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Dark Fermentative Hydrogen Production using
the Wastewater Generated from Food Waste
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ABSTRACT

The authors examined the effects of operating parameters on the H, production by dark fermentation
of the wastewater generated from food waste recycling facilities, in short “food waste wastewater (FWW)”.
Central composite design based response surface methodology was applied to analyze the effect of initial
pH (5.5-8.5) and substrate concentration (2-20 g Carbo. COD/L) on H, production. The experiment was
conducted under mesophilic (35°C) condition and a heat-treated (90°C for 20min)anaerobic digester sludge
was used as a seeding source. Although there was a little difference in carbohydrate removal, H, yield was
largely affected by the experimental conditions, from 0.38 to 1.77 mol Hx/mol hexose.ied. By applying
regression analysis, H, yield was well fitted based on the coded value to a second order polynomial equation
(p = 0.0243): Y = 1.78 - 0.17X; + 0.30X; + 0.37 XiX - 0.29X,” - 0.35X,", where Xj, X», and Y are pH,
substrate concentration (g Carbo. COD/L), and hydrogen yield (mol Hx/mol hexoseadded), respectively. The
2-D response surface clearly showed a high inter-dependency between initial pH and substrate concentration,
and the role of these two factors was to control the pH during fermentation. According to the statistical
optimization, the optimum condition of initial pH and substrate concentration were 7.0 and 13.4 g Carbo.
COD/L, respectively, under which predicted H, yield was 1.84 mol Hy/mol hexoseaqed. Microbial analysis
using 16S rRNA PCR-DGGE showed that Clostridium sp. such as Clostridium perfringens, Clostridium
sticklandii, and Clostridium bifermentans were main H,-producers.

KEY WORDS : Food waste wastewater(=-2]& ¥|7]& 22| <), Hydrogen fermentation(<=2~%} &), Substrate
concentration(”] 2 5 =), Response surface methodology(RF-5-3™H), pH
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1_ kl % Table 1 Characteristics of FWW and anaerobic digester sludge
Hrsta H5AR A dse] AR R Q1% A | Uni Value
tem nit
T8t 9 oA - 8 A ol A&7} FWW | ADS'
& oAl oA o] kel Be wAlo] 15 H A & 1S g TSL | 1206 | 514
Atk o] F Fat Ak A oF Bv Y4, © VS g WL | 82 | 19
e oluA) o) A1 1, ARAAR o Teop g CODL | 63 | M
SCOD g COD/L 36.1 ND
& A BollAl 7|29 Aglo] 715str] wEol
"lﬂ; °q 13H " ] “]} ] J}O i T I Carbohydrate g CODL | 550 1.4
=5 ol 7 A&E&71=3 H X2l o 2 X S —
AgAg Aol A% 7]_102;‘7‘ AuALer 7HE A Soluble carbohydrate gL 24.5 ND
bu SR ] ”
Al Zbde AL e TN (total nitrogen) g NL 54 ND
TaE el s e 5 AETA W Ammonia g NH-NL | 04 ND
He &g).31ekA vl v)s] AtA o R o X Alkalinity g CaCOs/L 48
Aol vt "oy & WAL, f7ENS pH 44 74
o]&-3ltt= AHol ¢l 1:]_3>_ AETA Fa YA 3 *ADS = Anaerobic digester sludge
L _ _ _ = ND, not determined
A LS o] &k B3 Baet dUERE o
) g A Tad vlE o] &4 4
3 E82 A 4 AAEETE AN wET S 2] 77} MAIRE 58] pHet 71 e A T
NRAANEL A o83 & Q7] fEe] Bhe /P FLY axER nuse) g oe AxkE
Qo] A7 oixe Ake] EAlo] FEE 2 o] 24z} x| JF e Age ek FHA A
SEEER L A8k Ak (analysis of variance, ANOVA)
sAzrdyE Sedete dud f4d e = B 7k S oglen wheari(response
24 47 Bejsls EAS A3 9ol 47, ¢ul surface methodology, RSM)& §-&3te] #24 =31
- = A, 9
9l A o, B AT 3 o ngn =E0) e
FARAS HYAAYY, SN 8 2e7) o] uaye  ATedAE SAEF A7) Gelde] #7714
£ 20009 71 141185/ olglom] o5& iy A LR A 7Ide] 27 pHet wieel] mE Fa
s} = oin|sle] AR 07 Hejgm A WRUNE olgste] HAstal %8s}
93, AR Y B2 A gk s 4 S
248 HAoA T fFEF7F BAsk= o)
oA =E A=, 1
SAEF HJ71E 28 9 (food waste wastewater, 2. ABITE 2 Hiy
FWW), A ‘Sola'et Aot dA 52 =229
. 21 A3 ¥ JIE
719 by kel 62.8%0 i}’ B Ties x A=
sHTFE W pH, =2 959 EAS 7 B Ago ALgE AF2 DA 8 T2 A2
ol 21 A7k 44 ok 60% oS AA SFF o) 2dlx FeHRA 0Tl 2087 dHEE @
7] Folth stARE, S e AR fUES & 5 AR AFe] 432 Table 1] YeRd
£3ta 9orE UL I|ES £ vlo] L9 A9 total solids(TS) 31.4g/L, volatile solids(VS)
U Aate] kst 53] ehdael 9%k A 17.0g/L o]l om 44 == 48g CaCOy/L, pH=
Abo Agst Zloz AlgH. 74 o)t} 2= DAl A E2E7] g F
kgl ogk A FA ] Qo] YIS W Gl A AFASAIL, A AR 4T A Yg B3
A= Q2= pH, 71E B, 25, 9% 4 5 9 T o]&3t3itt
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Table 2 Experimental design using central composite design and responses

Coded variables Experimental variables H, yield Ca;lggllgirlate H, production rate
Run
Xi: pH | Xu: substrate conc. | Xi: pH Xz:casrl;lf)s.trgt&)c&r;c. nﬁ)elx(l)rlsze/adzldd (%) mL Hy/L/hr

1 -1.5 0.0 5.5 11 1.16 78.4 199

2 -1.0 -1.0 6.0 5 1.64 76.7 156

3 -1.0 1.0 6.0 17 143 81.7 407

4 0.0 -1.5 7.0 2 0.38 759 56

Sa 0.0 0.0 7.0 11 1.73 88.0 297

6a 0.0 0.0 7.0 11 1.77 88.2 302

7 0.0 1.5 7.0 20 1.38 80.9 435

8 1.0 -1.0 8.0 5 0.39 85.8 77

9 1.0 1.0 8.0 17 1.64 82.7 293

10 1.5 0.0 8.5 11 0.87 71.0 254

S| AArS AR pHE 44, total chemical ) dA = samples AFH skl EA AT
oxygen demand(COD)7} 136.3g/L, soluble COD7} HA ] 74 AL 2708 SAH o2 F4517]
[e)

36.1g/L ©]21aL, SCOD/ TCOD7} 0.27 ©] it} &4 8l central composite design(CCD)S AHE 3l
SHE FEE 55.0g COD/L 24 AA f71% k] dl, CCDE o|#F g7y 2d Fds7|d a&
oF 40%% Ak, Aol o odefA rf?, 2 230) 4+ Design-
Expert(Stat-Ease, Inc., USA) softwareS ©]-&3}

22 €8 X EMEHY o] F 7K (pH, 7146 %) W] matrixE Table
091 Alg| iy 29} Zo] AAstaL T4 FEY T WYSEE 7}

7} target response® 3t¢] AT BAEY

B Ao s FE5T 100mL(E 53 250mL
91 serum bottle®] 2} F & 40mL ST B
48HE-8 71202 8 COD % Carbo, COD/L) 222 3434
o FHstArt E* FeES Ve Ao AR 714 B A, Alsel dig TS,

= o] 22 A} AA o] AW VS 2 TCOD, SCOD, Alkalinity, Ammonia, TN]

3} G Ao njate] A 7] gRo|tl A3 242 Standard method” & ©]-8-8}9)t}. pHE pH
278 )49 9] BE2 20~20g Carbo.  meter(HM-30R, DDK-TOA)E o] &3te] =43}

COD/LZ stal %7] pHE 55~85% 3t ¢S th BEshE o] £ #Hs-SbH S o] 85k A

s, e SN F g 5% sl Iml, 9% B

VR o2 E(Ar, 99999%) 7hAaE ol gate] 2 SmLE Wi & EEo] F the 30% WA Fk

Aedw, A% LEt 35°CE G489 7 shaking Z12]3 potable data logging spectrophotometer

incubatorE ©]&43}4 200rpm o2 A sfie) (DR/2010; Hach Co., USA)S AF&-3ate] 3+ 490nm

A= vlo] 9 7kAE 2437] Y8 A A7k 7k o U FRES EAYon FRELe XY
sk, (glucose)= ©] &3}t

Ao vholoshne) gt YR HH 3
=
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Fig. 1 Two-dimensional contour plot: Effect of initial pH and
substrate conc. on H, yield

o3} & Aminex HPX-87H(BioRad, USA) Z#9]
2% HPLC(Model VP, Shimadzue Co., Japan) &
A5t 4L UV detectors o]831e] 914
216nmell 3l A AL o] 5/FE 10mM ko]
A5 It} Flow ratei= 0.6mL/min, Z#-2 30T
ANA A EH AT

Hpo] @ 7px WS 2417 @9l E SA AL
STP(Standard temperature and pressure) 271 2.2

shakeldth. 4 2 serum bottle 9] head
space 7}#—3— gas—tight micro syringe® 200x0 3]

3Fo] gas—chromatograpy(Shimazul4-B) = #43}

Atk Molecular sieve 5A(Supelco Inc)E 5% E2
2 AFE-3}%1 3L, thermal conductivity detector(TCD)
2 BAsAT 4 A AEHE 93 GC 2e
injector &%= 100C, column 2% 80C, detector
T 120C o]t} Carrier 7FAe oF222Z flow
rate 60mL/min<S 4 591

=
=TT

HOIZ2 EClUOZRH =4 Mot

Table 3 Analysis of variance (ANOVA) for a quadratic response
surface model

Source . DF Mean F-Value | Prob > F
squares square

Model | 231 5 0.46 9.51 0.0243
X 0.25 1 0.25 525 0.0838
X, 0.76 1 0.76 1561 | 00168
XX, 0.53 1 0.53 11.00 | 0.0295
Xi* 045 1 045 9.19 0.0387
X2 0.66 1 0.66 1348 | 0.0214

T4 & Table 20 Yebd 23} o] 7] pH
9} 714 = zdo| wat @t} Center point?]
pH 70, 714 % 11g Carbo. COD/L(¥tr3ts Fak
COD %= 2u))o| A 1.75mol Hz /mol hexoseadded 7+
& Fh S B

e il 71ds s pH7t 74 7 &
of nx= 48S EASH= 2-D contour plotS 8f
o] Fig. 1o Yetidieh 27] pH 70, 714 §k=

13.4g Carbo. COD/L9] Z7o|A 4 4~&0] 1.834
mol Hy/mol glucoseZ 7} =2 k& Yeplom,
714 57 oW FA FES Fol7] 9% 27
pH 2% oA+ AF&S HArh

T2 FE(Y)9 7] pHX 9 714 5 =(X0) 9}
o] A#AA(H, Xi7} Xot= coded value)) = 21 (1)
o 2apA o7 4540] 7Vt Table 301 #|A|3h

Y=1.78—0.17X, +0.30X,+0.37 X, X, (1
—0.29X7—0.35X;

32 4 U £k

27) pHt 1455 st ol 7 2o
Aol S AR SRS HSEWES o 88 2D
20 hehglet. 73

contour plot< ©]-&3}9] Fig.
WE i QA Ex
pH 7, 714% % 20

COD/Le] 314 ozl em
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Table 4 Affiliation of DGGE fragments determined by their
16S rDNA sequence

L Accession | Determined | Similarity
Band Affiliation umber (bp) %)
|| Lacrobacillus | ppisoss | 101141 72
plantarum
o | Lactobacillus | yh18196 | 106/138 77
helveticus
3 | Lactobacillus | yiv130540 | 1087141 77
farciminis
4 Bacillus sp. | GU121493 64/69 93
Uncultured
5 ) - - -
bacterium
6 Clostridium sp. | AB059479 121/124 98
7 | Clostridium 1 \pseear7 | 123125 99
perfringens
g | Clostridium | ppsesgoo | 9a/128 74
sticklandii
Fig. 5 DGGE profiles of the 16S rDNA gene fragment after 9 Clostridium | 5180007 | 114/127 90
. . bifermentans
H, fermentation of food waste recycling wastewater
A: Food waste wastewater B: After fermentation 10 | Clostridium sp. | HM036028 | 122/126 97

E%om Fa4 FEol 7MY =39 pH 7.09 714
3 Og Carbo. COD/Le] Z7i0o] of7]q) &3},

" FHB)l= FA7FAE SN L FAHERA of
o~
W, 2 el pH H917F60 o3l B¢

AR HEALS AYAT)E Fa Fa AT
o 5

hL o
5155 018121 Aol pH 5560 of Wlafelopn o QO LT A IR
EAbs} o ghEo] AjA o= o Wol eyt o
2o sl 4 wE A 27 pHe 7140 s A8 B
o webA F71ak A e A 7ho] BAe| o 0 z7] pHsH 712 %6 tigh @7)4 S 3% A
¢S mHTE AS on| gt Az} EAHOZ o3 md ZhS olglo
34 DS A ?4;‘4" o 8L 1.84mol Hy/mol hexoseadded
+ U’ «—= 2 %7] pH 70, 714 &% 134g Carbo. COD/L
AT VAR AR St HH A Z7e A dojith
T 2A(27] pH 70, 714 & 1g/L)olA 7] 2) 7] pHet 714 e OE H4olA] pHe ¥
2 dg § | AE-S PCR-DGGE(polymerse chain 5t5 oF7]sto] A ALk f714ke] Aol o
reaction—denaturing gradient gel electrophoresis) S v W o ® et &, 2a s pH H9
wBAst9l o 1 A3E Fig. 59 Table 4 1 7} 55~6.0 1 A5, FEAbe] 7 wo] A
E}lH?iEP. A FARAE ERAINE HE F pH W7 6.0
Fig. 5 ¢] DGGE Wi=of yehd 217 Zo] &7 o]’ T 55 0|8kl Aol ol EALTL of g
S(A) Woll= Lactobacillus plantarum s 32+ A go| wol A=A}
A AAER A lactic a01d bacteriaT-©] F£. TF 3) SH49 A4 2AEH 70, 718 % 11g/L)2
Folt}, HHxA g § FrdastxE E£8A 4 A7 w4 dE T eSS B4 A9 5
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