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Polystyrene waste is among the least recycled plastics, contributing to mounting
environmental challenges and resource inefficiency. Addressing this issue is critical to
reducing plastic pollution and advancing circular economy principles. This work introduces
RECOMPENSE, a student-led open science initiative that transforms single-use PS waste
from academic laboratories into polystyrene sulfonic acid (u-PSSA), a reusable catalyst for
green organic synthesis. By providing accessible protocols and educational resources,
RECOMPENSE promotes sustainable laboratory practices and empowers future scientists
through co-creation. This approach aligns with UN Sustainable Development Goals SDG 12
(Responsible Consumption and Production) and SDG 4 (Quality Education), demonstrating
how collaborative innovation can simultaneously tackle waste management and embed
sustainability into chemical education.
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Abstract

Plastic waste is a global challenge, with polystyrene (PS) among the least recycled polymers
despite its widespread use in laboratories. Conventional recycling routes for PS remain
economically and technically limited, creating an urgent need for accessible, sustainable
alternatives. Here, we introduce RECOMPENSE, a student-led open science initiative
designed to upcycle PS waste into polystyrene sulfonic acid (u-PSSA), a heterogeneous
catalyst for green organic synthesis. Developed through MSc research projects at UCL,
RECOMPENSE combines technical innovation with educational engagement, offering
detailed protocols and video resources freely available online. We report a reproducible
method for sulfonating expanded PS under simple laboratory conditions, yielding u-PSSA with
up to 45% sulfonation. Its catalytic performance was validated in Friedel-Crafts reactions
using biobased substrates, achieving quantitative yields of a biofuel precursor under mild
conditions. Comparative studies with commercial PSSA confirmed the viability of waste-
derived catalysts, while additional tests with aromatic aldehydes demonstrated broad
applicability. Beyond experimental results, RECOMPENSE exemplifies co-creation in
sustainable chemistry education. By involving students in research and resource
development, the project fosters practical skills, systems thinking, and global collaboration.
demonstrating how academic labs can transform plastic waste into valuable resources while
preparing future scientists to lead sustainability transitions.

Sustainability Spotlight

Polystyrene waste is among the least recycled plastics, contributing to mounting
environmental challenges and resource inefficiency. Addressing this issue is critical to
reducing plastic pollution and advancing circular economy principles. This work introduces
RECOMPENSE, a student-led open science initiative that transforms single-use PS waste
from academic laboratories into polystyrene sulfonic acid (u-PSSA), a reusable catalyst for
green organic synthesis. By providing accessible protocols and educational resources,
RECOMPENSE promotes sustainable laboratory practices and empowers future scientists
through co-creation. This approach aligns with UN Sustainable Development Goals SDG 12
(Responsible Consumption and Production) and SDG 4 (Quality Education), demonstrating
how collaborative innovation can simultaneously tackle waste management and embed
sustainability into chemical education.
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Plastics are integral to the modern global economy, offering adaptable and cost-efficient
solutions across sectors such as packaging, automotive, electronics, and healthcare.
However, the environmental impact of plastic waste has escalated dramatically. In the early
2000s, the volume of plastic waste generated in just one decade exceeded that of the previous
40 years. Since 2020, global plastic production has surpassed 367 million tonnes annually,2
with projections estimating that primary plastic production could reach 1,100 million tonnes by
2050.3 Due to their resistance to degradation, plastics can persist in the environment for
hundreds of years, making waste management a major global concern. Alarmingly, around 13
million tonnes of plastic are estimated to enter the oceans each year."? Whether found in
aquatic or terrestrial ecosystems, plastic waste remains environmentally persistent.® Despite
growing awareness, less than 10% of the plastic waste generated worldwide is currently
recycled.?

A significant portion of plastic products are designed for single use, contributing heavily to
waste streams. Laboratories alone generate approximately 5.5 million tonnes of single-use
plastic waste annually, accounting for roughly 2% of the global total.* Common polymers used
in labware include polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET),
polymethyl methacrylate (PMMA), and polystyrene (PS). PS is frequently found in items such
as filtration units, microwell plates, tissue culture dishes, and serological pipettes.>® While
recycling rates for PET and PE stand at 19% and 10% respectively, PS lags significantly
behind at just 1%.% Recycling PS presents unique challenges, primarily due to its low density,
which increases transportation costs and makes closed-loop recycling economically
unattractive. Consequently, producing new PS is often more cost-effective than collecting and
reprocessing waste material.” Mechanical recycling, currently the most widespread method,
involves reprocessing plastics without altering their chemical structure. However, this
approach is often limited by contamination and the diversity of plastic types in waste streams.
Moreover, mechanically recycled plastics tend to be downcycled into lower-value products
and degrade over time due to exposure to heat, light, and mechanical stress.® Recent
innovations in chemical recycling and biodegradation have improved the sustainability of PS
waste treatment, but significant technical hurdles remain.® These include energy-intensive
pyrolysis with inconsistent product yields, high solvent costs for chemical structure control,
scalability issues in advanced oxidation processes, slow microbial degradation rates, and
operational unpredictability in insect-gut microbiota-based methods.
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An alternative approach to traditional recycling is upcycling, transforming waste into higher-
value products. Recent chemical upcycling strategies for PS include hydrogen-atom transfer
(HAT) and degradation—upcycling (Deg-Up)."®"" HAT approaches activate PS through
selective hydrogen abstraction, typically under photocatalytic or oxidative conditions, to
generate reactive polymer radicals that undergo controlled p-scission and oxidation, forming
aromatic carbonyl compounds such as benzoic acid. Although powerful, HAT methods often
require specialised photocatalysts, tuned wavelengths of light, and careful control of oxygen
and solvent environments, making them challenging to implement in routine or teaching
laboratories. Deg-Up, in contrast, follows a tandem sequence in which PS is first chemically
degraded into platform intermediates such as styrene or benzene before these intermediates
undergo further upgrading to high-value fine chemicals, including UV-absorbers and
pharmaceutical precursors. While Deg-Up offers excellent selectivity and product diversity, it
frequently relies on multistep workflows, Lewis-acid catalysts, or specific reaction
atmospheres that can limit scalability and accessibility.
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Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

a comparatively simple and practical upcycling route, yielding polystyrene sulfonic acid resins
with established applications in ion exchange'?-'¢ and catalysis."”-2" However, sulfonation
protocols in the literature are often insufficiently detailed or require specialised equipment,
limiting their accessibility in resource-constrained or educational lab settings. This creates a
barrier for broader adoption of sustainable practices in academic environments and represents
a missed opportunity to integrate green chemistry into teaching and research.

In response to these challenges, we present RECOMPENSE,?? an open science initiative
developed through MSc research projects in the MSc Sustainable Chemistry programme at
University College London (UCL),?3 co-created with UCL chemistry undergraduate students.
This platform aims to make PS upcycling more accessible by providing detailed, user-friendly
protocols and educational resources. We share preliminary findings that led to the creation of
the platform, along with the materials currently available via our website?? and YouTube
channel.?* These include written and video-recorded procedures for converting PS waste from
UCL East teaching labs into polystyrene sulfonic acid, and its application as a catalyst in the
synthesis of a biodiesel precursor.

= Experimental
Materials

Poly(sodium 4-styrenesulfonate) (PSSNa) with a weight average molecular weight of 1,000 kg
mol-', Amberlyst®-15, aromatic aldehydes, butanal, acetone, furfural, and 2-methylfuran were
purchased from Sigma-Aldrich. Concentrated sulfuric acid (95-98%) was obtained from Fisher
Scientific. Expanded polystyrene waste was sourced from packaging materials received in the
teaching wet laboratories at UCL East and had not been contaminated with any reagents prior
to sulfonation.

Preparation of c-PSSA

A 50 mL solution of PSSNa (25 wt%) was added to a mixture of 60 g of ground Amberlyst®-
15 and 250 mL of deionised water. The mixture was stirred at room temperature overnight and
then filtered to separate Amberlyst®-15 from the c-PSSA solution. The filtrate was evaporated
to dryness at 60 °C to recover c-PSSA. The recovered c-PSSA was ground into small pieces
and dried for an additional 24 h at 80 °C in an oven to minimise water content. To determine
the number of acidic sites, 20 mg of c-PSSA were dissolved in 10 mL of deionised water and
titrated against a 0.01 M NaOH solution using phenolphthalein as an indicator. The maximum
theoretical number of acidic sites is 5.4 mmol H* g of resin. The titration results showed an
acidity of 4.86 mmol H* g, indicating a 90% degree of sulfonation measured as mmol H* g-".

Synthesis of u-PSSA

1g of expanded polystyrene (PS) waste was dissolved in a minimum amount of ethyl acetate
(~5 mL) in a beaker under stirring. The resulting solution was transferred to a round-bottom
flask, and the solvent evaporated using a rotary evaporator with a water bath set at 35 °C. The
flask with the recovered PS was clamped to a stand, and 10 mL of concentrated sulfuric acid
(95-98%) was added along with a Teflon-coated magnetic stirring bar. The reaction mixture
was heated at 100 °C for 1.5 h using a heating block. After completion, the mixture was cooled
in an ice-water bath, and 100 mL of ice-cold water was slowly added. A rubbery solid
precipitate formed, which was filtered under vacuum and washed thoroughly with deionised
water until the filtrate reached pH 7. The recovered solid was dried overnight in an oven at
70 °C, yielding a yellowish-white product. The resulting u-PSSA was insoluble in deuterated
solvents and characterised by FTIR spectroscopy, TGA and DSC. The number of acidic sites
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was determined by titration against a standard 0.01 M NaOH solution using phepglphthalgit ;55
as an indicator. Typical yields ranged from 0.9 to 1.2 g of u-PSSA, with degrees of sulfonation

between 30% and 45%.
Standard Friedel-Crafts reaction of aldehydes with 2-Methylfuran

A 9mL pressure tube was charged with 0.5 mL of 2-methylfuran (used as both solvent and
reactant), aldehyde (0.5 mmol), and catalyst (0.025 mmol based on acidic sites, 5 mol%). The
reaction mixture was stirred at 70 °C for 2h and monitored by TLC (hexane: ethyl acetate).
Upon completion, the mixture was filtered under vacuum to recover the catalyst. The filtrate
was transferred to a round-bottom flask, diluted with 10 mL of ethyl acetate, and concentrated
using a rotary evaporator. The crude product was purified by column chromatography using
hexane: ethyl acetate as the eluent. Fractions containing the product were collected,
transferred to a tared round-bottom flask, and the solvent removed. The flask was then placed
on a Schlenk line for further drying. The product was analysed by FTIR and NMR
spectroscopy.

» Results and Discussion
Background and Preliminary Results

We have recently launched a new MSc Sustainable Chemistry programme at the Department
of Chemistry at University College London (UCL).2® As part of this initiative, several student-
led research projects have investigated the use of recyclable solid acid catalysts for the
synthesis of chemical products of interest derived from biobased and platform chemicals
originating from lignocellulosic biomass.

p-Toluenesulfonic acid (PTSA) is a well-known organic sulfonic acid widely used in organic
synthesis and catalysis.?® Polystyrene sulfonic acid (PSSA) resins are polymeric materials
whose repeating units share the same core structure as PTSA (Scheme 1). While PTSA is
typically employed as a homogeneous catalyst and is rarely recycled, PSSA resins are
insoluble in most organic solvents commonly used in synthesis, making them suitable
candidates for heterogeneous catalysis.
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Scheme 1 Structures of PTSA and PSSA resin sharing the same core structure (highlighted
in blue)

We hypothesised that commercially available PSSA (c-PSSA) resins could replicate the
catalytic behaviour of PTSA in synthetic transformations. To test this, we focused on the
synthesis of biofuel precursor molecule 3a, which can be obtained via a Friedel-Crafts
reaction between biobased starting materials furfural (1a) and 2-methylfuran (2) (Table 1). A
structurally similar biofuel precursor 3b has previously been synthesised from 5-methylfurfural
(1b) by Corma and collaborators using PTSA,%® while precursor 3a was prepared by Li and
colleagues using sulfamic acid, another sulfonic acid-based catalyst.?” In both protocols, 2-
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methylfuran (2) was used as both the reactant and solvent, with catalyst loadings of 5 mo1%' 25005
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and 10 mol%, respectively (Table 1).

For our initial screening, we adopted conditions similar to those used by Corma, employing 5
mol% of c-PSSA resin. After conditioning, the resin exhibited a degree of sulfonation
(measured as H* g of resin) of 90%. The reaction catalysed by PTSA reportedly yields 93%
of the structurally related biofuel precursor 3b, while the sulfamic acid catalysed reaction yields
46% of precursor 3a. Under our conditions, using c-PSSA resin, we achieved a quantitative
isolated yield of precursor 3a after 2 hours at 70 °C, thereby validating our initial hypothesis.

Table 1 Comparison of methodologies for the synthesis of biofuel precursors 3a and 3b

(0]
o_ ! 0 C
R atalyst
o O
R=H, 1a 2 B
R=CH,, 1b R=H, 3a
R=CH3, 3b
Entry Catalyst T(°C) t(h) product Yield(%)> Reference

1 PTSA (5 mol%) 50 6 3b 93 Corma?¢
2 Sulfamic acid (10 mol%) 70 4 3a 46 Li2?
32 c-PSSA (5 mol%) 70 2 3a >99 This work

a Reaction conditions: furfural, 1a (0.5 mmol), 2-methylfuran, 2, 0.5 mL, catalyst c-PSSA (5
mg). ° Isolated yield.

With our optimised conditions, we extended the scope of the c-PSSA catalysed Friedel-Crafts
reaction to 2-methylfuran with various a-aryl aldehydes (Table 2). The reaction performed
exceptionally well, delivering very high to quantitative yields in most cases, regardless of the
substitution pattern or the nature of the substituents on the aromatic ring. Substrates bearing
electron-donating groups (entries 2-6) or electron withdrawing groups (entries 7-16) showed
little influence on the reaction outcome. Only m-bromobenzaldehyde (4k, entry 11) exhibited
a noticeable effect, giving a lower yield of 83% for product 5k compared to the other examples.
When using anisaldehyde (4e, entry 5), the reaction required slightly longer times, 3.5 h
versus the standard 2 h, to achieve full conversion. Interestingly, terephthalaldehyde (4p,
entry 16), which contains two aldehyde groups, also reached complete conversion to product
5p within the same timeframe.

Table 2 Scope of the reaction of 2-methylfuran with a-aryl aldehydes catalysed by c-PSSA

)
X 0 ¢-PSSA (5mol %)
R J - U
= 70°C, 2h
2

4a-p
Entry R Yield (%)  Product
1 H, 4a >99 5a

2 p-CHs ,4b 94 5b
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0-CHs 4c
m-CHs, 4d
p-OCHs, 4e
3-CHs 4-CHs, 4f
p-F! 49
p-Cl, 4g
p-Br, 4i
0-Br, 4j
m-Br, 4k
p-NO2, 4l
m-CF3, 4m
3-CF3 5-CF3, 4n
2-Cl 5-CF3, 40

p-CHO, 4p

>99
>99
>99
>99
>99
>99
>99
>99
83
94
>99
>99
93

>99

View Article Online
DOI: 10.1039/D55U00927H

a Reaction conditions: a-aryl aldehyde (0.5 mmol), 2-methylfuran 0.5 mL, catalyst c-PSSA (5
mg). ®Isolated yield. 3.5 h

Importantly, the insolubility of c-PSSA in 2-methylfuran enabled straightforward recovery of
the catalyst via filtration. c-PSSA was successfully reused in five consecutive catalytic cycles
for the synthesis of 3a without any observable loss in activity (Scheme 2), demonstrating its
potential for sustainable and efficient catalysis in biomass-derived chemical synthesis.

Isolated yield (%)

0 =
O ¢-PSSA (5mol %) o)
- W V=
70°C, 2h S
2 3a
100 + i
99 99 98 97 97

[o<]
o
T

[o2]
o
T

N
o
T

20 -

3

Recycling Cycle

Scheme 2 c-PSSA recycle study for the synthesis of biofuel precursor 3a. Reaction conditions:
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furfural, 1a (0.5 mmol), 2-methylfuran, 2, 0.5 mL, catalyst c-PSSA (5 mg). Yields obtained. gfter’ s 200

u
purification via column chromatography.

We also explored the Friedel-Crafts reaction of 2-methylfuran (2) with aliphatic substrates
(Table 3). Compared to a-aryl aldehydes, these substrates required longer reaction times and
generally afforded moderate to good yields. Butanal (6a, entry 1) produced 7a in 71% after 6
hours at 60 °C. Under similar conditions, acetone (6b, entry 2) gave 7b with a yield of 67%
yield. Aldehyde 6c (entry 3), formed in situ from 2-methylfuran in the presence of water,
yielded 7c¢ in 82% after 24 hours of reaction.

Table 3 Reaction of 2-methylfuran with aliphatic substrates butanal (6a), acetone (6b), and
6¢c

0
g 0 ¢-PSSA (5mol %)
1 2 + \ /
REOR Q/ 60°C, t
6a-c 2
Entry R’ R2  Substrate t(h) Yield (%)* Product
1a CH3-CH2-CH:2 H 6a 6 71 7a
2b CHs CHs 6b 6 67 7b
(O
0 Q —
3 CHyC(O)-CHxCH. H JA~.0 24 82 -
6c R
7c

a Reaction Conditions: 2-methylfuran, 2 (0.5 mL), butanal, 6a (0.17 mL), c-PSSA (10 mg). °
Reaction Conditions: 2-methylfuran, 2 (0.5 mL), acetone, 6b (0.14 mL), c-PSSA (10 mg).c
Reaction Conditions: 2-methylfuran (0.5 mL), c-PSSA (0.5 mL, 18 wt.% solution in H20). ¢
Isolated Yield.

These results indicate that while c-PSSA is highly effective for aromatic aldehydes, its
performance with aliphatic substrates is more limited, likely due to reduced electrophilicity.
Nonetheless, the ability to catalyse these transformations under mild conditions further
demonstrates the versatility of c-PSSA as a heterogeneous acid catalyst.

Student—Staff Partnership Model of the RECOMPENSE Project

Embedding sustainability into chemical education requires more than the delivery of technical
content, it calls for active collaboration between educators and students. Co-creation offers a
powerful way to achieve this, enabling students to move from passive recipients of knowledge
to partners in designing solutions for real-world challenges.?® By involving students in
research and resource development, educators foster ownership, creativity, and systems-
thinking skills that are essential for addressing global sustainability issues. This approach not
only strengthens engagement and confidence but also aligns with the principles of green
chemistry and open science, ensuring that educational activities deliver both academic and
societal impact.

00927H


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00927h

Page 9 of 20 RSC Sustainability

The RECOMPENSE project exemplifies this philosophy. Originating from the resedrch 20
projects in our MSc Sustainable Chemistry, the initiative explored whether polystyrene (PS),
a material with an extremely low recycling rate, could be upcycled into polystyrene sulfonic
acid (u-PSSA) and replicate the catalytic performance of PTSA in organic synthesis, as
demonstrated in our preliminary work with c-PSSA. This question ultimately led to the creation
of RECOMPENSE, which stands for REcyclable Catalysts frOM PolystyrENe waStE, and was
co-developed with our undergraduate chemistry students under the support of an RSC

Sustainable Laboratories Grant.2®

The overarching goal of RECOMPENSE is to provide an accessible and practical approach to
upcycling PS waste in laboratories, while raising awareness and promoting sustainable

practices within chemistry education and research. More specifically, the project aims to:
o Develop robust, user-friendly, and cost-effective protocols for sulfonating single-use
PS waste generated in laboratories.
o Evaluate the catalytic performance of u-PSSA resins derived from PS waste in organic
synthesis.
e Produce detailed protocols and characterisation data for all products and processes
developed.

¢ Create a comprehensive database of u-PSSA applications to inspire new uses.
Establish a free Open Science platform to share project findings and enable community
contributions to expand the scope of u-PSSA applications from PS waste.

The project was developed through a combination of the preliminary results of postgraduate
students’ research projects from our MSc Sustainable Chemistry?® and funded undergraduate
summer internships from the Department of Chemistry at UCL and the RSC Sustainable
Laboratories Grant.?® Undergrad students were recruited through a formal application and
interview process with selection criteria prioritising skills in video production, science
communication, and digital/media literacy, skills the supervising academic did not possess,
and which were essential for the open-science dissemination goals of the project. Successful
applicants were employed full time over an 8-week funded summer internship and worked in
partnership with the academic supervisor and MSc researchers. Their primary responsibilities
included: 1) validating experimental results generated by MSc students, 2) producing written
and video-recorded protocols, and designing, developing, and 3) maintaining the project
website and YouTube channel.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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A dedicated academic supervisor provided scientific oversight and led weekly progress
meetings. However, day-to-day decisions in content development, communication strategy,
video production, and platform design were driven by the students. This structure intentionally
diverged from a traditional hierarchical supervision model and promoted partnership-led
decision making. In this way, the project logistics were designed to support co-creation, not
merely student assistance within an existing research programme.

To ensure that the initiative provided meaningful educational value to the partner undergrad
students, clearly defined learning outcomes were established from the beginning of the
project. Students were expected to develop both technical competencies and broader
transferable skills aligned with the training of sustainability-focused chemists. Learning
outcomes included the ability to:

= Develop technical skills in polymer handling, sulfonation chemistry, heterogeneous
catalysis, and analytical characterisation.
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= Apply systems thinking to understand the environmental implications of |aboratory s 55
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plastic waste and the life cycle of materials.

» Engage with sustainability principles related to waste valorisation, resource efficiency,
and green chemistry.

» Practise open science and science communication, including transparent
documentation, protocol writing, video production, blogging, and social-media
engagement for global audiences.

= Build professional identity by contributing to openly accessible resources, collaborating
across levels of expertise, and working within an authentic research environment.

These outcomes exceed the scope of conventional undergraduate research placements,
which typically emphasise laboratory technique or data generation but rarely integrate
open-science practices, multi-modal communication, or sustainability-focused systems
thinking.

The RECOMPENSE project diverges significantly from standard undergraduate research
experiences. Rather than acting as assistants carrying out predefined tasks, students
functioned as co-developers of the scientific, educational, and digital outputs central to the
project. This required them to integrate laboratory research with the creation of public-facing
resources, an expectation that is rarely present in traditional research roles. The supervisory
relationship was also reconfigured: instead of a hierarchical model in which the academic
directs all stages of the work, students and supervisor collaborated as equal partners, each
contributing complementary forms of expertise. While the academic provided scientific
oversight, the students led on communication strategy, video production, media design, and
user-experience decisions. As a result, students held significant autonomy over the creative,
digital, and dissemination components of the project, exemplifying a genuine
shared-leadership model rather than a conventional research placement structure. A summary
comparing traditional research supervision with the RECOMPENSE co-creation model is
provided in Table 4.

Table 4 Comparison of Traditional Research Supervision vs. RECOMPENSE’s Co-Creation
Partnership Model.

Traditional Research Co-Creation Partnership

Supervision

Model

Role of Students

Project Direction

Nature of Work

Assistants executing
predefined experimental
tasks.

Determined largely by
supervisor. Students follow
instructions.

Focused on
laboratory-based
experimental tasks.

Co-developers shaping
scientific, educational, and
digital outputs.

Developed collaboratively.
Students influence research,
communication, and
dissemination.

Integration of laboratory
work with open-science
communication, media
production, and resource
development.
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Decision-Making

Skill Development Focus

Output Ownership

Expertise Contribution

RSC Sustainability

Hierarchical, supervisor-led

Experimental technique,

data collection, lab routines.

Outputs typically remain
within research group or
academic publications.

Students contribute novice

Article Online

Shared IeaderShi%O%EUﬂ)%m%UOOE)NH

autonomy in creative and
digital domains.

Systems thinking,
communication, digital
content creation, open
science practices, alongside
experimental research.

Outputs intentionally public-
facing: website content,
instructional videos, digital
resources.

Students contribute

scientific labour expertise in communication,
design, and media
complementing scientific
guidance.

Educational Philosophy Apprenticeship: learning by
following.

Partnership: learning
through co-creation and
shared responsibility.

Through this partnership model, the RECOMPENSE project demonstrates how an educational
initiative can simultaneously advance sustainability research and support transformative
student learning. Through collaboration between MSc students, undergraduate partners, and
academic staff, the team has already developed a process for upcycling waste expanded PS
from our wet teaching laboratories and demonstrated an application of u-PSSA for the
synthesis of biofuel precursor 3a, as described in the following sections. All associated
educational resources, including written protocols, videos, and open-access materials, were
created entirely by undergraduate partners and are freely available via our website?? and
YouTube channel?* (see Supporting Information).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Preparation of u-PSSA from waste PS

(cc)

The sulfonation of PS to produce PSSA has been widely reported in the literature.?-21.30-33
However, many published protocols lack sufficient detail, and the isolation or purification of u-
PSSA often requires specialised equipment that is not readily available in standard laboratory
settings. Consequently, upcycling single-use PS waste into u-PSSA can be challenging in
practice.

One of the first obstacles we faced was our limited experience working with polymers. We
selected waste expanded PS as the starting material and evaluated several sulfonation
procedures before identifying reproducible conditions that allowed us to isolate u-PSSA
effectively. Working with expanded PS presents unexpected practical difficulties. A small mass
occupies a disproportionately large volume, and cutting it into smaller pieces generates static
charge, causing fragments to cling to surfaces and create considerable mess. These practical
issues are rarely discussed in the literature. By first dissolving PS in ethyl acetate and then
evaporating the solvent, the PS occupies a significantly smaller volume, making it much easier
to handle.
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Our optimised sulfonation conditions involve reacting 1 g of PS with 10 mL of concent Sy
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sulfuric acid at 100 °C for 1.5 hours. Extending the reaction to 2 hours increases the degree
of sulfonation and homogeneity but complicates isolation for example through the use of
dialysis membranes or other specialised techniques, which are not feasible in most teaching
or research labs. In contrast, the RECOMPENSE project prioritises simplicity, affordability,
and reproducibility.

Using our optimised conditions (see Supporting Information), we obtained u-PSSA samples
with a degree of sulfonation ranging from 30% to 45%, measured as H* per gram of resin.
Once the procedure was standardised, results became highly reproducible. Variability typically
arose from incomplete contact between the PS and sulfuric acid.

To isolate the synthesised u-PSSA, the reaction mixture was carefully diluted with water in an
ice bath, precipitating the u-PSSA as an insoluble solid. The material was filtered and washed
repeatedly with water until the filtrate reached pH 7. After drying in an oven at 70 °C for 24
hours, a yellowish-white powder was recovered. The resulting u-PSSA was characterised by
Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), and acid-
base titration (see Supporting Information) .

FTIR analysis (Figure 1) of u-PSSA confirmed the successful sulfonation as evidenced by the
broad band at 3370 cm™, corresponding to the O—-H stretching vibrations of sulfonic acid (-
SO;H) groups, and distinctive bands in the 950-1200 cm™ region, characteristic of sulfonate
stretching vibrations. These features are absent in the original PS sample, consistent with
previous reports.12:34

120 r T T T T T T T T T T T

110 -

100

90

Transmittance (%)

80

70 - : :
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 1 spectra of a waste expanded PS and u-PSSA showing a new O-H stretching band
at 3370 cm" from the sulfonic acid functional group and sulfonate stretch bands between 950
and 1200 cm'. The new bands are highlighted in green. Note that the u-PSSA spectrum was
offset by 20% on the y-axis for clarity.

Despite the limited solubility of u-PSSA, it was possible to obtain '"H-NMR and "*C-NMR
spectra in DMSO-ds (See Supporting Information), which further support the partial
sulfonation of the starting waste PS material, consistent with previous reports in the
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literature.'82":35 Figure 2A shows the "H-NMR spectrum, which features broad signals at:£:25, 5oeas
1.50, and 1.80 ppm, corresponding to aliphatic protons 1, 1', 2, and 2', as well as broad peaks

in the aromatic region at 6.55, 7.07, and 7.47 ppm, assigned to protons 3, 3', 4, 4', and 5.
Figure 2B displays the corresponding "*C-NMR spectrum, which shows aromatic carbon
signals at 126.1, 127.5, 143.9, and 146.9 ppm, corresponding to carbon atoms 3, 3', 4, 4', 5,

6', 7, and 7'. The aliphatic carbon signals are expected to appear around 40 ppm,3® but their

low intensity causes them to be obscured by the residual DMSO-d¢ peak.

A

DMSO-d,

3,3 1,9, 2,2
4:

3,3,4,4,5

, f
6 fl“\ |
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il L Tl o
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146

Chemical Shit (ppm)

Figure 2 A) "H-NMR spectrum of u-PSSA in DMSO-ds showing the characteristic aliphatic
and aromatic proton signals. B) 13C-NMR spectrum of u-PSSA in DMSO-ds highlighting the
aromatic carbon signals. The aliphatic carbon peaks are not shown, as they are obscured by
the residual DMSO-de peak at around 40 ppm.

It is important to note that u-PSSA obtained from post-consumer expanded polystyrene is
unlikely to be structurally uniform. Under the strong sulfonation conditions employed, the
resulting material may contain partially sulfonated domains, regions of variable crosslinking,
residual unsulfonated polystyrene, and low-molecular-weight sulfonated fragments.
Consequently, the FTIR spectra presented here should be interpreted as reflecting the
averaged response of a heterogeneous bulk material rather than a single well-defined polymer
structure. Similarly, the solution-state NMR spectra necessarily represent only the soluble
fraction of u-PSSA; they cannot fully capture the composition of the insoluble crosslinked
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network, which would be more appropriately analysed using solid-state NMR fechnigligs.j;ooar
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These intrinsic limitations do not affect the reproducibility of the synthesis described, but they
highlight the structural complexity expected for waste-derived PSSA materials.

The thermal stability of the different polymers was evaluated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). PS started decomposing at around 300 °C
during the TGA measurements (see Figure 3). Interestingly, c-PSSA showed a much lower
degradation onset (190 °C), whilst the synthesised u-PSSA only started decomposing at 390
°C. We hypothesise that the differences in decomposition temperature between the c-PSSA
and u-PSSA are primarily caused by differences in molecular weight as well as variations in
cross-linking densities between the two samples. Furthermore, the TGA measurements
revealed significant differences in residual weight for c-PSSA (40%) and u-PSSA (20 %) when
heated under nitrogen atmosphere to 800 °C. Only after switching to an oxidative atmosphere,
c-PSSA started fulling degrading with a residual weight of less than 5%. The u-PSSA sample
however was unaffected by the oxidative atmosphere, and no additional weight loss was
observed. This observation was unexpected, and we are uncertain about the origins of the
differences in terminal weight. One possibility could be that the u-PSSA sample contains a
large amount of sulphate salts, left-overs from the synthetic process, which resulted in the
larger terminal weight value. To further investigate the thermal properties, we recorded the
DSC thermograms of all polymer samples (see Figures S13-15 in the supporting
information). Both the PS and u-PSSA sample displayed glass transition temperatures (Tg)
at 110 °C in the second heating cycle, whereas not transitions were observed for the c-PSSA
sample, further highlighting some fundamental structural differences between the samples, in
line with the TGA data discussed previously.

100 -

80 |
X 60}
<
D
(0]
= a0}
20 | PS
c-PSSA
u-PSSA
0 L 1 " 1 N 1 1 L _]
100 200 300 400 500 600 700 800

Temperature (°C)

Figure 3. TGA thermograms of all three polymers, heated at a heating rate of 10 °C min-! from
100 to 800 °C under a nitrogen atmosphere (flow rate: 25 mL min-").

A fully documented and video-recorded protocol for the synthesis of u-PSSA, prepared by our
chemistry students, is available on the RECOMPENSE website.¢
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Application of u-PSSA in Friedel-Crafts Reactions with 2-methylfuran DO 10,1039 ool 009t

After establishing a reproducible process for preparing u-PSSA from waste expanded PS, we
evaluated its catalytic performance in the synthesis of biofuel precursor 3a, comparing the
results with those obtained using c-PSSA. Given the expected structural heterogeneity of u-
PSSA, its comparison with c-PSSA in catalytic tests is intended to be functional rather than
structural. Although both materials contain aryl-sulfonic acid groups, the underlying polymer
architectures are not expected to be identical.

To ensure reproducibility, all catalytic experiments were performed using a single u-PSSA
batch with a sulfonation degree of 44% (corresponding to 2.37 mmol of H* per gram of resin),
and each reaction was carried out in at least triplicate for every substrate tested. Under the
same conditions previously applied to c-PSSA, the reaction proceeded efficiently on a 0.5
mmol scale of Furfural (1a), using 0.5 mL of 2-methylfuran (2) as both solvent and reactant.
With 5 mol% of u-PSSA, the reaction reached completion within 2 hours, affording the product
3ain quantitative yield (entry 2, Table 5). Since u-PSSA was insoluble, it was easily recovered
by vacuum filtration. These results demonstrate that upcycling PS waste into solid acid
catalysts for organic synthesis is a viable strategy, as u-PSSA performs comparably to c-PSSA
under the tested conditions.

A fully documented and video-recorded protocol for the synthesis of 3a using u-PSSA,
prepared by our chemistry students, is available on the RECOMPENSE website.3’

Table 5 Comparison of catalytic activities of c-PSSA and u-PSSA for the synthesis of biofuel
precursors 3a.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Entry Catalyst Yield (%)
12 c-PSSA >99
20 u-PSSA >99

(cc)

@ Reaction conditions: furfural, 1a (0.5 mmol), 2-methylfuran, 2, 0.5 mL, catalyst c-PSSA (5
mg).? Reaction conditions: furfural, 1a (0.5 mmol), 2-methylfuran, 2, 0.5 mL, catalyst u-PSSA
(10 mg). ¢lsolated vyield.

We further evaluated u-PSSA in Friedel-Crafts reactions involving a-aryl aldehydes,
benzaldehyde (4a), p-anisaldehyde (4¢), and p-bromobenzaldehyde (4i), and compared the
results with those obtained using c-PSSA. Overall, u-PSSA demonstrated similar efficiency to
c-PSSA under the tested conditions (Table 6). Products 5a and 5i (entries 1, 2 and 5, 6) were
obtained using u-PSSA with comparable reaction times and yields. However, twice the amount
of u-PSSA was required, reflecting its lower sulfonation degree (44%) compared to c-PSSA
(90%). Interestingly, for p-anisaldehyde (entries 3 and 4), u-PSSA delivered a faster reaction
but a slightly lower yield.

We cannot fully exclude the possibility of partial dissolution or leaching of
low-molecular-weight sulfonated fragments from u-PSSA under the reaction conditions. If such
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homogeneous acid contribution rather than exclusively from the solid polymer network. While
the high recyclability observed for c-PSSA suggests predominantly heterogeneous behaviour,
the behaviour of waste-derived u-PSSA may differ due to its greater structural heterogeneity.
A more detailed assessment, including hot-filtration experiments, leaching tests, and acidity
quantification of recovered filtrates, will be pursued in future work.

Table 6 Comparison of catalytic activities of c-PSSA and u-PSSA for the synthesis of Friedel-
Crafts products 5a, 5¢ and 5i.

i
T 0 catalyst (5mol %)
SO Y
Z 70°C, 2h
4 2

Entry R Substrate catalyst time (h) Yield (%) Product
12 H Benzaldehyde, 4a c-PSSA 2 >99 5a
2b H Benzaldehyde, 4a u-PSSA 2 >909 5a
32 p-OMe p-anisaldehyde, 4c c-PSSA 3.5 >99 5c
4p p-OMe p-anisaldehyde, 4c u-PSSA 2 93 5¢c
52 p-Br p-Bromobenzaldehyde, 4i  c-PSSA 2 >99 5i
6P p-Br p-Bromobenzaldehyde, 4i u-PSSA 2 >99 5i

a Reaction conditions: a-aryl aldehyde (0.5 mmol), 2-methylfuran 0.5 mL, catalyst c-PSSA (5
mg).P Reaction conditions: a-aryl aldehyde (0.5 mmol), 2-methylfuran 0.5 mL, catalyst u-PSSA
(10 mg). ¢lsolated vyield.

Further applications of u-PSSA in organic synthesis are currently under development and will
be uploaded to the RECOMPENSE website?? and YouTube channel?* in due course.

= Conclusions and Future Outlook

This work demonstrates that polystyrene waste, one of the least recycled plastics globally, can
be successfully upcycled into polystyrene sulfonic acid (u-PSSA) and applied as a
heterogeneous catalyst in organic synthesis. The RECOMPENSE project not only provides a
practical and reproducible protocol for this transformation but also integrates sustainability into
chemical education through open science and student-led research. Our findings confirm that
u-PSSA performs comparably to commercial PSSA in key Friedel-Crafts reactions, validating
the potential of waste-derived catalysts for green chemistry applications. Future studies will
involve a more comprehensive evaluation of the heterogeneous nature of u-PSSA. Planned
analyses include solid-state NMR, elemental sulfur analysis, NH;-TPD acidity measurements,
and hot-filtration or leaching tests to distinguish heterogeneous from homogeneous
contributions to catalytic activity. We also intend to carry out expanded recyclability and
durability assessments under a range of reaction conditions. These studies are beyond the
scope of the present education-focused work but will be essential for fully establishing u-PSSA
as a robust waste-derived catalyst
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Beyond technical achievements, RECOMPENSE highlights the transformative, roless Off 270
collaboration and co-creation in advancing sustainable chemistry. By engaging students as
active partners in research and resource development, we foster ownership, creativity, and
systems-thinking skills essential for addressing global challenges. This approach strengthens
the link between education and research, ensuring that sustainability principles are embedded

in both practice and pedagogy.

Looking ahead, the success of RECOMPENSE depends on expanding its reach and impact
through community engagement. Our open-access platform has already attracted visitors from
more than 20 countries, reflecting strong international interest in accessible, sustainable
solutions. We aim to build on this momentum by inviting contributions from educators,
researchers, and students worldwide to co-develop new protocols, share case studies, and
explore innovative applications of u-PSSA. Future work will focus on broadening the scope of
reactions catalysed by u-PSSA, improving sulfonation efficiency, and integrating digital tools
to enhance resource accessibility.

By combining technical innovation with educational collaboration, RECOMPENSE sets a
precedent for how chemistry can contribute to a circular economy while preparing the next
generation of scientists to lead the transition toward sustainability.
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The data supporting this article have been included as part of the supplementary information
(SI). Supplementary information: general procedures, full characterization of both the catalyst
and the synthesized compounds. General procedures and video recorded protocols are also
freely available on the RECOMPENSE project website: https://recompenseproject.com/ and
YouTube channel: https://www.youtube.com/@RECOMPENSEproject
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