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ABSTRAKT 

Kombucha kůže je kůže odvozená z bakteriální celulózy vyvinutá jako 

veganská kůže, která dobře reaguje na očekávání spotřebitelů, snižuje emise 

znečištění kožedělného průmyslu a také přeměňuje biologické odpady na 

užitečné materiály. V této dizertační práci byla kombuchová kůže připravena 

kombinací polymerů a celulózy získané z fermentace kombuchy za použití 

bioodpadů. Ve výrobním kroku bakteriální celulózy odvozené z Kombuchy 

(KBC) kyselé syrovátky, odpadní jablečná šťáva a pivovarské mláto 

vynikající účinnost v biosyntéze celulózy u Komagataeibacter xylinus s 

vynikající suchou hmotností 12,81 g/L. Optimalizace fermentace pak dosáhla 

vynikající suché hmotnosti KBC (20,14 ± 0,62g/L) doprovázené maximalizací 

množství odpadu potřebného ke léčba. Při aplikaci na velké nádoby byla 

nejzodpovědnější fermentační dávka získána při hloubce kultivačního média 

0,5 cm a nízkém objemu suspenze zbytkových bakterií pouze 72,31 ± 8,74 

mL. Charakteristiky KBC nevykazují žádné významné rozdíly pro všechny 

vzorky ve srovnání s bakteriální celulózou ze standardního média HS. Ve fázi 

výroby kůže Kombucha vykazovala rohož podobná kůži na bázi 

KBC/PU/PLA pozoruhodné mechanické vlastnosti. Zejména KBC ošetřeny 

dimethyldichlorsilanem, hexadecyltrimethoxysilanem, vinyltriethoxysilanem 

a 3-aminopropyltriethoxysilanem, výrazně zlepšily hydrofobnost a také 

zlepšily kompatibilitu nebo homogenní smíchání pro poskytnutí stabilní 

struktury pro tuto materiál na bázi KBC ošetřenou silanem.  V konečném 

důsledku byly přísady a podmínky Kombucha kůže optimalizovány s 

vynikajícími hodnotami modulu pružnosti, biologické odbouratelnosti a úhlu 

kontaktu s vodou, v tomto pořadí, dosažených na 44,07 ± 0,51 N/mm2 , 1,31 

± 0,04 %, 94,84 ± 1,590  z optimální rohože kůže obsahující KBC (13,74 % 

hmotn./hmotn.), polyuretanový elastomer (73,89 % hmotn./hmotn.) a kyselinu 

polymléčnou (12,50 % hmotn./hmotn.), lisované při 155 °C po dobu 5 minut. 

Její morfologie, chemická struktura, tepelná stabilita, mechanická pevnost a 

biologická odbouratelnost byly charakterizovány a porovnány se stávajícími 

komerčními usněmi. Výsledky v zásadě ukazují možnou reakci na základní 

požadavky této Kombucha kůže, která se může uplatnit v obuvi, taškách nebo 

potahových produktech interiér. 

Klíčová slova: Kombucha kůže, Veganská kůže, Bakteriální celulóza 

získaná z Kombuchy, Bakteriální celulóza, Optimalizace, Návrh experimentu. 
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ABSTRACT 

Kombucha leather is bacterial cellulose-derived leather developed as vegan 

leather possibly well-respond to consumers' expectations, reducing pollution 

emissions of the leather industry, and also transforming the bio-wastes into 

useful materials. In this doctoral thesis, Kombucha leather was prepared via the 

combination between polymers and cellulose harvested from kombucha 

fermentation using bio-wastes. In Kombucha-derived bacterial cellulose (KBC) 

production step, sour whey waste, waste apple juice, brewer's spent grains all 

displayed the brilliant efficiency in cellulose biosynthesis of Komagataeibacter 

xylinus with superiority dry weight at 12.81 g/L. The fermentation optimization 

has then achieved an outstanding KBC dry weight (20.14 ± 0.62 g/L) 

accompanied by maximizing the amount of treatment-required waste. Applying 

on the large containers, the most responsible fermentation batch was obtained at 

the cultured medium depths of 0.5 cm and low residual bacteria suspension 

volume of only 72.31 ± 8.74 mL. The characteristics of KBC showed 

insignificant differences for all samples compared to bacterial cellulose from HS 

standard medium. In Kombucha leather fabrication phase, leather-like mat based 

on KBC/PU/PLA exhibited remarkable mechanical properties. Especially, KBC 

were treated with dimethyldichlorosilane, hexadecyltrimethoxysilane, 

vinyltriethoxysilane, and 3-aminopropyltriethoxysilane have spectacularly 

improved hydrophobicity, as well as enhancing compatibility or homogenous 

blending to provide a stable structure for this silane-treated KBC-based leather 

mat. Ultimately, the ingredient and condition of kombucha leather preparation 

were optimized with outstanding values of elastic modulus, biodegradable and 

water contact angle respectively reached at 44.07±0.51 N/mm2, 1.31±0.04 %, 

and 94.84±1.59 0 from optimum leather-like mat containing KBC (13.74 % 

w/w), polyurethane elastomer (73.89 % w/w), and polylactic acid (12.50 % 

w/w), compressed at 155 °C for 5 min. Its morphology, chemical structure, 

thermal stability, mechanical strength, and biodegradability were characterized 

and compared to existing commercial leathers. Basically, the results show a 

possible response to the essential requirements of this Kombucha leather that 

prospective application in footwear, bags, or interior covering products. 

Keywords: Kombucha leather, Vegan leather, Kombucha-derived bacterial 

cellulose, Bacterial cellulose, Optimization, Design of Experiment. 



 

CONTENTS 

ABSTRAKT ........................................................................................................ 1 

ABSTRACT......................................................................................................... 2 

1. INTRODUCTION ........................................................................................... 3 

1.1 Leather and pollution sources of leather processing ................................... 3 

1.2 Kombucha leather ....................................................................................... 3 

1.3 Kombucha-derived bacterial cellulose (KBC) ............................................ 4 

1.4 Kombucha fermentation .............................................................................. 5 

1.5 Optimization of BC/KBC production ......................................................... 7 

1.6 Modification of BC/KBC hydrophobicity .................................................. 8 

1.7 Polymers use in leather processing ........................................................... 10 

2. CURRENT STATE OF THE ISSUES .......................................................... 11 

3. OBJECTIVES OF DOCTORAL THESIS .................................................... 12 

4. MATERIALS AND METHODS .................................................................. 13 

4.1 Materials .................................................................................................... 13 

4.1.1 Bio-waste sources and other bacterial culture nutrients ........................ 13 

4.1.2 Polymers and other chemicals ............................................................... 14 

4.2 KBC production ........................................................................................ 14 

4.2.1 Activation of bacterial strain .................................................................. 14 

4.2.2 Evaluation of KBC production using bio-waste sources ....................... 15 

4.2.3 Optimization of KBC production using sour whey waste ..................... 16 



 

4.2.4 KBC production in large containers ...................................................... 18 

4.3 Fabrication of Kombucha leather .............................................................. 19 

4.3.1 Preparation of leather-like biocomposites based on KBC and 

PCL/PVA/PLA ................................................................................................ 19 

4.3.2 Preparation of leather-like biocomposites based on KBC and PU/PLA20 

4.3.3 Hydrophilic modification of KBC ......................................................... 21 

4.3.4 Optimization of Kombucha leather preparation .................................... 22 

4.4 Characterization analysis of BC/KBC and prepared leathers ................... 24 

4.4.1 Dry weight of BC/KBC and pH value of the fermentation media ........ 24 

4.4.2 Morphological characterization ............................................................. 24 

4.4.3 Fourier transformed infrared spectroscopy (FTIR) ............................... 25 

4.4.4. X-ray diffraction analysis...................................................................... 25 

4.4.5 Thermal analysis .................................................................................... 25 

4.4.6. The water absorption capacity of KBC powder .................................... 25 

4.4.7. Water contact angle measurement ........................................................ 26 

4.4.8. Mechanical analysis .............................................................................. 26 

4.4.9. Biodegradation studies .......................................................................... 27 

4.4.10. Statistical analysis ............................................................................... 27 

5. BRIEF DISCUSSION OF DOCTORAL THESIS RESULTS ..................... 27 

5.1 Evaluation of KBC production using bio-waste sources .......................... 27 

5.2 Optimization of KBC production using sour whey waste ........................ 30 

5.3 KBC production in large containers and characteristics of harvested 

BC/KBC .......................................................................................................... 31 



 

5.4 Preparation of leather-like biocomposites based on KBC and 

PCL/PVA/PLA ............................................................................................... 34 

5.5 Preparation of leather-like biocomposites based on KBC and PU/PLA .. 35 

5.6 KBC powder's hydrophilic modification .................................................. 37 

5.7 Optimization of Kombucha leather preparation using KBC/PU/PLA ..... 38 

6. CONTRIBUTION OF THE THESIS ............................................................ 43 

7. CONCLUSIONS ........................................................................................... 44 

ACKNOWLEDGEMENT 

REFERENCES 

LIST OF FIGURES AND TABLES 

LIST OF ABBREVIATIONS AND SYMBOLS 

LIST OF PUBLICATIONS RELATED TO DOCTORAL THESIS 

CURRICULUM VITAE 

 



3 

 

1. INTRODUCTION 

1.1 Leather and pollution sources of leather processing 

Leather is a strong and durable material that possessed unique properties 

remarkable toughness, flexibility, elasticity, breathability, corrosion resistance, 

waterproofness, and longevity [1, 2]. Leather industry supplies a wide range of 

consumer goods in fashion, footwear, bags, auto accessories, furniture, covering 

products, and current towards multifunctional materials namely conductive 

leather, flame retardant leather, self-cleaning leather, antibacterial leather, oil-

proof leather, electromagnetic and X-ray shielding leather [2-5]. Nevertheless, 

leather processing caused a multitude of wastes, such as animal meat, feathers, 

debris, exhaust gases, volatile solvents, and wastewater containing harmful 

chemicals (i.e chromium, tannins compounds, oils, biocides, detergents) [5-14] . 

Recently, the price of leather is continuously increasing plus the constant 

pressure from animal rights groups (PETA), has led to strict regulations on leather 

preparation and leather products [15]. In several countries, wastewater from 

tanneries has been subject to general industrial discharge laws or an obligatory 

standard [5, 10]. Among efforts to solve related difficulties of the leather industry 

[6, 9-11, 13, 14, 16-18], the reuse approach of bio-waste has shown promising to 

develop the eco-friendly and animal-free alternative leathers, such as fruit-based 

leathers, waxed cotton leathers, wood leathers, mushroom-derived leathers, 

bacterial cellulose-derived leathers, or Kombucha leathers [1, 18-26].  

1.2 Kombucha leather 

Kombucha leather is a bacterial cellulose-derived leather, a type of vegan 

leather that resembles leather but is not made from animal skin. Kombucha 

leather possesses both the value of preserving ecosystem, protecting animals, and 

requires very little space, water, chemicals to produce [1, 15, 20, 25, 27]. It is 
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possilbly applied in footwear, handbags, apparel, interior design and decoration 

[19, 21, 28]. Kombucha leather was prepared by directly culturing cellulose 

synthesis bacterial strains in the fermented media containing natural dye extracts 

or the reinforcements (situ self-assembly method as shown in Figure 1a), or 

impregnating (wet processing), lamination, or blending BC with polymers (as 

shown in Figure 1b) before cleaned and treated to well respond to the basic 

requirements about mechanical parameters, customer' comfort, and sustainable 

development of leather products [13, 21, 26, 27]. However, the affinity between 

BC and reinforced substances is not strong due to low bond interactions leading 

to poor tear strength and corrosion resistance, easily generating a lack of 

durability required for everyday use [1, 27, 29].  

 

Figure 1  Schematic of (a) graphene/BC was prepared by in situ self-assembly [30] 

and (b) KBC biosynthesis apply to bio-based composite as leather-like materials [31]. 

1.3 Kombucha-derived bacterial cellulose (KBC)  

In Kombucha leather ingredients, Kombucha-derived bacterial cellulose 

(KBC) was one of the key materials representing BC composition to mainly 

enhance the eco-friendly, porosity, breathability, and novelty of the product. KBC 
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was harvested from Kombucha fermentation of a traditional fermented beverage 

known as Kombucha “tea fungus”. According to structural analysis, KBC was an 

eco-friendly natural polymer with good biocompatibility, no histologic and 

hematologic toxic. KBC possessed similar characteristics to BC of HS standard 

medium, without lignin and hemicellulose. It should be noted that BC has been 

widely considered a future material source due to its outstanding properties such 

as high elasticity, durability, porosity, a high degree of crystallinity, 

biodegradable, non-cytotoxic, high thermal stability, and water holding capacity 

via a three-dimensional fibrillar structure and the OH-rich nature that clearly 

observed in Figure 2 [32-35]. BC has been extensively applied in antimicrobial 

wound dressings [36], blood vessel regeneration [37], dental, oral, and neural 

implants, urinary conduits, tympanic membrane [38-40], bio-printing [41], 

cosmetic [42], fabric [29, 43], leather [20, 23, 25], textile [44], paper [45], 

electronic devices [46], environmental [47] and food packaging [48-50].  

 

Figure 2 Chemical structure of bacterial cellulose [35]. 

1.4 Kombucha fermentation  

Kombucha fermentation is an aerobic process, chemical-free, and normally 

only requires a short-time fermentation of tea, sugar, bio-waste as shown in 
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Figure 3 [28, 31, 51-60]. In brief, the yeast species and acetic acid bacteria 

symbiotic of kombucha fermentation worked in tandem to create two different 

finish products. The yeasts (i.e Schizosaccharomyces, Saccharomyces, 

Zygosaccharomyces Brettanomyces, Kloeckera) metabolized sugar into glucose, 

fructose, and ethanol to produce fermented tea as a sour liquid phase. In the same 

context, acetic acid bacteria such as Acetobacter, Bacterium, Gluconacetobacter, 

Komagataeibacter, Lactobacillus developed a floating biofilm known as KBC 

via their extracellular cellulose production activity [29, 33, 61, 62]. Initially, the 

acetic acid bacteria population increased and synthesized superimposed cellulose 

layers at the air/liquid interface. This development will continue until their 

synthesis reaches a limit, and then becomes inactive due to the insufficient 

oxygen required for respiration [33, 58, 63, 64].  

 

Figure 3 Schematic of Kombucha tea fungus production [65]. 

Generally, Kombucha fermentation is influenced by temperature, pH, the 

amount of oxygen, nutritional quality, the presence of enhancers, precursors, 

bacterial strain volume, and culture periods [33, 58, 66]. Any unsuitable in the 

varieties, nitrogen and carbon concentrations, possibly cause many negative 

effects on KBC yield and quality. Maintaining the optimum temperature is always 
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the necessary requirement for both enzyme activity and microbial growth. 

Prolonged fermentation is not recommended due to the high accumulation of 

organic acids and the CO2 generated at the air/liquid interface led to the inhibition 

of cellulose biosynthesis microorganisms. Although the agitated culture process 

improves the gas and nutrient exchange, it decreases the structure and mechanical 

strength of cellulose membranes [60]. A normally Kombucha fermentation was 

conducted with 3% (w/v) of already prepared KBC-film or 10% (v/v) of 

inoculum, at 22-30 °C for an average of 15 days [33, 67]. Several reports revealed 

that increasing the ratio surface to volume (S/V) in static fermentation results in 

enhancing the thickness and weight of harvested cellulose membranes, as well as, 

minimum the by-product formation [68-70]. 

1.5 Optimization of BC/KBC production 

High-cost of HS-standard cultured medium and low-yield are still huge 

obstacles leading to limiting the commercial scalability of BC/KBC [25, 51, 60, 

71-74]. Up to now, a great many of research about BC/KBC production 

optimization model, accompanied by the isolation of new bio-film synthesis 

bacterial strains, or the use of low-cost alternative nutrient sources (i.e rotten 

apple, pineapple, pomegranate, muskmelon, watermelon, tomato, orange fruits, 

potato peel wastes, coffee husk, sugarcane molasses, vinasse, distillery effluent, 

the by-product of dairy foods and agroforestry processings), have still being 

investigated continuously [49, 68, 74-79].  

According to the literature, Design of Experiment (DOE) is currently a 

popular versatile statistical tool to investigate the effects of the nutrient 

ingredients and cultured condition (input variables (X)) on the cellulose dry-

weight or yield (measured response variable (Y)) in BC/KBC production [80-82]. 

For Gluconacetobacter xylinus strain, Du et al. (2020) has recorded BC optimum 

yield 1.46-fold higher after 8th-day fermentation, with glucose 19,575 g/L, 
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ethanol 3.85%, and initial pH 4.32 [83]. Similar, using molasses 5.38%, corn 

steep liquor (CSL) 1.91%, ammonium sulphate 0.63%, disodium phosphate 

0.270%, citric acid 0.115%, ethanol 1.38% (v/v) for 9 days at 30 °C, BC optimum 

yields were 7.5 ± 0.54 g/L and increased linearly of 0.32±0.037 g/L/day with 

fermentation time for up to 21 days [68]. A series of outstanding results have also 

been reported via optimizing conditions and culture media for BC production by 

different alternative substrate sources, such as 40% vinasse [78], a mixture of a 

50:50 ratio of date syrup and cheese whey [84], carob and haricot bean (CHb) 

[67]. Additionally, several dramatic improvements in BC yield were also found 

in studies by Bagewadi et al. (2020), Rastogi et al. (2020), Aswini et al. (2020), 

Santoso et al. (2020), Bekatorou et al. (2019), and Anusuya et al. (2018) by 

various BC-producing bacterial strains, respectively, Enterobacter hormaechei 

subsp. steigerwaltii strain ZKE7 [85], Leifsonia soli [77], Acetobacter 

senengalensis MA1[86], Komactobacter intermedius (BCRC 910677) [87], 

Komagataeibacter sucrofermentans [88], and Acetobacter senegalensis MA1. 

1.6 Modification of BC/KBC hydrophobicity 

Besides the great potential for use in any application of BC from HS standard 

medium and other alternative media [50, 89, 90], KBC has also possessed an OH-

rich nature and high hydrophilicity [83, 85, 91] causing incompatibility between 

them and polymeric materials that have hampered their application in most 

leathers, fabric, textile products, or high tensile strength composites. Acetylation 

of BC by perchloric acid [92], sulphuric acid [93], acetic, tartaric, and propionic 

acid [94] has been proposed to increase their hydrophobicity. In particular, BC 

membranes were surface-functionalized via alkoxysilane polycondensation that 

has been verified high effective. Shao et al. (2017)  and Taokaew et al. (2015)  

grafted BC with octadecyltrichlorosilane and 3-aminopropyl)triethoxysilane to 

improve their water contact angle, respectively, to  86.4° and 112.4°  compared 
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to 48.3° and 56.3° of non-treated BC [95, 96]. Similar, BC was acylated and 

acrylate with vinyl-triethoxy silane or 3-aminopropyl triethoxysilane showed 

more than a twofold increase in water contact angle value [97]. In addition, almost 

a 3-fold increase in BC hydrophobicity was reported by Krishnamurthy et al. 

(2020), after polymerization of BC with (3-azidopropyl) trimethoxysilane, 1,4-

bis(azidomethyl), 2,5-bis(dodecyloxy)benzene, or 2,5-bis- (hexyloxy)benzene 

[98]. Similar effects have also been reported by Feng et al. (2014), Huang et al. 

(2018), Kayaoglu et al. (2013) and Laaziz et al. (2017) upon deposition of 

vinyltriethoxysilane, polydimethylsiloxane, and hexamethyldisiloxane to 

improve the hydrophobicity of the leather products surface, polyurethane (PU)-

based synthetic leather or PLA [99-102]. These results are attributed to the bi-

functional character of silane that has acted as the coupling agent based on silanol 

linked in their chemical structures (Figure 4). Essentially, one of its ends (first 

function group) reacts with the hydroxyl groups of BC, while the remaining group 

combines with other groups in BC to create the Si-matrix. 

 

Figure 4 Chemical structure of silane compounds. 
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1.7 Polymers use in leather processing 

PU is a polymer with repeating carbamate groups (–NHCOO) in the backbone 

polymer chain consisting of alternating hard and soft segments [103-105]. PU is 

currently one of the fastest-growing high-tech materials in the leather industry as 

a finishing agent, retaining filler, substrate, additives [105-107] due to good 

leveling, dyeing assistance, and leather fiber dispersion similar to acrylic acid-

based retaining agents [108, 109]. PU has high modulus and tensile strength, 

elasticity, good tear strength, excellent corrosion resistance, low-temperature 

flexibility, chemical resistance, fouling resistance, high adhesion, and sealing 

[104, 106, 110-112]. Recently, the development of PU from soybean oil, palm 

oil, and castor oil, has significantly improved the cost-effectiveness, less 

environmental pollution and human health risk [103, 104, 106, 107]. 

Nevertheless, PU is still flammable, has poor breathability, and prolonged post-

used biodegradation time [108]. The handling methods for this PU weakness are 

addition, blending, or grafting PU with bio-fillers, other biopolymers, and 

biocomposites [110]. 

PLA is a linear aliphatic thermoplastic polyester that can be synthesized from 

renewable resources. PLA is biodegradable and biocompatible, insoluble in water 

[113-116]. The thermal properties of PLA can be affected by different structural 

parameters, such as molecular mass and composition (stereoisomers content) 

[117]. PLA has good mechanical properties, especially Young's modulus, tensile 

strength, and flexural strength compared with traditional polymers, such as 

polypropylene (PP), polystyrene (PS), and polyethylene (PE) [114]. However, 

PLA's low elongation at break, brittleness, and high sensitivity to crack causing 

limit its application to product fabrication requiring plastic deformation at higher 

stress levels. To overcome this negative feature, PLA is usually blended with 
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other polymers to enhance and modify the toughness such as PLA/micro or nano 

cellulose, PLA/PU, PLA/leather waste [7, 113, 118-121]. 

PCL is a semi-crystalline polymer of the aliphatic polyester family that is 

biocompatible, high toughness, malleable with a decomposition time of over 1 

year [122, 123]. PCL's low melting point of 58 °C to 65 °C and its degradation at 

high temperatures (>200 °C) is a major obstacles to its applications [124]. The 

physical, chemical and mechanical properties of PCL can be effectively changed 

by copolymerization and mixing [123]. For example, leather waste, or some 

natural polymers (cellulose, chitosan, starch, hydroxyl appetite) or synthetic 

polymers (PU, PLA, polyethylene glycol (PEG), oxazoline, polyvinyl alcohol 

(PVA), polyethylene oxide (PEO), polylactic-co-glycolic acid (PLGA)) were 

compatible with PCL resulting alter its thermal, rheological, biophysical 

properties and increase crystallinity, crystallization temperature [125-127]. 

PVA is a linear synthetic polymer used in resins production, paper, paint, glue, 

lacquers, surgical threads, textiles, environmental treatment, food packaging, and 

food-contact applications [128-130]. PVA is biocompatibility, nontoxic, 

noncarcinogenic, chemical resistant, low environmental impact, and high 

biodegradability [129]. Several microorganisms in septic systems, landfills, 

compost, and soil are all able to degrade PVA through enzymatic processes [128]. 

In the textile, and leather industry, or high elastic material production, PVA is 

majority used as an agent of shaping, coating, and product finishing which its key 

weakness might be due to water adsorption capacity. In order to reduce this, PVA 

will be used to combine with other biopolymers/biocomposites or bio-fibers. 

2. CURRENT STATE OF THE ISSUES  

The market share structure of the leather industry is constantly shifting to 

vegan leather or eco-leather due to the continuous increase in awareness of 
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consumers, manufacturers, designers, and regulatory agencies about ethical 

consumption, cleaner production, sustainable development, and animal rights. 

Therefore, creating a Kombucha leather with enhanced biodegradability and 

possessing the unique properties of leather via a simply, cheaply enough process 

would be the well-response to this urgent requirement of the leather industry, 

even, allowing the manufacturers to embrace future leather markets. 

The incompatibility between the hydrophilic BC/KBC and the hydrophobic 

polymer matrix causes an easily broken structure and highly water absorbent 

which is not suitable for all leather types or covering products. Pretreatment 

KBC/BC with silane compounds would be improved their compatibility. 

Low yield and high cost are the biggest limitations that render BC/KBC an 

unrealistic alternative to leather, even holding back its practical application level. 

Producing BC using Kombucha method from bio-waste sources is completely 

possible significantly increase productivity, save production costs, reduce 

pollutant emissions, as well as transform bio-wastes into useful materials. 

At the present, there are no reports on the optimization of both Kombucha 

leather fabrication based on KBC-PU-PLA and KBC production using sour whey 

waste and cane-sugar, even, hydrophobicity enhancement of KBC powder via 

silane polycondensation. 

3. OBJECTIVES OF DOCTORAL THESIS 

The main target of this doctoral thesis is to develop Kombucha leather that 

possible application in fashion design, footwear, bags, interior covering products 

by a combination between polymers and KBC harvested from the fermentation 

of bio-wastes. To achieve this goal, the work comprised of four objectives.  

1. Effective evaluation of KBC production using media containing sour whey 

waste, waste apple juice, and brewed spent grains. This study's aim will be to 

verify the suitable bio-waste source for high yield KBC production.  
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2. Optimization of KBC production and trial of the result in large containers. 

This study's focus will be given to determining the optimum formulation of 

the KBC fermentation batch. 

3. Influence of silane compounds on the hydrophobicity of KBC and determine 

usable polymers for kombucha leather preparation. The study will be used to 

improve the compactible of KBC and usable polymers. 

4. Optimization of Kombucha leather preparation. This study will be performed 

to verify the optimum ingredients and prepared conditions of Kombucha 

leather. The products will be compared to commercial leathers in structural, 

morphological, thermal resistance, surface wettability, and mechanical 

strength to evaluate their applied potential. 

4. MATERIALS AND METHODS 

4.1 Materials 

4.1.1 Bio-waste sources and other bacterial culture nutrients 

Dairy sour whey waste is one of the most polluting by-products of the food 

industry [131, 132]. This generated waste is made of 50 - 55% total milk nutrients 

that may serve as a potential extra-nutrient source for strong growth stimulation 

of KBC microorganisms during biosynthesis. Presently, just 50% of dairy sour 

whey waste is used to produce bacteria culture medium, animal feed, protein 

isolate and concentrates [52, 53, 88, 131, 133]. This waste source is completely 

suitable to use as a nutrient source for BC/KBC biosynthesis [69, 84, 88].  

Apple is a class of fruits that contains a huge amount of sugars, proteins, fiber, 

vitamins, organic acids, minerals, and polyphenols [134]. Globally, this fruit 

generates large amounts of waste annually from spoilage, inventory and wild non-

edible species to processing, making it also highly suitable as a raw material for 

BC/KBC production [52, 75, 135, 136].  
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Brewed spent grains is rich in protein, fiber, vitamins, minerals, amino acids, 

phenolic compounds, oligosaccharides, and polysaccharides [137, 138]. 

According to recent counts in the European countries, an estimated amount of 

over 9,500 breweries are produced daily [139] where for every 5 L of beer 

produced, 1 kg of grains is generated as waste.  

Sour whey waste (supplied by Kromilk A.S, Czech Republic), brewed spent 

grains (supplied by a Brewery Industry in Malenovice, Czech Republic) and 

rotten apple fruits (collected from public garden near Tomas Bata University in 

Zlin, Czech Republic) were used as nutrient sources. Black tea and cane-sugar 

were purchased from a grocery store in Zlin, Czech Republic.  

4.1.2 Polymers and other chemicals 

D-glucose was supplied by Amersco LLC, USA. Sodium hydroxide (NaOH), 

disodium hydrogen phosphate dodecahydrate (Na2HPO4.12H2O), acetic acid 

(CH3COOH), and citric acid (C6H8O7) were purchased from Penta s.r.o. (Zlin, 

Czech Republic). Sucrose, yeast extract, peptone, Polycaprolactone (PCL), 

tetrahydrofuran (THF), dimethyldichlorosilane (DCDMS), 

hexadecyltrimethoxysilane (HDS), vinyltriethoxysilane (VTS), 3-

aminopropyltriethoxysilane (APS), and 4-(dimethylamino) pyridine (DMAP) 

were supplied by Sigma-Aldrich (Darmstadt, Germany). Polylactic acid (PLA-

4043D), polyurethane elastomer (PU), Polyvinyl alcohol (PVA), were supplied 

by NatureWorks LLC (Ingeo®, USA). All reagents were used without further 

purification.  

4.2 KBC production 

4.2.1 Activation of bacterial strain 

The strain used for the production of KBC is known as Komagataeibacter 

xylinus CCM3611, (formerly called Acetobacter xylinum or Gluconacetobacter 



15 

 

xylinus)), the most efficient cellulose-producing bacterial strain [86] that was 

purchased from Czech Collection of Microorganisms, Brno, Czech Republic. The 

bacterial strain was preserved in the Microbiology Laboratory of the Centre of 

Polymer Systems, Zlin, Czech Republic. Prior to usage, the bacterial strain was 

cultured on HS standard medium at 30 °C for a period of 3 days for activation. 

The bacteria strain was then inoculated in the various nutrient media for the 

production of BC/KBC.  

4.2.2 Evaluation of KBC production using bio-waste sources 

Sour whey waste was collected and kept at a temperature between 4 to 6 °C.  

Apple fruits were crushed using a juice blender (Guzzanti GZ 020, Italy) and the 

juice was extracted (solution pH 3.8-4.0). Brewed spent grains were pureed using 

a Nutribullet blender (N17-0908 machine, USA). Sour whey waste, the juice 

extracted, brewed spent grains and black tea were used as alternatives to 

expensive components such as yeast extract and peptone to provide nitrogen and 

some enhancers (albumins, globulins, vitamins, amino acids, and organic acids) 

for bacterial cell-respiration.  

Subsequently, six different culture media were prepared following the mixture 

compositions as shown in Table 1. The cultured media was sterilized at 121 °C 

in an autoclave for 15 min. The media were then cooled to room temperature and 

1% (v/v) suspension of Komagataeibacter xylinus CCM 3611 with an 

approximate initial bacteria density of 1.78 x 1010 CFU/mL (as prepared in 4.2.1) 

was added separately. The mixtures were masked using cleaned textile materials 

and statically incubated at 30 °C for 15 days. After the incubation stage, KBC 

and BC (as control) on the surface of each medium were harvested, washed with 

distilled water (3 times), and oven-dried at 40 °C to constant weight or treated 

with 0.5% (w/v) NaOH at 80 °C for 1 h, washed and freeze-dried at -110 °C for 
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24 h. The obtained oven-dried samples have used to determine the dry weight of 

cellulose membranes. The freeze-dried samples were then stored in a desiccator 

for further analysis. 

Table 1. Compositions of formulated media for KBC production [31]. 

Index of 

Medium 

Compositions 

Whey 

(W) 

(mL/L) 

Apple juice 

(A) 

(mL/L) 

Brewed spent 

grains (B) 

(g/L) 

Sucrose 

(S) 

(g/L) 

Black tea 

(T) 

(g/L) 

T
es

t 
sa

m
p

le
s WST 500 - - 100 6 

AST - 500 - 100 6 

BST - - 100 100 6 

WABST 250 250 100 100 6 

C
o

n
tr

o
ls

 KOM - - - 100 6 
 

HS 
20 g D-glucose, 5 g yeast extract, 5 g peptone, 8.6 g 

Na2HPO4.12H2O and 1.15 g Citric acid 

4.2.3 Optimization of KBC production using sour whey waste 

Response surface methodology (RSM) of Design of Experiment (DOE), 

version 11 based on D-optimal (custom) consisting of five independent variables 

and 28 trials were used to design the experiments, analyze data and develop 

regression models for the optimum KBC production as shown in Table 2. Herein, 

4 factors (X1, X2, X3 and X4) including the bio-waste (whey), cane-sugar, black 

tea and volume of bacteria were randomly conducted at continuous high and low 

concentrations. Meanwhile, the remaining factor designated as culture period 

(X5) was investigated at three discrete concentration levels of high, medium, and 

low to reach the integer values of 14, 18, and 21 days. The surveyed concentration 

levels in this investigation have been confirmed as the fit parameter ranges to 

achieve high BC yield in recent similar studies [67, 68, 78, 83-88, 140]. HS 

standard medium was prepared as the control. Bacteria volume was then 
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transferred to the respectively cultured medium in a sterile cabinet. The dry 

weight of KBC membranes was fixed as the dependent variable.  

Table 2. Experimental design for the optimization of KBC production [28]. 

 

 

Run 

Experimental factors 

X1: Whey 

(mL/L) 

X2: Cane 

sugar 

(g/L) 

X3: Black 

tea 

(g/L) 

X4: Bacteria 

volume 

(mL/L) 

X5: Culture 

period 

(days) 

1 1000.00 100.00 6.00 100.0 21 

2 652.50 50.00 3.00 73.0 14 

3 1000.00 50.00 3.00 100.0 21 

4 500.00 100.00 3.00 10.0 14 

5 1000.00 100.00 3.00 100.0 14 

6 1000.00 50.00 3.00 100.0 21 

7 1000.00 50.00 6.00 100.0 14 

8 500.00 100.00 6.00 100.0 14 

9 1000.00 100.00 3.00 48.7 18 

10 750.00 50.00 4.58 10.0 18 

11 500.00 50.00 6.00 10.0 14 

12 787.50 78.50 3.00 10.0 21 

13 1000.00 100.00 4.26 10.0 21 

14 500.00 50.00 6.00 100.0 21 

15 1000.00 100.00 6.00 10.0 14 

16 1000.00 75.00 4.58 55.0 14 

17 500.00 100.00 6.00 10.0 21 

18 500.00 100.00 3.00 100.0 21 

19 1000.00 100.00 3.00 48.7 18 

20 710.00 90.00 4.73 61.3 21 

21 1000.00 50.00 6.00 10.0 21 

22 500.00 68.75 3.00 100.0 18 

23 1000.00 50.00 3.00 10.0 14 

24 804.97 61.75 4.71 100.0 18 

25 1000.00 100.00 4.26 10.0 21 

26 1000.00 100.00 6.00 10.0 14 

27 500.00 50.00 3.00 10.0 21 

28 570.00 100.00 3.42 87.4 14 
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Media components are measured, directly mixed, and contained in Duran 

bottles (250 ml capacity). Each trial formulation was performed with 100 mL 

sterile medium (sterilized at 121 °C, 15 min) in triplicates under the static cultured 

condition at 30 °C. The results were subjected to analysis of variance (ANOVA) 

with a significance level of α = 0.05. The response function (Y) of the design 

model was partitioned into linear interactive components expressed using 

Equation (4.1).  

𝑌 =  𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽4𝑋4 + 𝛽5𝑋5 +  𝜀                      (4.1) 

Where, Y represents the response, β the variables coefficient, X is the input 

variable, and ε is the error parameter. The correlation between the dependent 

variable and the independent variables was integrated via non-linear regression 

analyses. Finally, three verification experiments were performed to confirm the 

optimum conditions. 

4.2.4 KBC production in large containers 

In static fermentation, BC/KBC membranes formed as gel-like three-

dimensional materials at the surface of the culture medium [33, 43, 51, 68]. The 

ratio between the depth of the culture medium and the surface area of the 

fermenter (or container) will have a strong influence on the cellulose yield and 

the amount of residual suspension that will present itself as the only source of 

emissions during the production [33, 68, 69].  

This experiment was performed in large containers of the same dimensions 

(17 cm x 25 cm ~ S = 425 cm2) cleaned with 70 % ethanol. The prepared sterile 

fermentation medium from the obtained optimized formulation was poured into 

the above-mentioned containers following various volumes of culture medium to 

create different corresponding cultured medium depths (i.e. 0.5-3.0 cm) as shown 

in Table 3.  



19 

 

HS standard medium was prepared as the control. Two optimum fermentation 

condition (bacteria volume and culture period) was applied for all trials. The 

generated cellulose membranes were collected, their dry weight and characteristic 

were determined. 

Table 3. Corresponding volume depths of the fermentation mediums in large 

containers [28]. 

Samples Cultured medium depth (cm) Cultured medium volume (mL) 

KBC-0.5cm 0.5 180 

KBC-1cm 1 360 

KBC-2cm 2 720 

KBC-3cm 3 1080 

HS-0.5cm 0.5 180 

HS-1cm 1 360 

HS-2cm 2 720 

HS-3cm 3 1080 
Abbreviations: HS, Hestrin and Schramm; KBC, kombucha-derived bacterial cellulose. 

4.3 Fabrication of Kombucha leather 

4.3.1 Preparation of leather-like biocomposites based on KBC and 

PCL/PVA/PLA 

In order to investigate the usability components in Kombucha leather 

preparation, the pre-experiments were performed based on bio-components and 

polymers including KBC powder, maple leave (ML) pulp, PCL, PVA, PLA. 

Harvested KBC were treated with NaOH 0.5% at 80 °C for 1h followed by 

washing with dH2O, oven-dried at 40 °C until reached constant weight and milled 

to fine granular powder using a micro ball mill (Lab Wizz 320, Laarmann Group, 

Netherlands) at room temperature under a frequency rate of 25 Hz.  

Shredded maple leaves (ML) used as a bio-filler, were oven-dried at 45 °C 

overnight before being boiled in NaOH solution 8-12 %, in the temperature range 

of 150 to 200 °C for 2 h. Subsequently, the sample was washed to neutral pH, and 
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ground in dH2O at 30,000 rpm for 1 min using a NutriBullet® blender, USA. The 

mixture was centrifuged at 10,000 rpm for 10 min on a Sorvall Lynx 4000 

superspeed centrifuge (Thermo Scientific™, Waltham, MA, USA) and oven-

dried the collected precipitate at 50 °C overnight to constant weight.  

PCL, PVA and PLA were used as the reinforcement biopolymers. PCL and 

PLA were completely dissolved in dichloromethane (DCM) for 24 h. Next, KBC 

powder and ML pulp were homogeneously blended with PCL/PVA/PLA mixture 

and compressed at 120 °C in 10 min with a force of 5 to 20 kN using 2 mm thick 

stainless steel plates. Prior to each compression, the samples were placed between 

Teflon sheets. After pressing, the samples were air-dried at room temperature for 

2-5 days. Finally, tensile strength (N/mm2), elongation at break (%), tear strength 

(N/mm), elastic modulus (MPa), water contact angle (o) and properties of leather-

like biocomposites were determined and compared to the commercial PU 

synthesis leather (C1). 

4.3.2 Preparation of leather-like biocomposites based on KBC and 

PU/PLA 

This experiment is based on the combination of bio-based composition (KBC 

and sisal fiber powder) with PU and PLA to improve the mechanical strength and 

water resistance of prepared leather-like biocomposites. PU and PLA were firstly 

dissolved in Tetrahydrofuran and dichloromethane respectively, for 24 h. KBC 

and sisal fiber were treated with NaOH 0.5% at 80 °C for 1h followed by washing 

with dH2O, oven-dried at 40 °C until reached constant weight and milled to fine 

granular powder using a micro ball mill (Lab Wizz 320, Laarmann Group, 

Netherlands) at room temperature and a frequency rate of 25 Hz. Next, KBC and 

sisal fiber powders were further modified with dichlorodimethylsilane (DCDMS) 

for 1 h using 4-(dimethylamino)pyridine (DMAP) as the catalyst. The samples 

were washed with n-hexan and ethanol:dH2O (1:1), oven-dried, and again milled 
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to fine granular powder before being homogeneously mixed with the polymer 

matrix of PU/PLA at room temperature for 1 min with various ratios as shown in 

Table 4. The mixtures were then placed between Teflon sheets, compressed at 

150 °C in 10 min with a force of 5 to 20 kN using 2 mm thick stainless steel 

plates. After pressing, the samples were air-dried at room temperature for 24h. 

Tensile strength (N/mm2), elongation at break (%), water contact angle (o) and 

properties of investigated leather-like biocomposites were also determined.   

Table 4 Constituent components in the preparation of leather materials [28]. 

Samples 
KBC 

alkali-treated 

(% w/w) 

KBC-

treated 

(% w/w) 

Fiber 

treated 

(% w/w) 

Polyurethane 

(PU) 

(% w/w) 

Polylactic 

acid (PLA) 

(% w/w) 

S1 5 - - 65 30 

S2 - 5 - 65 30 

S3 - 10 - 60 30 

S4 - 15 - 60 25 

S5 - 5 20 50 25 

S0 (Control) - - - 65 35 
Abbreviations: KBC, kombucha-derived bacterial cellulose; Fiber, sisal fiber. 

4.3.3 Hydrophilic modification of KBC 

A homogenous blending of ingredients is always a basic requirement of a 

sustainable, supple structure and is also an indispensable feature of any leather or 

high elasticity materials [26, 29, 100]. However, the hydrophilic nature of KBC 

is completely contrast to hydrophobic of PU and PLA. In order to achieve 

homogenous blending with polymer binder matrix, KBC was firstly treated to kill 

bacteria, decolorize, remove odors, and especially, improve hydrophobicity. At 

first, the harvested KBC was treated with or without NaOH and designated as (i) 

immersed in NaOH 0.5% for 30 min at 80 °C (ii) distilled water (dH2O) boiling 

for 1h, (iii) NaOH 0.5% at 80 °C for 1h. The treated KBC was subsequently 

washed with dH2O, oven-dried at 40 °C until reached constant weight, and milled 



22 

 

to fine granular powder using a micro ball mill (Lab Wizz 320, Laarmann Group, 

Netherlands) at room temperature and a frequency rate of 25 Hz.   

KBC treated with NaOH 0.5% at 80 °C for 1h (sample (iii)) is then 

subsequently treated with different silanes of Dimethyldichlorosilane (DCDMS), 

3-aminopropyltriethoxysilane (APS), Vinyltriethoxysilane (VTS), 

Hexadecyltrimethoxysilane (HDS). Herein, each silane compound was dissolved 

in ethanol 70% at pH 3.5 (using acetic acid to adjust pH) with DMAP as the 

catalyst.  After 3 h, silane-treated KBC samples were washed with ethanol, dH2O, 

and oven-dried at 40 °C, until achieve constant weight. The dried samples were 

re-milled to obtain fine granular particles. The water absorption capacity was 

determined to verify their degree of hydrophilicity. 

4.3.4 Optimization of Kombucha leather preparation 

Design of Experiment (DOE) version 11 with Regular Two-Level Factorial 

model, consisting of 5 independent variables, 32 runs, was applied to optimize 

Kombucha leather's ingredients and prepared condition (Table 5). The content of 

KBC, PU, PLA (in percent weight per weight), compressed temperatures (OC), 

and compressed times (min) were established as the independent variables of X1, 

X2, X3, X4, and X5, respectively. The responses were elastic modulus (N/mm2), 

water contact angle (0), biodegradable capacity (%) coded as corresponding Y1, 

Y2, and Y3. KBC used was the best hydrophobic sample determined from the 

experiment above. Both PU and PLA as the binding matrices were completely 

dissolved in only Tetrahydrofuran for 24 h to enhance the homogeneously 

blended level of products. Kombucha leathers were prepared via blending with 

corresponding components, compressed temperature and time in the 

experimental design formulations as shown in Table 5. Prior to each compression, 

the samples were placed between Teflon sheets and after pressing, the samples 

were air-dried at room temperature for 12 h. 
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Table 5 The experimental design for the optimization of Kombucha leather 

preparation (unpublished work). 

 

 

Run 

Experimental factors 

X1: KBC 

(%) 

X2: PU 

(%) 

X3: PLA 

(%) 

X4: Compressed 

temperatures (0C) 

X5: Compressed 

times (min) 

1 30 80 10 180 10 

2 30 40 30 150 10 

3 10 40 30 150 10 

4 10 40 30 180 3 

5 30 80 10 150 10 

6 30 80 10 150 3 

7 10 80 10 150 3 

8 30 40 30 180 3 

9 30 40 30 150 3 

10 10 80 10 150 10 

11 10 40 30 150 3 

12 30 40 10 150 10 

13 30 80 30 150 10 

14 30 80 30 180 3 

15 10 80 30 180 3 

16 10 40 10 150 10 

17 10 80 10 180 3 

18 30 80 10 180 3 

19 10 80 10 180 10 

20 30 40 10 150 3 

21 30 40 10 180 3 

22 10 40 30 180 10 

23 30 40 10 180 10 

24 10 80 30 150 3 

25 10 80 30 180 10 

26 10 40 10 180 3 

27 30 80 30 150 3 

28 30 40 30 180 10 

29 10 40 10 180 10 

30 10 40 10 150 3 

31 10 80 30 150 10 

32 30 80 30 180 10 
Abbreviations: KBC, kombucha-derived bacterial cellulose; PU, polyurethane elastomer; 

PLA, polylactic acid. 
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The response function (Y) of the design model was also partitioned into linear 

interactive components expressed using Equation 4.1 (as prepared in 4.2.3). 

Three verification experiments were performed to confirm the optimal 

conditions. Finally, the optimized sample properties were compared structurally, 

morphological, and physico-mechanically to that of two commercial leather 

samples (C1 and C2).  

4.4 Characterization analysis of BC/KBC and prepared leathers  

4.4.1 Dry weight of BC/KBC and pH value of the fermentation media 

In order to assess the final dry weight of BC/KBC per volume of the nutrient 

medium used, the harvested cellulose membranes were washed with distilled 

water, oven-dried at 40 °C to constant weight, and weighted. The final dry weight 

of KBC was then determined using the following formula [81, 83, 141, 142]: 

Final weight =
Dry amount of cultured cellulose (g)

Volume of medium used (L)
                       (4.2) 

The pH values of the different nutrient media used were determined at the 

beginning and end of the bacteria cultured time using an electronic handheld pH 

meter (Lovibond pH meter-445R, USA). 

4.4.2 Morphological characterization  

The freeze-dried cellulose membranes and leather-like materials were 

examined for their morphology structures under a scanning electron microscope 

(SEM, FEI™, Brno, Czech Republic) at an accelerating voltage of 5 kV. Prior to 

analysis, the JEOL JFC 1300 Auto Fine coater (Tokyo, Japan) was used to gold 

coat the samples’ surface to enhance conductivity. 
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4.4.3 Fourier transformed infrared spectroscopy (FTIR) 

FTIR analysis of the freeze-dried cellulose membranes and leather-like 

materials will be done using a Nicolet iS5 spectrometer (Thermo Scientific, USA) 

attached with an attenuated total reflectance mode (iD5-Ge-ATR) assembly. The 

samples were scanned at a 4.0 cm-1 resolution using 64 scans in the wavenumber 

range of 400 – 4000 cm-1
. 

4.4.4. X-ray diffraction analysis 

Crystalline structure of the samples was analyzed by a Mini Flex™ 600 X-ray 

diffractometer (Rigaku, Japan). The scans were performed in the range of 5 – 70°, 

scanning speed of 5 °/min using a foil filtered CuKβ radiation (λ = 0.179 nm) at 

40 kV voltage and a current of 15 mA. The divergence slit was maintained at 0.1° 

throughout the experiment.  

4.4.5 Thermal analysis  

The thermogravimetric analysis (TGA) curves of the freeze-dried cellulose 

membranes and leather-like materials were recorded using TGA Q500 (TA 

Instruments, USA). The samples were heated from 25 to 600 °C under a nitrogen 

atmosphere at a flow rate of 40 - 60 mL/min and a heating/cooling rate of 10 

°C/min. 

4.4.6. The water absorption capacity of KBC powder 

The water absorption capacity of KBC powder is subsequently determined by 

a filtration method as suggested by Zhang et al, 2020 [143]. The dry weight of 

the filter paper is determined. A Buchner flask with a funnel firmly inserted is 

connected to a vacuum pump. Each water-saturated filter paper is placed into the 

funnel. The vacuum pump is turned on and the wet weight of the filter paper is 

recorded after the excess water is completely removed. Before that, KBC powder 
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samples are put into a glass beaker, and dH2O is poured in. The samples are 

dispersed with the stirring rod to their full contact with the liquid for 1 min. After 

24h immersion, the swollen sample is poured onto the center of the filter paper 

and the vacuum pump is turned on. After the excess water is removed, the filter 

paper (with the samples on it) is taken out and weighed. Finally, the water holding 

capacity (WHC) of the samples is calculated using equation [143]: 

                          𝑊𝐻𝐶  =    
W2−W1−W0

W0
                           (4.5)                                   

Where, W0 is initial dry weight of the powders, W1 is water-saturated filter 

paperweight and W2 is the filter paper (with the samples on it) wet weight. 

4.4.7. Water contact angle measurement 

The sessile drop technique was used to measure water contact angle for the 

wettability determination of the prepared biocomposites using Advex Instrument 

machine (Brno, Czech Republic) with a CCD camera. The measurements were 

conducted at 25 °C and 50 % relative humidity. Distilled water was used as the 

checking liquid with 10 μL for each test. The photographic images were taken 

after the deposition liquid was dropped on the surface of the sample. The 

measured result was an average of 5 replicates. 

4.4.8. Mechanical analysis  

In order to investigate the mechanical properties of leather-like materials, the 

elasticity analysis was performed using Instron 5567 (Instron, USA) under a static 

load of 10 kg and a crosshead speed of 10 mm/min at room temperature (25 °C). 

The test was conducted following ISO 3376 standards [144]. Elastic modulus was 

determined as a function of displacement by force applied.  The data will be 

analyzed using the Instron Bluehill® application. 
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4.4.9. Biodegradation studies 

Biodegradability of leather-like materials was investigated by the soil burial 

method following ASTM G160-12 [145]. Leather sheets (50 mm × 50 mm) were 

determined for the constant dry weight (W0), soil burial in 250 g of soil with a 

soil pH of 6.5–7.0, and 50% moisture. The examination was performed in a 

humidity chamber with temperatures maintained at 30 °C and 50% surrounding 

humidity. Finally, the samples were removed from the soil, washed with dH2O, 

and air-dried at 40 °C to constant weight (W). The degradation percentage (D) of 

the leather sheets after 90 days was calculated by the following equation [146]: 

                          𝐷 (%) = (
W0 −  W

W0
)  × 100   (4.7) 

4.4.10. Statistical analysis 

All measurements were recorded in triplicate and the results were reported as 

the mean ± standard deviation. The design and analysis of the experiments were 

conducted with the statistical software of Design-Expert® V11 (Stat-Ease Inc., 

Minneapolis, MN, USA) and OriginLab software version 9.0 based on regression 

analysis of the experimental data. Analysis of variance (ANOVA) was applied 

for statistical evaluation and experimental results were displayed as Mean ± 

Standard error where p < 0.05 is determined as statistically significant. 

5. BRIEF DISCUSSION OF DOCTORAL THESIS 

RESULTS 

5.1 Evaluation of KBC production using bio-waste sources 

According to the results in publication I with the title “Kombucha-derived 

bacterial cellulose from diverse wastes: a prudent leather alternative”, three 

investigated bio-waste sources all showed huge support to the cellulose synthesis 

capacity of Komagataeibacter xylinus by superior harvested yield (KBC dry 
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weights), respective as 12.59, 8.76, 7.65, and 12.81 g/L for the corresponding 

media: WST= whey, sucrose, black tea; AST= apple juice, sucrose, black tea; 

BST= brewed spent, sucrose, black tea, and WABST= whey, apple juice, brewed 

spent, sucrose, black tea. These achievements conversed to 1.17 and 3.21 g/L 

produced from KOM= Kombucha traditional and HS= standard HS medium. 

This result basic confirms the potential of high yield cellulose production using 

the kombucha fermentation method compared to the others and previous reports. 

Based on the characteristic analysis results of obtained cellulose membranes, 

there was an insignificant difference between KBC membranes of surveyed 

media and BC collected from HS standard medium. For observed morphologies, 

all BC/KBC membranes revealed a close similarity in the structure of three-

dimensional network spongy formed via random assembly of the rod-shaped 

nanofiber bundles and no significant difference among the dimensions of 

obtained KBC nanofibers from the different investigated nutrient media, in the 

range of 21 to 87 nm for KBC membranes whereas compared to 45 to 93 nm of 

KOM medium and BC produced from HS standard medium.  

For FTIR analysis, the recorded spectra peaks of cellulose prepared from HS 

medium at 3347, 2900, 1430, 1159, 1058 and 1033 cm-1 were ascribed to the 

characteristic bands of cellulose structure. Similarly, spectra of cellulose grown 

in assessments media also showed characteristic peaks at 3345 to 3351 cm-1 for 

O-H stretching vibration, 2856 to 2923 cm-1 for C-H stretching, 1421 to 1436 cm-

1 for C-O-H stretching, 1159 to 1160 cm-1 for C-O-C, and 1033 to 1060 cm-1 for 

C-O stretching. These spectra confirmed that the biomaterial produced by 

Komagataeibacter xylinus CCM 3611 is pure cellulose.  

For X-ray diffraction analysis, the peaks at 2θ angles were determined at 

≈17.1° and ≈26.7°, ascribed to the diffraction peaks of all KBC samples produced 

from both the test media and the HS standard medium. The presence of these 
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diffraction peaks was attributed to cellulose type Iα, which is commonly prevalent 

in BC where (101) relates to the amorphous region and (002) to the crystalline 

region of the polymer. Contemporaneous, the crystallinity percentages for KBC 

produced in the different media were obtained as 82.2%, 66.1%, 61.6% and 

80.7% for WST, BST, AST and WABST, respectively, compared to the control 

samples which were obtained as 65.3% for KOM and 80.5% for HS standard 

medium.  

For thermal stability analysis, the evaluated samples exhibited three different 

degradation stages that were quite similar between BC obtained from the HS 

medium and KBC. Firstly, degradation from 25 to 230 °C was observed, which 

was attributed to the loss of water in the polymer matrix. In essence, this stage 

depicted no major difference in moisture content between the KBC samples. The 

second degradation phase occurred in the temperature range of 330 to 360 °C, 

which showed a significant decrease in mass ascribed to scissors and 

decomposition of the KBC polymer chains with weight loss in the range of 24 to 

36%. In general, the weight loss at this stage may be attributed to degradation, 

depolymerization, dehydration or decomposition of the structural compositions 

of cellulose. Finally, the temperature ranges between 360 to 600 °C were ascribed 

to tertiary weight loss in the KBC samples calculated averagely as 20.7%. This 

was principally related to thermal degradation of KBC remains to form char 

residues.  

Generally, it can be obvious that the waste sources used (sour whey, apple 

juice, and brewed spent grains) were extensively effective in improving the 

production yield of KBC membranes. SEM, FTIR, TGA, and XRD analysis 

demonstrated that KBC structural properties were very similar to BC produced 

from the HS medium. Some slight differences could be still observed as a result 

of variation in the medium compositions for the different sources investigated 

such as the agro/industrial supplement residues of whey, apple juice, brewed 
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grains or black tea in the cultured medium causing a slight change in pH value of 

media and the assembly of cellulose chains, which altered their molecular weight, 

crystallinity, and orientation of the nanofibers, FTIR spectrums, the thermal 

stability behavior of BC/KBC membranes. 

These mentioned results were published in Cellulose, 28, 14, 9335-9353 

(2021), doi.org/10.1007/s10570-021-04100-5 (Web of Science Indexed, Q1, 

Jimp: 6.123).  

5.2 Optimization of KBC production using sour whey waste 

In part one of publication II, the article name “Development of novel 

biocomposites based on the clean production of microbial cellulose from dairy 

waste (sour whey)”, the optimization results of KBC production displayed the 

independent variables have been expressed as highly effective, with a significant 

effect on the dry weight of KBC membranes compared to BC produced from HS 

standard medium. Furthermore, at the end of the experiment time, the pH values 

of the culture media were still maintained in the range of 4.4 – 4.9, still within the 

range of optimum pH (4 – 7) for cellulose production by Komagatacibacter 

xylinus. These responses have confirmed the positive of modification in the 

survey range of investigated parameters. 

According to the ANOVA analysis, the statistical significance of the KBC 

production optimization model exhibited that probability p (<0.0001) was very 

small with the determination coefficients R2 calculated as 99.86%. This shows 

that the reliability of the model is high. Additionally, the close agreement (<0.2) 

between adjusted R2 and predicted R2 was also observed demonstrating the 

suitability of the regression model in determining the optimal cellulose yield. 

Likewise, the Adeq Precision (65.5715) value was greater than 4, indicating that 

this model can be used to navigate the design space.  
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Furthermore, the linear graph of the predicted response compared to actual 

depicts that the data points are scattered along the diagonal, proving the model is 

satisfactory in the range of investigated parameters. The 3D response surface 

plots illustrate the combined effects of each pair of the independent variables on 

the response towards determining their optimal value. It can be observed that all 

five surveyed parameters had a resonant effect on cellulose membrane dry 

weight. Specifically, the values of sour whey, black tea, and culture period 

increased, cellulose dry weight will increase. In contrast, the remaining factors as 

cane-sugar and bacteria volume, values increased, while cellulose membrane dry 

weight increased followed by a decrease.  

Eventually, the model proposed the best value for cellulose membrane dry 

weight (20.59 g/L) with optimum conditions determined as 1000 mL/L sour 

whey, 87.33 g/L cane-sugar, 6 g/L black tea, 79.92 mL/L bacteria volume, and 

21 fermentation days at 30 °C. A triplicate fermentation experiment using these 

above optimization conditions was then conducted and an average dry weight of 

20.14 ± 0.62 g/L was determined that verified this model obtained depicts high-

yield production of KBC. 

These achieved results were published in Journal of Applied Polymer Science, 

(2021), e51433. doi: 10.1002/app.51433 (Web of Science Indexed, Q2, Jimp: 

3.057).  

5.3 KBC production in large containers and characteristics 

of harvested BC/KBC   

In part two of publication II, for large container assays, BC/KBC dry weight 

continued to show high levels, especially with the dramatic increase in the 

experiments on HS standard medium. Considering the scale of one liter of the 

medium, the investigated fermentation batch efficiency achieved the highest at a 

cultured medium depth of 0.5 cm, corresponding to 180 mL (KBC-0.5cm) with 
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the thickness of KBC membranes reaching 17 ± 0.03 mm. Specifically, the 

residual volume of the culture medium (also called suspension) was extremely 

low, with only 72.33 ± 8.74 mL. 

For characteristic analysis of the obtained cellulose membranes, the 

morphological properties revealed similar characteristic fibrous 3D lattice 

structures arranged in a randomized and tightly. Image processing results 

determined the diameter of cellulose samples collected from KBC-Optimized and 

KBC in large containers (KBC-0.5cm) in the range of 34–159 nm and 36–107 nm, 

compared to 21–147 nm for HS standard media (HS in Duran bottles and in large 

containers (HS-0.5cm)), respectively.  

For FTIR analysis, the typical cellulose bonds and insignificant differences 

have also been seen in all BC/KBC samples. The peaks at 3300 – 3500, 2800 – 

3000, 1600 – 1640, and 1030 – 1160 cm-1 are ascribed to the stretching vibration 

of O–H in pure cellulose, C–H in methyl, methylene, and methoxy groups of 

lignocellulose, the aromatic C–C ring, and C–O–C symmetric glycosidic from 

carbohydrate components of cellulose.  

For XRD analysis, the spectra of investigated cellulose samples showing the 

main vertices around 2θ angles were determined at ≈14.7 and ≈22.6, representing 

the cellulose structure type Iα, which corresponds to the diffraction plane (101) 

and the amorphous region (002) of pure cellulose in nature. The only difference 

between the samples was the crystallinity percentages determined as 80.9%, 

81.5%, 78.6%, and 80.3%, for KBC-Optimized, KBC-0.5cm, BC obtained from 

standard HS medium in Duran bottle, and HS-0.5cm, respectively. 

For thermal stability evaluation, the investigated BC/KBC samples exhibited 

gravitational thermal decomposition curves consisting of fairly similar 

degradation stages. The first degradation stages from 25 to 220 °C are attributed 
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to the slight weight decrease relating to water loss in the polymer matrix. This 

shows that the stability of all samples is higher than 200 °C, demonstrating the 

great commercial application potential of these biopolymers. The second stage of 

degradation that occurred continues until 347-385 °C is due to the decomposition 

of the polymer chains and network. Then, the maximum sample weight loss is 

observed at temperatures close to 400 °C. Ultimately, the temperature around 600 

°C is the temperature range leading to carbon-char residues formation.  

It can be summarized that the basic stages in the progression of transforming 

sour whey waste into a utilizable biomaterial have achieved encouraging initial 

results. A streamlined fermentation batch that removed unnecessary requirements 

(without raw material pretreatment, pH calibration, shaking, stirring, or aeration) 

acquired high efficiency via an optimized process (accomplished outstanding 

yield, maximized the amount of treated waste, and reduced new emissions). The 

obtained KBC properties depicted insignificant differences compared to BC from 

the standard HS medium led to the opening of countless application areas for 

these cellulose products. The principal reason for small differences could be 

found between the samples was the by-products of whey and black tea in the 

cellulose biosynthesis fermentation media or the amount of incorporated KBC 

causing changes in the molecular weight, crystallinity, and orientation of the 

nanofibers via the thicker of the samples to be tightly bonded, thus difference 

characteristic or better thermal resistance. 

These achieved results were published in Journal of Applied Polymer Science, 

(2021), e51433. doi: 10.1002/app.51433 (Web of Science Indexed, Q2, Jimp: 

3.057).  
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5.4 Preparation of leather-like biocomposites based on 

KBC and PCL/PVA/PLA 

In publication III with the article title ” Preparation and characterization of 

nonwoven fibrous biocomposites for footwear components”, and AIP 

conference proceedings designated as "Environmentally Friendly and Animal 

Free Leather: Fabrication and Characterization" or the utility model with the 

name “Leather material with improved ecological parameters”, as well as the last 

part of publications I (sectors about KBC application to fabricate the bio-based 

composite material (bioleather)), several pre-experiments were performed to 

investigate the usability components of Kombucha leather, predominantly based 

on bio-components (KBC powder, maple leave (ML) pulp) and various polymers 

(PCL, PVA, PLA)). 

The properties and mechanical of these prepared bio-based composite 

materials depicted they possessed high shape stability, good surface adhesive 

properties, and considerable flexibility, well suited for prospective application as 

leather substitute components. As observed, an increase in KBC content led to an 

increase in the strength of the composite matrix which was attributed to enriching 

interfacial interactions between the biofibers and polymer matrix leading to 

enhancing the stress transfer efficiency of the interface.  

However, after further comparison between prepared leather-like materials 

and commercial PU-based leather materials provided by Bata shoe company in 

Dolni, Czech Rebuplic, the compared results revealed superiority in mechanical 

integrity of PU leather. Specifically, tensile strength (N/mm2), elongation at break 

(%), tear strength (N/mm), and elastic modulus (MPa) that commercial PU-based 

leather materials possessed, repestively as 5.28 ± 0.69 (N/mm2), 31.54 ± 2.32 (%), 

79.20 ± 2.45 (N/mm), 106.10 ± 2.70 (MPa), all higher than the optimized 

nonwoven fibrous biocomposite achieved in publications III as 2.13 ± 0.29 
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(N/mm2), 19.23 ± 1.09 (%), 32.93 ± 1.33 (N/mm), 76.93 ± 1.63 (MPa); or the 

best leather material (sample 4) displayed in utility model as 2,08 (N/mm2), 

16,45 (%), 31,24 (N/mm), 72,17 (MPa); and the highest environmentally friendly 

and animal free leather exhibited in AIP conference proceedings as 1.68 

(N/mm2), 16.42 (%), 25.25 (N/mm), 84.95 (MPa), as well as the bio-based 

composite material (sample KBC-1) in publications I with tensile strength of 

1.69 ± 0.33 (MPa), elongation at break of 14.54 (%), and tear strength of 25.44 ± 

0.12 (N/mm). In addition, water contact angle values of investigated leather-like 

materials were all less than 90°. This weakness corresponded to a high wettability 

on the surface of the products, and also, directly limit their application potential. 

These results indicated that it is necessary to further improve the mechanical and 

water resistance of prepared samples for a better response to their expected 

broader range of use. 

These results were published in Polymers, (2020), 12, 3061. 

doi:10.3390/polym1212301, Q1, IF 4.967; and International Polymer Processing 

Society Europe - Africa 2019, Regional Conference, (2019), AIP Conference 

Proceedings 2289, 020049 (2020); https://doi.org/10.1063/5.0028467; or CZ 

33149 U1 (2019), Industrial Property Office, Czech Republic; as well as 

Cellulose, 28, 14, 9335-9353 (2021), doi.org/10.1007/s10570-021-04100-5 (Web 

of Science Indexed, Q1, Jimp: 6.123).  

5.5 Preparation of leather-like biocomposites based on 

KBC and PU/PLA 

In order to improve mechanical characteristics and water resistance of 

prepared bio-leather products, the combination of bio-based composition (KBC 

and sisal fiber powders) and polymer matrix (PU and PLA) were conducted in 

the last parts of publications II (sectors about KBC application to fabricate the 

biocomposites (leather-like materials)), 

https://doi.org/10.1063/5.0028467
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The tensile strength and elongation at break of leather-like materials treated 

with DCDMS (samples S2, S3, S4, S5) achieved impressive results (in the range 

of 135.61 ± 9.15 to 154.89 ± 9.09 (N/mm2) and 31.06 ± 0.32 to 92.33 ± 6.91 (%)), 

higher than sample S1 (non-treated DCDMS) at 62.63 ± 24.97 (N/mm2) and 26.00 

± 1.02 (%) and the mechanical analysis results of investigated leather-like 

materials in above mention publications (publication III, AIP conference 

proceedings, the utility model, and the last part of publications I). This 

phenomenon was attributed to the difference in the degree of adhesion between 

the bio-fillers and the polymer matrix, because, DCDMS improved the 

hydrophobicity of KBC and fiber powder, leading to increasing cohesion and 

compatibility between the bio-fillers with polymer matrix, creating a more stable 

three-dimensional structure with higher toughness and flexibility. On the other 

hand, it should be noted that the good elasticity nature of PU compared to PCL 

and PVA is probably also related to the breakthrough in mechanical properties of 

these leather substitute materials based on DCDMS-treated KBC/PU/PLA.  

Additionally, the increase in DCDMS-treated KBC powder concentration 

resulted in an increase in mechanical stability values of the obtained bio-

composites was also observed. Nevertheless, the water contact angle values were 

determined in the range of 67.2 ± 3.05 to 76.9 ± 5.44, still less than 90° for all 

prepared samples, including sample S0 (the control sample, only PU/PLA). This 

might be due to the casting temperature and time had too long or high that causing 

the deform in the properties of neat PU or PLA used. As such, it is necessary for 

further research to clarify the concentration of KBC, PU, PLA, and preparation 

conditions (the compressive temperature and time) towards the fabrication of a 

suitable leather-like material possibly well-respond to the customer’s 

expectations about safety, aesthetics, function, ethics and social self-awareness. 
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These mentioned results were published in Journal of Applied Polymer 

Science, (2021), e51433. doi: 10.1002/app.51433 (Web of Science Indexed, Q2, 

Jimp: 3.057).  

5.6 KBC powder's hydrophilic modification 

In publication IV, the title “Silane modified Kombucha cellulose-based 

biocomposite leather-like mats: Preparation, optimization, and characterization”, 

the results show that there was a significant improvement in hydrophobicity of 

KBC powders treated with four various silane types (P4, P5, P6, and P7) 

compared to the three non-silane treated samples (P1, P2, and P3). For sample 

P1, the soaking water turned brown immediately after the vigorous stirring 

followed by the settling of almost all the KBC samples. This can be attributed to 

soaking KBC in NaOH 0.5%, 30 min at 80°C have not been removed the residual 

components of a fermentation medium such as sugar or black tea. Results also 

satisfied explain the highest water holding capacity since there was an almost 

huge effect on the ingredients of the treated KBC samples. For samples P2 and 

P3, these treatment conditions had both killed bacteria and removed unwanted 

substances, decolorized, remove odor to produce a brighter color of the soaked 

water. However, the OH-rich and hydrophilic nature of KBC is still unchanged, 

resulting in their water holding capacity being insignificantly different compared 

to sample P1 with a similar deposition after vigorous stirring and 24h immersion. 

For KBC samples treated with four various silane types, their hydrophobicity 

was strongly enhanced with the highest result at sample P6 (treated with VTS). 

These KBC completely floated to the top of the soaking water surface after the 

survey time. The accompanied FTIR spectra also confirmed the presence of these 

characteristic functional groups of silane in the composition of these four KBC 

samples. The peaks around 760-917 cm-1 corresponding to Si-OH, Si–C or Si=O2 

stretching in the analytical spectrum of four samples P4, 5, 6, 7 revealed that 



38 

 

silane was coupled to KBC powders but, it was absent in the analysis results of 

sample P3 (KBC treated with NaOH 5) % (w/v) for 1h). The other characteristic 

peaks of Si–O–Cellulose, Si–O–Si, or Si–O–CH3 (nearly 1105-1169 cm-1) were 

covered by the strong peaks characteristic of the C–O–C strongly vibration in the 

cellulose of neat KBC. 

These mentioned results were submitted to Sustainable Materials and 

Technologies on 01/04/2022, (Web of Science Indexed, Q1, Jimp: 10.681, present 

status under review as on 20/08/2022).  

5.7 Optimization of Kombucha leather preparation using 

KBC/PU/PLA 

For Kombucha leather preparation optimization, the results in part 2 of 

publication IV showed the actual and predicted values of the responses of 

experimental design model using Design-Expert® V11 software to optimize the 

ingredients and prepared conditions of Kombucha leather were within acceptable 

limits. As observed, there was a clear opposite effect between PU concentration 

and the four other independent variables (the amount of KBC, PLA, compressed 

temperature and time). The PU concentration was directly proportional to the 

enhancement of physicomechanical properties accompanied by a decrease in the 

biodegradability of the prepared samples. Conversely, the increase in the amount 

of granulated KBC, PLA, and compressed temperature, as well as compression 

time, caused a fall in elasticity (higher elastic modulus) and water contact angle 

(lower than 90°), but an increase in the biodegradation rate of these products was 

observed. This phenomenon was due to the natural characteristics of three 

constitutional components (KBC, PU, and PLA) or some change in the structure 

of the materials that relate to their properties when undergoing the compression 

process under high temperature and a long period of time.  
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The model’s statistical significance was assessed via ANOVA analysis 

indicated by very small p-values (<0.0001), high F-values as well as high 

determination coefficients (R2) of more than 0.990 for all three response 

variables, which shows the reliability and significance of the model. In addition, 

adjusted R² and predicted R² values were in close agreement (<0.2), which 

confirmed the high suitability of the regression model and could be used to 

navigate the formulation design space. This was further supported by the linear 

graphs of the three predicted responses compared to actuals that proved the model 

is satisfactory in the range of investigated parameters. 

In addition, a triplicate validating experiment and predicted optimum values 

were almost in agreement close (44.07±0.51 and 44.89 for elastic modulus; 

1.31±0.04 and 1.32 for biodegradable; 94.84±1.59 and 95.34 for water contact 

angle) from optimum leather-like mat prepared with KBC (13.74 % w/w), 

polyurethane elastomer (73.89 % w/w), and polylactic acid (12.50 % w/w), 

compressed at 155 °C for 5 min. This similarity further confirmed the validity of 

the used model.  

The morphological, physico-chemical, mechanical, wetting and 

biodegradation characteristics of the optimized leather-like material, were further 

analyzed and compared with the commercial leathers (C1 and C2) to further 

elucidate its growth potential. The cross-section morphology with significant 

differences in the randomly arranged pores in the structure of analysis material 

samples. As observed, the addition of silane-treated KBC creates a pore density 

that is assumed to be positive for porosity and breathability but can still maintain 

the rather good physicomechanical properties of the optimized treated KBC mat, 

compared to neat PU and PU/PLA (a smooth, nonporous structure, completely 

compact), as well as, NaOH treated KBC mat (too many porosity or interlacing). 

In addition, the suitable casting temperature and time to limit the boiling of the 
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mixture leading to the air bubble formation and the voids or pores, is also an 

important contribution to the formation of tightly compacted structures of the 

optimized leather substitute material. 

For FTIR analysis, sequential characteristic broad peaks of PU, PLA, and 

KBC appeared at approximately 3322 cm-1 (N-H and O-H stretching), 2867-2935 

cm-1 (C-H asymmetric stretching in methyl, methylene, or methoxy groups), 1728 

cm-1 (C=O bending, C-N and N-H stretching). Parallel to that, the vibration at 

1227-1532 cm-1 is ascribed to amide II and N-H bending, 1068-1195 cm-1 relating 

to C-O-C symmetric stretching, C-N, C-C, and C-O stretching. While the peaks 

between 760-912 cm-1 correspond to Si-O-Si bending attributed to KBC treated 

with VTS. These peaks were all observed in the optimized materials. 

For XRD analyses, the XRD spectrum curves of the optimized silane-treated 

and silane-untreated KBC leather-like mat clearly conveyed the presence of the 

main vertices of KBC at 2θ angles around ≈14.5° and ≈22.3° (representing type 

Iα cellulose structure corresponding to Miller indices of (100) and (110)) and two 

characteristic absorption peaks at ≈21° and ≈26° for PU and PLA.  

For TGA, the thermal behaviors of the investigated materials were higher than 

200 0C, demonstrating their great commercial application potential. All the 

samples exhibited gravitational thermal decomposition curves consisting of fairly 

similar degradation stages of weight loss, depolymerization, the degradation of 

water molecules, or polymer chains. The results also reveal that there was a 

difference in the heat resistance of the prepared materials with the gradual 

increase from neat PLA to the mixtures of KBC/PLA, KBC/PU, KBC/PU/PLA, 

PU/PLA, and neat PU, respectively. The presence of granulated KBC and the 

dissolution or blending of PU and PLA in THF solvent changed the thermal 

properties of the pure polymers. In particular, the thermal stability of the 

optimized silane-treated KBC leather-like mat was as expected showing an 
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insignificant difference compared to neat PU. This can be attributed to low 

amounts of granulated KBC and PLA composition ratios in the products, or 

appropriate processing, mixing, and/or heat pressing to mold the leather-like 

sheets. Moreover, a great combination of a well-blended structure led to a 

negligible influence on the mechanical properties as well as the good heat 

resistance properties of the key ingredients. These results exhibited a high 

development and application potential of these obtained leather-like materials. 

For the comparison between optimized silane-treated or silane-treated KBC 

leather-like mat and commercial leathers, the prepared materials achieve high 

performance, especially hydrophobic surface which is almost negligible but 

decreased after a period of water exposure lasting up to 5 minutes. This is 

completely opposite to commercial leather C2, where the liquid droplet 

completely spreads and absorbs on the material surface (WCA=00). The good 

hydrophobic properties of the prepared samples can be attributed to the tight 

structures created through good blending favoring interaction between all three 

components that possessed high resistance to water absorption (PU, PLA, and 

KBC treated with silane). 

In a more detailed consideration, significantly different results have been 

observed in the event of silane-untreated KBC leather-like materials. At 

succinctly water contact time (1 min), the strong hydrophobic polymer 

components of this material created dramatic effects on its high water resistance. 

Nevertheless, with prolonged exposure to the water droplet (5 min), its surface 

water resistance decreased sharply. The possible reason for this phenomenon was 

the low interaction between the different components leading to a loose structure 

with more pores or gaps in the combination block between the hydrophilic KBC 

and the hydrophobic polymer matrix. The occurrence of these pores 

unintentionally generated capillary forces that combine with the hydrophilic 
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nature of the non-treated KBC to promote the diffusivity of water molecules. This 

phenomenon possibly could also greatly explain the high biodegradable rate and 

elastic modulus coefficient achieved for these materials as compared to other 

prepared samples.  

Another point worth noting is that the biodegradable rate of the optimized 

silane-treated KBC leather-like mat was approximate to or better than that of 

others. The presence of more than 25% of both KBC and PLA as biobased 

components in the compositions made it more environmentally friendly. 

However, this result indirectly indicates the water absorption risk of the 

optimized materials with prolonged exposure to high moisture conditions. The 

double-binding function of silane molecules with the chemical compounds of 

KBC began ineffectively due to hydrolysis reactions or by the action of soil 

microorganisms.  

Generally, it can be summarized that silane-treated KBC leather-like mat has 

basically shown a possible response to the essential requirements of new leather-

like substitute materials, suitable for continued development in the era of a 

circular economy and sustainable production. Nevertheless, some slight 

differences were also found between the analyzed results of the prepared 

materials and the ingredients or neat polymers. This might be due to some 

transformations in their pristine properties during preparation from dissolution, 

pretreatment or combination to blending, and heat pressing. 

These mentioned results were submitted to Sustainable Materials and 

Technologies on 01/04/2022, (Web of Science Indexed, Q1, Jimp: 10.681, present 

status under review as on 20/08/2022).  
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6. CONTRIBUTION OF THE THESIS  

The greatest contribution of the thesis is to elucidate the key steps of 

Kombucha leather preparation which is possibly used in fashion design, footwear, 

bags, or interior covering products. This leather substituted biocomposite material 

is expected to possess properties capable of good responding to the strict and 

urgent requirements of both consumers, manufacturers, social managers, and 

even, the trend of sustainable development or contemporary humanity. Herein, 

using KBC raw materials produced from bio-waste sources via Kombucha 

fermentation method directly enhanced the yield, simplified production, and 

improved the eco-friendly, cost-effectiveness of products. Furthermore, the 

addition of KBC, PLA to the PU substrate matrix resulting Kombucha leather 

products being completely animal-free, higher form retention capacity, and short 

post-used biodegradation time but still possessing all the good mechanical 

properties of PU such as high toughness, durability, high covering and protection. 

Essentially, the shortcomings in the environment and humanity of the leather 

industry are fundamentally handled by Kombucha leather products that they 

represented as a sustainable approach and safe for the entire ecosystem (transform 

a polluting waste into a useful alternative material for traditional products that are 

causing serious pollution). In addition, the materials treatment to improve the 

characteristics aiming more suitable for the intended use, or the evaluation 

processes of the materials and products quality via various analysis techniques 

are also useful contributions to the continuous development of science, 

technology, and education of mankind. 
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7. CONCLUSIONS  

In the current study, the basic stages of the progression of transforming waste 

into useful materials have reached encouraging initial results. Three bio-waste 

sources used in the kombucha fermentation batch as alternative nutrient sources 

were all strongly effective in improving the dry weight of obtained cellulose 

membranes. Five main impact factors of KBC membrane production include the 

amount of sour whey waste, cane sugar and black tea content, bacteria volume, 

and culture period was optimized following have achieved high results in 

outstanding yield and maximizing the amount of using waste, even, reducing new 

pollution. Optimization also recorded some advancements in the effort to enhance 

the large-scale application potential of this KBC production method via suitable 

removing unnecessary steps. Based on the physicochemical analysis, harvested 

KBC membranes are not only interesting for research, but they are also 

extensively promising for numerous new application areas due to their properties 

showing insignificant differences compared to BC from HS standard medium. 

Though more research investigation is still required, it can see that the cellulose 

(KBC) produced by the microorganism Komagataeibacter xylinus represents a 

good production source since it enhances sustainability, simplicity, and cost-

effectivity of the process to transform waste into useful products.  

For the finished product fabrication, Kombucha leather was prepared and 

successfully characterized as a correctly and fully respond or one of usable reform 

for the leather market's current requirements about ethical consumption, 

responsible fashion design, cleaner production, and sustainable development. 

Optimized Kombucha leather containing PU, PLA, and KBC pretreated with 

vinyltriethoxysilane was completely animal-free, moderated biodegradable rate, 

but still possessed good elasticity and a hydrophobic surface. KBC 

hydrophobicity improvement treatment plays a critical role to enhance the 
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compatibility between KBC and the hydrophobic polymer matrix ensuring a 

homogenous blending and tight structure of leather-like materials. The obtained 

optimization model revealed PU concentration was directly proportional to the 

strong enhancement in physical-mechanical properties, conversely, the high 

increase of KBC, PLA, and compressed temperature, as well as compressed time, 

caused a fall in elasticity and water contact angle, but increased the 

biodegradation rate of products. The comparison indicators between optimized 

Kombucha leather and two commercial leather types have all achieved high 

performance. Basically, the results show a possible response to the essential 

requirements of this new leather substitute material with the advantageous 

properties as free-animal and eco-friendly, without mining, deforestation, 

animals killing. Moreover, it is easy to produce, has less energy consumption, and 

less harmful emissions. 

Prospective research work will be focused on improving other properties of 

the final product such as enhancing its biodegradability, breathability, customer 

comfort, appearance, shape stability, mechanical integrity, flexibility, tear and 

wear resistance, and cost-effectiveness. Additionally, this research also promoted 

trial fabrication of Kombucha leather by other polymer and cellulose sources, 

notably from leaves, rice husks, banana fibers, and coconut fibers. It is necessary 

to continue to perform some further test about the influence of particle size of 

cellulose powder, or the affection of compression force on the properties of 

Kombucha leather.



 

 

ACKNOWLEDGEMENT 

 

This dissertation is the outcome of a wonderful doctoral study journey with 

numerous learning and research opportunities. I would like to express my 

heartfelt thanks to all of those who joined me and who help me to complete this 

journey so valuable. 

First of all, I would like to present the most honest gratitude to my supervisor, 

Assoc. prof. Nabanita Saha, and my consultant, Prof. Ing. Petr Sáha. Without 

their support, patience, and encouragement, my thesis would have never been 

completed. Their close instructions and supervision have been of critical 

importance for me to pass plentiful difficulties and stay on track during the whole 

process. They provided the best conditions for me to continuously develop, learn, 

research, execute my plans, and were always there at the critical junctions of my 

research. Their guidances are always extremely valuable in furthering myself as 

a science researcher. 

I would like to express my deep thanks to Dr. Fahanwi Asabuwa Ngwabebhoh 

and Dr. Smarak Bandyopadhyay, “my best brothers” at The Centre of Polymer 

Systems (CPS), Tomas Bata University in Zlin (TBU). They gave me their best 

experience and research skills for biomaterial fabrication, testing, and analysis. 

Their support and advice play an important role for me to finish my problems in 

the learning, research, and living in Czech Republic. 

My sincere gratitudes go to Prof. Vladimír Sedlařík, Prof. Ivo Kuřitka, Dr. 

Nibedita Saha, Dr. Oyunchimeg Zandraa, Dr. Haojie Fei, Dr. Probal Basu, Mr. 

Michal Studeny, Dr. Rahul Patwa, Dr. Martina Pummerová, Miss. Klára 

Sedláková, Miss. Martina Dostálová, the Scientists, Teachers, Members and 

Students of CPS and UTB. They are great sources of support and inspiration 

wherever I come across any trouble both in the study and life.  



 

 

My sincere thank to Prof. Alina Sionkowska and Prof. Katarzyna 

Lewandowska, who gave me an opportunity to traineeship, and then, directly 

guided me in biomaterial research at their laboratories of the Faculty of Chemistry 

of Nicolaus Copernicus University in Torun, Poland. 

I also want to express my deep thanks to Tomas Bata University in Zlin (TBU) 

for providing me with the necessary infrastructure, scholarship, and additional 

financial support which allowed me to concentrate on learning and research. I 

would like to bestride my sincere thanks to Kromilk A.S, Kromeriz, Pivovar 

Malenovice, Zlin, and Bata shoe company in Dolni, Czech Republic for giving 

me the necessary samples for my research investigation to complete the doctoral 

thesis work.  

My deep gratitude is to express to Industrial University of Ho Chi Minh City 

(IUH), Vietnam, and my colleagues at Institute of Biotechnology and Food 

Technology (IBF) for giving me opportunity to pursue my doctoral study at TBU 

in Zlin, Czech Republic. I would also prefer sincere thanks to the Teachers of my 

previous schools and universities. 

My family deserves plentiful special words of thanks. The Parent's and family 

members increasing teaching and support have been providing me with a compact 

ground creating great peace of my mind in the present and further life. I am deeply 

indebted for that noble sacrifice. Ultimately, I would like to indicate my heartfelt 

gratitude to my wife, Lê Trầm Nghĩa Thư, for her conscientiousness in taking 

care of the family during my doctoral study period to uplift my educational 

qualification. She is always standing beside me and providing me with the 

necessary support to overcome all challenges. My profound thanks also go to my 

two little angels, Nguyễn Lê Thảo Nguyên (my daughter) and Nguyễn Trung 

Nghĩa (my son). Their smiles are precious motivation and light candles, which 

lead me through this tough but exciting and extremely valuable journey to reach 

the goal. 



 

 

REFERENCES 

1. M. Meyer, S. Dietrich, H. Schulz, A. Mondschein, Comparison of the technical 

performance of leather, artificial leather, and trendy alternatives. Coatings, 2021. 

11(2) 226, 2-14. 

2. Y.Y. Wang, M.H. Zheng, X.H. Liu, O. Yue, X.C.A. Wang, H.E. Jiang, Advanced 

collagen nanofibers-based functional bio-composites for high-value utilization of 

leather: A review. Journal of Science-Advanced Materials and Devices, 2021. 6(2), 

153-166. 

3. C. Liu, X.L. Wang, X. Huang, X.P. Liao, B. Shi, Absorption and reflection 

contributions to the high performance of electromagnetic waves shielding materials 

fabricated by compositing leather matrix with metal nanoparticles. Acs Applied 

Materials and Interfaces, 2018. 10(16), 14036-14044. 

4. X.L. Wang, Y. Tang, Y.P. Wang, L. Ke, X.X. Ye, X. Huang, B. Shi, Leather enabled 

multifunctional thermal camouflage armor. Chemical Engineering Science, 2019. 196, 

64-71. 

5. S. Dixit, A. Yadav, P.D. Dwivedi, M. Das, Toxic hazards of leather industry and 

technologies to combat threat: a review. Journal of Cleaner Production, 2015. 87, 39-

49. 

6. L. Muthukrishnan, Nanotechnology for cleaner leather production: a review. 

Environmental Chemistry Letters, 2021. 19(3), 2527-2549. 

7. M. Parisi, A. Nanni, M. Colonna, Recycling of chrome-tanned leather and its utilization 

as polymeric materials and in polymer-based composites: a review. Polymers, 2021. 

13(3), 1-23. 

8. K. Karuppiah, B. Sankaranarayanan, S.M. Ali, C. Jabbour, R.K.A. Bhalaji, Inhibitors 

to circular economy practices in the leather industry using an integrated approach: 

Implications for sustainable development goals in emerging economies. Sustainable 

Production and Consumption, 2021. 27, 1554-1568. 

9. M.G. Arellano-Sanchez, C. Devouge-Boyer, M. Hubert-Roux, C. Afonso, M. Mignot, 

Chromium determination in leather and other matrices: a review. Critical Reviews in 

Analytical Chemistry, 2021, 1-20. 

10. V.V. Kopp, C.B. Agustini, M. Gutterres, Z. dos Santos,  Nanomaterials to help eco-

friendly leather processing. Environmental Science and Pollution Research, 2021. 28, 

1-10. 

11. K. Chojnacka, Skrzypczak, K. Mikula, A. Witek-Krowiak, G. Izydorczyk, K. 

Kuligowski, P. Bandrow, M. Kulazynski, Progress in sustainable technologies of 

leather wastes valorization as solutions for the circular economy, Journal of Cleaner 

Production, 2021,  313, 127902, 1-12. 

12. V.J. Sundar, J.R. Rao, C. Muralidharan, A.B. Mandal,  Recovery and utilization of 

chromium-tanned proteinous wastes of leather making: a review. Critical Reviews in 

Environmental Science and Technology, 2011. 41(22), 2048-2075. 

13. J. Kanagaraj, R.C. Panda, M.V. Kumar, Trends and advancements in sustainable 

leather processing: Future directions and challenges-A review. Journal of 

Environmental Chemical Engineering, 2020. 8(5), 104379, 1-13. 

14. A. Yuvaraj, N. Karmegam, B. Ravindran, S.W. Chang, M.K. Awasthi, S. Kannan, R. 

Thangaraj, Recycling of leather industrial sludge through vermitechnology for a 

cleaner environment-A review, Industrial Crops & Products. 2018, 155, 112791, 1-13. 

15. J. Hildebrandt, D. Thran, A. Bezama, The circularity of potential bio-textile production 

routes: Comparing life cycle impacts of bio-based materials used within the 



 

 

manufacturing of selected leather substitutes. Journal of Cleaner Production, 2021. 287, 

125470, 1-14. 

16. E. Kilic, Q. Tarres, M. Delgado-Aguilar, X. Espinach, P. Fullana-I-Palmer, R. Puig, 

Leather waste to enhance mechanical performance of high-density polyethylene. 

Polymers, 2020. 12(9), 1-15. 

17. W.J. Deng, D.H. Chen, M.H. Huang, J. Hu, L. Chen, Carbon dioxide deliming in 

leather production: a literature review. Journal of Cleaner Production, 2015. 87, 26-

38. 

18. O. Omoloso, K. Mortimer, W.R. Wise, L. Jraisat, Sustainability research in the leather 

industry: A critical review of progress and opportunities for future research. Journal of 

Cleaner Production, 2021. 285, 125441, 1-11. 

19. F.A. Ngwabebhoh, N. Saha, T. Saha, P. Saha, Bio-innovation of new-generation 

nonwoven natural fibrous materials for the footwear industry: Current state-of-the-art 

and sustainability panorama. Journal of Natural Fibers, 2021, 1-12. 

20. M. Fernandes, A.P. Souto, F. Dourado, M. Gama, Application of bacterial cellulose in 

the textile and shoe industry: development of biocomposites. 2021. 2(3), 566-581. 

21. Y.H. Choi, K.H. Lee, Ethical consumers' awareness of vegan materials: focused on 

fake fur and fake leather. Sustainability, 2021. 13(1), 1-16. 

22. J M. Jones, A. Gandia, S. John, A. Bismarck, Leather-like material biofabrication using 

fungi. Nature Sustainability, 2021. 4(1), 9-16. 

23. J. Xiang, L. Ma, H. Su, J.J. Xiong, K.J. Li, Q.F. Xia, G.Y. Liu, Layer-by-layer assembly 

of antibacterial composite coating for leather with cross-link enhanced durability 

against laundry and abrasion. Applied Surface Science, 2018. 458, 978-987. 

24. N. Ariram, B. Madhan, Development of bio-acceptable leather using bagasse. Journal 

of Cleaner Production, 2020, 250, 1-11. 

25. C. Garcia, M.A. Prieto, Bacterial cellulose as a potential bioleather substitute for the 

footwear industry. Microbial Biotechnology, 2019. 12(4),  582-585. 

26. F.A. Ngwabebhoh, N. Saha, H.T. Nguyen, U.V. Brodnjak, T. Saha, A. Lengalova, P. 

Saha, Preparation and characterization of nonwoven fibrous biocomposites for 

footwear components. 2020. 12(12), 1-18. 

27. C. Nam, Y.A. Lee, Multilayered Cellulosic material as a leather alternative in the 

footwear industry. Clothing and Textiles Research Journal, 2019. 37(1), 20-34. 

28. H.T. Nguyen, F.A. Ngwabebhoh, N. Saha, O. Zandraa, T. Saha, P. Saha, Development 

of novel biocomposites based on the clean production of microbial cellulose from dairy 

waste (sour whey). Journal of Applied Polymer Science, 2022. 139(1), 1-15. 

29. K. Kaminski, M. Jarosz, J. Grudzien, J. Pawlik, F. Zastawnik, P. Pandyra, A.M. 

Kolodziejczyk, Hydrogel bacterial cellulose: a path to improved materials for new eco-

friendly textiles. Cellulose, 2020. 27(9), 5353-5365. 

30. H. Luo, G. Xiong, Z. Yang, S.R. Raman, H. Si, Y.J.R.a. Wan, A novel three-

dimensional graphene/bacterial cellulose nanocomposite prepared by in situ 

biosynthesis. 2014. 4(28), 14369-14372. 

31. H.T. Nguyen, N. Saha, F.A. Ngwabebhoh, O. Zandraa, T. Saha, P. Saha, Kombucha-

derived bacterial cellulose from diverse wastes: a prudent leather alternative. 

Cellulose, 2021. 28(14), 9335-9353. 

32. M. Roman, A.P. Haring, T.J. Bertucio, The growing merits and dwindling limitations 

of bacterial cellulose-based tissue engineering scaffolds. Current Opinion in Chemical 

Engineering, 2019. 24, 98-106. 



 

 

33. S.A. Villarreal-Soto, S. Beaufort, J. Bouajila, J.P. Souchard, P. Taillandier, 

Understanding kombucha tea fermentation: a review. Journal of Food Science, 2018. 

83(3), 580-588. 

34. W.D. Jang, J.H. Hwang, H.U. Kim, J.Y. Ryu, S.J. Lee, Bacterial cellulose as an 

example product for sustainable production and consumption. Microbial 

Biotechnology, 2017. 10(5), 1181-1185. 

35. A. Mensah, Y. Chen, N. Christopher, Q. Wei, Membrane technological pathways and 

inherent structure of bacterial cellulose composites for drug delivery. Bioengineering-

Basel, 2022. 9(1), 1-36. 

36. P R. Portela, C.R. Leal, P.L. Almeida, R.G. Sobral, Bacterial cellulose: a versatile 

biopolymer for wound dressing applications. Microbial Biotechnology, 2019. 12(4), 

586-610. 

37. S.E. Lee, Y.S. Park, The role of bacterial cellulose in artificial blood vessels. Molecular 

and Cellular Toxicology, 2017. 13(3), 257-261. 

38. L. Lamboni, C. Xu, J. Clasohm, J. Yang, M. Saumer, K.-H. Schäfer, G.S. Yang, Silk 

sericin-enhanced microstructured bacterial cellulose as tissue engineering scaffold 

towards prospective gut repair. 2019. 102, 502-510. 

39. F. Picheth, C.L. Pirich, M.R. Sierakowski, M.A. Woehl, C.N. Sakakibara, C.F. de 

Souza, A.A. Martin, R. da Silva, R.A. de Freitas, Bacterial cellulose in biomedical 

applications: A review. International Journal of Biological Macromolecules, 2017. 104, 

97-106. 

40. T. Carvalho, G. Guedes, F.L. Sousa, C. S. R. Freire, H.  A. Santos, Latest advances on 

bacterial cellulose-based materials for wound healing, delivery systems, and tissue 

engineering. Biotechnology Journal, 2019. 14(12), 1-19. 

41. R.R. McCarthy, M.W. Ullah, P. Booth, E. Pei, G. Yang, The use of bacterial 

polysaccharides in bioprinting. Biotechnology Advances, 2019. 37(8), 1-14. 

42. R.T. Bianchet, A.L.V. Cubas, M.M. Machado, E.H. Moecke, Applicability of bacterial 

cellulose in cosmetics–bibliometric review. Biotechnology Reports, 2020,  27, 1-6. 

43. S.M. Yim, J.E. Song, H.R. Kim, Production and characterization of bacterial cellulose 

fabrics by nitrogen sources of tea and carbon sources of sugar. Process Biochemistry, 

2017. 59, 26-36. 

44. F M. Fernandes, M. Gama, F. Dourado, A.P. Souto, Development of novel bacterial 

cellulose composites for the textile and shoe industry. Microbial Biotechnology, 2019. 

12(4), 650-661. 

45. M. Skocaj, Bacterial nanocellulose in papermaking. Cellulose, 2019. 26(11), 6477-

6488. 

46. J.H. Xing, P. Tao, Z.M. Wu, C.Y. Xing, X.P. Liao, S.X. Nie,  Nanocellulose-graphene 

composites: A promising nanomaterial for flexible supercapacitors. Carbohydrate 

Polymers, 2019. 207, 447-459. 

47. R. Brandes, E.C.A. Trindade, D.F. Vanin, V.M.M. Vargas, C.A. Carminatti, H.A. Al-

Qureshi, D.O.S. Recouvreux, Spherical bacterial cellulose/TiO2 nanocomposite with 

potential application in contaminants removal from wastewater by photocatalysis. 

Fibers and Polymers, 2018. 19(9), 1861-1868. 

48. R. Patwa, N. Saha, P. Saha, V. Katiyar, Biocomposites of poly(lactic acid) and lactic 

acid oligomer-grafted bacterial cellulose: It's preparation and characterization. 

Journal of Applied Polymer Science, 2019. 136(35), 1- 13. 

49. S. Bandyopadhyay, N. Saha, O. Zandraa, M. Pummerová, P. Sáha,  Essential oil based 

PVP-CMC-BC-GG functional hydrogel sachet for ‘cheese’: its shelf life confirmed with 

anthocyanin (Isolated from red cabbage) bio stickers. 2020. 9(3): 1-20. 



 

 

50. A. Ashrafi, M. Jokar, A.M. Nafchi, Preparation and characterization of biocomposite 

film based on chitosan and kombucha tea as active food packaging. International 

Journal of Biological Macromolecules, 2018. 108, 444-454. 

51. S.A. Villarreal‐Soto, J. Bouajila, S. Beaufort, D. Bonneaud, J. Souchard, P. Taillandier, 

Physicochemical properties of bacterial cellulose obtained from different Kombucha 

fermentation conditions. Journal of Vinyl and Additive Technology, 2020, 183-190. 

52. P. Semjonovs, M.Ruklisha, L. Paegle, M. Saka, R. Treimane, M. Skute, L. Rozenberga, 

L. Vikele, M. Sabovics, I. Cleenwerck, Cellulose synthesis by Komagataeibacter 

rhaeticus strain P 1463 isolated from Kombucha. Applied Microbiology and 

Biotechnology, 2017. 101(3), 1003-1012. 

53. M. Salari, M.S. Khiabani, R.R. Mokarram, B. Ghanbarzadeh, H.S. Kafil,  Preparation 

and characterization of cellulose nanocrystals from bacterial cellulose produced in 

sugar beet molasses and cheese whey media. International Journal of Biological 

Macromolecules, 2019. 122, 280-288. 

54. K.G. Kanuric, S.D. Milanovic, B.B. Ikonic, E.S. Loncar, M.D. Ilicic, V.R. Vukic, D.V. 

Vukic, Kinetics of lactose fermentation in milk with kombucha starter. Journal of Food 

and Drug Analysis, 2018. 26(4), 1229-1234. 

55. A.E. Pure, S.M.G. Mofidi, F. Keyghobadi, M.E. Pure, Chemical composition of garlic 

fermented in red grape vinegar and kombucha. Journal of Functional Foods, 2017. 34, 

347-355. 

56. J.S. Vitas, A.D. Cvetanovic, P.Z. Maskovic, J.V. Svarc-Gajic, R.V. Malbasa, Chemical 

composition and biological activity of novel types of kombucha beverages with yarrow. 

Journal of Functional Foods, 2018. 44, 95-102. 

57. B.D. Vazquez-Cabral, M. Larrosa-Perez, J.A. Gallegos-Infante, M.R. Moreno-Jimenez, 

R.F. Gonzalez-Laredo, J.G. Rutiaga-Quinones, C.I. Gamboa-Gomez, N.E. Rocha-

Guzman, Oak kombucha protects against oxidative stress and inflammatory processes. 

Chemico-Biological Interactions, 2017. 272, 1-9. 

58. M.I. Watawana, N. Jayawardena, C.B. Gunawardhana, V.Y. Waisundara, 

Enhancement of the antioxidant and starch hydrolase inhibitory activities of king 

coconut water (Cocos nucifera var. aurantiaca) by fermentation with kombucha 'tea 

fungus'. International Journal of Food Science and Technology, 2016. 51(2), 490-498. 

59. E. Utoiu, F. Matei, A. Toma, C.F. Diguta, L.M. Stefan, S. Manoiu, V.V. Vrajmasu, I. 

Moraru, A. Oancea, F. Israel-Roming, C.P. Cornea, D. Constantinescu-Aruxandei, A. 

Moraru, F. Oancea, Bee collected pollen with enhanced health benefits, produced by 

fermentation with a kombucha consortium. Nutrients, 2018. 10(10), 1-24. 

60. H. Azeredo, H. Barud, C.S. Farinas, V.M. Vasconcellos, A.M. Claro,  Bacterial 

cellulose as a raw material for food and food packaging applications. Frontiers in 

Sustainable Food Systems, 2019. 3, 1-7. 

61. J.M. Leal, L.V. Suarez, R. Jayabalan, J.H. Oros, A. Escalante-Aburto, A review on 

health benefits of kombucha nutritional compounds and metabolites. Cyta-Journal of 

Food, 2018. 16(1), 390-399.. 

62. N . Neffe-Skocinska, B. Sionek, I. Scibisz, D. Kolozyn-Krajewska, Acid contents and 

the effect of fermentation condition of Kombucha tea beverages on physicochemical, 

microbiological and sensory properties. Cyta-Journal of Food, 2017. 15(4), 601-607. 

63. O. Podolich, I. Zaets, O. Kukharenko, I. Orlovska, O. Reva, L. Khirunenko, M. Sosnin, 

A. Haidak, S. Shpylova, I. Rohutskyy, A. Kharina, M. Skoryk, M. Kremenskoy, D. 

Klymchuk, R. Demets, J.P. de Vera, N. Kozyrovska, The first space-related study of a 

kombucha multimicrobial cellulose-forming community: preparatory laboratory 

experiments. Origins of Life and Evolution of Biospheres, 2017. 47(2), 169-185. 



 

 

64. F. Esa, S.M. Tasirin, N.J.A. Abd Rahman, A.S. Procedia, Overview of bacterial 

cellulose production and application. 2014. 2, 113-119 

65. R.M.D. Coelho, A.L. de Almeida, R.Q.G. do Amaral, R.N. da Mota, P.H.M. de Sousa, 

Kombucha: Review. International Journal of Gastronomy and Food Science, 2020. 22, 

1-12. 

66. A.J. Marsh, O. O'Sullivan, C. Hill, R.P. Ross, P.D. Cotter,  Sequence-based analysis of 

the bacterial and fungal compositions of multiple kombucha (tea fungus) samples. Food 

Microbiology, 2014. 38, 171-178. 

67. E. Bilgi, E. Bayir, A. Sendemir-Urkmez, E.E. Hames, Optimization of bacterial 

cellulose production by Gluconacetobacter xylinus using carob and haricot bean. 

International Journal of Biological Macromolecules, 2016. 90, 2-10. 

68. C. Rodrigues, A.I. Fontao, A. Coelho, M. Leal, F. da Silva, Y.Z. Wan, F. Dourado, M. 

Gama, Response surface statistical optimization of bacterial nanocellulose 

fermentation in static culture using a low-cost medium. New Biotechnology, 2019. 49, 

19-27. 

69. V. Kumar, D.K. Sharma, P.P. Sandhu, J. Jadaun, R.S. Sangwan, S.K. Yadav, 

Sustainable process for the production of cellulose by an Acetobacter pasteurianus 

RSV-4 (MTCC 25117) on whey medium. Cellulose, 2021. 28(1), 103-116. 

70. A.O. Aytekin, D.D. Demirbag, T. Bayrakdar, The statistical optimization of bacterial 

cellulose production via semi-continuous operation mode. Journal of Industrial and 

Engineering Chemistry, 2016. 37, 243-250. 

71. M. Ul Islam, M.W. Ullah, S. Khan, N. Shah, J.K. Park, Strategies for cost-effective and 

enhanced production of bacterial cellulose. International Journal of Biological 

Macromolecules, 2017. 102, 1166-1173. 

72. A.F.S. Costa, F.C.G. Almeida, G.M. Vinhas, L.A. Sarubbo,  Production of bacterial 

cellulose by gluconacetobacter hansenii using corn steep liquor as nutrient sources. 

Frontiers in Microbiology, 2017. 8, 1-12. 

73. F. Jahan, V. Kumar, R.K. Saxena, Distillery effluent as a potential medium for bacterial 

cellulose production: A biopolymer of great commercial importance. Bioresource 

Technology, 2018. 250, 922-926. 

74. M. Ul-Islam, M.W. Ullah, S. Khan, J.K. Park,  Production of bacterial cellulose from 

alternative cheap and waste resources: A step for cost reduction with positive 

environmental aspects. Korean Journal of Chemical Engineering, 2020. 37(6), 925-937. 

75. Z. Hussain, W. Sajjad, T. Khan, F. Wahid,  Production of bacterial cellulose from 

industrial wastes: a review. Cellulose, 2019. 26(5), 2895-2911. 

76. A.F. Jozala, R.A.N. Pertile, C.A. dos Santos, V.D. Santos-Ebinuma, M.M. Seckler, 

F.M. Gama, A. Pessoa, Bacterial cellulose production by Gluconacetobacter xylinus 

by employing alternative culture media. Applied Microbiology and Biotechnology, 

2015. 99(3), 1181-1190. 

77. A. Rastogi, R. Banerjee, Statistical optimization of bacterial cellulose production by 

Leifsonia soli and its physico-chemical characterization. Process Biochemistry, 2020. 

91, 297-302. 

78. S. Barshan, M. Rezazadeh-Bari, H. Almasi, S. Amiri, Optimization and 

characterization of bacterial cellulose produced by Komagatacibacter xylinus PTCC 

1734 using vinasse as a cheap cultivation medium. International Journal of Biological 

Macromolecules, 2019. 136, 1188-1195. 

79. M. Abdelraof, M.S. Hasanin, H. El-Saied, Ecofriendly green conversion of potato peel 

wastes to high productivity bacterial cellulose. Carbohydrate Polymers, 2019. 211, 75-

83. 



 

 

80. R. Anusuya, R. Anandham, K. Kumutha, G. Gayathry, V. Mageshwaran, S. Uthandi,  

Characterization and optimization of bacterial cellulose produced by Acetobacter spp. 

2020. 41(2), 207-215. 

81. I.D.A. Fernandes, A.C. Pedro, V.R. Ribeiro, D.G. Bortolini, M.S.C. Ozaki, G.M. 

Maciel, C.W.I. Haminiuk,  Bacterial cellulose: From production optimization to new 

applications. International Journal of Biological Macromolecules, 2020. 164, 2598-

2611. 

82. D. Andriani, A.Y. Apriyana, M.J.C. Karina, The optimization of bacterial cellulose 

production and its applications: A review. 2020. 9, 1-20. 

83. R.P. Du, Y. Wang, F.K. Zhao, X.X. Qiao, Q.Z. Song, S.Y. Li, R.C. Kim, L. Pan, Y. 

Han, H.Z. Xiao, Z.J. Zhou, Production, optimization and partial characterization of 

bacterial cellulose from Gluconacetobacter xylinus TJU-D2. Waste and Biomass 

Valorization, 2020. 11(5), 1681-1690. 

84. Y. Raiszadeh-Jahromi, M. Rezazadeh-Bari, H. Almasi, S. Amiri, Optimization of 

bacterial cellulose production by Komagataeibacter xylinus PTCC 1734 in a low-cost 

medium using optimal combined design. Journal of Food Science and Technology-

Mysore, 2020. 57(7), 2524-2533. 

85. Z.K. Bagewadi, V. Dsouza, S.I. Mulla, S.H. Deshpande, U.M. Muddapur, D.A. 

Yaraguppi, V.D. Reddy, J.S. Bhavikatti, S.S. More, Structural and functional 

characterization of bacterial cellulose from Enterobacter hormaechei subsp. 

steigerwaltii strain ZKE7. Cellulose, 2020. 27(16), 9181-9199. 

86. K. Aswini, N. Gopal, S. Uthandi, Optimized culture conditions for bacterial cellulose 

production by Acetobacter senegalensis MA1. BMC Biotechnology, 2020. 20(1) 1-16. 

87. S.P. Santoso, C.C. Chou, S.P. Lin, F.E. Soetaredjo, S. Ismadji, C.W. Hsieh, K.C. 

Cheng,  Enhanced production of bacterial cellulose by Komactobacter intermedius 

using statistical modeling. Cellulose, 2020. 27(5), 2497-2509. 

88. A. Bekatorou, I. Plioni, K. Sparou, R. Maroutsiou, P. Tsafrakidou, T. Petsi, E. Kordouli,  

Bacterial cellulose production using the corinthian currant finishing side-stream and 

cheese whey: process optimization and textural characterization. Foods, 2019. 8(6), 1-

14. 

89. C.G. Eggensperger, M. Giagnorio, M.C. Holland, K.M. Dobosz, J.D. Schiffman, A. 

Tiraferri, K.R. Zodrow, Sustainable Living Filtration Membranes. Environmental 

Science and Technology Letters, 2020. 7(3), 213-218. 

90. N. Nirmal, M.N. Pillay, M. Mariola, F. Petruccione, W.E. van Zyl, Formation of 

dialysis-free Kombucha-based bacterial nanocellulose embedded in a polypyrrole/PVA 

composite for bulk conductivity measurements. RSC Advances, 2020. 10(46) 27585-

27597. 

91. A.P. Provin, V.O. dos Reis, S.E. Hilesheim, R.T. Bianchet, A.R.D. Dutra, A.L.V. 

Cubas, Use of bacterial cellulose in the textile industry and the wettability challenge-a 

review. Cellulose, 2021. 28(13), 8255-8274. 

92. S. Goncalves, I.P. Rodrigues, J. Padrão, J.P. Silva, V. Sencadas, S. Lanceros-Mendez, 

H. Girão, F.M. Gama, F. Dourado, L.R. Rodrigues, S.B. Biointerfaces,  Acetylated 

bacterial cellulose coated with urinary bladder matrix as a substrate for retinal 

pigment epithelium. Cellulose, 2016. 139, 1-9. 

93. A.G. Cunha, Q. Zhou, P.T. Larsson, L.A. Berglund, Topochemical acetylation of 

cellulose nanopaper structures for biocomposites: mechanisms for reduced water 

vapour sorption. Cellulose, 2014. 21(4), 2773-2787. 

94. J.A. Ramírez, C.J. Suriano, P. Cerrutti, M.L. Foresti, Surface esterification of cellulose 

nanofibers by a simple organocatalytic methodology. Cellulose, 2014. 114, 416-423. 



 

 

95. W. Shao, J.M. Wu, H. Liu, S. Ye, L. Jiang, X.F. Liu, Novel bioactive surface 

functionalization of bacterial cellulose membrane. Carbohydrate Polymers, 2017. 178, 

270-276 

96. S. Taokaew, M. Phisalaphong, Modification of bacterial cellulose with organosilanes 

to improve attachment and spreading of human fibroblasts. Cellulose, 2015. 22(4) 

2311-2324. 

97. A.N. Frone, D.M. Panaitescu, I. Chiulan, C.A. Nicolae, A. Casarica, A.R. Gabor, R. 

Trusca, C.M. Damian, V. Purca, E. Alexandrescu, P.O. Stanescu, Surface treatment of 

bacterial cellulose in mild, eco-friendly conditions. Coatings, 2018. 8(6), 1-12. 

98. M. Krishnamurthy, N.P. Lobo, D. Samanta, Improved hydrophobicity of a bacterial 

cellulose surface: click chemistry in action. Acs Biomaterials Science and Engineering, 

2020. 6(2), 879-888. 

99. Y.E. Feng, X.P. Liao, Y.N. Wang, B. Shi,  Improvement in leather surface 

hydrophobicity through low-pressure cold plasma polymerization. Journal of the 

American Leather Chemists Association, 2014. 109(3), 89-95. 

100. X. Huang, X. Kong, Y.W. Cui, X.X. Ye, X.L. Wang, B. Shi, Durable superhydrophobic 

materials enabled by abrasion-triggered roughness regeneration. Chemical 

Engineering Journal, 2018. 336, 633-639. 

101. B.K. Kayaoglu, E. Ozturk, F.S. Guner, T. Uyar, Improving hydrophobicity on 

polyurethane-based synthetic leather through plasma polymerization for easy care 

effect. Journal of Coatings Technology and Research, 2013. 10(4), 549-558. 

102. S.A. Laaziz, M. Raji, E. Hilali, H. Essabir, D. Rodrigue, R. Bouhfid, A.E. Qaiss, Bio-

composites based on polylactic acid and argan nut shell: Production and properties. 

International Journal of Biological Macromolecules, 2017. 104, 30-42. 

103. R.V. Gadhave, P.A. Mahanwar, P.T. Gadekar, Bio-renewable sources for synthesis of 

eco-friendly polyurethane adhesives. Open Journal of Polymer Chemistry, 2017 7(4), 

1-7. 

104. S. Sahoo, S. Mohanty, and S.K. Nayak, Biobased polyurethane adhesive over 

petroleum based adhesive: Use of renewable resource. Journal of Macromolecular 

Science Part a-Pure and Applied Chemistry, 2018. 55(1), 36-48. 

105. S.Q. Tian, Recent advances in functional polyurethane and its application in leather 

manufacture: a review. Polymers, 2020. 12(9), 1-16. 

106. A. Noreen, K.M. Zia, M. Zuber, S. Tabasum, A.F. Zahoor,  Bio-based polyurethane: 

An efficient and environment friendly coating systems: A review. Progress in Organic 

Coatings, 2016. 91, 25-32. 

107. P. Parcheta, J. Datta, Environmental impact and industrial development of 

biorenewable resources for polyurethanes. Critical Reviews in Environmental Science 

and Technology, 2017. 47(20), 1986-2016. 

108. S.L. Lu, Y.C. Feng, P.K. Zhang, W. Hong, Y. Chen, H.J. Fan, D.S. Yu, X.D. Chen, 

Preparation of flame-retardant polyurethane and its applications in the leather 

industry. Polymers, 2021. 13(11), 1-22. 

109. J.J. Li, W. Zheng, W.B. Zeng, D.Q. Zhang, X.H. Peng, Structure, properties and 

application of a novel low-glossed waterborne polyurethane. Applied Surface Science, 

2014. 307, 255-262. 

110. B. Liu, Y. Li, Q. Wang, S.J.C.S. Bai, Green fabrication of leather solid 

waste/thermoplastic polyurethanes composite: Physically de-bundling effect of solid-

state shear milling on collagen bundles. Composites Science and Technology, 2019. 

181, 107674. 



 

 

111. J. Joseph, R.M. Patel, A. Wenham, J.R. Smith, Biomedical applications of polyurethane 

materials and coatings. Transactions of the Institute of Metal Finishing, 2018. 96(3), 

121-129. 

112. P.A. Gunatillake, L.S. Dandeniyage, R. Adhikari, M. Bown, R. Shanks, B. Adhikari,  

Advancements in the development of biostable polyurethanes. polymer reviews, 

arbohydrate Polymers, 2019. 59(3), 391-417. 

113. B.B. Zhao, Y. Qian, X.M. Qian, J.T. Fan, F. Liu, Y.C. Duo, Preparation and properties 

of split microfiber synthetic leather. Journal of Engineered Fibers and Fabrics, 2018. 

13(2), 15-21. 

114. K. Hamad, M. Kaseem, H.W. Yang, F. Deri, Y.G. Ko, Properties and medical 

applications of polylactic acid: A review. Express Polymer Letters, 2015. 9(5), 435-

455. 

115. X. Qi, Y.W. Ren, X.Z. Wang, New advances in the biodegradation of Poly(lactic) acid. 

International Biodeterioration and Biodegradation, 2017. 117, 215-223. 

116. A. Djukic-Vukovic, D. Mladenovic, J. Ivanovic, J. Pejin, L. Mojovic, Towards 

sustainability of lactic acid and poly-lactic acid polymers production. Renewable and 

Sustainable Energy Reviews, 2019. 108, 238-252. 

117. J. Pretula, S. Slomkowski, S. Penczek, Polylactides-Methods of synthesis and 

characterization. Advanced Drug Delivery Reviews, 2016. 107, 3-16. 

118. J.J. Blaker, K.-Y. Lee, M. Walters, M. Drouet, A.J.R. Bismarck, Aligned unidirectional 

PLA/bacterial cellulose nanocomposite fibre reinforced PDLLA composites. Polymers, 

2014. 85, 185-192. 

119. K. Oluwabunmi, N.A. D'Souza, W.H. Zhao, T.Y. Choi, T. Theyson, Compostable, fully 

biobased foams using PLA and micro cellulose for zero energy buildings. Scientific 

Reports, 2020. 10(1), 1-20. 

120. X. Zhang, E. Koranteng, Z.S. Wu, Q.X. Wu, Structure and properties of polylactide 

toughened by polyurethane prepolymer. Journal of Applied Polymer Science, 2016. 

133(7), 1-16. 

121. X.P. Zhao, Z. Ding, Q. Lin, S.X. Peng, P.F. Fang, Toughening of polylactide via in situ 

formation of polyurethane crosslinked elastomer during reactive blending. Journal of 

Applied Polymer Science, 2017. 134(2), 1-6. 

122. P. Mandal, R. Shunmugam, Polycaprolactone: a biodegradable polymer with its 

application in the field of self-assembly study. Journal of Macromolecular Science Part 

a-Pure and Applied Chemistry, 2021. 58(2), 111-129. 

123. M. Bartnikowski, T.R. Dargaville, S. Ivanovski, D.W. Hutmacher, Degradation 

mechanisms of polycaprolactone in the context of chemistry, geometry and 

environment. Progress in Polymer Science, 2019. 96, 1-20. 

124. M. Thakur, I. Majid, S. Hussain, V. Nanda, Poly (ε‐caprolactone): A potential polymer 

for biodegradable food packaging applications. Packaging Technology and Science, 

2021, 34, 449–461. 

125. A.R. Kakroodi, Y. Kazemi, D. Rodrigue, C.B. Park, Facile production of 

biodegradable PCL/PLA in situ nanofibrillar composites with unprecedented 

compatibility between the blend components. Chemical Engineering journal, 2018. 351, 

976-984. 

126. S. Joseph, T.S. Ambone, A.V. Salvekar, S.N. Jaisankar, P. Saravanan, E. 

Deenadayalan, Processing and characterization of waste leather based 

polycaprolactone biocomposites. Polymer Composites, 2017. 38(12), 2889-2897. 



 

 

127. N. I. Akos, M.U. Wahit, R. Mohamed, A.A. Yussuf, Preparation, characterization, and 

mechanical properties of poly(epsilon-caprolactone)/polylactic acid blend composites. 

Polymer Composites, 2013. 34(5). 763-768. 

128. M.I. Baker, S.P. Walsh, Z. Schwartz, B.D. Boyan, A review of polyvinyl alcohol and its 

uses in cartilage and orthopedic applications. Journal of Biomedical Materials 

Research Part B-Applied Biomaterials, 2012. 100(5), 1451-1457. 

129. C.C. DeMerlis, D.R. Schoneker, Review of the oral toxicity of polyvinyl alcohol (PVA). 

Food and Chemical Toxicology, 2003. 41(3), 319-326. 

130. N. Rong, Z. Xu, S. Zhai, L. Zhou, J. Li, Directional, super‐hydrophobic cellulose 

nanofiber/polyvinyl alcohol/montmorillonite aerogels as green absorbents for 

oil/water separation. Nanobiotechnology, 2021. 15(1),135-146. 

131. S.R. Macwan, B.K. Dabhi, S. Parmar, K.. Aparnathi, Whey and its utilization. 

International Journal of Current Microbiology and Applied Sciences, 2016. 5(8), 134-

155. 

132. F. Rosa, Waste Generated by Food Industry and Reuse in A Circular Economy 

Approach: The Whey Processing. Con Dai and Vet Sci 2 (2)-2018. 132, 1-8. 

133. V. Revin, E. Liyaskina, M. Nazarkina, A. Bogatyreva, M. Shchankin, Cost-effective 

production of bacterial cellulose using acidic food industry by-products. Brazilian 

Journal of Microbiology, 2018. 49, 151-159. 

134. F. Shahidi, C. Alasalvar, Handbook of functional beverages and human health. Vol. 11. 

2016: CRC Press, 93-107. 

135. N.A. Sagar, S. Pareek, S. Sharma, E.M. Yahia, M. Lobo, Fruit and vegetable waste: 

Bioactive compounds, their extraction, and possible utilization, Comprehensive review 

in food science and safety, 2018. 17(3), 512-531. 

136. S. Bandyopadhyay, N. Saha, P. Saha, Characterization of bacterial cellulose produced 

using media containing waste apple juice. Applied Biochemistry, 2018. 54(6), 649-657. 

137. S.T. Cooray, J.J. Lee, W.N. Chen, Evaluation of brewers' spent grain as a novel media 

for yeast growth. Amb Express, 2017, 7, 1-10. 

138. K.M. Lynch, E.J. Steffen, E.K. Arendt, Brewers' spent grain: a review with an 

emphasis on food and health. International Journal of Biological Macromolecules, 

2016. 122(4), 553-568. 

139. J.D. Grave, Beer Statistics - 2018 Edition. 2018  6 September 2019]; Available from: 

https://brewersofeurope.org/site/media-

centre/index.php?doc_id=969&class_id=31&detail=true. 

140. M. Younesi, A. Akkus, O. Akkus, Microbially-derived nanofibrous cellulose polymer 

for connective tissue regeneration. Materials Science and Engineering C-Materials for 

Biological Applications, 2019. 99, 96-102. 

141. R.T.A. Machado, A. Biagiotti, M. Rafael, M. D. Faza, F. Selma G. Antonioc, J. 

Gutierrezde, A. Tercjakd, A. B. Sidney, J.L.R. Silmara, C.L. Wilton, R.L. Hernane, S. 

Barud, Komagataeibacter rhaeticus grown in sugarcane molasses-supplemented 

culture medium as a strategy for enhancing bacterial cellulose production. Industrial 

Crops and Products, 2018. 122, 637-646. 

142. K. Zhang, W.X. Feng, C.R. Jin, Protocol efficiently measuring the swelling rate of 

hydrogels. Methodsx, 2020, 7, 1-10. 

144. ISO 3376,“Leather–Physical and mechanical tests-Determination of tensile strength 

and percentage extention”. 2002. 

145. G160, Standard Practice for Evaluating Microbial susceptibility of nonmetallic 

materials by laboratory soil burial. in American Society for Testing and Materials. 

2003. 

https://brewersofeurope.org/site/media-centre/index.php?doc_id=969&class_id=31&detail=true
https://brewersofeurope.org/site/media-centre/index.php?doc_id=969&class_id=31&detail=true


 

 

146. Z. Yu, B. Li, J. Chu, P.J. Zhang, Silica in situ enhanced PVA/chitosan biodegradable 

films for food packages. Carbohydrate Polymers. 2018. 184, 214-220. 

  



 

 

LIST OF FIGURES AND TABLES 

Figure 1  Schematic of (a) graphene/BC was prepared by in situ self-assembly 

[30] and (b) KBC biosynthesis apply to bio-based composite as leather-like 

materials [31]. ....................................................................................................... 4 

Figure 2 Chemical structure of bacterial cellulose [35]. ....................................... 5 

Figure 3 Schematic of Kombucha fungus tea production [65]. ............................ 6 

Figure 4 Chemical structure of silane compounds. .............................................. 9 

 

Table 1. Compositions of formulated media for KBC production [31]. ............ 16 

Table 2. Experimental design for the optimization of KBC production [28]. .... 17 

Table 3. Corresponding volume depths of the fermentation mediums in large 

containers [28]. .................................................................................................... 19 

Table 4 Constituent components in the preparation of leather materials [28]. .. 21 

Table 5 The experimental design for the optimization of Kombucha leather 

preparation (unpublished work). ......................................................................... 23 

  



 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

3-D 3 dimensional 

APS 3-aminopropyltriethoxysilane 

ASTM  American standards testing methods 

BC  Bacterial cellulose 

CCD Charge coupled devices 

dH2O distilled water 

DCDMS Dimethyldichlorosilane  

DOE Design of experiment 

FTIR  Fourier transform-infrared spectroscopy 

HDS Hexadecyltrimethoxysilane  

HS Hestrin and Schramm medium 

IR Infrared radiation  

PCL Polycaprolactone 

PE Polyethylene 

PEG Polyethylene glycol 

PETA  People for the Ethical Treatment of Animals 

PP Polypropylene  

PLA Polylactic acid 

PS Polystyrene 

PVA Polyvinyl alcohol 

PVC  Polyvinyl chloride 



 

 

PU Polyurethane 

KBC Kombucha-derived bacterial cellulose 

SEM  Scanning electron microscope 

TGA  Thermogravimetric analysis 

THF Tetrahydrofuran 

VTS Vinyltriethoxysilane  

WAC  Water absorption capacity 

WHC  Water holding capacity 

XRD  X-ray diffraction  



 

 

LIST OF PUBLICATIONS RELATED TO DOCTORAL 

THESIS 

Publication I: 

Kombucha-derived bacterial cellulose from diverse wastes: a prudent leather 

alternative. Hau Trung Nguyen (40%). Nabanita Saha. Fahanwi Asabuwa 

Ngwabebhoh. Oyunchimeg Zandraa. Tomas Saha. Petr Saha. Cellulose, 

(2021), 28, 14, 9335-9353. doi.org/10.1007/s10570-021-04100-5, Q1, IF 

6.123. 

Publication II: 

Development of novel biocomposites based on the clean production of 

microbial cellulose from dairy waste (sour whey). Hau Trung Nguyen 

(40%), Fahanwi Asabuwa Ngwabebhoh, Nabanita Saha, Oyunchimeg 

Zandraa, Tomas Saha, Petr Saha. Journal of Applied Polymer Science, (2021), 

e51433. doi: 10.1002/app.51433, Q2, IF 3.057. 

Publication III: 

Preparation and characterization of nonwoven fibrous biocomposites for 

footwear components. Fahanwi Asabuwa Ngwabebhoh, Nabanita Saha, Hau 

Trung Nguyen (10%), Urška Vrabič Brodnjak, Tomas Saha, Anežka 

Lengalova, Petr Saha. Polymers, (2020), 12, 3061. 

doi:10.3390/polym1212301, Q1, IF 4.967. 

Publication IV: 

Silane modified Kombucha cellulose-based biocomposite leather-like mats: 

Preparation, optimization, and characterization. Hau Trung Nguyen (60%). 

Nabanita Saha. Fahanwi Asabuwa Ngwabebhoh. Oyunchimeg Zandraa. 



 

 

Tomas Saha. Petr Saha. Manuscript is submitted to Sustainable Materials and 

Technologies on 01/04/2022 (present status under review as on 20/08/2022). 

Publication V: 

Environmentally Friendly and Animal Free Leather: Fabrication and 

Characterization. Nabanita Saha, Fahanwi Asabuwa Ngwabebhoh, Hau 

Trung Nguyen (10%), Petr Saha. International Polymer Processing Society 

Europe - Africa 2019, Regional Conference, November 18 – 21, 2019, 

Pretoria, South Africa. AIP Conference Proceedings 2289, 020049 (2020); 

https://doi.org/10.1063/5.0028467. 

Publication VI:  

Leather material with improved ecological parameters. Utility model. CZ 

33149 U1. Fahanwi Asabuwa Ngwabebhoh, Nabanita Saha, Hau Trung 

Nguyen (10%), Tomas Saha, Petr Saha. Industrial Property Office, Czech 

Republic (2019). 

 

  

https://doi.org/10.1063/5.0028467


 

 

CURRICULUM VITAE 

Name Hau Trung Nguyen 

Date of birth 21th February 1981 

Place of birth Vinh Long province, Vietnam 

Permanent address 496, 30/4 Street, Rach Dua Ward, Vung Tau, Vietnam 

Affiliation Centre of Polymer system, University Institute, Tomas Bata 

University in Zlin, Nám. T. G. Masaryka 5678, 760 01 Zlín 

Telephone (+420) 774 347 758 

E-mail hnguyen@utb.cz 

Education 2018 – to date: Tomas Bata University in Zlin, Centre of 

Polymer system, University Institute, Ph.D. studies in 

Material Sciences and Engineering, Specialization: 

Biomaterials and Biocomposites  

2008 – 2011: University of Technology, Ho Chi Minh City – 

Ho Chi Minh City National University (Vietnam), Master`s 

degree in Biotechnology 

2000 – 2005: Ho Chi Minh City Open University (Vietnam), 

Bachelor`s degree in Biotechnology 

PROJECTS 

1. IGA/CPS/2019/009  

Production of Kombucha Leather using Waste Bioresources (Applicant). 

2. IGA/CPS/2020/005  

Optimization of fermentation process for the production of Kombucha 

Biomass Cellulose (KBC) using sour whey waste (Applicant). 

3. IGA/CPS/2021/002  

Preparation and characterization of nanocomposite systems (Member). 



 

 

LIST OF PUBLICATIONS (Based on Doctoral Thesis work) 

Impact factor journals 

1. Kombucha-derived bacterial cellulose from diverse wastes: a prudent 

leather alternative. Hau Trung Nguyen (40%). Nabanita Saha. Fahanwi 

Asabuwa Ngwabebhoh. Oyunchimeg Zandraa. Tomas Saha. Petr Saha. 

Cellulose, (2021), 28, 14, 9335-9353. doi.org/10.1007/s10570-021-04100-

5, Q1, IF 6.123. 

2. Development of novel biocomposites based on the clean production of 

microbial cellulose from dairy waste (sour whey). Hau Trung Nguyen 

(40%), Fahanwi Asabuwa Ngwabebhoh, Nabanita Saha, Oyunchimeg 

Zandraa, Tomas Saha, Petr Saha. Journal of Applied Polymer Science, 

(2021), e51433. doi: 10.1002/app.51433, Q2, IF 3.057. 

3. Preparation and characterization of nonwoven fibrous biocomposites for 

footwear components. Fahanwi Asabuwa Ngwabebhoh, Nabanita Saha, 

Hau Trung Nguyen (10%), Urška Vrabič Brodnjak, Tomas Saha, Anežka 

Lengalova, Petr Saha. Polymers, (2020), 12, 3061. 

doi:10.3390/polym1212301, Q1, IF 4.967. 

4. Silane modified Kombucha Cellulose-based Biocomposites: An artificial 

leather, preparation and characterization. Hau Trung Nguyen (60%). 

Nabanita Saha. Fahanwi Asabuwa Ngwabebhoh. Oyunchimeg Zandraa. 

Tomas Saha. Petr Saha. Manuscript is submitted to Sustainable Materials 

and Technologies on 01/04/2022 (present status under review as on 

20/08/2022). 

 

 

 



 

 

Utility model 

1. Leather material with improved ecological parameters. CZ 33149 U1. 

Fahanwi Asabuwa Ngwabebhoh, Nabanita Saha, Hau Trung Nguyen 

(10%), Tomas Saha, Petr Saha. Industrial Property Office, Czech Republic 

(2019). 

Conference Proceedings (Scopus) 

1. Environmentally Friendly and Animal Free Leather: Fabrication and 

Characterization. Nabanita Saha, Fahanwi Asabuwa Ngwabebhoh, Hau 

Trung Nguyen (10%), Petr Saha. International Polymer Processing 

Society Europe - Africa 2019, Regional Conference, November 18–21, 

2019, Pretoria, South Africa. AIP Conference Proceedings 2289, 020049 

(2020); https://doi.org/10.1063/5.0028467. 

Additional research publication along doctoral thesis work  

Impact factor journals 

1. Development of dual crosslinked mumio-based hydrogel dressing for 

wound healing application: Physico-chemistry and antimicrobial activity. 

Oyunchimeg Zandraa, Fahanwi Asabuwa Ngwabebhoh, Rahul Patwa, 

Hau Trung Nguyen, Marjan Motiei, Nabanita Saha, Tomas Saha, Petr 

Saha. International Journal of Pharmaceutics, (2021), 607, 120952. 

doi.org/10.1016/j.ijpharm.2021.120952, Q1, IF 6.51. 

2. Citric acid-based crosslinked gellan gum-bacterial cellulose hydrogel: An 

eco-friendly green adsorbent for dye removal. Hau Trung Nguyen. 

Nabanita Saha. Fahanwi Asabuwa Ngwabebhoh. Oyunchimeg Zandraa. 

Tomas Saha. Petr Saha. Manuscript is submitted to International Journal 



 

 

of Biological Macromolecules on 20/05/2022 (present status: Revision as 

on 20/08/2022). 

International Conferences 

1. Upcycling of dairy wastes to microbial cellulose: a bioadhesive property 

based advanced biomaterial. Fahanwi Asabuwa Ngwabebhoh, Hau Trung 

Nguyen, Oyunchimeg Zandraa, Rahul Patwa, Smarak Bandyopadhyay, 

Probal Basu, Nabanita Saha, Petr Saha. 4th International conference on 

Biological and Biomimetic Adhesives, February 18-19, 2021, University of 

Aveiro, Portugal. 

2. Production of Agro-Sourced Nonwoven Fibrous Materials as Leather 

Alternative in Footwear. Fahanwi Asabuwa Ngwabebhoh, Hau Trung 

Nguyen, Nabanita Saha, Tomas Saha, Petr Saha. Conference on New 

Technologies, New Materials and New forms of Footwear Sales, October 

21st, 2021, Czech Footwear and Leather Association, Zlin, Czech Republic. 

3. Synthesis and characterization of graphene oxide from residual biomass. 

Adam Aberra Challa, Nabanita Saha, Fahanwi Asabuwa Ngwabebhoh, 

Hau Trung Nguyen, Pavel Urbanek, Haojie Fei, Petr Saha. 2022 IEEE 

12th International Conference Nanomaterials: Applications and Properties 

(IEEE NAP-2022), Sep, 11-16, 2022, Krakow, Poland. 

  



 

 

 

Kombucha leather: Preparation and Characterization 

Kombucha kůže: Příprava a charakterizace 

 

Doctoral Thesis 

 

Published by: Tomas Bata University in Zlín, 

nám. T. G. Masaryka 5555, 760 01 Zlín. 

 

 

Edition: published electronically 

Typesetting by: Hau Trung Nguyen, M.Sc., Ph.D. 

This publication has not undergone any proofreading or editorial review. 

 

Publication year: 2022 

First Edition 

 

 

ISBN 978-80-7678-090-3 


