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Abstract

Ethanol was produced by sole glycerol and glycerol-glucose fermentation using Enterobacter aerogenes TISTR 1468. The initial
experiment was set up with waste glycerol as a sole carbon source with initial concentration ranged from 0, 8.7, 23.4, 43.4, to
63.1 g L™" in 100-mL serum bottles under controlled condition at 30°C for 240-hr fermentation. Liquid samples, during the
fermentation, were collected to quantitate concentrations of volatile fatty acids and glycerol, whilst gaseous samples were
collected to quantitate CO, and CH, constituent. E. aerogenes TISTR 1468 produced maximum ethanol concentration and yield
of 215.1 mM and 0.71 mol mol " after 72-hr fermentation with the initial waste glycerol concentration of 63.1 g L™" (equivalent
to 79.11 g COD L ™). The ethanol production from glycerol-glucose fermentation was set up based on the initial COD concen-
tration equivalent to 79.11 g COD L' with varying glycerol-glucose ratios of 1:1, 10:1, and 100:1. At the ratio of 100:1,
maximum ethanol concentration and yield were 232.8 mM and 0.59 mol mol ' after 24-hr fermentation. Addition of glucose

as co-carbon did improve ethanol concentration.
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1 Introduction

Increasing energy demand and environmental problems from
fossil fuels in Thailand has continuously directed the country’s
energy policy toward more sustainable and renewable energy
sources. Environmentally friendly renewable energy such as
biodiesel, bioethanol, and biogas can be generated from bio-
mass resources abundant in the agricultural sector. The increase
of biodiesel production generates the considerable amount of
glycerol by-product of about 10% by weight of biodiesel [1].
The global glycerol market size was valued at USD 2.6 billion
in 2019 and is expected to grow at a compound annual growth
rate (CAGR) of 4.0% from 2020 to 2027 [2]. In small-scale
biodiesel manufacturers, the glycerol by-product typically
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becomes waste. The waste glycerol obtained from biodiesel
production contains impurities including ethanol or methanol,
water, sodium chloride, organic compounds, and free fatty
acids. The high-purity glycerol can be used as a raw material
for soap, drug, cosmetic, food, and beverage.

Bioethanol is most commonly produced from agricultural
products such as sugarcane, rice, millet, corn, and cassava via
fermentation [3]. Ethanol with 99.5% purity by volume is
used as fuel and/a mixture in fuel for vehicles. It may be used
as a replacement for benzene or used in other industries such
as food, cosmetics, beverages, and pharmaceuticals. The glob-
al ethanol production was 111.7 billion litters in 2019, whilst
Thailand is 6th rank with 1.6 % share on the global ethanol
production [4]. The local production, with molasses, cassava,
and cane juice, is heavily dependent on the demand for liquid
fuels on domestic and export market. Thailand government’s
renewable policy effectively influences over the demand of
ethanol fuel by specifying the quality of ethanol required to
mix with regular patrol to yield E10, E20, and E85 fuels.

Ethanol production costs from conventional feedstocks such
as molasses, sugarcane, and corn are relatively high due the
costs of feedstock and operation. Abundant agricultural ligno-
cellulose is sustainable feedstock for ethanol fermentation, but
its pre-treatment prior to fermentation is required. When the
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glycerol waste is used as the feedstock, the ethanol production
costs will be 40% less than that from corn [5].

In the glycerol fermentation, type of glycerol and mirobial
stain, initial glycerol concentration, pH, temperature, fermenta-
tion process mode, and nutrient sources have been extensively
investigated (Table 1). Previous studies [1, 6-19] reported the
initial glycerol concentrations appropriate for ethanol production
were in the range of 10 to 126 g L™, in which each bacterial
strain can convert glycerol to ethanol [6, 7]. The increase of
initial waste glycerol up to 37 g L' using E. aerogenes KKU-
S1, resulted the incrase of both ethanol concentration and
yield [17]. Vikromvarasiri and Pisutpaisal [10] and Varrone
et al. [16, 18] found that mixed culture can produced ethanol
when the initial glycerol is in the range of 7.3 to 26 g L™ with
the glycerol optimum concentration of 20 g L™". Klebsiella [1, 9,
11-13, 15] has been widely used for ethanol production from
glycerol both batch-and fed-batch fermentation systems.
K. pneumoniae showed better conversion of waste glycerol than
pure glycerol to ethanol at concentration of 20 g L™" [1, 9]
in fed-batch reactor. The increase of glycerol concentrations
from 30-126 g L', resulted significantly increased ethanol con-
centration and yield [11, 13, 15]. Thes results were consistent
with the previouse studies using E. aerogenes TISTR 1468
[8], E. coli SS1, and mixed cultures [10]. Low ethanol yield
and concentration in the fermentation are assocaited to the

presence of other metabolite products such as 1,3-
propanediol, acetic-, propionic-, and butyric acids resulting in
decreased ethanol production. The current work aimed to im-
prove glycerol fermentation to raise ethanol production with
respect to concentration and yield by using glucose as the co-
carbon source for E. aerogenes TISTR 146.

2 Materials and methods
2.1 Pure culture and medium

E. aerogenes TISTR 1468 was purchased from the Thailand
Institute of Scientific and Technological Research (TISTR).
E. aerogenes was a cultured and increased cell in nutrient
broth (NB) 500 mL by using 10% bacterial (50 mL), incubat-
ed at 30 °C, 180 rpm for 24 hr by measuring the growth of
bacteria every hour by spectrophotometer (OD 600 nm).
Growth curve of E. aerogenes showed late log phase (OD
600 nm ~ 1.2) at 18 hr before reaching stationary phase
(Fig. 1). The culture medium was centrifuge at 4 C, 180 rpm
after 15-hr culturation to harvest the bacterial cells. The cells
were washed with simple medium (SM) [10] prior to use in
the fermentation.

Table 1 Previous studies on

ethanol fermentation from pure [Gly] Type of  Culture Method [EtOH] Yield References
and waste glycerol L") glycerol L™ (mol
mol 1)
10 WG E. aerogenes HU 101 Batch 0.54 0.85 Ito et al. [7]
10 WG E. aerogenes NBRC Batch 393 0.92 Sakai and
12010 Yagishita. [8]
40 PG E. aerogenes TISTR Batch 12.14 0.98 Ciptanto. [9]
1468
20 PG K. pneumoniae Fed-Batch 25 - Oh et al. [10]
GEM167/pBR-pdc--
adh
45 PG Mixed culture Batch 7.3 0.35 Vikromvarasiri and
Pisutpaisal. [11]
50 PG K. sp. HE1 Batch 12.2 0.49 Wuetal. [12]
35 WG C. freundii FMCC-207  Batch 14.5 0.9 Metsoviti et al. [13]
126 WG K. oxytoca FMCC-197  Fed-Batch  25.2 0.4 Metsoviti et al. [14]
50 PG E. aerogenes S012 Batch 20 1.02 Nwachukwu et al.
[15]
20 WG K. pneumoniae Fed-Batch 31 0.89 Ohetal. [1]
30 WG K. pneumoniae BLh-1 Batch 6.1 0.14 Rossi et al. [16]
15 WG Mixed culture Batch 7.92 1.00 Varrone et al. [17]
37 WG E. aerogenes KKU-S1 ~ Batch 5.53 0.83 Reungsang et al.
(18]
20 WG Mixed culture Fed-Batch 26 - Varrone et al. [19]
45 PG E. coli SS1 Batch 18.55 0.92 Adnan et al. [20]
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2.2 Carbon sources

Waste glycerol used in this research is obtained from the par-
tial biodiesel purification process from Trang Palm Oil Co.,
Ltd. (Trang, Thailand). The waste glycerol obtained from the
manufactures contained 728.2 g glycerol L' and total COD
of 642,127 mg L' (Table 2). D-glucose (QReC, New
Zealand), was used as a carbon source in glycerol-glucose
fermentation by Enterobacter aerogenes TISTR 1468.

2.3 Ethanol fermentation

The ethanol fermentations were conducted with and without
glucose. The waste glycerol concentration was varying at 0,
8.7,23.4,43.4,and 63.1¢g L! (Table 3), and the ratio of waste
glycerol to glucose is 1: 1, 10: 1, and 100: 1, waste glycerol
(63.1¢g L and glucose (73.32 g L") as shown in Table 4. All
components were prepared in the serum bottles (working vol-
ume 50 mL) that consist of Enterobacter aerogenes TISTR
146825 mL (TVS 114 ¢g Lfl) and SM medium, adjusted the
pH to 7. The rubber stopper and aluminium cap were closed
and flowed with nitrogen gas to occur anaerobic condition,
incubated at 30 °C by shaking 180 rpm. Liquid samples were
collected at 0, 24, 40, 56, 72, 96, 168, and 240 h to analyse
ethanol, volatile fatty acids, glycerol concentration, glucose
concentration, chemical oxygen demand (COD), and
collecting gas samples for gas composition analysis.

2.4 Analytical techniques

The concentrations of ethanol and volatile fatty acids was
quantitated by gas chromatography-flame ionization detector
(Shimadzu GC-2010, Japan), and gas composition was detect-
ed by gas chromatography-thermal conductivity detectors
(Shimadzu GC-2014, Japan) [20]. Total gas volume was mea-
sured by the water displacement method. Glycerol and glu-
cose concentrations were determined according to
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Fig. 1 Growth curve of E. aerogenes TISTR 1486
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Table 2  The physical and chemical properties of waste glycerol
Parameter Value Unit
[Glycerol] 7282 gL
pH 8.9
Conductivity 0.1 uS cm !
TDS 0.09 mgL™!
P. alkalinity 18,000 mg L " as CaCO;
Total alkalinity 29,000 mg L ™" as CaCO4
CODg 568,507 mg L™
CODy 642,127 mg L™
TS 895.1 gL’
TVS 832.1 gL
TFS 62.9 gL
TOC 414,667 mg L™
FOG 5222 mg L™
Methanol 0.36 % (VIV)
Monoglyceride 0.03 % (Wiw)
Diglyceride 0.02 % (WIw)
Triglyceride 0.07 % (WIw)

chromatropic acid method [21] and dinitrosalicylic acid
(DNS) method [22]. Chemical oxygen demand (COD) was
analysed by the closed reflux colorimetric method. Total
solids (TS) and total volatile solids (TVS) were determined
according to standard methods for the examination of water
and wastewater [23]. pH was analysed by pH electrode LE
409 (Mettler Toledo, USA).

3 Results and discussions
3.1 Ethanol production from glycerol fermentation

Waste glycerol content rapidly decreased after 24-hr fermen-
tation and slowly decreased until the end of the experiment at
the initial waste glycerol concentration of 8.7, 23.7, and 63.1 g
L. For the initial glycerol concentration of 43.4 g L', the
amount of waste glycerol was rapidly decreased at the fermen-
tation time of 40 hr and then slowly decreased until the end of
the fermentation period (Fig. 2a). The glycerol utilization is
almost 100%, at the initial waste glycerol of 8.7 and 23.7 g L™"
after 24-hr fermentation (Fig. 2b). The initial waste glycerol
was 43.4 g L™! which had the percentage of glycerol utiliza-
tion rapidly increased at the 40-h fermentation period, after
which there was a relatively stable trend. The initial glycerol
concentration was 63.1 g L', and glycerol was used less than
60% throughout the fermentation. The initial waste glycerol
obviously affected the amount of glycerol used by
E. aerogenes TISTR 1468 to produce ethanol.
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Table 3 Compositions of reactor

conent in the fermentation of [Gly] (gL™) WG (mL) SM (mL) E. aerogenes TISTR 1468
ethanol production from waste
glycerol Volume (mL) Dry weight (g) Total volume (mL)
0.00 0.00 47.50 2.50 0.12 50.00
8.71 0.69 46.81 2.50 0.12 50.00
23.68 1.72 45.78 2.50 0.12 50.00
43.43 3.09 44.41 2.50 0.12 50.00
63.10 4.46 43.04 2.50 0.12 50.00

Gly glycerol, WG waste glycerol, SM simple medium

Utilization of the waste glycerol after 72-hr fermentation fluc-
tuated when the initial glycerol concentration of 8.7-43.4 g L ™.
At the initial glycerol concentration above 43.4 g L™, the trend
of glycerol utilization was inversely with the increase of glycerol
concentrations. High lycerol concentration can raise osmotic
pressure inside and outside of microbial cells [24] and exterted
toxic impact on the microbial growth and decreased glycerol
utilization rates [6, 25]. The current results exhibited finding in
the accordance with Vikromvarasiri and Pisutpaisal [10] and
Nwachukwu et al. [14] studies.

Ethanol production increased sharply in the fermentation
period of 24-72 hr. The tendency of ethanol production in-
creased with the initial waste glycerol concentration in the
range 8.7-63.1 g L' (Fig. 3a) corresponding to the amount
of acetic acid that tends to increase during the 72 hr and con-
tinues constantly until the end of the fermentation process
(Fig. 3b). Our findings contraciicted with Nwachukwu et al.
[26] indicated that ethanol fermentation will be deducted sig-
nificantly after 48 hr when using E. aerogenes S012. Lactic
acid production occurs after the 24-hr fermentation period; the
maximum lactic acid was 6.4 mM (Fig. 3c). The concentration
of propionic acid, butyric acid, and valeric acid had a very

small amount (data not shown). The appearance of fermented
acids has directly resulted in the continuously decreased pH
during the 240-hr fermentation period (Fig. 3d). The results
demonstrated that E. aerogenes TISTR 1468 can convert
waste glycerol into volatile fatty acids by ethanol as the main
product. The ethanol concentration increased according to the
concentration of wastes glycerol in the range 8.7-63.1 g L',
the initial glycerol concentration at 43.4 and 63.1 g L™ had
the mole ethanol decrease. In the presence of acetic acid
coupled with ethanol via acetyl P, waste glycerol was used
as a carbon source for fermentation through acetaldehyde to
produce only ethanol [27], the main factors that support the
pathway of ethanol production such as glycerol concentration,
pH, temperature, oxygen demand, and culture medium.

In the metabolism of glycerol through the glycolytic path-
way, hydrogen and carbon dioxide can be the products [6, 7,
11, 18] their minimal amount (<3.5 mM); does not affect the
ethanol fermentation. The results consistent with the research
of Rossi et al. [15] and Choi et al. [25] found that by-products
of waste glycerol fermentation are acetic- and lactic acids that
lower ethanol production. Therefore, it not only increased the
concentration of ethanol but also reduced the concentration of

Table 4 Compositions in the reactor content of ethanol production from glycerol-glucose fermentation

[COD gly: COD glu] ratio [COD gly] (g [COD glu] (g [COD Total] (g [Gly] (g [Glu] (g Working volume (50 mL)
(gCODL™ coDpLY copLh coD LY LY LY
WG Glu SM  E. aerogenes TISTR
(mL) (g) (mL) 1468
Volume Dry
(mL) weight
(€3]
1:1 39.56 39.56 82.20 32.46 38.94 223 1.85 4342 250 0.12
10:1 71.92 7.19 80.04 58.74 8.07 406 034 43.10 2.50 0.12
100:1 78.33 0.78 80.63 63.26 0.62 442  0.04 43.04 250 0.12
Glycerol 79.11 0.00 79.11 63.10 0.00 446  0.00 43.04 250 0.12
Glucose 0.00 79.11 79.65 0.00 73.32 0.00 370 43.80 2.50 0.12

COD Gly glycerol chemical oxygen demand, COD Glu glucose chemical oxygen demand, Gly glycerol, Glu glucose, WG waste glycerol, Glu glucose,

SM simple medium
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Fig.2 Glycerol concentration (a) and glycerol utilization (b) from the glycerol fermentation at initial concentrations of 0 (@), 8.7 (#),23.7 (), 43.4 (m),
and 63.1 (@) g L' by E. aerogenes TISTR 1468. Data points show the average values (n=3). I-bars represent standard deviations

by-products (lactic-, formic-, succinic-, acetic acids, CO,, and
H,) in the glycerol fermentation, which is the key success to
ethanol fermentation.

Ethanol yield increased rapidly during 24-hr fermentation
and gradually declined until the end of the experiment. The
highest ethanol production is equal to 1.04 mol ethanol mol '
glycerol, when setting up the initial waste glycerol concentra-
tion of 63.1 g L' (Fig. 4a). The initial wastes glycerol con-
centration of 8.7-43.4 g L' exhibited the inverse ethanol pro-
duction with glycerol concentration (Fig. 4b). The main prod-
uct of fermentation with waste glycerol as a carbon source
under anaerobic conditions is ethanol, when the waste glycer-
ol concentration begins to increase, resulting in inhibiting the
production of ethanol and the production of volatile fatty acids
instead. Wu et al. [11] found that when the initial glycerol
concentration up to 70 g L™ results in decreased the ethanol
production and increased of 1,3-propanediol, 2,3-butanethiol,
lactic- and acetic acids. The maximum of ethanol production
was observed at 63 g L™ 'waste glycerol.

3.2 Ethanol production from glycerol-
glucose fermentation

The glycerol in the glycerol-glucose fermentation at the ratio of
10:1 and 100:1 was rapidly decreased during the fermentation
of 2440 hr and slowly declined after then. For the glycerol
fermentation (63.1 g L"), glycerol decreases rapidly within the
first 24 hr, while the glycerol decreased slowly from the
beginning until the end of the fermentation for the glycerol-
glucose fermentation at the ratio of 1:1 (Fig.5a). The glycerol
utilization slowly increased in all experiment conditions until
the end of the experiment with greater 80% (Fig. 5b). The
glucose concentration in the glycerol-glucose fermentaion at
the ratio of 1:1 decreased rapidly within 24 hr and stabilized
until the end of the fermentation (Fig. 5¢). At glycerol-glucose
ratios of 1:1 and 100:1, glucose utilization (51.5%) were similar
during the first 24-hr. Less than 20% of glucose was consumed
throughout the fermentation with the presence of sole
glucose (73.3 gL (Fig. 5d). The presence of glucose in the

Fig.3 Ethanol (A) acetic acid (B) 250
lactic acid (C) and pH (D) from
the glycerol fermentation at initial
concentrations of 0 ( e@), 8.7 (' ®),
23.7(4),43.4(m)and 63.1 (o) g
L' by E. aerogenes TISTR 1468.
Data points show the average
values (n=3). I-bars represent
standard deviations.
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glycerol fermentation obviously enhanced the glycerol utiliza-
tion by E. aerogenes TISTR 1468. The results of this experi-
ment are different from the finding by Metsoviti et al. [13] in
which the addition of glucose to culture medium does not
enhancd the glycerol utilization.

The soluble COD concentration at the glycerol-glucose ratios
of 1:1, 10:1, and 100:1 were similar and gradually decreased
until the end of the experiment. For glucose fermentation
(73.3 g L"), the CODs concentration decreased rapidly at the
24-hr fermentation period (Fig. 6a). The CODs removal tended
to increase slowly until the end of the fermentation in all exper-
imental conditions. The CODs removal during the 240-
hr fermentation was found in the range of 50-54% (Fig. 6b).
The results showed that the CODs removal after 24-
hr fermentation was in the accordance to the glucose and
glycerol utilization (Fig. 5b, d) and ethanol production (Fig. 7a).

Ethanol production increased rapidly during the first 24-hr
fermentation period. The highest ethanol concentration was

240

0.8 T
0.7 m72 hr
0.6
0.5
04
03
0.2 £
0.1 £
0.0 £

Yield (mol ethanol mol! glycerol)

8.7

23.7 43.4
[Glycerol] (g L)

63.1

(#),23.7(4),43.4(m),and 63.1 (0) g L! by E. aerogenes TISTR 1468.
The data points and histograms show the average values (n=3). I-bars
represent standard deviations

232.8 mM obtined from the glycerol-glucose fermentation at
the ratio of 100: 1 (Fig. 7a). Ethanol concentration tends to
increase with concentrations of waste glycerol-glucose at 1:1,
10:1, and 100:1, respectively. In contrast, ethanol produced
from the fermenation with single waste glycerol (63.1 g L™")
and single glucose (73.3 g L") tended to decrease and acetic-
and lactic acids were accumulated after 24-hr fermentation.
The maximum acetic acid concentration was 27.7 mM (Fig.
7b). The highest concentration of lactic acid was 8.5 mM (Fig.
7c). Propionic-, butyric-, and valeric acids were found
negligible (data not shown). The experiment shows that etha-
nol concentration varies with the proportion of waste glycerol-
glucose increased. The ethanol concentration corresponds to
the utilization of the initial waste glycerol. In a single fermen-
tation, ethanol concentration from waste glycerol (63.1 gL ™)
is greater than glucose (73.3 g L™"), consistent with Oh et al.
[9] which found that K. pneumonia GEM167 was able to
produce ethanol from glycerol as a carbon source more than

Fig.5 Glycerol concentration (a),
glycerol utilization (b), glucose
concentration (c), and glucose
utilization (d) from the glycerol-
glucose fermentation at the ratio
of 1:1 (e), 10:1 (), 100:1 ( a)
glycerol (m), and glucose (=) by
E. aerogenes TISTR 1468. Data

[Glycerol] (g L)

Glycerol Utilization (%)

points show the average values 0

(n=3). I-bars represent standard
deviations
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glucose as a carbon source. The finding by Metsoviti et al.
[12] indicated that the ethanol production from culture media
with initial glycerol 20-40 g L™" is a carbon source greater
than culture media with glucose as a source carbon.

The initial pH tends to increase with the amount of
initial glycerol concentration in the range of 6.8-7.8.
Waste glycerol fermentation (63.1 g L") and glucose
fermentation (73.3 g L") caused the pH to be decreased
as 4.73, but the glycerol-glucose fermentation at the
ratio of 10:1 and 100:1 helps maintain the pH value
appropriate for ethanol production during 240-hr fer-
mentation period (Fig. 7d). The results are consistent
with the Lee et al. [24] and Ciptanto [8] ‘s report at
pH range of 5-8 where E. aerogenes (strain ATCC.
29007 and TISTR 1468) were able to grow and produce
ethanol.

Ethanol yield (Fig. 8a, b) tends to be similar, with the
highest ethanol yield at 24 h of fermentation. Yield ethanol
per mole glycerol (Fig. 8a) tends to decrease when the amount
of waste glycerol is more than 32.46 g L™'; the best ratio for
produce ethanol was 1:1 (Fig. 8c). The ethanol yield per mole
glucose tends to decrease when the glucose concentration is
more than 0.62 g L' (Fig. 8b). The highest ethanol yield was
found in the ratio of 100:1 (Fig. 8d). When considering the
results of the experiment, we found that the production of
ethanol by E. aerogenes TISTR 1468 does not come from
using glucose as the main source of carbon, but waste glycerol
as the main source of carbon causes ethanol yield (mol ethanol
mol ! glucose) higher than ethanol yield (mol ethanol mol !
glycerol), which corresponds to the maximum ethanol con-
centration (Fig. 7a). When comparing the results with previ-
ous studies, it was found that £. aerogenes TISTR 1468 can
produce ethanol from waste glycerol up to 9.91 g L™!
(Table 5) and ethanol concentration increased when co-
fermented with glucose (10.72 g L") more than single glyc-
erol [17, 30]. Thapa et al. [29] reported the overexpression of
the alcohol dehydrogenase (adhE) gene increased in the mu-
tant strain resulting in the ethanol production greater than that
produced by its wild type.

COD; (g L)

Time (hr)

Fig. 6 Concentration (a) and percentage (b) of soluble chemical oxygen
demand during the 240-hr fermentation from the glycerol-glucose
fermentation at the ratio of 1:1 (@), 10:1 (), 100:1 ( 4), and glucose

3.3 Comparative ethanol production from glycerol
and glycerol-glucose fermentation

E. aerogenes TISTR 1468 can produce ethanol from single
glycerol fermentation and glycerol-glucose fermentation. At
the ratio of 100:1, E. aerogenes could convert waste glycerol
36.5 g L' (57%) to ethanol concentration 232.8 mM greater
than the single fermentation with the initial waste glycerol
concentration of 63.1 g L' (44.5% and ethanol concentration
of 215.1 mM). The ethanol yield from the glycerol fermenta-
tion with the initial glycerol concentration of 63.1 g L' was
0.71 mol ethanol mol™" glycerol, which is greater than that
from the glycerol-glucose at a ratio of 100:1 (0.59 mol
ethanol mol 1 glycerol). All conditions of ethanol fermenta-
tion from glycerol fermentation and glycerol-glucose
fermentation generated acetic and lactic acid, H,, and CO,
as negligible by-products (data not shown). The result
indicated the presence of glucose in the glycerol
fermentation improves ethanol concentration. The pathway
of glycerol and glucose fermentation are through pyruvate be-
fore becoming ethanol according to Eq. 1 and 2.

C3H803 —>C2H60

+ CH,0, (CO, + H3); ethanol from glycerol (1)
0.5 C,H1,0¢ —CyHsO + CO;y; ethanol from glucose (2)

Comarative ethanol production between the single glycerol
fermentation and glycerol-glucose fermentation after 72-hr
fermentation indicated the presence of glucose did improve
glycerol utilization compared to the experiment with single
glycerol fermentation. The glycerol-glucose fermentation in
the ratio of 100:1 exhibited maximum ethanol concentration
in the short fermentation period (Table 6). The glycerol-
glucose fermentation demonstrated that E. aerogenes TISTR
1468 can convert glycerol and glucose into ethanol as the
main product in the glycerol-glucose fermentation. Glucose
is used as a carbon source for fermentation that can be oxi-
dized to glyceraldehydes-3-phosphate and finally convert into
volatile fatty acids such as acetic-, lactic-, and succinic acids,

CODg Removal (%)

120 150 180 210 240
Time (hr)

(m) by E. aerogenes TISTR 1468. Data points show the average values
(n=3). I-bars represent standard deviations
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including H, and CO,. The best condition to produce ethanol
from glycerol-glucose is 100:1. The results of the glycerol
showed that the highest waste glycerol concentration in this
study that did not inhibit the growth and metabolism of
E. aerogenes TISTR 1468 was 63.26 g L', consistent with
Szymanowska-Powatowska [32] demonstrated bacteria toler-
ant the maximum concentrations of waste glycerol up to 70 g
L', Glycerol is cheap and has a greater degree of reduction
than sugars, resulting in higher ethanol yield from glycerol
higher than ethanol obtained from sugar [33]. This study,
E. aerogenes TISTR 1468 consumed glycerol very rapidly
within 24 hr in the presence of glucose.

4 Conclusions and future directions

This study successfully demonstrated ethanol production from
waste glycerol by E. aerogenes TISTR 1468 using glucose as
a co-carbon source. Glucose boosted the ethanol production
from the waste glycerol. With respect to the ethanol concen-
tration and yield, the ethanol production from the glycerol-
glucose fermentation improves the ethanol concentration and
ethanol yield. At the ratio of 100:1, waste glycerol can be used
up to 36.5 g L™! (57.7%) with ethanol yield up to 0.59 mol
ethanol mol ™" glycerol and the maximum ethanol concentra-
tion of 232.8 mM (86.9%) after 24-hr fermentation. The

Fig. 8 Yield of ethanol per mol z 6 o 180 b
glycerol (a) and yield of ethanol g s T a g l0ET
per mol glucose (b) during 240-hr = = 140 *\_'_
fermentation period and histo- g ¢ /J- H izg E /L
grams of ethanol yield per mol g 3 E %0 E |/
glycerol (¢) and ethanol yield per £ ) / R [ = -
mol glucose (d) at 24-hr fermen- E ‘*\ —E 20 E 7
tation period to produce ethanol = 1Y /e L S z _;l,, _
from the glycerol-glucose = 0 R = o ,,.‘_:il‘:*_.ﬁ‘ r —"= - A
fermentation at the ratio of 1:1 0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
(@), 10:1(e),100:1 (&), glycerol Time (hr) Time (hr)
(m), and glucose (=) by _ 6 180
E. aerogenes TISTR 1468. The H 24 hr ¢ 2 " 24 br T d
data points and histograms show ER £ 150
the average values (n=3). I-bars T oy 'g 120
represent standard deviations S =

53 5 9%

T 21 60

= s

E 19 . 2 30

o] e | N o |
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[Glycerol:Glucose] Ratio
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Table 5 Ethanol produced from

glycerol by E. aerogenes strains [Gly] Type of  Culture Method [EtOH]  Yield References

(g LY glycerol (g LY (mol mol 1)

50 PG E. aerogenes Batch 20.00 1.02 Nwachukwu et al. [15]
S012

37 WG E. aerogenes Batch 553 0.83 Reungsang et al. [18]
KKU-S1

15 WG E. aerogenes Batch - 0.96 Jitrwung and Yargeau [28]
ATCC 35029

60 WG E. aerogenes Batch 13.09 0.25 Thapa et al. [29]
ATCC 29007

80 WG E. aerogenes Batch 34.54 0.68 Thapa et al. [29]
SUMIO14

80 WG E. aerogenes Batch 38.32 0.76 Thapa et al. [29]
SUMI2008

20 WG E. aerogenes Batch 6.72 1.02 Sunarno et al. [30]
TISTR 1468.

20 WG E. aerogenes Fed-Batch  30.31 1.72 Sunarno et al. [31]
TISTR 1468.

63.10 WG E. aerogenes Batch 9.91 0.71 Current Study
TISTR 1468

63.26% WG E. aerogenes Batch 10.72 0.59 Current Study

Glu TISTR 1468

*Proportion of glycerol to glucose = 100: 1

Table 6  Ethanol and metabolites during the fermentation of glycerol waste; and waste glycerol waste-glucose

[Gly] Glycerol utilization [EtOH] [HAc] [HLa] EtOH yield Time
eL™ @L™h (%) (mM) (%) (mM) (%) (mM) (%) (mol EtOH mol " Gly) (hr)
8.7 8.54+0.21 98.1+0.1 = 50.53+1.59  91.34+1.59 4.08+3.54 7.38+3.54 0.00+0.00 0.00+0.00 0.54+0.01 72

23.7 23.45+0.66 99.01+0.02 108.26+2.77 96.35+2.77 0.00+£0.00 0.00+0.00 2.89+0.10 2.57+0.10 0.43+0.01

43. 41.96+2.28 96.57+2.80 174.98+11.16 92.44+11.16 7.79+0.08 4.11+0.08 6.44+1.65 3.40+1.65 0.30+0.01

63.10 28.10+1.08 44.54+0.82 215.11+10.47 86.63+10.47 27.67+1.58 11.25+1.58 5.3942.13 2.17+2.13  0.71+0.06

1:1 1.62+0.76  4.97+2.28 55.04+4.42  75.42+4.42 15.76£7.90 21.60+7.90 2.4440.07 2.27+1.44 4.39+0.70 24

10:1 35.79+1.43 60.97+1.45 130.36+4.80 87.24+4.80 13.48+3.23 9.0243.23 5.4640.25 3.65+0.25 0.34+0.02

100:1 36.49+£1.26 57.68+1.96 232.76+16.78 86.98+16.78 27.73+£0.97 10.36+0.97 6.92+0.48 2.59+2.99  0.59+0.03

Glycerol 16.85+1.34 26.68+1.20 189.44+6.11 91.64+6.11 17.18+1.05 8.31+1.05 0.00+0.00 0.00+0.00  1.04+0.06

Glucose 0.00+£0.00  0.00+£0.00  2.34+0.13 12.7440.13  8.59+0.97 46.88+0.97 6.32+0.64 34.47+0.64 0.00+0.00

ethanol obtained from the experiment can be used as alterna-
tive energy to reduce the amount of oil imported from foreign
countries and help solve the problem of glycerol prices. The
knowledge of the ratio of the co-carbon source that can adapt
to the pilot-scale to improve the quality and quantity of etha-
nol before scaling up to industrial scale.
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Nomenclature CODyg, soluble chemical oxygen demand; E. aerogenes,
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