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Abstract

BACKGROUND: Anaerobic digestion is the most feasible
technology because not only the energy embedded in
organic matters can be recovered, but also they are
stabilized while being degraded. This study carried out to
improve methane yield of slaughterhouse wastewater
treatment sludge cake by the thermal pre-treatment prior to
anaerobic digestion.

METHODS AND RESULTS: Slaughterhouse wastewater
treatment sludge cake was pre-treated by the closed
hydrothermal reactor at reaction temperature of 190C.
BMPs (Biochemical methane potential) of the thermal
hydrolysate was tested in the different S(Substrate)/
I(Inoculum) ratio conditions. COD(Chemical oxygen
demand) and SCOD(Soluble chemical oxygen demand)
contents of thermal hydrolysate were 10.99% and 10.55%,
respectively, then, the 96.00% of COD was remained as a
soluble form. The theoretical methane potential of thermal
hydrolysate was 0.51 Nm’ kg"'-VSaadea. And BMPs were
decreased from 0.56 to 0.22 Nm’ kg -V Saaaea When S/1 ratio
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were increased from 0.1 to 2.0 in the VS content basis.
Those were decreased from 0.32 to 0.13 Nm® kg™ -CODadged
when S/I ratio were increased from 0.1 to 2.0 based on COD
content. The anaerobic degradability of VS basis have
showed 196.9%, 102.2%, 80.7%, 67.4%, and 39.4% in S/I
ratios of 0.1, 0.3, 0.5, 1.0, and 2.0, respectively. Also the
COD of 119.6%, 76.3%, 70.1%, 69.0%, and 43.1% were
degraded anaerobically in S/ ratios of 0.1, 0.3, 0.5, 1.0, and
2.0, respectively.

CONCLUSION: BMPs obtained in the S/I ratios of 0.1 and
0.3 was overestimated by the residual organic matters
remaining at the inoculum. And inhibitory effect was
observed in the highest S/I ratio of 2.0. The optimum S/I
ratios giving reasonable BMPs might be in the range of 0.5
and 1.0 in S/I ratio. Therefore VS biodegradability of
thermal hydrolysate was in 67.4-80.7% and COD
biodegradability showed 69.0-70.1%.

Key words: Anacrobic Digestion, Biochemical Methane
Potential, Substrate to Inoculum Ratio, Thermal Hydrolysis
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F7)astx &8 AAVCl 3 vAE Tk, 3
7128kxe] AL fAFElel Qlo] FAQl AdARIAte| T
BMPE= 7 EN(0C, latm)olA 314 713 E(Volatile solid,
VS) B 8844 2 7 (Chemical Oxygen Demand,
COD)?| #HS 7|02 she 99 7189 HeAES
(Nm® kg"'-VSgdea T2 Nm® kg'-CODaaded) & 2314,
75 FE WA AEe AR BA, dyate FaE g
ol &l At BMP+ Hungate(1969)7} €714 v 4%
o e NSt o]F W ARl oJal AREE
ko, Owen¥} Chynoweth(1993), Angelidaki?t Sanders
(2004), Hansen 5(2004) ol 2Jal Alg®Ao] Aqke
vb ok @Al 5U3 vselE 27 VDI4630(2006) 2
ASTM E2170-01(2008) %} #-2 BMP EFwA WS vk
sto] -gatal Qo obA7HA] FellAi= BMP X 4
o] mi#E o] Qlx] ¢kty BMPY 4 4|9 7, ¢
71 AE AENT 71 EEietA] 54, HEd) vE
Y, wX 9] R, WHS719 pH, Y] W oA 33F
(Head space)®] A%, RF57]2] wRbdH 5 vhofst 48

et al, 2009; Shin et al, 2011a). 53] 7| AE HFN3}
71429l Eejgleld 5449 3> BMP 7ol QloA] vl
593 iAoty H&leA= Liu 5(2009), Neves &
(2004), Raposo 5(2009)°] 7[5k, ZHEAiks, S4E2
g7, skt a2 thekst o] emjAal] H7]as) 54
& vpotsl] flete] 714 HEe] 54 9 VA HE
o] H&o] BMPel v]A= Jael] gt A+E At bl gl
t}. o)== Shin 5(2011a), Shin 5(2011b)¥} Kim 5
(2012b)°] 7= BMP HAWHES 1#sta Hus] 2+
Hlo] e uj~e] BMPE HI8ISItE B3k Kim 51(2012a) %}
Kim 5(2012b)& Y= ddAgelx] 7183} 3599
H]&o] BMPOl| A& J&S Harska 91O BMP e
AR FRAFAE] ST Qs ASoln) whebA 2 A
v S 7Rl Bk wleAE] SR ke
Aol A4 e EEES Hrkeh] flsted 714
o] nl&S delste] BMPE S4sk3on, 3 1
1} 3letA Al QFRF V|FoR SdukEiao] 714
=
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ERLTETE

AEHE

2 ATeME FHEE el AR =A 7kl o
A Adelx] BAsh=s 714 S8A AlolA9] ArkE
ol(Thermal hydrolysate)s WAO= a3l om], Agde] A
3 SeiA| Aol ol3ket4] 5492 Table 13} £t} A
Aot SeA 9] dsfet ukg-2 9 A7) 5]E (Heater)ol 9
d ddes Tedhe 2 L 8399 Al 32 sheEwterel
1kgo A& das 47 7 5 190 Collrf D8It vk
719 & W] el BAF 2& AS7IR Alefst

o

= ffste] Uil wntr]E AAjekelon, vke719] viE-et
A k2R MAshs WY X3k | 0%
Astoitt. A7bea) whea vk olEu A FaRsd >
4 o1BA|(Qualitative filter paper No. 1, Advantec
MFS, Inc., Dublin, Califonia, USA)E ©]#3t¢] BMP A3
o FA5FT.

0|2X M|EtT{ElM(Theoretical methane potential; Bw)

2y

739] 98-S wH=tKShelton and Tiedje, 1984; Angelidaki °]&% BMP<= Boyle(1976)°] €714 fi7l= &8l Whe
Table 1. Chemical characteristics of sludge cake
Parameters pH TS vs” COD¢,” TN NH;"-N
- (%, W/wW)
20.99 18.80 26.59 1.32 0.17
Sludge cake 7:30 0.02)° (0.04) (0.08) (0.04) (0.02)

a) Total solid, b) Volatile solid, ¢) Chemical oxygen demand, d) Total nitrogen, e) Values in parentheses are standard deviations.
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Table 2. Chemical characteristics of inoculum

Parameters pH 15" v’ cobe?  TNY  NHN Alkalinity

- (0/0, W/V) (0/0 as CaCO3)
Inoculum 8.81 3.78 2.25 : 0.43 0.32 2.09

: (0.05)° (0.04) (0.06) (0.02) (0.01) (0.03)

a) Total solid, b) Volatile solid, ¢) Chemical oxygen demand, d) Total nitrogen, e) Values in parenthesis mean standard deviations.

23} {4715 Ak} 9H8-2) (Eq. 1, Eq. 3) ol&dt] 259
AT Az glelekEz o i Axksiitt. B
(0C, 1718hellA VS ks 7)50 7 AtEdl= o] 22 BMP
(Binvs)i= Eq. 29} 221, CODE 7|5 0% AESH: o] &4
HERIAE HEIES Eq. 48 2t o]7]A COD 7|9 ol&
Zj] Dﬂ%ﬂgﬂ' J’]Fiﬂ}‘é(Bth.COD)% 0.35 I\Tl’l’l3 kg_1 -CODaddedO]
t}.

CHONS, +(a—2— 430 o

4 2774 2 (Eq- 1)

a b ¢ 3d
~Gts s D

a b 3d
+(5 §+4+?+ °)CO,+ dNH,+ e H,S

Bth _ [/5(]\/7”'3 k971 - VSadded)
(4a+b—2c—3d—2¢)/8
12a+b+16¢c+14d+32e

(Eq. 2)
=224X

b ¢ 3d
C[{bO(N]S +(a+z_§_T_

aCO, +(g—37d—e)H O+dNH; +eH,5

90~ (Fq.9)

By, - C‘OD(Nm3 ]“‘5971 - CODaddcd)
4a+b—2c )

(Eq. 4)

H|EHYAHEHEIM(Ultimate methane potential; By) A&
BMP Al&8ef| A3t LN (Inoculum, 1) 37|15 M
o Y1Ag s ehetul vo] 9 7kA AHE-3E AT A A A
aFlet. AF g #7143 2 mm AE ST F, 38T
2w F7IelA wiekste] astel Fo olitai Y] Y=
Ho7IAnE TS AAT & *]“g“o}oﬂ@r Zt A 714
(Substrate, S)= 7|29 VS &3} HFN2] VS ko] nl
% (S/1 ratio)S 0.1, 0.3, 0.5, 1.0, 2.07} &5 273}
Tty B w7l AEatd 3NHTCE serum
bottles ©]&3It) WH5719] 4-4(Total volume)L 160
mL, &-8%(Working volume)> 80 mL, "5+ &
ZHHead space)< 80 mLZ 3}3ith. %%7]«] S o]

e Np AR B4 F Teble GFhE AL ol gt

o WaAzion, 38C & welel A 13
0% WgYIE E50] wukshiA 902k ik B
g AFAAN W RS 2 Sdetel 15
B RO 3u] 3] wh3U1E AR A £
&

P

pal

03*3]—9}1:]-, x}jzg_cﬂ},] ] Q.zsl—x% A—l/\Lg Table 2 g]_ 7h;]..

Sli2] F7INEE719] mlo| 97k MR SAL 2% AT
o resazurin 0.1%% &Hsh= 2K I 4715
AL S (Williams  ef al, 1996; Beuvink et al,
1992), WA njo] @ 7kA Bq. 58 0] 259 S 1A
sto] EFAE0TC, 1719h el ] Hx 7}’\ FuE @"&3}01
2 HebIAE S TSIt BMP AbES 918 A Hgk
A2 Modified Gompertz model(Eq. 6)2 ©]-8-51
SigmaPlot(SigmaPlot Version 10.0, Systat Software
Inc., San Jose, Califonia, USA)2. % 3418lSItHLay et
al, 1998).

213 (P—P;)
273+ 17) 760

V;i"y gas I/uf(it gasat T°C =

(Eq- 5)

o, Vary gasi= EJHI(0TC, 17]“)"1]’\1-4 AZx 749
TJ'] TT: ]ﬂ'—o‘7]8] T%‘—Q—L:—/ Vwet gas at TCT ]?1'73‘7] T’:;ﬂ%
EB8T)elA ] Fi 7kx0] H3, P 7k HESH A
o t718k, Pre TCoM 9 2345719 (mmHg)olth

R'Nl
M= Pxexp[— exp7(/\ —t)e+1]

ojmf, M A HIRMIAFHmL), tv= @7kt
(days), P HFHEIAFHmL), e exp(l), Rm> FHohH]
A E(mL  day’), A= AAEAIIHlag  growth
phase time, days)°|t}.

7174 71% #3lE(Anaerobic biodegradability)<>
VDI4630(2006)°l @t B7lstglon, vs dkk 7152 &7
7<-l 07] ‘ﬂ.‘ H%(DVS) Eq 7er 7Lo1:r;] COD Ula}. 7]_,_
o] 7N {§71% WAME(Dop )= Eq. 87 Atk

I/drz/ biogas x C(*H +C0, X 100(%)
D s=
- M gubstrat < ( VSmb?trutr’ + VFAs ) < 0.93
(Eq. 7)

substrate
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Table 3. Chemical characteristics of sludge cake and thermal hydrolysate

Parameters pH  TS”  VS”  COD.” SCOD:” TNY  NHy-N ssP Alkalinity
) (%, W/v) (g LY (% as CaCOs)
Thermal . 664 628 10.99 10.55 0.96 0.33 0.05 0.93
hydrolysate - (0.02® (0.04)  (0.08) (0.05) 0.04)  (0.02) (0.006) (0.02)

a) Total solid, b) Volatile solid, ¢) Chemical oxygen demand, d) Soluble chemical oxygen demand, e) Total nitrogen, f)
Suspended solid, g) Values in parentheses are standard deviations.

Table 4. Elemental composition and theoretical methane potential of thermal hydrolysate

Elemental composition

Parameters B
C H O N S (Nm® ng-VSadded)
(%, w/w)
Thermal hydrolysate 45.5 79 26.2 13.0 0.0 0.51

a) Theoretical methane potential.

olw, Dygi= VS 71% 715 E3lE (%), Viypiogas = 7
0] Q7429 HINM), Cry o= HIOIOTA % vk
o]}‘\l‘ﬂ%i‘o/] XE]EO]: %%(kg Nm-l)/ msubstr(zf,e—“f‘ 7];(319] XE]%]:

(kg)/ VS'ubstmt,eJ‘i; '%::C‘)J 71}3]9] VS %:L:—(g g_l)l VFASsubstmte

= F7149] VFA §5(g g), 0932 £3 VS 5 0|27
3l wpo] @7k~ Hghgoltt.

v

dry biogas

Deon= 435501

substrate

X &y X 100(%)
X COD,

substrate

(Eq. 8)

olw, Dy, & COD 7% 5715 H318(%), vy = o
0137}_-/—'\- % Eﬂ]%o l(SZLE(CVO/ V/V)/ ]Ll;‘ubstratel‘;; ‘E'—CQ7]7‘%—]2]
AEKg), COD, e = FA7122] COD &3Kg g), 0.32

= 7Y COD % ol&4 vk dghgolrt

AIRHEN

o] @ 7pAL] ZRAAIREA- TCD(Thermal conductivity
detector)”} 42 Gas chromatography(Clarus 680,
PerkinElmer, Waktham, Massachusetts, USA)E ©]-&3}
olth. ¥ HayesepQ packed column(3 mm x 3 m,
80~100 mesh size)S ©]-&3I0H, IFE oF2(Ar) 7}
AZ o)Ako ' AM8lo] 30 mL min” 9] &4 AejellA F
IH(Injector) =% 150C, AHAColumn oven) 90C,
HE 5 (Detector) 150C oA 43}t Sorensen et al,
1991). A& HAaRAE YARA7|(EA1108, Thermo
Finnigan LLC, San Jose, Califonia, USA)E ALE-3S 0
), F18E(Total solid, TS), 3¥A 1FHE(Volatile
solid, VS), 3}8M4 AkA Q eHChemical oxygen demand,
CODq,), &3l sk Ak Q7=KSoluble chemical
oxygen demand, SCODc;), %% 4x(Total nitrogen, TN),

A Uote] AA(NH,-N), €725 (Alkalinity), 312/34]
WAKVFA, Volatile fatty acid) 5 3EF4H(APHA,
1998)°l w2} 3HHE o2 428513t

HotrE2adel EM

SAZVS Hg EeA Alo]ae] drbrEadle] A
Table 33} #th d7kraide] pHE 6.0301%12H, TS
6.64%, VS 6.28%= TS &2 94.58%% #1438t &7}
FHfele] CODE= 10.99%, SCODO] 10.55% % 2F 96.00%
o] f71ES] difto]l & EdAE EAIEILE Kim &
(2012) FERGE 200~270C &% WY oMol A7l
Bajsk A3 COD7} 6.2~9.6%, SCOD7} 6.1~8.8%% 1}

o SCODE HlEo] 91.7~98.4%2] WS Witiy
Hagk vb glo] & AAde} fAkeolth Arks
TN 0.96%°]%1 2™, NHs-N< 0.33%%5 Ho] 52 A4
FEE UEIh olet w2 AaEhe /RS
A7)askehs A9 AEE] dEUoM] Ai AN wet
ol Asf ko] TAVE & ACoE FH

29t AARXARZEE Boyle(1976) 2] 8714 712 F
WA o] g3sto] AFESH ©]#4 BMPi= Table 49} 2t}

o

=
A7l FALLE BA(C) 45.5%, TA(H) 7.9%,
22x(0), 26.2%, A2(N) 13.0% = e O™, o4 BMP
£ 051 Nm’ kg™'-VS,qaea® AT

S/I HIBO| U2 I EHYMTHEN
EANEY A5 SuA AR B2 5Y



Effects of S/I Ratio on BMP of Sludge Hydrolysate

125

Table 5. Model parameters by the modified Gompertz model and ultimated methane potentials estimated from the

cumulative methane production data

Ultimate methane yield

a) b) <)
SMnato o mldy) Beys? BGon
(Nm” kg™ -VSadded) (Nm” kg™ -COD.dded)
0.1 73.79 8.02 0 0.56 0.32
0.3 150.11 11.35 0 0.37 0.21
0.5 231.37 15.57 0.31 0.35 0.20
1.0 448.54 20.60 0.65 0.34 0.19
2.0 597.96 16.32 6.65 0.22 0.13

a) Methane production, b) Specific methane production rate, c) Lag phase time, d) Ultimated methane potential in the
basis of VS content, e) Ultimated methane potential in the basis of COD content, f) Values in parentheses are standard

deviations.

700

S/I ratio 0.1
S/I ratio 0.3
S/ ratio 0.5
S/I ratio 1.0
S/l ratio 2.0

600

mEp>q40CeO

500 A

400

300 A

200

Cumulative methane production(NmL)

100 -

0 20 40 60 80 100

Fermentaion time(days)

Fig. 1. Cumulative methane production curve optimized
by Modified Gompertz model in different S/I ratios.

£ Totay] flste] 7143 AFele] HlE(S/1 ratio)= @

ato] 90Ut T2 FU1AsHE SIS o2 R f2
2 We A= Modified Gompertz models ©]-8-3f
of HAaet FAL Fig. 13 2k QiR HE
BMP2} Modified Gompertz model®] A5 Table 5
of YERfdtk S/1 Hlgo] 0.1 2,008 ZF7e2 VS
g 7lFo® s HFE BMPE: 056914 022 Nm’
kg'-VSuaea® 2819100, CODS 7|Fo® s HF
BMPE 032914 0.13 Nm® kg'-CODuqqea 02 H431=
Z0R veRth oW S/1 ¥l& 010X VS Ve HE
BMP(0.56 Nm® kg'-VSudaea)t= ol T3t ]2
BMP(0.51 Nm® kg™-VSaadaea) 2 HIIL3} 358 42315 vfe}
Wlth Yoon 5(2014)8 HA =4 Bk i,
A5, A AAE] S/1 Hlgel whE 7148} dellA s/1
Hl§o] 0.14 W & BMP7t 71d9] o] &4 BMPE 3t
£ Avs Badh vb glok wbA S/1 Hjge] S Aol
AEdell AEshs F71ER dste] 7149 HE BMP7E 7
distAl 7 2 4= Slth. Modified Gompertz modes ©]

gato] 3k HE WeYARKP)S S/1 HE 0.10014 73.79
mLE B3lom, /1 v&2] F7tsl 3 S7tato] 2.0004]
= 597.96 mLE YERNE FHof wlebaE SRS S/
& 01014 8.02 mL day'& B$ow, S/I Hl& 1.0°1A4
20.60 mL day'©% 7P¢ Eskh AR S S/1
HIE 0.13} 0.3°14 0 day® YER} W2 S/1 vlEolA = A
Ad7E7) Qo] wE wgbgato] o]FojFow, S/T H|&o
05914 2,007 Z71erE AAGAATE I 0.31004
6.65 day® 7Fste] S/1 vl&2] S7hs AAAANME &
771 AR YegtE 53] S/1 HlE 20014 6.65 day
o] 71 AAFAITEE Bl AL w7 7 2716 @7]v]
AEC] wegAte] Aol AW Aow et
Ferrer 5(2008)<> 171’4 €e]A& 70°C oA &7l
AL AR 3-2F7)A3ke] gfo] SRtk Baskgl,

Ao g A7l W MY f71ES 7HESAIA
A FEY S S/ TR 9 R &
EARN EARSA-R A s | o bl B B =i o] A B4 1= ] =2 el i
TANR= AR A7 AAert @748 a8S A
g 4 Qv A4 E Qlth Martins®t Van Boekel
(2005)7} Ajandouz 5(2008) 714 &A1 dsleh4]
AelellA sl =do] A, olHe E4 VWA
o Asag-S dod 4 Qlvkar Bagh up Qltk o]= 1
=9 @A elA gl ofnlicAly} wHESHHA 7
Hh-S(Maillard reaction)el] &J3l] @&}i-o]d(melanoidin)
AE e =dE AAs] wiEoltt weEbA S/1 v
o] F7PF A we AR A AR A7
ANE & u, TA 7 d5EAE Q7REEiA
G190 C)ollA G vhislig el drkial Absol A
Qe Ao AzbEnh olfdt ANk 259 pH, T
o SEre] wpep S dEjsks 2 0% Hil(Martins
et al, 200053 91oH, 100C ©]3e] w2 &E=goel|A
T Zgkgo] BAE T A E T (Martins and Van

R )
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Table 6. Organic composition characteristics and anaerobic
biodegradability in sludge, liquid and solid fraction of
sludge

S/1 ratio Dys” Dcop”
e (Y0, W/ W) oo
0.1 196.9 119.6
0.3 102.2 76.3
0.5 80.7 70.1
1.0 67.4 69.0
2.0 394 43.1

a) Anaerobic biodegradability estimated in the basis of
VS content, b) Anaerobic biodegradability estimated in
the basis of COD content.

Boekel, 2005)% Slth. =3 Kim¥} Jeon(2015)2 &3t
oA @b E ABsiietE w72 F2A17L
71 wRba & wel Z2nks-e] JErt ZolE Hel
sk3iet.

lrf‘: r}o

Rl oot

S/I H2Y R]7I|2 SshiE EIt

Table 6> Eq. 77} Eq. 8(VDI4630, 2006)°l w} AlAt

¥ A7 5 1] @714 e UEkdth VS

7l 71E g S/1 vlE 013 03004 196.9%,

102.2%= UER o]l w3l 100%s 2733, S/I

Hlgo] 05004 2008 F7Hgel wet 718 e
=

80.7%°14 39.4%= T4tk COD 7% f7]& ®3ll&
o] E S/T H& 0.1904 119.6%% o] =2Q E3& 100%

= 29819001, S/1 HEo] 03914 2,002 ZF7stel weh
76.3%°14 43.1%% 743Ith VDI4630(2006)914 = &
7128k 9] 714 diste] ®allE 7182 oF 7% F=Tt
F7|u e nlo|eul s HAel| o] gE= Aow Hilskal
otk weh gkelld ek o]#2 BMP(0.51 Nm® kg
“VSadded) oA F 7%= B7IHIA=S] 20l ol &1 A
Hog HEIAR %jiyl—a?& o]24 BMP¥ 047 Nm’
kg '-VSadea 02 B7HEITE E3F COD 759 o4 wg
AAE HEEL 035 Nm® kg'-COD,qaea 02 2214 gloLt
VDI4630(2006) A= 871015 S2lo o]gHe Fis
A9)eta o224 BMPS 0.32 Nm® kg'-COD,qqea &2 A
X*o}O% F71ES] @714 Eales AbEsta Qi olgl o
F7|u| &S] F2of o]&HE Fal7IESY % yEske
B85 VS 7e e WalES S/1 vE 014 0.3°114
100%% %3191, COD 7l f71% a8 S/1 Hl&
0.1°11 100%=S Z33h= Aoz eyttt w}am AT
A EA 7k s 7Rl HE BMP &
AL 3k S/1 HE2 05~1.09 W7t A4s Aoz
@, S/1 ¥ 017 0.3 AFY 59 71ENA 73
sz wjgke] oJs) #E BMP7F Bl 7k 4= 9lar, S/1 W]
& 2.0 Gl @143 Asatgo] dofd 3l

= Ao® FAET

o A7 A 7R RelM sk e S8Al
S SANZN7] $18te] 190C Hhg-2kelA] o
T S/1 Hj&S gEjsto] #H5 &
A A7k o] @7)as S-S EAEI QU
°ie] CODS} SCODE 217t 10.99%%F 10.55%%  °F
96.00%2] fr7]&e] &3 EAR EASHITh 7R
o] o]#% BMPi: 051 Nm’ kg'-VSigea™ FEFES
S/I HlE 0.1914 2,002 F71Hr5 VS 7|+ HF BMPL
0.56°141 0.22 Nm® kg™'-VSaaea™ 74519321, COD 7]
F % BMPE 032914 0.13 Nm® kg™'-COD,q4ea 0.2 7+
2dhs Zo® vehgth S/1 & 013 032 HEY 9
F71ElA frefiehs digel <) 5 BMP7} stoiskAl 3
7hel= EA7F UEbtoH, s/1 vlE 2.0 A7
§7)23) Azl o3l W BMPE Rol A7F v
Wk webA Hg S8R A7 o] BMP S48 918
A4 S/1 HlE-E 05~1.0019121, S/T HlE 0.5, 1.0014]
VS 7]% BMPE 0353 034 Nm®’ kg'-VS.iaea© 311,
COD 7|5 BMPE 0.209} 0.19 Nm® kg'-CODagded -2
LFER T
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