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Rheological Characteristics of Hydrogen Fermented Food Waste and
Review on the Agitation Intensity
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ABSTRACT: The design of proper agitation system is requisite in biological waste treatment and energy generation
plant, which is affected by viscosity, impeller types, and power consumption. In the present work, hydrogen fermentation
of food waste was conducted at various operational pHs (4.5~6.5) and substrate concentrations (10~50 g Carbo.
COD/L), and the viscosity of fermented broth was analyzed. The H, yield significantly varied from 0.51 to 1.77
mol Hy/mol hexoseaqqed depending on the pH value, where the highest performance was achieved at pH 5.5. The
viscosity gradually dropped with shear rate increase, indicating a shear thinning property. With the disintegration
of carbohydrate, the viscosity dropped after fermentation, but it did not change depending on the operational pH.
At the same pH level, the H, yield was not affected much, ranging 1.40~1.86 mol H»/mol hexoseaqea at 10~50
g Carbo. COD/L. The zero viscosity and infinite viscosity of fermented broth increased with substrate concentrations,
from 10.4 to 346.2 mPass, and from 1.7 to 5.3 mPas, respectively. There was little difference in the viscosity value
of fermented broth at 10 and 20 g Carbo. COD/L. As a result of designing the agitation intensity based on the
experimental results, it is expected that the agitation intensity can be reduced during hydrogen fermentation. The
initial and final agitation intensity of 30 g Carbo. COD/L in hydrogen fermentation were 26.0 and 10.0 rpm, respectively.
As fermentation went on, the viscosity gradually decreased, indicating that the power consumption for agitation

of food waste can be reduced.
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Table 1. Characteristics of food waste and sewage sludge

ltem Unit Food Sewage
waste sludge
TS g TS/L 158.0 353
VS g VS/L 152.0 24.0
TCOD g COD/L 232.5 44.0
SCOD g COD/L 51.2 2.9
Carbohydrate g Carbo. COD/L  100.0 3.6

=
H Ay
g 1=

2 L(F F9 5

g Carbo. COD/L
oﬂ we} FAEE AP, 2 ><4 pH &kl
g Carbo. COD/LNA] 4.5~6.5%
st *‘;ﬂ%ﬁv}. TR 7|EE BsER g

Aol vlal ghrslEo] G4 AL
%—% ] wEolth? T 2719] 27] pHE
6 N KOHE ©]&3t S2EFH7E T4E80
A3k 8.0+0.12 23R, w-37|E AiTps

(99.999 %)= F3] X%t {71 HEHIE v

FATh W79 A e g % F2E
Ag3sle] 35CE GAEIGon, aMETs 100
pmlZ AFS et Ay 27| wavt F
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&k TS, VS, TCOD, SCOD+= Standard method®ll t}
gt 24893, pH= pH  Meter(HM-30R,
DDK-TOA)E ©]-&3t] A3t h vlo] @7k
A eFe 2417 = Wet Gas Meter(W-NK Type)©ll
Al &A% Fo STP(Standard temperature and
pressure)=1 02 Akste] ALkl gk~
WA &S 1k-8-= U]2] Head spaceE Gas-Tight 213
A2 0.5 mL #F5k Gas-Chromatograpy (GOW-MAC
serise 580, USA)E A3ttt &R|AlE IcE
A299.999 %)t=E ARESIAAL, w30
mL/min® 2 §-32]3}% 2™ Injector, Column, Detector
9l 25+ 747} 70, 50, 80C & 3HTE 7714 4
=AY 7)ok Bavt FRE A9 AEE 200
3| A5tk F=o] 045 unQl M B H Q] Filter= & 73
% Aminex HPX-87H(BioRad, USA)Z#o] Z-zhe
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Fig. 1. Design of reactor with
paddle type impeller.
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R = Parallel plate®] ¥4 (mm)
Q= 255 (rad/s)
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Fig. 2. Parallel plate.
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Fig. 3. Cumulative H, production at various substrate

concentrations of food waste.

Table 2. H, fermentation performance at various substrate

concentrations

Concentration
@ Cabo. coDL) 0 X 0 4 %0
Cumulative Hz
production (L) 24 58 98 128 146
Hy yield
(mol Hyz/mol hexoseadded) 140 165 18 18 167
Organic acids
(g COD/L) 69 119 19.1 258 433
AEAS] W= Z47F 55, 34, 40, 29, 282

HBWHAc®] ¥lg°] 3-4 AFoI3kel pH 5.0} 55014
Vg e FAARES YERIUTEY

3.2, REEd =23

Tool W g /& AEe sk 34 4
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Aol A& Er) S7Hsl wet HEr) vdg e
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ft i
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Table 3. Rheological properties of food waste prior to Hx 1000
fermentation @ — e 309 Carbo. CODIL (0 h)
v pH 4.5 (21 h)
——-8-—— pH50(21h)
Concentration TR mmebain
m 1 — (21h)
(g Carbo. CODIL) 10 20 30 40 50 E 100 Ta pneoen
£
Yield stress z
1. 41. 141. . .1 B
(mPa) 3 0 3 897 788 §
£
7 .
CIO VISCOSILY oo 270 2153 2313 12741
(mPa's)
Infinite viscosi
nfinfte VISCOSIty ) 56 78 329 581
(mPas)

Table 4. Rheological properties of food waste after H,

fermentation

Concentration

G cato copy 0 2 %0 4 50

Yield stress (mPa) 3.6 145 284  47.1 265.7

7 L
ero viscosity 104 239 478 804 3462

(mPas)
Infinite viscosity ) o0 55 44 53
(mPas)
o ATE BE F5 ZANA AY 2R A
ST, BrEHE B} B24E SalE Fol
765] = Al S

o] TAaZo] . A¥ =] Zero viscosity2}
Infinite viscosity™= ®57F S7Fgel weh Zbzt
6.8~1,274.1 mPass, 2.2~58.1 mPas{1l, &a 5 &
Zero viscosityr 5.8~346.2 mPas, Infinite viscosity
1.7~5.3 mPas® Zradh= 3 &Fo] Uehsth Ae=
(10, 20 g Carbo. COD/L) AL &N ] HEE F 2
o7} glie, ol A% 279 AT HE =
of B3l A3 ok Ao Ao E AlgHTh
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719 €A ¥ #FHs d7Ade] mEH,
7t S7¥ell wet A=) STk ol dAk
FEAgo] FFEV] HEeE RuFHITh &
7F S7FsHE Wi dAE A= 7kl wEt
12 VIELI =7 AT €81A dAe] ds 2
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1000 f§ (D)

Viscosity (mPa-s)
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A — —& — 509 Carbo. CODIL (27 h)

Viscosity (mPa-s)

Shear rate (1/s)

Fig. 4. The viscosity change of hydrogen fermented
food waste depending on (a) the operational pH, (b)
substrate concentrations (before fermentation), and (c)

substrate concentrations (after fermentation)
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Table 5. Required agitation intensity levels (rpm) during
hydrogen fermentation of food waste at various substrate

concentrations

) RPM
Concentration (1/min)
(g Carbo. CODIL)

Initial Final
10 5.0 5.0
20 16.4 6.1
30 26.0 10.0
40 59.2 14.9
50 94.8 26.4

M SN WUYE D 47
3.4. oHAIE
B Od—‘r%ﬂ/ﬂ /‘}% AAHE 2 71 3
o

%%H%OL H]‘IT A1 2]
= H EA)5k
Q3 ZoF RIFE 3 gtﬁ, ol

Fou) Jlzje] 2 Avt

AT Fe 2ol ol e, L o) vt 713
<l g oS Rheometerol| A =4 uwjol] nio]
7h27) wgstel Bt @ Alolel o] @7tz <l
3l Ah-geo| 2835}l AE k9 ;L%_]a]. A A
3} =&0] B3 740] 04010]1:}

|

= 9,101/}, %ﬁ %—ﬂ =R Aaet
e vetsr] 98 vdE 24
o] Betsojof & Pavt glrh

il
5)
2

> 0 4

ox

4. 2 E

HERAVIES 7 FaE A, 71E F
% 10~50 g Carbo. COD/LS} =71 pH 4.5~6.5 =719l
Al i 23S TR, gdlE v X
Aol S48 M= e o83l wi=E MAE

[e)

= ™ BA
QYT Az e} e ARS AU

A3het 279 712 w5el o7 pHe 242 30 g
Carbo. COD/L2} pH 552 UEIoH, F433%Hs
S Z+7} 1.86, 1.77 mol Hy/mol hexoseuded AT}

2. &4 pHoll & A ERAVE] FVIAH
ug A

[e)
Atg A3 Ay dgle vl FE-FAZA Shear

715493t 25(4), 2017



48

o2

A9l 0|2

!

o

AlALZR
O o,

215
(=K<

ot

thinning A5& BHou, @& o]F &4 pHell u}
= TT@Q’Z# %Hoﬂ‘— = ztel7t gk

3. 7148 7] 57 2295 A= =AU
EptT, WA olF wpshEol Falgel uek
o] AaEE Y F7IsAH.

4. 714 F5o & AF A¥E v e whk
ZAEZ AAZ A3} 10 g Carbo. CODLE 27| &
% gro] Yol avt XdqH o|F wRHFEE X}o]
7F i o, 20~50 g Carbo. COD/Loﬂ Ae T}
S5 WRES] HAaZo] AR

5. ol oduA] EHE % HlFE fA] 7714

718 AEHFA A Aol B whe
o] A= 7S, A 7747 st
AgEE oS £ Aoz werEr

TAES 3

=

N
T =

gl

References

OBl

B, TF, AAA, L8,
A, =l 54l H71=e] AdE 9 A
93 W3} 13, SRR B35S A]] Kim
E.Y., Hong, Y.G., Shin, S.G., Oh, TK., Lee, CH.,,
Lee, D.B., Kim, S.C., “Review of food waste

utilization and reduction policy in Korea”, Korean

o4, ol e,

03132

fon gy N
W

Journal of Soil Science and Fertilizer, pp. 229~229.
(2015).

AR, sAE2d7] 2o7] Y
A1 Green Growth Korea, “Comprehensive
measures to reduce food waste”, (2010).

. AJE oaggg “AH 7L 83 AHAHE
S A9 Aol Bt AT A =2 TE
FAE FAOR?, AYFRATS]] Choi,
K.H., Eom, T.H., “A Study on the performance

of environmental regulation of local government

(98]

utilizing information technology: Focusing on the
food waste system”, The Korean Journal of Local
Goverment Studies, 21(2), pp. 77~102. (2017).
MES, HEY, “2HSFE BLUOE o] 84
e 2 GAEH MHE I, FHEA
$+748+3) A Park, J.W., Choi, D.H., “Effect of

J. of KORRA, 25(1), 2017

10.

11.

12.

C[BEEE, AR, £33, 0l

. Ueno, Y., Fukui,

Biodegradation and Denitrification Characteristics
using Carbon Source with Food Wastes Leachate”,
Journal of Korean Society of Urban Environment,
11(1), pp. 41~48. (2011).

. Ghosh, S., Buoy, K., Dressel, L., Miller, T., Wilcox,

G., Loos,
anaerobic digestion of municipal sludge”,
Environ Res, 67(2), pp. 206~214. (1995).
HA, o] B, “tt
a8 THE o 8% oo
dlol ool A S, EAFYATY &)
Hwangbo, J.K., Seo, J.G., Yoon, H.C., Park, H.G,,
Lee, B.W., “The single- and two-phase anaerobic
digestion of food waste effluent”, LHI Journal, 2(1),
pp. 87~92. (2011).

D., “Pilot-and full-scale two-phase
Water

49 ol 4E7)

. Zhang, C., Su, H., Baeyens, J., Tan, T., “Reviewing

the anaerobic digestion of food waste for biogas
production”, Renew. Sustain. Energy Rev., 38, pp.
383~392. (2014).

H., Goto, M.,

two-stage fermentation process producing hydrogen

“Operation of a

and methane from organic waste”, Environ. Sci.

Technol., 41(4), 1413-1419. (2007).

. Nagao, N., Tajima, N., Kawai, M., Niwa, C.,

Kurosawa, N., Matsuyama, T., Yusoff, F.M., Toda,
T., “Maximum organic loading rate for the
single-stage wet anaerobic digestion of food waste”,
Bioresour Technol, 118, pp. 210~218. (2012).
(&4, "X, “g2A] A< 913 714
23tz JhAdel By A, ke w5t
Kim, H.S., Lee, T.J., “A study of the improvement
in an anaerobic digester for sludge reduction”,
Korean Society of Environmental Engineers, 33(7),
pp. 516~522. (2011).

7, =778 Ho| L7F23A A 7]

=2 A 2™ Edition] Ministry of Environment,

S A)
i=Rie|

“Food waste biogasification facility technical guide
book: 2™ Edition”, (2015).

[B71MdATH, &3tz G870 2 oy A
AL s A BF3Ad % 7H Gyeonggi Research



SHSEII|S 44 WEHO

=27

o
'IT%

_|0||

21
a1

Eda uetgdE g 49

Institute, “Improvement of digestion tank efficiency
and feasibility study on biomass gas use”, pp. 1~145.
(2011).

. Hreiz, R., Adouani, N., Fiinfschilling, D., Marchal,
P., Pons, M. N., “Rheological characterization of
raw and anaerobically digested cow slurry”, Chem
Eng Res Des, 119, pp. 47~57. (2017).

. Baroutian, S., Eshtiaghi, N., Gapes, D. J., “Rheology
of a primary and secondary sewage sludge mixture:
and  solid
140, pp.

dependency on  temperature

concentration”, Bioresour Technol,
227~233. (2013).

. Baudez, J. C., Markis, F., Eshtiaghi, N., Slatter,
P., “The rheological behaviour of anaerobic digested
sludge”, Water Res, 45(17), pp. 5675~5680. (2011).

. Wang, H. F., Hu, H., Yang, H. Y., Zeng, R. J,,
“Characterization of anaerobic granular sludge
using a rheological approach”, Water Res, 106,
pp. 116~125. (2016).

CREE, OB, Y&, PR, “¥7) BE
34 W SHRRUIE GelYo Ry
Gk A, @F5a D Ae|UA S]] Kim,
D.H., Lee, MK, Lim, S.Y., Kim, M.S., “Dark
fermentative hydrogen production using the
wastewater generated from food waste recycling
facilities”, Trans. of the Korean Hydrogen and New
Energy Society, 22(3), pp. 326~332. (2011).

. Kim, D.H., Kim, S.H., Kim, HW., Kim, M.S.,

Shin, H.S., “Sewage sludge addition to food waste

synergistically enhances hydrogen fermentation

performance”, Bioresour Technol, 102(18), pp.

8501~8506. (2011).

. Eshtiaghi, N., Markis, F., Yap, S. D., Baudez, J.

C., Slatter, P., “Rheological characterisation of

municipal sludge: a review”, Water Res, 47(5),

pp. 5493~5510. (2013).

20. Karthikeyan, O. P., Trably, E., Mehariya, S., Bernet,

N., Wong, J. W., Carrere, H., “Pretreatment of
food waste for methane and hydrogen recovery:

A review”, Bioresour Technol, (2017).

22.

24.

25.

26.

27.

28.

29.

30.

. Lay, J. J., Fan, K. S., Ku, C. H., “Influence of
chemical nature of organic wastes on their
conversion to hydrogen by heat-shock digested
sludge”, Int J Hydrogen Energy, 28(12), pp.
1361~1367. (2003).
Kim, D. H., Kim, S. H., Jung, K. W., Kim, M.
S., Shin, H. S., “Effect of initial pH independent
of operational pH on hydrogen fermentation of food
waste”, Bioresour Technol, 102(18), pp.

8646~8652. (2011).
. APHA., “Standard Methods for the Examination
of Water and Wastewater”, 21th Edition. (2005).
Baudez, J. C., Gupta, R. K., Eshtiaghi, N., Slatter,
P., “The viscoelastic behaviour of raw and anaerobic
digested sludge: strong similarities with soft-glassy
materials”, Water Res, 47(1), pp. 173~180. (2013).
Jiang, J., Wu, J., Poncin, S., Li, H. Z., “Rheological
characteristics of highly concentrated anaerobic
digested sludge”, Biochem Eng J, 86, pp. 57~61.
(2014).

Casson, N., “Flow equation for pigment-oil
suspension of the print ing ink type. In: rheology
of disperse systems”, C.C. Mill, Ed., pp. 84~102,
(1959).
Markis, F., Baudez, J. C., Parthasarathy, R., Slatter,
P., Eshtiaghi, N., “Rheological characterisation of
primary and secondary sludge: Impact of solids
concentration”, Chem Eng J, 253, pp. 526~537.
(2014).

Mu, Y., Chen, X. H., Yu, H. Q., “Rheological
properties of anaerobic hydrogen-producing flocs”,
Biochem Eng J, 34(1), pp. 87~91. (2007).
Dai, X., Gai, X., Dong, B., “Rheology evolution
of sludge through high-solid anaerobic digestion”,
Bioresour Technol, 174, pp. 6~10. (2014).
Ratkovich, N., Horn, W., Helmus, F. P,
Rosenberger, S., Naessens, W., Nopens, 1., Bentzen,
T. R., “Activated sludge rheology: a critical review
on data collection and modelling”, Water Res, 47(2),
pp. 463~482. (2013).

715493t 25(4), 2017



50 202, 0|2

i
i)
0x
o

AlALRE Z1&
, oS, &g

ot

31. Brodkey, R. S., Hershey, H. C., “Transport

phenomena: a unified approach: Chapter 97,

activated sludge, in an aerated bioreactor”, Chem
Eng J, 142(1), pp. 40~47. (2008).
McGraw-Hill, pp. 359~399. (2003). 36. Cao, X., Jiang, Z., Cui, W., Wang, Y., Yang, P.,

32. Noike, T., Takabatake, H., Mizuno, O., Ohba, M.,

“Inhibition of hydrogen fermentation of organic
wastes by lactic acid bacteria”
Energy, 27(11), pp. 1367~1371. (2002).

. Khanal, S. K., Chen, W. H., Li, L., Sung, S,

“Biological hydrogen production: effects of pH and

, Int J Hydrogen

intermediate products”, Int J Hydrogen Energy,
29(11), pp. 1123~1131. (2004).

. Baroutian, S., Munir, M. T., Sun, J., Eshtiaghi,
N., Young, B. R., “Rheological characterisation
of biologically treated and non-treated putrescible
food waste”, Waste Manag. (2017).

. Seyssiecq, 1., Marrot, B., Djerroud, D., Roche, N.,

“In situ triphasic rheological characterisation of

J. of KORRA, 25(1), 2017

“Rheological properties of municipal sewage
sludge: dependency on solid concentration and
temperature”, Procedia Environ Sci, 31, pp.
113~121. (2016).

37. Famo, E., Baudez, J. C., Parthasarathy, R., Eshtiaghi,

N, “Rheological characterisation of
thermally-treated anaerobic digested sludge: Impact
of temperature and thermal history”, Water Res,

56, pp. 156~161. (2014).

38. Famo, E., Baudez, J. C., Parthasarathy, R., Eshtiaghi,

N., “The viscoelastic characterisation of
thermally-treated waste activated sludge”, Chem
Eng J, 304, pp. 362~368. (2016).



