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ABSTRACT: We are currently facing a change in the production model, moving from the traditional linear model to a model based
on circular economy. This new paradigm implies minimization of waste. In this context, this work presents a laboratory practice
focused on introducing the concept of circular economy and waste valorization to undergraduate students. The experimental
procedure is a simpler adaptation of earlier work by the research group in which metals were recovered from electric arc furnace dust
(EAFD) and it is composed of four stages: acid leaching to dissolve the zinc, selective precipitation to eliminate dissolved iron,
cementation to recover metals more noble than zinc, and finally obtaining basic zinc carbonate by precipitation. In this way, students
can convert a residue into a valuable product while cleaning it, so that it can be reintroduced into the steel-producing process. Fourth
year students of the Materials Engineering Degree at the University of Seville (Spain) have successfully performed this laboratory
experiment since the 2015−16 academic year. In addition, to evaluate the achievement of the pedagogical objectives, pre- and
postlaboratory questionnaires have been carried out in the past two academic years showing that more than 75% of the students
improve their answers after performing the laboratory practices.
KEYWORDS: circular economy, waste, valorization, recycling, metals, leaching, solubility, precipitation, cementation,
upper-division undergraduate, waste management, material engineering degree

■ INTRODUCTION
One of the greatest challenges confronting contemporary
society is balancing economic and social development with
respect to and preservation of natural resources. It is estimated
that to sustain our current way of life for the projected
population by midcentury, we would require natural resources
equivalent to three times the current amount on our planet. In
response to this pressing issue, initiatives from leading
international organizations have emerged, setting forth guide-
lines for achieving sustainable development.1 Within these
initiatives, the development of a circular economy emerges as a
fundamental paradigm. This concept is rooted in the
fundamental idea that in the initial stages of any production
process, consideration should be given to how the resources
used can remain within the production cycle, minimizing losses
through reuse, repair, and recycling. Therefore, the mini-
mization of generated waste is crucial for any production
process. The circular economy is designed especially with the
purpose of minimizing waste in mind, hence the need for good

waste management. Materials in a circular economy are not a
disposable commodity, but a valuable asset that must be
tracked and preserved for reuse.2 This means that reuse takes
priority over recyclability, and good management ensures that
materials are reused sufficiently and effectively before reaching
the recycling point. However, materials cannot always be
reused since after use they lose their properties or are
contaminated and are no longer useful. In this case, we are
faced with waste that, however, may contain valuable
components and that we must recover.
The advancement of such processes represents the primary

objective of the sustainable chemistry field, which emphasizes
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the concepts of reuse and recycling.3 The significance of this
field is evident through the growing inclusion of courses and
subjects within academic curricula.4

Waste valorization is presented as a fundamental part of
learning and implementing sustainable processes based on the
circular economy. Thus, in recent years, a large number of
papers have been published describing laboratory activities to
acquire skills and knowledge in this field. For example,
laboratory activities have been developed for the valorization of
electronic waste.5,6 Also, laboratory activities have been
proposed for the recycling of waste from the food industry
and waste from biomass7−9 and plastic recycling.5 In all of
these works, the importance of the scientific and technical
knowledge that students acquire in their academic training for
the implementation of processes based on the concepts of
circular economy in accordance with the principles of
sustainable development is evident.
This work presents a laboratory practice carried out with

university students with the fundamental objective of
introducing the concept of the circular economy. To do this,
a simplified adaptation of a recycling process developed by the
teachers is carried out.10 The aim is to awaken interest in
research in students and show them how waste can be treated
to use it in the production cycle, which leads to better use of
natural resources and protection of the environment.
Specifically, waste that is generated during steel production

and contains heavy metals will be studied, which is dangerous
and cannot be reused. Through treatment, some of its
components are transformed into commercial products and
iron is cleaned and recirculated to produce more steel.
In the steel production process from the fusion of iron scrap

in electric arc furnaces, dangerous waste is generated because,
under the temperature conditions of the furnace, some
components of the scrap, such as Fe, Zn, Cd, and Pb,
volatilize, passing into the vapor phase, which subsequently
cools and condenses, generating a solid residue known as
electric arc furnace dust (EAFD).
EAFD is a very fine-grained material whose main character-

istic is the high content of heavy metals in the form of oxides.
This characteristic makes it a dangerous waste. EAFD appears
in the European List of Wastes (LoW) coded as hazardous
waste (10 02 07*) and in the Industry and EPA Hazardous
waste (No K061) coded as toxic waste (T). Table 1 shows the

typical composition of EAFD (data provided by the company
that supplied the sample). It is worth highlighting the high Zn
content, normally between 25 and 30%. It is paradoxical that
primary ores of this metal are being processed with grades
around 3%, when this material exceeds 25%.10

Sometimes, EAFD is not treated but is stored in hazardous
waste landfills (Figure 1).
An alternative, consistent with the circular economy, is the

valorization of its Zn content (Figure 2). About 80% of the
EAFD is recycled through pyrometallurgical methods, through
treatment with a Waeltz furnace, this being the most used
process. These furnaces have plant capacities of 50,000 t/year

and can process EAFD with a zinc content between 15 and
20%.11 However, this method has several drawbacks, such as
high investment and operating cost and the need to transport
the waste to the treatment site, which makes the process more
expensive and less efficient.12

Hydrometallurgical processes have important advantages,
such as the ability to adapt to smaller production scales, low
energy consumption, high solubility of zinc in different
lixiviants, and lower initial investment and operating costs.
EAFD has also been used in civil construction or as filler in

acoustic or thermal insulators,13 but it would be downcycling
since these applications do not take advantage of the high value
of the metals it contains.

Table 1. Composition of Electric Arc Furnace Dust

Fe (%) Zn (%) Pb (%) Al (%) Mn (%) Mg (%) Na (%)

24.0 28.5 1.5 0.6 2.9 1.7 4.16
K (%) Cu (%) Cr (%) Cl− (%) CO3

2− (%) SO4
2− (%) Ca (%)

1.2 0.4 0.2 2.9 9.0 1.5 2.9

Figure 1. Schematic diagram of the reuse of steel from the automotive
industry using an electric arc furnace with generation of electric arc
dust as waste.

Figure 2. Schematic diagram of the reuse of steel from the automotive
industry using the electric arc furnace with electric arc furnace dust
valorization.
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This laboratory practice has been carried out with students
of the subject “Waste Management” in the Degree in Materials
Engineering at the University of Seville for the significant
learning of one of the key concepts within the circular
economy, such as recycling, since the 2015−16 academic year.
The objective of this work is to present the results of the

implementation of this teaching experience during the 2022−
23 and 2023−24 academic years and measure its impact on the
achievement of the teaching objectives.

■ AUDIENCE
This laboratory exercise has been designed for fourth-year
students of the Materials Engineering degree and is suitable for
upper-undergraduates in Chemistry, Physics or Environmental
Sciences. Also, there is potential for this experiment to be used
earlier in the Chemistry curriculum, since it is based on basic
concepts such as redox reactions or precipitation equilibria,
and the procedures are simple. The experimental procedure is
divided into four well-defined stages that can be easily
separated and carried out in a single session, as is the case
described, or in several sessions to be able to explain in more
detail each of the basic reactions of each stage to students of
lower grades.

■ EXPERIMENTAL SECTION
The exercise has been conducted uninterruptedly since the
2015−16 academic year. The total number of students, which
ranges between 35 and 40 every year, is divided into smaller
groups (8−12) for practical classes. In the laboratory, four
practices are taught simultaneously, and each practice is carried
out by a pair (sometimes a trio) of students. Prior to the
session, the student has a detailed student handout (see the
Supporting Information) where the theoretical foundation and
the experimental procedure are described. Before the experi-
ment was started, time is left to resolve any doubts that may
have arisen after a comprehensive reading of the handouts.
The laboratory sessions are 4 h long, and during this time

the pair of students completes the four stages of the
experimental procedure. The laboratory timeline is detailed
in Box 1.

The experimental objective of this practice is to separate zinc
contained in a sample of an industrial waste to convert it into
pure basic zinc carbonate. To do this, a process consisting of

four stages is carried out, namely: (1) leaching with sulfuric
acid, (2) iron precipitation, (3) cementation of divalent cations
with zinc metal, and (4) basic Zn carbonate precipitation.
1. Leaching with Sulfuric Acid
Leaching is widely used in metallurgical processes to recover
metals from ores. It is also used for recovery of metals from
solid residues such as EAFD, fly ash, or electronic waste. It is a
more environmentally friendly process than most used
pyrometallurgy.
In the leaching stage, sulfuric acid reacts with zinc oxide

contained in the residue, generating a Zn sulfate solution. In
this way, we managed to extract the Zn from the residue.
This stage consists of acid leaching in which the pH is kept

constant by adding sulfuric acid with the objective of dissolving
zinc, according to reaction 1. Other metals such as iron,
aluminum, copper, manganese or cadmium are dissolved from
EAFD. Lead oxide (PbO) is transformed into lead sulfate
(PbSO4), which remains in the solid residue.

+ +ZnO H SO ZnSO H O2 4 4 2 (1)

In these tests, sulfuric acid must be continuously added to
maintain the target pH.
The acid leaching of zinc presents fast kinetics and an

important dependence of pH. In laboratory practices, the pH
can be selected in the range 1.5−3.0, in order to reach high
zinc dissolution yields. Additionally, each group of students can
test a pH value in this range and compare the different results
obtained. Students add 5 M sulfuric acid to the solution every
5 min to maintain the pH constant. When the pH does not
vary with respect to time, it is considered that the reaction has
ended. At least 30 min are recommended to ensure the
maximum level of zinc dissolution.
After leaching, we filtered to separate the solid residue from

the solution that contains the Zn and other components that
have been dissolved.
2. Iron Precipitation
The solution from acid leaching contains a mixture of different
metal cations, such as zinc, iron, copper, manganese, etc. In
this second stage of the procedure, selective precipitation will
be carried out. This is a process in which the solubility of a
mixture of ions of the same sign in solution can be modified by
the addition of a reagent that dissociates in water, giving an ion
of the opposite sign to form insoluble compounds (precip-
itates) with the ions of interest. In this case sodium hydroxide
will be used as reagent to add hydroxide anions into solution
that form metal hydroxides which precipitates as a function of
solution pH. This is shown in Figure 3 where it is shown the
solubility of the different metals (Me) in solution as a function
of pH. This solubility curve has been determined for the
reactions (reaction 2), with the solubility values given
elsewhere.14

++ nMe(OH) Me OHn
n (2)

It is seen that Fe(OH)3 precipitates at pH values lower than
those of the rest of the dissolved metals. However, the Fe(2+)
curve overlaps with the curve for Zn(2+).
This means that to separate iron from the rest of the metals

it must be in its oxidized state. If we guarantee that all of the
iron in the system is a ferric ion, we can precipitate it by the
controlled addition of hydroxide. This is the case of EAFD,
because the iron leaves the furnace completely oxidized;
therefore, only iron(III) will remain in solution, and fractional

Box 1. Laboratory timeline
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precipitation can be carried out. According to Figure 3 a pH
value of 5 assures the complete precipitation of Fe(III).
After the precipitation step, the generated pulp is filtered,

and the liquor is collected for the next steps. Before filtration,
flocculation of the precipitate is recommended.
3. Cementation with Zinc Metal
Other metals, such as Cu2+, Ni2+, Cd2+ and Mn2+ remain in
solution after Fe precipitation. These metals will contaminate
the final zinc product (ZnCO3·2Zn(OH)2·H2O) and decrease
its quality and value. Metals with a higher reduction potential
than Zn can be removed by cementation. This is a redox
process where metallic cations more noble than zinc are
reduced to their elemental state on the zinc surface, forming a
crust or cement, while the zinc oxidizes and goes into solution.
Cementation can be expressed according to redox half-
reactions that takes place:

++Zn Zn 2e(s) (aq)
2

(3)

++Me 2e Me(aq)
2

(s) (4)

where Me stands for any of the divalent metals (Cu2+, Ni2+ or
Cd2+).
Metallic Zn is used as a cementing agent instead of other

suitable metals such as iron because it is not an impurity and
will be recovered in the final product. As shown in Figure 4,
cementation exhibits a fast kinetics that could be monitored by

copper, nickel and cadmium measurement by Atomic
Absorption Spectrophotometry (AAS), if it is not possible
the assay can be run during 15 min to ensure the maximum
yield without additional analyses (see Figure 4). As a result, a
solution rich in zinc sulfate contaminated with traces of Mn2+
and a metal cement composed of Cu, Ni and Cd will be
obtained.
4. Basic Zn Carbonate Precipitation

The final product is prepared by treating the solution of zinc
sulfate with 1 M sodium carbonate at 70 °C to promote the
selective precipitation of basic zinc carbonate, according to
reaction 5. In this step, pH control is essential to minimize
manganese precipitation; for that reason, the precipitation is
stopped when reaching a pH value of 7. At this pH value
Mn(2+) remains in solution as shown in the solubility versus
pH curve in Figure 3.

+ +

· · + +

3ZnSO 3Na CO 3H O

ZnCO 2Zn(OH) H O 2CO 3Na SO
4 2 3 2

3 2 2 2 2 4 (5)

The solid is filtered, dried in an oven, and weighed to calculate
the performance of the process.
During the experimentation, there is a fluid dialogue

between teacher and student. Every time the students obtain
a compound, they are asked about its status as a product,
byproduct, or residue. Students must justify their answers and
give treatment options for waste and use for products and
byproducts.
The chemical reagents required are 5 M sulfuric acid, 1 M

NaOH, zinc metal pellets, and 1 M Na2CO3, plus a sample of
EAFD. Optionally, a flocculant can be used. High-molecular-
weight polyacrylamide is recommended.
The necessary laboratory material consists of magnetic

stirrers, pH meter, vacuum filtration equipment, balance, 250
mL Erlenmeyer flasks, beakers, and pipettes.
The experimental procedure is exhaustively detailed in the

protocol that is given to the student before starting the
laboratory exercise and is included in the Supporting
Information.

■ HAZARDS
EAFD is an environmentally hazardous waste that is not
available to any teacher who wants to replicate this laboratory
experience. For this reason, it is proposed to make synthetic
waste from the typical composition (Table 1) with commercial
reagents commonly used in the laboratory. Table 2 indicates
the quantities of reagents necessary to prepare 10 g of synthetic
powder. Note that to reduce the hazard, no lead has been
included in the synthetic sample composition.
Whether the original waste or the prepared synthetic is used,

the solid must be handled with caution to avoid contact with
the skin, eyes and mouth or inhalation. To this end, students
will use personal protective equipment (PPE): laboratory coat,
mask, glasses, and gloves.

■ RESULTS AND DISCUSSION
In order to guide the students in the presentation of the results,
they are asked some questions that they must answer and
deliver to the teacher for evaluation. The answer to these
questions is presented below.

Figure 3. Solubility versus pH curves for metal hydroxides are
indicated in the legend.

Figure 4. Evolution of the Cu and Cd concentrations during the
cementation stage.
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Question 1: Plot the acid consumption versus the leaching
time of the EAFD. Explain the result obtained and calculate
the sulfuric acid consumed as a function of the leached
EAFD expressed as kg of acid/t of EAFD.
This question is related to zinc leaching. On the one hand, a

graphical representation of sulfuric acid consumption versus
time, whose interpretation reveals the evolution of leaching, is
requested. On the other hand, the consumption of acid during
the leaching of zinc is asked since the consumption of reagents
is a critical issue when evaluating the sustainability of the
process.
For the leaching test, 1.5 g of residue and 100 mL of acid

solution at the target pH have been placed in an Erlenmeyer
flask, and once the stirring begins, the test starts (time = 0).
Every 5 min, the pH is measured, and 5 M sulfuric acid is
added until the target pH is reached, and the added acid is
represented against time. The added acid is the one that has
been consumed in the leaching reaction (reaction 1) and gives
an idea of the amount of zinc that has gone into the solution.
When the pH remains constant and it is not necessary to add
more acid, then the leaching reaction is complete. As an
example, Figure 5 shows the consumption of sulfuric acid
versus time for a target pH of 1.5.

It can be observed how acid consumption decreases over
time until it becomes constant after 30 min. It can be
considered that at this pH reaction 1 has finished. In this case
(pH = 1.5) a total of 1.82 mL of 5 M H2SO4 have been
consumed for 1.5 g of sample, which is equivalent to 594
kgH2SO4/t EAFD. At pH higher than 1.5, the reaction is
slower, and acid consumption is lower since fewer species are
solubilized. In all cases, an initial rapid leaching rate followed
by a decrease in rate is observed.
After acid leaching, the pulp must be filtered, collecting a

solution rich in zinc sulfate.
Question 2: Plot the pH versus the mass of NaOH added
for iron precipitation. Explain the result obtained and
calculate the NaOH consumption expressed as kg of
NaOH/tons of EAFD.
This question is about iron precipitation and asks for the

interpretation of the graphic representation of pH as a function

of the mass of NaOH added for iron precipitation and the
calculation of NaOH consumption per ton of waste.
The iron that has been dissolved along with zinc in the acid

leaching is eliminated by precipitation with sodium hydroxide
at pH 5. To do this, a 1 M NaOH solution is added drop by
drop to the filtrate from the leaching process until pH 5 is
reached. It is requested that the pH and the mass of solution
added be noted, and the precipitation course is followed by pH
measurement. Figure 6 shows the NaOH consumption as a

function of pH. At pH close to 3 a plateau is observed due to
the Fe precipitation, which consumes the added alkali. Once all
iron is precipitated, a rapid pH increase is observed. The rapid
increase in pH indicates that there is no longer consumption of
OH− ions for the precipitation of iron (reaction 2), and
therefore, the pH increases with the addition of NaOH.
In total, 3.55 g of 1 M NaOH (density 1.04) were needed to

reach pH 5, which represents a consumption of 90 kg of
NaOH/t EAFD.

Question 3: Explain briefly what the fundamental aspects of
cementation are and why is it applied after the iron
precipitation?
This question is about the rationale for cementation and

why it is applied after precipitation. To remove other
impurities from the solution such as Cu and Cd, cementation
is performed. Cementation is a redox process in which a metal
in solution displaces another less noble metal in the solid state.
Copper, which has a higher reduction potential than zinc
(Table 3), will be reduced to metallic Cu and the Zn will be

Table 2. Composition of 10 g of Synthetic EAFD

Reagent Fe2O3 Fe2(SO4)3 ZnO SiO2 Na2CO3 CuO NaCl CaCO3

Weight (g) 3.00 0.90 3.55 0.50 0.50 0.05 0.50 1.00

Figure 5. Acid consumption versus time for a target pH = 1.5.

Figure 6. 1 M NaOH consumption as a function of pH in the Fe
precipitation step.

Table 3. Standard Reduction Potentials

Half-reaction Δε° (V)

++ +Fe e Fe3 2 +0.77

++Cu 2e Cu2 +0.16

++Ni 2e Ni2 −0.25

++Cd 2e Cd2 −0.40

++Zn 2e Zn2 −0.76

++Mn 2e Mn2 −1.18
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oxidized into solution. According to the standard reduction
potentials (Δε°) shown in Table 3, other metals more noble
than Zn such as Cd and Ni will also cement. The result is a
cement containing Cu, Cd, Ni and Zn, and a Zn solution clean
of impurities. Zinc has been wisely chosen as the cementing
agent since its dissolution does not introduce any impurity to
the final product.
Cementation is after iron precipitation because Fe(III) that

has a potential of 0.77 V would oxidize the zinc powder (−0.76
V) and be reduced to Fe(II) according to reaction 6, and
therefore selective precipitation could not be carried out after
cementation (see Figure 3).

+ ++ + +2Fe Zn 2Fe Zn3 2 2 (6)

Question 4: Plot the pH versus the mass of sodium
carbonate added during the precipitation of basic zinc
carbonate. Explain the result obtained and calculate the
consumption of Na2CO3 expressed as kg of Na2CO3/t of
EAFD.
Finally, the solution free of impurities is precipitated with

sodium carbonate to obtain basic Zn carbonate, and the
graphic representation of pH as a function of the mass of
carbonate added is requested to be interpreted and to calculate
sodium carbonate consumption. Figure 7 shows the evolution
of pH as 1 M sodium carbonate is added. It can be seen how
the pH remains constant in the carbonate precipitation range
and begins to rise slightly from pH 5. At pH 7 zinc carbonate
(ZnCO3·2Zn(OH)2·H2O) is precipitated.
Question 5: Calculate the Zn recovery yield.
The last question asks about the performance of the process

for obtaining basic zinc carbonate from EAFD.
The theoretical yield, that is, the maximum yield that can be

obtained from the reactions if they go to completion, is
calculated as follows:

= × ×
×

=

%Zn g
1 mol Zn

65.37 g Zn
1 mol ZnSO

1 mol Zn
1 mol basic zinc carbonate

3 mol ZnSO

0.285 1.5
324.24 g

65.37 3
0.75 g basic zinc carbonate

EADF EADF
4

4

The percentage yield gives the efficiency of the process and
calculated as

=Percentage yield
actual yield

theoretical yield
100

A typical and acceptable result is to obtain a mass of 0.46 g of
basic zinc carbonate; therefore, a correct result will be a
percentage yield of 61.3% (0.46/0.75 × 100).

■ LEARNING ASSESSMENT
To evaluate the improvement of the learning process and the
achievement of pedagogical objectives, pre- and postlab
quizzes were carried out.
A questionnaire about the key concepts and objects of this

activity was designed. The questionnaire, whose content is
presented in Box 2, consists of 4 questions, each of which was

Figure 7. pH evolution due to 1 M sodium carbonate addition.

Box 2. Questionnaire to evaluate student learning
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scored from 0 to 1 point, with the scores varying from 0 to 4
points. At the beginning of the course, in the theory class,
students are introduced to the concepts of product, waste, and
byproduct. The economic differences between the latter two
and the importance of the definition of byproduct in
preventing waste from being hidden under its name are
emphasized. The obligation to manage waste according to the
residue hierarchy is also explained. Moreover, the concept of a
circular economy is presented. The same questionnaire was
given to the students before and after the laboratory
experience. Although in the laboratory students work in
pairs, each student answers the questionnaires individually.
Table 4 shows an example of the responses of a random

student to the questionnaire before (09/14/2022) and after
(11/03/2022) carrying out the laboratory experience. The
original document (in Spanish) is provided as a supporting
material. In this case, the student improved his score from 2.5
to 4 points.
Figure 8 shows the percentage of students who achieved

each score before and after their time in the laboratory.
A lot of variability can be observed in the scores achieved

before the laboratory: 81.3% of the students exceed 2 points,
62.5% exceed 3, 25% obtain 3.5 points, and only 18.8% achieve
the maximum score.
After the laboratory experience, the results improved

considerably, 93.8% of the students exceeded 3 (previously
62.5%), and 68.8 achieved the maximum score. Furthermore, a
qualitative improvement is observed in the responses in terms
of the use of a more precise language appropriate to the
context of the subject. For example, in relation to question 4,
after completing the laboratory exercise, it is observed how
students understand the complexity of the circular economy.T
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Figure 8. Scores of students.

Figure 9. Improvement in student results.
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They warn that waste must be treated before recirculation, that
intermediate waste is generated in treatment that must also be
treated, and that the streams generated during treatment.
Figure 9 shows the increase in the scores of students. 75% of

students improve their grade between 0.5 and 2.5 points, with
improvements of 2 points for 15.6% of students and 1 point
(21.9%) and 0.5 point (21.9%). These results show the
improvement in learning achieved after the practices.

■ CONCLUSIONS
This work presents a laboratory practice that, based on simple
chemical reactions, valorizes a hazardous waste (EAFD) as a
commercial product (basic zinc carbonate). It has been
successfully performed since the 2015−16 academic year.
Although the exercise was designed and put into practice for
and with fourth-year students of the Materials Engineering
degree, it is also an interesting exercise for students of other
grades, such as Chemistry or Environmental Sciences, and it is
suitable even for students of introductory levels. The results
show that after completing laboratory practice, students
improve their understanding of key concepts of circular
economy.
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