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Abstract 
As the global plastic consumption is increasing, an innovative substitute for petroleum-based 

product must be developed towards a more sustainable society. Cellulose is the most abundant 

biopolymer on earth having potential because of its biodegradability and is produced from 

renewable resources. However, purification of plant cellulose is costly and limit the application 

development where bacterial cellulose have gained more focus. Bacterial cellulose can be 

obtained as a by-product from Kombucha fermentation on commercial sugars such as sucrose. 

Replacing commercial sugars with molasses, a by-product from the sugarcane industry, as a 

substrate could be a low-cost alternative. The purpose of the study is to investigate and evaluate 

the properties of bacterial cellulose obtained from Kombucha microorganisms fermented in 

molasses medium using different fermenting conditions. 

Biofilms containing bacterial cellulose were obtained by fermenting with three types of 

molasses inoculated with two types of Kombucha cultures. Two of the three molasses used 

came from PT. Andalan Furnindo in Indonesia from two different sugar production batches and 

one type from Nordic Sugar AB in Sweden. The culture was obtained from previously 

fermented Kombucha, one from Tujju Kombucha, Indonesia and one from Roots AB, Sweden. 

Fermentation was carried out with one of the molasses from PT. Andalan Furnindo together 

with coffee waste, containing different concentrations of the substrates. The obtained biofilms 

were compared to biofilms produced with the ingredients of a conventional Kombucha setup. 

The other molasses from PT. Andalan Furnindo was fermented with or without the addition of 

pure caffeine, using culture with adapted microorganisms. Obtained films were either dried 

under pressure, without pressure in oven or purified with 1 M NaOH and air-dried. Optimum 

fermentation conditions with the molasses from Nordic Sugar AB were analysed.  

Regarding the fermentation with molasses from PT. Andalan Furnindo and coffee waste, the 

highest yield of biomass after fermentation could be seen in the system containing the highest 

amount of total sugars (100 g/l) and highest amount of caffeine deriving from coffee waste (200 

mg/l). However, the membrane produced from conventional Kombucha exhibited a more 

flexible character, having superior elongation at break, stretching 46 % more than the sample 

produced in molasses medium. Using culture with adapted microorganisms in the fermentation 

with molasses from PT. Andalan Furnindo proved to increase the biomass yield with roughly 

40 % compared to the biofilms produced without adapted microorganisms, but no effect of 

higher caffeine concentration was detected for the setups. All biofilms obtained from 

fermenting with adapted culture possessed superior mechanical-thermal properties. The highest 

elongation at break of 48.7 % was observed for the sample dried under normal conditions and 

the highest tensile strength was observed for the purified samples of 43.5 MPa. Furthermore, 

the purified samples possessed a higher thermal stability and had the highest cellulose content 

of 64 %. Adaptation was vital to obtain any bacterial cellulose fermenting in medium containing 

molasses from Nordic Sugar AB.  
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1 INTRODUCTION 

1.1 Background 

Global plastic consumption is constantly increasing, putting a strain on the environment in 

different aspects including severe littering damaging life and land, but also in a resource manner 

where the most common plastics are produced from non-renewable sources (Papong, Malakul, 

Trungkavashirakun, Wenunun, Chom-in, Nithitanakul & Sarobol 2014). To minimize the 

environmental concerns related to plastic consumption, innovative methods of disposal and 

production is required. Recently, biopolymers have gained an interest for the consumer as well 

as for the producers (Mousavioun, Doherty & George 2010). Biopolymers contain monomeric 

units that are covalently bonded to form larger structures, having the advantage of being either 

biodegradable or produced from renewable sources (Mohiuddin, Kumar & Haque 2017). 

Cellulose is the most abundant biopolymer on the planet (Duval & Lawoko 2014; Doherty, 

Mousavioun & Fellows 2011). The material has been extensively studied, recently due to its 

appealing properties like high mechanical strength, crystallinity, biocompatibility and 

transparency (Orban, Ghiurea, Radu, Nistor, Alexandrescu, Trică, Moraru & Oancea 2017; 

Islam, Ullah, Khan, Shah & Park 2017). Duval and Lawoko (2014) write that biomass is one 

candidate for solving the unsustainability related to plastic pollution despite the considerable 

water consumption used in the production and the competition to human feeding. Even though 

cellulose is such an abundant biopolymer, a challenge remains when extracting the material 

from the biomass. Since cellulose participates in complex vegetal matrices in the biomass 

forming an intercalated network with other biopolymers, it is hard to obtain the cellulose itself. 

It requires strong solvents and mechanical processing to separate the polymers which can be 

seen inconvenient from an economic and environmental perspective (Orban et al. 2017). 

Production of cellulose through microbial processes is an alternative of obtaining the material 

resulting in higher flexibility, hydrophilicity, crystallinity and mechanical strength compared to 

cellulose derived from lignocellulosic materials (Orban et al. 2017; Islam et al. 2017). In this 

way, cellulose can be grown to any desired shape and structure without the unwanted impurities 

and contaminants such as lignin and hemicellulose (Lin, Loira Calvar, Catchmark, Liu, Demirci 

& Cheng 2013). Applications for bacterial cellulose ranges from textile materials (Yim et al. 

2017) to food packaging (Villarreal‐Soto, Beaufort, Bouajila, Souchard & Taillandier 2018), 

but the material can also be used in the biomedical and pharmaceutical fields (Orban et al. 

2017). Zhu, Li, Zhou, Lin and Zhang (2014) mention applications for bacterial cellulose within 

the biomedical field such as tissue engineering, artificial cartilage, bone regeneration, vascular 

drafts and dental implants. 

Despite bacterial cellulose’s impressive potential for a wide range of commercial applications, 

the high cost of production is the main drawback that hinders industrial implementation (Islam 

et al. 2017), along with the long production time, the need for special conditions for bacteria to 

grow and the reaction conditions of the biosynthesis (Orban et al. 2017). Islam et al. (2017) 

argue that the synthetic media required for the process is the main contributor for the expensive 

manufacturing and therefore the bacterial cellulose is limited as an alternative use for plant 

cellulose. For implementing a production on industrial scale, efforts have been made to develop 

effective and inexpensive processes including testing of various waste materials such as fruit 
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juices, industrial wastes and other types of food waste (Islam et al. 2017). One potential source 

of bacterial cellulose could be the Kombucha membrane, a by-product from a popular wellness 

drink (Orban et al. 2017). The Kombucha is a traditional non-alcoholic fermented sweet, 

slightly acidic refreshing beverage consumed worldwide for its beneficial properties 

(Chakravorty, Bhattacharya, Chatzinotas, Chakraborty, Bhattacharya & Gachhui 2016; 

Jayabalan, Malbaša, Lončar, Vitas & Sathishkuma 2014; Villarreal‐Soto et al. 2018; Goh, 

Rosma, Kaur, Fazilah, Karim & Bhat 2012). Different types of enhanced health effects from 

drinking the beverage has been demonstrated in studies ranging from anti-diabetic, anti-

microbial, anti-oxidant, anti-carcinogenic (Chakravorty et al. 2016), longevity, cytogenic 

activity, antioxidative stress against lead (Jayabalan et al. 2012) and many other.  

Towards a cost-effective and streamlined production of bacterial cellulose for diverse desired 

applications, more research is necessary investigating the options of using waste-material and 

simplified processing conditions. Molasses is a by-product from the sugarcane industry, able to 

obtain at a lower cost than pure sucrose making it an attractive carbon source when producing 

bacterial cellulose (Tyagi & Suresh 2016). 

1.2 Research objectives/Purpose 

The purpose of the master thesis is to investigate and evaluate the properties of bacterial 

cellulose obtained from Kombucha microorganisms fermented in molasses medium using 

different fermenting factors.  

1.2.1 Research questions 

• What effect does caffeine have on the biofilm growth when fermenting Kombucha? 

• What effect does molasses have as a substrate on the bacterial cellulose growth 

compared to pure sucrose? 

• What characteristics does the Kombucha membrane get when substituting the substrates 

of conventional Kombucha to molasses and coffee waste? 

• Is it possible to produce bacterial cellulose with satisfying properties from waste 

materials? 

• How can adapted Kombucha culture, container size and temperature enhance bacterial 

cellulose production in molasses medium? 

• How do different drying methods and NaOH purification impact the physical-chemical 

appearance of bacterial cellulose?  

1.3 Disposition 

Parameters, which were held constant in the study were molasses medium and Kombucha yeast 

and bacteria in different levels: three types of molasses and two types of Kombucha culture. 

Fermenting factors included nitrogen sources of coffee waste, pure caffeine and yeast extract, 

caffeine concentration in three levels, sugar concentration in two levels, culture preparation and 

adaption, temperatures in two levels and container size in two levels. Treatment of obtained 

biofilms included drying methods in four levels and NaOH purification. The difference between 

fermenting in molasses medium compared to conventional Kombucha was also investigated in 

terms of sugar and caffeine consumption and physical-chemical properties. Towards physical-
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chemical analysis of the material, determination of structural carbohydrates, thermogravimetric 

(TGA), tensile, differential scanning calorimetry (DSC) and fourier transform infrared 

spectroscopy (FT-IR) analyses were performed. The first part of the project was conducted at 

Indonesian International Institute of Life Science (i3L) in Jakarta, Indonesia and was continued 

at the University of Borås, Borås, Sweden. 

2 THEORETICAL FRAMEWORK 

2.1 Kombucha fermentation 

The Kombucha beverage is obtained during fermentation of a tea broth, usually black or green 

tea, with the addition of sucrose and a symbiotic association between acetic acid bacteria and 

yeast forming a so called “symbiotic culture of bacteria and yeast (SCOBY)” or “tea fungus” 

(Jayabalan et al. 2012; Orban et al. 2017). It is prepared by pouring tea into a wide-mouthed 

clean vessel usually sweetened with table sugar. For started cultures of Kombucha, isolated 

strains of yeast and acetic acid bacteria from tea fungus may be used for a faster fermentation. 

Inoculated fermentation broth has been shown to start faster compared to those with starter 

cultures and the fermentation time is dependent on initial count of yeast (Kumar & Joshi 2016). 

Sweetened tea is cooled down to a room temperature and the tea fungus or previously produced 

Kombucha is poured onto the surface to be covered with a clean cloth to keep surrounding 

particles away. The preparation will then be incubated at room temperature for about 7-21 days 

where a daughter tea fungus will be formed at the surface (Jayabalan et al. 2012). The 

Kombucha production process is illustrated in Figure 1.  

 
Figure 1 Kombucha production process (Kumar & Joshi 2016). 

The symbiotic culture exhibits a metabolic activity on sweetened tea giving the beverage useful 

compounds containing organic acids and certain vitamins (Lončar, Kanurić, Malbaša, Đurić & 

Milanović 2014). The main metabolic pathway of Kombucha is described in Figure 2. Lončar 

et al. (2014) claim that an extracellular enzymatic hydrolysis occurs, turning saccharose into its 

monosaccharides glucose and fructose leaving the yeast cells responsible for the reaction. The 

fructose and glucose are transformed into carbon dioxide and ethanol while the acetic acid 

bacteria cause the conversion of glucose into gluconic and glucuronic acid. As a consequence 

of the metabolic chain, the fructose turns into an acetic acid. The yeast cells produce ethanol 

via glycolysis, stimulating the growth of acetic acid bacteria and the production of acetic acid 

giving the association between the two types of microorganisms a unique character. The parallel 

act of the different yeast and bacteria species produce two final products: Kombucha tea and 

the biofilm (Villarreal‐Soto et al. 2018). 

Water, Tea 
and sugar
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Takeout 
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Figure 2 Main metabolic pathway of Kombucha (Markov, Jerinić, Cvetković, Lončar, & Malbaša 2003; Villarreal‐Soto et al. 

2018). 

2.2 Bacteria 

Parts of the yeast cells gets entrapped thanks to the bacteria’s ability to synthesise a cellulosic 

network (Lončar et al. 2014). According to Neera, Ramana and Batra (2015) the cellulose fibre 

producing bacteria are belonging to the genera Acetobacter, Agrobacterium, Alcaligenes, 

Pseudomonas, Rhizobium, or Sarcina where Acetobacter xylinum (or Gluconacetobacter 

xylinus) is nature’s most productive cellulose producing bacteria. The primary acetic acid 

bacteria in the tea fungus of Kombucha are Acetobacter and Gluconobacter (Villarreal‐Soto et 

al. 2018; Jayabalan et al. 2014; Goh et al. 2012; Miranda, Lawton, Tachibana, Swartz & Hall. 

2016), Komagataeibacter (Villarreal‐Soto et al. 2018) and Gluconacetobacter genera (Miranda 

et al. 2016). The acetic acid bacteria (AAB) are the dominant bacteria of Kombucha, able to 

produce acetic acid from alcohol as substrate under aerobic conditions. The enzyme 

acetaldehyde dehydrogenase converts acetaldehyde into ethanol and acetaldehyde hydrate into 

acetic acid. According to existing literature, the Gluconacetobacter is the most abundant 

bacterium found in both the Kombucha medium and in the biofilm in conventional Kombucha 

(Villarreal‐Soto et al. 2018; Jayabalan et al. 2012). 

2.3 Yeasts 

Many different yeast species have been found in Kombucha tea, commonly species of 

Saccharomyces, Saccharomycodes, Schizosaccharomyces and Zygosaccharomyces (Villarreal‐

Soto et al. 2018; Jayabalan et al. 2012; Teoh, Heard & Cox 2004; Jayabalan, Malini, 

Sathishkumar, Swaminathan & Yun 2010), but also Brettanomyces/Dekkera, Candida, 

Torulospora, Koleckera, Pichia, Mycotorula, and Mycoderma (Jayabalan et al. 2012). 

Villarreal‐Soto et al. (2018) describe Saccharomyces cerevisiae as a yeast species with ability 

to ferment sugars to ethanol with a high efficiency. Teoh, Heard and Cox (2004) identified 

Zygosaccharomyces bailii as the dominant yeast in Kombucha, in agreement with a study by 
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Watawana, Jayawardena, Gunawardhana, and Waisundara (2016) claiming 84 % of the yeast 

found in Kombucha tea belonged to species of Zygosaccharomyces. The yeast genus 

Zygosaccharomyces have a high-level resistance to weak acid preservatives, extreme 

osmotolerance and vigorous fermentation of hexose sugars making them essential and 

beneficial in Kombucha fermentations (Hulin & Wheals 2014). 

2.4 Chemical composition 

The composition of the Kombucha varies depending on the inoculum source and according to 

Villarreal‐Soto et al. (2018) the main constituents in the liquid phase are acetic acid, gluconic 

acid and ethanol. Kallel, Desseaux, Hamdi, Stocker, and Ajandouz (2012) complements the 

main metabolites with lactic and glucuronic acids and the alcohol glycerol. These constituents 

can also be found in the biofilm because of its great water absorption ability. Villarreal‐Soto et 

al. (2018) claims that the finished Kombucha product contains several acids, 14 amino acids 

and some hydrolytic enzymes but also a number of vitamins including vitamin B1, B2, B6, B12 

and C. Jayabalan et al. (2014) mention additional organic acids found in Kombucha such as 

citric, L-lactic, malic, tartaric, malonic, oxalic, succinic, pyruvic and usnic acid. Other present 

compounds are biogenic amines, purines, pigments, lipids and carbon dioxide. Furthermore, 

proteins have been found in the beverage along with several minerals such as copper, iron, 

manganese, nickel and zinc (Villarreal‐Soto et al. 2018), but also lead, cobalt, chromium and 

cadmium (Jayabalan et al. 2014). One third of the dry mass of the tea in Kombucha consists of 

phenolic compounds where flavonoids are the most abundant. Kallel et al. (2012) mention 

epigallocatechin gallate amongst others. As for the nitrogen compounds, amino acids are 

reoccurring in the literature along with methylxanthine alkaloids such as caffeine, theophylline 

and theobromine. The metabolic pathways during fermentation differs, resulting in a variation 

of final sugar concentrations in different fermentation setups. Other factors influencing the final 

product and compositions are tea type and concentration, fermentation time, temperature during 

fermentation and initial pH. The chemical composition of the Kombucha tea is highly 

dependent on fermentation conditions, culture and substrates.  

Jayabalan et al. (2010) performed a proximate analysis on dried tea fungus containing the 

bacteria Acetobacter and the yeast Zygosaccharomyces prepared with 10 % sucrose (w/v), 1.2 

% black tea (w/v), inoculated with 3 % (w/v) tea fungus and 10 % (v/v) previously fermented 

liquid tea. According to the authors, the constituents of Kombucha tea fungus increase over 

time and are presented in Table 1 after 21 days of fermentation.  

 
Table 1 Biochemical analysis of dried tea fungus (Jaybalan et al. 2010). 

Component Content (%) 

Dry matter 97.35 

Crude protein 23.1 

Crude fibre 14.79 

Crude lipid 5.4 

Ash 3.9 

Nitrogen free extractives 5.27 

Acid detergent fibre 46.3 

Neutral detergent fibre 53.1 
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Hemicellulose 6.8 

 

2.5 Cellulose synthesis 

There are several types of cellulose producing bacteria, including Acetobacter, Alcaligenes, 

Azotobacter, Pseudomonas, Rhizobium, Salmonella and Sarcina Ventriculi, but the most 

dominant and excessively studied specie is Acetobacter xylinum from the Acetobacter gender 

(Villarreal‐Soto et al. 2018). A. xylinum have the ability to produce high levels of cellulose from 

many different nitrogen and carbon sources where the carbon sources include glucose, ethanol, 

sucrose and glycerol. The biosynthesis of bacterial cellulose, illustrated in Figure 3, is a precise 

multi-step process involving a large number of individual enzymes and complex catalytic and 

regulatory proteins (Chawla, Bajaj, Survase & Singhal 2009). The process consists of two main 

mechanisms: the synthesis of the cellulose precursor uridine diphospho-glucose (UDPGIc) and 

the polymerization of glucose by Acetobacter into β-1→4 glucan chains. UDPGIc is formed as 

a result of series of processes initiated by various carbon sources entering the Krebs cycle, 

pentose phosphate cycle or gluconeogenesis. Pyruvate and dicarboxylic acids enter the Krebs 

cycle where enzymes convert pyruvate into hexoses via gluconeogenesis similar to the 

intermediates of the pentose phosphate cycle and glycerol and dihydroxyacetone. The process 

continues with glucose phosphorylation to glucose-6-phosphate and catalysis, followed by 

isomerization of the intermediate into Glc-α-1-P. UDPGIc is then formed by conversion 

through UDPGIc pyrophosphorylase. The β-1→4 glucan chains synthesis occurs then when the 

residues from UDPGIc is transformed into polysaccharide chains by enzymes (Chawla et al. 

2009; Ross, Mayer & Benziman 1991). A. xylinum can polymerize up to 200 000 glucose 

residues per second from each single cell and the microbial cellulose is produced extracellularly 

through pores of complex terminals (CTs). Villarreal‐Soto et al. (2018) claim that every cell 

has between 50 and 80 pores with a diameter of 3.5 nm where the extruding of the cellulose 

occurs. The bacterium produces cellulose in the form of fibres where the β-1→4 glucan chains 

after penetrating the membrane of the cell are assembled, forming macrofibrils into a 1000 

individual glucan chain 3-D structure. The bacteria can produce two different kind of cellulose, 

cellulose I and cellulose II, where cellulose I could be described as a ribbon-like polymer with 

bundles of macrofibrils. Cellulose II is a more thermodynamically stable amorphous polymer. 

The bacterium in the liquid medium of the Kombucha consumes the available oxygen to 

increase its population and start to synthesise cellulose. The cellulose is produced in the upper 

part of the fermentation medium, where the oxygen is accessible, in superimposed layers. As 

the biofilm is synthesised along with the hydrogen and C-H bonding downwards, it reaches a 

limit when the bacteria get entrapped and inactive due to insufficient oxygen supply. The 

bacteria get into a dormant state and can be reactivated and used as inoculum in further 

fermentations (Villarreal‐Soto et al. 2018).  
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Figure 3 Biochemical pathway for cellulose synthesis by A. xylinum (Villarreal‐Soto et al. 2018; Chawla et al. 2009). 

2.6 Factors influencing Kombucha fermentation 

2.6.1 Substrates 

2.6.1.1 Carbon source 

The carbon source is crucial for almost all living microorganisms’ general growth and 

metabolism where the Kombucha starter culture mainly thrives on sugars (Goh et al. 2012). 

Sucrose is the most common studied carbon source when fermenting Kombucha, but other 

sources have also been evaluated such as: fructose, glucose and food derivatives containing 

sugars, ethanol and mannitol (Yim, Song & Kim 2017). Tsouko, Erminda, Kourmentza, 

Ladakis, Kopsahelis, Mandala, Papanikolaou, Paloukis, Alves and Koutinas (2015) studied 

bacterial cellulose synthesis using other commercial sugars: xylose and lactose, and crude 

glycerol. According to their study, the most effective substrate when producing bacterial 

cellulose was sucrose next to crude glycerol. When utilizing glucose compared to other carbon 

sources, a higher production of gluconic acid may occur resulting in gradually decreasing pH 

values, giving the bacteria unfavourable fermentation conditions. Similarly, xylose and lactose 

lower the pH of the broth that inhibit bacterial growth resulting in an inefficient metabolism. 

Neera, Ramana and Batra (2015) tried producing bacterial cellulose with various carbon sources 

and found glucose and sucrose as the optimum sources. An explanation behind the deviating 

results might be due to the different bacteria used where different carbon sources are preferred.  
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Goh et al. (2012) investigated the effect of sucrose concentration when fermenting Kombucha 

and found a connection between the sucrose amount present in the broth with the yield of 

produced cellulose. Conducting the Kombucha fermentation under static conditions, with 

sucrose concentrations between 50 – 250 g/l, the highest yield of 66.9 % was found for the 

systems containing 90 g/l sucrose. However, Malbaša, Lončar, Djurić & Došenović (2008b) 

argue 70 g/l sucrose as the optimum concentration. When a substantial amount of sugar is used, 

more metabolic products is produced leading to product inhibition and therefore a hinderance 

of cellulose synthesis (Goh et al. 2012). The concentration of carbon in combination with 

various sources influence the formation of ethanol, lactic, acetic, gluconic and glucuronic acids 

in the metabolites. What also influences the yield of cellulose when using different carbon 

sources is the culture used. Malbaša et al. (2008b) and Goh et al. (2012) claim that the starter 

culture used is dependent on the supply of carbon source.  

2.6.1.2 Nitrogen source 

By choosing the right nitrogen source, the bacterial cellulose production could be maximized. 

The nitrogen source is an essential nutrient and promotes the growth of microorganisms and 

cellular construction (Yim, Song & Kim 2017). When producing bacterial cellulose, various 

sources have been studied: yeast extract, casein hydrolysate, ammonium sulphate, peptone, 

sodium glutamate, glycine, corn steep liquor, winter savoury and most commonly for 

Kombucha: tea substrate (Yim, Song & Kim 2017; Tsouko et al. 2015; Tyagi & Suresh 2016; 

Villarreal‐Soto et al. 2018). Yim, Song and Kim (2017) used four different teas when producing 

bacterial cellulose: rooibos, corn silk tea, green tea and black tea. Black tea gave the highest 

thickness of the obtained bacterial cellulose and green tea gave the highest yield. Tyagi and 

Suresh (2016) compared yeast extract to corn steep liquor as nitrogen sources in various 

concentrations resulting in a similar yield for the two sources. As seen from an economical 

point of view, the authors concluded that the utilization of yeast extract was more favourable. 

The concentration of nitrogen when producing bacterial cellulose also affects the yield. Tsouko 

et al. (2015) used yeast extract and peptone combined as the nitrogen source, concluding a 

higher cellulose yield for systems containing a lower amount of free amino nitrogen. In the 

system containing 360 mg/l of free amino nitrogen gave 48 % higher yield than of the system 

containing 700 mg/l. AL-Kalifawi and Hassan (2014) investigated different amounts of black 

tea used when producing bacterial cellulose and found an optimal concentration of 10 g/l for 

obtaining the highest yield. 

2.6.1.3 Caffeine concentration 

Black tea is a source of caffeine in Kombucha (Miranda et al. 2016) and have been identified 

as a potential stimulator for the bacterial cellulose production in Acetobacter xylinum (tea 

fungus) biofilm (Fontana, Franco, De Souza, Lyra & De Souza 1991). Chawla et al. (2009) 

claim that tea infusions such as caffeine and theophylline stimulates by preventing the 

production of bis(3’-5’)-cycling dimeric guanosine monophosphate from being destroyed by 

the enzyme phosphodiesterase. The monophosphate is said to be the most important factor in 

cellulose synthesis. However, no study was found to investigate the influence of caffeine 

concentration in bacterial cellulose production. 
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2.6.2 Time effect 

Normally the Kombucha fermentation is performed between 7 to 60 days. However, the best 

result of biofilm formation and beverage quality can be achieved in an average of 15 days 

(Villarreal‐Soto et al. 2018; Chen & Liu 2000). Villarreal‐Soto et al. (2018) write that the 

biological activities increases over time, but that a prolonged fermentation time is not 

recommended since the accumulation of organic acids can cause damaging levels for direct 

consumption by humans. The CO2 formed during fermentation can block the transfer of 

nutrients between the broth and the biofilm over time. Chen and Liu (2000) investigated the 

changes in major components in Kombucha during prolonged fermentation. Both yeast cells 

and bacteria were gradually increasing over time and got to a maximum value after 6-14 days 

and thereafter decreased in quantity in the tea broth. Jayabalan et al. (2010) found the same 

result in the tea fungus where the bacteria and yeast were linearly increasing over time 

dominated by the yeast cells. The sucrose concentration decreases linearly over a period of 30 

days and thereafter the rate stagnates according to Chen and Liu (2000). As a result of the 

hydrolysis of sucrose, glucose and fructose was produced and increased steadily over time until 

day 30 where the glucose concentration dropped, and the fructose rate decelerated, still 

increasing. This in agreement with a study performed by Kallel et al. (2012) and Lončar, Djurić, 

Malbaša, Kolarov and Klašnja. (2006) resulting in an increase of glucose and fructose the first 

15 days and a linearly decrease of the sucrose. The ethanol concentration during fermentation 

increases initially and reach a maximum value at day 20 of 50 % (w/v) followed by a decrease 

(Chen & Liu 2000). As the pH drops during fermentation, the total acidity rises (Chen & Liu 

2000; Kallel et al. 2012; Lončar et al. 2006). According to Amarasinghe, Weerakkody and 

Waisundara (2018) the weight of the tea fungus is increasing over time, with a higher rate in 

the first two weeks of fermentation. The Kombucha tea obtains a vinegar taste after a prolonged 

fermentation time (Villarreal‐Soto et al. 2018). 

2.6.3 Temperature effect 

Kombucha tea fermentation is usually carried out at temperatures ranging between 22 and 30℃. 

The microbial growth and the enzyme activity benefit from maintaining an optimum 

temperature throughout the fermentation time (Villarreal‐Soto et al. 2018). Lončar et al. (2006) 

found a correlation of higher sucrose consumption, higher glucose and fructose production 

along with increased vitamin C and ethanol yield between a higher fermentation temperature; 

where the temperature of 22℃ to 30℃ was compared. The highest value of antioxidant activity 

during Kombucha fermentation was found within a temperature of 37℃ and 42℃, according 

to a study performed by Vitas, Malbaša, Grahovac and Lončar (2013). 

2.6.4 pH 

The pH is considered one of the most important environmental parameters of microbial growth 

and bacterial cellulose synthesis in the Kombucha fermentation. Each microorganism has a 

typical pH range within which their growth is possible (Goh et al. 2012). Villarreal‐Soto et al. 

(2018) claims that the acids formed, mainly acetic and gluconic, are responsible for the 

biological activities of the resulting beverage. The antioxidant activity of the beverage can be 

influenced because of the microbial growth and the structural changes of the phytochemical 

compounds closely related to the pH. The authors point out the importance of not letting the pH 
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drop below 3, due to the digestive tract and to obtain a pleasant sour beverage. The pH gets a 

significant drop during fermentation when the conversion of glucose to gluconic acid occurs 

(Goh et al. 2012). Goh et al. (2012) found a correlation between greater reductions in pH of 

systems containing a higher initial sugar concentration. The high sugar concentration is 

hindering the productivity of cellulose production due to unfavourable culture conditions, 

explained by an increase in the organic acids content as metabolites. It has been reported that 

the optimum pH for the growth of Acetobacter is between 5.4 and 6.3 but might also occur at 

4.0 and 4.5. However, Puspawati and Arihantana (2016) proved isolates from lactic acid 

bacteria from Kombucha resistant to a pH as low as 2. When adding the previous fermented tea 

broth to inoculate the Kombucha fermentation, the acidity drops, preventing formation of 

moulds and protects against undesirable microorganisms (Goh et al. 2012).  

2.6.5 Surface area of container and depth of culture medium 

The cellulose is produced in the upper part of the container, in contact with the air and it starts 

by growing outwards as it floats on the surface. When the solution is fully covered, the cellulose 

grows thicker, layer by layer, where the upper-most layer is always considered to be the newest. 

Goh et al. (2012) investigated the effect of tea fungus growth in different forms of containers 

in combination with depths of the fermentation medium, resulting in a higher production in the 

container with the greatest surface area. The growth is more dependent on surface area than the 

depth of the medium, explained by the fact that the cells produce CO2, trapped inside the 

pellicle. The deeper the culture medium, the more CO2 is produced which accumulates in the 

pellicle, displacing the oxygen, inhibiting the cell growth since the acetic acid bacteria are strict 

aerobic. For an enhanced bacterial cellulose production, the fermentation container should have 

a wide opening and the culture medium should be shallow (Goh et al. 2012). 

2.6.6 Drying 

Different downstream process parameters influence the mechanical properties of the produced 

bacterial cellulose where various drying methods result in changes of tensile strength, strain 

and Young’s modulus (Ul-Islam, Khattak, Kang, Kim, Khan & Park 2013; Ebrahimi, 

Babaeipour & Khanchezar 2016). Ul-Islam et al. (2013) performed a study to investigate the 

mechanical properties at three different drying temperatures resulting in higher mechanical 

properties at elevated drying temperatures. Zeng, Laromaine and Roig (2014) studied properties 

of bacterial cellulose synthesised from Glucnacetobacter xylinum formed under static 

conditions dried in three different ways: room temperature drying, freeze-drying and 

supercritical CO2 drying. According to their work, the films are highly dependent on the drying 

method used where the supercritical drying method made the material lighter than the other two 

methods. Dependent on the drying method, the impact on fibre entanglement was affected. The 

freeze-drying gave the cellulose a more differentiated micro-structure where a higher number 

of individual fibres could be identified compared to those dried in room temperature. When 

testing Young’s modulus, the obtained results showed no significant difference between room 

temperature drying and freeze-drying. The porosity, mechanical properties and water 

absorption capability of bacterial cellulose can be changed depending on chosen drying method, 

expanding the potential applications of the material (Zeng, Laromaine & Roig 2014).   
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2.7 Sugarcane molasses as a substrate for Kombucha fermentation 

A utilisation of industrial wastes and by-product streams as fermentation media could improve 

the cost-competitiveness of the bacterial cellulose production (Zubaidah, Widyastuti, Estiasih, 

Apriyadi, Kalsum, Srianta & Blanc 2018). Molasses can be seen as an advantageous substrate 

for making bacterial cellulose as it is a runoff syrup of a by-product from the last stage of 

crystallisation in the sugar production process (Bae & Shoda 2004). Other attractive attributes 

besides the low price of the product in bacterial cellulose manufacturing is the presence of other 

components including minerals, organic compounds and vitamins (Malbaša et al. 2008a). Bae 

and Shoda (2004) write that molasses have been widely used as a substrate when fermenting, 

producing valuable products such as ethanol, polyhydroxy-butyrate and lactic acid, in 

agreement with Malbaša et al. (2008b). Malbaša et al. (2008a, 2008b) have successfully 

performed Kombucha fermentation on molasses as a substrate, testing different parameters. A 

conventional Kombucha fermentation on pure sucrose was compared to a fermentation with 

molasses containing initially 70 g/l sucrose. After 14 days of fermentation, the decay of sucrose 

was faster in the systems containing molasses compared to conventional Kombucha setup. The 

yield of biomass (Kombucha membrane), measured in mass, was proven to be higher when 

fermenting molasses compared to pure sucrose. The reason behind the higher yield could be 

explained by a higher nitrogen content in molasses. Since the molasses may contain non-sucrose 

organic matter up to 20 % of the total mass it can affect the growth. Malbaša et al. (2008a) 

mention the presence of nitrogen compounds in molasses such as free amino acids, pyrrolidone 

carboxylic acid, peptides and nucleic acid components. Out of three molasses deriving from 

different sources, the one containing the highest amount of nitrogen gave the highest yield of 

Kombucha membrane supporting the conclusion. Other findings included a higher acidity and 

a higher content of L-lactic acid in systems with molasses and 50 % higher content of acetic 

acid in systems with pure sucrose. The pH was lower for those systems containing pure sucrose. 

The authors have also tested fermenting Kombucha with molasses in different concentrations 

containing 35 g/l to 70 g/l sucrose resulting in a higher biomass yield with a higher 

concentration of molasses. In general, the metabolic pathway when fermenting Kombucha with 

either pure sucrose or molasses is very similar (Loncar, Malbaša & Kolarov 2001). Molasses 

was concluded as a beneficial substrate for fermenting Kombucha tea because of its low cost, 

rapid biomass formation, along with the high lactic acid content which is related to the higher 

quantity of invert sugar, biotin and amino nitrogen than pure sucrose. The degradation of invert 

sugar in molasses make it rich in lactic acid, accompanied by the content of the growing factor 

biotin and amino nitrogen increasing the Kombucha metabolism, resulting in higher levels of 

L-lactic acid (Malbaša et al. 2008a, 2008b).   

2.8 Applications for Kombucha membrane 

Bacterial cellulose synthesized by A. xylinum exhibits unique characteristics in terms of its 

chemical stability, molecular structure and mechanical strength (Jayabalan et al. 2014). 

Historically, the material has been used for medical purposes such as treatment of skin burns 

and other dermal injuries and has according to Czaja, Krystynowicz, Bielecki and Brown (2006) 

vast potential as a novel wound healing system. Since the cellulose is eatable, the material can 

be used to wrap food and is considered a delicacy in the Philippines. Supplementing poultry 

feed with the fungal biomass has been reported to increase the feed consumption, body weight, 
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performance efficiency and the carcass characteristics of test broilers. Furthermore, the fungal 

biomass derived from Kombucha has in dried form been investigated as a potential 

bioabsorbent to remove heavy metals from wastewater and arsenic from aqueous solutions 

(Jayabalan et al. 2014).  Hopfe, Flemming, Lehmann, Möckel, Kutschke and Pollmann (2017) 

showed that it is possible to dissolve rare earth elements compounds of fluorescent phosphor 

with the help from the Kombucha tea fungus. The Kombucha tea creates an acetic environment, 

keeping itself free from contaminants.  

Goh et al. (2012) evaluated different properties of bacterial cellulose obtained from Kombucha 

after eight days of fermenting including scanning electron microscopy (SEM), fourier 

transformed infrared spectroscopy (FTIR), X-ray diffractometry, adsorption isotherm and 

swelling properties. The material was compared with commercial microcrystalline cellulose 

from wood pulp. The SEM was showing a significant difference of the two materials where the 

Kombucha membrane constituted of an ultrafine network structure while the commercial 

microcrystalline cellulose posed a structure of aggregates bigger in size. The structure of the 

membrane makes the material easily form hydrogen bonding, giving the material a high 

swelling power. The FTIR and X-ray diffractometry analysis showed that the bacterial cellulose 

exhibited a much higher degree of crystallinity than the commercial microcrystalline cellulose. 

The less crystalline nature of the commercial microcrystalline cellulose makes the material able 

to hold more water during adsorption isotherm testing. Goh et al. (2012) give the explanation 

that the material easier can hydrogen-bond water internally and not only on the surface. Zhu et 

al. (2013) studied the characteristics of Kombucha membrane in order to test the biocompability 

with peripheral nerve cells and tissues, supporting the obtained result from Goh et al. (2012) 

claiming that the three-dimensional interwoven network of the membrane enhance the 

mechanical strength of cellulose. Furthermore, the material properties including surface 

morphology, chemical composition and hydrophobicity could contribute to in vitro 

biocompability with neural cells. The material did not show any sign of toxicity when 

implanting it into rats, suggesting its possible future application for nerve tissue engineering.  

Orban et al. (2017) evaluated bacterial cellulose obtained from fermenting Kombucha 

suggesting that the membrane is suitable as a raw material for manufacturing bacterial 

nanocellulose. Nanocellulose is considered a high value bio-product with applications within 

the biomedical and pharmaceutical field such as tissue regeneration and bioprinting, food 

industry where it can be used as a food stabilizer, food ingredient but also as a nanofiller with 

gas-barrier properties for food packaging. The material is also suitable for use in hydrogels, 

membranes and can be used in advanced separation processes. It can be found in the 

nanotechnology industry such as nanogenerators and flexible transistors. By profound cellulose 

matrix destructuration through intensity-increasing mechanical treatments the cellulose showed 

an apparent overall crystallinity decrease intermolecular hydrogen bonds and new chain-end 

formations was evidenced. Orban et al. (2017) further write that the nanocellulose is of high 

interest as a filler or as a component in nanocomposites since it has the ability to increase the 

mechanical strength of a final product by just adding a small amount.  

Cacicedo, Castro, Servetas, Bosnea, Boura, Tsafrakidou, Dima, Terpou, Koutinas and Castro 

(2016) claim that the even though the bacterial cellulose is only composed of only glucose and 
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water, the mechanical properties can be compared to other synthetic polymers. BC have a higher 

tensile strength than for instance polypropylene (PP) with a range between 200-300 MPa 

compared to 30-45 MPa for PP. The Young’s modulus of BC can be up to 15-35 GPa where 

PP have 1.0-1.5 GPa. The high crystalline nature of BC makes the material able to withstand 

high temperatures (above 100℃) without changing its biophysical properties. Torres, 

Commenaux and Troncoso (2012) argue that the materials mechanical properties is highly 

dependent on the structure of the cellulose network where a reported value of hot-pressed BC 

varied. The ultimate tensile strength was 241.42 ± 21.86 MPa, maximum elongation of 8.21 ± 

3.01 % and a Young’s modulus of 6.86 ± 0.32 GPa. 

3 MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Origin of the substrates and the culture 

For the preparation of the conventional Kombucha setups, black tea from Perbawati in Goalpara 

was purchased in a local supermarket in Jakarta, Indonesia and the sucrose from Gulaku Murni 

(Sugar Group Companies, Lampung, Indonesia). Coffee ground from Burgundy Blend, X-

Primo (PT. Ultra Prima Abadi, Jakarta, Indonesia) brewed in a Saeco cappuccino machine and 

from Balder Shipment organic coffee, a mixture of the beans Peru, Ethiopian, Gayo and 

Robusta was collected as the nitrogen source. Two types of molasses used in the experiment 

was provided by PT. Andalan Furnindo (Marunda, Indonesia) and the third was bought by 

Granngården (Swedish Sugar AB, Malmö, Sweden). Pure caffeine (Merck KGaA, Darmstadt, 

Germany) with a minimum purity of 99.5 % and yeast extract (Scharlau Microbiology, 

Barcelona, Spain) with amino total of 10-11.8 % (w/w) as a source of nitrogen was further used 

in the experiments. One of the Kombucha culture used to inoculate the fermentation medium 

was kindly donated by Tujju Kombucha (Jakarta, Indonesia) containing Acetobacter xylinum 

kombuchae and Saccharomyces. The inoculum culture was obtained by mixing 80 litres of 

water, 5 kg sugar, 400 g tea and 20 litres of previously produced Kombucha tea. The other 

Kombucha drink was bought unpasteurised from Roots of Malmö AB (Malmö, Sweden) 

prepared by mixing 3 g of black tea, 0.5 dl sucrose in 1 litre of water inoculated with 10 % (v/v) 

of previously fermented Kombucha.  

3.1.2 Sugar characterization of the molasses 

The characterization of the sugar fructose, glucose and sucrose in molasses provided by PT. 

Andalan Furnindo (Jakarta, Indonesia) was preformed using high-performance liquid 

chromatography analysis (Thermo Fisher Scientific Ultimate 3000 Series) in Jakarta, Indonesia. 

Total sugar content in the molasses from Nordic Sugar AB was determent by using high-

performance liquid chromatography analysis (Walters High 2695) in Borås, Sweden. Table 2 

shows the information provided by the companies where the first molasses from PT. Andalan 

Furnindo #1 (M1) used in the experiment in Jakarta, Indonesia had a documented total sugar 

content of roughly 61 %. The second molasses provided by PT. Andalan Furnindo (M2) used 

in the experiments in Borås, Sweden had a similar total sugar content of approximately 59 %. 
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Molasses bought by Nordic Sugar AB (M3) for experiments in Borås, Sweden had a lower total 

sugar content of 47-48 %, according to the company. 

Table 2 Characterization of the molasses done by the companies. 

Carbon source Abbrev. Sucrose  

(%) 

pH Total sugars 

 (%) 

Dry matter 

 (%) 

Molasses from PT. 

Andalan Furnindo #1 

M1 46.92 5.12 

 

60.76 77.6 

Molasses from PT. 

Andalan Furnindo #2 

M2 44.05 5.03 58.52 80.6 

Molasses from Nordic 

Sugar AB 

M3 - 6-8 47-48 75 

3.1.3 Preparation of Perbawati tea and X-Primo coffee ground 

2.5 g of coffee waste was boiled in 100 ml ultrapure water and 5 g of tea was boiled in 50 ml 

of ultrapure water for 5 min, respectively. The samples were cooled down and filtered through 

filter paper 125 mm ∅ (cat no 1004 125 Whatman) in a funnel into an Erlenmeyer flask twice. 

The samples were half diluted with ultrapure water to a concentration of 3.125, 6.25, 12 and 25 

g/l coffee waste per water and 6.25, 12, 25, 50 and 100 g/l tea per water. The sample dilutions 

were filtered through a 0.22 µm filter using 3 ml syringe with needle. 

3.1.4 Preparation of Balder Shipment coffee ground 

For caffeine analysis of the Balder Shipment coffee ground, six different concentration of 

mixtures were done; 25, 50, 60, 75, 100 and 140 g/l coffee ground were boiled for 5 min in 

ultrapure water, filtered through a sieve twice, centrifuged and diluted in a ratio of 1:10 (v/v).  

3.2 Methodology 

3.2.1 Experimental setup for systems with molasses from PT. Andalan Furnindo 
#1 (M1) 

The experiment performed with M1 was conducted in Jakarta, Indonesia. A total of eight setups 

were made with five replicas, divided into two blocks; each of where the intended total sugar 

amount was identical of 100 g/l sugar for the first block and 50 g/l sugar in the second block. 

One conventional Kombucha setup was made for each block as a control for comparison. Three 

additional setups were conducted with different caffeine concentrations where one of the setups 

containing the same amount caffeine as the control, one with 0 % caffeine and one with 50 % 

higher caffeine amount than the conventional setup. A schematic diagram over the setup process 

is illustrated in Figure 4. Out of the five replicas made for each setup, two obtained KM were 

air-dried, two were oven-dried and one was freeze-dried.  
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Figure 4 Schematic diagram for setups with M1. 

Four setups were separately prepared with the characteristics according to Table 3 where the 

horizontal line divides the two blocks starting with the first block. The setup abbreviations are 

based on the characteristics of the initial ingredients where the first letter corresponds to the 

carbon source used. S stands for sucrose and M1 for molasses from PT. Andalan Furnindo #1. 

The number behind the carbon source indicates the amount total sugar used given in g/l. 

Furthermore, the second letter in the abbreviation is based on the nitrogen source used, either 

tea from Perbawati (T) or coffee waste from PT. Ultra Prima Abadi (CW), followed by the 

amount caffeine in mg/l as a number.  

The conventional Kombucha setup was prepared using ultrapure water mixed with 225 g 

sucrose and 22.5 g tea in a five-litre beaker having a concentration of 100 g/l sucrose and 135 

mg/l caffeine (S-100-T-135). Setup M1-100-CW-200, M1-100-CW-135 and M1-100 were 

prepared using 395 g molasses (158 g/l) mixed with ultrapure water in the addition of 0, 100 

and 150 g of coffee waste (40, 60 or 0 g/l). Each setup was resulting in an approximate caffeine 

concentration of 135, 200 and 0 mg/l, respectively. For the second block, another conventional 

Kombucha setup was made where 112.5 g of sucrose and 22.5 g tea in was mixed in 2000 ml 

ultrapure water resulting in a concentration of 50 g/l sucrose and 135 mg/l caffeine (S-50-T-

135). The three other setups in the second block contained the half amount molasses as the first 

block of 157.5 g (79 g/l) and the mass of coffee ground varied from 112.5, 168.75 and 0 g (M1-

50-CW-135, M1-50-CW-200 & M1-50) based on amount caffeine obtained from the HPLC 

analysis to match the first block.  

Table 3 Characteristics of setups with systems containing M1. Abbreviations are based on carbon source, nitrogen source and 

total sugar content in g and caffeine concentration in mg. 

 Molasses Culture Tea Coffee  

ground 

Pure  

sucrose 

Total  

sugars 

Caffeine 

Setup abbrev. (g/l) (%, v/v) (g/l) (g) (g/l) (g/l) (mg/l) 

M1-100-CW-135 158 10 0 40 0 100 135 

M1-100-CW-200 158 10 0 60 0 100 200 

M1-100 158 10 0 0 0 100 0 

S-100-T-135 0 10 10 0 100 100 135 

  
     

 

M1-50-CW-135 79 10 0 50 0 50 135 
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M1-50-CW-200 79 10 0 75 0 50 200 

M1-50 79 10 0 0 0 50 0 

S-50-T-135 0 10 10 0 50 50 135 

 

The fermentation medium for the setups was sterilized for 15 min at 121℃ and the setups 

containing coffee waste was filtrated in an Eppendorf 5810 R centrifuge in 50 ml tubes for 3 

min at 4000 rpm. The medium was inoculated with 10 % (v/v) of Kombucha culture from Tujju 

Kombucha (Jakarta, Indonesia) and the pH was adjusted from 4.5 to 5.5 using 5 M NaOH and 

finally topped up with sterilized ultrapure water to the final volume of 2250 ml. 500 ml of each 

fermentation medium was poured into four 3-liter polypropylene buckets and 250 ml was 

poured into a glass beaker. The plastic buckets with an inner diameter of 15 cm were provided 

with tubes at the edge with an inner diameter of 2 mm for enabling liquid sampling without 

disturbing the bacterial cellulose growth. The buckets were covered with tissue paper and sealed 

with tape. Static cultivation was conducted in the stationary phase at 30 ± 3℃ in a dark room 

for an experimental period of 14 days. Sampling was carried out day 1, 3, 7, 10 and 14 via the 

tubes with a 3 ml syringe with needle where 3 ml of fermentation medium was collected from 

each bucket into centrifuge tubes and stored in -40℃ until analysis. 

After 14 days of cultivation, the obtained Kombucha membranes (KM-M1) was removed from 

the fermentation medium, weighted and soaked in ultrapure water for 10 min. Two films out of 

each block were dried in in a Memmert UN 110 oven for 2-3 hours in 70℃, depending on 

thickness and the remaining films were further dried in the oven in 17 hours in 50℃ and then 

left to air-dry. The films formed in the 250 ml beakers was put into a freezer in -80℃ for 24 

hours and then freeze-dried in a Labocon freeze dryer in -50℃ for 24 hours. The last KM films 

were air-dried for 7 days in 30 ± 5℃. After drying, all the films were reweighted to obtain a 

dry weight.  

3.2.2 Adaptation of the Kombucha microorganisms for molasses from PT. 
Andalan #2 (M2) and molasses from Nordic Sugar AB (M3) 

Adaptation was performed according to Figure 5: 900 ml ultrapure water was boiled in a 2-litre 

beaker for 5 min with four tea bags of organic English Breakfast tea (Twinings, London, Great 

Britain) and 100 g of sucrose (Dansukker, Nordic Sugar AB, Malmö, Sweden). The tea mixture 

was left to cool down and inoculated with 100 ml unpasteurised Kombucha tea from Roots of 

Malmö AB (Malmö, Sweden). The prepared Kombucha setup was covered with a textile cloth 

and left in a dark room in room temperature (22 ± 3℃) for 7 days to be used as the inoculum 

source in the next adaption stage. Two setups were made in the second step of adaptation, one 

for M2 and one for M3, respectively. The setups contained 50 g of total sugars derived from 

molasses (83 g M2 and 100 g M3) mixed with 50 g of sucrose as the carbon source boiled 

together with four bags of tea in 900 ml ultrapure water for 5 min. The mediums were left to 

cool down over night and inoculated with 10 % (v/v) obtained broth from the previous 

Kombucha fermentation and covered with a textile cloth left in a dark room for 7 days. Lastly, 

the culture from the step two was used to inoculate setups with molasses as a sole carbon source; 

one system containing 167 g M2 and one system containing 200 g M3. The molasses from each 

system was boiled in 900 ml ultrapure water with an addition of four tea bags for 5 min. To 

remove the coffee waste, the mediums were sieved with a metal sieve twice. After cooling 
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down, the mediums were inoculated with 10 % (v/v) obtained culture from step 2, M2 with 

broth containing M2 and M3 with broth containing M3. The mediums were poured into 2-litre 

beakers, covered with textile cloths. The fermentation was carried out for 7 days for the systems 

containing M2 and 14 days for the systems containing M3.  
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Kombucha drink 

from Roots 

Malmö AB

Adapted in 

sugared tea 

meduim

Adapted in molasses-

sugared tea meduim 

(1:1)
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7 days for M2

14 days for M3

 
Figure 5 Adaptation process for systems with M2 and M3. 

3.2.3 Experimental setup for systems with molasses from PT. Andalan Furnindo 
#2 (M2) 

The experiment performed with M2 was conducted in Borås, Sweden. Two setups were made 

using the obtained culture from the adaption to inoculate systems with M2 as a sole carbon 

source with ingredients according to Table 4. The abbreviations in the table stands for the 

characteristics of the initial ingredients, the molasses from PT. Andalan Furnindo #2 (M2) 

followed by the amount of total sugars (100 g/l). Pure caffeine (CA) was used as the nitrogen 

source used for one of the setups followed by the concentration given in (mg/l). Preparation 

was carried out in line with the other experiments: two 2-litre beakers with 300 g molasses in 

each was mixed with 1350 ml ultrapure water. 450 mg of pure caffeine (Merck KGaA, 

Darmstadt, Germany) was added into one of the beakers and both mediums were sterilized in 

121℃ for 30 min (M2-100 & M2-100-CA-200). After cooling down, the mediums were 

inoculated with 10 % (v/v) culture obtained from the adaptation, distributed into three beakers 

per setup with a diameter of 19 cm creating three identical replicas, covered with a textile cloth 

and left in a dark room for 14 days in room temperature (22 ± 2℃). The pH of the broth was 

4.63 for M2-100-CA-200 and 4.62 for M2-100.  

Table 4 Characteristics of setups with systems containing M2. Abbreviations are based on carbon source, nitrogen source and 

total sugar content in g and caffeine concentration in mg. 

 Molasses Culture Pure caffeine Total sugars Caffeine 

Setup abbrev. (g/l) (%, v/v) (mg/l) (g/l) (mg/l) 

M2-100 200 10 0 100 0 

M2-100-CA-200 200 10 200 100 200 

 

Out of the three replicates made for each setup, two obtained membranes (KM-M2) were 

repeatedly soaked in ultrapure water for 3 h and dried in a Terma (AB Nino Lab) oven in 35℃ 

for 20 hours, where one replica of each was put in between two sheets of PET Melinex foil and 

dried under a 2.5 kg iron weight. The two remaining films were soaked in 1 M NaOH for 2 h 
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at 80℃, kept in 0.1 M NaOH for 18 h in room-temperature and then re-soaked in 1 M NaOH 

at 80℃ for 3.5 h to remove bacterial cells, washed with ultrapure water until a neutral pH was 

reached. The films were left to dry in room temperature for 48 h. The samples purified with 

NaOH will hereafter be called P-M2-100 and P-M2-100-CA-200 and the samples dried under 

pressure W-M2-100 and W-M2-100-CA-200. 

3.2.4 Experimental setup for systems with molasses from Nordic Sugar AB (M3) 

The experiment performed with M3 was conducted in Jakarta, Indonesia. Three combinations 

of full-scale setups were made for systems containing M3 conducted in two blocks. 

600 g of molasses from Swedish Sugar AB (M3) was mixed with 120 g coffee ground from 

Balder Shipment together with 2700 ml ultrapure water in a 5-litre beaker corresponding to a 

total sugar amount of 100 g/l and 200 mg/l caffeine (M3-100-CW-200). The mixture was 

sterilized in 121℃ for 30 min and left to cool down. The medium was sieved through a metal 

sieve twice and centrifuged to remove the coffee ground and inoculated with 300 ml 

unpasteurised Kombucha tea from Roots of Malmö AB. The pH of the broth was measured to 

6.35 and was not adjusted. Lastly, 500 ml of the prepared liquid was distributed into six identical 

round containers with a diameter of 19 cm and covered with a textile cloth. The setups were 

left in a dark room in room temperature (22 ± 3℃) for 14 days. The setup was repeated with 

two replicates containing 200 g M3, 100 ml Kombucha tea from Roots Malmö AB and 40 g 

coffee waste from Balder Shipment per litre ultrapure water.  

Two additionally setups were made with M3 as a sole carbon source. The broths were prepared 

by mixing 200 g of molasses with 900 ml ultrapure water in 2-litre beakers. 300 mg pure 

caffeine (Merck KGaA, Darmstadt, Germany) was added into both setups and 5 g yeast extract 

(Scharlau Microbiology, Barcelona, Spain) was added into one of the setups (M3-100-CA-YE-

200 & M3-100-CA-200). The broths were sterilized in 121℃ for 30 min and left to cool down, 

inoculated with 10 % (v/v) Kombucha tea from Roots Malmö AB, covered with textile cloths 

and left in a dark room for 21 days in room temperature (22 ± 3℃). The ingredients of each 

setup are presented in Table 5. 

Table 5 Characteristics of setups with systems containing M3. Abbreviations are based on carbon source, nitrogen source and 

total sugar content in g and caffeine concentration in mg. 

 Molasses Culture Pure caffeine Coffee 

ground 

Total 

sugars 
Yeast extract 

Setup abbrev. (g/l) (%, v/v) (mg/l) (g/l) (g/l) (g/l) 

M3-100-CW-200 200 10 0 40 100 0 

M3-100-CA-YE-200 200 10 200 0 100 5 

M3-100-CA-200 200 10 200 0 100 0 

 

Furthermore, sixteen combinations of small-scale setups were made with a total working 

volume of 50 ml, prepared with ingredients according to Table 6. 40 and 45 ml of ultrapure 

water was boiled with 7 and 10 mg molasses, respectively for 5 min. 50 % of each combination 

of the liquid were centrifuged for 10 min at 4000 rpm. The mediums were left to cool down, 

inoculated with 5 or 10 ml (10 or 20 %, v/v) obtained culture from the adaptation containing 

M3 and put into a flask covered with a textile cloth. The cultivation of M3-1 – M3-8 were 
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conducted in a water bath at 30℃ and M3-9 – M3-16 were kept in a dark room at room 

temperature (22 ± 2℃). Two replicas were made for each setup.  

 
Table 6 Characteristics of setups with systems containing M3 with a total working medium of 50 ml. 

Abbr. Molasses  

(g/l total sugars) 

Pre-

treatment 

Fermentation 

temp. (℃) 

Culture  

(%, v/v) 

Caffeine 

(mg/l) 

M3-1 100 - 30 10 0 

M3-2 100 Centrifuge 30 10 0 

M3-3 70 - 30 10 0 

M3-4 70 Centrifuge 30 10 0 

M3-5 100 - 30 20 0 

M3-6 100 Centrifuge 30 20 0 

M3-7 70 - 30 20 0 

M3-8 70 Centrifuge 30 20 0 

M3-9 100 - 20 10 0 

M3-10 100 Centrifuge 20 10 0 

M3-11 70 - 20 10 0 

M3-12 70 Centrifuge 20 10 0 

M3-13 100 - 20 20 0 

M3-14 100 Centrifuge 20 20 0 

M3-15 70 - 20 20 0 

M3-16 70 Centrifuge 20 20 0 

 

The obtained membranes (KM-M3) from the setup M3-1 – M3-16 were soaked in ultrapure 

water for 20 min, weighted, and left to dry on polyethylene terephthalate (PET) Melinex foil 

for 48 hours in room temperature and then reweighted.  

A table of all setup abbreviations showing carbon and nitrogen source with total sugar and 

caffeine concentrations can be found in appendix D. 

3.2.5 Methods of analysis 

3.2.5.1 High performance liquid chromatography 

The carbohydrates and caffeine consumption caused by the bacteria was monitored using high 

performance liquid chromatography (HPLC) analysis in systems with M1 in Jakarta, Indonesia. 

Liquid chromatography analysis was performed on a Thermo Fisher Scientific Ultimate 3000 

Series (Thermo Fisher Scientific Inc., Massachusetts, US) where the equipment used were an 

LPG-3400SD pump, a WPS-3000 autosampler, a TCC-3200 column oven, a refractive index 

detector RefractoMax521 and an VWD-3100 variable ultralength detector. The soluble sugars 

were separated by an Aminex HPX-87P (300 x 7.8 mm) column at a temperature of 80℃ and 

the caffeine was separated by a Hypersil (150 x 4.6 mm) column in room temperature (25℃). 

The mobile phase used to elute the soluble sugars was ultrapure water with a flow rate of 0.6 

ml/min and the mobile phase for eluting the caffeine was a binary mixture of ultrapure water 

and methanol 60:40 (v/v) in a flow rate of 1.0 ml/min. The wavelength used in the variable 

ultralength detector was 272 nm. Retention time for caffeine used was 5 min and 20 min for 
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carbohydrates. Injections with a volume of 50 µl for the carbohydrates and 20 µl for the caffeine 

samples was used. 

Furthermore, the total sugar content analysis of M2 and M3 and glucose detection for the 

cellulose analysis was analysed using a Walters 2695 (Walters Co-operation and Milford, USA) 

HPLC machine in Borås, Sweden. The HPLC machine was equipped with a hydrogen-based 

ion exchange column (Aminex-87H, Bio-Rad, Hercules, USA) working at 60℃ with 5 mM 

H2SO4 as mobile phase in a flow rate of 0.6 ml/min. Injections with a volume of 50 µl was used.  

3.2.5.2 Spectrophotometer 

Caffeine analysis was further made on systems containing coffee grounds from Balder 

Shipment (Peru, Ethiopian, Gayo and Robusta) with a Biochrom Libra S60 UV/Vis 

Spectrophotometer with a wavelength of 272.0 nm, 10 mm pathlength and 2 nm bandwidth. 

3.2.5.3 Compression moulding 

Compression moulding of bacterial cellulose from M1-100-CW-200 and M1-100-CW-135 was 

performed on a Rondol Omron K3GN compression moulding machine post drying to obtain a 

flat surface of the membranes. The samples were put between two sheets of PET Melinex foil 

with a thickness of 0.25 mm. The temperature was held constant at 110℃ and the compressions 

were performed batchwise where the material was put in and out of the mould under elevated 

pressures ranging from 6 to 19 kN in a total process time of 2 min to avoid burning.  

3.2.5.4 Mechanical testing 

The samples were cut into dog bone shaped specimen in an EP 08 Elastocon manual cutting 

press with an EP 04/ISO 37-2 cutting die with a 4.0 mm width. The samples were sprayed with 

ultrapure water to obtain a flexible character and to prevent breakage when cutting. After 

cutting, they were left to dry for two hours before testing. Mechanical testing was performed 

on a Tinius Olsen H10KT universal testing machine with a load range of 100 N, extension range 

of 1 mm, gauge length of 24 mm, in a test speed of 1 mm/min.  

3.2.5.5 Thermogravimetric analysis 

The thermogravimetric curves of the samples were recorded by a TA Q500 from TA 

Instruments. All samples were heated in alumina pans from 35℃ to 900℃ temperature range 

under nitrogen atmosphere (flow rate of 100 ml/min) at a heating rate of 10℃/min. Randomly 

samples were collected from the obtained films weighing about 10 mg.  

3.2.5.6 Differential scanning calorimetry analysis 

Differential scanning calorimetry analysis (DSC) were performed on a DSC Q 100 from TA 

Instruments, analysing samples obtained from systems containing M1 and M2. Three heating 

steps were scheduled from -20℃ to 300℃ and cooled down to -20℃ from 300℃ and then 

heated again to 300℃ at a heating rate of 20℃/min under nitrogen flow.  

3.2.5.7 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) was performed using a Thermo Scientific 

Smart iTX FT-IR spectrophotometer accessory with Diamond Crystal. Average spectra were 

DAK
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obtained in the mid infrared region (4000-525 cm-1). Preferences used were as follows: detector: 

DTGS KBr beam splitter: KBr, optical velocity: 0.4747. 64 number of scans were acquired per 

sample. 

3.2.5.8 Cellulose content analysis 

Determination of structural carbohydrates was performed according to Sluiter, Hames, Ruiz, 

Scarlata, Sluiter, Templeton and Crocker (2008). 0.3 g of the samples were prepared in glass 

beakers, dissolved in 3 ml of 72 % (w/v) sulfuric acid (Sharlab S.L., Spain) and hydrolysed at 

30℃ in a water bath for 60 min. The samples were stirred every 5 min with a stir rod to ensure 

even acid to particle contact and uniform hydrolysis. The acid was diluted into 4 % by adding 

84 g of water into the beakers and thereafter the beakers were shaken to eliminate phase 

separation between high and low concentration acid layers. The hydrolysates were sterilized for 

60 min in 121℃ and left to cool down. All samples were made in two replicas and three replicas 

of D-glucose anhydrous (Fisher Scientific, Loughborought, UK) and avicel PH-101 (Sigma 

Aldrich, Fluka Analytical, St Louis, MO) which were used as controls. Glucose concentrations 

were obtained by using HPLC analysis for all samples. The amount cellulose (%) was 

calculated by recording the amount of each calibration verification (CVS) standard using: 

𝐶𝑉𝑆 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦(%) = (
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝐻𝑃𝐿𝐶 [𝑚𝑔/𝑚𝑙]

𝑘𝑛𝑜𝑤𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 [𝑚𝑔/𝑚𝑙]
) 100 

 

(1) 

followed by the calculation of the amount recovered glucose after diluted acid hydrolysis using: 

𝑅𝑔𝑙𝑢𝑐𝑜𝑠𝑒(%)

= (
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝐻𝑃𝐿𝐶 [𝑚𝑔/𝑚𝑙]

𝑘𝑛𝑜𝑤𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 [𝑚𝑔/𝑚𝑙]
) 100 

 

(2) 

To correct the corresponding glucose concentration values obtained from the HPLC for each 

hydrolysed sample the following calculation was made using the average value of CVS: 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒(%) = (
𝐶𝑉𝑆 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%)𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑅𝑔𝑙𝑢𝑐𝑜𝑠𝑒(%)
) 

(3) 

3.2.5.9 Moisture analysis 

For determination of moisture content in the samples, dried samples were weighted and placed 

in aluminium bowls, dried at 105℃ for 2.5 hours, left to cool down for 30 min in a desiccator 

and then reweighted. The obtained weight loss was calculated as an indication of moisture 

content given in percentage (%).  

3.2.5.10 Thickness measurement 

Thicknesses of the obtained biofilms were measured using an Elastocon EV 01 thickness gauge. 

3.2.5.11 Statistical analysis 

Analysis of variance (ANOVA) test were performed to verify the existence of differences 

between the average responses of the treatments and it was concluded that there were significant 

differences between the means of the treatments at the significance level of p < 0.05. 
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3.2.6 Monitoring and analysis for systems with M1 and sucrose 

3.2.6.1 Preparation of standards for HPLC 

A sugar standard was set up containing fructose, glucose and sucrose. 0.05 g of fructose (Merck 

KGaA, Darmstadt, Germany) with a minimum purity of 99 %, 0.05 g of glucose (Merck KGaA, 

Darmstadt, Germany) with a minimum purity of 95 % and 0.05 g sucrose (Fisher Scientific UK, 

Loughborough, UK) with a minimum purity of 95 % was each dissolved in 5 ml ultrapure water, 

separately. 3 ml of the glucose mixture, 2 ml of the sucrose mixture and 3 ml of the fructose 

mixture were together diluted with 92 ml of ultrapure water creating a standard stock. The 100 

ml standard stock was thereafter half diluted four times in 100 ml volumetric flasks with a 

graduated pipette resulting in five standards solutions with concentrations seen in Table 7 given 

in mg/l. A caffeine standard was set up in similarly where 0.05 g of caffeine (Sigma-Aldrich) 

was dissolved into 5 ml ultrapure water where 1 ml of the mixture was further diluted with 99 

ml of ultrapure water and then half diluted into five standards with concentrations ranging from 

100 – 6.25 mg/l shown in Table 7. 

Table 7 Concentrations of the standards used in the HPLC analysis in mg/l. 

Standard solution (mg/l) S1 S2 S3 S4 S5 

Fructose  18.75 37.5 75 150 300 

Glucose  18.75 37.5 75 150 300 

Sucrose  12.5 25 50 100 200 

Caffeine 6.25 12.5 25 50 100 

3.2.6.2 Sample preparation of caffeine and sugar consumption 

The collected samples from two buckets of each setup (bucket 1 and 2) were thawed and diluted 

with 9 ml of ultrapure water and the pH was raised to 7 with 1 M NaOH to a ratio of 1:10 and 

put into 1.5 ml centrifuge tubes. The samples were further diluted with ultrapure water into a 

ratio of 1:400 for the first block and into a ratio of 1:200 for the second block and put into 1.5 

ml centrifuge tubes resulting in a total of 160 samples. All the diluted samples were centrifuged 

in an Eppendorf 5424 centrifuge for 5 minutes in 4000 rpm and then degassed in a Banderlin 

Sonirex apparatus for 5 min. The sample dilutions were filtered through a 0.22 µm filter using 

3 ml syringe with needle into a 2 ml (Amber Glass ID Sure Stop, Thermo Scientific, US) vial. 

The samples with the dilution ratio of 1:10 was further analysed for caffeine and the samples 

with the dilution ratio of 1:200 and 1:400 were tested for carbohydrates. The prepared standards 

were injected into the HPLC system (Thermo Fisher Scientific Ultimate 3000 Series) directly 

followed by the samples. 

4 RESULTS AND DISCUSSION 

4.1 Sugar concentration in the molasses 

A characterization of the sugar fructose, glucose and sucrose in molasses provided by PT. 

Andalan Furnindo (Jakarta, Indonesia) was preformed using high-performance liquid 

chromatography analysis, indicating approximately 53 % of sucrose and almost an equal 

amount of glucose and fructose of 5 ± 2 %, giving a total sugar amount in molasses to roughly 
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63 % seen in Table 8. The amount of sugar obtained from the analysis was corresponding to 

information provided by PT. Andalan Furnindo (47 % sucrose and 61 % of total sugars) seen 

in Table 2. The determination of total sugars in the molasses from Swedish Sugar AB was done 

by using high-performance liquid chromatography analysis showing an average content of 51.1 

%, in agreement with the information provided by the company (47-48 %) as seen in Table 2.  

Table 8 Characterization of the molasses done in this study. 

Carbon source Sucrose  

(%) 

Glucose  

(%) 

Fructose  

(%) 

Total  

(%) 

M1 53.2 4.1 5.6 62.9 

M2 - - - 59.8 

M3 - - - 51.1 

4.2 Result of monitoring in systems containing M1 and sucrose 

4.2.1 Sucrose consumption in systems 

The molasses used in the experiment had a total sucrose content of 53 % (w/w) implying an 

initial concentration of 80 g/l of sucrose for M1-100-CW-200, M1-100-CW-135 and M1-100 

and 40 g/l sucrose for M1-50-CW-200, M1-50-CW-135 and M1-50. Figure 6 and 7 are showing 

the sucrose consumption in the liquid phase of the Kombucha broth. The sucrose consumption 

in all the systems were decreasing at a steady rate, except for S-100-T-135 indicating cultivation 

disturbance. In fermentation day 7 of the systems containing initially 80 g/l sucrose (Figure 6), 

a peak in the consumption occurred and was therefore deviating from the expected trend. The 

error bars are at day 7 high indicating errors, possibly caused by variations in the HPLC analysis 

or due to mistakes when diluting the samples. A large error bar can also be seen in Figure 7, 

day 3 for S-50-T-135 where one of the values read from the HPLC analysis causes the deviation. 

This could be due to a lower sugar consumption in that particular setup, too few individual 

measurements, variations in the HPLC machine or a too high dilution of that sample. 

Comparing the decay of sucrose concentration in systems containing molasses to the systems 

with pure sucrose, it was faster in the system containing molasses. The results agree with a 

study performed by Malbaša, Lončar and Djurić (2008) investigating Kombucha fermentation 

between pure sucrose and sugar beet molasses. The highest rate of consumption was shown in 

the systems containing the highest amount of caffeine (M1-100-CW-200 & M1-50-CW-200) 

where 46 % of the sucrose in M1-100-CW-200 and 69 % in M1-50-CW-200 was consumed 

after 14 days, indicating a connection between a higher sucrose consumption in systems having 

a higher initial caffeine content. The sucrose consumption in the other systems shared a similar 

trend where the total sucrose consumption after 14 days of fermentation varied between 22-32 

%. As seen in Figure 6, the amount of sucrose in system S-100-T-135 was higher after 14 days 

of fermentation, above 100 g/l having a negative consumption rate at -4 % implying a low 

microorganism activity.  
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Figure 6 Content of sucrose in the liquid phase of Kombucha 

as a function of time. (M1-100-CW-135: 100 g/l sugar, 135 

mg/l caffeine, M1-100-CW-200: 100 g/l sugar, 200 mg/l 

caffeine, M1-100: 100 g/l sugar, 0 mg/l caffeine, S-100-T-

135: 100 g/l sugar, 135 mg/l caffeine) n=2. 

 
Figure 7 Content of sucrose in the liquid phase of Kombucha 

as a function of time. (M1-50-CW-135: 50 g/l sugar, 135 

mg/l caffeine, M1-50-CW-200: 50 g/l sugar, 200 mg/l 

caffeine, M1-50: 50 g/l sugar, 0 mg/l caffeine, S-50-T-135: 

50 g/l sugar, 135 mg/l caffeine) n=2. 

Due to the poor biofilm growth caused by low activity of the microorganisms from S-100-T-

135, an additionally setup was made as a replicate, prepared in the exact same way as described 

in 3.1.2. 1000 ml of the broth was distributed into two buckets and sampling was carried out 

day 1, 7 and 14. The obtained results presented in Figure 8, were in agreement with previously 

reported sucrose consumption for conventional Kombucha fermentation. The initial sucrose 

concentration was 95 g/l according to the HPLC analysis and was in fermentation day 14 

estimated to 28 g/l, a decay of roughly 70 %. The sucrose consumption in this experiment was 

therefore higher than of M1-100-CW-200, suggesting that the bacteria were disrupted by the 

sampling since two samplings less were made in this case. 

 

 
Figure 8 Content of sucrose in the liquid phase of Kombucha as a function of time for the second replicate of S-100-T-135 (S1-

100-T-135). 
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4.2.2 Caffeine consumption 

The consumption of caffeine was rapid in the initial state of the fermentation for all systems 

(Figure 9 & 10) except for S-50-T-135 where the concentration of caffeine was increasing in 

fermentation day 3. A high error bar for day three indicates a fault in the study, probably 

connected to the high error bar in day three in the individual measurements for the sugar 

consumption. An explanation to the random error the third day of fermentation could therefore 

be due to a too high dilution in the sample for day 3 where the same media was used in both 

readings. All caffeine was consumed at fermentation day seven for the systems containing 

molasses, whereas the conventional Kombucha setups had a slower consumption rate. The 

caffeine in S-100-T-135 was completely consumed in day ten, and in day 14 for S-50-T-135, 

implying a higher consumption rate for Kombucha setups with a higher sucrose amount. The 

highest consumption rate was found for the systems containing the highest amount of caffeine 

with molasses as a carbon source (M1-100-CW-200 & M1-50-CW-200). The initial reported 

values of caffeine concentration in systems containing 100 g/l sugars (Figure 9) are not 

following the expected values, but slightly lower. When starting the HPLC analysis, only one 

individual measurement was taken and analysed and could be the reason behind the results.  

 

 
Figure 9 Content of caffeine in the liquid phase of Kombucha 

as a function of time (M1-100-CW-135: 100 g/l sugar, 135 

mg/l caffeine, M1-100-CW-200: 100 g/l sugar, 200 mg/l 

caffeine, M1-100: 100 g/l sugar, 0 mg/l caffeine, S-100-T-

135: 100 g/l sugar, 135 mg/l caffeine). 

 
Figure 10 Content of caffeine in the liquid phase of 

Kombucha as a function of time (M1-50-CW-135: 50 g/l 

sugar, 135 mg/l caffeine, M1-50-CW-200: 50 g/l sugar, 200 

mg/l caffeine, M1-50: 50 g/l sugar, 0 mg/l caffeine, S-50-T-

135: 50 g/l sugar, 135 mg/l caffeine) n=2. 

4.2.3 pH 

When setting up the systems containing M1 the pH in the broth was adjusted to 5.5 and 

measured the 14th day of fermentation, presented in Figure 11. The lowest pH of 3.00 could be 

found in M1-100-CW-200, the system containing the highest amount of caffeine and total 

sugars indicating a higher accumulation of organic acids. The correlation between the low pH 

of the system containing higher amount of sugars are in agreement with a study performed by 

Goh et al. (2012). Results obtained from this study also indicates a correlation between a higher 

pH drop for a higher amount of initial caffeine concentration, due to a higher level of microbial 
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activity. As for the remaining systems, no significant difference in the pH was found where the 

pH after 14 days of fermentation was 3.55 ± 0.17. 

 
Figure 11 The pH in systems containing M1 after 14 days of fermentation. 

4.3 Kombucha membrane analysis 

4.3.1 Yield of biomass of KM-M1 

According to Malbaša, Lončar and Djurić (2008) the yield of biomass is dependent on the nature 

of the substrate, which also can be seen in this study. The setups having 100 g/l of total initial 

sugars were showing a significant difference in biomass yield where all the systems containing 

molasses had an average wet weight above the conventional Kombucha setup (S-100-T-135) 

performed in the same block, proving the importance of the carbon source where the molasses 

contains other nutrients such as vitamins or amino acids that does not exist in sucrose. However, 

the reported wet weight of S1-100-T-135 exceeded all systems fermented with molasses. The 

higher yield in the second setup of the conventional Kombucha could be explained by less 

disruption by fewer collected samples from the broths (three sampling versus five). Concerning 

the systems with 100 g total sugars, the wet masses were: M1-100-CW-135 – 104 g/l, M1-100-

CW-200 – 138 g/l, M1-100 – 36 g/l, S-100-T-135 – 16 g/l, S1-100-T-135 – 162 g/l. Figure 12 

is illustrating selected obtained wet films from the experiment with systems containing 100 g/l 

sugar after washing. Fermenting with coffee ground gave the membranes a dark brown shade 

compared to the conventional Kombucha. Both M1-100-CW-135 and M1-100-CW-200 

suffered from mold formation present on the top of the material, possibly linked to the molasses 

used in the experiment since the films produced in absence of molasses were not affected. The 

high fermentation temperature (30 ± 3℃) could have given the mold bacteria favourable 

growing conditions.   

Previous experiment with Kombucha bacteria and yeast with molasses as a carbon source have 

been performed by Malbaša, Lončar and Djurić (2008) but with tea as a main nitrogen source 

enabling sensory testing. This study was performed with coffee waste as a main nitrogen source 

investigating the resource recovery of waste materials. In both cases, previous fermented 

Kombucha was used to inoculate the fermentation hence the usage of high value products for 

an existing market. The fermented broth obtained in this study had no value and could not be 

used as a beverage. Another reason for un-abled sensory testing of the broth was due to 

contamination where mold was formed during the fermentation. The reason behind the 
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formation of mold is unknown but could related to bacteria growth on the molasses or coffee 

waste after sterilization due to high fermentation temperature. To be able to recover a higher 

economic value of the produced Kombucha tea in this study, a pre-treatment of the molasses 

could be needed or to alter the choice of main nitrogen source where tea could be preferred. 

   
S-100-T-135 M1-100-CW-135 M1-100-CW-200 

  
M1-100 S1-100-T-135 

Figure 12 Obtained wet KM from systems containing initially 100 g/l sugar. 

The produced films from the setups containing 50 g/l of initial total sugars were showing a 

different outcome where the average wet mass was not deviating from each other in the same 

extent, illustrated in Figure 13. Visually, the films had similar appearance with a light-yellow 

colour, not as affected by the dark colour of the molasses as the films with twice the amount of 

molasses seen in Figure 12. When collecting the films from the buckets, some of them broke 

apart due to their low mass and thinness. The measured wet weight was as follows: S-50-T-135 

– 28 g/l, M1-50-CW-135 – 20 g/l, M1-50-CW-200 – 20 g/l, M1-50 – 18 g/l. The results indicate 

an importance of substrate quantity when producing Kombucha membrane.  
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M1-50-CW-135 M1-50-CW-200 

  
M1-50 S-50-T-135 

Figure 13 Obtained wet KM from systems containing initially 50 g/l sugar. 

Other factors than choice of carbon source has an importance when producing bacterial 

cellulose. An explanation for the higher yield of biomass fermented with molasses could be the 

occurrence of nitrogen. In the conventional Kombucha setup, the only source of nitrogen is tea 

but for the setups with molasses, up to 20 % of the total mass is non-sucrose (Malbaša, Lončar 

& Djurić 2008). According to their study, the content of nitrogen in molasses is higher 

compared to the systems with pure sucrose. Furthermore, the choice of caffeine and nitrogen 

source for the setups could have an impact of the results, in this case coffee ground versus tea.  

Concerning the dry weight of the obtained biomass, the average reported values with 100 g/l 

sugars were as follows: M1-100-CW-135 – 9.48 g/l, M1-100-CW-200 – 12.78 g/l, M1-100 – 

2.16 g, S-100-T-135 – 1.12 g/l, S1-100-T-135 – 11.28 g/l, and for systems with 50 g/l sugar: S-

50-T-135 – 2.98 g/l, M1-50-CW-135 – 1.94 g/l, M1-50-CW-200 – 1.98 g/l, M1-50 – 1.44 g/l, 

presented in Figure 14. Comparing the conventional Kombucha setups to the setups containing 

the same amount of caffeine and total sugars, it appeared that the conventional setup had a 

higher yield of biomass where S1-100-T-135 had 15.9 % higher mass than M1-100-CW-135 

and S-50-T-135 had 55.8 % higher mass than M1-50-CW-135. An observably higher difference 

in masses was noted for systems with twice the amount of total sugars. The occurrence of 

caffeine had a large impact on the obtained yield of biomass where an 83.0 % difference was 

observed between M1-100-CW-200 and M1-100. However, the difference between M1-100-

CW-135 and M1-100-CW-200 were less notable with 25.8 % in mass. The highest yield of 

biomass was obtained from M1-100-CW-200, the setup containing the highest amount of 

caffeine and total sugars derived from molasses.  
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Figure 14 Dry weight of KM-M1 in g biomass/g fermentation medium. 

4.3.2 Effect of drying KM-M1 

Out of 40 samples, three drying methods were applied: freeze-drying (-50℃), air-drying (30℃) 

and oven-drying (70℃). When drying the samples, the materials showed different properties 

visual to the naked eye. The air-dried samples were exposed to moisture during drying and were 

therefore not as brittle as the oven and freeze-dried samples. The oven-dried samples turned 

brittle after only two hours of drying and broke apart, but after extracting them from the oven 

they were able to absorb the humidity in the air and got a similar appearance as the air-dried 

samples. Figure 15 is showing the oven-dried films illustrated in Figure 12. M1-100-CW-135 

and M1-100-CW-200 were thicker than M1-100 and S-100-T-135 and when drying them, the 

colour turned into a slightly darker brown shade. Concerning M1-100 and S-100-T-135 the 

material after drying obtained a more transparent character and very fragile appearance. The 

two samples from S1-100-T-135 were air-dried for 7 days, where one of them got a smooth 

surface after drying and the other got a wrinkly appearance, possibly linked to the mass. The 

difference in the wet masses of the two equally produced film was 10 %, indicating the 

occurrence of diverse microbial growth on the same substrate with the same amount of culture. 

The film having the highest mass turned out smoother. 
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M1-100 S1-100-T-135 – 6.18 g S1-100-T-135 – 5.1 g 

Figure 15 Obtained dry KM from systems containing initially 100 g/l sugar. 

Due to the thinness of the films obtained from the systems containing 50 g/l sugar initially, the 

affect of drying was higher and were unable to keep its original shape. The fragile material 

broke and curled as seen in Figure 16. M1-50-CW-135 and M1-50-CW-200 were less stressed 

when subjected to heat. Even though the reported average dry weight of S-50-T-135 was higher, 

the material crumbled to the slighest touch. As the systems containing 100 g/l initinal sugar, the 

obtained films were able to absorb the humidity of the air after extracting them from the oven.  

  
M1-50-CW-135 M1-50-CW-200 

  
M1-50 S-50-T-135 

Figure 16 Obtained wet KM from systems containing initially 50 g/l sugar. 

Figure 17 shows the obtained freeze-dried biofilms from fermenting with M1. The samples 

from the system containing initially 100 g/l sugar possessed a rigid and stiff character where 

the films from the system containing initially 50 g/l sugar had a sponge-like appeal and porous 
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structures were observed. All samples were fragile, especially the ones fermented with 50 g/l 

sugars. Zhang, Wang, Zhao and Zhu (2011) claim that freeze-drying bacterial cellulose reduces 

the mechanical properties of the materials explained by the reduced strength between the 

hydrogen bonds and cellulose macromolecules, and the lower degree of crystallinity.  

    
S-100-T-135 M1-100 M1-100-CW-135 M1-100-CW-200 

    
M1-50-CW-135 M1-50-CW-200 M1-50 S-50-T-135 

Figure 17 Freeze-dried KM-M1. 

There was no significant difference in water content of the oven- and air-dried samples after 

seven days of drying. An average water content (WC, g water / g dry film) for each setup was 

calculated using: 

𝑊𝐶(𝑤/𝑤) =
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
 

(4) 

where mwet is the wet mass and mdry is the dry mass. The reported values are illustrated in Figure 

18. Reported weight loss for systems containing 50 g/l sugars initially are based on only two of 

the five replicates, explaining the high error bars. All samples had a water content between 8-

16 g water per dry mass, indicating a high absorption capacity for bacterial cellulose. Swelling 

properties and absorption capacity of bacterial cellulose have been extensively studied and the 

obtained result in this study agree with Goh et al. (2012) where the water absorption capacity 

of cellulose was estimated to vary between 100 to 120 times its dry weight. 



  38  

 

 
Figure 18 Water content of KM from systems containing M1. 

4.3.3 Yield of biomass and effect of drying KM-M2 

Results obtained from fermenting in M1-medium indicated the effect of present caffeine on 

biomass yield when fermenting Kombucha where the setup containing the highest amount of 

caffeine had 83 % higher biomass yield than the setup with no caffeine. However, a challenge 

remains when measuring the amount caffeine present in coffee ground since it can vary a lot 

depending on coffee brand, waste batches and coffee machines. Analysing caffeine amount in 

the coffee waste used in this experiment gave highly variating unpredictable results. 

Considering the difficulty in predicting the caffeine amount in coffee waste, pure caffeine was 

chosen for the setups with M2. The highest yield of biomass was obtained from the system 

containing the highest amount of caffeine of 200 mg/l, motivating the concentration in the 

setups with M2. As for the sugar concentration, 83 % higher biomass yield was obtained from 

M1-100-CW-200 compared to M1-50-CW-200. The amount molasses was kept as a constant 

parameter of 100 g/l total sugars, where the amount of caffeine was performed in two levels: 

no caffeine versus 200 mg/l. 

The biofilms obtained from the systems containing caffeine had 14 % higher wet weight than 

the systems without caffeine, a smaller difference compared to systems fermented with M1. 

Measured wet mass from M2-100 was 318.49 ± 4.27 g/l and 371.01 ± 12.49 g/l for M2-100-

CA-200. A slightly lower pH was measured for system M1-100-CA-200 of 3.28 to 3.36 for 

M2-100, indicating a higher biological activity and acid formation in the system containing 

caffeine (Goh et al. 2012). The biomass growth during fermentation was observably higher 

from those fermented in M1-mediums. Total medium volume of were kept constant for both 

experiments, but the container size was altered from 15 cm ∅ to 19 cm ∅. A wider opening of 

the container, making the culture medium shallower resulted in a higher biomass yield, in 

agreement with a study performed by Goh et al. (2012). However, nearly all medium was 

evaporated or consumed after 14 days of fermentation due to the rapid growth. Another reason 

for the improved results can be explained by the adapted culture used in the experiment making 

the bacteria susceptible to the substrate.  
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Visually, one side of the membranes had a flat surface where the other one was rough and 

uneven, displaying small dents formed face down during fermentation. As described by 

Villarreal‐Soto et al. (2018), the Kombucha microorganisms produce ethanol and CO2 which 

gets entrapped in bubbles between the biofilm and the medium, causing the surface roughness. 

When removing the films from the containers, a variation in thickness was observed where the 

cellulose synthesis could be more obvious on one side. The superimposed layers were visual as 

entanglements was shown in different shades of brown.  

Despite the repeated washing in ultrapure water, the films obtained a shiny surface from 

molasses residue after drying (Figure 19), giving the material adhesive properties. Drying one 

replica of M1-100-CW-200 and M2-100 under pressure, the absorbed liquid in the biofilms was 

forced out sideways, leaving the material thinner and stiffer (Figure 20). The replicas that 

undergone the NaOH purification absorbed water and got an increased weight compared to the 

initially measured wet weight. Even after treating the samples in NaOH for a total of 21.5 h 

some residues were still observed, but the dry weight was measured below the untreated ones 

(Figure 21-22).  

 
Figure 19 M1-100-CA-200, 

wet. 

 
Figure 20 M1-100 dried 

under pressure. 

 
Figure 21 M2-100 after 

NaOH purification. 

 
Figure 22 NaOH purified 

M1-100, dried. 

Obtained dry weight from KM-M2 are presented in Table 9 where a trend can be observed 

according to drying procedure. In M2-100 and M2-100-CA-200, residues from molasses 

contributed to a higher weight. The difference in weight between the dried films under pressure 

compared to the pure oven-dried samples were 55.4 ± 17.4 %. The NaOH treated films obtained 

the lowest dry weight. Overall, the samples containing caffeine had a higher biomass yield.  

Table 9 Measured dry weight of KM-M2 in g biomass/g fermentation medium. M2-100: dried in 35℃ for 20 h, M2-100*: 

dried in 35℃ for 20 h under 2.5 kg pressure, P-M2-100: purified with NaOH and air-dried for 48 h, M2-100-CA-200: dried 

in 35℃ for 20 h, M2-100-CA-200*: dried in 35℃ for 20 h under 2.5. 

 
Dry weight (g/l) 

P-M2-100 5.14 

W-M2-100 9.18 

M2-100 33.72 

P-M2-100-CA-200 11.88 

W-M2-100-CA-200 20.84 

M2-100-CA-200 33.62 
 

4.3.4 Yield of biomass in KM-M3 

No cellulose was obtained from system M3-100-CW-200, M3-100-CA-YE-200 or M3-100-

CA-200. The yeast cells were sedimented and a thin skin was formed in the bottom of the 
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containers and no biofilm formation was discovered on the surface of the mediums. The 

mediums were affected by contaminations as mould appeared on the surface; M3-100-CW-200 

was especially contaminated where the entire surface was covered with a layer produced by an 

unknown bacterium along with a bulge of mould. The poor growth on M3 could also be seen 

in the adaptation process in the second step (Figure 5) comparing M2 and M3 where the 

thickness of the film from M3 was almost twice as thick as the one from M2. It was obvious 

that the bacteria and yeast preferred the sucrose over the molasses as a poor network appeared. 

In fermentation day 7 in the last step of the adaptation with M3, no biofilm formation was 

observed. As the bacteria and yeast required twice the amount of time to synthesize in M3-

medium compared to M2-medium, it was left for 14 days to ferment; in fermentation day 14 a 

visible membrane was observed. Bae and Shoda (2004) investigated the production of bacterial 

cellulose in molasses medium, claiming that molasses can contain several substances that act 

as growth or metabolic inhibitors and can successfully be pre-treated with heat, solvents or 

centrifuged to separate solid materials.  

Because of the failed experiments in full-scale, M3-1 – M3-16 were conducted, towards a more 

feasible environment for the bacteria and yeast. A four-factor design was created investigating 

the effect of elevated fermentation temperature, amount culture and amount of molasses. 

Malbaša, Lončar and Djurić (2008) studied molasses as a carbon source for producing bacterial 

cellulose with Kombucha culture in room temperature (22 ± 1℃) and argue 70 g/l total sugars 

in molasses as the optimum concentration for obtaining highest yield of biomass. To determine 

the optimum cultivation conditions, the obtained films were weighed and analysed accordingly. 

By visually inspecting the produced films (Figure 23), a notable yield difference was observed 

where all films at elevated temperature were smaller. The poor growth in 30℃ (M3-1 – M3-8) 

can be explained by the disturbance of keeping the films in the water bath. Cultivation was 

carried out in a room with surrounding activity, causing an agitated environment, hindering the 

metabolism and cellulose synthesis. Films produced at room temperature (22 ± 2℃; M3-9 – 

M3-16) achieved a circular form, covering the entire surface of the mediums with variating 

thicknesses.  
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Figure 23 Dried films from M3-1 - M3-16. 

Measured dry weights of the films are presented in Figure 24, showing significant differences 

depending on ingredients and fermentation conditions (Table 6). Highest obtained masses were 

found for the systems containing initially 70 g/l molasses (M3-3, M3-4, M3-11, M3-12, M3-15 

& M3-16) indicating a facilitated synthesis when using a lower concentration of sugars. A 

slightly higher yield was found for all systems with pre-treated molasses. However, that was 

not the case for M3-11 and M3-12 where the system with untreated molasses gave the highest 

yield, an observable deviation from the trend. Regarding amount of culture used, the highest 

yield was found for systems containing 10 % (v/v) suggesting that a higher amount of culture 

does not increase the metabolic activity. Despite the agitation, the maximum yield of biomass 

was observed in system M3-4 weighing 7.86 g/l, contributes to consider that elevated 

temperatures stimulate bacterial cellulose growth; a result supported by a study performed by 

Lončar et al. (2006). The yield from M3-9 was the second highest in the experiment followed 

by the highest error bars with a mass of 7.69 ± 1.65 g/l. Comparing M3-9 to M3-10, the only 

difference being the pre-treated molasses for M3-10 but with the same ingredients under the 

same conditions, shows the highly deviating obtained result from M3-9. M3-10 gave the lowest 

biomass yield and if it was to follow the trend from the other setups, M3-9 was expected to 

have even lower mass. The results obtained from M3-9 should therefore be considered 

misleading. A cellulose growth was observed for all systems in this experiment after 7 days of 

fermentation but not in M3-100-CW-200, M3-100-CA-YE-200 or M3-100-CA-200 with the 

difference being the culture used to inoculate the systems. Malbaša et al. (2008b) and Goh et 

al. (2012) claim that the starter culture used is dependent on the supply of carbon source with 

also can be seen in this study. It appears that the bacteria and yeast benefits from acclimatizing 

to the substrate used in the production of bacterial cellulose. The optimum environment in this 

study was achieved using 10 % (v/v) adapted culture and pre-treated 70 g/l molasses by 

centrifuging fermented at 30℃.  
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Figure 24 Dry weight of films obtained from M3-1 - M3-16 in g biomass/g fermentation medium. 

4.3.5 Mechanical properties of KM-M1 

A qualitative analysis was performed where the materials was bended with two tweezers and 

were immediately torn apart (Figure 25).  

 
Figure 25 Qualitative testing with tweezers of films obtained 

from block 2 with M1. 

 
Figure 26 Dog bone specimens from M1-50-CW-200. 

Due to the fragile character of the films obtained from systems containing initially 50 g/l sugar, 

tensile testing on the Tinius Olsen H10KT universal testing machine could not be executed. 

When cutting the films with the cutting die, only three specimens could be obtained from one 

film and after the specimens were dried, they were unable to sustain a flat surface as seen in 

Figure 26. The measured thickness of the material is illustrated in Figure 27 where M1-100-

CW-135 had the highest measured average of 0.373 mm. All obtained film from the systems 

containing initially 50 g/l sugar had a thickness below 0.1 mm and thinnest measured average 

value was found for S-100-T-135 of 0.022 mm. Three specimens of M1-50-CW-200 could be 

tested in the tensile testing machine and gave a mean tensile strength of 1.104 MPa and 0.388 

% elongation at break. Materials having a thickness > 0.1 mm was considered low-value 

products with limited areas of applications and was not further analysed. 
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Figure 27 Thickness of KM-M1 (n=10). 

Due to the uneven surface of M1-100-CW-135 and M1-100-CW-200, the samples were pressed 

in the compression moulding machine to obtain uniformed units. Before pressing, the standard 

deviation of the thickness was 0.318 (n=10) for M1-100-CW-200 and 0.183 (n=10) for M1-

100-CW-135, a notable variance caused by the voids related to the contamination of mould 

during fermentation. The voids exhibited a hollow character giving the material the rough 

appeal. Figure 28 demonstrates the undergone formation before and after compression 

moulding treatment. The thinnest parts of the material turned transparent with a plastic-like 

surface and were observably more brittle than the rest of the film. The standard deviation of the 

thickness after compression moulding was 0.056 (n=10) for M1-100-CW-200 and 0.070 for 

M1-100-CW-135 (n=10).  

   
Figure 28 M1-100-CW-200 before and after compression moulding. 

Tensile testing was performed to characterize the mechanical properties of films obtained from 

M1-100 and S1-100-T-135, illustrated in Figure 29-30. The main observed difference was found 

in the elongation at break of the membrane obtained from the conventional Kombucha setup 

compared to the membranes produced with molasses and coffee waste. The stiffness in the 

materials could be explained by the contamination of M1-100-CW-135 and M1-100-CW-200 

and the poor cellulose growth of M1-100 due to no caffeine content. M1-100-CW-135 and M1-

100-CW-200 were affected by the compression moulding, weakening the bondage between the 
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polymer chains and the transparent patches of the material became a weak link where a crack 

propagation occurred during testing. Delamination of the material was observed already when 

cutting the specimens and further when testing them, implying a sensitivity to low stress. The 

specimens initially broke transversely at a point, often in the upper or lowermost part of the 

dog-bone shape and reached complete rupture with increased load during the tear process. The 

mean tensile strength was as follows: M1-100-CW-135: 9.315 ± 2.915 MPa, M1-100-CW-200: 

8.349 ± 5.021 MPa, M1-100: 18.375 ± 5.575 MPa, S1-100-T-135: 9.045 ± 4.634 MPa. The 

highest tensile strength was found for M1-100, linked to its fragility and inelasticity. No 

significant difference in tensile strength was found for the other films. S1-100-T-135 had the 

greatest elongation at break, stretching 46 % more than M1-100-CW-200. Due to the high 

obtained standard deviation values it contributes to consider them as semi-quantitative.  

 
Figure 29 Tensile strength of KM-M1. 

 
Figure 30 Elongation at break of KM-M1. 

4.3.6 Mechanical properties of KM-M2 

As seen in Figure 31, the thickest samples were obtained from the pure oven-dried films, 

possibly containing greater amount of residuals deriving from molasses and culture medium. 

Films fermented with the addition of caffeine in the mediums were slightly thicker than from 

those without. The thinnest film was obtained from W-M2-100, impacted by the pressure when 

drying.  

0

5

10

15

20

25

30

Te
n

si
le

 (
M

P
a)

0

2

4

6

8

10

12

14

16

18

El
o

n
ga

ti
o

n
 a

t 
b

re
ak

 (
%

)



  45  

 

 
Figure 31 Thickness of KM-M2 (n=10). 

When analysing the mechanical properties of the films a trend could be observed where the 

highest elongation at break was obtained from the thickest samples (M2-100-CA-200 & M2-

100), illustrated in Figure 33. According to Costa, Almeida, Vinhas and Sarubbo (2017) water 

act as a plasticizer in biopolymers which contributes to consider that the presence of molasses 

and by-products from the medium alter the mechanical performance of the material. The 

intermolecular forces decrease as the number of hydrogen bond between the molecules are 

reduced, giving the material greater elongation and lower tensile strength. During tensile testing 

(Figure 32), similar behaviour was observed for M2-100-CA-200 and M2-100 where the crack 

propagation happened slowly and was accompanied by necking. The material possessed 

heterogeneities in terms of flaws and local variations causing local fluctuations in stresses and 

strains. The occurrence of caffeine in the biofilms did not have a significant impact on the 

mechanical properties where both samples had a similar elongation at break of 47.83 % for M2-

100-CA-200 and 48.74 % for M2-100.  

Samples dried under pressure and NaOH treated samples possessed different mechanical 

properties where the highest tensile strength of 43.49 MPa was measured for P-M2-100-CA-

200. The NaOH treatment partially removed cells, molasses and by-products from the medium, 

reducing the ductility of the material giving the treated specimens the lowest elongation at break 

of 6.69 % for P-M2-100-CA-200 and 4.35 % for P-M2-100. Gea, Reynolds, Roohpour, 

Wirjosentono, Soykeabkaew, Bilotti and Peijs (2011) claim that mechanical properties of 

bacterial cellulose increases when removing impurities, enabling the fibrils to easier interact 

with each other and strengthens the intrinsic hydrogen bonding. W-M2-100 and W-M2-100-

CA-200 gave neither the highest tensile strength nor highest elongation at break, a result 

suggesting that the drying method was less effective. However, a higher tensile strength was 

observed for the samples dried under pressure than normal condition where the pressure 

provides a condition to remove moisture from the films enhancing the stiffness (Ebrahimi, 

Babaeipour & Khanchezar 2016). Obtained biofilms were affected by the handling, damaging 

the microfibrils. Ul-Islam, Ha, Khan and Park (2013) write that variations in the structure of 

bacterial cellulose have a definite impact on the mechanical strength, which also can be seen in 
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this study. The thickness and structure of the specimens was variating, explaining the high error 

bars.  

 
Figure 32 Tensile strength of KM-M2. 

 
Figure 33 Elongation at break of KM-M2. 

Both M2-100 and M1-100 were produced in the absence of caffeine but the mechanical 

properties were significantly different where the elongation at break for M2-100 was 91 % 

higher. Overall, KM-M2 generated better mechanical properties were almost all films gave a 

greater elongation at break and higher tensile strength. The improved result correlates to the 

higher biomass yield obtained from fermenting in adapted culture.  

4.3.7 Thermogravimetric analysis 

The determination of thermal decomposition and water retention capacity of KM was 

investigated using TGA. Figure 34 shows the degradation curves in percentage of the mass as 

a function of temperature and Figure 35 shows the derivative weight change (%/℃) as a 

function of temperature for KM-M1 and the produced controls from the conventional 

Kombucha setups compared with avicel PH-101 microcrystalline cellulose (Sigma Aldrich, 
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Fluka Analytical, St Louis, MO). According to Tyagi and Suresh (2016) the decomposition 

occurs in three stages including maximum water loss, volatilization and degradation. During 

the initial thermal treatment, a slight weight loss was observed beginning with room 

temperature up to 200℃ due to the evolution of absorbed water. The volatilization stage was 

displayed in two sections, not showing an obvious slope involving decomposition of cellulose, 

including dehydration, rearrangement, depolymerization, decomposition of glucose units; 

leading to the formation of carbonyl and carboxyl groups, the formation of carbon monoxide 

and carbon dioxide and evolution of carbonaceous char (Tyagi & Suresh 2016; Costa et al. 

2017). The first peaks were observed at approximately 215℃ and the second peaks were 

observed at 350℃ (Figure 35). The presence of proteinaceous impurities may explain the first 

peak while the second peak could correspond to the main cellulose degradation (Orban et al. 

2017). S-100-T-135 showed a slightly different curve with a segmented weight loss curve, 

losing the maximum mass at 300℃. At 150℃, small peaks for M1-100-CW-200 and M1-100-

CW-135 appeared, indicating an early weight loss possibly linked to the content of molasses 

and residue from the culture medium. After 350℃, no further substantial weight loss occurred, 

and the mass loss rates were low mainly due to the volatilization and oxidation of char. In the 

end of the readings at 900℃, charred ashes corresponded to over 20 % of the weight for all 

samples except for S1-100-T-135. Furthermore, the thermal decomposition of avicel PH-101 

was described by only one peak where the cellulose degradation occurred at 343℃ (Figure 55). 

Avicel did not contain the same amount of moisture, illustrated by the initial flat line. At 650℃, 

92 % of the material was degraded. 

 
Figure 34 TGA curves in percentage of the mass as a function of temperature for KM-M1 in comparison with Avicel PH-101. 
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Figure 35 TGA curves in the derivative weight change as a function of temperature for KM-M1. 

Similar thermal behaviour was observed for KM-M2 as illustrated in Figure 36 showing the 

percentages in mass as a function of temperature and Figure 37 shows the derivative weight 

change (%/℃) as a function of temperature. The main difference could be seen between the 

NaOH treated samples compared to the untreated where the volatilization stage was initiated at 

175℃ and peaked at 215℃ for M2-100-CA-200 and M2-100; the peaks occurred at higher 

temperatures, at 316℃ for P-M2-100 and at 291℃ for P-M2-100-CA-200. Costa et al. (2017) 

claim that structural variables such as molecular mass, crystallinity and the arrangement of 

fibres affect the thermal degradation. The thermal degradation can be explained by the purity 

of the samples where the first peak corresponds to non-cellulosic components having a lower 

intensity for the NaOH treated samples than the untreated indicating a higher amount of 

impurities in the untreated samples. The maximum decomposition temperature is an indication 

of thermal stability occurring at higher temperatures for the NaOH treated films suggesting a 

higher thermal stability. The degradation pace decreased for the samples after 400℃ and as the 

specimens from KM-M1, more than 20 % of the mass remained after 900℃. Repeated TGA 

analysis were performed on P-M2-100-CA-200, showing deviating results but similar thermal 

behaviour, related to the uneven material. The main cellulosic degradation occurred rapidly 

comparable to the degradation of avicel PH-101 (Figure 36, 54 & 55). 

 
Figure 36 TGA curves in percentage of the mass as a function of temperature for KM-M2. 
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Figure 37 TGA curves in the derivative weight change as a function of temperature for KM-M2. 

The individual TGA curves with corresponding peak values for each material can be found in 

appendix A. 

4.3.8 Differential scanning calorimetry analysis 

Heating-cooling-heating DSC analysis was performed to measure the heat absorbed or released 

by the material as a function of temperature. The DSC curve from KM-M1 and the control S1-

100-T-135 are shown in Figure 38. In the first cycle the glass transition temperature (Tg) occurs 

around 0℃, in coherent with results obtained by Gullo, Sola, Zanichelli, Montorsi, Messori and 

Giudici (2017), investigating the thermal behaviour of bacterial cellulose. A wide endothermic 

peak can be seen as the temperature increases due to the removal of the absorbed water. The 

peak occurs differently for the four samples with a minimum between 137 and 150℃ for the 

conventional Kombucha setup and later around 160℃ for the samples fermented with coffee 

ground (M1-100-CW-135 & M1-100-CW-200). The variation in heat flow was stagnating after 

250℃ which approximately corresponds to the maximum decomposition temperature 

measured in the TGA analysis. Cycle two and three have no heat flow peaks seen in Figure 38 

due to the material degradation occurring during cycle number one. Szcześniak, Rachocki and 

Tritt-Goc (2008) note that cellulose should not be heated above 220℃. According to their study, 

the compounds are chemically stable up to about 180℃ and at elevated temperatures the weight 

loss accelerates significantly accompanied by a notable colour change from white to yellow 

brown. Furthermore, the authors point out that it is not possible to obtain absolutely dry 

cellulose by heating it up to 170℃ where endothermic peaks connected to water loss still were 

visible after three DSC heating-cooling-heating cycles. In cycle two and three seen in Figure 

38, an endothermic peak with lower intensity can be observed at low temperatures (>0℃) 

indicating a presence of water in the residues even after heating it above 300℃. The cellulose 

molecules are strongly bonded to water and the dehydration process does not initiate until the 

char formation starts, found as an upper limit by the TGA analysis (above 400℃).  
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Figure 38 DSC thermograms of KM-M1. 

DSC curves obtained from KM-M2 shows a similar trend to KM-M1 where the Tg can be found 

before 0℃, illustrated in Figure 39. A wide endothermic peak at 125 - 135℃ is visible for the 

NaOH treated samples followed by an exothermic peak at 250℃ as the material degrades. The 

heat flow curves describing the untreated samples are less straightforward. A possible 

explanation behind the uneven and deviating results might be errors and variations in the DSC 

equipment. Even after repeated analysis, no improvement could be established.  

 
Figure 39 DSC thermograms of KM-M2. 

Figure 40 shows the DSC thermogram of avicel PH-101, having similar Tg occurring before 

0℃, followed by a wide endothermic peak at 80℃ due to the evaporation of water (Barakat, 

Elbagory & Almurshedi 2008). The heat flow was observably smaller, and the peak occurred 

at a lower temperature than of the biofilms due to the smaller amount of present moisture. The 

water evaporation can also be seen in the TGA curve for avicel PH-101. By 300℃ the material 

has begun to degrade indicated by an endothermic slope. In cycle two, no heat flow was 

observed for the microcrystalline cellulose.  
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Figure 40 DSC thermogram for avicel PH-101 microcrystalline cellulose. 

The individual DSC thermograms for each material can be found in appendix B. 

4.3.9 Fourier transformed infrared spectroscopy 

FT-IR give specific characteristics of a substance determining the functional groups and nature 

of chemical bonds described by the position and intensity of the absorption bands (Goh et al. 

2012; Ul-Islam et al. 2013). Figure 41 illustrates the FT-IR spectra of KM-M1, Figure 42 shows 

the spectra of KM-M2 and Figure 43 show the FT-IR spectra of avicel PH-101 microcrystalline 

cellulose. In general, all spectra depicted a similar trend, confirming the basic structure of 

bacterial cellulose (Ul-Islam et al. 2013). A broad hydrogen bonding was visible between 3341 

– 3274 cm-1 for all samples, attributed to O-H stretching vibration (Zhu et al. 2014). 

Transmittance bands between 2920 – 2849 cm-1 corresponds to C-H stretching observed for 

alkanes (De Salvi, Barud, Treu-Filho, Pawlicka, Mattos, Raphael & Ribeiro 2014) appearing in 

a sharp band accompanied by another weak band for M1-100-CW-135, M1-100-CW-200 and 

M1-100 whereas the bands for the remaining samples appeared less sharp but still present. The 

bands present around 2920 cm-1 are the characteristics of C-H stretching of -CH3 group and 

bands occurring around 2850 cm-1 C-H bond in -CH2 (Orban et al. 2017). Moreover, the 

occurrence of several transmittance bands between 1450 - 1200 cm-1 confirmed the presence of 

C-H bending vibrations for all samples. Differences in the characteristics bands between 1600 

cm-1 were observed described by the presence of absorbed water in the samples due to their 

hydrophilicity, resulting in H-O-H bending vibrations. The NaOH treated samples (P-M2-100 

& P-M2-100) bands were sharper as compared to the untreated ones indicating higher amount 

of water. Comparing the control to the films obtained by fermenting in M1-medium, the band 

around 1600 cm-1 appears less sharp indicating less present water molecules. The amide signals 

between 1700 - 1500 cm-1 increased for the NaOH treated samples which is an indication of 

more present proteins and impurities and are therefore contradictable but could in this case be 

an indication of remaining NaOH. According to literature the amide signals for NaOH treated 

cellulose should be reduced and not increased because of the residue reduction of cells and 

culture medium (Gullo et al. 2017; Orban et al. 2017). It can also be confirmed by observing 

the spectra for avicel PH-101 where no amide signals are present. Transmittance bands were 

found for all samples around 1030 – 1060 cm-1 indicating C-O-C and C-O-H stretching 

vibration of cellulose (or the sugar ring) confirming the purity of the cellulose produced (Yim, 
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Song & Kim 2017; Neera, Ramana & Batra 2015). The transmittance band at 1050 cm-1 

indicates an intermix of cellulose I and cellulose II types (Tyagi & Suresh 2016).  

 
Figure 41 FT-IR spectra of KM-M1. 

 
Figure 42 FT-IR spectra of KM-M2. 

 
Figure 43 FT-IR spectra of avicel PH-101 microcrystalline cellulose. 

The individual FT-IR spectrum with corresponding peak values for each material can be found 

in appendix C. 

4.3.10 Content of cellulose 

Measured cellulose content for films with the highest biomass yield are presented in Figure 44 

given in percentage (%) showing an amount below 50 % for all samples, expect for P-M2-100 

having 64 % cellulose. The results were lower than expected, possibly related to the 

dissolvement during the determination procedure where none of the samples were successfully 

dissolved in 72 % (w/v) H2SO4 after 1 h of hydrolysis (Figure 45). Orban et al. (2017) purified 

Kombucha membrane in 1 M NaOH and 4 M NaOH and obtained a higher purification level 
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using higher concentration of NaOH. According to their study, it was visually observed that 

purifying KM in 1 M NaOH did not provide a proper purification, hence giving a lower 

concentration of cellulose. Purifying M2-100 in NaOH was proven to enhance the cellulose 

content even though the result might be misleading due to the unsuccessful dissolvement. 

Comparing P-M2-100-CA-200 to the un-purified samples, to significant difference in cellulose 

content was found. The results indicate that the content of cellulose was not connected with the 

yield of biomass where the highest obtained biomass was found for M1-100-CW-200 in M1-

KM and M2-100-CA-200 in M2-KM had the lowest amount of cellulose.  

Figure 44 Measured cellulose content (%) for films with the highest obtained 

biomass yield (n=2, purified samples n=1). 

 
Figure 45 P-M2-100 after 1 h hydrolysis in 

4 % (w/v) H2SO4 and water. 

5 CONCLUSION AND FUTURE WORK 
Production of bacterial cellulose in molasses medium as a low-carbon source has been 

confirmed in this study. Utilizing coffee waste and molasses to replace the conventional 

ingredients of sucrose and tea in Kombucha could be accomplished and comparable with a 

similar consumption rate of caffeine and total sugars. The highest biological activity was found 

for the systems containing the highest initial sugar amount of 100 g/l sugars and highest amount 

initial caffeine of 200 mg/l. The occurrence of caffeine had a large impact on the obtained yield 

of biomass where an 83.0 % increase was observed for the systems containing the highest 

amount of caffeine. The yield of biomass was 15.9 % higher for the conventional Kombucha 

membrane than of the one fermented with molasses and coffee waste. No significant difference 

between oven-drying and air-drying could be found whereas freeze-drying made the material 

more brittle and fragile. The conventional Kombucha membrane showed superior mechanical-

thermal-chemical properties compared to the ones procured from molasses medium with higher 

thermal stability, higher elongation at break, had less impurities and a higher cellulose content. 

To enhance the fermentation process, adapting the microorganisms in molasses medium was 

proven to be feasible, increasing the biomass yield significantly. However, what should be taken 

into consideration were the change of substrates used for further experiments where the 

Kombucha culture was obtained from a different source and the molasses used had a slight 
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modification in characteristics. Comparing the biofilms obtained from fermenting with adapted 

culture, no significant difference could be found in terms of caffeine content on the biomass 

yield, where the culture appeared to have the largest impact instead. Fermenting without an 

additional nitrogen source is beneficial through an economical point of view. Furthermore, 

NaOH purified biofilms had a higher tensile strength but lower elongation at break than 

untreated samples. The highest elongation at break was observed for films dried without 

pressure containing a higher amount of residues from molasses and culture medium, giving the 

material a ductile but adhesive appearance. Besides from altering the mechanical properties of 

the biofilm, the NaOH treatment enhanced the thermal stability and increased the cellulose 

content. To perform Kombucha fermentation on molasses from Nordic Sugar AB, the adaption 

was vital. It was proven that the optimal conditions for obtaining the highest yield of biomass 

was achieved using 10 % (v/v) adapted culture and pre-treated 70 g/l molasses by centrifuging 

fermented at 30℃. 

In future experiments, the fermentation process should be optimized, for example adjusting the 

growth conditions at enhanced temperatures under controlled circumstances or a decrease of 

molasses concentration using various pre-treatment procedures. Furthermore, investigating the 

bacterial cellulose produced in molasses medium as nanocellulose in bio-composites could be 

of high interest. A challenge in this study has been to produce a material with smooth surface 

and could therefore act beneficial as a reinforcement.  
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APPENDICES 

A – Individual TGA curves 

 
Figure 46 TGA curve M1-100. 

 
Figure 47 M1-100-CW-135. 
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Figure 48 TGA curve M1-100-CW-200. 

 
Figure 49 TGA curve S-100-T-135. 
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Figure 50 TGA curve S1-100-T-135. 

 
Figure 51 TGA curve M2-100. 



  iv  

 

 
Figure 52 TGA curve M2-100-CA-200 

 
Figure 53 TGA curve P-M2-100. 
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Figure 54 TGA curve P-M2-100-CA-200. 

 
Figure 55 TGA curve Avicel PH-101. 
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B – Individual DSC thermograms 

 
Figure 56 DSC thermogram M1-100. 

 
Figure 57 DSC thermogram M1-100-CW-135. 

 
Figure 58 DSC thermogram M1-100-CW-200. 
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Figure 59 DSC thermogram S1-100-T-135. 

 
Figure 60 DSC thermogram M2-100. 

 
Figure 61 DSC thermogram M2-100-CA-200. 
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Figure 62 DSC thermogram P-M2-100. 

 
Figure 63 DSC thermogram P-M2-100-CA-200. 

 
Figure 64 DSC thermogram Avicel PH-101. 
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C – Individual FT-IR spectra 

 
Figure 65 FT-IR spectra M1-100. 

 
Figure 66 FT-IR spectra M1-100-CW-135. 

 
Figure 67 FT-IR spectra M1-100-CW-200. 

 
Figure 68 FT-IR spectra S1-100-T-135. 



  x  

 

 
Figure 69 FT-IR spectra M2-100. 

 
Figure 70 FT-IR spectra M2-100-CA-200. 

 

Figure 71 FT-IR spectra P-M2-100. 

 
Figure 72 FT-IR spectra P-M2-100-CA-200. 



  xi  

 

D – Table of abbreviations 
Table 10 Table of abbreviations for all setups. 

Setup abbreviation Carbon source Nitrogen 

source 

Total sugars 

(g/l) 

Caffeine 

 (mg/l) 

S-100-T-135 Sucrose Tea 100 135 

S1-100-T-135 Sucrose Tea 100 135 

M1-100-CW-135 Molasses Coffee waste 100 135 

M1-100-CW-200 Molasses Coffee waste 100 200 

M1-100 Molasses - 100 - 

S-50-T-135 Sucrose Tea 50 135 

M1-50-CW-135 Molasses Coffee waste 50 135 

M1-50-CW-200 Molasses Coffee waste 50 200 

M1-50 Molasses - 50 - 

M2-100 Molasses - 100 - 

P-M2-100 Molasses - 100 - 

W-M2-100 Molasses Pure caffeine 100 - 

M2-100-CA-200 Molasses Pure caffeine 100 200 

P-M2-100-CA-200 Molasses Pure caffeine 100 200 

W-M2-100-CA-200 Molasses Pure caffeine 100 200 

M3-100-CW-200 Molasses Coffee waste 100 200 

M3-100-CA-YE-200 Molasses Pure caffeine 

& yeast extract 

100 200 

M3-100-CA-200 Molasses Pure caffeine 100 200 

M3-1 Molasses - 100 - 

M3-2 Molasses - 100 - 

M3-3 Molasses - 70 - 

M3-4 Molasses - 70 - 

M3-5 Molasses - 100 - 

M3-6 Molasses - 100 - 

M3-7 Molasses - 70 - 

M3-8 Molasses - 70 - 

M3-9 Molasses - 100 - 

M3-10 Molasses - 100 - 

M3-11 Molasses - 70 - 

M3-12 Molasses - 70 - 

M3-13 Molasses - 100 - 

M3-14 Molasses - 100 - 

M3-15 Molasses - 70 - 

M3-16 Molasses - 70 - 
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