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tract as a natural surfactant in
green chemistry education: a laboratory
experiment aligning with UN SDG 12 for general
chemistry courses†

Zi Wang,a Carter McLenahanb and Liza Abraham *a

Green chemistry education has gained significant momentum, with its emphasis on sustainable practices

and the 12 principles of green chemistry. These principles aim to reduce waste, use safer solvents, and

promote renewable resources in chemical processes. Integrating these principles into laboratory

curricula fosters critical thinking about chemical impacts on the environment and society. The

experiment involved extracting saponin from soapnut, testing its surfactant properties, and applying it in

DNA extraction, and micellar extractions of pollutants like hexavalent chromium and methylene blue dye.

Utilization of soapnut as a sustainable alternative to synthetic surfactants aligns with UN Sustainable

Development Goal 12-Responsible Consumption and Production. Overall, this laboratory activity

integrates green chemistry principles, sustainable development goals, and environmental stewardship,

offering students practical experience in environmentally friendly practices and supporting SDG 4

(Quality Education) by enhancing learning through hands-on experimentation.
Sustainability spotlight

The laboratory experiment using soapnut extract as a natural surfactant represents a signicant advancement in green chemistry education and aligns with UN
Sustainable Development Goal (SDG) 12 – Responsible Consumption and Production. This experiment addresses the critical need to reduce reliance on
synthetic surfactants, which have signicant environmental impacts due to their persistence and potential toxicity. By extracting saponin from soapnut and
demonstrating its surfactant properties through various tests, including foam formation, surface tension reduction, and emulsication, students gain practical
insights into sustainable chemical practices. Moreover, the application of soapnut extract in environmental remediation, such as removing hexavalent chro-
mium and methylene blue dye from water through micellar extractions, underscores its potential as a cleaner alternative. This integration of green chemistry
principles not only enhances students' understanding of chemical processes but also prepares them to innovate towards sustainable solutions, contributing
directly to SDG 4 – Quality Education by fostering critical thinking and practical skills in green chemistry and environmental stewardship.
Introduction

Green chemistry education1–20 has experienced tremendous
growth in recent years. It has become increasingly relevant to
teach students the 12 principles of green chemistry21 with the
goal to prevent waste, design processes with atom economy,
avoid hazardous reactants/reagents/products, utilize safer
solvents, and renewable raw materials. It is strategic to train
students with a system thinking22–26 and a holistic approach to
design and conduct chemical reactions and processes that are
sustainable, and safer for both human health and environment.
enham, MA 01984, USA. E-mail: liza.

Calgary, AB T3H 0L5, Canada

tion (ESI) available. See DOI:

788–3797
By purposefully incorporating green chemistry principles
into the laboratory curriculum,27–34 students are afforded the
opportunity to think critically about the impact of chemicals on
the environment and society, which they may not otherwise
have. This can inspire them to develop skills in waste reduction,
pollution prevention, and the utilization of renewable
resources.

It is equally important to educate students about the UN
Sustainability Development Goals (SDGs)35–41 and to encourage
them to critically reect on these goals, particularly in relation
to their daily choices and the environmental impact of common
substances like surfactants. By examining the use of surfac-
tants, students can reect on their own consumption patterns
and explore how natural alternatives, such as soapnut extract,
contribute to more sustainable practices. This reection is
crucial for understanding the environmental and societal
impacts of chemicals.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Integrating SDGs and green chemistry principles in the
laboratory.
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Utilizing greener and more sustainable approaches in the
laboratory curriculum27,30,31 directly contributes to achieving
these SDGs. One key SDG, goal 12,42 focuses on ensuring
sustainable consumption and production patterns. This goal
aims to promote efficient use of resources and reduce depen-
dence on non-renewable sources such as petroleum.

Incorporating renewable chemicals and materials into
laboratory practices is essential for promoting responsible
consumption and production. This approach not only aligns
with goal 12 but also contributes to broader efforts in advancing
sustainable development worldwide. By educating students on
these principles and integrating them into practical applica-
tions, we empower future generations to contribute positively to
global sustainability efforts.

Surfactants43 are surface-active compounds that lower the
surface tensions at the interface. Surfactants are amphiphilic
molecules, they align themselves at the interface with the
hydrophobic part oriented in air, and the hydrophilic part is in
water. Surfactants can be neutral, anionic, cationic or zwitter-
ionic. The amphiphilic nature of surfactants makes them suit-
able for use in several industrial products, including
medicines,44 textiles,45 polymers,46 pesticides,47 paper,48

personal care products,49 corrosion inhibitors50 for protecting
steel and other corrosive metals, detergents,51 de-emulsiers,52

wetting agents,53 oil recovery enhancers,54 pharmaceutical
formulations55 and drug delivery56. The global market size of
surfactants is currently about 42.1 billion US dollars, and it is
projected to reach $52.4 bn by 2025.57 Surfactants are among the
most challenging emerging contaminants that are consistently
released into the environment via wastewater treatment
plants.58,59 Their widespread use means that surfactants are
routinely introduced into water bodies, even aer undergoing
treatment in wastewater facilities.60

Connecting surfactants to the United Nations Sustainable
Development Goals (SDGs), several goals are particularly rele-
vant: goal 6: Clean Water and Sanitation – surfactants in
wastewater can compromise water quality61 and make it more
challenging to achieve sustainable water management and
sanitation goals.

Goal 14: Life Below Water – surfactants can harm aquatic
ecosystems, including marine life and biodiversity, thereby
affecting the health and sustainability of ocean and freshwater
habitats.62

Goal 12: Responsible Consumption and Production –

addressing surfactant contamination involves promoting more
sustainable production practices,63,64 reducing environmental
impact, and optimizing wastewater treatment technologies.

The soapnut tree65 is indigenous to India and the southern
part of Asia. The fruit of the soapnut tree is known for its
saponin content,66 and traditionally used as a cleaning agent.67

Soapnut is also valued for its medicinal properties68,69 and has
been used in traditional medicine to treat various ailments.
Utilizing the fruit of the soapnut tree as a natural surfactant
offers a greener alternative to synthetic surfactants. Further-
more, soapnut contributes to more sustainable surfactant
production due to its biodegradable nature and sustainable
harvesting practices.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Saponins70 are natural surfactants of plant origin and are
classied as neutral surfactants. Saponins occur in the roots,
leaves, fruit, pericarp, owers and seeds of several plants.
Before humankind started using soaps, clothes were cleaned by
lathers from these plants' parts, which functioned similarly to
soaps. For example, the pericarp of the fruits of soapnuts
(Sapindus mukorossi) growing in tropical and subtropical
regions, has been used as detergents for thousands of years. The
hydrophilic part is sugar molecules, and the hydrophobic part is
a steroid or triterpenoid.71

In addition to their benets, it is important to consider
potential risks associated with soapnut-derived saponins.
Research indicates that while saponins from soapnuts are
generally less harmful to humans, they can exhibit toxicity to
aquatic organisms at certain concentrations.72,73 Therefore,
a comprehensive assessment of their environmental impact
and safety is crucial to avoid misconceptions that ‘natural’
substances are inherently safe and ‘synthetic’ substances are
inherently harmful.

Hexavalent chromium [Cr(VI)] is a toxic pollutant found
worldwide.74,75 It increases risk for several types of cancer and
recognized as a neurotoxicant. Industrial effluents/wastewater
is the main source of [Cr(VI)].76 It's a major environmental
concern due to persistent nature and toxicity to living things.
Like [Cr(VI)], methylene blue is a wastewater pollutant. In
humans, methylene blue may induce methemoglobinemia in
those with glucose-6-phosphate dehydrogenase deciency,
cause cytotoxicity and hypersensitivity reactions, and pose
teratogenic risks during pregnancy. In animals, it can lead to
methaemoglobin formation, oxidative damage to red blood
cells, regenerative anaemia, and developmental issues such as
premature delivery and teratogenic effects in sh.77 Another
environmental concern is oil spill cleanup. Oil spills harm
marine animals, including birds, sea turtles, and mammals.78

Additionally, DNA extraction requires the use of detergents for
isolation.

Integrating the United Nations Sustainable Development
Goals (SDGs) and Green Chemistry principles into laboratory
activities (Fig. 1) enables students to see how their scientic
knowledge contributes to global sustainability efforts. By
RSC Sustainability, 2024, 2, 3788–3797 | 3789
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aligning practical laboratory work with these principles,
students not only enhance their understanding of chemistry but
also develop a deeper awareness of their role in addressing
environmental challenges. This approach equips future scien-
tists and professionals with the skills and ethical grounding
needed to implement innovative, sustainable solutions, ulti-
mately fostering positive change and progress toward achieving
global sustainability goals.

In this laboratory activity, students will investigate:
� Extraction of saponin from soapnut.
� The surfactant properties of soapnut extract (saponin).
B Foam test.
B Surface tension.
B Soapnut as an emulsier.
�Test for triterpenoid.
B Test for reducing sugars.
� The environmental remediation applications of soapnut

extract, including:
B Hexavalent chromium [Cr(VI)] through reverse micellar

extraction.
B Methylene blue dye through reverse micellar extraction.
B Water insoluble pollutants through micellar extraction.
� DNA extraction using soapnut extract.
Scheme 1 provides a comprehensive overview of the labora-

tory activities performed by students at each stage of the
experiment. It visually summarizes the various tasks and
processes undertaken by students, detailing each step involved
in their laboratory work.

Course details

The paper outlines a laboratory experiment developed for
General Chemistry course at Ambrose University in Calgary,
Alberta. CHE 103 is the second general chemistry course taken
by rst-year students, with an average enrollment of about 45
students. Students in CHE 103 already familiar with or have the
background to designate bond polarities, identify polar and
non-polar molecules, identify the intermolecular forces (IMF)
present within pure samples and mixtures, to apply their
understanding of IMF to explain or predict relative boiling
Scheme 1 Overview of student laboratory activities: a step-by-step
summary.

3790 | RSC Sustainability, 2024, 2, 3788–3797
points, viscosities, and solubility and understand the behaviour
of soap molecules in water and why they lower the surface
tension. The students also have a general understanding of the
12 principles of green chemistry21,79–81 and familiarity with UN
Sustainable Development Goals.82

The laboratory experiment outlined in the paper builds upon
these foundational concepts and skills. It aims to deepen
students' practical understanding of these principles by
engaging them in hands-on activities that integrate chemistry
concepts with real-world applications and sustainability prin-
ciples. Through this experiment, students are encouraged to
apply their knowledge to address contemporary challenges and
explore sustainable solutions within the context of chemical
processes and environmental stewardship.

Introduction to the experiment

The pre-lab assignment, which constitutes 10% of the lab grade,
is designed to prepare students with crucial knowledge and
critical thinking skills for effective engagement with the exper-
iment. Students answer questions on the 12 Principles of Green
Chemistry, including how the use of soapnut extract aligns with
these principles by promoting renewable resources, reducing
toxicity, and minimizing waste. The assignment prompts
students to identify relevant SDGs associated with natural
surfactants and explain how the laboratory experiment
addresses these goals. It encourages students to reect on the
broader implications of using natural versus synthetic surfac-
tants in terms of environmental impact and sustainability. The
assignment includes research tasks where students analyse
substances such as hexavalent chromium, methylene blue dye,
and pesticides. They ll out a table assessing these substances'
environmental and health impacts, sources of pollution, and
regulatory limits. This task aims to illustrate how these factors
inuence the choice of surfactants in the laboratory.

The post-lab poster presentation (90% of the lab mark) is
a collaborative effort conducted in pairs, where students create
a scientic poster to showcase their laboratory ndings and
discussions. To guide them, a structured framework is provided,
outlining key sections to be included in their posters. This
framework ensures that each poster covers essential aspects such
as the experiment's objectives, methods employed, results ob-
tained, discussions on ndings, and conclusions drawn.

In addition, the poster presentation includes a dedicated
section for reecting on the sustainability aspects of their
ndings. Students are guided with specic questions to prompt
their reection:

� How does the use of synthetic surfactants in your daily life
compared to the use of natural alternatives like soapnut extract?

� What are the potential environmental impacts of the
synthetic surfactants you use frequently?

� How might transitioning to natural surfactants inuence
sustainability?

Following the completion of their posters, students upload
them onto the Moodle course management system for evalua-
tion and grading. A detailed rubric is utilized for assessing the
posters, which provides clear criteria for evaluation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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encompassing content comprehensiveness, scientic accuracy,
clarity of presentation, graphical quality, and adherence to the
provided framework. To facilitate learning and improvement,
students are rst required to submit their posters for pre-
assessment and feedback. Based on the feedback received,
students thenmake necessary corrections and enhancements to
their posters before the nal submission.

Additionally, developing a poster necessitates critical thinking
skills. Students must analyse experimental data, draw meaning-
ful conclusions, and discuss the implications of their ndings.
The poster presentation cultivates effective communication skills
essential in scientic and professional contexts. Working in pairs
promotes collaborative learning. The iterative process of
submitting posters for pre-assessment, receiving feedback, and
making revisions fosters a culture of continuous improvement.

The laboratory activity spans across two three-hour lab
periods, during which students engage in practical experiments
related to soapnut extract. This laboratory experiment is designed
to provide students with a multifaceted exploration into various
aspects of soapnut, spanning from its extraction process to the
investigation of its surfactant properties and practical applica-
tions in environmental remediation and biological sciences.

Firstly, students engage in the extraction of saponin from
soapnut (Expt. 1). Secondly, they investigate the surfactant
properties of the soapnut extract through several experimental
tests (Expt. 2.1–2.3). Thirdly, conrmatory tests are conducted
to identify the structural units present in saponin (Expt. 3.1–
3.2). Fourthly, they explored the practical applications of soap-
nut extract in environmental remediation. Specically, students
Table 1 Summary of experimental procedures

Experiment

Expt. 1 extraction of soapnut

Expt. 2.1 foam test

Expt. 2.2 surface tension demonstration

Expt. 2.3 emulsication

Expt. 3.1 test for triterpenoid

Expt. 3.2 test for reducing sugars

Expt. 4.1 reverse micellar extraction of [Cr(VI)]

Expt. 4.2 reverse micellar extraction of methylene blue dye

Expt. 4.3 modelling micellar extraction of water insoluble pollutants

Expt. 5 strawberry DNA extraction

© 2024 The Author(s). Published by the Royal Society of Chemistry
examine its efficacy in extracting heavy metals like hexavalent
chromium [Cr(VI)] (Expt. 4.1) and persistent dyes such as
methylene blue (Expt. 4.2) from water. Students also engaged in
a model activity to assess the effectiveness of soapnut extract in
extracting water-insoluble pollutants, such as pesticides (Expt.
4.3). Lastly, the experiment includes a segment on DNA
extraction from strawberries using soapnut extract (Expt. 5).
Table 1 summarizes these activities along with their corre-
sponding experimental procedures.
Experiment details
Experiment 1 extraction of soapnut

Soapnut are natural sources of saponins, which are bioactive
compounds with surfactant properties. Saponins can be
extracted from soapnut using various solvents, each offering
different advantages based on their polarity and extraction
efficiency. Among the solvents commonly used are ethanol,
methanol, n-butanol, acetone, ethyl acetate, dichloromethane,
and mixtures of these solvents.71,83

The powdered soapnut is mixed with water as the solvent
and gently heated with stirring to facilitate the extraction
process. Aer extraction, the mixture is ltered to remove the
solid particles and labelled it as “soapnut extract” for use in
further experiments.
Experiment 2.1 foam test

Foaming is a key property of surfactants.84–86 When a surfactant
is mixed with water, it reduces the surface tension between
Experiment description (ESI†)

Gently heat soapnut powder in distilled water for 5 minutes. Filter the
mixture while still hot and allow it to cool down
Shake the diluted extract vigorously with water for 2 minutes and make
observations. Record the height of the foam
Take a clean beaker and ll it with water. Place a piece of tissue paper
that is slightly larger than the paperclip on the surface of the water. Next,
carefully lay the paperclip on top of the tissue paper. The paper towel will
sink eventually, leaving the paperclip oating on top of the water. Lastly,
add a few drops of saponin solution to the water and observe what
happens
Shake a test tube containing saponin solution and oil vigorously.
Determine the emulsion stability by noting the time taken for the
saponin solution to separate from the emulsion
Heat a mixture of soap nut extract, vanillin, and sulfuric acid at 60 °C
until a purple-red colour change is observed
Gently boil a solution of soap nut extract in H2SO4. Make the solution
alkaline before adding Benedict's reagent. Observe the changes that
occur
Mix soapnut extract in butanol with a solution of dichromate at pH 2 and
shake the mixture before allowing the layers to separate
Mix the saponin extract in butanol with an aqueous solution of
methylene blue dye. Shake the mixture and let the layers separate
Mix soapnut extract in water with a solution 2,4-dinitrophenylhydrazine
in ethyl acetate and shake the mixture before allowing the layers to
separate
The dish detergent in the standard DNA extraction procedure was
substituted with soap nut extract

RSC Sustainability, 2024, 2, 3788–3797 | 3791
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Fig. 2 Foam test for soapnut extract solution.

Fig. 4 Soapnut as an emulsifier: soapnut extract with oil after vigorous
shaking and settling (left); water and oil after vigorous shaking and
settling (right).
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water and air, allowing bubbles to form and stabilize. The foam
height test (Fig. 2) is a simple and quick method to evaluate the
foaming properties of a surfactant solution. In this case, the
soapnut extract was subjected to the foam height test, which
involved shaking the extract and measuring the height of the
foam produced. The result indicated that the soapnut extract
produced an adequate amount of foam with good stability.
Experiment 2.2 surface tension demonstration

Surface tension is a cohesive force between molecules in liquid,
the force gives the liquid surface a stretched elastic membrane
like behaviour. The paper clip test87 is an uncomplicated
experiment for surface tension. To conduct the paper clip test,
gently place a paper clip on the surface of the liquid being
tested, such as water. The paper clip will oat on the surface due
to surface tension that resists its weight. The introduction of
soap nut extract can disrupt the surface tension and cause the
paper clip to sink. Surface tension and its effects can be
demonstrated simply yet effectively (Fig. 3), which making it an
appropriate educational tool for quick demonstrations (see ESI†
for a video demonstration of surface tension using soapnut
extract).
Experiment 2.3 soapnut as emulsier

To test the emulsifying ability88 of soap nut extract, a simple test
can be performed by adding a small amount of oil to a test tube
Fig. 3 Demonstration of the surface tension of soapnut extract
solution.

3792 | RSC Sustainability, 2024, 2, 3788–3797
containing saponin solution and shaking it vigorously to create
an emulsion (Fig. 4). The emulsion stability can then be deter-
mined by noting the time taken for the saponin solution to
separate from the emulsion. The longer it takes for the saponin
solution to separate, the more stable the emulsion. The exam-
ination provides a comprehension about soapnut extract
surfactant properties and ability to interact with water and oil.
Experiment 3.1 test for terpenoids

Saponins are a group of naturally occurring glycosides, which
are composed of a steroid or triterpenoid aglycone and one or
more sugar chains.83 The structure of saponins in soap nut
contains a triterpenoid linked to a sugar chain, usually
glucose.65 To test for the presence of terpenoids in soap nut
extract, the vanillin assay89 was used. The test involves heating
a mixture of soap nut extract, vanillin, and sulfuric acid. The
appearance of a purple red colour indicates the presence of
terpenoids (Fig. 5).
Experiment 3.2 test for reducing sugars

The Benedict's test is a standard test for conrming the pres-
ence of a reducing sugar. In this test, Benedict's reagent is
added to the sample and heated. The absence of colour change
from blue to green, yellow, orange, or red in the saponin may be
Fig. 5 Test for triterpenoids after heating a mixture of soap nut
extract, vanillin, and sulfuric acid at 60 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Test for reducing sugars before hydrolysis and heating with
Benedict's reagent (left) and after hydrolysis and heating with Bene-
dict's reagent (right).

Fig. 8 Reverse micellar extraction of methylene blue dye: a mixture of
methylene blue in water with butanol (left); a mixture of methylene
blue in water with soapnut extract in butanol (right).
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a non-reducing sugar. In such cases, a pre-hydrolysis step is
performed using concentrated sulfuric acid, which breaks down
the glycosidic bond in the sugar molecule, resulting in the
formation of reducing sugars. Aer pre-hydrolysis, the sample
is treated with Benedict's reagent, and if reducing sugars are
present, a colour change was observed (Fig. 6).
Experiment 4.1 reverse micellar extractions of hexavalent
chromium

Reverse micellar extraction (RME) of hexavalent chromium was
achieved using soapnut extract in butanol. Maximum extraction
requires an acidic pH of the dichromate solution. Aer shaking
and separation, the chromium ions are extracted into the
reverse micellar phase, resulting in a colour change in the
organic phase (Fig. 7).
Experiment 4.2 reverse micellar extractions of dyes

Soapnut extract in organic solvent such as butanol forms
reverse micelles. In these micelles, the hydrophilic polar heads
of saponin align themselves in the interior, while the hydro-
phobic non-polar triterpenoid tails are on the surface—this is
Fig. 7 Reverse micellar extraction of hexavalent chromium. Left: A
mixture of K2Cr2O7 in water with butanol. Middle: Amixture of K2Cr2O7

in water with soapnut extract in butanol. Right: A mixture of K2Cr2O7 in
water (pH = 2) with soapnut in butanol.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the reverse of the situation in a normal micelle. ReverseMicellar
Extraction (RME)90–93 is a method used to extract substances
from an aqueous solution by transferring them to an organic
solvent.

In this experiment, methylene blue was used as an illustra-
tive dye to demonstrate the effectiveness of reverse micellar
extraction. An aqueous solution of methylene blue dye was
shaken with soapnut extract in butanol. Aer shaking the
mixture and allowing it to settle, the blue coloration observed in
the soapnut layer indicated the successful extraction of the dye
molecules through reverse micellar extraction (Fig. 8).
Experiment 4.3 modelling micellar extraction of water
insoluble pollutants

Surfactant forms micelles in water at the concentration known
as critical micelle concentration (CMC). The hydrophobic non-
polar tails align themselves in the interior and the hydrophilic
polar heads on the surface.

Micellar extraction94,95 can be used to remove pollutants such
as pesticide which have very little water solubility. Large
amounts of pesticide residues remain in soils aer their
application. They leach into groundwater and are also found in
run-off water. Micellar extraction of pesticides was modelled
using a coloured organic compound, 2,4-dinitrophenyl hydra-
zine (DNP). A solution of DNP dissolved in ethyl acetate is
shaken with solution of soapnut extract in water and allow the
layers to separate. The yellow colour in the soapnut layer shows
that soapnut extract can be used for pesticide and other water
insoluble pollutants (Fig. 9).
Experiment 5 strawberry DNA extraction

In DNA extraction, detergents are important to solubilize cell
membranes and denature the interfering proteins. Detergents
disrupt the cell membrane, release the DNA, and denature
proteins that can bind and protect them from degradation.
Commonly used detergents involved DS, CTAB, Triton, and X-
RSC Sustainability, 2024, 2, 3788–3797 | 3793
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Fig. 9 A solution of dinitrophenyl hydrazine in ethyl acetate and water
(left) & a solution of dinitrophenylhydrazine in ethyl acetate and
soapnut extract in water (right).
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100, chosen depending on the sample and downstream
application.

The experiment demonstrated (see ESI† for a video demon-
stration of DNA extraction from strawberry) that soapnut extract
can be a potential replacement for traditional detergents in
DNA extraction from strawberry (Fig. 10). The experiment
showed that soapnut extract can complete the important steps
in DNA extraction: solubilizing cell membranes and denaturing
proteins. Using soapnut extract as a natural and sustainable
substitution to synthetic detergents can potentially reduce the
negative environmental impacts. However, more research is
needed to completely analyse the effectiveness of soapnut
extract in DNA extraction for different types of samples and
more downstream applications.

Student feedback

In an effort to assess the impact of the laboratory activities on
students' understanding of green chemistry principles and
attitudes towards sustainability, a survey was administered.
Participants rated their responses on a scale from 1 to 5, with
higher numbers indicating more positive responses. The full
survey instrument and results are available in the ESI.†

Discussion

The laboratory activity provided students a novel opportunity to
explore surfactant chemistry for the rst time. They extracted
saponin from soapnut, conrmed its structural features,
Fig. 10 Extraction of DNA from strawberry.

3794 | RSC Sustainability, 2024, 2, 3788–3797
investigated its surfactant properties, substituted it for
synthetic detergents in DNA extraction, and applied it in
micellar and reverse micellar extractions of environmental
pollutants.

Surfactants play a vital role in various industries due to their
ability to lower surface tension and facilitate the formation of
micelles. Formation of micelles occurs when the concentration
of surfactant molecules exceeds a certain critical micelle
concentration (CMC). In an aqueous solution, surfactant
molecules such as saponin arrange themselves such that their
hydrophilic heads (here the sugar moieties) face outward
towards the water, while their hydrophobic tails (here the tri-
terpenoid moieties) cluster inward away from the water
(Fig. 11). Reverse micelles (Fig. 11), on the other hand, form in
non-polar solvents rather than in water. They are typically
composed of surfactant molecules arranged such that their
hydrophilic heads are buried inside the core, shielding them
from the non-polar solvent. The hydrophobic tails extend
outward, forming a shell that interacts with the surrounding
solvent. Formation of reverse micelles occurs when water is
added to a non-polar solvent containing surfactants above their
critical micelle concentration.

Soapnut contain saponins that act as effective surfactants.
The experiments demonstrated that soapnut extract can
produce stable foams, reduce surface tension in water, and
emulsify oil effectively. These properties make soapnut extract
a greener and sustainable alternative to synthetic surfactants.

This laboratory activity provided students with the oppor-
tunity to apply several of the 12 green chemistry principles
throughout the experiments. The 12 green chemistry principles
constitute the framework and gold standard for academic
institutions and industries conducting chemical reactions and
processes.

Ethanol, methanol, butanol, acetone, ethyl acetate,
dichloromethane and a mixture of solvents are oen used for
the extraction of saponins from plant material.76,77 Among
these, ethanol and n-butanol are the most used solvent. In this
activity water is used for extraction in alignment with green
chemistry principle 5.

Furthermore, the activity explored the environmental reme-
diation applications of soapnut extract, particularly in the
extraction of pollutants such as hexavalent chromium [Cr(VI)],
methylene blue dye, and pesticides, all of which are pollutants
Fig. 11 A normal micelle and a reverse micelle.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of concern. The pre-lab assignment gave students the oppor-
tunity to nd out the environmental and health hazards of these
chemicals, along with their sources and regulatory limits. The
use of soapnut extract yielded promising results in removing
these contaminants.

The experiment on DNA extraction using soapnut extract
highlighted its potential as a substitute for synthetic detergents
traditionally used in this process. Soapnut extract effectively
disrupted cell membranes and denatured proteins, which are
essential steps in releasing DNA from cells. DNA extraction is
a standard experiment in high school and higher education
laboratory curricula.

The experimental design incorporates several green chem-
istry principles: renewable feedstocks (GCP 7), design for
degradation (GCP 10), designing safer chemicals (GCP 4) and
waste prevention (GCP 1). The United Nations' Sustainability
Development Goals (SDGs) aims to ensure sustainable practices
in resource use, including chemicals and waste management.
The possibility of replacing synthetic detergents with soapnut
extract aligns with SDG 12-Responsible Consumption and
Production. Soapnut extract is biodegradable and sustainably
sourced. Its use supports UNSDG 12 by encouraging the use of
renewable resources and reducing the need for non-renewable
petroleum-based chemicals.

By effectively removing pollutants from water, utilizing
soapnut extract also contributes to cleaner water, aligning with
UNSDG 6, Clean Water and Sanitation. In addition, the labo-
ratory activity, which integrates green chemistry principles,
sustainable development goals, and environmental steward-
ship, exemplies SDG 4 – Quality Education for All. Moreover,
students gain experience investigating surfactant properties,
conducting structural conrmatory tests, performing micellar
and reverse micellar extraction, and DNA extraction within the
framework of environmentally friendly and sustainable
practices.

The survey results demonstrate that the laboratory activities
effectively enhanced students' understanding of green chem-
istry and increased their awareness of sustainability. Before the
lab, understanding was rated lower, but aer participation, the
majority of students rated their understanding as 4 or 5,
reecting a signicant gain in knowledge. Most students felt
that their perception of the importance of sustainability had
signicantly changed as a result of the laboratory activities.
Students indicated a strong likelihood of applying sustainable
practices in their future work, with high ratings suggesting that
the laboratory activities had a meaningful impact on their
future professional behavior. The laboratory activities were
generally found to be engaging, with positive feedback on their
role in learning about sustainability. However, there was some
variation in how well surfactant chemistry was explained,
indicating a need for renement in this area.

Conclusions

In this laboratory activity, students investigated surfactant
properties of soapnut extract, substituted it for synthetic
detergents in DNA extraction, and applied it in micellar and
© 2024 The Author(s). Published by the Royal Society of Chemistry
reverse micellar extractions of environmental pollutants. Over-
all, this laboratory activity integrated green chemistry princi-
ples, sustainable development goals, and environmental
stewardship. It exemplies SDG 4 – Quality Education for All by
providing students with hands-on experience in environmen-
tally friendly practices. Additionally, the use of soapnut extract
aligns with SDG 12 – Responsible Consumption and Production
by promoting the use of renewable resources and reducing
dependence on non-renewable chemicals. It also contributes to
SDG 6 – Clean Water and Sanitation by effectively removing
pollutants from water.
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Í. M. d. M. Ramalho, A. L. d. M. Cavalcanti, G. P. Guimarães
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