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Application of Statistical Analysis for Optimization of Organic Wastes Acidogenesis
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ABSTRACT : This study shows how to find out optimum co-substrate conditions and continuous operating parameters for maximum aci-
dification of three different organic wastes - livestock wastewater, sewage sludge and food waste. Design of experiments and statistical
analysis were revealed as appropriate optimization schemes in this study. Analyses of data obtained from batch tests demonstrated the
optimum substrate mixing ratio, which was determined by maximum total volatile fatty acids(TVFA) increase and soluble chemical oxygen
demand(SCOD) increase simultaneously. Suggested optimum mixing ratio of livestock wastewater, sewage sludge and food waste was
0.4:1.0:1.1 based on COD, respectively. Response surface methodology(RSM) contributed to find out optimum operating parameter -
hydraulic retention time(HRT) and substrate concentration - for the semi-continuous acidogenic fermentation of mixed organic wastes. The
optimum condition for maximum TVFA increase was 2 days of HRT and 29,237 mg COD/L. Empirical equations obtained through
regression analysis could predict that TVFA increase would be 73%. To confirm the validity of the statistical experimental strategies, a
confirmation experiment was conducted under the obtained optimum conditions, and relative error between theoretical and experimental
results was within 4%. This result reflects that using statistical and RSM technique can be effectively used for the optimization of real
waste treatment processes.
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Table 1. Physical and chemical characteristics of substrates
ltem Unit . Substrates
Livestock Wastewater Sewage Sludge Food Waste

pH - 8.0~83 55~6.2 42~52
Alkalinity mg/L as CaCO; 8,837.0 ~10,024.0 490.0 ~780.0 0~190.0
Total COD(TCOD) mg/L 13,331.3~17,372.5 18,009.9~33,411.8 26,707.7~28,509.8
Soluble COD(SCOD) mg/L 11,7412 ~15,732.1 2,787.8 ~6,386.8 17,339.7~24,810.3
Total solids(TS) mg/L 10,457.4~12,770.9 18,838.7~31,901.5 26,432.2~28,319.9
Volatile solids(VS) mg/L 5,064.1~6,602.4 13,091.7~24,757.3 23,226.4~24,810.3
Total suspended solids(TSS) mg/L 2,007.0~2,666.7 18,166.7~28,000.0 5,573.0~11,650.0
Volatile suspended solids(VSS) mg/L 1,575.0~2,075.5 12,916.7~24,000.0 5,347.0 ~11,425.0

Total Kjeldahl nitrogen(TKN)
Ammonia nitrogen(NH; -N)

mg/L as NHs -N
mg/L as NHs -N

TCOD/TKN -

Total Carbohydrates mg/L as Glucose
Soluble Carbohydrates mg/L as Glucose
Total volatile fatty acids(TVFA) mg COD/L
Acetate(HAc) mg COD/L
Propionate(HPr) mg COD/L
Butyrate(HBu) mg COD/L
Valerate(HVa) mg COD/L
Carbon content %
Hydrogen content %
Nitrogen content %

Sulfur content %

C/N ratio -

2,508.1~3,075.5
2,240.1~2,394.0
53~58

286.1 ~438.0
1252~397.7
7,5342~15,772.2
2,106.4~5,870.6
2,332.9~4,346.6
1,387.3~2,524.1
1,707.6~3,031.4
27.6~31.4
3.9~43
23~26
1.5~22
10.8~13.6

763.7~1,172.3
131.0~440.2
17.2~28.5
1,845.4~2,791.1
87.0~738.5
156.8~3,713.4
64.2~1,166.5
92.6~948.4
0~587.8
0~1,010.7
38.0~42.0
51~79
4.6~55
1.1~13
7.6~8.3

197.9~599.8
59.9~114.8
44.5~144.1
3,151.1~12,034.5
2,725.5~11,167.5
2,407.7~17,640.2
64.7~496.0
2,175.5~2,426.5
167.5~1,321.9
0~3,395.8
39.9~40.9
6.0~6.8

20~24

0.5~0.6
16.9~20.1

Aoz ¢#HZ 2-Bromoethanesulfonic acid(BESA) 50 mM
< E’_—E— HhS 20 EO]O}_%E‘_W ulRjeto 2 ALVl AZ

1 mL¥ A&
(PVDF) filter(Whatman, UK)Z A&

[e]

=

AN#H 3k 0.45 pum polyvinylidene fluoride

% high performance

Aaotel HES FHAgle § nFEeple & liquid chromatography(HPLC)Z 783t 1, w A& of

Folg 402 YB3t 35T, 150 rpm2] shaking incu- vlt} gas chromatography(GC)E ©]-8-3}] Uﬂ BgEES =
batorol| A kst TVFA A ZFS 87 1, g A 5 olm WgoZ WEkE TVFAYS BAFIUh
Table 2. Design matrix of the Box-Behnken design for the batch tests
Batch Experiment LW* ss® FW* LW(mg COD/L) SS(mg COD/L) FW(mg COD/L) Total(mg COD/L)

1 -1 -1 0 667 675 1,343 2,685

2 1 -1 0 2,000 675 1,343 4,018

3 -1 1 0 667 2,026 1,343 4,036

4 1 1 0 2,000 2,026 1,343 5,369

5 -1 0 -1 667 1,351 672 2689

6 1 0 -1 2,000 1,351 672 4,022

7 -1 0 1 667 1,351 2,015 4,032

8 1 0 1 2,000 1,351 2,015 5,365

9 0 -1 -1 1,333 675 672 2,680

10 0 1 -1 1,333 2,026 672 4,031

11 0 -1 1 1,333 675 2,015 4,023

12 0 1 1 1,333 2,026 2,015 5,374

13 0 0 0 1,333 1,351 1,343 4,027

14 0 0 0 1,333 1,351 1,343 4,027

15 0 0 0 1,333 1,351 1,343 4,027

* LW: livestock wastewater, ° SS: sewage sludge, ° FW: food waste
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Y= 4+ lzklﬂz‘xi"' iﬁiﬂ%"’ l§< ]Zk;ﬁ’z}xﬂj (1)

o714 Y : predicted response
Bi : linear regression coefficients
Bii : quadratic regression coefficients
Bi; : interaction coefficients
x : independent parameters

k : number of independent variable parameters

7 7149 Ee] 384 545 243 2= Table 17
2o} Ao AS ZE=r1 ¢ 9,000~10,000 mg/L
2 =7 Jehton, Soluble COD/Total COD(SCOD/TCOD)
Hl&o] 0.8 o]z tFEY F71Ee] 7IEalE g
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Fig. 1. The response surface of TVFA increase depending on
the variation of substrate mixing ratio.
dTVFA(mg COD/L) indicates the increased concentra-
tion of TVFA.
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TVFA S7Fl A &S VA= Aoz Yehsit

TVFA Increase = 997.8 +224.3LW +41.75S + 89.8 FW -
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SCOD Increase = 997.7-2759LW -173.35S + 148.9FW -
9.5LW - SS+9.3LW - FW-21.0SS - FW+31.0LW* -
36.78S% + 102.5FW* 3)

oJ7]4 LW : livestock wastewater(mg COD/L)
SS : sewage sludge(mg COD/L)
FW : food waste(mg COD/L)
TVFA Increase : increased concentration of TVFA

(mg COD/L)

naa - =
LW T L

Fig. 2. The response surface of SCOD increase depending on
the variation of substrate mixing ratio.
dSCOD(mg COD/L) indicates the increased concentra-
tion of SCOD.

SCOD Increase: increased concentration of SCOD
(mg COD/L)
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TVFA Increase = -1686.86 + 520.06X; + 1.98 x 10°X> “)

o]714 X, : HRT(day)
X, : substrate concentration(mg COD/L)
I'VFA Increase : increased concentration of TVFA

(mg COD/L)

Table 3. TVFA increase in the first continuous experiment

Reactor HRT Cosrltt;flttl;ztteion TVFA increase’ TVFA increase”
number (day) (mg CODIL) (mg COD/L) (%)

R1 2.0 13,000 3,270 121.1

R2 2.0 26,000 5,519 102.2

R3 1.0 13,000 1,469 54.4

R4 1.0 26,000 6,102 113.0

*: the amount of TVFA increase(mg COD/L),
*- the increase rate of TVFA(%)

4
STYFA 3000
2
oy .
0080
1.8 15 L pom R (mg CODN)
HRT {day] =

Fig. 3. The response surface plot of TVFA increase depending
on the HRT and substrate concentration(SC).
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Table 4. TVFA increase in the second continuous experiment

Reactor HRT Coilizflttrrztt?on TVFA increase’ TVFA increase’
number (day) (mg COD/L) (mg COD/L) (%)

RS 1.5 19,500 3,270 1144

R6 2.0 29,153 5,519 203.5

R7 2.5 38,805 1,469 140.9

R8 3.0 48,458 6,102 139.3

*. The amount of TVFA increase(mg COD/L),
* The increase rate of TVFA(%)

= o dAldA Ze TVFAZE &

H}skA & U:}E]— =G0l HRTS 718 555 o
S7PI7IEA TVFAZE 713 FA S7Fshe A
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29,153 mg COD/L Z719] %7] TVFA
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o] TZH o ojw R*3t} p-valuex= 22t 0.9317F 0.019
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Fig. 4. Experimental points in third continuous experiment.
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Table 5. Experimental results in the third continuous experiment

Reactor HRT Coitzittrrzttion TVFA increase’  TVFA increase’
number  (day) (mg COD/L) (mg COD/L) (%)
R9 2.0 15,000 -105 -2.6
R10 2.5 19,000 1,589 31.0
R11 2.7 29,000 2,286 292
R12 25 39,000 2,736 26.0
R13 2.0 42,000 1,413 12.5
R14 1.5 39,000 2,692 25.6
R15 1.3 29,000 2,033 26.0
R16 1.5 19,000 1,353 264
R17° 2.0 29,000 5,465 69.9
R18* 2.0 29,000 5,936 76.0
R19° 2.0 29,000 5,232 76.2

* A duplicate center point experiment,

® Confirmation expermiment,

¢ The amount of TVFA increase(mg COD/L),
Y The increase rate of TVFA(%)

TVFA Increase = 72.95+ 1.19X, + 1.94X, - 1.05X.X; -
19.93X7 - 31.26X% (5)

714 X, : HRT(day)
X, : substrate concentration(mg COD/L)
[VFA Increase : increased concentration of TVFA

(mg COD/L)

TEH BdAo = oS3 ¥ HRT 2Y, 718 F % 29,237
mg COD/LeA, Hd| 73%%] TVFA F7F FAsHATH
R 2o E}%W" AZF37] At =29 HA 2709
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TVEA Inoreass (%)

., T [ g
“ioe] e e ___.-""—Jn#
Ve T il = |
LR L FE Rl o Sl
MRT |day)

N

3 Ao dAgdEnh

7174 #H71= A7EAE FAl £t 7 @714 4
g AT 2FE 7S fARE 2364 e 71E AT
Ao} vlwstey. o 5 2B 7S o] &5kl A
&gz A HZ HRTE 4Y, 712 55+ 20,000~
25,000 mg COD/LS! ZZA)A TVFA A4 #o] 9,000 mg
2 Byska Qth ol # AeA =EH A HRT 2
drot F ot 4 ek o), A JhewsEe o4
Exg7)e] we 2hra ASoz Qlate] pH ZHo] B}
st} BAEAUEFS] F7HHR1 F9o] Basith £
ATollMe EF71EY HAsto os) F3hAl glo] 7]
7 F pH 65 A&Hoz FASHANE Bt #& HRT
HoZ 12,000 mg/Le] TVFA ¥5¢| 7l53ste] Hl-8&a3

chrazx o] 7k Ao ® YT

o~

_lZi Ho

4. 4 =

=

B ATe 7714 A28 o) @714 23 A
Q9 A 5718 AlEe

A% 7 AR B2 9lste] AEAY

1) FAEE, skerEuiA, S22 rE T 488
A5, 24 H71ES i 71 A B
pH A3}, F714%1 F3A4 T4, =9 715838 &=
HRT 57} 59 &Agle] kA< Ahart 7hsst
2) 3§24 AdAde] 5AgH 24 F714 ﬂﬂﬂ%«l
2 EFHIE COD 7|Fo2 FAHS, sleEdA|, 22
2297 £0F 04:10:1.12 234t AHo=z
S| 4=e] vlgo] v o)fe FU1 A&3) A AR
2,500~3,000 mg/LY TEE ¢RUol o g AlgHc)
3) 2btEx A% WS 9% A HRTS 71AE5Es

=

HU
if‘ ro 3o

5L 1" cnm. Ilulllﬂ 1.7
‘ll'm 1.50

Fig. 5. Surface plot depending on optimized HRT and substrate concentration for maximum TVFA increase.

Chotet A S5t2|X| 30# 8=, 2008 8

[y}



S A B)FA]

'_9_/!‘“ 1 o 71

rlo
ol

A~
TE -

HEEHYS A& =53 23, HRT 297 7A5E
29,237 mg COD/L7} H3Z $AZxHAew AdEu I uf

o] TVFA Z718S T3%E 4= 7158tk

4) =59 2do] g FEHE {% A5 H4F A9,
AR 7E e AFPAA dF 2 AFEAAT FHAL 4%
2 A F4o] 7hs3dte, RREEHHS o835 A3
weto] E8sistd Aol Wsht 2 #7714 #H7E 4
Fol A or AH§o] 7HetAnh

o

T

-

i

A} A}

o] A= AXZAFY AP AAA 7N EAFA (F
AWHZ 2006-N-BI02-P-01)2] 7]&7)dn] x|dog S35
AFUTH

, ARA, A, o¥E, “SAE 27 IR
2] 2 2hE S0 #e A1),
8} 73 58F3) %], 24(6), 957 ~965(2002).

2. Speece, R. E., Anaerobic biotechnology for industrial waste-

ol ) ox
ot Ay e
X
(o3
ot
o
h:)
2
=
(it
> O

o
=

= o go

waters, Archae Press, Tennessee, p. 120(1996).

3. ol7I¥, B4, olAlE, dked, dARL olFE, “SAE
FHZIE hEaLES Astxzeu e E3HlEo] F7A
B &stago viAe J37 d=H71253 4, 23(2),
143 ~156(2006).

4. A, HE9, AT, “frlERsl mE FAEA A7
o] 2hikg B4 31874 7181 8] %), 15(10), 975 ~982(2006).

5. Braun, R., Potential of Co-digestion-Limits and merits,
L.LE.A.(International Energy Agency), Bioenergy, Task 37:
Energy from biogas and Landfill gas: Switzerland, p. 2
(2002).

6. A&, A7), FIA, o4, “FA=2d7IE A8t
£ anEze] 58 P A70): AFE) B H]
21918}8) %), §(3), 112~ 117(2000).

7. Kim, H. W., Shin, H. S., Han, S. K., OH, S. E., “Res-
ponse surface optimization of substrate for thermophilic
anaerobic codigestion of sewage sludge and food waste,”
J. Air Waste Manage. Assoc., 57, 309 ~318(2007).

8. Montgomery D.C., Design and Analysis of Experiment,
S5th ed., John Wiley & Sons, New York, pp. 427~
442(2001).

9. Hwang, S., Hansen, C. L., “Modeling and optimization in
anaerobic bioconversion of complex substrates to acetic
and butyric acids,” Biotechnol. Bioeng., 54, 451 ~460
(1997).

10. Yue, Z., Yu, H., Harada, H., and Li, Y., “Opimization
of anaerobic acidogenesis of an aquatic plant, Canna in-
dica L., by remen -cultures,” Water Res., 41, 2361~
2370(2007).

J. of KSEE / Vol. 30, No. 8, August, 2008

11.

12.

15.

16.

17.

18.

19.

20.

21.

22.

Imandi, S. B., Bandaru, V. V. R., Somalanka, S. R., Ban-
daru, S. R., and Garapati, H. R., “Application of stati-
stical experimental designs for the optimization of medium
consitituents for the production of citric acid from pine-
apple waste,” Bioresour. Technol., 99, 4445~4450(2008).
Wang, X., Niu, D., Yang, X, and Zhao, Y., “Opti-
mization of methane fermentation from effluent of bio-
hydrogen fermentation process using response surface metho-
dology,” Bioresour. Technol., 99, 4292 ~4299(2008).

. Mu, Y., Yu, H.,, and Wang, G., “A kinetic to anaerobic

hydrogen-producing process,” Water Res., 41, 1152~1160
(2007).

. Waul, C., Arvin, E., and Schmidt, J. E., “Model de-

scription and kinetic parameter analysis of MTBE bio-
degradation in a packed bed reactor,” Water Res., 42,
3122 ~3134(2008).

Zinatizadeh, A. A. L., Mohamed, A. R., Abdullah, A.
Z., Mashitah, M. D., Hasnain Isa, M., and Najafpour,
G. D., “Process modeling and analysis of plam oil mill
effluent treatment in an up-flow anaerobic sludge fixed
film bioreactor using response surface methodology(RSM),”
Water Res., 40, 3193 ~3208(2006).

Owen, W. F., Stuckey, D. C., Healy, J. B., Young, L.
Y., and McCarty, P. L., “Bioassay for Monitoring Bio-
chemical Methane Potential and Anaerobic Toxicity,”
Water Res., 13, 485~492(1979).

Bouwer, E. J.,, McCarty, P. L., “Effects of 2-Bromo-
ethanesulfonic Acid and 2-Chloroethanefulfonic Acid on
acetate utilization in a continuous-flow methanogenic fixed-
film column,” Appl. Environ. Microbiol., 45(4), 1408~
1410(1983).

Yang, K., Yu, Y., and Hwang, S., “Selective optimiza-
tion in thermophilic acidogenesis of cheese-whey waste-
water to acetic and butyric acids: partial acidification and
methanation,” Water Res., 37, 2467 ~2477(2003).
APHA. Standard Methods for the examination of water
and wastewater ISBN: 0875532357; Greenberg, A. E.;
Clesceri, L. S.; Eaton, A. D., Ed.; American Public Health
Association, American Water Works Association and Water
Environment Federation: Washington DC(2005).

A7V, A, TP, VSTAYS 0§ FEE
A7 Zrade] L dgrASs] F5sheu s,
1(3), 580~585(2001).

McCarty, P.L. Anaerobic waste treatment fundamentals,
Public Works, September to December(1964).

Calli, B., Mertoglu, B., Inanc, B., Yenigun, O., “Effects
of high free ammonia concentration on the performances of
anaerobic bioreactors,” Process Biochemistry, 40, 1285~
1292(2005).



