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Abstract: Industrial waste streams such as plastics, lignocellulosic biomass, spent solvents, process off-gases, and wastewater pose
considerable environmental challenges while simultaneously offering substantial potential as alternative feedstocks for
sustainable chemical production. This review evaluates recent progress in green and sustainable technologies aimed at
transforming these heterogeneous waste materials into valuable resources, including fuels, platform chemicals, advanced
materials, and clean energy carriers. Key conversion pathways examined include catalytic and chemical recycling through
pyrolysis and upcycling, hydrothermal liquefaction of wet biomass, gasification followed by syngas upgrading via Fischer–
Tropsch and related processes, anaerobic digestion with biogas enhancement, carbon dioxide valorization, solvent recovery
systems, membrane-based separations, and integrated biorefinery frameworks. Current evidence demonstrates encouraging
laboratory and pilot-scale results, highlighting the viability of several waste valorization technologies within circular economy
models. However, significant limitations persist, particularly regarding variable feedstock composition, high energy and
operational demands, economic constraints, and regulatory complexities that hinder large-scale industrial implementation. The
review emphasizes the need for hybrid process integration, advanced pre-treatment and sorting techniques, catalytic process
intensification, and comprehensive life-cycle assessment to enhance environmental performance and economic feasibility. Overall,
the study underscores that sustainable green technologies can play a pivotal role in transforming industrial waste into valuable
resources while supporting long-term ecological and industrial sustainability.
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I. INTRODUCTION

The rapid expansion of the global chemical industry has
significantly increased the generation of solid, liquid, and gaseous
wastes, many of which pose serious environmental and health
hazards. Conventional waste management practices—such as
landfilling, incineration, and uncontrolled discharge—have
proven insufficient to address the growing volume and
complexity of industrial waste streams1. As a result, industries are
under increasing pressure from regulatory bodies, sustainability
frameworks, and public expectations to adopt cleaner, circular,
and resource-efficient technologies. The concept of waste-to-
wealth has emerged as a transformative approach that aligns
industrial productivity with environmental responsibility by
converting waste materials into value-added products, including
fuels, platform chemicals, specialty materials, and energy2.

Green technologies offer scientifically advanced and
environmentally benign pathways to achieve this transformation.
These include chemical recycling, catalytic upcycling,

hydrothermal liquefaction, gasification–syngas conversion, CO₂
utilization, anaerobic digestion, solvent recovery, and bio-based
catalytic processes, all of which are gaining prominence due to
their potential to minimize waste footprints while generating
economically viable products. Unlike conventional disposal
techniques, green waste-to-wealth technologies follow the
principles of green chemistry—reducing hazardous substances,
increasing atom economy, enhancing energy efficiency, and
promoting the use of renewable feedstocks3.

Recent developments in catalytic science, process intensification,
membrane technologies, and bioprocess engineering have
accelerated innovation in waste conversion pathways4. Moreover,
life-cycle assessment (LCA) and techno-economic assessment
(TEA) studies increasingly demonstrate that these advanced
technologies can outperform conventional methods in terms of
carbon footprint, resource recovery, and overall sustainability5.
However, challenges such as feedstock heterogeneity, high capital
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investment, technology readiness levels, and policy constraints
continue to influence the pace of industrial adoption.

In this context, the chemical industry stands at a strategic
inflection point: the integration of green waste-to-wealth
technologies offers not only an avenue for environmental
compliance but also a substantial opportunity to create circular
value chains, reduce dependency on virgin fossil resources, and
foster sustainable economic growth6. This research paper reviews
the state-of-the-art green technologies used for converting
industrial waste into valuable products, critically analyzes their
operational potential and limitations, and highlights future
research and policy directions essential for accelerating large-
scale implementation7.

Technology Survey & Synthesis

1. Chemical Recycling and Catalytic Upcycling

Chemical recycling technologies—especially pyrolysis,
depolymerization, and catalytic upcycling—show consistent
progress in transforming mixed plastic waste into fuels,
monomers, and high-value chemicals. Pyrolysis demonstrated
conversion efficiencies of 70–85%, while catalytic
hydrogenolysis and metathesis showed higher selectivity (>90%)
toward targeted monomers and aromatics8,9. Catalytic systems
also exhibited reduced energy demand compared to thermal
processes, although sensitivity to feedstock contamination
remains a key limitation. Pilot-scale demonstrations reported
improved oil quality, indicating growing industrial readiness10,11.

2. Hydrothermal Liquefaction (HTL) of Wet Biomass

HTL emerged as one of the most efficient technologies for wet
organic waste, achieving bio-crude yields of 45–65% without
requiring energy-intensive drying. Studies reported stable
performance across agro-waste, sludge, and industrial organic
residues12. The generated bio-crude displayed favorable
physicochemical properties for downstream hydroprocessing.
However, catalyst deactivation due to inorganic impurities and
high upgrading costs were identified as barriers to widespread
implementation13.

3. Gasification and Syngas Conversion

Gasification provided a flexible platform for valorizing plastic,
biomass, and mixed industrial waste into syngas. Advanced
gasification reactors achieved syngas quality suitable for Fischer–
Tropsch synthesis and methanol production, with carbon
conversion efficiencies exceeding 80%14. Integration with
catalytic FT units resulted in high-grade liquid fuels and waxes.
Despite robust technical performance, high capital expenditure
and complex gas-cleaning requirements remain the primary
constraints limiting industrial scalability15,16.

4. Anaerobic Digestion (AD) and Biochemical Routes

Anaerobic digestion displayed strong performance for food waste,
organic sludge, and biodegradable industrial residues. Co-
digestion strategies yielded biogas production increases of 20–
40% compared to single-feed operations. Upgraded biogas
(biomethane) achieved purity levels suitable for grid injection or
as a feedstock for chemical synthesis. AD processes demonstrated

high resource efficiency and low carbon footprint, though process
instability, prolonged retention times, and nutrient imbalance
continue to challenge operational stability17.

5. CO₂ Utilization Technologies

CO₂ conversion technologies showed rapid innovation,
particularly in catalytic hydrogenation and electrochemical
reduction18. Methanol synthesis from CO₂ achieved selectivities
above 85% in several catalyst systems. Electrochemical CO₂
reduction enabled production of formic acid, CO, and C₂
chemicals at increasing current densities, though industrial
deployment remains limited by catalyst durability and renewable
energy cost. Overall, CO₂ utilization demonstrates high long-term
potential but currently exhibits low technology readiness levels
(TRLs) for heavy chemical applications19,20.

6. Solvent Recovery and Circular Process Integration

Solvent recovery systems, particularly hybrid membrane–
distillation technologies, delivered recovery efficiencies above
90%, significantly reducing hazardous waste volumes in chemical
manufacturing. Industries adopting closed-loop solvent recycling
reported measurable reductions in operational costs and
compliance burdens. Membrane technologies also showed lower
energy consumption compared to conventional separation
methods21.

7. Comparative Assessment

Across all technologies, the review highlights that catalytic
upcycling, gasification–syngas conversion, and HTL provide the
highest value-added output potential, whereas anaerobic digestion
and solvent recycling offer immediately implementable, low-cost
solutions. Life-cycle assessments consistently show 20–60%
reductions in greenhouse gas emissions when green waste-
conversion technologies replace linear disposal pathways.
However, feedstock heterogeneity, economic constraints, and
regulatory barriers remain significant obstacles to full-scale
adoption22.

II.RESULT AND DISCUSSION

the reviewed technologies demonstrate measurable reductions in
carbon emissions (20–60%) and substantial improvements in
waste minimization compared to conventional disposal methods.
The discussion emphasizes that although several technologies are
technically viable, large-scale adoption is hindered by economic
constraints, regulatory gaps, and the need for feedstock-specific
optimization. Integrating green technologies with policy
incentives, digital monitoring tools, and renewable-energy supply
could accelerate industrial implementation and support global
sustainability goals.

III.CONCLUSION

Green waste-to-wealth technologies are advancing rapidly across
multiple fronts (chemical recycling, HTL, gasification, AD, CO₂
utilization and solvent recovery). Laboratory and pilot data show
that many approaches can produce fuels, monomers and specialty
chemicals from waste; however, wide commercial deployment
requires integrated solutions that address feedstock quality,
energy/carbon footprint, catalyst longevity, and economics.
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Priority actions for the chemical industry include investing in
upstream sorting and preprocessing, scaling catalytic routes that
increase product value, adopting hybrid process strategies, and
embedding robust LCA/TEA into project planning. Policy clarity
and targeted incentives will be essential to bridge the valley of
death between pilot demonstration and commercial
competitiveness.
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