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Abstract

Hydrogen and ethanol production from glucose, glycerol and crude glycerol fermentation using Escherichia coli
was investigated. Crude glycerol used in this study contained 80% glycerol, 2.6% ash, 12.3% moisture, 1.7% free
fatty acid, 3.4% MONG (matter organic non-glycerol), 2519 mg/kg sulphur and 9000 ppm sodium. The maximum
yield of ethanol from crude glycerol of 0.36 g/g, corresponding to an ethanol concentration of 3.6 g/L was obtained
at 10 g/L initial glycerol concentration, 5 g/L tryptone concentration and 100 rpm mixing speed. Comparable yields
were obtained at the mixing speeds of 150 and 200 rpm. On comparison, this yield corresponded to 105% of the yield
(0.34 g/g) obtained from pure glycerol at the same conditions and 85% of the maximum yield (0.42 g/g) of ethanol
obtained from pure glycerol at 10 g/L initial glycerol concentration, 10 g/L tryptoneconcentration and 200 rpm mixing
speed. Additionally, Escherichia coli growth for glycerol was characterized and compared to that for glucose with 10 %
substrate concentration at 37°C and 200 rpm mixing speed. The net growth rate for glucose and glycerol were 0.43 and
0.26 h™', respectively. The maximum dry weight attained for glucose and glycerol were 0.12 and 0.04 g/L, respectively.

Introduction

Fuel ethanol is currently produced in large scale using yeast fer-
mentation of glucose obtained from corn crops and sucrose from sugar
cane, the second mainly in Brazil [1]. There has been much interest
inimproving ethanol yield during fermentation as well as increasing
throughput and decreasing costs [2]. The environmental advantages of
ethanol over traditional fuels such as gasoline stem from its renewable
nature since it is generated from plants that were recently fixing carbon
dioxide, thus negating the greenhouse gas effect [2]. However, regard-
less of process improvement, there remains a need to find non-edible
feedstock for ethanol production.

Present day interest in biodiesels has caused significant growth in
the sector of biodiesel production. This has, in turn significantly in-
creased glycerol production, as it is the major by-product of biodiesel
production [3]. For every 100 lbs of biodiesel produced from trans-
esterification of oil, 10 Ibs of glycerol is produced [4]. As a result of this
surplus of glycerol, there has been a 10 fold decrease in glycerol price,
creating the necessity for a method of treatment for this waste stream
of biodiesel production [4]. Glycerol has become an abundant source
of carbon that is now equivalent in price to traditional fermentation
sugar stocks. A cost analysis of ethanol production from glycerol dem-
onstrates that ethanol from glycerol costs 0.66$/gallon versus 1.05$/
gallon from corn [4]. This is due mainly to complexity of the ethanol
production process when corn is used as substrate versus the relative
simplicity of the process when glycerol is used as substrate.

The capacity to ferment glycerol has been reported in species of
multiple genera, including Klebsiella, Citrobacter, Enterobacter and Ba-
cillus [5]. Microbial production of H, and ethanol from crude glycerol
has been successfully carried out using E. Aerogenes [6]. However, the
use of these micro-organisms on an industrial scale could pose several
issues, including the requirement of strict anaerobic conditions, re-
quirement of supplementation with rich and cost ineffective nutrients
and high sensitivity to contamination [5]. It has recently been reported
that Escherichia coli (E. coli) produces ethanol and H, from glycerol in
a pH dependent manner, with an optimal pH for ethanol production of
6.3 [7]. However, the use of crude substrates, in this case glycerol, has
not been explored in a comprehensive manner [8].

E. coli is highly amenable to use in industrial applications. For
ethanol production, advantages include its capability to ferment a
wide range of sugars and previous industrial use for the production
of recombinant proteins. The fermentation of glucose by E. coli for
the production of ethanol has been extensively studied. The fermenta-
tive pathway for glycerol is similar to that of glucose. In addition, the
theoretical yield of ethanol from glycerol is higher than that from other
traditional sugars, such as glucose [4]. Chemical equations of ethanol
production from glucose and glycerol are given in Equations (1) and
(2), respectively.

%c&zlzo6 — CH,CH,0H +CO, 1)
C3HyOy — CH3;CH,OH +CH,0, | (H, +CO,) @)

The ability of E. coli to transform crude glycerol, waste of biodie-
sel production, into ethanol will allow for a zero waste process stream,
leading to an increase in the economic viability of biofuels industry.
The main aspect of this investigation is to study and compare the use
of glucose, glycerol and crude glycerol as a carbon source for anaerobic
growth of E. coli in order to produce ethanol and H,. The comparison
was carried out in two separate experiments. For glycerol and glucose,
the effect of carbon source is investigated by a comparative growth
analysis of E. coli in the two substrates under anaerobic conditions. For
glycerol and crude glycerol, the effects of initial glycerol concentration,
supplement concentration and agitation speed on final ethanol con-
centration and dry weight were tested.
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Materials and Methods
Microorganism and innoculum

E. coli MG1655 (ATCC 700926) was obtained from Cedar Lane
Labs. M9 minimal medium containing 990 ml distilled water, 2 ml
of MgSO,, 10 ml of 20% glucose, 6.0 g Na,HPO,, 3.0 g KH,PO,, 0.5
g NaCl and 1.0 g NH,Cl was mixed; 3.6 g of agar was added to 240
ml of this medium, autoclaved and poured into petri dishes. 60 ml of
the medium was used to rehydrate the bacteria pellet. The bacteria was
then transferred to the prepared plates and grown overnight at 37°C.
Single colonies were then transplanted onto Luria Bertani agar plates
and incubated overnight at 37°C. Single colonies selected from these
agar plates were used to generate 80% glycerol stock solutions which
were then stored at — 80°C.

The innoculum for experiments was prepared in hungate tubes
(Bellco Glass, 2047-16125) filled with MOPS minimal media [9] sup-
plemented with 1% 1.32 mMN,HPO, and 0.1% 1 pmol sodium selenite.
The amount of 10% glycerol was added as carbon source and the pH
adjusted to 6.3 with 1 M NaOH. Bacteria from the glycerol stock was
plated and grown on Luria Burtani agar incubated for 24 hours in an
Oxoidanaerobic jar with CO, generation kit (Oxoid Ltd.). The pre-
pared media inside hungate tubes was then inoculated with a single
colony from the agar plate. The hungate tubes were incubated at 37°C
in a shaker at 200 rpm until the initial optical density of 0.1 at 550 nm
(OD., ) was reached.

550

Experimental medium

Glycerol vs. Glucose: For comparison of glycerol and glucose, the
medium consisted of MOPS minimal media made from 10X MOPS
modified rich buffer minimal media kit (Teknova, M2106) [9] supple-
mented with 1% 0.132mM N,HPO, and 0.1% 1 umol sodium selenite.
The media was also supplemented with 5 g/L yeast extract and 10 g/L
tryptone and 20% glucose or 20% glycerol, as required for the given
experiment.

Glycerol vs. Crude Glycerol: For comparison of glycerol and crude
glycerol, the medium consisted of MOPS minimal media made from
10X MOPS modified rich buffer minimal media kit (Teknova, M2106)
[9] supplemented with 1%vol. 0.132 mol N,HPO, and 0.1%vol. 1 umol
sodium selenite for every litre. Crude glycerol was used as the carbon
source for the culture medium. The crude glycerol was obtained from
a local biodiesel production company. It was characterized as follows:
80% glycerol, 2.6% ash, 12.3% moisture, 1.7% free fatty acid, 3.4%
MONG, 2519 mg/kg sulphur, 9000 ppm sodium, 2.4 pH and 6591
BTU/Ib. The pH was adjusted to pH 6.3 by addition of 1 M HCL. The
media was also supplemented with 5 g/L yeast extract. As required par
the experimental plan, the culture medium contained 10, 25 and 50 g/L
of crude glycerol and 0, 5 and 10 g/L of tryptone. Mixing speed was set
at 100, 150 and 200 RPM.

Analytical methods

Biomass was measured by correlating optical density with dry
weight (1 OD,, = 0.34 g/L dw). A 15 ml sample was collected and the
optical density measured at 550 nm in spectrophotometer zeroed with
sterile broth. The sample was then centrifuged at 10000 RPM for 10
min. The pellet was collected and washed twice with 35 ml distilled
water. To verify the correlation between absorbance and dry weight,
the pellet was then dried at 105°C for 24 hrs and then weighed. The
supernatant was collected and stored at -20°C for analysis. Glycerol
concentration was determined using the glycerol assay kit (Megazyme,

K-GCROL). Ethanol concentration was measured using the ethanol as-
say kit (Megazyme, K-ETOH). H, concentration of the headspace was
measured by taking samples through the septa with a syringe and direct
injection into an HP Packard Series IT 5890 GC with TCD detector with
a Porapak Q Molecular Sieve 5A column with Ar carrier at 75 psig. A
one point calibration was carried out to determine the relationship be-
tween peak size and H, concentration. The H, peak eluted at approxi-
mately 1.066 minutes (Figure 1).

The experiment design was in line with Statistical Analysis Soft-
ware (SAS®).Experimental data was analyzed by SAS.

Fermentation

Glycerol vs. Glucose: Batch fermentation was carried out follow-
ing a modified hungate tube method [10] in sealed 20 ml test tubes in
24 hr runs. The tubes capped, flushed with argon and maintained at
37°C and placed in a shaker set at 200 rpm. The initial pH of the media
was adjusted to 6.3 prior to inoculation.

Glycerol vs. Crude Glycerol: Batch fermentation was performed
anaerobically in sealed flasks following a modified hungate method
[10]. The flasks were initially flushed with argon and then placed in
a shaker set at agitations of 100, 150 and 200 rpm, as required for the
experiment. Table 1 shows the experimental design and selected levels
for each factor studied. The temperature was controlled at 37°C and
initial pH of 6.3. Samples were collected at intervals of 2 hours. After
recording absorbance at 550 nm, the samples were centrifuged for 10
minutes and the supernatant stored for glycerol and ethanol content
analysis. The headspace of the flasks was sampled at the same interval
time and the sample analyzed for H, content.

Results and Discussion
Glycerol vs. Glucose

The batch kinetics of bacteria growth with glycerol and glucose as
carbon substrates is shown in Figure 2. It is typical growth kinetics as

250

125

Peak Height

021,766
N23,116

0 1 2 3 4
Time (minutes)

Figure 1: H, peak from GC-FID. Hydrogen peak at 1.066 minutes, Oxygen
peak at 1.766 minutes and Nitrogen peak at 3.116 minutes.

Factors Levels

Glycerol Concentration 10 g/L 25 g/L 50 g/L
Tryptone Supplement Concentration |None 5g/L 10 g/L
Mixing Speed 100 RPM 150 RPM 200 RPM

Table 1: Experimental levels for glycerol type, glycerol concentration, tryptone
supplement concentration and mixing speed.
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have been observed in several other different fermentation processes
[7,11,12] (Figure 2).

For batch fermentation, the exponential growth rate is first order
kinetics as shown in Equation (3):

dX

o X (3)
dt :unct
Integration of Equation (3) yields Equation (4):
X
In [)(o] = Hpet (4)

Therefore, the growth rate is evaluated by linearizing the exponen-
tial portion of the growth curve shown in Figure 2. The net growth rate
for glucose was 0.43 h' and a maximum dry weight of 0.12 g/L was
reached at 14 hours. The net growth rate for glycerol was 0.26 h* and
a maximum dry weight of 0.04 g/L was reached at 20 hours. Thus the
growth yield for glucose as substrate is 0.012 and the growth yield for
glycerol is 0.004. As a result, E. coli growth with glycerol is slower than
with glucose as carbon source. Although, the results of this study can-
not be compared directly with other literature reports where different
substrate and microorganisms have been used, it is known that car-
bon source is an important parameter for microbial growth [12]. Fer-
mentation of glucose or glycerol by E. coli produces succinate, lactate,
formate and acetate as by-products and ethanol as principal product.
Buildup of these pH altering products apparently quickly dropped the
pH below the initial value of 6.3 which is the ideal glycerol fermenta-
tion pH [7]. Since E. coli ferments glycerol in a pH dependant manner,
pH adjustment by addition of a base will be necessary in order to in-
crease ethanol production.

Glycerol vs. Crude glycerol

A comparison was made to evaluate the effect of utilizing crude
glycerol in place of pure glycerol. In addition, the effect of glycerol con-
centration, mixing speed and tryptone supplement concentration was
also evaluated. The experiment was conducted in 2 blocks with pure
and crude glycerol as the carbon source. For each block, a full facto-
rial design for 3 remaining factors at 3 levels with 3 replicates was em-
ployed.

Figures 3 to 8 show the final dry weight and final hydrogen and
ethanol concentrations for pure and crude glycerol substrate with 0, 5
and 10 g/L tryptone supplement and 100, 150 and 200 rpm.

Final dry weight concentrations are higher with the slower speed
mixing, 100 and 150 rpm, than with 200 rpm for media that contains
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Figure 2: Growth curve for dry weight of E. coli for 10 g/L glucose (¢) and 10
g/L glycerol (o) 24 hour fermentation.
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Figure 3: Final H, concentration(d), ethanol concentration(d@) and dry weight (@) for
pure glycerol for 0, 5 and 10 g/L tryptone at 100 RPM.
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Figure 4: Final H, concentration (), ethanol concentration (I) and dry weight (0)
for crude glycerol for 0, 5 and 10 g/L tryptone at 100 RPM.
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Figure 5: Final H, concentration (@), ethanol concentration(d) and dry weight (@)
for pure glycerol for 0, 5 and 10 g/L tryptone at 150 RPM.

g/L tryptone. At mixing speed of 200 rpm, there is less biomass and
ethanol production; this high mixing rate promotes a more uniform
solution, dispersing the scare nutrients to reduce localized growth ob-
served at lower mixing speeds.

When tryptone supplementation was increased, a mixing speed of
200 rpm produced beneficial results, as shown in Figure 7. The uniform
distribution promotes overall growth when there are substantial nutri-
ents available even after dispersion.
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The Figures also show that generally the final ethanol concentra-
tion is lower for an initial glycerol concentration of 25 g/L as compared
to that with 10 or 50 g/L at the same conditions with respect to tryptone
supplement and mixing speed. However, it is to be noted that although
the absolute ethanol concentration is lower, the yield for 25 g/L initial
glycerol concentration is higher than that of 50 g/L as ethanol yield
is calculated as final ethanol concentration divided by initial glycerol
concentration.

Use of crude glycerol instead of pure generally increases the final
dry weight concentration if all other conditions are constant. The effect
of crude glycerol on hydrogen and ethanol production is variable and
demonstrated in the Figures. Figure 6 shows that for mixing speed of
150 rpm, the final dry weight, ethanol and hydrogen concentrations for
crude glycerol are similar to those for pure glycerol at the same condi-
tions, as shown in Figure 5. In addition, for initial glycerol concentra-
tion of 10 and 25 g/L, there is significant ethanol production for 5 g/L
tryptone at both 100 and 150 rpm. This demonstrates that when crude
glycerol is utilized, there is less need for high supplementation of the
media. This effect is not present at 200 rpm, thus lower mixing speeds
are required for crude glycerol. However, as mixing speed increases,
the final dry weight for 25 g/L initial glycerol concentration with 5 g/L
tryptone decreases. This implies that less carbon is utilized for the pro-
duction of biomass and minimizes waste biomass requiring treatment
at the completion of fermentation.

Table 2 shows the effects of glycerol type and concentrations, tryp-
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Figure 6: Final H, concentration (I), ethanol concentration(zi) and dry weight ()
for crude glycerol for 0, 5 and 10 g/L tryptone at 150 RPM.
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Figure 7: Final H, concentration (), ethanol concentration (&) and dry weight (&)
for pure glycerol for 0, 5 and 10 g/L tryptone at 200 RPM.
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Figure 8: Final H, concentration (3), ethanol concentration () and dry weight (3)
for crude glycerol for 0, 5 and 10 g/L tryptone at 200 RPM.

Glycerol type, glycerol concentra-
tion (g/L)

Pure Crude

Mixing speed  Tryptone concentration (g/L) 10 |25 50 10 |25 |50
100 rpm 0 0.26 |0.09 |0.06 |0.25 |0.08 0.08
5 0.34 |0.08 |0.07 |0.36 |0.12/0.09
10 0.32 |0.05 |0.06 |0.25 |0.07 0.03
150 rpm 0 0.33 |0.10 |0.09 |0.26 |0.08 0.07
5 0.41 /0.12 |0.09 |0.32 |0.10 0.07
10 0.34 |0.11 |0.08 |0.27 |0.09 0.07
200 rpm 0 0.11 0.07 0.07 |0.20 0.06 0.08
5 0.31 |0.11 |0.08 |0.35 |0.07 0.08
10 0.42 |0.14 |0.09 |0.21 |0.10 0.07

Table 2: Ethanol yield for glycerol type, glycerol concentration, tryptone concentra-
tion and mixing speed.

tone concentrations and mixing speeds on ethanol yield. Feedstock
usually account for a third of the production costs, making the ethanol
yields a focus for optimization [13]. A maximum ethanol yield overall
of 0.42 was observed with 10 g/L pure glycerol, 10 g/L tryptone and 200
rpm. For crude glycerol, the maximum yield observed was 0.36 for 10
g/L crude glycerol, 5 g/L tryptone and 100 rpm. However, the yields
for 10 g/L crude glycerol with 5 g/L tryptone were comparable for all
mixing speeds.

Overall, the ethanol yield is greatest for initial glycerol concentra-
tions of 10 g/L. In addition, all cases but two, 100 rpm and 200 rpm,
the yield at 10 g/L glycerol is higher for pure glycerol than for crude
glycerol.

At 100 and 150 rpm, the yield is higher for 5 g/L tryptone but for
200 rpm, the yield is higher for 10 g/L tryptone. The higher agitation
speed is thus necessary for the effective utilization of the extra supple-
ments.

Conclusion

This work investigated the potential of crude glycerol used for pro-
duction of ethanol and H, via anaerobic fermentation. The variables of
interest were mixing speed, initial glycerol concentration and tryptone
supplementation. Maximum yield of 0.36 for ethanol was obtained at
10 g/L glycerol, 5 g/L tryptone and 100 rpm; this corresponded to an
ethanol concentration of 3.6 g/L and was 105% the yield obtained from
pure glycerol at the same variable conditions. However, the maximum
yield of ethanol for pure glycerol was 0.42, observed with 10 g/L pure
glycerol, 10 g/L tryptone and 200 rpm; thus maximum yield for crude
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glycerol was 85% that of pure glycerol overall. Analysis of variance
demonstrated that all three variables, as well as the interactions had an
effect on the final dry weight, ethanol and H, concentrations; however,
not all these effects were significant. This study demonstrates the feasi-
bility of utilizing crude glycerol as substrate for anaerobic fermentation
for the production of ethanol via E. coli.
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