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ABSTRACT: The replacement of conventional fuels with —— /rﬁw:;;igzggng

sustainable and renewable green fuels such as biodiesel to protect

the environment is an important focus of today’s research and a &8 &
strong area of interest among students. Here, we develop a
research-oriented experiment in the context of renewable fuels [,

aimed at introducing fundamental concepts in physical chemistry, )4
organic chemistry, and analytical chemistry to undergraduate é
chemistry students. Specifically, the students first carry out the

organic chemistry task of base-catalyzed transesterification of |rpeseedon]
rapeseed oil to biodiesel. Second, they execute the analytical + [t
chemistry task of observing the time dependent, temperature- —

controlled increase of fatty acid methyl ester concentration using

gas chromatography based on flame ionization detection (GC-FID). Finally, the students carry out the physical chemistry task of
extracting kinetic properties from the data, including the concepts of rate constants, reaction order, activation energies, catalysts, and
mathematical modeling. These data reveal the transesterification is either a pseudo first or second order reaction, where the kinetics
change a few minutes after the start of the reaction. The activation energies of 51 kJ mol™' (pseudo first order reaction) and 52 kJ
mol™" (second order reaction) determined here are similar to literature values for similar oils and similar catalysts. Here, we have
developed an inquiry-based, research-oriented experiment emphasizing deductive reasoning, which arises in the context of renewable
fuels aimed at undergraduate students.

KEYWORDS: First-Year Undergraduate/General, Physical Chemistry, Organic Chemistry, Analytical Chemistry, Inquiry-Based, Kinetics,
Gas Chromatography, Green Chemistry
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H INTRODUCTION introduced in science education. However, besides organic and
analytical chemistry, the biodiesel topic may cover one more

The idea to use vegetable oils as fuels for mobility purposes
field of chemistry, which is exploited in the present work: we

was born several years prior to the energy crisis in the 1970s

and 1980s." In his book “Die Entstehung des Dieselmotors” here focus on introducing fundamental kinetic concepts to
(“The Development of the Diesel Engine”), Rudolf Diesel students that can be grasped based on the observation of the
reported the successful operation of a diesel engine with plant time dependent, temperature-controlled increase of FAME
oil at the Paris Exposition in 1900." During World War II, (fatty acid methyl ester) concentration in the course of
scientists put more effort into optimizing plant-based fuels to transesterification. The analytical tool to detect FAME in our
ensure a supply without being dependent on other countries.”” work is flame jonization detection gas chromatography (GC-
The high viscosity of plant oil leads to engine deposits due to FID). The subsequent mathematical modeling of the reaction
poorer atomization when injected into the combustion kinetics allows for an understanding of reaction order, reaction

chamber.” Consequently, in 1937 a method to reduce the
viscosity was established, which is still used in an optimized
form." This approach is not only of industrial interest, but also
has a benefit to the experimental and theoretical capabilities of -
chemistry students.”” Experiments dealing with base- and acid- Recfnved: October 29, 2024
catalyzed transesterification,””"" analytic methods, such as Revised:  June 18, 2025
HPLC, '"H NMR spectroscopy, ATR-FTIR, GC-MS and GC- Accepted:  June 20, 2025
TIC, to determine the chemical composition of biodie-

sel,?7'%12717 and specific topics like determining energy

content of biodiesel blends”® have already been successfully

rate constants, and activation energies. Even more importantly,
a reflected analysis of the data allows recognizing how reaction
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order and reaction rate constants may change with reaction
progress. Thus, our newly developed experiment is suitable for
the introduction and research-oriented deepening of kinetic
concepts in an inquiry-based setting for undergraduate
chemistry students.'® Moreover, our experiment includes up-
to-date and gractice-oriented research in students’ science
education.'””** Comparison of the results obtained in the
student study with literature studies on different oils, using
different types and different amounts of catalysts, allows a
deeper insight into how catalysts impact on reaction rate
constants and activation energies.lg_22 This is, in fact, a vast
and active area of research encompassing thousands of original
experimental and theoretical studies. A suitable entry point
into this literature is provided through the references cited in
our manuscript. The strength of the present work lies in its
integration of multiple learning concepts—ranging from
analytical to bioorganic and physical chemistry—within a
teacher—student instructional setting.

Finally, the socioscientific issue of this topic and the
relevance to everyday life should not go unmentioned.
Although, biodiesel may replace fossil fuels the large-scale
agricultural land use for raw material extraction harbors the risk
of the reduction of biodiversity.””** Furthermore, the
application of edible raw materials can lead to commodity
squeeze and result in an increase of food costs.””** However,
biodiesel is nontoxic, free of sulfur and nearly free of polycyclic
aromatic hydrocarbons.”® The reduction of particulate matter
of 75—83% compared to conventional diesel has the potential
to improve air quality, especially fine dust pollution in cities.”®
By means of lively discussion about the advantages and
disadvantages entailed using biodiesel the students should gain
an understanding of the real-world applicability of the
production of biodiesel based on the aim to replace

conventional fuels with sustainable and renewable green
fuels.?”?®

B PEDAGOGICAL BACKGROUND

The experiment was carried out with students at The Higher
Technical College (HTL) Kramsach, which is a vocational
higher school that offers a comprehensive, five-year education
in chemical engineering for students aged 14 to 19. In total, 22
students took part in the laboratory and classroom activities for
the educational case described in this manuscript. No formal
ethics review was required, because the biodiesel project study
was part of their regular curricular activities. All 22 students
were informed about the intent of publishing the biodiesel
experiment in a journal covering teaching and didactics. They
were also informed that the data measured by them collectively
will be published (together with more data measured by the
authors of the present manuscript in preparation for the
student labcourse). All 22 students provided their consent by
signing a declaration of consent.

At HTL Kramsach students receive a solid theoretical and
practical education both in the school’s own laboratories and
through internships in industry. A practical approach to
teaching technical knowledge and skills prepares graduates for
direct employment in the chemical industry. The training
focuses on analytical chemistry, microbiology and biochemis-
try, process engineering, and chemical technologies. In
addition to technical qualifications, students also receive a
broad general education. The final school leaving examination,
which includes both a subject-specific and a general part,
allows graduates to obtain a general university entrance

qualification. This gives them both direct entry into employ-
ment and access to universities and colleges.

The experiment is designed for high school students in the
penultimate year before graduation (12th grade, ages 17 and
18 in Austria) at HTL Kramsach. Due to the chemistry and
chemical engineering focus of this school and the heavy load of
laboratory work (9 h a week), HTL Kramsach students acquire
chemical knowledge and hands-on skills that go well beyond
the typical level of high school students internationally.
Consequently, this experiment is well suited for first-year
undergraduate students but needs some adaptations for high-
school students. In our case, we conducted the experiment
over the course of several weeks in the laboratory and in the
classroom. This time frame gives them the opportunity to do
the actual experiment, which requires about 10 h in the lab
(two blocks of 5 h). In addition, there needs to be several
single hours in the classroom devoted to providing the
background of the experiment and the analysis of the data. To
enable implementation of the experiment within more
constrained timeframes, several adaptations are possible. For
example, the instructor can complete the calibration in
advance, assign chromatographic peaks to the components
prior to the session, and reduce the sampling duration from
150 to 100 min. These adjustments can allow the experiment
to be completed within a 3 h laboratory period. Even in the
absence of a laboratory, the data can be shared with students
for inspection, discussion, and further analysis. In this way,
important concepts in kinetics, such as reaction order or
activation energy, can be taught. For this reason, the
experiment can be adapted to meet the needs of undergraduate
students in a global educational context. The experiment unites
concepts of analytical, organic, and physical chemistry and
consequently offers a broad horizon in chemistry education
including environmental awareness, organic reaction mecha-
nisms, reaction kinetics, gas chromatography, and calibration
techniques. Due to the sophisticated topic of the experiment,
the students should have some prior knowledge on basic
experimental techniques (making dilutions, pipetting, ...), gas
chromatography, and internal standard calibration to be able to
successfully follow the work instructions and to focus on the
understanding of the reaction kinetics associated with
transesterification. Thus, the aims of the experiment can be
narrowed down to following:

e The students get to know basic kinetic concepts by
means of an experiment.

e The students get an insight into alternative fuels.

e The students complete the deductive path of gaining
knowledge and get an insight into science research.

e The students can work independently in the laboratory
and handle chemicals and equipment safely.

The experiment is guided by a research design that employs
conventional scientific methods, including self-directed ex-
perimental planning, measurements, data collection, data
analysis and interpretation, and critical reflection on the
congruence with other research findings. Consequently, by
comparing the theory of the kinetics of transesterification given
in the work instruction (see Supporting Information) with the
help of self-obtained experimental data and provoked
reflections on observed deviations regarding the theory, the
students experience a deductive way of science research.
Initially, the experimental setup is planned by the students
through the selection of reaction parameters such as
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temperature and catalyst concentration (possible ranges are
provided in the students” handout) to ensure sufficient time for
sample collection. Furthermore, the students are instructed
(see students’ handout) to compare their results with those of
other groups and with the results of other research, and to
explain any discrepancies using literature searches. To promote
independent work in the laboratory the experiment is
conducted in a partly open experimental setting. According
to Bell et al. the experiment could be classified as Structured
Inquiry or Guided Inquiry."®

The significant potential of this experiment lies in its
versatility in achieving a range of learning objectives.
Depending on prior knowledge and availability of time for
the experiment, the focus can be narrowed. For physical
chemistry classes one may focus on investigating the impact of
reaction parameters on rate constants, add reaction orders, and
finally add activation energies. For analytical chemistry classes,
the focus could be to determine the components of biodiesel
through analytical methods.

B THEORETICAL BACKGROUND

In the following, the main and side reaction, as well as the
mathematical modeling of the time-dependent reaction course
using pseudo first and second order kinetics, are elaborated.
Furthermore, the Arrhenius equation to determine the
activation energy of the main reaction is introduced.

Transesterification and Saponification

As mentioned in the introduction, the viscosity of vegetable oil
must be reduced to avoid operational problems in a Diesel
motor. The viscosity of vegetable oil (approximately 27—53.6
mm? s7!) is lowered by catalyzed transesterification with
methanol to fatty acid methyl ester (FAME) to approximately
3—5 mm? s™.* The main reaction, transesterification, taking
place in this process is given in Figure 1.*°

H2C—OH
3 ? |
[l catalyst Il
HC—O0—C—R2 4 3CH30H —— H3C—O0—C—R2 + HC—OH

‘ 0 o ‘
II Il

H2C—O0—C—R3 H3C—0—C—R3 H2C—OH

triacylglycerol (TAG) methanol fatty acid methyl ester (FAME)  glycerol

Figure 1. Main reaction, catalyzed transesterification of triacylglycer-
ols with methanol (R;, R,, Ry = long hydrocarbon chains).

Due to the presence of basic catalysts (such as sodium
hydroxide or potassium hydroxide) and free fatty acids
contained in the vegetable oil, the saponification (see Figure
2) can occur in addition to the transesterification.’’ The soap
produced in this undesirable side reaction, leads to formation
of emulsions, and thus makes further industrial processing
more difficult.*

The reactions shown in Figures 1 and 2 suggest that
vegetable oil consists mainly of triacylglycerols and free fatty

i i
B 8
HO—C—R + NaOH —> Na O—C—R + H20
free fatty acid sodium hydroxide fatty acid salt water
(= soap)

Figure 2. Side reaction, saponification (R = long hydrocarbon
chains).

acids.”" The four main fatty acids in rapeseed oil esterified with
glycerol are oleic, linoleic, linolenic, and palmitic acids. The
remainder of the vegetable oil consists of mono- and
diacylglycerols, water, and traces of other substances.’'

Kinetics of Transesterification—Pseudo First Order
Reaction

eq 1 illustrates a simplified transesterification reaction. The
three fatty acid residues (R, R, and R;) of the triacylglycerol
(TAG) molecule react with three methanol molecules and
produce three FAME molecules and glycerol (GL) (k, k' =
reaction rate constant):

k
TAG + 3CH,0H — 3FAME + GL (1)

The reaction rate v of the transesterification is defined as the
change of the concentration of FAME ([FAME]) over time

(t):
d[FAME]
V= —
dt (2)

It is assumed that the back reaction can be neglected due to
the nonequilibrium situation. Consequently, the reaction rate
depends on the concentration of the products or educts and on
the rate constant k' (m, n ER) as

v = k'-[TAG]"-[Methanol]™ (3)

If methanol is added in excess, the concentration of
methanol can be considered constant during the reaction.
Moreover, the concentration of TAG can be substituted by the
difference of the initial concentration of the fatty acids of the
triacylclycerols ([TAG,]) and the concentration of FAME.

This results in the following pseudo first order rate law (k = %
k'[Methanol]):

d[FAME] _ ~
= = KITAG] - [FAME]) @

The solution of this differential equation can be obtained by
separating the variables, integration, and defining the initial
condition (initial concentration of FAME ([FAME,]) = 0):

ln(l - M] = k-t
[TAG] (s)
The integrated and linearized rate law allows determining
the rate constant k, which defines the slope of the plot.
Modeling the transesterification with a first order reaction is
common in literature.%*%3%33

Kinetics of Transesterification—2nd Order Reaction
Besides the first order reaction, the reaction kinetics of the

transesterification can be modeled with a second order
.33
reaction:

d[FAME] _ ,, .
—dt = k'-[TAG]-[Methanol] ©)

Substituting [TAG] with [TAG,] — [FAME] and
[Methanol] with [Methanol,] — [FAME] ([Methanol,]
being the initial concentration of Methanol) yields the

following rate law (k = ék’):
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% — k-(ITAG,] — [FAME])-

([Methanol,] — [FAME]) 7)

Considering the initial condition ([FAME,] = 0) the
solution of the differential equation is as follows:

1 1 [FAME] — [Methanol]
n
[Methanol )] — [TAG,] [FAME] — [TAG]

] [Methanol ]
M\ TiTag,)
[Methanol )] — [TAG,]
=kt (8)

If students have already been introduced into differential
equations, the derivation of the integrated and linearized
pseudo first order rate law is easily comprehensible for them.
The derivation of the second order model demands more
mathematical skills and effort. Consequently, the reaction
pseudo first order is preferred in terms of didactics.
Nevertheless, the modeling with a second order reaction can
be a good supplement for further deepening of kinetics or to
increase the level of complexity for undergraduate chemistry
students.

Determination of the Activation Energy

The Arrhenius behavior, as illustrated in eq 9, of the
temperature dependence of the reaction rate constants can
be checked by using eq S or 8 to find the reaction rate
constants at different temperatures. The reciprocal temperature
(T™") plotted versus the natural logarithm of the reaction rate
constants (In k) results in a linear regression function. The
activation energy (E,) can be determined from the slope
(—E4R™"), and the y-axis intercept (In A) determines the pre-
exponential factor A.

E
Ink=lnA - 2
RT

€)

B HAZARDS

The chemical hazard symbols, hazard, and precautionary
statements are summarized for students in the working
instruction (see Supporting Information). In the following
paragraph, the required ingredients for the experiment and its
respective hazards are shortly presented. The rapeseed oil is
available in any convenient store and is not harmful. Methanol
is acutely toxic, flammable and skin contact, and ingestion of
this chemical should be avoided. NaOH causes burns to skin
and damages eyes and, consequently, it should be handled with
care and gloves. If sodium methanolate is used as alternative
catalyst, students should work with gloves under a fume hood
because this chemical is flammable, corrosive, and toxic. The
solvent required for the determination of FAME by GC-FID is
n-heptane. n-Heptane has effects on the environment and is
flammable. It could have a negative impact on human’s health,
is toxic and should always be used in a well-ventilated area or
hood, and away from any open flames. The internal standard
and FAME are not classified as hazardous substances.

B EXPERIMENTAL PROCEDURE

The experiment on the transesterification of triacylglycerols to
produce biodiesel was executed at the Higher Institute of

Technical Education HTL Kramsach (Austria) and was
improved with the students as part of their industrial
technology laboratory. The student’s age ranges from 17 to
18 years. The experiment was done in total by about 2S5
students, who were split into smaller groups. All students are in
their fourth year, which means they have three years of
specialized chemistry education prior to this experiment. The
experiment was performed in the framework of a mandatory
industrial technology lab course. A group of eight to 14
students was assigned to work on the biodiesel experiment as
part of their labor obligations. The work assignments of the
biodiesel experiment are based on two main areas namely
biodiesel production and analytics. In a joint effort, samples and
data for several temperatures were collected. Thus, one group
of students (four to seven students) dealt with the production
of biodiesel and handed over samples to the analytics group
(four to seven students) for evaluation. The latter group
analyzed the samples by GC-FID, identified the individual
components in the reaction mixture, and determined the total
concentration of fatty acid methyl ester. Subsequently, the
kinetic modeling and evaluation of these data were discussed
together. In total, two groups of 8—14 students carried out
these steps—so there had to be a rotation of groups in the lab.
Ideal group sizes are 4—5 students per subgroup—this allows
them to communicate with each other and the teacher. Two
teachers would be ideal so that one can help students do the
transesterification, and the other can help students do the GC
analytics.

In the following section, the implementation of the
experiment, possibilities of variation, and exemplary data
measured in the students’ laboratory are summarized.

Setup, Implementation, and Variation Possibilities of the
Sampling/Experiment

For the production of biodiesel, a prefabricated apparatus
(Figure 3) is used. A Huber Pilot ONE temperature control

stirrer

thermometer
reflux

condenser

double-walled

reactor

Figure 3. Prefabricated apparatus for biodiesel production.

unit ensures a constant temperature in the double-walled
reactor. The built-in thermometer displays the reaction
mixture’s temperature. The stirrer ensures homogeneous
distribution of the reactants, and the reflux condenser
guarantees condensation of the evaporated reactants/products.

Methanol (technically pure) and rapeseed oil are used as
reactants in biodiesel production. In the biodiesel reaction,
employing methanol as the short-chain alcohol results in a
distinct advantage, as it prevents the formation of emulsions.
Either NaOH cookies (solved in 10 mL of distilled water) or a

https://doi.org/10.1021/acs.jchemed.4c01335
J. Chem. Educ. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.4c01335/suppl_file/ed4c01335_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01335?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01335?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01335?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.4c01335?fig=fig3&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.4c01335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Education

pubs.acs.org/jchemeduc

Laboratory Experiment

Figure 4. Sample preparation, two times centrifuged and purified sample (third row), diluted sample (second row), and sample prepared in vials for

the analysis of [FAME] with GC-FID (first row).

sodium methanolate solution (25 wt % in methanol) is used as
catalyst. Both catalysts lead to almost identical results since the
active species is sodium methanolate in both cases.”* To be
able to follow the isothermal reaction with time, it is necessary
to choose appropriate temperatures—they need to be low
enough to avoid immediate reaction, but high enough to avoid
reactions that are too slow for the teaching unit. The following
reaction conditions were found to be most suitable to follow
reaction progress in real time: 500 mL of rapeseed oil; 214 mL
of technical pure methanol; 0.25 wt % catalyst (mass catalyst:
mass reaction mixture); stirring at 400 rpm; temperature range
30—60 °C.

The starting point (reaction time ¢ = 0 s) of the reaction is
defined by the addition of the methanol and the catalyst
(brought to constant temperature) to the thermostatted
rapeseed oil. In order to avoid data being lost, it proved
helpful for the students to prepare a spreadsheet beforehand,
with prefilled sample labels and the times of sampling.

When the reaction starts, approximately 10 mL of the
reaction mixture is taken at defined times and placed in
centrifuge tubes, which are placed in a beaker filled with ice to
slow down the reaction. The sampling has to be done in
specific, predefined time intervals (especially at the beginning
of the reaction), which can be stressful for students if they have
not already prepared and labeled the centrifuge tubes or
chosen very short time intervals. It has proven to be best to
take samples after 30 s, S min, 10 min, and then every 10 min
(for approximately two up to 3 h). The cooled samples were
used without any further purification for GC-determination of
FAME. In purified samples (as seen in the third row in Figure
4) we were unable to avoid unwanted reaction progress during
the purification procedure.

Immediate dilution with a solution of the internal standard
and n-heptane (see second row in Figure 4) ensures in
addition to cooling on ice an immediate stop of the reaction so
that the concentrations determined by GC-FID fully reflect the
reaction progress in the isothermal process (see Supporting
Information). In addition, the strong dilution of the sample
prevents contamination of the column, so that a direct
injection of the liquid sample without further purification could
be carried out. Evaporating the sample prior to injection as
done in the headspace technique was not necessary due to the
satisfactory results. Our initial concerns about side components
and overlapping peaks in chromatograms turned out be
unjustified. Instead, this method has the advantage that the
cooled and diluted reaction products can be injected into the
GC-FID without any further processing and delay (from vials
shown in the first row in Figure 4). Yet, chromatograms with

baseline-separated peaks are also obtained with this method.
However, heterogeneity of the composition of the liquid is still
an issue. It is necessary to homogenize the liquid sample by
shaking the sample using a test tube shaker at approximately
2200 rpm for approximately 1.5 min prior to taking an aliquot
(see Supporting Information). This homogenization step is, in
fact, much more important than adding 0.5 M H,SO, to the
samples for neutralizing the catalyst. We obtained essentially
identical results with and without neutralization so that
addition of 0.5 M H,SO, can be considered unnecessary.

Sampling should be done at four different temperatures. To
reduce the time required for the experiment, two groups of
about 2—4 students carried out two reactions in parallel (at
two different temperatures). Therefore, assuming one experi-
ment includes preparation, sampling, dilution, and cleaning the
laboratory, the sampling can be finished in two blocks of about
four to S h.

Analytical Determination of the Amount of Methyl Ester in
the Biodiesel

As mentioned above, the other group of students was
responsible for the determination of the amount of FAME. A
Thermo Scientific Focus GC-FID instrument with a TriPlus
AS autosampler was used to determine and quantify the
constituents of the biodiesel. The method used to
quantitatively analyze FAME in the biodiesel samples is
shown in the Supporting Information. The students had some
prior knowledge of gas chromatography and calibration
techniques from their school subject “analytical laboratory”
in the previous year. Based on this knowledge they were able to
do the identification, calibration, and evaluation of the amount
of FAME in the samples with the help of a rough guide and
hints from the teacher (these instructions are summarized in
the Supporting Information). Figure S shows a chromatogram
of a biodiesel sample with the peaks assigned to FAME and the
internal standard. The use of an internal standard (methyl
heptadecanoate) and the assignment of retention times are
explained in more detail in the Supporting Information.

B RESULTS

Rate constants at several temperatures are required to
determine the activation energy of the transesterification.
Consequently, the students measured FAME concentration as
a function of reaction time at four different temperatures,
namely 30, 40, 50, 60 °C. These results are summarized in
Figure 6. The experiments are performed at different
temperatures while maintaining the same reaction conditions
otherwise (as summarized in Table 1). This strategy helps
students to learn the concept of changing only one parameter
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Figure 5. Chromatogram of the biodiesel sample (without any
purification), palmitic acid methyl ester (retention time of 6.76 min),
oleic acid methyl ester (8.6 min), linoleic acid methyl ester (8.69
min), linolenic acid methyl ester (8.92 min), and internal standard
methyl heptadecanoate (7.64 min).

at a time in order to be able to grasp the impact of one specific
parameter on the outcome, in this case, reaction rate constants
k. Some minor deviations from this protocol were still done by
the students, though: In contrast to experiments a and b, the
samples in experiments c and d were shaken before dilution. In
experiment ¢, two dilutions per sample were prepared and both
measured in order to learn about the reproducibility of the
results, where a range of approximately +9% [FAME] was
encountered. This range serves as an error bar for the
concentration data. Especially at the beginning of the
measurement (1st and second sampling), rather large
deviations occur. That is, especially in the beginning of the
reaction, large changes occur, where small differences (such as
one additional second for reaction) have a large impact.

In general, the data in Figure 6 show the expected trends—
the FAME concentration initially increases in a near-linear
fashion. After about 40 min at 60 °C or about 90 min at 30 °C
the FAME concentration levels off, where the plateau is close
to a concentration of 2 mol 1. This curve shape is typical of
isothermal reactions that proceed via nucleation and growth of

the product phase, as, e.g.,, described by the Johnson—Mehl—
Avrami—Kolmogorov (JMAK) equation. For the mathematical
modeling of the kinetics of transesterification, the initial
concentration of fatty acids of the triacylglycerols in the educt
oil phase is required (see eq S or 8). Under the assumption
that the reaction proceeds completely, i.e., all reactants react to
form products), the final concentration of FAME corresponds
to the initial concentration of fatty acids of the triacylglycerols.

Based on these considerations, the highest molar concen-
tration of FAME in the previous measurements is sought. The
experiment with the conditions 30 °C and NaOH (1 wt %)
(see Figure 7) represents the experiment with the highest
molar concentrations. The course of the molar concentration
appears constant from minute 10. Consequently, [TAG,] is
calculated from the average of the concentrations from minute
10 to minute 90, giving a concentration of 2.2 mol 1! for
[TAG,]. This highest concentration of the fatty acids of the
triacylglycerols in rapeseed oil is comparable to the literature
value ([TAG,] = 2.023 mol 17"), whereby the different values
originate from different composition and production of the
rapeseed oil.*

Moreover, Figure 7 illustrates the influence of the catalyst
concentration on the reaction rate. The decrease of the catalyst
concentration causes a reduction of the reaction rate and
allows better observation of the start of the reaction with the
aid of discontinuous sampling. Furthermore, Figure 7 shows
the students that their determination of the rate constants and
activation energies only applies to their reaction conditions and
is only comparable to literature values with the same/similar
reaction conditions.

The linearized plot of the data of experiment ¢ according to
eq S (reaction pseudo first order) is displayed in Figure 8.
Clearly, the data do not follow the expected linear trend,
except for the initial period of approximately 30 min. This
indicates that the reaction mechanism changes as the reaction
progresses. Typical reasons for such behavior are products
inhibiting the reaction. This seems to be the case here as well—
all data points beyond 30 min are below the extrapolated linear
regression. The linear regression of the measurement data,
shown as dotted line in Figure 8, at the beginning of the
reaction is derived with the help of the software Excel. Similar
trends are also seen for all other temperatures; see Figures S4—
S11 in the Supporting Information.

Csernica and Hsu elaborated the reason for the deviation of
the reaction order and strong reduction of the reaction rate
later in the reaction.’® They identified an increase of the
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Figure 6. Measurement data: experiments a—d. 30 °C (a), 40 °C (b), 50 °C (c), 60 °C (d), NaOH (0.25 wt %), concentration (left) and yield

(right).
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Table 1. Reaction Conditions for Experiments a—d

Oil/mL Methanol/mL Catalyst/wt %“
500 214 0.25

“Mass (NaOH) per mass (reaction mixture)

Temperature/°C
30 (a), 40 (b), 50 (c), 60 (d) 400 43

Stirrer speed/rpm Dilution factor Sample preparation

Without purification

Experiment - concentration of catalyst

25
[ ) [ ] °
° [ ]

2 8 o o °
= °
g 1.5 o
=
[43]
= 1" e . *°
= o °
o5 Le . ® 30 °C, NaOH (1 wt%)

: o ©30 °C, NaOH (0.5 wt%)

[ ]
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Figure 7. Measurement data: experiment concentration of catalyst. 30
°C, NaOH (1, 0.5, 0.25 wt %).
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Figure 8. Experiment c. 50 °C; linear regression, reaction pseudo 1st
order.

glycerol concentration and consequently reduction of mass
transfer per time and solubility of triacylglycerols in the
methanol phase (= glycerol inhibition). Moreover, according
to Ezzati et al. the first order reaction model is suitable for the
beginning of the reaction when a high initial concentration of
methanol is used.'” The aforementioned research papers could
be made available to the students to provide them with insight
into this research topic.

The linearized plot according to eq 8 (reaction 2nd order)
of the same measurement data as shown in Figure 8
(experiment c) is displayed in Figure 9. Comparing Figure 8
and Figure 9, it cannot be determined which model better
approximates the kinetics of the transesterification because
both models fit the measurement data well. Therefore, as
already mentioned in the chapter theoretical background, the
choice falls purely for didactic reasons in the developed student
experiment on the modeling of the transesterification reaction
with a reaction pseudo first order.

To determine the activation energy of the transesterification,
the reaction rate constants k (determined from the slope of the
regression functions, as exemplarily shown in Figure 8) and

Experiment c - 50 °C,
reaction 214 order
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Figure 9. Experiment c. 50 °C; linear regression, reaction 2nd order.

associated temperatures are linearized and plotted according to
eq 9. The activation energies of 50.6 k] mol™" (reaction pseudo
first order) and 52.0 k] mol™ (reaction 2nd order) are
determined from the slopes in Figure 10.

Compared with earlier studies on the kinetics of biodiesel
production, which also use basic catalysts and methanol, the
activation energies are within the range of the reported
literature values (25.51—57.82 kJ mol™!).>”**** The deviations
of the activation energies in the literature are due to the
different reaction conditions. The use of bentonite or higher
amounts of catalysts contribute to the reduction of the
activation energies.””””*> We emphasize that the activation
energy determined here applies to the rapeseed oil as the
source material used in industry. Different values for the
activation energies might be obtained for the transesterification
reaction of pure FAMEs since no side reactions such as
saponification affect the reaction kinetics (see Figure 2).

Assessment of Student Learning

Throughout the experiment, the students were working in
individual groups and were accompanied by two teachers.
Background information, next steps, and improvement of the
lab procedures were constantly brought up and discussed both
among students and between students and teachers. Each
student was obliged to compile a laboratory report after the
completion of the experiment. Such a report requires the
students to introduce the topic in general and address the goals
of the experiment. Students then either had to write an
experimental section about the syntheses strategy and sample
preparation procedures or a section on the analytical methods
and procedures used. Finally, the teacher and students
collaboratively analyzed the obtained data, conducted a kinetic
analysis, and interpreted the results.

Whether or not “the students can work independently in the
laboratory and handle chemicals and equipment safely” was
constantly watched, evaluated, and, if necessary, corrected by
the teachers. It can be stated that only students experienced in
basic handling of laboratory equipment including instrumental
analytics bring the required knowledge to successfully perform
this study. The group of students who participated in the
biodiesel study were well experienced in their fourth year of
studies in a chemistry lab. They all had the necessary lab skills
to carry out the study.

All “students got insights into alternative fuels” through an
introduction by the teacher and were provided basic literature.
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Figure 10. Arrhenius plot: reaction pseudo 1st order (1); reaction 2nd order (2).

All students were able to write a critical discussion for their
laboratory report. All “students got to know basic kinetic
concepts by means of an experiment”. Every student was able
to prepare and present a plot of the FAME concentration vs
time for their laboratory report. Everybody delivered a
qualitative discussion of the change of the product
concentration over time depending on the conditions of the
reaction. Without the help of the teacher, it was certainly
difficult for the majority of the students to apply the kinetic
models, learned in previous theory courses, on the data gained
in order to extract the kinetic parameters, e.g., the rate constant
or the activation energy.

“The students complete the deductive path of gaining
knowledge and get an insight into science research.” During
the development of the experiment, certain obstacles had to be
overcome, like finding out the TAG, concentration or whether
a purification step of the samples prior to GC-analysis is
changing the FAME concentration in the samples or not. The
teams were prompted to reflect their observations and
successfully changed the procedures, when necessary.

As assessed from the laboratory reports and the teacher
observations in the laboratory itself, it can be stated that the
students have benefitted a lot from being part of the study,
especially by seeing how the experiment was improved “on the
fly” as results were generated, which implied that the
procedures needed to be changed (e.g, a chromatographic
analysis had to be done without prior purification to not lose
product in the purification step). Even more so, the students
could directly see the connection between the basic kinetic
concepts taught in the classroom and the kinetic data as
produced in the lab. This has helped them to understand the
concepts in chemical kinetics and how the concentrations,
rates, etc. can be determined in practice. Nonetheless, the
kinetic formalism and mathematical procedures are the largest
obstacles in this experiment.

Furthermore, the results regarding the students’ learning
progress can be assessed in relation to the objectives outlined
in the educational background section, thanks to the exchange-
based guidance provided during the experiment. It was
remarkable how well the students learned to handle equipment
and chemicals safely over the course of the experiment. For
example, using micropipettes and operating the GC-FID
software posed challenges at the beginning of the experiment.
However, after a few trials, the students were able to organize
and conduct their work independently. The data analysis using
Excel necessitated guidance from the teacher. Although the
students possessed a foundational understanding of kinetics, it
proved to be insufficient for conducting the analyses
independently. Therefore, it is recommended that the

experiment be conducted with undergraduate students who
have a broader knowledge of kinetics and some experience in
data analysis using Excel.

B CONCLUSION

The production of biodiesel contains many precious didactic
aspects that are important for almost all chemicals produced
industrially. These aspects are of key relevance for the
introduction and deepening of chemical concepts to high
school and undergraduate students. The newly developed
experiment here helps students to grasp concepts of
importance in organic chemistry, analytical chemistry, and
physical chemistry, foremost an understanding of reaction
mechanisms, catalysis, and reaction kinetics. By means of
optimized reaction conditions and discontinuous sampling
during the basic catalyzed temperature-controlled trans-
esterification of rapeseed oil with methanol to biodiesel, the
students gain the opportunity to get insight into the time-
dependence of isothermal reactions. Finding suitable kinetic
models (pseudo first order and second order reaction) and an
understanding of the deviation from the measured data,
determining the rate constants and activation energy allows the
students to learn the basic principles of kinetics in a deductive,
inquiry-based research process.
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