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Abstract

Purpose: The aim of this study was to investigate the enhancement of very high gravity (VHG) bioethanol production using
co-substrates of cassava chip hydrolysates and molasses by Kluyveromyces marxianus DMKU-KS07. Methods: The factors
effecting cassava chip hydrolysis by raw starch degrading enzyme (RSDE) from the thermophilic bacterium Laceyella sac-
chari LP175 and commercial glucoamylase were investigated. The obtained raw cassava chip hydrolysate was co-fermented
with molasses by the thermotolerant K. marxianus DMKU-KSO07 at 42°C under nonsterile system. Results: Factors affect-
ing sugar syrup production from raw cassava chips by synergistic hydrolysis and enzyme saccharification were optimized at
temperature, substrate concentration and agitation rate of 50 °C, 250 g/L and 200 rpm, respectively. A yield of 98.6 g/L. was
obtained at 6 h of incubation, equivalent to 45.9% saccharification and 51.4% hydrolysis of starch, respectively. High bioetha-
nol concentration at 118 g/L., with highest productivity of 2.19 g/L/h and ethanol yield (YP/S) at 0.44 g EtOH/g total sugar,
equivalent to 86.3% theoretical yield, was obtained by modified simultaneous saccharification and fermentation (Modified
SSF) with co-fermentation of substrates from the enzymatic hydrolysates of raw cassava chips at 42 °C for 12 h. Subsequent
addition of molasses increased the final concentration to 100 g total sugar/L at 36 h. Conclusions: Co-fermentation of raw
cassava chip hydrolysates with molasses enhanced production of bioethanol at VHG condition, and showed potential for
application in ethanol production by enhancing the fermentation process and reducing energy consumption.
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Abbreviations
DNS  Dinitrosalicylic acid
EtOH Ethanol

Yps Ethanol yield

GA Glucoamylase

OD Optical density

Qp Productivity

Raw starch degrading enzyme

Scanning electron microscope

SSF Simultaneous saccharification and fermentation
Thin layer chromatography

Very high gravity

Statement of Novelty

The novelty and significance of this research involve the
application of raw starch degrading enzyme (RSDE) from L.
sacchari LP175 in the bioethanol production process under
very high gravity (VHG) condition using cassava chips and
molasses as a co-substrate without the high temperature
heating process. Highest bioethanol production was obtained
by fermentation of the thermotolerant yeast Kluyveromyces
marxianus DMKU-KS07 at 42 °C under a non-sterile sys-
tem. The local waste and biomass can be applied for bioetha-
nol production to increase the value of agricultural crops
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through biotechnological processes. This strategy could be
used as an alternative choice to enhance bioethanol produc-
tion at the industrial level with reduced energy consumption
and operational costs.

Introduction

Bioethanol is a clean energy source that reduces CO, emis-
sions by 90% compared to conventional gasoline [1]. Bioeth-
anol is derived from the fermentation of renewable resources
such as cassava, molasses and sugar cane and used as an
alternative biofuel in many countries [2—4].

Very high gravity (VHG) ethanol fermentation is a pro-
cess applied to increase the final ethanol yield and productiv-
ity [4]. VHG fermentation involves the preparation of media
containing at least 25% (w/v) of initial fermentable sugars to
produce ethanol at high concentration (11-15%, v/v) [4, 5].
Application of VHG ethanol fermentation reduces energy use
in downstream distillation processes and subsequently reduces
the amount of wastewater from the distillation processes [5].
However, VHG fermentation requires a yeast strain that can
tolerate high osmotic pressure from the increased concentra-
tion of initial substrate, with ability to withstand high ethanol
accumulation. High osmotic pressure was reported to affect
ethanol fermentation due to loss of cell viability [3, 6]. Udeh
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and Kgatla [7] found that the VHG bioethanol fermentation
process caused the alteration of yeast cellular membrane lipids
and inhibited the function of H*-ATPase activity, thereby
impacting membrane transport systems. To maintain func-
tional living yeast cells in VHG ethanol fermentation requires
studying various factors such as strain of fermentation yeast,
carbon source, nitrogen source, osmoprotectants, and aeration
rate [3, 8, 9].

Cassava is a cheap substrate which is highly suitable for the
production of ethanol under VHG conditions when molasses is
not available [10, 11]. Raw starch degrading enzyme (RSDE)
is applied in the ethanol fermentation process to hydrolyze
starchy materials such cassava starch and cassava chips [12,
13]. Application of RSDE reduces energy consumption and
operational costs since starch granules can be hydrolyzed
below the gelatinization temperature compared to conventional
starch hydrolysis at 80100 °C [14, 15]. Recently, Lomthong
et al. [13] used RSDE produced by Laceyella sacchari LP175
hydrolysis of cassava chips at 50 °C and the obtained sugar
syrup as the substrate for bioethanol fermentation. Trakarnpai-
boon et al. [16] reported that hydrolysis and saccharification of
cassava chips at low temperature (50 °C) without the heating
process promoted bioethanol fermentation by Kluyveromyces
marxianus DMKU-KS07 at 42 °C under non-sterile condi-
tions. Molasses, as a waste product from the sugar industry, are
used as the major substrate for bioethanol production [16, 17].
Molasses contain high contents of sucrose and other nutrients
that are suitable for microbial utilization [17]. Arshad et al.
[18] reported on VHG bioethanol fermentation by S. cerevi-
siae using molasses as a substrate, giving maximum ethanol
production at 122 g/L.. Compared with other substrates, molas-
ses has advantages for production of bioethanol with no need
for pretreatment and saccharification steps [17]. However,
molasses contains high levels of metal ions that inhibit the
activity of microbial metabolic enzymes and reduce the yield
of ethanol production [9, 17]. Phomikhet et al. [19] reported
that calcium ions in molasses precipitated phosphate and mag-
nesium ions that impacted growth of yeast cells and yield of
bioethanol. Therefore, this study evaluated very high gravity
(VHG) bioethanol production using co-substrates of cassava
chip hydrolysates and molasses by Kluyveromyces marxianus
DMKU-KSO07. Moreover, optimal conditions for hydrolysis of
raw cassava chips by RSDE produced from L. sacchari LP175
with commercial glucoamylase (GA) were also investigated.

Materials and Methods
Raw Material and Reagents
Raw cassava chips were obtained from the Cassava and

Starch Technology Research Unit (CSTRU) at Kasetsart
University. Cassava chips were ground to powder using an

electric grinder and stored in the dry until required for use.
Total starch assay (Megazyme International Ireland, Wick-
low, Ireland) and amylose content (Amperometric titration
with potassium iodate solution, [20, 21]) were performed by
the Cassava and Starch Technology Research Unit (CSTRU)
at Kasetsart University. Protein, fat and fiber contents were
determined following the Association of Official Analytical
Chemists methods (AOAC) [22].

Molasses was obtained from the NK Molasses Co.,
Ltd., Nong Khai Province, Thailand and kept at 4 °C until
required for use. Analysis of molasses was performed by
the Overseas Merchandise Inspection Co., Ltd., Bangkok
Laboratory [23].

All analytical grade chemicals and reagents used in this
study including dinitrosalicylic acid (DNS), glucose oxi-
dase reagents, and orcinol staining reagent were provided
by Sigma-Aldrich (USA) and Merck (Germany).

Microorganisms, Inoculum Preparation
and Cultivation

Laceyella sacchari LP175, a potent thermophilic filamen-
tous bacterial strain for production of RSDE, was isolated
from soil in Thailand [24] and kept at the Thailand Institute
of Scientific and Technological Research (TISTR) Bangkok
MIRCEN culture collection as TISTR 2280 [12]. Inoculum
of LP175 strain was grown in a nutrient broth (3 g/L beef
extract, 5 g/L peptone) at 50 °C and 150 rpm for 12 h. After
centrifugation at 5,000 rpm, 4 °C for 10 min the cell pel-
lets were suspended in 0.85% NaCl solution with optical
density (OD) of 0.7 at a wavelength of 600 nm, and used as
inoculum (10% v/v) for enzyme production as described by
Lomthong et al. [12].

Kluyveromyces marxianus DMKU-KS07, a potent bacte-
rial strain for ethanol production at high temperature (42 °C)
was obtained from the culture collection of Prof. Dr. Savitree
Limtong, Department of Microbiology, Faculty of Science,
Kasetsart University. The yeast culture was grown in YM
medium (3 g/L yeast extract, 3 g/L. malt extract, and 5 g/L.
peptone, supplemented with 10 g/L glucose) at 42 °C for
16 h, and used as inoculum (15% v/v) for bioethanol pro-
duction [13].

Enzymes Used for Saccharification of Raw Cassava
Chips

RSDE was conducted in a 10.0 L airlift fermenter using 7.0
L working volume and optimized medium of 4.93 g/L cas-
sava starch, 2.8 g/L yeast extract, 0.5 g/L K,HPO,, 0.5 g/L
MgSO,.7H,0, and 1.0 g/ CaCl, (pH 6.5) [12]. Fermentation
was operated at the optimized conditions (temperature 45 °C
with aeration rate of 0.5 vvm for 36 h) as reported by Lom-
thong et al. [13]. The obtained enzyme was concentrated by a
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Freeze Dryer (OPERON FDU-8624, Korea) and dissolved in
0.1 M phosphate buffer pH 6.5 as the enzyme for hydrolysis
of cassava chips. RSDE produced from L. sacchari LP175 was
reported as a-amylase, which randomly hydrolyses starch to
oligosaccharides, with maltose as the major product. Commer-
cial glucoamylase (GA) was obtained from Dextrozyme® glu-
coamylase, GA (Novozymes, Bagsvaerd, Denmark) and kept
at —20 °C until required for use. GA consecutively hydrolyzed
a-1,4 glycosidic bonds of starch and oligomers to glucose. GA
could synergistically enhance the hydrolysis of cassava starch
with RSDE as reported by Lomthong et al. [13].

Optimization of Cassava Chip Hydrolysis with RSDE
and Commercial GA

The hydrolysis reaction for production of sugar syrup from
cassava chips was investigated using a 50 mL reaction mix-
ture of 0.1 M phosphate buffer (pH 6.5) in a 250 mL Erlen-
meyer flask containing 5.0 g dried cassava chips (equivalent
to 100 g/L), RSDE (660 U/g cassava chips) from L. sacchari
LP175 and commercial GA at 66 U/g substrate [13]. The reac-
tion mixture was incubated in an incubator shaker (150 rpm) at
40-60 °C for 6 h. Cassava chips at 100-300 g/L were applied
to the reaction and incubated at the optimal temperature for
6 h. Optimal shaking speed was investigated at 100-300 rpm
with the optimal temperature and substrate concentration.
Concentrations of reducing sugar and glucose were determined
by the dinitrosalicylic acid (DNS) [25] and glucose oxidase
methods [26], respectively. Percentage of starch hydrolysis or
saccharification was calculated as:

Amount of reducing sugars or glucose released x 0.9 x 100

Initial amount of cassavachips X 0.69

where 0.9 is the molar mass conversion of starch to sug-
ars, and 0.69 is g starch per g dried cassava chip powder,
respectively [13, 27].

A scanning electron microscope (SEM) was used to
study the residue of cassava chip powder after hydroly-
sis with RSDE and commercial GA as described above.
Untreated cassava chips were used as a control. All sam-
ples were determined by SEM (model SU8020; Hitachi,
Tokyo, Japan) at 10.0 kV. Hydrolysis products of cassava
chips at each time interval were qualitatively determined
by thin layer chromatography (TLC) [28]. A silica gel
chromatography plate (Merck, 20 X 20 cm) was used to
determine the solvent mixture of ethyl acetate/2-propanol/
glacial acetic acid/water (4:2:2:1, v/v). The TLC plate was
developed by spraying with a solution of orcinol-sulfuric
acid and heating at 100 °C for 10 min. Glucose, maltose
and maltotriose were used as standards.
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Bioethanol Fermentation

Bioethanol Fermentation Using Molasses as a Sole
Substrate

Molasses fermentation was prepared by dilution to final
total sugars at 250 g/L and then supplemented with
nutrients to obtain a final concentration of 6.0 g/L yeast
extract, 4.0 g/ (NH,),SO,, 2.0 g/L MgSO,, and 8.0 g/L
of KH,PO,, with an initial pH of 5.0 [13]. The fermenta-
tion process was inoculated with 15% v/v of K. marxianus
DMKU-KSO07 and incubated at 42 °C with agitation speed
of 200 rpm for 48 h. A sample was taken every 12 h to
determine reducing sugars and ethanol concentrations.

Bioethanol Fermentation by Modified simultaneous
Saccharification and Fermentation (Modified-SSF) Using
Raw Cassava Chips as the Sole Substrate

A modified SSF process was previously reported by Lom-
thong et al. [13]. The optimal concentration of cassava
chips was hydrolyzed by RSDE produced from L. sacchari
LP175 and commercial GA, at the optimized conditions
from the previous study for 6 h and then cooled to 42 °C.
The obtained hydrolyzed cassava chips were supplemented
with nutrients to obtain a final concentration of 6.0 g/L yeast
extract, 4.0 g/L. (NH,),SO,, 2.0 g/LL MgSO,, and 8.0 g/L
of KH,PO,, with an initial pH of 5.0 as described above.
Then, 15% v/v of K. marxianus DMKU-KS07 was added to
the reaction and incubated at 42 °C with agitation speed of
200 rpm for 48 h. A sample was taken every 12 h to deter-
mine total sugar, reducing sugars and ethanol concentrations.

Bioethanol Fermentation Using Modified SSF
with Co-fermentation of Substrates

Co-fermentation of substrates was investigated by hydrolysis
of cassava chips, using RSDE produced from L. sacchari
LP175 and commercial GA at the optimized conditions as
described above for 6 h, and then cooled to 42 °C. Supple-
mentary any nutrient was added to obtain a final concentra-
tion of 6.0 g/L yeast extract, 4.0 g/L. (NH,),SO,, 2.0 g/L
MgSO,, and 8.0 g/L of KH,PO,, with an initial pH of 5.0 as
described above. Then, 15% v/v of K. marxianus DMKU-
KS07 was added to the reaction and incubated at 42 °C, with
agitation speed of 200 rpm for 12 h. A final concentration
at 100 g total sugar/L of molasses was then added to the
fermentation and further cultivated for 36 h. Samples from
the reaction were taken every 12 h to determine total sugar,
reducing sugars and ethanol concentrations.
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Enzyme Activities Assay

RSDE activity was determined followed the method of
Mitsuiki et al. [29] by analysis of reducing sugars released
during the hydrolysis of raw cassava starch, as previously
described by Lomthong et al. [12]. One unit of RSDE activ-
ity was defined as the amount of enzyme releasing 1 ug of
glucose equivalent per min under standard assay conditions.
Glucoamylase activity was determined by analysis of liber-
ated glucose measured by the glucose oxidase method of
Kingsley and Getchell [30]. One unit of glucoamylase activ-
ity was defined as the amount of enzyme releasing 1 pug of
glucose per min under standard assay conditions.

Analysis of Sugar and Ethanol Contents

The DNS method [25] was used to determine the amount of
reducing sugars released from the hydrolysis of cassava chip
powder. Total sugars were determined by the phenol sulfu-
ric acid assay [31]. Ethanol concentration was analyzed by
gas chromatography (GC4000; GL Sciences, Tokyo, Japan)
using a glass column (Chromosorb 103, 60/80 mesh, ID
3 mm X 3 m; Shinwa Chemical Industries, Kyoto, Japan)
with a flame ionization detector and n-propanol as an inter-
nal standard [13, 32].

Statistical Analysis

All data were analyzed using SPSS for Windows version 23
(SPSS Inc, USA). Differences among the mean values were
tested using the least significant difference multiple range
test, with significance at the p < 0.05 level.

Results and Discussion

Hydrolysis of Cassava Chips with RSDE
and Commercial GA

Cassava chips contained high content of starch (69.28%) as
shown in Table 1. This was a good source for sugar syrup
production at low temperature hydrolysis by RSDE produced
from L. sacchari LP175 and commercial GA without the
heating process.

The optimal temperature for hydrolysis of raw cassava
chips (100 g/L) by RSDE and commercial GA was deter-
mined at 50 °C (Fig. la), yielding 33.6 g/L after incuba-
tion for 6 h, equivalent to 43.8% hydrolysis and 40.4% sac-
charification. Hydrolysis cassava chips at 50 °C will benefit
industrial applications by removing the step for liquefaction
at high temperature (90 °C) as reported by Trakarnpaiboon
et al. [16]. Optimal concentration of cassava chips for maxi-
mum sugar syrup production was determined at 250 g/L.

3687

Table 1 Cherpical composition Component Quantity (%)
of cassava chips

Starch 69.28 +0.20

Protein 3.10+0.02

Fat 0.65+0.01

Fiber 3.86+0.03

Ash 3.46+0.03

Moisture 8.56+0.03

Amylose 17.01+0.02

Values are averages of three
determinations

This gave maximum sugar syrup production at 89.7 g/L
(equivalent to 46.8% hydrolysis and 42.1% saccharification)
as shown in Fig. 1b. At higher cassava chip concentrations
than 250 g/L, the reaction was limited; the substrate swelled
from absorption of enzyme as well as physical inaccessibil-
ity of some starch granules that became entrapped in the
fibrous matrix of the cassava material [16, 33]. Agitation
rate at 200-300 rpm gave similar results for sugar syrup pro-
duction. At 200 rpm, sugar syrup production was 98.6 g/L,
equivalent to 51.4% hydrolysis and 46.0% saccharification
(Fig. 1c). Therefore, optimal conditions for production of
sugar syrup from cassava chips by synergistical hydrolysis
of RSDE produced from L. sacchari LP175 and commercial
GA were 50 °C, substrate concentration at 250 g/L. and shak-
ing at 200 rpm. The time course for hydrolysis of cassava
chips in a 2.0 L stirrer is shown in Fig. 2.

Thin layer chromatography (TLC) revealed that the mixed
enzyme between RSDE from L. sacchari LP175 and com-
mercial GA synergistically hydrolyzed raw cassava chip
powder at 50 °C to glucose as the main product. (Fig. 3).
Lomthong et al. [12] reported that RSDE from L. sacchari
LP175 acted as a-amylase that randomly hydrolyses starch
to oligosaccharides with maltose as the major product. This
explained why addition of commercial GA was required for
saccharification of starch.

SEM images of native cassava chips and chips digested
at 3 h and 6 h are shown in Fig. 4. Native granules of cas-
sava chip powder showed globular shapes (Fig. 4a), while
after digestion by RSDE from L. sacchari LP175, damage
to the granules was observed. Pits formed on the surfaces
and some particles showed loss of granule structure (Fig. 4b,
c). This result confirmed the feasibility of using RSDE and
commercial GA for production of glucose syrup at 50 °C
without the gelatinization process, as compared to the con-
ventional process.

Bioethanol Fermentation

Bioethanol fermentation was investigated separately, fol-
lowing the three processes described in the materials and

@ Springer
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6h

methods sections. Results are summarized in Table 2. In
the first process, molasses was used as the sole substrate at
250 g/L total sugar to obtain VHG ethanol production. Max-
imum ethanol obtained was only 68.0 g/L with productivity
at 1.42 g/L/h. Using molasses as the sole carbon source did
not achieve a high yield of ethanol production, possibly due
to high osmotic pressure of molasses at high concentration
that the yeast strain could not tolerate, as reflected by the low
substrate utilization ability [17-19].

The chemical composition analysis of molasses is shown
in Table 3. The high calcium content (Ca>*) at 7,065.27 mg/
kg and magnesium (Mg”") at 3,246.74 mg/kg may stimulate
growth and ethanol production. Phomikhet et al. [19] deter-
mined Mg>* as a cofactor that activated over 300 different
enzymes, while phosphate substrate is used by microbial
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Fig.2 Time course hydrolysis of cassava chips at optimal conditions
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cells to generate adenosine triphosphate (ATP) energy-
carrying molecules and nucleic acid. However, Ca®* in the
molasses precipitates the phosphate and Mg?* and impacts
growth of yeast cells and yield of bioethanol. Moreover,
Ca”" ions also inhibit invertase activity and reduce ethanol
production [17]. This knowledge explained why an optimal
concentration of molasses in the fermentation process is
required to avoid inhibition from the high content of Ca?*
ions.

In the second process, enzymatic hydrolysis of cassava
chip powder by RSDE and commercial GA was used as the
sole substrate for growth and bioethanol production of the
yeast strain. Fiber content was found at 3.86%, and this was
used as the carrier for cell attachment of the yeast strain
during bioethanol fermentation. Wattanagonniyom et al. [9]
reported that the existence of cassava hydrolysis residue in
the reaction increased the bioethanol fermentation process

RSDE RSDE+GA
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lh 2h 3h 6h 9h 12h 24h G1 G2 G3 1h 2h 3h 6h 9h 12h 24h

Fig.3 TLC chromatogram of cassava chips hydrolysis at by RSDE
and RSDE with commercial GA 50 °C for 24 h G1 glucose, G2 malt-
ose, and G3 maltotriose. (Color figure online)
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Fig.4 Electron micrographs of native cassava chips (a) and digested by RSDE from L. sacchari LP175 with commercial GA at 3 h (b) and 6 h

(©

Table 2 Parameters of ethanol production from molasses and dried cassava chips by K. marxianus DMKU-KS07

Process Hydrolysis

Ethanol fermentation

Overall process

Time (h) Reducing sugars (g/L) Time (h) Ethanol (g/L) Qp (g/L/h) Yps (2 EtOH/g % Theoretical
sugar) ethanol yield
1 - 48 68.0° 1.42° 0.42 82.4
Il 6 1189 48 72.9° 1.35° 0.44 86.3
m 6 98.6 48 118.0° 2.19¢ 0.44 86.3

Ethanol yield of 0.51 g/g sugar is 100% theoretical yield

Different letters within the same column indicate significant difference at p < 0.05

Table 3 Chemical composition analysis of molasses

Component Content Unit Analytical method
Inorganic nutrients
Nitrogen (N) 0.761 % In-house method
OR-217-TM based
on AOAC (2016)
991.20
Phosphorus (P) 0.04 % AOAC (2016) 962.02
Potassium (K) 2.52 % AOAC (2016) 968.08
Magnesium (Mg)  3246.74 mg/kg  AOAC (2016) 999.11
Trace elements
Calcium (Ca) 7065.27 mg/kg
Copper (Cu) 3.515 mg/kg  AOAC (2016) 999.11
Zinc (Zn) 7.87 mg/kg
Manganese (Mn)  76.47 mg/kg
Sugars
Sucrose 31.48 % In-house method
SU-056-TM based
on AOAC (2016)
977.20
Glucose 4.06 %
Fructose 8.14 %
Volatile acid
Citric Acid Not detected % UPLC/PDA
Non-volatile acid
Lactic acid 3.88 % UPLC/PDA

by protecting the yeast cells from various stress conditions.
Maximum ethanol production was 72.9 g/L, equivalent to
1.35 g/L/h, 0.44 g EtOH/g sugar of ethanol yield (Yp/5) and
86.3% of theoretical yield (Fig. 5). High ethanol production
obtained in this process was reflected by high saccharifica-
tion of raw cassava chips, achieved as a result of reduced
feedback inhibition of enzyme activities by released reduc-
ing sugars. Percentage of saccharification from the ethanol
concentration was calculated at 74.6%. This showed the
feasibility of using cassava chips as a substrate for produc-
tion of bioethanol with hydrolysis of RSDE and commercial
GA. However, using cassava chips as the sole carbon source
cannot operate at higher concentration since high viscosity
limits the capacity of mixing in the reaction, as reported by
Trakarnpaiboon et al. [16]. This explained why co-fermen-
tation (substrates) of cassava chip hydrolysis with molasses
was required in this study.

The third process as modified SSF with co-fermentation
of substrates consisted of the hydrolysis of cassava chips for
6 h and subsequent fermentation with K. marxianus DMKU-
KSO07 at 42 °C for 12 h. Then, molasses was added to the
reaction to increase the final concentration to 100 g total
sugars/L. Ethanol production was 118 g/L, productivity (Qp)
of ethanol fermentation was 2.19 g/L/h with 0.44 g EtOH/g
sugar of ethanol yield (Yp/g), equivalent to 86.3% of the the-
oretical yield as shown in Table 2. The time course during
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hydrolysis and fermentation of the two steps of fermenta-
tion strategy is shown in Fig. 6a. K. marxianus is a potent
yeast species for bioethanol production at high temperature
[34] and appropriate for application in processes operated
at high temperature without the cooling process. Recently,
Wau et al. [35] reported the application of K. marxianus K21
for bioethanol production at 40 °C without a cooling system,
by simultaneous saccharification and fermentation (SSF)
using taro waste as substrate, yielding 48.98 g/L equivalent
to 2.23 g/L/h of productivity. In this study, cassava chips
were hydrolyzed by RSDE from L. sacchari LP175 and
commercial GA at 50 °C, with subsequent simultaneous sac-
charification and fermentation using K. marxianus DMKU-
KSO07. Results demonstrated the advantage of K. marxianus
DMKU-KSO07 that converted fermentable sugars from the
reaction to bioethanol, while RSDE and GA still remained to
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Fig.5 Modified simultaneous saccharification and fermentation
(modified-SSF) using raw cassava chips as the sole substrate for
bioethanol production
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Fig.6 Bioethanol fermentation using modified SSF with co-fermen-
tation of cassava chips hydrolysate and molasses; a time course of
bioethanol fermentation, and b scanning electron micrograph of K.
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hydrolyse cassava chips and continuously liberate ferment-
able sugars for fermentation. Bioethanol production from
the different processes was summarized compared to previ-
ous reports as shown in Table 4. Arshad et al. [18] reported
that VHG bioethanol production by the fed-batch fermenta-
tion process by mutant S. cerevisiae using molasses at 40
Brix® as a substrate, yielded 122 g/L ethanol with aeration
of 0.2 vvm. Molasses has been widely used as a substrate
for bioethanol production; however, molasses-based ethanol
relies on the seasonal availability of feedstock, and cassava
has become an important option for bioethanol production
[10]. Arshad et al. [36] reported that the cost of molasses
varied each year and also from season to season and this
impacted the cost of ethanol production. During the last dec-
ade, cassava chips have been used as a substrate for ethanol
production at an industrial scale using the enzymatic lique-
faction process in Thailand, as reported by Sriroth et al. [37],
while Krajang and Chamsart [38] reported that bioethanol
production by cassava starch hydrolysis, using a combination
of cassava starch hydrolysis and fermentation with molas-
ses in a 200-L pilot-scale fermenter, yielded 82 g/L ethanol.
This result supported this research for the development of
bioethanol using cassava chips as a co-substrate with molas-
ses. Lomthong et al. [13] reported that bioethanol fermenta-
tion using cassava chips as the substrate by K. marxianus
DMKU-KSO07 yielded 90.9 g/L, while Trakarnpaiboon et al.
[16] reported that fermentation of cassava chip hydrolysis
by RSDE produced from Rhizopus microsporus with addi-
tion of molasses at the beginning of fermentation, yielded
102.2 g/L with 78% fermentation efficiency. In this study,
modified SSF with co-fermentation under a non-sterile sys-
tem was developed from the modified SSF fermentation pro-
cess as described by Lomthong et al. [13] with co-fermen-
tation substrate as reported by Trakarnpaiboon et al. [16].
Bioethanol yield increased due to reduced inhibition from

Ethanol (g/L)

marxianus DMKU-KSO07 existing in solid residues of cassava chips
after incubation at 42 °C for 48 h. (Color figure online)
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Table4. Bioethanol pro@uction Process Substrate Ethanol yield Reference
from different fermentation (g/L)
processes
Batch fermentation Molasses 87.3 [19]
Fed-Batch fermentation Molasses 122 [18]
SSF Cassava hydrolysate with molasses 82 [38]
Modified SSF Cassava hydrolysate 90.9 [13]
Modified SSF Cassava hydrolysate with molasses 102.2 [16]
Modified SSF Cassava hydrolysate with molasses 118 This study

high concentration of molasses. Wattanagonniyom et al. [9]
prepared sugar syrup from cassava waste pulp by a series of
enzymatic hydrolyses including cellulase at 50 °C for 24 h,
subsequent hydrolysis by a-amylase at 85 °C for 1 h, and
glucoamylase at 60 °C for 3 h. The obtained sugar syrup was
co-fermented with molasses by Saccharomyces cerevisiae
TISTR 5606 (SC 90) at 30 °C, yielding 74.36 g/L.

Scanning electron micrographs of cassava chip residues
with K. marxianus DMKU-KS07 after incubation at 42 °C
for 48 h are shown in Fig. 6b. K. marxianus DMKU-KS07
grew on the hydrolysate residues of the cassava chips by
attaching cells to the filaments of cassava chip hydrolysates.
Wattanagonniyom et al. [9] reported that yeast cells growing
on the hydrolysis residues of agricultural crops and wastes
increased the yield of bioethanol in the reaction because
the hydrolysis residue protected them from shear forces and
osmotic stress. These results indicated that solid residues
from enzymatic hydrolysis could be used as carriers for yeast
cell growth to improve bioethanol production by fermenta-
tion of co-substrates with molasses.

The outcome of this research demonstrated the feasibil-
ity of VHG ethanol production using modified SSF with
co-fermentation of substrates under a non-sterile system.
In terms of cost, this process reduced the energy required
and operational costs for hydrolysis of cassava chips at
high temperature, compared to conventional cassava-based
bioethanol production by about 20% of fuel value for ethanol
processing [15]. Cost of waste treatment generated from the
molasses-based bioethanol production process also reduced.
The modified SSF with co-substrate fermentation of cassava
chip hydrolysates and molasses showed high performance
for application in VHG bioethanol production by reduction
of osmotic pressure under the VHG-modified SSF approach,
supporting the results of Wattanagonniyom et al. [9] and
Puligundla et al. [11].

Conclusion
RSDE from L. sacchari LP175 synergistically hydrolyzed

raw cassava chips with commercial GA via low temperature
hydrolysis and saccharification without the heating process.

Optimal conditions for sugar syrup production were 50 °C,
raw cassava chip powder at 250 g/L and shaking speed at
200 rpm, yielded 98.6 g/L reducing sugar, equivalent to
51.4% hydrolysis. Very high gravity, VHG, bioethanol fer-
mentation by K. marxianus DMKU-KS07 at 42 °C using
co-fermentation of enzymatic cassava chip hydrolysates and
molasses increased yield of bioethanol up to 118 g/L. This
research provided an alternative simplified process for VHG
bioethanol production by co-fermentation of cassava chip
hydrolysates with RSDE from the thermophilic bacterium L.
sacchari LP175 and molasses that reduced energy consump-
tion and operational costs.
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