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Abstract

The aim of this research is to optimize the cultural conditions for the conversion of glycerol to ethanol by
Enterobacter aerogenes S012. Taguchi method was used to screen the cultural conditions based on their signal to
noise ratio (SN). Temperature (°C), agitation speed (rpm) and time (h) were found to have the highest influence on
both glycerol utilization and ethanol production by the organism while pH had the lowest. Full factorial design,
statistical analysis, and regression model equation were used to optimize the selected cultural parameters for
maximum ethanol production. The result showed that fermentation at 38°C and 200 rpm for 48 h would be ideal
for the bacteria to produce maximum amount of ethanol from glycerol. At these optimum conditions, ethanol
production, yield and productivity were 25.4 g/l, 0.53 g/l/h, and 1.12 mol/mol-glycerol, repectively. Ethanol
production increased to 26.5 g/l while yield and productivity decreased to 1.04 mol/mol-glycerol and 0.37 g/l/h,
respectively, after 72 h. Analysis of the fermentation products was performed using HPLC, while anaerobic
condition was created by purging the fermentation vessel with nitrogen gas.
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Introduction
Fossil fuels are the major sources of energy, and they ac-
count for about 80% of global energy demand (Sarma
et al. 2012). But they are characterized with a lot of pro-
blems, which include non-renewability, erratic prices, glo-
bal warming, ecosystem imbalance, health hazards, and
other environmental/agricultural effects like pollution and
food shortage. Therefore, there is need for a renewable,
healthier, more environment friendly, abundant/secure,
and sustainable alternatives. Biofuels potentially provide
these advantages and are increasing in global demand
(Sarma et al. 2012).
Biodiesel is produced by alkali-catalyzed methanolysis or

ethanolysis of triglycerides, a process known as transester-
ification. During esterification, glycerol, which amounts
to 10% of produced biodiesel, is generated as byproduct.
Biodiesel production is increasing annually. The top five
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global producers of biodiesel are Argentina, Brazil, France,
Germany, and the United States of America (Sarma et al.
2012). In the United States, which is second only to
Germany in global production (Sims 2011), biodiesel
production increased from 1.9 million liters in 1999 to
568 million liters in 2006 (Pachauri & He 2006). By 2009,
15 billion liters were produced (Ghosh et al. 2012). It is
estimated that the global biodiesel market will reach 140
billion liters by 2016, with an annual growth of 42% (Fan
et al. 2010), and that the global annual production would
be about 159 billion liters by 2020 (OECD/FAO 2011).
This means that about 16 billion liters of global crude
glycerol will be generated annually by 2020, since crude
glycerol surplus is proportional to biodiesel production.
Glycerol is a trihydric alcohol, namely 1,2,3-propanetriol,

and a natural constituent of animal and plant lipids. It
finds wide applications in industries such as food and
drinks, toothpaste, cosmetics, toiletries, plastics, tobacco,
pulp and paper, paint, leather and textile, pharmaceu-
ticals, and automotive (Choi 2008; Nicol et al. 2012;
Rossi et al. 2012). Recently, it is being studied as
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potential substitute for carbohydrate sugars in indus-
trial fermentation processes to obtain a broad range
of value-added organic products (Rossi et al. 2012). It
is also released from the triglycerides by processes
other than transesterification, such as high-pressure
splitting and saponification (Hazimah et al. 2003; Nicol
et al. 2012): it is a byproduct of bioethanol production
process (Choi et al. 2011), and it is a byproduct of alco-
holic beverage production (winery and brewery) from
sugars by yeasts (Chapman et al. 1995).
The surplus of crude glycerol has led to over 10-fold

fall in the price of industrial glycerol in the last few years
(Ghosh et al. 2012), resulting in the shutdown of some
glycerol production plants like Dow Chemicals (McCoy
2006). Apart from the fall in economic/market value of
industrial glycerol, crude glycerol surplus presents other
challenges. First, it cannot be applied in any industrial
process without purification. The impurities are as diverse
as the feedstock and catalysts used in the transesterifica-
tion process, and may require complex and expensive pro-
cesses to remove. Second, crude glycerol cannot be
disposed into the environment without treatment, and the
cost of such treatment could be prohibitive. Methanol,
one of the impurities in crude glycerol, is known to be a
toxic alcohol (Selembo et al. 2009). It can affect soil micro-
bial flora if crude glycerol is disposed in the environment.
It can contaminate ground waters. The sodium or potas-
sium hydroxide residue of the crude glycerol gives it ele-
vated pH, which may endanger biotic community if crude
glycerol is disposed without neutralization. Besides, action
of indigenous microorganisms will release offensive odor
that pollutes the atmospheric environment (Sarma et al.
2012). Therefore, crude glycerol must be treated before
disposal, an economically inefficient and ineffective process
for biodiesel industries.
To improve the economic viability of biodiesel produc-

tion, therefore, development of environmentally responsible
processes to convert the low-priced glycerol byproduct to
higher value products is expedient. Moreover, the twin facts
of its increasing abundance and attractive low pricing make
crude glycerol a potential sustainable feedstock for produ-
cing value-added commercial compounds (Fan et al. 2010).
Many chemical and biological processes are being

explored to derive economic and environmental benefits
from crude glycerol (Nicol et al. 2012), but biological
means is safer, cheaper and more environment friendly.
Thus, Choi et al. (2011) defined glycerol-based refinaries
as the microbial fermentation processes that use surplus,
inexpensive crude glycerol as feedstock to produce fuels
and chemicals. The biological agent may be algae, fungi,
or bacteria. Enterobacter aerogenes, a member of Entero-
bacteriaceae, has been shown to produce predominantly
ethanol and hydrogen from glycerol (Ito et al. 2005).
Nwachukwu et al. (2012) reported that E. aerogenes
S012, a mutant of E. aerogenes ATCC 13048, produced
over 20 g/l ethanol from glycerol.
Ethanol is primarily produced from corn in the United

States. This is an unsustainable practice because corn is
a food crop. There is, therefore, need for alternative
sources of feedstock for bioethanol production. Glycerol
promises to be one of such feedstock. In comparison of
the processes, bioethanol production from crude glycerol
could be more economical than the use of corn or ligno-
cellulosic biomass (Choi 2008). Also, the cost of ethanol
production from glycerol is about 40% less than when
produced from corn (Yazdani and Gonzalez 2007). First,
crude glycerol is a cheaper feedstock than corn; second,
building and operating anaerobic fermentors is cheaper
in cost and energy (Yazdani and Gonzalez 2007). It is
predicted that glycerol-based ethanol may enter the mar-
ket earlier than cellulosic ethanol because the latter is
still believed to be some years away (Choi 2008).
The primary aim of this paper is to identify, through de-

sign of experiments, the cultural factors that have greatest
effect on the production of ethanol from glycerol by E.
aerogenes S012. The paper also seeks to develop a statisti-
cally sound regression model that establishes the relation-
ship between the factors (process variables) and the ethanol
output (response variable). Finally, information from the
model equation will be used to optimize those process fac-
tors for high production of ethanol from glycerol.

Materials and method
The inoculum
Enterobacter aerogenes S012 – a mutant of E. aerogenes
ATCC 13048 (Nwachukwu et al., 2012) – was cultivated
using sterilized regular trypticase soy broth (n-TSB) and
agar (n-TSA) (BD Difco Laboratories, Sparks, Maryland,
USA). Sterility was achieved by autoclaving the media for
15 min at 121°C. The organism was first grown for 24 h at
37°C in n-TSB from where it was cultivated on n-TSA
plates by streaking, to establish purity. A pure colony on
the plate was subcultured on fresh sterile n-TSB for 24 h at
37°C, kept at 4°C, and used to prepare inocula for the fer-
mentations. The inoculum was prepared by aseptically in-
oculating an 18–24 h culture of the organism into a sterile
100 ml Tryptic Soy Broth without Dextrose (TSB) (BD Difco
Laboratories, Sparks, Maryland, USA) containing 20 g/l gly-
cerol in a 250 ml Erlenmeyer flask. This was again incu-
bated for 18–24 h at 37°C, then washed thrice with 0.1%
peptone water and re-suspended in sterile TSB with the
same glycerol concentration as the fermentation medium.
It was then used to aseptically inoculate the fermentation
broth such that the inoculum made up 5% of the broth.

Analytical methods
Samples were taken and analyzed for succinic acid, lactic
acid, acetic acid, ethanol, 1,3-propanediol, and glycerol
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by liquid chromatography. A High Performance Liquid
Chromatograph, HPLC (Waters Corporation, Milford,
USA), equipped with a Shodex RSpak SH-1821 column
(temperature, 70°C) and refractive index (RI) detector
(temperature, 40°C) was used. The mobile phase was
0.01 N H2SO4 with flow rate of 1.0 ml/min.

Design of experiments
Two experimental design methods were used for the
screening and optimization of process variables.

Taguchi method
Taguchi experimental design method (Fraley et al. 2007)
was used to screen four process variables—temperature
(T), pH (P), agitation speed (A), and inoculum volume (I)
—each at three levels. From the orthogonal array selector,
L9 Array was selected since the highest level for the fac-
tors is 3. Therefore, triplicates of nine experiments, as
described in Table 1, were performed and the results used
to determine the signal-to-noise (SN) ratio and range (R)
for ethanol production after 24 h and 120 h. The values of
R were ranked in increasing order, 1 being the highest and
4 the lowest. A factor with high range of SN means it has
high signals and low noise; a factor with a low range of SN
means low signal and high noise. The factors ranked 1–2
were selected for optimization since they are the ones with
the greatest effect on the response variable, namely etha-
nol production.
The following formula was used to calculate SN where

yi-bar is the mean value, si the variance, and yi the value
of the performance characteristic for each given experi-
ment.

SNi ¼ 10 log
�yi2

si2
Table 1 Taguchi L9 orthogonal array

Experiment T A P I

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1
aAbbreviations: Gly – glycerol, Suc – succinate, Lac – lactate, Ace – acetate, 1,3-
Pdo – 1,3-propanediol, EtOH – ethanol, Ae – aerobic, An – anaerobic, 1dAn – 1
day anaerobic process.
bT1, T2, T3, = 30°C, 35°C, and 40°C; A1, A2, and A3 = 120 rpm, 160 rpm, 200
rpm; P1, P2, and P3 = 6.0, 6.5, 7.0; and I1, I2, I3 = 3%, 4%, 5%.
Where

�yi ¼ 1
Ni

XNi

u¼1

yi;u

s2i ¼
1

Ni � 1

XNi

u¼1

yi;u � �yi
� �

i=Experiment number
u=Trial number
Ni=Number of trials for experiment i

Full factorial design
A full factorial experimental design was employed to in-
vestigate the effect, and choose the optimum values, of
temperature (T), agitation speed (A), and time (M), on
the conversion of glycerol to ethanol. Each factor was
tested at three levels in duplicates. Using the formula kn,
where k = level and n = number of factors, 33 experi-
ments were performed in duplicates, and the average
values recorded. This gives a total of 54 experiments.
The levels of temperature were 30°C, 35°C, and 40°C;
levels of time were 24 h, 48 h and 72 h; and levels of agi-
tation speed were 120 rpm, 160 rpm and 200 rpm. The
full factorial design matrix showing the variables is pre-
sented in Table 2. Linear regression and analysis of vari-
ance (ANOVA) were conducted to identify the process
variables that have significant effect on the response (i.e.,
p < 0.05), and establish regressional relationship between
the process variables and the response variable. All stat-
istical analyses were performed using Microsoft Excel
2007 software. The following second-order polynomial
function was used to predict the optimum conditions:

Y ¼ β0þ
X

βiXi þ
X

βiiX
2 þ

X
βijXiXj ð1Þ

where Y is the predicted response; Xi and Xj, the inde-
pendent variables; β0, βi, βii, and βij, the intercept, linear,
quadratic, and cross-product (interaction) coefficients,
respectively.

Fermentation broth
The fermentation medium for the screening of process
variables was prepared by mixing 30 g/l pure glycerol
with 1.0x tryptic soy broth without dextrose (TSB) base
nutrient. However, the medium for fermentation at
optimum process variables contained 50 g/l glycerol.
Into 125 ml serum bottles was dispensed 47.5 ml of the
fermentation broth, and the bottles capped with sealed
butyl rubber stopper. The headspaces were purged with
nitrogen gas for about 2 min to create anaerobiosis, and
the medium-containing bottles autoclaved at 121°C for
18 min. They were inoculated with the seed culture by
using hypodermic syringe. The syringe needle was not



Table 2 Effect of Temperature, Time, and Agitation on
ethanol production from glycerol

Run Time (h) Temperature (°C) Agitation (rpm) Ethanol (g/l)

1 24 30 120 7.48

2 48 30 120 11.72

3 72 30 120 15.53

4 24 35 120 11.51

5 48 35 120 17.02

6 72 35 120 18.83

7 24 40 120 12.56

8 48 40 120 16.96

9 72 40 120 17.97

10 24 30 160 4.15

11 48 30 160 9.11

12 72 30 160 12.88

13 24 35 160 8.01

14 48 35 160 12.9

15 72 35 160 15.34

16 24 40 160 10.24

17 48 40 160 13.31

18 72 40 160 13.88

19 24 30 200 9.52

20 48 30 200 14.92

21 72 30 200 16.65

22 24 35 200 12.76

23 48 35 200 16.97

24 72 35 200 17.19

25 24 40 200 13.71

26 48 40 200 16.86

27 72 40 200 17.32

Nwachukwu et al. AMB Express 2013, 3:12 Page 4 of 10
http://www.amb-express.com/content/3/1/12
removed but had a 0.45 μm gas-outlet filter fitted to its
base. This prevented air from entering, but allowed gas-
eous products to escape, preventing pressure build-up
that could interfere with the bacterial growth and func-
tion. The bottles were incubated in a rotary shaker at
the desired cultural conditions described in the design of
experiments. Samples were collected and prepared for
HPLC analysis by filtering them through a 0.2 μm mem-
brane filters.

Effect of oxygen
The effect of oxygen was investigated using 25 ml bottles
containing 10 ml of fermentation broth, which were
incubated at 120 rpm and 37°C. Three different experi-
mental set-ups were employed namely, anaerobic set
(AN), aerobic set (AE), and one day anaerobic set
(1dAN). The first set of fermentation vessels, the AN
group, were purged with nitrogen after autoclaving,
inoculated and then incubated for 72 h, having the filter-
fitted needle on for gas outlet. Another set of vessels,
the AE group, were not purged of air and the caps had the
filter-fitted needles on, but the filter was a 0.45 μm gas in-
let–outlet membrane (i.e., it permitted both gas inlet and
outlet). This enabled air to enter the system as well as let
the gaseous fermentation products to escape. These ves-
sels were also inoculated and incubated for 72 h.
A third set of vessels, the 1dAN group, were treated

like the first, inoculated and incubated like the rest. But
after 24 h, the gas outlet filter was replaced with an in-
let–outlet filter. Sample from each vessel was collected
and analyzed with HPLC. For all fermentations in this
work, the inoculum constituted 5% of the fermentation
broth.

Results
Screening of important process variables by Taguchi
design method
The influence of temperature, agitation speed, inoculum
volume and pH on the production of ethanol was
screened after 24 h and 120 h using Taguchi experimen-
tal design method. The result showed that after 24 h,
agitation speed had the highest range of SN followed by
inoculum volume within the tested range. However, after
120 h, temperature ranked first followed by agitation
speed. This showed that time is also a factor that influ-
enced the fermentation. Taking the average of 24 h and
120 h SN results, agitation speed had highest, followed
by temperature. Initial pH was consecutively the least in
the rank, signifying probably that the range of values
tested was very close to the optimum pH value. There-
fore temperature, agitation speed and time were used for
the optimization step using full factorial design.

Screening and optimization of process variables by the
full factorial design
Full factorial design method was employed to further in-
vestigate the influence of temperature, time, and agitation
speed (Table 2), as well as to determine the optimum
values. Multiple regression analysis was applied to the ex-
perimental data to model the response variable, YEP.
Therefore, equation 1 was fitted to correlate the relation-
ship between the variables and the response. It was
restated to represent our independent variables as:

Y EP ¼ β0þβ1T þ β2T
2 þ β3Aþ β4A

2 þ β5M
þ β6M

2 þ β7AT ð2Þ

Excluding non-significant terms (p > 0.05) and plugging
the values of the coefficients, the equation becomes:

Y EP ¼ �25:0093þ 0:35113M � 0:00232M2

þ 4:43233T � 0:058422T2 � 0:72278A
þ 0:00229A2 ð3Þ
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Figure 1 Fermentation of pure glycerol by E. aerogenes S012 at
optimum temperature and agitation speed.
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Figure 2 Effect of oxygen on production of ethanol from
glycerol by E. aerogenes S012.
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where M, T, and A are actual values of time (h),
temperature (°C) and agitation speed (rpm), respectively,
while YEP is the corresponding ethanol production (g/l).
From the analysis of variance (ANOVA), it was observed

that the fitting model was very significant (p = 9.59x10-11).
It was also found that the linear effect of time (p =
6.12x10-5), quadratic effect of time (p = 0.004), linear effect
of temperature (p = 0.001), and quadratic effect of
temperature (p = 0.002) on ethanol production from gly-
cerol were very significant. Similarly, the linear effect of
agitation speed (p = 2.46x10-6) as well as the quadratic ef-
fect of agitation speed (p = 2.91x10-8) were highly sig-
nificant. However, the interaction of temperature and
agitation (p = 0.101) had no significant effects on the etha-
nol production. The value of R2, the coefficient of deter-
mination, was 0.9463. This means that 94.63% of the
variability in the response (dependent) variable, YEP, is
explained. The value of the R2

adj, which tells whether add-
ing a new coefficient would or would not improve the re-
gression model, was also high (0.9266).
Equation 3 shows that the linear coefficient of tem-

perature had positive value whereas its quadratic coefficient
was negative. This implies that increase in temperature,
other things being equal, would increase ethanol produc-
tion at a steadily decreasing rate. On the other hand, the
linear coefficient of agitation had a negative value while
the quadratic coefficient was positive. The implication is
that increasing agitation speed, while keeping other factors
constant, would decrease ethanol production at a steadily
increasing rate. Moreover, all the coefficients but β1 have
values less than one. The fact that β1 > 4 indicates that the
linear effect of temperature is dominant. Using the infor-
mation in Eq.3, we found that the optimum temperature
and agitation speed were 38°C and 200 rpm, respectively.
The equation also indicated that the best incubation time
was 72 h. These values were, therefore, used for fermenta-
tion of higher glycerol concentration (50 g/l). Meyer et al.
(2011) reported that glycerol conversion and ethanol pro-
duction by E. aerogenes were higher at 37°C than at room/
ambient temperature (30°C) when initial glycerol concen-
tration was higher than 15 g/l. We also deduced that run-
ning the fermentation beyond 48 h would only slightly
increase ethanol production, while incubating beyond 72
h would not increase ethanol production any further.

Fermentation of glycerol at optimum temperature and
agitation
The result of fermentation at optimum temperature and
agitation is presented in Figure 1. It shows that 20.4 g/l
ethanol was produced from 50 g/l glycerol after 48 h, a
yield of 1.16 mol/mol-glycerol and productivity (rate) of
0.43 g/l/h, while an additional 1.5 g/l (total of 21.9 g/l)
was produced after 72 h, with a yield and productivity of
1.15 mol/mol-glycerol and 0.3 g/l/h, respectively.
This confirms the deductions made from equation 3
that extending the incubation time beyond 48 h would
not make much difference in product formation. The
fact that fermentation virtually stopped after 48 h sug-
gests that an important factor is depleted in the system.
It could be an accumulation of NADH, which is prevent-
able by an electron acceptor such as oxygen or 1,3-Pdo.
It could also be one or more of pH lowered below the
tolerable limit for the organism, product inhibition, and
depletion of nutrients. The first assumption—effect of
oxygen—was, therefore, investigated.
Effect of oxygen
The effect of oxygen is summarized by Figure 2. The result
showed that 24 g/l ethanol was produced from 50 g/l
glycerol in the aerated fermentation, with productivity
of 0.33 g/l/h after 72 h; 18.5 g/l was produced in the an-
aerobic process with productivity of 0.26 g/l/h; and 20.1
g/l produced in the anaerobic-aerobic process, a prod-
uctivity of 0.28 g/l/h. This proved that some oxygen is
required for optimum production of ethanol from gly-
cerol by E. aerogenes S012. As stated before, small
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Figure 4 Fermentation of glycerol at aerated optimum conditions.

Nwachukwu et al. AMB Express 2013, 3:12 Page 6 of 10
http://www.amb-express.com/content/3/1/12
amounts (less than 2 g/l) of succinate, acetate and lac-
tate were produced, while 1,3-Pdo was not produced.
However, when the reactor caps were loosely screwed to

allow excess air into the fermentation vessels, acetate (7.6
g/l), ethanol (5.6 g/l), and 1,3-Pdo (3.1 g/l) were the only
liquid products after 72 h (Figure 3). It could be seen from
Figure 3 that the products were almost all formed in 48 h;
after that very little was produced at 72 h, beyond which
no further fermentation occurred. Glycerol utilization fol-
lowed similar pattern, as the graph shows: only 25 g/l was
utilized in 72 h.
Fermentation at optimum temperature (38°C) and agita-

tion speed (200 rpm) was repeated without purging the fer-
mentation vessels with nitrogen gas. The fermentation
medium contained 70 g/l glycerol and the needle fitted on
the cap had gas inlet–outlet filter attached on its base. The
result (see Figure 4) shows that over 45 g/l glycerol was uti-
lized within 48 h, giving ethanol production, yield, and
productivity of 25 g/l, 1.12 mol/mol-glycerol, and 0.53 g/l/
h, respectively. The maximum productivity of 0.74 g/l/h
was obtained after 24 h incubation. After 72 h, the glycerol
utilization, ethanol production, ethanol productivity, and
ethanol yield were 51.6 g/l, 26.2 g/l, 1.04 mol/mol-glycerol,
and 0.37 g/l/h, respectively. This result proves that small
amount of oxygen is required by the mutant E. aerogenes
S012 for optimum conversion of glycerol to ethanol. The
result also demonstrates that the organism’s activity is still
greatly repressed after 48 h, confirming the deduction from
Eq. 3.

Discussion
The screening of important cultural factors by Taguchi
method shows that initial pH had the least effect on the
production of ethanol from glycerol by E. aerogenes
S012. The reason could be that the range of pH values
tested was very close to the optimum value. Ito et al.
(2005) found pH 6.8 to be optimum for hydrogen and
ethanol production by E. aerogenes HU-101, while
0
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Figure 3 Effect of excess air on the fermentation of glycerol by
E. aerogenes S012 Optimized fermentation.
Nakashimada et al. (2002) found pH 7.0 and 6.3 best for
growth and hydrogen production, respectively, by E.
aerogenes AY-2 strain. Therefore, best pH for fermenta-
tion by E. aerogenes S012 is between 6.3 and 6.8.
The best cultural conditions were 38°C, 200 rpm and

72 h, as deduced from Eq.3. However, Figure 1 shows
that the fermentation virtually ceased after 48 h. This
confirms another deduction from Eq.3 which found that
running the fermentation beyond 48 h may not increase
product formation significantly. However, we believe that
this trend could also be an indication that the presence or
depletion of some factor(s) adversely interfered with the
activity of the biocatalyst. Among the factors suspected
were lowered medium pH below the organism’s tolerable
limit by metabolites, accumulation of NADH, product
(ethanol) inhibition, and depletion of nutrients. It is im-
portant to keep the range of tested cultural conditions
within the tolerance limit of the organism. For instance,
temperature should be between 20-45°C and agitation be-
tween 120–200 rpm. Too high agitation speed might rup-
ture the cell wall of the bacteria leading to death. Also
temperatures outside the stated range may not support
the growth of the organism. It is important to note that
the response values and deductions of Eq.3 were based on
experiments with feedstock concentration of 30 g/l, and
may be considered qualitative values.
It could be seen that trace amounts of succinate, lac-

tate, and acetate were produced as byproducts of the fer-
mentation. These probably lowered the pH of the
medium to a value at which the organism could not
function anymore. For each set of fermentation, the pH
was measured after every 24 h. The pH was about 5.9
after 24 h; then about 5.5 after 48 h, and the value stayed
almost unchanged after 72 h. Meanwhile the initial pH
was 7.0 ± 0.2.
Most enteric bacteria possess type 1 NAD+-dependent

glycerol dehydrogenase (GDH-1), and ferment glycerol
by oxidative and reductive pathways. In the oxidative
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pathway, glycerol is converted to dihydroxyacetone
phosphate (DHAP) by two successive enzymes, namely
GDH-1 and DHA kinase (DHAK), and NAD+ is reduced
to NADH. DHAP then enters glycolysis to produce
pyruvate, which can be broken down to various products
depending on the organism.
In the reductive pathway, however, glycerol is dehydrated

into 3-hydroxypropionaldehyde, 3-HPA, by glycerol dehy-
dratase (GD). Then a NADH-linked 1,3-Pdo dehydrogen-
ase (1,3-PdoDH) reduces 3-HPA to 1,3-Pdo and NADH is
reoxidized to NAD+. Biomass yield during glycerol dissimi-
lation also requires NAD+ for oxidation reactions, giving
rise to NADH. In other words, microbial cells can only
grow in a redox-balanced process in which NAD+ is regen-
erated from NADH. Although E. coli does not produce
1,3-Pdo like other Enterobacteriaceae do because it pos-
sesses type 2 GDH (GDH-2), it produces 1,2-pdo, which
also does the work of regenerating NAD+ (Gonzalez et al.
2008). It follows that during biosynthesis of ethanol from
glycerol by cells that don’t produce 1,2- or 1,3-pdo, cell
growth releases a surplus of NADH, which inhibits further
growth and cell function if not reoxidized. Thus for cell
growth or glycerol metabolism, NAD+ concentration needs
to be higher than NADH.
It follows that the key function of 1,3-pdo is to regener-

ate NAD+ reduced in the oxidative pathway or during cell
growth. Therefore, species which do not synthesize 1,3-
pdo need an alternative source of electron sink to regener-
ate NAD+. This could be achieved either by utilizing oxy-
gen or by using complex compounds in the medium in
which case they don’t synthesize biomass, thereby avoid-
ing the necessity of NAD+ regeneration (Choi et al. 2011).
Gonzalez et al. (2008) corroborated this when they re-
ported that metabolism of glycerol in microbial species
unable to synthesize 1,3-pdo takes place through a respira-
tory pathway that requires an external electron acceptor.
Figure 1 shows that E. aerogenes S012 produced neither

1,2-Pdo nor 1,3-Pdo at the experimental conditions, but
gave small amounts of succinic, lactic, and acetic acids as
the only organic coproducts. The screening experiments
gave similar results (data not shown). Therefore, we
assumed that there was an accumulation of NADH in the
cells, which halted the assimilation of glycerol. Hence,
there was need for an electron acceptor such as oxygen
for regeneration of NAD+. Choi et al. (2011) discovered
that Kluyvera cryocrescens S26 produced neither 1,2- nor
1,3-Pdo. This corroborates our report that it is possible for
bacterial cells to produce ethanol from glycerol without
co-producing propanediol (Pdo). K. cryocrescens S26 also
coproduced H2 and small amounts of formic, lactic and
succinic acids as the only organic acids.
The result shown in Figure 2 confirmed that low

amount of oxygen was required by E. aerogenes S012 for
optimum yield of ethanol from glycerol. This was also
supported by Choi et al. (2011), Oh et al. (2011), and
Jitrwung and Yargeau (2011). In their optimization re-
search, Jitrwung and Yargeau (2011) found that E. aero-
genes ATCC 35029 required a low oxygen concentration,
rather than oxygen free conditions, to optimally produce
hydrogen and ethanol from glycerol. They reported that
E. aerogenes requires and consumes externally-supplied
gaseous oxygen before using oxygen from decomposable
organic or inorganic compounds/salts in the medium.
Choi et al. (2011) found that K. cryocrescens S26 was

at its best in microaerobic condition. The bacterium
produced 27 g/l ethanol with a productivity of 0.61 g/l/h
at a low oxygen level. They reported that limited oxygen
served as electron acceptor that consumed excess redu-
cing equivalents (NADH) generated during biomass syn-
thesis. However they noted that high oxygen supply
would result in most of the carbon being integrated into
cellular mass and converted to CO2, leading to poor me-
tabolite formation. Choi et al. (2011) also confirmed that
high oxygen supply decreased ethanol production by K.
cryocrescens S26, but increased acetic and lactic acid
products as well as encouraged excessive cell growth.
They concluded that oxygen plays a key role in a switch
between biomass formation and ethanol production
pathways. Excess oxygen favors the former while low
oxygen the later. Oh et al. (2011) arrived at similar con-
clusion: high aeration rate increased biomass accumula-
tion but lowered ethanol production by Klebsiella
pneumoniae GEM 167, while low aeration rate of 0.5
vvm (vessel volume/minute) gave highest ethanol pro-
duction of 21.5 g/l and productivity of 0.93 g/l/h at 200
rpm and 37°C. In contrast to all these, however, Chen
et al. (2003) reported that microaerobic condition (air at
0.4vvm) favored more cell growth and less ethanol pro-
duction by Klebsiella pneumoniae DSM 2026 rather than
anaerobic condition (nitrogen at 0.4 vvm). They noted
that complete absence of air was more desirable for
ethanol production by K. pneumoniae DSM 2026.
From the foregoing, presence of oxygen can enhance or

disrupt ethanol production by many glycerol-metabolizing
facultative anaerobes depending on the amount of air sup-
plied. High oxygen supply enhances the generation of
ATP by reducing NADH. Then ATP is used for biomass
synthesis. Thus high oxygen level drives more carbon flux
towards biomass production. But in microaerobic condi-
tions, the limited oxygen converts NADH produced dur-
ing cell growth into NAD+ while maintaining carbon flux
into ethanol production. Obviously, K. cryocrescens S26
(Choi et al. 2011), K. pneumoniae GEM 167 (Oh et al.
2011), E. aerogenes ATCC 35029 (Jitrwung & Yargeau
2011), and E. aerogenes S012 (current work) follow the
microaerobic pathway.
Ethanol is generally known to inhibit the growth of

microorganisms. Therefore, ethanol exerts a product
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inhibition on the microbial agents of its biosynthesis. Al-
though Kluyvera cryocrescens S26 produced high amounts
of ethanol from glycerol, Choi et al. (2011) reported that
50 g/l ethanol in the medium reduced the growth of the
bacterium by 80%, supporting the proposition. But our
finding that E. aerogenes S012 survived (but did not
grow) in a growth medium containing over 60 g/l ethanol
suggests that ethanol product inhibition may not be the
repressing factor to further metabolism of glycerol be-
yond 48 h.
The result shown in Figure 3 attested to the fact that

excess air represses ethanol production. Just as Choi
et al. (2011) reported higher levels of acetic and lactic
acids, this report also found predominance of acetic, lac-
tic and succinic acids in high supply of oxygen. Similarly,
Hong et al. (2009) found that E. coli AC-521 produced
85.8 g/l lactic acid in 88 h under aerated fermentation.
The optimized fermentation (Figure 4) showed that

best ethanol yield of 1.12 mol/mol-glycerol was pro-
duced after 48 h, although maximum productivity (0.74
g/l/h) was recorded after 24 h. We reported in a previ-
ous study (Nwachukwu et al. 2012) that the wild strain,
E. aerogenes ATCC 13048, seemed to be at its best for
utilizing glycerol within 48 h. The result in the current
study showed that the mutant strain, E. aerogenes S012,
retained this high ethanol yield (or glycerol-to-ethanol
conversion efficiency) of the wild strain.
The better ethanol production observed in Figure 4 than

the production observed in Figure 1 showed that low oxy-
gen was required for optimum ethanol production by E.
aerogenes S012. Ethanol yield of 1.12 mol/mol-glycerol
was in excess of the theoretical maximum (1.0 mol/mol-
glycerol). The reasons for this have been stated previously
to be probably due to additional carbon source provided
to the bacterium by the amino acids of the complex
medium, or some unknown carbon/electron sources in
the medium (Nwachukwu et al. 2012). Dharmadi et al.
(2006) and Murarka et al. (2008) reported that E. coli
needed to be supplemented with rich nutrients as tryptone
or yeast extract in order to dissimilate glycerol. Yeast ex-
tract contains nitrogen and carbohydrates. Therefore, as
Choi et al. (2011) also noted, those carbohydrates may be
utilized by the microbial cells as carbon source for ethanol
production and biomass yield.
Several researchers have reported using recombinant

species to ferment glycerol. Yang et al. (2007) found that
engineered Klebsiella oxitoca M5al produced 19.5 g/l
ethanol at the rate of 0.56 g/l/h; Durnin et al. (2009)
reported a production of 20.7 g/l with a productivity of
0.22 g/l/h by a recombinant E. coli; and Oh et al. (2011)
used a genetically modified K. pneumoniae to produce
25 g/l ethanol from glycerol. Cheng et al. (2007)
reported that a wild K. pneumoniae M5al produced 18
g/l ethanol from pure glycerol, with a productivity of
0.28 g/l/h in a N2 gas-created anoxia. This work found
that non engineered mutant, E. aerogenes S012, pro-
duced 25.4 g/l ethanol from pure glycerol in 48 h, with
productivity of 0.53 g/l/h and yield of 1.12 mol/mol-gly-
cerol. This means that 56.23% of the used glycerol was
converted to ethanol.
It is well known that manipulation of culture parameters

is a process-based improvement strategy to optimize prod-
uct formation (Yazdani and Gonzalez, 2007), while detec-
tion of mutants, genetic operations, and metabolic pathway
control are strain-based improvement strategies. The use of
process-based protocols to optimize product formation is
preferable to the use of recombinant DNA mechanisms.
The reason is that commercial/industrial use of genetically
modified (GM) organisms is restricted by government regu-
lations through EPA and USDA (D. Glass Associates Inc
2012). D. Glass Associates Inc (2012)) reported that biofuels
companies may experience significant interference and
restrictions due to the government regulations on the test-
ing and commercial use of GM microorganisms, algae, or
transgenic plants being developed for biofuels applications.
Although the GM products could be more efficient for
commercial applications, Bell and Attfield (2009) noted that
these regulatory constraints can increase the capital and
running costs of biofuels production. Therefore, improving
biological catalysts of bioethanol production by measures
that do not include genetic engineering is very desirable.
This work used TSB for all fermentations. According to

Gullapalli et al. (2007), the type of medium used in fer-
mentation greatly influences the type and quantity of pro-
ducts formed. Choi et al. (2011) found that yeast extract
was best for biomass accumulation and ethanol yield by K.
cryocrescens S26. However, Gullapalli et al. (2007), in their
bioproduction of D-psicose by E. aerogenes, discovered
that the highest transformation rate was obtained when
tryptic soy broth (TSB) was the fermentation broth. In a
preliminary study, Banna and Ouro (2008, unpublished)
used Luria Bertani (LB) broth supplemented with tryptone
and yeast extract as fermentation medium for E. aerogenes.
They found that less than 10 g/l glycerol was utilized after
48 h, producing about 5 g/l ethanol. Although this repre-
sented a yield equivalent to theoretical maximum of 1
mol/mol-glycerol, the ethanol production, ethanol prod-
uctivity, and glycerol utilization were very poor. The poor
fermentation was probably due to the type of medium
used or excess air in the system.
In conclusion, Enterobacter aerogenes S012 promises to

be good and efficient biocatalyst for conversion of glycerol
to ethanol. It produced 25.4 g/l ethanol within 48 h at
optimum temperature and agitation speed of 38°C and
200 rpm, respectively, under a low amount of oxygen. It
also demonstrated an ability to produce fewer co-products
at trace concentrations and complete absence of 1,3-Pdo.
This will make ethanol extraction/purification easier and
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more economically efficient. Previously, the wild strain, E.
aerogenes ATCC 13048, was reported to be effective at
converting low concentrations of recovered glycerol into
ethanol (Nwachukwu et al. 2012). Therefore, we believe
that the mutant strain, E. aerogenes S012, will be even
more effective in converting higher concentrations of
recovered glycerol into ethanol. Further work is necessary
to verify this assumption. Moreover, the ability of this E.
aerogenes S012 to convert glycerol to ethanol at effective-
ness of 1 mol ethanol/mol glycerol in high glycerol-
containing medium is potentially of great importance to
biofuels industry. This ability makes the invention a poten-
tially excellent biocatalyst for industrial conversion of gly-
cerol to ethanol. Since the technology involves using
biocatalyst developed by adaptive mutation, it is not sub-
ject to government regulations of GM products.
It was also observed in this work that the pH of the fer-

mentation medium dropped to a value below 5.6 from the
initial value of 7.0 ± 0.2 after 48 h. Additional work is ne-
cessary to confirm that E. aerogenes S012 is at its best for
ethanol production at pH 6.3-6.8. Finally, it has been
reported that hydrogen production is associated with etha-
nol production during microbial glycerol metabolism
(Varrone et al. 2012). Choi et al. (2011) and Ito et al.
(2005) also corroborated this during the fermentation of
crude glycerol by the bacteria K. cryocrescens S26 and E.
aerogenes HU-101, respectively. Therefore, further re-
search is necessary to determine the amount of hydrogen
produced in the glycerol metabolism by E. aerogenes S012.
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