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Abstract

BACKGROUND: Hydrothermal carbonization reaction is
the thermo-chemical energy conversion technology for
producing the solid fuel of high carbon density from organic
wastes. The hydrothermal carbonization reaction is
accompanied by the thermal hydrolysis reaction which
converse particulate organic matters to soluble forms
(hydro-thermal hydrolysate). Recently, hydrothermal
carbonization is adopted as a pre-treatment technology to
improve anaerobic digestion efficiency. This research was
carried out to assess the effects of hydro-thermal reaction
temperature on the methane potential and anaerobic
biodegradability in the thermal hydrolysate of organic
sludge generating from the wastewater treatment plant of
poultry slaughterhouse .

METHODS AND RESULTS: Wastewater treatment
sludge cake of poultry slaughterhouse was treated in the
different hydro-thermal reaction temperature of 170, 180,
190, 200, and 220°C. Theoretical and experimental
methane potential for each hydro-thermal hydrolysate were
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measured. Then, the organic substance fractions of
hydro-thermal hydrolysate were characterized by the
optimization of the parallel first order kinetics model. The
increase of hydro-thermal reaction temperature from 170°C
to 220°C caused the enhancement of hydrolysis efficiency.
And the methane potential showed the maximum value of
0.381 Nm’ kg'l-VSadded in the hydro-thermal reaction
temperature of 190°C. Biodegradable volatile solid(VSg)
content have accounted for 66.41% in 170°C, 72.70% in
180°C, 79.78%in 190°C, 67.05% in 200 C, and 70.31% in
220°C, respectively. The persistent VS content increased
with hydro-thermal reaction temperature, which occupied
0.18% for 170C, 2.96% for 180°C, 6.32% for 190°C,
17.52% for 200°C, and 20.55% for 220°C.
CONCLUSION: Biodegradable volatile solid showed the
highest amount in the hydro-thermal reaction temperature
of 190°C, and then, the optimum hydro-thermal reaction
temperature for organic sludge was assessed as 190 C in the
aspect of the methane production. The rise of hydro-thermal
reaction temperature caused increase of persistent organic
matter content.
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a]-o]gﬂ.g:gq AALL. Ab A
7 AES] A5AQ v AYE kg o3l dofyttt
T718e] §7|ashe dAF R 7EEsli(Hydrolysis), A
A(Acidogenesis), ZAHY’J(Acetogenesis), HIEHIA
(Methanogenesis) RFe-C& 723 4= §lom, v CHy)
I} O ARIEANCO,)7F 238 HF Az tHGerardi, 2003).
uebr] @7]astellA] f71E2 w8l 5 HEAow 44
& e CH,) B olihslei(CO,y) 2] SS9 Ay
ZFe] A4S 8 et = AdtHOwen et al, 1979).

A71asoll A F71Ee el A 77 718 T
d, A4 55 5ol 9

QJake] 37, @7l g e 8 et
5 wou, 6% §7] 7109 FR9 U Sl fo1E
AR EAQelN Fleks 718 Rale) Qakidelt

(Chynoweth et al, 1993; Angelidaki et al, 2009). 4Rt
Ao 7] 71 e] frlE S SAS F1%E
(Total solid, TS), 31" 118 E(Volatile solid, VS), 3}8}
A Ak Q7K Chemical oxygen demand, COD), &3l
g}eta AR Q7% Soluble chemical oxygen demand,
SCOD) &o.% vepdrk. 1eut o] e {7 ]E gEEL vt
o] Q7tAE AFEE AAHQ f718Y S dHHoRE 1
sk o EAM f7] 7149 WA 54 2”3 A=
Feth Ao R VSRR, S s, AEAE T
el AW, @A o] AEE QA (Cellulose), 3|v]
A E % 92 ~(Hemicellulose), 2 1(Lignin) 52 theFst &
Fol=o] EAETE o] T ad A @143 A
o7F HA S ROFE Hil(Buffiere ef a] 2006) 2k
sl Bads ow xgtshe 7149 A <= s
ales "}E}”wr. w3 1= ‘?JXEU]*E T EEN Y
e HF edalge] S T R Hlo] ek
o] A e S F= FQT ARl (Vavilin and
Angelidaki, 2005), $1#+e] 2717F HF HA¥ek= ble] ot
2 WA ks wRIthes A7EdE Bausa Qv
(Pabdn Pereira et al, 2012).

71zl F7] 7149 FRel wE ndE vk
AT d71A4ske] afo] Ao 7] 719 &
ZAol ofEsths Aolld Fosith ARk o ® o]Ed
(Biodegradable) 715 fol B A9 d7143e]
<& o7k 31, YRl d(Non-biodegradable) 7152 3]
150”(Per31stent) §7)&89 defo] W AL Hy|ast &
F& A3t Buendia ef al, 2009). Wb B ATFAE
ol 7] 7149 714 waEAS A8 flsto] vke%
E(Kinetics) 75 Ags3lor, 7] 7149 2354 &
A3t} vhekst ek B RS A a1k Qv Owen et
al, 1979; Lay et al, 1998; Rao et al, 2000). e o] et
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THes(Hydro-thermal carbonization) 7] 715
, gAE2Y, s & ket vlol oAl oy
A5 913k dfera] Wby|zolt) duks} yhgolA o]
SujAE 1T ©@ilEE AgEo] IAARE o]&-stal, o]
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7} 7Fs et ZsE @A skrEu A F7148) HofelA= A
G37F J3E Tleolvy ey sddste] o9k dv|ast
A1 Ak Bagl RHE Bougrier 5(2008)¥ Ajandous
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Table 1. Chemical characteristics of input sludge and hydrolysates by the hydrothermal carbonization reaction

Parameters Temp” PH "  vs? cop?  T-NY NH,"-N" VFAs? Alkalinity
(C) ) — (%, W/w)- — (mg L) — (mg L' as CaCOs)
Sludge cake 72 204 182 268 13,684 2,556 - -
170 61 61 59 85 9,748 3,19 188 9,538
180 60 66 63 93 10470 2,928 19 9,125
Hydro-thermal 190 60 62 60 100 9,787 3,271 204 8,638
hydrolysates
2000 61 69 67 97 10,881 3,465 191 9,563
20 65 72 69 113 11,5508 5,268 252 12,100

a) Hydro-thermal reaction temperature, b) Total solid, c) Volatile solid, d) Chemical oxygen demand, e) Total nitrogen,
f) Ammonium nitrogen, g) Volatile fatty acids.

Table 2. Chemical composition of inoculum

Parameters pH  TS”  vs” coD? T-NY NH,-N”  VFAs' Alkalinity

- - (%, w/w) - —— (mg L") — (mg L as CaCOs)

Inoculum 8.8 1.7 1.0 4.0 4,489 3435 ND# 19,175

a) Total solid, b) Volatile solid, ¢) Chemical oxygen demand, d) Total nitrogen, e) Ammonium nitrogen, f) Volatile fatty
acids, g) Not detected.

Alsloiet. Aol ARgE 717 SelA 9 W2 R + AT 3O 2 serum bottleS: ©]-4-38131tE HEEY|
slol o] sl8h4] A4S Table 13 2th 9] &#(Total volume)> 160 mL, &-8%(Working
volume)< 80 mL, 55 o]f5%HHead space)> 80

0|2 H|EMEAMTHENM(Theoretical methane potential, mLZ 31t} 3714 F317]4(Substrate, S)2 7122] VS
Bn) &4 SeFa Ao vs el Hl%(S/I ratio)°] 0.57} ¥ &=
o] 2] e EIAE S FAA R AATA AIE vt ZAsI o, AEE oF3ke N, 7IAE $H8k] 3]

YO % Boyle(1976)2] {7
o] g}skokz=A o 7 AEsll
npgo R slelokE4l Eq. 2 1%6}01 ol & AFAN SR MEvkag e A5t 1
& BT R FU 38R0 B7) WIS AEsh FAG 2ol

H].El—/\] o=z Oo:] O].Oﬂx;]. /\]640]] /\].B_‘G} Z4 oﬂv/] A—]/\l—v_

e} -

J.Lz_;

ol ok e e B S G0 22 13
x &0 WIS EEo] WA 909z Mkt =

C.HON,S, +(a—%—5+%d+ Do - (Eq. 1) Table 25 2.
a, b ¢ 3d e
5 s s JcH, Viey gas = Vaoet gus ar 720 X (27213 ike (me;]‘) (Eq. 2)
+(§_§+Z+?+ ) CO,+ dNH;+ e H,S
O, Vary gasi= EFAEN(0C, 1718H A 9] A% 744
Z|Z O|EMYATEIN(Biochemical methane potential, F3], T 8719 L%, Vet gas at e BHS7] 302
Bu) Al £B8T)eINY 8 k9] B3, P shne] Ru2d 9

Heb A bl Al o] AR-SE HE A (Inoculum, 1) 74 Aol ti718t, PT TCOA9 235719 (mmHg)o]™,
715 A=) 9X|5h= 5 m® day TFE Y vlo] 97  A7ol= PE 760 mmHg®E {3kl Pri= 38°C A2
2 2485E A Al lA 7] Astels A F et *]‘Q‘;}Oﬂq E3rTI e 2 ALt

AT G125 2 mm AZ FIA F, 38T FL W) s34 71719 Mol esks WA WheYIeA
711 eFstol 23t o] olaye] 7°T7]EJJr Aok 10740 9 18] SFFGOM, 102 0l F 259 PFOE
2B FRE ATl GEAOE APk AR W] ST molorka WA FPS 2% A
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resazurin 0.1%S Sl 51 7tAg 24715 ALE
SF S H(Beuvink ef al, 1992; Williams ef al, 1996), &t
A vpo] @7k Eq. 28 ol 259 s A 2F
E0C, 1718hellx el Az 7k Fa= 51"’&0]'04 2 =
LS elGith Wg A Rl RS fI9h A v
EAAS Modified Gompertz model(Eq. 3)2 o83}
o] SigmaPlot(SigmaPlot Version 10.0, Systat Software
Inc., San Jose, Califonia, USA) 2% 3|415IItHLay ef
al, 1998).

R
M= PX exp[— exp%(/\—t)e-i—l] (Eq. 3)
ojw], M & HBAANHmL), t= F7HGIT
(days), Pi= FHEHEHIAFHmL), et exp(1), R v

A E(mL day'), A= AAAEAIIKlag  growth

phase time, days)°|t}.

K71 7ol fI|E EREY 2 oY
2 aTE f74 Sod saunae ugens
f7159) RESHS B3] Slslol 3 13} MeLE

(Parallel first order kinetics) (Eq. 4)= %83} tHRao
et al, 2000; Luna-delRisco ef al, 2011; Shin, 2013). Eq.
400148] 7 ki, ko, foi= SigmaPlot(SigmaPlot Version
10.0, Systat Software Inc., San Jose, Califonia, USA)=
o] g-3to] Wer A R Aldolx] A FA ey Ao
Eq. 45 #HAglsto] T3l

Bi= By (1= f.e M= (1=f)e ™) (Eq. 4)

o714 Bz AlIRE tellA 2] HlebdAH(mL), Bos &
e84 (Ultimate methane production, mL), fo&
12 9k BlAl(g g, kit kot WY 13 BHEEEA
(Kinetic constant)©]t}.

T3, B AelMe @143 Aol EeliEe 7]
(Substrate) Z2| F71&(VS,)S (Eq. 5% 2ol @714
oA wgo® Mgy AE3) 4 (Biodegradable) -
71E(VSy Wee®  ddkEx]  ¢= WREsiA(Non-
biodegradable) #7]E(VS,,)Z H2(Eq. 6)3I3 oM, T
AR F715E( VS, Eq. 73 2ol F714stagelA %
Zlell A #alEe oliEal4d(Easily biodegradable) 7]
E(VS)H G0l o] A7]ast 7o HAE] 2
e AR (Persistent) f+71E(VS,)E T2t H9
Erd=g

¥ m&

i‘l i

VS,= VSy+ VSyy (Eq. 5)

olul, VS, F IIWALEHE(VS; volatile solid)2]
#Hg), VS, w3llXd(Biodegradable) VSe] &a(g)olth.

%

VSyp= VS x —— : Yhidll’d(Non-biodegradable)
™

VS 3K (g)
(Eq. 6)

olul, B, A% e @4 Nm-CH; kg'-VSuae),
g
By = o124 webaas] €4 (Nm*-CH, kg '-VSaade) 01Tk

VSp= V5, + VS,= f. X VSp+ (1—f,) VS, (Eq. 7)

olwf, Vs, = ©|i3l4(Easily biodegradable) V52| 3%
®), VS, el AZ (Persistent) VS| &3Kg), f, = ol

Vs,
31%J(Easily biodegradable) 71%& ﬁ]-?(ﬁe’ g/g)olth
B

AIEEN

Hjo] @7k 8] ZEAAR 7498 TCD(Thermal conductivity
detector)’} &2 Gas chromatography(Clarus 680,
PerkinElmer, Waktham, Massachusetts, USA)E ©]-&3}
ot} ¥ HayesepQ packed column(3 mm x 3 m,
80~100 mesh size)< o] 31910M, 1% o} (Ar) 7}
25 0]/ o 2 AHESIo flow 30 mL min-19] 23 AE|
A T8 (Injector) 2% 150C, ZA#HF(Column oven)
90°C, HE%(Detector) 150C |4 #4138} thSorensen ef
al, 1991). A 59] 9AFHLE JAFEA7|(EA1108, Thermo
Finnigan LLC, San Jose, Califonia, USA)E AHE-3}31C.
W, F1&E(Total solid, TS), ¥¥A 1FHE(Volatile
solid, VS), F&8t41ti 8% Total chemical oxygen
demand, TCOD), &% 2x(Total nitrogen, TN), 951 o}el
A2(NH,'N), 2] 5 (Alkalinity), 3149414 2(Volatile
fatty acid, VFA)5 ZE2ATH(APHA, 1998)l wha} 3
HHE o2 Sal5ich

Ej:" =P

7174 29 st o] 74
Modified Gompertz model®} Parallel First Order
Kinetics& ©]g-3to1 #43laiglon, 7 824 Felef] o3t
HAsEE Ht Al HAHRoot mean square deviation,
RMSD) (Eq. 8)& &4{sted mlashgict

SRS R L A A S

RMSD= \/ %Z X (Eq. 8)
t=
un ¥ oa
O|2& H|EFHAT{EIM
717 €A Fduside] gdaia Al o]ZHH

Boyle(1976)2] 7% & WHSA(Eq. 1) ol&3to] 3let
OFRZ 07 A3 o] 27 ﬂ]%Aﬁﬂ—ﬂgﬂ}g(Bt}l) Table 33}
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Table 3. Elemental composition and theoretical methane potential of hydrothermal hydrolysate

Elemental composition

Templ) By2
Parameters (C) C H O N S (Nm3 kg’l-VSadded)
S 7/ S —

170 454 74 26.6 125 0.2 0.499

180 452 74 25.6 12.8 0.1 0.505

Hydro-thermal 190 455 8.0 262 13.0 ND 0514
hydrolysates

200 455 75 223 13.2 ND 0.537

220 449 6.8 254 12.7 ND 0.493

1) Hydro-thermal reaction temperature, 2) Theoretical methane potential.

160 160 160

140 140 140 4

120 120

120 A

100 — =

100 100 -

80 80 80 -

60 60 60 -

40 40

Cumulative methane production(mL)
Cumulative methane production(mL)
Cumulative methane production(mL)

o 40 A
__._ Eyd:]';y-lr }:_en:]al ;eaclzgr :e,l]?pem;u;e 170°C © Hydro-thermal reactor temperature 180 °c v Hydro-thermal reactor temperature 190 °c
20 N;‘r:,: d"GS -or er‘t '"e(ﬁ mode 20 ——— Parallel first-order kinetics model 209 ——— Parallel first-order kinetics model
, ——— Modified Gompertz mode! 0 Modified Gompertz model 0 —— Modified Gompertz model
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Fermantation time(days) Fermantation time(days) Fermantation time(days)
160 160

140 140

120 120

100 szt ——}

100 Yy w o m—m——E TN

80 80

60 60
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40
a [}

Hydro-thermal reactor temperature 200 °c

———Parallel first-order kinetics model

——— Modified Gompertz model

0 T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Fermantation time(days) Fermantation time(days)

Cumulative methane production(mL)
Cumulative methane production(mL)

Hydro-thermal reactor temperature 220 °c
——— Parallel first-order kinetics model
——— Modified Gompertz model

20 20

Fig. 1. The optimization curves of cumulative methane production curve by Modified Gompertz model and parallel first
order kinetic model.

2ok f718 8RS Fause] E&i SRS 449~ 714 EeA Fdesd w4 vrbiieds 74
45.5%, T4 T 6.8~8.0%, At S 23 26.6%, Modified Gompertz modelZ} Parallel first order
A T 12.7~13.2%2 HAE Egagtq 3 slapo &= kinetics model= ©|&3lo] HZ3gl8t HF weAtedld
desl &% 170C 2} 180C ol 242 0.2, 0.1%= YERAS (ByZt B& xS VERSITH

. TEESH 9] o] 24 wgh a2 AR ke 17174 EeA sdEstele] Mgl Ags Fal
57 170C el 200 C7HA] ekl whel 0.499914 0.537 B 4 Uﬂ‘:/}‘g}‘}idoﬂ Modified Gompertz model<
Nm® kg'-VSaaaea® 718101, AR 2207C oA ##5ks < AT v eE e F9Es) e
= 0493 Nm® kg'-VS,aaed &2 73T 170C oA 190 C?/W 0.305°14 0.377 Nm® kg '-VSaddea ™

7kt o, o] dwkst ukg-2%k 200C 9 220°C ollA
ZE HIEHYATEIA 747} 0.315, 0.290 Nm” kg’ -Vsaddedfii K Eatei s s
Fig. 12 #1714 £eiA9] de i bl AldS Faf & Ao HPIEER) S TEES W25 170 Tl

& Fouste] F4 vebga s Modified Gompertz — 14.487 mL day' 2 713 l-nOLOrq o) % FHwEl LI} T
model, Parallel first order kinetics model ¢|4-35}] = 7hske] wEt A} Aske] £gus) v % 220C A&
Aglsl 23S v wslGith K3k Table 48} Table 5= 717} 9.478 mL day 'S UERHSITE. Parallel first order kinetics
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Table 4. Ultimate methane potential and Modified Gompertz model parameters estimated by the optimization of
Modified Gompertz model in the hydro-thermal hydrolysate of organic sludge

Modified Gompertz model parameters

Parameters Temp” B.” RMSD”
ol R N
(C) (Nm® kg"'-VSadded) (mL) (mL day™) (day) (mL)
170 0.305 98.7 14.487 0.13 10.31
180 0.338 108.7 14.206 0.06 13.37
Hydro-thermal
190 0.377 121.6 14.177 0.03 16.43
hydrolysates
200 0.315 101.1 11.434 0 16.49
220 0.290 94.1 9.478 0 21.67

a) Hydro-thermal reaction temperature, b) Ultimate methane potential, ¢) Maximum methane production, d)
maximum methane production rate, e) lag growth phase time, f) Root mean square deviation.

Table 5. Ultimate methane potential and kinetics model parameters estimated by the optimization of Parallel first-order
kinetics model in the hydro-thermal hydrolysate of organic sludge

0 d)
Parameters Tempa) B, fe ki ko RMSD”
(T) (Nm® kg"-VSadded) - - - (mL)
170 0.308 0.997 0.222 0.428 12.59
180 0.341 0.961 0.200 0.200 12.87
Hydro-yhermal 190 0.381 0.921 0.177 0.177 13.62
hydrolysate
200 0.335 0.739 0.197 0.004 7.07
220 0.322 0.708 0217 0.014 821

a) Hydro-thermal reaction temperature, b) Ultimate methane potential, c) Distribution coefficient of the Parallel
first order kinetics, d) Kinetic constant, €) Root mean square deviation.

model & #HA3leto] A& F714 SelA] AR HF Bougrier et al, 2008)7} 3Ith. o]2fdt K il= ARksE gk
e A -2 Modified Gompertz model 258 -2 Ll ST o] & HU1EY] EEE AT 9l
#HF vie At gl d ) v wate] FARs) W2l whet < YERdTE E3 Kim?}

© 2 A9 Ags AR 54
Jeon(2015) o]&fdt HEafAdd EH AP A
19t AT AAEE Fe ohyn, Al
719 el QloiA mhE FAIZF i

o 1~10% S7Fhs 210 Yepskor, 5 g gits gl
A2 170CelA 190C7H4 0308141 0381 Nm® kg
“VSaadea™ S7F3I 01, AR} WE3-2 5 200C 9} 220C

of»
o
B
ki
L

ol ZtzF 0335, 0.322 Nm® kg'-VSugea 02 725}o] W Etdet Wk §&% Qlste] B4 4o
Modified Gompertz model& 443l & {714 & e JEeo] Apol7t Stk Bt Qlo] % {714
A FARkstl o] HF we A A AE T FARE S L A8 Fadest o] §r|ast a8 e M
igleh w5k o] & f7E AT TaEsE ke 3t Rbgxgdol i HA st Ay e Jlow A

i, @ Al ox oo (. ki
M oox N oo rfo

fr

% 170CelA 0997 Yeblo] T Balld #71=(VSe)

°] 99.7%7} oY f71EE wAEShs Ao UERGO ArellA 2835 Modified Gompertz modet

o, Fdust 2529 F7kek § 180 CeolA 96.1%, 190C
A 92.1%, 200C oA 73.9%, 123 220C A 70.8%=
ol Fdld f71Ee] FEF A ol st dslshA vt
oA W&o STkel 9 olfal A f7Ee T}
b 2 A, ] Gshehd wkg-xzlol A nfolof
Z(Maillard) REg-oll o8 Aa stgEY} &pshEo] W
ato] @z}l-o]tl(Melanoidine)o] g #alA S Ay
£ 24& A8 WEolgs B (Martins ef al, 2000;

w0

‘—— 7

Parallel first order kinetics model®] &4 3}=E H]w s}
|, O BA Rl HAg Aol @S B Alw
HARMSD)E F4%st WsE% 170CE  Algstz
Parallel First Order Kinetics model®] #-4-0] A2 o2
F2 FHA 3 EE YERo] Modified Gompertz model 1.
U= Parallel first order kinetics model©] =& g3}l 9]
HE v E S oSsket oS feEd o
L=



134

Oh et al.

Table 6. Organic fractions estimated by the optimization of Parallel first-order kinetics model in the hydro-thermal

hydrolysate of organic sludge

VSp” o
Parameters T‘Efg};a) N Vs, ! Sum Vow
(%, w/w)
170 66.23 0.18 66.41 33.59
180 69.84 2.86 72.70 27.30
Hydro-yhermal 190 73.46 6.32 79.78 20.22
hydrolysate
200 49.53 17.52 67.05 32.95
220 49.76 20.55 70.31 29.69

a) Hydro-thermal reaction temperature, b) Biodegradable volatile solid, c) Easily biodegradable volatile solid, d)

Persistent volatile solid, e) Non-biodegradable volatile solid.
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Hydro-thermal reactor temperature (°C)

Fig. 2. The volatile solid fractions of hydro-thermal
hydrolysate, which estimated by the optimization of
parallel first-order kinetics model (VS. means a easily
biodegradable volatile, VS, means a persistent volatile
solid, VSxs means a non-biodegradable volatile solid).
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