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Abstract 

Background:  A single-step ethanol production is the combination of raw cassava starch hydrolysis and fermenta-
tion. For the development of raw starch consolidated bioprocessing technologies, this research was to investigate the 
optimum conditions and technical procedures for the production of ethanol from raw cassava starch in a single step. 
It successfully resulted in high yields and productivities of all the experiments from the laboratory, the pilot, through 
the industrial scales. Yields of ethanol concentration are comparable with those in the commercial industries that use 
molasses and hydrolyzed starch as the raw materials.

Results:  Before single-step ethanol production, studies of raw cassava starch hydrolysis by a granular starch hydrolyz-
ing enzyme, StargenTM002, were carefully conducted. It successfully converted 80.19% (w/v) of raw cassava starch to 
glucose at a concentration of 176.41 g/L with a productivity at 2.45 g/L/h when it was pretreated at 60 °C for 1 h with 
0.10% (v/w dry starch basis) of Distillase ASP before hydrolysis. The single-step ethanol production at 34 °C in a 5-L fer-
menter showed that Saccharomyces cerevisiae (Fali, active dry yeast) produced the maximum ethanol concentration, 
pmax at 81.86 g/L (10.37% v/v) with a yield coefficient, Yp/s of 0.43 g/g, a productivity or production rate, rp at 1.14 g/L/h 
and an efficiency, Ef of 75.29%. Scale-up experiments of the single-step ethanol production using this method, from 
the 5-L fermenter to the 200-L fermenter and further to the 3000-L industrial fermenter were successfully achieved 
with essentially good results. The values of pmax, Yp/s, rp, and Ef of the 200-L scale were at 80.85 g/L (10.25% v/v), 
0.42 g/g, 1.12 g/L/h and 74.40%, respectively, and those of the 3000-L scale were at 70.74 g/L (8.97% v/v), 0.38 g/g, 
0.98 g/L/h and 67.56%, respectively. Because of using raw starch, major by-products, i.e., glycerol, lactic acid, and 
acetic acid of all three scales were very low, in ranges of 0.940–1.140, 0.046–0.052, 0.000–0.059 (% w/v), respectively, 
where are less than those values in the industries.
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Background
The “hydrolysis and fermentation” of starch to bioethanol 
is widely employed for the production of biofuel, phar-
maceutical and cosmetic ethanol, potable alcohols, e.g., 
beer, whiskey, other distilled spirits, and other ethanol 
products. The production of fuel ethanol from starch was 
first introduced in the United States at the beginning of 
the twentieth century [1]. Bioethanol is an alternative 
energy source to replace the utilization of those fuels. 
Bioethanol is an attractive alternative fuel because it is 
an eco-friendly renewable bio-based resource contrib-
uting to the reduction of fuel emissions that affect the 
climate change and the negative environmental impacts 
generated by the worldwide utilization of petroleum oil 
[2–4]. Bioethanol is the major source of renewable bio-
fuels with about 110 billion liters (BL) produced in 2019 
[1, 5], mainly obtained from corn starch and sugarcane. 
The bulk of the bioethanol of 59.8 BL in 2019 produced 
in the USA is primarily from corn starch, using about 205 
operational plants [5].

Starch is the first generation (1G) feedstock that is the 
most abundant renewable carbon source and is more 
readily digestible for conversion to biofuels than cellu-
losic second generation (2G) feedstock. However, starchy 
corn gains the lowest ethanol yield per unit area of cul-
tivation when compared to that of other crops. Bioetha-
nol can be produced from various kinds of feedstock. 
However, when ethanol yields per unit area of cultiva-
tions are compared, cassava is the highest potential crop 
to gain the highest yield. Average yields of cassava, sugar 
beet, sweet potato, wheat, sugar cane, rice, sorghum, and 
starchy corn are about 31.25, 56.00, 30.00, 9.00, 62.50, 
7.31, 6.25, and 6.00 MT/ha/year (metric ton/ha/year), 
respectively. Carbohydrate contents (as starch or sugar) 
of those crops are approximately 28.0, 14.0, 24.5, 70.0, 
10.5, 80.0, 70.0, and 70.0 (% w/w), respectively. Theo-
retical yields of bioethanol per unit area of cultivation 
per annum of those crops could be 4.95, 4.44, 4.16, 3.57, 
3.53, 3.31, 2.48, and 2.38 MT/ha/year (tons of ethanol/
ha/year), respectively. They were calculated from a ton of 
starch produces 566 kg of ethanol, and a ton of sucrose 
sugar produces 538 kg of ethanol (see Additional file 1).

Cassava is the major energy crop and one of the renew-
able resources that is utilized for bioethanol production. 
Cassava starch can be used at large scales to produce 

ethanol in tropical countries where Thailand is one of 
the largest cassava producers in the world [6]. The global 
market stood at 6.90 million MT in 2019. It is a renew-
able carbohydrate carbon source and available in very 
abundance. It is cheap (450 US $/MT), clean, non-toxic, 
and widely used as the important feedstock for vari-
ous industrial applications especially for the production 
of ethanol [7]. Therefore, bioethanol production from 
starch has been extensively researching [8] and still need 
more developments for more effective industrial produc-
tions with higher efficiencies.

Our research work is herein pertinent with the “Recent 
Advances” addresses [1] in June 2020 for starch-to-etha-
nol conversion providing a platform for the development 
of raw starch consolidated bioprocessing (CBP) tech-
nologies. Several proof-of-concept studies identified the 
improved enzyme combinations, alternative feedstocks, 
and novel strains [9, 10] for evaluation and application 
under fermentation conditions. In their reviews, differ-
ent CBP approaches were defined, discussed, and also 
highlighted the role of enzymes for supplemented CBP 
processes. Various achievements of amylolytic  Saccha-
romyces cerevisiae  strains [9, 10] for CBP of raw starch 
and the remaining challenges that need to be tackled/ 
pursued to bring yeast raw starch CBP to industrial reali-
zation were described [1]. Most of the advances on raw 
starch CBP have resulted from small batches (50 to 100-
mL volumes) or just bioreactor-scale (1 to 2-L volumes) 
studies and therefore only represent a proof-of-concept. 
However, further research efforts are required before this 
technology can be scaled-up to an industrial level. The 
scale-up of raw starch CBP processes at the industrial 
level remains an important hurdle to progress to com-
mercialization [1].

At present, the conventional large-scale ethanol pro-
duction from starch is a batch process [7] comprises 
three steps: (i) liquefaction by alpha-amylase to reduce 
the viscosity of the starch and to fragment in the starch 
chains to the small-sized fragments, followed by (ii) sac-
charification whereby the liquefied starch is hydrolyzed 
in to fermentable sugar, i.e., glucose using glucoamyl-
ase. Finally, (iii) the glucose is fermented to ethanol by 
yeast cells [11, 12]. In the process to convert starch to 
ethanol, starch granules must be gelatinized and lique-
fied at a high temperature before saccharification and 

Conclusion:  The single-step ethanol production using the combination of raw cassava starch hydrolysis and fermen-
tation of three fermentation scales in this study is practicable and feasible for the scale-up of industrial production of 
ethanol from raw starch.
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fermentation [13]. The conventional enzymatic liquefac-
tion and saccharification of starch have many disadvan-
tages. They require high-energy inputs [14] including 
enormous amounts of steam and efficient water-based 
cooling systems to bring down the temperatures for fer-
mentation [15], thus increasing the production costs of 
starch-based ethanol. Besides the conventional process 
of ethanol production, the simultaneous saccharification 
and fermentation (SSF) process has been widely used 
[16]. After liquefaction, saccharification is performed 
simultaneously with the fermentation. This process uses 
glucoamylase and free cells of yeast at the same time in 
a single fermenter. The advantages of the SSF process 
include the reduction of cost because less equipment and 
fermentation time are required, resulting in higher etha-
nol productivity and profitability [17, 18]. However, SSF 
processes also have significant impacts on energy con-
sumption because liquefaction steps are operated at high 
temperatures.

The conventional starch liquefaction and saccharifica-
tion processes are energy-intensive, complicated, and 
not environmentally friendly. Therefore, the processes 
to reduce high energy consumption are required. If the 
hydrolysis of starch at a gelatinization temperature was 
avoided, the costs of 30–40% due to the high energy con-
sumption of starch-based ethanol in the manufacturing 
process can be saved [19]. The direct hydrolysis of raw 
starch to glucose by raw starch-digesting glucoamylase at 
a low temperature is so-called the “cold process”, which 
significantly simplifies processing and reduces the cost 
of producing starch-based products [20], e.g., bioethanol 
and other bioproducts. The cold process saves on energy 
costs, as well as 40–50% of the total capital and the oper-
ational costs [21].

The literature review of recent research updates is 
addressed here. For bioethanol production based on the 
cold process, large companies developed novel and effi-
cient enzymes for the saccharification of starch at lower 
temperatures. Genencor International Inc. (now DuPont) 
released STARGEN™ and Novozyme released the BPX™ 
for cold processes [1]. S. cerevisiae IR2 was immobilized 
in the reservoir and the system was used for simultane-
ous amylase production, hydrolysis and ethanol pro-
duction from raw cassava starch. The process was very 
stable for more than seven batches providing an etha-
nol concentration of 90  g/L with a yield coefficient of 
0.46 g/g and a productivity of 1.73 g/L/h [22]. A single-
step ethanol production by co-cultures of amylolytic fun-
gus and S. cerevisiae TISTR 5088 was studied. The most 
effective fungus could convert starch at the concentra-
tions of 20% and 25% to fermenting sugar at 115.94 and 
159.72  g/L, respectively. In a co-culture system, ethanol 
at a concentration of 7.37% (w/v) was obtained from 

using cassava starch medium at a concentration of 20% 
(w/v) with 65.11% of theoretical yield (% efficiency) [23]. 
The amylolytic S. cerevisiae  strains displayed improved 
fermentation vigor on raw corn starch and broken rice, 
reaching 97% efficiency and converting 100% of the avail-
able carbon to products within 120 h in small-scale CBP 
fermentations on broken rice [24]. Ethanol at a concen-
tration of 10.22% (w/v) with 78% efficiency was obtained 
from modified SSF using co-fermentation of the enzy-
matic hydrolysate of 300 g raw cassava chips/L with cane 
molasses [25]. The cold hydrolysis of cassava pulp (CP) 
and its use in SSF to produce ethanol were undertaken. 
The cold hydrolysis at 50 °C for 2 h, followed by at 30 °C 
for 72 h gave satisfactory saccharification result. Its fur-
ther SSF yielded ethanol at a concentration of 27.4 g/L, a 
yield coefficient on CP of 0.27 g/g with 57.8% efficiency 
[26]. A single-step ethanol production from raw cassava 
starch by K. marxianus SS106 in 5-L stirred tank fer-
menter by cold hydrolysis process was conducted. Etha-
nol at a concentration of 6.17% w/v with a productivity of 
0.86 g/L/h was obtained [27].

To overcome the high-temperature-cooking fermenta-
tion in the industrial ethanol production from cassava 
starch, a single-step ethanol production process of simul-
taneous raw starch hydrolysis and ethanol fermentation 
in a single fermenter was undertaken in this study. This 
process is not only yeast fermentation, but also includes 
simultaneous hydrolyzation of raw cassava starch at a low 
temperature by the addition of a mixture of raw starch-
digesting enzymes at the initial stage, which significantly 
decreases the energy consumption and the operation 
cost. Moreover, the low-temperature fermentations have 
been conducted at the pilot-plant-scale and industrial-
scale productions without contamination by bacterial 
cells and yielded the fermentation efficiencies similar to 
those of the conventional fermentations. Another advan-
tage of the single-step process is able to maintain a low 
concentration of glucose during fermentation, which 
could decrease the inhibitory effects of glucose on the 
enzyme and yeast activities [11]. This results in minimiz-
ing the major by-products, i.e., glycerol, lactic acid, and 
acetic acid.

The objective of this study is to combine both raw cas-
sava starch hydrolysis and ethanol fermentation in a sin-
gle process step by utilizing the cold enzymes which are 
capable of hydrolyzing raw cassava starch under fermen-
tation conditions. This reduces the complexities of opera-
tions by a combination of raw cassava starch hydrolysis 
and fermentation in a single step and single fermenter. It 
results in saving on high energy consumption, operation 
cost, and time. This study aims to optimize the hydrolysis 
of raw cassava starch by the enzyme StargenTM002 and 
to develop a practicable single-step ethanol production 



Page 4 of 15Krajang et al. Biotechnol Biofuels           (2021) 14:68 

process using raw cassava starch as the raw material at 
the laboratory, the pilot, and the industrial scales.

Results and discussion
The optimization of enzyme StargenTM002 conditions 
for raw cassava starch hydrolysis
Formations and degree of conversions of glucose from 
raw cassava starch hydrolyses by varying concentrations 
of the enzyme StargenTM002, temperatures, and pH 
values, for those optimal values are shown in Table  1. 
Considering the enzyme dosages, it was found that the 
highest glucose concentration was achieved by using 
StargenTM002 at a concentration of 0.30% (v/w ds). A 
200  g/L of raw cassava starch with the enzyme dosage 
at 0.30% (v/w ds) yielded the glucose at a concentration 
of 73.78  g/L with 33.54% (w/w) degree of starch con-
version. In order to assess the effect of temperature on 
raw cassava starch hydrolysis, the hydrolyzations were 
carried out at 30, 35, and 40  °C. There was an increase 
in quantities of glucose released and higher degrees of 
conversion of raw starch to glucose when the tempera-
ture of starch slurry was increased from 30 to 40 °C. The 
hydrolysis at 40  °C gained the highest glucose concen-
tration of 133.27  g/L with 60.58% (w/w) degree of con-
version. Further, pH values of raw starch slurries from 
pH 3.0–7.0 were verified for their effects on raw starch 
hydrolyses. Results showed that glucose concentrations 
and degrees of conversion were increased when pH val-
ues of starch slurry were decreased from 7.0 to 3.0. The 
starch hydrolysis by StargenTM002 at pH 3.0 yielded 

the maximum glucose concentration of 114.39  g/L with 
52% (w/w) degrees of conversion. However, this experi-
ment was concerned that the pH value below 4.0 could 
be a negative effect on yeast cell growth and fermentation 
activities. The pH is one of the most important parame-
ters influencing yeast cell growth and fermentation activ-
ities. Low initial pH values cause chemical stress on yeast 
cells affecting the accumulated biomass loss, the decrease 
in consumption rate of sugar, the decrease in final con-
centration of ethanol, and the increase in final concen-
trations of glycerol [28, 29]. Several studies investigating 
the influence of pH on S. cerevisiae fermentations have 
been published. A pH at 4.5 gave the highest ethanol 
production from S. cerevisiae [30]. A pH below 3.5 led to 
reduce yeast viability and its vigor as well as lower etha-
nol yield [31]. Optimal pH values for yeast growth could 
vary from 4.0 to 6.0, depending on their strains and the 
decrease in ethanol production was observed when the 
initial medium pH was at 3.0 [32]. The pH is considered 
an important factor for survival and growth of yeasts. It 
affects the permeability of the cell membrane and on the 
enzymes that are active in degrading the substrate [33]. 
Therefore, in our further studies, the pH value at 4.0 was 
used as the optimum pH on raw starch hydrolysis and 
ethanol fermentation.

Raw cassava starch pretreatments and hydrolyses
Formations and degrees of conversion of glucose 
from raw cassava starch hydrolyses by enzyme Star-
genTM002 at the optimum conditions for 72  h are 

Table 1  Release of glucose, productivity, and degree of conversion of raw cassava starch to glucose from raw cassava starch 
hydrolyses by StargenTM002 at various enzyme dosages, temperatures, and initial pH values

Statistic comparisons of those mean values within their own columns (among main factors) at p-values ≤ 0.05 show different characters, a, b, c, d, and e, which 
indicate statically significant differences

Main factors Glucose concentration (g/L) Productivity, rp (g/L/h) Degree of conversion 
to glucose (%w/w)

StargenTM002 (% v/w)

 0.1 37.45 ± 5.98c 0.99 ± 0.27c 17.02 ± 2.72c

 0.2 56.56 ± 1.36b 1.18 ± 0.03b 25.71 ± 0.62b

 0.3 73.78 ± 4.18a 1.54 ± 0.09a 33.54 ± 1.90a

 0.4 78.70 ± 1.41a 1.64 ± 0.03a 35.77 ± 0.64a

Temperature (°C)

 30 30.07 ± 0.39c 0.63 ± 0.01c 13.67 ± 0.18c

 35 59.50 ± 5.31b 1.24 ± 0.11b 27.05 ± 2.41b

 40 133.27 ± 7.83a 2.78 ± 0.16a 60.58 ± 3.56a

Initial pH

 3.0 114.39 ± 1.24a 2.38 ± 0.03a 52.00 ± 0.56a

 4.0 96.39 ± 1.03b 2.01 ± 0.02b 43.82 ± 0.47b

 5.0 56.26 ± 1.17c 1.17 ± 0.02c 25.57 ± 0.53c

 6.0 33.10 ± 1.14d 0.69 ± 0.02d 15.04 ± 0.52d

 7.0 16.59 ± 0.36e 0.35 ± 0.01e 7.70 ± 0.16e
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shown in Table  2. It was found that the hydrolysis of 
raw cassava starch at pH 4.0 and 40  °C for 72  h with 
StargenTM002 at a concentration of 0.3% (v/w ds) gen-
erated the glucose at a concentration of 150.83 g/L with 
68.56% (w/w) degree of conversion. This result indi-
cated that it was incomplete hydrolysis. Consequently, 
the pretreatment of raw cassava starch which influences 
the StargenTM002 activity is an interesting strategy for 
increasing the hydrolysis capability.

Table 2 shows glucose concentrations, productivities, 
and degrees of conversion of starch to glucose from 
pretreatments of raw cassava starch by heat, enzyme 
Distillase ASP, or urea, and subsequently followed by 
hydrolyses with StargenTM002 at the optimum condi-
tions. After the raw cassava starch pretreated by heat 
at a sub-gelatinization temperature of 60 °C for 1 h, the 
starch slurry was further hydrolyzed by StargenTM002 
at the optimum conditions. Results showed that sub-
gelatinization temperature pretreatment increased the 
raw cassava starch hydrolysis activity by StargenTM002. 
Compared with the non-pretreatment treatment, the 
heat at 60 °C generated a higher glucose concentration 
of 159.90 g/L with 72.68% (w/w) degree of conversion.

Moreover, the pretreatment of raw cassava starch at 
the sub-gelatinization temperature of 60  °C together 
with Distillase ASP increased glucose formation and its 
degree of conversion. The highest glucose concentra-
tion of 176.41 g/L with a 80.19% (w/w) degree of con-
version was successfully achieved when raw cassava 
starch was pretreated at 60 °C together with 0.10% (v/w 
ds) of Distillase ASP before the step of StargenTM002 
hydrolysis. However, increases in Distillase ASP dos-
ages to 0.20 and 0.30 (% v/w ds) for the pretreatments 
did not significantly increase further raw starch hydro-
lyses by StargenTM002.

On the contrary, the heat pretreatment at 60  °C 
together with Distillase ASP plus urea at the concentra-
tions of 1.0–3.0% (w/w sd) did not significantly affect 
raw cassava starch hydrolyses when compared with the 
pretreatment without urea. This result indicates that 
urea pretreatment does not improve raw cassava starch 
hydrolysis by StargenTM002. This studied result does 
not agree well with [34] who reported that the combina-
tion of urea addition and sub-gelatinization temperature 
pretreatment greatly improved triticale and corn starch 
hydrolyses by breaking hydrogen bonds in starch mol-
ecules. The reason for the difference between this result 
and those of [34] are unclear, but one of the reasons is 
the difference in starch structures of cassava to those of 
triticale and corn.

Morphological and microstructural changes of the 
pretreated and hydrolyzed raw cassava starch granules 
revealed by a scanning electron microscope (SEM) are 
shown in Fig.  1. From SEM micrographs, the surface 
of the pretreated raw cassava starch granules at 60  °C 
together with 0.10% (v/w ds) enzyme Distillase ASP for 
1  h was smooth with few furrows and shallow depres-
sions (Fig.  1a). The hydrolyzation of raw cassava starch 
granules by StargenTM002 for 48 h resulted in the degra-
dation of most starch to glucose fermentable sugar. Many 
large enlarged surface holes were observed on the resid-
ual starch granule (Fig. 1b).

Sub-gelatinization temperature pretreatment would 
allow the starch granules to swell and open up the 
pore on the granule surfaces [14] which increased the 
ability of Distillase ASP to hydrolyze starch granule 
surface resulting to increase surface area for later Star-
genTM002 attack. The raw cassava starch hydrolysis by 
StargenTM002 was initiated from the granule surface 
by size enlargement of existing holes [35]. Moreover, 

Table 2  Release of glucose, productivity, and degree of conversion of starch to glucose from pretreatments of raw cassava starch and 
further hydrolyses by StargenTM002 at optimum conditions for 72 h

Statistic comparisons of those mean values within their own columns (among slurry pretreatments) at p-values ≤ 0.05 show different characters, a, b, c, and d, which 
indicate statically significant differences

Starch slurry pretreatment (1 h) Hydrolysis by StargenTM002 (40 °C, 72 h)

Temperature (°C) Distillase ASP (% 
w/w)

Urea (% w/w) Glucose concentration 
(g/L)

Productivity, rp (g/L/h) Degree of conversion 
to glucose (% w/w)

Non-pretreatment treatment 150.83 ± 1.58d 2.09 ± 0.02d 68.56 ± 0.72d

60 – – 159.90 ± 2.85c 2.22 ± 0.04c 72.68 ± 1.30c

60 0.1 – 176.41 ± 1.52a 2.45 ± 0.02a 80.19 ± 0.69a

60 0.2 – 173.81 ± 2.28a 2.41 ± 0.07a 79.00 ± 1.20a

60 0.3 – 175.93 ± 1.99a 2.44 ± 0.02a 79.97 ± 1.81a

60 0.1 1.0 167.81 ± 1.51b 2.33 ± 0.02b 76.28 ± 0.68b

60 0.1 2.0 171.55 ± 8.09b 2.38 ± 0.11b 77.93 ± 3.68b

60 0.1 3.0 166.47 ± 1.15b 2.31 ± 0.02b 75.67 ± 0.52b
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the roughened surface in hydrolyzed raw cassava starch 
granule might be due to the uneven shortening of amy-
lopectin molecules by the action of amylase enzyme [7]. 
A sub-gelatinization temperature pretreatment causes 
the starch granule to swell and Distillase ASP action later 
increases the starch granules surface, resulting in the 
StargenTM002 to penetrate into the granule more exten-
sively forming pits and channels during hydrolysis. The 
enzyme degraded the external part of the starch gran-
ule by exo-corrosion as holes. These results were also in 
accordance with [34, 36] who reported that enzymatic 
corrosion occurred mainly from the cassava starch gran-
ule surface to the center. The rough surface and corroded 
granules were observed in hydrolyzed heat-treated starch 
compared to hydrolyzed native starch which displayed 
rough surface with limited erosion and fewer holes [14]. 
Enzymes are adsorbed on the surface of starch granule 
and induce holes on the surface where glucose is released 
[37].

Results from the previous study showed uncompleted 
hydrolysis of raw cassava starch by StargenTM002 
(Table 2). The degree of hydrolysis slightly increased after 
washing the residual starch and adding a fresh enzyme 
dosage. No rapid hydrolysis was observed after removing 
the enzyme by washing and adding a new amylase solu-
tion [38]. Therefore, it was assumed that the raw cassava 
starch hydrolysis was uncompleted due to the presence 
of a residue of resistant starch. Using the X-ray diffrac-
tion patterns could differentiate between the native 
and the hydrolyzed starch by detection of the change 
in crystallinity of granular starch. Crystalline types of 
native and hydrolyzed cassava starch were not markedly 
changed. However, the crystalline peak of hydrolyzed 
starch became bigger when compared with that of the 
native starch. The amorphous region of the granule was 
hydrolyzed more extensively than the crystalline region 
[14, 34]. Thus, in this study, the hydrolysis might primar-
ily occur in the amorphous regions of the starch granules. 
When StargenTM002 hydrolyzed the starch granules, 
it could primarily degrade the amorphous regions. The 
crystalline structure might increase the raw cassava 
starch residue.

Single‑step ethanol production in 5‑L laboratory fermenter 
using combination of raw cassava starch hydrolysis 
and fermentation
Single-step ethanol fermentations by S. cerevisiae (Fali) 
were conducted in the 5-L fermenters each contained 4 
L of fermentation medium composed of the pretreated 
raw cassava starch at a concentration of 200 g/L. Enzyme 
StargenTM002 and S. cerevisiae inoculants (Fali active 
dry yeast) were added into the fermentation medium at 
the concentrations of 0.30% (v/w ds) and 0.10% (w/v), 
respectively. To study the effect of temperature on single-
step ethanol production, fermentations were performed 
at 30 and 40  °C, and without temperature control (with 
the initial temperature at 40  °C). Fermenters were agi-
tated at the design speed of 200 rpm for 72 h along with 
the fermentations.

Temperature is one of the most important factors 
that affect ethanol production. Figure 2 shows the effect 
of different temperatures on single-step ethanol pro-
duction. In Fig. 2a to c, based on the results obtained, 
it can be observed that the single-step ethanol fermen-
tation at a temperature of 30  °C led to a final ethanol 
concentration at 70.92  g/L (8.99% v/v). At the non-
control temperature (34 ± 1.0 °C) condition, the highest 
ethanol concentration was obtained at the concentra-
tion of 81.86  g/L (10.37% v/v). For the treatment of a 
temperature increased to 40  °C, it possessed the high-
est fermentation rate at the first 36 h and after that, it 
slightly decreased with increasing time. A final ethanol 

Fig. 1  Scanning electron micrographs: a pretreated raw cassava 
starch granule at a sub-gelatinization temperature of 60 °C with 
Distillase ASP for 1 h and b hydrolyzed raw cassava starch granule by 
StargenTM002 for 48 h
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concentration at 65.78  g/L (8.34% v/v) was obtained 
which was lower than those of the treatments at 30 °C 
and the non-control temperature. This finding is in a 
good agreement with [32] who reported that the rate of 
enzyme catalyzing the reaction in yeast cells increases 
with temperature up to a certain value and then the 
enzyme begins to denature resulting in inhibition of 
yeast activities and consequential decrease in etha-
nol fermentation. Thus a controlled specific optimum 

temperature was essentially required for the single-step 
ethanol production.

The concentration of glucose in fermentation broth 
at the temperature below 40  °C decreased with time as 
the fermentation proceeded normally. In contrast to at 
40  °C, glucose rapidly decreased within the first 36  h, 
after that it could not be utilized by yeast which conse-
quently caused the results of final glucose accumulation 
and lower ethanol in the system.

Although S. cerevisiae growth profiles of all fermen-
tation temperatures tended to approach similar values 
except that at the temperature of 40 °C which was lower 
than those of the 30  °C and non-control temperatures, 
results indicate that increasing the fermentation temper-
ature resulted in decreasing the growth and the ethanol 
production by the yeast. The obtained data clearly show 
the optimum temperature of around 34 °C at which both 
yeast and StargenTM002 work best together. If lower 
than 34 °C, the reaction rate of StargenTM002 declined, 
and if above this value the yeast cell growth and its activi-
ties would be inhibited.

Temperature directly affects metabolism and growth of 
yeast cells. At a wormer temperature, yeast cells show a 
rapid decline in viability at the end of fermentation while 
at an excessively high temperature, enzyme and mem-
brane functions may be disrupted resulting in the stuck 
fermentation [39]. Moreover, heat stress causes a change 
of plasma membrane which reduces levels of plasma 
membrane H+–ATPs and transport systems [40]. High 
temperature showed the inhibitory effect to ethanol 
production. The intracellular ethanol concentration was 
higher than the optimum level. Its accumulation within 
the cells was a consequence of the resistance to its dif-
fusion through cell wall from inside to outside the cells 
[41]. It affects the plasma membrane of yeast cells result-
ing in altered membrane organization and permeability 
[42]. Therefore, during ethanol fermentation, increasing 
both temperature and ethanol concentration together 
acts to a reduction in growth rate, fermentation rate, and 
cell viability. Together both heat and ethanol stress can 
cause reduction of metabolic activity and eventually cell 
death.

In this study, we combined the enzymatic hydrolysis of 
raw cassava starch and ethanol fermentation within a sin-
gle stage. However, the optimum temperature at 40 °C for 
the hydrolysis of raw cassava starch was higher than that 
of the fermentation. The design of operating tempera-
ture for single-step ethanol production was very impor-
tant. As mentioned before, the temperature at 40 °C was 
optimal for enzyme activity but it could reduce metabo-
lism and growth of S. cerevisiae whilst the use of tem-
perature at 30 °C increased the yeast activity, but reduced 
the hydrolytic rate of raw cassava starch. As explained 

Fig. 2  a Ethanol production and sugar utilization; b cell number 
density concentration of S. cerevisiae; c temperature profile, during 
single-step ethanol fermentations at 30, 40 °C, and a non-control 
treatment in 5-L fermenters
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above, the maximum final ethanol concentration (pmax) 
at 81.86  g/L (10.37% v/v) with an ethanol yield coeffi-
cient (Yp/s) of 0.43 g/g, a productivity (rp) at 1.14 g/L/h, 
and an efficiency (Ef ) of 75.29% was obtained under the 
non-control fermentation temperature (34 ± 1.0  °C). 
This result revealed that the single-step ethanol produc-
tion by S. cerevisiae at approximately 34 °C provides the 
best-compromised temperature that enhanced enzyme 
activity and promotes S. cerevisiae to produce ethanol at 
a high concentration.

Furthermore, it was interesting to note that by-prod-
ucts, i.e., glycerol, lactic acid, and acetic acid were very 
low at maximum values of only 1.14, 0.05, and 0.00% 
(w/v), respectively (Table  4). These major by-products 
in ethanol production were almost not produced, when 
using raw cassava starch as the raw material with the sin-
gle-step fermentation. The advantage of this fermentation 
system is that the heat pretreatment at 60 °C for 1 h in the 
early process step reduces acid-producing bacteria con-
tamination resulting in a very low amount of lactic acid 
and without acetic acid. This method also prevents the 
system of single-step ethanol fermentation using raw cas-
sava starch from other microorganisms’ contamination.

Single‑step ethanol productions at pilot and industrial 
scales using the combination of raw cassava starch 
hydrolysis and fermentation
Major objectives of this section were to (i) evaluate the 
potential implementation of the single-step ethanol fer-
mentations at the larger scales; (ii) check the ethanol 
yield and productivity of the single-step fermentations, 
and (iii) identify problems that were not significantly 
noticed at the laboratory scale. According to results in 
laboratory-scale fermentation, further single-step etha-
nol fermentations were conducted in a 200-L pilot and 
in a 3000-L industrial fermenter. After enzyme additions 
and yeast inoculations, single-step ethanol fermentations 
using the combination of raw cassava starch hydrolysis 
and fermentation were operated at the same temperature 
of 34 °C as that of the 5-L fermentation above for 72 h at 
the agitation speeds of 125 rpm for 200-L fermenter and 
55  rpm for 3000-L fermenter. To maintain the designed 
scale-up parameter, i.e., the energy dissipation rate per 
unit mass or power input, 

−

εT of both scales in similarity, 
both different agitation speeds of the two were consumed 
with the equivalent power input, 

−

εT of 0.10 W/kg (Watts/ 
kg of fermentation broth).

The pmax at 80.90  g/L (10.25% v/v) with a Yp/s of 
0.42  g/g, an rp at 1.12  g/L/h and an Ef of 74.40% was 
achieved when the single-step ethanol fermentation 
from raw cassava starch has been scaled-up to the 200-L 
fermenter (Fig.  3a). The pmax of the 200-L fermentation 
was not significantly different from the pmax = 81.86 g/L 

(10.37% v/v) of the 5-L laboratory fermentation. Results 
in the 200-L fermentation indicated that operations, 
conditions, and its performances at this scale-up were 
significantly as effective as those of results obtained in 
the 5-L fermentation. Furthermore, the single-step etha-
nol fermentation in the 3000-L industrial fermenter was 
also studied. In Fig. 3b, it produced the pmax at 70.74 g/L 
(8.97% v/v) with a Yp/s of 0.38 g/g, an rp at 0.98 g/L/h and, 
an Ef of 67.56%. Its performances could be observed that 
there were similar profiles in ethanol production and 
sugar utilization between both scales of fermentations 
(Fig. 3a and b).

A comparison of results obtained at different scales of 
5-L, 200-L, and 3000-L fermentations is shown in Table 3 
and Fig.  3a and b. pmax values of the 5-L and the 200-L 
fermenters were very close together with values at 81.86 
and 80.90 g/L, respectively, corresponding to Yp/s of 0.43 
and 0.42 g/g, rp at 1.14 and 1.12 g/L/h, and Ef of 75.29% 
and 74.40% at both fermentation scales, respectively. 
They were not significantly different at p-value ≤ 0.05. 
However, the pmax of the 3000-L fermentation was at 
70.74 g/L with a Yp/s of 0.38 g/g, an rp at 0.98 g/L/h, and 
an Ef of 67.56%. Differences of those values, i.e., pmax, 

Fig. 3  Ethanol productions and substrate utilizations by single-step 
ethanol fermentations: a 200-L pilot-scale fermenter and b 3000-L 
industrial fermenter
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Yp/s, rp, and Ef of the 5-L and the 200-L fermentation are 
around 10% higher than those of the 3000-L fermenta-
tion. Reasons why the 3000-L fermentation (Fig. 3b) pos-
sessed lower values of pmax, Yp/s, rp, and Ef than those of 
the 5-L (Fig. 2a) and the 200-L fermentation (Fig. 3a) are 
as follows. (i) Initial glucose concentrations from starch 
hydrolyses by StargenTM002 at the start of fermenta-
tions were at 66.30, 54.27, and 36.57 g/L for 5-L, 200-L, 
and 3000-L fermentation, respectively. That of the 3000-L 
fermenter was the lowest. Differences were due to faster 
(in 5 and 20 min) temperature controls to reach at 60 °C 
for raw starch pretreatments at 5-L and 200-L scale fer-
menter other than the 3000-L fermenter that took a 
longer time for ~ 30 min. (ii) Final total sugar concentra-
tions left at the end of those fermentations were at 7.90, 
8.00, and 15.00  g/L, respectively, affected their ethanol 
yields. (iii) They consequently, affected rates of substrate 
utilizations, rs at values of 2.67, 2.67, and 2.57 g/L/h for 
5-L, 200-L, and 3000-L fermentation, respectively.

Concentrations of major by-products, i.e., glycerol, lac-
tic acid, and acetic acid at the end of single-step ethanol 
productions remained very low values at every fermenta-
tion scale (Table 4). Minimum inhibitory concentrations 
of lactic and acetic acid were at 0.80% and 0.05%, respec-
tively [30]. In this research work, concentrations of both 
acid by-products remained lower than those of minimum 
stressful values.

It is clearly shown that at 200-L and 3000-L scales of 
fermentations, values of ethanol content, glucose left, 
glycerol, lactic acid, and acetic acid during single-step 
ethanol productions using the combination of raw cas-
sava starch hydrolysis and fermentation were similar to 
those values obtained at the 5-L laboratory scale. This 
indicated that there were no deviations of those results, 
i.e., pmax, Yp/s, rp, and Ef including minimal by-products 
obtained when the 5-L fermentation was scaled-up to the 
pilot scale, and further to the industrial scale of opera-
tions with around 10% deviation, where is statistically 
acceptable. This proves and supports the scalable poten-
tial and feasibility for the decision to the new route for 
the industrial bioethanol production from raw starch.

Advantages
Advantages of this research work are as follows: (i) the 
production of ethanol from raw starch can be done in a 
single-step of operation without liquefaction at very high 
temperature, and saccharification. (ii) Consequently, 
complexities, times, and costs, of operations can signifi-
cantly be minimized. (iii) As the raw starch is used as the 
substrate, major by-products, i.e., glycerol, lactic acid, 
and acetic acid are essentially minimized. (iv) With high 
concentrations, yields, productivities, and efficiencies of 
ethanol productions at all experimental scales, compara-
ble with those in commercial industries that use molas-
ses and hydrolyzed starch as raw materials, this can be 
implemented in the industries. (v) Using fluid dynamics 
for the design of impellers speeds and operations, the 
lysis reactor for raw starch pretreatment, and the ethanol 
fermenter at every scale can be designed and scaled-up to 
the industries.

Conclusions
The combination of raw cassava starch hydrolysis and 
fermentation is practicable for the single-step ethanol 
production. The granular starch hydrolyzing enzyme 
StargenTM002 showed a high ability for raw cassava 
starch hydrolysis. Under the optimum condition, 68.56% 
(w/w) of raw cassava starch was converted to glucose. 

Table 3  Comparison of ethanol concentrations and kinetic parameters of single-step ethanol productions using combination of raw 
cassava starch hydrolysis and fermentation at different scales of 5-L, 200-L, and 3000-L fermentations by S. cerevisiae for 72 h

Statistic comparisons of those mean values within their own columns (among fermentation scales) at p-values ≤ 0.05 show different characters, a, b, c, and d, which 
indicate statically significant differences

Fermenters Ethanol Conc. (g/L) Ethanol % (v/v) Yp/s, Yield 
coefficient (g/g)

Productivity, rp (g/L/h) Substrate utilization 
rate, rs (g/L/h)

Efficiency (%)

5 L 81.86 ± 1.88a 10.37a 0.43 ± 0.01a 1.14 ± 0.03a 2.67 ± 0.14a 75.29 ± 1.32a

200 L 80.90 ± 0.45a 10.25a 0.42 ± 0.00a 1.12 ± 0.01a 2.67 ± 0.12a 74.40 ± 0.33a

3000 L 70.74 ± 0.56b 8.97b 0.38 ± 0.00b 0.98 ± 0.01b 2.57 ± 0.15b 67.56 ± 0.39b

Table 4  Concentrations of by-products of glycerol, lactic acid, 
and acetic acid from single-step ethanol productions using 
combination of raw cassava starch hydrolysis and fermentation 
at different scales of 5-L, 200-L, and 3000-L fermentations by S. 
cerevisiae for 72 h

No statistic comparisons of those mean values within their own columns 
(among fermentation scales) because those values are very low and less than 
those of the values to inhibit yeast cell growth and affect ethanol yield

Fermentations Glycerol (g/L) Lactic acid (g/L) Acetic acid (g/L)

5-L fermenter 11.39 ± 0.11 0.46 ± 0.00 0.00 ± 0.00

200-L fermenter 11.02 ± 0.03 0.51 ± 0.01 0.23 ± 0.01

3000-L fermenter 9.39 ± 0.07 0.52 ± 0.01 0.59 ± 0.00
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Moreover, the pretreatment of raw cassava starch at 
60 °C for 1 h with Distillase ASP (a blend of glucoamyl-
ase and pullulanase) greatly improved subsequent further 
raw starch hydrolysis by StargenTM002 which converted 
80.19% (w/w) of raw cassava starch to glucose. For eth-
anol production from raw cassava starch, the highest 
ethanol concentration from single-step fermentation 
by S. cerevisiae (Fali, active dry yeast) at 34  °C in a 5-L 
fermenter was achieved. This ethanol was produced at 
the concentration of 81.86 g/L (10.37% v/v) with a yield 
coefficient of 0.43  g/g, a productivity at 1.14  g/L/h, and 
an efficiency of 75.29%. The scale-up from the 5-L labo-
ratory fermenter to the 200-L pilot-scale, and further to 
the 3000-L industrial fermenter was essentially success-
ful. There were no significant differences of those values, 
results, and performances between the 5-L and the 200-L 
fermentation scales. There were little differences of those 
values of the 3000-L scale comparable with the former 
two. These results indicated that the single-step ethanol 
production using the combination of raw cassava starch 
hydrolysis and fermentation can be scaled-up to the 
novel industrial production of bioethanol.

Materials
Microorganism
The manufactured active dry yeast, Saccharomyces cer-
evisiae (Fali), obtained from AB Mauri (Australia), was 
used in this study. This yeast strain could produce the 
maximum ethanol yield exceeding 18% (v/v) or 12% (w/v) 
depending on fermentation procedures. Furthermore, it 
is extremely thermotolerant and it has a wide range of 
fermentation temperatures from 25 to 40  °C. The active 
dry yeast inoculants were re-hydrated in distilled water at 
40 °C for 20 min prior to inoculations into the single-step 
ethanol fermentations.

Materials
Cassava starch of the “Three Elephants” brand was 
obtained from Chorchiwat Industry Co., Ltd (Chon Buri 
province, Thailand) with complements. After manufac-
ture, freshly cassava starch was kept at a dry and cool 
place in the laboratory store. Moisture content and other 
compositions of the cassava starch in this study were 
totally ~ 10 ± 1.00 (% w/w) so that the carbohydrate (fer-
mentable carbon source) is ~ 90 ± 1.00 (% w/w). Its pH 
was 5–7. Cassava starch chemical compositions, i.e., 
carbohydrate, moisture, crude fiber, ash, protein, and fat 
were 90.80 ± 1.22, 7.10 ± 0.10, 1.20 ± 0.00, 0.45 ± 0.22, 
0.32 ± 0.01, and 0.17 ± 0.00 (% w/w), respectively [43].

Commercial enzymes provided by DuPont Indus-
trial Biosciences (previously known as Genencor, A 
Danisco Division) were utilized in this study. They were 
(i) StargenTM002 (granular starch hydrolyzing enzyme, 

containing Aspergillus kawachi α-amylase expressed 
in Trichoderma reesei and glucoamylase from T. reesei) 
and (ii) Distillase ASP (containing a blend of glucoamyl-
ase from Bacillus licheniformis and bacterial pullulanase 
from T. reesei). Properties of these commercial enzymes 
are presented in Table 5.

Methods
Optimization of StargenTM002 conditions for raw cassava 
starch hydrolysis
Volumes of 1-L starch slurry in glass containers, each 
containing 20% (w/v) of raw cassava starch prepared in 
distilled water, were incubated in a water bath at 30 °C for 
48 h, with continuous stirring at 100 rpm using an over-
head stirrer. StargenTM002 was added into raw cassava 
starch slurries at concentrations of 0.10–0.40% (v/w of 
dry starch basis, ds) before starts of hydrolysis.

For the study of temperature effect on raw cassava 
starch hydrolysis, starch slurries were incubated at 
30–40 °C with StargenTM002 at a concentration of 0.10% 
(v/w ds). Effects of pH on raw cassava starch hydrolysis 
were verified from 3.0 to 7.0. Starch slurries at pH 3.0–
4.0 were prepared in sodium acetate buffer and those at 
pH 5.0–7.0 were prepared in potassium phosphate buffer 
before hydrolyses by StargenTM002 at a concentration of 
0.10% (v/w ds).

Raw cassava starch hydrolysis in 15‑L lysis reactor
A 10 L of starch slurry, containing 20% (w/v) of raw cas-
sava starch prepared in sodium acetate buffer at pH 4.0, 
was hydrolyzed by StargenTM002 at a concentration of 
0.30% (v/w ds) in a 15-L lysis reactor at 40 °C and agitated 
at 220 rpm (equivalent to the power input, 

−

εT of 0.10 W/
kg) for 72  h. During hydrolysis, samples of 10  mL were 
withdrawn at every 12-h intervals for analyses. The pH 
value of each sample was adjusted to 1.5–1.6 with 2  M 
HCl solution to stop enzyme activities [14].

Table 5  Characterizations of the commercial enzymes used in 
this study

GAU/g means glucoamylase unit (GAU). One GAU unit, defined by DuPont, is the 
amount of enzyme that will liberate 1 g of reducing sugars calculated as glucose 
per hour from soluble starch substrate under the assay conditions

Commercial enzymes 
(types)

Optimum 
temperature 
(°C)

Optimum pH Activity

StargenTM002 (blend 
of alpha-amylase and 
glucoamylase)

20–40 4.0–4.5 570 GAU/g

Distillase ASP (blend of 
glucoamylase and pul-
lulanase)

58–65 4.0–4.5 580 GAU/g
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Raw cassava starch pretreatments and subsequent 
hydrolysis in 15‑L lysis reactor
The heat pretreatment of cassava starch at its below 
gelatinization temperature before being subjected to 
enzyme hydrolysis can increase the degree of conver-
sion (hydrolysis) of native starch to release free glucose 
molecules [14]. In addition, it was also reported that the 
combination of urea addition and pre-heating treatment 
at a sub-gelatinization temperature greatly facilitated the 
hydrolysis by StargenTM002 [44]. Therefore, in this study, 
the 10 L of starch slurries, containing 20% (w/v) of raw 
cassava starch prepared in sodium acetate buffer at pH 
4.0, were pretreated with heating at 60 °C in the 15-L lysis 
reactors (in-house design and fabrication by our group, 
fit with 2-Ekato Intermig, the high-efficiency impellers 
(Germany) of the diameter, D of 0.115  m, agitating at 
220 rpm ( 

−

εT = 0.10 W/kg) for 1 h. The 10 L of raw starch 
slurries above were pretreated with the additions of (i) 
Distillase ASP at the concentrations of 0.10–0.30% (v/w 
ds) and (ii) urea at the concentrations of 1.0–3.0% (v/w 
ds). After the pretreatments, the raw starch slurries were 
hydrolyzed by StargenTM002 at the concentration of 
0.30% (v/w ds) at 40 °C and stirring at the same speed of 
220 rpm with 

−

εT = 0.10 W/kg for 72 h.

Single‑step ethanol production using combination of raw 
cassava starch hydrolysis and fermentation at different 
temperatures in 5‑L fermenter
In order to study the effect of temperatures on single-step 
ethanol production, fermentations were performed at 
different temperatures of 30, 40 °C, and without tempera-
ture control (with the initial temperature of 40  °C). pH 
values were not controlled, but undergoing with the ini-
tial value at 5.5. They were carried out using 5-L ferment-
ers (Biostat B, B. Braun Biotech International, Germany), 
each fit with 2 Rushton turbine impellers of the diameter, 
D of 0.065 m, operating at the designed agitation speed 
of 200 rpm, equivalent to the power input, 

−

εT of 0.10 W/
kg, for 72 h. 5-L fermenters were contained with 4 L of 
fermentation medium which was composed of 200  g/L 
(18% w/v carbohydrate, based on deduction of 10% (w/v) 
of moisture and other contents) of the pretreated raw 
cassava starch slurry plus 40  g/L (4% w/v) of sugarcane 
molasses containing 50% (w/v) of sucrose to meet the 
total carbon source concentration of 20% (w/v). Inor-
ganic salts, i.e., (NH4)2HPO4, HK2PO4, Na2HPO4, and 
MgSO4.7H2O, were also supplemented into the medium 
at concentrations of 0.1, 1.5, 1.8, and 3.8 g/L, respectively. 
After homogeneous medium mixing, StargenTM002 was 
added at a concentration of 0.30% (v/w ds) and inocu-
lants of re-hydrated active dry yeast, S. cerevisiae Fali, 
were further inoculated into fermenters at a final con-
centration of 1.0 g/L (0.10% w/v). During fermentations, 

samples of 10 mL were withdrawn at every 12 h interval 
for analyses.

Single‑step ethanol production using combination of raw 
cassava starch hydrolysis and fermentation at 200‑L pilot 
and 3000‑L industrial scales
(1) The pilot-scale ethanol fermentation was carefully 
conducted using the 200-L fermenter of 0.50 m diameter, 
T and 1.00 m height, H (in-house design and fabrication 
by our group, fit with 2 Ekato Intermig impellers of the 
diameter, D of 0.30  m, agitating at 125  rpm (equivalent 
to the power input, 

−

εT of 0.10 W/kg). The fermenter was 
contained with 150 L of the fermentation mediump.

(2) The industrial ethanol fermentation was practically 
implemented using the 3000-L fermenter of 1.25 m diam-
eter, T and 2.50  m height, H (industrial design by our 
group and fabrication by Chorchiwat Industry Co., Ltd. 
(CCW)), fit with 2 Ekato Intermig impellers of the diam-
eter, D of 0.85 m, agitating at 55 rpm (equivalent to the 
power input, 

−

εT of 0.10 W/kg). The fermenter was con-
tained with 2100 L of the fermentation mediumI.

The fermentation mediumP and mediumI of both scales 
were definitely the same in compositions and concen-
trations. Like the 5-L medium composition above, they 
were composed of 20% (w/v) of the pretreated raw cas-
sava starch slurry plus 4.0% (w/v) of sugarcane molasses 
containing 50% (w/v) sucrose, and 0.10 g/L (NH4)2HPO4, 
1.50 g/L of HK2PO4, 1.80 g/L of Na2HPO4, and 3.80 g/L 
of MgSO4.7H2O. When mixed well and reached the 
designed set-point temperature at 34  °C and the initial 
pH at 5.5 (after 24  h, pH declined to 4.5 constant) the 
enzyme StargenTM002 was added into the fermenters 
at a concentration of 0.30% (v/w ds) and subsequently 
inoculants of re-hydrated active dry yeast, S. cerevisiae 
Fali, were inoculated at a concentration of 0.10% (w/v). 
Fermentations were performed at the temperature of 
34 ± 1.0 °C for 72 h at designed agitation speeds of each 
fermenter mentioned above. During fermentations, sam-
ples of 10 mL were withdrawn at every 12-h interval for 
further analyses.

Studies of single-step ethanol productions at the 200-L 
pilot-scale and the 3000-L industrial-scale fermenters 
were practically based on principles of scale-up rules: (i) 
geometric similarity where dimensional lengths of all fer-
menter geometries among different fermenter scales were 
designed to maintain the same values; (ii) conditional 
similarity where all optimal conditions, i.e., temperature, 
pH, substrate and enzyme concentrations were imitated 
from the 5-L laboratory research work; (iii) operational 
similarity where a selected key operational method was 
designed. For this work, the power input (energy dissi-
pation rate per unit mass or power input, 

−

εT ) was main-
tained similar (kept constant) with the value of 

−

εT = 0.10 
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(W/kg), thus impeller agitation speeds among different 
scales were empirically calculated (see details below).

Analyses and quantitative methods
Analytical method using HPLC to quantify concentrations 
of glucose, ethanol, and by‑products
The high-performance liquid chromatography (HPLC) 
method was utilized to quantify concentrations of glu-
cose, ethanol, glycerol, lactic acid, and acetic acid in fer-
mentation broth samples by comparisons with standards 
of those known concentration values. The HPLC system 
(KNAUER Smartline, Berlin, Germany) with the refrac-
tive index (RI) detector (Smartline 2300) and with the 
Eurokat H vertex column was used. An eluent solution of 
0.01 N H2SO4 was utilized at a flow rate of 0.8 mL/min. 
Analyses were performed at 60 °C. Samples were diluted 
10 times, filtered through 0.45-µm filters, and injected 
into the column with an amount of 20 µL [27, 45].

Total sugar analysis
Total sugars mean all concentrations of carbon sources, 
i.e., raw starch plus free residual glucose of which raw 
starch in the mixture of fermentation broth was com-
pletely hydrolyzed by acid to release all glucose mol-
ecules, and then glucose from both sources in the same 
mixture was measured as the total sugar or total glu-
cose. The total sugar of cultured samples during fer-
mentation was analyzed by the modified sulfuric acid 
hydrolysis method. Samples of 1  mL in micro-tubes 
were centrifuged at 10× rpm for 10 min. Supernatants of 
0.5 mL were transferred into 20-mL test tubes and then 
2-mL volumes of 2 N H2SO4 solution were added, mixed 
well, and capped. Test tubes with mixtures were boiled 
in a water bath at 95 °C for 30 min. Neutralizations were 
done with the addition of 4 N NaOH and re-centrifuga-
tions were operated to precipitate residues. Supernatants 
were analyzed using the HPLC to quantify concentra-
tions of glucose as the total sugar [27, 45].

Scanning electron microscopy
Photographic characteristics of the pretreated and hydro-
lyzed raw cassava starch granules were observed under 
the SEM (scanning electron microscope, LEO, 1450VP, 
Germany). Samples were mounted on circular alu-
minum stubs with carbon tape, coated with gold, and 
examined in SEM at an accelerating voltage of 10 kV and 
photographed.

Kinetic parameters’ calculations
Starch hydrolyses
The degree of conversion of raw starch to glucose was 
calculated as the percentage of glucose released from the 
raw cassava starch hydrolysis using the equation:

where 1.11 (g/g) is the 1.11 g theoretical (stoichiometric) 
yield of glucose from 1.00  g of starch, calculated from 

n(C6H12O6)
(C6H12O6)n−((n−1)×H2O)

 , where C6H12O6 is the glucose with 
a molecular weight (MW) of 180.156  g/mol; H2O is the 
water with a MW of 18.015 g/mol, and n is the number of 
glucose molecules of glucose and of starch or degree of 
polymerization (Dp). For example, if a starch chain poly-
mer of 1000 glucose molecules was completely hydrolyzed, 
where n = 1000 molecules, then substitute into the above 
term to obtain 1000(180.156)

((180.156)1,000)−((1000−1)×18.015) = 1.11  g/g. 
Although n or Dp values vary, the number of 1.11 g/g is 
still obtained as a constant (see Additional file 2).

Ethanol productions
Three kinetic parameters of ethanol productions were 
calculated using experimental data, i.e., cultivation time, 
t (h), concentration of ethanol, p (g/L), and concentration 
of raw starch carbon substrate used, s (g/L). (i) The yield 
coefficient of ethanol production, Yp/s (g/g) is from Yp/

s=
�p
�s  , where Δp is the ethanol produced (g/L) and Δs is 

the substrate used (g/L), (ii) The productivity or produc-
tion rate of ethanol, rp (g/L/h) is from rp =

dp
dt  . (iii) The 

utilization rate of substrate, rs (g/L/h) is from rs = ds
dt

 . The 
production efficiency, Ef (%) is from Ef= Yp/s

Y ′
p/s
100 , where 

Yp/s is from the experiment (observed value) and Y’p/s is 
from the theoretical yield coefficient or stoichiometry 
[45]. The theoretical yield, Y’p/s of ethanol from starch is 
0.566  g/g, calculated fromY ′

p/s =
1.11a×0.51b

1.0  , where “a” is 
the glucose yield of 1.11 g from 1.00 g of starch as in Eq. 
(1) that has been profoundly explained above, and “b” is 
the theoretical yield (Y’p/s) of ethanol from 1.00 g of glu-
cose, calculated from Y ′

p/s =
2(46.07)
180.156 = 0.51 g/g, where 

molecular weights of ethanol and glucose are 46.07 and 
180.156 g/mol, respectively, and one molecule of glucose 
stoichiometrically produces two molecules of ethanol.

Calculations of designed fermenter impeller speeds
For fluid dynamics in the stirred tank bioreactor [46, 47], 
the power, P (W) is calculated from P = nPoρN 3D5 , 
where n is the number of impellers of 2 for all the 5-L 
fermenter, 15-L lysis reactor, 200 pilot-scale fermenter, 
and 3000-L industrial fermenter. Po is the power num-
ber of 5 (no unit or dimensionless) for one Rushton tur-
bine impeller of the 5-L fermenter and Po of 0.33 for one 
Ekato Intermig (high-efficiency) impeller of every scale, 
i.e., 15-L lysis reactor, 200-L and 3000-L fermenters. ρ is 
the fluid density (kg/m3) of lysis reactor or fermenter. N is 
the impeller speed (rps), and D is the impeller diameter, 

(1)

Degree of conversion (%)

=
Glucose released(g/L)

Raw cassava starch used(g/L)× 1.11(g/g)
100,
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where D of 0.065  m is for the 5-L fermenter, 0.115  m 
is for the 15-L lysis reactor, 0.30 m is for the 200-L fer-
menter, and 0.85 m is for the 3000-L fermenter.

The power input or energy dissipation rate per unit 
mass, 

−

εT (W/kg) is calculated from

 where V is the fluid volume (m3). Thus, designed impel-
ler speeds, N, of the power input of 0.10 (W/kg) are cal-
culated from

Both these kinetic and fluid dynamic parameters from 
the laboratory and the pilot-scale experiment are very 
crucial for the scale-up of further fermentation at the 
industrial scale. That is the foreseen reason why impel-
ler speeds were designed based on the power input rather 
than just the speed in rpm (Table 6).

Statistical analysis
Statistical analyses of each data set from each experi-
ment were undertaken with the one-way analysis of vari-
ance (ANOVA). Differences of treatment mean values 
from three replications (each experiment was done in 
three replicates) were compared with the Tukey’s range 
test method at p-value ≤ 0.05 using the Minitab version 
17 software. Standard errors (± SE) were shown together 
with mean values as error bars in the graph. If the error 
bars of SE in the plots did not  appear, assuming that they 
were smaller than the sizes of legends.
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(2)ε̄T or
P

ρV
=

nPoρN 3D5

ρV
,

(3)N = ((ε̄TV )/(nPoD5))(1/3).
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