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Ethanol and lactic acid production from sugar
and starch wastes by anaerobic acidification

Anaerobic conversion of carbohydrates can generate various end-products. Besides
physical parameters such as pH and temperature, the types of carbohydrate being
fermented influences the fermentation pattern. Under uncontrolled pH, microbial
mixed cultures from activated sludge and anaerobic digester sludge anaerobically
produced ethanol from glucose while producing lactic acid from starch conversion.
This trend was not only observed in batch trials. Also, continuous chemostat op-
eration of anaerobic digester sludge resulted in the reproducible predominance of
ethanol fermentation from glucose solution and lactic acid production from starch.
Different feeding regimes and substrate availability (shock load versus continuous
feeding) in glucose fermentation under non-controlled pH did not affect the ethanol
production as the major end product. Shifts in feed composition from glucose to
starch and vice versa result in an immediate change of fermentation end products

formation.
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1 Introduction

The anaerobic conversion of carbohydrates is important in a
number of different industries for example alcohol and biochem-
ical production, food preservation and food waste conversion to
bioenergy and bio-products. The formation of end-products
generated from carbohydrate fermentation is highly dependent
on several factors including the microorganisms present in the
fermentation reaction, the types of substrate being fermented,
and the environmental conditions applied such as temperature
and alkalinity [1,2]. The carbohydrates in our daily meals typ-
ically consist of starch such as in rice, wheat and potato, and
soluble sugars such as glucose and fructose in fruit. Knowledge
about the effect of the type of glucose versus starch on the out-
come of microbial fermentations can hence be potentially useful
for industrial fermentation systems.

The food wastes (FW) are considered as the main contribu-
tors for municipal solid wastes in the developed as well as de-
veloping worlds, and they reflect a challenge regarding disposal
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problems. Since FW typically contains a significant amount of
carbon and high moisture content, some biological waste treat-
ment technologies can be applied to deal with the issues. The
biological conversion of FW can be done by either composting
or anaerobic processes. Because of the costs of oxygen transfer,
odour emission and other problems, anaerobic digestion is the
preferred process for food waste conversion. Anaerobic digestion
can be carried out as a single process but for food waste con-
version an acid stage step is typically used before the anaerobic
digestion step [3,4].

Since FW contains a significant amount of polysaccharides
including starch and certain oligosaccharides, it can be a promis-
ing raw material for producing valuable products (bioenergy and
bio-products) via fermentation process [5,6]. The anaerobic acid
stage fermentation can produce organic acids, alcohols and hy-
drogen gas as typical fermentation products [6,7]. Some of these
products are considered useful for the subsequent anaerobic di-
gestion while others (e.g. propionic acid) are less desired [8].
However, fermentation end products from anaerobic acid stage
fermentation of food waste carbohydrates can also be useful end
products in their own right, for example ethanol and hydrogen
as potential fuels, or lactic acid (LA) as a precursor for bioplastic
production [9-11].

In anaerobic acid stage fermentation, complex organic ma-
terials are firstly converted to soluble substances such as sugars,
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amino acids and fatty acids via hydrolysis process. This process is
carried out and accelerated by extracellular enzymes. The major
end products generated from the anaerobic acid stage fermen-
tation are volatile fatty acids (VFA), alcohols, and gases (e.g.
hydrogen and carbon dioxide) [12-14]. Two further types of
metabolic pathways that can occur in anaerobic acid stage fer-
mentation include alcohols and mixed acid types [15]. In two-
phase anaerobic digestion process, lactic acid is an intermediate
product that could be generated from the acid stage fermenta-
tion or acidogenesis phase, and it would be converted into VFA
(e.g. acetate and propionate) prior to the formation methane as
the end product [16]. In the anaerobic acid stage fermentation,
2 mol of lactic acid could be produced from the oxidation of
1 mol of glucose. Also, fermentation of 1 mol glucose could
produce 2 mol of ethanol as the end-product.

Since both ethanol and lactic acid are valuable products
that can be generated from fermentation of carbohydrates,
exploring conditions that favour the production of either of
the product is of potential industrial significance. For exam-
ple the development of ethanol producers during lactic acid
production [17], and the contamination of ethanolic fermen-
tations by lactic acid bacteria are well known problems in
the industry [18, 19]. Thus, the questions addressed in this
study are clearly relevant for processes such as anaerobic
acid stage fermentation of wastes, dairy fermentation, techni-
cal lactic acid or ethanol production, and food and beverage
fermentations.

The aim of the current paper is to study the effect of op-
erating conditions and carbohydrate composition on the fer-
mentation end products in both batch and chemostat trials us-
ing generic aerobic (activated sludge) and anaerobic (anaerobic
sewage sludge digester) under uncontrolled pH.

2 Materials and methods
2.1 Anaerobic inocula

The inocula used for this experiment were anaerobic digestion
and activated sludge derived from the Woodman Point and Subi-
aco Wastewater Treatment Plant in Perth city, Western Australia.
These inocula were stored overnight in the fridge at 4°C prior
to the start of the experiments in order to avoid evaporation of
organics [20], and to slow down as well as inactivate microbial
activity in the sludge [21].

2.2 Medium composition

Each substrate loaded into the reactor was mixed with the
medium solution. The medium solution used was composed
of 125 mg/L NaHCO;, 44 mg/L KH,PO,, 160 mg/L NH,Cl,
25 mg/L MgSO,4-7H,0 and 1 g/L Bacto-yeast extract, 1 g/L
Bacto-peptone, 1.25 ml/L of trace element solution, which
contained (g/L): ethylene-diamine-tetra-acetic acid (EDTA)
15, ZnSO,-7H,0 0.43, CoCl,-6H,0 0.24, MnCl,-4H,O 0.99,
CuSO,4-5H,0 0.25, NaMoO,-2H,0 0.22, NiCl,-6H,0O 0.19,
NaSeO,-10H,0 0.21, H;BO, 0.014 and NaWO,-2H,0 0.050.
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2.3 Reactor operation and experimental design

2.3.1 Batch experiment

For batch tests, glass reactors with 80 mL working volume
were used as anaerobic completely mixed batch reactors. The
reactors were sealed with rubber stoppers fitted with sam-
ple ports. The temperature was maintained at 35 + 0.5°C
using automatic thermostatic water bath, and the reactors
were completely mixed using magnetic stirrer at a constant
120 rpm.

2.3.2 Investigation of glucose and starch fermentation in
the mixed culture

To assess as well as compare the nature of anaerobic acid stage
fermentation process of glucose and starch at non-sterile mixed
cultures, investigations were carried out in batch tests. Two re-
actors inoculated with 10% anaerobic sludge, were added with
40 g/L of starch and 40 g/L of glucose. Other two reactors inocu-
lated with 10% activated sludge, were also added with 40 g/L of
starch and 40 g/L of glucose. The starch used for all tests in this
study was a boiled rice flour starch. The rice flour starch was a
commercial rice flour product (88% TS) produced by the Rice
Product Refining Company under the trade name of Erawan Rice
Flour. It consisted of untreated starch with no preservative and
was sold by Erawan Marketing Co., Ltd. (Bangkok, Thailand).
Calculation of the end product results was based on the glucose
equivalent of starch as each gram of starch theoretically can be
converted into 1.11 g of glucose [22].

2.3.3  Fermentation of the mixtures of glucose and starch
To evaluate the effects of different composition of starch and
glucose on the organic end product formation, fermentation of
the mixtures of glucose and starch was carried out in batch sys-
tem. In this test, each reactor was inoculated with 10% anaerobic
sludge. The first reactor was added with the mixture of 50% glu-
cose (20 g/L) and 50% starch (20 g/L), and the second reactor
was loaded with the mixture of 75% glucose (30 g/L) and 25%
starch (10 g/L). The total carbohydrate concentration applied in
was 40 g/L.

2.3.4 Chemostat system

Two cylindrical 300 mL computer controlled glass reactors were
used for the chemostat system. The total working volume of each
reactor was 200 mL. The dimensions of each reactor were 9.5 cm
height and 6 cm diameter. Each reactor was continuously stirred
with 120 rpm and maintained at the temperature of 35 & 0.5°C.
ORP and pH probes were installed to the reactors. The data mea-
sured was recorded into a spreadsheet using a LabJack U12 data
acquisition card and the process control software LabVIEW™
(version7.1 National Instrument). Feeding and wasting was set
up based on the feeding type applied using peristaltic pump
(Master Flex, Console Drive, Model 77201-62, Cole-Parmer
Instrument Company), meaning that feeding as well as wast-
ing was carried out at the same time once the conditions of
the culture meet the particular logic applied in the computer
program.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Engineering
~inLife Sciences
www.els-journal.com

2.3.5 Chemostat process on the acid stage fermentation
of starch and glucose

Two identical reactors were operated in the chemostat system for
acid stage fermentation process with hydraulic retention time
(HRT) of 4 days. The first reactor was fed with 12.5 mL every
6 h indicating that substrate loaded into the bioreactor was four
times a day. The second reactor was fed continuously with the
total flow rate of each reactor at 50 mL/day. The flow rate of
50 mL/day was based on the culture volume of 200 mL divided
by 4 day of HRT. The dilution rate applied in this chemostat
experiment was 0.25 day ™! that was based on the medium flow
rate of 50 mL/day divided by the culture volume of 200 mL. The
main substrate used for starch fermentation in the chemostat
system was starch with the concentration of 40 g/L. Medium
solution along with a 10% anaerobic sludge as inoculum was
used for enhancing the start-up process. No alkaline as well as
acid solution used for controlling pH.

For glucose fermentation in chemostat, the first step carried
out was to feed each reactor with 100 g/L glucose along with
medium solution. Then, the experiment was repeated by reduc-
ing glucose concentration to 5 g/L in order to confirm whether
the same trends also occurred at the low feed glucose concentra-
tion. During this process, pH culture was not maintained; thus,
no alkaline as well as acid solution was used.

2.3.6 Investigation of the swapped feeding method in
the chemostat

Effects of changing substrates feeding on the on-going anaerobic
acid stage fermentation of glucose and starch were investigated
via chemostat tests. Two identical reactors were run at chemostat
system with hydraulic retention time (HRT) of 4 days. Total
flow rate of each reactor was 50 mL/day. The first step, reactor
1 was fed with 100% starch (40 g/L), and reactor 2 was fed
with the mixture of a 50% starch (20 g/L) and 50% glucose
(20 g/L). After two cycle of HRT, reactor 1 was loaded with
100% glucose (40 g/L), and reactor 2 was fed with 100% starch
(40 g/L). Then, after the next 2 cycle of HRT, reactor 1 was fed
again with 100% starch (40 g/L), and reactor 2 was fed with
100% glucose (40 g/L). Prior to closing the sample gas port and
running the process, each reactor was purged with the nitrogen
gas for 5 min to get rid of the oxygen traces. During the process,
pH was not controlled.

2.4 Analytical methods

Samples taken on a daily basis were immediately centrifuged at
15000 rpm for 5 min. The centrates were then filtrated through a
Millex GP with filter unit 0.22 pm Millipore express PES mem-
branes, 150 psi (10 bars) of housing limit. The filtrates were
transferred into 1.5 mL Eppendorf tubes and stored at 5°C up
to 48 h prior to analysis. The fermentation product composi-
tion including VFAs (acetate, propionate, and butyrate), acetone,
ethanol, butanol and lactic acid was analyzed by gas chromatog-
raphy. To 1.2 mL of the standards/samples 300 nL formic acid
(99%) was added. The lactic acid measurement was carried out
by adding 480 uL of periodic acid (100 mM), and 300 L formic
acid (99%) to 720 uL of the standard as well as the sample [23].

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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An Agilent 7820A gas chromatograph (GC) with auto-
sampler, stainless steel injection block, and flame-ionization de-
tector was utilized. Injector and detector (FID) temperatures
were set at 250 and 300°C. Hydrogen and air flow rates at the
FID were 30 and 400 mL/min, respectively. The signal source
from front signal FID generates data with the peak width of
5 Hz/0.04 min. A fused silica capillary column of an Altech
ECONOCAP™ EC-1 was used with the length of 30 m, inside
diameter of 0.25 mm and film thickness of 0.25 wm. Nitrogen
gas was used as the carrier gas with a flow rate of 1.2 mL/min and
at the inlet sample was split 10:1. The injection volume was set at
0.4 nL. The run time was programmed at 11.667 min. The oven
temperature was set as follows: initial temperature 50°C; held for
2 min; temperature ramp 75°C/min to 130°C; held for 5.0 min;
temperature ramp 75°C/min to 250°C; held for 2 min [23].

3 Results

3.1 Characteristics of glucose and starch
fermentation in the mixed culture

In order to test to what extend the type of carbohydrate influ-
ences the behavior of mixed microbial activities, two types of
carbohydrates, sugar (glucose) and starch was added to anaer-
obic and aerobic sludge biomass, respectively (Supporting In-
formation Fig. 1, Table 1). For both microbial cultures the
main end-product from glucose fermentation was ethanol, while
starch fermentation led to lactic acid as the main fermentation
end-product. Because of the relatively low buffer capacity of
1.5 mM NaHCO:; (as alkalinity) the pH in all cultures dropped
from around 7 to 3 within 2 days of incubation (Supporting
Information Fig. 1). Ethanol accumulated to up to 330 mM
from glucose fermentation, while lactic acid never reached more
than 200 mM from starch fermentation. This suggested that
conversion of starch was incomplete, possibly due to only par-
tial hydrolysis of starch or inhibition due to acidification. In
batch culture, independent of the origin of the microbial cul-
ture glucose led to ethanolic and starch to lactic fermentation.
This finding is quite different to the study by Weaver et al. [24]
revealing that glucose or starch fermentation inoculated with
faecal suspension, produced VFAs (acetate, propionate and bu-
tyrate) as the major end product. However, they did not measure
ethanol as well as lactic acid that could be possibly found in their
tests.

3.2 Fermentation of the mixtures of glucose and
starch

In general substrates in food waste fermentation comprise a mix-
ture of glucose and starch. To test whether the above described
trends also occur in the mixtures, a series of batch fermenta-
tion trials using different ratios of glucose and starch were tested
(Fig. 1A and B). Mixtures of 50% starch and 50% glucose led
to lactic acid as the main end product (57%) with significant
amounts of ethanol (30%) produced as the second most abun-
dant end product (Fig. 1). A ratio of 75% glucose and 25%
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Table 1. Anaerobic acidification results among different carbohydrates

Eng. Life Sci. 2018, 18, 635642

Type of Substrate Type of inoculum Type of feeding pH (After 48-h Main Main end-product
substrates concentration incubation) end-product concentration
(g/L) (mmol/L)
Glucose 100 Anaerobic sludge Continuous 4.78 Ethanol 96
100 Anaerobic sludge Shock load 4.99 Ethanol 168.03
5 Anaerobic sludge Continuous 4.88 Acetate 11.58
5 Anaerobic sludge Shock load 5.52 Ethanol 16.51
40 Anaerobic sludge Batch 2.96 Ethanol 297
40 Activated sludge Batch 3.06 Ethanol 289.43
Starch 40 Anaerobic sludge Batch 3.64 Lactic acid 55.77
40 Activated sludge Batch 3.53 Lactic acid 34.2
40 Anaerobic sludge Continuous 4.13 Lactic acid 56
40 Anaerobic sludge Shock load 4.37 Lactic acid 70
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Figure 1. Organic end product formation of batch digester under the different composition of substrates inoculated with anaerobic sludge
as a mixed culture: (A) 50% glucose and 50% starch, (B) 75% glucose and 25% starch. Total carbohydrates used were 40 g/L (222 mM

glucose equivalent).

starch, resulted in approximately equal amounts of lactic acid
and ethanol produced (Fig. 1B). Results suggest that high glucose
concentration in the broth stimulate ethanol producers despite
the fact that lactic acid bacteria also can use glucose to form lactic
acid.
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3.3 Chemostat tests for starch fermentation
The results from batch test showed the tendency of lactic fermen-

tation from starch and ethanolic fermentation from glucose, even
if the substrates were presented as mixtures. However, in many
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real world carbohydrates fermenting systems, such as anaerobic
digesters, and acid stage reactors there is a continuous supply of
food. In order to test to what extend the tested substrates also
encourage the development of a stable culture in continuously
fed operation, the substrates were tested in computer controlled
chemostats inoculated with 10% of anaerobic digester sludge.
Chemostats were operated at hydraulic retention times of 4 days
and operated for 16 days to allow the development of a steady
state enrichment culture.

To test whether the type of feeding regime influences the
development of mixed microbial activities during starch fer-
mentation, continuous feeding, and 6 hourly shocks loads was
applied to the anaerobic digester inoculum (Supporting Infor-
mation Fig. 2, Table 1). Both reactors selected primarily for lactic
acid formation, leading to acidification and pH drops from 7 to
3 (Supporting Information Fig. 2). The lactic acid production
yields were 0.53 and 0.48 mmol/mmol glucose equivalent (0.27
and 0.25 g/g starch) for of shock loads and continuous cultures
respectively. This shows only 25% of starch was converted to the
lactic acid. The low conversion yield could be due to the low
pH in the broth that is known to become inhibitory already at a
pH of around 5 [25,26]. As revealed in batch and chemostat ex-
periments (Supporting Information Fig. 1B, D and Supporting
Information Fig. 2), the hydrolysis of starch was inhibited at low
pH, and thereby would stop fermentation to form metabolites.
This occurred as under acidic condition (pH < 5.0) the activity
of enzymes involved in starch fermentation was limited [26,27]
in which at low pH the activity of amylase to hydrolyse polymeric
carbohydrate into soluble carbohydrate was inhibited, and also
hydrolysis of maltose (the sugar obtained from the digestion
of starch) into glucose by maltase enzyme was hindered under
acidic culture (pH < 5.0) [ [27,28]].

These chemostat trials reaffirmed our batch experimental re-
sults confirming that lactic acid was the main product from
starch fermentation, independent of the different type of feed-
ing regimes. Previous work showed that fermentation of starch
produced VFA and alcohols [29]. The difference could lie in the
pH control (around 4.5) used by the authors. Further, the study
also did not conduct lactic acid analysis that could possibly be
present in their starch fermentation broth as well.

3.4 Chemostat tests for glucose fermentation

The results from batch test showed ethanol as the main end-
product from glucose fermentation. To investigate the effect
of glucose feed on the medium term selection of fermenta-
tive organisms computer controlled chemostats were established.
Long-term glucose fermentation was tested for different feeding
regimes (continuous and 6 hourly shock loads). Results showed
thatboth feeding regimes selected for the development of ethanol
fermenting microbes with ethanol representing more than 95%
of end products. Despite the fact that the pH was even lower
than during lactic fermentation from starch the conversion of
carbohydrate to ethanol was more complete. Ethanol production
yields were higher than for starch with about 1.5 mol ethanol/mol
glucose and productivity was 520 and 400 mmol/(L d) for shock
and continuous loading respectively (Supporting Information
Fig. 3A and B, Table 1).

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results showed that the pH for ethanol fermentation was
lower than lactic acid fermentation. This was due to the fact
that the ethanol producing culture fed with glucose was not
inhibited at low pH (pH<4.0), and the low pH could trigger
the production of ethanol [30]. Therefore, when the ethanol
was continuously produced from the glucose fermenting cul-
ture, other acids such as acetic acid and carbonic acid would
continuously be generated during the anaerobic process in the
closed or batch system as well as continuous operation (Sup-
porting Information Fig. 1, 2B and 3B). Those acids would acid-
ify the culture and contribute to increase proton concentration
in the fermentation broth that may lower pH culture deeper.
This phenomenon was different from the lactic acid fermenta-
tion in which the lactic acid producing culture fed with starch
was inhibited when pH culture dropped from 5.0 to 4.0. This
occurred as starch may not be completely degraded when pH
culture was too acidic [27]. The low pH may prevent the for-
mation of other metabolites or organic acids that may also con-
tribute to increase proton concentration and/or lower pH more
deeply.

A repeat experiment with lower feed glucose (5 g/L) con-
firmed that glucose feed selected for ethanol producing mi-
crobes (Table 1, Supporting Information Fig. 4A and B). The
change of soluble carbohydrate concentration during the fer-
mentation was depicted in Supporting Information Fig. 5. Re-
sults showed that the soluble carbohydrate (5 g/L) was converted
into ethanol (39.3 mM) as the main metabolite, and the left-
over of soluble carbohydrate within 12 h of incubation was 2.44
mM (Supporting Information Fig. S5). Further, results also re-
vealed that during the process, pH in both cultures dropped
from 7 to 3 (Supporting Information Fig. S4A and B). This
indicated that ethanol producers were not suppressed by an
extreme sour condition in the reactor. This is also in agree-
ment with the study by Arroyo-Lopez, et al. [31] finding that
yeast as ethanol producers still can grow at low pH between
2.8 and 3.2 as long as the cells adaptation to the media was
accomplished [32].

3.5 Effect of glucose and starch feeding on the shift
of the end product formation

In order to determine whether the preferred end products
formed in continuous operation was due to the long term devel-
opment of a particular culture (e.g. Lactic acid bacteria versus
yeasts) or due to the carbohydrate type triggering a specific fer-
mentation pathway, step changes in the chemostat operation
were carried out. Two reactors were set up, the first reactor was
initially fed with 100% starch (40 g/L) and the second reactor
initially fed with a 50% starch and 50% glucose (20 g/L each).
As observed before, the trial initially fed with 100% starch
(Fig. 2A), resulted in lactic acid as the major end product ac-
counting for approximately 60% of the total identified organic
compounds. A sudden switch from starch (40 g/L) to glucose
(40 g/L) feed on day 9 caused an immediate change in end prod-
uct formation. Lactic acid dropped significantly from 100 to
40 mM while at the same time ethanol increased from 17 to a
108 mM (Fig. 2A). The lactic acid concentration went back to
over 100 mM on day 13 (Fig. 2A) since lactic acid producers
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Figure 2. Profile of the metabolic shifts under conditions of uncontrolled pH and HRT 4 day with different substrate feeding: (A) started
with starch feed and (B) started with a mixture of starch and glucose feed.

also can use glucose as a readily substrate (monomer or sol-
uble sugar) to form lactic acid as the main end-product. This
phenomenon also could be seen in batch experiment (Fig. 1)
in which the mixture of starch and glucose could stimulate the
lactic acid producers to form lactic acid as the main metabolite.
However, when glucose was fed to the reactor, it would stimulate
the ethanol producers to dominate the fermentation process and
form ethanol as the main metabolite (Fig. 2A). An increase of
glucose concentration in the fermentation broth also could drive
the ethanol producers to outcompete the lactic acid producers
(Fig. 1B) to form ethanol as the end-product.

640

As depicted in Fig. 2A, when the feed was changed back to
starch only on day 17, ethanol production immediately ceased
and the fermentation pattern return to lactic acid dominated
fermentation. In the chemostat that was initially fed with a mix-
ture of 50% starch and 50% glucose (20 g/L each), the reactor
produced a mixture of lactic acid, ethanol, and acetate. Again,
switches to full starch feed and full glucose feed caused an imme-
diate shift towards lactic or ethanolic fermentation, respectively
(Fig. 2B).

The decrease of lactic acid production on day 9 when the feed
was changed from the mixture of starch and glucose into pure

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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starch was due to the fact that the starch cannot be converted
and fermented completely under the acidic culture (Fig. 2B) in
which at this stage pH culture has been lower than 3.0. This re-
sult reaffirmed the previous batch and continuous experiments,
which revealed that starch fermentation was inhibited under the
acidic condition (pH < 4.0) (Supporting Information Fig. 1B
and D, Supporting Information Fig. 2A and B). Even if the con-
centration of lactic acid dropped on day 9, ethanol formation
was still lower than the lactic acid production. This indicated that
the starch fermentation induced the formation of lactic acid as
the main metabolite rather than the ethanol production. These
results suggest that the change in feed triggers a sudden change
in metabolism rather than a gradual change in population.

4 Discussion

Results from this study suggest that the readily available
monosaccharide glucose is effectively used by ethanolic ferment-
ing microbes that possibly out-compete lactic acid bacteria, in
particular at low pH values. Interestingly the trend is reversed
with starch as the feed. It is established that lactic acid bacteria
are effective starch degraders with the essential enzymes amylase
and maltase [33-35], while many yeasts such as Saccharomyces
are not effective starch degraders [36]. Some previous studies
also found that many types of yeast are not able to degrade
starch due to the fact that they are not able to produce extra-
cellular amylase [37]. The results suggest that the extracellular
hydrolysis of starch initiated by lactic bacteria does not free sugars
at sufficiently high concentration in the bulk solution to become
a substrate for ethanolic yeasts. Hence the starch hydrolysis by
bacteria must be in the juxtaposition between cells and insoluble
starch, such that hydrolysed sugars are principally available to
the hydrolysing cells.

Some previous studies reported that lactic acid can be domi-
nant in the undefined mixed culture when high concentrations
of an easily degradable substrate are available [38,39]. The au-
thors found that once the lactic acid is produced it will inhibit all
microorganisms including ethanol and VFA producers since lac-
tic acid bacteria can drive the pH into an extremely low pH and
suppress the growth of other anaerobic microorganisms. How-
ever, our current results revealed that ethanol producers also can
survive at an extremely low pH as long as a high amount of glu-
cose was available in the fermentation broth. A possible reason
for differences in results obtained could be the fact that the au-
thors provided only low concentrations glucose (2-3.5 g/L) and
that pH was controlled between 4.7 to 6.7 [38,39].

5 Concluding remarks

The anaerobic acid stage fermentation under uncontrolled pH
using natural undefined mixed inocula revealed that substrate
containing glucose tended to form ethanol while lactic acid
tended to be formed from starch fermentation. Different feeding
regimes and substrate availability (shock load versus contin-
uous feeding) in glucose fermentation under non-controlled
pH did not affect the ethanol production as the major end
product. Shifts in feed composition from glucose to starch

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and vice versa result in an immediate change of fermenta-
tion patterns. This is of significance in industrial fermentation
systems.
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