
AN EXPERIMENTAL 

STUDY TOWARD ECO-FRIENDLY BAMBOO FIBER 

EXTRACTION FOR TEXTILES 

by 
AMK BAHRUM PRANG ROCKY 

AMANDA J. THOMPSON, COMMITTEE CHAIR 
KEVIN H. SHAUGHNESSY 
VIRGINIA S. WIMBERLEY 

MARCY L. KOONTZ 

A THESIS 

Submitted in partial fulfillment of the requirements 
for the degree of Master of Science 

in the Department of Clothing, Textiles, and Interior Design 
in the Graduate School of 

The University of Alabama 

TUSCALOOSA, ALABAMA 

2017 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright AMK Bahrum Prang Rocky 2017 
ALL RIGHTS RESERVED



ii 

ABSTRACT 

Due to bamboo’s higher specific compressive strength when compared to wood, brick or 

concrete, the use of bamboo is mainly in construction and furniture. The morphology of the plant 

makes it a successful building material. The fibers are dense and strongly connected by lignin, 

pectin and other natural bonding elements which makes extraction of fibers challenging. That’s 

why, conventional rayon processing has been employed to create textile fibers by dissolving 

bamboo in chemicals retaining cellulosic portions only. Consequently, an increasingly popular 

advertisement in modern global market is “BAMBOO TEXTILES” which has earned interest 

from ecofriendly consumers. However, further inquiry into manufacturers’ practices show that 

the bamboo textiles in the market are made of bamboo viscose fibers and are not natural as 

consumers might be led to believe. Since the cellulose is mainly extracted to produce rayon, 

bamboo viscose does not retain the natural unique properties. Lignin and other contents in the 

fibers may make them stiffer but they are the origin of many unique properties. Extensive 

removal of these elements makes fibers softer and finer which are often associated with viscose.  

During this research study, 69 different bamboo fibers were produced from Phyllostachys 

rubromarginata bamboo species. Twenty-six of the specimens were very good and useable for 

spinning. This study revealed that no lone attempted method of chemical, enzymatic or 

mechanical treatment was able to produce expected fibers. Combinations of two or more 

techniques produced pliable fibers. Analyses of physical properties, structures and dimensions, 

and antibacterial properties of fibers are reported for each experiment. Most of the extracted 
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fibers as well as cotton were found to be higher in diameter than bamboo and regular viscose. 

Moreover, fibers that showed antimicrobial/antibacterial activity against Staphylococcus aureus 

were coarser than viscose.  

This study also focused on ecofriendly production; therefore, chemicals were employed 

in the lowest level that would still achieve the desired results. Major findings include specimens 

that achieve pliable natural bamboo fibers with antibacterial properties, possible routes and 

techniques for fiber extraction, and successive modification steps to the targeted textile fibers. 
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1 INTRODUCTION 

Issues, such as environment, sustainability, degradability, renewability, and costs of 

production have been a concern for the last few decades of scientists, researchers and 

intellectuals in many industrial manufacturing fields. These issues are comparatively more 

imperative in the textile sector because contemporary textile processes can be toxic to natural 

resources and environments, and deplete energy if not managed properly.  The textile sector is 

considered one of the most hazardous factors in environmental pollution during different wet 

processing of textiles, such as- sizing, desizing, scouring, bleaching, washing, dyeing and 

printing (Alkaya & Demirer, 2014; Challa, 2014; Fibre2Fashion.com, n.d.; Jena, Das, Khandual, 

Sahu, & Behera, 2015; Moore & Ausley, 2004; E. Ozturk, Koseoglu, Karaboyaci, Ozgu, et al., 

2016; E. Ozturk, Koseoglu, Karaboyaci, Yigit, et al., 2016; H. K. Ozturk, 2005; Reddy, Chen, 

Zhang, & Yang, 2014). Additionally, cotton and polyester, two of the most produced fibers have 

serious impacts on the environment. Conventional cotton requires the use of insecticide and 

pesticide, fertilizers, and large amounts of water for irrigation (Bevilacqua, Ciarapica, Mazzuto, 

& Paciarotti, 2014; Dai & Dong, 2014; De Coster, 2007; Mancini, Termorshuizen, Jiggins, & 

Bruggen, 2008; Watto & Mugera, 2015; Yang, Yang, Han, Macadam, & Liu, 2014). In India, 

according to a report of the Insecticide Resistant Management (IRM), cotton cultivation uses 5% 

of land areas but it consumes 50% of all pesticides used in that country (Yadav et al., 2015). 

Globally, cotton cultivation uses 10-11% of all pesticides and 20-25% of all insecticides that are 

consumed worldwide. For its irrigation, farmers on average use 7-25 tons of water to produce
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only 1 kg of cotton fibers (Mancini et al., 2008; Waite, 2009; Yadav et al., 2015). Moreover, in 

cotton textile production, each process uses tons of water and puts huge amounts of waste-water 

into the environment. Manufacturing of all synthetic fibers, such as polyester, generally requires 

massive amounts of energy (100-250 MJ/kg) and the use of finite resources especially crude oil. 

The production process of synthetic fibers produces a vast amount of hazardous gases, organic 

compounds, disposable materials, solvents and by-products which, if not controlled properly, can 

pose threats to the environment (Caffaro-filho, Morita, Wagner, & Durrant, 2009; Luz, 2007; 

Xu, Chen, Wang, & Yang, 2016). 

Global warming and altered weather patterns have made consumers more aware of the 

role humans have played in environmental change. An outcome of the focus on human 

interaction with the environment has caused many consumers to consider the impact of non-

biodegradable and/or unsustainable products.  In response to this awareness some studies have 

found willingness by consumers to pay more for  organic or eco-friendly products (Brosdahl & 

Carpenter, 2010; Butler & Francis, 1997; Han & Chung, 2014; Kang, Liu, & Kim, 2013; Steffen, 

Marin, & Müggler, 2013; Thompson & Tong, 2016). This trend to be eco-friendlier is also 

affecting government regulation (Hardin, Wilson, Dhandapani, & Dhende, 2009; Nossar, 

Johnstone, Macklin, & Rawling, 2015; Reuters, 2009). It has been recognized that industries that 

negatively affect the environment may give some short term monetary benefits, but ultimately 

sabotage long term economic and environmental conditions of a country. Moreover, humans, 

animals and plants that live around these kinds of industries also suffer in different ways from 

drinkable water crisis, air pollution and soil pollution (Elgin & Oztunali, 2014; Hines, 2015; 

Mani & Wheeler, 1998; Prechel, 2015). Thus in the textile sector, eco-friendly designated 
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products are entering in the market more frequently, e.g. organic textiles, green textiles, and eco-

fashion (Sonnenberg, Jacobs, & Momberg, 2014; The Good Trade, 2016).   

Manufacturers might desire  to produce natural bamboo (that is not viscose) or greener 

textile fibers from plants  (Bismarck, Baltazar-Y-Jimenez, & Sarikakis, 2006) but this may not 

be feasible due to the lack of economic support, advanced technologies, or adequate research that 

could outline a practical process. As a result, a lesser amount than is in demand of eco-friendly 

fibers is being produced leaving a possible deficit in products consumers want and what is 

available. Moreover, a huge part of the bamboo plant goes unused which contributes to the lesser 

profitability of greener textiles and decreases their ability to compete against established fibers. 

This leaves the fledgling eco-friendly fiber industries struggling to survive. For instance, bamboo 

fibers produced through the mechanical or steam explosion processes yield fibers of varied 

length 2 mm to 150 mm (Steffen et al., 2013), 8.2 mm to 67.9 mm (Fu, Li, Gao, Wang, Cavaco-

Paulo, et al., 2012), and 5 mm to 135 mm (Witayakran, Haruthaithanasan, Agthong, & 

Thinnapatanukul, 2013) resulting in an extremely wide Gaussian distribution which leads smaller 

non-spinnable fibers to be wasted. Thus, the fiber yield percentage for mechanical bamboo 

textile preparation is very low. Technological improvement, therefore, is extremely crucial to 

support the eco-friendly fiber industries so that they can prove profitable. Other examples are 

South American and Mexican sisal and henequen industries that are suffering due to lack of 

technological developments (Bismarck et al., 2006). Thus, the problems and limitations of 

conventional textiles support the necessity for research to explore new products that may be eco-

friendly, sustainable and provide enough volume of material for consumer use.  Recently 

bamboo fibers and textiles, as eco-friendly alternatives, have  been a very popular  topic  for 
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researchers and popular media alike (Afrin, Kanwar, Wang, & Tsuzuki, 2014; Bestrank, 2014; 

Steffen et al., 2013).   

Bamboo has many worthwhile characteristics for production in the eco-friendly textile 

sector. Rapid growth (100-250 cm/24 hours or 39-98 inches/24 hours) allows large amounts of 

mass available for fiber processing. Other properties attributed to bamboo plants include that no 

replanting is required due to a strong root network and antibacterial properties which have 

eliminated the use of pesticides and fertilizers (Afrin, Tsuzuki, Kanwar, & Wang, 2012; Afrin, 

Tsuzuki, & Wang, 2009; Mishra, Behera, & Pal, 2012; Witayakran et al., 2013). Moreover, 

bamboo plants, generally 6-months to 3-years old, can be harvested for extraction of fibers, 

giving 10 times more fiber in a unit of land (Afrin et al., 2009; Bestrank, 2014) than cotton 

without any replantation of these perennial plants. Bamboo textiles can also be considered 

ecofriendly with respect to raw materials; while a forest tree takes as long as 60 years on an 

average to be replaced after cutting, a bamboo plant takes only 2-3 years to regrow. It is reported 

that textiles produced from mechanically extracted bamboo fibers are very unique, being air-

permeable, comfortable to wear (very soft), moisture absorbent and antibacterial (Free Fly, n.d.; 

Rodie, 2010; Zhou, Chen, & Yi, 2015). Serviceability of bamboo clothes are claimed to be three 

times higher than cotton (Afrin et al., 2009; China Bambro Textile Co., 2007). There are also 

several different methods by which researchers have extracted bamboo fibers without any harsh 

chemicals (e.g. NaOH, Na2S) in an eco-friendly way, but not all of them are suitable for spinning 

yarn. (Afrin et al., 2009; Hardin, Wilson, Dhandapani, & Dhende, 2009; Witayakran et al., 

2013). Composition of different polymeric matrix or composites with bamboo fibers provides 

high quality tensile properties (Chaowana, 2013; Prasad & Rao, 2011; Ramachandran, Bansal, & 

Raichurkar, 2016; Rao & Rao, 2007; Zakikhani, Zahari, Sultan, & Majid, 2014). Quicker 



 

5 

moisture wicking and drying ability have made bamboo fiber suitable and popular for certain 

purposes, especially where high amounts of perspiration can be collected in a garment such as in 

socks and hats. Moreover an anti-static nature, ultraviolet protection, and warming in cool 

weather properties also make it consumer friendly (China Bambro Textile Co., 2007; Free Fly, 

n.d.; Rodie, 2010; Waite, 2010). Another distinguishable property attributed to naturally 

produced bamboo fiber is a natural luster with a silk-like shiny appearance (Rodie, 2010; Steffen 

et al., 2013) without chemical treatment that is achieved in cotton by mercerization. Considering 

many of the claims by retailers, however, there is confusion as to how the fibers were processed 

and whether the properties were certified by tests or just attributed to the bamboo textiles. 

The sustainability of the plant is added to by multipurpose use of its components so that 

not just the culms are used after harvesting. For example, bamboo leaves can also be used for 

synthesis of different antioxidants present in human diets. Zhang, Jiao, Liu, Wu and Zhang 

successfully prepared four types of pure flavone C-glycosides-orientin, homoorientin, vitexin 

and isovitexin, from bamboo leaves (Zhang, Jiao, Liu, Wu, & Zhang, 2008). Apart from the use 

of mature bamboo plants for building construction and for production of furniture, immature 

bamboo shoots are used as food, in traditional medicine for antioxidants, anti-ageing, anti-

fatigue, improving digestion, sweating, relieving hypertension, controlling and preventing 

cardiovascular diseases and cancer, and for manufacturing of vitamins, proteins, carbohydrates, 

minerals and ethanol (Li, Wang, Wang, & Zhang, 2015; Nirmala, Bisht, & Laishram, 2014). 

Moreover, bamboo nodes, yellow endodermis and green exodermis of bamboo, and roots are 

also used for biomass and biofuel (Sugesty, Kardiansyah, & Hardiani, 2015; Xie et al., 2015). 

In short, considering current economic recessions, environmental pollution, global 

warming, lack of alternative textile resources, harmful environmental impact of mass production 
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and industrialization, and the necessity of preserving the earth for future generations, it is crucial 

to produce eco-friendly and sustainable products. Hence, research to find an eco-friendly 

extraction method for bamboo textile fiber is a valid research endeavor.    
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2 REVIEW OF LITERATURE  

As mentioned earlier, bamboo textiles are considered as eco-friendly and sustainable 

textiles by researchers and scholars in recent years (Afrin et al., 2014, 2012, 2009; Baby Key, 

2013; China Bambro Textile Co., 2007; Deshpande, Rao, & Rao, 1999; Erdumlu & Ozipek, 

2008; Fu, Zhang, Yu, Guebitz, & Cavaco-Paulo, 2012; Fuentes et al., 2015; Hardin et al., 2009; 

Main, 2012; Ogawa, Hirogaki, Aoyama, & Imamura, 2008; Rodie, 2010; Steffen et al., 2013; 

Thompson & Tong, 2016; Waite, 2009, 2010; Witayakran et al., 2013). Many of the 

manufacturers have started bamboo fiber and textile production (China Bambro Textile Co., 

2007; Globalsources.com, 2016; Shanghai Tenbro Bamboo Textile Co. Ltd., 2009) but many 

manufacturers’ production procedures listed on their website or advertising literature are not 

transparent enough to evaluate with respect to environmental issues. The bamboo fibers are 

generally used to produce 100% viscose bamboo textiles or are blended with other natural and/or 

synthetic fibers such as- bamboo/cotton, bamboo/tencel, bamboo/hemp, bamboo/silk, 

bamboo/spandex, and bamboo/polyester.  

 Morphology of bamboo 

There are 1,000-1,500 bamboo species (Asia accounts for about 1,000 species) within 75-

91 genera of bamboo plants  and 50 species are now involved in textile production (Fu, Li, Gao, 

Wang, Cavaco-Paulo, et al., 2012; Hardin et al., 2009; He, J., Cui, S., & Wang, 2008; Steffen et 

al., 2013; Waite, 2009). Bamboo plants can be as tall as 30 m (98 ft.) and as wide as 25-30 cm 
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(10-12 inches) in diameter (“Promoting the Beauty and Utility of Bamboo,” 2008). Unlike other 

plants, it initially develops in full diameter from the ground and continues growing up to 

maximum height without branching until 3-4 months old and at this point, leaves and branches 

emerge from nodes. Cavity, diaphragm, node, branch, internode and wall are the main parts of a 

bamboo stem. Main parts of a bamboo stem have been shown in Figure 1. Each hollow 

cylindrical portion between two nodes is called an internode or culm. The outer part of bamboo 

stem, exodermis, is comprised of the green portion with dense vascular bundles. The inner part of 

the stem, endodermis, is comprised of the yellow portion with rare vascular bundles. The main 

cellulosic part or timber lies between the exodermis and endodermis (Li et al., 2015; “Promoting 

the Beauty and Utility of Bamboo,” 2008; Waite, 2009).  

 
Figure 1. Different parts of a bamboo stem 

Each bamboo culm can be as long as 10-25 cm (4-10 inches) between two nodes. 

Diameter of bamboo fibers vary from 10 nm to 20 nm. Individual fiber length may vary from 5 

mm to 159 mm (0.2-6.3 inches) depending on species (Hardin et al., 2009; Steffen et al., 2013; 



 

9 

Witayakran et al., 2013). He et al. (2009) extracted about 51% cellulose from bamboo as 

compared to hardwood and softwood trees, which generally yields 42-51% and 39-43% 

respectively (He, J., Cui, S., & Wang, 2008).  

It is important to know about the chemical composition of bamboo plants to apply more 

effective enzymes or chemicals for degumming and relevant processing. Degumming, sometimes 

called delignification, of bamboo is defined as a process of removing lignin, pectin, 

hemicellulose and extractives for fiber production. Table 1 provides the percentages of major 

components in bamboo. 

Unlike most other bast fibers, the lignin content is very high in bamboo. Lignin is an 

amorphous and hydrophobic complex that is a branched polymer of aromatic compounds and 

must be removed to access the fibers. Two other major constituents are hemicellulose and 

cellulose. With a higher degree of polymerization (higher molecular weight), cellulose is a 

straight and non-branched semi-crystalline polysaccharide and suitable for providing fiber 

characteristics. On the other hand, hemicellulose has a lower degree of polymerization (lower 

molecular weight) with open hydroxyl and acetyl groups that can be solubilized in water and can 

be expected to be removed for fiber extraction (Fu, Li, Gao, Wang, Cavaco-Paulo, et al., 2012; 

Özmen, Çetin, Mengeloğlu, Birinci, & Karakuş, 2013; Rowell, 2013). The overall chemical 

composition of bamboo plants mainly includes cellulose, hemicellulose, lignin and pectin. Table 

1 lists the percentages of the components of bamboo as analyzed by several studies (Fu, Zhang, 

Yu, Guebitz, & Cavaco-Paulo, 2012; Steffen et al., 2013; Waite, 2009; Witayakran et al., 2013).  
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Table 1. Chemical Composition of bamboo plants 

Name of Chemicals Percentages (varies among 
species) % 

Cellulose 45-55 

Hemicellulose 15-25 

Lignin 15-30 

Pectin 0.5-1.5 

Water soluble substances (organic and 

inorganic compounds) 
7.5-12.5 

Water insoluble constituents (small particles 

of resin, ash, tannin, wax, protein, fats, and 

pigments) 

Varies 

(Fu, Zhang, Yu, Guebitz, & Cavaco-Paulo, 2012; Lee et al., 2009; Ma, Huang, Cao, 
Chen, & Chen, 2011; Steffen et al., 2013; Waite, 2009; Witayakran et al., 2013; Yueping 
et al., 2009).   

 Why are all bamboo textiles not eco-friendly? 

Bamboo as a plant is assumed to be an eco-friendly and sustainable plant requiring little 

care or low fertile soil, irrigation, fertilizers, insecticide or pesticide for cultivation. It creates 20 

times more timber than other timber producing plants (HortiNews, 2016). Sometimes it is 

introduced to prevent deforestation, soil erosion and to provide cooking fuel (HortiNews, 2016; 

Rosenberg, 2012). Considering all the multifarious benefits of bamboo plants as a raw material, 

any product made from bamboo can be claimed as eco-friendlier but it is also fairer to judge eco-

friendliness of a product with respect to its manufacturing processes. There are three different 

classification of bamboo fibers based on extraction processes: 
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1. Bamboo viscose fiber- which is regenerated cellulose from pulp like other viscose 

fibers (see the detailed explanation of the viscose process below). Due to the use of 

extremely harsh and toxic chemicals, bamboo viscose cannot be classified as an eco-

friendly fiber. Most of the bamboo textiles in the current marketplaces are mainly 

made of bamboo viscose. 

2. Natural bamboo fiber- extraction process is carried out using mechanical aids and 

mild chemicals. This type of fiber contains its natural lengths and some properties but 

those currently listed in the literature lose some of their unique properties, like anti-

UV and anti-microbial/bacterial, due to the interaction of the chemicals with fiber 

components during processing. Thus, it can be judged as better than bamboo viscose 

but not fully eco-friendly or retaining exclusive properties of bamboo. Some retailers 

and producers in the markets are claiming their products to be of this type but in 

many instances the products appear to be viscose fibers (Hardin et al., 2009; Phong, 

Fujii, Chuong, & Okubo, 2012; Sarkar & Appidi, 2009). 

3. Clean eco-friendly bamboo fiber- completely produced without using any harsh 

chemicals. This type is not commercially available at this time. Though some strong 

mechanical treatments can extract bamboo fibers, it has not been possible to get 

spinnable, soft-feeling and pliable fibers without appropriate degumming. In this 

case, some researchers argue about using several enzymes or microbial cultures but 

no successful work for textiles has been published in current observations. Fibers 

have been reported as non-spinnable and non-pliable when using enzymatic 

treatments for fiber extraction (Fu, Li, Gao, Wang, Cavaco-Paulo, et al., 2012; Phong 

et al., 2012; Rao & Rao, 2007; Witayakran et al., 2013).    
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Viscose or viscose rayon, though prepared from natural cellulosic substances, is not 

classified as a natural fiber. Viscose fibers, no matter what the starting material is, have almost 

the same characteristics. Viscose fibers were first introduced by British scientists Charles 

Frederick Cross, C. Beadle and Edward John Bevan in 1892. Scheme 1 illustrates chemical 

reactions in the rayon/viscose process. 

Scheme 1. Chemical reactions in viscose processing 

 

Generally, pulp is prepared from cellulosic biomass of the plant followed by dissolution 

of pulp in aqueous sodium hydroxide (aq. NaOH, 16-25% solution), preparation of sodium 

xanthate by adding carbon disulfide (CS2) (Scheme 1) and then an addition of a 2-5 % (w/w) 

NaOH solution forms a viscous solution. Separated viscous solution is ripened using a mineral 

acid, e.g. H2SO4, recovered cellulose and hardened releasing dithiocarbonic acid, and then 
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passed through spinnerets to shape the dissolved cellulose into fiber form. It is very clear that 

during these chemical conversion and separation, only cellulosic contents can be retained in 

rayon or viscose fibers (Batalha et al., 2011; Ma et al., 2011; Perepelkin, 2008; Sugesty et al., 

2015; Waite, 2009).  

From the Scheme 1, it is clear that the viscose process uses some toxic chemicals (NaOH, 

H2SO4, and CS2) to destroy some of the existing unique properties of a plant and this process 

also releases byproducts, such as sodium sulfate, carbon disulfide and dithiocarbonic acid which 

can cause environmental pollution. Thus, bamboo viscose fiber loses its innate unique properties 

of bamboo and should not be misrepresented as environmentally friendly (Afrin et al., 2014; 

Thompson & Tong, 2016).       

Research on bamboo as a material for a consistent supply for textile fiber production is in 

its infancy (Steffen et al., 2013). Most of the research on bamboo fibers has been performed on 

bamboo viscose (chemical regeneration of cellulose) or bamboo fibers for use in composites with 

synthetic or chemical polymers (Chaowana, 2013; Fuentes et al., 2015; Ibrahim et al., 2015; 

Phong et al., 2012; Prasad & Rao, 2011; Rao & Rao, 2007; Shibata, Cao, & Fukumoto, 2008; Y. 

Yu, Wang, & Lu, 2014). Both of these areas of research do not require the bamboo fiber length 

for the starting material to be within the parameters needed for yarn production. Bast fibers are 

generally very suitable for use in polymeric matrices and thus most of the research thrust has 

been to utilize bamboo in fiber-reinforced laminates. Blending bamboo fibers or fiber-bundles 

with other materials not only produces a product with high quality and durability, it also adds a 

certain degree of eco-friendliness to the end-products, e.g. biodegradability, sustainability and 

renewability. But this research is not focused on an eco-friendly line because of the use of the 

matrix materials (mostly synthetics/chemicals) needed for the composite (Abbott & Ellison, 
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2008). Similarly, blending bamboo viscose fiber with other traditional fibers has also been 

reported to improve yarn properties. Tausif et al. conducted a comparative study on bamboo 

viscose and cotton when blended with different ratios of polyester (Tausif, Ahmad, Hussain, 

Basit, & Hussain, 2015). Measuring the tensile strength of yarns, bursting strength of fabric, 

bending length, thermal resistance and moisture management properties of polyester-cotton 

blend (PC) and polyester-bamboo viscose blend (PB), it was concluded from the study that 

comparatively eco-friendly PB had higher strengths, lower bending length that indicates softness 

and better comfortability, lower thermal resistance or higher thermal conductivity. Thus, it is 

good for summer clothing, and almost similar moisture management properties (Tausif et al., 

2015) as cotton. In preliminary findings, bamboo fiber has been found to have higher dye take-

up than cotton (Tausif et al., 2015; Yueping et al., 2009), however, this still needs more 

verification as the studies did not clarify whether bamboo viscose or natural bamboo fiber was 

used. 

 Bamboo Textiles and Retailers 

 Retailers are emphasizing the eco-friendly benefits of bamboo fibers to attract consumers 

who have eco-friendly preferences. One such retailer, Free Fly, has declared on its website, “We 

explored for over two years, high and low, near and far, testing fabrics in every environment 

imaginable, until we came across bamboo fabric. And in bamboo, we found everything we were 

looking for (Free Fly, n.d.).” Free Fly continues by describing the benefits of bamboo fibers such 

as: moisture wicking, anti-static, anti-UV, anti-itching, anti-odorous, breathable, comfort, and  

thermal regulating (Free Fly, n.d.). Another retailer, O2wear, has described the same qualities for 

bamboo textiles including easy care and it being suitable for people with sensitive skin or 

eczema (O2Wear, n.d.).  
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Though many retailers and producers advertise bamboo textiles as eco-friendly in their 

marketing to consumers, it is often not clarified which steps in the processing are eco-friendly 

and which ones may not be.  Rather it is left for the consumer to assume that since it is bamboo 

everything must be eco-friendly and that there is retention of all the innate properties of bamboo 

fiber. Although bamboo viscose fibers can offer better aspects relevant to the ecosystem since 

the plant can be cultivated in an ecofriendly manner (without any pesticide, insecticide or 

fertilizer), the eco-friendliness of bamboo fiber can be further enhanced by not using large 

amount of harsh chemicals to extract fiber or to create fibers by viscose processing. Hardin et al. 

(2009) conducted an assessment on seven different bamboo textile products that claimed to be 

made in eco-friendly ways and to have antibacterial properties. Unfortunately, the manufactured 

sample fibers failed to show antibacterial properties. It was concluded that all the seven branded 

bamboo fibers were bamboo viscose rayon and the actual fibers were contrary to the retailers 

claim as completely eco-friendly since the viscose process had been utilized in production. Other 

producers of bamboo viscose are also claiming their products as eco-friendly without any 

practical proof (Steffen et al., 2013). According to Rodie (2010), managing editor of Textile 

World, marketers of bamboo viscose are posing "inaccurate claims of ecofriendly and other 

claims" thus deceiving consumers (Rodie, 2010). In recent instances, the US and Canada 

government and some of their agencies have brought charges against false claims and misleading 

labels found on viscose bamboo textiles that claimed to be antimicrobial, UV protective, and 

biodegradable due to their bamboo starting material (Hardin et al., 2009; Main, 2012; CBC 

News, 2010; Reuters, 2009).    

Initially bamboo viscose was accepted as an ecofriendly textile because its overall 

cultivation and plant collection processes support the claims, but conventional viscose processing 
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is not an ecofriendly method and it causes harm to workers, machines, and the environment. By-

products and chemicals used in viscose processing especially CS2, NaOH, and  H2SO4, are 

harmful to the environment (Baby Key, 2013; Rodie, 2010; Steffen et al., 2013; Waite, 2009). 

Antimicrobial properties and ultraviolet (UV) protection are among the beneficial claims of 

bamboo fibers, but bamboo viscose scarcely possesses these properties due to their destruction 

during viscose/harsh chemical processing. Additional chemical treatments for antimicrobial and 

UV treatments can be applied to any of the viscose fibers after they are produced but this does 

not make use of natural properties found in bamboo (Sarkar & Appidi, 2009; Zheng, Song, 

Wang, & Wang, 2014). Thus, some benefits of bamboo are compromised in viscose fibers. Other 

important reasons to question claims of the completely eco-friendly and consumer friendly status 

claimed by bamboo textile manufactures that produce bamboo viscose are: viscose is not easily 

biodegradable taking longer time to be degraded naturally than natural fibers and the viscose 

process degrades innate properties of bamboo which include breathability, moisture absorption, 

and wearing comfort (Baby Key, 2013; Rodie, 2010). In short, viscose bamboo fibers are almost 

completely different from the naturally extracted bamboo fibers and behave like other viscose 

fibers. Therefore, it is important to innovate a suitable ecofriendly method to collect bamboo 

fibers that can exploit the innate benefits of the fibers. There is not much research on 

investigating or exploring suitable ecofriendly methods for bamboo fiber extraction for textile 

production purposes (Fu et al., 2011; Fu, Li, Gao, Wang, Cavaco-Paulo, et al., 2012; Steffen et 

al., 2013).  

 Different technologies for bamboo fiber extraction 

Natural bamboo fibers are mainly extracted by using four actions-1) mechanical 

treatment, 2) biological treatment, 3) chemical treatment, and 4) combined treatment of 1, 2 and 
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3. Variation of these treatments can yield most other bast fibers too.  The following are general 

explanations of these treatment types.   

2.4.1 Mechanical Treatment  

A general mechanical treatment for bamboo fiber is: bamboo strips (prepared from 

bamboo culms) are immersed in water for 3-7 days or alternatively, 10-15 hours boiling at 90 0C 

can be applied, the strips are beaten to loosen the fiber from the outer skin (green exodermis), 

several repetitions of scrapping with sharp-edged tools, and combing can yield bamboo fibers 

that are suitable for spinning (Rao & Rao, 2007). This method is very labor intensive and has 

been abandoned by many industrial manufacturers in favor of the less eco-friendly viscose rayon 

production method (Litrax, personal interview, 2012). 

 Alternatively, a steam explosion chamber can be used on the bamboo strips, rapidly 

separating the fibrous and non-fibrous parts of the culms. This is a method often used in biomass 

production and has been adopted as a potential method for bamboo fiber production usually for 

use in composites (Fu, Li, et al., 2012; Phong, Fujii, Chuong, & Okubo, 2012).  The type of fiber 

needed for composites does not require the length to width ratio of fibers needed for spinning 

into yarns to then be interlaced into textiles. Only a few studies have been conducted using steam 

explosion as a method to extract spinnable fibers for textile manufacturing (Witayakran et al, 

2013).   Witayakran et al. (2013) applied steam explosion by batch reactor at 205 0C and 17 bar 

pressure for 5 minutes followed by rinsing in water. They were able to extract bamboo fibers of 

5mm-135 mm length from two different species of bamboo (Bambusa beecheyama and 

Dendrocalamus latiflorus). The variability in bamboo fiber length is a factor that must be 

overcome if consistent fiber is required for yarn spinning processes. 
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2.4.2 Biological/Enzymatic Treatments 

Biological treatments are commonly applied to cellulose fibers in two different ways, 1) 

exposure to suitable enzymes or 2) microbial culture. The enzymatic methods applied on bamboo 

for fiber extraction uses enzymes that are often used for other conventional fiber production. 

Among these enzymes are- hemicellulase, cellulase, pectinase, xylanase and lignin-oxidizing 

enzymes such as manganese peroxidases (MnP), lignin peroxidases (LiP) and laccases (Fu, Li, 

Gao, Wang, Cavaco-Paulo, et al., 2012). Some types of enzymes, such as-hemicellulase, 

cellulase, pectinase and xylanase have been reported as effective to attack bamboo structure and 

dissolve binding materials (e.g. lignin, pectin) of the fibers. Table 2 lists enzymes and their 

functions in fiber extraction processes. 

An autoclave pretreatment after splitting the bamboo culms can boost protein absorption 

and enzyme penetration, as a result, there is a greater amount of weight loss to produce soft and 

spinnable fibers (Fu, Nyanhongo, Silva, Cardinale, Prasetyo, et al., 2012). These enzymes are 

used for retting and degumming process (Fu et al., 2011; Fu, Li, Gao, Wang, Cavaco-Paulo, et 

al., 2012). Applying more than one type of enzyme may provide better results to remove 

undesirable material for fiber production. An example of this type of a treatment could be 

applying both a scouring enzyme and laccase to remove the lignin. An additional step using 

xylanases could accelerate and improve hydrolysis of the lignin in bamboo and reduce the 

amount of cellulases required for further treatments (Li et al., 2015). It is a long experimental 

process to decide which enzymes (Table 2) can achieve the needed results for the fiber.   
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Table 2. List of enzymes for bamboo fiber extraction 

Group Name (example) Main function 

Cellulases 

 

Endoglucanases (EGs) Reduce DP of celluloses: found to 

be very effective for bamboo fiber 

extraction in some studies. 

Cellobiohydrolases (CBHs) or 

Exoglycanases’ 

β -glucosidases (BGL) 

Hemicellulases 

Xylanases (very effective) Catalyze the hydrolysis of 

hemicellulose: combined with other 

enzymes or alone is proved effective 

α-L-arabinofuranosidases 

β -Mannanases 

Arabinases 

β -Xylosidases 

Delignifying 

enzymes 

Manganese Peroxidases (MnP) Degrade or oxidize lignin: currently 

attracted attention of researchers to 

be healthier. 

Lignin Peroxidases (LiP) 

Laccases (in the presence of O2) 

Pectinases 

 

Protopectinases (PPases) Solubilize and depolymerize pectin: 

pectinases alone for fiber extraction 

is not good choice but combined 

with other enzymes boost the 

process. alkaline pectinases are 

mainly recommended for bast fibers 

Polygalacturonase (PG) 

Pectin esterase e.g. 

polymethylesterase (PME) 

Pectin lyase (PL) 

Pectate lyases (PAL) 

(Afrin et al., 2014; Fu et al., 2011; Fu, Li, Gao, Wang, Cavaco-Paulo, et al., 2012; Fu, 
Nyanhongo, Silva, Cardinale, Prasetyo, et al., 2012; Fu, Zhang, Yu, Guebitz, & Cavaco-
Paulo, 2012; H. Yu & Yu, 2007). 

 

Generally, fibers collected by an enzymatic method are still coarser and not easily spun 

without further processing. Important fiber parameters, such as length, density and breaking 

strength, reported from enzymatic treatments are 27.66 mm ( with a range of 8.2 mm-67.9 mm), 
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66.6 dtex and 15.76 cN/tex (can be enhanced as high as 48.81 cN) on average (Fu, Li, Gao, 

Wang, Cavaco-Paulo, et al., 2012). 

Application of a microbial culture is currently being pursued in fiber research to remove 

the gummy parts such as lignin and pectin from bast materials for fiber extraction. In this 

technique, microbial cultures, such as white rot fungi are introduced to the plant materials. The 

microbes consume gummy parts from plant materials and secrete enzymes that degrade complex 

substances e.g.  lignin, hemicellulose and pectin into water soluble molecules without affecting 

the cellulose and thus promotes fiber extraction (Fu et al., 2011; Fu, Li, Gao, Wang, Cavaco-

Paulo, et al., 2012; H. Yu & Yu, 2007). In this method, proper time, temperature, oxygen, 

inoculation size, medium substrate (e.g. broth, starch, potato, or soybean), and pH can play 

important roles during the retting process. This method has not been initiated industrially for 

bamboo fiber extraction, due to it being an extremely slow and lengthy process that produces 

fibers that are too coarse and stiff to spin. Thus, though an eco-friendly process, microbial 

culture is not economically viable at the present time.  

2.4.3 Chemical Treatment 

Conventional chemical methods involve the use of harsh chemicals, such as sodium 

hydroxide (NaOH), sodium triphosphate (Na5P3O10), sodium sulfate (Na2SO4), sodium carbonate 

(Na2CO3), sodium hydrogen phosphate (Na2HPO4), sodium silicate (Na₂SiO₃) and sodium 

citrate (C6H5Na3O7) (Fu, Li, Gao, Wang, Cavaco-Paulo, and Silva., 2012). This is a straight 

forward method for extracting fiber but the process is not eco-friendly and important properties 

of bamboo cannot be retained, such as antibacterial properties, strength and UV protection. For 

bamboo fiber extraction, this type of alkaline process is advantageous due to cheap equipment, 

low energy consumption, and ability to control the fiber properties. As a result, the price of 
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chemically extracted bamboo fiber is much lower than mechanically or biologically produced 

fibers (Waite, 2009). However, this process creates waste-water with a high pH which needs to 

be neutralized by another set of strong chemicals such as sulfuric acid, hydrochloric acid, nitric 

acid, and carbon dioxide.   Carbon dioxide is considered the best choice for pH control because 

of its lesser environmental impacts and cost (Phong et al., 2012). In this method, bamboo slabs 

are cleaved to make slices which are treated with 1-4% NaOH for 7-12 hours at 70-80 0C. This is 

followed by washing, neutralizing and drying in order to yield fibers. There are other chemical 

processes that can be added in combination with a variety of different processing parameters, e.g. 

temperature, chemical use, time, amount of water, and medium. These decisions are dependent 

on the end-use of the fiber.   

2.4.4 Combined Treatment 

Some bamboo fiber producers use more than one treatment method in different stages of 

bamboo fiber extraction to gain the utmost benefits. Since the complex structure of bamboo and 

its high lignin content hinder fiber extraction in a timely manner, it is difficult to extract fibers 

using only one technology (Fu, Li, Gao, Wang, Cavaco-Paulo, and Silva, 2012). Thus, combined 

technology is more common and it accelerates the fiber production. For example, a combination 

of pretreatment or after-treatment of bamboo strips using chemicals or enzymes and steam 

explosion is one type of combined treatment that yields fibers (Fu, Li, Gao, Wang, Cavaco-

Paulo,  and Silva., 2012). Steffen et al. (2013) extracted fibers by semi-automatic mechanical 

treatment (beating & crushing), enzymatic treatment, a series of water-washings, and bleaching 

by peroxide. The produced fibers were used for NM10-NM40 yarn preparation by sorting, 

carding, double carding, combing and cutting staple length to 65 mm or 50 mm. Sometimes, only 

the steam explosion method is applied and then extracted fibers are treated with alkali for 
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scouring and hydrogen peroxides for bleaching. For example, Kukle, Gravitis, Putnina and 

Stikute conducted research on hemp using a NaOH pretreatment process followed by a 

mechanical steam explosion technique and found it to be a prospective treatment (Kukle, 

Gravitis, Putnina, & Stikute, 2011).     
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3 METHODOLOGY 

 Background of Methodologies 

An intense review of literature has revealed that modern society understands the need for 

products made from sustainable materials.  Bamboo is a plant that does not require large amounts 

of resources to grow.  Up to the point of harvest, bamboo can be considered sustainable.  If fiber 

is to be produced from bamboo, a sustainable and eco-friendly method must be accomplished 

that is feasible for industrial use. Since the purpose of this research was to investigate several 

processes for extraction of spinnable bamboo fibers with preservation of its innate properties, the 

following methodology was designated. 

A very brief description of the method derived from current and past studies (Abdul 

Khalil et al., 2012; Deshpande et al., 1999; Fu, Li, Gao, Wang, Cavaco-Paulo, et al., 2012; 

Ogawa et al., 2008; Phong et al., 2012; Rao & Rao, 2007; Tokoro et al., 2008; Waite, 2009; 

Witayakran et al., 2013; Zakikhani et al., 2014) has been summarized below:    

Step-1. Scrape/remove exodermis from bamboo hollow internode/cylinder 

Step-2. Make bigger size bamboo slices 

Step-3. Boil/braise the slices to soften them at 90-100 0C for 30-60 min with/without 

chemical (NaOH, Na2CO3 etc.) 

Step-4. Remove/scrape endodermis 

Step-5. Crush/pound/cut into small slices (filament or fibrous shape) for 

chemical/mechanical/enzymatic treatment using-
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 Mallet/hammer or any manual devices OR  

 Roller crusher and the pin-roller looser  OR 

 Ultrasonication treatment OR 

 Slicer (for chemical treatment only) 

Step-6. Treat (for degumming) with- 

 Heating with steam at 175-190 0C for 60 minutes under 7-10 bar and steam 

explosion (increasing temperature 180-220 0C and pressure up to 23 for 5 

min and release, again fill with steam and repeat the process for 5-10 

times). This can be done without pretreatment on bigger slices. After this 

step, chemical treatment may be required (e.g. 1N NaOH at 100 0C for 30 

min). OR 

 Enzyme (40-55 0C×1-2 h) OR 

 Boiling with 1-5% acid/base solution at 70-90 0C for 2-10 h OR 

 Enzyme at room temperature as required time  

Step-7. Gentle beating (if necessary using mallet) 

Step-8. Neutralize (if necessary) 

Step-9. Combing (post-crushing) by metal comb/roller looser/sharp edge knife 

Step-10. Carding the fibers 

Step-11. Collection or fibers and modification 

Step-12. Post-analyses and tests 

The three pathways were developed (Table 3) from an extensive review of research 

articles.  The experiments focus on finding the best protocol to extract fiber from the red margin 

bamboo species (Phyllostachys rubromarginata) and identifying any possible retention of natural 
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properties associated with bamboo.  Each treatment process focused on an aspect discussed in 

the literature review as well as the use of other techniques to help supplement those processes.  

Table 3. Proposed Methods to Extract Bamboo Fiber 

Mechanical Treatment 

Process 

Chemical Treatment  

Process 

Enzymatic Treatment 

Process 

1. Epidermis removal & Strip 

preparation 

2. Boiling of strips in water 

3. Crushing/pounding by 

pressing/milling machine 

4. Steam explosion 

5. Wet retting in 

water/boiling in mild acid 

or alkali 

6. Neutralizing, Washing, 

Combing and Fiber 

separation 

7. Modification (e.g. scouring 

and bleaching with 

chemical/enzyme) 

1. Epidermis removal & 

Strip preparation 

2. Boiling with alkali 

3. Crushing/pounding by 

pressing/milling machine 

4. Boiling of crushed strips 

in alkali 

5. Neutralizing, Washing (2-

3 times, hot and cold 

wash) with water 

6. Fiber separation by using 

metallic combs  

7. Modification (e.g. 

chemical scouring and 

bleaching) 

1. Epidermis removal & Strip 

preparation 

2. Wet treatment with enzymes 

3. Crushing/pounding by 

pressing/milling machine 

4. Enzymatic treatment for 

delignification with/without 

steam explosion 

5. Repetitions of steps 3 and 4. 

 

6. Washing, combing and fiber 

separation 

7. Modification (e.g. chemical 

scouring and bleaching) 
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 Pilot experiments 

Some preliminary experiments were performed using available instruments and 

chemicals to assess and rectify the proposed methodology. Some inconsistencies were identified 

between available information in existing literature and in practical approaches. Mainly 

enzymatic treatments were executed by soaking bamboo strips at room temperature for 7 days 

and for 2-4 hours at 40-55 0C in the Launderometer. But these techniques were not effective. 

Chemical treatments, as mentioned in some literature, were also not effective; fibers produced by 

the methods were either damaged or too coarse to spin. No pilot experiment has been reported in 

this thesis.  

 Machines and Materials 

Two bamboo splitters of different sizes were used in this research which were purchased 

from local shops. Each splitter split a bamboo culm into six even-sized strips. A conventional 

milling machine consisting of two retro-rotatory metal rollers was used to crush bamboo strips.  

A two-liter reactor and reactor controller (Model: 4838, Size: 2L reactor, Company: Parr 

Instrument Company) was used for high temperature treatments and steam explosion. A special 

arrangement was provided by Swagelok Company (West Alabama) to make the reactor 

applicable for steam explosion. AATCC standard textile testing and processing "AATCC 

Launder-Ometer" (Atlas material testing Technology LLC) was employed for enzymatic and any 

other treatments requiring less than 100 0C temperature. A list of major materials and equipment 

are listed below: 

 Phyllostachys rubromarginata (Red margin Bamboo) from Lewis Bamboo, Inc., 

Oakman, Alabama 

  Bamboo Splitter: purchased from local market. 
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 Milling Machine/rolling mill: Rolling Mill Division, Stanat Manufacturing Co. Inc, NY. 

 Parr 2L Reactor and reactor controller (Model: 4838, Size: 2L reactor, Company: Parr 

Instrument Company) 

 Launderometer (AATCC): "AATCC Launder-Ometer" (Atlas material testing 

Technology LLC) 

 Dryer: GCA corporation, Thelco Precision Scientific Laboratory Oven, Model 18 

 EDAX: Ametek Materials Analysis Division 

 FEI Quanta 200 3D ESEM, Scanning Electron Microscope 

 Balance: Regular digital weight measuring scale  

 Micro Analytical balance: Mettler Toledo 0.00001g XP105DR Dual Range Semi Micro 

Analytical Balance Scale  

 Acid Buffer: Acetic acid and Sodium acetate, ACS grade, pH (4.6) 

 NaOH: NaOH standard solution (0.1M), Fluka Analytical, Sigma-Aldrich  

 Sodium Hydroxide (NaOH pellets) ACS grade,   

 Hydrogen peroxide, H2O2 (30%) ACS, BDH, VWR  

 Soda ash, Na2CO3 (from Sigma-Aldrich), ACS grade 

 NaHCO3 (from Sigma Aldrich),   

 Pectinase from Aspergillus aculeatus 

 Pectolyase from Aspergillus japonicus 

 Laccase from Trametes versicolor 

 Xylanase from Trichoderma Viride 
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There are six experimental approaches in this research study.  They are based on the pilot 

study and the three pathways outlined earlier. Each approach builds on information and samples 

gathered from prior approaches. The following explanations for each approach gives the focused 

treatment in the approach.  The first three approaches used dry bamboo.  The first approach was 

mainly based on steam explosion in part-1 and a combined mechanical and chemical treatment as 

a secondary experiment in part-2. The second approach used boiling and acid/alkali chemical 

action and mechanical use as well. The third approach consisted of the most number of trials and 

included removal of the exodermis, agitation, alkali treatments and mechanical actions.  In the 

fourth approach, fresh bamboo was used to see how it might improve fiber yields as opposed to 

dried bamboo. The fourth approach was conducted by removing the exodermis, included alkali 

treatments and agitation. The fifth approach used dry bamboo and an enzymatic treatment with 

agitation. The sixth approach used both dried and fresh bamboo that had been pretreated 

with/without alkali and then exposed to several enzymatic treatments with agitation followed by 

alkali treatment and/or softening. Some results are mentioned when they were used to determine 

the next line of experimentation.  

 First Approach- Steam Explosion 

In this approach, steam explosion was applied to several samples that were prepared by a 

series of mechanical treatment (Flowchart 1). A follow-up set of methods (using NaOH, Na2CO3 

and H2O2) were also part of this approach. 
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Flowchart 1. Schematic representation of Approach-1 Attempt-1 

 
 [Part-1: Steam Explosion; Part-2: High Temperature Chemical treatment] 

 

3.4.1 First Attempt 

3.4.1.1 Sample Preparation and Pretreatment  

Phyllostachys rubromarginata ‘Red Margin’ bamboo samples were collected from Lewis 

Bamboo, Inc., Oakman, Alabama. The 2-4-year-old bamboo culms (internodes) were provided 

after removing their nodes. Collected in January, 2016, the 8.5-9.0 inch culms were allowed to 

air dry and stored in a paper box at room temperature. A bamboo splitters was used to split each 

culm into six uniform strips in August, 2016 for this study. No scrapping was applied.  

Soaking in water. A sample of 112.10 g strip was soaked (Appendix A, Picture 3) in an 

open beaker with water at room temperature (70-72 0F or 21-22 0C) for 20 hours.  Sizes of strips 

were in the range of width 0.5-1.0 inch and length 8.5-9.0 inches.  

Sample-1 
Boiling

Crushing

Part-1

1a
St. Ex. (4)

1b
St. Ex. (2)

1c 
St. Ex. (1)

1d: H2O2  
NaOH    
Na2CO3

Part-2

2a
3 mL/L NaOH, 2g/L 
Na2CO3, 1000C×5h, 
300C×4h

2b
Brushing

2c
Brushing

Soaking Bamboo 

St i   
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Heat-treatment. A reactor (Parr Reactor 4838, 2L) was used to apply heat-treatment in 

1700 mL normal tap water. The reactor was initially set to a ‘ramp and soak’ program, as such 

ramp to 114 0C from a room temperature of 22 0C (72 0F) for 40 minutes; soak at 110 0C (±5 0C) 

for 70 minutes and running additionally at 100 0C (±5 0C) for 80 minutes. Since the reactor did 

not have any cooling system, the sample was left in reactor for cooling until the next day. At the 

beginning of the next day (after 17 hours), the sample (Appendix A, Picture 4) was taken out 

from the reactor. Boiled strips lost their natural (yellow) color and were slightly red in color.  

Crushing. The strips were crushed by applying pressure with the rolling machine. In the 

rolling machine, strips were passed through two steel-rotating rollers. Firstly, single-layered 

strips were passed through the rollers and then double-layered, triple-layered were applied 

gradually to crush the strips as much as possible without breaking them into small pieces 

(Appendix A, Picture 5). It was observed that rubber-coated pressing rollers might have been 

better after the first single-layered crushing to avoid unexpected breakages of fibers. Samples 

were then washed in water to remove dusts and small particles. The yielded sample was divided 

into three samples: 1) sample-1a, 2) sample-1b, and 3) sampe-1c. 

3.4.1.2 Steam Explosion 

The same reactor was used to apply steam explosions. The reactor was connected with a 

catch pot to avoid accidental or unexpected heat-release into the environment by hot steam 

during steam explosions. Steam was released from catch to vent-stake on the following days.  

 First experiment of steam explosion.  Sample (sample-1a) was placed in the reactor 

with 1 liter of water. The reactor was set to 180 0C and 70-minute treatment was applied at that 

temperature when pressure was gained up to 8 bars. Then temperature was raised to 205 0C 

within 20 minutes and after a 5-minute running, pressure was increased to 17 bars as suggested 
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by Witayakran, Haruthaithanasan, Agthong, & Thinnapatanukul (2013). A quick (3-4 seconds) 

and sudden release of pressure was applied which was the actual steam explosion in this study. 

After the release of pressure to atmospheric pressure (1 bar), the temperature went down to 154 

0C. After closing the pressure release valve, heating was applied again to gain the same 

temperature and pressure. Since, the volume of water has negligible influence on pressure in the 

steam/gas state, losing water-vapor in the first explosion did not affect raising pressure at 205 0C. 

In the second explosion, pressure was slightly lower than 17 bars but the temperature after 

explosion was 146 0C (under 1 bar). This was repeated for a third and fourth explosion. After the 

first explosion, each of the next explosion took 15-20 minutes.  The total experiment time was 

less than 4 hours. But due to the absence of cooling device in the reactor the sample was left in 

the reactor to cool down until next day (20 hours). When sample 1a (Appendix A, Picture 6) was 

taken out next day, it was almost dry and there was no water in the reactor.            

Second experiment of steam explosion. Sample-1b was used for this steam explosion 

experiment. Since 4 repeated steam explosions caused damage to the fibers in sample-1a, two 

steam explosions were applied at lower temperatures and under lower pressures in this 

experiment. After a 70-minute heating at 180 0C, maximum temperature was set to 200 0C.  The 

first explosion was applied at 198.5 0C under 13 bars pressure and second explosion was at 200 

0C under 14 bars by releasing the pressure for 3-5 seconds. Sample 1b (Appendix A, Picture 7) 

yielded in this method was taken out from machine on the following day.    

Third experiment of steam explosion. Since the sample yielded from first and second 

approaches were still damaged (burnt) by over-heating, a single steam explosion with different 

preheating was applied on sample 1c. In this case, a preheating at 100 0C for 90 minutes, at 180 

0C for 20 minutes and steam explosion at 200 0C under 15 bar for 3-5 secs were applied. On 
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recovery of the sample the next day 1c (Appendix A, Picture 8) was found to be wet and some 

water was left in the reactor. The sample was less damaged than the previous two approaches of 

steam explosions but fibers were slightly darkened and fractal. Due to the outcomes of the steam 

explosion experiments, it was decided to explore other treatment types using NaOH, Na2CO3 and 

H2O2 as mentioned in Table 4 to produce sample 1d. 

Table 4. Recipes used for Approach-1 Attempt-1   

Sample NaOH Na2CO3 H2O2 Temperature Time 

1d 3 mL/L 4 g/L 6 mL/L 80-90 0C 50 minutes 

2a 
3 mL/L 3 g/L - (100±5) 0C 5 hours 

3 mL/L 2 g/L - (130±5) 0C 4 hours 

 

3.4.1.3 High Temperature Treatment 

A part of the original crushed sample was chosen for a high temperature treatment in the 

reactor (no steam explosion) with lower concentration of base solution containing sodium 

hydroxide and soda ash (Table 4) at 100 0C for 4 hours and with a cooling down time to allow 

retrieval of the fibers. The resulting specimen was very coarse, stiff and unpliable. Hence, an 

additional 4-hour treatment was applied at 130 0C adding more bases (Table 4).   

After this second treatment, the sample was easier to brush with metal (steel) comb and to 

separate the fibers. Brushing was carried out using three steel combs with different wire sizes 

and densities. Multiple brushings yielded two kinds of reddish course fibers: aligned (sample-2c) 

and unaligned (sample-2b) coarse fibers (Appendix A, Picture 9). 
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 Second Approach- Chemical treatment (Mild Acid/Alkali) 

In this approach, two attempts were taken. The two routes (Route-1: 2C and Route-2:2B) 

yielded 15 end specimens in the first attempt revealed some possibility to extract bamboo fibers 

that were executed in the second attempt. Only the experiments showing better results were 

repeated from the first attempt to second attempt. Some stepwise actions performed in the second 

approach have been presented in Flowchart 1 and Flowchart 2.  

3.5.1 First Attempt 

3.5.1.1 Sample preparation and pretreatment 

The sample was soaked for 7 days in water at room temperature after splitting into strips. 

No boiling or any other treatment was carried out before crushing. Crushing was applied in a 

similar method mentioned in the first approach. Crushed sample-2A looked different than the 

crushed sample in first approach. Color of the crushed sample (Appendix A, Picture 10) was 

similar to dry bamboo strips. It should be mentioned that no scrapping of exodermis or 

endodermis was applied. Brushing by three steel brushes with different wire densities yielded (1) 

unaligned, sample-2B and (2) aligned, sample-2C coarse fibers. Two different routes were 

followed with 2B and 2C.  

3.5.1.2 Route-1 with both kinds of coarse fibers 

Both aligned and unaligned coarse fibers were soaked for another 7 days in an open 

beaker containing water at room temperature and then finer steel brushes were used to comb and 

to separate the fibers as much as possible. Fibers were still in bundles and very coarse. So, a 3-

hour boiling was directed in the reactor at 120 0C (±5 0C) and the sample was left in the machine 

to cool 18 hours until the next morning. Further brushing of fiber in wet condition with the steel 

brushes yielded sample-2CB which was still not spinnable in its current state. One portion of 
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2CB was treated with 80 mL/L NaOH (0.1 mol/L) and 80 mL/L H2O2 (3%) stabilized in 500 mL 

with distilled water in the reactor which was run for 2 hours at 100-115 0C. After cooling down 

the temperature to 50 0C, the sample was not much improved and appeared to have little or no 

change. Adding the same amount of NaOH, Na2CO3 (6 g/L) and H2O2 again, the sample was 

treated for another 2 hours at the same temperature. The yielded sample-labeled 2CSm 

(Appendix A, Picture 11) was broken into smaller lengths but delignification action was very 

poor and fibers were worse (more damaged and less flexible) than first treatment.  

3.5.1.3 Route-2 with brushed unaligned coarse fibers 

Sample-2A was divided into three with each specimen having a different treatment before 

using the Launderometer to expose the samples to different combinations of chemicals. The first 

set was soaked in tap-water for three days at room temperature and then went through boiling 

treatment in the Launderometer dividing the soaked fibers into four samples: 3B, 3Ba, 3Bb and 

3Bh. Acidic treatments were also carried out on second and third parts to assess their 

effectiveness on delignification. The second part of 2A was soaked in a glacial acetic acid (1%) 

solution for three days in a beaker at room temperature. Then the soaked fibers were divided into 

four samples: 3b, 3ba, 3bb and 3bh. The last part of 2A was boiled with 1% glacial acetic acid 

solution at 100 0C for 2 hours and then five samples were prepared for Launderometer treatment: 

3c, 3ca, 3cb, 3ch and 3cah.    
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Flowchart 2. Schematic representation of Approach-2 Attempt-1 
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3B, 3b and 3c (boiling with water): these samples were boiled with water (material: 

water = 1:10) in the Launderometer specimen canisters containing 10 steel balls at 90 0C for two 

hours while no other delignifying agents was added. Note a specimen was used from each of the 

three parts that 2A was divided into and had its own treatment before the boiling water treatment. 

3Ba, 3ba and 3ca (boiling with acid): these three samples were treated in the 

Launderometer with 1% glacial acetic acid solution at 90 0C for two hours maintaining 1:10 (M: 

L) material to water ratio. The canisters each had a sample, liquid and 10 steel balls for agitating 

action. Note a specimen was used from each of the three parts that 2A was divided into and had 

its own treatment before the boiling with acid treatment. 

3Bb, 3bb and 3cb (boiling with base): with a high concentration of bases at M : L = 1 : 

10, these three samples were treated at same time and temperature conditions as mentioned for 

acid treatments. Each specimen was treated with a solution of 10 g/L NaOH and 10 g/L Na2CO3 

(Table 5). Note a specimen was used from each of the three parts that 2A was divided into and 

had its own treatment before the boiling with base treatment. 

3cah (boiling with acid and peroxide): this sample was treated with 1% glacial acetic 

acid and 10 mL/L hydrogen peroxide (H2O2) solution maintaining 1:10 = M : L at 90 0C for 2 

hours adding 10 steel balls in each canister. 

3Bh, 3bh and 3ch (boiling with bases and peroxide): since boiling with basic solution in 

the previous experiments showed very strong delignification, these three samples were chosen to 

treat with a solution of 5 g/L NaOH, 5 g/L Na2CO3 and 10 mL/L H2O2 (Table 5) at 90 0C for 2 

hours in 500 mL cans containing 10 steel balls in each. Note a specimen was used from each of 

the three parts that 2A was divided into and had its own treatment before the boiling with base 

and peroxide treatment. 
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Table 5. Recipes used for Approach-2 Attempt-1   

Sample CH3COOH NaOH Na2CO3 H2O2 Temperature Time 

3B, 3b, 3c Only water was used (90±2) 0C 2 hours 

3Ba, 3ba, 3ca 1% solution - - - (90±2) 0C 2 hours 

3Bb, 3bb, 3cb - 10 g/L 10 g/L - (90±2) 0C 2 hours 

3Bh, 3bh, 3ch - 5 g/L 5 g/L 
10 

mL/L 
(90±2) 0C 2 hours 

3cah 1% solution - - 
10 

mL/L 
(90±2) 0C 2 hours 

 

 

3.5.2 Second Attempt 

In this attempt (Flowchart 3), both aligned and unaligned coarse fibers from sample-2A 

& 2B were used after soaking another 24 hours at room temperature (22±2 0C). Sample-2A and 

2B were produced by repeatedly crushing and brushing the 7-day soaked bamboo strips.  

Since it was proven by the first attempt of this second approach that bases have stronger 

delignification action on bamboo fibers than acetic acid in the treatments, different combination 

and conditions were applied for four different specimens in this attempt.  

For sample-I, only NaOH was applied to treat at 90 0C for reduced time (one hour) while 

sample-II, III and IV were treated with different combination of NaOH and Na2CO3 as 

mentioned in Table 6. After the experiments-washing and neutralization were executed by using 

water. No additional combing or after-treatment were applied. Specimens were left to dry 

naturally.  
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Flowchart 3.  Schematic representation of Approach-2 Attempt-2 

 

Table 6. Recipes used for Approach-2 Attempt-2   

Sample NaOH Na2CO3 Temperature Time 

I 6 g/L - (90±2) 0C 1 hour 

II 6 g/L 6 g/L (90±2) 0C 1 hour 

III 4 g/L 4 g/L (90±2) 0C 1 hour 

IV 4 g/L 6 g/L (90±2) 0C 1 hour 

Soaking Strips in Water 
(7 days)

Crushing in Milling m/c

2A

Aligned coarse fibers

2B Unaligned coarse fibers

Saoking in 
Water to avoid 

drying until next 
step

Recipe-I
NaOH (6g/l),

900C×60'

Recipe-II
NaOH (6g/l),

Na2CO3 (6g/l), 
900C×60'

Recipe-III
NaOH (4g/l),

Na2CO3 (4g/l), 
900C×60'

Recipe-IV
NaOH (4g/l),

Na2CO3 (6g/l), 
900C×60'
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 Third Approach-Combined Mechanical and Chemical treatment 

In this approach, mechanical actions had been employed to improve fibers and to reduce 

chemical use. Bamboo culms were used after removing epidermis. Moreover, mechanical 

agitation was applied during chemical or water-boiling treatments.  

3.6.1 First Attempt 

3.6.1.1 Sample preparation 

Sample-M2E was first soaked in water for 7 days at room temperature and then hand 

scraping tools were used to remove the exodermis and endodermis from the bamboo strips. 

Scraped strips (sample-M2E01) were crushed in milling machine passing wet strips through two 

metal rollers for several times gradually increasing the pressure. Then repeated brushing yielded 

sample-M2E02; aligned and unaligned coarse fibers.  

3.6.1.2 Fiber Extraction 

From the initial sample M2E sample M2E02was created by soaking it in a plastic open-

beaker containing 6 g/L alkali solution (NaOH pellets) at room temperature, (22±2) 0C, for 72 

hours. This soaking was proved to be effective for preparing reinforced polymeric composites 

containing bamboo fibers (Deshpande et al., 1999). After soaking, sample-M2E03 was divided 

into two parts; M2E04A and M2E04B.  

Sample-M2E04A was placed in the reactor to boil at 100 0C for 80 minutes. The 

specimen was then washed in cold water for 5 minutes and a light brushing was executed. After 

air drying, the slightly reddish sample- M2E05A was yielded. 

 Sample-M2E04B was washed in normal water for 5 minutes. Fibers were then brushed 

using three different kinds of steel combs before drying. It should be mentioned here that special 
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fiber-carding equipment would have been more suited to for separating fibers but was not 

available. In this step, the fibers (M2E05B) became more yellow than their original color.  

 

Flowchart 4. Schematic representation of Approach-3 Attempt-1 
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M2E01 Scraping
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Brushing

M2E05B Drying
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Both sample- M2E05A and M2E05B were treated in the Launderometer using a solution 

of 4 g/L NaOH, 4g/L Na2CO3 and 6 mL/L H2O2 at 80 0C for 3 hours (Table 7). Since excessive 

agitation broke the fibers in the previous experimentation, no steel balls were added in the cans 

to agitate sample fibers. Specimens were air dried and then brushed yielding M2E06A and 

M2E06B respectively. Schematic stepwise processes have been shown in Flowchart 4 for this 

attempt. 

Table 7. Recipes used for Approach-3 Attempt-1   

Sample NaOH Na2CO3 H2O2 Temperature Time 

M2E03 6 g/L - - (23±2) 0C 3 days 

M2E04A 
6 g/L (same solution from 

M2E03) 
(100±5) 0C 80 minutes 

M2E06A, M2E06B 4 g/L 4 g/L 6 mL/L (80±2) 0C 3 hours 

 
3.6.2 Second Attempt 

3.6.2.1 Sample preparation 

Sample-M2E01 was prepared as mentioned in the previous methodology for M2E. This 

sample was soaked in water at room temperature for 24 hours and crushed. Crushed strips 

yielded two kinds of coarse fibers: (1) unaligned (M2E01A1) and (2) aligned (M2E01A2) coarse 

fibers after brushing. These fibers were dried and followed by two kinds of treatments in a 

sequential manner (Flowchart 5).  

3.6.2.2 First treatment 

M2E01A1 (unaligned fiber) was divided into three samples: M2E01A3, M2E01A5 and 

M2E01A7. Another three samples were also taken from M2E01A2 (aligned fiber): M2E01A4, 

M2E01A6 and M2E01A8. While sample-M2E01A3 and sample-M2E01A4 were selected for a 
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Flowchart 5. Schematic representation of Approach-3 Attempt-2 

 
 

treatment in 6 g/L NaOH and 6 g/L Na2CO3 solution, sample-M2E01A5 and sample-M2E01A6 

were treated in higher alkaline solution (8 g/L NaOH). Sample-M2E01A7 was treated in 6 g/L 

NaOH, 6 g/L Na2CO3 and 6 mL/L H2O2 (30%) solution, where peroxide was applied to create a 

slight bleaching action to enhance delignification. Sample-M2E01A8 was chosen to be treated in 
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a slightly higher concentration of chemicals: 8 g/L NaOH, 8 g/L Na2CO3 and 8 mL/L H2O2 

(30%) solution (Table 8). All six samples were treated in the Launderometer at 80 0C for 3 hours 

with their respective solutions. Since fibers were damaged at the higher temperature in previous 

experiments, a lower temperature (80 0C) was chosen for longer time (3 h). No steel ball was 

inserted in cans containing chemical solution. Specimens were then air dried.  

3.6.2.3 Second treatment  

A bleaching treatment was performed on a portion of five of the previous samples (except 

M2E01A6, which was highly damaged in the previous treatment) using an alkaline medium. The 

solution was prepared with 4 g/L NaOH, 4 g/L Na2CO3 and 6 mL/L H2O2 (30%) (Table 8). The 

purpose of this treatment was to improve pliability by removing more lignin and natural 

impurities and to enhance the color of the fibers. It was understood that this might reduce other 

sought natural properties of bamboo, but the spinnability of the fiber was a priority to create 

textiles. After washing, drying and opening the fibers (using hand-operated steel combs) samples 

M2E01A3m, M2E01A4m, M2E01A5m, M2E01A7m and M2E01A8m were yielded 

respectively. 

Table 8. Recipes used for Approach-3 Attempt-2   

Sample NaOH Na2CO3 H2O2 (30%) Temperature Time 

M2E01A3 & 
M2E01A4 

6 g/L 6 g/L - (80±2) 0C 3 hours 

M2E01A5 & 
M2E01A6 

8 g/L - - (80±2) 0C 3 hours 

M2E01A7 6 g/L 6 g/L 6 mL/L (80±2) 0C 3 hours 

M2E01A8 8 g/L 8 g/L 8 mL/L (80±2) 0C 3 hours 

Modification* 4 g/L 4 g/L 6 mL/L (80±2) 0C 1 hour 

Modification: This treatment was applied on- M2E01A3m, M2E01A5m, M2E01A4m, M2E01A7m, M2E01A8m. 
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3.6.3 Third Attempt 

Since some problems (stiffer unspinnable fibers) were experienced during the attempt-2 

experimentation some modification in the procedures and materials were implemented 

(Flowchart 6). Fabric softener, collected from a local shop, was introduced in the last step of this 

attempt.  

Flowchart 6. Schematic representation of Approach-3 Attempt-3 

 
 

M2E
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M2E01A2S Soaking (6 g/l NaOH for 3 
days), Brushing

M2E01A2S1

NaOH (6g/l), 
NaHCO3 (6g/l), 
H2O2 (4ml/l), 

800C×60'

M2E01A2Si

For i-iv
NaOH (4g/l), 
H2O2 (5ml/l), 
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M2E01A2S2

M2E01A2Sii
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M2E01A2S3
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800C×60'

M2E01A2Siii

M2E01A2S4

M2E01A2Siv

M2E01A2S7
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NaHCO3 (6g/l), 
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M2E01A2S8

NaOH (6g/l), 
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3.6.3.1 Sample Preparation of Third Attempt 

Sample-M2E01A1 (unaligned) and M2E01A2 (aligned) were produced as mentioned in 

approach-3 attempt-2. Due to unavailability of mechanical brushing/combing equipment for 

unaligned coarse fibers, sample-M2E01A2 was only further treated in this next attempt. Sample-

M2E01A2was soaked in 6 g/L NaOH solution at room temperature for 72 hours. This was 

followed by washing and brushing which produced Sample-M2E01A2S, containing both aligned 

and unaligned coarse fibers. After drying sample-M2E01A2S, six smaller samples were prepared 

from it for further different treatments (Flowchart 6): M2E01A2S1, M2E01A2S2, M2E01A2S3, 

M2E01A2S4, M2E01A2S7 and M2E01A2S8.   

3.6.3.2 First treatment 

Sample-M2E01A2S1 and sample-M2E01A2S2 were treated in a liquor (M : L = 1 : 10) 

consisting of 6 g/L NaOH, 6 g/L NaHCO3 and 4 mL/L H2O2, while sample-M2E01A2S3 and 

sample-M2E01A2S4 were treated in 4 g/L NaOH, 4 g/L NaHCO3 and 4 mL/L H2O2. Sample-

M2E01A2S7 and sample-M2E01A2S8 were treated in 6 g/L NaOH, 6 g/L NaHCO3 and 6 mL/L 

H2O2 solution. Each solution contained 15 g/L and 20 g/L softener respectively (Table 9). All 

samples were treated at 80 0C for 60 minutes followed by washing in normal water and then 

natural drying. A simple hand carding action was taken to analyze the fiber properties visually.  

3.6.3.3 Second Treatment 

The first four samples from M2E01A2S, sample-M2E01A2S1-4, were treated again in 4 

g/L NaOH, 4 mL/L H2O2 and 10 mL/L fabric softener at 80 0C for 60 minutes and at 40-45 0C for 

15 minutes to produce specimens that are onward labeled as M2E01A2Si-iv (Table 9). This 

follow-up treatment was done to achieve produced fibers with further delignified, softer and finer 

form. 
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Table 9. Recipes used for Approach-3 Attempt-3 

Sample NaOH Na2CO3 H2O2 Softener Temperature Time 

M2E01A2S 6 g/L - - - (23±2) 0C 3 days 

M2E01A2S1 & 2 6 g/L 6 g/L 4 mL/L - (80±2) 0C 1 hour 

M2E01A2S3 & 4 4 g/L 4 g/L 4 mL/L  (80±2) 0C 1 hour 

M2E01A2S7 6 g/L 6 g/L 6 mL/L 15 mL/L (80±2) 0C 1 hour 

M2E01A2S8 6 g/L 6 g/L 6 mL/L 20 mL/L (80±2) 0C 1 hour 

M2E01A2Si-iv 4 g/L - 5 mL/L 15 mL/L (80±2) 0C 1 hour 

M2E01A2S7m & 8m 6 g/L 6 g/L 6 mL/L 20 mL/L (80±2) 0C 1 hour 

 

A solution of 6 g/L NaOH, 6 g/L NaHCO3, 6 mL/L H2O2 and 20 mL/L softener at 80 0C 

for 60 minutes were applied to portions of M2E01A2S7 and M2E01A2S8 to produce specimens 

M2E01A2S7m and -M2E01A2S8m. All the samples coming from M2E01AS went through 

washing, air drying, and simple hand-carding.       

3.6.4 Fourth Attempt 

In this attempt, effectiveness of soaking M2E01A1 (unaligned) and   M2E01A2 (aligned) 

in NaOH were tested by using the same solution for reduced time. It revealed that soaking first-

stage coarser fibers at room temperature for 24 hours was not as good as 72-hour soaked fibers. 

Moreover, how softener acted during processing with or without other chemicals was also judged 

by treating samples through various routes and treatments (Flowchart 7).    

3.6.4.1 Sample Preparation of Fourth Attempt 

  A portion of sample-M2E01A2 (aligned) was soaked in 6 g/L NaOH for 24 four hours. 

The produced sample was M2-A3. After washing, brushing and drying, two kinds of fibers were 
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produced: (1) aligned, sample-M2-A4 and (2) unaligned, sample-M2-A5, coarse fibers. These 

two types of fibers were then individually subjected to two different routes.   

Flowchart 7. Schematic representation of Approach-3 Attempt-4 
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3.6.4.2 First Treatment of Fourth Attempt 

In the first treatment, sample-M2-A4 (aligned) was divided into three samples: M2-

A4S1, M2-A4S2 and M2-A4S3. Solutions were prepared with 6 g/L NaOH, 6 g/L NaHCO3 and 

6 mL/L H2O2for all three samples. To judge the effectiveness of softener, 20 mL/L fabric 

softener was added to each of sample- M2-A4S1 and M2-A4S2, while no softener was mixed 

with the solution for the M2-A4S3 treatment. 

 Sample-M2-A5S1 and M2-A5S2 were prepared from M2-A5 (unaligned) which were 

immersed in solutions of 6 g/L NaOH, 6 g/L NaHCO3 and 4 mL/L H2O2 (Table 10). All five 

samples in this stage were treated at 80 0C for 60 minutes followed by a 15-minute wash in water 

at 40-45 0C. Samples were allowed to air dry. 

Table 10. Recipes used for Approach-3 Attempt-4   

Sample NaOH NaHCO3 H2O2 Softener Temperature Time 

M2-A3 6 g/L - - - (23±2) 0C 1 day 

M2-A4S1& 2 6 g/L 6 g/L 6 mL/L 20 mL/L (80±2) 0C 1 hour 

M2-A4S3 6 g/L 6 g/L 6 mL/L - (80±2) 0C 1 hour 

M2-A5S1 & 2 6 g/L 6 g/L 4 mL/L - (80±2) 0C 1 hour 

M2-A4Si 6 g/L 6 g/L 6 mL/L - (80±2) 0C 1 hour 

M2-A4Sii 6 g/L - 6 mL/L - (80±2) 0C 1 hour 

M2-A4Siii - 10 g/L 6 mL/L - (80±2) 0C 1 hour 

M2-A5Sii 6 g/L 6 g/L 6 mL/L 20 mL/L (80±2) 0C 1 hour 

M2-A4S(i-iii)m - - - 20 mL/L (50±2) 0C 30 min 
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3.6.4.3 Second Treatment 

Since the results from the previous experiment did not produce expected (spinnable) 

fibers, a follow-up treatment was devised. Sample-M2-A4S1 was treated in a stronger peroxide 

(8 mL/L) solution containing both NaOH and NaHCO3 to yield M2-A4Si (Table 10). On the 

other hand, with lower peroxide (6 mL/L) concentration, sample-M2-A4S2 was treated in 6 g/L 

alkali and M2-A4S3 was in 10 g/L soda ash to yield M2-A4Sii and M2-A4Siii respectively. 

Sample-M2-A5Si and M2-A5Sii were produced by treating M2-A5S1 and M2-A5S2 in solutions 

of 6 g/L NaOH, 6 g/L NaHCO3, 6 mL/L H2O2 and 20 mL/L fabric softener. These treatments 

were run for 60-minute in the Launderometer at 80 0C. Drying and a simple hand-carding were 

then applied to sample-M2-A5Si and M2-A5Sii     

3.6.4.4 Modification (Softening) 

Samples M2-A4Si, M2-A4Sii and M2-A4Siii were judged to be good and if softener was 

used their properties might be further enhanced. Sample-M2-A4Si, M2-A4Sii and M2-A4Siii 

were subjected to modification in an experiment where no other chemicals were added except 

water and fabric softener. These three samples were immersed in solutions containing 20 mL/L 

fabric softener at 50 0C for 30 minutes following by washing (5 minutes), atmospheric drying 

and hand carding. Modified specimens are M2-A4Sim, M2-A4Siim and M2-A4Siiim 

respectively. 

 Fourth Approach-Combined treatments on Fresh Bamboo 

In this approach, experiments were carried out on fresh Phyllostachys rubromarginata 

bamboo culms which were collected in August, 2016 from Lewis Bamboo, Inc., Oakman, 

Alabama. From the previous experiments, it was speculated that fresh bamboo might be easier to 

extract fibers from as opposed to dried bamboo. Bamboo culms were prepared after cutting each 
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node. Culms were refrigerated before use to keep them fresh and from drying out. The age of the 

bamboo was also considered a variable. To this affect, two different age-groups of bamboo 

specimens were collected: one was 0-1-year-old another was 2-4-year-old.      

3.7.1  First Attempt 

Both age-groups of bamboo samples were treated separately to identify if there was any 

difference among properties as well as easiness of fiber extraction. Pretreatments, processing, 

and after-treatments were carried out following different routes which are shown in schematic 

representation (Flowchart 8).  

3.7.1.1 Sample Preparation 

Since the purpose of using fresh bamboo for fiber extraction was to reduce a 7-day 

soaking time to accelerate processing and to enhance fiber quality, this was further exploited by 

scraping the exodermis of bamboo culms by knife and scraper. One part of the fresh bamboo 

sample-M3-A, was soaked in water at room temperature for 3 days to see if it would be easier to 

extract fiber. After soaking, strips were crushed and brushed, as in previous experiments, to yield 

sample-M3-A1 (0-1-year-old bamboo) and M3-A2 (2-4-year-old bamboo. Another part of the 

fresh bamboo, Sample-M3-B, was used for direct crushing, soaking at room temperature for 24 

hours and then brushing to produce sample-M3-B1 (0-1-year-old bamboo) and M3-B2 (2-4-year-

old bamboo). In should be mentioned here that direct crushing and only soaking for 24 hours of 

fresh bamboo yielded material that was similar to the 3-day soaked strips of fresh bamboo.   
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Flowchart 8. Schematic representation of Approach-4 Attempt-1 

 

3.7.1.2 Major treatment 

Sample-M3-A3 and M3-A4 were treated in 6 g/L NaOH and NaHCO3 (M : L = 1 : 10) at 

80 0C  for 3 hours which were produced from M3-A1 (0-1 year) and M3-A2 (2-4 years) 

respectively. Sample-M3-B3 (aligned fibers) and M3-B5 (unaligned fiber), originated from M3-

B1(0-1 year), were treated using a higher concentration of NaOH, while sample-M3-B4 and M3-

B6, originated from M3-B2 (2-4 years), were treated in considerably lower concentration of 

NaOH and NaHCO3 (Table 11) using the sample conditions. The rational of producing M3-A3 

and M3-B4 (and finally M3-A3m and M3-B4m) was to compare the bamboo of each age group 
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NaHCO3 (4g/l,
H2O2 (4-6 ml/l) 

800CX60')

M3-B5
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(0-1-year and 2-4-year old). The other samples produced in this attempt were to assess the 

effectiveness of extraction using different concentration of chemicals.  

Table 11. Recipes used for Approach-4 Attempt-1 

Sample NaOH NaHCO3 H2O2 Temperature Time 

M3-A3, M3-A4 6 g/L 6 g/L - (80±2) 0C 3 hours 

M3-B3, M3-B5 8 g/L - - (80±2) 0C 3 hours 

M3-B4 6 g/L 6 g/L - (80±2) 0C 3 hours 

M3-B6 5 g/L 5 g/L - (80±2) 0C 3 hours 

Modification* 4 g/L 4 g/L 6 mL/L (80±2) 0C 1 hour 

*Modification was applied to M3-A3m, M3-A4m, M3-B3m & M3-B4m samples. 

3.7.1.3 Modification 

Four samples, M3-A3, M3-A4, M3-B3 and M3-B4, were chosen after the major 

treatment to be modified because the other two samples did not appear to have potential. The 

modification used was 4 g/L NaOH, 4 g/L NaHCO3 and 4-6 mL/L H2O2 at 80 0C for 60 minutes. 

Only sample-M3-A4 was chosen for further treatment using 4 mL/L of H2O to see if a lower 

concentration of peroxide has better results. Drying was done at room temperature and hand 

carding were applied on four selected samples to yield final specimens: M3-A3m, M3-A4m, M3-

B3m and M3-B4m.  

3.7.2  Second Attempt 

In this attempt, fresh bamboo specimens were subjected to soaking and two steps of 

delignification where peroxide was applied in both steps (Flowchart 9). 
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3.7.2.1 Sample Preparation 

From the previous attempt, Sample-M3-B (soaked 24 hours, crushed, brushed) was used. 

Sample M3-B1S (under 1-year old) and M3-B2S (2-4-year old) bamboo specimens were soaked 

in 6 g/L NaOH at room temperature for 3 days followed by washing and brushing as usual. 

Fibers were directly used in next step before drying.  

Flowchart 9. Schematic representation of Approach-4 Attempt-2 

 

3.7.2.2 Treatment and modification 

Sample-M3-B1S1 and M3-B2S1 were first treated in solutions containing NaOH, 

NaHCO3 and H2O2 at 80 0C for an hour. The same chemicals and conditions were applied for a 

second treatment as well as fabric softener (Table 12). Since peroxide causes strength loss to 

cellulosic fibers resulting in shorter fibers formation, lower amount of peroxide was applied in 

the first step. After drying at room temperature, samples were subjected to hand brushing/carding 

to yield M3-B1Si and M3-B2Si respectively.  

M3-B
Soaking & 
Brushing

M3-B1SSoaking (6 g/l 
NaOH for 3 days), 

Brushing

M3-B1S1
NaOH (6g/l), 

Na2CO3 (6g/l), 
H2O2 (4g/l)

M3-B1SiNaOH (4g/l), H2O2
(5g/l), Softener 

(10ml/l)

M3-B2S Soaking (6 g/l 
NaOH for 3 days), 
Brushing

M3-B2S1 NaOH (6g/l), 
Na2CO3 (6g/l), 
H2O2 (4g/l)

M3-B2Si NaOH (4g/l), H2O2
(5g/l), Softener 
(10ml/l)
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Table 12. Recipes used for Approach-4 Attempt-2   

Sample NaOH NaHCO3 H2O2 Softener Temperature Time 

M3-B1S 6 g/L - - - (23±2) 0C 3 days 

M3-B1S1 & 

M3-B2S1 
6 g/L 6 g/L 4 mL/L - (80±2) 0C 1 hour 

M3-B1Si & 

M3-B2Si 
4 g/L - 5 mL/L 10 mL/L (80±2) 0C 1 hour 

 

 Fifth Approach- Enzymatic treatments 

 This approach was mainly conducted to test enzymatic bamboo fiber extraction. It is a 

difficult and a very slow procedure to extract bamboo fibers solely by enzymatic application, 

some combined measures were taken during experimentation to enhance   the possible enzymatic 

process. Decisions were taken on the basis of pilot experiments to apply different enzymes, 

conditions, preparations, and modifications (Flowchart 10). Only dry bamboo samples were used 

in this approach.  

3.8.1 First Attempt 

3.8.1.1 Sample Preparation 

A portion of sample-M2E01A2 (from the combined chemical and mechanical treatment 

in third approach) was used for this experiment. Since enzymatic action in the pilot experiments 

was not strong enough to separate the fibers from bamboo fiber matrices and to reduce lignin 

content, actions were taken on fiber preparation before applying enzymes. Selected sample was 

first soaked in 6 g/L NaOH solution at room temperature for 24 hours followed by usual 

brushing to separate the fibers as much as possible. This created M2-A3. After brushing two 
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samples aligned (M2-A4) and unaligned (M2-A5) coarse fibers were created. They were treated 

separately as post manual operations were related to their arrangement. One sample M2-A5 went 

through the process that created specimens M2-A5S2 and M2-A5Sii as mention in approach-3 

attempt-4.      

Flowchart 10. Schematic representation of Approach-5 Attempt-1 
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Pectinase (1% for E1, 

2% for E2), 
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56 

3.8.1.2 Enzymatic Treatments 

One of the mostly used enzymes for delignification, pectinase was applied to sample M4-

E1 (1%) and M4-E2 (2%). Please see Flowchart 10 for the path to create these samples. A 

combination of three enzymes, pectolyase, xylanase and laccase, was executed on sample M4-

E3, M4-E4 and M4-E5. These three enzymes (Flowchart 10) were chosen to attack different 

removable components of bamboo fiber matrix (see literature review for components the 

enzymes would attack, Table 2). 

Sample M4-M2E was also selected to treat with pectinase to improve the fibers 

(delignification, softness, structural configuration, strength) quality. Material to liquor ratio was 

chosen 1 : 7 (low amount of water) to expose fibers to a more concentrated solution for better 

enzymatic actions. A buffer solution containing acetic acid and sodium acetate were used to 

maintain a favorable pH (4.5) for enzymatic actions. The amount of each enzyme and treatment 

conditions are mentioned in Table 13.  

Samples were run in the Launderometer at 55 0C for 150 minutes, and at 38 0C for 18 

hours. After enzymatic treatment, the Launderometer was run at 90 0C for 30 minutes to destroy 

the enzymes. Sample M4-E2 and M4-E4 were originated from M2-A4, and sample M4-E1, M4-

E3, M4-E5 and M4-M2E were from M2-A5. All the samples were dried at room temperature and 

then assessed for their improvement.  

3.8.1.3 Modification 

Since fibers produced in the enzymatic treatment were not much improved from their 

previous state, solutions of 6 g/L NaOH, 6 mL/L H2O2 and 20 mL/L fabric softener were applied 

on M4-E1 and M4-E3 samples at 80 0C for 60 minutes (Table 13). A washing at (40±5) 0C for 15 
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minutes was executed. After drying and carding by hand tools, specimens M4-E1C and M4-E3C 

were produced.  

Table 13. Recipes used for Approach-5 Attempt-1   
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 Sixth Approach-Combined treatments 

(Combination of enzymatic, mechanical and chemical treatments) 

This approach was conducted to see if different multiple steps of processing could 

produce better spinnable fibers. Previously produced samples were used for consecutive 

enzymatic, low-concentration chemical and modification treatments (Flowchart 11).  

Flowchart 11. Schematic representation of Approach-6 Attempt-1 
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3.9.1 First Attempt 

This attempt was executed by combined mechanical, chemical and different enzymatic 

treatments. Mechanical treatments include crushing in milling machine, brushing and carding 

using steel hand-operated brush, agitation and boiling. Chemical treatments include either 

pretreatment or aftertreatment using NaOH, NaHCO3 and H2O2 etc.   

3.9.1.1 Sample Preparation 

A portion of previously produced, sample M2-A3 (approach 5), was used in this 

approach. It was soaked in NaOH, washed and repeatedly brushed as mentioned in approach 5. 

Sample M2-A4 unaligned coarse fibers, and M2-A5 aligned coarse fibers, were chosen for a 

two-way approach.  

3.9.1.2 Enzymatic treatment 

Combined pectolyase and laccase was selected for delignification at 55 0C for 150 

minutes followed by 30-minute enzyme killing treatment at 90 0C (Table 14) to samples M5-E7 

and M5-E8. These enzymes were chosen because of their availability during experimentation. 

After washing in cold water, samples were left to dry at room temperature.  

3.9.1.3 Chemical treatment Modification 

Since delignification performance in enzymatic treatment was very poor, solutions of 

NaOH and hydrogen peroxide (Table 14) were applied at 80 0C for 60 minutes for further 

delignification and improvement of natural color. After washing the samples in warm water, 20 

mL/L softener solutions were immediately prepared and applied at 50 0C for 30 minutes. 

Specimens M5-E7Cm and M5-E8Cm were yielded by washing, drying and hand carding.  

 



 

60 

 

Table 14. Recipes used for Approach-6 Attempt-1   

Components M2-A3 M5-E7, 

M5-E8 

M5-E7C, 

M5-E8C 

M5-E7Cm, 

M5-E8Cm 

Pectolyase - 0.5% - - 

Laccase - 1.0% - - 

NaOH 6 g/L - 6 g/L - 

H2O2 - - 6 mL/L - 

Softener - - - 20 mL/L 

pH Buffer - - 4.5-5.0 - 

Treatments: 

Temperature × 

Time 

(23±2) 0C × 

24 h 

55 0C× 150 min; 38 

0C × 18h; 90 0C × 30 

min 

(80±2) 0C × 60 

min 

50 0C × 30 

min 

 

 Tests and Analyses 

Analyses and evaluation of fibers were conducted by assessing visually (manual 

observation), testing for the most pronounced antimicrobial activity against Staphylococcus 

aureus, and microscopic examination to observe surface contour and to measure diameter of 

extracted fibers. Quantitative analyses of length and linear density of 10 best fibers was also 

performed.  

3.10.1 Antimicrobial Test: 

3.10.1.1 Parallel Streak Method 

AATCC test method 147-2011: “Antibacterial activity assessment of textile materials: 

parallel streak method” (AATCC Test Method 147-2011, 2011) was employed to assess 

antibacterial property of 27 different experimentally produced samples. These were selected 
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because they were better among extracted fibers for spinning. Also included were bamboo 

viscose rayon fabric (from Dharma Trading Co.), regular viscose (Dharma Trading Co.), cotton 

fabric (from Testfabrics, Inc) and two samples (one dry one fresh) of raw bamboo for 

comparison. According to the method, Staphylococcus aureus was used to produce the bacterial 

culture. Since fibers produced in this research were not converted to fabric, it was difficult to 

prepare standard specimens. That’s why, all the fiber-samples, raw bamboo and fabrics were cut 

into small pieces to prepare comparable circles of 20 mm. Three circles consisting of fibers for 

each specimen were placed on individual agar plates for each fiber type. Samples were incubated 

at (37±2) 0C for 24 hours. The amount of antibacterial activity, measure by the ring of inhibition 

that the samples displayed, was rated on a 0-5 scale. Zero being no activity and 5 being high 

activity. The results from these tests formed a basis for further bacterial testing mentioned below. 

3.10.1.2 Spread Plate Method of Isolation: 

Since quantitative analysis could not be applied for the executed parallel streak method, 

spread plate and serial dilution method as mentioned in TAPPI test T205: forming handsheets for 

physical tests of pulp were used. Staphylococcus aureus was diluted in saline to 106 CFU/ml. 

Ten selected samples were retested for antimicrobial action, due to their rating in the prior 

antibacterial test. Samples were prepared by cutting them into small pieces and 0.1 g fibers from 

each sample was added to a 5-ml diluted culture.  Specimen solutions were created by shaking 

the dilution at 120 rpm at37 0C for 1 hour. Each sample solution was then diluted to 10-2 again by 

adding 0.1 mL in 9.9 mL water. Then, 0.1 mL of 10-2 was plated onto TSA (Tryptic Soy Agar 

plate) and incubated overnight. The number of colonies formed onto the TSA plates was counted 

to calculate Original Cell Density (OCD).        

 



 

62 

OCD = Original Cell Density, CFU/ml 

CFU = Colony Forming Unit, 

DF = Dilution Factor and FDF = Final Dilution Factor, mL. 

𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑂𝑂𝐶𝐶𝐶𝐶
𝐶𝐶𝑂𝑂𝐶𝐶

 𝑂𝑂𝐶𝐶𝐶𝐶/𝑚𝑚𝑚𝑚  

𝑂𝑂𝐶𝐶 =
𝑉𝑉1
𝑉𝑉2

   𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑉𝑉1 = volume of broth being diluted and  

V2 = total combined volume of broth and diluent. 

3.10.2 Scanning Electron Microscope 

3.10.2.1 Diameter of extracted bamboo fibers  

Diameter of extracted bamboo fibers were measured by SEM and EDS. Averages were 

calculated from diameters of 5-20 fibers. Bleached cotton fibers and bamboo viscose fibers were 

also used in this assessment as comparisons.  

3.10.2.2 Observation of surface contour of extracted bamboo fibers 

ASTM Standard E2228-10, “Standard Guide for Microscopic Examination of Textile 

Fibres” and AATCC Test Method 20-2013, “Fiber Analysis: Qualitative” were followed to 

analyze fiber structure (AATCC Test Method 20-2013, 2015; ASTM Standard E2228-10, 2010). 

Surface contour of fibers were examined by EDS and SEM (ESEM) analyses. It was found that 

the samples were easier to image after a gold coating was placed on the sample to avoid charging 

and to produce high resolution images.  

3.10.3  Measurement of Length and Linear density extracted of fibers 

Ten fibers were chosen for length and weight measurement. These 10 selected samples 

were among the best extracted fibers. Lengths of the fibers were measured by regular measuring 

tape or a ruler. Fibers were selected randomly from the all produced fibers in the 10 specimens. 
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Fibers that were very small and expected to be removed by carding or combing action in 

spinning were not considered for length or weight measurement. The quantity of discarded fibers 

was not large, roughly less than 5%. Weight of fibers with respect to their lengths were measured 

by a microbalance.  

Fiber fineness is one of the criteria to judge fiber quality that was a possibility in this 

research study. Since fibers were not prepared in their final form that would have been directly 

fed into the spinning process and no machine-driven carding or combing was applied and no 

fineness measuring equipment was available, it was not calculated. Also, some fibers were in 

bundle form that could have been separated very well after carding/combing action. Rather linear 

density fiber (Table 17) has been presented. It is considered an alternative explanation of 

fineness.  Mainly fibers that were easy to measure using the microbalance were chosen. The 

microbalance was limited in the size of fiber that it could measure. Very fine and single fibers 

were sometimes too small to register.  This did influence the choice of what fibers were used. 

Fibers were conditioned at (21±1) 0C or (70±2) 0F for 72 hours according to standard ASTM 

method D 1776 – 04 (ASTM International, 2004) before measurement.  
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4 RESULTS AND DISCUSSION 

Since this research was conducted on red margin (Phyllostachys rubromarginata) 

bamboo species, all results are presented on extracted fibers from that species only. 

 Manual Assessments of extracted fibers 

Extracted fibers were initially assessed manually with respect to visual and handling 

properties. Physical properties of textile fibers vary with their types (such as cotton fiber is 

shorter and finer than flax but both have to maintain spinnability and respective minimum 

length) but basic properties, spinnability and lengths, are manually assessable.   

4.1.1 Fibers Produced in First Approach- Steam Explosion 

Steam explosion. The final set of fibers produced by one steam explosion were black 

with a slight reddish cast, ash-like, were in bundle form but pliable and smoother than previous 

steam explosion approaches (with multiple explosions) in this study. Fibers were less damaged. 

After brushing and combing with steel brushes and washing with water, the fibers were still too 

stiff to spin into yarn and darkened in color. Bleaching with hydrogen peroxide improved the 

color from black to dark-grey but fibers were charred looking and crinkled which indicated that 

the fibers were damaged. Structures and properties of steam explosion produced fibers are shown 

in Picture 12 (Appendix B). Since, in case of long exposure, cellulose chars at high temperature 

(above 100 0C), in further experimentation this technique could be improved by using a cooling 

arrangement with the machine to prevent exposure to excessive heat for long periods of time. 
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From this experiment, it can be assumed that steam explosion is one of the possible 

methods to extract fibers from bamboo with special care. It is suggested that a procedure for 

steam explosion produced fibers would be modified in aftertreatment steps.       

High temperature treatment. Fibers produced in high temperature chemical processing 

yielded sample-2b & 2c.  Both types of fibers were very coarse and were not spinnable for finer 

yarns. Fibers were softer in a wet state but became stiffer after drying. It might be possible to get 

spinnable finer fibers after further treatments. This was taken as a possible route to produce 

bamboo fibers but it was not continued due to higher energy usage and length of time in this 

process. It could be studied further to assess the efficacy of the route.     

4.1.2 Fibers Produced in Second Approach-Chemical treatment 

4.1.2.1 First Attempt 

Route-1. Soaking a sample for 7 days was not necessary. A 24-hour soaking yielded 

similar results. Boiling, with alkali and peroxide, would have been better if a stirring device were 

available in the reactor to allow for constant movement of the fibers. It was observed later that 

stirring/agitation has an effect on delignification while treating with chemicals and using 

Launderometer and steel balls as a stirrer.     

Route-2. There was no visible delignification action or change in sample-3B but sample-

3b and sample-3c were red in color and fibers were slightly delignified. But all these fibers were 

completely unusable for yarn production. While sample-3Ba looked almost unchanged in color, 

stiffer and not visibly delignified, sample-3ba and sample-3ca looked reddish, clearly delignified 

and comparatively softer. But still no sample in this group was usable for textile production. All 

three samples (3Bb, 3bb and 3cb) treated with a basic solution were clearly delignified, pliable 

and soft (Appendix B, Picture 13, Picture 14). Fibers were also excessively delignified and 
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broken into very small lengths.  As expected the bases had a very good delignification effect on 

bamboo fibers. No color was developed in sample- 3cah for peroxide action. Fibers were slightly 

damaged, reddish in color and no visible delignification was gained. The main target was to 

create a whiter color and less damage to fibers in samples 3Bh, 3bh and 3ch (Appendix B, 

Picture 15), which was achieved but fibers were not as white as expected and fibers were not 

pliable enough to spin into yarns. While this route provided unsuccessful extraction of pliable 

fibers, it did provide data for what type of experiments should be executed next.  

4.1.2.2 Second Attempt 

Aligned fibers were used in sample-IV (Appendix B, Picture 17) which was coarser than 

others samples. Sample-II (Appendix B, Picture 16) was best among all four samples which was 

finer and more pliable. However, further treatment and modification /would be needed to 

produce spinnable fibers from all four specimens. Mechanical processes seemed to be more 

effective to retain longer fibers and to reduce damage. Most of the following chemical 

experiments were executed on the basis of the knowledge gained from this attempt.  

4.1.3  Fibers Produced in Third Approach-Combined treatments 

4.1.3.1 First Attempt 

Specimen-M2E06A was more individual, finer and shinier than specimen- M2E06B 

(Appendix B, Picture 18). But fiber lengths in specimen-M2E06A were shorter and had a wider 

Gaussian distribution. While specimen-M2E06A was less spinnable fiber due to shorter lengths, 

specimen- M2E06B was stiffer which would affect spinning. Both were prospective specimens 

that could be modified into spinnable fibers using softening and carding processes.    
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4.1.3.2  Second Attempt 

Sample-M2E01A3 and sample-M2E01A4 were improved from the previous approach 

and a slight loss of fiber length was observable. However, sample-M2E01A5 and sample-

M2E01A6 were highly improved with respect to pliability but greater damage to the fiber length 

was noted. While sample-M2E01A7 was better than other samples and whiter in color, sample-

M2E01A8 was highly reduced in fiber length. In all cases, fiber lengths were within spinnable 

limit, therefore, further treatment was carried out to each sample.    

Specimens M2E01A5m (Appendix B, Picture 20) and M2E01A7m (Appendix B, Picture 

21) were shinier than the other four specimens. Fiber lengths in specimens M2E01A3m and 

M2E01A4m (Appendix B, Picture 19) were very good but a slightly higher number of coarse 

fibers (still in fiber bundle form) were present which could be developed into finer fibers by 

applying a carding action. Since precise carding tools and machineries were not available, no 

machine carding action or yarn preparation was attempted. Specimen M2E01A8m was a mixture 

of both very fine fibers and some coarse fibers which was also usable for spinning after some 

hand carding and combing actions. However, due to stiffness and brittleness, all the fibers 

produced in this attempt needed to be softened to achieve pliability. 

4.1.3.3 Third Attempt 

All the samples contained very long fibers as well as substantially fewer short fibers. 

While sample-M2E01A2S3 and sample-M2E01A2S4 contained a higher number of coarser 

fibers than sample-M2E01A2S1 and sample-M2E01A2S2, the color of all four specimens was 

not bright. Sample-M2E01A2S7 and sample-M2E01A2S8 were brighter, softer and finer than 

any other specimens. However, all specimens were rated as good for use in yarn production, so, 

further modification was applied.  
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All the specimens produced after second treatment were rated as shiny, soft and 

spinnable, while each specimen was comprised of fine fibers and few coarse fibers. Specimens 

M2E01A2Sii and M2E01A2Siv (Appendix B, Picture 22 and Picture 23) were excellent, 

brighter, shinier and better than other specimens. On the other hand, specimens M2E01A2Si and 

M2E01A2Siii (Appendix B, Picture 24) were composed of a higher number of coarser fibers. 

Probably, this was due to uneven hand-carding action. Specimens M2E01A2S7m and 

M2E01A2S8m (Appendix B, Picture 25) were slightly softer than the other specimens and had a 

higher number of shorter fibers. Further mechanical processes, like- machine carding and 

combing, would be suggested as possible steps to be performed to enhance fiber quality and to 

produce consistent fibers for future work. 

4.1.3.4 Fourth Attempt 

No major difference was observed on samples after first treatment except softness.  The 

first two samples (M2-A4S1 & M2-A4S2) were softer than other samples because of applying 

fabric softener. But second treatment made significant differences among the samples. Specimen 

M2-A4Sim (Appendix B, Picture 28) was the brightest, shiniest, softest and finest but lengths of 

the extracted fibers looked shorter. Specimen M2-A4Siim (Appendix B, Picture 27) was 

moderately bright, shiny, soft and longer fiber-distribution was higher than M2-A4Sim. On the 

other hand, specimen M2-A4Siiim (Appendix B, Picture 26) was worst among all specimens.  

This was due to lack of delignification and discoloration (bleaching) action.  It was clear that 

using NaHCO3 or Na2CO3 alone was not as effective as NaOH alone or a combination of the 

two. When observing specimens M2-A5Si and M2-A5Sii (Appendix B, Picture 29 and Picture 

30), it was revealed that specimens yielded by bleaching and then modification with peroxide 

were better. But both of these specimens, M2-A5Si and M2-A5Sii, were spinnable and pliable.    
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4.1.4 Fibers Produced in 4th Approach- Combined treatments (Fresh Bamboo) 

4.1.4.1 First Attempt 

It was noted fiber from fresh refrigerated bamboo gave better specimens than those from 

dry bamboo after being exposed to the same treatment regime Sample-M3-B3 and M3-B5 were 

slightly damaged (formed shorter fibers) because of higher concentration of NaOH. After 

modification, specimens M3-A3m (Appendix B, Picture 31) and M3-B4m (Appendix B, Picture 

34) were among the best fibers, where M3-A3m was finer but M3-B4m was coarser. Specimen 

M3-A4m (Appendix B, Picture 32) was less bright due to lower concentration of peroxide and 

had a higher number of coarser fibers. Specimen M3-B3m (Appendix B, Picture 33) was shorter 

in the previous experiment with higher alkali (8 g/L) and fibers were even shorter and more 

damaged after this modification. 

4.1.4.2  Second Attempt 

Both types of the fibers yielded in this attempt, specimens M3-B1Si and M3-B2Si 

(Appendix B, Picture 35 and Picture 36), were very good fibers while specimen M3-B2Si was 

composed of a higher number of short and some coarse fibers. Probably, mechanical actions, 

such as crushing and hand brushing, had played variable roles during handling. Uneven manual 

brushing and carding affected yielded fiber variation. 

4.1.5 Fibers Produced in Fifth Approach-Enzymatic Treatment 

Delignification action of pectinase was not enough to separate fibers from coarser fiber-

bundle, M4-E2 (Appendix B, Picture 38), but was better, M4-E1 (Appendix B, Picture 37), when 

fibers were more open due to chemical pretreatment. Although three enzymes were applied on 

M4-E3, M4-A4 (Appendix B, Picture 39) and M4-E5 (Appendix B, Picture 40), fibers were not 

much improved. Specimens M4-M2E (Appendix B, Picture 41) was highly eaten (weakened) by 
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enzymes as they were initially more exposed since fibers went through chemical extraction 

processes before this enzymatic action. Fibers were broken into very small lengths and were not 

generally spinnable except very few number of fibers within the specimen. It follows that a lower 

concentration of pectinase would have been a better choice for this sample. All other fibers were 

very stiff, coarse and unspinnable. After applying one step chemical modification treatment, 

specimens M4-E1C and M4-E3C (Appendix B, Picture 42 and Picture 43) were spinnable but 

there were some coarser fibers those needed to be carded or further modified.   

4.1.6 Fibers Produced in Sixth Approach-Combined (Enzymatic, Mechanical and Chemical) 
Treatments 

Both the samples M5-E7 and M5-E8 (Appendix B, Picture 44 and Picture 45) were not 

well-delignified and were too rough and coarse to use for spinning. But after chemical 

delignification and modification, specimen M5-E7Cm (Appendix B, Picture 46) was among one 

of the very best fibers produced within this research.  There were still some coarser fibers present 

due to uneven carding action. Specimen M5-E8Cm (Appendix B, Picture 47) was also very good 

but was less bright with higher number of coarser fibers. Probably, it was because the initial 

fibers were more aligned and coarser than M5-E7Cm.  

 Antimicrobial Test: 

Since samples were not standard or precise in shape, assessment was done by visual 

observation of the agar plates only. Inhibition area of the samples were not uniform and even in 

shape. Some of the plates have been shown in Picture 2. It should be mentioned here that this test 

was mainly conducted to identify the antibacterial property against Staphylococcus aureus if it 

existed in any of the specimens.  
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Two specimens from raw bamboo showed some antibacterial property but to different 

degrees; fresh raw showed higher inhibition zones than dry bamboo specimen. Some inhibition 

zones were visible on specimens: M2E01A2Sii, M2E01A2Siv, M3-B1S, M3-B2, 3Bb, M3-B4m, 

M2E06B, M3-B1Si, M3-B2Si, M4-E3C, as well for bamboo viscose and bleached cotton, 

indicating slight antibacterial activity (Picture 2). But specimens M2A4Siim, M3-A3m and M5-

E7Cm produced very clear inhibition zones around the fibers, as did dry raw bamboo, indicating 

very good antibacterial activity.  

In the spread plate method, the number of colonies formed onto TSA plates were counted 

to calculate OCD for respective specimen. All the relevant information and counts are presented 

in Table 15 and microbial selected specimens are shown in Picture 1. Specimen M5E7Cm (1000 

CFU/ml) and M2A4Siim (1800 CFU/ml) had excellent prevention against bacterial colony 

formation but all other samples did not prevent colonies formation. Colony formation on TSA 

after incubation with different samples are presented in Graph 1.   

Table 15. Number of colonies formation onto TSA after incubation with S. Aureus. 

Sample CFU, unit FDF, mL OCD, CFU/ml 

Control 416 10−2𝑚𝑚𝑚𝑚 41600 

FRB 600 10−2𝑚𝑚𝑚𝑚 60000 

M5-E7Cm 10 10−2𝑚𝑚𝑚𝑚 1000 

M2E01A2Sii 400 10−2𝑚𝑚𝑚𝑚 40000 

M2E01A2Siv 600 10−2𝑚𝑚𝑚𝑚 60000 

M2A4Siim 18 10−2𝑚𝑚𝑚𝑚 1800 

M3-A3m 800 10−2𝑚𝑚𝑚𝑚 80000 

M3-B1Si 500 10−2𝑚𝑚𝑚𝑚 50000 

Bamboo Viscose  680 10−2𝑚𝑚𝑚𝑚 68000 

Woven bamboo viscose  620 10−2𝑚𝑚𝑚𝑚 62000 
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Graph 1. Original Cell Density in 2 antibacterial tests of different bamboo fibers 

 

Both chemically (M2A4Siim, M2E01A2Sii, M2E01A2Siv, M3-B1Si) and enzymatically 

(M5-E7Cm) extracted natural bamboo fibers have shown antimicrobial activity against 

Staphylococcus aureus microbes. One of the commercial bamboo rayon has shown slight 

antimicrobial activity in spread plate method (Picture 1) but not in parallel streak method 

(Picture 2).  

Surprisingly, raw bamboo has shown very slight or no antimicrobial activity in both tests. 

In two spread plate method tests (Picture 1), both fresh and dry raw bamboo has higher growth of 

microbial colonies than that of on control TSA plate. This could be because, though bamboo’s 

lignin has antimicrobial property, other soluble contents of the plants actually foster microbial 

growth. Thus, fresh/dry raw bamboo has not shown antimicrobial activity. However, retaining 

lignin in natural fibers or chemical additives in rayon has the possibility to achieve this property.  
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Picture 1. Growth of microbial colonies on different specimens from Second Spread Plate 
Method Antibacterial Test 

   
Control Commercial Bamboo rayon 1 Commercial Bamboo rayon 2 

   
Fresh raw bamboo Specimen Natural Bamboo fiber 

(M5-E7Cm) 
Natural Bamboo fiber 

(M2A4Siim) 

   
Natural bamboo fibers 

(M2E01A2Sii) 
Natural bamboo fibers 

(M2E01A2Siv) 
Natural bamboo fibers 

(M3-B1Si) 
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Picture 2. Inhibition zones on some specimens after microbial incubation in Parallel Streak 
Method 

  

Fresh Raw Bamboo Specimen Commercial bamboo rayon/viscose 

  

Natural bamboo fibers 
(M2A4Siim/ chemical) 

Natural bamboo fibers 
(M5-E7Cm/ enzymatic) 
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 Microscopic Analyses 

4.3.1 Diameter of extracted bamboo fibers  

Diameter of extracted bamboo fibers were measured by SEM and EDS. Averages were 

calculated from diameters of 5-20 fibers. Bleached cotton fibers and bamboo viscose fibers were 

also used in this assessment to compare extracted natural bamboo fibers in this work. Table 16 

represents maximum, minimum and average diameters of different fibers. Mean diameter of 

fibers in specimen-1a was lowest among all the fibers. It was highly damaged by the steam 

explosion process in this study.  

It is clear from the Graph 2 that the average diameters of all the natural bamboo fibers 

extracted were higher than that of bamboo viscose and regular viscose except specimens 1a, M3-

B1Si and M4-E1C. Those three specimens were actually either completely or partially damaged, 

which would account for the smaller diameters as they appeared broken apart in some areas. 

Average diameter of most of the natural bamboo fibers were consistent with average diameter of 

cotton fibers.  

All the fibers from the specimens that showed good antibacterial properties had higher 

diameters than that of bamboo viscose. Probably, this larger diameter is related to remnants of 

lignin and other contents in natural bamboo fibers that are responsible for antibacterial activity 

that are still present in these extracted fibers. It was identified by Afrin et al. that hemicellulose 

or soluble components in bamboo are not responsible for antimicrobial activity (Afrin et al., 

2012). Lignin is insoluble in water or mild alkali solutions. Thus, it is one possible reason that 

natural bamboo fiber can be naturally antimicrobial if no excessive or harsh chemicals were used 

for extraction.  
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Table 16. Maximum, minimum and average diameter of extracted bamboo fibers. 

Sample 
Maximum Diameter 

(µm) 

Minimum 

Diameter (µm) 

Avg. Dia 

(µm) 

1a 9.17 3.75 5.76 

1d 22.90 8.00 15.80 

2CSm 21.58 8.66 15.90 

M2E06B 18.36 5.71 10.55 

M2E01A7m 18.12 8.31 13.11 

M2E01A4m 23.44 8.15 13.45 

M2E01A2Sii 14.16 12.26 13.32 

M2E01A2Siv 16.53 6.64 10.64 

M2E01A2S7m 18.37 5.77 11.90 

M2A4Siim 21.31 4.10 11.29 

M2-A5Si 15.70 7.31 10.30 

M3-A3m 16.74 5.78 10.56 

M3-B3m 15.02 6.87 10.96 

M3-B4m 17.55 8.03 13.12 

M3-B1Si 12.40 3.92 8.24 

M3-B2Si 23.70 4.38 11.79 

M4-E1C 13.07 6.20 9.94 

M4-E3C 22.20 12.49 17.33 

M4-M2E 15.94 12.19 15.17 

M5-E7Cm 20.96 7.62 14.59 

BV 14.24 7.79 10.30 

RV 11.90 9.02 10.08 

BC 16.82 13.18 14.21 
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Graph 2. Average diameter of extracted natural bamboo fibers along with bamboo viscose, 

conventional viscose and bleached cotton fibers 

 

4.3.2 Microscopic Analyses of Fibers Structure  

Surface contour of extracted fibers have been examined by the following test methods, 

ASTM E2228 – 10 and AATCC TM 20-2013. Since no standardization of surface structure of 

natural bamboo fiber has been established or documented, 20 types of extracted natural bamboo 

fibers have been employed to analyze surface contour of the fibers. Scanning Electron 

Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) were used to analyze individual 

fiber’s structure. It is noted that no standard magnification has been maintained to represent 

images in this work, because some fibers were very coarse and others were very fine accounting 
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for the different magnification that was needed. All the images have been collected to focus on 

surface structures and elements present on the fiber’s surface. 

Microscopic evaluation shows that burnt fibers in specimen-1a had lignin (non-fibrous 

part on the fiber bundle) on the surface (Figure 2a and Figure 2b) that could have been removed 

by further mechanical treatment, e.g. brushing and combing. The fibers were too burnt and brittle 

to execute any further modification. However, steam explosion with lower heat, less number of 

explosions, brushing and a very light chemical treatment in specimen-1d proved that fibers are 

more clean (Figure 3a).  The cross-section (Figure 3b) is round-shaped and with a narrow 

hollow-like space in the middle, which is very similar to other natural bamboo fibers extracted in 

this work. The fibers were more in bundle-form as suggested in longitudinal view than other 

specimens (Figure 3b). 

 
 Longitudinal view (fiber bundle) 458X Cross-sectional view (fiber bundle) 1402X 

  
Figure 2. Natural bamboo fibers extracted by (4 times) Steam explosion where fibers were burnt 

and damaged (1a) 
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Longitudinal view (fiber bundle) 725X Cross-sectional view (single fiber) 2487X 

  
Figure 3. Natural bamboo fibers extracted by single Steam explosion, mechanical and light 

bleaching (1d). 

 

Longitudinal view (fiber bundle) 401X Cross-sectional view (multiple fibers) 1760X 

  
Figure 4. Natural bamboo fibers extracted by a series of mechanical and a single-step light 

chemical treatments. 

The reason for stiffness and unpliability of sample-2CSM can be described clearly from 

longitudinal view (Figure 4a) of the fiber-bundle where fibers were still surrounded by lignin. 
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However, proper carding action could open the fibers easily as some fibers were opened and 

pliable after carding. Cross-sectional view (Figure 4b) shows that the fibers are round-shaped 

with lesser density in the middle of the fibers. While fibers were stiffer and not opened in very 

moderate treatments, treatment with higher amounts of chemicals separated them very well 

(Figure 5a) but reduced strength and roundedness (Figure 5b) and produced finer fibers.    

Longitudinal view (multiple fibers) 2045X Cross-sectional view (multiple fibers) 218X 

  
Figure 5. Natural bamboo fibers extracted by a series of mechanical and a 3-step chemical 

treatments (M2E01A2S7m) 

 

When fibers were not damaged and well separated, cross-sections of the fibers were 

consistently round-shaped and the surface structure of fibers are smooth with no striations. 

Chosen examples of this are represented by extracted fiber specimens M2-A4Siim (Figure 6), 

M2-A5Si (Figure 7), M2E01A2Siv (Figure 8), M2E01A4m (Figure 9), and M2E06B (Figure 

10).  
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Longitudinal view (single fiber) 6064X Cross-sectional view (single fiber) 3992X 

  
Figure 6. Natural bamboo fibers extracted by series of mechanical and chemical treatments (M2-

A4Siim) 

 

Longitudinal view (multiple fibers) 499X Cross-sectional view (single fiber) 1088X 

  
Figure 7. Natural bamboo fibers extracted by a series of mechanical and a 2-step chemical 

treatments (M2-A5Si) 
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Longitudinal view (multiple fibers) 4430X Cross-sectional view (multiple fibers) 1566X 

  
Figure 8. Natural bamboo fibers extracted by a series of mechanical and a 3-step lower 

concentration chemical treatments (M2E01A2Siv) 

 

 

Longitudinal view (single fiber) 6344X Cross-sectional view (single fiber) 2445X 

  
Figure 9. Natural bamboo fibers extracted by a series of mechanical and a 3-step chemical 

treatments (M2E01A4m) 
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Longitudinal view (multiple fibers) 1067X Cross-sectional view (2 fibers) 5325X 

  
Figure 10. Natural bamboo fibers extracted by a series of mechanical and a 2-step chemical 

treatments (M2E06B) 

Fibers extracted from fresh bamboo as shown in images of M3-A3m,(Figure 11), M3-

B1Si (Figure 12), M3-B2Si (Figure 13), M3-B3m (Figure 14) and M3-B4m (Figure 15) were 

also similar in shapes to those already mentioned above. 

Longitudinal view (multiple fibers) 2993X Cross-sectional view (Single fiber) 5122X 

  
Figure 11. Natural bamboo fibers extracted by a series of mechanical and a 2-step chemical 

treatments from fresh (0-1-year-old) bamboo (M3-A3m) 
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 The 0-1-year-old bamboo produced the finest fiber by diameter (Figure 14). Coarser and 

stiffer fibers were found in some samples when they were not opened and the lignin successfully 

removed, e.g. M3-B3m and M3-B4m (Figure 15). 

Longitudinal view (multiple fibers) 602X Cross-sectional view (single fiber) 6164X 

  
Figure 12. Natural bamboo fibers extracted by a series of mechanical and a 3-step chemical 

treatments from fresh (0-1-year-old) bamboo (M3-B1Si) 

Longitudinal view (multiple fibers) 1183X Cross-sectional view (single fiber) 1760X 

  
Figure 13. Natural bamboo fibers extracted by a series of mechanical and a 3-step chemical 

treatments from fresh (2-4-year-old) bamboo (M3-B2Si) 
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Longitudinal view (multiple fibers) 1864X Cross-sectional view (single fiber) 5358X 

  
Figure 14. Natural bamboo fibers extracted by a series of mechanical and a 2-step chemical 

treatments from fresh (0-1-year-old) bamboo (M3-B3m) 

Enzymatic treatment was not able to separate the fibers very well. Fibers were found in 

bundle form but with similar longitudinal and cross-sectional shapes (Figure 16, Figure 17) in 

any individual fiber.  

Longitudinal view (fiber bundle) 1394X Cross-sectional view (single fiber) 3937X 

  
Figure 15. Natural bamboo fibers extracted by a series of mechanical and a 2-step chemical 

treatments from fresh (2-4-year-old) bamboo (M3-B4m) 
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Longitudinal view (fiber bundle) 1714X Cross-sectional view (fiber bundle) 1040X 

  
Figure 16. Natural bamboo fibers extracted by combination of mechanical, enzymatic and 

chemical treatments (M4-E1C) 

 

Longitudinal view (fiber bundle) 560X Cross-sectional view (multiple fiber) 805X 

  
Figure 17. Natural bamboo fibers extracted by a series of mechanical, enzymatic and chemical 

treatments (M5-E7Cm) 

Additional mechanical and chemical treatments were able to separate the fiber bundles, 

but in some cases fibers were shorter due to the chemical action. However, fibers formed in those 

cases were similarly round-shaped cross-section (Figure 18, Figure 19). 
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Longitudinal view (multiple fibers) 568X Cross-sectional view (multiple fibers) 1760X 

  
Figure 18. Natural bamboo fibers extracted by combination of mechanical, enzymatic and 

chemical treatments (M4-E3C) 

 

Longitudinal view (multiple fibers) 3275X Cross-sectional view (multiple fibers) 2063X 

  
Figure 19. Natural bamboo fibers extracted by combination of mechanical, enzymatic and a 3-

step chemical treatments (M4-M2E) 

Pectinase enzyme had a slight effect on previously chemically treated fiber (M4-M2E). 

The effect resulted in the fibers that were broken into shorter length but very fine fibers. 
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Therefore, more research needs to be conducted with combined enzymatic and/or chemical or 

mechanical treatments to find out which combinations of variables cause damage and which give 

desired results. There is a possibility to produce high quality fibers using enzymes in different 

stages and also to maintain natural properties. 

Longitudinal structural views on both of the bamboo and regular viscose fibers (Figure 

20a, Figure 21a) indicate some striations along the fiber length that is completely different than 

all other natural bamboo fibers (69 types of fibers) produced in this research work. These 

striations are actually formed when the fiber is precipitated and contracts in the viscose process.  

Bamboo’s natural surface would no longer be intact as this is a regenerated fiber. Thus, these 

striations indicate no or nominal natural properties associated with the surface of the bamboo 

fibers. Cross-sectional views (Figure 20b, Figure 21b) are slightly different between the viscose 

fibers but neither is similar to natural bamboo fibers. 

 

Longitudinal view (3 fibers) 2500X Cross-sectional view (single fiber) 3125X 

  
Figure 20. Commercial bamboo viscose fibers 
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Longitudinal view (single fiber) 5000X Cross-sectional view (single fiber) 8755X 

  
Figure 21. Commercial regular viscose fibers 

 

 Results of Fiber Length and Linear density  

Lengths of fibers range from 1.2 cm (0.5 inch) to 21.5 cm (8.5 inches) in the selected 

samples (Table 17). The minimum average length was 1.73 cm (0.69 inch) in M2A4Siim. Only 

two samples (M2A4Siim and M3-B1Si) had average lengths less than 4 cm (1.7 inch). That 

means, all the fibers had very good spinnable average lengths, which need to be at least 1.9 cm 

(0.75”) when using cotton spinning procedures as a comparison. Among the ten-selected 

samples, M2E06B had the highest (8.06 cm or 3.2 inches) average length. Maximum and 

minimum weight of the fibers within the measurable limit in the microbalance were 7210µg and 

50µg corresponding to 21.5cm and 1.2cm long fiber respectively (Table 17). Please note 

specimens from fresh bamboo that were 01-year-old had shorter fibers on average. 

Graph 3 clearly illustrates that linear density of the extracted fibers was proportional to 

the length of the respective fibers. However, viscose is a regenerated continuous fiber and can be 

cut in to any length needed regardless of its diameter. 
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 Table 17. Average length, average weight and linear density of extracted natural bamboo fibers. 

 

 

Specimen 

Length Weight  

Fineness 

(µg/cm) 

Minimum 

Length 

(cm) 

Maximum 

Length 

(cm) 

Average 

length 

Minimum 

Weight 

(µg) 

Maximu

m Weight 

(µg) 

Average 

Weight 

(µg) 

1 M2E06B 2.5 21.5 8.06 240 7210 2463 305.58 

2 M2E01A7m 2 11.5 7.79 230 5830 3032.43 389.27 

3 M2E01A4m 1.5 10.5 5.73 110 4560 1816.36 316.99 

4 M2E01A2Sii 2.5 12.5 6.4 310 5140 1440 225 

5 M2E01A2Siv 2.5 15 7.4 330 5500 2178.57 294.40 

6 M2A4Siim 1.2 6 2.73 50 2230 635 232.60 

7 M2-A5Si 3.2 12 6.93 270 4690 1517.50 218.98 

8 M3-B4m 2 12 7.3 310 5890 2248 307.95 

9 M3-B1Si 1.4 4.1 2.9 210 1560 762 262.76 

10 M5-E7Cm 2.5 6.5 4.34 210 2440 1268 292.17 

 

Though bamboo fibers seem to be continuous in the bamboo culms between nodes, they 

are actually shorter in length when separated as individual fiber. This is due to bamboo cells in 

fibers overlapping with each other similar to flax fibers. Thus, fibers in bundle form had higher 

lengths and higher linear density (Graph 3) but lower fineness (since fineness is reciprocal to 

linear density). Reasonably, fibers with shorter lengths in M2A4Siim and M3-B1Si had lower 

linear density.  
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Graph 3. Relationship between length and fineness of extracted natural bamboo fibers 
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5 FINDINGS, CONCLUSIONS AND IMPLICATIONS 

 Findings 

This exploratory research study targeted discovery of suitable methods for natural fiber 

extraction from the abundant plant bamboo. Findings included are mainly prospective 

methodological routes for effective fiber extraction, modifications in different stages to make the 

fibers more acceptable for textile use, and tests results to understand properties and 

characteristics of the different specimens. The following are major findings: 

﴾1﴿ Fiber extraction processes were easier when the bamboo was fresh and not predried. 

Fresh bamboo culms were directly useable in milling machine for the crushing process, 

while dry culms needed to be either soaked or boiled in water to avoid excessive 

breakage of fibers. 

﴾2﴿ Bamboo raw materials from 0-1-year old Phyllostachys rubromarginata plants did not 

show any advantage for fiber extraction when compared to 2-4-year old plants. While the 

0-1-year-old plants did produce finer fibers, they were much shorter (average fiber 

lengths were 2.9 am and 7.3 cm respectively from 0-1-year and 2-4-year old bamboo), 

which would not contribute to the spinning process for high quality yarn. Further research 

in necessary to decide if any of the young plant properties should be pursued for fiber 

extraction.  
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﴾3﴿ Steam explosion is a prospective treatment that could be used, if done properly, to extract 

fibers with good potential of retaining bamboo’s inborn properties. Since it is a high 

temperature processing technique, it is speculated that it could be effective in retaining 

and/or enhancing natural antimicrobial properties. Xi, Qin, An, and Wang (2013) present 

evidence that some antimicrobial properties of lignin, are made stronger by exposing to 

high temperature. This would be a target for future study with a cooling system so that 

fibers are not damaged by long exposure to heat. 

﴾4﴿ No single method was able to extract fibers successfully. But a combination of 

mechanical and chemical or enzymatic treatments were effective to produce fiber that 

exhibited characteristics that would make it suitable for textile use. Consequently, 

attempts 1-4 in approach-3 (chemical treatment), attempts 1 (certain segments) and 2 in 

approach-4 (combined mechanical and chemical treatments), certain segments of 

approach-5 (combined mechanical, enzymatic and chemical treatments) and approach 6 

provided successful combined methods.    

﴾5﴿ The overall combination of those experiments that gave the best fiber was: splitting → 

soaking in water (in case of dry bamboo) → scraping epidermises → 1st crushing → 

1st brushing → 2nd crushing → 2nd brushing → soaking in alkali/enzymatic 

treatment → washing → carding/combing/brushing (coarse) → basic/enzymatic 

delignifying treatment → neutralizing → washing → softening → drying → 

carding/combing (fine) → final fibers. 

It is estimated that it took a total of 100-110 hours for fresh bamboo and 124-134 hours 

for dry bamboo from the beginning point of splitting to final the fiber for the total 
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procedure. This is a shorter period of time than other methods mentioned in literature 

including viscose processing.   

﴾6﴿ It is more evident that bamboo has natural antibacterial properties (Afrin et al., 2012; Lu, 

Wu, Tie, Zhang, & Zhang, 2005; Quitain, Katoh, & Moriyoshi, 2004; Singh et al., 2010; 

Tanaka & Shimizu, 2013; Xi et al., 2013) than it does not (Xi et al., 2013). However, this 

study revealed that raw bamboo has lower antimicrobial activity than some of the 

extracted fiber specimens produced here. Specimens with greater antimicrobial properties 

than the raw bamboo samples were:  M2E01A2Sii, M2E01A2Siv, M2A4Siim, M3-B1Si 

and M5-E7Cm. It is thought that some processes (high temperature) or mild chemicals 

helped to enhance the natural antibacterial properties.   

﴾7﴿ It is possible to produce fibers with an average length of up to 8 cm (3.15 inches). The 

fibers that were judged with the best overall properties for spinnability produced in this 

work had 6-7 cm (2.36-2.76 inches) long on an average. But further machine carding and 

combing actions in future work could provide results on lengths and fineness of fibers as 

they are currently in a pre-yarn state.  

﴾8﴿ Using not more than 2% NaOH, it is possible to extract natural bamboo fibers, while 

maintaining the degree of eco friendliness of fibers extraction. Not more than 1.8% 

NaOH was applied through all the steps in any one type of specimen fiber production 

during this work, while viscose (rayon) processing uses more (15% alkali) plus other 

harsh chemicals, such as-CS2 and H2SO4  (Batalha et al., 2011; Federal Trade 

Commission, 2012). 

﴾9﴿ It should be noted that one of the commercial bamboo viscose presented some degree of 

antimicrobial activity against Staphylococcus aureus, while another viscose did not show 
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that activity. It is possible to gain antimicrobial property due to presence of harsh 

chemicals present in viscose product after production (Xi et al., 2013). It is speculated 

that the antibacterial property was introduced by the chemicals used in the viscose 

process or added as artificial treatments, as it could not have been retained from the 

bamboo itself during viscose processing. 

﴾10﴿ It was found that no soluble part in bamboo displayed antimicrobial activity rather lignin, 

an insoluble part that can be retained only in natural bamboo fibers appears to be 

responsible for the antimicrobial properties (Afrin et al., 2012). Thus, some of the fibers 

produced in this work showed very good antimicrobial activity against Staphylococcus 

aureus, because lignin was retained in naturally extracted fibers (refer to 4.3.2 

Microscopic Analyses of Fibers Structure). 

﴾11﴿ Except three damaged fibers (damaged by high temperature or exposure to chemicals), all 

other extracted fibers and the cotton fibers had higher average diameters counts than that 

of viscose fibers. The viscose diameters are controlled by the spinneret size in the viscose 

process and are only limited by the spinneret’s diameter. The claimed softer nature of 

viscose is due to this length to width ratio. To what extent natural bamboo fibers can be 

separated to give fineness and still retain their integrity is a study for future work.  

﴾12﴿ Microscopic examination on more than 25 fibers confirmed that natural bamboo fibers 

are well-rounded in shape and completely unlike viscose fibers that have striations across 

the length. Some images have been attached in Appendix C, Picture 48-Picture 53, to 

provide a generalizable figure of natural bamboo fibers.  
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 Implications 

Though extensive use of harsh chemicals produces attractive viscose products the 

environmental impact that these processes can have cannot be ignored.  This thesis research 

presents evidence that natural bamboo fibers have the potential to be manufactured as bulk 

industrial production based on this fundamental research.  Fibers in this exploratory research do 

have larger diameter and are less soft than viscose. However, consumers’ awareness and 

tendency towards ecofriendly textiles can promote ecofriendly and natural bamboo fibers. 

Further study and modification in processing can give us an ideal route to produce fibers that 

could compete with viscose without the environmental impact. If targeted correctly to 

consumers, bast fiber properties associated with fibers like linen or hemp could also be 

acceptable. 

Bamboo as a plant contains antimicrobial property to a certain degree and it can be 

retained and/or enhanced with natural fiber extraction. Bamboo viscose fibers may have a little 

antimicrobial activity but that is from chemicals present during processing or by artificial 

treatment to attract the consumers as has been established in previous research. Moreover, it is 

proven that the surface structure of bamboo viscose is similar to conventional viscose but 

completely different from natural bamboo fibers produced in this research. 

While manufacturers and retailers are claiming their bamboo viscose products to be 

ecofriendly and gaining profits by this less than transparent claims, viscose processes are not 

ecofriendly even though some chemicals are recycled by using close-loop production. It is 

possible to recycle some of the chemicals but leftover chemicals can be released in the 

environment. Moreover, the viscose/rayon process is well defined as a harsh chemical treatment 
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where fibers lose all of their natural properties except cellulosic contents and relevant properties 

to cellulose itself. In addition, regenerated fibers are take longer time to degrade biologically. 

Currently, bamboo viscose is gaining market share in the textile market. Consequently, 

many producers and researchers may see no gain in creating a more natural and ecofriendly 

bamboo fiber production process. It is thus very crucial to stop false claims and deceptions posed 

by manufacturers and retailers so that consumers are aware that the viscose fibers lack the 

properties that are inherent in natural bamboo fibers and thus encourage continuing research in 

this area.    

  Conclusions 

Since the world is experiencing new and complicated problems due in some part to 

human changes in the environment, we must continue to strive to find sustainable and alternative 

sources for our future. During the last few years, organic cotton, green textiles, greener textile 

processing, reduction of chemical usage, recycling, and biological processing practices have 

gained popularity and usage in industry. Since textile and garment industries are considered large 

contributors to environmental impacts  (De Coster, 2007; Jena et al., 2015; Reddy et al., 2014; 

Waite, 2009), it is crucial to pay attention to this sector for minimizing damage. Most countries 

are now aware of these impacts and are setting rules for environmental issues for factories and 

industries, and international organizations are also driving industrialists to protect the 

environment.  

Though some researchers and producers are interested in practicing ecofriendly and 

sustainable textiles, it is important to have support from social, international organizations, 

governments, industries, and consumers. It is true that social customs and cultural trends can 

foster buying and consuming ecofriendly products and thus encourage consumers to promulgate 
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the practice (Han & Chung, 2014).  It is also obviously important to support and improve the life 

of farmers and workers who enhance and promote ecofriendly and sustainable textiles (Bismarck 

et al., 2006; De Coster, 2007).  

This research provides a belief that it is possible to produce natural bamboo fibers by 

avoiding large amounts of chemicals. Lower concentration of alkali and alternative enzymatic 

delignification can be applied to extract natural bamboo fibers by using mechanical pretreatment 

procedures. This research study was successful in retaining natural antibacterial property in 

extracted fibers by using less than 2% NaOH during all processing and treatments, while the 

viscose process uses more than 15% NaOH (15-35%) as well as other harsh chemicals. The 

extracted fibers could be used for yarn and fabric preparation if further spinning processes were 

executed. Additionally, more research on enzymatic and steam explosion can be applied 

effectively for bamboo fiber extraction that might even substitute for the use of alkali. Further 

research work will be focused on improving the prospective methods discovered in this research 

study and creating textiles successfully, and further research on the execution of enzymatic and 

steam explosion techniques is planned.    



 

99 

REFERENCES 

AATCC Test Method 147-2011. (2011). Antibacterial activity assessment of textile materials: 
parallel steak method. Technical Manual of the American Association of Textile Chemists 
and Colorists. PO Box 12215, Research Triangle Park, N. C. 27709, USA. 

AATCC Test Method 20-2013. (2015). Fiber Analysis : Qualitative. AATCC Technical Manual. 
PO Box 12215, Research Triangle Park, N. C. 27709, USA. 

Abbott, A., & Ellison, M. (2008). Biologically Inspired Textiles. Biologically Inspired Textiles. 
Retrieved from http://www.sciencedirect.com/science/article/pii/B9781845692476500040 

Abdul Khalil, H. P. S., Bhat, I. U. H., Jawaid, M., Zaidon,  a., Hermawan, D., & Hadi, Y. S. 
(2012). Bamboo fibre reinforced biocomposites: A review. Materials & Design, 42, 353–
368. https://doi.org/10.1016/j.matdes.2012.06.015 

Afrin, T., Kanwar, R. K., Wang, X., & Tsuzuki, T. (2014). Properties of bamboo fibres produced 
using an environmentally benign method, 105(12), 1293–1299. 
https://doi.org/10.1080/00405000.2014.889872 

Afrin, T., Tsuzuki, T., Kanwar, R. K., & Wang, X. (2012). The origin of the antibacterial 
property of bamboo. Journal of the Textile Institute, 103(8), 844–849. 
https://doi.org/10.1080/00405000.2011.614742 

Afrin, T., Tsuzuki, T., & Wang, X. (2009). Bamboo fibres and their unique properties. In 
Natural fibres in Australasia: proceedings of the combined (NZ and AUS) Conference of 
The Textile Institute, Dunedin 15-17 April 2009 (pp. 77–82). Dunedin: Textile Institute 
(NZ). 

Alkaya, E., & Demirer, G. N. (2014). Sustainable textile production : a case study from a woven 
fabric manufacturing mill in Turkey. Journal of Cleaner Production, 65, 595–603. 
https://doi.org/10.1016/j.jclepro.2013.07.008 

ASTM International. (2004). D 1776 – 04: Standard Practice for Conditioning and Testing 
Textiles, (100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 
United States). https://doi.org/10.1520/D1776-08E01.2 

ASTM Standard E2228-10. (2010). ASTM Standard E2228-10: Standard Guide for 
Microscopical Examination of Textile Fibers. 100 Barr Harbor Drive, PO Box C700, West 
Conshohocken, PA 19428-2959. United States. https://doi.org/10.1520/E2228-10.2 

Baby Key. (2013). How Eco-Friendly is Bamboo Fabric? Retrieved December 4, 2015, from 
http://www.babykey.co.uk/blogs/kids-fashion-blog/9670443-how-eco-friendly-is-bamboo-
fabric



 

100 

Batalha, L. A. R., Colodette, J. L., Gomide, J. L., Barbosa, L. C., Maltha, C. R., & Gomes, F. J. 
B. (2011). Dissolving pulp production from bamboo. BioResources, 7(1), 640–651. 

Bestrank, B. (2014). 7 Eco - Friendly Reasons to Go Retro with Bamboo. Retrieved May 7, 
2016, from http://life.gaiam.com/article/7-eco-friendly-reasons-go-retro-bamboo 

Bevilacqua, M., Ciarapica, F. E., Mazzuto, G., & Paciarotti, C. (2014). Environmental analysis 
of a cotton yarn supply chain. Journal of Cleaner Production, 82, 154–165. 
https://doi.org/10.1016/j.jclepro.2014.06.082 

Bismarck, A., Baltazar-Y-Jimenez, A., & Sarikakis, K. (2006). Green composites as Panacea? 
Socio-economic aspects of green materials. Environment, Development and Sustainability, 
8(3), 445–463. https://doi.org/10.1007/s10668-005-8506-5 

Brosdahl, D. J., & Carpenter, J. M. (2010). Consumer knowledge of the environmental impacts 
of textile and apparel production, concern for the environment, and environmentally 
friendly consumption behavior. Journal of Textile and Apparel, Technology and 
Management, 6(4). 

Butler, S. M., & Francis, S. (1997). The Effects of Environmental Attitudes on Apparel 
Purchasing Behavior. Clothing and Textiles Research Journal, 15(2), 76–85. 

Caffaro-filho, R. A., Morita, D. M., Wagner, R., & Durrant, L. R. (2009). Toxicity-directed 
approach of polyester manufacturing industry wastewater provides useful information for 
conducting treatability studies. Journal of Hazardous Materials, 163(1), 92–97. 
https://doi.org/10.1016/j.jhazmat.2008.06.063 

CBC News. (2010, February 1). Bamboo textiles no more’ natural’ than rayon; Strong chemicals 
needed to process bamboo. Radio-Canada. Canada. Retrieved from 
http://www.cbc.ca/news/bamboo-textiles-no-more-natural-than-rayon-1.938759 

Challa, L. (2014). Impact Of Textiles And Clothing Industry On Environment: Approach 
Towards Eco-Friendly Textiles. 

Chaowana, P. (2013). Bamboo : An Alternative Raw Material for Wood and Wood-Based 
Composites, 2(2). https://doi.org/10.5539/jmsr.v2n2p90 

China Bambro Textile Co., L. (2007). Bambrotex: Bamboo Center. Retrieved July 5, 2016, from 
http://www.bambrotex.com/second/bamboocenter_nab.htm 

Dai, J., & Dong, H. (2014). Intensive cotton farming technologies in China : Achievements , 
challenges and countermeasures. Field Crops Research, 155, 99–110. 
https://doi.org/10.1016/j.fcr.2013.09.017 

De Coster, J. (2007). Green textiles and apparel: Environmental impact and strategies for 
improvement. Textile Outlook International, (132), 143–164. Retrieved from 
http://www.scopus.com/inward/record.url?eid=2-s2.0-40249092014&partnerID=tZOtx3y1 

Deshpande, A. P., Rao, M. B., & Rao, C. L. (1999). Extraction of Bamboo Fibers and Their Use 
as, 83–92. 

Elgin, C., & Oztunali, O. (2014). Pollution and informal economy. Economic Systems, 38(3), 



 

101 

333–349. https://doi.org/http://dx.doi.org/10.1016/j.ecosys.2013.11.002 

Erdumlu, N., & Ozipek, B. (2008). Investigation of Regenerated Bamboo Fibre and Yarn 
Characteristics. Fibres & Textiles in Eastern Europe, 16(4), 43–47. 

Federal Trade Commission. (2012). Section 303.7 - Generic names and definitions for 
manufactured fibers. Retrieved from https://www.gpo.gov/fdsys/pkg/CFR-2012-title16-
vol1/pdf/CFR-2012-title16-vol1-sec303-7.pdf 

Fibre2Fashion.com. (n.d.). Various Pollutants Released into Environment by Textile Industry. 
Retrieved April 25, 2016, from http://www.fibre2fashion.com/industry-
article/6262/various-pollutants-released-into-environment-by-textile-industry?page=2 

Free Fly. (n.d.). The Benefits of Bamboo. Retrieved December 3, 2015, from 
http://www.freeflyapparel.com/benefits-of-bamboo 

Fu, J., Li, X., Gao, W., Wang, H., Cavaco-paulo, A., & Silva, C. (2012). Bio-processing of 
bamboo fibres for textile applications : a mini review, 30(February), 141–153. 
https://doi.org/10.3109/10242422.2012.650450 

Fu, J., Li, X., Gao, W., Wang, H., Cavaco-Paulo, A., & Silva, C. (2012). Bio-processing of 
bamboo fibres for textile applications: a mini review. Biocatalysis and Biotransformation, 
30(1), 141–153. https://doi.org/10.3109/10242422.2012.650450 

Fu, J., Mueller, H., de Castro, J. V, Yu, C., Cavaco-Paulo, A., Guebitz, G. M., & Nyanhongo, G. 
S. (2011). Changes in the bacterial community structure and diversity during bamboo 
retting. Biotechnology Journal, 6, 1262–1271. https://doi.org/10.1002/biot.201100105 

Fu, J., Nyanhongo, G. S., Silva, C., Cardinale, M., Prasetyo, E. N., Yu, C., … Gubitz, G. M. 
(2012). Bamboo fibre processing : insights into hemicellulase and cellulase. Biocatalysis 
and Biotransformation, 30(1), 27–37. https://doi.org/10.3109/10242422.2012.644440 

Fu, J., Zhang, X., Yu, C., Guebitz, G. M., & Cavaco-Paulo, A. (2012). Bioprocessing of bamboo 
materials. Fibres and Textiles in Eastern Europe, 90(90), 13–19. 

Fuentes, C. A., Brughmans, G., Tran, L. Q. N., Dupont-gillain, C., Verpoest, I., & Vuure, A. W. 
Van. (2015). Mechanical behaviour and practical adhesion at a bamboo composite 
interface : Physical adhesion and mechanical interlocking. COMPOSITES SCIENCE AND 
TECHNOLOGY, 109, 40–47. https://doi.org/10.1016/j.compscitech.2015.01.013 

Globalsources.com. (2016). Global Sources. Retrieved May 6, 2016, from 
http://www.globalsources.com/manufacturers/100-Bamboo-Fabric.html 

Han, T.-I., & Chung, J.-E. (2014). Korean Consumers’ Motivations and Perceived Risks Toward 
the Purchase of Organic Cotton Apparel. Clothing and Textiles Research Journal, 32(4), 
235–250. https://doi.org/10.1177/0887302X14538116 

Hardin, I. R., Wilson, S. S., Dhandapani, R., & Dhende, V. (2009). An assessment of the validity 
of claims for “bamboo” fiber. AATCC Review, 9(10), 33–36. 

He, J., Cui, S., & Wang, S. Y. (2008). Preparation and Crystalline Analysis of High-Grade 
Bamboo Dissolving Pulp for Cellulose Acetate. Journal of Applied Polymer Science, 



 

102 

107(2), 1029–1038. https://doi.org/DOI 10.1002/app.27061 

Hines, R. I. (2015). The Price of Pollution : The Struggle for Environmental Justice in Mossville 
, Louisiana. Western Journal of Black Studies, 39(3), 198–208. 

HortiNews. (2016, May 8). Bamboo offers investors potentially mouth - watering returns. 
Kenya. Retrieved from http://www.hortinews.co.ke/article.php?id=188 

Ibrahim, I. D., Jamiru, T., Sadiku, R. E., Kupolati, W. K., Agwuncha, S. C., & Ekundayo, G. 
(2015). The use of polypropylene in bamboo fibre composites and their mechanical 
properties – A review. https://doi.org/10.1177/0731684415591302 

Jena, B., Das, B. P., Khandual, A., Sahu, S., & Behera, L. (2015). Ecofriendly Processing of 
Textiles. Materials Today: Proceedings, 2(4–5), 1776–1791. 
https://doi.org/10.1016/j.matpr.2015.07.020 

Kang, J., Liu, C., & Kim, S. (2013). Environmentally sustainable textile and apparel 
consumption : the role of consumer knowledge , perceived consumer effectiveness and 
perceived personal relevance. International Journal of Consumer Studies, 37(4), 442–452. 
https://doi.org/10.1111/ijcs.12013 

Kukle, S., Gravitis, J., Putnina, A., & Stikute, A. (2011). the Effect of Steam Explosion 
Treatment on Technical Hemp Fibres. Proceedings of the 8th International Scientific and 
Practical Conference, 1, 230–237. 

Lee, S. Y., Chun, S. J., Doh, G. H., Kang, I. A., Lee, S., & Paik, K. H. (2009). Influence of 
Chemical Modification and Filler Loading on Fundamental Properties of Bamboo Fibers 
Reinforced Polypropylene Composites. Journal of Composite Materials, 43(15), 1639–
1657. https://doi.org/10.1177/0021998309339352 

Li, K., Wang, X., Wang, J., & Zhang, J. (2015). Benefits from additives and xylanase during 
enzymatic hydrolysis of bamboo shoot and mature bamboo. Bioresource Technology, 192, 
424–431. https://doi.org/10.1016/j.biortech.2015.05.100 

Lu, B., Wu, X., Tie, X., Zhang, Y., & Zhang, Y. (2005). Toxicology and safety of anti-oxidant of 
bamboo leaves . Part 1 : Acute and subchronic toxicity studies on anti-oxidant of bamboo 
leaves, 43, 783–792. https://doi.org/10.1016/j.fct.2005.01.019 

Luz, C. (2007). Waste Couture. Environmental Health Perspecitves, 115(9). 

Ma, X., Huang, L., Cao, S., Chen, Y., & Chen, L. (2011). Preparation of bamboo dissolving pulp 
for textile production. part 1. study on prehydrolysis of green bamboo for producing 
dissolving pulp. BioResources, 6(2), 1428–1439. 

Main, E. (2012). Bamboo : Not as Green as It Seems. Retrieved October 22, 2015, from 
http://www.rodalesorganiclife.com/wellbeing/bamboo-not-green-it-seems 

Mancini, F., Termorshuizen, A. j., Jiggins, J. L. S., & Bruggen, A. H. C. Van. (2008). Increasing 
the environmental and social sustainability of cotton farming through farmer education in 
Andhra Pradesh , India, 96, 16–25. https://doi.org/10.1016/j.agsy.2007.05.001 

Mani, M., & Wheeler, D. (1998). In Search of Pollution Havens? Dirty industry in the World 



 

103 

Economy , 1960 to 1995, 7(3), 215–247. 

Mishra, R., Behera, B. K., & Pal, B. P. (2012). Novelty of bamboo fabric. Journal of the Textile 
Institute, 103(3), 320–329. https://doi.org/10.1080/00405000.2011.576467 

Moore, S. B., & Ausley, L. W. (2004). Systems thinking and green chemistry in the textile 
industry : concepts , technologies and benefits. Journal of Cleaner Production, 12(6), 585–
601. https://doi.org/10.1016/S0959-6526(03)00058-1 

Nirmala, C., Bisht, M. S., & Laishram, M. (2014). Bioactive compounds in bamboo shoots : 
health benefits and prospects for developing functional foods. International Journal of Food 
Science & Technology, 49(6), 1425–1431. https://doi.org/10.1111/ijfs.12470 

Nossar, I., Johnstone, R., Macklin, A., & Rawling, M. (2015). Protective legal regulation for 
home-based workers in Australian textile , clothing and footwear supply chains. Journal of 
Industrial Relations, 57(4), 585–603. https://doi.org/10.1177/0022185615582236 

O2Wear. (n.d.). Bamboo Fibre. Retrieved December 2, 2015, from 
http://www.o2wear.com/bamboo-fibre/ 

Ogawa, K., Hirogaki, T., Aoyama, E., & Imamura, H. (2008). Bamboo Fiber Extraction Method 
Using a Machining Center *. Journal of Advanced Mechanical Design, Systems, and 
Manufacturing, 2(4), 550–559. https://doi.org/10.1299/jamdsm.2.550 

Özmen, N., Çetin, N. S., Mengeloğlu, F., Birinci, E., & Karakuş, K. (2013). Effect of wood 
acetylation with vinyl acetate and acetic anhydride on the properties of wood-plastic 
composites. BioResources, 8(1), 753–767. 

Ozturk, E., Koseoglu, H., Karaboyaci, M., Ozgu, N., Yetis, U., & Kitis, M. (2016). Minimization 
of water and chemical use in a cotton / polyester fabric dyeing textile mill. Journal of 
Cleaner Production, 1–11. https://doi.org/10.1016/j.jclepro.2016.01.080 

Ozturk, E., Koseoglu, H., Karaboyaci, M., Yigit, N. O., Yetis, U., & Kitis, M. (2016). 
Sustainable textile production : cleaner production assessment / eco-ef fi ciency analysis 
study in a textile mill. Journal of Cleaner Production, 1–16. 
https://doi.org/10.1016/j.jclepro.2016.02.071 

Ozturk, H. K. (2005). Energy usage and cost in textile industry : A case study for Turkey. 
Energy, 30(13), 2424–2446. https://doi.org/10.1016/j.energy.2004.11.014 

Perepelkin, K. E. (2008). WAYS OF DEVELOPING CHEMICAL FIBRES BASED ON 
CELLULOSE : VISCOSE FIBRES AND THEIR PROSPECTS . Part 1 . Development of 
Viscose Fibre Technology . Alternative Hydrated Cellulose Fibre Technology. Fibre 
Chemistry, 40(1), 9–19. 

Phong, N. T., Fujii, T., Chuong, B., & Okubo, K. (2012). Study on How to Effectively Extract 
Bamboo Fibers from Raw Bamboo and Wastewater Treatment. Journal of Materials 
Science Research, 1(1), 144–155. https://doi.org/10.5539/jmsr.v1n1p144 

Prasad, A. V. R., & Rao, K. M. (2011). Mechanical properties of natural fibre reinforced 
polyester composites : Jowar , sisal and bamboo. Materials and Design, 32(8–9), 4658–
4663. https://doi.org/10.1016/j.matdes.2011.03.015 



 

104 

Prechel, H. (2015). Organizational Political Economy and Environmental Pollution. Sociology 
Compass, 9(9), 828–840. https://doi.org/10.1111/soc4.12299 

Promoting the Beauty and Utility of Bamboo. (2008). Retrieved January 3, 2016, from 
http://www.bamboo.org/GeneralInfo.html 

Quitain, A. T., Katoh, S., & Moriyoshi, T. (2004). Isolation of Antimicrobials and Antioxidants 
from Moso-Bamboo ( Phyllostachys Heterocycla ) by Supercritical CO 2 Extraction and 
Subsequent Hydrothermal Treatment of the Residues, 1056–1060. 

Ramachandran, M., Bansal, S., & Raichurkar, P. (2016). Experimental Study of Bamboo using 
Banana and Linen Fiber Reinforced Polymeric Composites. Perspectives in Science. 
https://doi.org/10.1016/j.pisc.2016.04.063 

Rao, K. M. M., & Rao, K. M. (2007). Extraction and tensile properties of natural fibers: Vakka, 
date and bamboo. Composite Structures, 77(3), 288–295. 
https://doi.org/10.1016/j.compstruct.2005.07.023 

Reddy, N., Chen, L., Zhang, Y., & Yang, Y. (2014). Reducing environmental pollution of the 
textile industry using keratin as alternative sizing agent to poly ( vinyl alcohol ). Journal of 
Cleaner Production, 65, 561–567. https://doi.org/10.1016/j.jclepro.2013.09.046 

Reuters. (2009). Competition Bureau Calls on Textile Dealers to Accurately Label Textile 
Articles Derived from Bamboo. Retrieved May 4, 2016, from 
http://www.reuters.com/article/idUS175478+11-Mar-2009+MW20090311 

Rodie, J. B. (2010). Litrax Natural Bamboo : The Real Deal. Retrieved December 3, 2015, from 
http://www.textileworld.com/Issues/2010/April_Online_Issue/Quality_Fabric_Of_The_Mo
nth/Litrax_Natural_Bamboo-The_Real_Deal 

Rosenberg, T. (2012, March 13). In Africa ’ s Vanishing Forests , the Benefits of Bamboo. The 
New York Times, p. The opinion page. New York. Retrieved from 
http://opinionator.blogs.nytimes.com/2012/03/13/in-africas-vanishing-forests-the-benefits-
of-bamboo/?_r=0 

Rowell, R. M. (2013). Chapter 3: Cell Wall Chemistry. In Handbook of Wood Chemistry and 
Wood Composites (2nd Editio). CRC Press. 

Sarkar, A. K., & Appidi, S. (2009). Single bath process for imparting antimicrobial activity and 
ultraviolet protective property to bamboo viscose fabric. Cellulose, 16(5), 923–928. 
https://doi.org/10.1007/s10570-009-9299-8 

Shanghai Tenbro Bamboo Textile Co. Ltd. (2009). Tenbro. Retrieved April 5, 2016, from 
http://www.tenbro.com/ 

Shibata, S., Cao, Y., & Fukumoto, I. (2008). Flexural modulus of the unidirectional and random 
composites made from biodegradable resin and bamboo and kenaf fibres, 39, 640–646. 
https://doi.org/10.1016/j.compositesa.2007.10.021 

Singh, V., Shukla, R., Satish, V., Kumar, S., Gupta, S., & Mishra, A. (2010). Antibacterial 
Activity of Leaves of BAMBOO. International Journal of Pharma and Bio Sciences, 1(2). 



 

105 

Sonnenberg, N., Jacobs, B., & Momberg, D. (2014). The Role of Information Exposure in 
Female University Students’ Evaluation and Selection of Eco-Friendly Apparel in the South 
African Emerging Economy. Clothing and Textiles Research Journal, 32(4), 266–281. 
https://doi.org/10.1177/0887302X14541542 

Steffen, D., Marin, A. W., & Müggler, I. R. (2013). Bamboo : A holistic approach to a renewable 
fibre for textile design. In 10th European Academy of Design Conference - Crafting the 
Future (pp. 1–14). 

Sugesty, S., Kardiansyah, T., & Hardiani, H. (2015). Bamboo as raw materials for dissolving 
pulp with environmental friendly technology for rayon fiber. Procedia Chemistry, 17, 194–
199. https://doi.org/10.1016/j.proche.2015.12.122 

Tanaka, A., & Shimizu, K. (2013). Antibacterial compounds from shoot skins of moso bamboo ( 
Phyllostachys pubescens ), 155–159. https://doi.org/10.1007/s10086-012-1310-6 

Tausif, M., Ahmad, F., Hussain, U., Basit, A., & Hussain, T. (2015). A comparative study of 
mechanical and comfort properties of bamboo viscose as an eco-friendly alternative to 
conventional cotton fibre in polyester blended knitted fabrics. Journal of Cleaner 
Production, 89, 110–115. https://doi.org/10.1016/j.jclepro.2014.11.011 

Thompson, A., & Tong, X. (2016). Factors influencing college students’ purchase intention 
towards Bamboo textile and apparel products. International Journal of Fashion Design, 
Technology and Education, 9(1), 62–70. https://doi.org/10.1080/17543266.2015.1132781 

Tokoro, R., Vu, D. M., Okubo, K., Tanaka, T., Fujii, T., & Fujiura, T. (2008). How to improve 
mechanical properties of polylactic acid with bamboo fibers. Journal of Materials Science, 
43(2), 775–787. https://doi.org/10.1007/s10853-007-1994-y 

Waite, M. (2009). Sustainable textiles: the role of bamboo and a comparison of bamboo textile 
properties-Part 1. Journal of Textile and Apparel, Technology and Management, 6(2). 

Waite, M. (2010). Sustainable textiles: The role of bamboo and a comparison of bamboo textile 
properties (part II). Journal of Textile and Apparel, Technology and Management, 6(3), 1–
21. Retrieved from http://www.scopus.com/inward/record.url?eid=2-s2.0-
77956939343&partnerID=40&md5=83af74431d5750ecc0e46b016dc62406 

Watto, M. A., & Mugera, A. W. (2015). Journal of Hydrology : Regional Studies Econometric 
estimation of groundwater irrigation efficiency of cotton cultivation farms in Pakistan. 
Journal of Hydrology: Regional Studies, 4, 193–211. 
https://doi.org/10.1016/j.ejrh.2014.11.001 

Witayakran, S., Haruthaithanasan, M., Agthong, P., & Thinnapatanukul, T. (2013). Green 
production of natural bamboo fibers for textiles. In International Textiles and Costume 
Congress (pp. 1–6). 

Xi, L., Qin, D., An, X., & Wang, G. (2013). Resistance of natural bamboo fiber to 
microorganisms, and factors that may affect such resistance. BioResources, 8(4), 6501–
6509. 

Xie, X., Zhou, Z., Jiang, M., Xu, X., Wang, Z., & Hui, D. (2015). Cellulosic fibers from rice 
straw and bamboo used as reinforcement of cement-based composites for remarkably 



 

106 

improving mechanical properties. Composites Part B, 78, 153–161. 
https://doi.org/10.1016/j.compositesb.2015.03.086 

Xu, S., Chen, J., Wang, B., & Yang, Y. (2016). An environmentally responsible polyester dyeing 
technology using liquid paraffin. Journal of Cleaner Production, 112, 987–994. 
https://doi.org/10.1016/j.jclepro.2015.08.114 

Yadav, I. C., Devi, N. L., Syed, J. H., Cheng, Z., Li, J., Zhang, G., & Jones, K. C. (2015). 
Current status of persistent organic pesticides residues in air, water, and soil, and their 
possible effect on neighboring countries: A comprehensive review of India. Science of The 
Total Environment, 511, 123–137. https://doi.org/10.1016/j.scitotenv.2014.12.041 

Yang, Y., Yang, Y., Han, S., Macadam, I., & Liu, D. L. (2014). Prediction of cotton yield and 
water demand under climate change and future adaptation measures. Agricultural Water 
Management, 144, 42–53. https://doi.org/10.1016/j.agwat.2014.06.001 

Yu, H., & Yu, C. (2007). Study on microbe retting of kenaf fiber. Enzyme and Microbial 
Technology, 40(7), 1806–1809. https://doi.org/10.1016/j.enzmictec.2007.02.018 

Yu, Y., Wang, H., & Lu, F. (2014). Bamboo fibers for composite applications : a mechanical and 
morphological investigation, (15), 2559–2566. https://doi.org/10.1007/s10853-013-7951-z 

Yueping, W., Ge, W., Haitao, C., Genlin, T., Zheng, L., Feng, X. Q., … Xushan, G. (2009). 
Structures of Bamboo Fiber for Textiles Abstract. Textile Research Journal, 80(4), 334–
343. https://doi.org/10.1177/0040517509337633 

Zakikhani, P., Zahari, R., Sultan, M. T. H., & Majid, D. L. (2014). Extraction and preparation of 
bamboo fibre-reinforced composites. Materials and Design, 63, 820–828. 
https://doi.org/10.1016/j.matdes.2014.06.058 

Zhang, Y., Jiao, J., Liu, C., Wu, X., & Zhang, Y. (2008). Food Chemistry Isolation and 
purification of four flavone C -glycosides from antioxidant of bamboo leaves by 
macroporous resin column chromatography and preparative high-performance liquid 
chromatography, 107, 1326–1336. https://doi.org/10.1016/j.foodchem.2007.09.037 

Zheng, J., Song, F., Wang, X. L., & Wang, Y. Z. (2014). In-situ synthesis , characterization and 
antimicrobial activity of viscose fiber loaded with silver nanoparticles. Cellulose, 21(4), 
3097–3105. https://doi.org/10.1007/s10570-014-0324-1 

Zhou, X., Chen, K., & Yi, H. (2015). Synthesis and application of a formaldehyde-free flame 
retardant for bamboo viscose fabric. https://doi.org/10.1177/0040517514525877 

 



 

107 

APPENDICES 

 Experimental Images from first approach and initial steps 

 
Picture 3. Bamboo strips 

soaking in Water 

 

Picture 4. Bamboo Strips 
boiling in Reactor 

 
Picture 5. Crushing 

bamboo strips 

 
Picture 6. Steam explosion 
on crushed strips (4 times) 

 
Picture 7. Steam explosion 
on crushed strips (2 times) 

 
Picture 8. Steam explosion 
on crushed strips (1 time) 

 
Picture 9. Brushing fibers 

after treating in 
base solution 

 
Picture 10. Soaking in 
water (7 days) and then 

crushing 

 
Picture 11. treated with 

Alkali, H2O2 at 100 0C for 
4 hours 



 

108 

 Pictures of resultant fibers from selected extraction approaches 

 

Picture 12. Sample 1d 

 

Picture 13. Sample 3bb 

 

Picture 14. Sample 3cb 

 

Picture 15. Sample 3ch 

 

Picture 16. Sample-II 

 

Picture 17. Sample-IV
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Picture 18. Sample M2E06B 

 

Picture 19. Sample M2E01A4m 

 

Picture 20. Sample M2E01A5m 

 

Picture 21. Sample M2E01A7m 

 

Picture 22. Sample M2E01A2Sii 

 

Picture 23. Sample M2E01A2Siv 
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Picture 24. Sample M2E01A2Siii 

 

Picture 25. Sample M2E01A2S8m 

 

Picture 26. Sample M2-A4Siiim 

 

Picture 27. Sample M2-A4Siim 

 

Picture 28. Sample M2-A4Sim 

 

Picture 29. Sample M2-A5Si 
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Picture 30. Sample M2-A5Sii 

 

Picture 31. Sample M3-A3m 

 

Picture 32. Sample M3-A4m 

 

Picture 33. Sample M3-B3m 

 

Picture 34. Sample M3-B4m 

 

Picture 35. Sample M3-B1Si 
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Picture 36. Sample M3-B2Si 

 

Picture 37. Sample M4-E1 

 

Picture 38. Sample M4-E2 

 

Picture 39. Sample M4-E4 

 

Picture 40. Sample M4-E5 

 

Picture 41. Sample M4-M2E 
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Picture 42. Sample M4-E1C 

 

Picture 43. Sample M4-E3C 

 

Picture 44. Sample M5-E7 

 

Picture 45. Sample M5-E8 

 

Picture 46. Sample M5-E7Cm 

 

Picture 47. Sample M5-E8Cm 
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 General structure (roundedness) of natural bamboo fibers (generalized from 
20 samples) 

 
Picture 48. Surface structure (M2-A5Si) 499X 

 
Picture 49. Surface structure (M2E01A2Siv) 

4430X 

 
Picture 50. Surface structure (M3-A3M) 2991X 

 
Picture 51. Cross-section (M3-B4m) 3937X 

 
Picture 52. Cross-section (M2E01A2Siv) 

3023X 

 
Picture 53. Cross-section (M3-A3M) 5122X
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SUMMARY OF PRODUCED FIBERS 

Best Fibers: 

M2E01A2Sii, M2E01A2Siii, M2E01A2Siv, M2E01A2S7m, M2E01A2S8m, M2-A4Sim, 

M2-A4Siim, M2-A5Si, M3-A3m, M3-B1Si, M3-B2Si (shorter), M4-E1C, M5-E7Cm 

(coarse). 

Good but Shorter/Coarser Fibers: 

M2E06A, M2E06B, M2E01A5m, M2E01A7m, M2E01A2Si, M2-A4Siiim, M2-A5Sii, 

M3-B3m, M3-B4m, M4-E3C, M5-E8Cm. 

Coarse Unspinnable but Prospective: 

II, M2E01A3m, M2E01A4m, M2E01A8m, M3-A4m. 

Not Good and Coarse Fibers: 

1d, 2b, 2c, 2CSm, I, III, IV, M3-B5, M3-B6. 

No or very less improvement: 

3B, 3b, 3c, 3Ba, 3ba,3ca, 3cah, 3Bh, 3bh, 3ch, M4-E2, M4-E4, M4-E5. 

Damaged Fibers: 

1a, 1b, 3Bb, 3bb, 3cb, M4-M2E. 
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