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In this study, yeast cell immobilization was carried out in a packed bed reactor (PBR) to investigate
the effects of the volumetric capacity of carriers as well as the different fermentation modes on fuel
ethanol production. An optimal volumetric capacity of 10 g/l was found to obtain a high cell
concentration. The productivity of immobilized cell fermentation was 16% higher than that of
suspended-cell fermentation in batch and it reached a higher value of 4.28 g/l/h in repeated batches.
Additionally, using this method, the ethanol yield (95.88%) was found to be higher than that of other
tested methods due to low concentrations of residual sugars and free cells. Continuous ethanol
production using four bioreactors showed a higher productivity (9.57 g/l/h) and yield (96.96%) with
an ethanol concentration of 104.65 g/l obtained from 219.42 g/l of initial total sugar at a dilution rate
of 0.092 h-1. Furthermore, we reversed the substrate-feed flow directions in the in-series bioreactors
to keep the cells at their highest activity and to extend the length of continuous fermentation. Our
study demonstrates an effective method of ethanol production with a new immobilized approach,
and that by switching the flow directions, traditional continuous fermentation can be greatly
improved, which could have practical and broad implications in industrial applications.
Keywords: Cassava supernatant yeast, ethanol, packed bed reactor, continuous fermentation, alternate
control strategy
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The world is facing an energy crisis today as fossil fuels and other non-renewable energy sources are being
exhausted [1]. Looking for new alternative energy sources has become the focus of energy research. Bioethanol is
not only a renewable fuel from different kinds of renewable feedstock such as sugar cane, corn, wheat, cassava, and
cellulose biomass [2], but can also be mixed with gasoline to be used in any proportion to alleviate the pressure
from the oil demand. In particular, cassava-based bioethanol production is being carried out mainly in China and
Southeast Asia as an effective method to reduce greenhouse gas emissions, promote energy security, and avoid a
food crisis [3].
In the ethanol production process with cassava powder, the fermented liquid viscosity is too high and impacts
the continuous flow of material, which adversely affects the mixing and hence, the control of the mash
temperature. Additionally, impurities in the cassava medium can place wear on equipment, cause pipeline and
equipment jams, and lead to cleaning difficulties and bacterial contamination. Ethanol production using cassava
supernatant not only overcomes the deficiencies of traditional fermentation but can also improve production
capacity and increase the productivity of fermentation. This technology reduces energy consumption by
improving the distillation efficiency and decreases the cost of sewage treatment by reducing the chemical oxygen
demand in the fermented liquor. Furthermore, this technique can be applied to continuous ethanol production
combined with immobilized cell fermentation. Many researchers have previously investigated continuous ethanol
production and found that alcohol fermentation by immobilized yeast is superior to fermentation by free yeast.
Najafpour et al. [4] reported that bioethanol production by immobilized cells within alginate beads provided
higher productivity than that of free cells in a batch system. Furthermore, Bangrak et al. [5] found ethanol
productivity in continuous culture was 6-8-fold higher than that in batch culture. Other studies have shown that
high density fermenters improve both ethanol yield and biomass recovery [6-8].
Many researchers have also focused on improving the stability of continuous production of bioethanol by a
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number of methods such as cell recycling [9, 10], fermentation coupling with separation [11, 12], optimizing
fermentation conditions [13, 14], and different fermenter designs [7]. However, these efforts faced limitations
such as materials degradation, low mechanical strength and poor mass transfer, problems that have been often
observed when using immobilization fermentation. Previously, immobilized yeast cells adsorbed onto modified
fibrous matrix carriers were successfully developed for repeated batch ethanol productions in a 700 L fermenter.
This method had many advantages including low cost, high porosity, high specific surface area, good adsorption
efficacy, strong stability, and enhanced productivity [15].
In this study, we used a new type of medium in the yeast cell immobilization and mainly focused on the
feasibility of continuous ethanol production using cassava supernatant. In order to improve the productivity and
keep a long-term stable fermentation, different dilution rates and switch controls were investigated.

Materials and Methods
Microorganism and Culture Medium
Saccharomyces cerevisiae 1308 was provided by the Tian-Guan Group (China). The strain was stored and
cultured as previously described [15]. The seed culture medium contained the following: glucose (100 g/l),
peptone (20 g/l), and yeast extract (10 g/l). Cassava chips with a starch content of approximately 72.5% were
obtained from the Tian-Guan Group. Cassava powder was made by grinding the chips with a hammer mill and
screening out the larger particles using a 1-mm screen. The cassava was mixed with tap water at a mass ratio of
1:2.6 and pH was adjusted to 5.5-6.0 with NaOH solution. Following this, α-amylase (16 U/g of starch) was added.
The mixture was then hydrolyzed by heating to 86°C for 2 h. Finally, the hydrolysate was filtered by a frame filter
press in preparation for continuous ethanol production.
Cell Immobilization
Cell immobilization was carried out in a packed bed reactor (PBR) that included two main parts: immobilized
fillers and a 20 L recirculation tank, with a diameter of 14 cm and a height of 33 cm. Each immobilized filler
consisted of a porous hollow ball with a diameter of 2.5 cm and a pore diameter of 0.8 cm as well as a sheet cotton
fiber (2.5 cm diameter). The PBR was sterilized for 15 min at 105°C.
The initial seed culture was carried out in four 5 L shake flasks with 2.5 L of medium by culturing at 160 rpm and
30°C. For the second seed culture, the first seed was inoculated into a 100 L fermenter containing 70 L of seed
medium, and incubated for 18 h at 30°C and 0.15 m3/min of air flow. The second seed was then inoculated into
each PBR and incubated at 30°C with a circulation flow rate of 25 L/h to ensure immobilization. After 30 h, 10%
cassava hydrolysate was added.
Batch and Repeated-Batch Fermentation
For free cell fermentation, 1.5 L of seed and 14.5 L of fermentation broth (pH 4.4) were added to a 20 L PBR.
Glucoamylase (200 U/g of starch) was then added. The fermenter content was recirculated at 30 L/h and its
temperature was controlled at 33°C by a water bath. Each experiment was repeated 3 times. Repeated-batch
simultaneous sacchariﬁcation and fermentation (SSF) by immobilized cells was also carried out in a 20 L PBR after
the immobilization process, where 16 L of the same fermentation broth was added to the reactor. The
fermentation conditions were the same as those used for free cell fermentation. At the end of each batch, which
was defined by the level of reducing sugar dropping below 1 g/l, the fermented broth was removed, the same
amount of fresh medium was added, and the next batch was initiated. The immobilized cells were used for 6
successive batches. Samples were collected at regular intervals and analyzed for ethanol production yield
and reducing sugars.
Continuous Ethanol Productions
Continuous ethanol production was carried out in a 20 L four-stage cascade PBR system. The fermentation
broth, prepared in a substrate feeding tank, contained magnesium sulfate (0.2 g/l) and urea (0.2 g/l), and then 5 M
sulfuric acid was used for pH adjustment by a peristaltic pump. Glucoamylase (180 U/g) was pumped into the PBR
with the fermentation broth and the temperature was maintained at 33°C.
Analytical Methods
The 3, 5-dinitrosalicylic acid (DNS) method as described by Miller [16] was used for reducing sugar detection.
The total sugars were hydrolyzed using 6 M HCl for 2 h at 100°C and then they were analyzed using the same
method [16]. Ethanol was determined by high-performance liquid chromatography (HPLC), and the
concentration of free cells was determined using a blood counting chamber as previously described [15]. The
ethanol yield and productivity were calculated as below:
Ethanol yield, Y (%) = CE/[(CG0 − CGt) × 0.511] × 100%
Ethanol productivity, P (g/l/h) = CE/T
where CE indicates ethanol concentration, CG0 and CGt indicate initial total sugar and final total sugar; T indicates
fermentation time.
Meanwhile, CR, CC and D indicate reducing sugar concentration, cell concentration and dilution rate,
respectively.
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Fig. 1. Time courses of cell immobilization at the different additive amount of carriers.
Scanning Electron Microscopy (SEM) and Confocal Laser Scanning Microscopy (CLSM)
The immobilized cells on the carrier were washed twice with phosphate-buffered saline (PBS), freeze-dried
using the FreeZone Freeze Dry System (Labconco Corporation, USA), and then scanned and imaged using
scanning electron microscopy (SEM, model JSM-6010, JEOL Ltd., Japan).
For CLSM, the immobilized cells were washed twice with PBS and stained immediately with both FUN-1
(Molecular Probes, Inc., USA) and Alexa Fluor 488 conjugated to concanavalin A (ConA) (Molecular Probes,
Inc.) as previously described [17]. FUN-1 is converted to an orange-red molecule in metabolically active cells, and
ConA binds to the glucose and mannose residues of cell-wall polysaccharides, a green ﬂuorescence. The images
were captured using a Leica TCS SP5 II.

Results and Discussion
Optimization of Cell Immobilization Process
Previously, spiral wound carriers have been used to immobilize cells; however, as the liquid flowed vertically
there was less contact with the carrier surface, and thus the rate of immobilization was reduced [15, 18, 19-21]. In
this study, the sheet cotton fibers were packed into porous hollow balls, which increased the contact area of free
cells, while also reducing the use of steel wire mesh. As seen from Fig. 1, the free cell concentration varied
depending upon the adsorption time and amount of carrier used. The amount of adsorbed cells on the carriers was
roughly equal to the reduced concentration of suspended cells as previously described [15]. The concentration of
suspended cells in all experimental groups was found to be decreased during the initial 30 h, with this reduction
seemingly related to the different amounts of carrier added. For example, the free cell concentration decreased to
0.5 ×108 cells/ml at 30 h with the addition of 12 g/l, while a slower rate of reduction was found with the addition of
4 g/l. In total, 1 kg of carbon source was added to each bioreactor at 30 h. It was observed that the concentrations of
free cells in all groups were increased, and this was followed by a distinct decrease after 36-42 h except for the 4 g/l
reactor. The adsorbed cells in each group (Fig. 1) were more than 3.2 × 108 cells/ml, 3.0 × 108 cells/ml, 2.3 × 108
cells/ml, 1.7 × 108 cells/ml, respectively. When considering the adsorption capacity, mass-transfer efficiency and
economic factors, we chose 10 g/l as the amount added for all later experiments, from which we observed the yeast
cell adsorption and growth in the process of immobilization (Fig. 2). There was an obvious adsorbed state for the
yeast cells on the carrier surface (Fig. 2A), and cells gathered on the carrier in groups one by one (Fig. 2B). After
24 h, a biofilm formed on the surface (Figs. 2C and 2D), protecting the cells from any harmful chemicals [22, 23].
Batch and Repeated Batch Fermentation
To assess the value of the application of immobilized yeast cells, we compared it to traditional fermentation
technology (Fig. 3A). We found that the consumption rates of residual total sugar and reducing sugars, as well as
the production rate of ethanol in immobilized yeast fermentation (Fig. 3B) were faster than those in the free cell

Fig. 2. Scanning electron micrograph of the process of yeast cell adsorption. (A) Adsorption for 2 h, (B)
adsorption for 12 h, (C) adsorption for 24 h, (D) adsorption for 48 h.
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Fig. 3. Profiles of residual total sugar, residual reducing sugar, ethanol production, and cell concentration
during ethanol fermentation by free and immobilized yeasts. (A) Free cell fermentationm (B) Immobilized cell
fermentation.

fermentation, especially in the early stage. As expected, the free cell concentration in immobilized cell
fermentation was found to be significantly lower than that of the immobilized cell fermentation. Furthermore, in
the second batch of immobilized cells the rate of fermentation was found to be faster than that of the first batch,
and it reached a steady state producing 102.65 g/l of ethanol. This is slightly different from previous studies [15]. In
the first 2 cycles with unfiltered cassava hydrolysate, the rates of fermentation were fast due to small amounts of
scum adsorbed onto the surface of the carrier. Therefore, in this study we noted that there was minimal scum effect
on the cells on the carrier surface, thus leading to a higher fermentation rate. Additionally, there was an increased
amount of cell adsorption and a balanced state was achieved in the later four batches.
The productivity of immobilized cell fermentation was 16% higher than that of suspended-cell fermentation in
batch and reached a higher value of 4.28 g/l/h in repeated batches (Table 1). The ethanol yield in the first batch,
with the immobilized cells, was similar to that of the free cell fermentation, while in later batches, the mean yield
from immobilized cell fermentation was higher than that obtained from free cell fermentation, most likely due to
the lower concentrations of residual total sugars and free cells. This result can be explained by the fact that the
immobilized yeast cells in the production of ethanol may overcome the product inhibition as previously reported
[24] and that the sugar can be consumed more completely, resulting in improved ethanol concentration.
In the process of yeast cell adsorption, it was found that a biofilm formed on the surface of the carrier. Many
studies have shown that a biofilm has basic components, such as proteins, DNA/RNA, lipids, and extracellular
polysaccharides [25, 26]. The biofilm was stained with a ConA probe, which was able to react with
polysaccharides, and a FUN-1 probe, which reacted with the cytoplasm (Fig. 4). The results showed that the
Table 1. Influence of different fermentation modes on fuel ethanol production.
Parameter

Free cell fermentation

CG0 (g/l)
T(h)
CGt(g/l)
CE(g/l)
CR(g/l)
Cc(108 cells/ml)
pH
P(g/l/h)
Y(%)

217.62
32
15.51
95.80
3.8
1.88
3.85
3.00
92.76

Immobilized cell fermentation
First batch

Repeat batches

217.62
28
12.22
97.52
2.8
0.84
3.93
3.48
92.91

218.91
24
9.40
102.65
2.3
0.90
3.95
4.28
95.88

Fig. 4. Confocal laser scanning microscopy of immobilized cells during the immobilization and fermentation
processes. (A) Immobilization for 2 days, (B) fermentation for 2 days, (C) fermentation for 5 days, (D) fermentation for
10 days.
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Fig. 5. Kinetics of continuous ethanol fermentation at different dilution rates. (A) 1st bioreactor, (B) 2nd bioreactor,
(C) 3rd bioreactor, (D) 4th bioreactor.

biofilm was mostly made up of the cells and this was followed by extracellular polysaccharide composition (Fig. 4,
green). With longer incubation times, the proportion of extracellular polysaccharide increased, especially after 10
days of fermentation, in accordance with previous studies [27-29]. We speculate that extracellular polysaccharide
is involved in the synthesis of glycoproteins, which are known important functional proteins [30]. Therefore, it
can be hypothesized that the ethanol tolerance of the immobilized cells was enhanced due to the extracellular
polysaccharide of the biofilm.
Continuous Ethanol Production and Effects of the Dilution Rate
After the repeated batches were finished, continuous ethanol production using immobilized cells was carried
out in a series-wound bioreactor (Fig. 5). The concentrations of the substrate, ethanol, and free cells as well as the
cellular death rate were found to vary as the dilution rates were varied. The consumption rate of sugar in all the
bioreactors was fast in the early fermentation stage and achieved a dynamic balance after 28 h at a dilution rate of
0.058 h-1. In the 3rd and 4th bioreactors, the sugar was almost completely consumed and the ethanol production
reached 104.32 g/l and 104.86 g/l, respectively. When the fermentation was carried out for 72 h, the cellular death
rate of the free cells in the 3rd and 4th bioreactors was raised to a high level. In particular, in the 4th bioreactor the
death rate reached 30%, most likely due to the lack of nutrition, a limited carbon source, and ethanol inhibition.
Therefore, the dilution rate was adjusted from 0.058 h-1 to 0.150 h-1. The concentrations of free cells in the other
three fermenters showed little improvement, due to more sugar being fed. The residual sugar concentration in
each fermenter showed an obvious increase and reached a steady state with other parameters after approximately
108 h. The concentration of sugar in the 4th bioreactor remained at a high level of approximately 59.12 g/l and the
ethanol production decreased to 74.51 g/l (Table 2). When the fermentation was run for 216 h, the dilution rate
was adjusted to 0.092 h-1 from 0.150 h-1 and it was observed that the sugar concentration declined rapidly, with
production increases only seen in the later cycles. The ethanol concentration increased to 104.65 g/l again in the
last bioreactor, whereas in the third bioreactor it reached approximately 93.56 g/l, due to the extra unconsumed
sugar. The activity of the free cells in all bioreactors remained at a high level due to sufficient amounts of substrate
at a dilution rate of 0.092 h-1, and thus led to a longer term production of ethanol compared to the dilution rate of
0.058 h-1.
Table 2. Influence of different dilution rates on ethanol production of the fourth fermentation tank.
D
h-1

CG0a
g/l

CGt
g/l

CR
g/l

CC
108 cells/ml

CE
g/l

P
g/l/h

Y
%

0.058
0.150
0.092

218.00
217.13
219.42

7.81
59.12
8.20

2.60
51.22
2.83

0.80
0.92
0.74

104.86
74.51
104.65

6.08
11.18
9.57

97.63
92.29
96.96

a

CG0: The mean value of sugar concentration of feedstock.
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Fig. 6. Kinetics of continuous ethanol fermentation at different switch modes. (A) 1st bioreactor, (B) 2nd bioreactor,
(C) 3rd bioreactor, (D) 4th bioreactor.

The productivity of continuous ethanol production was estimated based on time course data in the steady state
as seen in Table 2. The ethanol productivity (11.18 g/l/h) increased as the dilution rate increased from 0.058 to
0.150 h-1, which is in agreement with previous studies [19, 31, 32]. This phenomenon may be explained by the
mass transfer being enhanced and the cell activity improved by the lower ethanol concentration as the dilution rate
increased [33-35]. In addition, the dissolved oxygen in the fermentation broth was increased from the feed pump
with the higher dilution rate, which relieved the inhibition by ethanol [36, 37]. Equivalently, the ethanol
productivity decreased to 9.57 g/l/h when the dilution rate was reduced to 0.092 h-1. Generally, in terms of ethanol
yield, a lower dilution rate gave a higher yield owing to a more complete fermentation. The maximum ethanol
yield obtained was 97.63% at a dilution rate of 0.058 h-1. However, in considering the sustainability of the
fermentation and production yield, we kept the dilution rate at 0.092 h-1 for later experiments.
Effects of Control Strategy
Despite continuous ethanol production enhancing the productivity and yield, questions surrounding the
sustainability and stability of the fermentation still exist, limiting its application. Long-term cultures with little
nutrition and production inhibition, in the last bioreactor, not only caused the decline of yeast cell activity, but also
increased the risk of bacterial infection. To solve this problem, some people have improved the aeration rate to
maintain the activity of the strain, while others have supplemented nutrition [37, 38]. In this study, we reversed
substrate-feed flow directions in the bioreactors in-series to maintain a high cell activity and extend the time of
continuous fermentation.
At 348 h, we reversed the flow direction, from the fourth to the first, due to high cellular death rates (> 30%)
(Fig. 6). The cellular activity was found to be recovered in the 4th bioreactor when fresh fermentation broth was fed
into it, and as the production increased, more sugar was consumed. For the 1st bioreactor, the sugar concentration
dropped to 10 g/l when ethanol production reached 103.23 g/l, 24 h after the flow was reversed. After 6 days of
fermentation, the activity of the cells had declined, and the fermentation flow was reversed back. The
phenomenon of fermentation was similar to that of the former (before the first switch), while the fermentation of
the third switch also ran for 5-6 days in the same way (as with the first switch). The fermentation parameters in the
Table 3. Influence of different switch modes on the outlet ethanol production.
Switch

CG0
g/l

CGt
g/l

CC
108 cells/ml

CE
g/l

P
g/l/h

Y
%

Firsta
Secondb
Thirdc

216.72
218.25
217.04

7.11
8.28
7.42

0.76
0.72
0.73

104.27
103.13
103.85

9.59
9.49
9.56

97.35
96.12
96.95

First, 1st → 2nd → 3rd → 4th switches to 4th → 3rd → 2nd → 1st
Second, 4th → 3rd → 2nd → 1st switches to 1st → 2nd → 3rd → 4th
c
Third, same as the first fermentation mode.

a

b
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2nd and 3rd bioreactors changed regularly with stability observed throughout the whole process with different
switch modes. The parameters of the final outlet of the bioreactor in stable state can be seen in Table 3, with the
sugar almost completely used up (< 10 g/l), and the ethanol production at more than 103 g/l, in each flow direction.
Additionally, the ethanol productivity and ethanol yield were very stable. These results indicate that continuous
fermentation using switch modes can be conducted with long-term stability.
Feasibility of Continuous Ethanol Production
In this study, we used sheet cotton fibers packed in porous hollow balls as immobilized carriers. This
immobilization increases the contact area for free cells and improves the adsorption of cells, ensuring efficient
continuous ethanol production. In addition, it also avoids the use of steel wire mesh, which reduces the cost of
production. The data generated in this study for continuous ethanol production with high cell density (Fig. 1)
showed a higher productivity (9.57 g/l/h) with a dilution rate of 0.092 h-1 compared to that of traditional
fermentation by free cells (3.00 g/l/h). Furthermore, the yield (96.96%) for continuous ethanol production was
4.2% higher than that of free cell fermentation. By switching the flow direction of the bioreactors the activity of
cells was enhanced throughout the whole process, thus maintaining a long-term stable fermentation without
contamination. Previously, we showed that the modified carrier had stronger characteristics in acidic
fermentation broth over a longer period of time (more than 30 days), and therefore, we were able to control the pH
value (3.8), in order to overcome contamination problems, a major barrier for continuous ethanol production. In
summary, the application of continuous ethanol production using immobilized cells in PBRs is feasible for
industrial production.
In this study, a new type of immobilized medium with high strength, great adsorption, and a perfect mass
transfer was used as a cell immobilized carrier. An optimal carrier amount of 10 g/l was shown to obtain a high cell
concentration (3.0 × 108 cells/ml), and a biofilm formed on the surface, increasing the ethanol tolerance due to the
presence of extracellular polysaccharide. In batch fermentation, the ethanol yield using immobilized cells was
similar to that obtained by free cell fermentation, but the productivity was 16% higher and reached a higher value
of 4.28 g/l/h in repeated batches. Meanwhile, the mean yield was higher than that in the suspended-cell
fermentation because of the low concentrations of residual total sugar and free cells. Continuous ethanol
production with four bioreactors showed a higher productivity (9.57 g/l/h) with a dilution rate of 0.092 h-1.
Switching the flow direction of the bioreactors was used to improve the activity of cells and maintain a long-term
stable fermentation without contamination. This study demonstrates the feasibility of this type of technology as an
effective method for ethanol production. Furthermore, it highlights that by switching the control flow direction,
traditional continuous fermentation can be enhanced, which has both practical and broad implications in
industrial applications.
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