Taylor & Francis
Taylor & Francis Group

R EeRssEs | International Journal of Sustainable Engineering

o el et

ISSN: 1939-7038 (Print) 1939-7046 (Online) Journal homepage: http://www.tandfonline.com/loi/tsue20

The effect of the initial concentration of glycerol
on the hydrogen produced by strains of the genus
Clostridium spp.

Manuel Alejandro Jauregui, Alexander Ladino & Dionisio Malagéon-Romero

To cite this article: Manuel Alejandro Jauregui, Alexander Ladino & Dionisio Malagén-
Romero (2017): The effect of the initial concentration of glycerol on the hydrogen produced by
strains of the genus Clostridium spp., International Journal of Sustainable Engineering, DOI:
10.1080/19397038.2017.1387826

To link to this article: https://doi.org/10.1080/19397038.2017.1387826

@ Published online: 23 Oct 2017.

\]
CA/ Submit your article to this journal

||I| Article views: 2

A
& View related articles &'

PN

(!) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=tsue20

(Download by: [RMIT University Library] Date: 18 December 2017, At: 08:24>



http://www.tandfonline.com/action/journalInformation?journalCode=tsue20
http://www.tandfonline.com/loi/tsue20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/19397038.2017.1387826
https://doi.org/10.1080/19397038.2017.1387826
http://www.tandfonline.com/action/authorSubmission?journalCode=tsue20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tsue20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/19397038.2017.1387826
http://www.tandfonline.com/doi/mlt/10.1080/19397038.2017.1387826
http://crossmark.crossref.org/dialog/?doi=10.1080/19397038.2017.1387826&domain=pdf&date_stamp=2017-10-23
http://crossmark.crossref.org/dialog/?doi=10.1080/19397038.2017.1387826&domain=pdf&date_stamp=2017-10-23

Downloaded by [RMIT University Library] at 08:24 18 December 2017

INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING, 2017
https://doi.org/10.1080/19397038.2017.1387826

Taylor & Francis
Taylor & Francis Group

"’ Check for updates

The effect of the initial concentration of glycerol on the hydrogen produced by

strains of the genus Clostridium spp.

Manuel Alejandro Jauregui?, Alexander Ladino® and Dionisio Malagén-Romero©

Energy and Thermo-Fluids Student Research Group, GEAMEC Research Team, Facultad de Ingenieria Mecénica, University of Santo Tomas, Bogota,
Colombia; GIFS Research Team, School of Mechanical Engineering, Universidad del Valle, Santiago de Cali, Colombia; ‘Energy and Thermo-Fluids
Student Research Group Coordinator, GEAMEC Research Team, Facultad de Ingenieria Mecanica, University of Santo Tomas, Bogota, Colombia

ABSTRACT

Hydrogen produced by microorganisms is a topic of growing interest because of its potential for derivation
from several agro-industrial by-products. In this study, we evaluated the hydrogen production of strains of
genus Clostridium (Clostridium acetobutylicum and Clostridium butyricum) using glycerol as a carbon source.
Fermentation studies were conducted using three initial concentrations of glycerol: 10, 30 and 50 g/L. The
micro-organism growth kinetics and the amounts of solvents and gases were recorded over 48 h. The
strain C. acetobutylicum exhibited the best results in terms of hydrogen production, the highest production
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yield (Yp/s) of 0.37 mol H,/mol glycerol and the highest level of productivity (0.75 mg H,/(L-h)). Based on
these results, it is reasonable to conclude that glycerol could be effectively exploited as a carbon source
for hydrogen production, which adds value to this primary by-product of standard biodiesel processes.

Introduction

Modern and contemporary society has experienced several
energetic crises throughout history, especially in the last three
decades. However, this has not limited its energy consumption,
which has continued to grow in response mainly to global eco-
nomic and population growth (Tasri and Susilawati 2014). In
fact, 2014-2015 studies manifest that the total global energy
demand was doubled since 1980 (OECD 2015), and is expected
that the worldwide demand for energy will increase at an average
rate of 1.8%/year between 2000 and 2030 (Tasri and Susilawati
2014) where almost 90% of the total energy supply in 2030 will
continue dominated by fossil fuels (European Commission
2003). In this scenario, fossil fuels such as carbon, natural gas
and petroleum will continue being the world’s primary energy
sources and will supply near 81% of the total energy demanded
(EIA 2014). Also, projections show that at 2025, the demand
for energy will increase by more than 50%, which creates a
foreseeable problem because the proven reserves of both oil
and petroleum will decrease by between 40 and 60% by 2030
(OECD 2015). In contrast, the use of these fuels is linked to
environmental challenges that are reflected in the depletion of
the ozone layer, climate change and global warming in addition
to the environmental damage caused by CO, emissions. The
amount of CO, released into the atmosphere as a result of the
use of fossil fuels is expected to more than double, from 21 in
1900s up to 45 Gt projected in 2030 (European Commission
2003; Tasri and Susilawati 2014).

For these reasons, an increasing number of researchers
around the world have been promoting the use of alternative
energies and energy carriers suitable to replace or at least (in
the worst case) reduce the use of fossil fuels (Tanneru, Parapati,
and Steele 2014). In fact, this promotion and research in renewa-
ble, environmentally friendly or environmentally neutral energy
resources, is conceived with the aim to mitigate the environ-
mental damage incurred up to date by the use of conventional
energy sources.

Among several options, hydrogen, as energy carrier, has
several advantages such as: (1) A clean energy release without
producing carbon dioxide emissions, (2) Ability to be used in
systems such as fuel cells for electricity generation, which are
more efficient than traditional thermal devices, (3) The stand-
ard use in combustion engines that produce water vapour as
a by-product and (4) The high energetic yield about 122 kJ/g,
which is approximately 2.75 times as high as that of conventional
hydrocarbons (Kapdan and Kargi 2006).

Also, the possibility to be produced (or obtained) not only
from non-renewable energy sources like oil, natural gas, but also
(and most important) from renewable sources such as wind, solar
and biomass (Bartels, Pate, and Olson 2010; Won et al. 2017),
becomes the hydrogen technology a relevant field for research
and technological development at all phases of its life cycle: pro-
duction, storage and utilisation.

However, and spite of the fact of the advantage of numerous
production alternatives, the main concern of using hydrogen is
related to its production cost. In the case of biomass, pyrolysis
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and gasification are not economically feasible due to the pro-
duction price is approximately the same to the gasoline price
per gallon (EIA 2014). Therefore, and based on biomass as raw
material, it is important to explore different alternatives different
to classical thermochemical processes for hydrogen production.
In fact, biological processes for hydrogen production seems to be
an interesting alternative to gasification and pyrolysis in which
high environment conditions, mainly in pressure and tempera-
ture makes the process inherently expensive (Kapdan and Kargi
2006; Antonopoulou et al. 2011).

By this way, biological hydrogen production by microorgan-
isms of genus Clostridium spp. becomes an interesting alternative
for research and technological development (Bernal et al. 2013;
Lo et al. 2013). The following paragraphs describe the evalua-
tion of two strains of genus Clostridium, C. acetobutylicum and
C. butyricum, with special focus of glycerol as a carbon source
(Bernal et al. 2013). Such micro-organisms generate hydrogen
and solvents such as butyric and lactic acids, ethanol and 1,3
propanediol as its primary metabolites during dark fermentation
(Bernal et al. 2013).

The idea behind use of glycerol as carbon source is because
glycerol is a coproduct of transterification process in biodiesel
production (Seifert et al. 2009; Dincer 2012; Sarma et al. 2012;
Singh et al. 2015; Trchounian and Trchounian 2015). Finally,
this study presents a potential alternative to use the glycerol in a
complementary process of hydrogen production in a biodiesel
facility. The process shown here is evaluated by its main output
variables, i.e. the concentrations of the biomass, glycerol, solvents
and hydrogen obtained, and their evolution over time.

Materials and methods
Micro-organisms

This study uses the strains Clostridium acetobutylicum ATCC 824
and Clostridium butyricum DSM 2578. Strains were donated by
the bank of strains and genes of the Biotechnology Institute of
the National University of Colombia (Instituto de Biotecnologia,
Universidad Nacional de Colombia, IBUN) at Bogota (Marin and
Vargas 2012). The micro-organisms were kept in a liquid medium
in spore suspensions in Oxoid® RCM (reinforced clostridium
medium).

Culture medium

The strains were actived by transferring 10% (v/v) of stock
culture to 25 ml of RCM and incubated at 37 °C for 24 h in
anaerobic conditions. When the strains growth, they were
transferred to a culture medium described by Papanikolau
et al. (2000). This medium used in the fermentation process
has the following composition, in g/L unless otherwise noted
(Papanikolaou et al. 2000): K,HPO, 1,KH,PO, 0.5, yeast extract
1, MgSO,.7H,0 0.2, (NH,),SO, 2, CaCl, 15 mg/L, FeSO,.7H,0
5 mg/L and micro-mineral solution 2 mL/L. The composition
of the micro-mineral solution was as follows: ZnCl, 70 mg/L,
MnClL,.4H,0 100 mg/L, H,BO, 60 mg/L, CoCl,.2H,0 200 mg/L,
CuCl,.2H,0 20 mg/L, NiCl,.6H,0 25 mg/L, Na,MoO,2H,0

35 mg/L and HCI 37% 0.9 mL/L. HCI was added to adjust
the initial pH to 7. Also, Resazurin with a concentration of
10 pL/100 mL was added as an indicator for anaerobiosis.

Fermentation process

The experimental conditions used for the fermentation pro-
cess were as follows: an effective working volume of 30 mL, an
inoculum of 10% (v/v), an initial pH of 7 and a temperature
of 37 °C. Each strain was kept under anaerobic conditions in
a Petri dish into an anaerobic jar. When fermentation process
started, strain was inoculated in a vial with 3 ml of culture
medium. After 24 h, the vial was transferred to another vial
with 27 ml of culture medium. Samples of 500 pl of the liquid
phase and 1000 pl of the gaseous phase were taken every 6 h.
The samples were centrifuged at 5000 x G for 15 min, the pellet
was collected for biomass determination and the supernatant
was employed for HPLC analysis. Biomass was determined
by dry-weighting and the solvent composition analysed using
high-pressure liquid chromatography (HPLC). The composi-
tion of the gas samples were determined using gas chroma-
tography (GC).

Measurements of glycerol, solvents and hydrogen

The concentration of the soluble metabolites obtained during fer-
mentation was determined using HPLC (Shimadzu - UFPLC).
The primary metabolites identified were acetic acid, ethanol,
lactic acid, butyric acid and 1,3 propanediol. An Aminex HPX
- 87H HPLC column equipped with a Shimadzu® RID 10A
refractive index detector and Lab Solutions version 1.25 from
Shimadzu® was used during the chromatographic tests. The anal-
yses were performed by injecting 20 uL of the analyte into the
column with a 0.5 mL/min flow of 0.3 mM sulphuric acid as the
mobile phase. The column was kept at a constant temperature
of 58 °C and pressure of 450 psi.

The gaseous sample were stored in a syringe and sealed with
silicon for chromatographic analysis. The hydrogen content
of the samples was quantified using GC (Shimadzu-2014). A
Porapak Q (80/100 mesh) chromatography column equipped
with a thermal conductivity detector (TDC) was used with a
20 mL/min nitrogen flow rate. The column operated at a temper-
ature of 90 °C with injector and detector temperatures of 100 and
150 °C, respectively. The software employed was Varian Star v.4.5.

Quantification of cellular growth

The morphology and purity of the micro-organisms were deter-
mined using Gram staining and microscopy. The pellet obtained
after centrifugation of the sample was re-suspended in saline
solution (NaCl 0.85 w/v) for absorbance determination in a
SMART" Spectro 2000-01 LaMotte spectrophotometer at a wave-
length of 600 nm. A curve relating absorbance and dry weight
was developed. Also, dry weight was determined employing cel-
lulose nitrate membrane of 0.22 um of pore size. Laboratory oven
(Thermo Scientific) was employed at 90 °C for drying biomass
on the membranes.



Downloaded by [RMIT University Library] at 08:24 18 December 2017

Statistical analysis

An ANOVA was used (with a significance level of 5%) to evaluate
the dependence between the total amount of soluble microbial
products (SMPs) generated and the amount of hydrogen pro-
duced as a function of the initial glycerol concentration.

Results and discussion
Cellular growth

Figures 1 and 2 show increases in the biomass concentration over
time for the three (3) concentrations of glycerol tested with both
strains evaluated. During 0-18 h, cellular concentration increased
due to a decrease in the glycerol concentration; this time lapse
coincides with an exponential stage. Inhibition due to high con-
centration of glycerol was not generated for both strains, because
the specific growth rates are similar for any initial glycerol concen-
tration. This behaviour is similar to other reports in which glycerol
concentrations are between 30 and 100 g/L (Szymanowska-
Powalowska 2014), and from 5 to 50 g/L (Gallardo, Alves, and
Rodrigues 2014). In this study, it is possible that the lag phase
would have a duration time less than 6 h (time of sampling). In
this sense, we do not have a conclusion about the lag phase.

In contrast, the curves obtained for both strains show that an
increase in the initial substrate concentration does not represent
a greater consumption. The substrate consumption for each of
the three initial glycerol concentrations tested is shown in Table
1. The glycerol consumed and the biomass yield are similar for
both strains. According to this result, it is possible that, under

Table 1. The amounts of substrate consumed after 48 hours of fermentation.

Initial Substrate
nitia Specific yield as
glycerol Glycerol growth rate biomass
concentra-  consumed
Strain tion (g/L) (g/L) [mhT] Yx/s
Clostridium 10 6.13£1.40 0.0476+0.0037  0.073+0.017
acetobutyli- 30 4.35+0.82 0.0438+0.0004  0.091+0.008
cum 50 6.77+1.59 0.0329+0.0003  0.064+0.019
Clostridium 10 4.22+0.24 0.0662+0.0380  0.23+0.03
butyricum 30 3.20+£0.96 0.0552+0.0320  0.22+0.08
50 2.72+1.45 0.0559+0.0320  0.39+0.24

Clostridium acetobutylicum
Initial glycerol concentration 10g/L

-
o
N

Clostridium acetobutylicum
Initial glycerol concentration 30g/L
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these conditions, initial glycerol concentration did not affect the
behaviour of the strains. Also, at the end of the fermentation pro-
cess, remained glycerol which was not consumed by Clostridium
was observed in the medium. This behaviour is possible due to
accumulation of by-products (e.g. hydrogen or acetic acid, see
Figure 3).

The specific growth rate obtained during the exponential
growth stage (the first 18 h of fermentation) was fitted, and
results presented in Table 1. Literature such as Papanikolaou et
al. (2000) reports growth rates between 0.10 and 0.15 h™! for the
F2b strain of Clostridium butyricum when the initial glycerol
concentration was 30 g/L. These values of specific growth rate are
greater than those achieved in this study which ranges between
0.03 and 0.05 h'. Difference in the results is probably due to the
use of a different species even though the genus was the same.

By-product generation

The main soluble metabolites produced during the fermenta-
tion process, as shown in Table 2, were ethanol, 1,3-propanediol,
butyric, acetate and lactate acid. According to Liquid chromatog-
raphy (HPLC), butanol and acetone were not synthetised during
fermentation process. Similarly, the total amount of SMPs, which
corresponds to the sum of the different solvents and acids pre-
sented in the medium, is also shown in Table 2.

Regarding the synthesis of SMPs, we observed that they
evolve during the first 12 h of fermentation, corresponding to the
exponential growth phase in both strains for the three glycerol
concentrations tested. After this time, the SMPs concentration
did not change significantly, suggesting that these products are
primary metabolites. The total amounts of SMPs produced did
not show a significant difference according to ANOVA with a 5%
level of significance (data not shown), so the production of SMPs
is essentially independent of the initial concentration of glycerol.

Comparison with literature is also shown in Table 2 (Lo et al.
2013). Although the total SMP production was similar for the
CH4 and CH5 strains of Clostridium pasteurianum, noticeable
differences in each of their metabolites were observed. Butanol
was the most abundant product for the CH4 strain, and 1,3-pro-
panediol was the most abundant product for the CH5 strain.
In this work, an absence of butanol and a high percentage of

Clostridium acetobutylicum
Initial glycerol concentration 50g/L

1 1
28 3 48
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Figure 1. The cellular concentration and substrate consumption of Clostridium acetobutylicum.
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Clostridium butyricum
Initial glycerol concentration 10g/L

Clostridium butyricum
Initial glycerol concentration 30g/L

Clostridium butyricum
Initial glycerol concentration 50g/L
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Figure 2. The cellular concentration and substrate consumption of Clostridium butyricum.
a) Clostidium acetobutylicum b) Clostidium butyricum
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Figure 3. The hydrogen production of C. acetobutylicum (left) and C. butyricum (right).
Table 2. The soluble metabolites produced during the fermentation process.
Initial sub- EtOH 1,3-PDO BuOH HAc HBu HLa TVFA SMP
strate conc.
Bacterial strain [g/L] SMP (%) SMP (%) SMP (%)  SMP (%)  SMP (%) SMP (%) [mg/L] [mg/L] Reference
Clostridium ace- 10 42405 9+0.1 NA 24+0.5 21£0.1 4+0.1 1550+4.2 3120+5.7 Current study
tobutylicum 30 41+0.5 9+0.0 NA 25+0.5 21+0.2 4+0.2 1610£7.1 3190+ 17
50 39+1.8 8+1.4 NA 29+4.0 20+0.8 5+0.0 1905+14.8 3450+28.3
Clostridium 10 41+£1.0 8+1.5 NA 26+0.2 21+0.7 4+04 2050+ 15.6 3965+24.7
butyricum 30 39427 8+13 NA 30+54 20+1.3 4+0.1 1845429 3320+43
50 39425 7+£26 NA 30+6.4 20+1.3 5+0.0 2130+5.7 3665+ 10.6
Clostridium 5-30 37+13 19.5+1.1 412+08 23+0.2 5004 09+0.2 1382.9+2.1 17,879+6.9 Yung-Chung
pasteurianum 2013
CH4
Clostridium 5-30 40+0.8 544+1.9 17.2+£09 52+06 123+09 0.0+0.0 29424+28  15712+9.2
pasteurianum
CH5

Notes: NA: Not available, the compound was not detected in the HPLC column. % given in w/w.
HAc: Acetic acid; HBu: Butyric Acid; HLa: Lactic Acid; EtOH: Ethanol; 1,3-PDO: 1,3-propanediol; BUOH: Butanol; TVFA: total volatile fatty acids; SMP: soluble microbial prod-
ucts (TVFA + EtOH + BuOH + 1,3-PDO).

ethanol, which is represented in approximately 40% of the total
SMPs, were obtained at the end of the process. This result indi-
cates that strains, according to metabolic pathway reported by

Bernal et al. (2013), transform pyruvate in acetyl-coA as inter-
mediate stage and finally are transformed in acetate and ethanol,
respectively. This behaviour favours the hydrogen production
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due to participation of ferredoxin that is able to transfer electrons
to an iron-containing hydrogenase.

Some of the SMPs produced during the process are toxic to
the micro-organisms. However, and comparing the concentra-
tion of SMPs with maximum concentration achieved for strains
of genus Clostridium (Zeng et al. 1994), only acetic acid exceeded
the acceptable amount by a factor of nearly four (0.35 g/L vs.
1.28 g/L). So, high levels of this solvent could inhibit cellular
growth and consumption of glycerol.

Hydrogen production

Figure 3 shows the amount of hydrogen produced over time for
both strains. During the first 18-20 h of fermentation, there is
a timeframe in which the micro-organism exhibits exponential
growth. A higher increase in the hydrogen concentration was
evident, which indicates that hydrogen is a primary metabolite.
Also, it is possible that an increment in the hydrogen concen-
tration would generate an inhibition in the growth of biomass.
However, and due to increasing in the concentration of SMP at
the same time, it is impossible to conclude if the effect is due to
SMP of hydrogen concentration. In the fermentation of genus
Clostridium, two stages were identified: acidogenic and solvento-
genic (Mathews and Wang 2009). The former is characterised by
the production of acetic acid and butyric acid, fast growth and the
production of large amounts of hydrogen. The latter, in contrast,
is linked with the production of solvents such as 1,3 propanediol.

In contrast, according to the theory, the fermentation of glyc-
erol produces 1 mol H,/mol glycerol. In this study, C. acetobutyli-
cum had the highest productivity (0.75 mmol H,/L h) and yield
(0.37 mol H,/mol glycerol) due to its greater cellular growth,
which was related to its greater consumption of the substrate. Lo
etal. (2013) reports a yield of 0.74 mol H,/mol glycerol when C.
pasteurianum CH4 is grown in a medium containing 16.4 g/L of
initial glycerol. The differences of experimental conditions could
explain the possible differences with this paper. In the current
study, the vials containing the medium were not stirred during
the fermentation process. The objective of stirring is to ensure
that the medium remains homogeneous and also eliminate con-
centration and temperature gradients to benefit micro-organism
growth.

The hydrogen production curves obtained for C. butyricum,
and presented in Table 3, show very similar yields and produc-
tivities. When the glycerol concentration was 30 g/L, the yield
obtained was higher than reported for Heyndrickx et al. (1991)
who obtained a value of 0.38 mol H,/mol glycerol for an initial
concentration of 10 g/1 of glycerol. The differences are possible
due to the initial concentration of glycerol employed in the cul-
ture medium. These findings confirm that hydrogen production

Table 3. The yields and productivities of hydrogen generation.

Glycerol con- Yield (mol H,/ Productivity

Strain centration (g/L) mol) (mg H,/Lh)
C. acetobutylicum 10 0.37+0.06 0.75+0.01
30 0.29+0.08 0.56+0.04
50 0.24+0.05 0.73£0.03
C. butyricum 10 0.34+0.03 0.65+0.02
30 0.43+0.13 0.60+0.03
50 0.34+0.02 0.57+0.02

INTERNATIONAL JOURNAL OF SUSTAINABLE ENGINEERING . 5

is independent of the initial concentration of glycerol. Similar
results are reported by Seifert et al. (2009). A final concentration
of 14 mmol H,/L was obtained for each of the three glycerol
concentrations analysed as shown in Figure 3.

The low yield obtained for 1,3 propanediol (PD) is consist-
ent with the amount of hydrogen produced, and as previously
described in the literature, high hydrogen yields are always
obtained under conditions that result in lower levels of 1,3 PD
production (Selembo et al. 2009). The hydrogen produced is a
product of the re-oxidation of ferredoxin, which acts as an elec-
tron transporter in the transformation of pyruvate to acetyl-CoA
(Selembo et al. 2009). Alternatively, re-oxidation can be achieved
by transferring protons to NAP (P) and through the activity of
ferredoxin-NAP(P) reductase. In the latter case, more NADH,
is generated but must be regenerated by means of a reductive
pathway in which 1,3-PD and NAD are the main products of
the reaction (Kubiak et al. 2012). Previous studies claim that to
produce 1 mol of PD, 1 mol of H, is necessary (Sarma et al. 2012),
which implies that the resulting hydrogen yield is lower because
part of it is reduced to propanediol, which, in turn, depletes the
substrate that could be used to generate additional hydrogen.

Conclusions

The production of biofuels from renewable sources is currently
one of the most important technological challenges because of
the high demand for energy, the depletion of fossil fuels and
the severe environmental problems associated with their use.
Therefore, this study describes an approach to the production
of hydrogen, an alternative and renewable energy source. Our
main contribution is to determine the feasibility of producing
hydrogen using glycerol as a substrate for the dark fermentation
performed by bacteria of the genus Clostridium spp. Two strains
of the genus Clostridium were evaluated, and hydrogen yields
between 0.3 mol H,/mol glycerol and 0.37 mol H,/mol glycerol
were obtained with initial glycerol concentrations of 10, 30 and
50 g/L. These results suggest that hydrogen generation is inde-
pendent of the initial concentration of glycerol. The present study
shows that producing hydrogen from the glycerol generated dur-
ing biodiesel production is technically feasible.
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