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Characterization methods
Chemical composition of samples

The percentages of cellulose and hemicellulose were determined following a previously reported
method.! Briefly, 1 g of leaf powder was mixed with 8 mL of sodium chlorite solution (5 wt%) and 2 mL of
acetic acid, then heated at 90 °C for 5 h under continuous stirring. The resulting solid was collected by
centrifugation, thoroughly washed with deionized water, and oven-dried at 60 °C for 24 h. The dried solid mass
was recorded as the holocellulose content. To determine the cellulose content, the obtained holocellulose was
treated with 20 mL of sodium hydroxide solution (10 wt%) at 80 °C for 5 h, followed by washing and drying
at 60 °C. The difference in mass between the holocellulose and cellulose fractions was used to calculate the

hemicellulose content.

The Klason lignin content was determined according to the ASTM D1106-21 standard with minor
modification. In brief, 1 g of leaf powder was hydrolyzed with 20 mL of sulfuric acid (72 wt%) for 2 h at room
temperature. The mixture was then diluted to a 3 vol% acid concentration with 750 mL of DI and heated at
100 °C for 4 h. The resulting acid-insoluble residue, corresponding to the lignin fraction, was filtered, washed,

and weighed.



Supplementary tables

Table S1. Detailed main chemical compositions of virgin leaf and LCNF powders

Samples Cellulose (Wt%) Hemicellulose (wt%) Lignin (Wt%)

Raw leaves 324+0.8 23.6 0.4 253+0.5

LCNF 403+1.1 49+0.3 30.6 0.9
Table S2. Carbon content and theoretical CO, production of the samples

Samples Sample weight (mg) Carbon content (%) ThCO,; (mg)

LANC 10000 44.51 16319

LANCS50PVAS0 10000 47.79 17523

a-Cellulose 10000 41.97 15389

LDPE 10000 84.84 31108

Table S3. Bulk and skeletal densities, and porosity of LCNF/CNC and LANC/PVA films

Samples Bulk density (g/cm?) Skeletal density (g/cm3) | Porosity (%)
PVA 1.3429 1.3437 0.06
LANC25PVAT75 0.9133 0.9344 2.25
LANCS50PVAS50 0.9267 1.0277 9.83
LANC75PVA25 0.9333 1.1606 19.58
LANC 0.9067 1.1969 24.25
LCNF 0.6743 1.3103 48.54
CNC 1.4294 1.4456 1.12

Table S4. Thermal properties of the LANC/PVA films
Samples Tonset (°C) Tmax (°C) Residues (%) at 600 °C
PVA 245 285 2.6
LANC25PVAT5 310 369 16.7
LANCS50PVAS50 298 362 19.0
LANC75PVA25 285 335 23.9
LANC 268 312 22.4




Table SS. Mechanical properties of the LCNF/CNC and LANC/PVA films

Samples Tensile strength (MPa) | Strain at break (%) Young’s modulus
(MPa)
PVA 17.6 279.07 310.8
LANC25PVAT7S5 24.32 17.92 848.9
LANCS50PVAS0 22.65 15.92 852.8
LANC75PVA25 20.5 9.92 914.4
LANCI 11.96 5.26 796.1
CNC 22.56 3.59 1878.2
LCNF30CNC70 14.99 4.59 1062.1
LCNF50CNC50 11.96 5.26 796.1
LCNF70CNC30 9.21 4.59 581.3
LCNF 0.76 2.26 57.8

[al LANC is equal to LCNF50CNC50

Table S6. Water Vapor Permeability of Lignin/Cellulose/Polymer Nanocomposites.

Materials WvPpi Conditions
LCNF (from dead leaves)/PVA? 1.93-5.74 | 23 °C, 50/0 %
Kraft lignin-grafted CNF (from paper mill sludge)/PVA3 43.2 23 °C, 50/0 %
Sunflower protein isolates/Bacterial nanocellulose (BNC) films* 20.7 23 °C, 50/0 %
Poly(hydroxyhexadecanoate) (PHHA, from leaf cuticle) 1.1 23 °C, 50/0 %
PPLA/spinach stems mulch film?> 10.4 23 °C, 100/0 %
LCNF (from willow bark)/PVAS 7.1 23 °C, 75/0 %
LCNF (from corncob residues) films’ 1.72 23 °C, 50/0 %
CNF (from bleached softwood pulp)/CaCOs/gluconolactone films? 51.8 25 °C, 50/0 %
Pure PLA® 3.02 23 °C, 50/0 %
CNF (from bleached kraft pulp)/tannin films!® 2.35 23 °C, 50/0 %
Potato starch/MXene nanocomposite films!! 20.6 23 °C, 75/0 %
Cassava starch/PVA!2 1.68 23 °C, 42/0 %

(2l WVP unit (g um (m? day Pa)™!).



Table S7. Obtained parameters of fitted first-order and Hill-like kinetic models for samples and references

Kinetic models | Unit | LANC LANCS0PVAS0 | a-Cellulose LDPE

1. First order

Bm % 46.34 + 0.02 32.78 £0.01 77.25 +£0.03 442 +0.01

k d! 0.061 £ 1.2x10* | 0.073 £1.5x10* | 0.051 +7.3x10 | 0.018 £4.8x107>
adj-R? - 0.9808 0.9756 0.9913 0.9896

X - 2.04 1.23 3.01 0.01

2. Hill-Like

a % 51.55+0.03 36.44 £ 0.02 83.92 £ 0.06 4.81£0.01

b d 11.99 £ 0.02 11.00 £ 0.02 14.39 £ 0.02 43.61 £0.20

v - 1.13 £2.0x1073 1.11 £2.1x1073 1.30 £2.0x1073 1.38 +4.9x1073
adj-R? - 0.9961 0.9955 0.9974 0.9905

x - 0.41 0.23 0.91 0.01

Table S8. Detailed information about biodegradable plastics and commercial mulch film

Classification Material (main components) Trade name (producer)
LANCS50PVAS50 -
PCL"13 CAPA 6500 (Perstorp)
Biodegradable film PHO!3 Bioplastech R (Bioplastech, Ireland)
PBS! Novamont, Italy
PHB!4 Mirel™ P5001 (Metabolix, USA)
Bi0360 (PBAT)"3 Mater-Bi® grade EF04P (Novamont,
Italy)
Organix (PBAT)"3 Ecovio® grade M2351 (BASF,
Germany)

Commercial mulch Copolyester (Custom Bioplastics,

Naturecycle (copolyester)!3

film USA)
Ecoflox (PBAT)M Ecoflex® F BX 7011 (BASF,
Germany)
Ingeo (PLA)™ Ingeo 4042D (NatureWorks, USA)
Biomulch!> 3M Company, USA




Table S9. Estimated energy consumption of DES treatment for an experimental batch (12 g of leave powder,
300 mL DES solvent was heated at 100 °C for 3 h).

Equipment!?! Power Uptime Workload Capacity Energy demand
(Q4D) (h) (%) (L) (Wh)

Blender 700 0.1 80 0.012 0.5

Hot plate 650 3 25 0.3 36.6

Ultrasonicator 1000 1 80 0.2 80

Drying 800 48 25 0.012 3.5

Total 282 Wh

Estimated cost!"] 54 KRW (or 0.037 USD) per 0.23 m?

(2] LU multi blender (LT2-BL3M-E) with maximum capacity of 1.5 L; Digital hotplate stirrer (Evo HS1)
with maximum capacity of 4 L at 400 °C; Ultrasonic Homogenizer (UH-1000Z) with maximum capacity of
2 L; Dry heat sterilizer (JSON-030S) with maximum capacity of 33 L at 250 °C are used.

(] Industrial electricity cost in Korea was set to 190.4 KRW Kwh™! (as of December 2025). Under our
casting conditions, 1 g of raw leaves yields approximately 190.85 cm? of LANC50PVASO0 film.


https://kdsia.org/shop/item.php?it_id=1693281795&device=pc
https://thelabk.com/goods/view?no=33077
https://www.labfreez.com/uh-z-series-ultrasonic-homogenizer-integrated-ultrasonic-cell-pulverizer-extractor-disperser-processor-emulsifier/
http://www.jsresearch.co.kr/download/spec/K-JSON-030SN-2020.pdf

Table S10. Estimated screening cost for producing 100 m? of LANC50PVAS50 film.

1. Components?  Quantity Unit Unit cost Cost
(KRW unit™) (KRW)
Raw leaves (dry) 5.2 kg 0 0
Choline chloride 10.8 kg 800 8645
Citric acid 32.4 kg 600 19452
Water (DES) 10.8 L 0.8 9
CNC 2.4 kg 6943 16371
PVA 2.4 kg 2140 5046
Glycerol 1.5 kg 1330 1976
Process water 26.2 L 0.8 21
2. Equipment!®! Power Uptime Workload Capacity Energy demand!¢!
W) (h) (%) L) (Kwh)
Blender 2000 0.1 80 52 0.01
Reactor 8000 3 100 131 15.7
Ultrasonicator 6000 1 20 78.6 0.6
Drying 3000 48 20 52 0.5
Estimated

-2 -
total costl¥) (1+2) 548 (KRW m™) or 0.37 (USD m?)

[a] Raw leaves were collected as a waste biomass feedstock; therefore, the cost was assumed to be “0”. The
cost of all other chemicals (except water) is inquired about bulk unit prices, noting that prices may vary by
supplier, purchase volume, and location. DES recycling was assumed to be 70% by volume. Cleaning water
demand was as 5 L per kg leaves.

(] Consider industrial blender (1403 industrial grinder) with maximum capacity of 130 kg/h; Reactor (Ai
200L ReactorHeater) with maximum capacity of 200 L at 200 °C; Ultrasonicator (UIP6000hdT) with
maximum capacity of 150 L; and industrial oven (GP 220A) with maximum capacity of 330 L at 300 °C
are used.

) batch size
power X uptime X workload X

[c] The energy demand was calculated as literature!: max capacity

4] Estimated production cost is the summary cost of (1) and (2). Current industrial electricity cost in Korea
is 190.4 KRW Kwh™! (as of December 2025).

Table S11. Indicative market prices of commercial mulch films.

Product Price per area (USD m™2)
LANCS0PVASO0 0.38

Bi0360 biodegradable mulchtal 0.78-0.86

Cornstarch lightweight biodegradable mulch film[®! 0.72

Non-biodegradable PE mulch filml<! 0.29

[a-c] The references are embedded accordingly (accessed January 2026).


https://www.ditting.com/products/1403-industrial
https://www.acrossinternational.com/ai-200l-non-jacketed-glass-reactor.html?srsltid=AfmBOop7aC0ReuIde1GsOnjzzJWofBreGS930h-1NeUQEGVe9L8av9YR
https://www.acrossinternational.com/ai-200l-non-jacketed-glass-reactor.html?srsltid=AfmBOop7aC0ReuIde1GsOnjzzJWofBreGS930h-1NeUQEGVe9L8av9YR
https://www.hielscher.com/uip6000hdt-6kw-high-performance-ultrasonicator.htm
https://spectraservices.com/mm5/graphics/00000001/product_info-C-1-IBO-B-General-Purpose-Industrial-Oven-GP-EN.pdf
https://thegardenersworkshop.com/products/mulch-film-biodegradable-mulch?variant=43671211409581
https://mulchorganic.co.uk/collections/corn-starch/products/corn-starch-biodegradable-mulch-120cm-x-200m-organic
https://farmplasticsupply.com/poly-mulch-black-plastic-sheeting?srsltid=AfmBOoprjzrVjPxKzCcLf7DzizSzAA0_UHincbdSJcYxu0f6V_abOYSn

Supplementary figures

(e 12,
Gly
H0
- P CNC \i, PVA
o il = =
DES | E’ .
@® - @ -

DES Ultrasonication Mixing & Ultrasonication Casting &
Pretreatment Process Cross-linking Process Air Drying
100°C, 3 h 800 W, 1h 800 rpm, 24 h 800 W, 0.5 h 25°C,72h

Fig. S1. Schematic illustration of BDM film fabrication process
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Fig. S2. Map of two sampling sites (Eoeun-dongsan 36°22'09"N/127°21'31"E; Gapcheon river
36°21'48"N/127°21'42"E) for collecting soil used for biodegradation test. The maps were captured from

Google Maps and Google Earth.
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Fig. S3. Temperature and relative humidity profile during the ecotoxicity and anti-drought behavior
experiments.
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Fig. S4. (A) TEM image of LCNF suspension. (B) Porosity of all samples. (C), (D) SEM images of CNC and
PVA
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Fig. S8. (A) SEM images showing the top surface of samples in areas colonized and uncolonized by
microorganisms, as well as additional detected unicellular organisms, after 60 days of soil burial. (B) Digital
images of LANC50PVAS5O0 film biodegradation under controlled composting conditions, as specified in ISO
14855-1:2012 (58 °C and 55% RH). Compost was supplied by the Institute of Agricultural Science, Chungnam
National University (Republic of Korea) with the following composition: ash (15%), volatile solids (22%),
total bacteria (6 x 10° CFU g!). The film degraded by over 90% after 180 days.
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Fig. S9. Current methods for collecting dead leaves in Korea.
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Fig. S10. (A) Typical stress—strain curves, and (B) WCA and WVP of LANC50PVAS5O film films fabricated
from two dead leaf types.

17



Fig. S11. Proposed schematic illustration of the large-scale production of LANC/PVA mulch films.
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