
 1 

 

A DEEP DIVE INTO THE SCIENCE: 
ADDRESSING THE PLASTICS DILEMMA THROUGH ACCESS TO SPACE 
 
THE GROWING THREAT  
OF PLASTIC WASTE 
 

Every stage of the plastic life cycle generates wastes that find their way into the atmosphere and watersheds 
and then migrate off the continent into the farthest reaches and depths of the oceans. One of the more visual 
manifestations of the current state of the plastics dilemma is the massive accumulation of debris forming a 

great gyre of plastic waste that is visible from space. This accumulation of plastic is known as the Great Pacific 

Garbage Patch. Petrochemical-derived plastics enter the oceans from waste generated on land, but less than 
1% of the plastics are visible at the ocean’s surface [Cózar, A. et al., 2014]. Each year, another 4.8 million to 

12.7 million metric tons of plastic waste enters our oceans [Jambeck et al., 2015]. This is on top of the 
estimated 150 million metric tons of plastic waste that already circulates in marine environments.  
 

Mechanical, chemical, and biological recycling of plastics offers some measure of future solace. However, “the 

discrepancy between the large volume of plastic waste generated annually (more than 300 million tons 
globally) and the proportion of that waste that is recycled (about 9% in the United States) underscores both 
the magnitude of the challenge and the untapped opportunity to recover energy and materials” [National 
Academies, 2020]. In addition, each of these recycling approaches requires technological advancements in 

source separation technologies and changes in human behavior to enable the sorting of plastic recyclables 

into single streams of chemically similar, if not homogeneous, polymeric wastes.  
 

Moreover, while effective for some plastics, recycling is often not economically viable or technologically 
feasible for many plastics—in particular, when chemically different plastics are used in multilayer packaging. 
A recent Department of Energy roadmap [DOE, 2021] lays out the stark reality of the state of plastic recycling 
and waste: 

• 80% of plastic waste ends up in landfills or the environment 

• 14% of plastic packaging is collected for recycling 

• 2% of plastic packaging is recycled into plastics of a similar quality 

• 98% of plastic packaging is produced from virgin feedstocks 
 

While mechanical recycling processes convert some plastic waste into clean polymeric materials for reuse, 
these processes typically change the molecular and/or mechanical properties of the materials. This results in 

a “downcycling” of the utility of the materials at a significant cost in energy, materials, and infrastructure 
improvements. Chemical and biological recycling processes break down polymers into monomers for reuse 
and “upcycling” so that there is no “end of life” or release of plastics and plasticizers into the environment. 
However, these approaches are currently inefficient and typically incur even more significant resource costs 

than mechanical recycling. There is a critical need for alternative chemical- and/or biological-based 

compounds that can serve as new building blocks for polymers that combine the beneficial mechanical and 
molecular properties of petroleum-based plastics with improved recyclability.  
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Additional Resources 
• Borrelle, S. B. et al. (2020) Predicted growth in plastic waste exceeds efforts to mitigate plastic 

pollution. Science, 369(6510):1515-1518, DOI: 10.1126/science.aba3656.  

• Cózar, A. et al. (2014) Plastic debris in the open ocean. Proc. Natl Acad. Sci. USA 111(28):10239-10244, 
DOI: 10.1073/pnas.1314705111.  

• Jambeck, J. R. et al. (2015) Plastic waste inputs from land into the ocean. Science 347(6223):768-771, 

DOI: 10.1126/science.1260352. 

• National Academies of Sciences, Engineering, and Medicine. (2020) Closing the Loop on the Plastics 

Dilemma: Proceedings of a Workshop–in Brief. Washington, DC: The National Academies Press. DOI: 
10.17226/25647. 

• U.S Department of Energy. (2021) Plastics Innovation Challenge Draft Roadmap. 

• United Nations Environment Programme. (2018) Single-Use Plastics: A Roadmap for Sustainability 
(Rev. ed. 6).  

• United Nations Environment Programme. (2021) Addressing Single-use Plastic Products Pollution 

Using a Life Cycle Approach. Nairobi. 

• World Economic Forum. (2016) The New Plastics Economy: Rethinking the future of plastics.  

 
ADDRESSING THE PLASTICS DILEMMA  
THROUGH SPACE-BASED RESEARCH 
 

Addressing the growing plastics problem requires novel solutions and innovative test environments. The 

International Space Station (ISS) National Laboratory enables fundamental and applied scientific research as 
well as technology demonstration within the unique, persistent microgravity environment inside the ISS. 
When gravity is no longer a dominant physical force, a multitude of unique effects on physical and biological 
systems and chemical and biological processes are induced. In some cases, these unique effects enable the 

discovery of new capabilities from biological and physical systems that can be leveraged to develop and 
demonstrate new technologies. Studies must be designed to utilize the ISS to identify, develop, or test novel 
approaches to addressing the plastics dilemma on Earth. The following physical and biological phenomena 

are potential advantages that microgravity may provide in addressing the plastics dilemma. 
 

Life Sciences 
 

Microgravity affects cellular physiology and gene expression that alter a microorganism’s phenotype.  At the 
cellular level, these changes may alter microbial metabolism, resulting in increased virulence or the 
production of novel metabolic byproducts. Exposure to microgravity can also profoundly affect microbial 

population density and the relative distributions of microbial species and communities in different 
environments. These direct and indirect effects of microgravity on microorganisms may be harnessed to 

generate living foundries comprised of bacteria and/or fungi or for the directed evolution of enzymes with 

novel characteristics.  
 
Physical Sciences 
 

In microgravity, gravity-driven phenomena such as natural convection, density-driven separation, and 

sedimentation are nearly negligible. This environment presents the opportunity to study underlying physical 
phenomena (such as diffusion, interfacial tension, and other atomic-scale phenomena) without the 

confounding influence of gravity. It also provides an opportunity to synthesize materials and structures that 

https://doi.org/10.1126/science.aba3656
https://www.pnas.org/content/111/28/10239
https://www.science.org/doi/abs/10.1126/science.1260352
https://doi.org/10.17226/25647
https://doi.org/10.17226/25647
https://www.energy.gov/plastics-innovation-challenge/downloads/plastics-innovation-challenge-draft-roadmap-and-request
https://www.unep.org/resources/report/single-use-plastics-roadmap-sustainability
https://www.unep.org/fr/node/29018
https://www.unep.org/fr/node/29018
http://www3.weforum.org/docs/WEF_The_New_Plastics_Economy.pdf
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may not be possible to produce terrestrially, particularly for soft and far-from-equilibrium materials.  
 

Microgravity also provides the opportunity for the containerless analysis, processing, and synthesis of 

materials. This can reduce heterogeneous nucleation at the container surface and limit the impact of 
impurities. Due to this and also negligible sedimentation and convective currents, many types of crystals 
(including catalysts such as zeolites) synthesized in microgravity have been demonstrated to have improved 

quality and size. 
 

Additional Resources 
• Castro, S. et al. (2013) A Researcher’s Guide to: International Space Station Microbial Research (June 

2013 Edition). Houston, TX: NASA ISS Program Science Office. 

• Chao, D.F. et al. (2020) A Researcher’s Guide to: International Space Station Fluid Physics (January 
2020 Edition). Houston, TX: NASA ISS Program Science Office. 

• Downey, J.P. (2015) A Researcher’s Guide to: International Space Station Microgravity Materials 
Research (September 2015 Edition). Houston, TX: NASA ISS Program Science Office. 

• Esen, E. et al. (2019) International Space Station U.S. National Laboratory Initiatives to Address Plastic 
Pollution. 

• Giulianotti, M. et al. (2021) Opportunities for biomanufacturing in low Earth orbit: Current status and 
future directions. Preprints 2021080044, DOI: 10.20944/preprints202108.0044.v1  

• Mains, R. et al. (2015) A Researcher’s Guide to: International Space Station Cellular Biology (March 

2015 Edition). Houston, TX: NASA ISS Program Science Office. 

 
EXAMPLE TECHNOLOGIES THAT LEVERAGE ACCESS  
TO SPACE TO ADDRESS THE PLASTICS DILEMMA 
 

This Sustainability Challenge seeks flight projects related to the following topic: “Addressing the Plastics 

Dilemma: Design and Synthesis of Sustainable Polymers Aided by Access to Space.” The proposed 
technology must address one or more of the following Sustainability Challenge goals: 

• Reduce plastic waste introduction into the environment 

• Seek alternative feedstocks and pathways for polymer production beyond petrochemicals 

• Reduce virgin plastic manufacturing 
 

Proposed projects should address the either the virgin production of polymers through sustainable 
feedstocks or the end of life of polymers to be biodegraded or upcycled. Ideal concepts will address both 
through a whole-of-life design approach that accounts for cradle-to-grave (biodegrading) or cradle-to-cradle 
(recycling or upcycling) approaches. 
 

The following examples are presented for the purposes of illustrating technologies that could leverage 

microgravity to address the plastics dilemma. These examples are not meant to be prescriptive of the 

proposed projects targeted for this Sustainability Challenge. Rather, the examples are used to demonstrate 
the impact that microgravity research and production can have on the plastics dilemma. 
 
Example: Microbial Production of Biopolymers 
 

Microgravity has been shown to alter microbiological activity, including population dynamics and metabolic 
byproducts. This effect may be harnessed to use microorganisms to produce biopolymers or useful 

intermediates with supply chain value. Specifically, research has demonstrated that microgravity accelerates 
microbial metabolism, alters the population dynamics of microbial ecosystems, and reduces the lag time 

https://www.nasa.gov/connect/ebooks/researchers_guide_microbial_research_detail.html
https://www.nasa.gov/connect/ebooks/researchers_guide_fluid_physics_detail.html
https://www.nasa.gov/connect/ebooks/researchers_guide_microgravity_materials_detail.html
https://www.nasa.gov/connect/ebooks/researchers_guide_microgravity_materials_detail.html
https://www.issnationallab.org/research-on-the-iss/reports/international-space-station-u-s-national-laboratory-initiatives-to-address-plastic-pollution/
https://www.issnationallab.org/research-on-the-iss/reports/international-space-station-u-s-national-laboratory-initiatives-to-address-plastic-pollution/
https://www.preprints.org/manuscript/202108.0044/v1
https://www.nasa.gov/connect/ebooks/researchers_guide_cellular_biology_detail.html
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associated with the production of useful chemical and biological byproducts. Taking advantage of these 
microgravity-induced effects may provide pathways to use microorganisms as living foundries for in-space 

biofabrication of biopolymers or chemical intermediates. 
 

Results from bacterial studies in microgravity commonly reveal reduced lag phases and increased cell 
population [Horneck et al., 2010; Prasad et al., 2020], which can be harnessed for living foundries to produce 

biopolymers. In one study, the microbial strain Azotobacter vinelandii UWD displayed enhanced bioactivity for 
the production of poly(b-hydroxybutyrate) in simulated microgravity [Thiruvenkatam and Scholz, 2000]. 
Biopolymer production was reported to begin immediately upon exposure to simulated microgravity with no 

lag time.  
 

Exposure to microgravity and radiation conditions in space has also led to the creation of microorganism 
strains that exhibit increased metabolism, even when the strains are returned to Earth. Strains of Micrococcus 

luteus returned to Earth from the ISS produced larger amounts of exopolymeric substances (EPS) in both 
simulated microgravity and normal gravity when compared with reference strains from Earth in simulated 

microgravity and normal gravity [Mauclaire and Egli, 2010]. While EPS are typically viewed as a detrimental 

byproduct leading to biocorrosion, the same processes leading to increased bioproduction could be 
harnessed for the production of industrial biopolymers. 
 

Additional Resources 

• Horneck, G. et al. (2010) Space microbiology. Microbiology and Molecular Biology Reviews 74(1):121-

156, DOI: 10.1128/MMBR.00016-09 

• Huangfu, J. et al. (2015) Advances in engineered microorganisms for improving metabolic conversion 

via microgravity effects. Bioengineered 6(4):251-255, DOI: 10.1080/21655979.2015.1056942 

• Klaus, DM. (1998) Microgravity and its implications for fermentation biotechnology. Trends in 
Biotechnology 16(9):369-373. DOI: 10.1016/S0167-7799(98)01197-4  

• Mauclaire, L. and Egli, M. (2010) Effect of simulated microgravity on growth and production of 

exopolymeric substances of Micrococcus luteus space and earth isolates. FEMS Immunology & Medical 
Microbiology 59(3):350–356, DOI: 10.1111/j.1574-695X.2010.00683.x 

• Prasad, B. et al. (2020). Exploration of space to achieve scientific breakthroughs. Biotechnology 
Advances 43:107572, DOI: 10.1016/j.biotechadv.2020.107572 

• Thiruvenkatam, R. and Scholz, C. (2000) Synthesis of poly(β-hydroxybutyrate) in simulated 

microgravity: An investigation of aeration profiles in shake flask and bioreactor. Journal of Polymers 
and the Environment 8:155, DOI: 10.1023/A:1015246125427  

 
Example: Synthesis of Catalyst Crystals 
 

Crystal growth can be affected by gravity through sedimentation, buoyancy-driven convection, and matter-

container interaction. The free suspension of precursors and particles in microgravity can limit heterogeneous 

nucleation at the interface of the container and reduce or eliminate the introduction of impurities. 
Additionally, in microgravity conditions, the reduction in convection eliminates a source of mixing in fluids 

and creates a diffusion-limited regime. It also reduces turbulence in solutions and eliminates eddy currents 
that can disrupt crystal growth. The result is often slower growth kinetics but larger and higher-quality 
crystals. 
 

These effects have been demonstrated for zeolite crystal growth in microgravity. Multiple groups have 

reported slower growth rates of zeolites in microgravity while also reporting larger, more uniform, and higher-
quality crystal production [Di Renzo et al., 1994; Coker et al., 1998]. As shown in the image below, zeolites 

https://journals.asm.org/doi/full/10.1128/MMBR.00016-09
https://doi.org/10.1080/21655979.2015.1056942
https://doi.org/10.1016/S0167-7799(98)01197-4
https://doi.org/10.1111/j.1574-695X.2010.00683.x
https://doi.org/10.1016/j.biotechadv.2020.107572
https://doi.org/10.1023/A:1015246125427
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synthesized in microgravity grew larger and with fewer structural defects due, in large part, to the reduction in 
convection-driven eddy currents and sedimentation. It is likely that similar results could be achieved with the 

synthesis of metal-organic frameworks (MOFs). In fact, the crystal size of MOFs has been shown to increase in 

reduced gravity environments [Richardson et al., 2016]. 
 

 
  Zeolite crystals grown on Earth (left) and in microgravity (right). Source: NASA 
 
Zeolites and MOFs can be used for catalysts, carbon capture, gas storage, and gas separation. They could be 
used to capture, store, or separate hydrocarbon gas streams (carbon dioxide, carbon monoxide, methane, 

etc.) for use as renewable polymer feedstocks. Or they could be designed to catalyze the reaction from waste 
hydrocarbon gases to monomers or other polymer feedstocks. Catalysts are also needed to break down 
recycled polymers into base monomers for upcycling to higher-value polymer materials. Other examples of 

high-surface-area materials that may benefit from improved quality and mesoporous ordering during 
microgravity synthesis include multiphase materials such as aerogels and bijels, among others. These 
materials can exhibit stratification under gravity growth, which limits uniformity and the chemically active 

surface area. These properties may be improved through microgravity production.   
 

Additional Resources 

• Akata, B. et al. (2004) Characterization of zeolite Beta grown in microgravity. Microporous and 

Mesoporous Materials, 71(1-3):1-9, DOI: 10.1016/j.micromeso.2004.03.012 

• Coker, E.N. et al. (1998) The synthesis of zeolites under micro-gravity conditions: A review. Microporous 
and Mesoporous Materials, 23(1-2):119-136, DOI: 10.1016/S1387-1811(98)00046-8 

• Di Renzo, F. et al. (1994) The influence of microgravity on zeolite crystallization. Zeolites, 14(4):256-
261. DOI: 10.1016/0144-2449(94)90093-0 

• Richardson, J.J. et al. (2016). Controlling the growth of metal-organic frameworks using different 
gravitational forces. European Journal of Inorganic Chemistry, 2016(27):4499-4504, DOI: 

10.1002/ejic.201600338 

• Warzywoda, J. et al. (2000). Synthesis of high-silica ZSM-5 in microgravity. Microporous and 
Mesoporous Materials, 38(2-3):423-432, DOI: 10.1016/S1387-1811(00)00163-3 

https://doi.org/10.1016/j.micromeso.2004.03.012
https://doi.org/10.1016/S1387-1811(98)00046-8
https://doi.org/10.1016/0144-2449(94)90093-0
https://doi.org/10.1002/ejic.201600338
https://doi.org/10.1002/ejic.201600338
https://doi.org/10.1016/S1387-1811(00)00163-3

