an effective and time-saving process for the
disposal of high TS content food wastes compared with the data of Park et al.
(15). At the same time, T-N was reduced from 4287 to 2624 mg/L through
the processes. However, NH.-N increased slowly in the anaerobic acido-
genic process and accumulated to 1200 mg/L in the methanogenic process
(Fig. 5). Because these nitrogen concentrations were too high for environ-
mentally sound disposal, additional treatment was required. To solve this
problem, oxicand anoxicbiological filter systems were used. The biological
filters contained immobilized nitrifying and denitrifying bacteria, together
with heterotrophic bacteria to degrade residual organic wastes in the
wastewater. As a result, T-N and NH,-N concentrations decreased to 166
and 66 mg/L, respectively, and BOD reduced to 287 mg/L. T-N and BOD
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Fig. 5. Removal of T-N and NH N from food wastewater during the full digestion
processes.

decreased to 96 and 99.9%, respectively. Less than 10 mg/L of T-P was
detected in the final effluent. Consequently, the final effluent was treated
appropriately for disposal.

Production of VFAs and Methane

Although 4100 mg/L of tVFA was produced in the primary digestion
process, acetic acid was the favored product (77%) (Fig. 2). Interestingly,
the concentration of lactic acid was ninefold higher than that of acetic acid
in this step. However, the lactic acid was further converted to acetic acid
(datanotshown). In the secondary acidogenic process, the concentration of
tVFA increased from 6100 to 9100 mg/L, and several types of VFA were
produced (Fig. 2). Because 6100 mg/L of tVFA was produced, the major
VFAs were acetic (3000 mg/L), valeric (1540 mg/L), and propionic acids
(1000 mg/L). Although small amounts of VFA (310 mg/L) remained in the
effluent from the methane digester, most of the organic carbon was con-
verted to methane and carbon dioxide (Table 3). The most important
parameters for the normal operation of the digestion systems were pH, the
organic loading rate, and the volume rate between the acid and the meth-
ane fermenter.

The total gas yield was 0.65-0.70 m?/kg of VS. The main gas compo-
nents were methane, carbon dioxide, ammonia, and hydrogen sulfide.
Seventy-two percent of the total gas volume produced was methane, and
the methane yield was 0.45-0.50 m?®/ kg of VS (Table 3). The methane con-
version rate and the yield showed similar values compared with those of
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other works (8,15-17). A high NH,-N concentration of 1200 mg/L gener-
ated from the methane fermentor did not inhibit methane production.
Table 3 summarizes the data obtained from the full processes.

Conclusion

The modified three-stage system developed by this study was an
effective methane-producing system, compared with those by other works
(Table 4). When food wastes were used as substrate, 16 d of HRT was
enough to produce methane at a yield of 0.50 m*/kg of VS. During these
periods, more than 95% of tCOD, sCOD, and BOD was removed, and 96%
of T-N was also eliminated successfully.
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Optimum culture conditions and medium composition for hydrogen production by Clostridium beijjerinckii KCTC 1785 were
investigated. Initial pH and temperature for growth were 7.0 and 35°C, respectively. Agitation accelerated the hydrogen
production. Although C. beijerinckii KCTC 1785 could grow up to 6% (w/v) glucose in the medium, the optimum glucose
concentration for hydrogen production was 4% and hydrogen content in the biogas was 37% (v/v). However, the economical
glucose concentration for hydrogen production was 1% regarding to the residual glucose which was not used in the medium.
During hydrogen fermentation, acetic and butyric acid were produced simultaneously. High concentrations of acetic (>5,000

mg/L) or butyric (>3,000 mg/L) acid

inhibited hydrogen production. When pH was maintained at 5.5 in the batch

fermentation, 1,728 mL of hydrogen was produced from 0.5% glucose within 15 hr. H, yield was estimated to be 1.23 mol
Hz/mol glucose. It was found that yeast exiract or tryptose in the medium was essential for hydrogen production.

Key Words : Biohydrogen, dark fermentation, organic acid, Clostridium beijerinckii KCTC 1785
N B FEASL A 98 % ARH} AFRE 29 T
o BARE AT vk 28 AESE Fa4ste] 4
Q%o BYTSH A4S AT A¥ALEE A4F T ERFA PP d3) Fa ALFEE AR, B
o= EAld Awd 7)o Hs Qa, olHF FAS o o ¢Hste wolemAs TP #71ETD E2ERH
A5y 9% wetog AMNssa BAAAA oA WAZd s AFAe s FA4E 4T 5 U7 HEA
A Aol Be AL 71go)n Yk 53] FadY duA ks dEgel dFez TAste Adss #9271
Aot A7sF s AYH T gon-3), A L8 2r AT £ de 5L 7ML ok wEA F£424
A Fa9 APPoze IAAE, B, Holenzzy HE AT TIAA FF £2 AWe AR, 74,
B D333, 71884, B59E T 4B ol 39, vEd 2 33 1S oldstd, A7Ad ¥
Atk HUGEE o] FF WA P @ A4 P EASE TIRY £4E AUHT o8 Fo o
e 34 R4S A4 uF ¥A 4 sdded A F2 Ae@ske PHelAY AXHN FTMsE A4
s A UEE £2T YUselol ¥ AOE AP

s glek

+ Corresponding ~ Author Department  of  Environmental MATS o83 ABEE Six A YHE TA WS
Engineering, Chosun University, Gwangju 501-759, Korea olfels BuEel We olLslx BE JuEz TEE
Tel : +82-62-230-6649, Fax : +82-62-225-6040 o, Ao AL ZEM, 5) U Cyanobacteria(6-8)2 o] &3

E-mail : swkim@chosun.ac.kr

401

- 256 -



402

B9 AR A ATO-1DE o1& FUI1EY 2R
3 o] siFEL F49 B AV)E LaVPES o
$(12-16)3] fr7lBE2RE F2F PP ol
Bae] Fe o] FRIEz wWiFFAst st He
1317} VAT ohdEe] B FLEBCH AHe] 2FRe)

7)&A A do] Ho] fiAlrto] folzy ThFE g7
*é%é“?—i: 7142 AEE & u, NEY Y FHL
Aeolgste] WA & Qloks o] Sloh

GLEE B @4 4% TN FEES ILE
AN ALAELR BIHE stRgAs sh
FolE EFERE {714 O]’J&P‘di, FaE BAse

2RE Auddd

AE AXNBAH HFHoz wgs o *&ﬁf‘lii g
webx] Fr1 4483 shed F48 2RFE dEdy
T 84S JAE A Lax U Fa4F] F)
T 4 Stk 1980dY] o]F R H7|E mAES o &d 5
A2k g AL o]FolA A Yo =3| Clostridium
spc glucosel} sucroses} e SIERFEH /)4
FaE Asted Zo] o]&xoiA $ktk(17). Clostridium
sp.ol 98 gluicoseZFE Fart AagE AP ofwel

w2l o8] Adodri(is, 19).

o

o

o

CeHi206 + 4H.0 — 2CH;COQ" + 2HCOs + 4H™ + 4H,
EE CeHiOs + 2H,0
— CH3;CH,CH,COO + 2HCO; + 3H" + 2H»

Acctic acid7} AtEE 49 1 mole?] glucoseZFE] 3
Ul 4 mole?] F47} A2E F 9o, butyric acid7} F2H
HE Aedle Al 2 mole] 47+ ALE & At o
HEZ gud A4 F HAHE F71409 AdzdE =
Ao 2N F2AMFE F7/NZE F Atk B AFNA
= Clostridium beijerinckii KC1C 17855 0]%“6}0% IEAo
2 S48 A A 2E AH8 =70E s
=
5

Alell WAz & HHststsi

Mz

A2 A HiX|

B Qg AgE #EE Sd=Amasdrde] A%
&3 (Korean Collection for Type Culture)of|r] & oFuo
Clostridium  beijerinckii KCTC 17852 AM&3ldth AlT<
vl R FAA0A8e 93 AR Table 19 vhuiyl
Reinforced clostridial medium (RCM)-S ] 83} 0.7, ul=)
ARL HAEINF HauAE Table 26 EhA
Standard mineral base medium (SMM)S A}&3tH T}

TF2] Aujge 100 mL media botdes] 50 mLe] =j=| S

Yo Bi#F % vacuum anaerobic chamber WollA] #FE H
3 g% 35T, 150pmo 2 ok stgow, dge] A
517] ol 1221 7kube} Adfeiek A Hujde Hh 3

Korean J. Biotechnol. Bioeng., Vol. 20, No. 6

Aol FHstAh FoAE AT B gL t2EF
2 ARAFHE S8 FFol ZHAZF 29 500 mL media
botdles gHEo] 200 mLe] WiAE W el FFAZ
TFE 1% (vv) B A 2o xdez e
st w3 a4 47 F WA pHE s
AN = N@OML 5 L #F % (KoBioTech, KE-SL)d] 2
L] wj2& ¥ 9j9h FUF Yoz wFsiAh

Table 1. Composition of Reinforced Clostridial Medium

Components Amounts
Tryptose 100 g
Beef extract 100 g
Yeast extract 30 g
Dextrose 50¢
Sodium chloride 50 g
Soluble starch 10 g
Cysteine hydrochloride 05 ¢
Sodium acetate 30 ¢
DW 10 L

Table 2. Composition of standard mineral base medium

Components Amounts
Na:HPO, 234 g
KH:PO4 6.1¢

MgSO0; - 7TH0 02 g
CaClz 001 ¢
Ferric EDTA solution® 0.1 mL
ZnS0; - TH,O 0.5 mg
MnSO. - H.0 05 mg
CuS0; - SH:0 0.1 mg
Cobalt nitrate 0.1 mg
Sodium Borate 0.1 mg
Sodium molybdate 20 mg
D.W 10L

The ferric EDTA solution was made by combining a solution
containing 17.9 g of sodium EDTA and 3.23 g of KOH dissolved
in 186 mL distilled water and a solution containing 13.7 g of
FeSO. - 7H:0 in 364 mL of distilled water. The mixture was
bubbled overnight with air, and storcd in a brown glass bottle.
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20 FFRAL W7 head space 7}2E gas tight
syringe2 05 mL #|3}¢] gas chromatography (Shimazu,
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Anaerobic Acid and Methane Fermentation using Paper Wastes
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This study was carried out to investigate the possibility of reusing newspaper or paperbox waste by methane fermentation.
When 15 g of newspaper and box wastes were digested separately for 24 days by batch fermentation, the amount of total
organic acids produced were 2461 and 4978 mg]L, respectively. The tCOD removal rates were found to be 60.9 and 62.4%,
respectively. In addition, the removal efficiencies of total solid were 34.8 and 33.4%, and those of volatile solid were 40.0
and 39.2%, respectively. During this period, the amounts of biogas produced were 6.95 and 6.43 L. In a semicontinuous
reaction, tCOD removal efficiencies for newspaper and box wastes were 64.7 and 65.0%, respectively, after 14 days of
digestion. After 25 days, which were needed to stabilize the methane fermentation, the amounts of biogas produced daily
were 0.31 and 0.30 L/g - dry wt, respectively. Methane contents were 57.3 and 56.2%, respectively, and the pHs in the
anaerobic acidogenic and methanogenic fermenters were 5.0 and 7.5, respectively.

Key Words : Acid fermentation, methane fermentation, organic acids
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Figure 2. Production of various organic acids using several organic wastes in the anaerobic acidogenic fermenter. Symbol : food wastes (v), newspaper

wastes (o) and paperbox wastes (0).
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Table 1. Chemical properties of wastewater eluted from methane
fermentation system developed in this lab
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Fig. 1. Schematic diagram of a pilot scale three-stage methane fermentation system consisting of a hydrolysis/acidogenic reactor and two upflow
anaerobic sludge blanket (UASB) reactors for acidogenic and methanogenic processes. A, crusher; B, hydrolysis/acid reactor; C, acid reactor; D,
immobilized-bed methane reactor; E, clarifier; F, oxic biological filter chamber; G, anoxic biological filter chamber; H, algal periphyton chamber;

1. gas reservoir tank; P, pump; AC, air compressor.

Feea Bl M AaFoz AHIsE e Hol
A A E §-83 theto] A= 7= 2430rH9,10,18).
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& 288k A2 HATEL
# 8t
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Medium 625 Gorham’s Medium ZAd3tel] whet Alzskgich
(Table 2). AlTHERRE 2500} 3FaL, Wi Bl A] 200 mZF F31
500 mi 37 EejaIe] 2F71 2X10° cellshml HEF HF3H
Atk EBZL Moina macrocopas A3 om Bl M4
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Table 2. ATCC Culture Medium 625 Gorham’s medium for alga

Constituent Final concentration (mg/!)
NaNO, 496.0
K,HPO, 39.0
MgSO, * TH,0 75.0
CaCl, - 2H,0 36.0
Ferric citrate 6.0
Na,SiO, 20.0
Citric acid 6.0
EDTA 1.0
Distilled Water 1000

Adjust pH to 7.5+0.5.

A& oF Hafe] ARE-3)al(Table 3)(15), growth chamber
oA 25°c, 6000-7000 lux8] Z7A 0.2 3 [ Hlo]Ad] v A=
21 A F FGol2 ZF/E 2XI10° cellyml =2 FY3HA =
7] wjeFslsiet. 2R} WSS A7 2] uide] v 24
S 2 A ) e WEEEBFOIM fEHE AdS 25
A YA H Yol HLEHEE ST

Algal perij hytonsystem% 0|26t wa HHLY A XA
gal perip
=2 H71E e 2 g & 25 Hoa@ dh 55
e

%
4200 mg/lys A FEZ 7IFL2E 100, 150, 300, 500 mg/i=
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Table 3. M4 culture medium for waterflea

Constituent Final concentration (mg/l)
CaCl,2H,0 2938
MgSO,-7H,0 1233
K,HPO, 0.0184
NaNO, 0.0274
NaHCO, 648
Na,Si0,-9H,0 1.0
H,BO, 286
KCl 58
LiCl 0.31
RbCl 0.071
SrCl,-6H,0 0.15
KI 0.0033
Na,EDTA-2H,0 25
MnCl,-4H,0 0361
CoCl,*6H,0 0.01
NaMoO,-2H,0 0.063
NaBr 0.016
CuCl,2H,0 00165
ZnCl, 0.013
Na,SeO; 0.0022
NH,VO, 0.0006
FeSO, 7H,0 0.996
KH,PO, 0.0143
B, (cyanocobalamin) 0.001
Biotin (d-Biotion) 0.0008
Thiamine (HCI) 0.075
Distilled water 1000
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Bobe FAp)t 4zte] AR ¥ 58 dAaAA 59E
HAFm glrt.

98 Y2 FES /1Fez H48 279 SHeadA
Chiorella sp.%}F S. capricomunm®] Z5 5% WEZE Fig. 39
Ve gich. Z42ke] Zef2sIel= chlorophyll aF 500~550 mg/
m’ FYEHT, AoFEe] B2 2R FEHsE BREH
A F=7F 100 mg/te} 150 mg/Q W, Chlorella sp.2] chloro-
phyll @ BEE 497+9] ¥H3 F 1350, 1360 mg/m’oE ¥& Z

!
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60

(a) Chlorella sp.

Nitrogen removal rate (%)

0 1 2 3 4

60
(b) S. capricornutum

Nitrogen removal rate (%)

0 1 2 3 4
Time (day)

Fig. 2. Nitrogen removal efficiency of algae according to the total

nitrogen concentrations.
@ ; T-N 100 mg/l, O ; T-N 150 mg/l, ¥, T-N 300 mg/l, \/ ; T-N 500
mgll.

F AL BAFT Utk S, capricormuume FoE AFNA
= 71 B8 2F A3 Hole AL 2 Ao Az F
=E 100 mg/iS} 150 mgl2 A3 A= chlorophyll @ =
Zk2} 550, 600 mg/m’ O ZEE] 1580, 1620 mgm’ .2 713
2o] F713k3iTk.
olite] AFSolM Chiorella sp.8}; S. capricoruume H 2]
2 FES J|EOE 150 mglo® HMPE W P & 2
AALT 27 AFE BoiFa Je Ao vehdEd), o]
< Axd coD FE7 R 2FEY BF 2318 43l
Age wor} B3 FroMe 2R/t 2 483 1 AR
} @olAa, 2= Qs Ax AR 5t 2 U o Svls
| wjEe] A AAL T Foldl Zolgkal B & vk 53]
S. capricomutum®) Chlorella sp. 2.0 T £ A4 AA &3
2 2F 3L BFa gloh weby e {7178 HAW
ALE ZFE ol&d AASLA & W= F F 7k S
capricormuumé ©)&3hs 20| FesiL & & 3t

S, Chlorella sp.9} S. capricomuumdl] 23 ArAAE A
2 F57} 100 mg/iel A 447ke] wke- F 7S A 1EX
A9 2Rk AoE vepgth e, Hde] dAFE7T 300

SURIF R A
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Fig. 3. Growth of algae according to the total nitrogen concentrations.
@ ; T-N 100 mg/l, O ; T-N 150 mg/l, ¥ ; T-N 300 mg/l, V ; T-N
500 meg/l.

mgls} 500 mgle] WEEE HAHE H9ols Z2F7E 2 AA
E317) W] Hef £ Aa AR FHU AR o]Fef=]A]
23 2R &% da AA Gt @A Jeisth webA, &
A8 Ho AA 13 A =HAE W) i F=IE 150 mel
olslE HES 3 F ZR{E o1E5iA 23 HYE sk Hjlol
AAF Ao ARHT) Travieso 7 Tam T2 °2¢ =7
£ wAgslsle] S, ZPEEEE AEsidena41s), & A
FAAE Z7E DA S4F AAe HFeeA =7
o] fragle] AR sk MRk AF FAsdoF &
Aoz Alggch

Mg+ % o Feloz oIt BFC Rl Ba U =R

ZFE HdEe ol8ste] tiy] B9 o2 1AA Al
FIIEE Ak EHGWIEEN AA e 452 784
B F Mg EAVt Fas A8t

A3 155 ALE FHEI Y BFCY FE5 G2
29 FAEQ] Mg A 2RMPHA 24 F= 24)

(150 mg/hS} 49 (300 mg/hE FJFCEN 27 AaA|AE]
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Fig. 4. Effect of Mg?* and N:P ratio on the nitrogen removal efficiency
(a) and growth(b) of S. capricornutum.

@, control; O, Mg*x2; ¥, Mg**x4; V, N:P=10:1; M, N:P=15:1;
[, Mg?*x2+N:P=10:1; € , Mg**x2+N:P=15:1; & , Mg?*x4+ N:P=
10:1; A, Mg*x4 +N:P=15:1.

Z7FheA ST B3 da Q9] v 2HEY 27
7t AAE Ao g 5t B o] & olFojAeAE
BASFS. F, Aa9) 1] 10: 13} 15:19] |2 2HE 4G
o Algel Mg™& 27 2, 4ul FIste] A 2o
2 Ak AALE Fig. 4adl, ZF 7NAF W= Fig. 4bol

Mg*& WolZE Zo] ¥x) ok ARG O 52 4 AALH
27 48E vepia ok, frEt 1Ry da 4Re
et HF300 mge)7) WE ZFH7E 2 AeA] £l
A AALE P9Th Mg Yol &e A ov), av) 2
o}F A9 AALL 77 23, 30 2T 32%E Rt Mg

o) 718 T Aa AAL o 50%, F=E 153 mg/iE
Ehon, Mg™g FUHA it ¢ TETS 2S¢ AlEe 2
2 AALe] A3 @A vee A& BRFa UrkFig. 4a).

AEEH A2 A2HE o83 HEAE 321

Mg 8 A% ¢ FETS 2HF Aol dh AA
go] A9 WIS, E QEEE I 7)) M & F
g AlEe} Mge FYIA e MBI Ah AAEL
Mg FUE ARl o FL Ah AALE Hole Aoz
I onz Aol Q9] HlgH TR Mg>e] Exjd] wahr
ZFo 23 Boh a9 Aa A A7} ojRojHtia Al
Mg*e] FAErt e} 4 o) % Ad o <lo] Er}
15: 150} 10: 1914 § && A AA7} o]RoAAE Aoz
ERstth Fig. dbol M= Z42he) =AM 25 Al wsle
BT ek &7 AAT 83l GA AaAALe] 71 95
o 2219 Mg 4] FRe da o) QY HIEE 10012

70
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Fig. 5. Effect of inorganic compounds on the nitrogen removal
efficiency of S. capricornutum at different nitrogen concentrations.
@ . control; O, (Mg™, Ca™)x2; ¥, (Mg, Ca™)x4.

- 273 -



322 TJac-Hoon Cho et al.

A AlBolA 8.1x10° cell/mZFE] 1.5X107 cellsimlZ 7}
Z %ol 71T ¢ TE AAE PRIAZ & 23U A
oA 71 L AASR] 75%F VEeH, ojh] T
27] 34 mglielA 8.5 mgiE 7HAFATE AL A9H o= A
| F3 Mg FUT AlEolAe Qe v AAH £2
FR71E20 8 mg/e] 2H3E Ao Uehdy] diEe] s
12 J7Bl F= A BAVL gls Aoz AlsEdh

olide] Az Mg*E 4le] TEZ FUSIL <l BES
AR A BolM D Q9] AA 7 $5EtAF0l

Z394 7P & 279 MA F2EE Bolg ZleZ

EbgdT

10 oL O

o

o

B,

Mezo| Hebo F7|8 Fez QIFt x MA * =/
kSRS

BEC 355 100, 150 223 200 mg/id] ALAFTE 34
Stod 243 Zzro] ARl S, capricornuums YAREA FY8E
I FIEMgH, Ca¥)e] TEE 2Ejd AN BaAA avt
2 25 Ao HilE B33 23 Fig. 59 60l e

Fig. 5914 BE ule} Zo] AAEEE 100 meg/2 247 A
oM /8L PoAFA G iz AS- 487 AR
Zo] Aa AAEC] 56%2 BAh T 27 BRI 100 mg/l
oA 44 mgn= AALAT. A Mg™H Ca™ g 7|EE=S 2
Hi(Mg> 150 mgll, Ca® 72 mg/)$} 49 (Mg* 300 mg/l, Ca®
144 mglh= i%al%}‘}i% welle 247 63%% 65%2] Aa AAE
< VeI o] W] AA FEE 100 meghel A Z2F 37 mgil
9} 34 mg/2 F2dFe AR YERh $718E YoiF A
HoFR] e A BT 4470 kg £ %}%-*r 4 7189 4
2 FE 71EA 60 mg/e)EhE vebl7] Wil BFCOA
ZEe Hd) A FEIF 100 mg/ieldtd wE AAHA 7]
B QRS 081 gole Fe o AlmEch

Fig. 5914 A2 F5E 150 mg/i2 AR39S we] Fx zi
AL F7IES QolFA &L Ax 2HH 44 JolE Alo]
7} 50, 56 12]al 65%% UERdTh o] ) Ztzke] dx 5
75, 66 12|31 53 mg/iZ ZAME|ATE 71X F7189] &
qu) FJsle] F AT WHF 4 N2 olsAE e
AT F JUUTh 2@, Fig. 59141 Bz nle} Zo] Hefe] A
& =7} 200 mg/l B WE ZAZ 45, 50 TFIAL 51%S BT
I o, AF Fa FEIF EF 100 mgll o3 E WF 7]
ZRoh 7] g&d] BECAAM fEHE HdY Ak Fort
200 mg/l °1}Y Sl B PR o B v 5
ojop & Ao =2 Atz g

Z4zte] Aa FE 204 g 2579 4% Fig 6ol vehd
Ak A AAL] F71ES Yol £ o] 7 w4 vehd
AN 279 A= e ¥ Ao 1= e AR

o &

% 0 o & 93 Fo2 vepdek BIC #35 Ak ¥
25l
3

4

o mu rfr N 2

nE o

a
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Fig. 6. Effect of inorganic compounds on the growth of S. capri-
cornutum at different nitrogen concentrations.
@ , control; O , (Mg*, Ca**) x2; ¥, (Mg**, Ca¥)x4.
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Fig. 7. Population relationship between S. capricornutum and M.
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ABSTRACT : Treatment of High Organic Was Using Ecological Water Treatment System
Jae-Hoon Cho’, Jung-Kon Kim?, Joon-Hwuy Kim?, Seong Myeong Yoon®, Jung Sup Lee?,
and Si Wouk Kim', (‘Department of Environmental Engineering, *Department of Biomaterials,
*Department of Biology Education, “Department of Biology, Chosun University, Gwangju 501-
759, Korea)

We have previously developed three stage methane fermentation system capable of digesting food wastes
effectively and then releasing high organic wastewater as a final product. In this study, we tried to devise an eco-
logical water treatment system, which can efficiently remove the nitrogen and phosphorus contained in the
organic wastewater. The system was made of microbiological filters, algae, and waterfleas. Of two species of
alga tested, Selenastrum capricornutum showed higher growth rate and more efficiently removed the nitrogen
from the wastewater than by Chlorella sp. In addition, the highest growth rate and the nitrogen removal effi-
ciency could be obtained when high concentrations of Mg>* and Ca* were added to the diluted wastewater and
the molar ratio of nitrogen to phosphorus was adjusted to 10: 1. In this study, the population relationship
between alga and waterflea was also examined in a test tube. The initial number of algal cells decreased as the
waterflea population increased. However, the number of algal cells gradually increased again when waterflea
population decreased partly due to the environmental resistance. From these results, it was believed that the eco-
logical water treatment system could be used for removing the nitrogen and phosphorus from organic waste-
water very effectively. Moreover, the waterflea cultured by this system as a final predator could be used as a
good foodstuff for fishes.
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sz - UEF - olgy? - ASS® - AMFH
Zchetn SRASele, 'S ST HIE, SEEEisim Malste

F7EA (1 whETieh 2k whgel UV-TIO, B Alwlsd 37bX) ele] Tioyh I9% Fulg o 83te
Bl  AFEAF A Bt A Yele 4GBl Tio 7k e Aol £l YelE glass bead
Foll TiO7F TR Yellol=] AMAIE alginate beadoll TiO 7 EFE Yeflole}. 125 UVE ZAR3E o 1
& 5h8710lA Tio,7F ¥hehaatE Ao ist 10,7 L9 H glass beads] AFE L 47 63.2%9 89.9%°19 .
¥g71el 1 EE FURE wle] AFEHEL glass bead®] HF 95%E 71X E FYA 49k w9 90.6%Ec} ¥
A B0}, 7| EE FUsHA FFu) 2 alginate beadoll TiO7 EFH AL o] 43i3e B399 AFELL
86%°19t}. TiO7F ZHE glass bead® o] &% W7ol /12 E FY3uA H,0,8 AL ) AFAEE
BFEEANAE vl B olgict. 1 HhS7| R} 25 W Tloll A o] AFEE o] Ui FUIEl e E. coliol Y

AFEHAI} S. cerevisiae B} B A VEbgeh.

Key words [ bactericidal effect, UV-TiO, photocatalytic system

M B

2ol MEE A2 AdEe Uvs Tio, B5UE ol
T PRE 2F g A7 AT YET(10,14.21,
31,32,35), 53] ojgolol = BEWE Aoy HEE Fo
Ark20) WA Zo EASFE FHEE AASHET Tio,Z &
S7|= SFITK(11.24). TIO, FEve WS o] 43 Falshi-g-2
gt 2 21F 4712 9842273033 B HREEEY
AANE o] &H 1 JrH25,30,33).

old UVSt TiO,E ©]8% AlstAelde 37 AP (Ad-
vanced Oxidation Process: AOP)2] ¥Zo]B] AOP 4tslgie]
T A7 ez ARE 2L vEa JRAA AAdAFAE
o 28-517] Azt ZolA BIRHIH HZolE Hg ¥ oy
2t 3ol AoP 2relie] §-80] A} SuiHT glen A
3F2] trichloloethylene$} tetrachloroethylene 22 B2 7|5
AA6)t AFEFY Bt @A FLEIY Aexwl d
methylisoborneol ZA, 7]} Aks} FAH2 AAS AAsh= ¥t
o29] g-8o] AEHT Yot AOP ASPIHLE 71&9] ISR
o 958 2318S JIXE OH s SUEAR ALANA
LAEAES AASE FHE L3kel, AOPY THEE 2FE/
UV, £F/MH,0,, H,0,/UV, Fenton 48}, electron beam irradia-
tion ¢ AOP 3783 B&0) 25ked 55 <z & 5 stk
o] o] FFH 2 OH HUiEg o183 FELES I3A
g5k wWlelH, OH #uize F7183e] weLE 457t
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10~10" M's'2 ¢ W2 AL BE f7EF ST i
ks Fold AL 7L flo] BE AOP 3L 75
& 9] oH gluZ-g Ak 53 T2 ATk5-18).
FE0) 38EA 7R Uvmio, WS HlnE 3 s
212]41Q1 300~400 nm M2 TFd) o] FAAAE Tio, Ziel
ARl Tio, B FXHEAR AAE OH Uz o83t
o {7188 AAsK: Hhgelc) o] ¥hye HlaA FHe ouA
E olg8iA f718S AAT + Ax BEFS A4 A
Ao o18F AF, Yri1Ho uAE YT 5 ke F
A el ol LA A7t AYH Yok 28w vk
Aol AAE A718HAH28,29), HolE&-S BEvlol =5
& B9l BE e Ago] Frlhs ZeE BuFo] gl
THO,19). T3 FEwo] 7t 24 7)) B whgelA wt

2 o

u
U5

< HFIEY HEEEA Sl 72AT olsllE B v
2 483 95 DRAN BERE olgstel fU18e) ¢
kg-g AT )= BFATH4,7,34).

Tio, FEUNE ST IF 5& ASA @I, FNARE

ALgslA grom, Bl 5o FeluAR 2t ol AF
3RS bdsia oSk EME 7 Aem(12.22) &
55 7Fesh] Wi, #4L vieid 3 g R 4%
W 9lch20,23). B0 ¥he-e] A2l Fig. 19 YeRi o
Fig. 19 338 AXAM 449 oH ZriZe] §7183 wh8-3)4
F7128 AASA S, 95 FHELS OH iz o)el=
Tio, E9o] f7]&0] F2=|0] valence bandol = FFoll sl
21817} 0] F0I AT conduction bandoll = A}l 2Js] Bdo)
o} HA f71Fo] #al| AALTRE FHE St rh6,26).
EF B0 iron& Ful 2 A3l Tio, #WHES] ENE =
071 8FATks,13,36). BT Tio, FHHe-e] HA3S AsiA
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1. Absorption of Light by TiC. Semiconductor

TiO2 + hy ——-= > s + hw

2. eca + h'va diffusion

3. Positive Hole Reaction

h'va + OH ——— > OH
hia + HO —===> OH - + H
OH - + Organic —> Organic”

h'vs + Organic ==--= > Organic”

| Electron Reaction

€cg + 02 ——> 07 -
-> 20H- + 20H + Cp
5 HO. -
0+ + HOz+ ——> HO™ + Oz
HOz - + HOz+ ———> H0z+ + 02
HOZ + H' ===—=> H:0z
H0z2+ €'ca ——=> OH - + OH
H:0» + Op =—====> OH - + OH + O;
HaQgiemm it > 20H -
OH -+ OH+ ——> HO2
OH - + Organic ————--> Organic”
€’cs + Organic ———> Organic”

Fig. 1. Reaction mechanisms of TiO, with ultraviolet.

i Re, DO, TOC level (COD), alkalinity, UV flux, electron
acceptor, TiO,, color/turbidity?} 22 142 Fefstedof gict.

TiO, FEHE ¢4 & AT TF= BT T4E
5ol B HsiE F= oY nAEES AFs] 9% To, %
£ §-80) i AT S5 ob wuig AAo|tth. weby £
Al dAAsE)ele 90% o] A EdE e
© Anzde Fikana B A3 Axd 2 /A Bh
TiO, ZES ol8ste] A ass SAA o, =5 BAA
o oA At HHARE Urhie AT FAE 1S
A EAE S

Higd
=h=

M=

)

s

X F-F-e Saccharomyces cerevisiae KCTC 11995 A-8-3}9]
o A9 %S LB HIA(pH 7.0, 37°0)F AMHE3SI9T 8=
YM 8 R(pH 7.0, 24°C)ollA 24A13F Bt W& vkt 2
ARAGolE EF E colis FOE sigoH wE 2oa
3} v AZAA S. cerevisiaeS AHE5FAT)

A 5oy Bele) AFES 131

MRSHEH

EE AFeXe MAEFEE B33 F=A (Ultaspec 2000,
Pharmacia Biotech. Upsal, Sweden)& 600 nmollA F3%= 0.791
FAE Hdkd 50 mM2] potassium phosphate buffer (pH 7.0)2}
0.9% NaCl §94-& AHg3ste] A&l Woe ARSI 2
TEASHEL g7l BNFE ¥ dFT v=Y T8 /T
@ 583 SBPEE o] 8t FXe) T s EHI
o 27] FAY FESEE 3 ARE AR Al =
Absh FAlo] 2RRE 1587 EEE A8 E AFSh A
g2 ghe F dohde TAE AT A3t Ut
ZHeAle] 100 wa =walaL 24217 v F AFSIh A
F3E Eo17] S8 AP H,0,9 =L 7247t 10-25 mg/=
23U NaClo®] FEE 22 0550 mg/i= WS EA
Zte] A EAE golRgton, IEE H,0,9 TEE TR
2= AR E)E ol &3t S5t

ZE0) % A

B AFdM AR AL E 254 nmollA Hu 39
watt®] WEHS Y= 850 mm Zo]e] zke]d W Z(Philips,
USAYE ARSIl BEMEAME apatiteS TRk o] Ak}
58] ¥& TiO, (Jupiter F4-APS, Showa Denko, Japan)&-27}
anatase (Sigma, USA) 2AE& A23] 3|45 glass bead] =
Bt AY 2 g ol TE A 21 alginate bead®] 3¢
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ABSTRACT : Killing Effects of UV-TiO, Photocatalytic System on Microorganisms

Jung Kon Kim, Yong Kook Shin', Young-Sang Lee’, Yong-Ho Kim’, and Si Wouk
Kim*(Department of Environmental Engineering, IChosun Bio-Materials Research Institute,

Chosun University, Kwangju 501-759, "Divis
Asan 336-745, Korea)

ion of Life Sciences, Soonchunhyang University,

The killing effects of two types(one-phase reactor and two-phase reactor) of UV- TiO, photocatalytic system

on the microorganisms have been studied. The UV-lamp whi

ch emits maximum 39 watts at 254 nm was pre-

pared in these system. Three types of TiO, coating method were adopted. One type is thin film coated form
on the quartz tube in the reactor and another one is surface rough coated form on the glass bead. The other
one is TiO,-mixed alginate bead form. UV irradiation was carried out for 1 min. In case of one phase reactor,
the bactericidal efficiencies of E. coli by TiO,-coated quartz tube and TiO,-coated glass bead were 63.2% and
89.9%, respectively. In the air-bubbling system, the bactericidal cfficiency was 95%, however, the efficiency
decreased to 90.6% in the non-bubbling system. In the TiO,-mixed alginate bead system, bactericidal effi-

ciency was 86%. When H,O, was treated (10, 15, 20, and
bactericidal efficiency significantly increased according to

25 mg/l) to the TiO,-coated glass bead reactor,
the concentration of H ,O,. Two phase reactor

showed more eclevated efficiency. E. coli was more sensitive to the reaction than S. cerevisiae.

- 283 -



= 9 3

CERTIFICATE OF PATENT

B

—E— %:' ﬂ] 10_0586867 i ( PPLIEHAT:_ON NUMBER) 7 2004-0038699 =

d
(PATENT NOMEER} (FILING D%EIYY/MMIDD) 2004 05% Zgg
(REGISTR%ION DATE:YY/MM/| DU)ZOOSE osg 29%1

Bl o] o 3] (11TLE OF THE INVENTION)

FZE FHsHE f714 S71E 7]

E 3] AR} (PATENTEE)

)
El

HAdxHdistm
FF 5T A% 3758A

Bz} (INVENTOR)

SEAG2 714

A9 282 TE3H, o 5o ETFLR 55
HASE FEEUH.

(THIS IS TO CERTIFY THAT THE PATENT IS REGISTERED ON THE REGISTER OF THE KOREAN
INTELLECTUAL PROPERTY OFFICE.)

2006} 059 299

A 4 CONHISSIONER, THE KOREAN INTELLECTUAL PROPERTY ORFICE

- 284 -



5 = A3

= 3 == A 10-0586867 &

e 98 A
AL (590815— Lok )
FFFGA FT BAF 49 Apt. 201F 405%

A ZFT (740528 1s5xx%x)
;’A(:]-E]F%E ﬁ'%& ﬁ'{_‘:'g_ ?‘%3i}0}3‘]‘}_‘_€_ 304% 1007§_

- 285 -




J__‘="_ 7‘5.] Xﬂ 0439195 5 = # 5 A 2001-0047216 &

d 20014 08¥ 069
4 2004 069 259

g e 53 FET gl 9 &4 AF Wy L FA

A4 gmidzddgea

FF BT AMF 3751
L SEALZEA 71 A

20043 06€ 259

- 286 -



l

E g =2 A 0439195 &

7 A1£-(590815-1056518)
FFFEA G BAF A2x olmE 201F 405%

752 (740528-1558810)
FIFFEA G B4A1T FAFF 1035 3065

(601111-1822814)
= HHA AlgtE 897 FHAY olFE 205-8033%

ns; foi

(

(o))

20712-1019614)

AF
o
AEE FCHA A8kE 909 s 23} ol¥tE 107 1602 &

- 287 -




- 288 -



)1

Z A2

8010t AUsLItH

A= HES 100l

==

]

[el3
s

AN UsLICH

LICE.

St
=

ol
A

n
It
0L

¥

ol

o)

, 2= S

MO 2e 2Dt of

= =

o

Al

0l

G DIP)ION

KHO

AMNE EELILCE

HE=AIH K=t

Atol

Kk
0
n0
3
ol
30
K]

a0
3+
E

i)
2

a0
3+
E

ol
oJ

a0
3+
E

<+
R0

n0

E!
ol

KA 2

q

RM

F

ol
0l

¥

+

o

)
]
N

0
KO

AEELICH

F

Sax=L=AP)IPN

==0l

=
[—

70
<

K

w

KJ

nd

e
ol

0
o

K

a0

-

ol

ol
n0
ol
<
o0
<

O

20

R0
o)
KH
rs)

Ar

0
100

o

13
el

’

=2
=

HH

@

ZPAF=E LICH

’

| 2

57

o, E2 =2
, 82|, 4=%, Phan Trong Nhat, Le Nhat

20l A

=
=

< BHE O

AL T
el
=g

2
>

i

it

Uy
-
1o

-

il
0

O
T

OH
Ay

0l

o0
K0

o

H

K]
X0
0

lof
il
00

oll

<0

-

ol

I

8
Rl

oH
70
40

i

0

I

ol
ild
H

Arel OF

F

nd
H

NI = Hhe ol

nd

9

O K| LAl DHIOIQE!I(ZF)

xoig

bH o4 2*

ioJ
<0

= Al

10
RO
Al
J

11

g LICH

ul

AE

+

N0

0l
~A

A

BHE N

- 289 -



O ot Bloiitiel Ot XICl &Melet HAEHME Jb= LISl &0
T XHAIS] Jt&2 8801 Al2IDIBE SfLICH &= AIDINE Retet 23S A2
£ SEFN 2623 2ol =clXl Roll SFotASLICH Ol O ST diE
= Ble =3l S0 24 260 et 2ge2= URU HXAE 0 ===
S SN HEXIH CHAI &8 & 22| 260l ZAI=E LI
SR0 88 = A 0 K2 Ao ABMNE StLSN 8l S Ol
012 DHAIOIAHE ZAtS] DtsS MELICH

oL 2 ga Z20lM 01 S0 20E MM JtE
gref kel Aset L] Ot O1B SIS Z Aot ==t &M
glolet Ol JIE= &M ot AsLICH

fe)
Qe AZE @

102 MO 0N A2t H2 ESH AL 2= HotlH, HES2 =
S22 0lM 0 22 2 = 0 CHAl &8 1JH=01 2At2] OS2

2007E 18 === OFXIM...

- 290 -



5= 018 oA

stof (MEBAIATHSEH s B 110141160 NS =LyN
d Yl e2:2dEFT 2 S22 4 i G2 KIM JUNG KON
T A Z2FEGA =S¢ Las FLO0HIE 101s 911=
At | E-MAIL : kjk9207@daum.net
St=2 : Pilot-scale 3&@} LS AIAEHS 0|28 |IIA4 HDI
S FH DS HE MAH Jl= N
=2H=2 92 : Development of a pilot-scale three-stage
fermentation system for high-efficiency methane
production from organic wastes
010 M&Es 22 MAEAZS0 ol s 22 X240t =AUHE I MEES
ol=2ge = JUEZE 5itot) s2SLICH
- 8 -
CMEEQ BRE Y OHYES TEeE AEEAMBNC BIME AS MEZ2Q
=M, JI9EXe ME, 885 S22 o=E
. 9lo) 2HS 2A5I0l LRS Y WA HE - SAM0 HAS F2tE.
Ctat, JE=C isHZE2 32X E.
BHE - MSE ME=22 Feld s82 s M, NE, 88 s2 2AE.
D NEZ0 e 012012t2 582z Gt, JI2tE = 3ME OILHOI EE2| QAL
HAIDI g2 ZE2R0= MEZ22 020122 HEs A&EE.
oY MAEES2 MAERAZS ECIH =6t HUY E= 202 52 ol%2
Fd20= 10HE OILHOI THEH OIE SEE.
AAENE HE22 0|26 0| dlY ME=2=2 215t 2A3t= EFLO
olgt 2| HoHO CHotd X A MAZS XX LS
CASUES EHIIZM HES2 HMs & g s E82SA%U2 0|88
HEgol M - 522 ol2e.
S0 : s9( O ) BHCH ( )
2007 28 23«
ISESPN; EAN-S = (MY L= 01)
X&0ietw EZ A6t

- 291 -




	제 1 장 서론
	제 1 절 연구배경 및 목적
	제 2 절 국·내외 기술개발 동향
	제 3 절 이론적 고찰
	1. 바이오에너지기술
	2. 혐기성 소화
	3. 발효조의 동력학적 모델
	4. 생물학적 수소 생산
	5. 에탄올 발효


	제 2 장 연구 내용 및 결과
	제 1 절 소규모 집약형 3단계 메탄 발효시스템의 설계 및 제작
	1. 소규모 집약형 3단계 메탄 발효시스템의 구성
	2. 1차 반혐기성 가수분해/산 발효조의 구성과 제작
	3. 2차 혐기성 산 발효조의 구성과 제작
	4. 3차 혐기성 메탄 발효조의 구성과 제작

	제 2 절 단계별 발효공정 미생물제제 개발
	1. 실험재료 및 방법
	가. 발효균주를 이용한 미생물제제 개발

	2. 결과 및 고찰
	가. 반혐기성 가수분해/산 발효조로부터 분리된 발효균주의 형태학적 특징
	나. 반혐기성 가수분해/산 발효조로부터 분리된 발효균주의 생화학적 특징
	다. 반혐기성 가수분해/산 발효조로부터 분리된 발효균주의 Amylase의 효소 활성
	라. 반혐기성 가수분해/산 발효조로부터 분리된 발효균주의 Protease의 효소 활성
	마. 반혐기성 가수분해/산 발효조로부터 분리된 발효균주의 Cellulase의 효소 활성
	바. 혐기성 산 발효조로부터 분리된 발효균주의 형태학적 특징
	사. 반혐기성 가수분해/산 발효조로부터 분리된 발효균주의 발효능 측정
	카. 미생물제제의 개발


	제 3 절 발효효율 최적화 운전 조건 검토
	1. 실험재료 및 방법
	가. 1차 가수분해/산 발효조의 pH조절을 위한 반송 조건
	나. 회분식 실험에서의 온도에 따른 메탄 발효의 영향
	다. 반연속식 실험에서의 온도에 따른 메탄 발효의 영향
	라. 2.5 m3 규모의 3단계 메탄 발효공정 운전

	2. 결과 및 고찰
	가. 1차 가수분해/산 발효조의 pH조절을 위한 반송 조건
	나. 회분식 실험에서의 온도에 따른 메탄 발효의 영향
	다. 반연속식 실험에서의 온도에 따른 메탄 발효의 영향
	라. 2.5 m3 규모의 3단계 메탄 발효시스템을 이용한 음식물쓰레기 처리공정 운전


	제 4 절 다양한 재생가능 폐기물의 처리시 발효 효율 검토
	1. 실험재료 및 방법
	가. 사용된 재생가능 폐기물의 종류
	나. 재생가능 폐기물들의 성상 변화 및 소형 메탄 발효조 운전

	2. 결과 및 고찰
	가. 각종 재생가능 폐기물의 성상 변화


	제 5 절 10 m3 규모 Pilot-scale 집약형 고효율 메탄 발효시스템의 설계 및 제작
	1. Pilot-scale 집약형 3단계 메탄 발효시스템의 구성
	2. 1차 반혐기성 가수분해/산 발효조의 구성과 제작
	3. 2차 혐기성 산 발효조의 구성과 제작
	4. 3차 혐기성 메탄 발효조의 구성과 제작
	5. 메탄 저장 탱크 설계 및 제작
	6. 발효시스템의 자동화 공정 제작

	제 6 절 10 m3 규모 Pilot-scale 집약형 고효율 메탄 발효 시스템의 운전 조건 검토
	1. 실험재료 및 방법
	가. 실험 균주
	나. 음식물 쓰레기의 전처리 공정
	다. 3단계 메탄 발효공정내 음식물 쓰레기 성상 변화
	라. 3차 혐기성 메탄 발효조에서 발생하는 가스발생량 및 성분 분석

	2. 결과 및 고찰
	가. 음식물 쓰레기의 성상
	나. 1차 반혐기성 가수분해/산 발효조내 발효액의 성상 변화
	다. 2차 혐기성 산 발효조내의 발효액의 성상 변화
	라. 3차 혐기성 메탄 발효조내의 발효액의 성상 변화
	마. 3단계 메탄 발효공정에서 발생하는 유기산 분석
	바. 3차 혐기성 메탄 발효조에서 발생하는 가스발생량 및 성분 분석
	사. 3단계 메탄 발효시스템의 경제성 검토



	제 3 장 결론
	참고문헌
	부록 : 발효과정 중 유기산, 바이오수소 및 알코올 생산
	부록 1. 유기산 생산
	부록 2. 수소 생산
	부록 3. 알코올 생산


