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Abstract 
Row glycerol from biodiesel industry is currently considered a potential source of biological hydrogen 
(H2) and methane (CH4). The aim of this study was to evaluate at laboratory scale on synthetic 
medium the effect of different combinations of pH values (pH) and glycerol concentrations (Gly) on 
H2 and CH4 production. The experiment was performed in 2 steps: I) the influence of Gly 
concentration and pH on biogas production in batch reactors at 35 °C was at first evaluated by means 
of a Central Composite Design (CCD stage); II) the pH of all the reactors was subsequently adjusted 
at near neutrality and, for each run of the CCD, the fermented broth was re-inoculated with selected 
methanogenic consortia (methanogenic stage). Our results showed that high glycerol concentrations 
increase H2 production, whereas they inhibit methanogenesis. Values of pH below neutrality can be 
sub-optimal for H2 production. Anaerobic digestion is strongly inhibited by Gly concentrations >3%. 
 
Introduction  
Glycerol is the main by-product of the biodiesel production. High surplus of glycerol occurred 
recently as a result of the exponential growth of the biodiesel industry, and several uses have been 
proposed for its disposal. The use of glycerol as nutrient source for microorganisms in the production 
of hydrogen (H2) and methane (CH4) by anaerobic digestion represents an explored possibility [1]. 
Hydrogen and CH4 production are processes governed by different parameter values. In particular, it is 
reported that H2 production by dark fermentation is favoured by low pH values [2WW] whereas CH4 

production by anaerobic digestion has optimal pH values around neutrality [3Ward]. The aim of this 
study was to evaluate in batch systems at laboratory scale the effect of different combinations of pH 
values (pH) and glycerol concentrations (Gly) on H2 and CH4 production. 
 
Material and Methods 
Experimental design 
The experiment was performed in 2 steps: I) The influence of Gly concentration and pH on H2 and 
CH4 production in laboratory-scale reactors was at first evaluated by means of a Central Composite 
Design (CCD stage). The CCD included a factorial design at 2 factors and 2 factor levels, a center 
point and 4 star points, for a total of 9 runs (Tab. 1). Each run was replicated 3 times, except the center 
point of the design, which was replicated 6 times. Range of the pH values: 5.3-7.3; range of the 
glycerol concentrations: 0.59-3.41% (w/w). These ranges of pH values and Gly concentrations had 
been chosen to cover the needs of a large spectrum of microbial species, including hydrogenogenic 
and methanogenic consortia. II) A second stage was introduced in the experiment, after biogas 
production had stopped in all the reactors incubated at the CCD conditions. In this second stage, the 
pH of all the reactors was adjusted at near neutrality (pH=7.3) in aseptical conditions and, for each run 
of the CCD, the fermented broth of 2 out of 3 reactors was re-inoculated with selected methanogenic 
consortia (methanogenic stage). The third replicate of each run was sacrificed for analyses. 
 
Growth substrates 
In the CCD stage, double-strength (0.02M) phosphate buffers at the required pH with double-strength 
Gly concentrations were distributed in the reactors, and mixed in a 1:1 ratio with boiled and filtered 
pig slurry, freshly collected at the storage tank of our experimental farm and used as mineral 
supplement (volatile solid content, 0.30%). Glycerol was pure, analytical-grade. The air in the head 
space (HS) of the reactors was aseptically replaced by 100% N2. In the methanogenic stage, the 



atmosphere in the HS of the reactors containing the fermented broth from the CCD stage was replaced 
just after re-inoculum by 95% N2 + 5% CO2.  
 
Table 1. Combinations (runs) of factors and factor levels (coded and uncoded) in the CCD. Gly: glycerol. 
Run Gly, coded pH, coded Gly, uncoded (%) pH, uncoded 
1 -1 -1 1 5.6 
2 1 -1 3 5.6 
3 -1 1 1 7.0 
4 1 1 3 7.0 
5 -1.414 0 0.59 6.3 
6 1.414 0 3.41 6.3 
7 0 -1.414 2 5.3 
8 0 1.414 2 7.3 
9 0 0 2 6.3 
 
Inocula 
Liquid manure coming from the solid-liquid separation of pig slurries, in the effluent storage tank of 
our experimental farm, was utilized as inoculum source, in the CCD stage. This inoculum was chosen 
with the goal to equally promote all the microbial species initially present in fresh pig slurry; in fact, 
anaerobic digestion of pig slurries normally relies on the activity of wild populations originally present 
in the waste. Wild methanogenic consortia, specifically obtained in selective conditions at our 
Research Unit, were utilized in the methanogenic stage. In both cases the inoculum was collected, 
centrifuged and washed in strictly anaerobic conditions to increase its activity and to improve the 
uniformity of distribution in the various reactors. These inocula did not show any endogenous 
idrogenogenic or methanogenic activity. 
 
Incubation conditions 
Fifty mL substrate + 2.5 inoculum in 100-mL reactors were incubated in the dark in strictly anaerobic 
conditions at 35 °C, in stage I; 52.5 mL substrate (fermented broth from the CCD stage) + 5 mL 
inoculum were incubated, in the same environmental conditions, in stage II).  
 
Analyses 
Biogas volume and composition (H2, CH4 and CO2) were measured in a 40-d period, in the CCD stage, 
and in a further 40-d period, in the methanogenic stage. Carbon dioxide, being not an energy vector, 
was however monitored as a general indicator of microbial growth. Biogas was periodically collected 
and its volume was measured by means of glass syringes, according to Owen et al. [4OW]. Gas 
composition was determined on the samples collected for the measurement of gas volumes, by means 
of a MicroGG Agilent 3000.  
 
Statistical analysis 
Quadratic response surface (RS) models were developed by means of the RSREG procedure of the 
SAS statistical package [5SAS] for the following responses: maximum H2 production (mL), 3 d after 
the inoculum, in the CCD stage; maximum CH4 production (mL) at the end of the anaerobic digestion 
(28 d after the start of the incubation), in the methanogenic stage. The relationship between factors and 
factor levels was explored by means of response surface analysis (RSA). 
 
Results and discussion 
 
Influence of Gly and pH on H2 and CH4 production 
In the CCD stage, the overall biogas production stopped at the end of the first week of incubation. The 
production plateau was joined 3 d after the inoculum, for the majority of the runs. No CH4 was 
produced in this phase, apart from the case of the Gly=1% and pH=5.6 combination (run no. 1), 
producing on average 0.24 mL of CH4, at maximum, 3 d after the inoculum (data not shown). The 
reaction mixtures, left to incubate 40 days to check any possible acclimatation of the inoculum to the 
substrate, were not able to recover for CH4 production. Both Gly and pH values had a highly 



significant effect on H2 production (linear and quadratic terms of the RS regression; data not shown), 
without any significant effect of the interaction term. Hydrogen production was directly related to the 
linear terms of the regression, and inversely to the quadratic terms. Canonical analysis revealed a 
maximum for H2 production at Gly=2.69% and pH=7.32 (predicted value at stationary point: 33.6 mL 
H2). The highest H2 productions were obtained at the highest values of pH and Gly concentration (Tab. 
2; Fig. 1, left). This result is in agreement with other literature results [6Tha]. There was a direct 
relationship (r=0.90) between the amounts of H2 and CO2 produced, which implies a common 
microbial origin of these gases. In this stage, the lack of CH4 production can be explained by the pH 
decrease of substrate [7KI], the final value (pH=4.6, on average) being much lower than the initial, 
independently from the treatment.  
 
Table 2. Biogas volume and composition, 3 d after the start of the incubation. Mean responses obtained 
for the runs of the CCD. 

Run 
Gly 
(%) 

pH Biogas 
mL 

H2 
% 

CO2 
% 

H2 
mL 

CO2 
mL 

Final pH 

1 1 5.6 102 15.3 14.5 15.6 14.9 4.5 
2 3 5.6 108 18.3 17.6 19.7 18.9 4.1 
3 1 7.0 129 22.2 24.8 28.5 31.9 4.5 
4 3 7.0 133 23.7 25.3 31.6 33.7 4.7 
5 0.59 6.3 108 16.7 20.9 18.1 22.6 4.8 
6 3.41 6.3 127 24.6 22.0 31.4 28.0 4.6 
7 2 5.3 102 17.2 16.6 17.5 16.9 4.5 
8 2 7.3 134 24.2 24.5 32.4 32.7 4.8 
9 2 6.3 124 22.9 22.1 28.3 27.3 4.6 
Mean   118 20.6 20.9 24.8 25.2 4.6 
St.dev.   13.3 3.7 3.9 6.9 7.1 0.2 
 
Methane production in the fermented broths deriving from the first stage of incubation 
In the methanogenic stage of the experiment, the overall biogas production stopped at the end of a 4-
wk incubation. Hydrogen was present in the HS of the reactors only in the first 4-7 days of incubation, 
and disappeared in the following days. Large differences in CH4 production were observed among 
fermented broths deriving from the CCD stage, depending on the pH value and Gly concentration at 
the start of the CCD stage (Tab. 3). Lower CH4 yields were associated to the production of small 
amounts of H2 (data not shown). Methane production was inversely related to Gly concentration 
(linear term of the regression) without any significant effect of the quadratic and interaction terms 
(regression equations not shown). The pH values had no significant effect on CH4 production. 
Canonical analysis revealed a minimum for CH4 production at Gly=3.05% and pH=6.68 (predicted 
value at stationary point: 23.5 mL CH4). 
 
Table 3. Responses in the methanogenic stage of the experiment, in terms of cumulated gas volume and 
composition in the HS of the reactors, 28 d after the start of the incubation.  

Run 
Gly 
(%) 

pH Biogas 
mL 

CH4 
% 

CO2 
% 

CH4 
mL 

CO2 
mL 

1 1 5.6 384 65.2 24.7 184 120 
2 3 5.6 284 31.8 47.2 53 161 
3 1 7.0 396 58.5 28.8 219 107 
4 3 7.0 236 14.9 69 29 149 
5 0.59 6.3 286 51.7 28.7 139 74 
6 3.41 6.3 258 15.6 71.9 43 162 
7 2 5.3 255 24.1 52.5 56 130 
8 2 7.3 248 27.6 48.8 57 120 
9 2 6.3 238 22.1 54.7 49 120 
Mean   287 33.3 48.1 88 126 
St.dev.   60.8 18.9 17.2 69.9 27.9 
 



The highest CH4 yields were obtained at lower Gly concentrations (Fig. 1, right). These results are in 
agreement with those of others Authors [6Tha] [8Fou]. To explain the results relevant to the second 
stage of the experiment the hypothesis was done of an inhibitory effect on methanogenesis by the 
fermentation byproducts present in the broth coming from the I stage. Another possibility is the lack of 
microorganisms able to utilize these fermentation by-products, in the II stage. In fact, the reactors were 
inoculated with selected methanogens, that are able to utilize only a few simple molecules (H2, acetate 
and, less frequently, formiate and ethanol). 
 

 
Figure 1. Response surface analysis for the influence of the factors glycerol (Gly) and pH on the 

production of H2 in the I stage (mL H2, 3 d after the start of the incubation; on the left) and of CH4 in the 
II stage of the experiment (mL CH4, 28 d after the start of the incubation; on the right). 

 
Conclusion and perspectives 
Our results showed that high glycerol concentrations increase H2 production, whereas they inhibit 
methanogenesis. Low pH values are sub-optimal for H2 production from glycerol fermentation.  
Since a glycerol excess favours the production of H2, while being detrimental for the production of 
CH4, the choice of the amount of glycerol to be supplied to the substrate should take into account 
which type of gas we would like to optimize the production. 
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