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Optimization of Methane Yield in Anaerobic Digestion of Sewage Sludge with Microwave Pretreatment
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ABSTRACT

The objective of this study was to find an optimum methane yield condition in anaerobic digestion of sewage sludge with microwave pretreatment.
The pretreatment process was carried out using a lab scale industrial microwave unit (2,450 MHz frequency). The digestion efficiency of pretreated
sludge was evaluated by biochemical methane potential (BMP) test. Box-Behnken design and Response Surface Analysis (RSA) were applied to
determine the optimal combination of sludge mixing ratio (0 to 100%), power (400 to 1600 W), holding time (0 to 10 min) and pretreatment
temperature (60 to 100C). BMP test results showed that Volatile Solid (VS) removal efficiency was up to 48% at a condition of 0% for mixing
ratio, 1600 W for power, 5 min for holding time, and 80°C for pretreatment temperature. Methane production was up to 832.3 mL/g VSemovea at
a condition of 50% for mixing ratio, 1000 W for power, 5 min for holding time, and 80°C for pretreatment temperature. The results of the variance
analysis (ANOVA) showed that the p-value of the power and pretreatment temperature among the independent variables were significant (p<0.05),
and in particular, the pretreatment temperature significantly affected on the solubilization and methane production. The optimum condition for the
maximum methane yield (847 mL/g VSiemovea) Was consist of 38.4% of mixing ratio, 909.1 W of power, 4.1 min of holding time, and 80°C of
temperature within the design boundaries.
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2] o] SRl e Aol oJet Jof&eAl
B Tt Aoz Qlsto] S5TAQl 7wz fA
o]501%] ) 3}7] whizolch (Cho et al, 2018). |2t #7]
Kastel A 891 Hassy] istel A BAol
a7Ev, AR 24S Agqonn saxel 183}
(solubilization) & F7HA 1A S5 2|91 @744 a8 5
7HAZ1AL 23 0] QHYSkE =wek 4= Qlt (Ministry of
Environment, 2007). T3, AA 2|2 A L3t %] 7Hesie
=3 n|yE A= =3, v]FEHZA =7} soluble chemical
oxygen demand (SCOD) Z7} 59| 815 d& 4= 911, 9]
2 23 A W14 o oFEst 718skE JlgE 4 9l
o, 7t o7 &2 Aote 755kt (Choi et al,
2006).

d719astel a8 37HE IS AA Yol Sxdu)
(Ftolzzw}), AT, 2|, A - H71A]2] 5o] Sk
(Apul and Sanin, 2010; Li et al., 2009; Tang et al., 2010). ©]
% SR} A2 FjAio] gov), Brlgasil 2
S o] 83 A% kA S B s 5 ABERS
A7) o] slof sleeiAe) 1A Ei Azl
of 849 4= o= HA7IEE AAEIL ot (Jones et al.,
2002; Park and Ahn, 2011). Teeradej (2002)2 =Zttul7}
A YRS @748 & A S vlo] @7k o] MR
o] 20~50%7FA] Z7pgtckal Ha1skeich Park and Ahn
Q01N%= Stz SeA] AAe] & @748t A g
A3, COD 7183t 7t W& E714943t a8 3 9 uf
0] @7} B¥RAEF 271 (control THH] 20 A4S} A] 22%, 5
&3} A 53% S7hE Hole Al® Hisiiitk

tlEo], F71asked & Al A 2019 et A
S78aE0 SsE floto] BzQl ARRtelu AR AA A
ol WS ofgsto] A3t AFE FActe Boe XS
oMz} B Aot 7t & HAIRE AEEA
7P tiEA ol S8 ¥l pH, 2%, e A|FA|
ZF (Hydraulic Retention Time, HRT)2 944 A
U AR AtollA= e A1elA 9 A
7] wZoll B2 AE BEYE HAHS AEste] ¥
g, A-83}F Ei= 83} ¢l S8Rttt Aol o]=
HE F2H AR lste] 25 AFshA oA Zh=gt Qt
& (safety factor) S FAFERE A AR} 48511, 4
Ao HAEAQl 5843 vl A FEARR] ¢
ZHgich oldt FAIE AT = e Aol R
(Response Surface Methodology, RSM)o|t}, HH-3-3HH
oFh ¥pe] QL FAlol Telste] WS ST
JQFH SA - kARl W o2 ofg] Rool A A A
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= FIeF AAAQ Ao AL Sk (Myers and
Montgomery, 2002; Park et al., 2009).
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Lo] 8715 ol g3l A akAeH, AR A4S A
gA157] gla) A AR 59 Wad A= HFsiol
0.85 mm A2 2o PAES AAT F olg3tsct 1e3
SR Who] ARES HlAISE ] $l8) 4T W Bkl
ok ERL, skpg Al Sulgo] mighdAel] vXle 3=
oJobiz] 18 12h2} 2k A 50:50 VAo Bt A

£ FH|sto] ARESIATE ZF AR Y volatile solid (VS total
solid (TS) ¥ 62~67%2] HYES HPon, soluble
chemical oxygen demand (SCOD)/ total chemical oxygen
demand (TCOD) H]+&= 2.9~3.4%2 -2 kS Uehyo] 11g
2 39 A 714 ] 1 84 SVIAE U

o] W2 Zog FHAEQITt (Table 1).

2. 2

ztul AX 2] A$AX] = microwave accelerated reaction
system (MARS 5, CEM Corporation, USA, 2,450 MHz, Z|tj&
g 1600 W)y 0]-8-5F51.0H, 100 mL U Al=-87] (Omni,
Foj2= 330C, 2iek 102 atm)o] 70 mLe] AlRE A5
0 oY W REANE 2§ 2 Ak (Fig
Szt AR YA Y875 ARgste] Sl 9%k 2
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Table 1 Characteristics of sewage sludge

(Unit : mg/L)
Parameter Primary sludge Secondary sludge Primary + Secondary (50:50 v/v)

pH? 6.3+ 02 65 £+ 0.2 6.4 £ 02

Total solid (TS) 13,653 £ 264 19,372 £ 713 16,900 £ 296

Volatile solid (VS) 8,503 = 199 13,050 £ 704 10,950 £ 313

VS/TS® 62 + 1.0 67 + 1.3 64 + 09

Total chemical oxygen demand (TCOD) 12,855 + 577 17,808 = 1,206 14,683 = 611
Soluble chemical oxygen demand (SCOD) 431 + 63 520 £ 141 444 + 56
SCOD/TCODP 34 £ 05 29 £ 08 30+ 04

NH, N 118 £ 5 206 + 18 144 £ 11

Alkalinity 1,088 + 85 1,350 £ 57 1,220 £ 125
Acetic acid 110.8 + 231 387.0 £ 486 2544 + 214
Volatie fatty Propionic acid 130.2 = 10.0 2798 £ 42 146.7 = 68.3
acids (VFAS) Iso-butyric acid ND¢ 814 £ 25 296 + 342
butyric acid ND¢ 1099 + 7.3 315 + 36.6
Iso-valeric acid 60.7 £ 1.7 1429 + 32 82.8 + 228

2 No unit, ® Unit : %, ° Not Detected
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Fig. 1 Schematic diagram of microwave system

oz U grel WEgR skt 2t 2Aolie] S
48 BAHoR 9 20 FAjo Heh]o] Wels
FLEHPZRS WS- HEA] (Response Surface Methodology,
RSM)S H8ato] 1 As7rols dazes 2aaks
LRASY % 3908 olel A A8}

o Ao AuE wEelo] 2HL X
-Behnken®-2- ©]-85}It} (Garud et al.,
2017; Toyota e tal, 2017, Lee et al., 2018). 18]l Z} Q1A=
oIt 4 (0 45k $48 chpslone A2
27 £2 9 NSRUITRAE 949 oD (Minitab

Inc. Release 19)S ARE-3FGICh WH-SEHEA WS o83}
S| H A= EAHEA (Analysis of Variance, ANOVA)S

Sl froldE AESISIT o714, &, B, G, R G = 22

w

R (9, A%, 24 9 iE A8 919t 39 Aol
o, X ok X = 429 SHHeSoIth (Wang et al., 2007).

AFA G AMGE SHHS F 1349} 23} S2A] A7
SFH] = 100:0%, 50:50%, 0:100%= Aste] Y5t =
0] 82 400 W, 1,000 W, 1,600 W= AA3}5 o,
AA7 2= 60T, 80C, 100CE A&t} (Eskicioglu
et al., 2007a; Vlyssides and Karlis, 2004). 12|11 HA|2] &%=
ol K] RAAITEE 042, 54, 102 0% 3¢l o, A3 g
ARG ZF H4eef 2712 Table 29F 2tk 4212} AF 9] 7-¢-
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Table 2 Independent variable values for Box—Bohnken design

X Independent Factor levels
i

variable -1 0 q

Xy | Mixing ratio (%) | 100:0(0) | 50:50(50) | 0:100(100)
X Power (W) 400 1000 1600
X3 | Holding time (min) 0 5 10
X, Pretreatment 60 80 100

temperature (°C)

4. 312A 7)Y Ht37| 2HME Et LAdlg=2
(BMP test)

Ol

7t

BMP (Biochemical Methane Potential) test= serum bottle-2-
olg3}e] bottle U320] 7]o] Hafuolq Haz she B
714 TR W GRS RS £, pH ol dhate]
2% 20% fA3hEA 7139) Bafe] oJs) BAyekE 7
ekl 24 WES Tlolels BRA ARoR 7180
B4 A W A o B Slat
6 & o]&3tTt (Owen et al, 1979) BMP test= A3 A] ALg-3}
719 5, wAEe] S5, o 2ol wel v 3
4550 A 24 4 etk 14 A7ILERE U
7R w2 o] Solst w17ke] wiEhgA
A AZA A v 753k} (Yoon et al., 2015).
2 QAolale ARAS) ot 2t AR 2AE A

8 Sl5EIAS BVP test2 913 AMgakom, A 44
of Rafo] ofs) AR 7i2o] 2 wiAlsl] S5} A5
At (control) © & 0] g3FGITE. AT 02 ARG
Seiale 2] A ge] 285 e A 085 mm AR
A BELEES A A B 0] 8319 0, BMP test= control
AEE Bslel 5 200 Agel el FUT LAEAe)

35C, 140 rpmof|A] 2=
~2,000 mL £-3F9] serum bottleS AFESIAY &

)5}t BMP test= UWHA S = 100
Ayt el
Yxo] 7153t 2] 8715 A&t} (Henson et al., 2004).
2 AF A= 500 mL (FEFT] 400 mL) serum bottleS ©]
231900, serum bottle A= H-5- 71759 HAE =
7WAE ZAE] 9Ete] gas bags AA|EFT} 2+ serum
bottleo]] A1giA|Elo] ofa) HAE 27Ae] ARE A%
(30%)2} 3 Z=9latgd o, AazkAR 1 ~287F (15 Limin)
1A (purge) F 93] TSN W74 202 A5
o 225 W vpEs 7 de] guiet 4ES 9 W
gF (140 rpm) ¥ 2= {2 (35C)7} 7H5St shaking
incubator (VS-8480 model, VISION Co., Korea)o| A 3047k
HjoFstE A, WSk CHy 7kAE F714 082 S7dste] 48}
£ Brhsha
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SFAECES O EE EREE MEpS e a)
B7¥817] €18) pH, TCODg, SCODG, TS, VS, NH, N 18] 1
AlkalinityS 243190 H, AHFES Standard Method
(APHA et al., 2017)°]] Z&35lo] 24319t} pH= pH meter
(ORION 920A)= ©]-&3to] 243519121, TCOD¢, SCOD;,
Alkalinity'= 23 H-&- 0] 83} BASIT]. 121 TS} VS
© TS ARgSIATh o714, &4 &4 SCOD: 2}
NH, " N& A 22 ¥A1E2]7] (VS-5000N model, VISION Co.,
Korea)E ©]-85}44 3,000 rpmof|A] 10371 ¢A1EeE] & Aol
2 GF/C o{1}#] (Whatman, England)2 oj3}5}o] 4L ofx}ol
S 4Col| A YRR TIAA A5t A 79 volatile fatty
acids (VFAs)= HP-INNOWAX column¥} flame ionization
detector (FID)7} A&E 7fAT 20t E 123 (Model 7890A,
Agilient Technologies, Palo Alto, CA, USA)E ©]&3}o] &4
3190, Injector ¥ Detector 2%+ 717} 150C, 280TC &2
LAY 281 Oven 25 260CE ARG o
carrier gas+= Helium& ARE3}4c) 431779 WAYSH 7}
29 CHy =2 Alltech columni} thermal conductivity
detector (TCD)7} A2t 7lA3 2ule | u) & ALEske] &
25199k Injector & Detector %% 4L 7k7F 200C, 250T
o|H, Oven 2% = 40CE A3} carrier gas= HeliumS

o g 3hirt.

B71945E TN WS W pH Bk 71448t
$29) YN BIE U7 TR LAAER ol T 9o
A

o, A2} A AR AR B4 osf Adsl
Z}9-Ftl. Khayum et al. (2018)2 d7|Ad3A 2 Wwa s 95t
A pH= 6.0-7.58+1 31512, Sung et al. (2002) MPB
(Methane Producing Bacteria)®] 2% pH H%+= 6.6~7.82
X 13k} Control A|2E A|Q)3H 2770 A|&2] 7] pHE
WA 68~700) W2 ZHEo8, wo] gyl
259 % pHi= 75~7.79] #9128 et (Fig 2). ol
A7 e MRS A Fof §lolk A% pH HSE
RS Ao & Ye pH7F §7]49 434S ket wA=
ool HaE S Aor weEh
%%j 17t B¢t ZF 2404 AAR VS AAES E30H|
T-a5to] Fig. 3o YehQIcE E3817F 0% (14 555
E}Z] 100%)Y o], HF VS A|AEL 31 £ 11%E 23} 555
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Fig. 2 pH variation before and after BMP test at each pretreatment conditions
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3] 100% (2} 5552 A] 100%)0l| 4= 28 + 4%2] A|A
5 Uehlo] A=t w2 IAEYA A 7P =2 3
o A Bt AT SxTu AR uE a2k
VS AlAE Htgke] zfolg A E 1 A S 47] Sl
A A3t 33 VS A A& = & Zfol7t
o7 BAECH (p>0.05). o] &3] Qo SxHa}
o] Z¥z} tr27] gl o g S3HHH VS AlAE 3
Husl7|ofl= olgfgo] e ASE wetEr). e
£ 5 (2003)9] A-tolA AAEE ¢Fgh 221& 2 A2
13.8%2] W2 VS AAES Hol= A0 & UEhyl=d|,
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2hs
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B Aol Fxdt Axee] B2 VS AALY 49
183~47.6%2] W9IS Hol, WA e] § - Fof T VS AA
27k0] Aol Gl AOR Lehge.

Szl Aefat 221X9) BVP test AT AAH O of
30%2] VS A|ALeL Helon, o]|dt Auls Park (2007)0]
FEGE 2ARE 54524 o §310] BMP testS £
UL VS AL 30~34%8} fARE AOR ek Teln
g AAele] ofgt siaela HA7h8st AT (Lee,
2008)°14 BMP test 27+ Sk} Hefat 943719 VS Al
22 A L% 60~100T HE] (TS 2%l 4 F 30~40%2]
2he Reom, B AT Aujel th Aol GOt TS FEE
o 2A9) Aolahe TefahE fARE Wl Qi o=
ek,
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Fig. 3 VS removal efficiency at each pretreatment conditions

2. 7|-Jk|:|r E'.t |:|=|_$_|.

@712sto] glo] £A717HERE HHe oA AL )
EF (CHy)Z} oJ4lslErAs (COy)= 523t ¢IAolT}. BMP test®
2E) Qojdl 4] vjgrks wAe Wshs BRI Fig
4ol Utehile), AR50 = Saein Axele] ot 78t
A3 Q8 29 el FA 7] Basgion, ol
werdblERe. 2|2 njjel WhAlEko] 4148%E 2}R|EH= Ao R
ZALE]QITE. BMP test ATHS vpEto & mepdlaers. 2aam

SR o] SYNSEY JFE dohiy] 8] BAHEAL
BT (Table 3). 2|24 23 p-valueZ} o] Ko
APS oL glom (p<0.05, R*=0.83), 8w o] 12}
A8 w ABEYe] SO g Ul Aos HAEY
T} (p<0.05). 3k A3AS (lack-of-fit)= 0.239 (p>0.05)=
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Folgh S UetiSith 2t 588 5 9 dAAe
L9 p-value”} -0t gha UEtlglon, 53] AAg2:
7F wigbdAyel wjl= Gl 7MY 2 AoE EAE S
A 7P 29t 0%, S 1600 W, F-AI A7 543,
25 80C 2ANA 1,052 mLE 717 o] Huﬂs}h
Uebgt Lejuh EAE weeRs o] 8-she] gt (mL/g
VSeemoved)er AP AT, HRHE- AEA S A] Aol
Fgoh= EeH] 50%, 22 1000 W, F-AIAIZF 55, 21 80T
Z7A0)| A ZH 925.7 mL/g VSiemovea (FF 8323 + 81.1 mL/g
VSemoet) 2 71 ol WSz 2 & LEFE O T (Table 4),
A Z o= 383.7~925.7 mL CHy/g VSemoved (571 ~1,380 mL
biogas/g VSimowed) 2] HAE AP E|GITE o] FH2 k=& A
7179438t aES H7RgE A (Park et al,, 2012)014] AMYE
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Fig. 4 Cumulative methane production of each pretreatment condition
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Table 3 Analysis of variance for methane production using full quadratic model

Responses Source DF? SSP p value
Regression 14 683416 0.008
Linear 4 176005 0.031
Mixing ratio (%) 1 5742 0.493
Power (W) 1 55883 0.048
Holding time (min) 1 8065 0.418
Temperature (°C) 1 106314 0.010
Square 4 329863 0.003
Mixing ratio*Mixing ratio 1 192238 0.001
Power*Power 1 151928 0.003
Holding time*Holding time 1 116867 0.008
Methane Temperature* Temperature 1 186709 0.002
production Interaction 6 177547 0.077
Mixing ratio*Power 1 38220 0.093
Mixing ratio*Holding time 1 114582 0.008
Mixing ratio*Temperature 1 18428 0.229
Power*Holding time 1 3788 0.576
Power*Temperature 1 2256 0.666
Holding time*Temperature 1 272 0.880
Residual error 12 137834
Lack-of-Fit 10 130495 0.239
Pure error 2 7339
Total 26 821250

2 DF: Degree of freedom, ® SS: Sum of squares

Table 4 Box—Behnken design and methane yield at sludge mixing ratio, microwave power, holding time and temperature

No. Mixing ratio (%) Power (W) Holding time (min) Temperature (C) Methane yield (mL/g VSremoved)
1 0 400 5 80 504.5
2 100 400 5 80 384.1
3 0 1600 5 80 506.6
4 100 1600 5 80 434.3
5 50 1000 0 60 4288
6 50 1000 10 60 513.1
7 50 1000 0 100 4331
8 50 1000 10 100 4851
9 0 1000 0 80 849.5
10 100 1000 0 80 438.7
11 0 1000 10 80 458.6
12 100 1000 10 80 425.6
13 50 400 5 60 690.0
14 50 1600 5 60 390.5
15 50 400 5 100 610.4
16 50 1600 5 100 4488
17 0 1000 5 60 526.9
18 100 1000 5 60 383.7
19 0 1000 5 100 492.7
20 100 1000 5 100 459.9
21 50 400 0 80 558.1
22 50 1600 0 80 4719
23 50 400 10 80 5219
24 50 1600 10 80 412.2
25 50 1000 5 80 8323 + 8112

2 Center point, replicated three times and response presented average value
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Table 5 Analysis of variance for methane yield using full quadratic
model after revision

Responses Source DF? SsP p value
Regression 9 440934 0.001
Linear 4 96503 | 0.042
Square 4 308748 0.000
Methane Interaction 1 35683 0.046
yield Residual error 17 130318
Lack-of-Fit 15 117146 | 0.550
Pure error 2 13172
Total 26 571252

2 DF: Degree of freedom, ® SS: Sum of squares
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Fig. 5 Residual plots of the quadratic model for methane yield
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Fig. 6 Two—dimensional contour plot of the quadratic model for methane yield degree of sludge with respect to pretreatment
conditions of mixing ration, power, holding time and pretreatment temperature within the design boundaries
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