CHAPTER IV
RESULTS AND DISCUSSION

Almost all of ethanol productions under the use of monoculture system, the
organisms of primary interest to industrial fermentation include Saccharomyces
cerevisiae, Schizosaccharomyces pombe and Kluyveromyces marxianus. In order to
improve the ethanol fermentation efficiency, the use of a mixed culture of

Saccharomyces cerevisiae M30 and Kluyveromyces marxianus DMKU 3-1042 is
applied in the stuay.

4.1 Batch fermentation of suspended cells: monoculture vs. mixed

culture
Batch fermentation in shaking-flasks for ethanol production was carried out
in duplicate for 72 h at constant temperatures of 33, 37, 40 and 45°c. The effect of
temperature on ethanol fermentation in a hasal sugar cane juice and cane molasses
medium by the monocultures of . cerevisiae M30, K. marxianus DMKU 3-1042 and
the mixed culture of s.cerevisiae M30 and K.marxianus DMKU 3-1042, was
investigated. Fig. 4.1 to 4.4 demonstrates the experimental results. At the end of the
fermentation; the ethanol concentrations from sugar cane juice medium using the
mixed cultures at constant temperature of 33, 37, 40 and 45°c were 103.9, 74.9, 66.2
and 62.3 /1 respectively, which were higher or equivalent in comparison to those of
. cerevisiae M30 or K. marxianus DMKU 3-1042 monocultures. Moreover, the
residual sugar concentrations from the systems using the mixed culture were lower
than those of the monocultures. The ethanol concentrations by the mixed cultures
using cane molasses medium were 87.9, 76.9, 520 and 39.7 ¢/l at constant
temperature of 33, 37, 40 and 45°c respectively, which were also higher or at least
comparable to those of the monoculture systems. The mixed culture and the
monoculture of K. marxianus DMKU 3-1042 were found to be capable of producing
ethanol than . cerevisiae M30, especially when grew on media containing sugar cane
juice. It has been previously demonstrated that the thermotolerant yeast strain
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Kluyveromyces marxianus DMKU 3-1042 was an effective strain that could be
employed for ethanol production at elevated temperature lip to 45 °c when sugar cane
juice was used as a raw material (Limtong et al, 2007). The overall fermentation
results were summarized in Table 4.2 to 4.5,

Successful works for ethanol fermentation by mixed cultures have been
reported by several investigators. For example, the mixed cultures of Endomycopsis
fibidigera NRRL and Zymomonas mobilis ZM4 could directly and more efficiently
fermented cassava starch (22.5% wiv) to ethanol (20.5% v/v) than the monocultures
(Vijaya Sarathi Reddy and Basappa, 1996). The mixed culture of . cerevisiae and K
marxianus was reported as the effective culture for ethanol fermentation in cheese
whey powder solution (Guo et al., 2008). The ethanol concentration of 5.2 £ 1.1%
viv from henequen juice and molasses was obtainable by the use of mixed culture of
75% . cerevisiae and 25% K. marxianus (Céceres-Farfan et al., 2008). Efforts for
improved ethanol fermentation by mixed cultures of two microorganisms in a single
process have been reported (Fu and Peiris, 2008; Fu et al., 2009; Abate et al., 1996).

Table 4.1 List of samples and labels for this study

Sample’s Name Label
Suspended cells of .cerevisiae M30 $S
Suspended cells of K. marxianus DMKU 3-1042 SK

Suspended cells of Mixed culture M



250

200

1350

100 4

Residual sugar concentration (g/l)

Time (hours)
A: Sugar canejuice (33°C)
250 5
200 7
150
100

50

Residual sugar concentration (g/1)

0

0 S 16 24 32 40 48 56 64 72

Time (hours)

B: Cane molasses (33°C)

120

100

- SO

60

40

- 20

- 120

- 1040

S0

- 60

40

- 20

Ethanol concentration (/1)

Ethanol concentration (y/1)

0

Figure 4.1 Ethanol (solid line, = and residual sugar (dash line, — ) concentration
profiles in Sugar cane juice (A) and Cane molasses medium (B) at constant

temperature 0f33°C; @ ,1)=SS; ¢,0)= SK: (i , A) =M.



3l

250 Jl r 120

O

Residual sugar concentration (g/l)
)
S

0
50
0
Time (hours)
C: Sugar cane juice (37°C)

250 120
E" 200 - 100
5 % =
a t\:\\\\‘ ~——
2150 { % §
3 S
= 100 S
o0 O
z I
S 50 kS
3 i
3
o

0 8 16 24 32 40 48 56 64 72
Time(hours)

D: Cane molasses (37°C)
Figure 4.2 Ethanol (solid line, 5 and residual sugar (dash line, — ) concentration

profiles in Sugar cane juice (A) and Cane molasses medium (B) at constant
temperature of 37°C; @ ,1)=SS; ¢ 50) = SK; (A, A) = SM.



32

- 120

[\S]

n

S
1 S_l

- 100

)
S
(=)

O

- 80

—

W

o
1

100 1

W
(=)
1

Residual sugar concentration (g/l
Ethanol concentration (g!)

0 r 0
0 8 16 24 32 40 48 56 64 72
Time(hours)
E: Sugar cane juice (40°C)
250 T T 120
200 + T

Residual sugar concentration (g/l

0 8 16 24 32 40 48 56 64 72
Time(hours)

F: Cane molasses (40°C)
Figure 4.3 Ethanol (solid line, = and residual sugar (dash line, — ) concentration
profiles in Sugar cane juice (E) and Cane molasses medium (F) at constant

N

temperature 0f40°C; ( ,1)=SS; ¢ 50) = SK; (i , A) = SM.



3

200 A \‘. = S g 100 —
130
100

S0

Residual sugar concentration (g/l)
Ethanol concentration (§/1

0 "
0 S Vo 724/ 82 .40. 48 36 64 72
Tume(hours)
G: Sugar cane juice (45°C)
250 4 - 120

—EL' )

g ZU() - i l” ) )
£ e S S S~ W~ et 9 =
£ R i e o T R
- SRS o
S 150 - A -
2 *~An o
g "‘#:::Iig::::léi:::::%::::::@:::::::& 60 E
= 100 =
= —t 40 S
= E
Z i 20 S
3 L
&

0 ————a—14

0 8 16 24 32 40 48 56 64 72
Time(hours)
H: Cane molasses (45°C)
Figure 4.4 Ethanol (solid line, = and residual sugar (dash line, — ) concentration
profiles in Sugar cane juice (G) and Cane molasses medium (H) at constant
temperature 0f45°C; (1, 1)=SS; ¢ 50) = SK; (A, A) = SM.



34

Table 4.2 Batch fermentation of ethanol production at constant temperature of 33°c.
Residual

Sust Eth?notl. sugar Free cel! ypls  Productivity
ystem conce(;/ 1r)a jon concentration concentlranon % aih
o) 97)
Sugar
cane juice
5S 107.44 4.96 490 51.87 149
SK 90.69 8.18 550 48.41 1.26
SM 103.90 3.59 5.60 49.67 144
Cane
molasses
SS 90.53 21.14 6.04 46.81 1.26
SK 80.29 30.36 4.76 44,13 112
SM 87.91 2491 6.42 45,70 122

Table 4.3 Batch fermentation of ethanol production at constant temperature of 37°c.
Residual

Ethar sugar e ol Ypls  Productivity
System  concentration . concentration

) concentration o) (%) (g1h)

o)

Sugar
cane juice
SS 64.89 4333 361 36.00 0.90
SK 63.95 55.14 328 38.00 0.89
SM 14.88 33.58 402 40.00 104
Cane
molasses
SS 19.21 11.44 6.70 46.00 110
SK B4.51 52.83 1.3 43.00 0.76

M 76.89 1283 6.94 44.00 107
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Table 4.4 Batch fermentation of ethanol production at constant temperature of 40°c,
Residual

Ethanol Ul Free cell Vo5 Productivit
System  concentration B concentration (P> Froauctvity
concentration (%) (41h)
) | )
(o)
Sugar
cane juice
$S 46.09 79.15 6.20 38.85 0.64
SK 66.36 47.15 8.78 42.02 0.92
M 66.17 50.78 8.52 44.11 0.92
Cane
molasses
SS 45.54 37.18 1061 33.49 0.63
SK 36.83 91.19 9.74 33.86 051
M 51.97 31.09 1111 31.37 0.72

Table 4.5 Batch fermentation of ethanol production at constant temperature of 45°c.

Ethanol Residual Free cell

System  concentration AT concentration
concentration

Wunansgggurinengd 0 O

Ypls  Productivity

Sugar
cane juice
SS 0.36 205.16 0.36 103 0.01
SK 63.67 66.00 31 41,66 0.88
M 62.34 66.71 2.88 4322 0.87
Cane
molasses
SS 347 169.84 340 5.37 0.05
SK 38.67 114.13 4.76 40.80 0.54
M 30.74 11848 5.28 46.77 0.55

1 Alp *62
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4.2 Batch fermentation of immobilized cells:
monoculture (K.marxianus DMKU 3-1042) vs. mixed culture
(S.cerevisiae M30 and K.marxianus DMKU 3-1042).

Ethanol productions at temperature of 37 and 40 °c were performed with
different microorganism groups: (1) the monocultures of immobilized K.marxianus
attachment to thin shell silk cocoons (TSSC); (2) the monocultures of immobilized
K.marxianus within alginate-loofa (AL); (3) the mixed cultures of immobilized
S.cerevisiae and K.marxianus attachment to TSSC; (4) the mixed cultures of
immobilized S.cerevisiae and K.marxianus within AL. The results obtained from
these experiments were shown in Fig.4.5 and 4.6. The higher ethanol productions
were observed in the immobilized cells attachment to TSSC carriers compared with
those from the immobilized cells within AL. The results of the fermentations are
summarized in Table 4.6 and 4.7. The ethanol fermentation by the mixed culture
system using thin shell silk cocoon as a carrier was found to be the most effective
system. The immobilized mixed culture was found capable of highly efficient ethanol
production from hoth sugar cane juice and cane molasses with the final ethanol
concentration of 71.8-80.7 /L at operating temperature of 37-40°C. In this study,
ethanol production using immobilized cell culture was higher in comparison to those
of the suspended cultures of the mixed culture or K. marxianus. Moreover, the
immobilized mixed culture was more effective in the wide range of operations than
the immobilized K. marxianus. The better activities of the immobilized cells might be
attributed to the benefit of the immobilized system that conferred protection to cells
when exposed to toxic or inhibitory conditions such as high ethanol concentration. It
has been previously demonstrated for the improved ethanol productivity by
immobilized . cerevisiae systems (Phisalaphong et al., 2007; Najafpour et al., 2004;
Yu et al., 2007) compared with suspended cell cultures.
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Table 4.6 Batch fermentation of ethanol production by immobilized cells at constant
temperature of 37°c.

37°c

System Ethanol.  Residual sugar

concentration Concentratl Yé”s

o) (%)
Sugar cane juice
jmmoolized 7004 R5 270 48 6366 2
AL
nmobilzed 7979 ML 28 39 652 400
S0
Mot et 7024 BT 2% 60 6126 3
AL
nronilzed 7891 YL 02 33 916 LU
(1550)
Cane Molasses
ipmabllized 508 I3 08 44 910 31T
L) .

nmobilized 1502 007 049 25 6L B
roied
Ve ek 0% %5 1R 59 8L 314
AL

mooiized 8065 665 000 32 %60 3830
(1550)
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Table 4.7 Batch fermentation of ethanol production by immobilized cells at constant

temperature of 40°c.

System

Sugar cane juice

Immobilize
K. marxianus-
AL

mmobilized
KT.marX|anus-

mmobilized
Mixed culture-
AL

mmobilized
Mixed culture-
TSSC)

Cane Molasses

Immobilized
K. marxianus-
AL

mmobilized
K. marxianus-
SSC

mmobilized
Mixed culture-
AL

mmobilized
Mixed culture-
(TSSC)

Ethanol.
concentration

66.34

18.18

66.49

16.70

64.67

69.11

60.64

1184

s
oY

32.24

34,08

3211

2540

4029

398

4029

4345

&

152

0.001

210

068

1%

0.50

174

0.005

34

26

09

10

42

25

56

18

69.11

99.96

30.00

59.52

129

8333

16.29

99.72

Yp/S

(%)
3589
4348

B.73

47157

4244
39.05
31.33

46.14
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4.3 Continuous ethanol fermentation in packed bed reactor

Continuous fermentation in packed bed reactor has several advantages
compared to conventional batch processes mainly due to the higher conversion rate,
faster overall fermentation rate, reduced product losses and environmental
advantages. Most of these advantages are due to the high cell concentration found in
these processes. Such high densities can be reached by immobilization techniques,
recovery and recycling of cell biomass (Sanchez and Cardona, 2005). Ethanol
fermentation with immobilized cells was generally performed in a packed bed reactor
due to simple design and operational control (Valach et al., 2006). The current work
was carried out in 1-L packed-bed hioreactor (PBR).

Continuous fermentation in 1-L packed-bed reactor with the mixed culture of

. cerevisiae M30 and K. marxianus DMKU 3-1042 immobilized on TSSC was
investigated. The reactor was fed with cane molasses and sugar cane juice medium at
the initial sugar concentration about 220 ¢, initial pH 5. Under the following
condition: working volume 0.7 L, at the environmental temperature of initial
temperature about 31+L c. The dilution rate was tested with was varied from 0.10,
0.21, 0.3 and 0.41 h"L Prior to inoculation and start up of the fermentation, the column
was sterilized by circulation of 70% viv ethanol for 1 hour and then was kept under

V light overnight. The immobilized cell on TSSC carrier was cultivated with initial
sugar concentration about 220 /1 in shaking flask at 200 rpm, 33°c for 24 hour and
then the carries were aseptically transferred to the sterilized column. The carrier
volume was about 30% (viv) of the pack bed reactor volume of 1-L. A start-up
procedure was required in order to establish a steady state phase. Initially, the
fermentation was started by feeding of the prepared medium of sugar cane molasses
(220 ¢/2), through the Met at the bottom of the column at the dilution rate 0f 0.10 h'1
The dilution rate was changed after 4 days of 0.10 h*1dilution rate and after 3 days of
0.21, 0.30 and 041 h'1dilution rates. After the operation with cane molasses for the
dilution rates of 0.10, 0.21, 0.3 and 0.41 h'] then the substrate has been changed to
sugar cane juice medium. The dilution rate was increased after the system reached the
steady state, from 0.10 h'1to 0.21 and 0.30 h'%, respectively. After that, the operation
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was rolled hack to the initial dilution rate (0.10 ") for stability checking of the cell
activities.

The continuous fermentation system was performed under uncontrolled
temperature condition. The environmental temperature was 31tL c¢. Since ethanol
fermentation is exothermic reaction, the system generates heat during the operation.
Therefore, actual temperatures within the packed bed reactor are rather higher than
the environmental temperature. The packed bed temperatures at 5 positions were
monitored as shown Figure 4.7.

Tt Sensor port e

2 dSGﬂSOT port

3’dsensor port

P

4thsensor port

s

| Figure 47 Picture of PBR |

The ethanol and sugar concentration profiles at various dilution rates using
cane molasses and sugar cane juice as feedstock are shown in Figure 4.8. The results
for ethanol production, sugar consumption and productivity after the steady state of



43

various dilution rates of each feedstock are shown in Table 4.9. As expected, the
highest steady-state ethanol concentration (71.73 £ 0.56 ¢/1) and the lowest residual
sugar concentration (30.27 + 137 ¢/1) were obtained at the lowest dilution rate (0.10
h") for using cane molasses as feedstock. As the dilution rates were increased to 0.21,
0.30 and 0.41 h"1, after steady state, the ethanol concentrations were at 64.00 + 0.90,
49.20 £ 1.27 and 45.61 + 110 g1, respectively and the residual sugar concentrations
were at 54.01 £ 2,02, 7361 + 2.45 and 85.93 + 342 gL, respectively. By using sugar
cane juice as feedstock, the highest ethanol concentration (86.33 £ 1.34 g/1) and the
|owest residual sugar concentration (2181 + 3.30 /) were obtained at the lowest
dilution rate (0.10 h"J. As the dilution rates were increased to 0.2 and 0.30 h'], after
steady state, the ethanol concentrations were at 70.88 £ 0.31 and 56.47 + 1.25 ¢/,
respectively and the residual sugar concentrations were at 40.82 +1.17 and 81.98 £
451 gL, respectively. This result indicated that the outlet ethanol concentration
decreased when the dilution rate increased due to the decrease of the residence time.
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Table 4.8 Continuous fermentation on free cell (effluent) concentration in a PBR

Time (h) rzltleu?r?r]]) Free cell ()
0 0.10 0.00
24 0.10 0.40
43 0.10 1.10
12 0.10 140
% 0.10 140
120 021 140
144 0.21 2.00
168 0.21 2.15
192 0.30 2.20

216 0.30 2.00
240 0.30 2.00
264 041 4.20
268 041 5.00
312 041 6.20
336 0.41 6.00
360 0.10 320
304 0.10 2.20
408 0.10 2.20
432 0.10 2.80
456 0.2 2.60
480 0.2 3.20
504 0.2 2.80
528 0.30 2.20
552 0.30 2.80
576 0.30 3.00

600 0.30 4.00
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Table 49 Effect of dilution rate on continuous ethanol production and ethanol
productivity, average at steady state

Dilution Ethanol Residual sugar ws Productivit

rate  concentration  Concentration (; ain Y
| @) o) R

Cane molasses
0.10 7173 (£ 0.56) 30.27 ( 1.37) 3141 7.17(x0.06)
0.21 64.00 (£ 0.90) 54.01 (£2.02) 3810 1280 (20.18)
0.30 49.20 (+ 1.27) 1361 (£2.45) 3316 14.76 (£0.38)
041 4561 (£1.10) 85.93 (£ 342) 3352 1824 (x0.44)

Sugar cane juice

010 8633 (:134) 2181 (+330) 4300 863 (x0.13)
020 7088(:031) 4082 (L17) 4097 148 (+0.06)
030  5647(x125) 8198 (x451) 4036 1694 (+0.38)

The effect of dilution rate on ethanol productivity was illustrated in Figure 4.9.
|t was indicated that the ethanol productivity increased as the dilution rate was
increased. The productivity increased from 8,63 £0.13 ¢/L hat the lowest dilution rate
(0.10h") to 16.94 £ 0.38 g/L hat a dilution rate of 0.30 h'Lfor feedstock of sugar cane
juice medium, which were comparatively higher than those using feedstock of cane
molasses medium. By using the molasses medium, the productivities of 7.17 £ 0.06
ylhto 1476 £ 0.38 ¢/L h were obtained at the dilution rates of 0.10-0.30 h i. The
result after 25 days of operation demonstrates high-performance consistency and
stability of the immobilized mixed culture in TSSC carrier.
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Temperature profiles of the packed bed reactor during the continuous
fermentation were monitored by the temperature sensors placed in the center at 5
different positions of the column (Figure 4.12 and Figure 4.13). The average
environmental temperature was 3Lt1 °c. The temperature in the center of the column
was rather higher than the outer part due to the metabolic activities of microorganisms
that produced heat during the fermentation. The highest temperature in the PBR was
detected at the 2rd position. The bed temperature increased with the dilution rate. By
using cane molasses medium, the maximum temperature of 38.76 + 0.68 °c was
remarked at the 2rdposition during the operation at the highest dilution rate (041 h')).
As the dilution rates were increased from 0.10 to 0.21, 0.30 and 0.40 h'L, at the 2rd
sensor port, the temperatures changed from 33.40 £ 1.30to 36.54 + 1.59, 38.03 + 0.89
and 38.76 £ 0.08 °c, respectively.
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By using sugar cane juice medium, it was found that the average temperature
at 0.30 h*1dilution rate at the 1%, 2nd 3ld 4thand 5t sensor port were 38.19 + 0.48,
30.36 + 051, 38.46 £ 0.34, 35.82 £ 0.78 and 3130 £ 0.50°c, respectively. The
average temperature in each position is comparatively higher than the values obtained
when cane molasses medium was used as the substrate, according to the more
effective of ethanol production in cane juice medium. The results revealed that the
mixed culture system of . cerevisiae M30 and K. marxianus DMKU 3-1042 in TSSC
carrier is an excellent system in terms of its growth and fermentation properties at
high temperature range under different feedstock (cane molasses or sugar cane juice).
The temperature profiles at the 2rd sensor port were found corresponding to the
ethanol productivity as shown in Figure 4.14 and 4.15.
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Figure 4.12 Temperature profile of the system at the positions within the column of 5

positions as shown in the Figure 4.7 for cane molasses
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Table 4.10 Temperature profiles of the system within the column at 1st- Stsensor ports ofthe PBR as shown inthe Figure 4.7

Dilution rate Istsensor port 2ndsensor port

)

0.10
021
0.30
041

0.10
021
0.30

(°C)

+0.71
+ 126
+0.81
+0.81

31.87
34.76
35.86
36.36

P e e e

3102 (+ 109)
36,28 (+ 134)
3819 (£0.48)

3rdsensor port
('C) (0
Cane molasses
+130) 3455 (£ 0.64
+159) 3671 (£093
£089)  37.60 (£ 0.62
+068) 3769 (+0.41
Sugar cane juice
3201 (£123)  34.14 (+0.59)
3764 (+170) 3750 (+097)
30.36 (£051) 3846 (+0.34)

33.40
36.54
38.03
38.76

P e e e
~— ~— ~—— ~——

4thsensor port

(C)

33.85
36.04
36.07
33.62

+13)
£ 13)
£00)
+0.75)

36,06 (+0.82)
35,79 (+ 124)
35,82 (+0.79)

Sthsensor port

(C)

29.84
30.93
31.64
31.14

+0.54
+0.61
043
$0.34

30.15 (+0.35)
3082 (£ 05)
31.30 (¢ 050)



41 1 - 20

" s - 18
16
P L. 14 2
O 37 7] E
3 e
Y38 9 - 10 3
1 3 8 2
H 6 E

31 - -4

=)

29 T | ] 0

0.10 0.2 0.30 041

Dilution rate (h
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At the end of the fermentation, the concentrations of free cells in the effluent,
in the reactor and immobilized cells in the reactor were determined (Table 4.11). The
immobilized cell concentration increased from 5.83 /1 at the initial period to 32.26
/1 at the end of the operation with 5.70 ¢/L free cell in the reactor and 253 ¢/1 free
cell in the effluent. The overall immobilized yield was 79.67%. This demonstrated
that yeast cells could grow and regenerate inside the TSSC carrier in the PBR. The
immobilized mixed cell culture system was found effective with high stability
throughout the long period of continuous fermentation.

Table 4.11 Yeast cell concentrations at the end of continuous fermentation

Cell concentrations (1)
Immobilized cell - at the beginning of fermentation 5.83
Immobilized cell - at the end of the fermentation 32.26
Free cell in reactor 5.70
Free cell in effluent 2.53
Immobilized yield (%) 19.67

In commercial ethanol production facilities, productivity is important as well
as efficiency of substrate conversion and product concentration, especially since a
major expense of the process was the cost of the fermentable raw material and product
separation process. Although our system was primarily designed for efficient
substrate conversion to ethanol, the productivities reported in this experiment were
competitive with previous reports for a comparable system. Najafpour et al. (2004) on
the ethanol fermentation in immobilized cell reactor resulted in the ethanol
productivity of 2.8 g/L h with the initial sugar concentration and dilution rate of 50 g/1
and 0.17 h'1, respectively. The work of Goksungur et al. (2001) studied the production
of ethanol from beet molasses by Ca-alginate immobilized yeast cells in a PBR and
reported that the ethanol concentration and productivity were 46.18 ¢/l and 10.16 ¢l
h, respectively with the initial sugar concentration and dilution rate of 109 /1 and
0.2 h'L, respectively.
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A scanning electron microscope (SEM) was used to compare the images of the
TSSC carriers before ethanol fermentation and at the end of fermentation. Figure 4.16
to Figure 4.21 represent the images of carrier from the beginning of the fermentation
to the end of fermentation. The amount of cells inside and outside the carriers from
time to time was increased. For long term performance, the free cell leakage occurred,
which could be observed from the free cells in the reactor and the free cells in the
effluent. Figure 4.22 to Figure 4.25 show the image of suspended cell culture in the
reactor and in the effluent.

The result in the PBR demonstrated that the mixed culture in TSSC carrier
was favorable for high ethanol production and had good stability under a wide range
of operating temperatures with feedstock of cane molasses and sugar cane juice as the
carbon source in continuous fermentation. With favorable mechanical and
biocompatibility properties and proper porous structure, it resulted in a stable
operation and high density of biomass. The mixed culture with TSSC carrier has a
good potential of reusability to continuously produce ethanol at high temperature (35
- 40 °C).
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fermentation end of continuous fermentation
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