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a  b s t r  a  c t

Ethanol production from sweet sorghum juice (SSJ) using the thermotolerant Saccharomyces

cerevisiae strain DBKKUY-53 immobilized in an alginate-loofah matrix (ALM) was success-

fully developed. As found in this study, an ALM with dimensions of 20 × 20 × 5 mm3 is

effective for cell  immobilization due to its compact structure and long-term stability. The

ALM-immobilized cell  system exhibited greater ethanol production efficiency than the freely

suspended cell system. By using a  central composite design (CCD), the  optimum condi-

tions for ethanol production from SSJ by  ALM-immobilized cells were  determined. The

maximum  ethanol concentration and volumetric ethanol productivity obtained using ALM-

immobilized cells under the  optimal conditions were 97.54 g/L and 1.36 g/L h, respectively.

The  use of the  ALM-immobilized cells was successful for at least six consecutive batches

(360  h) without any loss of ethanol production efficiency, suggesting their potential applica-

tion in industrial ethanol production.

©  2018 Sociedade Brasileira de  Microbiologia. Published by  Elsevier Editora Ltda. This is

an  open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

The use of  alternative energy resources has been increas-

ingly replacing the use of petroleum-based fossil fuels

due to a continuously decreasing fossil fuel reservoir and

∗ Corresponding author at: Khon Kaen University, Faculty of Technology, Department of Biotechnology, Khon Kaen, Thailand.

E-mail: portha@kku.ac.th (P. Thanonkeo).

environmental problems caused by the growing consump-

tion of oil and its derivatives.1,2 Bioethanol is  one of

the high-potential alternative fuel energy sources, since

it is clean, renewable, carbon-neutral and environmentally

friendly.3–5 Bioethanol can be produced from various renew-

able resources, such as sugar-based materials (e.g., sugarcane
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molasses, beet molasses), starch-based materials (e.g., cas-

sava, corn, potato), and lignocellulosic-based materials (e.g.,

rice straw, sugarcane bagasse, corn stalk, grass, pineapple

peel). Apart from sugarcane and cassava, sweet sorghum

[(Sorghum bicolor (L.) Moench)] is one of the most promising

alternative energy crops for industrial bioethanol production

in Thailand.6–8 It is considered a  high-potential feedstock for

ethanol fuel production because it has high levels of fer-

mentable sugars, such as  sucrose, glucose and fructose, and

a high yield of green biomass.9 Sweet sorghum is also con-

sidered a high-efficiency energy crop because it requires less

fertilizer and water usage, has a wide adaptability for cultiva-

tion, and has a short growing period of 3–4 months.10,11

Conventional industrial bioethanol production is  gener-

ally carried out using a free-cell system. The free-cell system

has several disadvantages, such as a high operating cost and

a low ethanol productivity.12 To improve ethanol produc-

tion efficiency, cell-immobilization has  been proposed. The

immobilized-cell system has several advantages, such as a

reduced risk of microbial contamination due to high cell densi-

ties and fermentation activity, increased substrate uptake rate,

increased ethanol productivity and yield, prolonged activity

and stability of the cells, the  ability to  recycle the  biocata-

lysts, increased tolerance to a high substrate concentration,

reduced inhibition of end products, protection of the  cells

from inhibitors, easy product recovery, and minimal produc-

tion costs.1,13–17 Several techniques for cell immobilization,

such as adsorption, entrapment, cross-linking, covalent bond-

ing, and encapsulation, have been reported.16 Among these

techniques, entrapment in calcium alginate beads is the most

widely used because it is  easily prepared, inexpensive and

non-toxic.18 However, it  also has some disadvantages, e.g.,

gel degradation, low mechanical strength and severe mass

transfer restriction.14,17 In addition, the complex and sophis-

ticated equipment required for the large-scale preparation of

calcium alginate beads can lead to high production costs.19

Loofah sponge, a lignocellulosic material from the gourd Luffa

cylindrica composed mainly of cellulose (60%), hemicellulose

(30%) and lignin (10%),20 is  considered as one of the most

promising natural carriers for cell immobilization in industrial

ethanol production. Loofah sponge has several advantages,

such as low cost, abundance, chemical stability, high poros-

ity, high surface area and non-toxicity.17 Ganguly et al.21

reported that the structure and shape of loofah sponges

remained unchanged under various pH conditions (1.1–14)

and remained stable in  high temperatures despite repeated

autoclaving at 121 ◦C for 20–40 min. The sponge is  suitable for

cell adhesion because it is composed of highly porous random

lattices of small cross sections.15

In recent years, statistical experimental designs have been

widely used to optimize ethanol production conditions.22–25

These techniques have several advantages, such as  a reduc-

tion in time consumption and a reduction in operating costs

due to fewer experimental units. The interaction between

independent variables can also be evaluated. In addition,

the second order polynomial equation can be used to deter-

mine the optimum conditions.26,27 Many factors, such as the

incubation temperature, the initial yeast cell concentration

and the initial sugar concentration, affect the growth and

ethanol production of free and immobilized yeast cells.1,17

Although there are a  number of studies on ethanol produc-

tion using immobilized cells,15,17,28,29 little is  known about

ethanol production using yeast cells immobilized specifically

within the alginate-loofah matrix (ALM). Therefore, optimiza-

tion of ethanol production from sweet sorghum juice (SSJ)

using yeast cells entrapped in  ALM was performed in  this

study using a central composite design (CCD). The ethanol pro-

duction efficiency during repeated batch fermentation using

ALM-immobilized cells was also examined.

Materials  and  methods

Yeast  strain,  cell  preparation  and  raw  materials

Saccharomyces cerevisiae DBKKUY-53, a high-yield ethanol-

producing thermotolerant yeast strain,7 was  used in this

study. It was cultured in a  yeast extract malt extract (YM)

medium (0.3% yeast extract, 0.3% malt extract, 0.5% peptone

and 1% glucose) at 30 ◦C for 2 days and then stored at 4 ◦C as a

stock culture. For inoculum preparation, a  loopful of the stock

culture was transferred to  100 mL  of the YM broth with an

initial pH of 5.0. The preculture was grown in a  controlled tem-

perature incubator shaker at 30 ◦C and shaken at 150 rpm for

18 h. Then, the  preculture was  transferred into SSJ containing

sugar concentration of 100 g/L and subsequently incubated at

30 ◦C with shaking at 150 rpm for 18 h. The cells were collected

by centrifugation at 5000 rpm for 10 min, washed twice with

0.85% (w/v) NaCl solution, and then resuspended in the same

solution. The resulting cells were used as a starter culture for

cell immobilization and ethanol production.

Concentrated SSJ (75 ◦Bx) obtained from the  Department of

Agronomy, Faculty of Agriculture, Khon Kaen University, Thai-

land, was used as  a  raw material for ethanol production in  this

study. The juice was stored at −18 ◦C until use.

Cell  immobilization

Loofah sponges used in  this work  were purchased from a local

market, Khon Kaen, Thailand. They were cut into small thin

square pieces with different dimensions of 10 × 10 × 5 mm3,

15 × 15 ×  5  mm3 and 20 ×  20  × 5 mm3. S. cerevisiae DBKKUY-

53 was immobilized on the alginate-loofah matrices using

the entrapment method. The starter culture was inoculated

into a  sterile 2% (w/v) sodium alginate solution with an ini-

tial cell concentration of 2 × 109 cells/mL. Sterilized loofah

cubic sponges with different dimensions were immersed in

the alginate-cell solution. Then, the alginate-loofah sponges

were dropped into a  0.1 M CaCl2 solution and gently agitated

for 15 min. The resulting alginate-loofah matrix or ALM was

washed with a sterile distilled water to  remove excess Ca2+

ions and unentrapped cells before being used for ethanol pro-

duction.

Ethanol  production  by  free  and  immobilized  cells  using

various  sizes  of  ALM

SSJ containing sugar concentration of 200 g/L was  added

to a  500-mL air-locked Erlenmeyer flask with a final work-

ing volume of 300 mL  and autoclaved at 110 ◦C for 15 min.6
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Table 1  – Kinetic parameters of ethanol production from sweet sorghum juice by the free and ALM-immobilized cells of S.
cerevisiae DBKKUY-53 at 37 ◦C.

Conditions Kinetic parameters

P (g/L) Qp (g/L h) S (g/L) Yp/s (g/g) T (h)

Free cell 73.64 ± 2.50a 1.53 ± 0.05a 31.69 ± 1.53a 0.44 ± 0.01ab 48

10 mm ×  10 mm immobilized cell 75.14 ± 2.74a 1.57 ± 0.06a 13.94 ± 0.83b 0.45 ± 0.03a 48

15 mm ×  15 mm immobilized cell 76.75 ± 1.11a 1.60 ± 0.02a 14.82 ± 1.94b 0.39 ± 0.01bc 48

20 mm ×  20 mm immobilized cell 76.46 ± 1.63a 1.59 ± 0.03a 12.67 ± 0.28b 0.38 ± 0.01c 48

P, ethanol concentration; Qp,  ethanol productivity; S, residual sugar concentration; Yp/s, ethanol yield; and t, fermentation time.  Mean values ± SD

with different letters in the same column  are significantly different at  p  < 0.05 based on  DMRT analysis.

Ethanol production was  carried out by transferring the

free cells and the cells immobilized in loofah sponges of

various dimensions into sterile SSJ with an initial cell con-

centration of 1 × 107 cells/mL.30 The flasks were statically

incubated at 37 ◦C in a  controlled temperature incubator. Dur-

ing ethanol fermentation, samples were withdrawn at certain

time intervals, and cells, sugar and ethanol concentrations

were determined.

Optimization  of  ethanol  production  conditions  during

fermentation  by  ALM-immobilized  cells  using  a  central

composite  design  (CCD)

Based on a review of the  literature,6,7,14,18 three factors, namely

the inoculum size, the  initial sugar concentration and the

incubation temperature, were selected as parameters for the

optimization of ethanol fermentation using a CCD. The codes

and actual values of the independent factors for the CCD are

shown in additional information section, Table 1.  The relation-

ship between the code and actual values is described by the

following equation:

Xi =
(Xi − X0)

�X
, i = 1, 2, . .  ., k (1)

where Xi is a coded value of the variable; Xi is the actual value

of the variable; X0 is the actual value of the variables at the

center point; and �X is the step change of the variable.

The experimental data were explained by a  second order

polynomial function as  follows:

Y = ˇ0 +

∑
ˇ

i
Xi +

∑
ˇiiX

2
i +

∑
ˇijXiXj,  i  = 1, 2, .  . .,  k  (2)

where Y is the predicted response; Xi and  Xj represent

the independent variables; ˇ0 is a  constant term; ˇi rep-

resents the linear coefficients; ˇii represents the squared

coefficients; and ˇij represents the cross product coeffi-

cients.

The Design-Expert 7.0 Demo version (STAT EASE

Inc., Minneapolis, USA) was used for the  experimental

designs and regression analysis. An analysis of variance

(ANOVA) was used to estimate the  statistically significant

parameters. The quality of the quadratic model equation

was expressed as the coefficient of determination (R2).

The validation experiment was  conducted using opti-

mized conditions determined from the response surface

plots.

Ethanol  production  by  repeated  batch  fermentation

Repeated batch fermentation was performed in a 500-mL air-

locked Erlenmeyer flask with a final working volume of 300 mL.

The fermentation conditions were based on the optimiza-

tion results obtained from the CCD, as previously described.

The flasks were statically incubated for 60 h, the fermentation

broth was  withdrawn at 50% of the working volume at the

end of each batch, and the cells, sugar and ethanol concen-

trations were analyzed. Fresh fermentation medium (150  mL)

was added to  the flasks for subsequent batch fermentation.8

Analytical  methods

The viable yeast cell numbers were determined by a  direct

counting method using a  haemacytometer with methylene

blue staining technique.31 For immobilized cells, 10 g of

wet ALM-immobilized cells were dissolved in  0.05 M sodium

citrate buffer as described by Bangrak et al.,17 After the loofah

sponge was removed, viable cells were determined using

methylene blue staining as mentioned earlier.31 The fermen-

tation broth was centrifuged at 12,000 rpm for 10 min, and

the supernatant was then analyzed for total sugar concen-

trations using the phenol-sulphuric acid method.32 The total

soluble solids of the  fermentation broth were estimated using

hand-held refractometer.31 The ethanol concentration (P, g/L)

was analyzed by gas chromatography (Shimadzu GC-14B,

Japan) using a  polyethylene glycol (PEG-20M)-packed column

with a flame ionization detector. The temperatures for the

injector, detector and column oven were 180 ◦C, 250 ◦C and

150 ◦C,  respectively. Nitrogen was used as a  carrier gas, and

2-propanol was used as an internal standard.6 The pressure

of nitrogen gas  was controlled at 200 kPa. The volumetric

ethanol productivity (Qp, g/L h) was calculated by the follow-

ing equation: Qp = P/t, where P  is the ethanol concentration

(g/L), and t is  the fermentation time (h), giving the greatest

ethanol concentration. The ethanol yield (Yp/s)  was  calculated

as the actual ethanol produced and was expressed as gram

ethanol per gram sugar utilized (g/g). The ethanol fermenta-

tion efficiency (Ey,  %) was  calculated by the following equation:

Ey = ((Yp/s)/0.511) × 100, where Yp/s is the ethanol yield (g/g), and

0.511 is the theoretical maximum ethanol yield per unit of

glucose from glycolytic fermentation (g/g).

The Scanning Electron Microscope (SEM, Hitachi model S-

3000N, Tokyo, Japan) was used to visualize characteristic of

the immobilized cells. The immobilized cells were frozen in

vacuum freeze-dried machine (CHAIST, Germany), then they
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Table 2 – The central composite design (CCD) matrix for ethanol production from sweet sorghum juice by  the
ALM-immobilized cells of S. cerevisiae DBKKUY-53.

Runs Inoculum (%)  Sugar concentration (g/L) Temperature (◦C)  P (g/L) Qp (g/L h) Yp/s (g/g)

1 10.0 260 37.5 83.13 1.73 0.42

2 10.0 260 37.5 79.71 1.66 0.44

3 10.0 201 37.5 84.03 1.75 0.49

4 7.0 295 33.0 96.64 1.61 0.45

5 13.0 295 42.0 44.85 0.75 0.46

6 10.0 260 37.5 77.01 1.60 0.43

7 7.0 225 42.0 50.15  1.04 0.43

8 10.0 260 37.5 81.35 1.69 0.44

9 13.0 225 33.0 96.43 1.61 0.48

10 5.0 260 37.5 81.58 1.36 0.43

11 7.0 295 42.0 25.71 0.54 0.39

12 10.0 319 37.5 78.04 1.30 0.41

13 10.0 260 45.0 24.36 0.51 0.39

14 13.0 295 33.0 99.70 1.66 0.45

15 10.0 260 30.0 93.84 1.30 0.43

16 7.0 225 33.0 95.39 1.59 0.45

17 10.0 260 37.5 85.98 1.79 0.45

18 13.0 225 42.0 49.86 1.04 0.42

19 15.0 260 37.5 86.06 1.79 0.42

P, ethanol concentration; Qp, ethanol productivity; Yp/s, ethanol yield; Ey,  ethanol fermentation efficiency.

were sputtered with gold (EMITECH model K500X, Kent, UK)

and photographed.

Results

Ethanol  production  using  free-  and  ALM-immobilized  cell

systems

The results of the ethanol production at relatively high tem-

perature (37 ◦C) from SSJ containing 200 g/L of sugar using

free cells and cells immobilized in loofah sponges of different

dimensions are  summarized in Table 1. The ethanol concen-

trations and volumetric ethanol productivities produced by

both the free and the ALM-immobilized cells were not sig-

nificantly different. This might be due to  the fact that the

initial living cell concentrations of both freely suspended cells

and immobilized cells were similar. It should be noted from

the current study that cells in  the ALM-immobilized system

could utilize higher amount of sugars than that in  the free-

cell system, resulting in less residual sugar concentration in

the fermentation broth. As a  result, the ALM-immobilized

cells exhibited slightly higher ethanol concentrations and

volumetric ethanol productivities than the free cells. The

highest ethanol concentration (76.46–76.75 g/L) and volumet-

ric ethanol productivity (1.59–1.60 g/L h)  were achieved by the

ALM-immobilized cells with a dimension of 15 ×  15  × 5 mm3

and 20 × 20 × 5 mm3,  which were approximately 3.87% and

4.08% greater than those of the free cells, respectively. With

respect to  the ethanol yield, the free-cell system exhibited

slightly higher ethanol yield than the ALM-immobilized sys-

tem. The cell concentrations during ethanol fermentation

were determined. As observed in this study, the initial living

cell concentration of freely suspended cells in the fermen-

tation broth was  1.68 × 107 cells/mL, then it was enumerated

and reached the concentration of 1.37 ×  108 cells/mL at the

end of fermentation (48 h). On the other hand, the initial

living cell concentrations of ALM-immobilized cells in dif-

ferent dimensions of loofah sponges were similar, ranging

from 1 × 107 to 1.16 × 107 cells/mL. It should be noted from

this study that the freely suspended cells were observed

apart from the  immobilized cells in  the ALM-immobilized

cells system, resulting in the total living cell concentrations

of 8.85 × 107 to 9.38 × 107 cells/mL after 48  h of fermentation,

which was slightly lower than that of the free cells sys-

tem (Additional information section, Table 2). According to

the results demonstrated in Table 1 and additional infor-

mation section, Table 2,  it was plausible that both freely

suspended cells and immobilized cells contributed in the con-

version of sugar into ethanol in the ALM-immobilized cell

system.

It should be noted that the ethanol concentra-

tions and volumetric ethanol productivities obtained

from the ALM-immobilized cells in 15  × 15 × 5 mm3 and

20 × 20 ×  5  mm3 loofah sponges were not significantly differ-

ent (Table 1). Because the ALM-immobilized cell system using

20 × 20 ×  5  mm3 loofah sponges exhibited more  compact

structure and its preparation was also easier than the cell

system using the 15 × 15 ×  5 mm3 loofah sponges, it was

selected as the system for further experiments.

Optimization  of  ethanol  production  conditions  during

fermentation  by  ALM-immobilized  cells  using  a  central

composite  design  (CCD)

The optimum levels of the inoculum size, the  initial sugar

concentration and the incubation temperature during ethanol

production from SSJ by ALM-immobilized cells were evaluated

using a CCD via the Design expert software. The experimen-

tal design matrices along with the response variables (ethanol

concentration and ethanol productivity) are summarized in

Table 2.  The ethanol concentrations measured in 19  experi-
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Table 3 – Kinetic parameters of repeated batch ethanol production from sweet sorghum juice by the ALM-immobilized
cells of S. cerevisiae DBKKUY-53.

Batch P (g/L) Qp (g/L h) Yp/s (g/g)  X0 (cells/cm3)

1 82.54 ±  0.60 1.38 ± 0.02 0.40 ± 0.01 1.40 × 107

2 84.75 ±  0.87 1.41 ± 0.01 0.44 ± 0.01 6.04 × 107

3 82.29 ±  1.08 1.37 ± 0.02 0.42 ± 0.02 5.68 × 107

4 81.50 ±  1.16 1.36 ± 0.06 0.40 ± 0.01 4.84 × 107

5 80.63 ±  1.15 1.34 ± 0.10 0.42 ± 0.02 3.06 × 107

6 82.80 ±  1.27 1.38 ± 0.12 0.43 ± 0.00 2.87 × 107

P, ethanol concentration; Qp, ethanol productivity; Yp/s, ethanol yield; X0, initial living cell concentration in each  batch.

ments ranged from 24.36 to  99.70 g/L with the ethanol yields

ranging from 0.39 to 0.49 g/g. The predicted values of the

ethanol concentrations in this study were ranged from 15.71 to

100.31 g/L (data not shown). A regression analysis was applied

to the experimental data shown in Table 2,  and the second-

order polynomial equation (3) for the prediction of ethanol

concentration (P, g/L) as  a  function of the process parameters

including the inoculum size (A, %), initial sugar concentration

(B, g/L), and incubation temperature (C, ◦C), was  as  follows:

P (g/L) = +82.39 + 2.22A − 2.61B − 24.37C  +  3.08AB +

2.71AC − 4.29BC − 0.34A2
− 1.35B2

−  9.08C2 (3)

The relatively high coefficient of determination (R2)  of the

regression of  the above model (0.9698) indicates that 96.98%

of the ethanol concentration could be explained by the  estab-

lished model. The p-value of the lack-of-fit test was above 0.05

(0.0891), suggesting that the model is reliable. The statistical

significance of the regression model of ethanol concentration

was evaluated by ANOVA, and the results are summarized

in additional information section, Table 3.  In this study, the

established model was found to be highly significant because

the p-value of the experiment was less than 0.05. These

results indicated that the incubation temperature (C) and the

quadratic terms of the incubation temperature (C2) had sig-

nificant effects on the ethanol concentration compared with

other process parameters.

The 3-D response surface plots (Fig. 1A) showing the effects

of the process parameters on ethanol concentration were gen-

erated using the  data in Eq. (3). Generally, the response surface

plots can be used to  explain the interaction between two pro-

cess parameters when another process parameter is  fixed

at a central level. Based on the response surface plots, the

optimum levels of the process parameters needed to obtain

the maximum ethanol concentration can be determined.9 As

shown in Fig. 1A, increasing the inoculum size increases the

ethanol concentration. On the other hand, the ethanol con-

centration decreases when the initial sugar concentrations

and the incubation temperatures are increased.

The regression and the response surface analyses were

also evaluated to study the effects of inoculum size, initial

sugar concentration and incubation temperature on ethanol

productivity. As  shown in Table 2, the actual ethanol pro-

ductivities measured in 19 experiments ranged from 0.51 to

1.79 g/L h, which are reliably close to the predicted values of

0.32–1.76 g/L h. To develop a  quadratic polynomial regression

model and a second-order polynomial equation (4) for the pre-

diction of the final ethanol productivity (Qp,  g/L h) as a function

of the process parameters, including the inoculum size (A, %),

the initial sugar concentration (B, g/L), and incubation tem-

perature (C, ◦C), the ethanol productivities provided in Table 2

were used, and the prediction equation was  as  follows:

Qp (g/L h)  =  +1.71 + 0.073A −  0.011B −  0.32C + 0.030AB +

0.017AC −  0.11BC −  0.065A2
− 0.085B2

− 0.30C2 (4)

The results of the ANOVA shown in additional information

section, Table 4 revealed that this model was highly signifi-

cant. In addition, the linear terms of the sugar concentration

(B), incubation temperature (C), the  interaction between sugar

concentration and incubation temperature (BC), the quadratic

terms of the sugar concentration (B2) and incubation temper-

ature (C2)  were also significant. The R2 value of the regression

(0.9512) suggests that 95.12% of the  variability in the response

could be explained by this model. The p-value of “lack-of-fit

tests” (0.0644) was  not significant. These results clearly indi-

cate that the model is reliable.

The 3-D response surface plots showing the effects of

various parameters on ethanol productivity are illustrated

in Fig. 1B.  The results indicate that ethanol productivity

increases when the inoculum size is increased. On the other

hand, the  ethanol productivity decreases when the initial

sugar concentrations and the incubation temperatures are

increased.

Repeated experiments were performed to  verify the pre-

dicted optimum values. The final optimum values of the

parameters from the repeated experiments were as follows:

an  inoculum size of 11.05%, an initial sugar concentration

of 277.06 g/L, and an incubation temperature of 33.55 ◦C.  A

maximum ethanol concentration and a  volumetric ethanol

productivity of 97.54 g/L and 1.36 g/L h, respectively, were

obtained from the ALM-immobilized cell system under these

optimum conditions (Fig. 2). The actual ethanol concentration

obtained in this study is reliably close to the predicted value

(97.76 g/L), whereas that of a  volumetric ethanol productiv-

ity is slightly different from the predicted value (1.76 g/L h). It

should be noted from the current study that high levels of sug-

ars and total soluble solid remained in  the fermentation broth.

This might be due to the negative effects of high concentra-

tions of sugar and ethanol on growth and metabolic processes

in yeast cells.15 By the way, the results of this study demon-

strate that response surface methodology based on the CCD
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Fig. 1 – The 3-D  response surface plots showing the effects of various parameters on ethanol concentration (A) and ethanol

productivity (B)  by the ALM-immobilized cells of S.  cerevisiae DBKKUY-53.

Table 4 – Comparison of repeated-batch ethanol production by the ALM-immobilized cells of thermotolerant yeast S.
cerevisiae DBKKUY-53 and other immobilized cell systems.

Strain C-source Carrier P (g/L)a Qp (g/L h)a Yp/s (g/g)a References

S. cerevisiae Glucose and

sucrose

Sorghum bagasse 96 (13 batches)

100 (21  batches)

NA  0.48 Yu et al.35

S. cerevisiae NP 01 Sweet sorghum

juice

Fresh  sorghum

stalk

99.28 (8 batches) 1.36 0.47 Ariyajaroenwong

et al.34

S. cerevisiae M30 Palm sugar Thin-shell silk

cocoon

81.9 (5 batches) 1.71 0.45 Rattanapan et  al.1

S. cerevisiae IR2  Sugar beet juice Loofah sponge 76 (3 batches) NA 0.39 Ogbonna et al.28

S. cerevisiae M30 Cane molasses Alginate-loofah-

matrix

(ALM)

81.4 (3 batches) NA 0.43 Phisalaphong et  al.15

S. cerevisiae Glucose

Sucrose

Chitosan-cover

calcium  alginate

30.7 (8 batches)

31.8 (8 batches)

NA

NA

0.31

0.34

Duarte  et al.36

S. cerevisiae

DBKKU Y-53

Sweet sorghum

juice

Alginate-loofah-

matrix

(ALM)

82.4  (6 batches) 1.37 0.42 This study

S0, initial sugar concentration; P, ethanol concentration; Qp, ethanol productivity; Yp/s, ethanol yield; NA, not available.
a Average  values.
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Fig. 2 – Verification experiments of ethanol production from sweet sorghum juice using the ALM-immobilized cells of S.

cerevisiae DBKKUY-53. The fermentation conditions used in this experiment were based on the CCD results, as follows: an

inoculum size of 11.05%, an initial sugar concentration of 277.06 g/L and an incubation temperature of 33.55 ◦C. �:  ethanol,

�: total soluble solids, �: total residual sugar, �: pH.

model is a powerful tool to determine the optimum values of

the individual variables and the maximum response values as

also described by Dong et al.33

Ethanol  production  by  repeated  batch  fermentation

Ethanol production from SSJ by repeated batch fermenta-

tion for six cycles using the ALM-immobilized cells of the

thermotolerant S. cerevisiae strain DBKKUY-53 was evaluated.

The time profile of repeated batch ethanol production by the

ALM-immobilized cells is  shown in Fig. 3, and the main fer-

mentation parameters are summarized in Table 3. Overall,

the almost constant ethanol concentrations and volumet-

ric ethanol productivities, ranging from 80.63 to 84.75 g/L

and from 1.34 to 1.41 g/L h,  respectively, suggest that the

ALM-immobilized cells are stable throughout the  entire oper-

ation. Although a  longer period of fermentation may  be

needed to determine the long-term stability of the ALM-

immobilized cell system, repeated fermentation had to be

ceased after six cycles due to a  limited amount of SSJ. A previ-

ous study by Ogbonna et al.19 reported that cells immobilized

on loofah sponges were stable after more  than 35 cycles of

repeated batch fermentation and more  than 500 h of contin-

uous ethanol production using either sucrose or molasses as

raw materials.

Fig. 4 shows the  yeast cells adsorbed on the inner and outer

surfaces and in the micro-porous structure of the ALM. The

number of yeast cells at the end of the  repeated batch fer-

mentation (360 h) increased as compared to the initial time of

fermentation.

A comparative analysis between repeated batch ethanol

fermentation by ALM-immobilized cells of the thermotoler-

ant yeast S. cerevisiae DBKKUY-53 and other immobilized cell

systems reported in the literature was illustrated (Table 4).

The ethanol concentration, volumetric ethanol productivity

and ethanol yield produced by the ALM-immobilized cells of

S. cerevisiae DBKKUY-53 were comparable to those reported by

Rattanapan et  al.,1 Phisalaphong et al.15 and Ogbonna et  al.28

However, the ethanol concentration, volumetric ethanol pro-

ductivity and ethanol yield obtained in this study were lower

than those reported by Ariyajaroenwong et al.34 and Yu et al.35

This might be due to the differences in yeast strains and car-

riers used for cell immobilization. On the other hand, lower

levels of ethanol concentrations and ethanol yields using

immobilized cells system have also been reported. For exam-

ple, Duarte et al.36 reported the ethanol concentration of

30.7 g/L with the ethanol yield of 0.31 g/g from glucose and

31.8 g/L with the ethanol yield of 0.34 g/g from sucrose using S.

cerevisiae immobilized in chitosan-covered calcium alginate.

In this system, chitosan acted as a  barrier to substrate and

products, resulting in the low substrate consumption and

ethanol production rate.

Discussion

Cell-immobilization has been proposed as one of the fer-

mentation approaches to improve the ethanol production

efficiency since it provides several advantages, such as  pro-

longed activity and stability of the cells, the ability to recycle

the biocatalysts, increased tolerance to a  high substrate con-

centration, and easy product recovery.1,13–17 In this study,

S. cerevisiae DBKKUY-53 was successfully immobilized in  the

ALM, one of the  most promising natural carriers for cell immo-

bilization, and its ethanol fermentation activities using SSJ

as  a raw material were determined. Although the ethanol

production efficiencies in terms of ethanol concentrations

and volumetric ethanol productivities between the ALM-

immobilized cells and the free cells were not significantly

different, the ethanol concentrations and volumetric ethanol

productivities produced by the ALM-immobilized cells were

slightly higher than those of the free cells. The residual sugar

concentrations in the fermentation broth of the  immobilized

cell cultures were also less than those in  the broth of the

free cell cultures (Table 1). Considering the cell number in this
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Fig. 3 – Time profile of repeated batch ethanol production

from sweet sorghum juice by the ALM-immobilized cells of

S. cerevisiae DBKKUY-53. �: ethanol concentration, �:

residual sugar concentration, �: total soluble solid, �: pH.

study, the ALM-immobilized cells exhibited slightly lower cell

number than the free cells. These findings demonstrated that

the immobilized cell cultures exhibited higher ethanol fer-

mentation activity than the free cell cultures. One possibility is

that the matrix of carriers may protect yeast cells from stress

conditions such as  high temperature or high ethanol concen-

tration during fermentation, allowing them to perform better

fermentation activity than the free cells.15 With respect to the

ethanol yield in the current study, the  ALM-immobilized cells

exhibited slightly lower ethanol yield than the free cells. This

might be due to the fact that the immobilized cell cultures

utilized sugars not only for ethanol production but also for

synthesis of other metabolizes such as  saturated fatty acids,

glycerol or  trehalose, which are involved in  the ethanol tol-

erance of yeast cells under stress conditions.35 To clarify this

hypothesis, further investigation is needed.

It should be noted that the utilization of sugars by the ALM-

immobilized cells was not restricted with the carrier system,

suggested that the diffusion of the substrates was not pre-

vented by the carriers, which were highly porous and thus,

facilitated the mass transfer of the system. The results of the

current study were in good agreement with those reported by

Phisalaphong et al.,15 Pacheco et  al.37 and Le et al.38

There are several factors influencing the ethanol produc-

tion efficiency6,7,14,18;  however, in this study, only three major

factors including the inoculum size, the  initial sugar con-

centration and the incubation temperature were focused. As

found in  this study, increasing the inoculum size resulted in

the increases of the ethanol concentration, which was sim-

ilar with that reported by Nuanpeng et al.7 On the contrary,

the ethanol concentration and ethanol productivity decrease

when the  initial sugar concentrations and the incubation tem-

peratures are increased (Fig. 1). This might be due to the

negative effects of high sugar concentrations and high incu-

bation temperatures on growth, cell viability and metabolic

processes in yeast cells. Bai et al.39 and Ozmichi and Kargi40

reported that high sugar concentrations caused negative

effects on cell viability and morphology due to an  increase in

the osmotic pressure, leading to a reduction in the  cell biomass

and ethanol production efficiency. Likewise, it has  also been

reported that relatively high temperature conditions cause a

modification of plasma membrane fluidity and a  reduction in

the effectiveness of the plasma membrane, resulting in the

leakage of essential cofactors and coenzymes required for

the activity of enzymes involved in glucose metabolism and

ethanol production.41 Relatively high temperature conditions

have also been reported to  cause a  denaturation of cellular pro-

teins, leading to  the reduction of cell growth and fermentation

activity.42

It should be noted from the experimental using CCD model

that the maximum ethanol concentration and volumetric

ethanol productivity were derived from different fermentation

conditions. In this study, a  maximum ethanol concentration

was achieved from run 14  with the conditions as follows; 13%

inoculum size, 295 g/L sugar concentration and 33 ◦C, while a

maximum volumetric ethanol productivity was achieved from

run 19  with the conditions as  follows; 15% inoculum size,

260 g/L sugar concentration and 37.5 ◦C. There is a  correlation

between the  inoculum size, the  initial sugar concentration and

the incubation temperature on the  volumetric ethanol produc-
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A B

C D
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Fig. 4 – SEM image of the ALM-immobilized cells in loofah sponges with a dimension of 20 mm × 20 mm.  (A) Pure loofah

sponge; (B) alginate-loofah sponge (without yeast cells); (C) yeast cells incorporated on the outer surface of the ALM; (D)

yeast cells incorporated on the inner surface of the ALM; (E) ALM-immobilized cells at 0 h, and (F) ALM-immobilized cells at

360 h after fermentation. The white and black arrowheads indicate the yeast cells and loofah sponge, respectively.

tivity. It clearly indicated from this study that increasing the

inoculum size and incubation temperatures resulted in the

increases of the volumetric ethanol productivity. On the other

hand, the volumetric ethanol productivity decreases when the

initial sugar concentrations increased.

Based on the CCD model, the optimal conditions for

ethanol production from SSJ using the ALM-immobilized

cells were obtained in the current study. In order to ver-

ify the predicted optimal values of the individual variables

from CCD results, repeated ethanol fermentation was  per-

formed (Fig. 2). Although the actual ethanol concentration

(97.54 g/L) obtained in this experiment was  relatively close to

the predicted value (97.76 g/L), the actual volumetric ethanol

productivity (1.36 g/L h)  was  slightly lower than that of the

predicted value (1.76 g/L h). It was plausible that high sugar

concentration (277.06 g/L) may cause prolongation of com-

plete sugar utilization, resulting in  lower volumetric ethanol

productivity.7,39,40

One of the advantages of the cell-immobilization system is

the ability to recycle the  biocatalysts. In this study, the ethanol

production from SSJ by repeated batch fermentation using the

ALM-immobilized cells of S.  cerevisiae DBKKUY-53 was per-

formed. As found in this study, the ALM-immobilized cells

could be used for at least six  successive cycles without any loss

of ethanol production efficiency (Fig. 3). It has  been reported

that high concentrations of ethanol inhibit the growth and

metabolic processes of yeast cells.15 The enhanced cell stabil-

ity  of the immobilized cells as observed in the  present study

suggests that the ALM carriers may protect the  yeast cells

from severe conditions during the fermentation process. The

increased cell stability and cell productivity of the immobi-

lized system demonstrated in this study are consistent with

the reports by Rattanapan et  al.,1 Phisalaphong et  al.15 and

Ariyajaroenwong et  al.34 In addition, an increase in the num-

ber of yeast cells adsorbed on the inner and outer surfaces

and in  the micro-porous structure of the matrix based on

SEM observation at the end of the repeated batch fermen-

tation (360 h)  as compared with that at the initial time (0 h)

was observed (Fig. 4), suggesting that high ethanol and sugar

concentrations in the fermentation broth had no effect on the
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yeast growth. We propose, from these findings, that the regen-

eration and protection of immobilized cells by the ALM are the

main factors that work synergistically to  prevent cell activity.

S. cerevisiae DBKKUY-53 has been reported as  one of the

good candidates for ethanol production at high temperature

conditions.7 Although, in this work, the predicted optimal

temperature based on the  CCD results for ethanol produc-

tion from SSJ by the ALM-immobilized cells of this strain was

33.55 ◦C,  it has an ability to  produce relatively high levels of

ethanol concentrations and volumetric ethanol productivi-

ties at relatively high temperature of up  to  40 ◦C.  Previous

study by Nuanpeng et al.,7 demonstrated that the maximum

ethanol concentrations and volumetric ethanol productivities

produced under the optimal conditions using the free-cell sys-

tem of S. cerevisiae DBKKUY-53 were 106.82 g/L  and 2.23 g/L  h at

37 ◦C,  and 85.01 g/L and 2.83 g/L h at 40 ◦C, respectively, using

SSJ containing sugar concentration of 250 g/L as  a  raw mate-

rial. These findings suggests that S. cerevisiae DBKKUY-53 has

a high potential for high-temperature ethanol fermentation

(HTEF), which provides several advantages, such as increasing

the rate of  fermentation, decreasing a  risk of contamination,

and reducing the cost of the cooling system and operating

processes.43,44 It should be noted that the level of ethanol

concentration and volumetric ethanol productivity obtained

at 37 ◦C using the free-cell system in this study (Table 1) was

lower than that of Nuanpeng et al.7 This might be  due to the

differences in the fermentation conditions. In this study, the

sugar concentration used in the ethanol fermentation exper-

iment using the free-cell system was 200 g/L, while that of

Nuanpeng et al.7 was  250 g/L. Furthermore, the condition for

ethanol production using the free-cell system in this work

was  not yet optimized as  compared with that of Nuanpeng

et al.7

Conclusion

ALM-immobilized cells were successfully developed, and

their ethanol fermentation activities using SSJ as a raw

material were evaluated. The ethanol concentration and

volumetric ethanol productivity produced by the free cells

and the cells immobilized in different dimensions of loofah

sponges were not significantly different. Based on the stability

and mass transfer characteristics, the ALM with a dimen-

sion of 20 × 20 ×  5 mm3 was shown to be effective for cell

immobilization. The optimum conditions for ethanol pro-

duction by the ALM-immobilized cells were as follows: the

inoculum size  of 11.05%, the initial sugar concentration of

277.06 g/L and the incubation temperature of 33.55 ◦C. Under

these optimum conditions, the maximum ethanol concen-

tration and the volumetric ethanol productivity of 97.54 g/L

and 1.36 g/L h,  respectively, were achieved. The ability of

ALM-immobilized cells to  be  used in repeated batch fer-

mentation for at least six  successive cycles without any

loss of ethanol production efficiency indicates that ALM-

immobilized cells can be potentially used for industrial

ethanol production. Further studies to  improve ethanol pro-

ductivity and yield such as  testing ethanol production by

ALM-immobilized cells during continuous fermentation, need

to be performed.

Conflict  of  interest

The authors declare that they have no conflict of interest.

Acknowledgments

This research was financially supported by the Energy Pol-

icy and Planning Office, Ministry of Energy, Thailand, and by

the Research Fund for Supporting a Lecturer to Admit a  High-

Potential Student to Study and Perform Research on His Expert

Program Year 2009, by the  Graduate School, Khon Kaen Univer-

sity, Thailand, by the Fermentation Research Center for Value

Added Agricultural Products (FerVAAP), and by the  Khon Kaen

University. We  would like to thank Associate Prof. Dr. Prasit

Jaisil, Faculty of Agriculture, Khon Kaen University, Thailand

for providing sweet sorghum juice.

Appendix  A.  Supplementary  data

Supplementary data associated with this article can be  found,

in the online version, at doi:10.1016/j.bjm.2017.12.011.

r  e f  e  r  e  n c  e  s

1.  Rattanapan A, Limtong S,  Phisalaphong M. Ethanol

production by repeated batch and continuous fermentations

of blackstrap molasses using immobilized yeast cells on

thin-shell silk cocoons. Appl Energy. 2012;88:4400–4404.

2.  Duarte JC, Rodrigues JAR, Moran PJS, Valenca GP, Nunhez JR.

Effect of immobilized cells in calcium alginate beads in

alcoholic fermentation. AMB Express.  2013;3:31.

3.  Farrell AE, Plevin RJ, Turner BT, Jones AD, O’Hare M,  Kammen

DM.  Ethanol can contribute to energy and environmental

goals. Science. 2006;311:506–508.

4.  Hill  J, Nelson E, Tilman D, Polasky S, Tiffany D.

Environmental, economic, and energetic costs and benefits

of biodiesel and ethanol biofuels. Proc Natl Acad Sci USA.

2006;30:11206–11210.

5.  Yan  J, Lin T. Biofuels in Asia. Appl Energy. 2009;86:S1–S10.

6.  Laopaiboon L, Nuanpeng S,  Srinophakun P, Klanrit P,

Laopaiboon P. Ethanol production from sweet sorghum juice

using very high gravity technology: effects of carbon and

nitrogen supplementations. Bioresour Technol.

2009;18:4176–4182.

7.  Nuanpeng S, Thanonkeo S, Yamada M,  Thanonkeo P. Ethanol

production from sweet sorghum juice at high temperature

using a  newly isolated thermotolerant yeast Saccharomyces

cerevisiae DBKKU Y-53. Energies.  2016;9:253.

8.  Nuanpeng S, Laopaiboon L,  Srinophakun P, Klanrit P, Jaisil P,

Laopaiboon P. Ethanol production from sweet sorghum juice

under very high gravity conditions: batch, repeated-batch

and scale up fermentation. Electron J Biotechnol.  2011;14:1–12.

9.  Wang  L, Luo Z, Shahbazi A. Optimization of simultaneous

saccharification and fermentation for the  production of

ethanol from sweet sorghum (Sorghum bicolor) bagasse using

response  surface methodology. Ind Crops Prod.

2013;42:280–291.

10. Prasad S, Singh A, Jain N, Joshi HC. Ethanol production from

sweet  sorghum syrup for utilization as  automotive fuel in

India. Energy Fuel.  2007;21:2415–2420.

http://dx.doi.org/10.1016/j.bjm.2017.12.011


150  b  r  a z  i  l  i  a n j o u r n a l  o f m i c  r  o b  i  o l o g y 4 9 S (2 0 1 8) 140–150

11. Wu X, Staggenborg S, Propheter JL,  Rooney WL, Yu J, Wang  D.

Features of sweet sorghum juice and their performance in

ethanol fermentation. Ind Crops Prod. 2010;31:164–170.

12. Shen F, Zeng Y, Deng S, Liu R. Bioethanol production from

sweet sorghum stalk juice with immobilized yeast. Process

Environ  Sci.  2011;11:782–789.

13. Kourkoutas Y, Bekatorou A,  Banat IM,  Marchant R, Koutinas

AA. Immobilization technologies and support materials

suitable in alcohol beverages production: a review. Food

Microbiol.  2004;21:377–397.

14. Najafpour G, Younesi H, Ismail KSK. Ethanol fermentation in

an  immobilized cell reactor using Saccharomyces cerevisiae.

Bioresour Technol.  2004;92:251–260.

15. Phisalaphong M, Budiraharjo R, Bangrak P, Mongkolkajit J,

Limtong S. Alginate-loofa as carrier matrix for ethanol

production. J Biosci Bioeng. 2007;104:214–217.

16. Ghorbani F, Younesi H, Sari AE, Najafpour G. Cane molasses

fermentation for continuous ethanol production in an

immobilized cells reactor by  Saccharomyces cerevisiae. Renew

Energy.  2011;36:503–509.

17. Bangrak P, Limtong S, Phisalaphong M. Continuous ethanol

production using immobilized yeast cells entrapped in

loofa-reinforced alginate carriers. Braz J Microbiol.

2011;42:676–684.

18. Behera S, Mohanty RC, Ray RC. Ethanol production from

mahula  (Madhuca latifolia L.)  flowers with immobilized cells

of Saccharomyces cerevisiae in Luffa cylindrica L. sponge discs.

Appl Energy.  2011;88:212–215.

19. Ogbonna JC, Liu YC, Liu YK, Tanaka H. Loofa (Luffa cylindrica)

sponge as  a  carrier for microbial cell immobilization. J

Ferment Bioeng. 1994;78:437–442.

20. Mazali IO, Alves OL. Morphosynthesis: high fidelity inorganic

replica of the fibrous network of loofa sponge (Luffa

cylindrical). Ann Braz Acad Sci. 2005;77:25–31.

21. Ganguly R, Dwivedi P, Singh RP. Production of lactic acid with

loofa sponge immobilized Rhizopus oryzae RBU2-10. Bioresour

Technol.  2007;98:1246–1251.

22. Yu J, Zhang X,  Tan T. Optimization of media conditions for

the production of ethanol from sweet sorghum juice by

immobilized Saccharomyces cerevisiae. Biomass Bioenergy.

2009;33:521–526.

23. Yingling B, Zongcheng Y, Hongling W, Li C. Optimization of

bioethanol production during simultaneous saccharification

and fermentation in very high-gravity cassava mash. Anton

Van Leeuw. 2011;99:329–339.

24. Zhao S, Wang B, Liang X. Enhance ethanol production from

stalks juice of sweet sorghum by response surface

methodology. Afr J Biotechnol. 2012;11:6117–6122.

25. Cao W,  Liu R. Screening and optimization of trace elements

supplement in sweet sorghum juice for ethanol production.

Biomass Bioenergy. 2013;50:45–51.

26. Ferreira SLC, Bruns RE, Ferreira HS,  et al. Box–Behnken

design: an alternative for the optimization of analytical

methods. Anal Chim Acta. 2007;597:179–186.

27. Singh A, Tuteja S, Singh N, Bishnoi NR. Enhanced

saccharification of rice straw and hulls by microwave-alkali

pretreatment and lignocellulolytic enzyme production.

Bioresour Technol.  2011;102:1773–1782.

28. Ogbonna JC, Mashima J, Tanaka H. Scale up of fuel ethanol

production from sugar beet juice using loofa sponge

immobilized bioreactor. Bioresour Technol. 2001;76:1–8.

29. Eiadpum A, Limtong S, Phisalaphong M. High-temperature

ethanol fermentation by immobilized coculture of

Kluyveromyces marxianus and Saccharomyces cerevisiae. J Biosci

Bioeng. 2012;3:325–329.

30. Sridee W,  Laopaiboon L, Jaisil P, Laopaiboon P. The use of

dried spent yeast as  a  low-cost nitrogen supplement in

ethanol fermentation from sweet sorghum juice under very

high  gravity conditions. Electron J Biotechnol. 2011;14:1–15.

31. Zoecklien BW,  Fugelsang KC, Gump BH,  Nury FS. Wine

Analysis and  Production.  New York: Chapman & Hall; 1995.

32. Mecozzi M. Estimation of total carbohydrate amount in

environmental samples by  the phenol-sulphuric acid

method assisted by multivariate calibration. Chemometr Intell

Lab.  2005;79:84–90.

33. Dong HN, Zhao XM, Ma YY, Zhang MH. Optimization of a

synthetic medium for ethanol production by

xylose-fermenting Zymomonas mobilis using response surface

methodology. Chin Sci Bull. 2012;57:3782–3789.

34. Ariyajaroenwong P, Laopaiboon P, Jaisil P, Laopaiboon P.

Repeated-batch ethanol production from sweet sorghum

juice by  Saccharomyces cerevisiae immobilized on sweet

sorghum stalks. Energies.  2012;5:1215–1228.

35. Yu J,  Zhang X, Tan T. An novel immobilization method of

Saccharomyces cerevisiae to sorghum bagasse for ethanol

production. J  Biotechnol. 2007;129:415–420.

36. Duarte JC, Rodrigues JAR,  Moran PJS, Valenca GP, Nunhez J.

Effect of immobilized cells in calcium alginate beads in

alcoholic fermentation. AMB Express.  2013;3:31.

37. Pacheco AM, Gondim DR, Gonçalves LRB. Ethanol production
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