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A B S T R A C T

Efficient utilization of bamboo lignocellulose remains challenging because its recalcitrance limits biomass con
version and utilization. Here, we demonstrate a cascading biorefinery strategy of one-year-old (Y1) bamboo by 
maximizing bioethanol production and converting all enzymatic residues into high-value nanomaterials. While 
the global lignocellulose harvest of Y1 bamboo was estimated for boosting sugars and bioethanol production, the 
enzyme-undigested residues were recycled to generate smaller cellulose nanofibrils and shorter cellulose 
nanocrystals by 21% and 50%, compared to its raw material and other 3- and 5-year-olds bamboo samples. The 
ultrafine lignin nanoparticles of Y1 undigested-residues with 92%–96% reduced diameters were subsequently 
obtained to generate the graphitic nanocarbon with the second largest specific-surface-area at 2865 m2 g− 1 

among the most biomass-based carbons as previously reported. The nanocarbon was detected with much higher 
specific electro-capacitance at 261 F g− 1 and consistently higher CO2 adsorption capacity at 4.3 mmol g− 1. 
Notably, the 75-year life cycle assessments anticipate total carbon captures from advanced bioethanol and 
nanomaterials productivity of the Y1 bamboo, which may decline global warming and environmental impacts by 
replacing petrol-fuels and low-value bioproducts. This study thus demonstrates that short-life bamboo offers 
multiple recycling advantages for efficient biofuel conversion and effective bioproduct invention associated with 
the integrative reduction of total CO2 emissions by cascading lignocellulose utilization and zero-biomass 
liberation.

1. Introduction

Carbon neutrality is considered a long-term strategy for controlling 
global warming and climate abnormity [1,2]. As plant photosynthesis 
provides a sustainable CO2 fixation path to accumulate countless 
biomass in plant cell walls, lignocellulose conversion can partially 

replace fossil fuels and reduce net carbon emissions. However, ligno
cellulose recalcitrance inevitably results in expensive biomass dispen
sation objectionable for large-scale biofuel production, along with 
secondary waste liberation [3–6]. Thus, the integration of various green- 
like technologies is crucial to generating cost-effective biofuels and 
value-added nanomaterials with sustainable circulation [7–9].
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Given that cellulosic ethanol is an excellent additive for gasoline, 
lignocellulose conversion retains many enzyme-undigested residues rich 
in condensed lignin with highly crystalline cellulose [10–12]. As a 
promising solution, lignin is widely employed to generate valuable 
bioproducts, with lignin nanoparticles (LNPs) anticipated to be active 
precursors for high-quality nanomaterials [13,14]. As essential load- 
bearing wall compounds in higher plants, cellulose microfibrils are 
progressively retained to fabricate dimension-reduced cellulose nano
fibrils (CNFs) and cellulose nanocrystals (CNCs) as functional compos
itors and optimal intermediates for the generation of ultrafine 
nanocarbons [15–18]. Nanocarbon materials are currently available in a 
range of dimensionalities from zero-dimensional (0D) quantum dots to 
three-dimensional (3D) bulk materials, and exhibit favorable stability 
and other advantageous properties [19–22]. Owing to their large spe
cific surface areas, adjustable pore sizes, and superior physicochemical 
stabilities, the carbonaceous materials have attracted significant atten
tion as electrode materials for supercapacitors [23,24]. Despite these 
advantages, the widespread application of nanocarbon-based super
capacitors is hindered by their relatively low energy densities and high 
manufacturing costs. The transforming of amorphous carbon into 
graphitic carbon can improve the catalytic performance of transition 
metals and carbon materials [25–27].

As a typically perennial plant, bamboo has an extremely rapid 
growth rate, with woody stems that can grow up to 1 m per day [28], 
and provides a vast supply of lignocellulosic materials worldwide 
[28,29]. Although advanced technology has been developed to utilize 
mature bamboo for biofuels and bioproducts, many unconvertible 
biomass residues remain preserved owing to the exceptionally harsh 

recalcitrance of bamboo lignocellulose with compacted lignification and 
high crystallinity. By performing green-like pretreatments for three 
different-year-old bamboo tissues distinct from lignocellulose recalci
trance, our previous study examined enhanced biomass enzymatic 
saccharification and bioethanol production from one-year-old bamboo. 
However, whether short-life bamboo offers superior cascading potential 
for simultaneous biofuel generation and advanced nanomaterial fabri
cation has not yet been systematically evaluated. Furthermore, the long- 
term carbon mitigation potential of such an integrative strategy remains 
unclear. In the current study, the total global bioethanol production 
from green-like bamboo processes was evaluated, and all the remaining 
enzyme-undigested residues were subsequently utilized to generate su
perfine CNFs, CNCs, and LNPs (Fig. 1). In addition, the enzyme- 
undigested residues were converted into graphitic nanocarbon 
through optimized thermo-chemical catalysis to obtain high electro
chemical capacitance and CO2 adsorption capacity. Finally, this study 
conducts a predictable life-cycle assessment (LCA) of bioethanol and 
advanced nanomaterials productions from one-year-old bamboo har
vested and estimates the alternative advantages of traditional fossil fuels 
and low-priced bioproducts for sustainably reducing CO2 emissions and 
environmental impacts.

2. Material and methods

2.1. Materials

Bamboo (Phyllostachys edulis) was grown in the experimental field of 
Zhejiang A&F University. The 1-, 3- and 5-year-old bamboo stems, 

Fig. 1. General estimation of global bioethanol production and advanced nanomaterials conversion from different-year-old bamboo harvests. The 1-, 3-, and 5-year- 
old bamboo samples termed as Y1, Y3, and Y5; after two-step (steam explosion followed with green liquor) pretreatments and sequential enzymatic hydrolyses, total 
sugars yield of Y1 bamboo was estimated to account for bioethanol production, and total global bioethanol yields were calculated based on world-wide bamboo 
harvests for 75 years as described in Table S1; the sugars and bioethanol yields of Y3 and Y5 bamboo samples were presented as reduced percentage relative to the Y1 
bamboo; the enzyme-undigested residues were employed to generate four types of nanomaterials.
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termed PhY1/Y1, PhY3/Y3, and PhY5/Y5, were respectively collected, 
and two-step pretreated lignocelluloses of bamboo samples were 
collected as previously described [30]. Briefly, the air-dried bamboo 
chips (0.3 × 0.3 × 5 cm) were pretreated by steam explosion at 213 ◦C 
(2.5 MPa) for 5 min. The resulting residues were then subjected to green 
liquor (a mixture of Na2S and Na2CO3, sulfidity 30%) pretreatment 
under optimized conditions (TTA = 31.0%, 166.41 ◦C, 28.01 min). After 
pretreatment, the residues were thoroughly washed with deionized 
water until neutral pH. The pretreatment supernatants were collected 
for lignin isolation as described [31], and solid enzyme-undigested 
residues were stored as undigested residues as described (Fig. S1). 
Briefly, the pretreatment supernatant was neutralized and concentrated, 
followed by ethanol-induced precipitation to recover hemicelluloses. 
The remaining liquor was acidified to pH 2 to precipitate lignin, which 
was collected by centrifugation, washed to remove salts, and freeze- 
dried for further analysis. After fermentation, the remaining solid frac
tion was recovered by filtration, thoroughly washed with deionized 
water to remove sugars and enzymes, and freeze-dried as the enzyme- 
undigested residue (Fig. S1). This residue was subsequently used for 
preparations of CNFs, CNCs, LNPs, and nanocarbon.

2.2. CNFs and CNCs preparation

The major steps for CNFs and CNCs preparations were listed 
(Fig. S1). Briefly, dried and milled bamboo samples were delignified 
with 5% NaOH at 60 ◦C for 1 h (5 cycles) and bleached with 0.5% NaClO 
at 60 ◦C for 1 h (3 cycles). The solids were washed to neutral pH and 
homogenized (60 MPa, 5–20 cycles) to obtain CNFs [32]. For CNCs, the 
purified cellulose (2 g) was hydrolyzed with 64% H2SO4 at 45 ◦C for 45 
min, followed by centrifugation and dialysis to neutral pH. The sus
pension was ultrasonicated for uniform dispersion and stored at 4 ◦C for 
further use [17,18].

2.3. LNPs fabrication

LNPs were obtained by solvent-antisolvent method [33] with minor 
modification (Fig. S1). Lignin powders (0.3 g) were mixed with 6 mL 
glycerol-water solution (9:1, v/v) containing 1% HCl into a round bot
tom flask with stirring at room temperature. The mixture was trans
ferred to a microwave reactor (WBF Y-201, Kebei, China) under 
irradiation at 400 W for 5 min. After centrifugation at 14000 r/min for 
15 min, the supernatant containing LNPs was collected under sonication 
for 120 min. Under dialysis (MWCO: 8,000–14,000, Spectrum Labs, 
USA) for 3 days, the LNPs suspension was stored at 4 ◦C until in use.

2.4. Porous nanocarbon preparation

Porous nanocarbon was prepared by pyrolysis followed by K2FeO4- 
assisted activation with the enzyme-undigested residues as previously 
described (Fig. S1). Lignocellulose samples were pyrolyzed in a tube 
furnace at 400 ◦C for 2 h at a heating rate of 5 ◦C min− 1 under nitrogen as 
described (Fig. S1). The dispersed K2FeO4 (99.99%, Aladdin) was added 
into the pyrolytic carbon (1.0 g) under stirring for 8 h, and dried at 80 ◦C 
overnight. The mass ratio of pyrolytic carbon to activator (K₂FeO₄) was 
set at 1:1, 1:2, and 1:3 (w/w) to investigate the effect of activation in
tensity on pore development and structural evolution. The obtained 
solid sample was ground into a tube furnace and heated at 700 ◦C, 
800 ◦C, 900 ◦C, and 1000 ◦C for 2 h at a heating rate of 5 ◦C min− 1 under 
argon. After washing with 1 M HCl and deionized water and drying at 
100 ◦C, the carbon sample was stored in use.

2.5. Wall polymers extraction and determination

Wall polysaccharides were extracted as previously described and 
determined as described [34,35]. Using potassium phosphate buffer (pH 
7.0), chloroform-methanol (1:1, v/v), DMSO-water (9:1, v/v), and 

ammonium oxalate 0.5% (w/v), the lignocellulosic biomass was 
sequentially extracted to remove soluble sugars, lipid, starch, and 
pectin. The remaining residues were further extracted with 4 M KOH 
(with 1.0 mg mL− 1 sodium borohydride) at 25 ◦C for 1 h, and the su
pernatants were defined as the KOH-extractable hemicellulose fraction. 
The remaining residue was used to detect the total pentoses for the non- 
KOH extractable hemicellulose fraction. The total hemicellulose content 
was measured by counting the pentoses of the non-KOH-extractable 
residue and the total hexoses and pentoses in the KOH-extractable su
pernatant. Total lignin was measured using the Laboratory Analytical 
Procedure of the National Renewable Energy Laboratory as described 
[36]. The acid-insoluble and acid-soluble lignin were respectively 
determined after two-step sulfuric acid hydrolysis, and total lignin was 
calculated as the sum of both fractions. The lignin monomer composi
tion (H, G, and S units) was determined by alkaline nitrobenzene 
oxidation followed by HPLC analysis as previously described with minor 
modifications [37]. The extractive-free cell wall residue was oxidized in 
alkaline nitrobenzene at 170 ◦C for 3.5 h, and the resulting oxidation 
products were analyzed using a Waters 1525 HPLC equipped with a C18 
column and UV detection at 280 nm. The degree of polymerization (DP) 
and crystalline index (CrI) of cellulose samples were respectively 
detected as described [38]. The crude cellulose samples were prepared 
for DP detection using 4 M KOH containing sodium borohydride at 1.0 
mg mL− 1 and 8% (w/v) NaClO2, and the DP measurements were 
completed at 25 ± 0.5 ◦C under independent triplicate. The X-ray 
diffraction method was applied to detect cellulose CrI using a Rigaku D/ 
MAX instrument (Ultima III, Japan) according to the equation: CrI =
100 × (I200–Iam)/I200. I200 is the intensity of the 200 peak (I200, θ =
22.5◦).

2.6. Characterization of nanomaterials

Atomic force microscopy (AFM, SPM9700, China) was employed to 
observe the CNFs and CNCs samples as described [32,39]. Samples were 
deposited onto freshly cleaved mica substrates, air-dried, and imaged 
under tapping mode at room temperature. The average distance be
tween two defects/amorphous chains of cellulose microfibrils was 
measured using the Gwyddion software. Transmission electron micro
scopy was applied to observe CNFs, CNCs, and LNPs as described 
[40,41]. Carbon samples were characterized using the following facil
ities such as scanning electron microscope (SEM; JSM-6390/LV, Hitachi, 
Tokyo, Japan), X-ray diffraction spectrometer (XRD, Rigaku-D/MAX 
instrument, Ultima III, Japan) with Cu Kα radiation; laser scanning 
confocal micro-Raman spectrometer (IN VIA, Renishaw, UK) with a laser 
excitation wavelength of 532 nm and scanning in an extended range of 
500–3000 cm− 1. The specific surface area and pore volumes were 
measured using nitrogen adsorption-desorption (Micromeritics ASAP 
2020, US) at 77 K, and the samples were outgassed under vacuum at 
200 ◦C for 2 h before analysis. Under Brunauer–Emmett–Teller (BET) 
assay, the surface area was determined from the linear plots, and the 
pore size distribution was calculated.

2.7. Electrochemical characterization

The electrochemical properties of carbon samples were evaluated in 
a three-electrode system with 1 M Na2SO4 or 6 M KOH as described 
[42,43]. Carbon powder was loaded on the electrode at ~4.0 or ~10.0 
mg cm− 2. Platinum foil was used as the counter electrodes, and Ag/AgCl 
and saturated calomel electrode was applied as the reference electrode 
[42]. The cyclic voltammetry (CV) and galvanostatic charge-discharge 
(GCD) measurements were completed on a CHI-660E electrochemical 
workstation (CH Instruments Inc., Shanghai). Based on the GCD curves, 
the specific capacitance of carbon powder (Cs, F g− 1) was calculated by 
the equation [44]: 

Cs = (I×Δt)/(m×ΔV) (1) 
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where I (A), Δt (s), ΔV (V) and m (g) represent discharge current, 
discharge time, operating potential and the total mass of carbon powder 
without super-P and binder, respectively.

2.8. Measurement of CO2 adsorption

CO2 adsorption was detected by a Micromeritics Tristar II 3020 in
strument fitted with an external water circulator. After degassing under 
vacuum overnight at 250 ◦C, the carbon samples were employed to 
measure adsorption isotherms at 0 ◦C and 25 ◦C and a pressure range of 
1 bar, as described [45,46].

2.9. Life cycle assessment (LCA)

The LCA was employed to assess the environmental impacts of both 
bioethanol conversion and four types of nanomaterials generation. The 
“cradle-to-gate” LCA was defined by major stages of bioethanol pro
duction, including feedstock grinding, two-step pretreatment, enzymatic 
scarification, ethanol fermentation and distillation, as well by the major 
processes of nanomaterials generation as described (Fig. S1). The LCA 
was modelled using an attributional approach on process inputs and 
outputs, and calculations were performed using the SimPro software 
(version 9.5) in accordance with ISO 14040 guidelines. The selected 
functional unit was the consumption of 1 kg raw material of bamboo for 
bioethanol conversion and nanomaterials generation. In particular, the 
CML 2001 method was employed in this study. Data related to the 
environmental impact of materials and energy input were mainly ob
tained from the ecoinvent 3 database using cut-off system model. In this 
study, we assumed that an equal distribution of enzyme-undigested 
residues could be allocated to prepare cellulose nanocrystals, cellulose 
nanofibrils, lignin nanoparticles, and nanocarbons at a 1:1:1:1 mass 
ratio. The transportation of all consumables was considered by assuming 
a transportation distance of 100 km. Detailed inventory data and 
calculation procedures are provided in the Supplemental Text.

2.10. Statistical analysis

Statistical analyses of variance, regression coefficients, and Spear
man's rank correlation coefficient were accomplished using Superior 
Performance Software System (SPSS version 16.0, Inc., Chicago, IL). 
Pair-wise comparisons were conducted between two measurements 
using the Student's t-test. The line graph, histogram, and regression 
analysis for the best-fit curve were generated using Origin 2021 software 
(Microcal Software, Northampton, MA). The average values were 
calculated from the original triplicate measurements for these analyses.

3. Results

3.1. Substantial bioethanol production and distinct lignocellulose residues

By employing 1-, 3- and 5-year-old classic bamboo (Phyllostachys 
edulis) plants, termed Y1, Y3, and Y5, respectively, we previously con
ducted fully green-like (steam explosion followed by green liquor) pre
treatments with lignocellulose substrates to enhance biomass 
saccharification and bioethanol conversion [30]. This study extended 
the estimation of total sugars (hexoses and pentoses) yields released 
from both two-step pretreatments and sequential enzymatic hydrolyses 
in three bamboo samples raised by 12–18 folds relative to the raw ma
terials (Figs. 1 and S1; Table S1). Based on the average xylose-ethanol 
conversion rate [47], the total ethanol yields could be upgraded by 
11–14 fold. The Y1 sample showed significantly higher total sugars and 
bioethanol yields than the Y3 and Y5 samples at p < 0.05 levels (n = 3), 
mainly due to its lower lignin content and cellulose crystallinity, which 
facilitated more efficient enzymatic saccharification and released 
greater total sugars. Notably, global bioethanol yields were assessed as 

1.35 × 109, 1,17 × 109, and 0.97 × 109 ton per year by calculating the 
total global bamboo production harvested after one, three and five years 
of growth (Table S1), revealing that short-life (Y1) bamboo is advanta
geous for efficient bioethanol productivity under green-like processes.

Owing to the highly-crystalline cellulose assembly and rich lignin 
deposition in bamboo tissues, approximately 11%–16% enzyme- 
undigested residues of total dry biomass were obtained from the 
ethanol biorefinery (Fig. 1; Table S2). In comparison, the undigested 
residues consisted of 21%–27% lignin, 3%–6% cellulose, and 2%–3% 
hemicellulose; however, the Y1 residue contained significantly less 
cellulose and lignin than the Y3 and Y5 samples at p < 0.05 (Fig. S2). 
Furthermore, Y1 residue showed relatively lower cellulose crystalline 
index (CrI) and degree of polymerization (DP) values, consistent with 
significantly reduced cellulose CrI and DP values in the raw material 
(Fig. S3A and B). Compared with the raw materials, all enzyme- 
undigested residues showed an average increase of 35% in cellulose 
CrI and a 61% reduction in cellulose DP, indicating that the residual 
cellulose should become more crystalline and less polymerized after 
enzymatic hydrolysis. These structural characteristics should be favor
able for preparation of cellulose nanomaterials. In terms of the compo
sition of three lignin monomers (H, S, and G), the undigested residues 
contained a predominately reduced H-monomer level by 38% with un
altered G-monomer content, leading to a relatively increased S-mono
mer content of 26% (Fig. S3C), indicating that distinct lignocellulose 
residues are conserved from bioethanol biorefinery.

3.2. Dimension-reduced cellulose nanofibrils and nanocrystals

As the enzyme-undigested residues contain highly-crystalline cellu
lose fibers, high pressure homogenization at 60 MPa was performed to 
generate CNFs after lignin removal by a two-step alkali extraction 
(Fig. 2A). Under previously-established Atomic Force Microscope (AFM) 
[17,32], the CNFs derived from the enzyme-undigested residues 
exhibited rougher surfaces with deep defects, whereas the raw materials 
exhibited relatively smooth and flat surfaces, because their cellulose 
microfibrils were tightly embedded within the intact lignin and hemi
cellulose matrix, resulting in limited fibrillation and fewer surface de
fects before enzymatic or mechanical disintegration. The average 
defects' depths were then determined from 30 randomly-selected CNFs, 
and three residue samples respectively showed the average depths at 
3.14 nm, 2.41 nm and 2.17 nm with the average distances of two defects 
at 76.23 nm, 91.74 nm and 92.35 nm (Fig. 2B and C). Although the 
defect was not detectable in raw materials, the average CNF diameters 
were determined at 2.83 nm, 3.42 nm, and 3.58 nm, whereas the three 
residue samples exhibited diameters of 4.99 nm, 5.91 nm, and 6.09 nm 
(Fig. 2D). Hence, the enzyme-undigested residues can produce notably 
length-reduced CNFs with considerable defect accumulation.

Moreover, classic acid catalysis was performed to generate CNCs 
(Fig. 2E), with rod-like acicular nanoparticles observed as typical CNCs; 
however, their geometrical dimensions varied significantly (Fig. 2F and 
G). This rod-like morphology is consistent with previous reports 
showing that such elongated CNC structures exhibit high aspect ratios, 
which enhance their mechanical reinforcement, dispersibility, and 
suitability as building blocks for advanced nanocomposites [48]. Based 
on measurements of 100 randomly-selected CNCs, the average lengths of 
CNCs prepared from the Y1, Y3, and Y5 enzyme-undigested residues 
were 138.19, 148.37, and 206.94 nm, representing reductions of 9.4%, 
16.2%, and 26.8% relative to their raw materials (152.46, 177.16, and 
282.57 nm). The TEM observations further revealed the similar CNC 
sizes as observed by AFM (Fig. S4), confirming that the Y1 residue could 
produce desirable nanomaterials such as the smallest CNFs and shortest 
CNCs among all samples examined.

3.3. Ultrafine lignin nanoparticles

With respect to the bamboo tissues rich in lignin deposition, this 
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study integrated acid hydrolysis or ethanol precipitation with glycerol- 
microwave treatment to generate LNPs from raw materials, two-step 
pretreatment supernatants, and enzyme-undigested residues (Fig. 3A). 
The raw materials and pretreatment supernatants generated core-shell- 
like LNPs, whereas the undigested residues produced highly condensed 
LNPs (Figs. 3B-D and S5). By measuring the average diameters of 100 
randomly selected LNPs, extremely small LNPs were found in the 
undigested-residues, with diameters reduced by 73%–87% compared to 
the other two lignin resources (Fig. 3E-G). The formation of such ul
trafine LNPs indicates enhanced lignin depolymerization and molecular 
fragmentation during pretreatment, which facilitates higher surface 
reactivity and greater potential for use in high-performance nano
composites and catalytic applications [49]. Notably, the LNPs of the 
residue samples exhibited normal distributions with small variations in 
average diameters, whereas the LNPs diameters varied largely in the raw 
materials or pretreatment supernatants. More importantly, the Y1 
samples generated the smaller LNPs with the narrowest polydispersion 
index, and the Y1 undigested-residue could even produce the smallest 
LNPs with average diameter reduced by 92%–96% to date, compared to 
the previously-generated LNPs from other biomass resources (Fig. 3K; 
Table S3).

To understand the minimal LNPs generated from enzyme-undigested 
residues, the lignin monomer compositions were characterized. The 
relative abundances of lignin monomers in raw materials, pretreatment 
supernatants, and enzyme-undigested residues were quantified using 
the nitrobenzene oxidation method. The results showed that Y1 lignin 
consistently exhibited a higher guaiacyl (G) monomer content than Y3 
and Y5 across all lignin fractions, with G-unit proportions of 48.02%, 
45.76%, and 42.63% in the enzyme-undigested residues, respectively 
(Fig. 3H). As shown in Fig. 3I, the S/G ratio of lignin in the enzyme- 

undigested residues was consistently lower in Y1 relative to Y3 and 
Y5, suggesting a guaiacyl-enriched structural feature in Y1. This 
compositional difference may influence the intermolecular interactions 
governing lignin nanoparticle formation. Functional groups of lignin 
were detected in the benzene ring and side chains by Fourier Transform 
Infrared Spectrometer (FTIR) analyses, including the phenylpropane 
skeleton at 1508 cm− 1, the syringyl unit at 1120 and 1329 cm− 1, and the 
guaiacyl-unit-based vibration at 1270 cm− 1 (Fig. S6; Table S4), indi
cating that the LNPs dimensions of three lignin resources were distinc
tively affected by the proportions and interlinkages of three monomers. 
Correlation analysis showed that the H- and G-monomer proportions 
were negatively correlated with the LNPs diameters of the residue 
samples, whereas the S-monomer proportions was positively correlated 
with the LNPs diameters of the raw materials and pretreatment super
natants (Fig. 3J), suggesting that lignin monomer compositions should 
be associated with the nanoparticle formation. The mechanism model is 
thus proposed to explain how the nanoparticle formation is regulated by 
the combined effects of H-, G-, and S-unit distribution rather than the 
abundance of a single monomer (Fig. S7). As the H- and G-rich lignin 
contain less methoxy substituents than S-rich lignin, it may reduce steric 
hindrance to facilitate intermolecular aromatic interactions during sol
vent shifting [49–51], which should promote rapid nucleation and 
suppress excessive particle growth, ultimately resulting in smaller lignin 
nanoparticles formation as observed [52].

3.4. Porosity-raised graphitic nanocarbon

Given that the Y1 sample produced the smallest LNPs from the 
enzyme-undigested residue, this study attempted to generate porous 
carbon by operating thermal-chemical activation and conversion 

Fig. 2. Distinct cellulose nanofibrils and nanocrystals generated from different-year-old bamboo samples. (A) Atomic Force Microscopy (AFM) images of cellulose 
nanofibrils; (B) cross profiles corresponding to white lines in (A) to illustrate alternate breakpoints for nanofibrils-defect depths of the enzyme-undigested residues 
(Residue) (n = 30); (C) the average distance between two defects on the surfaces of cellulose nanofibrils as highlighted in (A), ND as not detectable; (D) average 
diameter of cellulose nanofibrils by randomly-selected samples (n = 100); (E) AFM images of cellulose nanocrystals; (F, G) average length and diameter of cellulose 
nanocrystals (n = 100); Lowercases (a, b, c) as multiple significant differences among Y1, Y3 and Y5 samples by LSD test at p < 0.05.
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(Fig. 4). The optimal reaction conditions were initially determined by 
using different proportions of chemical (K2FeO4) at various incubation 
temperatures (Fig. S8). Using BET assay, the largest specific surface area 
was detected in the carbon sample generated from K2FeO4 (1:2, w/w) 
activation at 800 ◦C, suggesting that the strong oxidative and catalytic 
properties of K2FeO4 promoted pore development and graphitization, 
while the lower lignin content and reduced cellulose polymerization 
degree of the Y1 sample facilitated the formation of a more porous 
carbon framework. All Y1 samples displayed a diffraction peak at 26.5◦, 
attributed to typical graphite carbon by X-ray diffraction (XRD) analyses 
(Fig. S8C and S8D). Meanwhile, the (ID/IG) ratios between the D (~1350 
cm− 1) and G peaks (~1580 cm− 1) from Raman scanning were calculated 
to account for the graphite degree of carbons (Fig. S8E and S8F). 
However, a sharp 2D band was only observed in the carbon with ID/IG at 
0.42, indicating a high degree of graphitization and fewer graphene 
layers (Fig. S8F).

Under optimal thermal/chemical conditions, the carbon derived 
from Y1 enzyme-undigested residue exhibited a markedly pore-rich 
surface morphology, whereas the carbon obtained from the raw 
bamboo material displayed fewer pores (Fig. 4A). The abundant pore 
structures facilitate electrolyte penetration and provide a larger number 
of electrochemically active sites. The degree of graphitization of the 
carbon samples was characterized by XRD and Raman spectroscopy, and 
their textural properties were further evaluated by N2 adsorption- 
desorption measurements at 77 K. The corresponding isotherms and 
pore size distributions are presented in Fig. 4B and C, with detailed 
adsorption parameters summarized in Table S6. The porous carbon 
derived from Y1 enzyme-undigested residue exhibited continuous N2 

adsorption in both the low and medium relative pressure pressures (0 <
P/P0 < 0.1, 0.1 < P/P0 < 0.5) and displayed a distinct hysteresis loop at 
higher relative pressures (0.5 < P/P0 < 1), corresponding to a mixed 
type I/IV adsorption isotherm (Fig. 4B). Moreover, the enzyme- 
undigested residue carbon exhibited a large BET surface area of 2856 
m2 g− 1 and a large total pore volume of 1.76 cm3 g− 1, accompanied by a 
narrow pore size distribution centered at approximately 3.40 nm, was 
assigned to mesopores (Fig. 4C, Table S6). The combination of a high 
specific surface area and an optimized mesopore-micropore distribution 
is favorable for electrolyte infiltration and ion adsorption, thereby 
enhancing charge storage capability. In contrast, the carbon prepared 
from the Y1 raw material exhibited a typical type I adsorption- 
desorption isotherm, characterized by a sharp adsorption inflection at 
low relative pressures and a well-defined plateau, indicative of a pre
dominance of microporous structures (Fig. 4B). This sample possessed a 
narrow pore size distribution centered at 2.05 nm, together with a 
relatively lower BET specific surface area of 1669 m2 g− 1 and a smaller 
total pore volume of 0.97 cm3 g− 1 (Fig. 4C, Table S6). In Fig. 4D, the ID/ 
IG ratios of the carbons derived from Y1 raw material and enzyme- 
undigested residues were 0.88 and 0.87, respectively. The comparable 
ID/IG values indicate that the catalyst was highly effective in promoting 
carbonization and graphitization in both samples, leading to a similar 
overall degree of graphitic ordering. Notably, the carbon derived from 
enzyme-undigested residues exhibited a slightly lower ID/IG ratio, sug
gesting a modestly increased graphitization degree, which may be 
attributed to the higher crystallinity of cellulose retained in the residues 
and its more ordered carbon framework formed during thermal 
conversion.

Fig. 3. Distinct lignin nanoparticles (LNPs) generated from bamboo samples. (A) Flowchart for generations of LNPs from three lignocellulose resources; (B-D) TEM 
images of LNPs; (E-G) histograms for diameter distributions of LNPs by using randomly-selected Y1 bamboo samples (n = 100); (H, I) lignin guaiacyl (G) monomer 
proportion and S/G ratio of three lignocellulose resources; (J) correlation analyses between LNPs diameters and lignin monomer levels/ratios in all bamboo samples 
examined (n = 9), ** As significant correlation at p < 0.01 level; (K) comparison of LNPs diameters among the Y1 bamboo samples and previously-reported ones from 
other biomass resources.
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Based on the XPS elemental assay, the Y1 undigested-residue pro
duced nanocarbons containing less carbon (C) at 84.1%, with a rela
tively higher proportion of oxygen (O) at 11.6%, indicating more 
oxygen-containing functional groups as active sites (Figs. 4E-G and S9; 
Table S5). Accordingly, the Y1 residual sample showed a higher pro
portion of nitrogen (N) relative to its raw material sample, possibly 
owing to the presence of the cellulase enzymes employed for biomass 
saccharification. XPS profiling exhibited one sharp peak at 284.6 eV 
corresponding to graphite (C-C), with four other individual peaks 
identified as sp2-bonded carbon (284.8 eV), sp3-C (285.8 eV), O=C-O 
(289.1 eV) and a satellite peak of π–π* (294.1 eV). The abundant oxygen- 
and nitrogen-containing functional groups revealed by XPS likely 
contributed to additional pseudocapacitance through reversible redox 
reactions at the electrode–electrolyte interface, thereby enhancing the 
overall capacitive performance of the nanocarbon materials [42]. 
Meanwhile, this study obtained carbons from the Y3 and Y5 bamboo 
samples; however, the Y1 sample could generate porous carbon with the 
largest BET surface area of 2865 m2 g− 1 (Table S6). Furthermore, 
compared to the carbons previously generated from other major biomass 
resources reported before, the Y1 undigested-residue sample had the 
second-highest BET surface area (Fig. 4H; Table S7).

3.5. Improved supercapacitor performance

Two reaction systems were applied using 1 M Na2SO4 and 6 M KOH 
aqueous electrolytes (Fig. 4I-L) to test the electrochemical performance 
of the porous nanocarbons generated from Y1 samples. Cyclic voltam
metry (CV) curves were obtained at different sweep rates (Figs. 4I, K, 
and S10–13). All curves displayed quasi-rectangular shapes, accounting 
for the good characteristics of the double-layer capacitor; however, the 
undigested-residue sample showed the highest current response at 

different scan rates (Fig. S14). With the sweep speed increased to 100 
mV s− 1, the residue samples maintained a perfect rectangular shape, 
while the Y1 residue still displayed the rectangular-like curves even at 
150 mV s− 1 in both electrolytes. Galvanostatic charge-discharge (GCD) 
tests conducted with six samples exhibited a typical inverted “V” shape, 
indicative of classic capacitive response and fast charge transfer; how
ever, the Y1 residue persisted the longest discharging time for the 
highest specific capacitance in two electrolyte systems (Fig. 4J and L). 
The specific capacitances were evaluated by the discharge times at 
different current densities, and the Y1 residue had the highest specific 
capacitances at 189 F g− 1 (1 M Na2SO4) and 261 F g− 1 (6 M KOH) among 
all the samples examined (Fig. S14C and S14F) and possessed the second 
highest capacitance among the carbons generated from other biomass 
resources (Fig. 4M; Table S8), suggesting that its highly graphitized 
structure, larger specific surface area, and abundant oxygen-containing 
functional groups provided more active sites and facilitated rapid ion 
transport during charge-discharge processes.

3.6. Increased CO2 adsorption and bioeconomic benefits

Using the porous carbon of the Y1 sample, this study measured CO2 
adsorption capacities at two representative temperatures (Fig. 5A and 
B). The residue sample showed consistently higher CO2 adsorption ca
pacities than the raw material incubated at 0 ◦C and 25 ◦C. However, the 
raw material and undigested-residue samples had a relatively lower CO2 
adsorption capacity at 25 ◦C, suggesting that such CO2 adsorption is an 
exothermic process. Analysis of the pore size distribution revealed that 
the Y1-derived carbon predominantly contained micropores (<2 nm), 
which are favorable for CO2 adsorption due to enhanced surface 
confinement and interaction energy (Fig. 4C; Table S6). Notably, the Y1 
residue sample displayed the second-highest CO2 adsorption capacity 

Fig. 4. Characterization of the nanocarbons generated from Y1 bamboo. (A) SEM images of the porous nanocarbons; (B) N2 absorption-desorption isotherms; (C) 
Pore size distribution; (D) Raman scan profiling for two typical D- and G-peaks; ID/IG as ratio of two peaks; (E) XPS spectra for two typical peaks of C- and O-elements; 
(F, G) high resolution C 1s spectrum of nanocarbons in raw and residue samples; (H) comparison of the BET surface areas and ID/IG ratios of nanocarbons among the 
Y1 bamboo sample and previously-reported ones from other biomass resources. (I, K) Cyclic voltammetry curves; (J, L) galvanostatic charge/discharge curves; (M) 
comparison of the capacity (F g− 1) of residue sample with the previous reports from other biomass resources.
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among the carbons as previously generated from other biomass re
sources (Fig. 5C; Table S9). In line with the biorefinery concept, the 
integrated bamboo-based system not only converts lignocellulosic resi
dues into bioethanol but also enables the green production of high-value 
nanomaterials such as CNFs, CNCs, LNPs, and nanocarbons, thereby 
maximizing resource utilization and minimizing waste generation. 
Based on global bamboo growth for 75 years (2025–2100), this study 
estimated total CO2 adsorption capacity of the nanocarbons generated 
from the enzyme-undigested residues after bioethanol biorefinery 
(Fig. 5D), and the maximum CO2 adsorption (2.18 × 108 t) was evalu
ated from Y1 bamboo harvest compared to the Y3 and Y5 ones (Fig. 5E). 
Meanwhile, total yields and economic benefits of four nanomaterials 
were respectively estimated from the Y1 bamboo harvest (Fig. 5F and 
G). In comparison, the CNFs and LNPs were of relatively higher profit 
values at 7.10 × 1013 and 6.68 × 1013 USD according to current market 
prices (Fig. 5G; Table S10). Despite of the lowest profit value, the 
nanocarbons had the highest yield at 1.30 × 108 t for CO2 adsorption. In 
addition, total profit value of the four nanomaterials derived from Y1 
bamboo could reach 1.83 × 1014 USD over the 75-year assessment 
period, corresponding to approximately 1.81 × 103 USD per metric ton 
of harvested bamboo biomass, which remained much higher than those 
of the Y3 and Y5 bamboo (Fig. 5H).

3.7. Reduced CO2 emission and environmental impacts

Considering the substantial bioethanol production followed by 
advanced nanomaterials generation from short-life (Y1) bamboo pro
cesses, this study conducted the life cycle assessment (LCA) to estimate 
potential reduction of CO2 emission via rapid carbon capture and long- 
term carbon storage (Fig. 6A). By setting up a “cradle-to-gate” LCA 
boundary, about 1 kg of bamboo was defined as the functional unit for 
all essential evaluations (Fig. 6A; Tables S11–18). Total CO2 emissions 
from the major stages of Y1 bamboo conversion were estimated and 
compared with the traditional fossil-gasoline production, as gasoline 
represents the primary fossil-based fuel currently dominating global 
transportation energy consumption and serves as a standard benchmark 
for evaluating bioethanol's carbon reduction potential. As a result, 
approximately 1 kg bioethanol conversion briefly produced 0.80 kg CO2 
-eq as the globe warming potential (GWP), whereas 1 kg gasoline could 
produce 1.54 kg CO2 -eq (Fig. 6B). Of the four advanced nanomaterials 
generated from enzyme-undigested residues, the nanocarbon conver
sion had the lowest GWP value of 0.29 kg CO2 -eq/kg, whereas the CNFs 
construction had the highest value (Fig. 6G). Based on the estimated 
cumulative Y1 biomass yields of 75 years, the total bioethanol yield was 
calculated to be close to 2.06 × 109 t, which could replace 6.14 × 108 t 
gasoline based on equal calorific value between cellulosic-ethanol and 
petrol-gasoline. Meanwhile, total CO2 emission was assessed up to 2.96 
× 109 t from both bioethanol conversion and four types of nanomaterials 

Fig. 5. CO2 adsorption of the nanocarbons and global estimation of potential profitable values of advanced nanomaterials for 75 years (2025–2100) bamboo harvest. 
(A, B) CO2 adsorption of nanocarbons generated from Y1 raw material and enzyme-undigested residue at 0 ◦C and 25 ◦C under 1 bar pressure; (C) comparison of the 
CO2 adsorption between the Y1 residue sample and the previously-reported ones from other biomass resources; (D) the enzyme-undigested residues of 75 years 
bamboo harvest applied to prepare nanocarbons for global CO2 absorption; (E) estimation of total global CO2 absorption of different-year-old bamboo enzyme- 
undigested residues; (F, G) global evaluations of total advanced nanomaterials yields and profitable values of Y1 enzyme-undigested residues; (H) profitable 
values of advanced nanomaterials from the enzyme-undigested residues of different-year-old bamboos. USD as United States Dollar.
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generations at the equal part (1:1:1:1) of total enzyme-undigested resi
dues, whereas the gasoline production would emit 5.47 × 109 t CO2 
based on the equivalent energy output of bioethanol and gasoline 
(Fig. 7). As 5.15 × 1011 t of CO2 emissions could increase the globe 
surface temperature by 1 ◦C [53], the Y1 bamboo growth for 75 years 
would maintain global warming relief via replacement of petrol- 
gasoline.

Furthermore, this study assessed the distinct environmental factors 
on bioethanol conversion and nanomaterials generation from Y1 
bamboo harvest (Tables S11–18). As a result, the four major environ
mental factors showed consistently reductions from bioethanol pro
duction by 11%–60% compared to the gasoline (Fig. 6C-F). For four 
nanomaterials generation, the nanocarbon had the least impact on 
eutrophication potential and human toxicity potential, whereas the 
LNPs conversion showed a relatively lower effect on acidification po
tential and ozone potential (Fig. 6H-K). Notably, even though the gen
eration of four types of nanomaterials led to reduced carbon emissions 
(Fig. 6G), they could partially substitute traditional materials to upgrade 

bioeconomic benefits from global bamboo growth for 75 years as 
described.

4. Discussion

Given that bamboo affords substantial lignocellulose for biofuels and 
bioproducts, biomass processes principally employ mature plants (with 
five years of growth) [29,54]. However, this study explored the multiple 
advantages of the cascading utilization of the short-life (one-year-old/ 
Y1) bamboo by maximizing global bioethanol production and gener
ating advanced nanomaterials (Fig. 1).

First, bamboo sustainably regenerates after one year of harvest, and 
the Y1 plant has the fastest growth rate for biomass productivity. Sec
ond, even under green-like biomass pretreatments, Y1 bamboo could 
globally produce the maximum fermentable sugars for bioethanol sus
tainability, as determined by the largest quantity of bamboo harvested 
per year and the best quality of lignocellulose examined from remark
ably improved recalcitrant properties such as less-lignin deposition and 

Fig. 6. Life cycle assessment (LCA) of bioethanol and nanomaterials production. (A) Systems boundaries for bioethanol and nanomaterials (CNFs, CNCs, LNPs, 
nanocarbon) including the background system (production of related materials and energy) and the foreground system (production processes of the products); (B-F) 
total environmental impacts from 1 kg bioethanol conversion examined in this study and 1 kg gasoline production from industry; (G-K) environmental impacts from 
four nanomaterials generations using 1 kg enzyme-undigested residue at equal parts of total (1:1:1:1); GWP (global warming potential), AP (acidification potential), 
EP (eutrophication potential), HTP (human toxicity potential), ODP (ozone depletion potential); *As reduced percentage by subtraction between gasoline and 
bioethanol values divided by gasoline value.
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lower-DP-cellulose assembly among different-year-old bamboo plants. 
Third, although the extreme chemical pretreatments could effectively 
reduce lignocellulose recalcitrance in older bamboo plants, they could 
not avoid a cascading negative impact on bioeconomic profits and 
environmental benefits such as high-cost processes, secondary-waste 
release, and low-value bioproduction. Despite these advantages in 
biomass conversion and cascading biorefinery, the industrial produc
tivity of Y1 bamboo may still face the challenges related to mechanical 
strength, harvesting logistics, and integration with existing bamboo- 
processing systems. Nevertheless, as the Y1 bamboo is of either rela
tively lower lignocellulose recalcitrance favor for biochemical conver
sion or rapid regeneration sufficient for biomass supply, it could serve as 
a complementary feedstock during routine thinning and stand 
management.

Although diverse lignocelluloses are increasingly being used to 
generate advanced nanomaterials, biomass recalcitrance naturally re
stricts the separation, extraction, and catalysis of wall polymers [55,56]. 
However, the recalcitrance-reduced lignocellulose of Y1 bamboo is not 
only digestible for sustainable hexoses at high yields, but the enzyme- 
undigested residue is also convertible for advanced nanomaterials 
with extremely high values. As the remaining cellulose residue of Y1 
bamboo has a much lower polymerization degree (<350 DP) and high 
crystalline index (>70 CrI), it could be transformed into either CNFs 
with smaller diameters or CNCs with shorter lengths, as compared with 
older bamboo or major bioenergy crops as previously examined. 
Compared with their raw materials, the enzyme-undigested residues 
retain the cellulose substrates with approximately 35% higher CrI and 
61% lower DP values (Fig. S3A and B). These cellulose feature changes 
may modify the fibrillation behavior during homogenization, resulting 
in a slightly larger apparent CNF diameter, whereas sulfuric acid hy
drolysis could primarily shorten the cellulose crystalline domains with 
little change in CNC diameters [17,18,57,58]. The remaining lignin 
residue of Y1 bamboo could even generate the smallest LNPs among the 
most lignocellulose substrates as previously reported, which should be 
mainly due to its distinctive lignin monomer composition such as rela
tively higher H- and G-unit contents as assumed (Fig. S7). Considering 
the enzyme-undigested residue of the Y1 bamboo consists of both DP- 
reduced cellulose nanofibrils and molecule/mass-reduced lignin, it is 

thus thermally converted into the desirable graphitic nanocarbon with 
the largest specific surface area, leading to a larger current response and 
higher specific capacitance. In addition, the nanocarbon of the Y1 
sample exhibited a relatively higher CO2 adsorption for carbon capture.

Although cellulosic ethanol is an excellent additive to petrol-fuels for 
reducing net carbon emissions, critical challenges remain about the 
sustainability of economic profits and the control of global warming 
[59,60]. Based on the LCA implementation of rapid carbon capture and 
long-term carbon storage, an integrative reduction in either total CO2 
emissions or major environment impacts was respectively estimated 
from the full lignocellulose utilization of Y1 bamboo with zero-biomass 
release (Fig. 7).

Overall, the integration of sustainable bioethanol production, high- 
value nanomaterials and robust environmental performance has 
demonstrated that short-life bamboo represents a promising renewable 
feedstock for future low-carbon lignocellulosic biorefineries. To eval
uate the influence of market-driven product allocation on the environ
mental performance of the proposed cascading biorefinery, sensitivity 
analyses could be further conducted by assuming dominant production 
of CNFs, CNCs, LNPs, or nanocarbon. Although the absolute environ
mental impacts are varied slightly among different allocation scenarios, 
the overall environmental advantages of the Y1 bamboo biorefinery 
remain unchanged (Fig. S15, Table S19). Those results have thus 
revealed that the LCA conclusions are robust across different product 
allocation scenarios in product distribution to support for the practical 
applicability of the proposed cascading utilization strategy.

5. Conclusions

This study demonstrates that short-life bamboo enables an integra
tive green-like process for high-yield bioethanol production and 
advanced nanomaterial fabrication, achieving full lignocellulose utili
zation with zero-biomass release. Particularly, reduced biomass recal
citrance has not only enhanced enzymatic saccharification, but it has 
also facilitated the fabrication of high-quality cellulose nanomaterials, 
ultrafine lignin nanoparticles, and graphitic nanocarbon with superior 
electrochemical performance and CO2 adsorption capacity. The life- 
cycle assessment has further confirmed that this cascading utilization 
strategy could substantially reduce carbon emissions and multiple 
environmental impacts. These findings support short-life bamboo as a 
sustainable, recyclable biomass resource and suggest that cascading 
biorefinery of rapidly renewable plants may offer a practical pathway 
toward agricultural carbon neutrality.
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