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Abstract Discarded carrots are a valuable source of

biomass amenable for valorization. Their use as raw

material for ethanol production by fermentation, using

yeasts immobilized in Calcium alginate, was proposed. The

biocatalyst immobilization method, the existence of inter-

nal and external mass transfer limitations, the effect of the

initial pH and the reuse of immobilized yeasts were par-

ticularly evaluated. Results indicate that beads made with a

2 % solution of Sodium alginate and a 30 % solution of

Saccharomyces cerevisiae were strong enough to allow an

efficient nutrient transfer into the matrix and to prevent cell

leaking. A stirring rate of 200 rpm was needed to avoid

external mass transfer limitations. These beads were used

in three successive fermentations. An initial pH of 5.5

reached the best fermentation parameters. Non-enriched,

non-sterile carrot must was fermented through immobilized

yeasts; and values of ethanol concentration (29.9 g L-1),

Yp/s (0.409 g g-1), and productivity (7.45 g L-1 h-1) were

obtained. These values were similar to those registered

when free cells were used.

Keywords Bioethanol � Carrot discard � Immobilization �
Calcium alginate bead � Reuse

Introduction

Nowadays, the conversion of biomass into biofuels repre-

sents a significant economic option [1]. Ethanol is one of

the most important renewable fuels contributing to the

reduction of negative environmental impacts generated by

the worldwide utilization of fossil fuels [2].

Bioethanol is generally produced from raw materials

containing fermentable sugars, such as sugar cane, sweet

sorghum, beet molasses, corn, wheat, etc. [3, 4]. However,

the current focus on ethanol production is the conversion

from non-edible sources or wastes—such as agricultural

and forest residues—into second generation ethanol. It is

the abundance and the low-cost of these raw materials that

make them attractive as such [5].

In the Santa Fe region (Argentina), 50–100 tons of

carrots—almost 30 % of the total production—are dis-

carded every day during the harvest time. Discards are

generally made up of carrots that do not meet commercial

standards with regard to size or shape, or whose economic

value would not be enough to compensate for the har-

vesting costs [6]. Such a high percentage of discards is not

exclusively seen in Argentina: similar values are found in

other countries as well. In general, only 10 % of total

discards is used for animal consumption; the rest remains

in the fields generating odors and causing land deteriora-

tion, which are the main agents producing a highly adverse

environmental impact. As a consequence, reutilization of

this type of discard is very important.

In previous papers [7, 8], it was concluded that the must

extracted fromdiscarded carrots could be used as rawmaterial

for ethanol fermentation in a stirred tank bioreactor using free

cells of Saccharomyces cerevisiae as biocatalyst, with neither

sterilization pretreatment nor addition of nutrients. It was also

reported that the maximum productivity and ethanol yield
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were 6.2 g L-1 h-1 and 0.295 g g-1, respectively. Apart

from the results, difficulties found in the purification of the

fermented must (cell separation) were also highlighted. Some

of them are the high costs of installation and microbial recy-

cling, the high contamination risks, and the susceptibility of

the microorganism to environmental variations [9]. These

problems could be overcome using immobilized yeast. The

most extensively studied method in cell immobilization is

entrapment. This technique is based on the inclusion of cells

within a rigid network to prevent cells from spreading into the

reaction medium. Sodium alginate (Na-alginate) solutions

form gels of Calcium alginate (Ca-alginate) in the presence of

cations such as Ca2? [10]. Immobilizing cells in alginate is

simple, economic, and not toxic. Therefore, Ca-alginate is

frequently used for immobilization because of the simplicity

of the procedure to prepare the beads and the mild conditions

required. Several reports indicating the use of this compound

are available [11–14].

Although many works have been done on the production

of ethanol immobilizing yeasts in Ca-alginate, in none of

them have discarded carrots been used as raw material for

fermentation.

The aim of this work was to learn the feasibility of

producing second generation ethanol through the use of

carrot discards, particularly through the immobilization of

S. cerevisiae yeast in Ca-alginate as biocatalyst. The bio-

catalyst immobilization method, the existence of internal

and external mass transfer limitations, the effect of the

initial pH and the possible beads reuse were specifically

studied.

Materials and methods

Raw material, handling and storage

Discarded carrots (Daucus carota) were collected in

November and December 2012 from a packing shed in the

Santa Fe area (31�250S, 60�200W), Argentina. As for han-

dling and storage, the method described by Aimaretti and

Ybalo [7] was used.

Carrot must

Discarded carrots were selected leaving aside areas affec-

ted by microorganisms. Then, their juice was extracted by a

continuous milling, compressing and filtering treatment.

Particulates present in carrot juice were separated through

centrifugation for 10 min at 3,500 rpm. The supernatant

was named carrot must (CM) and its average sugar content

was 89.8 ± 1.2 g L-1 and its pH was 6.4 ± 0.2. CM was

not subject to sterilization. To evaluate the effect of the

initial pH value, this was adjusted by adding sulfuric acid.

Microorganism

Saccharomyces cerevisiae was provided by a local supplier

(Dánica, Argentina) in the form of pressed yeast and it was

reactivated directly in the carrot juice. Whole yeast cells

were kept in a sterile container, without addition of nutri-

ents, at 4 �C and saturation humidity, during six days [6].

Yeast immobilization method

For the immobilization of yeasts, two solutions were

required: one consisting of living cells of S. cerevisiae in

water (solution A), and another one consisting of Na-

alginate (Protanal LM 120 LS) in water (solution B). Both

solutions were mixed together at equal volumes (1:1 v v-1)

and stirred until a homogeneous solution was visible. Then,

with a micropipette, the solution was added dropwise to a

0.2 M CaCl2 solution prepared in a 0.05 M sodium acetate

buffer (pH 5.6). Drops solidified in the form of beads and

yeast cells were entrapped inside. Beads were kept in

suspension for 30 min to harden. To remove calcium ion

excess and free cells, beads were separated and washed

with a 0.01 M sodium acetate buffer of pH 5.6 [15] and

were used immediately after that, avoiding contact with

oxygen. During the optimization of this method, three

different concentration values of solution A—5, 30 and

60 % (w v-1)—, and four different concentration values of

solution B—0.5, 1.0, 1.5, and 2.0 % (w v-1)—were used.

Bead diameter was modified using different pipette tips

so as to obtain different drop sizes. The resulting bead

diameter was measured with a micrometer. The concen-

tration of living cells entrapped in Ca-alginate beads was

determined by dissolving 100 beads in 30 mL of a 0.1 M

sodium citrate solution at room temperature, continuously

stirring, and by quantifying with a Neubauer counting

chamber with methylene blue stain [7].

To recycle the immobilized biocatalyst, fermented CM

was filtered. Beads were returned to the reactor and the

same amount of fresh CM at 30 �C was added, stirring the

reaction medium, to start a new fermentation cycle.

Fermentation conditions

For ethanol fermentation studies, CM was used exactly as it

was obtained, without any adjustment in sugar levels,

addition of nutrients, or sterilization treatment. Newly

prepared beads and CM were used in each test. Batch

fermentation was performed at 30 �C, in a 50 mL stirred

tank bioreactor with controlled heating and stirring, built in

the laboratory of UNL (Argentina). The fermentation

progress was monitored by measuring the CO2 production

with the aid of a gasometric probette. The stirring rate was

controlled to always be 200 rpm in most assays, exceptions
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being during the assessment of external mass transfer

limitations. After fermentation was complete, samples

were taken and centrifuged for 10 min at 5,000 rpm. The

supernatant was transferred to sterile tubes for storage and

it was kept at -18 �C. All experiments were performed in

triplicates.

Analytical methods

Sugar concentration

The concentration of total sugar was measured by the 3.5-

dinitrosalicylic acid (DNS) method after acid hydrolysis

(1.2 M HCl at 65 �C for 15 min), neutralization with 1 M

NaOH, and filtration [16].

Ethanol concentration

Ethanol concentration was measured by gas chromatogra-

phy in a Shimadzu GC 2014 apparatus equipped with a

ZB-wax capillary column. Isopropanol was used as internal

standard. The column temperature was 40 �C (isothermal),

the injector and the detector temperatures were 220 �C.

Fermentation parameters

The following fermentation parameters were calculated to

compare the responses of different assays: (1) Yp/s, ethanol

yield per substrate, the ratio of total ethanol produced to the

amount of consumed sugar, [g g-1]; (2) Yp/x, ethanol yield

per cell, the ratio of total ethanol produced to the total

biomass [g g-1]; (3) Productivity, the ratio of total alcohol

production to the total fermentation time [g L-1 h-1] [17].

In all instances, it is considered that the total time for

fermentation was 4 h.

Scanning electron microscope

A scanning electron microscope (SEM) (JEOL, JSM-35C),

was used to observe the morphology of beads and cells of

immobilized S. cerevisiae. Two samples of the beads were

examined, before and after fermentation. The alginate

beads were cut along the central axis and the resulting

hemispheres were coated with gold in an argon atmosphere

for further inspection using a microscope.

Statistical analysis

To examine the reproducibility of the experiment, three

experimental runs of each batch test were carried out and

measurements were performed in duplicates. The data were

analyzed using the one-way ANOVA procedure of the

SPSS software. Differences between means were detected

using the Duncan’s Multiple-Range Test. Data were con-

sidered significantly different when P\ 0.05.

Results and discussion

Optimization of biocatalyst immobilization method

An optimum immobilization matrix would be one having a

structure rigid enough to retain the amount of cells required

by the process, adequate mechanical properties, and a

suitable porosity. The latter is needed to prevent diffusion

problems, thus, allowing the free access of nutrients for cell

metabolism. These requirements may prove to be contro-

versial, so it is necessary to find a proper balance. There-

fore, a study of the main variables affecting the properties

of beads was performed.

Effect of yeast concentration in solution A

To determine the number of entrapped cells in each bead

when yeast concentration was caused to vary, three tests

with different yeast concentrations—5, 30 and 60 %—

were used. In all assays a concentration of 2 % Na-alginate

was used in solution B (see Section. ‘‘Yeast immobiliza-

tion method’’). The biocatalyst activity was also analyzed

through these tests.

Table 1 shows the number of cells entrapped per bead,

ethanol production, productivity and Yp/x, employing 750

beads in each experiment. When yeast concentration in

solution A was increased from 5 to 30 %, more cells were

entrapped in the beads and a proportional increase in the

fermentation rate was produced. Therefore, higher values

of ethanol concentration and productivity were obtained;

however, the corresponding values of Yp/x only differed by

5 %. This would indicate that virtually all entrapped cells

participated in fermentation. Thus, a high level of inoculum

was achieved, allowing the non-sterilized CM batch pro-

cess [7, 8].

Conversely, when the concentration of cells in solution

A was increased from 30 to 60 %, the number of entrapped

cells remained constant. This would indicate that there is a

Table 1 Ethanol production, productivity, and Yp/x, using beads

made with different cell concentrations in solution A

Sol.

A (%)

Number of cells

entrapped per

bead

Ethanol

concentration

(g L-1)

Productivity

(g L-1 h-1)

Yp/x
(g g-1)

5 1.56 9 107 10.6 ± 0.5 3.09 1.492

30 3.10 9 107 24.5 ± 1.2 7.17 1.711

60 3.18 9 107 23.1 ± 0.9 7.01 1.651
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limited capacity for retaining cells [18] and this value

cannot be exceeded by increasing the concentration in

solution A.

It can be concluded that under the fermentation condi-

tions implemented, there is no limitation and no cell

alteration occurs as a result of the immobilization process.

The beads structure is seemingly highly porous and virtu-

ally all entrapped cells participate in fermentation. This

might indicate that there are no mass transfer limitations in

the flow of nutrients, sugars and ethanol. In this sense, the

behavior of immobilized Saccharomyces cerevisiae during

carrot must fermentation (without sterilization pretreatment

or addition of nutrients) would be similar to the behavior of

free cells.

Effect of Na-alginate concentration in solution B

The concentration of Na-alginate in solution B is directly

related to the mechanical strength of the beads. These

should have adequate mechanical strength; otherwise they

could break away leaking cells into the must. A too-rigid

bead structure could affect both the number of immobilized

cells and the transfer of nutrients and ethanol. Soft struc-

tures would not have enough mechanical strength. To study

this effect, four different Na-alginate concentrations—0.5,

1.0, 1.5 and 2.0 %—were used in solution B. In each

experience, a concentration of 30 % yeast was used in

solution A.

Results indicated that when Na-alginate concentration in

solution B was 0.5 %, beads of varied shapes were

obtained, and they had a very soft structure which easily

broke into pieces. Higher concentration values of Na-

alginate—1.0 and 1.5 %—produced homogenous-shaped

beads but with a soft and fragile structure as well. Finally,

with a 2 % concentration, beads had a homogenous shape

with diameters of 2.0–3.5 mm and a hard, non-fragile

structure.

Table 2 shows values corresponding to the amounts of

entrapped cells before and after fermentation depending on

the Na-alginate concentration in solution B. As represented

in the table, before fermentation, the number of entrapped

cells decreases as the concentration of Na-alginate is

increased. This is probably because Ca-alginate produces

more bonds, so that beads are denser and stronger, and the

number of retained cells is limited.

After fermentation the number of cells increased, indi-

cating that cell growth took place inside the solid matrix.

Other authors have reported that alginate beads swelled

after fermentation, increasing their diameter [19]. When

the concentration of alginate was 1 and 1.5 %, beads broke

during fermentation, allowing cell leaking. Conversely,

beads prepared with 2 % alginate were strong enough to

prevent cell leaking during the first fermentation cycle.

Summarizing, beads made with a concentration of 2 %

Na-alginate in solution B provided the best balance

between mechanical strength (to prevent cell leaking) and

production of ethanol by fermentation. Similar results have

been reported by Gilson and Thomas [20] and Najafpour

et al. [15] who studied the effect of Na-alginate concen-

tration on the properties of beads for fermentation. They

showed that beads with low alginate concentration

(\1.5 %) were too soft and easily breakable, whereas a

concentration of 2–5 % Na-alginate produced beads that

did not suffer any damage. Finally, beads made with Na-

alginate concentrations higher than 3 % had a decrease in

cell activity during fermentation. That decrease was caused

by diffusion problems [11, 19]. Therefore, denser beads

would be less porous, and it would be more difficult for

substrate diffusion to go through the beads. Thus, cells

would not get enough nutrients.

SEM analysis

SEM images were taken from beads made with 2 %

solution B and 30 % solution A, before the fermentation

process. Figure 1a shows the external surface and Fig. 1b

shows the inner surface of the bead, with a magnification of

1,000 lm. The SEM images reveal that beads were densely

covered with cells both inside and on the external surface,

reaching the maximum capacity of entrapped yeast cells, as

described in Section. ‘‘Effect of yeast concentration in

solution A’’.

Study of external and internal mass transfer limitations

Although results obtained so far seemed to indicate that

there were no mass transfer limitations, it was considered

necessary to verify it systematically. The growth of cells

and their metabolic activity depends on the diffusion lim-

itations imposed by the matrix porosity and later by the

impact of accumulating biomass or products in the bead

surface. Cells in the center of the beads may become

inactive. This can lead to the global effectiveness of

immobilized cells being lower than that of a free cell

system.

Table 2 Number of cells entrapped in beads made with different

alginate concentrations in solution B, before and after fermentation

Sol. B (%) Number of cells entrapped per bead

Before fermentation After fermentation

0.5 n.m. n.m.

1.0 7.5 9 107 6.0 9 107

1.5 6.1 9 107 7.1 9 107

2.0 3.1 9 107 3.6 9 107
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To evaluate the existence of internal and external mass

transfer limitations, fermentation tests were performed with

diverse bead diameters and varying stirring rates.

Effect of stirring rate on ethanol production

With no stirring, the beads remained at the bottom of the

fermentation flask decreasing the availability of substrate

for the cells. A stirring rate of 60 rpm was found to be

necessary so as to keep the beads in suspension.

To evaluate the existence of external diffusion limita-

tions, tests using different stirring rates—0, 60, 200, and

350 rpm—were made. Figure 2 shows the pattern of eth-

anol concentration as a function of time for the different

stirring rates.

As represented, the rate of ethanol production increased

when the stirring rate is within the range 0–200 rpm,

indicating the existence of external mass transfer limita-

tions. At stirring rates faster than 200 rpm, the ethanol

production rate remained constant indicating that external

mass transfer limitations disappeared.

The stirring rate is an important factor that influences

the ethanol yield and the fermentation rate. External mass

transfer limitations disappear at stirring rates higher than

200 rpm and ethanol production becomes dependent only

on the metabolic activity of the yeasts. In this situation,

nutrients have proper access to the biocatalyst and fer-

mentation products have an adequate elution from the

beads. Similar results were reported [21] during fermen-

tation of carob pod extract using immobilized Saccharo-

myces cerevisiae cells in a stirred tank bioreactor.

Effect of bead diameter on ethanol production

To determine intraparticle mass transfer limitations,

experiments with different initial bead diameters were

performed. Beads were made as indicated in Sec-

tion. ‘‘Effect of Na-alginate concentration in solution B’’

and then divided into two groups based on their diameter.

Average values of ethanol concentration and their standard

deviations, Yp/s, and productivity for each group of beads

are shown in Table 3.

When beads are made as described above, no significant

differences in ethanol production, substrate consumption or

fermentation parameters are found when using different

initial bead diameters. Results suggest that there are no

internal mass transfer limitations under the fermentation

conditions used. This statement supports observations in

Section. ‘‘Effect of yeast concentration in solution A’’

Fig. 1 Electronic micrographs of immobilized S. cerevisiae beads: (a) external surface, (b) inner surface of beads before fermentation. White

bar represents 10 lm. Magnification: 1,000 lm

Fig. 2 Concentration of ethanol produced at any time by different

stirring rates
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pointing out that all retained yeast produced ethanol. Ro-

ukas [22] reported that both free and immobilized S. ce-

revisiae cells produce the same maximum ethanol

concentration under the same fermentation conditions as

non-sterilized carob pod extract in a batch-fed culture.

Effect of initial pH on ethanol productivity

Because of fermentation processes requiring living cells,

different initial pH values should produce significant

effects on ethanol yields and productivity. A study was

carried out which observed the effect of initial pH values of

4.5; 5.0; 5.5; and 6.4 on the ethanol concentration obtained

during batch fermentation of CM. The results of ethanol

yield were 14.9 g L-1; 20.6 g L-1; 27.9 g L-1 and

25.1 g L-1, respectively. Immobilized S. cerevisiae were

active in the range of initial pH values of 4.5–6.4, and

achieved the maximum ethanol productivity at a pH of 5.5.

When initial pH values were lower, the ethanol production

decreased. In agreement with these results, Roukas [22]

reported that ethanol fermentation from carob pod extract

by immobilized S. cerevisiae took place in the pH range of

3.5–6.5 and that the optimum pH value was 5.5.

When batch fermentation is carried out without pH con-

trol, pH decreases during fermentation, affecting the ethanol

production and the productivity. During fermentation ofCM,

it was generally observed that values decreased by 1.5–2 pH

units. The pH reduction was attributed to an increase in

permeability to protons of the cytoplasmic membrane,

leading to a higher consumption of ATP, thus causing an

increased glycolytic activity and glucose uptake [23].

In the case of CM fermentation by free cells of S. ce-

revisiae, Aimaretti and Ybalo [7] reported an optimum

initial pH value of 4.5. The difference could lie in the fact

that cells are entrapped in beads which are relatively pro-

tected from alterations of the environment conditions [24].

Stability of beads in successive cycles of fermentation

Successive batch fermentation experiments were carried

out to determine the stability of cells immobilized in Ca-

alginate beads after bead reuse. Beads made with 2 %

solution B and 30 % solution A were used to ferment CM

at 30 �C with an initial pH of 5.5 and at a stirring rate of

200 rpm.

Figure 3 shows the results of ethanol production during

the first and second fermentation cycles. It can be observed

that ethanol concentration and Yp/s were higher in the

second fermentation cycle—29.9 g L-1 and 0.409 g g-1—

as compared to the values in the first fermentation—27.1

and 0.364, respectively. Beads reused in the second fer-

mentation also showed an increase in productivity (13.3 g

L-1 h-1). This is because the lag phase time is reduced and

the cell number inside beads is higher, as shown in Table 2.

The same beads were used in three consecutive fer-

mentation batches and differences in diameter were found.

After the first fermentation, diameter increased from

2.3 ± 0.6 to 3.0 ± 0.2 mm. This is a 30 % increase in

bead diameter, higher than 10.5 % reported by Lee et al.

[19]. Diameter increase was caused by the yeast growth

inside the beads (see Table 2). This was similar for all

beads as it can be inferred from the small difference in the

diameters.

When the second fermentation had finished, the diam-

eter of the beads had not changed. After the third batch

fermentation (results not shown) the beads began to break

and cells came off. This occurs due to the high microbial

load used and the cell growth. Other authors reported that

beads had been used five times [19, 21].

Aimaretti et al. [8] reported that when free cells were

reused, five cycles of carrot must fermentation could be

performed without variations in ethanol product concen-

tration, though with an increase in productivity. Therefore,

fermentation with free cells offers the possibility of more

reuse instances (more fermentation cycles) than fermenta-

tion with Ca-alginate immobilized cells. However, the cost

of microbial recycling is higher than that of bead recycling.

This added to the significant reduction of the cost of

Table 3 Fermentation parameters for processes with different bead

diameters

Diameter

(mm)

Ethanol concentration

(g L-1)

Yp/s

(g g-1)

Productivity

(g L-1 h-1)

2.0 ± 0.3 25.7 ± 0.6 0.345 6.91

3.0 ± 0.3 26.6 ± 0.5 0.364 7.08

Fig. 3 Ethanol production during first and second fermentation

cycles
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purification of ethanol when immobilized cells are used,

points to the convenience of using immobilized biocatalyst.

In fact, the use of Ca-alginate immobilized cells has several

advantages, though limited mechanical stability is a

problem.

The results of this report suggest that a better fermen-

tation method would be one using beads only for three

fermentation cycles and dissolving them for further bead

reconstruction for the following cycles.

Conclusions

Ethanol was produced by fermentation of non-enriched and

non-sterilized carrot must using immobilized yeasts. Beads

made with 2 % solution of Na-alginate and 30 % solution

of S. cerevisiae were strong enough to prevent cell leaking

and enabled two successive fermentations. Beads permitted

an efficient nutrient transfer into the matrix and a 10 %

yield was achieved in the second fermentation. It was

found that a stirring rate of 200 rpm was needed to prevent

external mass transfer limitations. All fermentation

parameters were benefited using an initial pH of 5.5.
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