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In the laboratory we use didactic experiments to consolidate and integrate the knowledge that
students receive in theoretical classes. We present a procedure based on the batch fermentation of
glucose, followed by a solid-liquid separation and the subsequent distillation to obtain high purity
ethanol. The organisation and operation of the laboratory is such that students have to formulate
hypotheses, search for information, conduct experiments, extract conclusions and determine the
best set of operating parameters. Moreover, we pose open-ended questions to force students to
develop their social abilities, and address important topics of the hidden curriculum (environmental,
legal regulations, safety, etc.).

NOMENCLATURE

fd cell death rate [h±1]
Kd specific death rate constant [h±1]
KP half product inhibition constant [g �L±1]
KS half saturation constant [g �L±1]
P product concentration [g �L±1]
S substrate concentration [g �L±1]
t time [h]
X cellular concentration [g �L±1]
YP/S product yield coefficient [gP � gÿ1

X ]
YX/S cell yield coefficient [gX � gÿ1

S ]
�o maximum specific growth reaction rate [h±1]

INTRODUCTION

ALL RESEARCH on people show that we learn
better by doing things. Therefore, we expect that
didactic experiments improve the understanding
and the consolidation of concepts introduced in
theoretical classes [1]. In addition, experimental
laboratories is a suitable context in which soft-
skills (teamwork, planning, decision making, prob-
lem-solving, self- and mutual confidence, respon-
sibility and accountability) can be experienced and
developed to a larger extent [2].

The School of Chemical Engineering (University
Rovira i Virgili, Tarragona, Spain) has distributed
diverse practical activities across the curricula. In
the fourth year, the students follow a 120-hour
laboratory course, named Laboratory of Manu-
facturing and Modelling, in which the practical
experience described in this paper is included.

The main course objective is to train the students
in process dynamics (operation, control, start-up,
and shut-down). It is achieved both experi-

mentally, with a semi-automated batch plant and
a fully controlled continuous plant [3], and by
process simulation, using commercially available
software tools (Hysys.Plant)1. Simultaneously
with the hard and soft-skills described above, the
course addresses other topics included in the
hidden curriculum, such as safety, legal regula-
tions, environmental aspects, commercial rele-
vance, troubleshooting and design of procedures,
thus promoting multidisciplinarity. To this end,
the laboratory is based on open-ended problems
(i.e. ill-defined problems), so that the students face
situations in which they encounter build-up equip-
ment, but no accurate step-by-step guidelines. On
the contrary, in classroom courses, students solve
close-ended problems in a tight environment.

Since real problems do not recognise disciplin-
ary boundaries, students need to understand the
fundamental insights of unit operations for a rapid
and qualitative interpretation of how each variable
influences the system performance. However, a
minimum guide is made available to standardise
the activity and to reduce the time spent on
collateral requirements (e.g. literature search or
familiarisation with the experimental set-up). In
this way, full-size lapses are minimised and the
performance of the groups can easily be compared
and evaluated. Thus, as well as technical under-
standing (analysis of results, derive conclusions),
the methodology aims to imitate a professional
environment in which decisions have to be taken,
responsibilities assumed, mutual confidence
experienced, critical thinking trained and tasks
programmed and distributed.

To carry out this activity, students divide them-
selves into groups of three or four students. In the
laboratory, students are free to operate the equip-
ment without interference from the instructors,
which simply supervise for potential safety risks
or if the group becomes trapped in a dead-end
situation. As the students become increasingly
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familiar with the methodology, trainers focus their
activity in posing challenging questions that
enforce creative thinking and maintain continuous
feedback.

The case developed here is the fermentation of
glucose with yeast, a typical batch process with
multiple processing steps (microorganism activa-
tion, reaction, decantation, and distillation) [4, 5].
The former objective is to maximise the ethanol
obtained from a given reaction mixture in a fixed-
time horizon. However, the underlying objective
covered is to acquire the methodology of a semi-
automated batch operation (cleaning procedures,
liquid handling, checklists and waste disposal).
The student tasks are to plan and elaborate the
procedure, although some operational constraints
should be taken into account. At the end of the
experimental work the teams are asked to write a
technical report and orally defend their results.

MATERIALS AND METHODS

Organism and medium
The organism used is Saccharomyces cerevisiae,

commercialized by AEB IbeÂrica (Barcelona, Spain)
as Fermol1 Primeurs. All other chemicals were
supplied by PANREAC (Barcelona, Spain).
�±D(�)-glucose 1-hydrate (catalogue no. 143140)
was the raw material. Peptone (catalogue no.
403695), was used as a source of nitrogen while
CULTIMED yeast extract (catalogue no. 403687)
was the nutrient base that provides the peptides
that the microorganisms need to synthesise the
enzyme.

The composition of the medium is 200 g �L±1

glucose (concentration of grape juice), 10 g �L±1

yeast extract and 10 g �L±1 peptone. The pH is
adjusted to 3.5 with a tampon dissolution of
tartaric acid prepared in the laboratory. o-Toluidine
(catalogue no. 252311), a reactive used to deter-
mine the glucose in blood, was used to measure the
glucose.

Proposed reaction kinetics
The biochemistry of the microorganism fermen-

tation is very complex and we refer the reader to
the biochemical literature for details [6]. Roughly,
we can describe the mechanism by considering that
initially some oxygen is available in the reaction
medium. The yeast population increases and
produces the required enzymes oxidising the inter-
mediate pyruvic acid produced in the glycolysis.
This oxidation (equation 1) is completed in a set of
different steps, liberating energy in biologically
usable proportions:

C6H12O6ÿÿÿÿÿÿÿ!yeast �308C� �6CO2 � 6H2O �1�
When all the oxygen is consumed, the yeast trans-
forms the pyruvic acid into ethanol (equation 2):

C6H12O6ÿÿÿÿÿÿÿ!yeast �308C�
2C2H5OH� 2CO2 �2�

The kinetic expression for equation (2) is similar to
the one proposed by Monod [7]. The main differ-
ence between them is that the concentration of
yeast changes with time, increasing or decreasing
according to the conditions (pH, temperature or
ethanol concentration), and the activity of the
individual cells depend on the concentration of
enzymes. Thus, the variations of substrate (S,
glucose) is assumed to be proportional to the
concentration of active cells (X, active yeast
cells), as stated in equation (3):

d S� �
dt
� ÿ�o � X� � � S� �

KS � S� � �3�

where �o is the maximum specific growth
reaction rate (h±1) and KS is the saturation
constant (g �L±1). The production of ethanol (P)
is assumed to be proportional to the rate of
substrate consumption (equation 4):

d P� �
dt
� 10 � YP=S

d S� �
dt

�4�

where YP/S is the product yield coefficient (mass of
product formed per mass of substrate consumed,
gP � gÿ1

X X ). The ethanol toxicity (around 11% v/v)
is introduced as an inactivation rate in the kinetics
of the population growth (fd, h±1) as shown in
equation 5.

fd � Kd

1� e11ÿ P� � �5�

where Kd is the specific death rate constant (h±1).
Furthermore, we can also assume that the popula-
tion growth is proportional to the rate of substrate
consumption, with an active cell yield coefficient
YX/S (gX � gÿ1

S ). The product also has an inhibitory
effect on the population growth, characterised by
the half product inhibition constant (KP, g �L±1).
Thus, rearranging terms we can estimate the active
cell population (equation 6):

d X� �
dt
� YX=S � �o � X� � � S� �

KS � S� � �
KP

KP � P� �
ÿ fd � X� � �6�

The kinetic parameters are shown in Table 1; some
of them were retrieved from Colli and Hokka [5],
except the values corresponding to equation (5),
where the constants were fitted from experimental
results obtained in the laboratory.

Experimental equipment
The equipment was purchased three years ago

(�US$55,000) thanks to the special funds
provided by the Catalan Government to endow
the new teaching facilities at the ETSEQ. The pilot
plant (Fig. 1) was engineered by Schott IbeÂrica
(Barcelona, Spain). The glass material was
supplied by Jenaer Glaswerk GmBh (Jena,
Germany), the agitator is made with an IKA Euro-
star power digi-visc (IKA Labortechnik, Staufen,
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Germany), the vacuum pumps were model ME4
(Vacuubrand Gmbh, Wertheim, Germany) and
the heating/cooling system was a F6-C40 model
(HAAKE, Karlsruhe, Germany).

A PLC (Programmable Logic Controller)
manages all aspects concerning the operation.
Temperature and pressure of each vessel was
controlled independently according to the produc-
tion steps, stop criteria and the relative priorities
set in the control strategy. As a typical discon-
tinuous process, the plant is not fully automated,
and therefore, students have to follow a certain
procedure for start-up and shut-down (i.e. input
valves are manual, while the internal valves can be
operated remotely).

A glass jacket vessel with a valve in the bottom
to facilitate liquid pouring was used for the
reaction. The distillation column (50 mm i.d. and
1000 mm height) packed with rashing rings
(glass, #6) purifies the ethanol produced in the
fermentation.

Analytical methods
The glucose assay is made following the

o-toluidine analytical method [8]. Upon heating
(8 minutes at 100oC), o-toluidine reacts with aldo-
sugars in an acidic media to produce a Schift base
with a characteristic blue-green colour. o-Toluidine
is relatively specific for glucose although it may also
react with other hexoses (mannose, galactose)
which are present in very low levels in the raw
material and consequently, do not interfere. The
digestor is the R-8 thermoblock, while the
colour intensity measurement is attained by a
PF-10 colorimeter at 620 nm, both manufactured

by Machery-Nagel GmbH (DuÈren, Germany). A
solution of glucose (5 g �L±1) is prepared by
students, as up to this concentration a linear
calibration was found.

The analyses of ethanol are carried out in a
Hewlett-Packard (California, USA) 5890 Series II
Plus gas chromatograph, equipped with a NCD
detector with helium as carrier gas. The packed
column is a Porapak Q (2 m, 2 mm i.d., 80-mesh,
Supelco). The signal is integrated by a Hewlett-
Packard 3396 and related to composition using a
calibration curve. This calibration was provided
for students, given that time is not sufficient to
include this activity.

EXPERIMENTAL PROCEDURE

We provide the students with the all the chemi-
cal costs and ask them to maximise the profit. All
groups know in advance the total experimental
time, which ranges from three to six days (reaction
time varies from one to four days). Students are
not allowed to extend their experimental time.
After analysing their situation, the students must
order the optimal quantity of dry yeast and prepare
the reaction media. First, the glucose, the yeast
extract and the peptone are dissolved in deionised
water and the pH is adjusted. Then 0.5 L of the
mixture are extracted and the lyophilised yeast is
added. To activate the inoculum, it is heated to
30ëC for fifteen minutes. It is very important not
to add the yeast directly to the deionised water
to avoid breaking the cells due to the osmotic
pressure difference across the cellular membrane.

Table 1. Kinetic constants of the proposed model

�o (hÿ1) YX=S �gX � gÿ1
S � KS �g � Lÿ1� KP �g � Lÿ1� YP=S �gP � gÿ1

S � Kd �hÿ1�
1.1 0.03 0.63 6.29 0.0511 1.7

Fig. 1. Scheme of the experimental system. M: mixer; R: cooling water; PCV: on-off pressure control valve; TIC: on-off temperature
control valve; XIC: indicator controller; XI: indicator, where X can be temperature, pressure or flowrate. TCV: on-off temperature

control valve.
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An agitation of 400 rpm is used to give good
mixing properties and avoid any solid deposition
with the consequent reduction of efficiency. The
reaction temperature is adjusted to 30ëC using an
oil-bath. During the reaction, samples are with-
drawn to check the reaction extent. As the ethanol
analysis by GC is almost instantaneous, the
glucose content can be inferred from the stoichio-
metric calculations and so the dilution of the
sample can be chosen to be within calibration
limits. Glucose and ethanol analyses allow a
qualitative check of the global mass balance, and
help to detect erroneous analyses. When the reac-
tion has finished, the solids are separated with a set
of laboratory decanters and the liquid is filtered
and introduced into the reboiler. Operating condi-
tions for the distillation column had to be fixed by
the students. When the operation ends, the top
product is weighed and analysed. Once all experi-
ments are finished, the tanks are cleaned with acid
and deionised water.

Optimum yeast required
We provide students with a program developed

in DELPHI language that solves the kinetic model
using a fourth-order Runge-Kutta method. The
program allows changes in the starting conditions
and simulates the dynamic behaviour of the
system, providing students with the component
profile. As an example, Fig. 2 shows the different
profiles for a time-horizon of 24 hours.

Economy is the main criterion to choose the
optimum quantity of yeast and students perform a
preliminary economic balance in which the key
variables are qualitatively evaluated. It is note-
worthy that the work guide does not provide this
criterion, and students practice problem solving
(low yeast quantities versus long reaction times),
creative thinking (why does the yeast concentra-
tion decrease?) and decision making (optimal
amount of yeast for a fixed reaction time).

Fixing the reboiler set-point
The mixture is mainly water and ethanol whose

azeotrope restricts the operation (90% wt. ethanol

at 1 atm). As expected, the azeotrope composition
increases when pressure decreases, and therefore
most groups decide to work under partial vacuum
conditions (up to 0.5 atm), where the azeotrope
composition is approximately 92% wt. Some of the
experimental work is performed at 0.5 atm. Even
so, we always stress that such a strategy (i.e. work
under vacuum to realise a 2% composition
increase) should be carefully considered in an
industrial use.

Students systematically tend to fix the set-point
of the oil-bath to values around 90ëC, thus con-
sidering that a certain temperature gradient is
required, even during steady-state operation. In
this way, students consider thermodynamic aspects
but not kinetic considerations, as the �T during
start-up is small because the heating system has to
heat itself, the unit (glass and iron) and the sample.
Moreover, they do not consider that since the
ethanol concentration is diminishing, the reboiler
temperature will increase. To identify this miscon-
ception, Socratic questions are posed (What is the
minimum �T when you design a heat exchanger?
Does energy losses affect these considerations?).
The students then realise that they must fix the oil
bath at a higher temperature (e.g. 110ëC), which
insures that the mixture continues to boil as the
ethanol concentration decreases.

Top control strategy
The top temperature is the key variable in the

control strategy that infers the purity of the
distillate. The first topic is knowing why this
variable is used, instead of a direct composition
measurement; the notion of deadtime (� 30
seconds for temperature and 2±8 minutes for on-
line analyzers) and cost (difference of three orders
of magnitude) help to ponder the criteria. The top
control strategy has a digital selector that auto-
matically changes from the reflux ratio control
loop to total reflux operation. Students have to
set the cut temperature according to the vapor-
liquid equilibrium diagram to assure that the
product is within specifications (> 75% wt.)
[9]. Again questions are posed to check that the

Fig. 2. Typical profile using 8 g �L±1 of yeast with one 24 hours reaction time.
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insights of the control strategy are acquired (i.e. why
twodifferent set-pointsare required?Whythere isno
top product at the end of the distillation?).

Reflux ratio protocol
Most groups decide to operate with a fixed

reflux ratio, while just a few use a reflux ratio
protocol, thus shortening experiments. The typical
batch procedure is to compute the minimum reflux
ratio that satisfies the purity requirements in the
distillate, and increase this value as the ethanol
concentration diminishes. In this particular case,
the reflux ratio is not very sensitive to feed
composition, as the binary vapour-liquid equili-
brium plot shows a high relative volatility at low
ethanol composition. Methanol was not detected
in any experiment, thus introducing a different
issue: the selectivity of the reaction.

Waste treatment
One of the characteristics of the laboratory is the

minimum waste production. Waste from the batch
plant are fed to the aerobic water treatment plant
within the Unit Operations Laboratory in the third
year course, while the ethanol produced is used to
replenish losses in the continuous distillation pilot
plant within the same laboratory [3]. Effectively, the
only waste we do not treat in situ is the o-toluidine,
which we send to a waste treatment company.

RESULTS ANALYSIS

In this section we present the results of the
academic years 2000±2001 (24 groups) and
1999±2000 (17 groups). In Table 2, different sets
of results corresponding to different reaction time
(one, two or four days) are shown. We observe that
there are small differences between groups, as a
consequence of the experimentation with bio-
logical systems. Discrepancies may be due to an
improper yeast determination or operational
problems. In addition, these calculations where
useful to detect and identify groups with a bad
performance. On average, 71% of the glucose was
converted into ethanol, while just 50% of the
stoichiometric ethanol was withdrawn as a top

product. Regarding the selectivity, the main loss
occurs at the very beginning of the reaction phase,
where aerobic operation occurs.

A covariance analysis of the results was
performed, and, as expected, no significant rela-
tionship between reaction time and product or
purity was observed. Reaction time and yeast
had a clear correlation (exponential profile), due
to the catalytic effect of the enzymes produced by
the microorganisms. The product quantity and
purity exhibit a small negative dependence; that
is, the more ethanol produced, the more diluted.
No significant deviation was detected for the
experiments carried out in different years.

The data contained in Table 2 is useful to
compare among variables, but this approach
underscores the weakness of a univariable or
bivariable investigation of the data, as these tech-
niques discard valuable information [10]. To over-
come this aspect, a multivariate analysis was
performed using cluster analysis (CA) and linear
discriminant analysis (LDA) to find the grouping
of the different experimental sessions. The differ-
ence among these techniques is that in LDA
groups are defined a priori, while in CA groups
are defined by the data.

Results are shown in Fig. 3, where a clear
pattern is shown, although there are a few groups
that obtain results that do not match with the
common behaviour (the horizontal axis represents
the relative distance between clusters). If the
reverse CA analysis is performed, results show
very clearly that reaction time, dry yeast and
ethanol purity are correlated, while the ethanol
produced behave independently of any other vari-
able. A step-wise LDA using as classification
criteria the reaction time was performed to check
the results from the CA. As expected, the model
does not include the ethanol produced in the
analysis and classifies 100% of the samples to the
course they belong to.

CONCLUSIONS

The benefits of using practical experiments as
didactic tools are diverse [11]. On the one hand,

Table 2. Experiment results obtained by students (1999±2000 and 2000±2001) classified according to the reaction time

Reaction time/h Dry yeast/g Product/g EtOH/% wt
EtOH/% wt
stoichiometric

Mean* 28:9� 1 24:1� 0:4 273� 34 82:0� 2 51:8� 3
Median 28.0 24.0 272 82.3 53.6
Standard dev. 2.7 1.0 84.5 4.7 7.4

Mean* 47:2� 3 12:6� 2 217� 71 84:9� 4 49:4� 12
Median 47.0 12.8 240 88.1 40.4
Standard dev 38.0 2.6 108 5.8 14.8

Mean* 96:3� 1 3:0� 1 233� 29 82:0� 4 46:5� 5
Median 97.0 3.1 240 82.6 47.8
Standard dev. 2.0 1.0 41.6 5.5 6.8

* Confidence� 95%.

L. JimeÂnez, J. Bonet and C. Cosculluela876



students gain confidence in their abilities and, on
the other, they improve their understanding of
theoretical knowledge through experimentation.
Moreover, and very important for the students'
future, the course organisation promotes the devel-
opment of soft skills (creative thinking, problem
solving, teamwork and communication). It is note-
worthy that several groups operate the same pilot
plant and manipulate simultaneously the same
PLC, thus improving their responsibility. The
course has been very well accepted, testament to
which are the many favourable comments that
have been received throughout the four years
that the laboratory has been running. When the
problem is assigned, students that are not familiar
with open-ended problem-solving schemes often
miss the point, and continuous assessment is
required. Hence, instructors act more as counsel-
lors, redirecting students efforts, than as formal
teachers of structured knowledge. However, the

lack of information forces students to use their
own initiative and students realise that there is not
a single solution or approach to each problem.

The laboratory procedure (preliminary report,
analysis, decantation, and separation by distilla-
tion) forces students to make a very useful stop-
and-go, as tasks are performed in different days.
Time limitations do not allow peripheral topics to
be treated and we provide students with a brief
operation manual.

The analysis of the results given by the students
show that most of them group in a predictable
way, and just a few cases are outsiders. Also the
multivariate analysis shows that the amount of
ethanol produced has no dependence on any
other operational variable. This last result was
not expected.
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