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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Micro(nano)plastic capture, utilization, and storage (PCUS) strategy is proposed for the first time to mitigate plastic pollution.

- Excellent capture performance toward various micro(nano)plastics has been demonstrated under complex water conditions.

- The effective removal is driven by multiscale interactions and cluster-like aggregate sedimentation.

- Low-carbon-footprint PCUS strategy presents environmental sustainability and economic feasibility.
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Micro(nano)plastics (MNPs) have become a significant environmental
concern due to their widespread presence in the biosphere and potential
harm to ecosystems and human health. Here, we propose for the first
time a MNPs capture, utilization, and storage (PCUS) concept to achieve
MNPs remediation fromwater while meeting economically productive upcy-
cling and environmentally sustainable plastic waste management. A highly
efficient capturing material derived from surface-modified woody biomass
waste (M-Basswood) is developed to remove a broad spectrum of multidi-
mensional and compositional MNPs fromwater. TheM-Basswood delivered
a high and stable capture efficiency of >99.1% at different pH or salinity
levels. This exceptional capture performance is driven bymultiscale interac-
tions between M-Basswood and MNPs, involving physical trapping, strong
electrostatic attractions, and triggered MNPs cluster-like aggregation sedi-
mentation. Additionally, the in vivo biodistribution ofMNPs shows low inges-
tion and accumulation of MNPs in themice organs. After MNPs remediation
from water, the M-Basswood, together with captured MNPs, is further pro-
cessed into a high-performance composite board product where MNPs
serve as the glue for utilization and storage. Furthermore, the life cycle
assessment (LCA) and techno-economic analysis (TEA) results demon-
strate the environmental friendliness and economic viability of our proposed
full-chain PCUS strategy, promising to drive positive change in plastic pollu-
tion and foster a circular economy.

INTRODUCTION
Rapidly rising levels of plastic pollution represent a serious global environ-

mental problem, negatively impacting ecological, social, economic, andhealth as-
pects of sustainable development.1–3 According to the United Nations Environ-
ment Programme, under a business-as-usual scenario and in the absence of
necessary interventions, the amount of plastic waste entering aquatic ecosys-
tems could nearly triple from 9–14 million tons per year in 2016 to a projected
23–37 million tons per year by 2040.4 Up to 12 million tons of plastics find their
way into the oceans each year, now making up 80% of all marine pollutions.5

These plastics can erode into potentially toxic micro(nano)plastics (MNPs)
through natural weathering that are found in the global food chain and even
the human body.6–8 Omnipresent MNPs are tiny plastic particles often less
than 5 mm in size, which can seep through filtration and treatment facilities
and end up in our food and waterways, thereby posing a big and growing threat
to global ecosystems and human health as a consequence of its poor revers-
ibility and ubiquitous global accumulation.9,10 Facing this global emergency
that goes beyond national borders, the Global Plastics Treaty in progress rightly
urges nations to reduce plastic pollution across the full life cycle,11 including
MNPs pollution in the ocean, especially covering plastic waste management,
plastic pollution mitigation, and opportunities for reduction, redesign, and reuse
toward a circular economy.

Recently, in the collective effort to fight decarbonization and net-zero ambi-
tions with a worldwide 7 gigatonnes per annum (Gtpa) target to be reached by
2050,12–14 CCUS (carbon capture, utilization, and storage) is emerging as an
indispensable and multifaceted approach to managing carbon emissions.15–18

In particular, CCUS technology involves the capture of CO2, generally from large
point sources like power generation or industrial facilities. If not being used on
site, then the captured CO2 is compressed, transported, and utilized in a range
ll
of applications or injected into deep geological formations for permanent stor-
age. According to the latest market research study published by Zion Market
Research,19 the demand analysis of CCUS technologies market size and share
revenue was valued at around USD 2,500 million in 2022 and is estimated to in-
crease to USD 7,900 million by 2030, at a compound annual growth rate of
approximately 15.5%. Given the collaboration and lessons fromexisting econom-
ically viable and practical CCUS technology for climate change, here, an innova-
tivemodular concept ofMNPs capture, utilization, and storage (PCUS) isfirst pro-
posed to mitigate plastic pollution, aiming at achieving environmental
remediation of MNPs from water, economically productive use of MNPs, and
environmentally sustainable plastic wastemanagement (Figure 1A). PCUS plays
a different role from single MNPs removal in long-term and net-zero plans devel-
oped by many countries for reducing plastic emissions. Promisingly, the global
MNPs crisis brings about both challenges and opportunities, which inspires us
to think about the profound rewards for a sustainable society if we can unlock
the potential of MNPs to make them useful while keeping them out of the water.
In this work, natural biomass waste (e.g., wood, straw, and bamboo) is used to

demonstrate the full-chain PCUS concept we proposed for plastic pollution
(Figures 1A and 1B). According to the US Environmental Protection Agency,
the global capacities for wood waste and plastics are notable (Figure 1C),20

which opens up possibilities for an integrated PCUS strategy using woody
biomass waste. Benefiting fromwood’s inherent physical robustness and chem-
ical structure with abundant functional groups as a result of its multicomponent
nature, which includes cellulose, hemicellulose, and lignin, this material can be
facilely surface engineered for efficient capture of MNPs from water
(Figures S1 and S2). This surface-modified wood waste (M-Basswood) exhibited
an excellent capture performance of MNPswith different dimensions and chem-
ical compositions, and its performance can remain stable at different pH and
salinity levels, suggesting its potential for MNPs removal from practical waste-
water. This high performance was driven by multiscale interactions, involving
the physical trapping, strong electrostatic attraction, hydrogen bonding, and p-
p stacking between M-Basswood and MNPs, as well as triggered MNPs clus-
ter-like self-aggregating sedimentation (Figure 1A), which provides a facile and
efficientway for separatingMNPs fromwater. Apart from the environmental ben-
efits of water remediation, M-Basswood, together with captured MNPs, can be
directly processed into a formaldehyde-free composite (wood-plastic) board
whereMNPs serve as a strong glue for further utilization and storage (Figure 1A).
Attractively, this composite board demonstrated low environmental impacts and
economic competitiveness throughout the full-chain PCUS process. This envi-
ronmentally sustainable, low-carbon-footprint, economically viable PCUS strat-
egy with waste recycling opens an integral pathway for mitigating plastic pollu-
tion and fostering a circular economy, thereby contributing greatly toward
sustainability.

RESULTS AND DISCUSSION
Structural and chemical characterizations of M-Basswood
As a proof-of-concept demonstration, natural basswood waste was

initially used to illustrate the PCUS concept for MNPs remediation (Fig-
ure 2A). Basswood cells displayed a hierarchical porous microstructure
composed of an interconnected network of cellulose, hemicelluloses, and
lignins (Figures 2B and S3).21–23 Such a feature was beneficial for the
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Figure 1. Schematic illustration of biomass-based PCUS for water remediation (A) Resource-abundant surface-engineered biomass waste (e.g., wood, straw, and bamboo) is used
for MNPs removal fromwater ecosystems viamultiscale interactions betweenM-Basswood andMNPs, aswell as triggered self-aggregation sedimentation, followed by economically
productive reuse of theseMNPs based on the full-chain MNPs capture, utilization, and storage (PCUS) strategy. (B) Photograph showing woody biomass waste. (C) Amount of plastic
and wood waste generation based on statistics from 1960 to 2018 provided by the US Environmental Protection Agency.
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Figure 2. Structural and chemical characterizations of M-Basswood (A) Photograph showing the natural basswood and the surface-functionalizedM-Basswood. (B and C) SEM and
2D Raman images of natural basswood (B) andM-Basswood (C). (D) FTIR analysis of basswood andM-Basswood. (E) 13C solid-statemagic angle spinning (MAS) NMR spectra of the
basswood and M-Basswood. (F) Zeta potentials of basswood and M-Basswood. (G�I) SEM images of M-Basswood after the capture of PS particles. (J and K) Three-dimensional
excitation-emission matrix (3D-EEM) fluorescence spectra (J) and the number of PS particles determined by flow cytometry (K) before and after M-Basswood treatment.
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surface functionalization of basswood waste via etherification treatment by
3-chloro-2-hydroxypropyltrimethylammonium chloride (CHPTAC), a widely
non-toxic etherifying agent for the cationization reaction.24 Upon chemical
modification, the initially light yellow wood turned a yellow-brownish color.
The M-Basswood with an initial porous structure presented a smooth and
hydrophilic surface, which enhances its functionalities in the water purifica-
tion process (Figures 2C, S3, and S4). Additionally, from the two-dimensional
(2D) Raman spectrum of the M-Basswood, where the red regions represent
the grafting and blue represent the opposite, the CHPTAC-grafted regions
evenly distributed on M-Basswood increased and exhibited a much larger
peak intensity at 761 cm�1, assigned to the characteristic band of
ll
CHPTAC (Figures 2C and S5),25 revealing the homogeneous surface modifi-
cation of the M-Basswood.
To confirm the chemical composition of the as-preparedM-Basswood, Fourier

transform infrared (FTIR) and 13C nuclear magnetic resonance (NMR) combined
with X-ray photoelectron spectroscopy (XPS) analysis were performed.
Compared to natural basswood, two absorption bands at 1,489 and
1,419 cm�1 of M-Basswood corresponding to the trimethyl groups of the quater-
nary ammoniumandC–Nstretch emerge,26 respectively, validating the success-
ful incorporation of CHPTAC (Figure 2D). Complementary to FTIR, 13C NMR
further provides detailed information about the variation of molecular-level inter-
actions in the investigatedM-Basswood. As presented in Figure 2E, the 13C NMR
The Innovation 5(4): 100655, July 1, 2024 3



Figure 3. MNPs capture performance of M-Bass-
wood Left, schematic representation of the di-
mensions, pH, salt presence (concentration and
types), and species of MNPs investigated in this
work. Right, the removal performance of MNPs in
various water systems. The MNPs used in this work
cover PMMA (spheres, negatively charged, 100 nm),
PP (spheres, negatively charged, 500 nm), PVC
(spheres, negatively charged, 1 mm), and PE (spheres,
negatively charged, 500 nm). The concentration of
theseMNPswas 1mg/mL. n = 3, error bar represents
the standard error of the mean.
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spectrum of theM-Basswood exhibited a prominent new signal centered at 55.6
ppm, characteristic of a quaternary ammonium N-methyl carbon nucleus
(C10),27 originating from the cationization reaction between the epoxy group of
CHPTAC and the hydroxyl groups of the basswood. This cationization reaction
enables the introduction of the cationic functional group (�(CH3)3N

+) to the cel-
lulose and hemicellulose backbone in the wood structure. The presence of the
chemical grafting is also confirmed by XPS spectra, where the distinct C–N
peak in the N 1s spectrum and the Cl� peak in the Cl 2p spectrum28,29 appeared
in the M-Basswood compared to the unmodified basswood, which was in good
agreement with the FTIR andNMR results (Figure S6). As such, we evaluated the
degree of substitution of CHPTAC on the wood substrate to be 0.169 ± 0.003
(Table S1) using the compositional cellulose as representative of basswood.
Consequently, the decoratedM-Basswood exhibited a positively charged surface
(+24.3 mV), which is definitely the reverse of the natural basswood (�28.8 mV)
(Figure 2F). The presence of such functional groups together with the 3D inter-
connected porous structure of the M-Basswood could potentially favor an effi-
cient MNPs remediation from water systems.

As representatives of globallywidespreadMNPs inwater ecosystems, polysty-
rene (PS) was selected to demonstrate the MNPs removal performance of
M-Basswood. The biosafe and reliable M-Basswood with a positively charged
surface was added to the negatively charged PS dispersions for MNPs remedi-
ation (Figure S7). Scanning electronmicroscopy (SEM)micrographs in Figure 2G
showed that numerous spherical PS particles covered the entire outside surface
and inside surfaces within the channels of M-Basswood. A closer observation
further suggested the strong attachment of PS particles to M-Basswood
(Figures 2H and 2I). Additionally, the 3D excitation-emission matrix (3D-EEM)
fluorescence spectra of PS in water before and after treatment also indicated
a noticeable decrease of PS particles in purified water (Figure 2J). Furthermore,
measurement results fromflowcytometry, a powerful tool for detecting the num-
ber of PS nanoparticles, demonstrated a substantial decrease in the number of
PS particles after treatment with M-Basswood (Figure 2K). Overall, these results
4 The Innovation 5(4): 100655, July 1, 2024
collaboratively confirm the excellent MNPs
capturing capability of M-Basswood fromwater.

MNPs capture performance of M-
Basswood

As an omnipresent emerging group of con-
taminants, MNPs feature multidimensional di-
versity, a different chemical nature, and a reca-
lcitrant character. To offer a broad-spectrum
investigation of the MNPs capture performance
by M-Basswood, we carried out a series of
MNPs remediation experiments under various
pertinent scenarios (Figure 3). We first demon-
strated the capture capability of M-Basswood
using spherical PSMNPs, and their size distribu-
tions and zeta potentials are provided in
Figures S8 and S9. Initially stable and well
dispersed in water, the PS particles were effi-
ciently captured after M-Basswood treatment,
with cluster-like agglomerates forming at the
bottom, resulting in a clear dispersion (Fig-
ure S10). SEMobservations, a 3D optical profiler,
3D-EEM, and flow cytometry confirmed the
excellent capture performance of M-Basswood (Figures S11–S14). The MNPs
removal capacity and efficiency of M-Basswood were further quantified through
fluorescence analysis (Figure S15). With an initial PS concentration of 1 mg/mL,
M-Basswood achieved a capture capacity of 446.6± 0.4–491.8± 1.3mg/g and a
removal efficiency of 97.8%–99.8%, outperforming natural basswood by 5.5–45
times (Figure S16). By optimizing the capturing experiment parameters, for
example, the dosage of M-Basswood, an improved capture capacity of 593.1 ±

0.02 mg/g and removal efficiency of 99.9% for PS-100 nm were achieved (Fig-
ure S17). Increasing the initial PS concentration to 2.0 mg/mL further enhanced
the capture performance, reaching a maximum capacity of 926.7 ± 31.4 mg/g
and an equilibrium removal efficiency of 97.6%–99.8% (Figure S18).
M-Basswood also effectively captured irregular PS fragments and fibers (Fig-
ure S19), confirming its ability to handle different morphological MNPs.
Apart fromMNPs’ intrinsic features, the impact of environmental conditions on

the removal effectiveness of M-Basswood was further investigated. Firstly, the
capture performance of M-Basswood under different pH and salinity conditions
using PS nanoparticles (100 nm, 1 mg/mL) was determined. The zeta potentials
of PS dispersions remained stable between�51.1 and�39.7mV across pH 3 to
11 (Figure S20). Different from other pH-dependent MNPs remediation
studies,30–33 M-Basswood showed excellent capture performance across this
wide pH range, with capacities of 456.4–462.6 mg/g and removal efficiencies
of 99.5%–99.9%. Secondly, the impact of ionic strength was examined by using
NaCl to simulate conditions from freshwater to salty water in the ocean.
M-Basswood maintained high capture capacities (459.3–462.6 mg/g) and
removal efficiencies (99.1%–99.8%) even at high salinity (Figure 3). Additionally,
M-Basswood performed effectively under varying salt composition conditions,
including NaNO3, NaHCO3, Na2SO4, KCl, and MgCl2 (Figure S21). Thirdly, the in-
fluence of dissolved organic matter (DOM) having favorable attachment to
MNPs was further explored. M-Basswood maintained high removal efficiencies
(99.7%–99.8%) under different DOM conditions, such as humic acid and hydro-
quinone (Figure S22). These results demonstrated the stable and efficient MNPs
www.cell.com/the-innovation
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Figure 4. MNPs capture mechanisms of M-Basswood (A) Turbidity of PS dispersion over time. The insets show the fluorescence microscopy images of the upper dispersion
collected at 0, 2, 4, 24, and 48 h, respectively. Scale bar: 100 mm. (B) Photograph of PS dispersion before and after theM-Basswood treatment. (C) Illustration ofmultiscale interactions
betweenM-Basswood and PS frommacro tomolecular views, as well as PS particle self-aggregations triggered byM-Basswood, with compressed electric double layer not shown for
clarity. (D) SEM images of the early, middle, and final states of the M-Basswood and PS dispersion system.
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capture performance of M-Basswood under various complex water conditions,
providing great potential for MNPs remediation from practical wastewater.

Furthermore, to explore the capture effectiveness of M-Basswood upon
different compositional MNPs, contaminated water systems containing various
common waterborne MNPs, including polypropylene (PP), polyethylene (PE),
polyvinyl chloride (PVC), and poly(methyl methacrylate) (PMMA) were tested. Af-
ter treatment, all MNPs dispersions became clear, and SEM images showed
capturedMNPs on the surface and within the channels of theM-Basswood (Fig-
ures S10, S23 and S24). M-Basswood achieved capture capacities of 168.5 ±

2.4 mg/g for PE, 242.0 ± 1.5 mg/g for PP, 308.2 ± 2.2 mg/g for PVC, and
434.6 ± 3.9 mg/g for PMMA, demonstrating its broad-spectrum capture
performance.
ll
The universality of our proposed PCUS strategy to other types of
biomass wastes was further investigated. Surface-modified straw (M-
Straw; Figure S25) and bamboo waste (M-Bamboo; Figure S26) were pre-
pared using the same method as M-Basswood. Impressively, both M-Straw
and M-Bamboo delivered high PS removal efficiencies of 99.6–99.8%, sug-
gesting the attractive universality of this PCUS strategy (Figures S25 and
S26). This advantageous excellent removal performance toward different
morphological, compositional, and dimensional MNPs, combined with
high acid/basic tolerance and superior salt resistance, outperforming
many other emerging absorbents (Figure S27),34–38 positions our environ-
mentally friendly woody biomass waste as a competitive candidate for
sustainable water remediation applications.
The Innovation 5(4): 100655, July 1, 2024 5
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Figure 5. MNPs capture performance and potential effects on organs (A) Schematic illustration of the intragastric administration of two groups of mice (three in each group) with
fluorescence-labeled PS-containing water and purified water by M-Basswood. In vivo imaging system (IVIS) revealing the concentration and distribution of PS nanoparticles in the
mice organs, including heart, liver, spleen, lung, and kidney. (B) The fluorescence intensities of PS distributed in themice organs intragastrically administered with PS-containing water
and purified water, including the heart, liver, spleen, lung, and kidney. (C) Micrographs of MNPs immunofluorescence (green) in MIHA cells treated with co-culture for 24 h. Green
fluorescence-labeled PS particles emitted fluorescence under the excitation/emission of 488/528 nm. DAPI (blue) was used to counterstain nuclei. Scale bar: 50 mm. (D) Flow cy-
tometric analysis of MIHA cells apoptosis induced by different formulations under treatment or not by using Annexin V-FITC PI staining. PI, propidium iodide; FITC, fluorescein
isothiocyanate. Data are mean ± SD, *p < 0.05 by Student’s two-tailed unpaired t test. n = 5 per group.

REPORT

w
w
w
.t
he

-in
no

va
tio

n.
or
g

MNPs capture mechanisms of M-Basswood
To offer a deeper insight into the MNPs capture behavior of M-Basswood, we

conducted an in situ investigation to observe the capturing process. Using a PS
dispersion with 100 nm spherical nanoparticles as an example, we added posi-
tively chargedM-Basswood to the dispersion until it became clear (Figure S28). A
combination analysis of the fluorescence microscope images, hydrodynamic
size distribution, and zeta potential of PS nanoparticles was performed to inves-
tigate their evolution (Figure S29). Upon adding M-Basswood, the PS dispersion
became slightly turbid, and a noticeable cluster-like aggregation of PS nanopar-
ticles occurred, with the particle size distribution broadening to the micron level
(1–20 mm) within 2 h. Over time, PSmicro-agglomerates dominated with a large
particle size fraction of 88%, and as more aggregates settled, the dispersion
became less cloudy. After 30 h, the macro-agglomerates (4–20 mm) had almost
entirely settled, clearing the dispersion. Finally, all visible aggregates settled, leav-
ing the dispersion transparent. This process wasmarked by changes in turbidity,
which increased from530 to 1,644NTU (nephelometric turbidity units) within 2 h
and then reduced to 7.99 NTU after 48 h (Figures 4A and 4B). Fluorescence mi-
croscope images also confirmed the aggregation and sedimentation of PS nano-
particles over time (inset of Figure 4A). By sharp contrast, adding natural bass-
wood to the PS dispersion showed no hydrodynamic size change or visible PS
particle aggregation, explaining its low capture efficiency (Figure S30). The
zeta potential increased rapidly within 2 h and continued to rise to near zero after
24 h, reaching +22 mV after 48 h, revealing the physical-chemical driving forces
involved in the PS capture process (Figure S29).

Figures 4C and 4D graphically and experimentally categorize the MNPs cap-
ture process byM-Basswood into three stages, respectively: (1) electrostatic sta-
6 The Innovation 5(4): 100655, July 1, 2024
bilization: in the early stage, well-dispersed colloidal PS nanoparticles accumulate
the surface charge, forming an electrical double layer with a highly negative zeta
potential (�38.0 mV). According to the classical Derjaguin, Landau, Verwey, and
Overbeek theory,39 repulsive forces maintain the stability of the colloidal PS sys-
tem. (2) PS capturing and triggered self-aggregation: in themiddle stage, PS par-
ticles are captured by positively chargedM-Basswood viamultiscale interactions,
including physical trapping, hydrogenbonding, and strong electrostatic attraction
(Figures 2G–2I, S31, and S32). As M-Basswood is added, the zeta potential
changes, destabilizing the system and compressing the electrical double layer.
The van der Waals attraction becomes dominant, causing PS particles to aggre-
gate, formingmicro- andmacro-aggregates. (3) Sedimentation: in the final stage,
larger clusters form through encounters between different clusters, leading to
statistically self-similar, irregular aggregates (Figures 4D and S33). The larger
the cluster size, the faster they settle. During settling, larger aggregates tend to
gather and enwrap the smaller particles that are difficult to settle at the begin-
ning, facilitating their removal from the water. These results demonstrate that
M-Basswood effectively removes PS particles through multiscale interactions
and triggered sedimentation, offering a facile and efficient method for MNPs
remediation from water.

MNPs capture performance and potential effects on mice organs
After the capture of PS nanoparticles by M-Basswood, the fluorescence inten-

sity of fluorescence-labeled PS was reduced by �99.8% in the water, indicating
the excellent removal of PS (Figure S34). Considering MNPs with a smaller
size have a higher probability of being absorbed and present in the human blood-
stream, the PS-containing water and the purified water before and after
www.cell.com/the-innovation
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Figure 6. SustainableMNPs utilization and storage with environmental and economic benefits (A) Illustration ofMNPs-capturedM-Basswood followed by hot pressing to produce a
final composite board, in which the captured MNPs served as a glue to enhance the processability and comprehensive performance of the composite board. (B) Photograph of the
composite board. (C)Mechanical performance of the natural wood board with noMNPs and composite board with capturedMNPs (n = 3, error bar represents the standard error of the
mean). (D) Thermal stability of the composite board. (E) Hygroscopic behavior of wood board and composite board at a high air relative humidity of 97%. (F) Formaldehyde emissions
of the composite board compared to other advanced artificial boards and limited value according to Chinese National Standard GB/T 39600-2021 (n = 3, error bar represents the
standard error of the mean). (G and H) Comparison of current manufacturing routes of commercial particle board (G) to our composite board based on PCUS strategy (H). (I)
Comparison of greenhouse gas (GHG) emissions of our composite board with current routes to fiberboard and granulated PP according to life cycle assessment (LCA). (J) Com-
parison of the economic cost of our composite board with current routes to commercial particle board, PP board, and no-formaldehyde (NF) board via TEA.
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 M-Basswood treatment were intragastrically administered to two groups ofmice

(three in each group) every 24 h to investigatewhether andwhere the uptake and
accumulation of MNPs occurred in the mice (Figures 5A and S35). After 1 week
of intragastric administration, the fluorescence intensity distributed in the organs
of mice from the two groups was determined using an in vivo imaging system
(IVIS). The IVIS spectra indicated lower fluorescence intensities of the organs
in mice administered with purified water compared to the ones administered
with the untreated PS dispersion, verifying the efficient removal of PS nanopar-
ticles by M-Basswood and thus limited accumulation in organs (Figures 5A
and 5B). Additionally, to reveal the potential impacts of the accumulated nano-
plastics on the main organs of mice, the H&E-stained liver, lung, and kidney tis-
sues of the two groups of mice were observed and photographed for analysis
(FigureS36). Compared to the purified-water-administeredmice,more visible his-
topathological damage was found in the three organs of PS-containing-water-
administered mice after a week of gavage, indicating a strong correlation to
the uptake and accumulation of PS in the organs and thus toxicity to the mice.
More intuitively, it was observed that a large number of PS nanoplastics were
taken up and accumulated in immortalized human hepatocytes (MIHA cells)
exposed to PS-contaminated water (Figures 5C and 5D). By sharp contrast, no
significant fluorescence signal was observed in the cells exposed to purified wa-
ter. These results demonstrated that the treatment ofMNPs-containing water by
M-Basswood profoundly mitigates the risks of ingestion and accumulation of
MNPs in aquatic organisms, leading to substantially reduced toxicity and
improved biosafety to the water ecosystem.
Sustainable MNP utilization and storage with environmental and
economic benefits

Instead of solely using MNPs for water remediation purposes, we offer full-
chain, biomass-waste-assisted PCUS solutions, seamlessly gathering all ele-
ments of the equation to deliver value from start to finish. Figure 6A graphically
illustrates the production process of composite (wood-plastic) boards via an
industrially mature technique of hot pressing, a process that enables “locking
in” MNPs for much longer and more productive use. Specifically, the recycled
MNPs served as a functional adhesive for the build-up of a high-performance
composite material (Figures 6A and 6B). Hot pressing leads to the complete
collapse of wood lumina and cell walls of M-Basswood, creating a unique
“MNPs glued wood fibers”microstructure. The SEM images in Figure S37 reveal
tightly intertwined and densely packed wood cell walls. Leveraging the high me-
chanical properties of wood and the enhanced adhesion of M-Basswood by the
captured MNPs, the composite board achieved a tensile strength of 10.5 MPa, a
flexural strength of 25.1 MPa, and a compressive strength of 110.3 MPa—8.1,
12.0, and 5.6 times higher than purewood boardwithout recycledMNPs, respec-
tively (Figure 6C). The composite board exhibited no visible thermal shrinkage or
structural collapse even after being heated at 220 �C for 30 min, whereas the
other five commercial plastic boards including acrylonitrile butadiene styrene
(ABS), polyoxymethylene (POM), polycarbonate (PC), PVC, and PP showed se-
vere dimensional deformation and softening (Figures 6D and S38). Attractively,
the MNPs-adhesive composite board also demonstrated outstanding thermal
and mechanical properties (Figures S39 and S40), moisture resistance (Fig-
ure 6E), and weathering stability when exposed to a highly humid environment
(Figure S41) and ultraviolet irradiation conditions for 2 weeks (Figure S42), indi-
cating its potential for practical application. Of note, while short-term tests are
promising, evaluating long-term weathering stability remains challenging due
to complex conditions, necessitating further studies. Additionally, our composite
board’s formaldehyde emission of 0.0124 mg/m3, tested per Chinese National
Standard GB/T 41649-2022, is lower than the 0.025 mg/m3 limit for no-formal-
dehyde wood-based panels according to Chinese National Standard GB/T
39600-2021 and superior to other commercial artificial boards (Figure 6F).40–44

This formaldehyde-free composite board with captured MNPs as an adhesive
represents a sustainable alternative to traditional wood-based panels using
phenol- and urea-formaldehyde adhesives.

Incorporating MNPs into value-added products well aligns with the circular
economy by introducing potentially hazardouswaste back into the economic cy-
cle. To assess the environmental and economic sustainability of our PCUS pro-
cess, we performed life cycle assessment (LCA) and techno-economic analysis
(TEA) studies, using the current particle board as a control (Figures 6G and 6H).
The greenhouse gas emissions over a 100 year time horizon for our composite
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boardwere evaluated regarding the global warming potential (GWP) impact cate-
gory (ReCiPe 2016 Midpoint H methodology, Tables S2 and S3). Our composite
board has a cradle-to-gate GWP value of 3.71 kg CO2 equiv kg

�1 when using an
electricity production mix from China (Figures 6I and S43). Considering the car-
bon sequestration ability of dry wood (1.72 kg CO2/kg) and the credits from plas-
ticwaste landfill diversion (0.254 kg CO2 equiv kg

�1),45 the net GWP is reduced to
2.43 kgCO2 equiv kg

�1. As shown in Figures 6I and S44, this value is comparable
to granulated PP (2.37 kg CO2 equiv kg

�1) and lower than those of other fossil-
based materials such as PC (5.30 kg CO2 equiv kg

�1) and glass fiber reinforced
polyester (3.77 kg CO2 equiv kg

�1). However, it is higher than the carbon footprint
of fiberboard production (0.08 kgCO2 equiv kg

�1), which benefits froma non-fos-
sil carbon dioxide resource correction. As such, a careful look at the process
contribution could shed light on the larger impacts obtained. FigureS45 indicates
that electricity is the primary contributor to the composite board’s GWP, account-
ing for 87.60% of total emissions (3.25 kg CO2 equiv kg

�1), due to China’s coal-
dominated energymix (>55%). A renewable energy scenario reduces the carbon
footprint to �0.41 kg CO2 equiv kg�1, surpassing commercial fiberboard in
various environmental metrics (Table S4). Replacing conventional melamine-
urea-formaldehyde adhesives (GWP 2.82 kg CO2 equiv kg�1) with MNPs could
make materials carbon-negative, demonstrating the potential for CO2 removal
and decarbonizing materials.46–48 Additionally, PP MNPs enhance other impact
categories such as fossil resource scarcity and water consumption as well (Fig-
ure S46). Despite low-scale fabrication and the low technology readiness level
possibly overestimating environmental impacts, our study provides encouraging
data for expanding low-carbon materials production from biomass and plastic
wastes.
As a key emission reduction technology, the technical economics of the PCUS

strategy is also crucial. Therefore, we conducted a TEA to investigate the eco-
nomic cost of producing our composite board (Figure 6J). The production
cost of our composite board is 4.7￥/kg considering the Wuhan (China)-based
plant (Table S5), which is lower than conventional petroleum-derived materials
like high-density PE (8.4￥/kg) or PP (12.1￥/kg)49 and no-formaldehyde boards
(6.0￥/kg). It is also comparable to particle board (3.8￥/kg) and formaldehyde-
free boards (5.0–7.0￥/kg). These findings show that the PCUS strategy is envi-
ronmentally sustainable, reliable, and economically feasible, offering a new
pathway forMNPs-derived products and playing a significant role in reducingmi-
croplastics pollution while mitigating economic impact. However, several con-
cerns about scalability must be addressed for real-world applications, including
the trade-offs among stable product performance, environmental sustainability,
and cost effectiveness and the role of government regulations and collaborative
innovations in shaping the PCUS market.
CONCLUSION
In summary, we demonstrated an environmentally and economically sustain-

able biomass waste-assisted PCUS concept as a multifaceted approach to
manage MNPs pollution, promising to make up the vast majority of mitigation
of net-zero plans in the longer term. M-Basswood, as the capturing material, ex-
hibited excellent capture performance to a broad spectrum of MNPs under
different environmental conditions, suggesting its great potential for MNPs
removal from practical wastewater. This excellent capture performance was
driven by the multiscale interactions between M-Basswood and MNPs (e.g.,
physical trapping, hydrogen bonding, p-p stacking, and strong electrostatic
attraction), as well as triggered cluster-like self-aggregation sedimentation of
MNPs. As a result of the effective removal of MNPs from water, the in vivo bio-
distribution of MNPs in the organs of mice demonstrated low risks of ingestion
and accumulation of MNPs in aquatic organisms and low toxicity to the water
ecosystem. In addition to water remediation, the captured MNPs, together with
the woody biomass waste, were directly processed into composite (wood-plas-
tic) boards via an industrially mature technique of hot pressing for further utiliza-
tion and storage. This composite board demonstrated excellent mechanical
properties, outstanding thermal stability, good moisture resistance, and
extremely low formaldehyde emission. More importantly, LCA and TEA results
demonstrated the low environmental impacts and high economic feasibility
of the integrated PCUS approach. The reliable, environmentally friendly, and
cost-effective PCUS strategy enables MNPs remediation from water and
value-added productive reuse, which is expected to advance the global goal of
safe and environmentally sound management of plastics.
www.cell.com/the-innovation
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MATERIALS AND METHODS
Materials

Woodwastewith 30mesh sieve sizewas provided byGuangzhouZhichengWood Indus-

try (Guangzhou, China).MNPswith different sizes, shapes, and chemical compositionswere

used in thiswork. Fluorescence-labeled PS dispersions (spheres and fragments, 30 nm, 100

nm, 500 nm, 1 mm, 5 mm, and 10 mm, 2.5 wt%) with an excitation/emission wavelength at

488/528nm, andPMMAparticles (spheres, 100 nm, 2.5wt%)were purchased fromJiangsu

Zhichuan Technology Co., Ltd (Jiangsu, China). PS fibers dispersions were purchased from

KaixuanPlastic Technology Co., Ltd (Guangdong, China). PVCparticles (spheres, 1 mm)were

purchased from Tesulang Chemical Materials (Dongguan, China). PP particles (spheres,

500 nm) andPEparticles (spheres, 500 nm)were providedbyGuangdongWengjiangChem-

ical Reagent (Guangdong, China). The PVC, PP, and PE MNPs were dispersed in deionized

(DI) water and Tween 80 with ultrasonic assistance. The commercial plastic boards

including ABS copolymers, polyacetal (POM), PC, PVC, and PP were provided by Suzhou Di-

chuang Plastic Industry (Suzhou, China). All other chemicals and reagents, CHPTAC (60

wt %), sodium hydroxide (NaOH, R96%), and urea (R99%), were purchased from Sino-

pharm Chemical Reagent (Shanghai, China).
Surface functionalization of wood waste
Wood waste was functionalized with CHPTAC following a procedure established in our

group. Briefly, basswood sawdust (1 g) was added into a pre-cooled (�12 �C) aqueous so-
lution (7 wt % NaOH, 12 wt % urea, and 81 wt % H2O). Then, the dispersion was transferred

into a vacuum chamber, followed by a 30min vacuum treatment under 20 Pa to ensure the

mixed solution throughout flowed into the channels, whichwas repeated three times. There-

after, the CHPTAC (4 g) was added dropwise into the dispersion under magnetic stirring for

10 h at 65 �C. The collected M-Basswood was diluted with DI water to remove the residual

chemicals and, finally, dried at 80 �C overnight.
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