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ABSTRACT

Biohydrogen production from food waste via dark fermentation was conducted by using mixed culture under various environmental conditions
(initial pH, initial F/M ratio, initial ferrous iron (Fe**), and temperature condition) in batch reactor. The results revealed that the maximum hydrogen
yield of 46.19 mL Hy'g COD.4qa was achieved at the optimal conditions (initial pH 8.0, initial F/M ratio 4.0, initial iron concentration 100 mg FeSO,/L
and thermophilic condition (55+1°C)). Furthermore, major volatile fatty acid (VFA) productions of butyrate (765.66 mg/L) and acetate (324.69 mg/L)
were detected and COD removal efficiency was detected at 66.00%. Therefore, these optimal conditions could be recommended to operate a system.
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1. Introduction mental conditions including initial pH, initial F/M ratio, iron con-
centration and temperature for enhancing biohydrogen production

Fossil fuel is a main energy resource in the world (about 80% from food waste that was operated in dark fermentation.

used in the world). It releases carbon dioxide, when it is used
in combustion that causes the major problems as climate change 2. Materials and Methods
and global warming. These problems directly cause environmental
impacts. Moreover, fossil fuel is running out from the earth [1].
In response to the problem stated above, continuous effort has

2.1. Feedstock

been made in exploration of clean, renewable and alternative energy Food waste collected from a central cafeteria at Mahidol University
for a sustainable development. Hydrogen is a clean energy and (Salaya campus), Thailand, was ground after sorting out animal
promising replacement of fossil fuel. Biological hydrogen pro- bones and clamshells. It was mixed with distilled water (food
duction (Biohydrogen production), especially a dark-fermentative waste:distilled water = 3:1), then sieved with a screen 5 mm
hydrogen production is a one process, which can produce hydrogen (ID). The characteristics of food waste are shown in Table 1.
by use less energy than other processes (chemical and electrolysis)
and it is a friendly environmental process. However, dark-fermenta- Table 1. Characteristics of Food Waste and Seed Sludge
tive hydrogen production depends on optimizing the operating pa- . Value
rameters (i.e., pH, F/M ratios, ferrous ion and temperature), which Parameter (unit)
€., P, 08, pet: , Food waste Seed sludge

;r})lhance };ydrogirlzl prod}lctézﬁ( kf)y effect on t'he bacte.rla cuilture [2']. Total solid (g/L) 334.55 89.29

© use ot pure ture o darke ennenFajuon 15 EXpensIve an ¢ ) Volatile solid (g/L) 318.81 59.64
cally difficult requiring sterile conditions and strict control [3]. .

. . . Chemical oxygen demand (g/L) 186.67 31.60
Therefore, mixed culture is considered to generate hydrogen pro- Total Kieldal nitr L 3.49 154
duction in dark fermentation and pretreatment was used to inactivate ot . jeldal nitrogen (g/L. : )
hydrogen consuming bacteria. Restaurant food waste is waste from Protein (g/L) 62.50 )
fundamental human needs, which is the carbohydrate-rich substrate Carbohydrate (g/L) 142.68 -
and achieves dual benefits to energy recovery and waste stabilization Total lipid (g/L) 26.57 -
[4]. Thus, the purpose of this study focused on optimal environ- pH 4.11 7.47
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2.2. Seed Sludge

The seed sludge was obtained from an anaerobic digester in the
Bangkok sewage treatment plant, Thailand. It was heated at 90°C
for 15 min to inactive the hydrogen consumer and to harvest
spore-forming anaerobic bacteria [5]. Characteristics of seed sludge
are also listed in Table 1.

2.3. Experimental Precedure

Batch reactor was conducted in 250 mL serum bottle with 200
mL working volume. Each reactor consisted of seed sludge concen-
tration 2.5 g VS/L, food waste concentration 25 g COD/L and 10
mL of nutrient solution and then it was filled to the volume mark
using distilled water. Nutrient solution contained 200 g/L of
NH4HC03, 100 g/L Of KI‘12PO4, 10 g/L Of MgSO47HzO, 1.0 g/L Of
NaCl, 1.0 g/L of Na,MoO,2H,0, 1.0 g/L of CaCl,-2H,0, 1.5 g/L
of MnSO,7H,0 and 0.278 g/L. of FeCl, [6]. Experiment was divided
into three steps; the first step was to investigate the influence
of initial pH at 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0 and 12.0 on
biohydrogen production that was adjusted by either 2 N HCI or
2 N KOH and fixed the initial F/M ratio at 10.0. It was controlled
in temperature at mesophilic (35+1°C) and thermophilic (55+1°C)
conditions, respectively and the second step was to investigate
the influence of initial food to microorganism ratios (F/M) at 4.0,
6.0, 8.0, 10.0, and 12.0 under optimal conditions of initial pH
at 8.0 and thermophilic condititon on biohydrogen production and
the last step was to investigate the influence of initial iron concen-
trations at 0, 100, 200, 300, 400 mg FeSO4/L under the optimal
conditions; initial pH of 8.0, F/M ratio of 4.0 and thermophilic
condition on biohydrogen production. All reactors were purged
with nitrogen for 1 min to create an anaerobic condition and then
silicone rubber stoppers and screw caps were used to avoid a gas
leakage. They were run in triplicate. At designed time, total biogas
volume and biogas composition were measured until no biogas
production. Liquid sample was analyzed for volatile fatty acid (VFA),
chemical oxygen demand (COD) and final pH values.

2.4. Analytical Method and Data Analysis

Total biogas volume was measured by a wetted glass syringe [7]
and biogas composition was analyzed by a gas chromatography
(GC, Varian Star 3400; USA) equipped with a thermal conductivity
detector (TCD) and stainless-steel column packed (Alltech Molesieve
5A 80/100 10° X 1/8”) with argon gas as carrier gas for hydrogen,
nitrogen and methane analysis as helium use as the carrier gas
for carbon dioxide analysis [8]. The temperatures of injector, detector,
and column were kept at 80°C, 90°C and 50°C, respectively. Hydrogen
gas production was calculated from headspace measurement of gas
composition and total volume of biogas produced at each time inter-
val by using a following equation (Eq. (1)) [9].

Vui = Vui1 + Cui(Vei1) + Vu(Cai + Cai + Chia) (1)

where Vg, ; and Vy, i1 are cumulative hydrogen gas volumes at
the current (i) and previous (i-1) time intervals, Vg, ; and Vg, i1
are the total gas volumes in the current and previous time interval,
Cuy, i and Cy, i1 are the fraction of hydrogen gas in the headspace
of the bottle measured using gas chromatography in the current
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and previous intervals, and Vy is total volume of headspace in
the reactor. A modified Gompertz equation [6] (Eq. (2)) was used
to calculate cumulative hydrogen data.

Rm.e

P

H:P.exp{—exp[ (/\—t)—i-l” 2)

where H (mL) is the cumulative hydrogen production P (mL) is
the hydrogen production, Ry, (mL/h) is the maximum hydrogen
production rate, A (h) is the lag phase time and e=2.71828.

VFA concentration was determined by a gas chromatography/mass
spectroscopy (AGILENT 5975C GC; China) equipped with headspace
sampler. The operating temperatures of injector and detector were
at 250°C and 250°C, respectively and helium was used as a carrier
gas at constant flow rate of 2 mI/min. Furthermore, pH liquor was
analyzed by pH strip (Shleicher & schuell) and COD analysis was
performed according to the standard methods [10].

3. Results and Discussion

3.1. Effect of Initial pH on Biohydrogen Production Under
Mesophilic and Thermophilic Conditions

The tendencies of cumulative hydrogen production from food waste
at different initial pH values from 4.0 to 12.0 under mesophilic
and thermophilic conditions are shown in Fig. 1(a) and 1(b),
respectively. A modified Gompertz equation (R*>0.965) adequately
described the cumulative hydrogen production. The cumulative hy-
drogen production increased when initial pH values were increased
in the range of 6.0-9.0 and it was negligible at initial pH values
of 10.0-12.0. Moreover, hydrogen was not produced in the initial
pH values of 4.0-5.0 under both conditions and the final pH value
of fermentation was in the range of 4.0-4.5. Some possible reasons
for this may be that hydrogen production occurs in acidification
stage of metabolic process and the hydrogen-producing bacteria has
a high conversion rate of carbohydrate to hydrogen, then the high
concentrations of metabolites may cause the pH to drop to such
low level [11]. Moreover, acid accumulation in the system causes
a sharp drop of the pH, thus inhibiting biohydrogen production.
The lowering by pH suggests inactivation of hydrogen producers.
The bacteria involved could not sustain its metabolic activity at
pH values less than 5.0 and complete inhibition was reported in
the pH range of 4.0-5.0 [12]. At mesophilic condition, the maximum
hydrogen yield of 29.32 mL Hy/g COD,qq and the highest butyrate
to acetate (B/A) ratio of 1.88 were obtained at initial pH 8.0. On
the other hand, the maximum hydrogen yield of 30.69 mL Hy/g
COD,qq4 and the highest B/A ratio of 1.97 were achieved at initial
pH 8.0 under thermophilic condition. Regarding the COD removal
efficiency, its thermophilic condition (65.89%) was quite higher than
that of mesophilic condition (65.86%). The results were different
from previous studies that the highest hydrogen yield under thermo-
philic condition was observed at initial pH 7.0 [5, 13], while the
maximum hydrogen production (47.10 mmol Hy/ g COD,q4) was ob-
served at initial pH 6.0 under mesophilic condition [14]. Therefore,
it could be concluded that key factors of initial pH and temperature
affected the biohydrogen production from food waste.
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Fig. 1. Cumulative hydrogen production of food waste at initial pH

values of 4.0-12.0 (a) mesophilic condition and (b) thermophilic
condition.

3.2. Effect of Initial F/M Ratio on Biohydrogen Production

As shown in Fig. 2, the initial F/M ratio affected cumulative
hydrogen production over 8 h of fermentation under the initial
pH 8.0 and thermophlilic condition. A modified Gompertz equation
(R*>0.957) adequately described the cumulative hydrogen
production. Hydrogen production decreased with increasing F/M
ratio, which might be due to interference of VFA distribution and
hydrogen-producing bacteria during fermentation [15]. At initial
F/M ratio of 4.0, the maximum hydrogen yield was 42.51 mL Hy/g
COD.4a and COD removal efficiency was detected about 65.83%.
The major concentrations of VFA were acetate (402.97 mg/L) and
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Fig. 2. Cumulative hydrogen production at different initial F/M ratios.

butyrate (850.60 mg/L), with butyrate approximately two-fold great-
er than acetate that was similar to another study [16]. However,
this result was different from other studies that the highest hydrogen
production was observed at the F/M ratio of 6.0 and 1.5 due to
difference of mixed microflora and substrate [16, 17]. Moreover,
trends of hydrogen yield and B/A ratio decreased, while final pH
value was maintained at 4.50 with increasing F/M ratios (Table
2). Thus, the optimal F/M ratio was an important operating parame-
ter in fermentation for enhancing biohydrogen production [17].

3.3. Effect of initial iron concentration on biohydrogen pro-
duction

The influence of iron concentration on cumulative hydrogen pro-
duction under optimal conditions of initial pH 8.0, F/M ratio 4.0
and thermophilic condition is depicted in Fig. 3. A modified
Gompertz equation (R>>0.967) adequately described the cumu-
lative hydrogen production. Hydrogen production released after
short lag time (8 h) and hydrogen yield increased with time before
reaching the maximum. Cumulative hydrogen production in-
creased with increasing the iron concentration at 0 to 200 mg
FeSO4/L, while the iron concentrations of 300 and 400 mg FeSO,/L
with decreasing the amount hydrogen production. The excess solu-
ble ferrous ion concentration (over 200 mg FeSO4/L) was harmful
to the mixed microorganism and was inhibition of hydrogen pro-
duction in reactor [18]. The highest hydrogen yield was about
44.83 mL Hy/g COD.qq at the iron concentration of 100 mg FeSOy/L
and COD removal efficiency was detected about 66.00%. Moreover,
B/A ratio of 2.36 were achieved, while final pH value was main

Table 2. Effect of F/M Ratio on Biohydrogen Production from Food Waste

. H, yield Acetate (A Butyrate (B Propionate (P . .
F/M ratio (mL ng CoD) (m. g/L)( ) (ynl1‘ g/L)( ) p(m o/l) (P) B/A ratio Final pH
4 42.51 402.97 850.60 8.31 2.11 4.5
34.96 408.89 801.89 7.23 1.96 4.5
31.33 406.16 791.54 12.17 1.95 4.5
10 29.99 430.40 788.01 5.85 1.83 4.5
12 27.95 403.31 629.64 5.30 1.56 4.5
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Table 3. Effect of Iron Concentration on Biohydrogen Production from Food Waste

Fe** H, yield Acetate (A) Butyrate (B) Propionate . .
B/A ratio Final pH
(mg FeSO./L) (ml Hy/g COD) (mg/L) (mg/L) (mg/L) p
0 33.97 363.21 684.83 5.22 1.89 4.5
100 44.83 324.69 765.66 5.15 2.36 4.5
200 38.98 298.86 610.66 5.46 2.04 4.5
300 30.93 404.16 582.48 9.62 1.44 4.5
400 28.04 299.43 324.66 21.67 1.08 4.5
50.00 - 2.36. The COD removal efficiency was detected at 66.00%.
a Therefore, suitable operating conditions of fermentation from or-
©  45.00 - — . . .
< A ganic waste can be considered as the key factors for enhancing
= 40.00 e+ ¢ o+ o biohydrogen production from food waste.
g 35.00 - °
= u v
=
g 3000 o S8 &—=&—= Acknowledgements
x . .
é 25.00 -
£ The authors would like to thank the Office of National Research
g 2000 9 —=—Fe (DO Council of Thailand for financial support (MU-IRB 2011/115.2009).
£ 1500 A —*—Fe (1) 100 We also express our greatest thanks to Associate Professor Dr.
£ 10.00 :llie (E) 233 Benjaphorn Prapagdee and Assistant Professor Dr. Achara
< X 1 3
E +FZ EII; 200 Ussawarujikulchai of Mahidol University, Thailand for their help-
5 >0 ful suggestions.
0.00 T T T T T T T T T 1
0 24 48 72 96 120 144 168 192 216 240
Time(h) References
Fig, 3. Cumulative hydrogen production at different initial iron concentrations.
1. Das D, Veziroglu TN. Hydrogen production by biological proc-

tained at 4.50 (Table 3). The result in certain iron concentration
was able to enhance the hydrogen yield by mixed cultures, while
much lower or much higher iron concentration than suitable one
was not favorable to raise the hydrogen production. However,
the electron carrier ferredoxin in hydrogenase plays an important
role in the fermentative hydrogen production. Iron is a fundamental
component making up the ferredoxin. Only in proper concentration
range, iron increases the activity of hydrogenase, which can in-
crease fermentative hydrogen production by mixed cultures in
turn, while much lower or much higher ferrous ion concentration
than the suitable one can decrease the activity of hydrogenase.
It was different from previous studies that were detected the various
optimal iron concentrations of 350, 150 and 200 mg FeSO4/L,
respectively due to the differences of substrate, initial pH and
seed sludge [18-20].

4. Conclusions

In this study, the experimental results of biohydrogen production
from food waste operated for 10 days indicated that maximum
hydrogen yield of 44.83 mL Hy/g COD add was obtained at optimal
conditions of initial pH 8.0, initial F/M ratio 4.0 and iron concen-
tration 100 mg FeSO4/L under thermophilic condition. Moreover,
major VFA productions of acetate (324.69 mg/L) and butyrate
(765.66 mg/L) were observed in reactor and B/A ratio was about
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