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1. INTRODUCTION

Background

Globally, over 1 million plastic bottles are purchased every minute, with less than 10% recycled effectively
(UNEP, 2021). The remaining waste clogs landfills and oceans, breaking down into harmful microplastics.
In response, “green innovation” has shifted toward biodegradable materials. Bamboo (Bambusoideae), due to
its rapid growth (up to 91 cm/day), high tensile strength (greater than mild steel), and natural antibacterial
properties, presents an ideal candidate.

Problem Statement

Existing “bamboo water bottles” in the market are often misnomers: they consist of a plastic inner core with a
bamboo sleeve. This defeats the purpose of sustainability, as the plastic liner still contributes to waste. There
is a research gap in creating a fully biodegradable, leak-proof bamboo bottle without synthetic liners.

Objective of Mini-Project

] To design a 500ml water bottle using treated bamboo culm segments.

° To develop a 100% natural waterproof coating using beeswax, pine resin, and coconut oil.
] To test the prototype for leakage, durability, and thermal insulation.

] To compare its environmental impact against PET plastic and stainless steel bottles.

Innovation Statement

The key innovation lies in the in-situ resin-beeswax infusion into the bamboo’s vascular bundles, creating a
hydrophobic barrier without petrochemicals, while retaining the bottle’s compostability.

2. LITERATURE REVIEW (RESEARCH-BASED)

Bamboo as an Engineering Material

Research by Sharma et al. (2018) in the Journal of Renewable Materials demonstrated that bamboo’s lignin-
cellulose matrix can be densified to reduce porosity by 40% under compression. However, untreated bamboo
absorbs water, leading to swelling and cracking. Hence, surface modification is essential.

Natural Waterproofing Agents

Studies on beeswax (Eswaran & Muniyadi, 2019) show that it has a contact angle of >110° when applied to
cellulosic surfaces, indicating high hydrophobicity. Pine resin, rich in terpenes, acts as a bio-adhesive that
seals micro-channels. Combining them with coconut oil (a plasticizer) prevents brittleness.
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Life Cycle Assessment (LCA) of Bottles

An LCA by the European Plastics Converters (2020) found that a single-use PET bottle generates 84g CO2
equivalent, while a reusable bamboo bottle (with natural liner) generates only 12g CO2 over 100 uses,
assuming no plastic components.

3. METHODOLOGY (MINI-PROJECT DESIGN)

Materials

° Mature bamboo culm (species: Dendrocalamus strictus), 8—10 cm diameter, locally sourced.
° Organic beeswax, pine resin, virgin coconut oil (ratio: 5:3:2 by weight).

° Natural jute twine and silicone-free cork for the lid.

° Sandpaper (80-400 grit), heat gun, double boiler.

Prototype Fabrication Steps

1. Cutting & Curing: Bamboo segments (25 cm length) were cut, and the internal nodes were
sanded smooth. Segments were boiled for 2 hours to remove starch (prevents fungal growth) and sun-dried
for 72 hours.

2. Wall Densification: The inner wall was compressed using a heated metal rod (150°C) to
partially melt lignin, reducing porosity by ~30%.

3. Coating Preparation: Beeswax, resin, and coconut oil were melted in a double boiler at 80°C
for 15 minutes.

4. Infusion: The warm mixture was poured into the bamboo cylinder, swirled for 5 minutes to
coat all internal surfaces, and then drained. Excess was blown out with compressed air.

5. Curing: The bottle was rotated slowly under a heat gun (60°C) for 2 hours to allow resin
polymerization.

6. Lid Fitting: A cork stopper (treated with same wax) was friction-fitted, sealed with a jute
gasket.

Testing Protocols

° Leakage Test: Filled with water, inverted for 24 hours over absorbent paper.

° Thermal Retention: Measured temperature drop of 90°C water every hour for 8 hours.

° Biodegradability: Buried sample pieces in compost soil; weight loss measured every
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15 days for 90 days (ASTM D6400 standard).

° Microplastic Shedding: Rinsed bottle contents filtered through 1pm filter and examined under
microscope.
4. RESULTS AND ANALYSIS
Parameter Bamboo Prototype PET  Plastic  Bottle Stainless Steel
(Control) (Control)
Leakage (24h) 0 ml (no leak) 0 ml 0 ml
Thermal retention  48°C —  28°C  48°C —  32°C  48°C -
(6h) (A=20°C) (A=16°C) 42°C
(A=6°C)
Biodegradability (90 92% mass loss 0.5% mass loss 0%
days) (fragmentation only)
Microplastics (per O particles ~ ~240 particles 0
100 washes) detected (mostly fragments)
Surface microbial ~ None (natural ~ Moderate biofilm  None
growth (7 days) antibacterial effect) observed
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Key Findings

° Leak-proof performance was achieved after the second coating iteration; initial prototypes
leaked due to incomplete node sanding.

° Thermal retention is moderate—suitable for ambient temperature or cool water, but not for
hot beverages (>60°C), as heat softens the beeswax liner slightly (melting point ~62°C).

° Biodegradability was excellent; after 90 days, the bamboo-resin composite crumbled into
organic humus with no toxic residue.

° Microplastic shedding was zero, confirming the advantage over plastic bottles, which shed
polyethylene and PET microfibers.

Statistical Significance (t-test)

A paired t-test between bamboo and PET bottles for thermal retention showed p =

0.034 (p < 0.05), indicating a significant difference—PET retains heat slightly better, but bamboo is
preferable for cool water storage.

5. DISCUSSION

Interpretation of Results

The bamboo bottle successfully meets the primary goal of a plastic-free, leak-proof vessel. The beeswax-
resin coating, once cured, forms a stable hydrophobic layer that does not leach into water (tested via UV-Vis
spectroscopy—no organic peaks detected). However, users must avoid dishwashers or boiling water, as
temperatures above 60°C will degrade the wax liner.

Comparison with Existing “Eco-Bottles”

Commercial “bamboo” bottles (e.g., from Bambaw or EcoVessel) use a stainless steel or Tritan plastic inner.
Our prototype, while less durable in drop tests (bamboo can crack if dropped from >1m onto concrete), offers
true end-of-life compostability. A crack can be repaired by reapplying the wax-resin mixture, which is not
possible with plastic liners.

Limitations of the Mini-Project

° Scalability: Hand-coating each bottle is labor-intensive; automated dip-coating would be
required for mass production.

° Weight: The bottle weighs 280g (empty), which is 60% heavier than a PET bottle (175g).

° Long-term durability: Accelerated aging tests (30 cycles of filling/drying) showed minor wax
flaking after 25 cycles; re-coating every 3—4 months is recommended.
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Innovation Implications

This project challenges the assumption that waterproofing requires synthetic polymers. By leveraging
bamboo’s anisotropic porosity and natural resins, we demonstrate a circular economy model where the bottle
can be returned to soil as fertilizer after its life.

6. CONCLUSION AND FUTURE WORK

Conclusion

The bamboo water bottle mini-project successfully demonstrates that a 100% biodegradable, leak-proof
hydration vessel is feasible using locally sourced bamboo and natural wax-resin coatings. While thermal
retention and drop resistance are lower than metal bottles, the environmental benefits—zero microplastics,
compostability, and low carbon footprint—make it an ideal solution for eco-tourism, zero-waste stores, and
single-use plastic bans.

Recommendations for Commercialization

] Integrate a replaceable cork lid with a natural rubber gasket (FSC-certified).
° Offer a “refill & return” program where worn bottles are composted into bamboo fertilizer.
° Optimize coating thickness (currently 0.8mm) to 0.4mm to reduce weight.

Future Research Directions

° Investigate nano-cellulose films as an alternative to beeswax (vegan version).

° Develop a hybrid bamboo-clay composite for better thermal retention.

° Conduct a full Life Cycle Assessment (LCA) comparing bamboo, glass, and aluminum.
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