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Abstract: The main objective of the present work is to contribute to the development of the biorefinery 

concept studying the production of bioethanol, a biofuel, from the organic fraction of municipal wastes 
(OFMSW), through the comparison between two batch systems, one with Saccharomyces cerevisiae in 
suspension and the other with its cells immobilized in a calcium alginate matrix. Since OFMSW is a very 
complex substrate, both systems were firstly tested using a mineral medium with no organic source of 
nitrogen and only with glucose as carbon source. Five different initial glucose concentrations were studied: 
50, 100, 200, 300 and 400 g/L. Fermentation monitoring was accomplished through analytical methods and 
by weight loss. Kinetic constants for growth (KS, µmax and Ki), and biomass and product yields were 
determined in order to evaluate if there are advantages in using immobilized yeast. The results obtained for 
the kinetic constants were inconclusive. After this essay, a typical organic fraction of municipal wastes 
(OFMSW) was prepared, from which the resulting liquid rich in organic matter was used as substrate for 
alcoholic fermentation in three concentrations: pure, diluted 1:2 and diluted 1:4. In this essay, the 
immobilized yeast system was also compared with suspended cells. Diauxic growth was clearly seen in the 
case of the suspended yeast system. Culture medium with substrate dilution 1:2 seemed to be the best since 
in the case of the pure substrate there was an inhibitory effect and in the case of the 1:4 dilution, cells did 
not have enough substrate for growth. 
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Introduction 

Nowadays, common people´s lives depend entirely 

on energy consumption. This energy is mainly 

provided by the combustion of fossil fuels, which are 

coal, petroleum and natural gas. The extreme 

consumption of these resources, along with 

continuous growth of the global population, has 

raised some environment and political concerns.  

Biofuels present a possible solution for both of the 

problems mentioned, and so studies have been 

made in order to improve its performance and to 

guarantee a proper and progressive shift from fossil 

energy to renewable fuels. 

International environmental regulations, such as 

Kyoto Protocol and Energy Policy Act, promote the 

biofuel utilization, as it is a renewable and clean 

energy source [1]. 

Among the renewable fuels, ethanol seems to be the 

best choice, since it presents good chemical 

properties: higher octane number, evaporation 

enthalpy, and flame speed and wider range of 

flammability. Due to these characteristics, ethanol 

gives higher compression ratio with shorter burning 

time, eventually providing a better theoretical 

efficiency than that of gasoline in an integrated 

circuit engine [2]. Ethanol can also be used to 

replace lead as an octane enhancer in petrol [3]. 

Globally, the production of bioethanol includes three 

steps: pre-treatment of the substrate, fermentation, 

distillation and dehydration [1] [3][4]. 

Three types of raw materials can be used for 

bioethanol production: sugars, starches, and 

cellulose materials. 

About 60% of the global ethanol is produced from 

sugar crops, while the remaining 40% is produced 

from starchy grains [5]. However, the use of this kind 

of substrates raises important ethical issues such as 

negative impacts on biodiversity, land use and 

competition with food crops. This feedstock gives 

origin to what is called first generation bioethanol [6]. 

These problems lead to the exploitation of others 

substrates, such as biomass waste, municipal solid 

wastes, municipal sludge and dairy/cattle manures, 

which originate second generation ethanol [7]. 

As an alternative to the use of cells suspension, 

many studies have been investigating the 

advantages of cells immobilization. Results show 

that this technique enhances the productivity and 

ethanol yield and reduces inhibitory effect of high 

substrate concentration and product. In addition, 

immobilization prevents cell washout in continuous 

fermentation, and hence, cell separation and/or 

recycle are not required for maintaining high cell 

density in the bioreactor. Thus, the bioprocess can 

be operated more efficiently [5][8]. Besides, the 

removal of microorganisms from downstream 

product can be omitted [9]. 

Nonetheless, the immobilization process changes 

the environmental, physiological and morphological 

characteristics of cells, along with the catalytic 

activity. Internal mass transfer limitations affect the 

effectiveness of the biocatalysts and the cells deep 

inside the bioparticle may become inactive due 

either to deprivation of some essential nutrients or to 

accumulation of products to inhibiting concentration 

[10]. 

The present work aims to study the influence of 

initial glucose concentration on bioethanol 

production using suspended and immobilized 
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Saccharomyces cerevisiae. It is also discussed 

whether the immobilization process do improve 

substantially bioethanol production. The same 

system was used for studying bioethanol production 

from wastes.  

Materials and Methods 

Culture media and preculture conditions 

An industrial winery strain of Saccharomyces 

cerevisiae BC S103 from Springer Oenologie was 

used [11]. This strain is commercialized lyophilized 

form. In order to obtain a cellular suspension, 2.5 g/L 

of commercial yeast was added to 50 mL of a 

sterilized YEPG medium (peptone, yeast extract, 

glucose, 20, 10 and 20 g/L respectively) and kept in 

a 100 mL erlenmeyer flask with a cotton stopper for 

48 hours at 30˚C. Agitation was carried out by a 

magnetic stirrer. Samples were taken twice a day, 

and optical density (OD) was measured. Once 

stationary phase was reached, 500 mL of a new 

medium was prepared (composition in Table 1) and 

inoculated with 1mL of the fermentation broth 

described above. Culture medium was kept at 30ºC 

with agitation and in anaerobic conditions (nitroged 

was sparged into the bottle at the beginning of the 

fermentation). 

Table 1 - Components of the fermentation medium and its 

concentration [12] 

Component 
Concentration 

(g/L) 

(NH4)2SO4 6 

KH2PO4 4 

MgSO4.7H2O 2 

Glucose 200 

Trace metals 
solution 

2 mL/L 

 

The trace metals solution was prepared according to 

the method described in [13]. After four days, cells 

were still active (in exponential phase). At the end of 

this time, an equal system was prepared again, so 

that yeast inoculum ready to be used would be 

always available.  

Bioreactor system and fermentation 

conditions 

For both essay with suspended and immobilized 

yeast, a system was used in which employed 100 

mL erlenmeyers closed with rubber caps perforated 

with one 1,2 mm x 40 mm needle. The culture 

medium used had the same composition as the one 

used for yeast growth, only differing in the initial 

glucose concentration. Five different initial glucose 

concentrations were studied (50 g/L, 100 g/L, 200 

g/L, 300 g/L and 400 g/L). Nitrogen was flushed into 

the vessels at the beginning of the fermentation for 

5 minutes, so that anaerobic conditions were 

guaranteed. The orbital agitation and the 

temperature in the bioreactors were provided by a 

thermostatic shaker plate Barnstead Lab-line Max Q 

4000 E-class [8]. The fermentation time was 120 

hours. Two different essays were carried out. In the 

first, CO2 production was tentatively assessed by 

weight loss using a precision balance (±0.01), and 

in the second 5mL samples were taken from the 

broth and analysed twice a day. There were two 

experimental replicas for each essay and all 

samples were analysed in duplicate. Every time a 

sample was taken, nitrogen was flushed again for 5 

minutes into the vessel so that anaerobic conditions 

were ensured. For each 5mL sample, biomass 

concentration, glucose and ethanol concentrations 

were measured. In the weight loss essays, biomass 

concentration was only measured at the beginning 

and at the end of the 120 hours of fermentation. 

 

Suspended yeasts essay 

Culture medium was inoculated with 1mL. The total 

volume (culture media + inoculum) was 100 mL. The 

agitation rate was 150 rpm and the temperature was 

30˚C [14].  

 

Immobilized yeasts essay 
Fermentation temperature was 37°C [9] and 

agitation rate of 180 rpm (orbital) was enough to 

maintain all beads in suspension and completely 

mixed with culture medium. 

 

Immobilization method goes as follows: 

A suspension of S. cerevisiae (biomass 

concentration of 0.84 - 1.36 g/L; suspension A) and 

a 2% solution sodium alginate in ultrapure water 

were mixed together at equal volumes (100mL of 

each solution) and stirred until a homogeneous 

suspension (suspension B) was visible. Then, with a 

micropipette, the suspension B is added dropwise to 

200 mL of a 0.2M CaCl2 solution prepared in a 

0,05M sodium acetate buffer (pH 5.6). Beads were 

kept in suspension for 30 min at room temperature 

to harden. To remove calcium ion excess and free 

cells, beads were washed with 10 mL of a 0.01M 

sodium acetate buffer of a 0.01M sodium acetate 

buffer of pH 5.6. The beads were used immediately 

in order to avoid too much contact with oxygen [14]. 

It was established that each erlenmeyer flask would 

have a number of beads equivalent to 20 mL of 

suspension B, in order to guarantee that each 

experiment had approximately the same amount of 

biomass [15]. 

In order to calculate the encapsulation efficiency 

(EE), beads were made with 20 mL of suspension 

B, and from these about 100 beads (which is 

equivalent to more or less 3 g) were weighed in a 
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precision balance (±0.0001 g) and then dissolved in 

a 30mL sodium citrate solution (0.1M) at room 

temperature, continuously stirring until 

disintegration (suspension C) [15]. From the 

resulting cell suspension, a sample of 2 mL was 

taken into an Eppendorf tube and centrifuged for 10 

min at 5000 rpm. The supernatant was removed and 

the pellet was re-suspended in 2 mL of acetate 

buffer in order to dilute the concentration of the 

alginate in solution. OD was measured. Samples 

were taken in triplicate. This procedure was used to 

determine initial and final biomass concentration in 

the beads used in the fermentation experiments. 

EE was calculated by the equation 1, in which 

[𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝑏𝑒𝑎𝑑𝑠 (biomass concentration inside the 

beads in g of cells per g of beads) is described by 

equation 3 [8]. In equation 1, 𝑊𝐵𝑒𝑎𝑑𝑠
𝑇𝑜𝑡𝑎𝑙 , V𝑠𝑢𝑠𝑝𝐴/𝑏𝑒𝑎𝑑𝑠, 

[𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝑠𝑢𝑠𝑝.𝐴 represent, respectively, the total 

weight of the beads equivalent to 20 mL of 

suspension B, the volume of the suspension A used 

in the 20 mL of suspension B (which is equivalent to 

10 mL) and biomass concentration in suspension A. 

Since 𝑊𝐵𝑒𝑎𝑑𝑠
𝑇𝑜𝑡𝑎𝑙  was not measured, its value was 

calculated from the volume of suspension B used for 

each essay (20 mL; described by 𝑉𝑏𝑒𝑎𝑑𝑠) and water 

density (𝜌𝑤𝑎𝑡𝑒𝑟), as it is shown in equation 2. In 

equation 3, [𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝑠𝑢𝑠𝑝.𝐶 , 𝑉𝑠𝑢𝑠𝑝.𝐶, 𝑊𝑠𝑎𝑚𝑝𝑙𝑒, 

represent, respectively, biomass concentration in 

suspension C, final volume of the suspension C 

(described by equation 4), and the measured value 

for weight of the sample of beads (±3 g). In equation 

4, 𝑉𝑐𝑖𝑡𝑟𝑎𝑡𝑒 𝑠𝑜𝑙. stands for the volume of 0.1M citrate 

solution (30 mL).  

𝐸𝐸(%) =
𝑊𝐵𝑒𝑎𝑑𝑠

𝑇𝑜𝑡𝑎𝑙  × [𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝑏𝑒𝑎𝑑𝑠

V𝑠𝑢𝑠𝑝𝐴/𝑏𝑒𝑎𝑑𝑠 × [𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝑠𝑢𝑠𝑝.𝐴
× 100 (1) 

𝑊𝐵𝑒𝑎𝑑𝑠
𝑇𝑜𝑡𝑎𝑙  = 𝑉𝑏𝑒𝑎𝑑𝑠 × 𝜌𝑤𝑎𝑡𝑒𝑟  (2) 

[𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝐵𝑒𝑎𝑑𝑠 =
[𝐵𝑖𝑜𝑚𝑎𝑠𝑠]𝑠𝑢𝑠𝑝.𝐶 × 𝑉𝑠𝑢𝑠𝑝.𝐶

𝑊𝑠𝑎𝑚𝑝𝑙𝑒
  (3) 

𝑉𝑠𝑢𝑠𝑝.𝑐 = 𝑉𝑐𝑖𝑡𝑟𝑎𝑡𝑒 𝑠𝑜𝑙. +
𝑊𝑠𝑎𝑚𝑝𝑙𝑒

𝜌𝑤𝑎𝑡𝑒𝑟
  (4) 

There is the possibility of the remaining alginate 

cause turbidity and bias the OD results. In order to 

verify this, beads without cell suspension were made 

and they suffered the same treatment as the ones 

with cells. Around 3 g were weighed, dissolved in 30 

mL of 0.1M citrate solution, centrifuged and OD was 

measured. This OD value (0.028) was taken into 

account for the final values of OD of beads with cells, 

as described by equation 5, in which 𝑂𝐷𝑓𝑖𝑛𝑎𝑙 is the 

final value used in further calculations,  𝑂𝐷𝑏𝑒𝑎𝑑𝑠+𝑐𝑒𝑙𝑙𝑠 

is the optical density read in the spectrophotometer 

and 𝑂𝐷𝑏𝑒𝑎𝑑𝑠 is the optical density of dissolved 

alginate.  

𝑂𝐷𝑓𝑖𝑛𝑎𝑙 = 𝑂𝐷𝑏𝑒𝑎𝑑𝑠+𝑐𝑒𝑙𝑙𝑠 − 𝑂𝐷𝑏𝑒𝑎𝑑𝑠 (5) 

 

Waste pre-treatment: preparation of the 

synthetic OFMSW 

In order to study the production of bioethanol using 

the OFMSW as substrate, a mixture of different 

components was prepared simulating a typical 

organic fraction of municipal wastes. The 

composition of this mixture is shown in Table 2 and 

it is based on the one presented in reference [16]. 

Table 2 – Composition of synthetic OFMSW 

Component % (w/w) Mass (g) 

Bread 7 35 

Banana 7 35 

Paper 10 50 

Apple 9.8 49 

Onion 6 30 

Tomato 4 20 

Peas 2.6 13 

Potato 12.4 62 

Carrot 5.6 28 

Cauliflower 2 10 

Cabbage 10.2 51 

Orange 9.8 49 

Boiled rice 4.6 23 

Boiled pasta 4.6 23 

Minced meat 4.4 22 

Total 100 500 

1.5 L of water was added to these 500 g raw 

materials and everything was blended until a 

homogeneous mixture was obtained. It was kept in 

a vessel for 24 hours under anaerobic conditions, 
since at the beginning of this time nitrogen was 

flushed into the vessel for 10 minutes. Agitation was 

carried out by a magnetic stirrer. At the end of the 

24 hours, the mixture was filtered using a common 

strainer (15 cm of diameter) in order to remove 

bigger particles. Since there still were small particles 

in suspension, the filtrated was decanted for 12 

hours. The resulting supernatant was vacuum 

filtered using a VWR® 0.7µm glass microfiber filter. 

Approximately 1L of clarified liquid rich in organic 

matter was obtained. COD (chemical oxygen 

demand) was measured and the liquid was stored in 

a freezer.  

 

Fermentation conditions 

The liquid rich in organic matter was used as culture 

medium for alcoholic fermentation. In order to infer if 

there was any substance that could induce inhibition 

in biomass growth, this liquid was used in three 

different concentrations: pure, diluted 1:2 and 

diluted 1:4. In all cases, salts and the trace metal 

solution was added to the culture medium in the 

concentrations presented in Table 1. The system 



4 
 

used as bioreactor was the same as the one 

described in section Bioreactor system and 

fermentation conditions. Essays were carried out 

with suspended and immobilized yeast. The total 

volume (inoculum + culture medium) was 100 mL. In 

essays with suspended yeast, inoculum was 1 mL, 

and it came from the system described in section 

Culture media and pre-culture conditions. In essays 

with immobilized yeast, each erlenmeyer had an 

amount of beads equivalent to 20 mL of suspension 

A. The immobilization method and the procedures to 

determine EE, initial and final biomass concentration 

were the same as described in section Bioreactor 

system and fermentation conditions.  

Fermentation time was 96 hours and samples of 5 

mL were taken twice a day. Ethanol, glucose and 

biomass concentrations were measured. For the 

determination of biomass concentration, OD was 

measured using water as zero instead of the liquid 

rich in organic matter. It was considered that this 

liquid was clarified enough so that it would not 

interfere in OD values.  

 

Determination of biomass concentration 

Initial biomass concentration was assessed by OD 

at 600 nm in a Hach DR/4000 spectrophotometer. In 

order to establish a correlation between OD values 

and biomass concentration, a standard curve was 

obtained. For that, a sample of the culture medium 

was taken and successively diluted in 0,05M sodium 

acetate buffer (pH 5.6). For each dilution, OD, total 

suspended solids (TSS) and volatile suspended 

solids (VSS) were measured and the relation 

between OD and biomass concentration was 

established. TSS and VSS were determined using 

the procedure described in [17]. 

 

Glucose concentration measurement 

After OD measurement, each sample was filtered 

using 0.45 µm 33 mm nylon Sartorius filter so that 

glucose concentration could be determined. 

DNS method: 

To determine the concentration of glucose, a 

reducing chemical reagent, 3,5-dinitrosalicylic acid 

98% solution (DNS), was used. The DNS solution 

was prepared by dissolving 10g of 3,5-

dinitrosalicylic acid in 2M sodium hidroxide solution. 

A separate solution of 300g sodium potassium 

tartrate solution was prepared in 300 mL of distilled 

water. The hot alkaline 3,5-dinitrosalicylate solution 

was added to sodium potassium tartrate solution. 

The final volume of DNS solution was made up to 1L 

with distilled water.  

In a test tube, 0.5 mL of DNS and 0.5mL of the 

sample were added. Test tubes were covered and 

inserted in a thermostatic bath (100˚C) for 5 min. 

Then tests tubes were cooled down with running 

water and 5 mL of water were added to each tube. 

The solution was homogenized in a vortex and the 

absorvence at 540nm was measured, against an 

acetate buffer pH 4.5, that suffered the same 

treatment as the samples. The calibration curve was 

prepared with 2 g/L, 1 g/L, 0.5 g/L and 0.25 g/L 

glucose solutions [14]. 

HPLC method: 

Glucose concentration was also determined by 

HPLC (Agilent 1100 Series DEGASSER) equipped 

with ultra-violet (UV) detector. The method was 

carried out under the following conditions: UV 

detection was made at 195 nm with column 

temperature of 30˚C, flow rate of 0.6 mL/min and 

injections of 20 µL. The mobile phase was 

acetonitrile and deionised water with a ratio of 75% 

to 25%. This method was based in the one 

described in references [8] and [18]. All samples 

were analysed in duplicate and the sugar 

concentration was determined according to a 

standard curve. 

Ethanol concentration measurement 

After OD measurement, each sample was filtered 

using 0.45µm 33mm nylon Sartorius filter so that 

ethanol concentration could be determined. 

Ethanol was measured by gas chromatography, YL 

6100 GC (6000 series GC system controller), 

equipped with a flame ionization detector (FID) and 

a SDM 6100 special detector module. Injector and 

detector temperatures were maintained at 200°C 

and 220°C, respectively. N2 was the carrier gas. 

Ethanol concentration was determined according to 

a standard curve 

 

Scanning electron microscopy (SEM) of 

immobilized cells 

SEM images were taken from beads before and 

after fermentation process. To accomplish that, 

beads suffered a fixation treatment, followed by 

dehydration, and finally a chemical drying. The 

protocol used is highly detailed in [19]. Finally, 

beads were mounted on specimen stubs and 

examined under SEM FAI Quanta 250. 

Results and Discussion 

Influence of initial glucose concentration on 

bioethanol production using suspended and 

immobilized Saccharomyces cerevisiae 

 

Considerations regarding essay monitored 

by weight loss  

Weight loss method was an attempt to establish an 

easier and more comfortable way of assessing the 
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production of ethanol and biomass. The principle 

behind this method is considering that all weight loss 

is equal to the mass of produced CO2. This principle 

is valid only if all CO2 produced is released to the 

atmosphere as a gas, if there is no difference in 

pressure between in and out of each erlenmeyer, 

allowing gas release, and therefore the measured 

weight loss is equivalent to the mass of gas 

liberated, and if the process does not involve the 

exchange of other gases with the atmosphere, 

namely ethanol, volatile acids, water, in significant 

amounts. However, there is some important facts 

that are not being taken into account that introduce 

error in further calculations. Those are: CO2 

solubility in water (as an approximation, culture 

medium physical constants can be considered the 

same as water) is 1.25 g gas/kg water at 

atmospheric pressure at 30ºC (fermentation 

conditions) [20]. This value is high enough to be an 

error not to contemplate it in the calculation of actual 

mass of CO2 released. When CO2 is dissolved in 

water, there is a small percentage that reacts with 

water to produce carbonic acid (H2CO3). Although 

this acid is weak, it affects the pH of the culture 

medium, which was not measured. pH would be an 

important variable, so that total amount of dissolved 

CO2 could be determined. Besides all the 

assumptions described above, there is also the error 

inherent to the precision balance that was used to 

measure weight loss. Therefore, this procedure 

leads to results with a considerable error. 

Weight loss, initial and final biomass concentration 

were the variables measured. This data can be used 

to calculate the stoichiometric amount of consumed 

glucose and produced ethanol using the macro 

chemical equation described by equation 6. 

Stoichiometric coefficients were determined using a 

value of theoretical biomass yield (0.060±0.005 g/g) 

[21] and the reduced formula of Saccharomyces 

cerevisiae was taken from reference [22]. 

𝐶6𝐻12𝑂6 + 0.0102𝑁𝐻3 → 0.06𝐶𝐻1.83𝑂0.56𝑁0.17 + 1.979𝐶2𝐻6𝑂 +

1.982𝐶𝑂2 + 0.0234𝐻2𝑂 (6) 

The variation of biomass concentration was 

calculated using equation 7, in which 
𝑑𝑋

𝑑𝑡
 and 

𝑑𝑆

𝑑𝑡
 are, 

respectively, the variation of biomass concentration 

and glucose concentration throughout fermentation 

time. 
𝑑𝑋

𝑑𝑡
= 𝑌𝑥/𝑠 (−

𝑑𝑆

𝑑𝑡
)  (7) 

 

Since biomass concentration was measured at the 

beginning and at the end of the fermentation, 

glucose and biomass variation can be also 

calculated regarding a semi theoretical yield (𝑌𝑥/𝑠
′′ ). 

All of these values were calculated iteratively, in 

which the stoichiometric coefficients were 

recalculated using a given semi theoretical yield, 

and with these new coefficients, glucose 

concentration and biomass concentration were 

calculated again, and this process was repeated 

until all the values (measured and stoichiometric) 

were the same.  

Essay with suspended yeast 

In Figure 1 is shown the variation of glucose, ethanol 

and biomass concentrations, as well as weight loss, 

for the case of calculations with semi theoretical 

yield. 

 

 

 

 

Essay with immobilized yeast 
Encapsulation efficiency (EE) was calculated for 
both methods (weight loss method and analytical 
method) using equation 1. Values obtained are 
shown in Table 3. 

Table 3 - Values obtained for encapsulation efficiency for 
both weight loss and analytical method 

Method measured 
Encapsulation 

Efficiency (%) 

Weight loss method 47.7±0.7 

Analytical method 62.4±7.1 

 

In Figure 2 are presented values obtained for semi 

theoretical yield. These values were calculated 

iteratively, as explained for the essay with 

suspended yeast. 

  

Figure 1 – Values obtained for the variation of concentrations of: glucose (     ), 

ethanol (     ), biomass (      ) in the case of suspended yeast essays monitored 
by weight loss. Red spots represent experimental values (  ). Yellow spots 
represent weight loss (      ). Values obtained calculated using semi theoretical 

biomass yield (𝑌𝑥/𝑠). Average values and error bars represent standard deviation 

with n=2. 
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Cells growth and their metabolic activity are altered 

when they are immobilized in a polymer matrix. 

There are mass transfer limitations that not only 

prevent inner cells (cells that are in centre of the 

beads) to receive the substrate they need, but also 

interfere with the release of toxic fermentation 

products [21]. Therefore, cell growth in this case will 

not be the same as in the free cell system, as it was 

verified with the lower values of biomass 

concentration determined experimentally. However, 

in reference [10], biomass yield coefficient inside the 

gel matrix was determine, and the value is 0.0774 

g/g, which is in the same order of magnitude of the 

theoretical yield used for calculations. Therefore, 

values obtained experimentally are below of the 

ones expected.   

 
Regarding experimental values obtained for initial, 
final biomass concentrations and weight loss, one 
can observe that although this method has a 
considerable error, there was a significant loss of 
weight comparing to the values verified in the 
suspended essay (10 times higher). Since there was 
almost no growth, this loss of weight is essentially 
due to ethanol production, and it was considerable 
higher in this case than with suspended yeast. 
Nonetheless, this conclusion should be verified by 
data collected by sample analysis.   

Since ethanol and glucose concentration were 
calculated through stoichiometric relationship, the 
product yield (𝑌𝑝/𝑠) is the same for all cases, and its 

value is 0.507 g of ethanol produced/g of consumed 
glucose. In reference [24] is presented the same 
value (0.51 g/g) for the stoichiometric product yield. 
It was expected to find the same value in literature 
since it is a theoretical one. 

Assay monitored with analytical methods 

Due to technical problems, samples taken from the 
essay with immobilized yeasts could not be 
analysed. 
 

Assay with colorimetric glucose monitoring 
Results obtained with this method are presented in 

Figure 3. 

As one can observe, values obtained are very 

dispersed and so a trend line was calculated in order 

to better determine the total of consumed glucose. 

These trend lines were determined considering the 

ones calculated by Microsoft Office Excel® for the 

best correlation factor. However, values are not 

highly correlated. Therefore, variance (Var) between 

experimental data and trend line values was 

calculated. As a result, the sum of variance was 

calculated and the polynomial coefficients were 

recalculated using the Microsoft Office Excel® tool 

Solver® for the minimal sum of variance value. In 

Figure 4 are presented values obtained for ethanol 

and biomass concentrations. 

 

 

 

Figure 2 – Values obtained for the variation of concentrations of: 
glucose (  ), ethanol (  ), biomass (  ) , for the  essay with 
immobilized yeast and monitored by weight loss. Red spots 
represent experimental values ( ). Biomass concentration 
calculated using semi theoretical biomass yield (𝑌𝑥/𝑠) and blue 

spots (  ) represent weight loss. Average values error bars 
represent standard deviation with n=2. 

Figure 3 – Glucose consumption during fermentation with 
suspended yeast for each initial glucose concentration. 
Determination by colorimetric method using DNS.  

Figure 4 – Values obtained for the variation of concentrations of 
ethanol (    ) and biomass (     ) for essays with suspended yeast and 
in which glucose concentration was measured by DNS. Average 
values and error bars represent standard deviation with n=4. 
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Assay with glucose monitoring with HPLC 

Since DNS method was not the best one for 

measurement of glucose concentration not only 

because it had inconclusive results but also it is a 

hard labour method, glucose concentration was then 

determined by HPLC. Values obtained for this essay 

are presented in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Determination of kinetic constants for 

growth 

Regarding all the data presented in Figures 1, 2 and 

5 it was possible to determine the µ for each essay 

through the linearization of biomass concentration 

values obtained for the exponential growth phase. 

Table 4 – Specific growth rate obtained for all essays 

Regarding data presented in Table 4, it was possible 
to calculate the kinetic parameters, such as µmax 
(maximum specific growth rate (h-1)), KS (cell growth 
saturation constant (g/L)) and Ki (inhibition constant 
(g/L)), using the non-structured model for growth 
Jackson and Edwards [25]. (equation 8), in which S 
stands for initial glucose concentration in g/L. 

 

𝜇 = 𝜇𝑚𝑎𝑥
𝑆

𝐾𝑆+𝑆+
𝑆2

𝐾𝑖

  (8) 

All values obtained for kinetic constants are 

presented in Table 5. 

Table 5 – Kinetic constants obtained for each essay 

 Suspended yeast 
Immobilized 

yeast 

Kinetic 
constants 

Weight 
loss 

DNS HPLC Weight loss 

KS (g/L) 4.08 1.06 × 103 56.5 8.04 

µmax (h-1) 0.0715 1.88 0.455 0.214 

Ki (g/L) 994 0.797 119 134 

In the case of the suspended yeast essay, there was 
an analysis of the same system with different 
methods. Therefore, it was expected to obtained 
similar kinetic values. Observing data presented in 
Table 5, one can conclude that all values are very 
different from each other. This means that the 
essays were not reproducible. This discrepancy is a 
result of experimental errors and technical issues 
verified during the execution of each essay.  

In every essay values of Ks are an order of 
magnitude of g/L, which goes against what is 
mentioned in reference [26]. Both values obtained 
for the DNS and HPLC essays are much higher than 
expected, since it was expected to be a few order of 
magnitude lower than the initial substrate 
concentration. 

Regarding µmax, only the HPLC essay is of the same 
order of magnitude of the ones presented in 
literature (0.214, 0.290, 0.500 and 0.42 h-1 
[25][27][28]). µmax obtained for the case of DNS 
essay is too high for this constant, since the typical 
value for this constant in the case of fermentation of 
yeast in the mentioned conditions should be one 
order of magnitude lower than the obtained. 

In the study reported by Ortiz-Muñiz et al. (2010) 
[29], Ki is reported to be 162 g/L for alcoholic 
fermentation with suspended yeast. HPLC essay 
was the one closer to the literature value. Essay 
monitored by weight loss presented a value too high 
for the constant, and DNS essay present a very low 
value for the constant. 

It is possible to make a comparison between 
immobilized and suspended system. In order to 
accomplish this, only values obtained for the essay 
monitored by weight loss can be compared since 
they present the same error. 

As one can observe, KS is of the same order of 
magnitude in both cases but it is higher in the case 
of immobilized yeast. This was expected since when 
cells are immobilized, it is more difficult for them to 
uptake the substrate due to diffusion problems. As 
to µmax, it was expected to be higher in the case of 
free-cell system since there is no barriers to prevent 
cell growth. However, the opposite was verified. 

In the case of the constant Ki, it is higher in the case 
of suspended yeast. What was expected was the 
exact opposite. Since cells are entrapped inside a 
matrix, it regulates the consumed substrate. 
Therefore, the inhibition effect due to high substrate 

[Glucose]i 
(g/L) 

Suspended yeast 
Immobilized 

yeast 

Weight 
loss 

Colorimetric HPLC Weight loss 

50 0.0709 0.0227 0.181 0.146 

100 0.0546 0.0109 0.180 0.0970 

200 0.0574 0.0052 0.167 0.0838 

300 0.0511 0.0056 0.124 0.0734 

400 0.0558 0.0081 0.0913 0.0640 

Figure 5 – Values obtained for the variation of concentrations of 
ethanol (    ), biomass (    ) and glucose (    ) for essays with suspended 
yeast. Average values error bars represent standard deviation with 
n=4.  
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concentration is attenuated. In the study of 
Galaction et al. (2010) [24], the value presented for 
inhibition coefficient is 117 g/L, which is of the same 
order of magnitude of the one obtained in the 
present work. 

To sum up, all essays do not present kinetic 
constants that are in line with either literature and 
what was expected. The reason for this discrepancy 
is experimental errors and problems with equipment 
verified during the execution of each essay.   

 

Bioethanol production from the Organic 

Fraction of Municipal Solid Wastes 

(OFMSW) 

 

Chemical oxygen demand (COD) measurement 

Chemical oxygen demand (COD) was measured in 
order to assess the amount of organic matter 
dissolved in the liquid used for fermentation at the 
beginning of the experiment. The value obtained 
was 39500±31.2 mg/L.  

COD was not measured at the end of the essay 
since it was not expected to decrease much. The 
reason for this statement relies on the fact that the 
amount of organic matter does not vary much during 
fermentation, since glucose (organic matter) is 
transformed into ethanol (organic matter). 
Therefore, there is no mineralization of the initial 
amount of organic matter. 

Essay with suspended yeast 

In Figure 6 are presented values obtained for 
biomass concentration in the case of the essay with 
suspended yeast.  

Observing data presented in Figure 6, it is possible 
to conclude that in any case there is an initial lag 
phase, that takes around 21 hours in the essay with 
pure liquid, and 14 hours for the other two essays. 
The reason for this result relies on the fact that in the 
case of the pure liquid, cells take a longer time to 
adapt themselves to the new medium since it has 
higher substrate concentration than in the other two 

cases. Besides this, it also evident that this is a 
diauxic growth since there are two phases: the first 
one starts at 14th hour with an exponential phase 
until 21st hour, followed by a stationary phase that 
took around 41 hours for all three cases, and then a 
second exponential phase followed by a new 
stationary phase. 

This was expected since the medium used in this 
essay had different carbon sources, not only 
glucose and fructose, but also bigger molecules, 
such as starch. This diauxic growth means that 
yeasts firstly consume one of the substrates, and 
when this is exhausted, they adapt their metabolism 
and start to consume another. Theoretically, in this 
case, yeasts had firstly consumed glucose and then 
fructose, since there are studies made in wine 
fermentation that reveal that wine yeast strains 
(such as the one used in this study) show preference 
for glucose [30]. 

Regarding starch, yeasts can only metabolize 
hexoses, thus it cannot be consumed. It needed to 
suffer saccharification before it could be up taken by 
the yeasts. This process could be done introducing 
amylases (enzymes that convert starch into 
glucose) in the fermentation system [31].  

However, this statement had to be confirmed with 
values of glucose concentration. It should decrease 
until very low values at the same time biomass 
concentration enters into the second stationary 
phase. Nonetheless, glucose concentration was not 
measured due to technical problems. 

A conclusion that can be done analysing data 
collected is that the best culture medium is the one 
with substrate diluted 1:2 since it was the one with 
higher biomass growth. This shows that on one 
hand, the culture medium with pure substrate had 
an inhibitory substrate concentration, and on the 
other hand, culture medium with substrate diluted 
1:4 presents substrate concentration too low for the 
yeast growth.       

Essay with immobilized yeast 
EE was also calculated for this essay using equation 
1. EE obtained was 57.1±7.6. 

In this essay, samples were taken for determination 
of glucose and ethanol concentrations. However, 
due to technical problems, it was not possible to 
obtain these values. Nonetheless, the next step was 
to calculate the biomass yield, and with it and the 
variation of glucose concentration, calculate the 
variation of biomass concentration inside beads 
throughout fermentation time. With these data, 
kinetic parameters could be determined, and a 
comparison between essay with immobilized and 
suspended yeast could be done.  
 
SEM of immobilized cells 

In Figure 7 are presented some of the SEM images 
obtained. 
 

 

Figure 6 – Biomass concentration during fermentation with 

suspended yeast and OFMSW as carbon source. Blue circles ( ): 

pure liquid rich in organic matter; orange circles ( ): liquid rich in 

organic matter diluted ½; grey circles ( ): liquid rich in organic 
matter diluted ¼. Error bars represent standard deviation with n=4. 
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In these images is evident the entrapment of yeasts in the calcium alginate matrix. It is notable that during 
each fermentation there are the formation of more prominent yeast agglomerates, which is typical in yeast 
growth. This difference is notable when comparing A with B to F. In these last pictures, yeast agglomerates 
are more well defined than in the first one, that was taken before fermentation.  

Conclusions 
The main objective of this work was to study 
bioethanol production from the Organic Fraction of 
Municipal Solid Wastes (OFMSW), assessing if 
yeast immobilization in a calcium alginate matrix 
brings advantages in comparison with a free-cell 
system. The motivation to carry out this study was to 
contribute to the development of the concept of 
biorefinery, in which renewable raw materials (such 
as OFMSW) are converted into energy with 
minimum waste production. Since OFMSW is a very 
complex substrate, both systems (yeast in 
suspension and immobilized) were first tested in a 
well-defined culture medium, with glucose as sole 
carbon source.  Nonetheless, a much higher weight 
loss was observed for the essay with immobilized 
yeast than in the case of suspended yeast for the 
same initial glucose concentration. This fact, 
suggests that there was a considerable increase in 
the production of bioethanol when yeasts were 
immobilized. Consequently, one can conclude, with 
inherent uncertainty, that yeast immobilization in a 
calcium alginate matrix promotes the production of 
bioethanol. This result was expected since the 
entrapment of the cells inside the calcium alginate 
matrix decreases the inhibitory effect due to high 
substrate concentration. However, another 
conclusion that can be taken from the results is that 
this inhibitory effect is still verified when substrate 
concentration is too high.  

Regarding the OFSMW essay, the conclusion which 
can be taken from the data collected is the substrate 
concentration in the liquid rich in organic matter is 
too high, inhibiting biomass production. Therefore, 
this must be diluted, and the ideal dilution factor was 
found to be 1:2. However, it was not possible to 

obtain data concerning ethanol concentration. 
Therefore, not only was the influence of a complex 
substrate in bioethanol production undetermined, 
but also it was not possible to assess if the 
immobilization brought advantages. This means that 
the objective set in the beginning of the experimental 
period was not clearly accomplished.  

In order to improve the work done, the essay 
monitored by weight loss should be repeated in such 
a way, that the amount of CO2 produced is directly 
measured. Besides this, all other essays should also 
be repeated until reproducible results are obtained. 
Once this assessment is completed, the next step 
should be the scale-up of the system in order to 
understand if it behaved in the same way. 

In conclusion, objectives set at the beginning of this 

work were not totally accomplished and all the 

inferences taken from the results present a 

considerable associated error, not discarding the 

evident correlation found between inhibitory effect 

and substrate concentration. 
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