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1. Introduction

Humanity is facing a very urgent problem in the present
time that can be regarded as the most important in history1. 
Our future way of life, and maybe even survival, depends on 
its outcome. The problem is climate change and its conse-
quences. The burst of the human population in the second 
half of the XX century was accompanied by a growth in hu-
man activities and an increase in the demands of food, en-
ergy, and physical space. This brought increased amounts of 
gas emissions to the atmosphere, pollutants in water 
courses and oceans, and reduction of natural environments 
to make place for crops and cities2. The nature of present-
day economy has reached a limit as to the amount of harm 
that the Earth can absorbe and neutralize. This linear econ-
omy in which everything is exploited, produced, used, and 
discarded is exerting an irreversible damage to the ecosys-
tem, directly affecting our lives. It is also causing an increase 
in the Earth’s mean temperature with consequences that 
are difficult to predict, since it is something that has never 
happened before3. We are realizing that our lives need to 
become more sustainable, in tune with the planet’s capacity 
of recycling elements and residues. Our economy needs to 
become circular, where products and materials can be re-
used and recycled, or absorbed by the ecosystem if thrown 
away4.  

Fossil fuels are seen in the XXI century as a source of 
contamination rather than progress, as it was in the XX cen-
tury. Efforts are being made worldwide to lower its exten-
sive use as the main source of energy and progressively re-
place them with renewable energy sources. Solar and wind 
energy have seen, in the past 10 years, a very important ex-
pansion, with many parks and farms built in most coutries5.  

In this sense, hydrogen (H2) is seen as the fuel of the fu-
ture, due to its high energy yield and lack of contaminating 
emissions. The downside of H2 is its difficulty in production 
and storage. Hydrogen technologies are also witnessing an 
increased interest, with much research getting done on 
means of production, new materials, and safety6.  

In line with the hydrogen circular economy, this work is 
focuses on the production of H2 using natural bacterial com-
munities and renewable resources. The bioprocess by which 
H2 producing bacteria work is called dark fermentation and 
it can be carried out in rather simple fermentation tanks. 

This process has the potential of working with direct carbon 
sources such as glucose (C₆H₁₂O₆) or sucrose (C12H22O11), but 
also degrading second generation biomass, such as lignocel-
lulosic litter from crops or animal residues from livestock, 
among others. Hydrogen producing bacteria can be col-
lected from several natural sources, and selected to seed 
the tank. The conditions inside the tank must be optimized 
to promote bacterial growth, since H2 is a byproduct of their 
metabolism, along with carbon dioxide (CO2), and is simply 
released into the tank’s headspace7. Dark fermentation is a 
stage in the natural degradation of organic material, which 
ends up in methane (CH4) and CO2, which are greenhouse 
gases. However, if the residues are pretreated before the 
dark fermentation, the only gases produced are H2 and CO2. 
The total amount of gas is less than the one obtained if CH4 
is produced. The rest of the carbon (that would either end 
up in more CO2 or in CH4) are part of short chain acids in the 
effluent, mostly acetic and butiryc acids. 

This work centers on the optimizacion of conditions re-
quired to maximize H2 production in a stirred tank, by means 
of design of experiments (DOE) methodology. 

2. Experimental

2.1 H2 Evolution Process 

For the H2 production process, a water sample was taken 
from a water treatment plant installed inside a ship that be-
longs to the Argentine Navy, the ARA Almirante Irízar. It was 
stored at room temperature until needed.  

Firstly, a modified plate count agar medium8 was pre-
pared (PCA), replacing casein with meat peptone, and with-
out the agar in order to keep it liquid. This modified PCA was 
nicknamed “growth medium”. It was sterilized. Secondly, 
the bacterial consortium was pre-treated for 50 minutes at 
75ºC, and centrifuged for a spin (1 minute, 2800 rpm). 
Thirdly, the growth medium was inoculated with 1 mL of 
consortium each 10 mL of modified PCA. The flasks were 
purged with nitrogen (N2) to achieve anaerobic headspace 
and stored at 37ºC over the weekend (approximatly 65 
hours). 

After this long incubation, Kitasatos flasks were prepared 
in the following manner: 200 mL as a final volume was added 
to each flask containing the final concentration of micronu-
trients, ammonia, sucrose and bacterial biomass (inoculum) 
determined by the Design of Experiments chart (Table 1). In 
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addition, sodium acetate (CH3COONa) was added to all the 
flasks to a final concentration of 0.5 M. The micronutrients 
solution corresponded to a modified Logan medium studied 
in García et al.9 

 
2.2 Design of Experiments layout 

The Excell macro “Essential Experimental Design”, 
Version 2.216, by R.P. Yeater, D.D. Steppan and J. Werner 
was used to design an optimization Box-Behnken strategy 
with four (4) factors. The factors to optimize were 
micronutrient concentration (x), varying from 20 to 200 
mg/L, amonia concentration (y), in the form of ammonium 
bicarbonate  (NH4HCO3), varying from 0.5 to 4 g/L, sucrose 
(z), in the range of 5 to 25 g/L, and a quantitative biomass 
reference value (h) calculated as an optical density 
magnitude per each 100 mL (see next section for protocol). 
The design resulted in 28 conditions, 4 of which were 
centerpoints (Table 1).  

 
Table 1. Four factor, four centerpoint Box-Behnken design. 

 

The centerpoints are the checkpoints of the design and 
validate the experiments, since they are the only 4 same 
reactors with all 4 factors at their center value (110 mg/L of 
micronutrients solution, 2.25 g/L of ammonia, 15 g/L of 
sucrose and 12.5 DO/100 mL).  

 
2.3 Stock solutions and biomass estimation 

A concentrated micronutrients solution was prepared to 
use as stock for all experiments. Contents were monopotas-
sium phosphate (KH2PO4), magnesium sulfate heptahydrate 
(MgSO₄.7H2O), sodium molybdate dihydrate 
(Na2MoO4.2H2O), calcium chloride dehydrate (CaCl2.2H2O), 
manganese sulfate heptahydrate (MnSO₄.7H2O) and ferrous 
sulfate heptahydrate (FeSO4.7H2O)2. An allicuot of this 

solution was added to each reactor according to Table 1 de-
fined final concentration. The same was done for ammo-
nium with a concentrated solution of ammonium bicar-
bonate. Solid sucrose was added directly in the reactor ac-
cording to Table 1.  

As for biomass, as mentioned in section 2.1, the natural 
bacterial consortium was obtained from the treatment plant 
of an army ship, which makes this source rather “dirty”. Im-
purities were discarded by an initial centrifuge spin, per-
formed after temperature selection, this supernatant was 
cultured in a modified liquid anaerobic PCA medium, and af-
ter 72 hours a sample was taken and read at 600 nm in a 
spectrophotometer. Growth medium with no inoculum was 
taken as blank. If required, dilutions were made until ab-
sorbance fits the readable scale. When the amount of bio-
mass was enough to perform experiments, all bacterial mass 
in the growth medium was concentrated by centrifuging 15 
minutes at 5000 rpm. Then, it was resuspended with dis-
tilled water and immediately used. The optical density (DO) 
was determined again after cells were resuspended in the 
water, and the allicuots with the DOE value of initial biomass 
were introduced as seed in the reactors. This procedure was 
followed to ensure that all the reactors seeding allicuots 
came from the same mother solution. 

3. Results 

3.1 Significant Factors and Interactions 

The volume of H2 produced for each condition has been 
included in Table 1. The ANOVA analysis of this data is listed 
in Table 2.  

 
                                  Table 2. ANOVA 

 
P value of less than 0.05 indicates a significant factor or 

interaction. In this analysis the significant linear factors are 
micronutrients and sucrose concentration. These two (2) 
factors along with ammonium concentration are significant 
in quadratic form, and there is a significant positive interac-
tion of micronutrients with sucrose (Table 2). 
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The complete regression equation to calculate the vol-
ume of H2 produced is expressed by: 

 

𝑯𝟐 𝒕𝒐𝒕(𝒎𝑳) = −𝟐𝟗𝟗 + 𝟏. 𝟔𝟐𝒙 + 𝟏𝟔𝟕𝒚 + 𝟐𝟒. 𝟕𝒛 + 𝟏𝟏. 𝟔𝒉

− 𝟎. 𝟎𝟏𝟓𝟐𝟔𝒙𝟐 − 𝟕𝟐. 𝟑𝒚𝟐 − 𝟏. 𝟑𝟒𝟗𝒛𝟐

− 𝟏. 𝟖𝟔𝒉𝟐 + 𝟎. 𝟑𝟒𝟖𝒙 ∗ 𝒚 + 𝟎. 𝟏𝟖𝟏𝟑𝒙 ∗ 𝒛

+ 𝟎. 𝟎𝟑𝟓𝒙 ∗ 𝒉 − 𝟏. 𝟏𝟒𝒚 ∗ 𝒛 + 𝟗. 𝟐𝟕𝒚 ∗ 𝒉

+ 𝟏. 𝟐𝟐𝟏𝒛 ∗ 𝒉 
 
Where the R2 value is 84.79%. 

3.2 Optimized parameters 

The plots for the optimized parameters, obtained from 
the model by maximizing the amount of H2 produced, can 
be seen in Figure 1. 

 
Fig. 1. Optimized concentrations according to the model: x= 

200 mg/L, y= 2.73 g/L, z= 25 g/L, h= 20 DO/100 mL. Maximum 

amount of H2 predicted= 869.5 mL 

 
Optimal concentrations of micronutrients, sucrose and 

biomass are the maximum values within the range explored, 
indicating no inhibition of these factors. In contrast, the op-
timal ammonium concentration is 2.73 g/L, larger values 
lead to a negative effect on hydrogen generation.  

4. Discussion 

4.1 Hydrogen production process  

The process for biohydrogen production in a fermenta-
tion tank is complex and comprises many variables. It is de-
sirable to be able to predict the outcome of a certain setup, 
and to know the optimal concentrations in order to predict 
the best setup.  

Four factors were chosen, being important for this pro-
cess: micronutrients, ammonium ion and sucrose concen-
tration, and also the amount of initial bacterial biomass nec-
essary to obtain the most efficient growth. With the design 
of experiments protocol presented here, it is possible to ob-
tain a mathematical model that approximates the outcome 
very well, with a fit of over 84%.  

Design of experiments also enables obtaining the most 
optimal concentration of the selected factors to achieve the 
best desired result. For this process, the best result is the 
greatest volume of H2. 

5. Conclusions 

Following a DOE protocol, an equation for biological hy-
drogen production using an anaerobic local bacterial con-
sortium was determined. This model predicts hydrogen pro-
duction with an 84% fit. It was used to estimate the optimal 
concentration of micronutrients, ammonium ion and 

sucrose in the production medium, and the amount of bio-
mass necessary to seed a reactor. 
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