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1. Introduction: A Golden Thread

Weaving Purpose into Research

Why am I personally doing this research?

“Be part of the solution and not part of the 
problem”



1. Introduction: A Golden Thread

Weaving Purpose into Research

Why should we be doing this?



1. Introduction: A Golden Thread

Weaving Purpose into Research

How?

“How can waste be reimagined as a 
resource?”
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1. Introduction: A Golden Thread

Weaving Purpose into Research

SDG 6 – Clean Water and Sanitation
(e.g. Bioremediation, pollutant removal, AMD treatment)

SDG 9 – Industry, Innovation, and Infrastructure
(e.g. Advanced materials, industrial valorisation of waste)

SDG 12 – Responsible Consumption and Production
(e.g. Circular systems, bio-based technologies)



Weaving Innovation: 
A timeline of Research Threads
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Weaving Innovation: 
Collaborations for Shared Discovery
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Thread 1: Bioproduction



Thread 1: Bioproduction

Bioproduction of Organic Acids from Renewable Feedstocks

Why Produce Organic Acids?
Platform Organic Acids: Building Blocks for a Sustainable Bioeconomy

Purpose: These C₄ (and C₃) dicarboxylic acids are key platform chemicals –

central to both biobased chemical industries and green material 

production.

Lactic Monomer for PLA (polylactic acid) – a leading biodegradable plastic

Succinic Precursor for 1,4-butanediol (solvents, plastics), biodegradable polyesters (PBS)

Fumaric Food additive, alkyd resins, crosslinking agents, pharmaceutical precursors

Malic Acidulant in food and beverages, precursor to specialty chemicals



Thread 1: Bioproduction
Bioproduction of Organic Acids from Renewable Feedstocks

• Goal: Produce platform chemicals (lactic, succinic, fumaric, malic acids) from glucose or 
waste-derived substrates.

• Microorganisms used:

• Lactobaccillus rhamnosus – Lactic acid

• Actinobacillus succinogenes – Succinic acid

• Rhizopus oryzae/delemar – Fumaric acid

• Aspergillus oryzae – Malic acid

• Approach: Shift from free-cell to immobilised/biofilm systems for higher stability, yield, and 
process control.



Thread 1: Bioproduction

Bioproduction of Organic Acids from 
Renewable Feedstocks

Highlights:

• Succinic acid (A. succinogenes):

• Biofilm reactors increase tolerance to shear and 
improve yields.

• Internal mass transfer limitations and metabolite 
accumulation are critical control points.

• Pathway analysis reveals strategies for enhanced 
energy recovery.



Thread 1: Bioproduction
Bioproduction of Organic Acids from 

Renewable Feedstocks

Highlights:

• Lactic acid (L. rhamnosus)
• Silicone tubing-based biofilm reactor enabled 

robust, stable lactic acid production under 
continuous flow and low pH, showcasing a simple 
and effective design.

• Shear rate had a significant impact — moderate 
shear enhanced metabolite yield, while excessive 
shear led to biofilm detachment and decreased 
productivity.

• Achieved a maximum lactic acid yield of 0.88 g/g 
glucose, demonstrating high efficiency with 
potential for industrial-scale bioproduction.



Thread 1: Bioproduction
Bioproduction of Organic Acids from 

Renewable Feedstocks

Highlights:

• Fumaric acid (Rhizopus delemar):

• Continuous immobilised systems show strong 
performance with both glucose and glucose/xylose 
mixtures (simulating lignocellulosic biomass)

• Malic acid (Aspergillus oryzae):

• Immobilised Fungal System: Aspergillus oryzae
immobilised in polyurethane foam enabled robust malic 
acid production from glucose under controlled pH and 
nutrient-limited conditions.

• Ion Effects and Environmental Mimicry: Calcareous 
conditions (CaCO₃ addition) were essential for optimal 
production, likely reflecting the fungus's natural habitat. 
In contrast, Na⁺ ions inhibited glucose uptake, 
reducing productivity.



Thread 2: Bioremediation



Thread 2: Bioremediation
Microbial Bioremediation of Lead (Pb²⁺)
Highlights:

• Anaerobic, aerobic, and facultative systems were 
explored using mixed and pure cultures for Pb(II) removal 
from wastewater.

• Precipitation & biosorption were identified as dominant 
mechanisms—often involving Pb0, Pb0, Pb-phosphate, Pb-
sulphide formations depending on microbial species and 
redox conditions.

• Key strains: Paraclostridium bifermentans, Klebsiella 
pneumoniae, and Pseudomonas sp. showed strong Pb-
tolerance (>1000 ppm) and removal capacity (up to 99%) 
in both batch and continuous systems (e.g. UASB).



Thread 2: Bioremediation
Insights into Mechanisms & Process Control
Highlights:

• Metabolomic profiling revealed shifts in amino acids, 
fatty acids, and secondary metabolites under Pb 
stress—suggesting metabolic adaptation and bio-
precipitation linkage.

• Oxygen presence significantly influenced Pb 
speciation and microbial community structure; strict 
control was needed to direct towards bioprecipitation 
rather than sorption alone.

• Monitoring innovations: Impedance-based biosensors 
provided real-time tracking of metabolic activity during 
Pb recovery—enabling potential for continuous 
bioremediation control.



Thread 2: Bioremediation

Expanding the Toolkit – Plants, Consortia, 
and Control

Highlights:

• Phytoremediation with Lemna minor and Azolla 
pinnata demonstrated pH- and nitrogen-sensitive 
growth, offering low-cost polishing stages after 
microbial treatment.

• Mycoremediation with Aspergillus spp can remove 
heavy metals and degradation byproducts after 
treatment



Thread 3: AMD Residues



Thread 3: AMD Residues
Acid Mine Drainage (AMD): From Pollution to 

Potential

• Challenge: AMD is a persistent environmental issue 
rich in Fe³⁺, Al³⁺, and trace elements (e.g., REEs, U, 
Cr(VI)).

• Approach: Valorisation of AMD residues via metal 
recovery, nanocomposite synthesis, and reuse in 
pollutant removal.

• Impact: Enables waste-to-resource transitions, 
reducing AMD hazards while supporting circular 
economy principles.

Case studies:

• Cr(VI), arsenate, dye, and nutrient removal using 
Fe₃Al₃ polycationic composites

• Upcycled AMD by-products for industrial wastewater 
polishing.



Thread 3: AMD Residues

From Mine Waste to Water Treatment and 
Beyond

• Functional Adsorbents: AMD-derived composites 
showed:

• High surface area and reactivity

• Superior removal of toxicants (As(V), Congo 
Red)

• Effective performance in real-world waters

• Broadened Scope:

• Fertiliser trace metal studies → REEs and 
uranium risk/potential

• Coal fly ash (CFA) valorisation for antibiotic 
removal (tetracycline)



Thread 3: AMD Residues

Science-Policy Nexus and Systemic Reuse

• The P-Game: a serious game to facilitate stakeholder engagement on 
phosphorus circularity, linking environmental tech with governance

• Vision: Repurposing industrial residues (AMD, CFA) as key feedstocks in 
sustainable environmental technologies.



Thread 4: Organic Wastes



Thread 4: Organic Wastes
Circular Approaches with Organic Waste Materials
Key Concepts:

• Waste-to-resource philosophy: Transforming agricultural and 
food by-products into high-value adsorbents and functional 
materials.

• Examples of valorised materials:
• Eggshell membranes
• Pine bark and cones
• Banana peel biochar
• Industrial herb by-products (rose, lavender)
• Spent microbial biomass (metabolically inhibited)
• Waste tyres

• Technologies used: Adsorption, photocatalysis, fluorescence 
sensing, nanocomposite formation

Why it matters:

• Offers a sustainable route for pollutant removal

• Supports SDGs 6, 9, and 12 through green chemistry and 
resource circularity



Thread 4: Organic Wastes

Highlights from Recent Studies

Sanni et al. (2025):

• Pine-derived carbon dots used for fluorescent detection of 
antibiotics (amoxicillin, tetracycline)

Eswaran et al. (2025):

• Banana peel–derived ZnO@biochar nanocomposites 
showed >95% photocatalytic removal of methylene blue

• Combines waste valorisation with solar-driven water 
treatment

Marovska et al. (2024):

• Lavender and rose residues effectively adsorbed Acid 
Orange 7 dye

• Achieved high removal rates at low cost, proposing a zero-
waste industrial loop



Thread 4: Organic Wastes
Advanced Biosorbents and Mechanistic Insights

Brink et al. (2024) & Kpai et al. (2023):

• Inhibited bacterial cultures from organic waste showed high 
Pb(II) adsorption capacity

• Mechanistic modelling validated surface interactions and 
saturation behaviour

de Wet & Brink (2021):

• Aspergillus piperis biosorption for Pb(II): rapid uptake, stable 
performance

• Promising fungal alternative for industrial wastewaters

Aina et al. (2023):

• Eggshell membrane & AgNPs hybrid material used for 
pathogen and heavy metal removal

• Demonstrates hybrid synergy between bio-waste and 
nanotechnology



Threads 5 & 6: Engineered and Hybrid Materials



Threads 5 & 6: Engineered and Hybrid Materials
Engineered Materials for Pollutant Capture
Focus: Tailor-made nanostructures for high-efficiency 

adsorption and degradation 

Key Materials & Outcomes:

• Polyaniline-based composites:
• Ni(0), Co(0), and Ag nanoparticle-decorated nanotubes or 

nanorods achieved exceptional Pb(II) and Cr(VI) removal.
• NSA-doped polyaniline (PANI-NSA) structures optimised for 

high Cr(VI) adsorption capacity 

• Chitosan–PVPP composites:
• Demonstrated rapid dye adsorption dynamics, particularly 

for methylene blue, indicating tunable surface affinity.

• Biochar-functionalised PANI:
• Combined conductivity and porosity for enhanced Cr(VI) 

adsorption .

Impact: Controlled morphology and doping strategies enabled 
targeted pollutant removal at low dosage and high speed.



Threads 5 & 6: Engineered and Hybrid Materials
Hybrid Materials for Multifunctionality

Focus: Integrating enzymes, metals, and carbon frameworks

Hybrid Systems:

• Laccase-immobilised composites:
• ZnO–PANI–Laccase and chitosan-alginate beads with 

immobilised laccase facilitated electrochemical detection
and biodegradation of pharmaceuticals such as 
cetyltrimethylammonium bromide (CTAB) and antibiotics

• 3D rGO frameworks (N-doped and Ag-doped):
• Used for sunlight-driven photocatalysis and solar-driven 

degradation of methylene blue, phenol, and tetracycline, 
offering scalable remediation pathways.

• CuFe₂O₄-doped rGO solar absorbers:
• Enabled solar desalination applications, highlighting 

cross-sector potential.

Insight: Hybrid systems bridge biological and advanced 
material functionality, expanding use beyond adsorption into 
detection, degradation, and energy applications.



Threads 5 & 6: Engineered and Hybrid Materials

Innovation Drivers and Sustainable 
Impact

Key Design Strategies:

• Metal selection (Ni, Co, Ag, CuFe₂O₄) dictated 
oxidation capacity and reusability.

• Support matrices (PANI, rGO, biochar, PVPP, 
chitosan) enhanced dispersion, mechanical stability, 
and recyclability.

• Enzyme integration provided specificity and mild 
operational conditions.



Threads 5 & 6: Engineered and Hybrid Materials

Innovation Drivers and Sustainable Impact

Outcomes:

• Multiple systems showed >95% removal or degradation of 
pollutants.

• Recyclability (≥5 cycles with minimal efficiency loss) was 
achieved in several studies.

• Functional versatility addressed contaminants such as:

• Heavy metals (Pb²⁺, Cr(VI))

• Synthetic dyes (Congo red, methylene blue)

• Pharmaceuticals (antibiotics, CTAB)

• Phosphate



Lessons Learnt: Weaving Knowledge Through 
Threads of Innovation
• Waste is not a burden, but a resource: Across all six research 

threads, valorisation has emerged as a unifying paradigm, whether 
through microbes, materials, or mining residues.

• Integration is more powerful than isolation: Bridging disciplines —
biology, chemistry, materials science, and engineering — enabled 
tailored, synergistic solutions to complex water and waste problems.

• Collaboration is the loom of impact: Success was amplified 
through networks — students, postdocs, industry, and international 
partners — each interwoven into a shared fabric of sustainability and 
innovation.

• From lab to real-world relevance: Translating fundamental 
understanding into field-ready systems (e.g. AMD-derived 
adsorbents, laccase-immobilised composites) proved critical to 
enabling systemic change.

• Scientific storytelling matters: Thematic metaphors (e.g., threads, 
weaving, loops) were powerful in aligning research, communication, 
and stakeholder engagement — including policy tools like the P-
Game.



Future Prospects: Extending the Pattern

• From proof-of-concept to scale-up: Advance technologies like PANI-
based nanocomposites, immobilised fungi, and AMD-derived materials 
into pilot- and industry-scale implementation.

• Smart integration of biotic and abiotic systems: Design hybrid 
systems that couple enzymatic degradation with solar-driven 
photocatalysis, opening doors for smart water purification and green 
chemical production.

• Circularity beyond water: Extend waste valorisation to broader sectors 
— soil remediation, air filtration, and catalyst regeneration —
anchored in circular economy principles.

• Digital twinning and predictive tools: Use AI, mechanistic modelling, 
and biosensors to control and optimise systems in real time — closing 
the loop in both matter and data.

• Train the next generation: Equip students and postdocs with skills to 
lead transdisciplinary, solution-oriented research — making 
WATER4Water not just a project, but a pipeline of future-ready talent
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