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Environmental pollution and resource waste resulting from the disposal of 
agricultural biomass waste have become a global issue. Consequently, 
the pursuit of sustainable strategies for recycling such waste biomass and 
achieving its efficient and high-value conversion has emerged as a critical 
challenge that presents for both the global academic and industrial 
communities. This work provides a comprehensive overview of the current 
advancements in recycling and conversion of agricultural biomass waste 
into a variety of bio-based materials, with a particular focus on the biochar, 
nanocellulose, and bio-based plastics. Potential applications of these bio-
based materials in agriculture and beyond with high added-value, such as 
cosmetics and biomedicine, are discussed with representative cases 
study. This review also highlights the challenges and future prospects in 
converting agricultural residues into various bio-based materials. It is 
hoped that this review will contribute to the understanding and promotion 
of recycling and reutilization of agricultural biomass waste, offering 
promising solutions for sustainable development of agricultural production. 
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INTRODUCTION 
 

 The global issue of solid waste disposal has led to environmental pollution and 

resource waste. In China, both urban and rural areas generate over six billion tons of 

organic waste annually, including agricultural and forestry residues, household garbage, 

domestic sludge, livestock and poultry waste, fruit and vegetable residues, and industrial 

organic residue waste liquid. Among these, agricultural residues accounted for around 980 

million tons in 2022. If not managed properly, this solid waste has the potential to cause 

significant environmental pollution and resource wastage (Chen et al. 2020). In the last 

two decades, the agricultural waste biomass straw has been burned after crop harvesting. 

This burning produced a large amount of smoke, causing severe air pollution. The air 

pollution caused by straw burning is due to the large amounts of particulates (PM2.5 and 

PM10), NOx, CO/CO2, and SO2 generated (Fig. 1A) (Ravindra et al. 2019; He et al. 2020). 

Jiang et al. (2019) analyzed the total straw production in 2015 in nine typical straw-burning 

provinces in China, which was 460 million tons, with a total open burning amount of 93 

million tons. The burning emitted 70 million tons of CO2, 4.7 million tons of CO, 6,000 
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tons of SO2, and 162,000 tons of NOx, causing serious harm to the ecological environment 

and human health (Jiang 2018; Jiang et al. 2019). Directly piling up or returning the straw 

by deep tillage or rotary tillage to the field might lead to severe accumulation of pests and 

diseases and destruction of the soil microbial ecological environment, seriously affecting 

the healthy growth of crops (Fig. 1B) (Li et al. 2018; Jiao et al. 2023a). Therefore, 

developing new technologies and processes for the efficient recycling and conversion of 

agricultural residues in an environmentally friendly manner is of great significance for 

global sustainable development. 

 

 
 

Fig. 1. Agricultural residue burning caused air pollution (A) and straw return caused potential crop 
diseases, pests, and heavy metal risk (B). Reprinted with permission from Elsevier, published in 
Ravindra et al. 2019; Shan et al. 2021. Production cycles comparison of products derived from 
fossil fuel and biomass (C).  
 

Biomass waste shares similar chemical compositions with common biomass raw 

materials that are used for materials or chemicals production and has the advantages of 

high abundance, renewability, and biodegradability. This makes it a promising candidate 

for incorporation into the biorefinery industry, either as a supplement or a replacement for 

traditional fossil fuels (Fig. 1C). Agricultural waste biomass is primarily used for feed, 

fertilizer, and matrix, but these products have weak market competitiveness and low added 

value. Due to the low economic benefits of the existing agricultural residues recycling 

industry, farmers and enterprises lack the motivation for recycling and processing. This has 

led to a large amount of agricultural residual biomass resources being wasted or improperly 

treated, causing harm to the environment. Therefore, agricultural residual biomass 

processing technologies must be adopted to fabricate high value-added and functional 

products, while reducing or eliminating the potential secondary pollution caused by 

traditional processing methods. This work summarizes the current advances in recycling 
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and reutilization of biomass waste, with a focus on the development of biomass-based 

materials using agricultural biomass waste or application exploration in the agricultural 

field and others. The benefits and risks of directly incorporating agricultural residues back 

into the soil, whether through plowing or composting, have been reviewed elsewhere and 

will therefore not be included in this review (Li et al. 2018; Jiao et al. 2023a; Fu et al. 

2021; Urra et al. 2019; Ho et al. 2022). Preparation and application of materials based on 

agricultural residues, including biochar, lignocellulosic nanomaterials, biodegradable 

plastics, and bio-based 3D printing materials, are summarized in this paper. Challenges and 

future perspectives of bio-based materials from and back to agriculture, and beyond are 

proposed at the end of this work. This work will provide valuable insights into the recycling 

and reutilization of biomass waste with high-added value, serving as a promising solution 

to the sustainable development of agriculture. 

 

 

REPRESENTATIVE BIO-BASED MATERIALS FABRICATION AND 
APPLICATIONS 
  

Preparation and Application of Biochar 
 Biochar is a porous, carbon-rich solid substance produced by pyrolysis of biomass 

under oxygen-limited or anaerobic conditions. Its high carbon content, rich pore structure, 

and strong adsorption capacity make it a promising material for improving soil quality, 

increasing crop yield, and removal of environmental pollutants. The types of agricultural 

biomass wastes, pyrolysis temperature program (e.g., the target temperature and heating 

rate), and pyrolysis time are key processing conditions that determine the physical and 

chemical properties of the resultant biochar (Fig. 2A) (Khater et al. 2024). Agricultural 

residues, such as wheat/rice/corn/cotton, sugarcane bagasse, fruit peel and core, and 

various crop shells/husks, are used as raw materials for biochar preparation. To enhance 

the physicochemical properties or functionalities of the products, modification treatments 

can be applied. Chemical and physical modifications, including acids oxidation, base 

activation, steam activation, and integration or impregnation with other functional 

components, are effective in tuning the specific surface area, porous structures, and surface 

functional groups of the biochars to endow them with special functions for applications in 

and beyond agriculture (Shang et al. 2021; Amalina et al. 2022). 

The utilization of biochar in agriculture has been reported to bring benefits to soil, 

such as increasing nutrient and water retention, as well as microbial abundance, and 

benefits to plants, such as increasing root development, pest and disease resistance, as well 

as crop yield (Ismail et al. 2022; Jing et al. 2020). Additionally, adsorption and 

immobilization of toxic heavy metals and pesticides have also been confirmed as positive 

effects of the biochar application in agriculture (Fig. 2B) (Rajput et al. 2022). For instance, 

the long-term biochar application effects on soil fertility, N2 fixation, and crop yield was 

evaluated by Khan et al. (2020, 2023). Sole application of biochar from 10-30 t biochar/ha 

increased the wheat grain yield by 3.2 to 13.3% and biological yield of wheat by 7.1 to 

14.9%. When incorporation with organic manures (farmyard or poultry manure) or urea, 

the yields are much more pronounced, especially at the combination of poultry manure 

(150 kg/ha) and biochar dosage of 20 t/ha, which showed up to 49.7% wheat grain yield 

increase (Fig. 2C-D). Similarly, the utilization of 130 t/ha biochar with half of the 

recommended mineral fertilizers (45 kg/ha phosphorous and 30 kg/ha potassium) showed 

the best performance in enhancing the chickpea yield for 10.2% over the 5 years, 
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meanwhile the organic matter in soil increased from 1.67% to 2.59%, showing significant 

improvement in the sustainable crop production and soil fertility (Khan et al. 2020). A 

more comprehensive review and evaluation of biochar applications in agriculture, 

including its effects on crop growth and yield, soil nutrient properties, and greenhouse gas 

emissions, can be found elsewhere (Li et al. 2024; Ismail et al. 2022; Jing et al. 2020). 

The porous structure and high specific surface area as well as abundant interface 

modification strategies make biochar a promising candidate for remediation of 

contaminated water, soil, and air (Haider et al. 2022; Acosta-Luque et al. 2023; Nguyen et 

al. 2023; Zouari et al. 2024). Biomass waste including the pine sawdust and grapefruit peel 

were converted into thiol-modified biochars following the carbonization, microwave, and 

thiol modification for potential applications in mercury pollution remediation in water (Fig. 

2E). The pine sawdust (BP) and grapefruit peel (BG)-based biochars were found to have 

porous and multilayer structure, respectively. This led to a different binding mode 

(hydroxyl group and π bonds for BP and π bonds for BG) and polymer morphologies of 

the thiolation reagent (3-MPTS) on the biochars surface (flocculent polymer for BP and 

spherical polymer for BG) (Fig. 2E). Mercury sorption isotherms analysis confirmed that 

the Hg2+ and CH3Hg+ adsorption mainly followed the Langmuir model, i.e., the monolayer 

sorption on the biochar surface. The Langmuir maximum sorption capacities (qm, Fig. 2E, 

C., (d)) of the biochars were increased after modification, especially after the thiolation, 

but no significant difference between the porous and multilayer biochars was observed. 

However, the calculated surface Hg atomic densities (ρatom, Fig. 2E (e), (f)) on the 

multilayer biochars were significantly lower than the porous ones (1758.0 and 1068.5 

#Hg/nm2 for BPS vs. 5.4 and 3.0 #Hg/nm2for BGS) owing to the difference of the biochar 

specific surface areas and the polymer morphologies on the surface. 

Potential high value-added medical applications of biochar, especially in drug 

delivery, have been explored in recent years. The porous structure and tunable interface 

chemistry of the biochars offer benefits of high drug load and buffering capacity, enhanced 

drug bioavailability, and controlled, targeted, or stimulus-responsive drug delivery 

efficiency (Zhuo et al. 2023). Zinc oxide-modified biochar was incorporated into a 

multilayered drug delivery system for near-infrared (NIR) irradiation stimulated release of 

intraocular pressure-lowering drug and antibacterial drug in the treatment of glaucoma 

(Fig. 2F (a)) (Wang et al. 2021). Upon the NIR irradiation at 0.8 W cm-2 for 20 min, the 

biochar containing delivery system showed increased temperature up to 48.30 ± 4.37 °C 

when compared with the control group in PBS at 33.83 ± 2.25 °C, resulting a faster and 

sustained timolol maleate (TM) drug release to reduce the intraocular pressure (Fig. 2F 

(c)). Meanwhile, the prolonged release of levofloxacin (LVFX) significantly inhibited the 

viability of bacteria by causing the cells membrane damage and cytoplasmic leakage (Fig. 

2F (b), (d), (e)). Although various applications of the biochars prepared from agricultural 

residues have been proposed, several factors limit their use and sustainable development 

at this time (Tan and Yu 2023). These include the variability of agricultural residues, the 

complexity of their components, potential heavy metal contamination, and uncertainties of 

long-term environmental and health risks. To address these limitations, standardized 

processing from biomass recycling, pretreatment, and thermal conversion into biochar 

could be a solution to ensure the consistency of the physicochemical properties of biochars. 

Additionally, long-term and systematic crop yield and nutrients evaluation, as well as 

environmental risk assessment are crucial for the safe and large-scale application of biochar 

in agriculture. Regarding the biochars application in medicine, rigorous biosafety 

evaluation should be conducted before proceeding with application tests.  
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Fig. 2. Biochar prepared from agriculture residues and application in agriculture and beyond. (A) 
Different thermal conversion technologies and modification strategies used for biochar 
preparation from agriculture residues; (B) Benefits of the biochar utilization to the plant and soil; 
(C, D) Efficacy of the biochar utilization when combined with organic manures (farmyard or 
poultry manure, FYM or PM) or urea in the grain yield and crop biological yield; (E) Application of 
thiol-modified biochar in mercury-contaminated water remediation; (F) Incorporation of zinc oxide-
modified biochar-based into a near-infrared irradiation stimulated drug delivery system for 
glaucoma treatment. Reprinted with permission from Elsevier (Huang et al. 2023, Rajput et al. 
2022); Springer Nature (Khan et al. 2023); Nadarajah et al. 2024; Wiley (Wang et al. 2021) 
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Preparation and Application of Lignocellulosic Nanomaterials 
 Agricultural and forestry residues, including rice husk, sugarcane bagasse, corn 

cobs, wheat straw, wood sawdust, and wood shavings, are rich in biopolymers of cellulose, 

hemicellulose, and lignin. Since the early 21st century, with the rapid advancement of green 

chemistry such as ionic liquids or EDS solvent systems, and TEMPO-mediated oxidation 

processes, as well as mechanical nanofabrication technologies, these biopolymers have 

been extensively explored for production of a variety of lignocellulosic nanomaterials. 

When the cellulose component in various biomass waste is isolated and fabricated into 

materials with at least one dimension in nanoscale, the terminology “nanocellulose” is 

applied. This mainly includes cellulose nanocrystals (CNCs), cellulose nanofibril (CNF), 

and bacterial cellulose (BC), as summarized in Fig. 3A and reviewed elsewhere (Yu et al. 

2021; Jiao et al. 2024). Due to their high aspect ratio, mechanical stiffness, and specific 

surface area, as well as their inherent biocompatibility and abundant surface functional 

groups for modification, nanocellulose has been explored to produce new pesticides, feed 

additives, slow-release fertilizers, and soil water retention agents for application in 

agriculture (Fig. 3B, C), packaging, and other value-added application in cosmetics and 

tissue engineering (Fig. 3D, E) (Klemm et al. 2011; Kashan et al. 2022; Ji et al. 2023; Liu 

et al. 2019).  

A CNFs-based composite hydrogel (MC) system that consist of porous metal 

organic frameworks (MIL-100(Fe)), CNFs, and N-vinyl caprolactam (NVCL) was 

prepared by free-radical polymerization for achieving temperature and pH dual-responsive 

release of fertilizers (Fig. 3B, (a)). The resultant composite hydrogels not only achieved 

the controlled release of urea at suitable pH 7.0 and temperature around 30 °C to ensure a 

high fertilizer utilization efficiency, but they also showed significant increase in the water-

retaining ratio due to the high affinity of water to CNFs and porous structure of the MIL-

100(Fe) (Fig. 3B, (c)). A 30 days lasting slow-release of fertilizer has also been confirmed 

with the assessment of nitrogen contents in soil (Fig. 3B, (b)). These fertilizer and water 

management benefits contribute to the healthier growth of the model crop wheat, as shown 

in Fig. 3B, (d) (Lin et al. 2021). Another nanocellulose-based pesticide delivery system 

(TA/Cu-XCM@βCNC) was developed for crop protection by β-cyclodextrin (β-CD) 

adsorption onto CNCs surface and model pesticide (XCM) loading, followed by chelation 

of tannic acid (TA) with copper ions (Fig. 3C, (a)). The incorporation of TA sharply 

lowered the contact angle of the loaded pesticide suspension on the O. fragrans leaves from 

82° to 47°, enhancing the deposition and retention of the suspension. Meanwhile, the TA-

Cu2+ coordination can be degraded in acidic medium (e.g., oxalic acid and citric acid) due 

to the acidification produced by fungus and the fungi-infected plants, enabling the pH-

responsive release of the loaded XCM. Antifungal activity of the formulated XCM delivery 

system against the pathogenic fungi R. solani and C. capsici was confirmed to have high 

inhibition efficiency by both the fungal growth colony measurement (Fig. 3C, (b)) and 

crisscross assessment (Fig. 3C, (c)). The delivery system also exhibited high insecticidal 

activity against O. nubilalis larvae with 97% mortality, highlighting the efficacy of the 

CNCs-based pesticide delivery system in crop protection for sustainable agriculture (Ning 

et al. 2023). 

Nanocellulose has been demonstrated to exhibit potential high value-added 

applications in cosmetics as a rheological modifier, moisturizer, antioxidant, and 

sunscreen, as well as in biomedicine for use as a drug carrier, tissue engineering scaffolds, 

and wound dressings. A bacterial nanocellulose-based microneedles (MNs) patch delivery 

system demonstrated the potential for enhancing the cosmetic ingredients penetration 
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applications by inserting into the skin and delivering the bioactive rutin (Fig. 3D, (a), (b)). 

Cytocompatibility of the microneedles system was confirmed with a cell viability of 105.9 

± 7.9% after in vitro culturing the human keratinocytes cells with the MNs extract for 24 h 

(Fig. 3D, (d)).  

Histological examination upon the skin insertion capability of the MNs into porcine 

skin revealed that the MNs insertion can create cavities with depths up to 99.3 μm, enabling 

the effective delivery of cosmetic ingredients into the dermis (Fig. 3D, (d)). A 24 h in vivo 

skin tolerance assessment of the MNs on volunteers’ volar forearms indicated that MNs 

application caused no significant impact on the stratum corneum hydration (Corneometer), 

skin redness (Chromameter (a*)), and skin barrier function (TEWL) (Fig. 3D, (c)), 

suggesting the safety and practicality of the MNs system (Fonseca et al. 2021). Considering 

the feasibility of producing BC and other types of nanocellulose from agro-industrial and 

forest residues as cultivation alternatives or as lignocellulosic raw materials, one can 

anticipate high value-added applications of nanocellulose derived from biomass wastes in 

cosmetics and biomedicine (Rodrigues et al. 2024; Yu et al. 2021).  

A recent work demonstrated the feasibility of extracting ultra-pure nanocellulose 

from forestry residue sawdust using a combination of soda pulping, elemental chlorine-

free bleaching, and TEMPO-mediated oxidation followed by homogenization in a clean 

room (Fig. 3E, (a)). The resulting nanocellulose exhibited high zero-stress viscosity and 

typical shear-thinning behavior, as well as instant self-recovery properties, enabling 

smooth 3D printability and stable structure fidelity. The extremely low endotoxin level (< 

1.6 EU/g) and (1,3)-β-D glucan content (3.13 μg/g) in the extracts of both the nanocellulose 

and its freeze-dried aerogel ensure the biosafety of the nanocellulose in biomedical 

applications, as validated by the proliferation of fibroblast cells in the bioprinted scaffolds 

(Fig. 3E, (a)) (Jiao et al. 2024).  

To further extend the functionalities of the nanocellulose-based biomaterials, 

surface engineering strategies, such as physical adsorption, chemical crosslinking, and 

bioconjugation have been adopted to meet specific requirements of the nanocellulose-

based biomaterials in the designed applications (Shi et al. 2022; Jiao et al. 2023b). For 

instance, a nanocellulose-based multi-functional wound dressing was prepared via 

bioconjugation of CNFs with ε-poly-L-lysine (EPL) followed by bioprinting, chitosan 

crosslinking, and freeze-drying (Fig. 3E, (b)). The hemostasis activity of the 3D composite 

scaffold was confirmed with a low hemolysis ratio of 1.73% and high blood absorption 

872%; meanwhile the bioconjugated EPL offering the scaffold with decent antimicrobial 

activity against E. coli, P. aeruginosa, and S. aureus. 

Efficient conversion and sustainable development of agricultural residues-based 

nanocellulose materials are expected to control the agricultural biomass-waste pollution 

from the source and improve the quality and efficiency of agricultural product production. 

However, the complex raw material components, variable impurities, and difficult 

purification present challenges in the preparation of nanocellulose from agricultural 

residues and application beyond agriculture, especially in biomedicine (Liu et al. 2017a,b). 

Additionally, high production costs remain a challenge to the industrial application of 

nanocellulose in agricultural products. Therefore, the development of agricultural waste 

biomass-based nanocellulose with high quality for application in high value-added fields, 

such as biomedicine or pharmacy, could be one solution to make up for the high production 

cost (Liu et al. 2016; Yu et al. 2021; Biranje et al. 2022, 2023). Using low-cost agricultural 

waste biomass as raw materials to prepare full-component nanofibers that meet agricultural 

production applications is expected to be another solution to this challenge. 
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Fig. 3. Nanocellulose prepared from agriculture residues and application in agriculture and 
beyond. (A) Sources and pathways for conversion of agriculture residues into different types of 
nanocellulose; (B) Construction of CNFs-based responsive composite hydrogel for fertilizers 
release; (C) Preparation of CNCs-based pesticide carrier system with pH responsiveness, 
efficient antifungal, and insecticidal efficacy; (D) Skin application of nanocellulose-based 
microneedle patches for enhancing the cosmetic ingredients penetration; (E, a) Extraction of 
ultra-pure nanocellulose from sawdust for bioprinting application; (E, b) Functionalization of TCNF 
with ε-poly-L-lysine (EPL); and bioprinting of wound dressing with hemostasis activity and 
antimicrobial activity. Reprinted with permission from Elsevier (Fonseca et al. 2021; Lin et al. 
2021; Jiao et al. 2024); Springer-Nature (Biranje et al. 2023) RSC (Ning et al. 2023). 
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Preparation and Application of Bio-Based Plastics 
 Petrochemical-based plastics have experienced significant growth and have made 

great contributions to the global economic development since the invention of Bakelite in 

1907, owing to their excellent properties. However, the depletion of non-renewable energy 

sources and the severe environmental pollution caused by non-biodegradable plastics 

necessitate the development of recyclable and biodegradable alternatives, thereby 

facilitating the rapid advancement of bio-based plastics or biodegradable polymers 

(Thiruchelvi et al. 2021; Babar, et al. 2023). Biomass, including various agricultural and 

forestry residues, is abundant in a variety of biopolymers such as cellulose, hemicellulose, 

starch, protein, and pectin, which can serve as carbon feedstock of microbial fermentation 

in the production of bioplastics, such as PLA and PHA/PHB (Fig. 4A) (Zhong et al. 2020; 

Vigneswari et al. 2024). Currently, valorization pathways for various agricultural and 

forestry residues into bioplastics mainly include: (1) mechanical, chemical, or biological 

pre-treatment of biomass waste, followed by a blending route. For instance, vegetable 

wastes, including spinach stems, tomato pomace, and cocoa shells, were blended with PLA 

with a content of up to 30%wt, followed by extrusion and hot-pressing to prepare biobased 

films for potential agricultural mulching application (Merino et al. 2022). (2) The next 

pathway is microbial fermentation of the biomass hydrolysate, which mainly consist of 

reducing sugars, into platform chemicals such as lactic acid and succinic acid, followed by 

chemical polymerization into the corresponding bioplastics, such as PLA and BioPBS 

(Kato et al. 2024). (3) The third pathway is microbial fermentation of the biomass 

hydrolysate with synchronized biosynthesis of bioplastics in engineered microorganisms 

(Vigneswari et al. 2024). For instance, Yang et al. (2024) demonstrated the feasibility of 

bioconverting the cabbage waste (CW) into PHA through enzymatic saccharification and 

microbial fermentation processes. The sugar conversion yield of CW can reach up to 90.4% 

under optimal hydrolysis conditions using cellulase and pectinase at 45 °C for 24 h. The 

engineered Escherichia coli, which incorporates the phaABC operon, can utilize the CW 

hydrolysate as a carbon source to produce the poly(3-hydroxybutyrate), achieving a 

polymer content of 26.0% or a dry cell weight of 0.86 g/L (Fig. 4B), showing promising 

prospects for the sustainable production of biodegradable plastic. Getachew and 

Woldesenbet (2016) used the sugar cane bagasse, corn cob, teff straw, and banana peel as 

raw material to produce PHB, and Paswan et al. (2023) used cotton stalk as raw material 

to produce PLA. 

These abovementioned biobased plastics, especially PLA, have the greatest 

application potential in agricultural production for the use of agricultural mulch. This 

option has gained global attention from governments, enterprises, and research institutions 

due to the significant contribution of film mulching technology to crop yield (increasing 

yield by 20 to 30%) and enriching the fertility of the soil microenvironment after 

biodegradation (Menossi et al. 2021; Serrano-Ruiz et al. 2021; Mahmoud et al. 2022). 

However, the low ductility or high fragility, slow biodegradability, and high cost of pure 

PLA-based agricultural mulch have limited its broad application and thus necessitate the 

modification or blending with other components, such as PBAT, starch, and PHA, to meet 

the requirements of agricultural mulch. For instance, the composite agricultural mulch can 

be fabricated by melt-blending of PLA, PBAT, and compatibilizer PTLA or chain extender, 

followed by pelletization and single-screw extrusion film blowing (Fig. 4C, (a)) (Guo et 

al. 2024) or heat pressing (Lyu and Han 2023). The prepared composite mulch exhibited 

significant increase in the mechanical strength (58.6% increase) and water vapor barrier 

properties (70.3% increase), as well as a 30-days degradation extension (Fig. 4C, (b)), thus 
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leading to an increase in maize yield of 5.4% compared with the PBAT film (Fig. 4C, (c)). 

Application of such composite mulch not only brings benefit to the crop yield, but also 

enriched the soils microbial community, especially the degrading bacteria Sphingomonas, 

Bacillus, and Streptomyces (Zhang et al. 2019). Additionally, a two-year lasting field 

experiment confirmed that the residues of such biodegradable mulch in soil had no 

significant effect on the succeeding crop yield, while the mulch residue could improve the 

soli health in terms of the soil structure indicators, including the bulk density, porosity, and 

organic matter content (Gao et al. 2021).  

Another representative application of bio-plastics in agriculture is the 3D printing 

of intelligent agricultural machinery or artifacts used in facility agriculture. For instance, 

using 3D printing technology to customize the production of special facilities, agricultural 

machinery spare parts, or functional materials for innovative agricultural production. The 

agricultural machinery accessories, such as drip irrigation core valves, water pump paddles, 

and hydroponic substrate trays, have been 3D printed using bio-based PLA, PBAT, PHA, 

etc. (Wang et al. 2020; Zhu et al. 2020). Based on the tunable biodegradability of the 

PLA/PBAT, de Silva et al. (2022) fabricated a PLA/PBAT-based 3D printing mineral 

fertilizer slow or controlled release system for agriculture applications. The mixed mineral 

fertilizer was incorporated into the PBAT/PLA blend (Ecovio®) in an internal mixer and 

then subjected to filament production in a single-screw extruder for prototype printing of 

biodegradable planting artifacts with nutrients release (Fig. 4C, A, (b)). A PLA-based 

seeder was 3D printed and integrated with an autonomous vehicle for seeds broadcasting 

application (Fig. 4C, (c)) (Minn et al. 2023). The fabricated seed broadcasting system was 

capable of spread multi-crop seeds with variable seed distribution uniformity by adjusting 

the 3D printed seeder speeds (Fig. 4C, (d)). With the incorporation of deep learning-based 

intelligence, such intelligent agricultural machinery can also be used in precise fertilizers 

and pesticide applications for higher crop productivity. 

Utilization of various eco-friendly bio-based plastics in packaging applications is 

increasingly being developed to replace all fossil-based plastics and achieve carbon 

neutrality. The global production capacity of bioplastics in 2023 was around 2.18 million 

tonnes, with the bio-based and biodegradable ones (PLA, PHA/PHB, PBS, and starch 

blends) accounting for 46.6%, and the values are projected to expand to a total production 

capacity of 7.43 million tonnes and 60.4% in 2028 (Ghasemlou et al. 2024). Except the 

aforementioned bioplastics such as PLA, PHA/PHB, and PBS, starch and other natural 

polymers as well as their derivatives are currently contributing to a vast share of global 

bioplastics. A comprehensive overview of starch-based bioplastics, including those derived 

from agriculture residues, in food packaging applications has been reviewed elsewhere 

(Gonçalves et al. 2024). However, further enhancement in performance and functionality, 

along with stimuli-responsive modification of bioplastics-based packaging materials are in 

a development trend, which broadens their application scope and added value. For instance, 

a thermoplastic starch (TPS)-based antimicrobial film was fabricated in a sandwiched 

structure via thermo-compressing of a chitosan oligomer coating layer between two TPS 

films for packaging perishable food to extend their shelf-life (Castillo et al. 2017) (Fig. 4D, 

a). The incorporated chitosan oligomer was able to migrate from the film in a wide media 

pH range (Fig. 4D, (b)) to significantly inhibit the growth of molds and yeasts in the packed 

strawberries, ricotta, and breads (Fig. 4E, (c), (d), (e)).  
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Fig. 4. Bio-based plastics prepared from agriculture residues and application in agriculture and 
beyond. (A) Schematic illustration the pathways of bio-based plastics production and their life 
cycle; (B) Valorization of cabbage waste into the bioplastic PHA via enzymatic saccharification 
and microbial biosynthesis; (C) Fabrication of a PLA-based biodegradable composite mulching 
film for corn crop planting; (D, a-b) Incorporation of fertilizer into the PLA-based filaments for 3D 
printing of agricultural artifacts with fertilizer release; (D, c-d) 3D printing of PLA-based seed 
broadcasting system integrated with autonomous agricultural machinery; (E) A thermoplastic 
starch-based biodegradable film with antimicrobial capacity to package perishable foods; (F) 
Immobilization of antimicrobial peptides-modified PHAs onto the PHBHV to fabricate an anti-
infective wound dressing.  Reprinted with permission from ASC (Yang et al. 2024); Elsevier 
(Castillo et al. 2017; Xue et al. 2018); da Silva et al. 2022; Guo et al. 2024; Minn et al. 2023; 
Zhong et al. 2020 
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In the field of healthcare, particularly in biomedical and pharmaceutical research 

and development, as well as clinical applications, bioplastics demonstrate significant 

potential for value-added applications. Currently, bioplastics such as PLA, PHA, BioPBS, 

and starch and its derivatives are being utilized in the development of wound dressings, 

drug carriers, tissue engineering scaffolds, biodegradable implants, and various medical 

devices (Nanda et al. 2022; Tareq et al. 2023; de Souza and Gupta 2024). Among these, 

PHA has attracted increasing attention from researchers due to its intrinsic biological 

activity, superior biocompatibility, broad functionalization potential, and versatile 

processability by various biofabrication process, such as electrospinning, solution casting, 

and various additive manufacturing methods (Bonartsev et al. 2019; Mehrpouya et al. 

2021; Żur-Pińska et al. 2023). Although certain biological activities of PHAs have been 

reported, modification or functionalization of the PHAs-based biomaterials still is needed 

to achieve desired functionalities or therapeutic effectiveness. For instance, biofunctional 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) film with antimicrobial activity 

and fibroblast-proliferative property was prepared for enhancing the healing of infected 

wounds (Fig. 4E, a) (Xue et al. 2018). A fusion protein consisting of PHAs-granule-

associated protein (PhaP) and an antimicrobial peptides, tachyplesin I (Tac), was first 

biosynthesized in an engineered E. coli, followed by surface immobilization onto a H. 

mediterranei-produced PHBHV via hydrophobic interaction (Fig. 4E, a). Both in vitro and 

in vivo antimicrobial activity evaluation confirmed the significant reduction in the growth 

and colonization of both Gram-negative and Gram-positive bacteria in the presence of 

functionalized film (PhaP-Tac coated) (Fig. 4E, b). Upon the dressing with the modified 

film (PhaP-Tac coated) for 15 days, the size of the P. aeruginosa and S. aureus infected 

deep-wound showed significant reduction with a healing ratio of 76.2% compared to gauze 

(healing ratio 10.8%) and other groups (Fig. 4E, b). In another work, the PHBHV 

membrane was functionalized by incorporation of nanoceria into the electrospinning 

solution to enhance the cell proliferation and angiogenesis in the diabetic wound healing 

(Augustine et al. 2020). Similarly, PHAs that consist of 3-hydroxybutyrate (3HB) and 3-

hydroxyhexanoate (3HHx) monomers were modified by blending with silk fibroin and then 

subjected for electrospinning of bone tissue engineering scaffolds (Ang et al. 2020).  

 
 
CHALLENGES AND OUTLOOK 
 

 Despite the increasing innovation and development of bio-based materials that have 

been derived from agricultural residues in recent decades, large-scale industrial production 

of related products is still in its infancy. This has further resulted in relatively high 

production and application costs for these bio-based materials, leading to weak commercial 

competitiveness relative to their less eco-friendly non-biobased counterparts. Although 

agricultural biomass and residues are abundant in nature, the diverse types, seasonal 

availability, scattered distribution, and low energy density of agricultural residues lead to 

challenges in their collection, storage, and transportation, resulting in high application costs 

and undermining the advantage of low costs associated with agricultural waste 

(Divyabharathi et al. 2024). Additionally, the technologies for the efficient and high-value 

conversion and utilization of agricultural residues are still immature for industrialization. 

Most existing reports have remained at the laboratory research stage or have focused only 

on the conversion and application of some high-quality biomass or partial composition, 

making it difficult to achieve comprehensive utilization of all components. At last, some 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4810 

of the current technologies struggle to meet the requirements of clean production and 

ecological safety during the conversion of these biomass waste, which can easily lead to 

secondary pollution or pose long-term environmental hazards (Purnama et al. 2022; Kumar 

et al. 2023; Simanke et al. 2024). 

Under the core guiding principle of “Reduction, Reuse, Recovering, and 

Recycling,” achieving a closed-loop economic cycle of “resources—products—recycled 

resources—recycled products” through clean production and comprehensive waste 

utilization is an inevitable choice for global sustainable development (Fig. 5) (Antar et al. 

2021; Francioso 2024). To address the aforementioned challenges and “green and low-

carbon” goals, it is important to break through the bottleneck of core process technology 

for low-cost production and realize the large-scale production and integration of bio-based 

material series products. Based on the distribution and categories of agricultural residues, 

adopting a strategy of localized and material-specific approaches to classify and separate 

different types of biomass resources and their components, while developing the most cost-

effective products with high application potential, is an inevitable pathway for the practical 

implementation of agricultural residues conversion technologies. Additionally, merging 

with existing industry chains, e.g., pulping and papermaking, food processing, and 

agricultural engineering, or upgrading the traditional production process for the new bio-

based material processing technology could be an effective strategy for achieving large-

scale production at a low cost and facilitating application in currently available market 

(Stasiškienė et al. 2022; Tardy et al. 2022).  

The life cycle assessment and economic feasibility of converting agricultural waste 

into biochar, along with its functional modification and application in agriculture and 

environmental pollutant management, is still incomplete and not comprehensive. 

Additionally, the safety of biochar production and application in relation to the ecological 

environment, including the mitigation of greenhouse gas emissions and the safety of water 

bodies and soil, remains unclear (Kamali et al. 2022; Tan and Yu 2023; Shen et al. 2024). 

Moreover, the application technologies of biochar in high-value areas such as energy 

storage and conversion, as well as biomedicine, are still immature, primarily constrained 

by the low structural stability and high impurity content of biochar (Pierson et al. 2024). 

Despite all these, consideration of biochar applications in agriculture for fertilizer delivery, 

water retention, and soil quality enhancement is still active in seeking the most promising 

solutions for the comprehensive utilization of agricultural residues at this stage (Fig. 5). 

Currently, the development of nanocellulose or lignocellulosic nanomaterials from 

agricultural residues faces a dilemma. Existing nanocellulose conversion technologies for 

high value-added applications, such as in food, cosmetics, and biomedicine often use raw 

materials with high purity, while agricultural residues typically have complex composition 

and high impurity content. Conventional purification processes, such as cooking (chemical 

pulping) and bleaching, often cause secondary pollution and resource waste, making the 

production costs and applications in traditional agricultural processes uncompetitive. On 

the other hand, although nanocellulose has great application potential in high-value fields 

such as cosmetics and biomedicine (Fig. 5), these applications impose strict requirements 

for the biosafety and purity of nanocellulose (Mateo et al. 2021; Liu et al. 2023; Jiao et al. 

2024; Li et al. 2024). Therefore, it is essential to continue exploring new green, efficient, 

and low-cost nanomaterial processing technologies for agricultural residues, which could 

enable the return of impurities-containing lignocellulosic nanomaterials (e.g., the lignin-

containing CNFs) to agricultural applications (Shi et al. 2024; Chen et al. 2023). At the 

same time, for application scenarios demanding rigorous quality control, advanced 
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purification techniques and functionalization methods should be implemented to meet 

biosafety standards.  

 

 

Fig. 5. Roadmap for development of bio-based materials from and back to agriculture, and 
beyond 

 

Insufficient breakthroughs in key core technologies, persistently high production 

costs, and the relatively small scale of application markets are the main challenges facing 

the current development of the bio-based plastics industry. The production and conversion 

of bio-based plastics using agricultural residues as raw materials are particularly affected 

by seasonal fluctuations in raw material supply and the complexity and variation of 

different raw material components. Overall, while starch-based bioplastics and PLA have 

initially achieved large-scale production and application, conversion and production of 

these bio-based plastics directly from biomass waste still face significant challenges. Their 

comprehensive costs remain relatively high, and their performance, e.g., product quality 

stability, mechanical properties, processing performance, and long-term impact on 

environment, is still not high enough to reliably replace the corresponding petroleum-based 

competitors (Moshood et al. 2022). Furthermore, the microbial biosynthesis of PHA is 

affected by the high content of impurities in biomass waste. The biosynthetic efficiency of 

most current strains still struggles to meet the requirements for large-scale production and 

widespread application in low value-added fields, such as the agricultural mulching (Fig. 

5). Additionally, it is important to note that in the context of agricultural applications of 

PLA-based materials, special attention should be paid to their biodegradation requirements. 

Effective decomposition of these materials demands specific processing conditions, 

including controlled composting environments with temperatures above 55 °C, sufficient 

moisture levels, and active microbial populations. Improper disposal and accumulation in 

soil at ambient temperatures could potentially compromise soil quality and adversely affect 

crop growth as traditional plastics do (Satti et al. 2018; Slezak et al. 2023). Therefore, there 

are several key technical and process challenges need to be addressed in the future process 
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of converting agricultural waste biomass to produce bio-based plastics (Thomas et al. 2023; 

Zhao et al. 2023; de Souza and Gupta 2024), including (1) How to achieve breakthroughs 

in the graded separation and pretreatment of agricultural waste biomass into fermentable 

hydrolysate with low impurities; (2) How to construct engineered bacterial strains with 

high tolerance to inhibitors and impurities, capable of conversion and synthesis of 

bioplastics at high-efficiency; (3) How to simplify and efficiently separate and purify bio-

based plastics from the fermented liquid. 

 

 

CONCLUSIONS 
 

 Agricultural residual biomass represents the world’s largest “green carbon” 

resource. The efficient conversion and utilization of their residues not only can address 

potential environmental pollution but also can offer a solution to the dilemma of resource 

shortages. Without doubt, the deeper research and development, large-scale production, 

and widespread application of environmentally friendly bio-based materials in various 

areas will continue to drive the supplementation and eventual replacement of traditional 

petrochemical-based plastics, serving as a significant driving force for global sustainable 

development. However, the transformation of agricultural residues into representative bio-

based materials and their reapplication in agriculture or other potentially high value-added 

fields still face challenges from many aspects. These include immature technologies in raw 

materials pretreatment, processing technologies, application promotion, and recycling. 

Recent years have seen the emergence of innovative biomass extraction and processing 

technologies, e.g., biomass green solvents, nanolization processing, and AI-assisted 

synthetic biology. Coupled with an increasingly mature market for bio-based materials 

applications, these advancements have opened new avenues for addressing the 

aforementioned technical challenges. Meanwhile, as countries worldwide strictly 

implement “plastic restriction” policies, many petrochemical companies have begun 

upgrading their traditional industries and actively investing in biochemical engineering for 

bio-based materials production. This shift has laid the foundation for the low-cost, large-

scale production and widespread application of bio-based plastics. Therefore, it can be 

foreseen that a closed-loop bioeconomic based on the conversion and utilization of various 

biomass waste will be an indispensable part of global sustainable development. 

 

 

ACKNOWLEDGMENTS 
 

This work was supported by the Jiangsu Agriculture Science and Technology 

Innovation Fund (CX(22)3190) and National Key Research and Development Program of 

China (2021YFA0910400). 

 

 

REFERENCES CITED 
 

Acosta-Luque, M. P., López, J. E., Henao, N., Zapata, D., Giraldo, J. C., and Saldarriaga 

J. F. (2023). “Remediation of Pb-contaminated soil using biochar-based slow-release 

P fertilizer and biomonitoring employing bioindicators,” Scientific Reports 13, article 

1657. DOI: 10.1038/s41598-022-27043-8 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4813 

Amalina, F., Razak, A. S. A., Krishnan, S., Sulaiman, H., Zularisam, A. W., and 

Nasrullah, M. (2022). “Biochar production techniques utilizing biomass waste-

derived materials and environmental applications – A review,” Journal of Hazardous 

Materials Advances 7, article 100134. DOI: 10.1016/j.hazadv.2022.100134 

Ang, S. L., Shaharuddin, B., Chuah, J. A., and Sudesh, K. (2020). “Electrospun poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate)/silk fibroin film is a promising scaffold for 

bone tissue engineering,” International Journal of Biological Macromolecules 145, 

173-188. DOI: 10.1016/j.ijbiomac.2019.12.149 

Antar, M., Lyu, D., Nazari, M., Shah, A., Zhou, X., and Smith, D. L. (2021). “Biomass 

for a sustainable bioeconomy: An overview of world biomass production and 

utilization,” Renewable and Sustainable Energy Reviews 139, article 110691. DOI: 

10.1016/j.rser.2020.110691 

Augustine, R., Hasan, A., Patan, N. K., Dalvi, Y. B., Varghese, R., Antony, A., Unni, R. 

N., Sandhyarani, N., and Al Moustafa, A.-E. (2020). “Cerium oxide nanoparticle 

incorporated electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate) membranes 

for diabetic wound healing applications,” ACS Biomaterials Science & Engineering 6, 

58-70. DOI: 10.1021/acsbiomaterials.8b01352 

Biranje, S. S., Sun, J., Cheng, L., Cheng, Y., Shi, Y., Yu, S., Jiao, H., Zhang, M., Lu, X., 

Han, W., et al. (2022). “Development of cellulose nanofibril/casein-based 3D 

composite hemostasis scaffold for potential wound-healing application,” ACS Applied 

Materials & Interfaces 14, 3792-3808. DOI: 10.1021/acsami.1c21039 

Biranje, S. S., Shi, Y., Sun, J., Cheng, L., Jiao, H., Lu, X., Sethupathy, S., Wang, Q., 

Adivarekar, R. V., and Liu, J.  (2023). “Cellulose nanofibril/polylysine-based 3D 

composite antibacterial scaffold for wound healing applications,” Cellulose 30, 5289-

5306. DOI: 10.1007/s10570-023-05210-y 

Bonartsev, A. P., Bonartseva, G. A., Reshetov, I. V., Kirpichnikov, M. P., and Shaitan, K. 

V. (2019). “Application of polyhydroxyalkanoates in medicine and the biological 

activity of natural poly(3-hydroxybutyrate),” Acta Naturae 11, 4-16. DOI: 

10.32607/20758251-2019-11-2-4-16 

Castillo, L. A., Farenzena, S., Pintos, E., Rodríguez, M. S., Villar, M. A., García, M. A., 

and López, O. V. (2017). “Active films based on thermoplastic corn starch and 

chitosan oligomer for food packaging applications,” Food Packaging and Shelf Life 

14, 128-136. DOI: 10.1016/j.fpsl.2017.10.004 

Chen, D. M.-C., Bodirsky, B. L., Krueger, T., Mishra, A., and Popp, A. (2020). “The 

world’s growing municipal solid waste: Trends and impacts,” Environmental 

Research Letters 15. DOI: 10.1088/1748-9326/ab8659 

Chen, T. Y., Wang, H. Y., Wang, J., Fu, Q. Y., Tang, Y. J. (2023). “Preparation and 

characterization of lignin containing cellulose nanofiber from moso bamboo via 

acidified choline chloride/ethylene glycol pretreatment combined with 

homogenization,” Industrial Crops and Products, 202, article 117115. DOI: 

10.1016/j.indcrop.2023.117115 

da Silva, T. C. P., Fortes, A. G. d. S., de Abreu, I. R., de Carvalho, L. H., de Almeida, Y. 

M. B., Alves, T. S., and Barbosa, R. (2022). “Development of biodegradable 

PLA/PBAT-based filaments for fertilizer release for agricultural applications,” 

Materials 15, article 6764. DOI: 10.3390/ma15196764 

de Souza, F. M., and Gupta, R. K. (2024). “Bacteria for bioplastics: Progress, 

applications, and challenges,” ACS Omega 9, 8666-8686. DOI: 

10.1021/acsomega.3c07372 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4814 

Divyabharathi, R., Kalidasan, B., Sakthi Suriya Raj, J. S., and Chinnasamy, S. (2024). 

“Recent advances in sustainable agro residue utilisation, barriers and remediation for 

environmental management: Present insights and future challenges,” Industrial Crops 

and Products 216, article 118790. DOI: 10.1016/j.indcrop.2024.118790 

Fu, B., Chen, L., Huang, H. Y., Qu, P., and Wei, Z. G. (2021). “Impacts of crop residues 

on soil health: A review,” Environmental Pollutants and Bioavailability 33, 164-173. 

DOI: 10.1080/26395940.2021.1948354 

Fonseca, D. F. S., Vilela, C., Pinto, R. J. B., Bastos, V., Oliveira, H., Catarino, J., Faísca, 

P., Rosado, C., Silvestre, A. J. D., and Freire, C. S. R. (2021). “Bacterial 

nanocellulose-hyaluronic acid microneedle patches for skin applications: In vitro and 

in vivo evaluation,” Materials Science and Engineering: C 118, article 111350. DOI: 

10.1016/j.msec.2020.111350 

Francioso, O. (2024). “Current and future perspectives for biomass waste management 

and utilization,” Scientific Reports 14, article 9635. DOI:10.1038/s41598-024-59623-1 

Gao, X., Xie, D., and Yang, C. (2021). “Effects of a PLA/PBAT biodegradable film 

mulch as a replacement of polyethylene film and their residues on crop and soil 

environment,” Agricultural Water Management 255, article 107053. DOI: 

10.1016/j.agwat.2021.107053 

Getachew, A., and Woldesenbet, F. (2016). “Production of biodegradable plastic by 

polyhydroxybutyrate (PHB) accumulating bacteria using low cost agricultural waste 

material,” BMC Research Notes 9. DOI: 10.1186/s13104-016-2321-y 

Ghasemlou, M., Barrow, C. J., and Adhikari, B. (2024). “The future of bioplastics in food 

packaging: An industrial perspective,” Food Packaging and Shelf Life 43, article 

101279. DOI: 10.1016/j.fpsl.2024.101279 

Gonçalves, E. M., Silva, M., Andrade, L., and Pinheiro, J. (2024). “From fields to films: 

Exploring starch from agriculture raw materials for biopolymers in sustainable food 

packaging,” Agriculture 14, article 453. DOI: 10.3390/agriculture14030453 

Guo, B., Zhu, L., He, X., Zhou, X., Dong, B., and Liu, J. (2024). “Modified composite 

biodegradable mulch for crop growth and sustainable agriculture,” Polymers 16, 

article 1295. DOI: 10.3390/polym16091295 

Haider, F. U., Wang, X. K., Zulfiqar, U., Farooq M., Hussain, S., Mehood, T., Naveed, 

M., Li, Y. L., Cai, L. Q., Saeed, Q., et al. (2022). “Biochar application for 

remediation of organic toxic pollutants in contaminated soils; An update,” 

Ecotoxicology and Environmental Safety 248, article 114322. DOI: 

10.1016/j.ecoenv.2022.114322 

He, G., Liu, T., and Zhou, M. (2020). “Straw burning, PM2.5, and death: Evidence from 

China,” Journal of Development Economics 145, article 102468. DOI: 

10.1016/j.jdeveco.2020.102468 

Ho, T. T. K., Tra, V. T., Le, T. H., Nguyen, N. Q., Tran, C. T., Nguyen, P., Vo, T. D. H., 

Thai, V. N., and Bui, X. T. (2022). “Compost to improve sustainable soil cultivation 

and crop productivity,” Case Studies in Chemical and Environmental Engineering 6, 

article 100211. DOI: 10.1016/j.cscee.2022.100211 

Huang, Y., Huang, Y. M., Fang, L. P., Zhao, B., Zhang, Y. F., Zhu, Y. W., Wang Z. W., 

Wang Q., and Li, F. B. (2023). “Interfacial chemistry of mercury on thiol-modified 

biochar and its implication for adsorbent engineering,” Chemical Engineering 

Journal 454, article 140310. DOI: 10.1016/j.cej.2022.140310 

Iqbal, B., Zhao, T. T., Yin, W. Q., Zhao, X., Xie, Q. J., Khan, K. Y., Zhao, X. X., Nazar, 

M., Li, G. L., and Du, D. L. (2023). “Impacts of soil microplastics on crops: A 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4815 

review,” Applied Soil Ecology 181, article 104680. DOI: 

10.1016/j.apsoil.2022.104680 

Ji, Q. H., Zhou, C. S., Li, Z.Q., Boateng, I. D., and Liu, X. M. (2023). “Is nanocellulose a 

good substitute for non-renewable raw materials? A comprehensive review of the 

state of the art, preparations, and industrial applications,” Industrial Crops and 

Products 202, article 117093. DOI: 10.1016/j.indcrop.2023.117093 

Jiang, M., Huo, Y., Huang, K., Li M (2019). “Way forward for straw burning pollution 

research: A bibliometric analysis during 1972–2016,” Environmental Science and 

Pollution Research 26, 13948-13962. DOI: 10.1007/s11356-019-04768-0 

Jiang, M. H. (2018). Study on Gaseous Pollutants Emission Characteristics and Influence 

on the Air Quality over Surrounding Regions from Straw Burning, Beijing Forestry 

University. 

Jiao, F., Zhang, D., Chen, Y., Wu, J., and Zhang, J. (2023a). “Effects of long-term straw 

returning and nitrogen fertilizer reduction on soil microbial diversity in black soil in 

Northeast China,” Agronomy 13, article 2036. DOI: 10.3390/agronomy13082036 

Jiao, H. X., Shi, Y. F., Sun, J. Z., Lu, X. C., Zhang, H. X., Li, Y., Fu, Y. Y., Guo, J. Q., 

Wang, Q. Q., Liu, H., et al. (2024). “Sawdust-derived cellulose nanofibrils with high 

biosafety for potential bioprinting,” Industrial Crops and Products 209, article 

118025. DOI: 10.1016/j.indcrop.2024.118025 

Jiao, H. X., Sun, J. Z., Shi, Y. F., Lu, X. C., Ali, S. S., Fu, Y. Y., Zhang, H. X., Li, Y., 

Wang, Q. Q., Zhou, M. B., et al. (2023b). “Recent advances in strategies of 

nanocellulose surface and/or interface engineering for potential biomedical 

applications as well as its ongoing challenges: a review,” Cellulose 30, 6741-6771. 

DOI: 10.1007/s10570-023-05302-9 

Jing, Y. L., Zhang, Y. H., Han, I., Wang, P., Mei, Q. W., Huang, Y. J. (2020). “Effects of 

different straw biochars on soil organic carbon, nitrogen, available phosphorus, and 

enzyme activity in paddy soil,” Scientific Reports 10, article 8837. DOI: 

10.1038/s41598-020-65796-2 

Kamali, M., Sweygers, N., Al-Salem, S., Appels, L., Aminabhavi, T. M., and Dewil, R. 

(2022). “Biochar for soil applications – Sustainability aspects, challenges and future 

prospects,” Chemical Engineering Journal 428, article 131189. DOI: 

10.1016/j.cej.2021.131189 

Kashan, G., Zia-ud, D., Hidayat, U., Qin, O., Sumayya, R., Ibadullah, J., Mukhtar, A., 

Ziaur, R., Tariq, K., Saqib, A., et al. (2022). “Preparation and characterization of bio-

based nanocomposites packaging films reinforced with cellulose nanofibers from 

unripe banana peels,” Starch 74, article 2100283. DOI: 10.1002/star.202100283 

Kato, S., Ueda, T., Aoshima, T., Kosaka, N., and Nitta, S. (2024). “BioPBS™ 

(Polybutylene Succinate),” in: Synthetic Biodegradable and Biobased Polymers: 

Industrial Aspects and Technical Products, A. Künkel, G. Battagliarin, M., 

Winnacker, B. Rieger, and G. Coates (eds.), Springer International Publishing, Cham, 

pp. 269-304.. DOI: 10.1007/12_2023_159 

Khan, I., Iqbal, B., Khan, A. A., Inamullah, Rehman, A., Fayyaz, A., Shakoor, A., 

Farooq, T. H., and Wang, L. X. (2022). “The interactive impact of straw mulch and 

biochar application positively enhanced the growth indexes of maize (Zea mays L.) 

Crop,” Agronomy 12, article 2584. DOI: 10.3390/agronomy12102584 

Khan, M. A., Basir, A., Adnan, M., Fahad, S., Ali, J., Mussart, M., Mian, I. A., Ahmad, 

M., Saleem, M. H., Naseem, W., et al. (2023). “Biochar to improve crops yield and 

quality under a changing climate,” in: Sustainable Agriculture Review 61, S. Fahad, 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4816 

S. Danish, R. Datta, S. Saud, and E. Lichtfouse (eds), Springer, Cham 61, 57-73. 

DOI: 10.1007/978-3-031-26983-7_2 

Khan, S., Shah, Z., Mian, I. A., Dawar, K., Tariq, M., Khan, B., Mussarat, M., Amin, H., 

Ismail, M., Ali, S., et al. (2020). “Soil fertility, N2 fixation and yield of chickpea as 

influenced by long-term biochar application under mung–chickpea cropping system,” 

Sustainability 12, article 9008. DOI: 10.3390/su12219008 

Khater, E.-S., Bahnasawy, A., Hamouda, R., Sabahy, A., Abbas, W., and Morsy, O. M. 

(2024). “Biochar production under different pyrolysis temperatures with different 

types of agricultural wastes,” Scientific Reports 14, article 2625. 

DOI:10.1038/s41598-024-52336-5 

Klemm, D., Kramer, F., Moritz, S., Lindstrom, T., Ankerfors, M., Gray, D., and Dorris, 

A. (2011). “Nanocelluloses: A new family of nature-based materials,” Angewandte 

Chemie 50, 5438-5466. DOI: 10.1002/anie.201001273 

Kumar, K., Kumar, R., Kaushal, S., Thakur, N., Umar, A., Akbar, S., Ibrahim, A. A., and 

Baskoutas, S. (2023). “Biomass waste-derived carbon materials for sustainable 

remediation of polluted environment: A comprehensive review,” Chemosphere 345, 

article 140419. DOI: 10.1016/j.chemosphere.2023.140419 

Li, H., Dai, M., Dai, S., and Dong, X. (2018). “Current status and environment impact of 

direct straw return in China’s cropland – A review,” Ecotoxicology and 

Environmental Safety 159, 293-300. DOI: 10.1016/j.ecoenv.2018.05.014 

Li, X., Wu, D., Liu, X., Huang, Y. P., Cai, A. D., Xu, H., Ran, J. W., Xiao, J., and Zhang, 

W. J. (2024). “A global dataset of biochar application effects on crop yield, soil 

properties, and greenhouse gas emissions,” Scientific Data 11, article 57. DOI: 

10.1038/s41597-023-02867-9 

Li, Y., Jiao, H. X., Zhang, H. X., Wang, X. Y., Fu, Y. Y., Wang, Q. Q., Liu, H., Yong, Y. 

C., Guo, J. Q., and Liu, J. (2024). “Biosafety consideration of nanocellulose in 

biomedical applications: A review,” International Journal of Biological 

Macromolecules 265, article 130900. DOI: 10.1016/j.ijbiomac.2024.130900 

Lin, X., Guo, L., Shaghaleh, H., Hamoud, Y. A., Xu, X., and Liu, H. (2021). “A 

TEMPO-oxidized cellulose nanofibers/MOFs hydrogel with temperature and pH 

responsiveness for fertilizers slow-release,” International Journal of Biological 

Macromolecules 191, 483-491. DOI: 10.1016/j.ijbiomac.2021.09.075 

Liu, A., Wu, H. L., Naeem, A., Du, Q., Ni, B., Liu, H. B., Li, Z., and Ming, L. S. (2023). 

“Cellulose nanocrystalline from biomass wastes: An overview of extraction, 

functionalization and applications in drug delivery,” International Journal of 

Biological Macromolecules 241, artilce 124557. DOI: 

10.1016/j.ijbiomac.2023.124557 

Liu, J., Bacher, M., Rosenau, T., Willför, S., and Mihranyan, A. (2017a). “Potentially 

immunogenic contaminants in wood-based and bacterial nanocellulose: Assessment 

of endotoxin and (1,3)-β-d-glucan levels,” Biomacromolecules 19, 150-157. DOI: 

10.1021/acs.biomac.7b01334 

Liu, J., Cheng, F., Grénman, H., Spoljaric, S., Seppälä, J., Eriksson, J. E., Willför, S., and 

Xu, C. L. (2016). “Development of nanocellulose scaffolds with tunable structures to 

support 3D cell culture,” Carbohydrate Polymers 148, 259-271. DOI: 

10.1016/j.carbpol.2016.04.064 

Liu, J., Sun, L., Xu, W., Wang, Q., Yu, S., and Sun, J. (2019). “Current advances and 

future perspectives of 3D printing natural-derived biopolymers,” Carbohydrate 

Polymers 207, 297-316. DOI: 10.1016/j.carbpol.2018.11.077 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4817 

Liu, J., Willför, S., and Mihranyan, A. (2017b). “On importance of impurities, potential 

leachables and extractables in algal nanocellulose for biomedical use,” Carbohydrate 

Polymers 172, 11-19. DOI: 10.1016/j.carbpol.2017.05.002 

Lyu, J. S., and Han, J. (2023). “Scale-up fabrication of a biodegradable PBAT/PLA 

composite film compatibilized with a chain extender for industrial agricultural mulch 

film application,” Composites Part C 12, artilce 100397. DOI: 

10.1016/j.jcomc.2023.100397 

Mahmoud, N. A., Yasien, A. M., Swilam, D. H., Gamil, M. M., and Ahmed, S. T. (2022). 

“Impacts of biodegradable plastic on the environment,” in:  Handbook of 

Biodegradable Materials, pp. 1-27. DOI: 10.1007/978-3-030-83783-9_34-1 

Mateo, S., Peinado, S., Morillas-Gutiérrez, F., La Rubia, M. D., and Moya, A. J. (2021). 

“Nanocellulose from agricultural wastes: Products and applications—A review,” 

Processes 9, article 1594. DOI: 10.3390/pr9091594 

Mehrpouya, M., Vahabi, H., Barletta, M., Laheurte, P., and Langlois, V. (2021). 

“Additive manufacturing of polyhydroxyalkanoates (PHAs) biopolymers: Materials, 

printing techniques, and applications,” Materials Science & Engineering, C., 

Materials for Biological Applications 127, article 112216. DOI: 

10.1016/j.msec.2021.112216 

Menossi, M., Cisneros, M., Alvarez, V. A., and Casalongué, C. (2021). “Current and 

emerging biodegradable mulch films based on polysaccharide bio-composites. A 

review,” Agronomy for Sustainable Development 41. DOI: 10.1007/s13593-021-

00685-0 

Merino, D., Zych, A., and Athanassiou, A. (2022). “Biodegradable and biobased mulch 

films: Highly stretchable PLA composites with different industrial vegetable waste,” 

ACS Applied Materials & Interfaces 14, 46920-46931. DOI: 10.1021/acsami.2c10965 

Minn, A., Abeyrathna, R. M. R. D., Nakaguchi, V. M., and Ahamed, T. (2023). 

“Development of a 3D printed new metering mechanism for a multi-crop seed 

broadcasting system using an autonomous small-scale vehicle,” Inventions 8, article 

69. DOI: 10.3390/inventions8030069 

Moshood, T. D., Nawanir, G., Mahmud, F., Mohamad, F., Ahmad, M. H., AbdulGhani, 

A. (2022). “Sustainability of biodegradable plastics: New problem or solution to 

solve the global plastic pollution?,” Current Research in Green and Sustainable 

Chemistry 5, article 100273. DOI: 10.1016/j.crgsc.2022.100273 

Nadarajah, K., Asharp, T., and Jeganathan, Y. (2024). “Biochar from waste biomass, its 

fundamentals, engineering aspects, and potential applications: An overview,” Water 

Science & Technology 89, 1211-1239. DOI: 10.2166/wst.2024.051 

Nanda, S., Patra, B. R., Patel, R., Bakos, J., and Dalai, A. K. (2022). “Innovations in 

applications and prospects of bioplastics and biopolymers: A review,” Environ. 

Chem. Lett. 20, 379-395. DOI: 10.1007/s10311-021-01334-4 

Nguyen, T.-B., Sherpa, K., Bui, X.-T., Nguyen, V.-T., Vo, T.-D.-H., Ho, H.-T.-T., Chen, 

C.-W., and Dong, C.-D. (2023). “Biochar for soil remediation: A comprehensive 

review of current research on pollutant removal,” Environmental Pollution 337, 

article 122571. DOI: 10.1016/j.envpol.2023.122571 

Ning, L.K., You, C. Q., Jia, Y. X., Chen, J. Q., Zhang, Y., Li, X., Rojas, O. J., and Wang, 

F. (2023). “Cellulose nanocrystals for crop protection: Leaf adhesion and controlled 

delivery of bioactive molecules,” Green Chemistry 25, 2690-2698. DOI: 

10.1039/d3gc00328k 

Paswan, M., Adhikary, S., Salama, H. H., Rusu, A. V., Zuorro, A., Dholakiya, B. Z., Trif, 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4818 

M., and Bhattacharya, S. (2023). “Microbial synthesis of lactic acid from cotton stalk 

for polylactic acid production,” Microorganisms 11, 1931. DOI: 

10.3390/microorganisms11081931 

Pierson, D., Anderson, N., Brewen, J., Clark, N., Hardy, M. C., McCollum, D., 

McCormick, F. H., Morisette, J., Nicosia, T., Dumroese, D. P., et al. (2024). “Beyond 

the basics: A perspective on barriers and opportunities for scaling up biochar 

production from forest slash,” Biochar 6, article 1. DOI:10.1007/s42773-023-00290-2 

Purnama, P., Samsuri, M., and Iswaldi, I. (2022). “A review on fully bio-based materials 

development from polylactide and cellulose nanowhiskers,” Polymers 14, article 

4009. DOI: 10.3390/polym14194009 

Rajput, V. D., Minkina, T., Ahmed, B., Singh, V. K., Mandzhieva, S., Sushkova, S., 

Bauer, T., Verma, K. K., Shan, S. D., Hullebusch, E. D., et al. (2022). “Nano-biochar: 

A novel solution for sustainable agriculture and environmental remediation,” 

Environmental Research 210, article 112891. DOI: 10.1016/j.envres.2022.112891 

Ravindra, K., Singh, T., and Mor, S. (2019). “Emissions of air pollutants from primary 

crop residue burning in India and their mitigation strategies for cleaner emissions,” 

Journal of Cleaner Production 208, 261-273. DOI: 10.1016/j.jclepro.2018.10.031 

Rodrigues, D.M., Silva, M. F., Almeida, F. L. C., Mélo, A. H. F., Forte, M. B. S., Martín, 

C., Barud, H. S., Baudel, H. M., and Goldbeck, R. (2024). “A green approach to 

biomass residue valorization: Bacterial nanocellulose production from agro-industrial 

waste,” Biocatalysis and Agricultural Biotechnology 56, article 103036. DOI: 

10.1016/j.bcab.2024.103036 

Satti, S. M., Shah, A. A., Marsh, T. L., and Auras, R. (2018). “Biodegradation of 

poly(lactic acid) in soil microcosms at ambient temperature: Evaluation of natural 

attenuation, bio-augmentation and bio-stimulation,” Journal of Polymers and the 

Environment 26, 3848-3857. DOI: 10.1007/s10924-018-1264-x 

Serrano-Ruiz, H., Martin-Closas, L., and Pelacho, A. M. (2021). “Biodegradable plastic 

mulches: Impact on the agricultural biotic environment,” Science of the Total 

Environment 750, article 141228. DOI: 10.1016/j.scitotenv.2020.141228 

Shan, A. Q., Pan, J. Q., Kang, K. J., Pan, M. H., Wang, G., Wang, M., He, Z. L., and 

Yang, X. (2021). “Effects of straw return with N fertilizer reduction on crop yield, 

plant diseases and pests and potential heavy metal risk in a Chinese rice paddy: A 

field study of 2 consecutive wheat-rice cycles,” Environmental Pollution 288, article 

117741. DOI: 10.1016/j.envpol.2021.117741 

Shang, H., Fu, Q., Zhang, S., and Zhu, X. (2021). “Heating temperature dependence of 

molecular characteristics and biological response for biomass pyrolysis volatile-

derived water-dissolved organic matter,” Science of The Total Environment 757, 

article 143749. DOI: 10.1016/j.scitotenv.2020.143749 

Shen, J., Huang, G., Yao, Y., Zhang, P., and Yin, J. (2024). “Challenges and 

opportunities for the production, utilization and effects of biochar in cold-region 

agriculture,” Science of The Total Environment 906, article 167623. DOI: 

10.1016/j.scitotenv.2023.167623 

Shi, X. C., Wang, Z. B., Liu, S. Y., Xia, Q. Q., Liu, Y. Z., Chen, W. S., Yu, H. P., and 

Zhang, K. (2024). “Scalable production of carboxylated cellulose nanofibres using a 

green and recyclable solvent,” Nature Sustainability 7, 315-325. DOI: 

10.1038/s41893-024-01267-0 

Shi, Y. F., Jiao, H. X., Sun, J. Z., Lu, X. C., Yu, S. J., Cheng, L., Wang, Q. Q., Liu, H., 

Biranje, S., Wang, J., et al. (2022). “Functionalization of nanocellulose applied with 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4819 

biological molecules for biomedical application: A review,” Carbohydrate Polymers 

285, article 119208. DOI: 10.1016/j.carbpol.2022.119208 

Simanke, A., Harrison, J., Srinivasan, P., Ouyang, M., Xie, J., and Domingues, N. S. 

(2024). “Recent advances in biobased materials and value-added chemicals,” AIChE 

Journal 70, article e18506. DOI: 10.1002/aic.18506 

Slezak, R., Krzystek, L., Puchalski, M., Krucińska, I., and Sitarski, A. (2023). 

“Degradation of bio-based film plastics in soil under natural conditions,” Science of 

The Total Environment 866, article 161401. DOI: 10.1016/j.scitotenv.2023.161401 

Stasiškienė, Ž., Barbir, J., Draudvilienė, L., Chong, Z. K., Kuchta, K., Voronova, V., and 

Leal Filho, W. (2022). “Challenges and strategies for bio-based and biodegradable 

plastic waste management in Europe,” Sustainability 14, article 16476. DOI: 

10.3390/su142416476 

Tan, G., and Yu, H.-Q. (2023). “Rethinking biochar: Black gold or not?,” Nature Reviews 

Materials 9, 4-5. DOI: 10.1038/s41578-023-00634-1 

Tardy, B. L., Richardson, J. J., Greca, L. G., Guo, J., Bras, J., and Rojas, O. J. (2022). 

“Advancing bio-based materials for sustainable solutions to food packaging,” Nature 

Sustainability 6, 360-367. DOI: 10.1038/s41893-022-01012-5 

Tareq, S., Jeevanandam, J., Acquah, C., and Danquah, M. K. (2023). “Biomedical 

applications of bioplastics,” in:  Handbook of Bioplastics and Biocomposites 

Engineering Applications, pp. 175-197. DOI: 10.1002/9781119160182.ch9 

Thiruchelvi, R., Das, A., and Sikdar, E. (2021). “Bioplastics as better alternative to petro 

plastic,” Materials Today: Proceedings 37, 1634-1639. DOI: 

10.1016/j.matpr.2020.07.176 

Thomas, A. P., Kasa, V. P., Dubey, B. K., Sen, R., and Sarmah, A. K. (2023). “Synthesis 

and commercialization of bioplastics: Organic waste as a sustainable feedstock,” 

Science of The Total Environment 904, article 167243. DOI: 

10.1016/j.scitotenv.2023.167243 

Urra, J., Alkorta, I., and Garbisu, C. (2019). “Potential benefits and risks for soil health 

derived from the use of organic amendments in agriculture,” Agronomy 9, article 542. 

DOI: 10.3390/agronomy9090542 

Vigneswari, S., Kee, S. H., Hazwan, M. H., Ganeson, K., Tamilselvan, K., Bhubalan, K., 

Amirul, A. A., and Ramakrishna, S. (2024). “Turning agricultural waste streams into 

biodegradable plastic: A step forward into adopting sustainable carbon neutrality,” 

Journal of Environmental Chemical Engineering 12, article 112135. DOI: 

10.1016/j.jece.2024.112135 

Wang, F. F., Song, Y. N., Huang, J. L., Wu, B. X., Wang, Y. A., Pang, Y. L., Zhang, W., 

Zhu, Z. L., Ma, F. L., Wang, X. L., et al. (2021). “Lollipop-inspired multilayered 

drug delivery hydrogel for dual effective, long-term, and NIR-defined glaucoma 

treatment,” Macromolecular Bioscience 21, article e2100202. DOI: 

10.1002/mabi.202100202 

Wang, Q., Ji, C., Sun, L., Sun, J., and Liu, J. (2020). “Cellulose nanofibrils filled 

poly(lactic acid) biocomposite filament for FDM 3D printing,” Molecules 25(10), 

article 2319. DOI: 10.3390/molecules25102319 

Xue, Q., Liu, X. B., Lao, Y.-H., Wu, L.-P., Wang, D., Zuo, Z.-Q., Chen, J.-Y., Hou, J., 

Bei, Y.-Y., Wu, X.-F., et al. (2018). “Anti-infective biomaterials with surface-

decorated tachyplesin I,” Biomaterials 178, 351-362. DOI: 

10.1016/j.biomaterials.2018.05.008 

Yang, J. E., Jeon, H. S., Kim, S., Kim, Y. Y., Kim, J. C., Kim, H. M., Hwang, I. M., and 



 

PEER-REVIEWED REVIEW ARTICLE               bioresources.cnr.ncsu.edu 

 

 

Liu et al. (2025). “Valorizing Ag residues: Review,” BioResources 20(2), 4798-4820.  4820 

Park, H. W. (2024). “Valorization of cabbage waste as a feedstock for microbial 

polyhydroxyalkanoate production: Optimizing hydrolysis conditions and 

polyhydroxyalkanoate production,” Journal of Agricultural and Food Chemistry 72, 

6110-6117. DOI: 10.1021/acs.jafc.3c07057 

Yu, S., Sun, J., Shi, Y., Wang, Q., Wu, J., and Liu, J. (2021). “Nanocellulose from 

various biomass wastes: Its preparation and potential usages towards the high value-

added products,” Environmental Science and Ecotechnology 5, article 100077. DOI: 

10.1016/j.ese.2020.100077 

Zhang, M., Jia, H., Weng, Y., and Li, C. (2019). “Biodegradable PLA/PBAT mulch on 

microbial community structure in different soils,” International Biodeterioration & 

Biodegradation 145, article 104817. DOI: 10.1016/j.ibiod.2019.104817 

Zhao, X. H., Wang, Y., Chen, X. W., Yu, X. B., Li, W., Zhang, S. Y., Meng, X. Z., Zhao, 

Z. M., Dong, T., Anderson, A., et al. (2023). “Sustainable bioplastics derived from 

renewable natural resources for food packaging,” Matter 6, 97-127. DOI: 

10.1016/j.matt.2022.11.006 

Zhong, Y., Godwin, P., Jin, Y., and Xiao, H. (2020). “Biodegradable polymers and 

green-based antimicrobial packaging materials: A mini-review,” Advanced Industrial 

and Engineering Polymer Research 3, 27-35. DOI: 10.1016/j.aiepr.2019.11.002 

Zhu, Q., Yao, Q., Liu, J., Sun, J., and Wang, Q. (2020). “Emissions from the fused 

filament fabrication 3D printing with lignocellulose/polylactic acid filament,” 

BioResources 15, 7560-7572. DOI: 10.15376/biores.15.4.7560-7572 

Zhuo, Q., Liang, Y., Hu, Y., Shi, M., Zhao, C., and Zhang, S. (2023). “Applications of 

biochar in medical and related environmental fields: Current status and future 

perspectives,” Carbon Research 2. DOI: 10.1007/s44246-023-00066-0 

Zouari, M., Hribernik, S., Schwarzkopf, M., and Wang, F. (2024). “Indoor air 

remediation using biochar from bark: Impact of particle size and pollutant 

concentration,” Indoor Air 2024, 1-12. DOI: 10.1155/2024/1537588 

Żur-Pińska, J., Gładysz, M. Z., Ubels, D., Siebring, J., and Włodarczyk-Biegun, M. K. 

(2023). “Smart and sustainable: Exploring the future of PHAs biopolymers for 3D 

printing in tissue engineering,” Sustainable Materials and Technologies 38, article 

e00750. DOI: 10.1016/j.susmat.2023.e00750 

 

Article submitted: October 23, 2024; Peer review completed: November 23, 2024; 

Revised version received: November 23, 2024; Accepted: January 7, 2025; Published: 

February 18, 2025. 

DOI: 10.15376/biores.20.2.Liu 


