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Abstract 
For the citrus processing industry the disposal of fresh peels has become a major concern for many 
factories. Orange peels are the major solid by-product. Dried orange peels have a high content of 
pectin, cellulose and hemicellulose, which make it suitable as fermentation substrate when hydrolyzed.  

The present work aims at utilizing orange peels for the production of ethanol by using the fungus 
Mucor indicus. Hence, producing a valuable product from the orange peel waste. The biomass growth 
was also examined, since the biomass of the fungus can be processed into chitosan, which also is a 
valuable material.           

The work was first focused on examining the fungus ability to assimilate galacturonic acid and several 
other sugars present in orange peel hydrolyzate (fructose, glucose, galactose, arabionose, and xylose). 
Fructose and glucose are the sugars which are consumed the fastest whereas arabinose, xylose and 
galacturonic acid are assimilated much slower.  

One problem when using orange peels as raw material is its content of peel oils (mainly D-limonene), 
which has an immense antimicrobial effect on many microorganism even at low concentrations. In 
order to study M. indicus sensitivity to peel oil the fungus was grown in medium containing different 
concentrations of D-limonene.  

At very low limonene concentrations the fungal growth was delayed only modestly, hence a couple of 
hours when starting from spores and almost nothing when starting with biomass. Increasing the 
concentration to 0.25% (v/v) and above halted the growth to a large extent. However, the fungus was 
able to grow even at a limonene concentration of 1.0%, although, at very reduced rate. Cultivations 
started from spore-solution were more sensitive than those started with biomass.             

Orange peels were hydrolyzed by two different methods to fermentable sugars, namely by dilute acid 
hydrolysis (0.5% (v/v) H2SO4) at 150 °C and by enzymatic hydrolysis by cellulase, pectinase and β-
glucosidase. The fungus was able to produce ethanol with a maximum yield of about 0.36 g/g after 24 
h when grown on acid hydrolyzed orange peels both by aerobic and anaerobic cultivation. A 
preliminary aerobic cultivation on enzymatic hydrolyzed orange peels gave a maximum ethanol yield 
of 0.33 g/g after 26 h. 

The major metabolite produced during the cultivations was ethanol. Apart from ethanol, glycerol was 
the only component produced in significant amounts. In cultivations performed aerobically on acid- 
and enzymatic hydrolyzed orange peels the glycerol yields were 0.048 g/g after 24 h.  

Two different techniques were also examined in order to evaluate if the methods could be use as 
biomass determining methods when solid particles are present in the culture medium. The problem 
with solid particles is that they will be buried inside the fungal biomass matrix. Hence making 
separation impossible prior to dry weight determination in the ordinary way. However, none of the 
methods involving chitin extraction or chitosan extraction did show any good results.  

The results from the present work are rather clear, M. indicus was able to grow and produce both 
ethanol and biomass even when limonene was present in the culture medium. The maximum ethanol 
yield was achieved after about 24 h in cultivations performed on both acid hydrolyzed and enzymatic 
hydrolyzed orange peels. However, in order to say if the method can be applicable at industrial scale 
and made economically feasible the subject has to be investigated further.      
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1. Introduction  
The worldwide production of citrus has grown drastically in the past decades. In 2010 the production 
is estimated to reach 66.4 million metric tons, this is an increase with 14% compared with the levels of 
1997-1999 [1]. Troublesome is that the citrus fruit processing industries generate vast amounts of 
waste material, which cause significant disposal difficulties [2].  

The aim of this thesis was to investigate the possibility of using and transforming orange peel waste to 
something valuable, namely ethanol. In the worldwide economy much focus has been laid on the 
raising oil price which has become a hot topic. The raising oil price has increased the interest of 
finding other possible ways to produce fuel. And the production of bioethanol has grown steadily 
during the last 25 years.  

The purpose of the present work was to examine the possibility of using the fungus Mucor indicus as 
ethanol producing organism by using orange peel waste as raw material. M. indicus was used since 
promising results have been reported on the fungus ethanol producing capacity [3, 4]. Another 
advantage with M. indicus was that the fungal biomass can be rather easily processed to chitosan, 
hence, generating another valuable material [5].                

2. Background 

2.1 Fuel ethanol 
Today the fuel market dominates the market for ethanol. In the last quarter century focus has lain on 
producing fuel ethanol as a substitute or additive to gasoline. In gasoline ethanol provides 
supplementary oxygen in the combustion, and provides better combustion efficiency. The growing 
interest for fuel ethanol depend on a combination of factors such as environmental, social and energy 
security issues. The dominating producers and consumers in the world are Brazil and USA. 
Additionally, over 30 countries have introduced, or are interested in introducing, agendas for fuel 
ethanol (e.g. Australia, Canada, Columbia, China, India, Mexico and Thailand) [6].  

 

Bioethanol dominates the biofuel 
market and its global production has 
steadily grown larger during the last 
25 years. From the year 2000 it has 
grown sharply, 2005 the worldwide 
bioethanol production capacity was 
around 45 billion liters per year, see    
Figure 2.1.1. In 2006 the value had 
increased to 49 billion liters. 75% 
was produced by Brazil and USA [7].     

 

                                                        
Figure 2.1.1 The major ethanol producers’ annual production [8] 
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The major environmental advantage of using fuel ethanol is its sustainability when using renewable 
resources as raw material, hence encouraging the independence of fossil fuel, since it does not give 
any net addition of carbon dioxide to the atmosphere [6].          

Materials such as agricultural and forest residues as well as municipal wastes are cheap lignocellulosic 
materials that can be used for the production of ethanol. The lignocellulosic material should first be 
hydrolyzed to monomeric sugars with acid or enzymes, before it is fermented to ethanol. Today 
ethanol production is mainly done by fermenting different sugar sources such as sugar cane juice and 
starch sources such as corn and wheat grains. However, these materials are also consumed by humans 
and/or animal as food, which cause problems such as limitations in stock and increased price [6].  

Currently, industrial production of ethanol is mainly carried out by using the yeast Saccharomyces 
cerevisiae. It is used due to its outstanding characteristics of growing at high sugar concentrations and 
producing ethanol with high yields [9]. One disadvantage is that it can only utilize glucose and other 
hexose sugars whereas it lacks the ability to take up pentose sugars as substrate [7].   

However, promising results have been reported by for example Millati et al. [9] who searched for 
ethanol-producing fungi among the genera of zygomycetes. The research showed that Mucor indicus 
can be a good option for the fermentation of hexoses, xylose and dilute-acid wood hydrolyzate. The 
fungi had a yield and volumetric productivity of 0.45 g/g and 0.83 g/L·h when fermenting dilute-acid 
hydrolyzate [4].   

2.2 Mucor indicus 
During the past years Mucor indicus (former M. rouxii) has become well-known from several 
fundamental studies on the chitin biosynthesis in fungi. However, it is not yet used for industrial 
production of chitin [3]. The biomass of zygomycetes has gained interest as a valuable product. With 
further preparation the biomass can be processed into chitosan or superabsorbent materials [5].  

It is the cell wall of the fungi which can be used as a source of chitin and chitosan. Several studies 
have reported that there are considerable amounts of chitosan, chitin and also acidic polysaccharides in 
the cell wall components of M. indicus [10, 11]. The chitosan yield in M. indicus varies from 5 to 10% 
of the total biomass dry weight and from 30 to 40% of the cell wall [4].   

In addition, the fungus can be easily cultured, do only need simple nutrients, it is safe for humans, and 
the chitosan in the cell wall is easily extracted [5, 10]. Currently, chitosan is mostly produced by 
deacetylation of chitin from shellfish wastes from shrimp, Antarctic krill, crab, lobster-processing. 
Chitosan is a copolymer of glucosamine and N-acetyl glucosamine [10, 11].  

M. indicus is in the class of zygomycetes, it is primarily a saprophytic fungus and can assimilate 
several kinds of sugars such as glucose, mannose, galactose, xylose, arabinose, cellobiose, as well as 
some polymers of these sugars. The zygomycetes has been used for the production of extracellular 
enzymes e.g. lipases, proteases, α-amylases, and glucoamylase [9]. Earlier studies have also shown 
that the Mucor genus, and especially M. indicus has a good potential for ethanol production [3].  

The fungus produces ethanol from hexoses with similar yield and productivity as Saccharomyces 
cerevisiae, it is also capable of assimilating and fermenting xylose. Additionally, it is tolerant to 
several inhibitory compounds, such as furfural, hydroxymethylfurfural (HMF), acetic acid, vanillin 
which are present in e.g. dilute-acid hydrolyzates [5].    
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Research has also been conducted on M. indicus dimorphus physiology. As it is able to develop under 
two different morphologies when grown in submerged cultures; yeast-like form or as filamentous 
mycelium [3, 4].  The fungus can be stimulated to grow in a specific morphology so that one can work 
with preferentially filamentous or yeast-like cells. When growing in the “yeast like” form the 
morphology is comparable to S. cerevisiae, and the fungus multiplies by budding [5].    

However, there are some potential problems which may hinder Mucor indicus industrial application 
for ethanol production. There are a number of process engineering problems which are associated with 
these organisms, due to the filamentous growth. Problems with mixing, mass transfer, and heat 
transfer may occur. Additionally, attachment and growth on the bioreactors walls, agitator, probes, and 
baffles affects the measurement of controlling parameters. It also cause heterogeneity inside the 
bioreactor and makes the cleaning of the bioreactor harder. Even though, filamentous fungi have been 
industrially used for a long time for numerous purposes [5].   

2.3 Orange peel waste 
Citrus fruits comprise an important group of fruit crops manufactured worldwide. In the fruit 
processing industry large amounts of waste materials are produced, in the form of peel, pulp, seeds, ect 
[2]. The waste material present significant disposal difficulties, and when not used in any way it cause 
odor and soil pollution [2, 12]. Since the 1980s the worldwide production of citrus has increased 
drastically. Estimations show that in 2010 the orange production will reach 66.4 million metric tons, 
which is an increase with 14% compared with that of 1997-1999. Almost half, 30.1 million metric tons 
of the produced orange will be manufactured to yield juice, essential oils and other by-products [1].       

When dried citrus peels are rich in cellulose, hemicelluloses, proteins and pectin, the fat content is 
however low (see Table 2.3.1) [2, 12]. In the citrus processing industry citrus peels is the major solid 
by-product and comprises around 50% of the fresh fruit weight. The citrus waste can be used as raw 
material for pectin extraction or in pelletized form for animal feeding. However, the citrus waste has to 
be dried first, and none of these processes has been found to be very profitable [1]. A disadvantage is 
that orange peels have a very low nutritional content which reduce its value as livestock feed [2]. 

Table 2.3.1 Nutritional composition of Mexican orange peels (dry basis) 

 

Constituent     Value (%) 
Protein      5.25 
Fiber      12.93 
Ash      3.59 
Ether extract    3.82 
N.F.E.        74.41 
N.F.E. = nitrogen free extract [12]  

New techniques are developed and being proposed as an alternative to transform the food processing 
material by microrganisms to valuable products such as biogas, ethanol, citric acid, chemicals, various 
enzymes, volatile flavouring compounds, fatty acids and microbial biomass [2]. An alternative way to 
utilize citrus processing waste is to produce ethanol or other valuable products by fermenting the 
sugars in peel hydrolyzate. One of the main obstacles for using orange peel waste for fermentation is 
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its content of peel oil. More than 95% is of the peel oil is D-limonene (hereafter called limonene). 
Limonene is extremely toxic to fermenting microorganisms [13].  

Even at concentrations as low as 0.01% (w/v) limonene has an immense antimicrobial effect. Which 
result in the failure of fermenting hydrolyzate with higher limonene concentrations. To overcome this 
obstacle the limonene has to be removed from the medium by e.g. filtration or aeration for a successful 
fermentation [13]. One report showed that the limonene concentration in the hydrolyzate was 0.52% 
(v/v), in enzymatic hydrolyzed orange peels. In the investigation a solid concentration of 12% was 
used [13].      

2.4 Pectin in orange peels 
As mentioned, orange peels contain a significant amount of pectin, which can be extracted [2, 12].  
Pectin and other pectic compounds are complex plant polysaccharides. In the plant it contributes to the 
structure of plant tissue [14]. Pectic substances are a part of the primary plant cell wall and middle 
lamella [2, 14].  

The main component in pectin is D-galacturonic acid in the form of macromolecules linked with α-1,4 
glycosidic bindings. In the structure uronide carboxyl groups are esterified 60 to 90% by methanol. 
Into the main uronide chain rhamnose units can be introduced and often side chains of arabinan, 
galactan or arabinogalactan are linked to rhamnose [14].    

Pectic materials can be degraded by pectolytic enzymes. Pectolytic enzymes are multiple and have 
various forms as pectin is very complex in its nature. Mainly plants and microorganisms synthesize 
these enzymes. The pectic enzymes are divided into two main groups, viz. depolymerizing pectic 
enzymes and saponifying enzymes or pectic esterases [14].  

In food processing industries and alcoholic beverage industries pectolytic enzymes have a central role. 
Here the enzymes are used to degrade pectin and reduce the viscosity of the solution and hence easing 
its handling. The enzymes are applied in clarification of wine, expression of fruit juices like banana, 
mango, papaya, guava and apple. Another, application for pectolytic enzymes is the manufacture of 
hydrolyzed products of pectin [14].     

At the moment Aspergillus niger is used industrially for the production of pectolytic enzymes. The 
fungus produces polygalacturonases, polymethyl galacturonases, pectin lyases and pectin esterases. 
Aspergillus niger has the advantage of being stated as GRAS (Generally Regarded As Safe) and 
therefore its metabolites are allowed to be used in the food industry [14].      

2.5 Pretreatment before fermentation  
Orange peels contain different carbohydrate polymers, which makes it attractive as a raw-material for 
production of metabolites such as ethanol by suitable microorganisms. However, an individual or a 
combination of mechanical, chemical, and biological pretreatments is necessary to convert the, 
hemicellulose, and pectin polymers to fermentable sugar monomers [15].   
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2.5.1 Acid hydrolysis 
For the hydrolysis of lignocellulosic material concentrated acids such as H2SO4 and HCl can be used. 
Even though they are potential agents for cellulose hydrolysis they have the disadvantage of being 
corrosive, hazardous, and toxic. Treatment with concentrated acids also demands reactors that are 
resistant to corrosion. Another problem is that in order to make the process economically feasible the 
concentrated acid must be recovered after hydrolysis [16].      

Another way of pretreating the material is by dilute acid hydrolysis. In dilute sulfuric acid 
pretreatment high reaction rates can be achieved, additionally it improves cellulose hydrolysis 
considerably. However, when performed at moderate temperatures, direct saccharification suffers from 
sugar decomposition which give low yields. Hence, it is favorable to use high temperatures in dilute 
acid treatments of cellulosic materials [16].  

Several researchers have investigated the advantages of dilute-acid hydrolysis for the liquefaction and 
release of carbohydrates from peels. However, the dilute-acid hydrolysis of citrus peel is affected by 
several variables including temperature, acid concentration (or pH), total solid fraction (TS), and the 
hydrolysis time [7].  

Pretreatment with dilute acid can considerably increase cellulose hydrolysis. Nevertheless, its cost is 
mostly higher than some physio-chemical pretreatments such as steam explosion or ammonia fiber 
explosion. Additionally, after treatment the pH has to be neutralized before the downstream enzymatic 
hydrolysis or fermentation processes [16].    

2.5.2 Enzymatic hydrolysis  
As mentioned, dried citrus peels are rich in cellulose, hemicelluloses, proteins and pectin, which has to 
be hydrolyzed before it can be fermented further to valuable products such as ethanol [2, 12]. 
Cellulose can be hydrolyzed by cellulase enzymes. The products after hydrolysis are generally 
reducing sugars including glucose, which can be fermented by yeast or bacteria to ethanol [16].  

Generally, cellulases are a mixture of different enzymes. There are at least three major groups of 
cellulases taking part in the hydrolysis process. These are; endoglucanase which acts on regions with 
low crystallinity in the cellulose fiber; exoglucanase or cellobiohydrolase which degrade the molecule 
even further by removing cellobiose units from the liberated chain-ends; and β-glucosidase which 
produce glucose by hydrolyzing cellobiose. Furthermore, there are some additional enzymes that 
attack hemicellulose, such as glucurnidase, acetylesterase, xylanase, β-xylosidase, galactomannanase 
and glucomannanase [16]. Pectic materials can be degraded by pectolytic enzymes. Pectolytic 
enzymes are multiple and have various forms as pectin has a very complex nature [14].  

Compared to acid or alkaline hydrolysis the utility cost of enzymatic hydrolysis are low. Because the 
enzymatic hydrolysis is mostly performed under mild conditions, pH 4.8 and temperatures from 45 to 
50 °C. The technique does not cause any problems with corrosion either [16]. Even if enzymatic 
hydrolysis is an efficient method which release nearly all carbohydrates in the orange peels, the 
method is hampered by the high enzyme cost and the slow depolymerization reaction rate [15].     
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2.6 Chitosan 
Chitosan is a copolymer which composes of glucoseamine and N-acetylated glucoseamine, see           
Figure 2.6.1 [11]. It is a biopolymer with positive charge in acidic conditions. The charge density is 
directly related to the degree of deacetylation. The biopolymer is a straight chain naturally hydrophilic 
polysaccharide with a three dimensional α-helical conformation stabilized by intramolecular hydrogen 
bonding. Chitosan is considered to be the second most abundant polysaccharide in the world next after 
cellulose [17].    

An alternative source for chitosan production can be 
the cell wall of zygomycetes. Traditionally, chitosan 
is produced from the cell wall material of fungi by a 
two-step extraction process involving both alkali and 
acid treatments [11]. Chitosan can be used in several 
different applications, due to its unique properties [4]. 
The biopolymer is polycationic, nontoxic, 
biodegradable and has antimicrobial properties [17]. 
It is especially useful in the agricultural, food and 
pharmaceutical industries, where it is used in food 
preservation, juice clarification, water purification to 
remove heavy metal ions in particular, sorption of 
dyes and flocculating agents, as a biological 

adhesive, as a enhancer for wound-healing, and additionally in the cosmetic industry [4].          

The antimicrobial effect of chitosan has been reported by numerous articles and immense research has 
been conducted in the topic [19, 20]. Studies have shown that chitosan has a stronger antimicrobial 
effect than chitin, this due to its different side groups which improve chitosans solubility. The 
antimicrobial activity varies considerably with the type of chitosan, the target organism, the degree of 
polymerization, the nutrient type and the environmental conditions [19].  

Chitosan has an antimicrobial effect on a wide range of target organisms. Yeast and moulds are the 
most sensitive group. Thereafter follows Gram-positive bacteria and finally Gram-negative bacteria. 
Several factors, both intrinsic and extrinsic, do affect the antimicrobial activity of chitosan. It has been 
shown that lower molecular weight chitosan (less than 10 kDa) have a better antimicrobial activity 
than native chitosan. Nevertheless, a polymerization degree of seven at least is required, as chitosan of 
a lower molecular weight have little or no activity [20].  

Chitosan which is highly deacetylated also have a better antimicrobial activity than the ones with a 
higher proportion of acetylated amino groups. Because of the increased solubility and the higher 
charge density. A lower pH also increases the antimicrobial effect of chitosan, for the same reason 
[20].  

     

Figure 2.6.1 Structure of chitosan, the NH2 
group turns to NH3

+, depending on the solutions 
pH [18]  
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3. Materials and Methods 

3.1 Microorganisms and mediums 
The fungi Mucor indicus CCUG 22424, Mucor hemalis CCUG 16178 and Rhizomucor pusillus CCUG 
11292 were obtained from the Culture Collection University of Göteborg. M. hemalis and R. pusillus 
were only used in the first part of the study, when different strains were grown on pure galacturonic 
acid. After the first experiment only M. indicus was used. 

A defined synthetic growth medium was used unless otherwise noted (see Table 3.1.1). Glucose was 
occasionally changed with some other sugar. The vitamin and trace metal solution composition are 
attached in Table 3.1.2 and 3.1.3.  

Table 3.1.1 Composition of defined synthetic growth medium (g/L) 
 

Glucose   30 
Yeast extract    5.0 
(NH4)SO4   7.5 
KH2PO4   3.5 
CaCl2·2H2O   1.0 
MgSO4·7H2O   0.75 
Vitamin solution   1.0 ml/L 
Trace metal solution  1.0 ml/L 

Medium and materials were always autoclaved before usage for 20 min at 121 °C, if nothing else was 
mentioned. Salt-solution and sugar solution containing yeast extract were always separately 
autoclaved. Vitamin and trace metal solution in contrast were sterile filtered into cooled autoclaved 
medium.   

The strains where maintained in flasks containing potato-dextrose agar containing 20 g/L glucose, 15 
g/L agar and 4 g/L potato extract, every month the stock cultures were transferred to fresh medium. 
For spore cultivations plates with the same composition where made. The medium was autoclaved and 
poured (warm) into the vessel and hereafter let to solidify before usage. For spore cultivation the 
plates and flasks were incubated at 28 °C for 5 days and thereafter stored at 5 °C the plates were also 
plasticized before storage. When incubating the flasks the caps were open in order to obtain aerobic 
growth conditions.      

 
Table 3.1.2. Composition of vitamin solution, per 500 mL liquid* 
 
D-biotin     25 mg 
P-aminobenzoic acid (PABA)  100 mg 
Nicotinic acid   500 mg 
Ca-Panthothenate   500 mg 
Pyroxidine (HCl)   500 mg 
Thiamine (HCl)   500 mg 
M-inositol    12.500 g  
 
*The pH of the liquid was adjusted to 6.5 and sterile filtered through 
0.45 μm filters, thereafter stored at 4 °C 
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Table 3.1.2. Composition of trace metal solution, per 2.0 L liquid* 
 
EDTA (C10H14N2Na2O8·2H2O)  6.000 g 
CaCl2·2H2O    1.800 g 
ZnSO4·7H2O    1.800 g 
FeSO4·7H2O    1.200 g 
H3BO3    400 mg  
MnCl2·4H2O    380 mg 
Na2MoO4·2H2O  160 mg 
CoCl2·2H2O   120 mg 
CuSO4·5H2O    120 mg 
KI    40 mg 
 
*Before autoclaving the liquid the pH was adjusted to 4 with NaOH,  
and thereafter stored at 4 °C 
  

Orange peels were obtained from Brämhults Juice AB (Borås, Sweden). The peels from the factory 
were stored at -20 °C until use. The dry content of orange peel was 18.7% and determined by drying 
the peels at 110 °C for 48 h. Before enzymatic hydrolysis the peels were thawed and ground with a 
food homogenizer to pieces less than 2 mm in diameter. 

When collecting the fungal biomass after cultivation most of the biomass was first separated by using 
a strainer. Thereafter, centrifuging the culture medium at 10 000 rpm for 10 min to separate the final 
biomass from the liquid. Ultra pure water (Milli-Q) was used in all moments, hereafter called pure 
water.       

3.2 Enzymes 
For the enzymatic hydrolysis of orange peels three commercial enzymes were used, Pectinase from 
Aspergillus aculeatus (P2611-250 ml), Cellulase from Trichoderma reesei ATCC 26921 (C2730-50 
ml), and β-glucosidase from Almonds (G0395-5KU) provided by Novozymes A/S (Bagsvaerd, 
Denmark). The loading of enzyme was based on previously reported optimized values for grapefruit 
peels. The loading of pectinase, cellulase and β-glucosidase were 1163 IU/g, 0.24 FPU/g and 3.9 IU/g 
peel dry matter [21].  

Cellulase activity for Trichoderma reesei cellulase was measured by hydrolyzing Whatman No 1 filter 
paper in 0.05 M citrate buffer at pH 4.8. The activity was determined to be 67 FPU/mL. The activity 
of β-glucosidase and pectinase was reported as 5.2 UI/mg solid and ≥ 26 000 IU/mL by the supplier.        

3.3 Analytical Method  
The concentration of chemical components and metabolites in both hydrolyzate and cultivation 
medium was quantified by a high-performance liquid chromatography (HPLC) system. The current 
work used an Alliance HPLC System with a separation module Waters 2695, Milford, MA. Two 
different detectors were used, namely, a refractive index (RI, Waters 2414) detector and a dual λ 
absorbance (UV, Waters, 2487) detector.  
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A hydrogen-ion type resin column from Biorad (Hercules, CA), Aminex HPX-87H was used for the 
separation of components such as glycerol, ethanol, galacturonic acid and glucose. The column was 
worked at 60 °C using 5 mM H2SO4 as mobile phase at a flow rate of 0.6 mL/min. Before analyzing 
the samples in the HPLC the samples were always filtered through 0.45 μm filters. In order to avoid 
damaging the column by clogging it with particles or spores.  

3.4 Batch cultivation in bioreactor 
Some experiments were conceded in a 2.5 L Biostat A bioreactor (B. Braun Biotech, Germany), see 
Figure 3.4.1. The cultivations were operated at 30 °C and pH 5.5. An integrated controller, microDCU 
300 (B. Braun Biotech, Germany) was used to control operation parameters such as stirring rate, 
temperature and pH.  

The gas flow in to the bioreactor was 
regulated by a Hi-Tech mass flow 
controller (Ruurlo, The Netherlands). Air 
was used for aerobic and N2 used for 
anaerobic cultivations. By connecting a 
gas analyzer to the system (model 1311, 
Innova, Denmark) the exhaust gas 
composition could be measured on-line 
(measuring CO2).  

 

 

 

 
The pH was regulated by a base dosing pump triggered by a controller. 2 M NaOH was used for 
controlling the pH. For on-line measurements, instrument control, and data acquisition a program 
named LabVIEW developed for Microsoft Windows was used. 

Figure 3.4.1 Bioreactor and controllers 
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4. Experimental part:   

4.1 Mucor indicus, Mucor hemalis and Rhizomucor pusillus grown on pure 
galacturonic acid  
The experiment was aimed to examine three different fungi Mucor indicus, Mucor hemalis and 
Rhizomucor pusillus capacities to consume pure galacturonic acid. The fungi were grown at pH 5-6 
with off-line pH-control at 32 °C in a water bath with shaking (125 rpm).    

The cultivation was conducted aerobically in 250 mL baffled and cotton-plugged conical flasks. 
Synthetic growth medium was used (see Table 3.1.1). Although, glucose was exchanged with 
galacturonic acid (20 g/L). Each fungus was cultivated in duplicates. Before adding medium with 
galacturonic acid inoculum cultures were grown over the night on glucose (50 g/L). The medium 
volume in the inoculum was 25 mL, to which 2.5 mL spore-solution was added.   

The spore-solution was prepared by adding 20 mL sterile pure water to an agar plate with the fungi. 
Thereafter, carefully dissolving the spores in the water by mixing with a spreader. The procedure for 
making spore solution was applied in all experiments. When spore-solution from more than one agar-
plate was needed the spore-solution was mixed in a sterile blue-cap flask. All work was conducted as 
sterile as possible. 

After cultivating biomass overnight (16-20 h), 100 mL of synthetic growth medium containing 20 g/L 
galacturonic acid was added to each Erlenmeyer flask. However, the medium containing galacturonic 
acid was first neutralized to pH 5-6 with NaOH. Samples were taken every day for 10 days. 
Approximately, 1.5 mL sample was taken each time. Which were centrifuged 5 min at 10 000 rpm and 
thereafter transferred to a new tube before freezing. The samples were analyzed by HPLC after 
filtration thought 0.45 μm filters. The same procedure was applied whenever taking samples from the 
experiments.      

The pH was controlled twice a day with pH-paper, 2 M NaOH was used to adjust the pH. At the end 
the biomass was collected and washed once with pure water, then dried at 110 °C for 24 h to 
determine the biomass dry weight.  

4.2 Mucor indicus ability to produce ethanol from fructose, galactose, glucose, 
arabinose and xylose  
Orange peel hydrolyzate contains D-fructose, D-galactose, D-glucose, D-arabinose and D-xylose. A 
preliminary study was performed to investigate M. indicus ability to consume the pure sugars and 
produce ethanol before proceeding to the more complex orange peel hydrolyzate.  

The cultivation was carried out aerobically in a set of cotton-plugged 250 mL Erlenmeyer flasks. 
Which contained 150 mL synthetic growth medium (See Table 3.1.1) with a specific sugar (50 g/L). 
All cultivations were made in duplicates and grown at pH 5-6, at 32 °C, in a water bath with shaking, 
125 rpm. The cultivations were started by adding 2.5 mL spore-solution to the medium. 

Samples were taken at 0, 2, 4, 6, 8, 10, 12, 14, 24, 36 and 48 h from each cultivation. Approximately, 
1.5 mL sample was taken from each Erlenmeyer flask and placed in the freezer until analysis. pH was 
controlled twice a day with pH-paper and 2 M NaOH was used to adjust the pH to 5- 6. 
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After 48 h the experiment was stopped and the biomass in each cultivation was collected by 
centrifugation at 10 000 rpm for 10 min. Thereafter, the biomasses were washed once with pure water 
and then dried at 110 °C for 24 h to determine the dry weight. 

4.3 Mucor indicus grown on pure pectin 
As mentioned, orange peels contain considerable amounts of pectin, therefore, an experiment was 
performed to observe if M. indicus was able to grow on pure pectin from citrus fruits.  

The experiment was performed aerobically in two 250 mL cotton-plugged conical flasks, at pH 5-6, in 
a water bath holding 32 °C with 125 rpm mixing. Before starting the cultivation on pectin biomass was 
first grown overnight (16-20 h). Hence, 25 mL synthetic growth medium (See Table 3.1.1) containing 
glucose (50 g/L) was inoculated with 2.5 mL spore-solution.  

After 16-20 h 100 mL of fresh synthetic medium containing 10 g/L pure pectin from citrus fruits was 
added to each flask. No samples were taken only the pH was measured every day with pH-paper. The 
experiment was ended after 32 days.   

4.4 Investigating the effect of D-limonenes on the growth of Mucor indicus   
Orange peels contain peel oils (more than 95% is D-limonene). Limonene has been reported to be 
extremely toxic to fermenting microorganisms. As orange peel hydrolyzate contains limonene the 
growth inhibition by this compound was examined on M. indicus. 

250 mL cotton-plugged Erlenmeyer flasks were used as cultivation vessel. The temperature was 
controlled at 30 °C by placing the vessels in a water bath with stirring, 125 rpm. The growth inhibition 
was first investigated at low limonene concentrations; 0, 0.01, 0.05, 0.10, and 0.25% (v/v). Thereafter, 
new cultivations were prepared and the limonene concentration was increased to a higher level, 
namely, 0, 0.25, 0.50, 0.75, and 1.0%. Limonene was added to the culture medium  
(See Table 3.1.1) after autoclavation, to assure that nothing was lost during the sterilization process.   

To investigate the impact of biomass for the growth and ethanol production of M. indicus the 
cultivations were both started from biomass and spores. Biomass was obtained by inoculating a small 
amount of medium containing glucose 50 g/L (25 mL medium with 2.5 mL spore-solution) and 
growing biomass for 12-16 h. Thereafter, the biomass was separated from the medium by 
centrifugation before adding new medium containing the specific sugar. The separation was conducted 
as sterile as possible.  

The total culture volume was 150 mL. The cultivations started from spores were inoculated with      
2.5 mL spore-solution at the start. Each cultivation was performed aerobically and in duplicates. The 
pH was controlled off-line by pH-paper, to pH 5-6.  

Samples were taken at; 0, 2, 4, 6, 8, 10, 12, 14, 24, 30, 36, and 48 h from cultivations containing low 
limonene concentrations. From cultivations containing high limonene concentrations samples were 
taken at; 0, 2, 4, 6, 8, 10, 12, 24, 30, 36, 48, 60, and 72 h. Samples were taken from the bottom of the 
vessels to avoid removing limonene. Since limonene is hydrophobic and is mainly on the liquid 
surface. Samples are thereafter prepared as mentioned in previous experiments. After cultivation the 
biomass dry weigh was determined, using the same procedure as in the previous experiments.    
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4.5 Dilute acid hydrolysis of orange peels 
The acid hydrolysis of orange peels was executed at a pilot plant at Borås Energi, in Borås Sweden. 
Several samples of 2 kg were prepared, containing 750 g pure unthawed orange peel and 1250 mL 
pure water.  To the samples concentrated H2SO4 was added to yield an acid concentration of 0.5% 
(v/v). At the pilot plant the orange peels were then hydrolyzed in the reactor at 150 °C for 6 min.    

After hydrolysis the liquid was neutralized with 10 M NaOH until the pH was around 7. The solid 
particles in the hydrolyzate was separated from the liquid by centrifugation.  

After separation the solid part was washed with pure water one time. Three times the amount (weight) 
of water for each amount of solid orange peel material. The water was thereafter added to the 
hydrolyzate. The washing was performed in order to extract all soluble sugars from the solid orange 
peel material.   

To obtain the original sugar concentration in the hydrolyzate, the liquid part was boiled until the liquid 
weight was 1.0 kg. The liquid weight was decreased to 1.0 kg since liquid was added when washing 
the solid part. For a more detailed description see Appendix A. The solid and liquid parts were placed 
in the freezer until use.  

4.6 Cultivation of Mucor indicus in dilute acid hydrolyzed orange peel 
hydrolyzate   
In the experiment the liquid part of the dilute acid hydrolyzed orange peel hydrolyzate (hereafter 
called OP-hydrolyzate) was fermented by M. indicus in a 2.5 L bioreactor. The aim of the experiment 
was to measure the ethanol production by the fungus by using OP-hydrolyzate as energy and carbon 
source. In addition the final biomass amount was measured. Cultivations were both performed aerobic 
and anaerobic, each made in duplication. Two bioreactors were run in parallel each time. Anaerobic 
conditions were attained by purging N2-gas in to the bioreactor during the whole cultivation.  

Growth condition was attained at 30 °C, pH 5.5 with 200 rpm stirring and a gas flow of 300 mL/min 
into the bioreactor. To achieve sterile air coming into and out from the bioreactor filters were placed 
both at the inflow and outflow.    

The bioreactor was filled with 1.0 L liquid. Each salt ((NH4)2SO4, KH2PO4, CaCl2·2 H2O, and 
MgSO4·7 H2O) was solved in 50 mL pure water and autoclaved separately. The same concentrations 
as used in synthetic growth medium was applied (See Table 3.1.1). However, the OP-hydrolyzate (750 
mL) was used as sugar source instead of pure glucose. The OP-hydrolyzate was autoclaved inside the 
bioreactor together with yeast extract (5.0 g/L).  The salt-solutions were added to the bioreactor after 
autoclavation. Nutrients such as vitamin solution 1.0 mL/L and trace metal solution 10 mL/L were 
also added after autoclaving. In order to hinder the creation of foam inside the bioreactor a small 
amount (a few drops) of antifoam was added.   

The cultivation was started when 25 mL of M. indicus spore-solution was dropped in to the bioreactor. 
In order to achieve a start volume of 1.0 L 15 mL of sterile water was also added. The measurement of 
CO2 was initiated by connecting the gas-analyzer to the reactors gas outlet and starting the program 
LabVIEW.  
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The bioreactor was equipped with baffles (for better mixing), pH-meter, temperature-meter, stirrer 
with two blades, a tube for sampling (always plugged to avoid contamination), sparger, cooler, 
condenser, and heater (external coat). Base (2 M NaOH) was added automatically by a pump into the 
bioreactor every time the pH dropped below 5.45. The pH-meter was calibrated after each run. 

From the bioreactor samples were taken at 0, 2, 4, 6, 8, 10, 12, and 24 h. Samples were withdrawn 
from the bioreactors sampling tube by the help of a 10 mL syringe. Before taking sample 
approximately 5 mL liquid was withdrawn and discharged. This step was crucial to obtain liquid from 
the bioreactors interior as some amount of liquid was always trapped inside the sampling tube. 
Thereafter, 5 mL sample was taken and prepared as mentioned before. 

After finishing the cultivation the grown biomass was collected by centrifuging and washed with pure 
water. Afterwards, the biomass was dried at 110 °C for 48 h to determine the dry weight.   

4.7 Investigating if the biomass amount in a sample containing solid particles 
can be determined by chitosan extraction 
One obstacle when cultivating filamentous fungi is that only the final biomass amount can be 
measured since no uniform samples can be taken from the bioreactor during cultivation. What worse is 
that solid particles present in the culture medium cannot be separated from the biomass in an easy 
way.  

One part of the project was to use the solid part from the dilute-acid hydrolyzate and culture              
M. indicus on it. To make it possible to determine the biomass content in the cultivation even when 
solid particles are present a method based on chitosan extraction was tested.  

Cultivation 

In the method chitosan was extracted from the mixed biomass and solid particles. The final chitosan 
amount can thereafter be interpreted to a certain pure biomass amount. 

The experiment was started by first cultivating biomass in the bioreactor at the same cultivation 
conditions as before, namely, at 30 °C, pH 5.5, with 200 rpm stirring, and with a 300 mL/min air flow. 
Only two cultivations were performed, one containing pure glucose 5.0 g/L and one with both glucose 
5.0 g/L and 2% solid orange peel particles (d.w.). The solid orange peel material was separated from 
the dilute acid hydrolyzed orange peel waste, (see dilute acid hydrolysis of orange peel waste section 
4.5).  

The dry weight of the solid orange peel material was determined by first weighting the wet material 
and thereafter drying it on weight petridishes, at 110 °C for 24 h. Thereafter, calculating the dry 
weight based on the result.             

The cultivation was performed in 1.5 L medium. The same growth medium composition was used as 
before (see Table 3.1.1). With 1.0 mL/L vitamins, 10 mL/L trace metal solution and some antifoam, 
however, yeast extract was not added. Hereafter, 37.5 mL spore-solution was dropped into the 
bioreactor, culturing was performed for 7 days. 

When stopping the cultivation the biomass was separated from the liquid (centrifuged) and washed 
with pure water. The biomass was thereafter frozen until further processing.       
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Chitosan extraction 

The chitosan extraction method applied was a somewhat modified version of a chitosan extraction and 
precipitation method developed by A. Zamani [9]. In the method the washed biomass was first dried 
on weighed petridishes at 50 °C for 24 h. Afterwards, the dried material was weight and transferred 
into blue-cap flasks to which 30 mL 2% (w/v) NaOH was added for each g dried biomass. The blue-
cap flasks were then sealed and placed in an oven at 90 °C over night for 12 - 16 hours.  

When the alkali treatment was finished the biomass was washed several times with pure water, until 
the pH of the water was 7-8. The next step was to dry biomass once more on weight petridishes at     
50 °C in 24 h. After drying, as much as possible of the biomass was removed from the glassware and 
transferred into blue-cap flasks. 100 mL 1% (v/v) H2SO4 / g biomass was poured into each blue-cap 
flask.  

Hereafter, the blue-cap flasks were placed in the autoclave where they were treated 20 min at 121 °C. 
The next step was crucial; the samples had to be removed from the autoclave and filtered through a 
filter-paper when the liquid had a temperature above 90 °C. To make it possible the flasks were 
removed from the autoclave when the temperature inside the autoclave was 98 °C. The filter-paper 
was also moisture with hot 1% H2SO4 before adding the sample.  

In order to precipitate the chitosan from the hot liquid the liquid was placed on ice for two hours. The 
easiest way to separate the solid precipitated chitosan was to centrifuge the liquid in falcon tubes at 
10 000 rpm for 10 min. Afterwards, the chitosan was washed two times with pure water before drying 
it in the oven at 50 °C on weight glassware and determining the dry weight of the pure chitosan.    

4.8 Investigating if the biomass amount in a sample containing solid particles 
can be determined by a chitin extraction 

Cultivation    

An alternative method was also examined to overcome the problem with biomass determination when 
solid particles were present in the medium. The experiment was started by culturing M. indicus in 
baffled cotton-plugged shake-flasks. 100 mL synthetic growth medium was used (See Table 3.1.1) 
containing 1.0 mL/L vitamin solution and 10 mL/L trace metal solution with different concentrations 
of glucose namely; 10 g/L, 20 g/L, and 50 g/L. Each glucose concentration was cultivated in duplicate. 
One set of cultivations were also made containing 20 g/L glucose and approx. 0.5 g of ground paper, 
to obtain solid particles in the culture medium.  

Before adding the paper to the culture medium it was treated with phosphoric acid. The treatment was 
aimed to break down lignin and make it soluble, hence break up the paper structure. The paper 
treatment was performed by: placing 1.0 g ground paper in concentrated (85%) phosphoric acid. 
Enough acid was added to wet and cover the paper particles. The vessel was then placed in a water-
bath at 50 °C with some shaking (approx. 130 rpm) for two hours. Thereafter, the paper was washed 
three times with pure water. Each time centrifuging the liquid at 10 000 rpm for 10 min to separate the 
paper from the liquid. After treatment the final amount of paper was divided into to two baffled shake-
flasks, the paper was autoclaved together with the glucose and yeast extract containing solution. 
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The cultivation was started by dropping 2 mL spore-solution into each vessel. The eight vessels were 
placed in a water-bath at 30 °C, with stirring (125 rpm), the cultivation was stopped after 48 h. pH was 
attained at 5-6 by controlling it two times a day with pH-paper. 2 M NaOH was used to adjust the pH.               

Chitin extraction 

When the cultivation was stopped the biomass in all flasks was collected by the help of a strainer and 
centrifugation. The biomass was washed with pure water, and thereafter dried in an oven at 50 °C on 
weight glassware for 24 h. Afterwards, the dried biomass was weight and carefully removed from the 
glassware.  

Thereafter the dried biomass was treated with alkali. For each g dried biomass 30 mL of 2% (w/v) 
NaOH solution was added. The liquid and biomass was placed in falcon tubes and placed in an oven at     
90 °C overnight for 12-16 h. After alkali treatment, the biomass was washed two times and separated 
from the liquid by centrifugation. The biomass was hereafter dried at 50 °C for 24 h on weight 
glassware.  

Approximately, 25 mg alkali treated biomass was used in the next step when concentrated H2SO4 
(72%) was used to acid treat the biomass. The acid treatment was attained in falcon tubes, were        
0.3 mL 72% H2SO4 was added for each 10 mg sample. The material was treated for 90 min at room 
temperature, with careful mixing each 15 min. After 90 min the samples was diluted with 8.4 ml water 
(carefully added) for each 0.3 mL 72% H2SO4.  

After water had been added the tubes were sealed and the tubes were placed in the autoclave at 120 °C 
for 1 h. Directly after autoclavation the tubes were placed on ice. Hereafter, 8 mL of the cooled liquid 
was transferred to a new falcon tube and neutralized with 4 mL 2 M NaOH. In the final step the liquid 
was filtered before transferring it into vials for further HPLC analysis. In the method the final acetic 
acid level was measured in order to interpret it to a certain biomass amount.              

4.9 Cultivation of Mucor indicus in the bioreactor, containing medium with                    
1.0% limonene  
The cultivation mentioned before (see section 4.4) conducted in shake-flasks containing medium with 
1.0% (v/v) limonene, was also performed in the bioreactor. The total liquid volume in the bioreactor 
was 1.5 L. Four cultivations were performed in the bioreactor.   

The same defined growth medium was used as before containing 50 g/L glucose (See Table 3.1.1).  
Vitamin and trace-metal solution was used, hence 1.0 mL/L and 10 mL/L. Limonene was added after 
autoclavation until the medium contained 1.0% (v/v). The medium was inoculated with 35 mL spore-
solution. Growth was performed aerobically at the same conditions as before in the bioreactor, 
namely, at 30 °C, pH 5.5, with 200 rpm stirring and an air flow of 300 mL/min.  

The cultivation was performed until all glucose was consumed from the medium. CO2-analysis was 
continuously monitored in the bioreactors reactors outlet-gas. Samples on the medium composition 
were taken from the bioreactor based on the CO2 curve. The biomass was finally collected, washed 
and stored in the freezer for further analysis. 
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4.10 Enzymatic hydrolysis of orange peels  
The aim of the experiment was to hydrolyze the pectin, cellulose, and hemicellulose in orange peels by 
enzymes to fermentable sugars. Afterwards, the hydrolyzate was used in a forthcoming experiment 
when Mucor indicus was grown on the hydrolyzate to produce ethanol and biomass.  

Before beginning the enzymatic hydrolysis the activity of the used cellulase was measured. The 
measurement was conducted as describes by a laboratory analytical procedure from NREL National 
Renewable Energy Laboratory [22].  

The frozen orange peels were first thawed and ground with a food homogenizer until the particles 
were less than 2 mm in diameter before hydrolysis. Thereafter, the dry content of the peels was 
determined by drying three samples at 110 °C for 48 h. The dry content was 18.7%.  

In the enzymatic hydrolysis three enzymes were used, namely, pectinas, cellulase, and β-glucosidase. 
The enzyme loading used was 1163 IU/g peel dry matter for pectinas, 0.24 FPU/g for cellulase, and 
3.9 IU/g for β-glucosidase. The enzyme loading was based on optimized values reported for grapefruit 
peels by M. R. Wilkins [21].  

To obtain enough hydrolyzate 8 hydrolysis had to be conducted, each performed in the bioreactor with 
a total mass of 1.6 kg. However, as two bioreactors could be run in parallel 4 separate runs were 
enough. The orange peel dry content was set to 12% in each hydrolysis. The work was not performed 
in a sterile manner, nothing was autoclaved.  

The hydrolysis was conducted at 45 °C, pH 4.8, with a stirring of 500 rpm, the hydrolysis was finished 
after 24 h. Before adding the enzymes all parameters were stabilized in order to have optimal 
conditions for the hydrolysis. As the pH in the orange peel slurry was less than 4 from the beginning, 
the pH was first adjusted to around 4.8 with 10 M NaOH manually. 2 M NaOH was thereafter used for 
automatic pH adjustment during the hydrolysis.  

After 24 hour the hydrolysis was stopped and the sugar content in the liquid analyzed with HPLC. The 
solid particles left in the hydrolyzate were separated from the liquid by centrifugation, 10 min at 3400 
rpm. In order to determine how much of the solid orange peels were hydrolyzed the separated solid 
(from the hydrolyzate) was dried in the oven at 110 °C for 48 hours. The liquid part was placed in the 
freezer until use. 

An experiment was also conducted to measure the soluble sugar content in the pure orange peels. The 
sugar level was measured by solving 100 g thawed and ground orange peels in 1.0 L pure water. After 
mixing the liquid for 2 hours the sugar concentration was analyzed by HPLC.    

4.11 Preliminary cultivation of Mucor indicus on enzymatic hydrolyzed orange 
peels  
A preliminary cultivation of M. indicus was performed before starting the real cultivations. In order to 
have some information regarding the growth of M. indicus on the hydrolyzate. The results were to be 
used in forthcoming cultivations.  

The cultivation was performed at 30 °C, with 200 rpm stirring, at pH 5.5, with an airflow of            
300 mL /min. A hydrolyzate volume of 1.2 L was used, 200 mL additional liquid was added to give a 
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final volume of 1.4 L. The additional 200 mL liquid contained 160 mL salt-solutions (the same 
compositions used before, see Table 3.1.1), 30 mL spore-solution, 10 mL trace metal solution, 1.5 mL 
vitamin solution and a few drops of antifoam. Worth mentioning was that the salt-solutions were 
autoclaved separately. The hydrolyzate containing yeast extract (5 g/L) was autoclaved separately 
from the salt-solutions. Whereas, trace metal solution, vitamin solution and antifoam was added after 
autoclavation. Spore-solution was added when starting the cultivation.  

During the cultivation samples were taken two times a day and the carbon dioxide concentration was 
measured continuously in the bioreactor. The cultivation was ended after 48 h.       

4.12 Mucor indicus grown on plates made of orange peels  
A separate experiment was also conducted to see if M. indicus was able to grow on untreated orange 
peels. Here, the orange peels were crushed by hand to a fine paste some liquid was also added to the 
orange peels. The orange peel paste was thereafter autoclaved and transferred into plates. Spores of M. 
indicus were thereafter spread on the orange peel plates. The plates were placed at room temperature 
for some days.            
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5. Results       

5.1 Mucor indicus, Mucor hemalis and Rhizomucor pusillus grown on pure 
galacturonic acid 
Galacturonic acid consumption  

After 10 days the cultivation was stopped since the galacturonic acid in the medium had been 
assimilated by all fungal strains except by M. hemalis. However, only a small amount of galacturonic 
acid was present in the cultivation medium of M. hemalis after 10 days. In Figure 5.1.1 and Table 
5.1.1 the galacturonic acid consumption can be observe during the 10 days. The standard deviation 
shown in Table 4.1.2 was based on two separate cultivations. 

 

 

Figure 5.1.1 Galacuronic acid consumption by three different fungal strains 
 
Table 5.1.1 Galacturonic acid consumption  

 

 

 

 

 

 

 

 

 

 

Galacturonic acid consumption (g/L) 
Time (days) M. indicus R. pusillus M. hemalis 

0 16,77235 16,91885 16,785072
1 15,3043 15,62946 14,743703
2 14,52582 14,39367 13,969729
3 11,75057 11,35846 11,367028
4 10,72742 9,388092 10,492553
5 9,123141 7,269489 8,9596233
6 7,399926 4,666385 6,9043256
7 5,383251 1,633068 5,496287
8 3,557919 0,471641 3,7169437
9 0,596783 0,102038 2,0785092

10 0,095349 0,024308 0,6780016
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Table 5.1.2 Standard deviation on galacturonic acid consumption  

From the results one can see that R. pusillus 
consume the galacturonic acid faster than both 
M. indicus and M. hemalis. Although, the 
three different fungi had very similar 
consumption during the first two days            
R. pusillus had a faster assimilation after day 
three. Regarding M. indicus and M. hemalis 
there was no immense difference in the 
galacturonic acid consumption, the only 
dissimilarity occurred during the last two days 
when M. indicus had a faster consumption.  

 

Biomass   

After cultivation the biomass was separated from the liquid and the dry weight was determined, the 
results can be seen in Table 5.1.2. Since, the biomass consists of cotton-like mycelium, the biomass 
could only be measured at the end of the experiment.   

The volumetric biomass content was based on a final medium volume of 110 mL even as the start 
volume was 125 mL. The lower final volume was due to sampling during the cultivation, 10 samples 
were taken each being about 1.5 mL. The attached standard deviation was based on the biomass 
amount in the cultivation (d.w.) not on the calculated volumetric biomass amount.   

Table 5.1.2 Final biomass amount in the culture medium  

Biomass  
  

Fungal strain g (d.w) g biom.*/L 
Standard  
deviation ** g biom/g gal. acid***

M. hemalis 0,5702 5,1836 0,0078 0,034191
M. indicus 0,5682 5,1650 0,0279 0,033629
R. pusillus 0,3199 2,9082 0,0069 0,019861

*Biom. was an abbreviation for biomass  
**Based on the biomass amount in the cultivation (g) not on the volumetric biomass amount  
***An abbreviation for g biomass /g consumed galacturonic acid 
 

The results are rather clear, M. hemalis and M. indicus had the same biomass content at the end of the 
cultivation. Whereas, R. pusillus had much lower biomass amount. The biomass yield / g consumed 
galacturonic acid was for M. indicus 0.310 g/g, M. hemalis 0.322 g/g, and R. pusillus 0.172 g/g. In the 
following experiments M. indicus was the only used fungi. The following experiments were aimed to 
examine M. indicus potential to be used as ethanol and biomass producing microorganism.  

Standard deviation  
Time (days) M. indicus R. pusillus  M. hemalis  

0 0,290791 0,181934 0,0393505
1 0,499067 0,090352 0,0200054
2 0,489802 0,050983 0,0997757
3 0,137963 0,86532 0,0605615
4 0,033952 0,339959 0,5103278
5 0,025289 0,614762 1,0000074
6 0,108149 0,669608 1,1951347
7 0,076494 2,082261 0,9676402
8 0,216472 0,264828 0,7856661
9 0,914418 0,060418 0,9306901

10 0,064646 0,055602 0,4388078
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5.2 Mucor indicus ability to produce ethanol from fructose, galactose, glucose, 
arabinose and xylose 

Sugar consumption  
M. indicus was grown on five different sugars D-fructose, D-glucose, D-galactose, D-arabinose and D-
xylose. During the cultivation samples were taken to examine the sugar assimilation and metabolite 
production. The major metabolites were ethanol and glycerol.  

In Table 5.2.1 and Figure 5.2.1 one can see the clear difference between the assimilation of the 
different sugars. Standard deviations for the samples can be seen in Appendix B. Fructose and glucose 
was consumed in a similar manner, whereas the galactose cultivations had a longer lag phase. In 
contrast both arabinose and xylose were assimilated at a much reduced rate. After 2 days only a small 
amount of the arabinose has been consumed, whereas almost 40% of the xylose has been consumed.      

Table 5.2.1 Sugar consumption in the cultivation  

Sugar consumption (g/L) 
Time (h) Fructose Glucose Galactose Arabinose Xylose 

0 43,73542 42,91185 47,5205 45,98127 45,40762
2 43,49989 43,96182 47,03791 45,9976 45,39478
4 42,90824 43,38265 47,12342 46,03538 45,44305
6 42,70588 42,69712 47,06235 46,02864 45,33958
8 38,76421 40,45493 46,11651 45,74479 45,34683

10 33,65803 34,16215 44,52186 45,48564 44,57587
12 25,64465 28,04447 41,93352 45,22976 44,66406
14 16,12096 18,82192 35,98242 44,95976 43,56137
24 0,274042 0 0,804595 44,47992 38,36904
36 0,184246 0 0,716749 42,70152 34,35246
48 0,153647 0 0,669743 41,26758 28,05755

 
 

 

Figure 5.2.1 Mucor indicus sugar consumption when grown on different sugars   
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Ethanol production  
The ethanol production during the two days can be seen in Table 5.2.2 and Figure 5.2.2. The 
maximum measured ethanol concentration approx. 18.0 g/L occurs after 24 h when using fructose, 
glucose and galactose. The ethanol yield in these cases (calculated as g ethanol / g consumed sugar) 
was for fructose 0.42 g/g, glucose 0.41 g/g, and galactose 0.37 g/g. The results show that the fungus 
grown on fructose and glucose had a similar ethanol production.  

M. indicus grown on xylose do produce ethanol but only in small amounts, the highest measured 
ethanol concentration was 3.2 g/L after 48 h cultivation. For xylose the ethanol yield was 0.19 g 
ethanol/g consumed xylose. In cultivations containing arabinose an insignificant amount of ethanol 
was produced.     

Table 5.2.2 Ethanol production in the cultivation 

Ethanol production (g/L) 
Time (h) Fructose Glucose Galactose Arabinose Xylose 

0 0 0 0 0 0
2 0 0 0 0 0
4 0 0 0 0 0
6 0,248943 0,236333 0 0 0
8 1,491034 1,453753 0,172563 0 0

10 4,023319 3,578441 0,750804 0 0
12 7,348927 6,687478 1,963979 0 0,090238
14 12,00213 10,53966 4,120103 0 0,184682
24 18,05088 17,74736 17,45579 0 0,715507
36 16,06536 16,76101 16,32609 0,160198 1,791587
48 14,58043 15,71808 15,02256 0,297435 3,229996

 
 
 

 
 Figure 5.2.2 Mucor indicus ethanol production during cultivation on different sugars  
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Glycerol production 
The major metabolite except ethanol produced in significant amounts was glycerol. The results from 
the HPLC analysis on the glycerol production are illustrated in Table 5.2.3 and Figure 5.2.3. The 
maximum measured glycerol concentration occured after 24 h in the cultivations containing fructose, 
glucose and galactose. Whereas, for xylose the maximum measured glycerol arised after 48 h. In 
cultivations performed on arabinose no glycerol could be detected. The glycerol yield for the four 
sugars (calculated as g glycerol / g consumed sugar) was at 24 h for fructose 0.050 g/g, glucose     
0.046 g/g, galactose 0.048 g/g and at 48 h for xylose 0.022 g/g. 

 

Table 5.2.3 Glycerol production during cultivation  

Glycerol production (g/L) 
Time (h) Fructose Glucose Galactose Xylose 

0 0,063378 0,02208 0 0
2 0,065502 0,015493 0,011808 0
4 0,071944 0,025154 0,008053 0
6 0,116387 0,044746 0,021455 0
8 0,297286 0,147069 0,036536 0

10 0,60133 0,359076 0,090121 0,016015
12 1,008557 0,697397 0,176004 0,040057
14 1,659392 1,164424 0,396933 0,047849
24 2,179826 1,975915 2,221681 0,052367
36 1,732376 1,754624 1,895005 0,125932
48 1,463534 1,634331 1,653657 0,38668

 

 

 

 

 

Figure 5.2.3 Mucor indicus glycerol production during cultivation on different sugars  

 
 



  

28 

 

Biomass  
The produced biomass amount during the cultivation can be seen in Table 5.2.4. The mean value was 
based on two separate cultivations, the standard deviation was calculated based on the biomass amount 
in the flask and not on the volumetric biomass amount. The growth morphology of M. indicus during 
the cultivation can be seen in Figure 5.2.4. The picture was taken after 48 h, before harvesting the 
biomass.   

As noted, the fructose cultivation produces the largest biomass amount, whereas glucose and galactose 
cultivations produced a similar biomass amount of above 5 g/L. In contrast xylose cultivations did 
only produce a little above 4 g/L, and arabinose cultivations even less than 3 g/L.        

Table 5.2.4 Final biomass amount  
Biomass (d.w.) 

  Meanvalue Standard    
Sugar g biom*./flask deviation** g biom./L g biom./g consumed sugar  

Fructose  0,8224 0,024042 6,1603 0,01887 
Glucose  0,68715 0,035426 5,1472 0,016013 
Galactose  0,74425 0,013364 5,5749 0,015886 
Arabinose  0,3886 0,067741 2,9109 0,082441 
Xylose  0,54685 0,062296 4,0963 0,031519 

*Biom. is an abbreviation for biomass  
**Based on the biomass amount in the cultivation (g) not on the volumetric biomass amount  
 

 

Figure 5.2.4 Mucor indicus grown on different sugars, showing from left to right, cultivations containing 
glucose, fructose, galactose, xylose and arabinose   
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5.3 Mucor indicus grown on pure pectin 
The experiment was aimed to examine if M. indicus was able to consume and grow on pure pectin 
powder from citrus fruits. As can be seen in Figure 5.3.1 the fungus was able to grow on pectin. 
However, the biomass content could not be determined in a satisfying way only visualized. Due to the 
problem with separation of biomass from the remaining solid pectin particles.  

     

 

Figure 5.3.1 Cotton-pluged Erlenmeyer flasks containging Mucor indicus grown on pure pectin 

5.4 Investigating the effect of D-limonenes on the growth of Mucor indicus   
Limonenes effect on the growth of M. indicus was investigated in the experiment. During the 
cultivations samples were taken from the medium. Afterwards, three different components were 
analyzed in the growth medium, namely, glucose, ethanol and glycerol.  

The results are based both on cultivations started from biomass and those started from spore solution. 
As the experiment was performed two times, namely, first on low limonene concentrations 0.0, 0.01, 
0.05, and 0.10% (v/v) and thereafter on high limonene concentrations 0.0, 0.25, 0.50 and 1.0% (v/v), 
the results from the experiments are shown separately.   

Medium containing low D-limonene concentrations, cultivations started from 
spores  

Glucose consumption  
Figure 5.4.1 shows the glucose assimilation in the cultivations started from spore-solution. One can 
see that the glucose consumption was postponed when the limonene concentration was 0.05 and 
0.10%. At a limonene concentration of 0.01% no difference was seen compared with medium 
containing no limonene.       
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Figure 5.4.1Glucose consumption when growing M. indicus in medium containing low limonene        
concentrations (started from spores) 

Ethanol production  

The ethanol production shows the same pattern as the glucose consumption, see Figure 5.4.2. A 
limonene concentrations of 0.05 and 0.10% delayes the ethanol production with a few hours. The 
glycerol production follow the exact same pattern as the ethanol production, see Figure 5.4.3. 

The maximum measured ethanol concentration occurred for 0.0, 0.01 and 0.10% after 24 hours. For 
0.05% limonene the maximum ethanol conentration arised after 30 hours. The exact measured values 
and standard deviations are attached in Appendix C.      

The maximum measured ethanol yield calculated as g ethanol / g consumed g sugar, can be seen in 
Table 5.4.1. From the results one can note that the maximum ethanol yield do not differ much among 
the cultivations with 0.0, 0.01 and 0.10% limonene. They all have a yield of  0.39 g/g. Only the 
cultivation containing 0.05% limonene had a little lower yield of 0.375 g/g.      

 

Figure 5.4.2 Ethanol production when growing M. indicus in medium containing low limonene           
concentrations (started from spores) 
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Figure 5.4.3 Glycerol production when growing M. indicus in medium containing low limonene           
concentrations (started from spores) 

 

Table 5.4.1 Maximum measured ethanol yield  

Ethanol yield 
Limonene Consumed sugar  Max etoh Time Max 
concentration  g/L g/L max etoh Yield g/g 

0.0% 46,60792089 18,16723 24 h 0,389788
0.01% 47,27270961 18,35882 24 h 0,38836
0.05% 46,50121005 17,43944 30 h 0,375032
0.10% 44,85214552 17,56656 24 h  0,391655

  

Medium containing low D-limonene concentrations, cultivations started from 
biomass 

Glucose consumption  

From the Figure 5.4.4 one can see the large difference compared with the cultivations started from 
spores. When the cultivations contained biomass at the start, the glucose assimilation starts 
immediately and was finished within 14 hours. Among the cultivation it was only a limonene 
concentration of 0.10% which had some negative effect on the sugar consumption.      
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Figure 5.4.4 Glucose consumption when growing M. indicus in medium containing low limonene        
concentrations (started from biomass) 

 

Ethanol production 

The ethanol production in contrast was affected negatively already when the limonene amount reashed 
0.05% (See Figure 5.4.5). When the limonene amouth raised to 0.10% the negative effect increased 
even more. The glycerol production showed a similar pattern (See Figure 5.4.6). The exact values and 
standard deviations are attached in Appendix D.  

 

Figure 5.4.5 Ethanol production when growing M. indicus in medium containing low limonene            
concentrations (started from biomass) 
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Figure 5.4.6 Glycerol production when growing M. indicus in medium containing low limonene          
concentrations (started from biomass) 

Regarding the ethanol yield (g ethanol / g consumed sugar) the maximum ethanol concentration 
occurred after 12 h in all cultivations except the once performed at 0.10% limonene (maximum 
concentration after 14 h). The results are attached in Table 5.4.2. 

Compared with the cultivations started from spores the maximum ethanol concentration was attained 
faster and had a higher ethanol concentration. The ehanol yield was also higher, it reach a value of     
0.45 g/g after 12 h in the cultivations containing 0.0 and 0.01% limonene. The value was slightly 
lower for 0.05 and 0.10% limonene, around 0.43 g/g, however, at 0.10% limonene the maximum yield 
was attained after 14 h.            

Table 5.4.2 Ethanol yield on cultivations performed on low limonene concentrations started from biomass    

Maximum measured ethanol yield 
Limonene Consumed sugar  Max etoh Time Max 
concentration  g/L g/L max etoh Yield g/g 

0.0% 44,9024 20,33328 12 h 0,452833
0.01% 46,92487 21,08737 12 h 0,449386
0.05% 44,55829 19,17955 12 h 0,430437
0.10% 43,55805 18,78498 14 h 0,431263

 
Medium containing high D-limonene concentrations, cultivations started from 
spores  
Cultivations were also performed in synthetic growth medium containing high limonene 
concentration, namely 0.0, 0.25, 0.50 and 1.0% (v/v). The experiment was as before attained both 
started from spore-solution and from biomass.   

Glucose consumption 

Increasing the concentration of limonene to high levels give a much longer lag phase compared with 
cultivations containing low limonene concentrations, see Figure 5.4.7.  The exponential phase started 
about 36 hours after inoculation when the culture medium contained over 0.50% limonene. Accurate 
values and standard deviations are attached in Appendix E. 
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At 0.25% limonene the exponential phase started after about 12 hours. There was a clear difference 
compared to the non toxic medium, 0.0% limonene. Here the exponential phase started within a few 
hours. Interesting was that when the exponential phase started the glucose consumption was rather 
rapid in 0.25% limonene. Medium containing over 0.50% limonene had a somewhat slower rate.      

 

Figure 5.4.7 Glucose consumption when growing M. indicus in medium containing high limonene          
concentrations (started from biomass) 

Ethanol production 

Ethanol production had a similar pattern as the sugar consumption. However, here a compound was 
produced not consumed. The ethanol production was stagnant up to 36 h in the cultivations containing 
more than 0.50% limonene. Highest ethanol concentration was achieved after 36 h when the medium 
contained 0.25% limonene. Interesting was that the ethanol concentration was even higher than when 
no limonene was added. However, the sugar concentration was also lower in the non toxic medium. 
As before the glycerol production showed a similar pattern as the ethanol production, see Figure 5.4.9.         

 

Figure 5.4.8 Ethanol production when growing M. indicus in medium containing high limonene          
concentrations (started from spores) 
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Figure 5.4.9 Glycerol production when growing M. indicus in medium containing high limonene          
concentrations (started from spores) 

The maximum measured ethanol yield for each cultivation can be seen in Table 5.4.3. For non toxified 
medium the maximum ethanol yield was achived after only 24 h. Wherease, toxified medium required 
longer time, namely 36 and 60 h. The lowest ethanol yield 0.36 g ethanol / g consumed sugar occured 
after 60 h in cultivations containing 1.0% limonene. The highest yield 0.41 g/g was attained after 36 h, 
at the lowest limonene concentration 0.25%.       

Table 5.4.3 Maximum ethanol yield, in mediums containing high  
concentrations of limonene started from spores 

Maximum measured ethanol yield  
Limonene Consumed sugar  Max etoh Time Max 
concentration  g/L g/L max etoh yield g/g 

0.0% 42,25148 16,81466 24 h 0,397966
0.25% 50,08907 20,73071 36 h 0,413877
0.50% 50,05113 18,83513 60 h 0,376318

1.0% 48,26694 17,29261 60 h 0,35827
 

Medium containing high D-limonene concentrations, cultivations started from 
biomass  
Glucose consumption 

The results from the experiment are rather clear, see Figure 5.4.9. In non toxic medium glucose was 
consumed within 10 hours, whereas it took longer when limonene was added. However, no samples 
were taken during that time (between 12 h and 24 h). Cultivations containing 1.0% limonene had a 
very inhibited glucose assimilation compared with non toxic medium. The same inhibition occurred at 
0.25% and 0.50% limonene. Exact values and standard deviations are attached in Appendix F. 
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Figure 5.4.9 Glucose consumption when growing M. indicus in medium containing high limonene          
concentrations (started from biomass) 

Ethanol production  

When cultivations were started from biomass the ethanol production started almost imidiately even in 
toxic medium, observed in Figure 4.4.10. In contrast cultivations started from spore-solution had a 
long lag phase at the higher limonene concentrations (0.50 and 1.0%). Hence, a very toxic medium 
leads to a reduced ethanol production rate. As before glycerol production showed the same pattern as 
the ethanol production, see Figure  4.4.11.   

 

Figure 5.4.10 Ethanol production when growing M. indicus in medium containing high limonene          
concentrations (started from biomass) 
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Figure 5.4.11 Glycerol production when growing M. indicus in medium containing high limonene          
concentrations (started from biomass) 

The maximum measured ethanol yields can be seen in Table 5.4.3. As can be noted there was no 
immense difference among the different limonene mediums. However, the maximum ethanol yield in 
non toxified medium was achieved after only 12 h.  

 

Table 5.4.3 The maximum ethanol yield, in mediums containing high concentrations                                                                
of limonene started from biomass 

Maximum measured ethanol yield  
Limonene Consumed sugar  Max etoh Time Max 
concentration  g/L g/L max etoh yield g/g 

0.0% 46,68929 20,53414 12 h 0,439804
0.25% 40,16694 17,40832 24 h 0,433399
0.50% 39,40198 16,62952 24 h 0,422048

1.0% 38,79061 17,05114 24 h 0,439569
 

Biomass    

The biomass dry weight at the end of each cultivation can be seen in Table 5.4.4 and 5.4.5. Results are 
presented separately for cultivations started from spores and biomass. The final volumetric biomass 
amount was based on a final volume of 135 mL in the cultivations harvested after 48 h. Whereas, the 
cultivations harvested after 72 h were based on a final volume of 130 mL. The final volume was lower 
than the start volume since samples were taken during the cultivation.     
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Table 5.4.4 Biomass amount from cultivations started from spore-solution  
Biomass (d.w.) (spores) 

Limonene Meanvalue Standard Time  Final   
Concentration 

(v/v) g biom*./flask deviation (h)  g biom./L  
0.0% 0,5441 0,00297 48 h 4,03037  
0.01% 0,54885 0,009687 48 h 4,065556  
0.05% 0,5719 0,00396 48 h 4,236296  
0.10%  0,6145 0,011031 48 h 4,551852  
0.25% 0,5123 0,004384 48 h 3,794815  
High limonene 
concentration       
0.0% 0,64635 0,013789 72 h 4,971923  
0.25% 0,6237 0,108329 72 h 4,797692  
0.50%  0,5687 0,042851 72 h 4,374615  
0.75%  0,70345 0,001061 72 h 5,411154  
1.0%  0,6962 0,010324 72 h  5,355385  
* Biom. was an abbreviation for biomass.     

 

Table 5.4.5 Biomass amount from cultivations started from biomass 
Biomass (d.w.) (biomass) 

Limonene Meanvalue Standard Time  Final  
Concentration. 

(v/v) g biom*./flask deviation (h)  g biom./L
0.0% 0,7432 0,006364 48 h 5,505185
0.01% 0,77595 0,008839 48 h 5,747778
0.05% 0,7554 0,018243 48 h 5,595556
0.10%  0,7596 0,014566 48 h 5,626667
0.25% 0,7654 0,036628 48 h 5,66963
High limonene 
concentration     
0.0% 0,75245 0,006152 72 h 5,788077
0.25% 0,73575 0,022415 72 h 5,659615
0.50%  0,7357 0,00891 72 h 5,659231
0.75%  0,728 0,021355 72 h 5,60000
1.0%  0,6399 0,010182 72 h 4,922308
* Biom. was an abbreviation for biomass.   
 

As one can see from the results it appears that the final biomass content in the cultivations started from 
spores had a tendency to increase with the concentration of limonene. However, there were some 
exceptions from the trend like the cultivations in medium with 0.25 and 0.50% limonene. Important to 
note was that the concentration of glucose in all cultivations were not the same always, not either the 
cultivation time.  Interesting was that it was not the non toxic medium which resulted in the highest 
biomass amount.  

When biomass was present from the beginning the final biomass amount was around 5.6 g/L in all 
cultivations, except for 1.0% limonene were it was lower, 4.9 g/L. It was rather difficult to see any 
trends at all. Worth mentioning was that some samples were never analyzed by HPLC, namely 0.25% 
limonene performed at low limonene concentration and 0.75% limonene.    
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Growth morphology in cultivations started from spores  

In Figure 5.4.12 the final view can be seen of the cultivations, and the macroscopic morphology can be 
noted. At low (and 0.0%) limonene concentration the biomass had grown as pellets, whereas, a higher 
concentration (0.10 and 0.25%) induce a biomass which sediment easy. Contradictory to these result 
the next cultivation on 0.25% limonene gave a filamentous biomass, see Figure 5.4.13. When starting 
cultivations having low limonene concentration the initial spore concentration was 7.55 × 10 5 spores / 
mL in the medium. In cultivations started on high limonene concentration the spore concentration was 
6.12 × 10 5 spores / mL medium.  

  

Figure 5.4.12 Cultivations containing low limonene concentration started from spores, from left to right                                  
0.0, 0.01, 0.05, 0.10 and 0.25% limonene    

 

 

Figure 5.4.13 Cultivations containing high limonene concentrations started from spores, from left to right                                  
0.0, 0.25, 0.50, 0.75 and 1.0% limonene    
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5.5 Cultivation of Mucor indicus in dilute acid hydrolyzed orange peel 
hydrolyzate 
Aerobic cultivation 

The results from the cultivation of M. indicus in acid hydrolyzed orange peel hydrolyzate (hereafter 
abbreviated with OP-hydrolyzate) are shown in Figure 5.5.1. The initial spore concentration was      
5.5 × 10 5 spores / mL medium. In Appendix G the exact values and standard deviations are showed.    

 

Figure 5.5.1 Cultivation of M. indicus aerobically on acid hydrolysed orange peel hydrolysate. The other sugars 
in the fructose peak are  galactose and xylose. 

Anaerobic cultivation  

The initial spore concentration in was 4.7 × 10 5 spores / mL medium. Results from the anaerobic OP-
hydrolyzate cultivations are shown in Figure 5.5.2. The measured carbon dioxide concentration from 
the bioreactor in the aerobic and anaerobic cultivation can be seen in Figure 5.5.3.  

 

Figure 5.5.2 Cultivation of M. indicus anaerobically on acid hydrolysed orange peel hydrolysate 
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Figure 5.5.3 Carbon dioxide production in both aerobic (left graf) and anaerob (right graf) cultivation  

Comparing the aerobic and anaerobic cultivation it was rather clear that the M. indicus grown 
aerobically consume the sugars faster and did provide a higher ethanol concentration. Unfortunatly, no 
samples were taken between 12 and 24 h so the occasion at which glucose was fully consumed and the 
maximum ethanol concentration was not documented.     

In Table 5.5.1 the maximum measured ethanol concentration can be seen. There was no huge differens 
between aerobic and anaerobic cultivations regarding the maximum ethanol yield, which was about 
0.36 g/g.  Worth mentioning was that the calculated fructose concentration was only an approximation 
since OP-hyrolyzate contain also other sugars than glucose and fructose. The H-kolumn in the HPLC 
can not separate the other sugars (galactose and xylose) so they appear in the fructose peek.    

In Table 5.5.2 the final biomass amount was shown as g biomass / L culture medium. In the aerobic 
cultivation the mean biomass dry weight was 7.6 g/L and in the anaerobic one 6.1 g/L. However, the 
standard deviation for the aerobic cultivation was rather large. When comparing the biomasses visualy, 
there was a bigg differense. In the aerobic cultivation the biomass had a very filamenteus appearance 
whereas the anaerobic biomass had almost no tendency to filaments, see pictures in Figure 5.5.4.       

Table 5.5.1 Maximum measured ethanol yield for cultiation on OP-hydrolyzate 

Maximum measured ethanol yield  
Cultivation Consumed total sugars  Max etoh Time  Max etoh 
  (g/L)  (g/L) max etoh yield (g/g) 

Aerobic 42,10444 15,43232 24 h 0,366525
Anaerobic 39,62202 14,14618 26 h 0,357028

 
Table 5.5.2 Final biomass amount in the OP-hydrolyzate cultivation  

Final biomass amount 
Cultivation Fermentor Time (h) D.w. (g) Meanvalue (g/L)* STD deviation 

Aerob A 24 5,7208 - - 
  B 24 7,9746 7,608556 1,593677 

Anaerob A 26 5,9142 - - 
  B 26 5,1003 6,119167 0,575514 

*The volumetric biomass amount is based on a final volume of 900 mL, instead of  
1000 mL due to sampling  
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Figure 5.5.4 Pictures of microscoped M indicus after 24 h, left aerobic cultivation and right anaerobic cultivation    

Hydroxy methyl furfural (HMF) concentration  

Table 5.5.2 Concentration of HMF in the growth medium  

HMF concentration g/L 
Time (h) Aerob Anaerob STD* deviation 

0 0,188886 0,187937 0,005459 
2 0,177785 0,172116 0,002927 
4 0,167644 0,163828 0,000104 
6 0,151953 0,154857 0,001071 
8 0,113173 0,127731 0,000165 
10 0,088512 0,109678 0,003875 
12 0,085958 0,096686 0,00241 
24 0,087526 0,090518 0,001273 
26 - 0,088942 - 

*STD was an abbreviation for standard  

The concentration of HMF was also analyzed in the growth medium, see Figure 5.5.3 and Table 5.5.1. 
As can be seen it seems like HMF was assimilated during the cultivation by M. indicus. The HMF 
concentration was roughly divided after 12 h in both the aerobic and anaerobic cultivation, although 
the assimilation was somewhat slower in the anaerobic cultivation. After 12 h the HMF concentration 
was nearly constant.   
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Figure 5.5.3 Hydroxy methyl furfural concentration in both aerobic and anaerobic cultivations    

5.6 Investigating if the biomass amount in a sample containing solid particles 
can be determined by chitosan extraction 
The initial spore concentration in the cultivation containing both glucose (5 g/L) and solid orange peel 
material (2%) was 4.28 × 10 5 spores / mL. In the glucose cultivation the concentration was 5.30 × 10 5 
spores / mL. Hence, the two cultivations did have a similar initial spore concentration. The dry weight 
of the used solid orange peel material was determined to 7.7%.  

After all treatments of the biomasses the resulting dry weight of chitosan was 0.315 g in the glucose 
cultivation and 0.0578 g in the cultivation containing both glucose and solid orange peel material. The 
chitosan amount should have been the same for both cultivations. For this reason, the method was not 
suitable for determining the biomass amount in the sample. The cultivation of M. indicus in medium 
with both pure glucose and solid orange peel material was illustrated in Figure 5.6.1.   

 

Figure 5.6.1 Cultivation of M. indicus in medium containing both glucose and solid orange peel material  
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One problem in the experiment can have been the large amount of solid orange peel material present in 
the sample. When adding NaOH or H2SO4 solution the dried solid material was not dissolved in the 
liquid. Hence, the biomass was trapped inside the solid orange peel material and the treatment became 
less efficient.            

5.7 Investigating if the biomass amount in a sample containing solid particles 
can be determined by chitin extraction 
Neither, the chitin extraction method gave any promising results as biomass determining method. 
When analyzing the final results in the HPLC the samples containing solid paper particles showed 
very low acetic acid concentrations compared with the other samples, see Table 5.7.1. 

Table 5.7.1 Acetic acid concentration in biomass samples treated with 
a chitin extraction method     

Chitin extraction method 
Sample  Glucose (g/L) Acetic acid (mmol)*  Weight(g)**

A 10 0,067785 0,3925 
B 10 0,067853 0,4097 
A 20 0,071285 0,4457 
B 20 0,0665 0,4445 
A 50 0,096029 0,6223 
B 50 0,090751 0,5554 
A 20 + paper 0,058026 0,7719 
B 20 + paper 0,051077 0,7304 

*Mmol acetic acid in the start sample (in the first dried sample) 
**The dry weight of the first dried sample 

As can be seen in Table 5.7.1 the acetic acid concentration in the samples containing paper even had a 
lower concentration than samples grown on 10 g / L glucose. The method would have been suitable 
for determining the biomass amount if the acetic acid concentration in the paper containing sample had 
been much nearer the value of the biomass grown on 20 g/L glucose. In addition the method was very 
time consuming and a small mistake gave an immense influence on the final result, which was a big 
drawback.       

5.8 Cultivation of Mucor indicus in the bioreactor, containing medium with                    
1.0% limonene 
The cultivation of M. indicus in the bioreactor with 1.0% limonene gave very contradictory results. 
When comparing the two separately performed cultivations and their carbon dioxide curves (See 
Figure 5.8.1 and Figure 5.8.2) one can note that the cultivations were completely different. Whereas, 
in the first cultivation the maximum CO2 concentration was achieved after only 26 h the second 
showed a maximum CO2  level after about 70 h. This was almost two days later. It was strange since 
the spore concentration differed very little between the two runs, 4.41 × 10 5 spores / mL in the first 
run and 6.80 × 10 5 spores / mL in the second. None of the other parameters were changed. 
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For the second cultivation the component concentrations are illustrated in Figure 5.8.3 the exact values 
and standard deviations can be seen in Table 5.8.1. The maximum ethanol concentration (almost       
20 g/L) occur after more than 70 h. Regarding the standard deviation one can see that it was rather 
large in many occasions.       

 

 
Figure 5.8.1 Carbon dioxide production in the  
cultivation of M. indicus in medium containing  
1.0% limonene, first run  
 

 

 

Figure 5.8.3 Component concentration when growing M. indicus in medium with 1.0% limonene, second run  

 

 

 

 

Figure 5.8.2 Carbon dioxide production in the 
cultivation of M. indicus in medium containing  
1.0% limonene, second run   
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Table 5.8.1 Component concentration and standard deviations during cultivation of 
M. indicus in medium with 1.0% limonene, second run  

Component concentrations g/L  
Standard deviation on component 

concentrations 
           
Time (h) Glucose Ethanol Glycerol  Time (h) Glucose Ethanol Glycerol 

0 51,09622 0 0  0 0,048301 0 0
7 50,31465 0 0  7 0,295835 0 0

11 49,43935 0,335684 0,082915  11 0,070165 0,097174 0,017429
17 48,56761 0,564147 0,124907  17 0,313142 0,300815 0,050236
19 48,37354 0,612514 0,13247  19 0,494076 0,375393 0,061382
22 48,02152 0,730371 0,144867  22 0,850938 0,513758 0,074686
24 47,70103 0,829335 0,153625  24 1,088213 0,617594 0,083175
27 47,22379 1,031006 0,174361  27 1,648094 0,804592 0,094653

31,5 46,67597 1,193949 0,189745  31,5 2,171809 0,957129 0,101643
45 44,52558 1,830091 0,251419  45 3,052933 1,164116 0,136988

52,5 40,99219 3,142132 0,37325  52,5 2,514881 0,846669 0,124765
55,75 38,60175 4,053161 0,463636  55,75 3,570431 1,322909 0,145592

65 24,03865 10,45092 1,053644  65 5,473108 1,811855 0,107259
68 12,53325 14,85828 1,445517  68 8,045269 2,755947 0,135213
70 5,246642 17,73637 1,718094  70 6,976275 2,497821 0,136926
72 1,475459 19,07429 1,789781  72 2,086614 0,560385 0,081777
74 0,00817 19,4113 1,786598  74 0,011554 0,619925 0,188767
76 0 19,16363 1,772769  76 0 0,269663 0,16921

 

5.9 Enzymatic hydrolysis of orange peels and cultivation of Mucor indicus   
Before starting the enzymatic hydrolysis the activity of the cellulase was determined. The activity was 
determined by using a laboratory analytical procedure from NREL National Renewable Energy 
Laboratory [22]. The cellulase activity was measured to 67 FPU/mL.  

In the beginning only 4 enzymatic hydrolysis (when running 2 reactors in parallel) was planned in 
order to obtain enough hydrolyzate to make 8 cultivations. However, the first run did not give 
satisfying sugar concentrations (especially galacturonic acid), so a fifth run had to be attained.  

In order to not waste the first hydrolyzate a preliminary cultivation of M. indicus was performed. The 
results from the cultivation are illustrated in Figure 5.9.1, Figure 5.9.2 and Table 5.9.1. No standard 
deviation could be calculated since only one run was attained. The graph shows a maximum ethanol 
concentration after 26 h, the maximum ethanol yield was 0.33 g ethanol / g consumed sugar. 
Interesting was that after about 26 h the sugar levels were constant and almost no more was consumed 
during the cultivation. The maximum carbon dioxide concentration of almost 4% was achieved after 
about 24 h.             
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Figure 5.9.1 Preliminary cultivation of M. indicus on enzymatic hydrolyzed orange peels.  
The other sugars in the fructose peak are galactose and xylose 

 
Figure 5.9.2 Carbon dioxide production during cultivation 

Table 5.9.1 Sugar consumption and ethanol production during cultivation     

Component concentrations (g/L) 
      

Time (h) Glucose Fructose + other sugars Ethanol 
0 43,5979385 38,2058606 0 

13 37,3359949 33,8545392 1,2968 
21 12,9723623 21,7567677 14,6512 
26 9,83797524 7,95405599 21,3381 
31 9,41826902 6,40126924 20,7504 
48 9,03602036 5,89139465 18,4911 

Important to mention regarding the enzymatic hydrolysis was that after hydrolysis the non hydrolyzed 
particles were separated from the liquid by centrifugation. The solid was thereafter dried in the oven 
for 48 h at 110 °C. The dry weights are shown in Table 5.9.2. When comparing the dry weights one 
can see that there was no immense difference between the second, fourth, and fifth enzymatic 
hydrolysis. Whereas, the first hydrolysis left a much higher solid amount and the third a lower solid 
amount after hydrolysis.      
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After each hydrolysis the sugar concentration of glucose, fructose and mixed sugars and galacturonic 
acid were measured in the liquid part. The results from the HPLC analysis are demonstrated in Table 
5.9.3. In Table 5.9.4 the sugar yields are shown for the final hydrolyzate. The yield was based on total 
solids. The solid concentration was at start 12%, or 192 g dry orange peels in a start amount of 1.6 kg.   

When comparing the sugar levels in the hydrolyzate with the concentration in the preliminary 
cultivation the sugar levels do not match with each other. The sugar levels were much higher in the 
cultivation medium although salt-solution and other components were added to the medium. The 
reasons for the higher sugar concentration could not be detected. As mentioned, a separate experiment 
was also performed to determine the soluble sugar content in pure orange peels before hydrolysis. The 
HPLC analysis showed that 100 g orange peels contained 3.2 g glucose and 3.3 g fructose.           

Table 5.9.2 Dry weight of the solid part removed from the hydrolyzate    

D.w. of solid part left after enzymatic hydrolysis 
  Bioreactor D.w. (g) Time (h) 
Enz. Hydr 1 A 74,9658 47 h 
  B 67,3277 47 h 
Enz. Hydr 2 A 59,5939 30 h 
  B 56,7239 30 h 
Enz. Hydr 3 A 52,9914 30 h 
  B 54,4842 30 h 
Enz. Hydr 4 A 58,6348 30 h 
  B 59,9019 30 h 
Enz. Hydr 5 A 61,4811 30 h 
  B 59,3745 30 h 

Table 5.9.3 Sugar concentrations in each hydrolysis 

Sugar concentrations in the final hydrolyzate   
 Number Bioreactor Gal acid* Glucose Fructose +sugars Time (h) 
Enz. Hydr.** 1 A 8,5734 30,9094 33,7884 44 
  B 9,9040 30,5336 34,6375 44 
Enz. Hydr. 2 A 15,7320 30,5497 35,5088 30 
  B 15,9623 30,9078 35,9879 30 
Enz. Hydr. 3 A 14,8282 31,4275 36,8515 30 
  B 14,4794 31,2865 36,7271 30 
Enz. Hydr. 4 A 15,4950 31,3338 36,5591 30 
  B 15,2797 30,7722 36,5148 30 
Enz. Hydr. 5 A 15,8143 26,1147 31,3384 30 
  B 15,8427 26,4468 30,5294 30 

*Gal. acid was an abbreviation for galacturonic acid  
** Enz. Hydr. was an abbreviation for enzymatic hydrolysis 

Table 5.9.4 Sugar yields at the end of the hydrolysis, based on the total solids 

Sugar yields after each enzymatic hydrolysis 
g sugar / g dry solid OP 

  Enz. Hydr. 1 Enz. Hydr. 2 Enz. Hydr. 3 Enz. Hydr. 4 Enz. Hydr. 5 
Time (h) 44 30 30 30 30 
Galacturonic acid  0,076989159 0,132059401 0,122115247 0,12822788 0,13190423 
Glucose 0,257578629 0,25607285 0,261308712 0,258775234 0,21900596 
Fructose + sugars  0,285107916 0,297902942 0,306577345 0,304474459 0,25778253 
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5.10 M. indicus grown on plates made of orange peels  
 

The fungus was successfully grown on the prepared plates 
containing pure orange peel. As can be seen in Figure 5.12.1  
M. indicus was able to grow and develop spores on the plates. 
Although, the fungus was able to use the sugars left on the 
orange peels or obtain energy by breaking down the 
cellulose, pectin and / or hemicellulose in the orange peels.         

 

 

Figure 5.10.1 M. indicus grown on pure orange peels  
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6. Discussion 
Growing M. indicus on different sugars present in orange peel hydrolyzate revealed some interesting 
information. The fungus grows best on fructose and glucose generating ethanol with a yield of       
0.42 g/g and 0.41 g/g after 24 h. In the case of galactose the ethanol yield was slightly less, namely, 
0.37g/g. In contrast xylose and arabinose cultivations produced much less ethanol. In the case of 
arabinose only insignificant concentrations were produced.  

Much time was spent investigating limonenes effect on the fungal growth. One could easily see that 
the cultivations started from spores were more sensitive to an increased limonene concentration. The 
lag phase was increased several hours when culturing the fungus from a spore-solution at a limonene 
concentration of 0.25%. A concentration above this increased the lag phase to about 36 h, see Figure 
5.4.9. When starting cultivations from biomass at low limonene concentration the growth was only 
haltered slightly. Although, a high limonene concentration did reduce the growth to a large extent. The 
maximum ethanol yield was also reduced and achieved after a longer time.  

The growth morphology was also different in the limonene containing cultivations. Cultivations 
containing high limonene concentrations, namely 0.75% and higher started from spores had a biomass 
which sediment easily. In contrast biomass from cultivations started from spores containing low 
limonene concentrations was very filamentous and did not sediment at all. Biomass from cultivations 
started from spores without any limonene did grow as circular beads, see Figure 5.4.12. However the 
results regarding the morphology at medium limonene concentration of 0.25% was somewhat 
arbitrary, generating a sedimenting biomass sometimes and a highly filamentous biomass sometimes. 
This can be seen in Figure 5.4.12 and 5.4.13.          

Interesting was also the difference in morphology when culturing the fungus both aerobic and 
anaerobic in the bioreactor using acid hydrolyzed orange peel hydrolyzate. The pictures taken of the 
fungal growth (see Figure 5.6.4) showed that at aerobic condition the morphology was very 
filamentous. Whereas at anaerobic condition there was almost no filament at all, instead it grew as 
spheres.   

Regarding the results from the cultivations on OP-hydrolyzate (acid hydrolyzed) the maximum ethanol 
yield was almost the same for both aerobic and anaerobic cultivations. The yield was about              
0.36 g ethanol / g consumed sugar for both cultivations. Comparing the biomass amount in the 
cultivations revealed that the aerobic cultivation had 7.6 g biomass / L and the anaerobic 6.1 g / L. 
Although, the aerobic cultivation had higher biomass content compared with the anaerobic one the 
ethanol yield was about the same.   

The investigation of two different methods in order to determine the biomass amount in a sample 
when solid particle were present in the medium, revealed no promising results. Both the chitosan and 
chitin extraction method gave a lower biomass amount than expected when solid particles where 
present. Two different solid particles were analyzed, namely, paper and orange peel particles. The 
methods were also very complex and time consuming.   

Cultivating the fungus aerobic in the bioreactor with medium containing 1.0% limonene gave 
completely dissimilar results. Whereas the first cultivation had its maximum carbon dioxide level after 
only 26 h the second achieved it after about 70 h. The reason of the difference could not be detected, 
although the start spore-concentration was somewhat different between the cultivation it should not 
have had that large impact on the growth. Due to lack of time the subject was not investigated further. 
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The enzymatic hydrolysis of the orange peels was together with a preliminary cultivation on the 
obtained hydrolyzate the final part in the present work. Hydrolyzing the orange peels with pectinase, 
cellulase and β-glucosidase gave some different results regarding the sugar concentrations and sugar 
yields in the final hydrolyzate, when comparing the different runs, se Table 5.10.3 and 5.10.4. 
Indicating that some of the parameters during or before the hydrolysis did affect the hydrolysis and the 
final sugar concentration. Worth mentioning was that the temperature and pH measurement of the 
orange peel material to be hydrolyzed was very difficult due to the high solid content. Hence, this 
problem could have affected the final sugar content, as enzymes are very sensitive to varying pH and 
temperature.  

Results from the preliminary cultivation on enzymatic hydrolyzed orange peel showed that the 
maximum ethanol concentration and yield was obtained after 24 h, see Figure 5.10.1 and Table 5.10.1. 
The ethanol yield reached a value of 0.33 g / g which was a somewhat lower value compared with 
cultivations on acid hydrolyzed orange peels (about 0.36 g / g). However, the result was based on only 
one cultivation, since it was a preliminary cultivation.         

7. Conclusion   
The results from the work revealed some interesting information regarding Mucor indicus ethanol 
producing capacity. Mucor indicus was able to produce ethanol from both acid hydrolyzed and 
enzymatic hydrolyzed orange peels. The maximum ethanol yields were 0.36 g / g and 0.33 g / g 
respectively. The maximum ethanol yield was achieved after about 24 h in cultivations performed on 
both acid hydrolyzed and enzymatic hydrolyzed orange peels. 

Regarding limonenes effect on the fungal growth and ethanol production the investigation showed that 
cultivations started from spore-solution were more sensitive against raising limonene concentration 
than when starting with biomass. Although, the fungi was able to grow even at a limonene 
concentration of 1.0% however at very reduced rate.    

In order to say if the method can be applicable at industrial scale and made economically feasible the 
subject has to be investigated further. However, producing valuable products from a waste material is 
an interesting subject which has gained more and more attention. In addition the generation of orange 
peel waste is increasing steadily since we are consuming more and more citrus fruits.                   
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Appendix A  

Separation of liquid and solid part in acid hydrolyzed orange peels  
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Appendix B 

Standard deviations for M. indicus samples grown on different sugars 

Standard deviation sugar consumption  
Time (h) Fructose Glucose Galactose Arabinose Xylose 

0 0,889041 0,332181 0,412052 1,443594 0,688226
2 0,684671 0,227148 0,199779 1,559253 0,555344
4 0,005716 0,867669 0,520958 1,594931 0,547253
6 0,690227 0,852554 0,453875 1,351229 0,679294
8 0,270984 0,268822 1,062362 1,813406 0,686139

10 0,05994 1,14767 0,265215 2,15664 1,419235
12 1,719214 0,188551 1,013774 1,225359 0,567161
14 0,04678 0,063697 2,090954 1,553602 1,465009
24 0,022045 0 0,001405 0,91558 1,933041
36 0,029642 0 0,004478 0,395485 1,565079
48 0,004257 0 0,024325 0,124019 1,86832

 
Standard deviation ethanol production 

Time (h) Fructose Glucose Galactose Arabinose Xylose 
0 0 0 0 0 0
2 0 0 0 0 0
4 0 0 0 0 0
6 0,015205 0,015649 0 0 0
8 0,179072 0,079591 0,00248 0 0

10 0,015272 0,044397 0,073648 0 0
12 0,156008 0,121709 0,16823 0 0,00337
14 0,109283 0,04045 0,655663 0 - 
24 0,225048 0,29748 0,310559 0 0,043787
36 0,269265 0,043182 0,339448 0,048288 0,115823
48 0,015168 0,050055 0,187757 0,111776 0,39466

    

Standard deviation for glycerol production  
Time (h) Fructose Glucose Galactose Xylose 

0 0,002903 0,006838 0 0
2 0,0011 0,001255 0 0
4 0,001519 0,003414 0 0
6 8,16E-05 0,000352 0 0
8 0,02061 0,010028 0,00248 0

10 0,007322 0,003782 0,073648 0,022648
12 0,007022 0,010874 0,16823 0,003754
14 0,049904 0,011053 0,655663 - 
24 0,070366 0,025019 0,310559 0,012721
36 0,06049 0,029087 0,339448 0,006824
48 0,011786 0,039246 0,187757 0,012044
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Appendix C 

Investigation of Mucor indicus inhibition by low D-limonene concentrations  
(started from spores) 

 

Glucose consumption g/L (spores)  Standard deviation glucose consumption (spores) 

Time (h) 0.0% 0.01% 0.05% 0.10% Time (h) 0.0% 0.01% 0.05% 0.10% 

0 46,60792 47,27271 46,50121 44,85215 0 1,185239 0,586432 0,458935 0,624105
2 46,43064 46,87028 46,54805 44,89189 2 0,909557 0,694084 0,636857 0,833625
4 46,32406 47,05176 42,85669 44,71838 4 0,868114 0,171578 1,845153 0,478139
6 45,66463 46,50314 45,92663 44,9248 6 0,674925 0,667038 0,276134 0,990949
8 42,78755 41,76833 43,98871 44,50772 8 1,159316 2,531665 2,242463 0,385627

10 36,86497 37,26702 42,08946 43,95379 10 0,651859 0,390044 3,678295 0,609589
12 29,34981 29,65075 38,81735 41,47463 12 0,653729 0,850715 0,319227 0,04563
14 19,51297 19,13955 29,83935 35,33547 14 0,278669 1,761736 0,581883 0,232883
24 0 0 0,245587 0 24 0 0 0,072762 0
30 0 0 0 0 30 0 0 0 0
36 0 0 0 0 36 0 0 0 0
48 0 0 0 0 48 0 0 0 0

                   

Ethanol production g/L (spores) Standard deviation ethanol production (spores) 

Time (h) 0.0% 0.01% 0.05% 0.10% Time (h) 0.0% 0.01% 0.05% 0.10% 

0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 2 0 0 0 0
4 0 0 0 0 4 0 0 0 0
6 0 0 0 0 6 0 0 0 0
8 1,395639 1,175028 0 0 8 0,112988 0,034577 0 0

10 3,543914 3,528092 0,480907 0 10 0,300272 0,156141 0,075016 0,028422
12 6,57201 6,943513 1,023304 0,263007 12 0,34905 0,313795 0,355514 0,103926
14 10,63182 10,88842 6,270252 3,222789 14 0,712097 0,054645 0,494494 0,363486
24 18,16723 18,35882 16,52114 17,56656 24 0,366508 0,426851 0,384393 0,425405
30 16,93969 17,21761 17,43944 16,74993 30 0,009523 0,167355 0,026077 0,436636
36 16,70513 16,81352 16,18856 16,08504 36 0,233562 0,72117 0,994835 0,614594
48 15,02227 15,45963 14,92381 14,0532 48 0,28402 1,034592 0,27373 1,522315

                   

Glycerol production g/L (spores) Standard deviation glycerol production (spores) 

Time (h) 0.0% 0.01% 0.05% 0.10% Time (h) 0.0% 0.01% 0.05% 0.10% 

0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 2 0 0 0 0
4 0 0 0 0 4 0 0 0 0
6 0 0 0 0 6 0 0 0 0
8 0,151383 0,133786 0 0 8 0,017788 0,016285 0 0

10 0,389758 0,33388 0,08918 0 10 3,24E-05 0,000872 0,023639 0
12 0,680441 0,735663 0,247322 0,096838 12 0,002668 0,006106 0,015284 0,007955
14 1,16613 1,257601 0,626275 0,325206 14 0,053361 0,019549 0,018475 0,047446
24 1,895956 1,968401 1,773347 1,950613 24 0,060688 0,0525 0,08778 0,01729
30 1,839135 1,918102 1,813751 1,8419 30 0,041391 0,048248 0,028344 0,092038
36 1,843935 1,924823 1,727866 1,788525 36 0,045795 0,052922 0,037885 0,001129
48 1,811969 1,895833 1,708891 1,708795 48 0,036754 0,063819 0,00233 0,12097
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Appendix D 

Investigation of Mucor indicus inhibition by low D-limonene concentrations  
(started from biomass) 

Glucose consumption g/L (biomass) Standard deviation glucose consumption (biomass) 
Time (h) 0.0% 0.01% 0.05% 0.10% Time (h) 0.0% 0.01% 0.05% 0.10% 

0 44,9024 46,92487 44,55829 43,55805 0 0,074334 1,442392 0,668925 0,12168
2 42,2055 44,05817 41,54921 40,6569 2 0,378947 1,176923 0,680732 0,34748
4 35,11775 37,30404 35,71598 35,31683 4 1,296263 0,34727 0,827158 1,141683
6 25,54106 27,39833 26,52945 28,6643 6 1,543886 0,061614 0,5573 1,936437
8 13,55048 15,69749 16,22096 20,47696 8 2,701031 0,433624 0,931606 2,129227

10 3,235641 4,138934 5,720096 12,16704 10 2,851088 0,800721 1,529864 2,397048
12 0 0 0 3,63087 12 0 0 0 1,996831
14 0 0 0 0 14 0 0 0 0
24 0 0 0 0 24 0 0 0 0

                   

Ethanol production g/L (biomass) Standard deviation ethanol production (biomass) 
Time (h) 0.0% 0.01% 0.05% 0.10% Time (h) 0.0% 0.01% 0.05% 0.10% 

0 0,395641 0,438563 0 0 0 0,075822 0,044605 0 0
2 1,733801 1,840123 0,577571 0,83034 2 0,171813 0,122852 0,816809 1,174279
4 5,070792 4,923624 3,607142 3,407439 4 0,778451 0,568913 0,224795 0,918986
6 9,312117 9,560851 7,51081 6,358656 6 1,27426 0,812214 0,216634 0,894617
8 14,35495 14,62483 12,13729 9,980029 8 0,935605 0,961766 0,024022 1,0450

10 18,64115 19,09514 16,32741 13,71221 10 2,013582 0,479877 0,3669 0,908811
12 20,33328 21,08737 19,17955 17,0998 12 0,432661 0,371365 0,439532 1,216637
14 20,15997 20,88019 18,74515 18,78498 14 0,278624 0,735612 0,474417 0,16307
24 19,19042 19,66735 17,99817 17,92429 24 0,403126 0,472539 0,345593 0,508734

                   

Glycerol production g/L (biomass) Standard deviation glycerol production (biomass) 
Time (h) 0.0% 0.01% 0.05% 0.10% Time (h) 0.0% 0.01% 0.05% 0.10% 

0 0 0,016852 0 0 0 0 0,023832 0 0
2 0,192162 0,188286 0 0 2 0,02225 0,019769 0 0
4 0,590644 0,494893 0,338528 0,347858 4 0,099805 0,056548 0,007833 0,045501
6 1,145961 1,046318 0,733979 0,575319 6 0,178275 0,100494 0,011666 0,103305
8 1,883631 1,764374 1,303645 1,050397 8 0,13261 0,132418 0,045024 0,138264

10 2,357669 2,289246 1,836848 1,559894 10 0,213676 0,100462 0,012075 0,118786
12 2,467369 2,425469 2,015207 1,950053 12 0,096408 0,10631 0,032574 0,142834
14 2,428497 2,37121 1,991463 2,111742 14 0,081405 0,090496 0,054245 0,04606
24 2,292929 2,259158 1,882086 1,979761 24 0,018729 0,098258 0,033152 0,04999
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Appendix E  
Investigation of Mucor indicus inhibition by high  D-limonene concentrations  
(started from spores) 

Glucose consumption g/L (spores) Standard deviation glucose consumption (spores) 
Time (h) 0.0% 0.25% 0.50% 1.0% Time (h) 0.0% 0.25% 0.50% 1.0% 

0 42,25148 50,08907 50,05113 48,26694 0 0,915292 0,417533 0,447516 0,18069
2 40,31051 50,31857 49,63307 46,68059 2 1,120473 0,099026 0,309386 2,251216
4 41,81111 50,00835 48,42325 48,25536 4 0,630436 0,338925 2,435642 0,05727
6 40,31547 49,91089 49,02549 47,56083 6 0,79308 0,229287 0,122803 0,32436
8 37,70607 49,67172 48,96598 47,04579 8 1,665274 0,075292 0,222082 0,052636

10 34,44759 48,80613 48,99518 45,84105 10 0,667321 0,20067 1,14642 0,176823
12 26,55355 48,06875 47,51385 44,57945 12 0,810243 0,622523 2,483579 0,271092
24 0 36,11495 46,41838 42,20297 24 0 3,535163 1,043327 0,16533
30 0 8,135219 46,39572 41,30469 30 0 5,575292 1,047257 0,09041
36 0 0 46,08552 39,76908 36 0 0 1,969517 0,13368
48 0 0 15,42079 19,75662 48 0 0 1,462369 0,485946
60 0 0 0,095763 0 60 - - 0,13543 0
72 0 0 0 0 72 - - 0 0

                   
Ethanol production g/L (spores) Standard deviation ethanol production (spores) 

Time (h) 0.0% 0.25% 0.50% 1.0% Time (h) 0.0% 0.25% 0.50% 1.0% 
0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 2 0 0 0 0
4 0 0 0 0 4 0 0 0 0
6 0,301579 0 0 0 6 0,000784 0 0 0
8 1,354157 0 0,257569 0,356289 8 0,147757 0 0,018836 0,020552

10 3,406462 0,319072 0,646391 0,738851 10 0,215365 0,002791 0,300306 0,101418
12 6,009186 0,547542 0,888868 1,110636 12 0,648118 0,027024 0,251471 0,041716
24 16,81466 5,389446 1,155807 1,536466 24 0,350882 1,278166 0,251519 0,124366
30 15,36809 17,0836 1,382032 1,600434 30 0,268438 2,148863 0,606251 0,231664
36 15,92598 20,73071 1,30588 2,420383 36 0,038476 0,412338 0,185023 0,099169
48 14,231 19,12325 13,57313 10,02569 48 0,570499 0,656167 1,428001 0,028562
60 - - 18,83513 17,29261 60 - - 1,437683 0,094988
72 - - 17,80522 15,04355 72 - - 1,38652 1,4918

                   
Glycerol production g/L (spores) Standard deviation glycerol production (spores) 

Time (h) 0.0% 0.25% 0.50% 1.0% Time (h) 0.0% 0.25% 0.50% 1.0% 
0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 2 0 0 0 0
4 0 0 0 0 4 0 0 0 0
6 0 0 0 0 6 0 0 0 0
8 0,117065 0 0 0 8 0,00053 0 0 0

10 0,274764 0 0,038799 0,10677 10 0,027929 0 0,05487 0,006556
12 0,56977 0,082088 0,134465 0,187241 12 0,020041 0,00414 0,003216 0,001526
24 1,760005 0,45086 0,20906 0,294562 24 0,039056 0,121893 0,005385 0,008254
30 1,653721 1,852347 0,214837 0,331647 30 0,077945 0,292801 0,011582 0,002665
36 1,7058 2,192613 0,261266 0,386497 36 0,025878 0,006727 0,026117 0,014934
48 1,628932 2,133695 1,498448 1,037668 48 0,024848 0,023932 0,030305 0,035745
60 - - 2,096636 1,758853 60 - - 0,028814 0,043175
72 - - 2,028521 1,573305 72 - - 0,002056 0,180036
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Appendix F 
Investigation of Mucor indicus inhibition by high  D-limonene concentrations  
(started from biomass) 

Glucose consumption g/L (biomass) Standard deviation glucose consumption (biomass) 

Time (h) 0.0% 0.25% 0.50% 1.0% Time (h) 0.0% 0.25% 0.50% 1.0% 

0 46,68929 40,16694 39,40198 38,79061 0 0,139694 0,749181 1,256007 1,366572

2 42,58451 36,75283 36,59357 39,18423 2 0,299682 1,374763 0,81222 1,223569

4 33,1209 30,53435 30,07473 36,81788 4 0,816716 2,352622 2,256858 2,276594

6 20,86366 25,1364 26,29846 35,80211 6 0,655747 1,951955 0,432771 0,172866

8 9,294394 20,01557 18,8693 29,98209 8 1,672988 1,689446 0,565139 3,589334

10 0,443006 13,7564 12,92019 26,69402 10 0,626506 1,786701 1,084036 2,122556

12 0 7,18885 6,361066 21,26942 12 0 1,867241 2,092706 1,954335

24 0 0 0 0 24 0 0 0 0

                   

                   

Ethanol production g/L (biomass) Standard deviation ethanol production (biomass) 

Time (h) 0.0% 0.25% 0.50% 1.0% Time (h) 0.0% 0.25% 0.50% 1.0% 

0 0 0,941039 0,657126 0,652352 0 0 0,014097 0,069409 0,240371

2 2,010642 2,301272 1,675358 1,05402 2 0,022664 0,15947 0,178816 0,025454

4 5,936535 4,790528 3,601312 1,629675 4 0,067764 0,290344 0,567942 0,047776

6 11,32578 7,574558 6,340247 2,327888 6 0,121696 0,769694 0,270158 0,108942

8 16,43022 9,869297 8,811115 3,738134 8 0,769973 0,8768 1,184003 0,39779

10 20,11392 12,51335 11,72711 5,543821 10 0,117363 0,945217 0,761591 0,225254

12 20,53414 15,01659 14,10274 7,839879 12 0,499943 0,718841 2,151382 0,527759

24 19,67496 17,40832 16,62952 17,05114 24 0,185496 0,015702 0,466597 1,126674

                   
                   

Glycerol production g/L (biomass) Standard deviation glycerol production (biomass) 

Time (h) 0.0% 0.25% 0.50% 1.0% Time (h) 0.0% 0.25% 0.50% 1.0% 

0 0 0,059351 0,049382 0,020069 0 0 0,009794 0,00281 0,028382

2 0,100241 0,197039 0,167108 0,023134 2 0,141762 0,029214 0,010163 0,032717

4 0,626217 0,441396 0,380399 0,062132 4 0,030287 0,071449 0,028762 0,017476

6 1,374495 0,638385 0,68178 0,118755 6 0,052483 0,242793 0,018213 0,012656

8 2,066911 1,019601 0,999901 0,18997 8 0,114835 0,127603 0,124317 0,024906

10 2,437639 1,377446 1,366417 0,241622 10 0,028957 0,157839 0,110817 0,027056

12 2,435803 1,72417 1,746547 0,404578 12 0,002251 0,176487 0,112227 0,060199

24 2,309595 1,92401 1,897929 0,881859 24 0,021339 0,119462 0,016084 0,091211
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Appendix G    

Acid hydrolyzed orange peel hydrolyzate cultivation  

OP-hydrolyzate cultivation g/L (aerob)  
Time (h) Glucose  Fructose + sugars Ethanol  Glycerol  

0 23,06999 19,03445 0 0
2 22,59544 18,65433 0 0
4 22,4164 18,60191 0 0
6 22,12454 18,66399 0 0,130404
8 20,77784 18,45075 0,717327 0,193611

10 18,02701 18,07039 1,869295 0,304369
12 13,07888 17,21431 4,270282 0,607651
24 0 0 15,43232 2,017144

 
Standard deviation OP-hydrolyzate cultivation (aerob)  

Time (h) Glucose  Fructose + sugars  Ethanol  Glycerol  
0 0,136401 0,126277 0 0
2 0,035781 0,024869 0 0
4 0,087226 0,042384 0 0
6 0,129195 0,150636 0 0,008923
8 0,11028 0,0741 0,084501 0,010709

10 0,245833 0,0346 0,032471 0,021083
12 0,200312 0,133302 0,149319 0,00448
24 0 0 0,517007 0,067577

 
OP-hydrolyzate cultivation g/L (anaerob)  

Time (h) Glucose  Fructose + sugars  Ethanol  Glycerol 
0 23,77133 20,00281 0 0,164886
2 22,62447 19,03035 0 0,163074
4 22,28895 19,00752 0,0593 0,189093
6 21,72278 18,94846 0,405078 0,233595
8 20,46374 18,74548 0,667315 0,343404

10 18,65654 18,42488 1,777783 0,499391
12 15,96813 17,89694 3,169688 0,746738
24 0,156054 5,307807 13,82343 2,704629
26 0,022958 4,12916 14,14618 2,76623

 
Standard deviation OP-hydrolyzate cultivation (anaerob)  

Time (h) Glucose  Fructose + sugars  Ethanol  Glycerol  
0 1,276388 1,053026 0 0,030213
2 0,096295 0,042768 0 0,005117
4 0,082276 0,038997 0,083863 0,011927
6 0,042096 0,039256 0,001981 0,022164
8 0,196738 0,034089 0,257006 0,015861

10 0,27842 0,058138 0,198772 0,048981
12 0,688942 0,001601 0,318531 0,070343
24 0,152133 0,712949 0,428661 0,066829
26 0,032468 0,411377 0,523351 0,049452
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