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Abstract 
Membrane separation has been widely recognized as an energy-efficient technology with a rapidly 

growing market. However, such growth raises concerns about sustainability due to current fabrication 

methods that employ toxic solvents and non-degradable petroleum-based polymers. The focus of tackling 

these challenges has been on the active layer of membranes via renewable materials, while the equally 

important membrane supports are yet to turn green. Herein we report the fabrication of sustainable, 

biodegradable, non-woven composite membrane supports made from three renewable materials: bamboo 

fiber, poly(lactic acid) (PLA) and dimethyl carbonate. The bio-based membrane supports exhibited a porous 

structure (porosity of 0.719 ± 0.132) with tensile strength (32.7–73.3 MPa) comparable to conventional 

materials, such as polypropylene. The microstructure and porosity of the supports were revealed by laser 

scanning confocal microscopy. The increase in bamboo content resulted in increased mechanical stability, 

decreased swelling and enhanced permeance, up to 1068±32 L m–2 h–1 bar–1 in water. The long-term 

chemical stability of membrane supports was verified in 19 of the 25 organic solvents screened. In particular, 

they were found to be stable in some conventional and emerging green polar aprotic solvents including 

Cyrene, 2-methyltetrahydrofuran, γ-valerolactone and propylene carbonate. Stable cross-flow filtration 

performance over 2 weeks was successfully demonstrated. The results demonstrated that the bamboo/PLA 

membrane supports could provide a sustainable alternative for conventional membrane backing materials 

by eliminating the need for petroleum-based non-degradable polymers and toxic solvents. 

Introduction 
Membrane separation has been recognized as a powerful tool for process intensification due to its mild 

operating conditions, energy efficiency and modular nature.1 Membrane technology, therefore, has grown 

rapidly in the past 40 years and has been used in different industrial sectors with applications in 

desalination, food processing, petrochemical and pharmaceutical industries. Although, membrane 

separation has been widely investigated as a sustainable alternative or complementing unit operation to 

distillation and chromatography, sustainable membrane fabrication is yet to be solved before the overall 

membrane filtration can be considered green.2,3 Membrane processes will only surpass distillation in terms 

of sustainability when more than 100 L of solvent per m2 membrane area has been processed.2 Membrane 

fabrication usually requires toxic polar aprotic solvents, such as N,N-dimethyl acetamide, N,N-dimethyl 

formamide or N-methyl pyrrolidone, and generates large amount of wastewater estimated to be 

approximately 50 billion liters annually.4 In addition, membranes, both active layers and non-woven 

membrane supports, are currently prepared from non-renewable, petroleum-based polymer materials, such 

as polyimide, aromatic polyamide, polyethylene terephthalate (PET), polyethylene (PE) and polypropylene 

(PP), which are incinerated at the end of their life. 

There are several strategies to improve the sustainability of membrane fabrication. Toxic solvents can be 

replaced by greener alternatives, such as PolarClean,4 ionic liquids,5 γ-valerolactone6 or water,7 to prepare 

the active layer of membranes. Furthermore, the wastewater generated from membrane fabrication can be 

treated and recycled for further membrane preparation.3 In order to mitigate the environmental burden 

posed by membrane fabrication, another feasible strategy is to prepare biodegradable membranes from 

renewable materials that do not persist in the environment. Biodegradable membranes from renewable 

materials including cellulose acetate, polyhydroxyalkanoates, chitosan and collagen mainly for applications 

such as desalination, pervaporation and gas separation, have been recently reported.8 The focal point of the 
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renewable materials research has been on the active layer of the membrane, and the equally important 

membrane supports are yet to turn green. 

Poly(lactic acid) (PLA), a polyester derived from renewable biomass, usually from fermented maize starch, 

is one of the most widely investigated and commercially used biodegradable polymer. PLA degrades through 

hydrolysis when exposed to moisture after several months, making it attractive as a green alternative for 

petroleum-based polymers.9 Previously, PLA was mainly used for health and biomedical science due to its 

limited availability. However, with the introduction of new technologies and effective production of PLA 

from renewable sources,10 the application of PLA to other fields, including membrane fabrication, has been 

expanding.11 In addition to the renewability and degradability, PLA has the advantage of better thermal 

processability compared to other biopolymers as well as tensile strength and elastic modulus comparable to 

PET. Moreover, the production of PLA requires 25–55% less energy compared to petrochemical-based 

polymers,9 therefore, could provide an alternative for the fabrication of biodegradable, green membrane 

supports. However, the low thermal stability (thermal degradation occurring above 200 C), low toughness 

and brittle nature of PLA can hinder its large-scale application.9 In order to improve the toughness and 

mechanical stability, fillers such as bamboo fiber, can be introduced within the polymer matrix (Figure 1). 

 

Figure 1. Schematic overview of the membrane support fabrication: dissolution of PLA followed by the addition of 
bamboo fiber (step 1), casting of the membrane support (step 2), and evaporation of the solvent (step 3). 

Natural fibers have been widely investigated as a green filler for the reinforcement of thermoplastics. 

Compared to their synthetic counterparts, natural fibers are renewable, inexpensive (US$0.2–1 kg–1) and 

their production requires 85–95% lower energy.12 Natural fibers have also shown high specific stiffness with 

comparable mechanical properties to glass or carbon fiber making them attractive alternative for novel 

materials.13 Among the natural fibers, bamboo has been gaining wide interest due to its low cost and 

abundance in nature with an annual global production of 3 × 1010 kg.14 The use of bamboo fibers as 

reinforcement in composite materials has increased tremendously, and has undergone high-tech revolution 

in recent years as a response to the increasing demand for developing biodegradable, sustainable, and 

recyclable materials. Owing to its low density and acceptable specific mechanical properties provided by the 
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longitudinally aligned fibers, bamboo fibers provide an attractive solution for the reinforcement of PLA to 

provide a completely bio-derived and biodegradable final material.15 However, bamboo fibers are 

hydrophilic due to the large number of hydroxyl groups, which result in poor compatibility with hydrophobic 

PLA. This phenomenon is perceived as a disadvantage for most applications. On the contrary, herein we 

propose to exploit the poor interfacial adhesion between the polymer matrix and bamboo fibers, which 

leads to a porous structure making the bamboo fiber/PLA composite suitable for membrane supports. There 

has been extensive research on bamboo fiber/PLA composite, albeit most of them solely focused on the 

improvement of their compatibility and on the characterization of physical and mechanical properties. The 

aim of these studies was to replace petroleum-based composites in packaging, construction, aircraft interior 

and flooring materials.16,17,18 However, there are no reports on the application of bamboo fiber/PLA 

composites for membranes. 

Herein we report the fabrication of bamboo fiber/PLA composite as a sustainable, biodegradable, non-

woven backing material for polymer membranes (Figure 1). Composite membrane supports were fabricated 

with bamboo:PLA mass ratios from 0.1 to 2 (Table 1). Their applicability as a backing material was 

investigated by filtration, mechanical, morphological, chemical characterization methods. To demonstrate 

the viability and compatibility of the bamboo fiber/PLA composites as membrane supports, 

polybenzimidazole (PBI) nanofiltration membrane19,20 was cast on the membrane supports. 

Table 1. Membrane support designations and compositions. 

Membrane Support 
Bambooa  

(wt%) 
PLAa 

(wt%) 
DMCa 
(wt%) 

Casting thickness 
(µm) 

S1 1 10 89 150a/100b 
S2 5 10 85 150a/100b 
S3 10 5 85 150a/100b 
S4 10 10 80 150a/100b 
S5 10 15 75 150a/100b 

aBamboo fiber/PLA membrane support fabrication; bPBI membrane fabrication on the support 

 

Experimental 

Materials 

Poly(lactic acid) (PLA) pellets (IngeoTM biopolymer 2003D) manufactured by NatureWorks LLC, USA were 

purchased from Innovative Pultrusion Sdn Bhd, Malaysia. The density, specific gravity, glass temperature and 

melting point of the PLA are 1.25 g cm–3, 1.24, 60 °C and 146 °C, respectively. The bamboo was purchased 

from Bamboo Village, Kuala Lumpur, Malaysia in a form of block. Then, the bamboo was cut, ground and 

sieved to produce dry particles with the size of 50–150 µm. Acetone (analytical reagent grade), acetonitrile 

(MeCN, ≥99.9%), 1-butanol (≥99.8%), chloroform (analytical reagent grade), dichloromethane (DCM, 

analytical reagent grade), dimethyl sulfoxide (DMSO, analytical reagent grade), abs. ethanol, ethyl acetate 

(EtOAc, analytical reagent grade), L-ethyl lactate (≥98%), hexane (HPLC grade), heptane (HPLC grade), 

methanol (MeOH, ≥99.8%), toluene (analytical reagent grade), tetrahydrofuran (THF, analytical reagent 

grade) and toluene (analytical reagent grade) were purchased from Fisher Scientific. Cyrene™ 

(dihydrolevoglucosenone, 99%), dimethyl carbonate (DMC, 99%), 2-methyltetrahydrofuran (2-MeTHF, 

≥99%), N,N-dimethylformamide (DMF, ≥99.8%), N,N-dimethylacetamide (DMAc, ≥99.5%), 1-methyl-2-

pyrrolidone (NMP, 99%), propylene carbonate (PC, 99%) and γ-valerolactone (99%) were purchased from 

Sigma-Aldrich. Cyclopentyl methyl ether (CPME, ≥99.9%) and isopropanol (IPA, ≥99.5%) were purchased 
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from Acros Organics. Methyl t-butyl ether (MTBE, 99%) was purchased from Alfa Aesar. Polybenzimidazole 

dope solution (PBI, 26 wt% in DMAc) was purchased from PBI Performance Products, Inc. (Charlotte, USA). 

All materials were used without further purification. 

Membrane support and membrane fabrication 

Prior to use, the bamboo fibers and the PLA pellets were dried under vacuum at 25 °C for 24 hours. 

Table 1 summarizes the designation and composition of the membranes and their supports. Mixtures of 10–

30 wt% bamboo fiber and 5–15 wt% PLA were vigorously stirred at 120 rpm in DMC at 60 °C for 6 hours. The 

mixture was cast on a glass plate using a film applicator with a casting knife set to a thickness of 150 μm and 

casting speed of 6 cm s–1. The film was immediately placed into a vacuum oven at 30 °C for 24 hours. 22 wt% 

PBI films were cast on the membrane support using a film applicator with a casting knife set to a thickness of 

100 μm and casting speed of 6 cm s–1, followed by phase inversion in deionized water (15 MΩ cm) at 22 °C. 

General characterization methods 

The surface and cross-sectional structure of the supports were investigated with scanning electron 

microscopy (SEM). SEM images were acquired using a FEI Quanta 200 ESEM with a tungsten hairpin filament 

emission gun at an accelerating voltage of 5 kV. The cross sections were obtained by breaking a piece of 

membrane under liquid nitrogen. Membranes were dried in a vacuum desiccator prior to the sample 

preparation. Samples were prepared by sticking the dried membranes on conductive carbon tape. The 

polymeric membranes were coated with 2 nm Pt using CRESSINGTON 108 auto sputter coater to make the 

samples conductive. The membrane thickness was measured with the ImageJ software using two different 

cross section images. Three measurements were performed on each image and the membrane thickness 

was calculated as an average of the six values. 

The topology of supports was investigated with white light interferometry using Bruker ContourGT-X 3D 

Optical Profiler. Samples were prepared by sticking the dried membranes on a glass slide using double-sided 

tape. The membrane supports were coated with 2 nm Pt using CRESSINGTON 108 auto sputter coater to 

make the samples reflective. Three membranes of each type were scanned and analyzed with the ContourGT 

Analysis software for roughness calculations. 

The topology of PBI membrane was investigated with atomic force microscopy (AFM) measurements. 

AFM images were taken in tapping mode in air using Bruker Multimode 8 Atomic Force Microscope 

equipment with Bruker TESPA-V2 probe (nominal spring constant of 37 N m–1, nominal tip apex radius of 7 

nm). Samples were prepared by sticking the dried membranes on a metal specimen disc using double sided 

tape. Three membranes of each type with an area of 5 μm × 5 μm were scanned and analyzed with the 

NanoScope Analysis software for roughness calculations. 

The tensile test was performed according to ASTM D882-12. The initial grip separation was set at 60 mm 

and a crosshead speed of 50 mm min–1. Three samples were tested and the tensile properties such as tensile 

strength and elongation at break were recorded. 

The linear swelling of the membrane supports was determined in various solvents by measuring the 

length of an approximately 1 cm × 1 cm membrane piece before and after soaked in solvents for 1 week. The 

length of the membrane supports was measured with calipers having 5 µm accuracy. Five pieces were 

measured, each 10 times, and the average values and standard deviations are reported. The linear swelling 
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ratio (SR) is defined as the relative change in the final length of the membrane support in organic solvents in 

relation to their original dry length (SR, Equation 1). 

𝑆𝑅 [%] =
𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑠−𝑑𝑟𝑦 𝑙𝑒𝑛𝑔𝑡ℎ

𝑑𝑟𝑦 𝑙𝑒𝑛𝑔𝑡ℎ
 100%      Eq. 1 

Fourier-transform infrared (FTIR) spectra of dry membrane samples were recorded using a Bruker Alpha-P 

ATR-FTIR spectrometer. The spectra were obtained at a resolution of 4 cm–1 as an average of 24 scans. 

Thermogravimetric analysis (TGA) was acquired using a TA Instruments Q500 in N2 atmosphere with the 

ramp rate of 20 °C min–1. 

Water contact angles (WCA) of membranes were determined by using Krüss DSA100. 1 μl deionized water 

was injected on membrane surface, and contact angle was obtained by using the sessile drop fitting function 

in Drop Shape Analysis. 

The chemical stability of membranes were assessed by soaking the membrane supports (0.5 cm × 0.5 cm) 

in polar aprotic solvents (PC, DMC, Cyrene, γ-valerolactone, DMSO, MeTHF, THF, DMF, DMAc, MeCN, NMP); 

alcohols (methanol, ethanol, IPA, 1-butanol); esters (ethyl lactate, EtOAc); ethers (CPME, MTBE); ketone 

(acetone); alkanes (hexane, heptane); aromatics (toluene); halogenated solvents (DCM, chloroform) and in 

water for 180 days at room temperature in sealed vials. For the stability test, 1 mL solvent was used. 

Laser scanning confocal microscopy (LSCM) 

Membrane porosity and particle size distribution was analyzed by laser scanning confocal microscopy 

(LSM 710, Zeiss). Membrane segments (1 cm × 2 cm) were stained by soaking for 2 d in a solution of 

fluorescein (Sigma-Aldrich, 1 g L–1 in acetone), then drying for 1 d in a fume cupboard. The sample was 

excited with a 561 nm laser line, away from the absorption maximum of the fluorophore to allow greater 

light penetration into the sample, through a 0.45 NA 10× Plan-Apochromat objective and a 1 Airy Unit 

pinhole. A volume of 2.55 × 2.55 × 0.18 mm3 was scanned with a voxel size of 1.66 × 1.66 × 0.5 µm3 and a 

dwell time of 50 µs/voxel. Light with wavelengths longer than 566 nm was collected. The lateral point 

resolution was 0.6 µm and the optical section thickness was 7.5 µm. The resultant z-stack was analyzed with 

the Fiji implementation of ImageJ 2.0.0. The stack threshold was set using the Huang,21 IsoData 22 and Li 23 

algorithms. 3D representations of the membrane were created with the 3D Viewer plugin.24 The component 

particles in the membranes were tabulated using the BoneJ “Particle Analyser” plugin 25 (volume resampling 

= 2, minimum volume = 0 µm3) on representative z-stacks cropped to remove open space above and below 

the membrane surface. Particles with zero surface area were manually removed from the list. Occupied 

volume was calculated as the ratio of the sum of the particle volumes over the volume sampled in the z-

stack. Sphericity, Ψ, was calculated for each particle from its enclosed volume, Vencl, and surface area, A, 

according to Equation 2. 

ψ =
π

1
3⁄ (6Vencl)

2
3⁄

A
      Eq. 2 

Particles were classified as acicular (needle-shaped) for Ψ≤0.588, equivalent to a prolate spheroid with its 

major axis ten times longer than its minor axis. Uncertainty values on volume fraction were calculated as the 

sample standard deviation of three analyses (one per threshold algorithm) of three representative areas. 

Pore size distribution was calculated using the Thickness module of the BoneJ plugin26,27 on a LSCM z-

stack resized to create isotropic voxels 1.66 µm on each side, which was the minimum pore radius that could 
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be measured. The image was thresholded with the Huang algorithm. The first derivative of cumulative pore 

volume fraction with respect to pore radius was calculated numerically in Origin with no smoothing. 

Filtration performance tests 

Filtration performance tests were carried out in a cross-flow filtration apparatus at 1 bar.28 In cross-flow 

filtration, the liquid travelled tangentially over the membrane surface at a 1.6 L min–1 linear velocity to 

mitigate accumulation of the filtration cake layer on the membrane surface. The reported data are mean 

values obtained from two membrane pieces with an area (A) of 52.8 cm2. The permeance (P, Equation 3) was 

determined as the volume of permeate divided by the transmembrane pressure (∆P), membrane area (A) 

and filtration time (t). 

 

𝑃 [L m−2 h−1 bar−1] =
𝑉

∆𝑃 𝐴 𝑡
        Eq. 3 

Results & Discussion 
Figure 2a presents the FTIR of a typical membrane support, PLA, bamboo fiber, and the PBI membrane. 

The FTIR of PLA and bamboo fibers are in agreement with the IR spectra reported in the literature.29,30 The 

FTIR spectrum of membrane support does not differ from the FTIR spectrum of PLA indicating the weak 

vibrations within the bamboo fibers. The only change that can be observed between the two FTIR is the ratio 

of transmittance between the peaks at 1129 cm–1 and 1082 cm–1
 and between the peaks at 1044 cm–1 and 

1082 cm–1, which increased by 4.7% and decreased by 5.3%, respectively. The phenomenon can be 

attributed to the decreased intensity at 1044 cm–1 and 1082 cm–1 due to the characteristic vibration of 

bamboo between 1000 cm–1 and 1100 cm–1 in addition to the vibration of PLA. The FTIR spectrum of the PBI 

membrane is in accordance with previous reports in the literature.20 The detailed analysis of FTIR spectra can 

be found in the Supporting Information. 
 

 

Figure 2. Physicochemical characterization of the different components: a) Typical FTIR spectra of PBI membrane, S3 
membrane support, PLA and bamboo fiber. The {s} and {b} designations correspond to the peaks caused by stretching 
and bending modes, respectively; b) an LSCM optical section microstructure of fluorescein stained S3 membrane 
support (image size: 850 μm × 850 μm); c) root mean square (RMS) roughness and water contact angle of membrane 
supports as a function of bamboo/PLA mass ratio. 
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Membrane porosity, particle size distribution and pore-size distribution were determined by LSCM 

(Figure 2b). 3D reconstruction of S3 membrane support shows a porous structure with spherical and needle 

shaped particles. Refer to the Supporting Information for the 3D reconstruction image and video. The 

analyses of three representative membrane area showed that the bamboo fiber and PLA composite have a 

porosity of 0.719 ± 0.132. Although results showed that 81.3 ± 6.4 % of particles were spherical (the others 

were needle-shaped), the volume occupied by needle shaped particles (i.e., bamboo fiber) account for 95.2 

± 6.0 %. These results are in line with the qualitative appearance (Figure S2 and the supporting video). The 

pore-size distribution determined from the LSCM data was flat up to about 200 µm (Figure S3) as expected 

for a stochastic fiber network. LSCM analyses showed a minimum pore diameter of 3.3 μm and a median of 

100 μm. 

The topology and roughness of membrane supports were investigated by white light interferometry 

(Figure 2c and Figure S4) instead of AFM. AFM was not suitable because of features taller than 1 μm. The 

images of the membrane supports do not show any significant difference in topology (Figure S4a–e). The 

calculated root mean square (RMS) roughness is shown in Figure 2c. In line with the expectations, the 

membrane supports exhibit rough surface with RMS roughness values above 700 nm. Although the error of 

the measurement is relatively large due to the heterogenous and non-woven structure, a subtle increase in 

RMS roughness as a function of bamboo fiber/PLA ratio can be observed, probably due to the rougher 

surface of bamboo fibers. 

Figure 3 shows the surface and cross section of membrane supports. All membrane top sections provide 

similar, heterogeneous surface with visible pores. The mass ratio of bamboo fiber/PLA in the membrane 

supports allows the thickness of the membrane support to be controlled. With increasing bamboo fiber/PLA 

ratio, the thickness of membrane supports also increases. Within the membrane support, the PLA serves as 

glue between the bamboo fibers, therefore, increased PLA amount is speculated to result in greater 

adhesion between the fibers, thus lower membrane thickness. Pure evaporated PLA films yield dense films,31 

and consequently the bamboo fiber is responsible for obtaining a porous structure. The topology and 

morphology of PBI membrane were investigated by SEM and AFM (Figure S5). Both SEM and AFM height 

images show a thin, dense structure (RMS roughness = 0.506 ± 0.138 nm) for the PBI membrane on top of 

the membrane support. The dense membrane structure is probably the result of delayed demixing due to a 

decrease in the diffusional exchange rate between solvent and nonsolvent.32 

 

Figure 3. SEM surface (a–e) and cross (f–j) section images of S1–5 membrane supports. The standard deviation was 
obtained by measuring the thickness at nine different points. 
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The surface wettability was assessed by water contact angle measurements. The contact angle of PLA is 

reported33 to be 69 and the contact angle of bamboo from Gigantochloa scortechinii is found34 to be 

approximately 15, therefore the surface of membrane supports is expected to be hydrophilic. The water 

contact angle (Figure 2c, Table S1) of supports ranged from 106 to 113. The increased contact angle can be 

attributed to the rough surface of the support. Note that the water contact angle of bamboo fibers can vary 

greatly from 14 to 72 depending on the source and form of bamboo material.35,36 Therefore, the 

hydrophilicity of the support can be fine-tuned by employing bamboo fibers from different source. 

The thermal stability of membrane supports was assessed by TGA (Figure 4). The TGA plots of bamboo 

fibers and PLA are in accordance with literature data. 29 The TGA of bamboo fibers are divided into two 

steps. The first decomposition step occurs from 250 C to 365 C, which is attributed to the thermal 

degradation of hemicellulose and the partial degradation of lignin. The second step from 365 C to 520C 

originates from the incineration of remaining lignin, char or fixed carbon. The decomposition of PLA occurs in 

one step at 300–380 C.30 The prepared membrane supports exhibit similar thermal stability to the bamboo 

fibers and PLA. The decomposition of membrane supports occurs in two steps, in which the first (250–380C) 

attributes to the decomposition of PLA and partial decomposition of lignin, while the second step originates 

from the combustion of remaining bamboo char. The TGA thermogram of PBI is in accordance with the 

spectra reported in the literature.19 

 

Figure 4. TGA thermograms of various materials used in this study. 

The tensile strength and elongation are important parameters that describe the mechanical strength of 

the membrane supports (Figure 5). A linear correlation between the mechanical properties of the supports 

and the bamboo fiber/PLA ratio was found. The tensile strength increased by 124% from 32.7 MPa to 73.3 

MPa with the increasing bamboo content, while the elongation at break remained virtually the same in the 

range of 1.71% to 1.79%. The tensile strength of bamboo/PLA membrane supports is comparable to the non-

woven membrane supports made from PET (29.4 MPa) and PE/PP (36–56 MPa).37,38 
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Figure 5. Tensile strength and elongation at break as a function of bamboo fiber/PLA mass ratio for the membrane 

supports. 

 

Chemical stability of the membrane supports was tested in various classes of solvents: polar aprotic 

solvents, alcohols, esters, ethers, ketone, alkanes, aromatics, halogenated solvents, and water (Table 2). 

They were found to be stable in most solvents over 6 months. However, the materials disintegrated in 

halogenated solvents (chloroform and dichloromethane), and in some of the polar aprotic solvents such as 

DMC, THF, DMF and acetonitrile. Surprisingly, the membrane supports were found to be stable some 

conventional (DMAc, DMSO, NMP) and emerging green (PC, Cyrene™, γ-valerolactone and MeTHF) polar 

aprotic solvents. The solvent resistance of membrane support is in line with the solubility of PLA in the 

respective solvents. The stability and solvent resistance of the membrane supports could be further 

increased by crosslinking using biodegradable maleic anhydride.39 

Table 2. Stability of the bamboo/PLA membrane supports in different classes of organic solvents: intact (I) and 
disintegrated (D). Values in parenthesis are the Hansen solubility parameters (HSP).40,41,42 

Solvent 
HSP 

(MPa0.5) 
Day 1 Day 180 

Polar aprotic:      

PC  27.2 I I 

DMC 20.2 D   

Cyrene™ 22.7 I I 

γ-Valerolactone 23.7 I I 

DMSO 26.7 I I 

2-MeTHF 18.1 I I 

THF 19.5 D   

DMF 24.9 D   

DMAc 22.8 I I 

NMP 23.0 I I 

Acetonitrile 24.4 D   

Alcohols:      

1-butanol 23.2 I I 
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Ethanol 26.5 I I 

Isopropanol 23.6 I I 

Methanol 29.6 I I 

Esters:      

Ethyl lactate 21.7 I I 

Ethyl acetate 18.2 I I 

Ethers:      

CPME 17.8 I I 

MTBE 16.2 I I 

Ketones:      

Acetone 19.9 I I 

Alkanes:      

Heptane 15.3 I I 

Hexane 14.9 I I 

Aromatics:      

Toluene 18.2 I I 

Halogenated:      

Chloroform 18.9 D   

DCM 19.8 D   

Water 42.3 I I 

 

Further to the chemical stability test, the membrane supports were also characterized by their swelling in 

some commonly used solvents including DMAc, NMP, PC, methanol, ethyl acetate, heptane, toluene and 

water. The swelling of membrane supports varies according to the polarity of the solvent and the bamboo 

content (Figure 6). The swelling of S1–5 as a function of solvent polarity followed a saturation curve: higher 

solvent polarity, resulted in greater swelling of membrane support. The swelling in heptane (least polar 

solvent) was found to be as low as 0.5% for all the supports, while the swelling in water (most polar solvent) 

varied between 5% and 9.9%. The increase in bamboo content resulted in decreasing swelling ratio in all the 

solvents. For instance, the swelling in water decreased from 9.9% to 5% as the bamboo fiber/PLA mass ratio 

increased from 0.1 (S1) to 2 (S3). Therefore, the swelling of membrane supports can be controlled by varying 

the mass ratio of bamboo/PLA. 
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Figure 6. Linear swelling ratio for the different membrane supports as a function of Hansen Solubility Parameter and 
bamboo/PLA mass ratio. Refer to the Supporting Information for the data for each support and solvent. 

The solvent permeance of S1–5 was studied in water, methanol, acetone and heptane covering a wide 

range of polarity (Figure 7a). Increasing solvent polarity and increasing bamboo content resulted in 

increasing permeance, which culminated at 1068±32 L m–2 h–1 bar–1 for S3 in water. The long-term stability 

and filtration performance of S3, both as a stand-alone support and with a PBI membrane cast on top of it, 

were successfully demonstrated over two weeks (Figure 7b). The supports were tested at 1 bar due to their 

high flux, while the PBI membrane on S3 required 10 bar as it falls within the nanofiltration range. The 

filtration with a membrane on top, and at higher pressure, both successfully demonstrated the viability of 

applying the non-woven material as a membrane support. 
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Figure 7. Mapping the permeance in water and various organic solvents at 1 bar as a function of Hansen solubility 
parameter (HSP) and bamboo fiber/PLA content (a), and long-term stability of S3 (1 bar) and PBI on S3 (10 bar) in 
methanol and heptane. All experiments were carried out in cross-flow configuration. The colormap represents the 
permeance expressed as L m–2 h–1 bar–1. Refer to the Supporting Information for the data for each support and solvent. 

 

Conclusions 
Membranes will only be truly sustainable when the environmental burden of their fabrication is mitigated 

by minimizing the use of toxic solvents and non-degradable, petroleum-based raw materials. In this work, a 

membrane support was fabricated from three renewable, non-toxic, biodegradable materials: bamboo fiber, 

PLA and DMC. The prepared composite film, in which the PLA served as a glue to adhere the bamboo fibers 

together, resulted in porous structure with rough surface that are attractive features for membrane 

supports. The tensile strength of the bamboo/PLA composites ranged from 33 MPa to 73 MPa, which is 

comparable to the tensile strength of conventional PP and PET membrane supports. The mechanical 

strength of membrane supports was enhanced by increasing the bamboo fiber content. Increased 

bamboo/PLA ratio also resulted in decreased swelling by up to 50% and increased permeance, culminating at 

1068±32 L m–2 h–1 bar–1 in water. The porosity and the volume occupied by needle shaped particles were 

found to be 0.719 and 95%, respectively. 

The chemical stability of membrane supports were tested in 25 organic solvents and in water. Despite 

being unstable in some of the polar aprotic solvents (DMC, THF, DMF, acetonitrile), the membrane supports 

remained intact in DMAc, NMP and in emerging polar aprotic green solvents, such as Cyrene, PC, γ-
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valerolactone and 2-MeTHF. Bamboo fibers were insoluble in all solvents providing great chemical stability, 

while the disintegration of membrane supports in some solvents originated from the dissolution of PLA. The 

membrane supports exhibited long-term stability, demonstrated over 6 months by soaking, and 2 weeks in 

continuous cross-flow filtration experiments. 

The bamboo/PLA membrane supports could provide a green alternative for conventional membrane 

backing materials because they eliminate the need for petroleum-based polymers, such as PP, and toxic 

solvents, such as DMAc and NMP. The presented methodology can open new horizons for fabricating porous 

materials that are not limited to membrane supports but could include microfiltration membranes and 

adsorbents. 
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