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This study evaluated the influences of inoculum–substrate ratio (ISR), volatile fatty acids (VFAs) and nic-
otinamide adenine dinucleotide, the reduced form (NADH) on hydrogen production during the anaerobic
fermentation of Chlorella sp. in batch tests at 35 �C. The results indicated that the hydrogen concentration
and lag time increased when ISR decreased, and the maximum hydrogen production and hydrogen con-
tent, 7.13 mL/g VS and 45.3%, respectively, were obtained when ISR was equal to 0.3. On the other hand,
VFAs concentrations increased with the increase of hydrogen. The NADH increased while the daily output
of hydrogen decreased as the fermentation carried on. The results suggested that ISR, VFAs, and NADH
were important parameters for effective anaerobic hydrogen production using Chlorella sp. as substrate.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Under the pressure of fossil energy resources scarcity, environ-
mental pollution and climate change, the need for a sustainable en-
ergy supply grows highlighted (Romagnoli et al., 2011). Hydrogen,
by virtue of its popularity, availability and safeness, has been
widely recognized as an ideal substitute energy source for fossil
fuels (Valdez-Vazquez et al., 2005; Liu et al., 2006). Among various
hydrogen production processes, biological method, which is
known to be less energy-intensive, can be accomplished at ambi-
ent temperature and pressure (Wang and Wan, 2009a). There are
generally two ways to get bio-hydrogen: light-driven and dark
fermentation bioprocesses. Dark fermentative processes have
many advantages such as high hydrogen production efficiency,
simplicity in controlling, low production cost and independence
from light (Antonopoulou et al., 2011). In addition, fermenting
bacteria can utilize complex forms of organic substrate for
hydrogen production, so it is a promising way to get hydrogen in
anaerobic conditions (Lee et al., 2010).

Dark fermentative hydrogen production could be influenced by
various factors, such as inoculum, reactor type, substrate, nitrogen,
phosphate, metal ions, temperature, pH, etc. (Wang and Wan,
2009b). Among these, the concentrations of inoculum and
substrate are especially important. Pan et al. (2008) indicated
that higher concentration of inoculum increased the biomass
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accumulation, which could cause nutrients consumption and
wastes production. Hence, higher concentration of inoculum
would inhibit hydrogen production. Similarly, Antonopoulou
et al. (2011) reported that the hydrogen production increased with
increasing concentration of substrate; however, further increase of
substrate concentrations above certain threshold level could in-
stead decrease the amount of hydrogen produced and the speed
of production. Since study on the effect that inoculum concentra-
tion or substrate concentration alone on fermentation has its
limits, the inoculum–substrate ratio (ISR) and its influence on
fermentation have been studied more frequently instead, such as
in the studies of ISR influence on methane production from swine
slurry (González-Fernández and García-Encina, 2009), maize waste
(Raposo et al., 2006), and sunflower oil cake (Raposo et al., 2009),
etc. However, the influences of ISR and volatile fatty acids (VFAs)
on fermentative hydrogen production have not been addressed
adequately.

So far, the majority of microbial hydrogen production is through
the pathway of pyruvate decomposition (Hallenbeck and
Benemann, 2002). Besides, the re-oxidation of the nicotinamide
adenine dinucleotide, the reduced form (NADH) is another pathway
for producing hydrogen (Tanisho and Ishiwata, 1995). NADH, a kind
of microbial metabolism products, exhibits a characteristic fluores-
cent emission after being excited by visible or near-ultraviolet light.
This fluorescent emission can be reflected through three-dimen-
sional excitation–emission matrix (3D EEM) fluorescence spectros-
copy which is considered as an overall ‘‘fingerprint’’ of the
physiological state of bioreactors (Pons et al., 2004; Li et al.,
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2008a,b, 2011). However, there is few report about the relationship
between NADH and hydrogen production during anaerobic
digestion process.

Algae have got a number of potential advantages compared to
higher plants because they have faster growth rates and can be
more conveniently cultivated (Mussgnug et al., 2010). Moreover,
microalgae, which have been used in fixing CO2 and producing mi-
cro-algal oil, can also be used in anaerobic fermentation, which is
now considered a seemingly prospective approach of producing
sustainable energy (Sialve et al., 2009; Yan et al., 2010; Hirano
et al., 1997; Mata et al., 2010). However, little is known so far about
the effect of ISR on the micro-algal anaerobic fermentation. In
addition, knowledge of the role of NADH during this process is also
limited. Therefore, this research was supposed to study the influ-
ences of ISR, VFAs and NADH on hydrogen production in the dark
fermentative process using Chlorella sp. as substrate.
2. Methods

2.1. Substrate and inoculum

Chlorella sp. (Tianjian Co., Binzhou, China) was used as sub-
strate, containing 94.68% of total solid (TS), and 87.92% TS of vola-
tile solid (VS). The content of sugar, proteins, lipid and ash was
25.95%, 41.71%, 11.52%, and 12.05% in TS, respectively.

Anaerobic digested sludge (ADS) was used as inoculum, which
was taken from a 1000-m3 size of sludge digestion tank (Qingdao,
China) operating at 35 �C, with a 20-day retention time. The TS and
VS contents of ADS were 24.79% and 58.56% TS, respectively. Before
being used as inoculum, the ADS had been heated at 80 �C for
30 min to inhibit the bioactivity of methanogens and also enrich
the hydrogen producing bacteria.
2.2. Anaerobic dark fermentation

The fermentations were carried out in 250 mL serum bottles
with rubber caps of appropriate size. The six different ISRs in test
were: 3.0, 2.0, 1.0, 0.8, 0.5 and 0.3. They were achieved by keeping
a constant inoculum concentration (12 g VS/L) and varying the
substrate concentration (shown in Table 1). And then the bottles
were filled up to 150 mL with nutrient solution and flushed with
N2 for 2 min to maintain the anaerobic conditions. The composi-
tion of the feed in the bottles was as follows (unit in mg/L):
NH4HCO3 2025, K2HPO4�3H2O 800, CaCl2 50, MgCl2�6H2O 100,
FeCl2 25, NaCl 10, CoCl2�6H2O 5, MnCl2�4H2O 5, AlCl3 2.5,
(NH4)6Mo7O24 15, H3BO4 5, NiCl2�6H2O 5, CuCl2�5H2O 5, and ZnCl2

5 (Mu et al., 2007). The bottles were kept at 35 �C in a temperature-
controlled water bath. The pH was adjusted manually twice per
day by the addition of HCl or NaOH to maintain at 6.5 during the
process (Pan et al., 2008). The duration of the experiments was
6 days in all cases. All the experiments were carried out three times
and the results were expressed as means.
Table 1
Experimental conditions of degrading Chlorella sp. used as substrate for the different
batch anaerobic digestion tests carried out.

Inoculum Substrate ISR

Mass (g) VS (g/L) Mass (g) VS (g/L)

12.4 12 0.7208 4 3:1
12.4 12 1.0811 6 2:1
12.4 12 2.1623 12 1:1
12.4 12 2.7029 15 0.8:1
12.4 12 4.3246 24 0.5:1
12.4 12 7.2076 40 0.3:1
2.3. Analytical methods

The volume of gas was measured daily by a U-type pressure
gauge. The volume was corrected to that of dry gas under standard
temperature and pressure. Hydrogen concentration in biogas was
analyzed by a gas chromatograph (SP 6890, Lunan Inc., China),
equipped with Porapak Q stainless steel column (180 cm long,
3 mm outer diameter) and a thermal conductivity detector. The
injector, detector and oven temperatures were 120, 150 and
50 �C, respectively. VFAs were measured when the samples had
been filtered through a glass microfiber filter with 0.45 lm. VFAs
were analyzed by a gas chromatograph (SP 6890, Lunan Inc., Chi-
na), equipped with Innowax column, 30 m � U 0.25 mm � 0.25 lm
and flame ionization detectors. The operating temperatures were
220 �C, 250 �C, and 150 �C, for injection port, detector and oven,
respectively (Wei et al., 2011). TS and VS were determined accord-
ing to the standard methods (SEPA, 2002). The samples were cen-
trifuged at 10,000 rpm for 10 min, and then filtrated through 0.45-
lm membrane. After that, 1 mL filtrate was diluted to 25 mL with
distilled water, and 3D EEM fluorescence spectrometry was used to
determine NADH within 1 h. All EEM spectra were measured by a
luminescence spectrometry (F-4600, Hitachi, Japan). The EEM
spectra were collected with subsequent scanning emission spectra
from 200 to 900 nm at 10 nm increments by from the variation of
the excitation wavelength from 200 to 600 nm at 10 nm incre-
ments. Excitation and emission slits were both maintained at
10 nm, and the scanning speed was set at 30,000 nm/min for all
measurements (Wang et al., 2009).

2.4. Calculation methods

Once cumulative hydrogen production is calculated from exper-
imental data, a modified Gompertz equation is used to fit the kinet-
ics of hydrogen production. This equation is widely used to model
gas production data. It expresses as follows:

HðtÞ ¼ Hmax � exp �exp
e� Rmax

Hmax
� ðk� tÞ þ 1

� �� �
ð1Þ

where H(t) (mL/g VS) is the total amount of hydrogen produced at
culture time t (h); Hmax (mL/g VS) is the maximal amount of hydro-
gen produced. Rmax (mL/g VS h) is the maximum hydrogen produc-
tion rate; k (h) is the lag time before exponential hydrogen
production.
3. Results and discussion

3.1. Hydrogen production

The experiments lasted for 144 h, and the cumulative hydrogen
production as a function of digestion time at different ISRs is
shown in Fig. 1. All of the observed cumulative hydrogen produc-
tion increased sharply after a short lag phases, and the plateau
phase was reached at approximately 60 h. However, there was a
clear difference between the maximal hydrogen yields for different
ISRs. From Fig. 1, the hydrogen production increased as the ISR va-
lue decreased. The cumulative hydrogen production after 144 h of
digestion for the ISR value of 3.0, 2.0, 1.0, 0.8, 0.5 and 0.3 were 0.37,
1.01, 1.15, 1.43, 3.71 and 7.13 mL/g VS, respectively. The content of
hydrogen in the biogas was also increased from 18.9% to 45.3%
with the ISR value decreasing. Yan et al. (2010) mixed Taihu blue
algae and anaerobic granular sludge by ratio of 6:1 to get bio-
hydrogen from an anaerobic digester with the volume of 3 L. The
control group which had no pretreatment with the original pH va-
lue as about 7.5 at 35 �C finally got 2.58% hydrogen content.
According to Shi et al. (2011), fermentative hydrogen production



Fig. 1. Cumulative hydrogen production by fermentation in serum bottles with
Chlorella sp. used as substrate for different inoculum–substrate ratios (ISRs) (j
ISR = 3:1, d ISR = 2:1, N ISR3 = 1:1, . ISR = 0.8:1, w ISR = 0.5:1, �ISR = 0.3:1).

10482 J. Sun et al. / Bioresource Technology 102 (2011) 10480–10485
from Laminaria japonica was investigated under mesophilic condi-
tion without any pretreatment method, and 71.4 mL H2/g TS of
hydrogen yield was achieved at a substrate concentration of
20 g COD/L, with initial pH of 7.5. Moreover, 0.13 mol H2/mol glu-
cose was detected during the fermentation of glucose by Chlorella
vulgaris (Syrett and Wong, 1963).

In order to quantitatively describe the cumulative hydrogen
production from using Chlorella sp. as substrate, a modified Gom-
pertz equation was used to fit the experimental data. The results
are shown in Table 2. The adjusted determination coefficients for
each ISR were higher than 0.98, indicating that the modified
Gompertz equation was able to adequately describe the formation
of hydrogen from the batch bio-hydrogen. As presented in Table 2,
the lag time increased as the ISR value decreased, and the minimal
lag time (3.028 h) was obtained at ISR value of 3:1. The results sug-
gested that ISR was an important parameter for effective hydrogen
production from fermentation using Chlorella sp. as substrate by
batch mode. The increase of hydrogen production with ISR
decreasing might be attributed to the limitation of substrate
concentration at high ISR value for effective metabolism and
further hydrogen production process (Prakasham et al., 2009). An
increase of substrate concentration could enhance the hydrogen
producing efficiency. However, the higher substrate concentration
could result in excess substrate inhibition (Pan et al., 2008).

3.2. VFAs generation

VFAs and ethanol were the main aqueous products in the acido-
genic hydrogen-producing reaction, yet ethanol concentration was
Table 2
Calculated factors of the modified Gompertz equation to fit the cumulative hydrogen
production on anaerobic digestion with Chlorella sp. as substrate.

ISR Hmax Rmax k R2

3:1 0.358 ± 0.003 0.014 3.028 0.995
2:1 0.977 ± 0.010 0.084 5.825 0.987
1:1 1.124 ± 0.014 0.069 6.215 0.981
0.8:1 1.388 ± 0.018 0.078 6.735 0.981
0.5:1 3.636 ± 0.031 0.284 6.829 0.991
0.3:1 6.992 ± 0.085 0.417 7.074 0.982
below the detection limits of the instrument during this process.
The correlation between the cumulative hydrogen production
and VFAs at about 60th hour is shown in Fig. 2. It demonstrated
that the total volatile fatty acid (TVFA) and acetate concentrations
increased with hydrogen production for each ISR value. The con-
centrations of TVFA after 60 h of digestion for the ISR value of
3.0, 2.0, 1.0, 0.8, 0.5 and 0.3 were 21.83, 28.00, 38.30, 41.21,
61.92 and 65.07 mmol/L, respectively. The corresponding acetate
concentrations for each ISR were 14.22, 18.38, 23.82, 27.75, 37.51
and 38.61 mmol/L at 60 h. The value of acetate increased as the
hydrogen production increased with decreasing ISR, and other
VFAs exhibited the similar trend. The acetate accounted for
65.14%, 65.64%, 62.19%, 67.34%, 60.58% and 59.34% of TVFA for
ISR value of 3.0, 2.0, 1.0, 0.8, 0.5 and 0.3, respectively, indicating
that acetate was the dominate species in TVFA. Acidogenesis path-
ways for acetate were known to favor hydrogen production. From
hydrogen production perspective, hydrogen produced from acetate
was the theoretical maximum of 4 mol H2/mol glucose (Ren et al.,
2006). Hence, in this study, higher production of hydrogen was
accompanied with higher concentration of acetate at lower ISR
value.

The variation of cumulative productions of hydrogen, acetate
and butyrate with ISR is shown in Fig. 3. It indicated that cumula-
tive hydrogen, acetate and butyrate showed similar pattern in the
above mentioned ISR ranges. By fitting value pairs, corresponding
to the different assays carried out, the following equation could
be obtained:
Hydrogen ¼ 0:67þ 20:97� expð3:92� ISRÞ ð2Þ
Acetate ¼ 196:75þ 861:68� expð3:25� ISRÞ ð3Þ
Butyrate ¼ 46:65þ 330:92� expð2:92� ISRÞ ð4Þ
Eqs. (2)–(4) demonstrated the marked influence of the ISR on main
products in the anaerobic bio-hydrogen of Chlorella sp. They could
be used to predict the products yield for different ISRs. Similarly,
Raposo et al. (2009) presented the relationship between cumulative
methane yield and ISR value by y = 484[1�exp(�1.76(ISR))] for the
anaerobic digestion of sunflower oil cake in batch mode.
Fig. 2. Correlation of cumulative hydrogen production and volatile fatty acids
(VFAs) at 60th hour for different ISRs in a batch mode with degrading Chlorella sp.
(j ISR = 3:1, d ISR = 2:1, N ISR = 1:1, . ISR = 0.8:1, w ISR = 0.5:1, � ISR = 0.3:1).



Fig. 3. Relationship between ISR and main products after 144-h fermentation of Chlorella sp. with anaerobic digested sludge (ADS) (d H2, N HAc, j HBu).

Fig. 4. Three-dimensional excitation–emission matrix (3D EEM) fluorescence
spectra of nicotinamide adenine dinucleotide, the reduced form (NADH) standard
control at 100 mg/L (a) and a sample from the ISR = 0.3 at 144 h (b).
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3.3. NADH

The 3D EEM fluorescence spectra of NADH standard control (at
100 mg/L) and one sample (ISR value of 0.3, digestion time of
144 h) are shown in Fig. 4. Fig. 4a clarified that the fluorescence
intensity peak of NADH appeared at the excitation–emission wave-
length (Ex/Em) of 350/470 nm. The corresponding location in
Fig. 4b was supposed to be the fluorescence peak of NADH in the
sample. The value of wavelengths detected was a little bit higher
than that of other reports (Farabegoli et al., 2003; Morel et al.,
2004).

The variation of NADH during fermentation is shown in Fig. 5.
The values obtained were between 17.49 and 37.66, 16.27 and
35.52, 23.94 and 31.65, 17.24 and 36.67, 21.41 and 38.27, and
19.91 and 34.07 mg/L for ISR of 0.3, 0.5, 0.8, 1, 2 and 3 during
144 h of digestion. It demonstrated that the concentration of
NADH mainly increased during the first 60 h and remained rela-
tively constant in the following period. NADH is usually generated
by the catabolism of glucose to pyruvate via glycolysis process
(Nath and Das, 2004). In anaerobic hydrogen-producing process,
due to the lack of electron transfer chain, NADH could be accu-
mulated (Morel et al., 2004), and the intracellular NADH was re-
leased into the solution as the microorganisms died, which might
be absorbed into the biomass and reached a balance (Li et al.,
2011). Hence, the value of NADH in this study remained constant
after 60 h. Fig. 5 also showed the daily hydrogen production for
each ISR. The initial hydrogen productions were 27.08, 9.32,
1.95, 1.32, 0.66 and 0.08 mL for each ISR, and the quantitive value
decreased gradually with time until it reached an asymptotic. It
showed that the daily hydrogen production had an opposite trend
against NADH. According to Nath and Das (2004), the conversion
of pyruvate to ethanol, butanediol, lactic acid and butyric acid in-
volved oxidation of NADH, and the concentration of NADH would
increase if the formation of these alcoholic and acidic metabolites
was blocked. This, in turn, would augment the yield of hydrogen
through the oxidation of NADH. But during this research, no alco-
holic metabolites were detectable which triggered the rise of
NADH, whereas the NADH was not oxidized to generate hydro-
gen. These resulted in the increase of NADH value while the yield
of hydrogen decreased over time. On the other hand, if some
methods could be used to promote the oxidation of NADH, the
yield of hydrogen could increase to 10 mol H2/mol glucose, which
could break through the bottleneck of fermentative process for
hydrogen production.



Fig. 5. Variation of NADH concentration and daily hydrogen production with digestion time for each ISR during fermentation of Chlorella sp. with ADS (j NADH, s hydrogen
production. (a) ISR = 0.3:1, (b) ISR = 0.5:1, (c) ISR = 0.8:1, (d) ISR = 1:1, (e) ISR = 2:1, (f) ISR = 3:1).
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4. Conclusions

This study discussed the influences of ISR, VFAs, and NADH on
the fermentation in batch anaerobic bio-hydrogen production with
Chlorella sp. as substrate. The results revealed that ISR and NADH
had a negative correlation with hydrogen concentration, whereas
VFAs had a positive one. The maximum value of cumulative hydro-
gen production after 144 h of digestion was 7.13 mL/g VS at the ISR
value of 0.3, with the highest hydrogen content of 45.3%. The max-
imum concentrations of TVFA and acetate after 60 h were 65.07
and 38.61 mmol/L at the ISR value of 0.3. By the method of 3D
EEM fluorescence spectra, the fluorescence intensity peak of NADH
appeared at Ex/Em of 350/470 nm and the concentration of NADH
has an opposite trend against daily hydrogen production.
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