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BATCH ETHANOL FERMENTATION FROM SWEET SORGHUM
STEM JUICE UNDER NORMAL AND

VERY HIGH GRAVITY CONDITIONS

Naulchan Khongsay', Lakkana Laopaiboon® > and Pattana Laopaiboon®*’
! Graduate school, Khon Kaen University, Khon Kaen 40002, Thailand
? Department of Biotechnology, Faculty of Technology, Khon Kaen University,
Khon Kaen 40002, Thailand
* Fermentation Research Center for Value Added Agricultural Products,

Khon Kaen University, Khon Kaen 40002, Thailand

ABSTRACT
Saccharomyces cerevisiae NP 01 was grown on sweet sorghum stem juice under normal
gravity (total soluble solids of 24 °Bx) and very high gravity (VHG) (total soluble solids
of 28 °Bx) conditions. The effects of initial cell concentrations (1x10°, 1x107 and 1x10°
cells ml'") and nitrogen supplementation [0.5% (NH,);SO4] on ethanol production were
investigated. The experiments were carried out at 30 °C in a 2-L fermenter under an
agitation rate of 100 rpm. The results showed that under the normal gravity fermentation,
the initial cell concentration of 1x107 cells ml”' and sweet sorghum stem juice without
nitrogen supplementation gave the maximum ethanol production efficiencies. The
concentration, productivity and yield of ethanol were 98.37 + 0.19 g 17, 2.05 + 0.19 gl!
h' and 96.08 + 0.04%, respectively at the fermentation time of 48 h. Under the VHG
fermentation, the initial cell concentration of 1x10® cells ml"' and sweet sorghum stem
juice without nitrogen supplementation gave the maximum ethanol production
efficiencies with the values of ethanol concentration, productivity and yield being 105.52

+022 g1, 1.76 + 0.22 g Ik, and 78.43 £ 0.00% respectively. The results obtained
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from this study indicate that (NH,),SO4 may not be a suitable nitrogen source for yeast
metabolism resulting in lower ethanol production efficiencies.
KEYWORDS: ethanol fermentation, nitrogen supplementation, sweet sorghum stem

juice, normal gravity, very high gravity, Saccharomyces cerevisiae

* Corresponding author. Tel: +66 43 362121 Fax: +66 43 362121.

Email: patlao@kku.ac.th

1. INTRODUCTION
Accumulation of carbondioxide in the atmosphere due to large consumption of petroleum
and coal has come to be recognized as a major factor of global warming and climate
change. Bioethanol used as a replacement for gasoline can reduce vehicle carbondioxide
emissions by 90% [1]. Increased use of ethanol as a fuel or as a fuel additive, is therefore,
one option to help the global warming,

Typically, ethanol fermentation is carried out under normal gravity (NG)
conditions (fermentation of mashes containing 20 — 24 % of dissolved solids). To increase
the productivity and cost effectiveness of ethanol production, many process
improvements have been studied including very high gravity (VHG) technology. VHG
fermentation technology is defined as the preparation and fermentation to completion of
mashes containing 270 or more grams of dissolved solids per litre [2]. It has several
advantages such as increase both the ethanol concentration and the rate of fermentation
by reducing capital costs, energy costs per litre of alcohol and the risk of bacterial
contamination [3]

Apart from comn grain (in USA), sugarcane (in Brazil), tapioca starch and

sugarcane molasses (in Thailand), other agricultural raw materials rich in fermentable
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carbohydrates, including sweet sorghum, have been interested for biological
transformation into ethanol for use as fuel or fuel additive [4,5,6]. Sweet sorghum has
been promised as a large scale energy crop because it can be cultivated in nearly all
temperature and tropical climate areas. It is also often considered to be one of the most
drought resistant agricultural crops as it has the capability of remaining dormant during
the driest periods [7].

It was reported that under appropriate environment and nutritional conditions,
Saccharomyces cerevisiae can produce and tolerate high ethanol concentrations 31
Therefore, the yeast is possibly suitable for VHG fermentation.

The aim of this study was to investigate the effects of initial cell concentration and
(NH4)280;4 as a nitrogen supplement on ethanol production from sweet sorghum stem

juice. The ethanol production efficiencies under normal gravity (NG) and VGH

fermentations were also compared.

2. MATERIALS AND METHODS
2.1 Microorganism and inoculum preparation
The fermentative yeast Saccharomyces cerevisiae NP 01 isolated from Long-pang
(Chinese yeast cake) from Nakhon Phanom province, Thailand was grown on yeast
extract malt extract (YM) medium on a rotating shaker at 100 rpm, 30 °C for 18 h. The

active cells on the broth were harvested and used as inoculum for ethanol production.

2.2 Raw materials

Sweet sorghum stem juice (strain KKU 40) was obtained from Department of Agronomy,
Faculty of Agriculture, Khon Kaen University, Thailand. After the extraction, the juice

was kept at -18 °C until use.
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2.3 Ethanol production medium

Sweet sorghum stem juice containing total soluble solids of 18 °Bx was adjusted with
sucrose to give 24 °Bx (NG conditions) and 28 °Bx (VHG conditions). The juice was
then added with 0.5% (NH,);SO, [6] to use as an ethanol production (EP) medium. The
EP medium was transferred into a 2-L fermenter with a final working volume of 1-L and

was autoclaved at 110 °C for 40 min.

2.4 Fermentation conditions

The sterile EP medium was inoculated to give the initial yeast cell concentrations of of
approximately 1x10°, 1x10” and 1x10® cells ml”. The fermentation was operated in batch
system at 100 rpm and temperature was controlled at 30 °C. Samples were withdrawn at
time intervals for analysis. The optimum cell concentration (giving the highest ethanol
production) under NG and VHG conditions was selected for the following experiments.
To study the effect of (NH,),SOy as a nitrogen supplement on ethanol production
from sweet sorghum stem juice, 0.5% (NH4),SO; was withdrawn from the EP medium
under NG and VHG conditions. The fermentation processes were carried out as described

above.

2.5 Analytical methods

The viable yeast cell numbers and total soluble solids of the fermentation broth were

determined by direct counting method using heamacytometer and hand-held refractometer

respectively [8]. The fermentation broth was centrifuged at 13,000 rpm for 15 min. The

supernatant was then determined for residual total sugars and reducing sugar by a phenol

sulfuric acid method and dinitrosalicylic acid (DNS) method [9]. In addition, ethanol
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concentration was analyzed by gas chromatography (Shimadzu GC-14B, J apan, Solid phase:
polyethylene glycol (PEG-20M), carrier gas: nitrogen, 90°C isothermal packed column,
injection temperature 160 °C, flame ionization detector temperature 230 °C; C-R7 Ae plus
Chromatopac Data Processor) and isopropanol was used as an internal standard. The ethanol

yield (r,,) was calculated as the actual ethanol produced and expressed as g ethanol per g
sugar utilized (g g™"). The volumetric ethanol productivity (g,) and the percentage of

conversion efficiency or yield efficiency (£,) were calculated by the following equations :

Y, . x100
- and I 2ot
2 t Y 0.51

where P is the actual ethanol concentration produced (g 1), ¢ is the fermentation time (h)
giving the highest ethanol concentration for batch and fed-batch fermentations and 0.51 is

the maximum theoretical ethanol yield of glucose consumption.

3. RESULTS AND DISCUSSION

3.1 Effects of initial cell concentrations on ethanol production from sweet sorghum stem
juice by 8. cerevisiae NP 01 under NG and VHG conditions

Figure 1 shows the time profiles of residual total sugar, reducing sugar and ethanol
concentratiops during batch fermentation from the sweet sorghum stem Jjuice
supplemented with 0.5% (NH,4),SOy at the initial cell concentration of 1x10°, 1x107 and
1x10® cells mI"' under NG and VHG fermentations. No lag phase was observed after
yeast cells were inoculated into the sweet sorghum stem juice, indicating that the juice did
not contain any substance at a level that was inhibitory to the yeast cells and S. cerevisiae
NP 01 was a suitable microorganism for ethanol fermentation from the juice. The sugars
were almos"c completely consumed under NG fermentation, while under VHG conditions

stuck fermentation was noticed with approximately 30 to 48 g I of reducing sugar
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remaining in the fermentation broth. Not all reducing sugar in the media under VHG
conditions was utilizable by the yeast. This might be due to thermal stress as described by
[10]. They reported that the amount of sugar that could be fermented decreased when
fermentation temperature increased above 25 °C. However, lower temperature might
cause lower ethanol productivity.

Table 1 summarizes the kinetic parameters (P, Oy and ;) of ethanol fermentétion
under various conditions. Under NG conditions, the initial cell concentration of 1x107
cells ml’! gave the highest P and Y,, while under VHG conditions the initial cell
concentration of 1x10® cells ml” gave the maximum ethanol production efficiencies.
Therefore, the initial cell concentrations at 1x10” and 1x10% cells ml™ were used under
NG and VHG conditions, respectively in the subsequent experiments. The results also
showed that fermentation under higher total soluble solids (VHG conditions) could
enhance P when compared to those of the fermentation under lower total soluble solids
(NG conditions). However, the fermentation time under VHG conditions was prolonged

than that under NG conditions resulting lower Op.
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Figure 1 Fermentation kinetics during ethanol production from sweet sorghuin stem juice
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symbol) and reducing sugar (open symbol), sugars (— ) and ethanol concentration

(----). NG (A) and VHG (B) conditions.
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Table 1 Kinetics parameters of batch ethanol production from sweet sorghum stem juice

supplemented with 0.5% (NH;),SO4 under NG and VHG conditions at various initial cell

concentrations.
Conditions Parameters (mean + SD)*
(NG / VHG, P 0, Yy E, t
cells ml™") @&l (gl'h™ (gg" (%) ()
NG, 1x10° 85.00 + 0.01° 1.18+0.01% 0.38+0.01° 7647+0.01° | 72
NG, 1x107 87.85 + 0.59° 1.47£0.59% 0.40 +0.01°¢ 78.43+0.01° | 60
NG, 1x10° 86.71 + 0.01° 1.61 +0.01°¢ 0.39£0.01° | 7451+001° | 54
VHG, 1x10° 88.77+ 0.01¢ 0.87+£0.01* 0.34+0.01*° 66.54+0.01¢ | 102
VHG, 1x107 88.54 + 0.01¢ 1.05+ 0.01%® 0.34+0.01° 66.67 £ 0.01° 84
VHG, 1x10° 101.89 + 0.16° 1.42+0.16% 0.43£0.012 84.15+0.01° 72

* P, ethanol concentration produced; Op, volumetric ethanol productivity; Yy, ethanol
yield; E,, yield efficiency and ¢, fermentation time. The experiments were performed in

duplicate.

3.2 Effects of (NH,),SO, as a nitrogen supplement on ethanol production from sweet
sorghum stem juice by S. cerevisiae NP 01 under NG and VHG conditions

Figure 2 shows changes of residual total sugar, reducing sugar and ethanol concentrations
during NG and VHG fermentations from sweet sorghum stem juice in the presence and
absence of (NH4),SOj as a nitrogen supplement. The results demonstrated that the rates of
sugar consumption and ethanol production from the juice without the nitrogen
supplement were higher than those of the juice containing the extra nitrogen source in
both NG and VHG conditions although the yeast cell numbers under these conditions
were similar ranging from 1.64x10® to 2.36x10% cells ml" at the fermentation time as
indicated in Table 2. Table 2 summarizes the important kinetic parameters of the ethanol
fermentations. It was found that under both NG and VGH conditions, (NH4),SO4 caused
lower in ethanol production efficiencies in terms of P and O,. The presence of (NH4),S04
in sweet sorghum stem juice caused lower Y,; under NG condition. These findings
suggest that (NH4),SO4 may not be a suitable nitrogen source for yeast metabolism for

ethanol fermentation from sweet sorghum stem juice. The results also showed that
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ethanol concentrations under VHG fermentation were higher than those under NG
fermentation. However, the rate of ethanol fermentation in terms of ethanol productivity
under the VHG levels was lower than that under the NG levels due to longer fermentation
time. The results obtained in this study implied that S, cerevisiage NP 01 was a suitable
microorganism for ethanol production under VHG conditions because the yeast could
survive and retain its metabolism under very high ethanol concentration up to 105.52 +
0.22 g I (1336 % by volume) with the viable cells remaining approximately 2.04x10¢

cells m1! at the fermentation time of 60 h.
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Figure 2 Fermentation kinetics during ethanol production from sweet sorghum stem juice
in the presence (®) and absence (%) of 0.5% (NH,),SO;4 by S. cerevisiae NP 01 : residual
total sugar (close symbol) and reducing sugar (open symbol), sugars (—) and ethanol

concentration (---- ). NG (A) and VHG (B) conditions.
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Table 2 Kinetics parameters of batch ethanol production from sweet sorghum stem juice

in the presence and absence of 0.5% (NH4),SO, under NG and VHG conditions.

Conditions Extra Parameters (mean + SD)*

(NG / VHG, nitrogen P o Yos E, t

cells mi'**) source @ er'nh ggh (%) (h)
7

NG, 1x10 None 9837+ 0.19° | 205+ 0.19% | 049+004° | 96.08+004° | 48
T

NG, 1x10 (NH)SOs | g7854+ 059° | 147+ 059° | 040%0.01° | 784320010 | 60

]
VHG, 1x10 None 10552+ 022° | 1.76+022% | 040£000% | 7828+000° | 60
VHG, 1x10° | (NH:S0, 101895 006 | 1425 016 | 04320017 | sa15+000% | 72

*see Table 1. The experiments were performed in duplicate.

=+ Initial cell concentration.

4. CONCLUSION

The results obtained from this research demonstrated that VHG fermentation could
improve ethanol production efficiency. The initial yeast cell concentration affected
ethanol production efficiencies and (NH,),SO4 was not a good nitrogen supplement for
ethanol production from sweet sorghum stem juice under both NG and VHG levels.
Supplementation with other nitrogen sources and/or other nutrients as well as other
fermentation processes should be further investigated as they may lead to improve ethanol

productivity and complete sugar consumption under VGH conditions.
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Abstract

Continuous ethanol production from sweet sorghum stem juice was compared between using a
continuous stirred tank bioreactor (CSTR) and a combined bioreactor. The combined bioreactor composed
of a CSTR and a three-tubular bioreactor in series with a total working volume of 3320 ml. The
fermentation was carried out at 30°C by Saccharomyces cerevisiae NP 01. The sweet sorghum stem juice
containing total sugar of 250 g 1" was introduced to the systems at the total dilution rate of 0.007 h™'. The
results clearly showed that the combined bioreactor could improve ethanol production efficiency. The
yeasts in the combined bioreactor system utilized sugar and produced ethanol more than those in the CSTR
system. Low sugar consumption and ethanol production in the CSTR system may be due to substrate
inhibition. In the combined bioreactor, the amount of ethanol production depended on the retention time in
the system. The final concentration, productivity and yield of ethanol were 98.47 + 0.70 g1",0.69+000g
I'h and 83.33 + 0.01%, respectively.

Key words: continuous ethanol production, continuous stirred tank bioreactor (CSTR), Saccharomyces,
sweet sorghum stem juice, tubular bioreactor

1. Introduction

Since the oil crisis of the 1970s, a strong need has been existing for efficient ethanol
production with low cost in raw material and production process. Sweet sorghum has
been promised as a large scale energy crop because its stalks contain high fermentable
sugar and it can be cultivated in nearly all temperatures [1].

The primary disadvantage of batch and fed-batch ethanol fermentation is that significant
downtime (cleaning, sanitizing, filling) between runs is necessary [2]. This represents a
major loss of overall productivity. In this study, we are interested in continuous
fermentation because it has several advantages over batch fermentations such as: long-
term continuous productivity, higher volumetric productivity, reduced labor costs once
reaching steady state, reduced vessel downtime for cleaning, filling and sanitizing and
easier process control and operation [3]. _

The aim of this study was to compare the efficiency of continuous ethanol production
from sweet sorghum stem juice by a continuous stirred tank bioreactor (CSTR) and a
combined bioreactor, CSTR and tubular bioreactor.

2. Materials and methods
2.1 Microorganism and inoculum preparation
The fermentative yeast Saccharomyces cerevisiae NP 01 was grown on yeast extract

malt extract (YM) medium on a rotating shaker at 100 rpm, 30°C for 18 h. The active
cells were harvested and used as inoculum for ethanol production.
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2.2 Raw material and ethanol production medium

Sweet sorghum stem juice (18°Bx) extracted from its stalks (cv. KKU 40) was
concentrated to obtain total soluble solids of 75°Bx. The concentrated juice was diluted
with distilled water to give total soluble solids of 28°Bx and used as an ethanol
production (EP) medium.

2.3 Fermentation conditions

In the CSTR system, the EP medium was transferred into a 5-L stirred tank bioreactor
with a final working volume of 3320 ml and autoclaved at 110 °C for 60 min. The sterile
EP medium was inoculated to give the initial yeast cell concentrations of 1x10® cells ml™.
The fermentation was operated in batch mode at 100 rpm, 30°C. When the total soluble
solids of the medium in the bioreactor were about 15°Bx, the system was switched to
continuous mode by feeding fresh EP medium at the dilution rates of 0.007 ., Samples
were withdrawn at time intervals for analysis.

In the combined bioreactor system modified from Bai et al. [4], it composed of a 2-L
stirred tank bioreactor and a three-tubular bioreactor in series with a total working volume
of 3320 ml. The working volume of the stirred tank and the three tubular bioreactor were
1000, 770, 770 and 780 ml, respectively. The yeasts were inoculated to the system and
then processed as previous described.

2.4 Analysis

The viable yeast cell numbers, total soluble solids, residual total sugars and ethanol
concentration of the fermentation broth were determined [5]. The ethanol yield (¥,s, g
ethanol per g sugar utilized), volumetric ethanol productivity (Qp, g 1" h") and ethanol
yield efficiency (E,) were calculated [5].

3. Results and discussion
3.1 Continuous ethanol production using CSTR (System I)

Fig. 1 illustrated the profiles of main fermentation parameters during ethanol production
by CSTR. Kinetic parameters of ethanol production by CSTR are shown in Table 1. Even
through, yeast cell concentration in the broth was relatively high at log 7.8 to log 8.0 cells
ml” during steady state, only approximately 30% of total sugar was utilized by the
system. However, most sugar utilized was converted to ethanol with the yield efficiency
of 94%. Low sugar consumption of the CSTR system may be due to substrate inhibition.

3.2 Continuous ethanol production using the combined bioreactor (System II)

Fig. 2 and Table 1 indicated that retention time of the fermentation broth in the
system had significant effects on the main kinetic parameters. The longer retention time
was, the higher the values of sugar consumption and ethanol production. The total sugar
utilized was about 32, 51, 76 and 85% at the end of the stirred tank, tubular bioreactor 1,
2 and 3, respectively. The maximum ethanol concentration (99 g I') was detected at the
end of the system, however, the conversion efficiency or yield efficiency was decreased
along the cascade system with the values of 83% of the theoretical yield at the end of the
system. This implied that more by-products were occurred at the latter stages.
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Fig. 1 Fermentation parameters against time of ethanol production using CSTR: total soluble solids (A),
yeast cells (x), total sugar (w), ethanol (). The arrows indicate the start time of continuous mode.

Table 1 Continuous ethanol production from sweet sorghum stem juice under steady state conditions,

Parameters System I : System II : The combined bioreactor

CSTR CSTR CSTR to TB1* | CSTR to TB2* | CSTR to TB3*
Dilution rate (h™") 0.007 0.023 0.013 0.009 0.007
Working volume (ml) | 3320 1000 1770 2540 3320
Total sugar (g I'") 176.68 £2.34 | 1753+ 1.05 | 88.38+5.17 54.18+£1.92 | 3560=+1.52
P (g1 3727+032 | 4227+1.08 | 81.02+3.44 9294 +£1.10 | 98.47+0.70
O, (gl'n?) 0.26 £ 0.00 0.97 £0.02 1.05£0.10 0.84 £ 0.01 0.69 £ 0.004
Ys(gg") 0.51£0.01 0.53+0.02 | 0.47+0.04 0.46 £ 0.01 0.45 +0.01
E, (%) 93.52+£239 | 98.15+0.02 | 87.04+0.04 85.19 +0.01 83.33+0.01

* TB1, TB2 and TB3 = First, second and third tubular bioreactors, respectively.
** P, ethanol concentration; O, ethanol productivity; Y,s, ethanol yield and E,, yield efficiency.

3.3 Comparison of ethanol production by CSTR and the combined bioreactor

The time to reach steady state of the combined bioreactor system was about 60 h faster
than that in the CSTR only. This might be due to high substrate concentration remaining
in the broth of the CSTR system. The dilution rate of the stirred tank in the combined
system was 3.3 times higher than that of the stirred tank in the CSTR system, however,
the amount of sugar utilization in the stirred tank of the both systems was similar with
about 30%. This indicated the maximum capacity of yeast for sugar consumption in the
stirred tank bioreactor under the conditions studied. At the same dilution rate, the
combined system significantly improved ethanol production. Sugar utilization and ethanol
concentration of the combined system were about 2.6 to 2.9 times higher than those of the

CSTR only. However, ethanol yield of the combined system was lower than that of the
CSTR system.

4. Conclusions

The experimental data clearly demonstrated that the combined bioreactor, CSTR
coupled with tubular bioreactors, significantly increased in ethanol production in terms of
ethanol concentration and productivity. Low sugar consumption and ethanol production
in the CSTR system may be due to substrate inhibition. However, lower ethanol yield of
in the combined bioreactor should be improved.
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Fig. 2 Fermentation parameters against time of ethanol production using the combined bioreactor: stirred
tank (e), column 1 (2), column 2 (o) and column 3 (0); (a): total soluble solids, (b): yeast cells, (c): total
sugar and (d): ethanol. The arrows indicate the start time of continuous system.
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