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Abstract Clostridium pasteurianum can utilize glycerol as
the sole carbon source for the production of butanol and 1,3-
propanediol. Crude glycerol derived from biodiesel pro-
duction has been shown to be toxic to the organism even in
low concentrations. By examination of different pretreat-
ments we found that storage combined with activated stone
carbon addition facilitated the utilization of crude glycerol.
A pH-controlled reactor with in situ removal of butanol by
gas stripping was used to evaluate the performance. The
fermentation pattern on pretreated crude glycerol was quite
similar to that on technical grade glycerol. C. pasteurianum
was able to utilize 111 g/l crude glycerol. The average
consumption rate was 2.49 g/l/h and maximum consumption
rate was 4.08 g/l/h. At the maximal glycerol consumption
rate butanol was produced at 1.3 g/l/h. These rates are higher
than those previously reported for fermentations on technical
grade glycerol by the same strain. A process including pre-
treatment and subsequent fermentation of the crude glycerol
could be usable for industrial production of butanol by
C. pasteurianum.
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Introduction

As a consequence of expanding biodiesel production, the
cost and availability of glycerol has changed markedly
because 10% glycerol is released during a typical biodiesel
production process. This crude glycerol is considered as
waste [17] and it is, therefore, important that new and
sustainable solutions for utilization of the glycerol are
developed [24, 30].

Butanol is an important bulk chemical for a wide range
of industrial applications. Recently, its potential as a fuel
has been discussed [25]. Butanol can be blended directly
with standard oil-based fuels and has a range of advantages
over the more commonly used ethanol including a much
lower enthalpy of vaporization, lower solubility of water,
less corrosiveness combined with a much higher energy
density. As a consequence, a 100% replacement of the
standard oil-based fuels is possible without structural
modifications of the engine. Furthermore, butanol can be
blended directly at the refinery for delivery using existing
infrastructure [5].

The production of butanol from the biodiesel-derived
glycerol will not only constitute a sustainable utilization of
waste glycerol for fuel production, but also a means to
produce a bulk chemical for use in the chemical industry.

The most studied organism for biological production of
butanol is Clostridium acetobutylicum. However, C. acet-
obutylicum is unable to grow on glycerol as it cannot
reoxidize the excess NADH generated in the cellular
glycerol catabolism [7, 8, 29].

Fermentation of glycerol by the related organism
C. pasteurianum was initially described in 1983 by Nakas
et al. [22]. The main products of the energy metabolism are
n-butanol and 1,3-propanediol (1,3-PDO) together with
smaller amounts of ethanol and acetic acid [13, 22].
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Only few publications have dealt with optimization of
glycerol fermentation by C. pasteurianum [2, 3]. Recently,
a study demonstrating the possibility of utilizing crude
glycerol in fermentative butanol production was reported
[28]. This study proved the concept, but extremely slow
growth (24 days) and high toxicity of the crude glycerol
limited the immediate industrial applicability.

In this study our goal was to optimize the growth con-
ditions of C. pasteurianum on the crude glycerol to
increase the growth rate and product yield to make the
process relevant for industrial application.

Materials and methods
Bacterial strain

The strain C. pasteurianum (DSMZ 525) was purchased
from the German Collection of Microorganism and Cell
Cultures (DSMZ), Gottingen, Germany.

Medium and conditions

For all fermentations the minimal medium described by
Biebl [2] was used. The concentration of FeSO, (7.5 mg/l)
was increased to stimulate butanol production as suggested
by Dabrock et al. [3]. Batch fermentations were carried out
without pH control but supplemented with NaHCO; (2.6 g/1).
All cultures were incubated anaerobically at 37°C at pH 6.0
under a gas phase of N,/CO, (20:80). Cell growth was
determined using optical density (OD) at 595 nm. The
carbon source was either purified (technical grade) glycerol
(Sigma-Aldrich, St. Louis, Missouri, USA) or biodiesel-
derived glycerol (crude glycerol) (Meroco, Leopoldov,
SK). The crude glycerol was specified to contain
800-850 g/l glycerol, max 1 g/l methanol, 55 g/l NaCl,
and 25 g/l MONG (matter organic non-glycerol) by the
supplier.

Batches of glycerol

Two different batches of glycerol were used in this study.
Batch I was derived from biodiesel production from 90%
rape seed oil and 10% spent cooking oil. Batch II was
derived from biodiesel production from 100% rape seed oil.

Toxicity test

To assess the inhibition of the substrate, toxicity tests were
performed in batch experiments. A series of vials were
prepared with different concentrations of glycerol ranging
from 10 to 150 g/l. The other media components were kept
constant. The vials were inoculated with 0.2 ml of an
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overnight culture of C. pasteurianum. After 20 h of incu-
bation, growth was evaluated on the basis of the amount of
dry cell mass. The dry cell mass was determined by
establishing a linear correlation between dry cell mass and
cell suspension absorbance at 595 nm. All tests were per-
formed in at least duplicate.

Pretreatment of the crude glycerol
Purification by carbonation

pH was raised to 11.5 by stepwise addition of a calcium
hydroxide solution (milk of lime) followed by incubation
for 3 h at 70°C. Seven grams of solid CO, (dry ice) per
50 ml of glycerol was added. After sedimentation of cal-
cium carbonate, the glycerol was cleared by centrifugation
at 8,000 rpm at 4°C for 20 min. pH was adjusted to 7.00
by addition of 2 M HCI. Centrifugation was repeated using
the aforementioned conditions as further sedimentation
occurred after the pH adjustment.

Electrodialysis

The removal of NaCl from the crude glycerol was done by
electrodialysis, using a PC Cell ED 64-4 (PC Cell GmbH,
Heusweiler, Germany) electrodialysis stack equipped with
nine cationic exchange membranes, ten anionic exchange
membranes enclosed by two cationic exchange mem-
branes. For each membrane, the active surface area was
64 cm” and the flow channel width between two mem-
branes was 0.5 mm. The feeding rate of 50% diluted
glycerol was 1.63 1/h. Voltage across the electrodialysis
cell was 15 V. K,SO4 (0.1 M) was used as the electrode
solution and circulated with a flow of 53.1 1/h.

Activated stone carbon

Crude glycerol was treated with activated stone carbon
0.4-0.85 mm (Gert Strand, Malmd, Sweden) after 50%
dilution in water. Approximately 20% (w/v) activated stone
carbon was added directly to the crude glycerol, followed
by static incubation at room temperature for 8 h. The stone
carbon was removed from the glycerol by centrifugation at
10,000 rpm for 10 min [10].

The effect of activated stone carbon during growth was
tested in batch experiments. Approximately 0.05 g of
activated stone carbon was added per 10 ml of culture
medium prior to autoclaving.

HPLC analysis

Liquid samples were analyzed for glycerol, lactate, acetate,
1,3-PDO, butyrate, ethanol, acetone, and butanol using
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high pressure liquid chromatography. The HPLC system
was equipped with a Rezex ROA-Organic Acid column
(Phenomenex, Torrance, California, USA) and an RI 101
refractive index detector (Shodex, Kawasaki, Japan). The
mobile phase was 4.5 mM H,SO,, pumped at a flow rate of
0.6 ml/min. Before the analysis the samples were centri-
fuged at 10,000 rpm for 10 min. The supernatant was
separated and diluted to a suitable concentration range
before loading on the HPLC system.

Reactor fermentation

The reactor fermentation was performed in 500-ml glass
reactors (active volume 400 ml) with water jackets ensur-
ing a constant temperature of 37°C. The pH was main-
tained at 6.00 by addition of 1 M KOH managed by a
Knick Stratos® controller unit. Mixing was performed by
magnetic stirring. The inoculation was done by injecting
40 ml of an overnight culture into the reactor. For removal
of the solvent produced, gas stripping was applied circu-
lating the gas phase at a flow rate of approximately 600 ml/
min in an @15-mm non-gas-permeable tube by means of a
peristaltic pump (Fig. 1). The 400-mm condenser (Lenz,
Wertheim, Germany) was cooled by ice water. The con-
densate was collected in a flask and the dehumidified gas
was re-injected at the bottom of the reactor [6, 9]. Excess
gas was collected in a non-gas-permeable bag. Water was
added during the fermentation to ensure a constant volume

Cc

Fig. 1 Experimental setup. R reactor equipped with pH control
B. C condenser cooled by ice water, with a collector flask at the
bottom. E expansion bag collecting gas produced. P peristaltic pumps

of the reactor, as butanol and water were removed by the
gas stripper.

For stoichiometric calculations the composition of cell
biomass was assumed to be CH; 5N 230045 [14].

Results and discussion
Batch experiment
Cell growth

To evaluate the crude glycerol utilization capabilities of
C. pasteurianum, toxicity tests were performed within the
first 2 months after production of the glycerol.

As shown in Fig. 2, increasing concentrations of tech-
nical grade glycerol at constant nutrient concentrations did
not affect growth of C. pasteurianum. This is in accordance
with Dabrock et al. [3] who demonstrated that growth by
C. pasteurianum was not inhibited by glycerol concentrations
up to 17%. The crude glycerol, however, appeared to affect
growth significantly. Batch I and II glycerol were only utilized
to a minor degree. At an initial glycerol concentration at 20 g/
1, growth (determined by cell mass dry weight) on batch I
glycerol was only 25% relative to the growth on technical
grade glycerol, and ceased further as the glycerol concentra-
tion increased. Growth on batch II glycerol was almost below
the detection level at all tested concentrations. As a result of
the high toxicity of both batches of crude glycerol, the use of
simple pretreatment methods was investigated in order to
optimize the fermentation of the crude glycerol.

1,87
1,6 H
1,4
1,2 1

1

0,8 1 4
0,6

0,4 -

Cell mass dry weight [g/I]

0,2

0 1
0 50 100

Initial glycerol concentration [g/I]
—@— Technical grade —&—Batch | —¢—Batch Il

Fig. 2 Growth on the two batches of glycerol, and the technical
grade glycerol. Measurements were carried out after 20 h incubation.
Error bars standard deviations
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compounds can act both as an adsorbent of toxic com-
pounds but also as a protective attachment surface and
support for the growing microorganisms in the substrate
[15, 16, 20]. Habe et al. [10] observed that pretreatment of
crude glycerol with activated stone carbon resulted in
increased growth of Gluconobacter sp. at high initial
glycerol concentrations. Furthermore, 90% of the produc-
tivity was maintained compared to fermentation done on
technical grade glycerol. A similar increase was not seen in
our experiments with C. pasteurianum, although a certain
relief of inhibition was observed compared to untreated
crude glycerol (Table 1). The treatment was performed on
batch I glycerol. At an initial glycerol concentration of
20 g/l, the growth on detoxified glycerol was 81% of the
growth on technical grade glycerol. Compared to untreated
crude glycerol, growth increased by 147%. At41 and 68 g/1,
the growth on pretreated glycerol was 20 and 6.1%
respectively of the growth on technical grade glycerol. The
difference in the toxicity of the pretreated crude glycerol
between the study by Habe et al. [10] and our experiments
could derive from the different organisms used. The effect
of activated stone carbon was better than any of the two
other pretreatments but still insufficient as a stand-alone
process due to the low efficiency at high glycerol
concentrations.

Storage of crude glycerol

Storage of the crude glycerol for 10 months at 20°C had a
clear effect on the growth on the crude glycerol (Table 1).
In both batches of glycerol growth was stimulated by
storage. On batch I glycerol growth was more than doubled
at an initial glycerol concentration of 27 g/l compared
to the fresh glycerol. At initial glycerol concentration of
70 g/l growth was stimulated by 741% which represents
11.4% of the growth on technical grade glycerol. Growth
on batch II glycerol was also stimulated by storage. In fresh
glycerol, no growth was detectable, but after storage
considerable growth was observed at an initial glycerol
concentration of 25 g/l. At 54 and 73 g/l, the growth on
pretreated glycerol was stimulated by 414 and 27.4%
respectively.

The results clearly show that storage of crude glycerol
has a profound effect on toxicity. The most obvious reason
for this would be chemical changes in the crude glycerol
which contains many other compounds besides glycerol.

An analysis of the change in the glycerol composition
upon storage could indicate which compound(s) was (were)
responsible for the observed inhibition in the fresh glyc-
erol. A comparison of the HPLC chromatograms from the
samples before and after storage indicates that chemical
changes occur upon storage (Fig. 3). However, the storage
primarily resulted in the appearance of new peaks, which

were not detected in the fresh glycerol. Only one peak
disappeared after storage (at 13 min retention time). Since
the peak at 13 min appears in the batch I sample upon
storage, it is not likely to be the decisive factor for
inhibition.

Combination of storage and activated stone carbon

Among the four pretreatments, activated stone carbon and
storage were the most efficient, but not satisfactory as
stand-alone processes. We therefore decided to combine
the two treatments, but also to exploit the demonstrated
benefits of activated stone carbon as an attachment surface
for bacteria. The experiment was carried out on stored
glycerol from both batch I and batch II. The results from
the experiments are shown in Fig. 4.

On batch II, the addition of activated stone carbon
stimulated growth by an approximate factor of 13 at 73 and
98 g/l glycerol compared to stored crude glycerol without
activated stone carbon but still only constituted 39% of the
growth achieved on technical grade glycerol. On batch I,
the treatment of the stored crude glycerol had even more
profound effects. The effect of the treatment is a visibly
denser culture and high amounts of foam in the culture tube
with activated stone carbon (Fig. 5).

At an initial concentration of 70 g/l the stored glycerol
supported a growth of 11% of the technical grade glycerol
whereas 154% growth was observed when activated stone
carbon had been added. At 98 g/l stored glycerol growth
constituted 68% compared to the technical grade glyc-
erol when activated stone carbon was added. This was 23
times higher than stored crude glycerol at the same
concentration.

Even at 118 g/l, limited growth was observed when
activated stone carbon was added to the stored crude
glycerol.

Fermentation
Technical grade glycerol

To evaluate the product profile and the fermentation
capabilities of C. pasteurianum, a batch reactor fermenta-
tion on technical grade glycerol was performed. Two
reactors were run simultaneously, one with and one without
gas stripping. Both reactors had an initial glycerol con-
centration of approximately 100 g/I, which has been shown
not to inhibit growth [2, 3].

The concentrations of substrate and products as a
function of time are shown in Fig. 6. An initial lag phase of
15 h was seen in both fermentations. The highest con-
sumption rate was observed after 21 h in both reactors.
In the fermentation without gas stripping, glycerol was
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Fig. 3 Chromatograms of the 0.437 HRIU
HPLC analyses of the batch I ]
and II glycerol before and after 0,350 1
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consumed at a rate of 6.1 g/l/h. Butanol was produced at a
rate of 1.2 g/lI/h and 1,3-PDO at a rate of 1.1 g/l/h (data not
shown). In the fermentation with gas stripping, the glycerol
was consumed at a rate of 4.94 g/l/h along with the pro-
duction of 1,3-PDO at a rate of 0.64 g/l/h. The butanol
production rate could not be estimated because butanol was
continuously removed by the gas stripping at an unknown
rate.

During the active 45 h of fermentation, 60 g/l glycerol
was consumed in the reactor without gas stripping, whereas
almost all the glycerol (103 g/l) was utilized in the reactor
with gas stripping. This was most probably due to the
continuous removal of butanol by gas stripping, which
relieved the inhibition of C. pasteurianum, which has also
been observed in experiments with acetone, butanol, and
ethanol fermentation [6, 9].

In Table 2, the mass balances of the two fermentations
are shown. Only metabolized glycerol is considered, and
both fermentations are normalized to 1,000 mM glycerol
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converted. The production of CO,, H,, and H,O was cal-
culated from the stoichiometry of the reactions and not
supported by measurements. In both fermentations the
production of lactate was very low and acetone and acetate
were barely measurable. This fermentation pattern resem-
bles previously described C. pasteurianum fermentations
[2, 3, 28].

In the reactor with gas stripping the concentrations of
butyrate and acetate were higher compared to the fer-
mentation without gas stripping. A residual acidogenic
activity or an incomplete uptake of the acids, occurring
during the biphasic fermentation exhibited by the clos-
tridia, could explain the higher acid concentration [1, 11,
12]. It should be noted that the production of butyrate
and acetate yields ATP in contrast to the production
of 1,3-PDO, ethanol, or butanol [21]. Therefore, the
observed acid production could be due to the need for
more ATP during the prolonged growth in the gas-
stripped reactor.
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Fig. 4 Effect of adding activated stone carbon (ASC) to stored batch
I and batch II glycerol. Measurements were carried out after 20 h of
incubation. Error bars standard deviations

Stored crude glycerol with activated stone carbon

To test the positive effects achieved by active stone carbon
addition to the stored crude glycerol in the 10-ml batch
experiments, a reactor experiment was carried out com-
bining activated stone carbon addition and gas stripping.
The most toxic stored batch II crude glycerol was used for
the experiment (Fig. 7) since this left a bigger potential for
process optimization than the stored batch I crude glycerol.

Initially, an 8-h lag phase occurred before the consump-
tion of glycerol began, which was shorter than that observed
for technical grade glycerol. Gas stripping was started after
19.75 h and 3 h later the butanol reached a concentration of
10.8 g/l which arrested the metabolism of C. pasteurianum.
When gas stripping had reduced the butanol concentration
below 6 g/l after 45 h, the activity was resumed. After 51 h,
glycerol was supplemented without any immediate effect on
the fermentation. The activity continued until the butanol
concentration had increased to more than 9 g/l and did not
resume although the concentration was reduced to below
5 g/l. At the end of the fermentation a residual glycerol
concentration of 35 g/l was left in the broth.

Since the activity was unaffected by glycerol addition at
t = 51 h and the activity did not resume when the butanol

Fig. 5 Anaerobic culture tubes with an initial glycerol concentration
of 98 g/l stored crude glycerol (batch I) after 20 h of incubation.
Activated stone carbon was included in the left tube
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Sy SN
E L1628
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Fig. 6 Profile of the fermentation using technical graded glycerol
showing concentrations of glycerol and products as a function of the
time. Arrows points at which water was added

concentration was reduced below the toxicity level, a lack
of nutrients could have caused the discontinuation of the
fermentation.

Overall, the fermentation persisted for 70 h utilizing
111 g/1 (1.21 M) of the glycerol, including 8 h of lag phase
and a butanol-inhibited period of 19 h. Excluding the lag
phase and the inhibited period, the average glycerol con-
sumption rate was 2.49 g/l/h and the productivities were
0.42 g/l/h for 1,3-PDO and 0.68 g/l/h for butanol. The
highest rates were observed in the period from 19.75 to

@ Springer



716

J Ind Microbiol Biotechnol (2012) 39:709-717

Table 2 Mass balances in mmol of the fermentation of technical grade glycerol with and without gas stripping (GS) and stored glycerol with gas

stripping
Lactate 1,3- Acetate Ethanol Butyrate Butanol CO, H, H,O Cell Carbon-recovery
PDO mass® (%)

Technical grade glycerol 5 211 27 160 17 223 670 553 408 253 97

with GS
Technical grade glycerol 3 205 1 143 0 263 674 470 465 320 99

without GS
Stored glycerol with GS 5 169 25 57 0 280 644 480 423 204 88

Balances were normalized to 1,000 mM glycerol

? Cell mass calculations were based on the theoretical composition of the biomass as described in the “Materials and methods™ section

— 120 1 J* 0 r20 _
= B
Y]
= 100 Y —
c rl6 &
.0 o
% 80 =
s 12 5
< c
8 60 A r10 @
Q
c 8 c
[=] [=]
O 40 o
—_ 6
(=] o
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o 204 -]
= 2 E
a
© 0 r T T r r 0
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—&—Glycerol —@—1,3-Propanediol —e@—Butanol

Fig. 7 Profile of the fermentation of stored crude glycerol supple-
mented with activated stone carbon. Arrow point at which water was
added, arrow with asterisk point at which glycerol was added

22.75 h. In this period glycerol was consumed at 4.08 g/1/h,
1,3-PDO was produced at 0.91 g/l/h, and by correction for
the stripping of butanol (when glycerol consumption was
inhibited, from 26 to 29.75 h) the butanol productivity was
calculated to 1.3 g/l/h. Compared to the maximum rate
observed for technical grade glycerol, a slight decrease of
16% in the glycerol consumption rate and an increase of
50% in the 1,3-PDO production rate were observed.

The yields of 1,3-PDO and biomass were lower on
stored crude glycerol than on technical grade glycerol. This

correlates well with Biebl [2] who suggested that biomass
and 1,3-PDO yields go together in glycerol fermentation
since glycerol is more reduced than the biomass formed
during the fermentation. Surplus reducing equivalents
produced during growth are then regenerated by glycerol
reduction to 1,3-PDO. The reduced 1,3-PDO yield on
stored crude glycerol might, therefore, be a consequence of
a lower production of biomass.

Conclusion

During the fermentation of stored crude glycerol using gas
stripping for removal of butanol and addition of activated
stone carbon it was possible to achieve productivities close to
those achieved on technical grade glycerol. The peak glyc-
erol consumption rate was slightly lower for crude glycerol,
but the overall fermentation time was similar. On the other
hand, the butanol yield was slightly higher when fermenting
crude glycerol compared to technical grade glycerol.

In Table 3 our data from the two fermentations are
compared with previously reported results from glycerol
fermentation with C. pasteurianum. As pointed out above,
the two fermentations with gas stripping carried out in this
study are very similar. Compared to the highest amount of
glycerol utilization previously reported [2], we achieved a

Table 3 Comparison of the fermentation data obtained in this study with data from other studies

Technical grade Crude glycerol Technical grade Technical grade Crude

glycerol with + activated stone glycerol [2] glycerol [3] glycerol

gas stripping carbon with gas stripping [28]
Glycerol utilized (g/1) 101 111 63.6 28 22¢
Time 45 h* 43 h* 17 h° ND 14 days®
Glycerol maximum rate (g/l/h) 4.94 4.08 2.62° ND 0.125°¢
Average glycerol rate (g/1/h) 2.20° 2.49° 233" ND 0.07°

ND not determined

? Average was calculated by subtraction of the lag phases

® Data are derived from a fermentation of 41 g/l glycerol and were extracted from the graph (lag phases were subtracted)

¢ Data were extracted from the figure of the fermentation data (lag phases were subtracted)
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75% increase utilizing crude glycerol and 58% increase
utilizing technical grade glycerol. The maximum rate in
that study was only 57% of our rate. Only one report has
dealt with the fermentation of crude glycerol. In that study,
only 22 g/l crude glycerol was utilized in 24 days
(including 10 days of inhibition) of incubation resulting in
a consumption rate of 0.07 g/l/h [28]. The average rate of
crude glycerol fermentation achieved in our study is 38
times higher and the maximum consumption rate is 33
times higher. In a review of next-generation biofuels,
Dellomonaco et al. [4] state that the low growth rates
reported by Taconi et al. [28] limit the immediate industrial
applicability of crude glycerol fermentation to butanol. Our
study clearly demonstrates that it is possible to ferment
crude glycerol derived from biodiesel production at high
concentrations and at industrially relevant rates.

Acknowledgments We acknowledge the financial support of the
European Union Seventh Framework Program FP7 (Glyfinery).

References

1. Andersch W, Bahl H, Gottschalk G (1983) Level of enzymes
involved in acetate, butyrate, acetone and butanol formation by
Clostridium acetobutylicum. Eur J Appl Microbiol Biotechnol
18(6):327-332

2. Biebl H (2001) Fermentation of glycerol by Clostridium paste-
urianum—batch and continuous culture studies. J Ind Microbiol
Biotechnol 27(1):18-26

3. Dabrock B, Bahl H, Gottschalk G (1992) Parameters affecting
solvent production by Clostridium pasteurianum. Appl Environ
Microbiol 58(4):1233-1239

4. Dellomonaco C, Fava F, Gonzalez R (2010) The path to next
generation biofuels: successes and challenges in the era of syn-
thetic biology. Microb Cell Fact 9:3

5. Diirre P (2008) Fermentative butanol production—bulk chemical
and biofuel. Ann N 'Y Acad Sci 1125:353-362

6. Ezeji TC, Qureshi N, Blaschek HP (2003) Production of acetone,
butanol and ethanol by Clostridium beijerinckii BA101 and in
situ recovery by gas stripping. World J Microbiol Biotechnol
19(6):595-603

7. Girbal L, Croux C, Vasconcelos I, Soucaille P (1995) Regulation
of metabolic shifts in Clostridium acetobutylicum ATCC-824.
FEMS Microbiol Rev 17(3):287-297

8. Gonzalez-Pajuelo M, Meynial-Salles I, Mendes F, Andrade JC,
Vasconcelos I, Soucaille P (2005) Metabolic engineering of
Clostridium acetobutylicum for the industrial production of 1,3-
propanediol from glycerol. Metab Eng 7(5-6):329-336

9. Groot WJ, Vanderlans R, Luyben K (1989) Batch and continuous
butanol fermentations with free cells: integration with product
recovery by gas-stripping. Appl Microbiol Biotechnol 32(3):305-
308

10. Habe H, Shimada Y, Fukuoka T, Kitamoto D, Itagaki M,
Watanabe K, Yanagishita H, Sakaki K (2009) Production of
glyceric acid by Gluconobacter sp NBRC3259 using raw glyc-
erol. Biosci Biotechnol Biochem 73(8):1799-1805

11. Hartmanis MG, Gatenbeck S (1984) Intermediary metabolism in
Clostridium acetobutylicum: levels of enzymes involved in the
formation of acetate and butyrate. Appl Environ Microbiol
47(6):1277-1283

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Hartmanis MGN, Klason T, Gatenbeck S (1984) Uptake and
activation of acetate and butyrate in Clostridium acetobutylicum.
Appl Microbiol Biotechnol 20(1):66-71

Heyndrickx M, Devos P, Vancanneyt M, Deley J (1991) The
fermentation of glycerol by Clostridium butyricum LMG-1212T2
and LMG-1213T1 and C. pasteurianum LMG-3285. Appl
Microbiol Biotechnol 34(5):637-642

Hild HM, Stuckey DC, Leak DJ (2003) Effect of nutrient limi-
tation on product formation during continuous fermentation of
xylose with Thermoanaerobacter ethanolicus JW200 Fe(7). Appl
Microbiol Biotechnol 60(6):679-686

Ikegamai T, Yanagishita H, Kitamoto D, Haraya K (2000) Accel-
erated ethanol fermentation by Saccharomyces cerevisiae with
addition of activated carbon. Biotechnol Lett 22(21):1661-1665
Ikegami T, Yamada Y, Ando H (1998) Acceleration of yeast
growth by addition of carbon to cultivation medium. Biotechnol
Lett 20(7):673-677

Johnson DT, Taconi KA (2007) The glycerin glut: options for the
value-added conversion of crude glycerol resulting from biodiesel
production. Environ Prog 26(4):338-348

Mallette MF, Reece P, Dawes EA (1974) Culture of Clostridium
pasteurianum in defined medium and growth as a function of
sulfate concentration. Appl Microbiol 28(6):999-1003

Martinez A, Rodriguez ME, York SW, Preston JF, Ingram LO
(2000) Effects of Ca(OH)(2) treatments (“overliming”) on the
composition and toxicity of bagasse hemicellulose hydrolysates.
Biotechnol Bioeng 69(5):526-536

Matsuhashi M, Pankrushina AN, Endoh K, Watanabe H, Mano Y,
Hyodo M, Fujita T, Kunugita K, Kaneko T, Otani S (1995) Studies
on carbon material requirements for bacterial proliferation and spore
germination under stress conditions: a new mechanism involving
transmission of physical signals. J Bacteriol 177(3):688-693
Meyer CL, Papoutsakis ET (1989) Increased levels of ATP and
NADH are associated with increased solvent production in con-
tinuous cultures of Clostridium acetobutylicum. Appl Microbiol
Biotechnol 30(5):450-459

Nakas JP, Schaedle M, Parkinson CM, Coonley CE, Tanenbaum
SW (1983) System-development for linked-fermentation pro-
duction of solvents from algal biomass. Appl Environ Microbiol
46(5):1017-1023

Nees AR, Bennett, Arthur N, Hungerford, Edwin H (1942) Car-
bonation process for purifying sugar juice. US Patent 2,288,479 A
Pyle DJ, Garcia RA, Wen ZY (2008) Producing docosahexaenoic
acid (DHA)-rich algae from biodiesel-derived crude glycerol:
effects of impurities on DHA production and algal biomass
composition. J Agric Food Chem 56(11):3933-3939

Sakuragi H, Kuroda K, Ueda M (2011) Molecular breeding of
advanced microorganisms for biofuel production. J Biomed
Biotechnol doi:10.1155/2011/416931

Schaffner F, Pontalier PY, Sanchez V, Lutin F (2003) Bipolar
electrodialysis for glycerin production from diester wastes. Filtr
Sep 40(10):35-39

Shockey WL, Borger DC (1991) Effect of salt on fermentation of
alfalfa. 2. Treatment with sodium chloride, Clostridium butyricum,
and lactic-acid bacteria. J Dairy Sci 74(1):160-166

Taconi KA, Venkataramanan KP, Johnson DT (2009) Growth
and solvent production by Clostridium pasteurianum ATCC®
6013™ utilizing biodiesel-derived crude glycerol as the sole
carbon source. Environ Prog Sustain Energy 28(1):100-110
Vasconcelos I, Girbal L, Soucaille P (1994) Regulation of carbon
and electron flow in Clostridium acetobutylicum grown in che-
mostat culture at neutral pH on mixtures of glucose and glycerol.
J Bacteriol 176(5):1443-1450

Yazdani SS, Gonzalez R (2007) Anaerobic fermentation of
glycerol: a path to economic viability for the biofuels industry.
Curr Opin Biotechnol 18(3):213-219

@ Springer


http://dx.doi.org/10.1155/2011/416931

	Fermentation of crude glycerol from biodiesel production by Clostridium pasteurianum
	Abstract
	Introduction
	Materials and methods
	Bacterial strain
	Medium and conditions
	Batches of glycerol
	Toxicity test
	Pretreatment of the crude glycerol
	Purification by carbonation
	Electrodialysis
	Activated stone carbon
	HPLC analysis
	Reactor fermentation


	Results and discussion
	Batch experiment
	Cell growth

	Pretreatment of the glycerol
	Carbonation
	Electrodialysis
	Activated stone carbon
	Storage of crude glycerol
	Combination of storage and activated stone carbon

	Fermentation
	Technical grade glycerol
	Stored crude glycerol with activated stone carbon


	Conclusion
	Acknowledgments
	References


