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Production of 1,3-propanediol from glycerol via
fermentation by Saccharomyces cerevisiae†
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The demand for 1,3-propanediol-based polymers is constantly increasing, necessitating an increase in

1,3-propanediol production. While the processes for the chemical and bacterial synthesis of 1,3-propane-

diol are well-known, we report for the first time the possibility of glycerol conversion to 1,3-propanediol

by a fungal strain. The synthesis of 1,3-propanediol by biological means is extremely lucrative, and to the

best of our knowledge, this is the first study focusing on the development of an optimized process for the

production of the value-added chemical 1,3-propanediol from what can be considered as industrial

waste, glycerol, via fermentation using instant baker’s yeast (Saccharomyces cerevisiae). Various glycerol

fermentation conditions (aerobic, semi-aerobic, and anaerobic) were tested at different reaction tempera-

tures (25, 30, and 37 °C). Under optimal reaction conditions (anaerobic fermentation at 25 °C), 42.3 wt%

1,3-propanediol yield was achieved with 93.6 wt% glycerol conversion.

Introduction

The conversion and utilization of biorenewable feedstock for
the production of valuable materials has become an important
research trend in recent years due to the decreasing supply
of non-renewable resources, escalating global energy demand,
and negative environmental impact.1–3 Emerging biofuel
technology produces numerous by-products and waste,
ranging from corn fiber and glycerol to animal manure, which
serve as a basis for additional sources of bioenergy (liquid bio-
fuels and biogas).4 Once considered a valuable by-product,
crude glycerol is rapidly becoming a ‘waste product’ with an
associated disposal cost.5 In 2007, due to the rapid growth of
biodiesel production, the price of pure glycerol decreased from

$1.50 per kg to $0.66 per kg and the price of crude glycerol
dropped from $0.55 per kg to $0.11 per kg. Manufacturers
are forced to invest large amounts of money in removing
the unwanted glycerol from their plants.6 It is, therefore,
crucial to develop environmental-friendly solutions for glycerol
waste. Interest in this new field of research, known as glycerol
chemistry, has recently grown, raising possibilities for the use
of unrefined glycerol, which, in turn, facilitates the sustainabil-
ity of the biofuel market.7

One of the promising strategies for glycerol utilization is
the production of propanediols through selective glycerol
hydrogenolysis. This process provides a clean and economi-
cally competitive route for the production of commercially
valuable propanediols from renewable glycerol rather than
from non-renewable petroleum.8 1,3-Propanediol has received
recent attention as a high-value specialty chemical used
primarily in the preparation of polyester fibers, films, and
coatings. It is a non-flammable, low toxicity liquid which is
miscible with water, alcohols, and ethers, making it easy to
transport.2 In 2012, global demand for 1,3-propanediol was
60.2 kt with a market value of $2.61 per kg.6 Considering 1,3-
propanediol is used in the textile industry, food packaging,
lubricants, and medicine, demands will continue to rise.9 The
biodegradable nature, higher light stability, and solubility
of 1,3-propanediol-based polyesters in most common solvents
add to its already growing list of applications.10,11 By 2019,
global demand is expected to reach 150 kt and the price of 1,3-
propanediol is estimated to reach $3.73 per kg.6 The high
price of 1,3-propanediol indicates the economic sustainability
of the glycerol conversion process.

†Electronic supplementary information (ESI) available: 13C NMR spectra of auth-
entic glycerol and 1,3-propanediol (Fig. S1), 13C NMR spectra of authentic
ethanol, propionic acid, acetic acid, lactic acid, and formic acid (Fig. S2), HPLC
chromatograms of metabolites from fermentation of glycerol (0.1 M) by Saccharo-
myces cerevisiae (3 g) at different temperatures (Fig. S3), HPLC chromatograms of
organic acids from fermentation of glycerol (0.1 M) by Saccharomyces cerevisiae

(3 g) at different temperatures (LA: lactic acid, FA: formic acid, AA: acetic acid,
PA: propionic acid) (Fig. S4), 13C NMR spectra of metabolites from fermentation
of glycerol (0.1 M) by Saccharomyces cerevisiae (3 g) at different temperatures
(Fig. S5). See DOI: 10.1039/c6gc00125d
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The selective conversion of glycerol to 1,3-propanediol is
still regarded as a challenging process.7 Although several
chemical conversions of glycerol have previously been explored
and analyzed, they are less advantageous than biological
conversion. Among the drawbacks of using chemical methods
for the production of 1,3-propanediol are the requirements for
high temperatures and pressures, use of expensive chemical
catalysts, the addition of toxic organic solvents, production
of unwanted by-products, release of toxic intermediates,
dependence on non-renewable materials, and low product
yields.2,12,13 In contrast, the biological conversion of glycerol to
1,3-propanediol is comparatively more environmental friendly
than chemical conversions, and, from an economic perspec-
tive, it is generally more advantageous since milder conditions
are used, less energy is required, and greater yields are attain-
able for specific products. Furthermore, pursuing the biologi-
cal route towards 1,3-propanediol production is particularly
appealing, since it utilizes renewable feedstock and cultivation
is performed at much lower temperatures and pressures, and
generates no toxic by-products.2,14,15

Biotechnological methods have been widely used to
obtain 1,3-propanediol from glycerol using bacteria of the
genera Clostridia, Klebsiella, Citrobacter, Lactobacilli, and
Escherichia.16–20 However, despite the fact that many micro-
organisms are able to metabolize glycerol in the presence of
external electron acceptors (respiratory metabolism), few are
able to do so fermentatively (i.e. in the absence of electron
acceptors).21,22 Although the bioconversion of glycerol to 1,3-
propanediol via fermentation has been extensively investi-
gated, it appears that only several species of the Enterobacter-
iaceae family such as Citrobacter freundii, Klebsiella
pneumoniae, Enterobacter agglomerans, Lactobacilli brevis,
and Lactobacilli buchneri, as well as Clostridium butyricum
and Clostridium pasteurianum, are able to form 1,3-
propanediol.2,21,23,24–38 The dissimilation of glycerol in these
organisms is strictly linked to their capacity to synthesize the
highly reduced product 1,3-propanediol.39 The potential for
using these organisms at the industrial level is limited due
to their pathogenicity, the requirement for strict anaerobic
conditions, the need for rich nutrient supplementation, and
the lack of availability of the genetic tools and physiological
knowledge necessary for their effective manipulation.40,41 In
addition, because reducing power must be generated during
the fermentation process, only a portion of the glycerol can
be converted to 1,3-propanediol. Currently established fermen-
tation processes that convert glycerol to 1,3-propanediol reach
a maximum yield of 50–60% (mol/mol), with about 40–50% of
the glycerol converted to undesirable by-products.42,43 Finally,
it should be noted that none of the abovementioned reports
utilized yeast for the conversion of glycerol to 1,3-propanediol,
which is the objective of the current study.

The use of microorganisms that are amenable to industrial
applications, such as Escherichia coli and Saccharomyces cerevi-
siae, is highly desirable. The metabolism of glycerol in E. coli
has been thought for many years to require the presence of
external electron acceptors.40,44–46 Yazdani et al. showed that

E. coli can fermentatively metabolize glycerol to 1,2-propane-
diol, and established pathways, mechanisms, and conditions
for this process.4,40 Hong et al. also engineered E. coli to
produce 1,3-propanediol from glycerol by introducing a syn-
thetic pathway.47 Glycerol transportation and dissimilation
pathways of yeast have been intensively studied since the
1960s.48 Yeast species have been screened and investigated for
their potential in converting glycerol waste into various pro-
ducts such as citric acid, biosurfactants, single cell oil, and
carotenoids.49 Li et al. reported that S. cerevisiae can also
be genetically engineered to produce alternative products
from glycerol fermentation, which are either not produced
naturally or present in low concentrations, such as ethanol
and 1,2-propanediol.48 Also, Jung et al. metabolically engin-
eered S. cerevisiae strains in order to produce 1,2-propanediol
using glycerol as the main carbon source.50 Moreover, Rao
et al. engineered S. cerevisiae strains to produce 1,3-propane-
diol at low cost by using D-glucose as feedstock.51

Our first report on the feasibility of glycerol conversion to
1,3-propanediol by a fungal strain has formed the basis for the
current research.52 Synthesizing 1,3-propanediol by biological
means is extremely important and, to the best of our knowl-
edge, this is the first study to develop an optimized process for
the production of the value-added chemical 1,3-propanediol
from industrial waste glycerol via fermentation using the bio-
catalyst instant baker’s yeast S. cerevisiae.

Experimental
Materials

1,3-Propanediol (98%, Product No. P50404) and DL-Lactic acid
(90%, Product No. 69785) were purchased from Sigma-Aldrich,
Israel. Glycerol (AR, Cat. No. 07120501) and absolute ethanol
(AR, Cat. No. 05250502) were purchased from BioLab, Israel.
Propionic acid (99%, Cat. No. A0217950001) and formic acid
(99%, Cat. No. A0214654001) were purchased from Acros
Organics, USA. Acetic acid (Glacial, Cat. No. P2I002102I) was
purchased from Carlo Erba Reagents, France. The yeast
Saccharomyces cerevisiae used for the fermentation of glycerol
was purchased from various local supermarkets (instant
baker’s yeast). The materials were used as received without any
pretreatment or further purification.

Fermentation of glycerol

The fermentation of glycerol was performed in an incubator
(Heraeus® Functional Line Microbiological Incubator, Thermo
Electron Corporation, Germany) at 25, 30, and 37 °C without
shaking, under sunlight at 25–35 °C, and in the lab on a hot
plate at ∼35 °C, with stirring. Glycerol fermentation was per-
formed under aerobic, semi-aerobic, and anaerobic conditions
(see Scheme 1 for the experimental setup). The semi-aerobic
reactions were performed in Schott Duran bottles containing
100 mL aqueous glycerol (0.1, 0.5, or 1.4 M) and a known
amount of S. cerevisiae (0.5, 1, or 3 g, dry cell weight). The
anaerobic reactions were performed in modified Schott Duran
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bottles containing 100 mL aqueous glycerol (0.1 M) and
S. cerevisiae (3 g, dry cell weight). All the media underwent
filter sterilization before the addition of the yeast. Aliquots
were collected from the bottles at regular time intervals and,
after each sampling, air was replaced by filtered nitrogen gas in
order to maintain strict anaerobic conditions. The aerobic reac-
tions were performed in Erlenmeyer flasks (with loose caps) con-
taining 100 mL aqueous glycerol (0.1 M) and S. cerevisiae (3 g,
dry cell weight). All reactions were performed in triplicate.

NMR analysis

The progress of glycerol metabolism was monitored using
NMR spectroscopic analysis on a Bruker Avance DPX 300
instrument. Aliquots were collected from the reaction media
at regular time intervals and analyzed. Qualitative analyses of
the reaction products were performed by 13C NMR spectro-
scopy, using D2O as a solvent.

Yeast cell density measurements and HPLC analysis

The yeast cell optical density was measured using a UV/visible
spectrophotometer (Ultraspec 2100 Pro, Amersham Bio-
sciences) at a wavelength of 595 nm (OD595). Cell culture was
centrifuged at 16 000g for 10 minutes and the supernatant was
filtered by HPLC filters (Nylon Syringe, 0.22 µm pore size,
25 mm diameter). Metabolite separation was achieved using
the HPLC system (Merck-Hitachi LaChrom System L-7000
equipped with L-7455 Diode Array Detector (DAD) and Scham-
beck SFD RI 2000 Refractive Index (RI) Detector, Bad Honnef,
Germany). Analyses were performed using a 300 × 7.8 mm
REZEX-ROA ion-exclusion chromatography column equipped
with a matching guard column (Phenomenex, Torrance, CA,
USA). The filtered mobile phase of 0.005 N H2SO4 was used
under isocratic conditions for 45 min at a constant flow rate of
0.5 mL min−1 with UV (210 nm) and RI detection at ambient
temperature with a 10 μL injection volume. Organic acids
(lactic, formic, acetic, and propionic acid) were analyzed at a
wavelength of 210 nm (DAD), while ethanol, glycerol, and 1,3-
propanediol were analyzed by the RI detector. To calibrate the

system, standards of the metabolites were run at preset con-
centrations, and the areas under the peaks with particular
retention times were used to generate a standard calibration
curve. EZ Chrom Elite v. 3.1.7 software was used for data acqui-
sition and processing, and the RI signal was acquired using an
external analog input.

Results and discussion
Metabolism of glycerol by Saccharomyces cerevisiae

While many microorganisms can metabolize glycerol through
the respiratory pathway, few are able to do so fermentatively.21

Our findings have opened up new prospects by showing that
S. cerevisiae can also fermentatively metabolize glycerol and
convert it to an important value-added product, 1,3-propane-
diol.52 Here we demonstrate S. cerevisiae’s ability to utilize
glycerol as a sole source of carbon. Glycerol utilization in
S. cerevisiae proceeds via a two-branch pathway, which results
in the synthesis of a glycolytic intermediate, dihydroxyacetone
phosphate, and the fermentation product ethanol. Respiratory
and fermentative routes mediate the conversion of glycerol to
glycolytic intermediates. The respiratory pathway involves
glycerol kinase and mitochondrial glycerol 3-phosphate
dehydrogenase.53,54 In the fermentative pathway, glycerol is
first converted into dihydroxyacetone by glycerol dehydrogen-
ase and then to dihydroxyacetone phosphate by dihydroxy-
acetone kinase; however, this pathway is not yet fully described
in S. cerevisiae.55 In a number of bacterial species, there exists
a separate reductive pathway which consumes NADH to pro-
duce 1,3-propanediol from glycerol by the sequential action of
glycerol dehydratase (GDHt) and 1,3-propanediol dehydrogen-
ase (PDO DH) via a 3-hydroxypropionaldehyde intermedi-
ate.41,56 To the best of our knowledge, the production of 1,3-
propanediol has never been reported using S. cerevisiae. Future
efforts will aim to elucidate the biochemical pathway involved
in 1,3-propanediol formation by S. cerevisiae.

Following our preliminary research,52 we investigated the
conversion of glycerol to 1,3-propanediol in detail. To maxi-
mize the yield of 1,3-propanediol, several reaction parameters
such as the glycerol concentration, amount of catalyst, reaction
temperature and fermentation type were varied. Initial studies
were performed under semi-aerobic conditions using solar
heating (25–35 °C) and various initial concentrations of gly-
cerol (0.1, 0.5, and 1.4 M). 13C NMR spectra of the reaction pro-
ducts (after 40 days) from the semi-aerobic fermentation of
0.1, 0.5, and 1.4 M glycerol using 3 g of S. cerevisiae are shown
in Fig. 1. Irrespective of the initial glycerol concentration, the
desired product 1,3-propanediol was observed in all three
cases; however, complete conversion was observed only in the
case of 0.1 M glycerol (Fig. 1c). In addition to the target
product 1,3-propanediol, by-products such as ethanol and pro-
pionic acid were also observed (Fig. 1, see ESI Fig. S1 and S2†
for 13C NMR spectra of authentic glycerol, 1,3-propanediol,
ethanol, and propionic acid). Subsequent studies were con-
ducted using 0.1 M glycerol as a substrate. These results are

Scheme 1 The experimental setup for anaerobic, semi-aerobic, and
aerobic fermentation.
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consistent with our previous report where the secondary
metabolite glycerol (maximal concentration of 0.11 M, formed
in a solar-energy-driven simultaneous saccharification and fer-
mentation of starch to bioethanol) was converted in situ to 1,3-
propanediol (22 wt%) within 60 days at ∼30 °C.52

After obtaining the desired product 1,3-propanediol in solar
heated semi-aerobic experiments, the experiments were
repeated in the lab on a hot plate (∼35 °C) with stirring, and
the amount of yeast used for glycerol (0.1 M) conversion was
optimized. Different amounts of yeast (0.5, 1, and 3 g) were
added to the reaction vessels and the fermentation reaction
was monitored for 30 days. 13C NMR spectra of the reaction
products obtained on the 27th day using different amounts of
S. cerevisiae are shown in Fig. 2. Even though the desired
product 1,3-propanediol was observed in all three cases, the
amount of glycerol converted to 1,3-propanediol was the
highest with 3 g S. cerevisiae, as evident from the signal inten-
sities of glycerol relative to 1,3-propanediol in the 13C NMR
(Fig. 2). Among the tested amounts, 3 g yeast was found to be
the most effective, producing the highest amount of 1,3-pro-
panediol from 0.1 M glycerol (Fig. 2c). It should be noted that
the fermentation process of the 0.1 M glycerol with 3 g yeast
lasted 40 days (Fig. 1c), and was therefore not yet complete by
day 27 (Fig. 2c). This data again confirm the necessity of moni-
toring the reaction for 30–40 days.

In light of these preliminary findings, the fermentation of
glycerol (aerobic, semi-aerobic, and anaerobic) was then per-
formed under controlled temperature conditions (25, 30, and
37 °C in an incubator) without shaking for 40 days. Aliquots
collected at regular time intervals were analyzed both qualitat-
ively (13C NMR) and quantitatively (HPLC). The yields (wt%)
of the target product 1,3-propanediol and other metabolites
in the samples collected on the 30th day from the reaction

medium at different reaction temperatures (25, 30, and 37 °C)
and different fermentation conditions (aerobic, semi-aerobic,
and anaerobic) are summarized in the form of a histogram for
brevity (Fig. 3). It is interesting to note from the HPLC analysis
that the glycerol fermentation products consist of different
metabolites such as ethanol, acetic acid, lactic acid, propionic
acid, and formic acid, in addition to the desired product 1,3-
propanediol (see ESI Fig. S3 and S4† for HPLC chromato-
grams). The products from glycerol fermentation were further
confirmed by 13C NMR analysis, which again showed the pres-
ence of organic acids (propionic, acetic, lactic, and formic
acid) and ethanol in addition to the desired product, 1,3-
propanediol (see ESI Fig. S5 for 13C NMR spectra of metab-
olites from fermentation of glycerol and Fig. S1 and S2† for
13C NMR spectra of the authentic samples). During the glycerol
fermentation process in bacteria, pyruvate is obtained from the
glycolysis pathway which competes with 3-hydroxypropionalde-
hyde for NADH-oxidoreductase (PDO DH) to form other by-pro-
ducts such as ethanol, citric acid, acetic acid, and butanol.
Thus, by-product composition differs depending on the micro-
organisms involved in the process and the process conditions.6

The metabolic pathway adopted by yeast (S. cerevisiae) in
glycerol conversion is directed by both the reaction tempera-
ture and the availability of oxygen (fermentation type). For
instance, 1,3-propanediol yield was the highest (42.3 wt%)
under anaerobic conditions at the lowest reaction temperature
studied (25 °C) and there was almost no formation of propio-
nic acid (<1 wt%) (Fig. 3A). We observed similar performance
of glycerol metabolism by yeast under anaerobic conditions at
the highest reaction temperature (37 °C), where the yield of
1,3-propanediol was high (31.2 wt%). Again, there was almost
no formation of propionic acid (<1 wt%) (Fig. 3C). On the con-
trary, in the semi-aerobic fermentation of glycerol (at 25 °C),
where oxygen availability was greater, the propionic acid

Fig. 1 13C NMR spectra of solar-heated semi-aerobic fermentation pro-
ducts (after 40 days) from (a) 1.4 M, (b) 0.5 M, and (c) 0.1 M glycerol and
Saccharomyces cerevisiae (3 g).

Fig. 2 13C NMR spectra of hot-plate-heated semi-aerobic fermentation
products (after 27 days) from 0.1 M glycerol and (a) 0.5 g, (b) 1 g, and (c)
3 g of Saccharomyces cerevisiae.
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pathway was preferred (42.4 wt%, the highest yield at this
temperature) over the 1,3-propanediol pathway (9.9 wt%, the
lowest yield at this temperature) (Fig. 3A). In the case of
aerobic fermentation of glycerol at 25 °C, where there was no
restriction to oxygen flow, the microorganism had no preferen-
tial pathway, as evident from the nearly equal yields of 1,3-
propanediol (25.4 wt%) and propionic acid (21.7 wt%) (Fig. 3A).

When glycerol fermentation was performed under aerobic
conditions at the lowest reaction temperature (25 °C), the pres-
ence of oxygen did not significantly affect the 1,3-propanediol
yield (25.4 wt%) (Fig. 3A). However, aerobic fermentation of
glycerol at higher reaction temperatures (either 30 or 37 °C)
appeared to have a detrimental effect on the 1,3-propanediol
yield (<2 wt%) (Fig. 3B and C). Under these conditions, the
microorganisms were exposed to more oxygen, thus switching
the pathway towards organic acid synthesis. In fact, the propio-
nic acid yields in the aforementioned cases were ca. 50 wt%,

which resulted in the suppression of 1,3-propanediol formation
(<2 wt%) (Fig. 3B and C). The formation of organic acids such
as propionic, acetic, formic, and lactic acid reduces the pH of
the reaction medium and inhibits the metabolic pathway for
1,3-propenediol.56 The optimal pH for the formation of 1,3-pro-
panediol is 6.5–7.5.6 Apart from the propionic acid formation,
the formation of various pyruvate-derived by-products also
results in a decrease in 1,3-propanediol yield.6

According to the results of Kivisto et al., an acetate by-
product that is formed in the glycerol fermentation process
has an inhibitory effect on 1,3-propanediol yield.57 Our obser-
vation that 1,3-propanediol yields are lowest (<2 wt%) follow-
ing aerobic fermentation at 30 and 37 °C, where the yields of
acetic acid are highest (ca. 40 wt%) (Fig. 3B and C), is consist-
ent with the observations of Kivosto and his group.57 The pres-
ence of excess oxygen, together with higher temperatures, is
most likely attributed to the formation of the high amounts of
propionic and acetic acids observed, leading to a subsequent
reduction in 1,3-propanediol yield. In addition, through the
formation of such acidic metabolites, particularly under
aerobic conditions and at 37 °C, the yeast lysis was accelerated,
as inferred from the decrease in OD595 values (Fig. 4C). Przysta-
łowska et al. obtained similar results, in which large amounts
of acetic acid and other metabolites produced in the culture
inhibited the growth of microorganisms, subsequently
decreasing the efficiency of 1,3-propanediol synthesis.58,59 In
contrast, in semi-aerobic fermentation at 37 °C, although the
yeast lysis was accelerated (lowest OD595 values, Fig. 4C), the
1,3-propanediol pathwaywaspreferred (32.3wt%of 1,3-propane-
diol yield) due to the presence of lower amounts of organic
acids. A similar correlation between 1,3-propanediol yield and
yeast survival (lowest OD595 value corresponding to the highest
1,3-propanediol yield) was also observed when glycerol fermen-
tation was performed at 25 and 30 °C (Fig. 4A and B).

Reaction kinetics of glycerol conversion using Saccharomyces
cerevisiae

The effect of two vital reaction parameters, namely, the fer-
mentation type and the reaction temperature, on the conver-
sion of glycerol to 1,3-propanediol are summarized in Table 1.
Anaerobic fermentation of glycerol at the lowest reaction temp-
erature (25 °C) yielded the highest amount of 1,3-propanediol
(42.3 wt%). This result is consistent with our observation of
organic acid pathway suppression under these conditions, due
to the absence of oxygen. The maximum theoretical yield of
1,3-propanediol production from glycerol in an ideal anaerobic
fermentation process is 72.3 wt%.6 Therefore, in the current
study, under relatively modest fermentation reaction con-
ditions, 58.5 wt% of the theoretical 1,3-propanediol yield was
achieved with 93.6 wt% glycerol conversion.

The kinetics of glycerol conversion was systematically
studied under various fermentation reaction conditions
(aerobic, semi-anaerobic, and anaerobic) and temperatures
(25, 30, and 37 °C). For a first-order reaction, a plot of ln[A]
(where A is the chemical reactant) versus time is a straight line
with a negative slope. The reaction rate constant, k, is the nega-

Fig. 3 Yield (wt%) of 1,3-propanediol and other metabolites (ethanol,
acetic acid, lactic acid, propionic acid, and formic acid) through fermen-
tation (aerobic, semi-aerobic and anaerobic) of glycerol (0.1 M) by Sac-
charomyces cerevisiae (3 g) at (A) 25, (B) 30, and (C) 37 °C on the 30th

day.
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tive of the slope. The linearity of ln[glycerol] versus reaction
time indicates that, for all temperatures and fermentation
types, glycerol fermentation by S. cerevisiae follows first-order

kinetics (R2 > 0.97 in all cases, Fig. 5). The values of the reac-
tion rate constants of glycerol conversion by different types of
fermentation at different reaction temperatures are shown in
Table 1. Usually, for a chemical reaction, the rate is expected to
double for every 10 °C increase in the reaction temperature. In
fact, such a trend in kinetics was only observed in the case of
glycerol fermentation performed under anaerobic conditions
where the reaction rate increased from 3.28 × 10−2 to 8.44 ×
10−2 per day by raising the temperature from 25 to 37 °C
(Fig. 5 and Table 1). Although the rate was enhanced with an
increase in temperature under anaerobic conditions, the gly-
cerol conversion and the yield of 1,3-propanediol decreased
due to the suppression of S. cerevisiae activity by the presence
of excess ethanol and acetic acid (Fig. 3C). As Przystałowska
et al. reported, large amounts of acetic acid and other metab-
olites produced in the culture inhibit the growth of fermenting
microorganisms and subsequently decrease the efficiency
of 1,3-propanediol synthesis. Therefore, in further studies

Fig. 4 Survival curves of Saccharomyces cerevisiae from different types
of fermentation (anaerobic, semi-aerobic, and aerobic) at (A) 25, (B) 30,
and (C) 37 °C.

Fig. 5 Effect of fermentation type and temperature on the rate of gly-
cerol conversion.

Table 1 Kinetics of glycerol conversion and 1,3-propanediol pro-
duction through different types of fermentation by Saccharomyces cere-
visiae at different temperatures

Type of
fermentation

Temperature
(°C)

Conversion
of glycerol
(wt%)

Rate constant,
k (×10−2 per day)

Yield of
1,3-PDO
(wt%)

Aerobic 25 98.8 25.2 25.4
30 89.0 11.1 1.40
37 100 2.14 1.90

Semi-aerobic 25 76.4 3.24 9.90
30 99.6 2.84 24.4
37 96.4 3.61 32.3

Anaerobic 25 93.6 3.28 42.3
30 87.5 4.03 10.3
37 70.4 8.44 31.2
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concerned with optimizing this value-added product, the
removal of the growth medium should be considered in order
to prevent negative impacts on the yield.58,59

The variation over time in the concentration of the target
product 1,3-propanediol, at the expense of glycerol, is depicted
in Fig. 6. One characteristic inference that can be deduced
from the trend observed in 1,3-propanediol production from
glycerol using S. cerevisiae is that a lower reaction temperature
(25 °C) and the absence of oxygen create optimal conditions
for 1,3-propanediol production (1.86 mM per day). Although
we observed an initial lag period in 1,3-propanediol pro-
duction under anaerobic reaction at 25 °C, its production
increased linearly from day 13 to day 27 and then reached
saturation (50.3 mM, 42.3 wt%). Conversely, the propanediol
yield was suppressed (<4 mM, <2 wt%) when the reaction was
performed in the presence of excess oxygen (aerobic) and at
higher reaction temperatures (>25 °C) (0.04 mM per day at
30 °C; 0.12 mM per day at 37 °C). As stated earlier, under these
reaction conditions, the yeast S. cerevisiae adopts an alternate
metabolic pathway and converts glycerol to organic acids
(mainly acetic and propionic acids).

Wojtusik et al. observed a remarkable impact of reaction
temperature on 1,3-propanediol yield in anaerobic glycerol fer-
mentation by the bacterium Klebsiella oxytoca when the reac-
tion was performed at six different temperatures over the
range of 30–39 °C. The 1,3-propanediol yield was in the range
of 28–34 wt% over the temperature range of 30–38 °C, where a
surprisingly drastic reduction in the yield from 32 to 8 wt%
was observed solely by increasing the reaction temperature
from 38 to 39 °C. This is attributed to the inhibition in the
growth of the microorganism.60 Again, in a study by Rodriguez
et al., the anaerobic glycerol fermentation by bacterium
Shimwellia blattae was performed at four different tempera-
tures over the range of 33–39 °C in order to find the optimum

temperature conditions for this process. Increasing the temp-
erature from 35 to 37 °C caused a 16 wt% increase in 1,3-
propanediol yield (from 46 to 62 wt%), reaching maximum
1,3-propanediol concentration and productivity. Although the
1,3-propanediol yield at 39 °C was similar to that achieved at
37 °C, the productivity was lower at this temperature.56 Thus,
the reaction temperature as well as the fermentation environ-
ment seem to affect microorganism glycerol metabolism and,
consequently, the yield of 1,3-propanediol.

Comparison of biological and chemical catalysts for
1,3-propanediol production from glycerol

Biocatalytic 1,3-propanediol production (fermentation) from
glycerol using different bacterial strains is summarized in
Table 2. Despite the promising reported yields of 1,3-propane-
diol (23–58 wt%), they are still far from the theoretical yield
(72.3 wt%). Although the greatest 1,3-propanediol production
was obtained by K. pneumoniae, the use of this bacterium in
an industrial process is not desirable due to its pathogen-
icity.56,61 Our results from this study using the fungal strain
S. cerevisiae (42.3 wt%) are in line with the data published for
bacterial fermentation. It is important to note that the yeast
cells in this study are not pathogenic and were not sup-
plemented with any other nutrients, and glycerol was used as
the sole carbon source.

In the biological production of 1,3-propanediol from
glycerol, the formation of various by-products (acetic acid,

Fig. 6 Concentrations of 1,3-propanediol produced from different
types of glycerol (0.1 M) fermentation (anaerobic, semi-aerobic, aerobic)
by Saccharomyces cerevisiae (3 g) at different temperatures (25, 30, and
37 °C).

Table 2 1,3-propanediol production from glycerol through biological
method (fermentation)

Type of
fermentation Biocatalyst

Yield of 1,3-
PDO (wt%) Ref.

Batch S. cerevisiae 42.3 This work
C. butyricum DSM5431 46.3 29
C. butyricum VPI3266 47.9 62
C. butyricum 34.0 63
K. pneumoniae 23.0 64
K. pneumoniae 33.0 65
K. pneumoniae 34.0 66
K. pneumoniae DSM2026 43.8 67
H. saccharolyticum 51.2 57
C. viterbensis 57.0 68
C. diolis 32.0 2
K. oxytoca NRRL-B199 31.0 60
H. alvei 45.0 69
S. blattae ATCC33430 49.0 56

Fed-batch C. butyricum VPI3266 57.0 36
C. butyricum DSM5431 56.2 70
C. butyricum mutant 2/2 54.5 70
C. butyricum IK124 54.5 71
C. butyricum AKR102a 51.2 68
C. butyricum VPI1718 55.4 72
C. butyricum VPI1718 54.5 73
K. pneumoniae ME-308 57.8 74
K. pneumoniae ME-303 53.7 75
Engineered E. coli 49.0 46

Continuous K. pneumoniae DSM2026 50.4 76
C. butyricum VPI3266 49.6 62
C. butyricum VPI3266 53.7 77
C. butyricum F2b 55.4 78,79
C. butyricum VPI3266 53.7 72
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lactic acid, ethanol, 2,3-butanediol, succinic acid, formic acid,
etc.) contributes to the reduction of propanediol yield. Taking
into account that microbial growth, production rates, and
product distribution are affected by operational conditions
and media composition, these variables must be optimized in
order to develop a cost-effective bioprocess on the industrial
scale.60 Although the research in this field is getting closer to
finding a cheap, safe, and efficient method of biotechnological
1,3-propanediol production, much still remains to be accom-
plished. Within the cultures used in this study, production
stopped when all glycerol had been consumed. Therefore,
as Przystałowska et al. suggested, supply of glycerol at a pre-
determined rate in fed-batch or continuous fermentation can
increase the productivity.58 Additionally, both fed-batch and
continuous-flow fermentations may help overcome substrate
inhibition.80 Further improvement in productivity may be
achieved by removing the target product 1,3-propanediol from
the fermentation broth.81 Even though the biotechnological
route holds great promise for glycerol conversion to value-
added products, the reaction rates are often slow. Thus, in
order to have a demand-based supply of useful chemicals and
also minimize the risk of large quantities of glycerol being
produced as an industrial by-product, parallel green pathways
for the catalytic conversion of glycerol should be developed.

Recent developments in catalytic glycerol hydrogenolysis
(a chemical method) are summarized in Table 3. Among
various chemical catalysts reported, Pt-sulfated zirconia was
the most effective catalyst for the conversion of glycerol to 1,3-
propanediol (55.6 wt% yield).82 However, the disadvantages of
using a chemical method include the requirements for high
temperature and pressure, the use of expensive chemical cata-
lysts and toxic organic solvents, the production of unwanted
by-products, the release of toxic intermediates, and depen-
dence on non-renewable materials. The use of S. cerevisiae as
a biocatalyst, suggested in this report, has the advantage of

higher glycerol conversion (93.6 wt%) and higher yield of 1,3-
propanediol (42.3 wt%) compared to reported chemical
studies (Table 3). This biological route is particularly appealing
since it utilizes a renewable feedstock, and fermentation reac-
tions occur at a much lower temperature and atmospheric
pressure, with no generation of toxic by-products.

The superior features of the current approach to 1,3-propane-
diol production from glycerol are (i) the biotechnological
conversion of glycerol using a fungal strain, thereby providing
a potentially viable alternative to the existing methods, (ii) the
capability of synthesizing 1,3-propanediol from a renewable
substrate (industrial waste glycerol) through fermentation, (iii)
the simplicity of the methodology and reproducibility of the
results (which were similar for various supermarket yeasts),
(iv) the availability and low cost of instant baker’s yeast
S. cerevisiae, making the 1,3-propanediol a cheap product, (v)
the lack of need for any nutrients to support the S. cerevisiae
fermentation, (vi) S. cerevisiae’s non-restricted applicability in
industrial processes due to the fact that unlike previously uti-
lized bacterial strains, S. cerevisiae is edible and not patho-
genic, and, finally, (vii) the lack of toxic by-products or
requirements for high temperatures, expensive catalysts, or a
high-hydrogen-pressure reduction step that is usually needed
in chemical catalytic processes. Thus, a novel methodology for
optimal and green conversion of glycerol to 1,3-propanediol
has been developed under modest reaction conditions.

Conclusions

The biological conversion of glycerol to 1,3-propanediol has
received attention as it is performed at a low temperature and
atmospheric pressure, avoiding the generation of toxic by-pro-
ducts. To the best of our knowledge, we are the first group to
report that S. cerevisiae can fermentatively metabolize glycerol
to 1,3-propanediol. This report focuses on the development of
an optimized process for the production of 1,3-propanediol
from industrial waste glycerol via different types of fermenta-
tion (aerobic, anaerobic, and semi-aerobic) using instant baker’s
yeast, S. cerevisiae. The highest 1,3-propanediol yield (42.3 wt%)
was achieved under anaerobic fermentation at 25 °C with
93.6 wt% glycerol conversion. Although slower than bacterial fer-
mentation, the ability of S. cerevisiae to directly utilize glycerol
(in the absence of other carbon sources) is itself a significant
finding. 1,3-propanediol production from glycerol is a promising
alternative to traditional methods that use non-renewable fossil-
based resources. Moreover, as finding alternatives to chemical
synthesis remains an important goal, biological synthesis involv-
ing non-pathogenic microorganisms as biocatalysts is a signifi-
cantly promising and innovative green method.
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Table 3 1,3-propanediol production from glycerol through the chemi-
cal method (catalytic hydrogenolysis)

Catalyst

Conversion
of glycerol
(wt%)

Yield of
1,3-PDO
(wt%) Ref.

Rh/C + H2WO4 32.0 4.00 76
Rh-ReOx/SiO2 78.0 10.1 83
Pt/WO3/ZrO2 86.0 24.2 84
Pt/WO3/ZrO2 70.2 32.0 85
Rh-complex catalyst — 21.0 86
ZrO2 46.1 16.6 82
Sulfated ZrO2 53.6 27.3 82
Pt–sulfated ZrO2 62.9 12.3 82
Pt–sulfated ZrO2 66.5 55.6 82
Ru–sulfated ZrO2 83.0 25.7 82
Ni–sulfated ZrO2 51.7 3.00 82
Cu–sulfated ZrO2 50.8 3.20 82
Fe–sulfated ZrO2 51.4 13.8 82
Mn–sulfated ZrO2 56.4 14.5 82
Al–sulfated ZrO2 58.2 15.6 82
Pt/STA/ZrO2 50.2 17.2 82
Pt/STA/ZrO2 48.4 15.4 82
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