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ABSTRACT

The food industry, one of the most important industrial sectors worldwide, generates large
amounts of biodegradable waste with high organic load. In recent years, the traditional
management methods to treat this waste (e.g., landfilling) have been considered not suitable
because they do not exploit the potential of the waste material. Alternatively, valorization of
food industry waste via a biorefinery model using filamentous fungi is considered to represent
an attractive strategy because it minimizes the negative impacts while recovering the nutrients
and energy of the waste, in accordance with the concept of the circular economy.
In this thesis, four food processing wastes were utilized as case studies: potato protein liquor
(PPL, the soluble fraction of potato starch production waste), the peels wasted during orange
juice production, the starchy byproduct of pea protein processes, and the wastewater of a
wheat-starch plant. Rhizopus oryzae, a zygomycetous filamentous fungus, was grown with
these wastes as a substrate, yielding biomass containing 43% (w/w) protein together with 51%
removal of the chemical oxygen demand when cultivated in tenfold-diluted PPL. Moreover,
protein-rich biomass was produced using the pea-processing byproduct (55%) and wheat-
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starch wastewater (51%). In contrast, cultivation in orange peel extract yielded a biomass rich
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in lipids (20%). The use of PPL was also studied in terms of the economy of fungal
cultivation. The biotreatment was found to require only 46% of the capital investment
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necessary for treating PPL by the traditional strategy (application as fertilizer). In comparison,
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the ascomycetous fungus Aspergillus oryzae yielded superior results compared to those of R.
oryzae when grown in the starchy residues. The high protein content of the fungal biomass
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encouraged the investigation of its use for bioplastic production. The addition of 20% fungal
biomass in a pectin matrix increased the tensile yield of the film and reduced the elongation at
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break. Moreover, a positive effect on water vapor permeability of the film was also observed.
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These results indicate the ability of the filamentous fungi to convert resources wasted by the
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food industry into new products with positive impacts on the economy and the environment.
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RESEARCH JOURNEY

My fascination for microorganisms started approximately 10 years ago when, as an
undergraduate student, I joined the Environmental Engineering group at the Federal
University of Rio Grande do Norte (Brazil). There, I learned the enormous potential of these
microscopic agents to assist human-kind in pursuing less harmful relationships with the
environment. When I came to Borås, I decided to work with filamentous fungi and scrutinize
their role as biocatalysts in a biorefinery model.
My first task in the development of this doctoral thesis was to apply the filamentous fungus
Rhizopus oryzae to the management of the liquid byproduct of potato starch production
(Paper I). The goal of this investigation was to reduce the storage time of the Potato Protein
Liquor (PPL) and add value to this material. Protein-rich biomass with potential application as
fish feed supplement was obtained together with a reduction in the chemical oxygen demand
of the stream. Subsequently, the technological, economic, and environmental implications of
this alternative were studied in Paper II. The results suggested a reduction in the initial
capital cost and environmental impact when shifting the PPL from its traditional use (i.e., land
application as fertilizer) to the fungal strategy.
The treatment of wheat starch manufacturing wastewater containing high content of
suspended solids was also investigated using R. oryzae and Aspergillus oryzae (Paper III).
The performance of both fungi was compared in terms of their ability to produce biomass,
recover nitrogen, and remove organic matter from the discarded water.
Another side stream studied was the starchy byproduct obtained during the isolation of pea
protein. The solid material was tested at different concentrations in water, aiming at the
production of high protein content fungal biomass (also termed mycoprotein) with intended
application as human food. Five different strains were tested including ascomycetes and
zygomycetes. The results of this scrutiny are summarized in Paper IV.
Lastly, the waste of industrial orange juice production was used to cultivate R. oryzae, whose
biomass was tested for the production of bioplastic films made of pectin using a solvent-free
approach (Paper V). Notably, addition of the fungal biomass improved the mechanical
properties of the pectin films and reduced the permeability of water vapor through the film.
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Therefore, based on the above findings, this dissertation is intended to contribute to the
scientific debate regarding how to shape a new socio-techno-economic structure in
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1.1 Overview
The continuous growth of the global population has raised concerns regarding food and
nutrition security for subsequent generations [1]. Food and nutrition security is defined as the
situation in which all people, at all times, retain physical, social, and economic access to
sufficient, safe, and nutritious food that meets their dietary needs and food preferences,
coupled with a sanitary environment along with adequate health services and care to support
an active and healthy life [2]. Presently, the uneven global distribution of food creates
contradictory outcomes: whereas approximately 800 million people suffer from chronic
hunger, more than two billion are overweight or obese [2, 3]. Additionally, in the next 20
years, rates of diabetes and obesity as well as food insecurity are predicted to worsen
drastically if changes in the food system are not manifested [4]. Although calories (i.e.,
energy) constitute an important factor when examining global food requirements, access to
sufficient macro- and micronutrients must also be considered. Currently, around one billion
people worldwide do not meet their daily protein requirement, thereby becoming susceptible
to health problems such as growth failure, muscle weakness, and an impaired immune system
[5].
The drivers of human nutrition include ecological, social, and economic dimensions (Figure
1.1) [6]. Over the past 50 years, the growing food requirement has primarily been met through
improvements in agricultural productivity. Although a further increase in agricultural
productivity can assist in meeting the nutritional demands of the future generations, this alone
may not be sufficient. Moreover, such increase would demand a large percentage of the
Earth’s resources (e.g., land, water, and minerals), which are already overexploited [7]. New
XVI

1

approaches should therefore incorporate socioeconomic aspects to improve food availability,

In addition, the biodegradable nature of the raw-materials used in the food industry results in

access, and utilization, while enhancing ecosystem services [6]. One alternative approach to

the generation of large amounts of biodegradable waste. Although this is exploited to a small

guarantee food security is the improvement of food processing industry. The mechanization of

extent; e.g., as animal feed, the majority of food processing waste is rather disposed of via

th

the food processing from the middle of the 19 century has improved the efficiency of the
formulation, manufacture, distribution, and sales of food. Moreover, in industrialized
countries, industrial food processing, with its economies of scale, has increased the
availability of foods causing the concomitant decrease of food insecurity and nutrient
deficiency [8]. In particular, food processing benefits include improvements in preservation,
nutritional content, bioavailability of nutrients, shelf life, and safety of food [3].

environmentally sensitive routes [11].
Management of this waste has been regulated in the EU since 2008 via the directive
2008/98/EC, which is based on the waste hierarchy and the Polluter Pays Principle (PPP)
[12]. The waste hierarchy ranks waste prevention and management options in order of
priority: i) prevention, ii) reuse, iii) recycling, iv) recovery, and v) disposal (Figure 1.2). The
ordering is related to the environmental impact and the extent of resources that can be saved
by each option. Specifically, the system is organized to divert the waste from landfills, a
management option with potential threat to the environment and human health and with large
land requirements [13, 14]. The waste hierarchy has received wide support in most developed
countries as the main framework on which to develop waste management policies [15].

Figure 1.1. Key factors affecting food security. Reprinted with permission [6].

Currently, the provision of food and drink constitutes one of the largest sectors of global
industrial activity. In the European Union (EU), this represents the largest manufacturing

Figure 1.2. Graphical representation of the waste hierarchy applied to food waste. Reprinted
with permission [16].

sector in terms of jobs and value-added products [9]. Industrial processing of food includes
several unit operations such as washing and cleaning, milling, sorting and separation, mixing,
smoking, heating, drying, fermentation, canning, and extrusion cooking. Each of these
operations causes both detrimental and beneficial changes to the components of food [3, 10].
2

Waste management is generally carried out by agencies handling waste management
facilities. The main role of the food industry in waste management, as the food industry does
3

not act in this sphere, is as main player in the first measure; i.e., prevention [17]. It is
important to highlight that a significant amount of food processing waste can be avoided [18].
In this regard, food industrial waste can be classified as wanted and unwanted. The wanted
waste constitutes the fraction generated through the processing of the food (e.g., inedible
parts, washing water). The unwanted waste, in contrast, represents losses (e.g., transportation
losses) and, therefore, the need for additional raw material [10]. Both fractions have in
common that they represent the spoilage of natural resources.
The emission of pollutants by industries is regulated in the EU by another directive: the
Industrial Emission Directive (2010/75/EU) [19]. This legislation aims to reduce harmful
industrial emissions by fixing limit values for the emission of pollutants according to the Best
Available Techniques (BAT). The BATs are determined according to the industrial sector,
taking into account the latest technical developments and are thus periodically reviewed and
updated. The PPP claims that the entity which profits from a process that causes pollution

 In Chapter 3, the valorization of food industry waste using a biorefinery model is
described.
 Chapter 4 introduces the group of microorganisms known as filamentous fungi and
presents the reasons justifying their use in a biorefinery. Two specific strains: Rhizopus
oryzae and Aspergillus oryzae are presented together with the results obtained.
 Chapter 5 provides the definition of bioplastic. The properties of the pectin biofilms with
incorporation of fungal biomass are presented.
 Chapter 6 introduces the topic of circular economy including a discussion based on
economic, social, and ethical aspects related to the thesis.
 Lastly, in Chapter 7 the conclusions of the thesis are summarized and directions for future
works are suggested.

should bear the costs of such pollution [20] in the form of a clean-up or taxation [21].
Therefore, rather than identifying alternatives within the industry to recover wastes, many
industries send their wastes to be treated by third parties.
An alternative to the traditional treatment methods that focus on the simple removal of
nutrients is the use of the waste for the production of useful biomaterials by cultivating
microorganisms [22]. Accordingly, the main goals of this thesis were to create alternative
solutions for side streams generated by the food industry by applying filamentous fungi as
biocatalysts and to produce fungal biomass with promising characteristics for application as
feed, food, and bioplastics component. Several industrial residues were explored and the
produced biomass and recovered nutrients were analyzed with regard to their potential utility.

1.2 Thesis structure
This thesis is organized in six chapters:
 Chapter 1 introduces the thesis and presents its associated motivations and aims.
 Chapter 2 provides a brief review of the food industry, describes food industry wastes,
and presents the specific wastes investigated in this thesis.

4
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Chapter 2

Food industry

The industrial processing of food has as a main goal to provide safe products with increased
shelf life [23]. The industrialization of food processing is responsible for the present food
supply being plentiful, varied, inexpensive, and devoid of strict dependence on geographical
or seasonal constraints [24]. In the EU, the food and drink industry has an annual turnover of
more than 1 trillion euros and employs more than 4 million people [25].
Different from other chemical industries, food industry products are not chosen according to
objective parameters such as purity. Instead, the main reasons underlying product choice are
related to elusive characteristics such as tradition and emotion, along with other difficult to
measure features including taste, texture, and smell [23]. The results from applying these
parameters can be found on modern supermarket shelves, with the number of different
products having increased from approximately 1 400 in 1954 to currently over 30 000 [26].
However, the quality of raw material and products varies seasonably, making it difficult to
determine the most efficient way to convert the raw materials into final products [10].
Historically, most processes used in the food industry were scaled up from artisanal practices
utilized in smaller kitchens. Conversely, from the middle of the 20th century, the application
of engineering principles to food processing began to appear in academia, increasing
production efficiency by providing a scientific basis for the empirical methods used [10, 23].
However, there remains a need to increase efficiency in the use of resources by the food
industry as well as by the whole food supply chain. Several steps in the food supply chain,
such as processing, packaging, transportation, and storage are highly inefficient in their
current form, considering the volume of waste they generate during their various stages.
Furthermore, landfilling still constitutes a popular option for food waste disposal [27, 28].
6
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Innovation is not as common in the food industry as in other industrial sectors, as it relies

according to the specific process and available options. Common strategies for waste recovery

upon widely-accepted products and well-established markets. Generally, innovation in a

include its application as animal feed, fertilizer, and other applications of industrial ecology

business sector depends on a network of mediators. Following the adoption of the EU

[32].

directives cited above, waste management in the food industry has been subjected to more
stringent laws regarding environmental impacts. Moreover, escalating costs for the purchase
of fresh water and effluent treatment has stimulated the industrial sector to improve waste
management practices [11]. In addition to the legal and economic factors, social aspects
regarding consumer behavior has further pushed the need for improvement in waste
management processes.

Owing to the organic nature of food processing waste, spoilage usually comprises a relevant
concern. Fish and meat processing residue, for example, exhibit high sanitary risk and are
therefore unlikely candidates for recovery. However, even these byproducts have been
explored [28], with e.g., the production of protein hydrolysate and amino acids from sardine
solid waste having been tested [33]. To avoid the decay of food industry waste, it is usually
recommended that its valorization occur in a decentralized way, such as at the site of waste
production. Such approaches also reduce the costs related to the transportation of this low

2.1 Food industry waste

value material [31].

The characteristics of food industry waste differ from those of municipal food waste. In
particular, it is easily accessible and collectable as it is produced in large amounts at a specific
site rather than over a large area such as a city. Moreover, unlike agricultural waste, food
industry waste needs fewer pretreatment steps to be converted into value-added products as it
has previously been treated during food processing. New production practices and processes
should be implemented in the food industry to increase efficiency with regard to the use of
resources and reduce waste generation [23]. Notably, the most effective way of reducing the
environmental footprint of food waste is the incorporation of this waste into productive
processes [29]. Historically, however, the value added to a material by processing did not
supersede the relative cost of disposing this material as waste, offering little incentive to
search for alternative management techniques [11].
A drawback in the analysis of food industry waste is the lack of information regarding its
amount. This data unavailability may be due in part similar wastes or by-products being often
named and categorized differently and to the production data (including waste amounts) being
kept confidential [30]. It is clear, however, that a wide variety of liquid, solid, and gaseous
side streams are released by the food industry. This variety is a result of the multiple
processes used in the food industry and the seasonal variations in food, which cause
fluctuations in the chemical composition and pH of the waste [31]. Table 2.1 shows some
examples of waste streams generated during food industrial processing and their amounts
according to geographical location. Therefore, some degree of diversification for efficient
waste management is required [11]. The most efficient management technique can be chosen
8
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Table 2.1. Examples of food processing wastes and amount generated according to geographic
location. Adapted from [31].

2.1.1 Potato Starch and Potato Protein Liquor (PPL)
PPL comprises the liquid stream generated after the extraction and refining of potato starch.

Annual amount available
(thousand metric tons)

Geographical location

Olive mill residue

30 000

Mediterranean basin

Tomato pomace

4 000

Europe

Wheat straw (surplus)

5 700

UK

In Europe, 13.3% of the starch produced comes from potatoes [37]. Starch production starts

Whey (surplus)

13.5

Europe

with the reception of the potatoes in the facility and subsequent washing. The next step in

Brewer's spent grain

3 400

EU-27

starch extraction is the rasping of the tuber. This is performed in rapidly-rotating drums with

Pea pods

54

UK

blades to open the cells and release the starch granules. Thereafter, washing of the rasped

Egg shells

11

UK

Spent coffee grounds

15.6

UK

potato flushes the granules out from the cells. A mixture of water, cell walls, starch, and other

Tomato pomace

53.8

Spain

100 (dry basis)

UK

Sugarcane bagasse

194 692

Brazil

Grape pomace

15 000

USA

400

California, USA

Corn residue

42 000

Brazil

The risk of biological contamination causes it to be sold as a low-value supplement for animal

Cocoa pods

20 000

Ivory coast

feed. However, it has a negative impact on the sensory properties of the feed [40-42];

20

Tanzania

4 300

Malaysia

the use as fertilizer and as a substrate in anaerobic digestion for the production of biogas [41].

Rice husks

110 000

Global

The fruit juice contains approximately 5% dry matter, of which one-third is comprised of

Citrus fruit
processing residues

15 600

Global

proteins, peptides, amino acids, and amines. The pH of the potato juice is corrected and steam

3 000 – 4 200

Global

Banana processing

9 000

Global

Oat straw

11 000

Global

Barley straw

58 000

Global

Rice straw

731 000

Global

forms up to 40% of the soluble proteins and has a molecular weight between 40 and 45 kDa.

Rapeseed meal

35 000

Global

Patatin comprises a dimer glycoprotein with demonstrated antioxidant abilities, lipid acyl

Food industry waste

Potato peels

Nut shells and pits

Cashew shell nut
liquid
Palm shells (from
palm oil production)

Apple pomace

Potato constitutes the fourth most produced food crop worldwide: in 2016, over 370 million
metric tons was produced globally [34]. Over half of the potatoes harvested in North America
and Europe are processed to produce French fries, chips, starch, and other products [35, 36].

soluble substances is obtained and sent to centrifuges, where the fruit juice is collected.
Subsequently, filters are used to collect the pulp and the concentrated starch is washed to
remove impurities [38]. On average, each metric ton of potato yields approximately 200 kg of
starch, 100 kg of pulp, and 700 L of fruit juice [39]. Potato pulp is mostly composed of starch
(37% w/w dry basis), pectin (17%), cellulose (17%), hemicellulose (14%), and protein (4%).

moreover, despite the high pectin content, little information regarding the extraction and
application of this polymer in potato pulp is available [43]. Other minor applications include

injected (110 °C) to recover the proteins by coagulation [39, 44]. Proteins present in potato
are considered to be of high quality owing to the presence of lysine, an amino acid not
frequently found in other vegetables and cereals. The soluble proteins present in the fruit juice
are generally divided in three groups: patatin, protease inhibitors, and others [45]. Patatin

hydrolase activity, and excellent foaming and emulsifying properties. The protease inhibitors
In this thesis, four side streams from the food and drink industry were studied. Their
production process and characteristics are presented in the following sections:

are found in the range between 5 and 25 kDa and correspond to approximately 50% of the
proteins present in the potato fruit juice. Their anti-carcinogenic and high satiety properties
have been studied [46]. However, the isolation of proteins using the described methods causes
them to lose their functional properties and renders a salty, bitter taste, reducing their value

10
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and preventing their use as food additives [47, 48]. Although different methods (salt, acid and
ethanol

precipitation,

carboxymethyl

cellulose

complexation,

and

Table 2.2: Characterization of the PPL used in this thesis [44].

chromatographic

Composition (g/L)
Sugars:
Glucose1

techniques) for the isolation of proteins from potato fruit juice have been studied [45, 49-51],
the conflicting results have discouraged their current application in the industry [46].
The residual liquid after protein removal, termed Heat-Treated Potato Liquor (HTPL, 3% dry
matter), is generally concentrated by evaporation, with 700 L of fruit juice yielding 23 kg of
PPL and 17 kg of protein. The steam is used in the installation as a heating utility and the PPL
(40% solids) is most commonly used as a fertilizer [39], which can improve the potato
harvesting yield, especially on poor, permeable, and water-deficient soils [52]. However, the
long-term application of PPL to the soil leads to several problems such as clogging of the soil
by the fine fibers and starch granules remaining in the PPL, contamination of the ground
water, and disaffection of the neighboring population owing to the associated bad odor.
Moreover, potassium and nitrogen can accumulate in the soil, resulting in excessive
concentrations of these compounds [52, 53]. Lastly, as the majority of potato processing
occurs during the winter, the potato starch facilities to store large volumes of PPL for several
months because the soil during this period exhibits reduced biological activity that prevents
the uptake of the liquor [53].
PPL, kindly provided by Lyckeby Starch AB (Kristianstad, Sweden), was characterized in
terms of sugars, nitrogen compounds, total solids, ashes, and Chemical Oxygen Demand

Present as monosaccharide
As component of:
Sucrose
Raffinose
Glucans2
1
Fructose
Present as monosaccharide
As component of:
Sucrose
Raffinose
Galactose1
Present as monosaccharide
As component of:
Raffinose
Arabinose1
Total
Nitrogen compounds:
Total Kjeldahl N
Ammonia
Asparagine
Total Solids
Insolubles
Ashes
COD
pH

(COD). The results are summarized in Table 2.2 [44]. The stream contained a total

1

carbohydrate content above 120 g/L, almost 20% comprising hexoses present as

in ethanol 95% (v/v).

Average
72.63 ± 6.93
17.49 ± 0.34
24.97 ± 3.20
1.66 ± 0.04
0.75 ± 0.06
16.17 ± 0.28
24.97 ± 3.20
1.66 ± 0.04
10.00 ± 2.43
0.08 ± 0.01
1.66 ± 0.04
1.30 ± 0.82
126.71 ± 8.05
20.25 ± 0.86
1.86 ± 0.12
20.98 ± 1.26
438.77 ± 3.98
9.09 ± 0.41
114.19 ± 12.82
300 ± 26
5.35

Total monosaccharides (except fructose) determined using the NREL methodology [54]. 2 Insoluble

monosaccharides (glucose, fructose and galactose). Sucrose and raffinose (di- and
trisaccharides of hexoses, respectively) were present in substantial amounts, representing
approximately 40% of the carbohydrates. Total nitrogen as determined by the Kjeldahl
method was approximately 20 g/L. As the main amino acid, L-asparagine concentration was
20.98 ± 1.26 g/L, representing 22% of the total nitrogen content. The density of the PPL was
determined to be 1.15 g/mL and the COD was 300 g/L.

2.1.2 Wheat Starch Wastewater
Wheat constitutes the crop with the largest harvested area worldwide and plays an important
role in the diet of the global population. It provides more protein than poultry, swine, and
bovine meat combined [34, 55]. The EU is the main producer, representing 20% of the global
production [56]. Processing of wheat for production of its fractions such as gluten and starch
is growing in importance [57]. In particular, wheat represents the main crop used for starch
production in the EU, accounting for 36.4% of the total 23.6 million tons of crops annually
processed in the region and 40.0% of the 10.7 million tons of starch produced [37].
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Several methods for the production of wheat starch were described by Van Der Borght et al.
(2005) [57]. These can be classified according to the starting material used: wheat flour or the
whole grain. The use of the whole grain increases the yield of starch production although the
harsh conditions applied reduce the recovery of gluten. Generally, the processes start with the
grains being steeped in water for a period of 12 h to one week. Control of pH and temperature
as well as the addition of enzymes and sulfur dioxide improves the efficiency of this
operation. Thereafter, grinding and sieving removes the bran fraction. The starch present in

Figure 2.1. Block flow diagram representing the preliminary wastewater treatment plant and
the streams in the wheat-starch facility [61].

the liquid phase is recovered generally by centrifugation or tabling (a method consisting of
flowing a suspension of starch and gluten over an inclined table, allowing the starch to settle
and the gluten, water, and water extractable fraction to run off). Finally, the starch is washed
and dried.

The wastewater streams were characterized in terms of total solids, ashes, carbohydrates, and
nitrogen compounds with the results being presented in Table 2.3. According to the obtained

Industrially, the majority of the processes for producing wheat starch utilize wheat flour. The

results, the ED1 and ED2 samples, representing the clarified liquid from the first and second

flour is mixed with water to form a suspension. Gluten proteins agglomerate and are separated

decanters, respectively, contained most of the carbohydrates as soluble components. In

from the starch by sieving, centrifugation, tabling, hydrocyclones, or decanters [57]. These

contrast, the solid-rich stream (SS) had a high content of suspended solids (71.79 g/L), 86%

methods share the use of water as a solvent for fractionation of the wheat. The process,

of which was formed by glucans. The content of soluble solids in the three samples was

therefore, generates wastewater that requires treatment prior to discharge. This wastewater

similar, with most of the carbohydrates not differing significantly (within a 95% confidence

represents an environmental challenge owing to the large COD, which ranges between 6 and

interval). The results were also similar for total Kjeldahl nitrogen (TKN), which varied

10 g/L [22, 58-60].

between 1.25 and 1.40 g/L. COD of the SS stream (58.7 ± 2.1 g/L) was more than double that

In the case studied in this thesis, wastewater from a wheat grain processing plant was

of ED1 (27.3 ± 1.2 g/L).

analyzed [61]. The material was kindly provided by Interstarch GmbH (Elsteraue, Germany).
The stream has a high content of fibers, which are currently removed by decantation using
two decanters in series prior to sending the clarified liquid to the municipal wastewater
treatment plant. Figure 2.1 illustrates the scheme of the decanters and shows the three studied
streams.
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Table 2.3. Characterization of wheat-starch industry wastewater streams [61].
ED1
5.28
pH
1.25 ± 0.06
TKN (g/L)
28.52 ± 0.08
Total solids (g/L)
1.93 ± 0.02
Ashes (g/L)
3.70 ± 0.11
Suspended solids (g/L)
Glucan (mg/g)
446 ± 9
Starch (mg/g)*
53 ± 4
Xylan (mg/g)
103 ± 49
Galactan (mg/g)
ND
Arabinan (mg/g)
ND
Mannan (mg/g)
ND
Lignin (mg/g)
102 ± 7
24.82 ± 0.14
Soluble solids (g/L)
Glucose (g/L) 1.68 ± 0.02
Fructose (g/L) 1.43 ± 0.02
Galactose (g/L) 0.50 ± 0.03
Raffinose (g/L) 0.24 ± 0.08
Glucan (g/L) 7.22 ± 0.07
Xylan (g/L) 2.32 ± 0.02
Galactan (g/L) 0.08 ± 0.03
Arabinan (g/L) 1.75 ± 0.07
Mannan (g/L) 0.04 ± 0.01
1.29 ± 0.02
Lactic acid (g/L)
1.06 ± 0.07
Acetic acid (g/L)
0.23 ± 0.02
Glycerol (g/L)
0.29 ± 0.01
Ethanol (g/L)
27.3 ± 1.2
COD (g/L)
ND: not detected. *Part of the measured glucans

ED2
5.29
1.34 ± 0.32
32.19 ± 0.43
1.90 ± 0.11
6.78 ± 0.02
600 ± 73
361 ± 2
31 ± 0
ND
ND
ND
76 ± 18
25.41 ± 0.43
1.62 ± 0.08
1.44 ± 0.01
0.53 ± 0.01
0.04 ± 0.03
8.07 ± 0.17
2.41 ± 0.03
0.08 ± 0.01
1.81 ± 0.04
0.02 ± 0.00
1.29 ± 0.01
1.04 ± 0.05
0.24 ± 0.01
0.68 ± 0.03
36.7 ± 4.7

SS
3.85
1.40 ± 0.04
96.68 ± 0.70
1.80 ± 0.03
71.79 ± 0.14
857 ± 90
771 ± 6
65 ± 19
3±0
51 ± 8
ND
49 ± 16
24.88 ± 0.71
3.65 ± 0.29
1.41 ± 0.30
0.56 ± 0.01
ND
10.44 ± 0.35
3.91 ± 0.04
0.07 ± 0.01
3.19 ± 0.04
ND
3.23 ± 0.14
1.48 ± 0.13
0.59 ± 0.00
2.04 ± 0.15
58.7 ± 2.1

contributions because of their functional and nutritional properties, relatively low cost, low
allergenicity, and non-genetically modified organism status [63]. Moreover, pea proteins are
rich in essential branched-chain amino acids; i.e., leucine, isoleucine, and valine, which
account for approximately 35% of the essential amino acids in muscle proteins [64, 65].
Pea is the most common pulse used for protein isolate production because it can be cultivated
extensively in many diverse areas worldwide and the hull can be easily removed [66]. Pea
proteins are commercialized in three main forms: pea flour, pea protein concentrate, and pea
protein isolate (PPI). Pea is hulled and dry milled for the production of flour. Pea protein
concentrate with up to 65% protein content can be produced through the use of dry separation
methods (e.g., air classification). The PPI is obtained by solubilizing the proteins in alkali or
acid, followed by isolation through isoelectric precipitation and membrane separation
processes such as ultrafiltration and diafiltration. These methods can yield pea protein with up
to 95% purity [66-68]. The main byproduct of the PPI is pea starch; however, this material
exhibits poor functional properties and does not afford many applications in food formulation
[69].
The pea-processing byproduct used was generously provided by Protein Consulting AB
(Sweden). It is a white, odorless, fine powder containing 56% starch and 18% proteins [5].
The residual protein present in the byproduct originates from protein bodies, agglomerates,
chloroplast membrane remnants (which enclose the starch granule), and a water-soluble
fraction that is presumably derived from the dehydrated starch [69]. A detailed composition of
the pea-processing byproduct is presented in Table 2.4.

Table 2.4. Characterization of the pea-processing byproduct [5].
2.1.3 Pea protein
Legumes, which comprise the edible seeds of pod-bearing plants, are an important source of
nutrients such as proteins, minerals, starch, vitamins, and poly-phenols [62]. Pea (Pisum
sativum) constitutes the second most important legume worldwide with almost 20 million
metric tons produced annually [34, 62]. It has applications in feed, food, and food ingredients
including proteins, starches, flour, and fibers. Notably, an increasing demand of non-animal
alternative protein sources for reasons of consumer preference, nutritional requirements, and

Component

Content (% w/w in dry basis)

Protein
Ash
Moisture
Arabinans
Xylans
Galactans
Glucans
of which:
Starch

18.19 ± 0.33
2.98 ± 0.03
10.54 ± 0.19
2.61 ± 0.06
0.00
2.30 ± 0.04
62.38 ± 0.51
56.34 ± 2.52

population growth has been observed. In this context, pea proteins provide important
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Chapter 3

2.1.4 Orange waste
Orange constitutes the most produced citric fruit with an annual global production of over 70
million metric tons [34]. Approximately half of the harvested oranges are industrially used for
juice production. During juice extraction, half of the orange weight ends up as waste, formed
by the seeds, peel, segment membrane, and residual pulp [70]. The composition of orange
waste includes poly-, di-, and monosaccharides. The main polysaccharides are cellulose,
hemicellulose, starch, and pectin, which are found in the peels. Di- and monosaccharides
(sucrose, glucose, and fructose) derive from the pulp [71].

Biorefinery approach for management of food
processing waste

Orange waste is industrially used for the production of fiber and food ingredients such as
pigments and flavonoids as well as cattle feed [72]. However, the main industrial application
of orange waste is for the production of pectin, comprising most of the pectin globally
produced [73]. However, a large quantity of the waste is still not industrially used and ends up
being disposed in the environment [70]. The presence of soluble sugars negatively affects the
process of pectin extraction. Additionally, the sugars can be utilized by microorganisms,
resulting in the fast degradation of the material. Removal of sugars is, therefore, important for
the industrial application of orange waste [74].

Our present society has a very strong dependence on petroleum as a consequence of the
intensive consumption of its derivative chemicals and fuels. The large spectrum of
applications of petroleum products has led to the reduction of oil reserves, raising political
and economic concerns [75]. Additionally, as noted by the Intergovernmental Panel on
Climate Change (IPCC), climate changes recently observed worldwide are extremely likely to

As the sugars are soluble in water, they can be extracted by washing the orange waste. The

be caused by human activity, among other factors, owing to the emission of greenhouse gases.

result is a nutrient-rich liquid stream that can be used for bioprocess applications. The

Burning of fossil fuels is the largest known contributor for such emission [76]. The depletion

extraction of sugars was performed according to a method described previously[74]. Orange

of oil reserves is not, however, the only threat to the sustainability of the present production

waste, kindly provided by Brämhults Juice AB (Borås, Sweden), was mixed with water in a

system. Approximately 90% of all the material resources used for production of goods end up

predetermined ratio (1 kg of wet orange waste and 1.5 L of tap water) and left at room

as waste. Therefore, extensive research has been performed to identify renewable sources for

temperature (20 °C) to soak overnight. Thereafter, the mixture was added into a fruit press

energy and chemicals to be used as substitutes for oil as well as to develop new technologies

machine (Lancman™ VSPIX120) where it passed through a textile filter (pore size 3 mm).

that bond economic growth with environmental sustainability [77].

The citrus waste free sugar solution (CWFS) was collected and stored at 5 °C until use. The

Reduction in oil dependence and consequent impact on climate changes can be achieved by

CWFS was characterized as containing 18.3 ± 0.2 g of glucose and 18.7 ± 0.9 g of other
sugars.

the implementation of a sustainable economy based on renewable sources. Recent results have
reinforced the potential of plant-based raw materials to replace fossil resources in many
industrial applications. The processing of plant biomass in a biorefinery platform leads to the
production of food, feed, chemicals, materials, fuels, energy, and goods. Moreover, the
sustainable use of biomass in an integrated manner can take advantage of the differences in
biomass constituents and intermediates, maximizing the economic value of the biomass and
reducing the resulting waste streams [30, 77]. This new model of production can be made
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possible by increasing the efficiency and performance of process, and conversion and
distribution technologies of the products [77].
Although human utilization of organic materials as feedstock for chemical, energy, and
material production is not new, the interest in the effective exploitation of unavoidable
organic wastes has been renewed in recent years, ignited by the aim to reduce the
environmental footprint and achieve a more secure supply of renewable resources [78]. The
emergence of a new concept of biorefinery occurred at the end of the 19th century, when
numerous solutions to the exploitation of the residues of the paper and pulp industry started
being investigated. A plant to produce ethanol from spent sulfite liquor is claimed to have
been first operated in Skutskär, Sweden, as early as 1909 [79].
Biomass is considered as environmentally sustainable materials since its origin is mostly from
industrial waste and agricultural and forestry management [77]. The use of the waste of one
facility as an input in another facility consists in the concept of an integrated biorefinery. The
integration in this system goes beyond the material streams and also includes energy
exchanges, resulting in an overall increased production with minimum energy requirement
[80]. In this context, residues of the food industry appear particularly useful as raw material
for biorefinery applications. Such applications may help to reduce the costs involved in waste
disposal. Additionally, rerouting of waste streams for new applications may lead to the
recovery of nutrients via chemical purification (Figure 3.1), thermochemical processing, or
through the cultivation of microorganisms [81].
Generally, biorefinery processes can be divided in four different platforms: thermochemical,
biochemical, mechanical/physical, and chemical processes. Thermochemical platforms
convert biomass mainly by gasification and pyrolysis. In the former process, syngas is
produced by heating the biomass usually to the range from 800 to 900 °C with approximately
one third of the oxygen necessary for a total combustion. The syngas can be directly burned to
generate power or be used to produce methanol and hydrogen, both having application as fuel.
In the pyrolysis process, the biomass is heated to around 500 °C in complete absence of
oxygen, producing solid (char), gas (H2, CO, CH4, C2H2, C2H4), and liquid phase products.
The liquid phase obtained, called bio-oil can be used in engines and turbines [82, 83].
Figure 3.1. Valuable compounds derivable from A) fruit and vegetable and B) meat and its
derivatives along with dairy products. Adapted with permission from [84].
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The mechanical platform involves processes that do not change the state or composition of the
feedstock. They are used for size reduction and separation of the components of biomass [75].
Hydrolysis and transesterification are chemical processes commonly used in a biorefinery.
Hydrolysis reactions are performed by the use of acids, alkalis or enzymes to depolymerize
polysaccharides and proteins into their component monomers (e.g., glucose from cellulose) or
derivate chemicals (e.g., furfural from xylose). Through the transesterification process,
vegetable oils can be converted to methyl or ethyl esters of fatty acids, consisting in the most
common method currently used to produce biodiesel [75].
Lastly, the biochemical platform focuses on fermentation of carbohydrates. The biomass
processing starts with the preparation of the feedstock, followed by the conversion of
fermentable sugars, bioconversion of the sugars using biocatalysts, and processing to deliver
value-added chemicals, fuel-grade ethanol and other fuels, heat, and/or electricity [82]. Low
processing temperature and pressure, and high selectivity and specificity of components
targeted and products generated are among the advantages of the biochemical processes for
refining of the biomass [85].
Moreover, the use of microorganisms as catalysts in the refining of food industry waste via
fermentation processes can lead to the production of ingredients for the food industry itself.
Thickening or gelling agents (e.g., xanthan, curdlan, and gellan), flavor enhancers (e.g., yeast

Figure 3.2. Agro industrial wastes with potential application as substrate in a fungal-based
biorefinery using filamentous ascomycetes and possible value-added products [88].

hydrolysate and monosodium glutamate), flavor compounds (e.g., gamma-decalactone,
diacetyl and methyl-ketones), and acidulants (e.g., lactic acid and citric acid) are examples of
fermentation-derived ingredients [86]. The number of products which can be obtained from
biorefineries is already extensive and will become even greater with further research [87].
In particular, the use of industrial waste materials as an alternative to the use of refined sugars
for the production of bioproducts by filamentous fungi is considered a promising approach as
these microorganisms produce a cocktail of enzymes able to degrade at a great extent both
lignocellulosic and starchy substrates [88]. Some possible agro industrial residues and valueadded products in a filamentous fungal-based biorefinery are presented in Figure 3.2.
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Chapter 4

Filamentous fungi

4.1 Fungi and the environment
The Kingdom Fungi (also termed Eumycota) is formed by very diverse organisms, ranging
from unicellular yeasts to some of the largest organisms found on Earth. Fungi are eukaryotic,
heterotrophic, and osmotrophic organisms with partial extracorporeal digestion, with a
diffused, branched, tubular body, and which reproduce by means of spores [89]. Recent
studies have divided the Kingdom into eight phyla: Chytridiomycota, Zygomycota,
Glomeromycota, Ascomycota, Basidiomycota, Blastocladiomycota, Microsporidia, and
Neocallimastigomycota [89]. Moreover, based on their life cycles, fungi can also be divided
into three large groups of unicellular, macro filamentous, and multicellular filamentous fungi
[90].
Yeasts comprise the classic unicellular fungi. This group includes Saccharomyces cerevisiae,
which is possibly one of the most important microbial species in human history. Goddard &
Greig (2015) [91] argued that S. cerevisiae lives in the environment as a nomad. Possessing a
rich metabolism, S. cerevisiae is able to survive as a generalist at low abundance in a wide
range of environments, albeit no especially well. The long lists of conditions in which it can
survive and of metabolites it can produce have resulted in the wide use of S. cerevisiae in the
food and chemical industries to produce e.g. ethanol, building block chemicals, and oil [90].
Macro-filamentous fungi are generally referred as mushrooms. The visible part, nevertheless,
represents just the reproductive structure (fruiting bodies) of organisms that otherwise live as
microscopic filaments of cells in substrates such as soil, wood, or living tissues of associated
plants. Many mushrooms are edible, have good flavor, and, therefore, have traditionally been
part of human nutrition [92, 93]. Ecologically, macro fungi can be classified as pathogens
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(those that attack and kill living tissues and sometimes even the host organism), saprobes
(causing the decay of dead organic matter), and mutualists (living in intimate association with
plants and interacting in various ways benefiting both partners) [94].
Filamentous fungi comprise a group of eumycetes that have been extensively used in several
biotechnological applications for the production of food [5], feed [44], enzymes, organic
acids, antibiotics, cholesterol-lowering statins, and biofuels. This group is often considered to
be superior to bacteria and yeast with regard to metabolic versatility, robustness, and secretory
capacity [95]. In general, they have simple growth requirements and easily adapt to large
scale processes [96]. Ecologically, fungi play a critical role, acting in the decomposition of
organic material and forming symbiotic relationships with prokaryotes, plants, and animals
[97]. Thus, they are very important for the recycling of organic material in nature [98].
Morphologically, filamentous fungi are complex beings. Their basic growth structure is a

Figure 4.1. Microscopic image of Neurospora intermedia mycelium grown in submerged
culture using starch as the substrate.

tubular filament termed a hypha. As they grow, the hyphae form branches, creating an
entangled mass known as mycelium. When grown in submerged fermentation, the shape of
mycelium growth varies from dispersed filaments to dense clumps (Figure 4.1). Growth in
pellet-form has been reported as advantageous because it enables repeated-batch fermentation
and improves the rheology of the broth, resulting in better mass and oxygen transfer in the
reactor with lower energy consumption [99-102]. Additionally, the morphology can affect the
production of primary and secondary metabolites [103]. The form of growth is determined not
only by the genetic material but also by the chemical and physical conditions used during
cultivation [101].

4.2 Biomass for food and feed applications
Fungi have been long recognized as a source of palatable food by many societies worldwide
[104]. Mushrooms and truffles have long been used as food because of their preferred taste
[92]. However, out of a large number of species, less than 25 species of mushroom are
accepted as food and few have reached commercial significance [105]. Pleurotus ostreatus,
also known as oyster mushroom, is an example of a mushroom used for food. This species
constitutes a white rot fungus capable of metabolizing lignin. In nature, it is found living in

Among the filamentous fungi, two groups have been the focus in biorefinery studies:

parts of plants that are poor in nutrients and vitamins. Therefore, these mushrooms are well

ascomycetes and zygomycetes owing to their ability to consume a large variety of carbon and

adapted to adverse conditions, rendering them popular for commercial exploitation through

nitrogen sources. Therefore, several residues with particular compositions can be used by

industrial cultivation using cheap lignocellulose substrates [106, 107].

these fungi as substrates without further supplementation, except for some salts [88, 100].

Fungi can also be used for the production of fermented food. Overall, beneficial aspects
related to the fermentation of food include prolonged shelf-life, reduced volume, shorter
cooking times, and improved nutritive value compared to those of the non-fermented
ingredients [108]. Examples of the use of filamentous fungi in food in Asia include Rhizopus
sp. in the preparation of tempeh [109], Aspergillus oryzae in the preparation of hamanatto,
miso, and shoyu, and Neurospora intermedia in the preparation of oncom [110]. In Europe,
Penicillium roqueforti and Penicillium camemberti are used in the production of blue cheese
(e.g., Roquefort, Gorgonzola, Stilton, Danish Blue, and Blue Cheshire) and soft ripened
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cheese (e.g., Camembert and Brie), respectively. The fungi are responsible for providing

Thus, substitution of fishmeal with fungal biomass can have an economic impact in fish

specific characteristics to the final product such as odor, flavor, texture, and color [110].

farming as fish feed represents a major cost in this activity [121]. Moreover, aquaculture can

In addition to their application in the processing of food, the filamentous fungal biomass can
also be found in the market as an alternative to animal-derived protein sources. Mycoprotein

benefit from the fat composition of R. oryzae, which is comprised of high polyunsaturated
fatty acid content and a large amount of proteins [39].

constitutes a high-protein, high-fiber, low-fat food ingredient. The dietary fibers derive from
the cell walls and are composed of 2/3 branched 1–3 and 1–6 β-glucans and 1/3 chitin. This
fibrous chitin-glucan matrix is typical of fungal mycelium and has low water solubility [111].

4.3 Rhizopus oryzae

The proteins arise from the cytoplasm and contain all nine amino acids essential for the

R. oryzae is among the most widely used strains of zygomycetous fungi. It produces a

human diet [112]. The lipids, which derive from the cell membranes, are rich in

plethora of bio-products with importance for the pharmaceutical, food, and fuel industries

polyunsaturated and poor in saturated fatty acids [113, 114].

such as fumaric acid, lactic acid, pectinase, amyloglucosidase, α-amylase, and ethanol [99,

Inclusion of mycoprotein in the human diet has been demonstrated to improve health in
regard to blood cholesterol concentration, lipid profiles, and glycemic response for both
healthy and metabolically-compromised individuals [115]. Additionally, it can help in weightcontrol because of its contribution to satiety, which consequently reduces the energy intake in

122]. Additionally, R. oryzae is recognized for its ability to produce almost optically pure
L(+)-lactic

acid from starch with low nutritional requirements. This isomer is especially

important as it is the preferred form used in the production of polylactic acid, a biodegradable
polymer that can substitute for fossil-based plastics [123].

subsequent meals [114, 116]. Nutritionally, mycoprotein is also a good source of zinc and

Growth of R. oryzae in PPL in airlift reactors resulted in a reduction of over 50% of the initial

selenium although it affords low content of vitamin B12 and low bioavailable iron [114].

COD of the waste stream [44]. Moreover, fungal biomass containing 49.9% (w/w dry basis)

Filamentous fungal biomass can also be used as supplement for animal feed. The interest of
the scientific community in the use of fungi for animal feed originated in the 1960’s, when
raising awareness of population growth led to the search for alternative food and feed sources.
The low prices of more conventional feeds, such as soybean and fishmeal, have discouraged
the entrance of fungal feed into the market. Recently, however, traditional feed sources have
faced economic and environmental problems [117]. Fishmeal, for example, has been
subjected to an increase in price of almost 150% in six years, increasing from 682.00 to

of protein was harvested after 54 h cultivation using an aeration rate of 0.86 vvm (volume of
air per volume of medium per minute). The morphology of the fungus was also studied in
preliminary shake flask tests. PPL is a complex medium and through different dilution rates it
was possible to control the fungal morphology. The cultivation of R. oryzae in 40- and 20fold-diluted PPL yielded mycelial growth as filaments whereas 10-fold-diluted PPL resulted
in pellet growth, and clumps were obtained by cultivating the microorganism in 5-fold-diluted
PPL (Figure 4.2).

1681.00 USD/ton between 2004 and 2010 [118]. Soybean cultivation, in contrast, has
expanded considerably since the 1960’s to meet the speculated global protein demand and is
now considered as a primary agent of destruction of ecosystems such as the Amazon
rainforest [119, 120]. Consequently, there has been a new resurgence in research on the use of
filamentous fungi for animal feed.
Rhizopus oryzae is considered one interesting alternative to fishmeal [100, 112]. With an
annual growth of approximately 8%, roughly 50% of the global fish food supply is currently
provided through fish farming, which consumes 73% of the fishmeal and 90% of the fish oil
globally produced. This leads to over-fishing and, therefore, lack of fish for food [100, 117].
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Figure 4.3. Cultivation of R. oryzae in 10-fold-diluted PPL in an airlift bioreactor.
Concentration profiles of glucose (♦); sucrose (▲); fructose (×); ammonia (■); asparagine
(●); ethanol (-); lactic acid (Ж); and glycerol (+) at 0.57 vvm aeration rate. Error bars
represent ± one standard deviation. pH profile is shown in the right graph as a dashed line
[44].
Figure 4.2. Changes in the morphology of R. oryzae cultivated in Erlenmeyer flasks when
varying the PPL dilution rate: (a) 40-fold; (b) 20-fold; (c) 10-fold and; (d) 5-fold [44].
R. oryzae was also examined for cultivation in wheat starch wastewater [61]. This stream
contains large amounts of cellulosic fibers in suspension. After 24 h cultivation, the COD
Sugars present in PPL were consumed within 24 h. Thereafter, consumption of ethanol and

removal of the clarified streams ED1 and ED2 were less than 50%. No variation in the COD

lactic acid was observed. Moreover, the profile of consumption of sugars and pH of the

of SS was detected. The harvested biomass grown in the clarified streams contained over 30%

medium during cultivation (Figure 4.3) presented similarities: during sugar consumption, the

w/w of proteins. The addition of cellulose and amyloglucosidase significantly affected the

pH decreased as lactic acid was being produced. During the second part of the cultivation,

biomass protein content, reaching values up to 51%. In the SS stream, the high content of

following depletion of the sugars, consumption of different compounds resulted in an increase

suspended solids, which were used as supports for the biomass growth and collected together

of the pH. The results of the experiments in Erlenmeyer flasks (without pH control) also

with the biomass, caused the protein content to be in the range of 14–16%. Moreover, in this

showed a final pH superior to the initial value. This increase was associated with an increase

stream, the addition of enzymes did not significantly change the protein content.

in the ammonium concentration in the medium consequent to degradation of the amino acids
present in the PPL. However, the measured ammonium concentration in the airlifts did not
increase through cultivation, suggesting a higher nitrogen uptake by the fungus in aerobic
conditions.

The profile of the metabolites during cultivation of R. oryzae in ED1 and ED2 media (Figure
4.4) indicated that 24 h cultivation was sufficient for consumption of the glucose, including
that released by the action of the enzymes. The higher availability of glucose in the medium
caused by the hydrolysis of the oligo- and polysaccharides led to higher production of ethanol
in both streams. Biomass yield (in g/L), conversely, only significantly changed (considering a
95% confidence interval) in the case of the ED2 medium.
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Concentration (g/L)
Concentration (g/L)

A

2

1

B

2

contained 0.31 g of protein per g of biomass and a total lipid concentration of 0.2 g/g. In
contrast, the biomass cultivated in the semi-synthetic medium was characterized as having
0.60 g of protein but only 0.1 g of lipids per g of biomass. The difference may be related to
the different nitrogen compositions of the media as microbial growth under nitrogen

1

starvation usually leads to accumulation of lipids [124]. In particular, the semi-synthetic
medium was prepared with a total nitrogen content of 2.0 g/L, whereas the nitrogen
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4.4 Aspergillus oryzae
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Figure 4.4. Concentration profiles of glucose (X), other sugars (■), ethanol (●), and lactic acid
(▲) using R. oryzae: (A) in ED1 medium; (B) in ED2 medium; (C) in ED1 medium with
enzyme supplementation; and (D) in ED2 medium with enzyme supplementation. Error bars
represent ± one standard deviation [61].

value-added products including enzymes such as amylase, protease, lipase, phytase, lactase,
catalase, cellulase, and xylanase. A. oryzae importance can be highlighted by its production of
citric acid, representing the second most important fermentation product after ethanol.
Production of citric acid by A. oryzae is preferable to its production by a synthetic route
because the starting materials for the latter have a higher cost than that of citric acid [88].
Moreover, A. oryzae is among the most studied filamentous fungi at the industrial scale and
one of the three filamentous fungi that dominate the heterologous enzyme market as
production hosts (the other two being Aspergillus niger and Trichoderma reesei) [88, 125].

CWFS solution was used for fungal cultivation in a 26-L bubble column bioreactor. On

A. oryzae was cultivated in two food industry side streams: wheat starch wastewater and pea-

average, 65–72 h was necessary for R. oryzae to completely assimilate the glucose

processing byproduct. With the former as substrate, A. oryzae performed better than R.

(approximately 20 g/L) and approximately 10 g/L of other sugars present in the CWFS

oryzae, removing over 80% of COD after three days for ED1 and ED2 streams [61]. Using

medium. In CWFS medium, R. oryzae first consumed glucose. When the glucose level in the

the SS stream, the COD removal efficiency after five days was less than 30%. The presence

medium was low, consumption of other sugars, e.g. fructose and sucrose, was initiated.

of a high content of suspended solids is believed to negatively affect the mass transfer,

The concentration of lactic acid and ethanol remained low during fungal cultivation in the
CWFS medium. Moreover, it was observed that the glycerol production was much higher than
the ethanol production in CWFS medium (34.5 g glycerol/g ethanol). The same observation
conducted in a semi-synthetic medium yielded a very different result (0.12 g glycerol/g

rendering it difficult for oxygen to be dissolved, yielding an anaerobic environment.
Consequently, a high production of ethanol and low removal of COD were observed.
Moreover, 77.3% of the nitrogen initially present in the SS stream was recovered by
harvesting the biomass using a common kitchen sieve.

ethanol). This behavior suggested that different metabolic pathways were used in these media

Following cultivation of A. oryzae and R. oryzae in the ED1 and ED2 media in shake flasks,

for glycerol production, which is consistent with the obtained composition of the biomasses

there was no difference in the biomass yields within a 95% confidence level with regard to the

grown in the different media. The biomass of R. oryzae cultivated in CWFS medium

biomasses grown in the same sample and upon enzyme supplementation. A. oryzae, however,
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performed better than R. oryzae when comparing the lag phases for both microorganisms.

also constitutes an ascomycete whose biomass can be currently found in the markets of

When growing A. oryzae in the clarified media (ED1 and ED2), the lag phase of substrate

Europe and the USA as a healthy substitute for meat [110, 129].

consumption lasted only 3 h whereas, for R. oryzae, the same lag phase lasted 6 h (Figures 4.4
and 4.5). Comparing the ethanol production of both strains supplemented or not with
enzymes, only R. oryzae without enzyme supplementation produced significantly less ethanol.
The ethanol production of A. oryzae was not improved by enzyme addition, reaching values
not significantly different than those obtained by cultivation of R. oryzae with enzyme
supplementation.

Biomass production after 36 h is shown in Figure 4.6. M. purpureus produced significantly
less biomass than the other strains, except F. venenatum. A. oryzae produced more biomass
than R. oryzae and N. intermedia. The addition of α-amylase to the medium significantly
affected only A. oryzae and M. purpureus growth. When comparing the protein content of the
harvested biomass, cultivation of A. oryzae resulted in the highest yield of protein per gram of
pea-protein byproduct substrate, 0.14 g/g. Scaling-up of the process to a bench-scale airlift
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Figure 4.6. Biomass yield (mg dry fungal biomass per gram of pea-processing byproduct)

0

after 36 h of cultivation in airlift bioreactor and 2% w/v medium [5].
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bioreactor increased the protein yield to 0.26 g/g because of the improved aeration.
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Figure 4.5. Concentration profiles of glucose (X), other sugars (■), ethanol (●), and lactic acid
(▲) using A. oryzae: (A) in ED1 medium; (B) in ED2 medium; (C) in ED1 medium with
enzyme supplementation; and (D) in ED2 medium with enzyme supplementation [61].

Pea-processing byproduct suspended in water (2% w/v) was used as medium for the
cultivation of different filamentous fungi including N. intermedia, A. oryzae, Monascus
purpureus, Fusarium venenatum, and R. oryzae [5]. Similar to A. oryzae and N. intermedia,
M. purpureus constitutes a strain of ascomycete that is used in oriental cuisine as coloring and
flavoring agent in the production of e.g., red yeast rice and rice wine [126-128]. F. venenatum
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Chapter 5

Bioplastics

The nature of the biopolymers present in the fungal biomass has aroused interest regarding
whether the biomass could be used for the production of bioplastic films. Bioplastics are
considered one of the most promising alternatives to conventional plastics and the hazards
they present to the environment. Plastics comprise cheap, lightweight, strong, durable, and
corrosion-resistant materials formed by synthetic or semi-synthetic organic polymers.
Therefore, they are considered to be the most utilized and versatile material of the modern age
[130]. Approximately one third of all the plastic produced annually is designed to be nonreusable and is usually discarded up to 12 months after manufacture [131]. However, the
management of plastic waste faces some drawbacks such as recalcitrance toward
biodegradation, toxicity after incineration, and massive waste accumulation in landfills and
the marine environment [132].
Biopolymers are molecules made of renewable resources, synthesized by microorganisms, or
synthesized from petroleum-based chemicals, which can be naturally recycled by biological
processes [133]. However, high cost and performance limitations still prevent the complete
substitution of plastics made from crude oil [134]. Global production of bioplastics in 2017
reached 2.05 million tons, 58% of which is used in the packaging industry. Other applications
with minor strength requirements that also make use of bioplastics include textiles (11% of
the total), consumer goods (7%), automotive and transport (7%), agriculture (5%), building
and construction (4%), and electrics and electronics (2%) [135].
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5.1 Pectin biofilms

subjected to effective mixing at high temperature and pressure (up to several hundred tons per

One biopolymer that offers promise as a bioplastic is pectin, which constitutes a

hour) with short processing times [150].

polysaccharide naturally found in the cell wall of vascular plants. Pectin is present in

Generally, compression molding of sheets is studied to demonstrate material flowability and

considerable amounts in the peel of citrus fruit and plays an important role in cell-to-cell

fusion prior to extrusion, in order to identify suitable extrusion conditions [151]. Similar to

adhesion. Representing the most complex polysaccharide forming the structure of the plant

the extrusion method, compression molding is considered to be economically and

cell wall, pectin is mainly formed by monomers of α-(1–4)-D-galacturonic acid with some

environmentally suitable for the production of rigid materials as it is rapid and requires no

methyl ester and L-rhamnose groups and has a negative charge (Figure 5.1). Pectin chains act

solvent [152]. Compression molding is performed by placing a material between two hot

as a cementing matrix, forming crosslinks with the cellulose microfibrils [136, 137]. In

plates and applying a pressure to the material. In general, biopolymers require the addition of

particular, the crosslinking ability of pectin has encouraged its use for the production of

a plasticizer to control the brittleness of the materials and to lower the shaping temperature

biomaterials with applications in food, biomedical, and pharmaceutical industries [138].

[153]. Usually, the plasticizer comprises a small molecule of low volatility. Added to the
polymeric material, it modifies the three-dimensional organization, decreases attractive
intermolecular forces, and increases free volume and chain mobility. The results of these
changes are increased extensibility, dispensability, and flexibility of the developed film
together with decreased film cohesion and rigidity [154].
Citrus pectin was investigated for the production of biofilms using the compression molding
technique with glycerol as a plasticizer. Pectin and glycerol were tested at different ratios and
subjected to a pressure of 1.33 MPa for 10 min at 120 °C. A 70:30 pectin-glycerol ratio was
chosen because, for higher glycerol content, the obtained films were too thin to allow testing
of their mechanical properties, whereas for lower glycerol content, the amount of plasticizer
was not sufficient to completely wet the pectin.

Figure 5.1. Representative chemical structure of pectin showing typical repeating groups.
Reprinted with permission [139].

Numerous studies have reported the use of pectin for the production of bioplastics either by
solution casting [140-145] or extrusion methods [146-149]. Solution casting film production
involves the preparation of a relatively diluted water solution disposed onto inert surfaces, on
which the solution is air dried. Although casting is a practical method at the laboratorial scale
and is utilized by a few commercial processes, the method is considered slower and more
energy-consuming compared to extrusion [146], in which the material is continuously
Figure 5.2. Optical photo of a pectin/glycerol biofilm produced by compression molding.
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In general, pectin bioplastic has poor mechanical properties and blending with other polymers

Table 5.1. Mechanical properties and thickness of films with and without incorporation of

is usually recommended [155]. Blending with starch, for example, yields edible films with

fungal biomass.

good mechanical and oxygen barrier properties [146]. Composites formed by pectin and
protein (e.g., bovine serum albumin, chicken egg albumin, bovine skin gelatin, porcine skin
gelatin, fish skin gelatin, and soybean flour protein) exhibit improved storage moduli and loss
moduli, and better moisture resistance compared to those of pectin films [156].

5.2 Biomass for bioplastic production
Pectin was blended with lyophilized and milled fungal biomass cultivated either in the CWFS

Pectin
(%)
70

Biomass
(%)
0

60

10

50

20

40

30

Cultivation
medium
CWFS

Tensile strength Elongation Thickness
WVPC
(MPa)
at break (%)
(mm)
(kg.s-1.m-1.Pa-1)
15.7 ± 0.53
5.5 ± 1.68
1.03
6.92 × 10-13
15.9 ± 0.84
3.5 ± 1.57
0.42
1.68 × 10-13

Semi-synthetic

19.3 ± 3.5

1.6 ± 0.88

0.41

3.5 × 10-13

CWFS

7.6 ± 0.64

3.8 ± 1.12

0.35

7.22 × 10-13

Semi-synthetic

16.1 ± 2.3

4.3 ± 2.71

0.38

3.56 × 10-13

CWFS

6.5 ± 2.01

1.4 ± 0.39

0.25

1.35 × 10-13

Semi-synthetic

11.2 ± 2.12

4.5 ± 0.98

0.32

3.58 × 10-13

as described in section 4.3 or in semi-synthetic medium. The different media resulted in
biomasses containing low protein and high fat content and high protein and low fat content,

Scanning electron microscopic (SEM) images of the films showed that the incorporation of

respectively. The films were prepared using the same parameters as the pectin-glycerol films.

biomass improved the homogeneity of the films by reducing the amount of pectin debris on

In average, addition of biomass resulted in reduction of the thickness of the films as well as

the surface of the films as well as reducing the gaps observed in the cross-sectional area of the

the elongation at break (Table 5.1). Overall, the incorporation of protein-rich fungal biomass

films (Figure 5.3). In comparison, agglomerates present in the biomass-containing films

yielded films with increased tensile strength compared to those from the incorporation of

suggested that some of the biomass components were incompatible with the pectin, leading to

protein-poor biomass. It has been suggested that the amide bonds of the proteins and the

the formation of these heterogeneous structures.

carboxylic group of pectin molecules form complex interactions that improve the strength of
the films [157]. The addition of biomass to the pectin-glycerol matrix also improved the
impermeability of the films to water vapor. In particular, tests of water vapor permeability
coefficient (WVPC) showed that the films containing fungal biomass exhibited lower values
of WVPC than those of the pectin-glycerol film.
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Chapter 6

Circular economy approach

A major societal challenge is to meet the increasing demand of food caused by the growing
global population while minimizing the associated environmental impact [28]. The whole
food supply chain (from agriculture through industrial manufacturing and processing, retail,
and household) generates environmental impacts in various aspects, such as greenhouse gas
emission and eutrophication [84, 158]. A possible solution to this problem is to improve the
management of food waste, as approximately 40% of the food intended for human
consumption ends up as waste at different stages of the food system. This represents a
substantial loss of productivity, energy, and natural resources [158].
Figure 5.3. SEM images of the surface (left) and cross-section (right) of the pectin-based
bioplastic films. A) Pectin film without biomass; B) pectin film with 20% protein-rich
biomass; C) pectin film with 20% protein-poor biomass (Magnification: surface = 1000X,
cross-section = 1500X).

In this context, growing attention has been paid to the new concept and development model of
circular economy [159]. In the circular economy, what was once considered as waste becomes
instead a resource. The concept of circular economy involves reuse, repair, refurbishing, and
recycling of existing materials and products [158]. In particular, the primary goal of a circular
economy is to minimize waste and excessive resource utilization by turning goods at the end
of their lifespan, along with waste generated during the manufacturing and use of goods, into
resources for the manufacturing of other products [16]. In contrast, the dominant current
economic development model, known as the linear model, focuses mainly on the efficient
allocation of resources in the market but fails to provide analytical tools that take into account
the limitations and exhaustion of natural resources [159]. With respect to the food system,
circular economy involves reduction of the amount of waste generated, re-use of food,
utilization of by-products and food waste, nutrient recycling, and changes in diet toward more
diverse and more efficient food profiles [158].
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For example, 77% of the 1.3 g/L of nitrogen lost in wheat starch wastewater [61] can be
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Figure 6.1. Process flow diagram describing the three scenarios studied for the

6.1 Economic evaluation of alternative biotreatment of industrial waste

management of potato liquor [39].

A techno-economic analysis of the treatment and use of the wastewater of the potato starch
manufacturing was performed considering three scenarios. The current strategy of PPL
production was compared with the use of HTPL for i) the cultivation of filamentous fungus R.

The technical analysis indicated a reduction of 90.8% in the energy consumption when

oryzae for the production of biomass or ii) the production of biogas [39]. The scenarios are

shifting the waste management from the current scenario to the fungal alternative. Anaerobic

presented in Figure 6.1. PPL was obtained by evaporation of HTPL, increasing the total solids

digestion for production of biogas consumed only 4.5% of the energy currently required.

from approximately 3% to 40% (w/v). Previously it was determined that pellet-growth of R.

Moreover, the production of R. oryzae biomass reduced the initial cost by more than half

oryzae in PPL requires 10-fold dilution; i.e., with a composition similar to that of HTPL.

compared to that required for the production of PPL. The initial capital cost dropped from

Therefore, the economic analysis of the fungal cultivation was performed using HTPL as the

€16.5 million to €7.5 million. Biogas production capital cost was predicted to be €14.2

substrate.

million.
Comparing the Net Present Value (NPV) of the three scenarios (Figure 6.2), fungal cultivation
resulted in a NPV that was less negative than that of the biogas scenario. Considering a
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project lifetime of 15 years, the NPV of the biogas scenario became similar to the NPV of the

programs and public campaigns as well as seminars [161]. However, the social aspects of

evaporation scenario and, considering 20 years of lifetime for the plant, the NPV of the

circular economy appear to be attracting only little attention. The gains in this area are usually

evaporation scenario was less negative than that of the fungus scenario. This was caused by

implicit and the most cited benefit is the associated job creation. In contrast, the subjective

the large capital cost (€16.5 million) and low operational cost (€1.7 million per operating

contribution of the circular economy for general well-being is not as clear [162, 163]. For

period) of the evaporation scenario, as opposed to the low capital cost (€7.5 million) and large

example, the new businesses and job opportunities created by the circular economic model

operational cost (€1.84 million per operating period) of the fungus scenario. The contrasting

might be focused on industries and academia, especially those in the agro, food, chemical,

characteristics of the scenarios led to a shift in the NPV when increasing the plant’s lifetime

healthcare, pharma, and logistics sectors. However, other consequences of the circular

from 15 to 20 years.

economy include the promotion of economic growth by saving material costs, dampened price

Net Present Value (million Euro)

volatility, and improved security of supplies [160].
Food waste has experienced a quick ascendancy in its consideration through public policy.
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The statistics of food waste are shocking in themselves and an escalating urgency is observed
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when issues such as climate change, peak oil, and global food security are considered [164].
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Figure 6.2. Net present value for the different scenarios considering different project
life-times [39].

unavoidable food waste, might markedly increase food security.
In addition, the production of animal protein demands grains that, in another scenario, could
be used directly for humans. Moreover, this process of converting plant protein into animal
protein is considered to be inefficient in terms of environmental resources. Filamentous fungal
biomass produced from agro industrial waste and used as feed is presented as an alternative to
the use of grains for animal feed. As human food, mycoprotein, besides addressing the

6.2 Social and ethical aspects
In the light of the previous considerations, the movement from linear to circular economy
appears inevitable. This movement can be facilitated by the promotion by biorefineries of the
switch from the consumption of fossil reserves to that of renewable resources [160]. The full
implementation of circular economy involves long-term socio-technical transformations,
which includes changes in infrastructure and technologies along with citizen competences,
practices, and world-views [158]. In this aspect, social awareness is vital for the successful

environmental issues associated with the food security debate, also addresses the ethical
concerns related to the cruelty of certain treatments applied to animals. Furthermore, meatalternative products offer the potential to positively affect some public health issues. For
example, some studies have associated red meat consumption with the risk of developing
diseases such as cardiovascular disease, type II diabetes, and colorectal and other carcinomas.
Furthermore, millions of episodes of illness are caused annually by food-borne pathogens
found in meat such as Salmonella, Campylobacter, and Escherichia coli [166, 167].

implementation of the circular economy, as citizens (customers) comprise a central part of the
economy. Progress toward social awareness is ongoing through the utilization of educational
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Chapter 7

Concluding remarks and future work

7.1 Concluding remarks
In this thesis, the discarding of resources by the food industry was addressed using
filamentous fungi as biocatalysts for the conversion of nutrients into fungal biomass, with
application in the food, feed, and bioplastic production industries. Different byproducts of the
food and drink industry with diverse characteristics were studied. The major results are as
follows:
 Environmental impact of waste streams could be reduced by providing new applications for
the waste: removal of half of the initial COD load of PPL and over 80% of the initial COD
of clarified wheat starch wastewater was achieved by fungal cultivation;
 Economic analysis suggested a reduction in the initial capital cost: compared to the
traditional method used in the potato starch industry, cultivation of filamentous fungus for
the production of biomass might afford a reduction of over half of the initial cost. Moreover,
only 9.2% of the energy used in the current scenario would be required to produce the fungal
biomass.
 Fungi could return the nutrients of the waste back to the food chain: up to 77% of the
nitrogen present in the solid-rich stream of the wheat starch wastewater was recovered in the
form of mycoprotein at the conclusion of filamentous fungi cultivation. Ease of collection of
the recovered nitrogen, via a simple sieving process, was also notable.
 Fungi could improve low-quality food processing side-streams: a mycoprotein concentrate
could be produced using the pea-processing byproduct, which exhibits poor functional
properties for the direct use in food. Fungal biomass with approximately 50% protein
48
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Abstract: Potato protein liquor (PPL), a side stream from the potato starch industry, is normally used
as fertilizer. However, with more than 100 g/L of sugars, 20 g/L of Kjeldahl nitrogen and Chemical
Oxigen Demand (COD) of 300 g/L, it represents serious environmental challenges. The use of PPL for
fungal cultivation is a promising solution to convert this waste into valuable products. In this study,
PPL was characterized and used to cultivate edible zygomycete Rhizopus oryzae, which is widely used
in Southeast Asian cuisine to prepare e.g., tempeh. Moreover, it can be potentially used as a protein
source in animal feed worldwide. Under the best conditions, 65.47 ± 2.91 g of fungal biomass per
litre of PPL was obtained in airlift bioreactors. The total Kjeldahl nitrogen content of the biomass was
above 70 g/kg dry biomass. The best results showed 51% reduction of COD and 98.7% reduction in
the total sugar content of PPL.
Keywords: airlift bioreactor; ﬁlamentous fungal biomass; fungal pellets; potato protein liquor;
Rhizopus oryzae

1. Introduction
Potato, a tuber originally from South America, is now one of the most important food crops in
the world [1]. It produces more dry matter and protein per hectare than other major cereal crops [2].
More than 50% of the potatoes harvested in North America and Europe are processed to produce,
e.g., French fries, chips, and starch [1,3]. Starch is a polysaccharide that is the main energy reserve of
higher plants and has applications in food, feed and paper industries [4]. According to the European
Starch Industry Association, the starch market in Europe had a turnover of 8.3 billion € in 2014.
Potato is the third most used raw material, accounting for 13.3% of starch production [5]. Potato liquor,
containing the soluble residues from potato starch production, is treated with steam at 110 ◦ C to
remove proteins. The remaining liquor is concentrated to potato protein liquor (PPL) and consists
of approximately 40% solids [6]. PPL is a severe challenge to wastewater treatment plants because
of its high biological oxygen demand [7]. Currently, the side stream is stocked during the year to be
used as a fertilizer during planting. The strategy, however, requires large storage space in industrial
facilities, contaminates ground water, and annoys adjacent areas with its bad odour. Additionally,
PPL can be used as a supplement to cattle feed. However, it is not considered suitable because,
despite its high nitrogen content, the quality of the proteins is low since they are oxidized during the
steam treatment [6,8].
Alternative treatments have been suggested, attempting to find a destination for PPL,
including using it as a substrate in different bioprocesses to produce yeast biomass [9], fungal protein [10],
enzymes [7], and other metabolites [11]. However, the cultivation of filamentous fungi in this side
stream has never been reported.
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Filamentous fungi have been extensively used in several biotechnological applications to produce
food, feed, and metabolites (e.g., enzymes, organic acids, antibiotics, cholesterol-lowering statins,
and biofuels). They are commonly cultivated in submerged cultures, in which they can grow in
three morphologies, namely, suspended mycelium, pellet, and clump. Some fungi are also able to
grow in a yeast-like form. The morphology is inﬂuenced by the strain characteristics as well as the
medium composition and cultivation conditions [12–15]. Growth in pellet form has been reported as
a favourable alternative for fungal cultivation, because it enables repeated-batch fermentation and
improves the rheology of the broth, resulting in better mass and oxygen transfer in the reactor with
lower energy consumption [12–15]. Morphology of the fungi can affect the production of primary and
secondary metabolites [16].
Zygomycetes are receiving increased attention for both their capacity to produce a large variety
of metabolic products and their valuable biomass, which contains several useful components, such as
proteins, lipids, speciﬁc amino acids, chitosan, and chitin, making it eligible to be used for the
production of animal feed, human food, and chitosan. Economic exploration of zygomycetous
biomass is believed to be responsible for making the future establishment of a zygomycete-based
bioreﬁnery viable [13,17–21].
Rhizopus oryzae is one of the most widely used strains of zygomycetous fungi. Among the different
bio-products produced by R. oryzae, fumaric acid, lactic acid, pectinase, amyloglucosidase, α-amylase,
and ethanol can be named [12,22]. Moreover, it can produce almost pure L(+)-lactic acid without
any rigorous nutritional requirements [23]. Several investigations were performed to study the effect
of culture medium on the morphology of Rhizopus species and the relationship with biomass and
metabolite productivity [12,16,24–29]. The use of R. oryzae as ﬁsh feed has recently been noted as
a potential replacement for ﬁshmeal in ﬁsh feed composition because of the high protein content,
comparable amino acid composition to ﬁshmeal, and the proportion of C18 unsaturated fatty acids.
In addition, several R. oryzae strains are used in human food and are generally regarded as safe
(GRAS) [13]. Stirred-tank bioreactors are not common for the cultivation of ﬁlamentous fungi. On the
other hand, airlift bioreactors are considered to be suitable choices for aerobic fungal cultivation,
due to design simplicity, which favours increasing the scale and decreasing the processing costs and
contamination risks [30].
This study aimed to present a solution for the treatment of PPL and to use R. oryzae to reduce the
organic load of potato starch side stream, while producing biomass, a potential product source. Firstly,
PPL was characterized in terms of microorganism nutritional requirements such as carbohydrate and
protein content. Secondly, the effect of liquor’s dilution on the morphology and yield of the fungal
biomass was studied. At last, scaling up of the process to airlift reactors was performed at different
aeration rates, aimed at obtaining the best conditions for pelleted fungal growth.
2. Materials and Methods
2.1. Microorganism
Rhizopus oryzae, CCUG 28958, was obtained from the Culture Collection of the University
of Gothenburg (Gothenburg, Sweden). The strain was originally isolated from Indonesian food
production (tempeh), and therefore, it is Generally Recognized As Safe (GRAS). The fungus was grown
in 25-mL glass bottles for 5 days at 30 ◦ C on a potato dextrose agar (PDA) medium containing (in g/L)
potato extract 4; dextrose 20; agar 15. Then, the sporulated slants were stored at 5 ◦ C (up to 30 days)
until use. For inoculation, 12 mL of sterile tap water was poured on each slant. The slants were
closed and manually agitated to release the spores. The spore suspension was then added to the liquid
medium to reach a concentration between 2 × 105 and 5 × 105 spores/mL in the ﬁnal medium.
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2.2. Analytical Methods
D -Glucose, fructose, sucrose, D -galactose, rafﬁnose, starch, L -asparagine, L -glutamine,
and ammonia were determined in liquid samples using the respective enzymatic assay kits from
Megazyme (Bray, Ireland) following the company’s instructions. Liquid samples of PPL or the
fermentation broth were centrifuged at 3000× g for 10 min prior to analysis. When necessary,
the samples were sufﬁciently diluted with distilled water to reach the concentration recommended
in the kit. Kjeldahl nitrogen was determined using the InKjel P digestor and the Behrotest S1
distiller (Behr Labor-Technik, Dusseldorf, Germany). Acetic acid, lactic acid, glycerol, and ethanol,
as the main metabolites, were analysed using high-performance liquid chromatography (HPLC) in a
hydrogen-based ion-exchange column (Aminex HPX-87H, Bio-Rad, Hercules, CA, USA) at 60 ◦ C using
0.6 mL/min of 0.5 mM H2 SO4 solution as the eluent. The National Renewable Energy Laboratory
(NREL) analytical procedure was used to determine total carbohydrates [31] based on the hydrolysis
of the polysaccharides using sulfuric acid and analysing the ﬁnal solution on HPLC. A lead (II)-based
column (Aminex HPX-87P, Bio-Rad) operating at 85 ◦ C using 0.6 mL/min of ultrapure water as the
eluent was used to detect the sugars that were released in the NREL procedure. Components were
identiﬁed and quantiﬁed in the HPLC by a refractive index detector (Waters 2414, Milford, MA, USA).
The total solids were determined by drying a specified sample volume (10 mL) at 105 ◦ C to a
constant weight. The remaining solids were further placed in a muffle furnace (Gallenkamp, London, UK)
at 550 ◦ C to determine the ash content. The amount of insoluble solids was determined by centrifuging
the PPL at 3000× g for 10 min and drying the obtained solid at the same condition that was previously
mentioned. An AQUANAL™—professional tube test (1000–15,000 mg/L) (Sigma-Aldrich, St. Louis,
MO, USA) was used to determine the chemical oxygen demand (COD) in liquid samples. All the
waste generated from the experiments was sent to the appropriate treatment, following the Swedish
guidelines. Residues of R. oryzae were sent to incineration.

2.3. Fungal Cultivation in Shake Flasks
PPL was obtained from Lyckeby Starch AB (Kristianstad, Sweden). All the experiments described
in this paper used the same batch of liquor. R. oryzae was cultivated in 250 mL bafﬂed Erlenmeyer ﬂasks
containing 50 mL of culture medium, composed of PPL diluted with tap water. Different PPL–water
volume ratios (1:39, 1:19, 1:9, 1:4, 1:1.5) were examined. The medium was sterilized at 121 ◦ C for 20 min
before inoculation with 5 mL of the spore suspension at room temperature. The cultivation was carried
out in a water bath shaker at 35 ◦ C and 120 rpm for 48 h. The pH of the sample was not adjusted
during the cultivation. Biomass morphologies and yields were observed in order to choose the best
conditions for scaling up the cultivation to bench-scale airlift reactors. At the end of the cultivation,
the fungal biomass was collected by passing the broth through a kitchen sieve, manually pressing the
collected biomass, and then freeze-drying (0.3 mbar, condenser at −50 ◦ C).
As a reference, cultivation of R. oryzae in a synthetic medium containing either sucrose (9.5 g/L) or
asparagine (9.5 g/L) as the carbon source was performed to test the consumption of these two substances.
The medium also contained K2 HPO4 (3.5 g/L), CaCl2 ·2H2 O (1.0 g/L), MgSO4 ·7H2 O (0.75 g/L),
and (NH4 )2 SO4 (7.5 g/L), and the pH was brought to 5.5 with 2 M H2 SO4 . After sterilization
(121 ◦ C, 20 min), the medium was supplemented with a vitamin solution (1 mL/L) and trace metals
solution (10 mL/L) [32] which were sterilized by filtration.
2.4. Fungal Cultivation on PPL in Airlift Reactor
Fungal cultivation was carried out in a 4-L airlift reactor (Belach Bioteknik AB, Skogås, Sweden)
ﬁlled with 3.5 L of PPL–water solution. Inoculation was made using fungal pellets grown in
PPL–water solution for 24 h in Erlenmeyer ﬂasks under the same conditions as described in Section 2.3.
Cultivation lasted for 54 h with regular sampling in order to analyse the sucrose, glucose, fructose,
asparagine, ammonia, ethanol, glycerol, acetic acid, and lactic acid. In order to improve the sucrose
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Table 1. Potato protein liquor (PPL) characterization.

consumption, 1 mL of enzyme invertase (from yeast, in 50% glycerol, Megazyme, Ireland) was added
to the reactor. The cultivation was carried out at 35 ◦ C and the pH was controlled at 5.5 or below by
addition of 2 M H2 SO4 . Biomass was harvested at the end of cultivation and freeze-dried. Different
aeration rates were examined (0.57, 0.86, and 1.14 vvm) and the consumption of the substrate and the
biomass yield were measured. Antifoam 204 (Sigma-Aldrich) was used to avoid foaming. The volume
of antifoam needed was determined by aerating the medium before autoclaving at the same rate as
it would be used in the test. The medium was sterilized inside the reactor, in autoclave, at 121 ◦ C
for 20 min.

Composition
Glucose
Present as monosaccharide
As component of:
Sucrose
Rafﬁnose
Starch †
Fructose
Present as monosaccharide
As component of:
Sucrose
Rafﬁnose

All the characterization tests and Erlenmeyer cultivations were performed in triplicate. The airlift
cultivations were carried out in duplicate, and the presented results are the mean of the observed
values and the standard errors of the means.
The software MINITAB® (version 17.1.0, Minitab Inc., State College, PA, USA) was used to
statistically analyse the data collected from the experiments. Analyses of variance (ANOVA) were
performed using general linear models and considering a conﬁdence level of 95%.

Galactose
Present as monosaccharide
As component of:
Rafﬁnose
Arabinose
Total

3. Results

Nitrogen compounds:
Total Kjeldahl Nitrogen
Ammonia
Asparagine

In this study, potato protein liquor (PPL), a by-product of the potato starch industry, was used for
the cultivation of R. oryzae. PPL consists of a solution with the soluble residues of the potato starch
production after the steam treatment to remove proteins. Its treatment and disposal is a challenge
because of its high organic content. PPL was ﬁrstly characterized and then employed for preparation
of fungal biomass. The yield and morphology of biomass as well as consumption of PPL ingredients
during the course of fermentation were investigated.

PPL is described in the literature as a source of sugar and nitrogen for microorganisms [6,7,9,10].
The PPL used in this work was characterized by its concentration of sugars, nitrogen compounds,
total solids, ashes, and COD. The results are presented in Table 1. The pH was determined to
be 5.35. The Total Kjeldahl Nitrogen (TKN) was above 20 g/L. As the main amino acid, L-asparagine
concentration was 20.98 ± 1.26 g/L. The density of the PPL was determined to be 1.15 g/mL.
Determination of total carbohydrates in the PPL by the NREL methodology showed a high
carbohydrate content in this side stream. The total amount of glucose (including polysaccharides)
was determined to be 72.63 ± 6.93 g/L PPL. Some glucose-containing compounds were determined
by enzymatic kits (monomeric glucose, sucrose, rafﬁnose and starch) which represent 62% of the
total glucose measured in NREL methodology. Galactose amounted to 10.00 ± 2.43 g/L, and the
concentration of arabinose was 1.30 ± 0.82 g/L. Mannose was not detected. Complete hydrolysis of
sucrose, whose concentration was determined to be 47.43 ± 6.08 g/L, would yield 24.97 ± 3.20 g/L
of glucose and the same amount of fructose. Total carbohydrates amounted to more than 120 g/L
(considering total glucose, galactose and arabinose, and the determined forms of fructose).

Average (g/L)

Sugars:

2.5. Statistical Analysis

3.1. PPL Characterization
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Total Solids
Insolubles
Ashes
COD
pH

72.63 ± 6.93 *
17.49 ± 0.34
24.97 ± 3.20
1.66 ± 0.04
0.75 ± 0.06
*
16.17 ± 0.28
24.97 ± 3.20
1.66 ± 0.04

10.00 ± 2.43 *
0.08 ± 0.01
1.66 ± 0.04
1.30 ± 0.82 *
126.71 ± 8.05
20.25 ± 0.86
1.86 ± 0.12
20.98 ± 1.26

438.77 ± 3.98
9.09 ± 0.41
114.19 ± 12.82
300 ± 26
5.35

* Total monosaccharides determined using the NREL methodology. Fructose was not determined by this
methodology. † Insoluble in ethanol 95% (v/v).

3.2. Cultivation of Fungi on Different PPL Concentrations
As a ﬁrst step, R. oryzae was cultivated using PPL in Erlenmeyer ﬂasks in order to determine the
effect of its dilution on fungal growth. PPL was previously reported as containing all the nutrients
necessary for microbial growth [6,7,9,10]. Therefore, no nutritional supplementation was used in
any cultivation.
3.2.1. Biomass Yield
The yield of R. oryzae biomass was affected by the degree of PPL dilution in the medium with
water (Table 2). Up to dilution 1:4, the increase in the PPL concentration resulted in an increase in the
yield of biomass regarding the volume of PPL. A linear (R2 = 0.998) relation of the biomass yield and
the volume of PPL in the culture was obtained.
Biomass yield = 0.953 × C + 0.254

(1)

where C stands for PPL concentration in the mixture (volume of PPL/volume of medium, e.g., for the
1:39 ratio, C = 1/(39 + 1) = 0.025) and the biomass yield is given in grams of dry biomass per gram
of carbohydrates.
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Table 3. Concentration of sugars a and amino acid before and after cultivation.

Table 2. Biomass yield and morphology at different dilutions of PPL.
PPL:Water
Ratio

Biomass Yield
(g/L Undiluted PPL)

Biomass Yield
(g/g Sugar)

Morphology

Final pH

1:39
1:19
1:9
1:4
1:1.5

28.11 ± 3.54
29.75 ± 1.95
34.99 ± 1.06
44.51 ± 0.09
-

0.28 ± 0.04
0.30 ± 0.02
0.35 ± 0.01
0.45 ± 0.00
-

Filaments
Filaments and Pellets
Pellets
Clumps
No growth

7–8
7–8
7–8
5–6
4–5

Increasing the PPL concentration in the mixture changed the R. oryzae morphology from ﬁlaments
to pellets and later to clumps. The different morphologies are shown in Figure 1. When PPL was
diluted by 1:39 ratio, R. oryzae grew sparsely as ﬁlaments. At 1:19 dilution, more biomass was produced,
resulting in entangled hyphae with a few small pellets. At 1:9 dilution, only pellets were obtained;
and a dilution of 1:4 resulted in a large and single clump of the fungi. For each PPL–water solution,
the fungus presented the same morphology since the beginning of its growth.

Sucrose

Ammonia

Asparagine

0hb

48 h

0hb

48 h

0hb

48 h

0hb

48 h

1:39
1:19
1:9
1:4
1:1.5

0.44
0.87
1.75
3.50
6.99

0.03 ± 0.01
0.03 ± 0.02
0.09 ± 0.03
0.07 ± 0.02
6.14 ± 0.25

1.19
2.37
4.74
9.49
18.97

1.31 ± 0.07
2.50 ± 0.07
5.20 ± 0.22
9.95 ± 0.10
17.20 ± 0.36

0.05
0.09
0.19
0.37
0.75

0.18 ± 0.01
0.45 ± 0.02
0.81 ± 0.08
0.92 ± 0.34
0.92 ± 0.14

0.53
1.05
2.10
4.20
8.39

0.01 ± 0.02
0.05 ± 0.12
0.13 ± 0.10
2.32 ± 1.29
8.23 ± 0.65

a

3.2.2. Biomass Morphology

Glucose

PPL–Water
Ratio

Fructose was not found after autoclaving.
same standard deviation.

b

Initial concentrations were estimated from characterization with the

3.3. Sucrose and Asparagine Consumption
The results presented in Table 3 indicate some challenges in the consumption of sucrose by the
strain and the use of an amino acid as a carbon source. Asparagine, as well as glutamine, are the
main free amino acids present in potato [33]. Thus, an experiment was designed to investigate the
role of these two compounds in R. oryzae growth. Approximately 32% of the sucrose was hydrolysed
to glucose and fructose during autoclavation as a result of the low pH of the medium (5.5). Table 4
presents the concentration of the substances as well as the biomass collected and pH after 48 h of the
cultivation. Less than 5% of the non-hydrolysed sucrose and 11.8% of the asparagine were consumed
by the fungus after 48 h. The consumption of sugars decreased the pH to 2.8; while the asparagine
consumption increased the pH to 7.2. The biomass grew as pellets in both cases. The biomass yield
was 0.50 ± 0.07 g dry biomass/g of sugars consumed and 1.09 ± 0.04 g dry biomass/g of asparagine.
Table 4. Cultivation of R. oryzae in sucrose and asparagine media for 48 h. Consumption of substrates
and effect on pH.
Carbon Source

Figure 1. Biomass morphologies obtained when growing R. oryzae in Erlenmeyer ﬂasks using different
PPL–water ratios: (a) 1:39; (b) 1:19; (c) 1:9 and; (d) 1:4.

3.2.3. Metabolites Formation
Analysis of the metabolites in the medium after 48 h of cultivation of the fungus (Table 3) showed
an increase in the ammonia concentration. Glucose and asparagine concentrations decreased. At the
end of the cultivation, rafﬁnose, a trisaccharide composed of a glucose linked to a galactose and a
fructose, disappeared and sucrose concentration increased. The pH went up to the alkaline region
(between 7 and 8) in the diluted 1:39, 1:19, and 1:9 PPL:water media (Table 2). Lactic acid, ethanol and
glycerol were only formed at PPL–water ratio 1:1.5, reaching average concentrations of 2.21 ± 0.01,
0.31 ± 0.15, and 0.85 ± 0.06 g/L, respectively.

Time (h)
pH
Glucose (g/L)
Fructose (g/L)
Sucrose (g/L)
Asparagine (g/L)
Ammonia (g/L)
Biomass (g/L)

Sucrose
0
5.50
1.48 ± 0.15
1.51 ± 0.08
6.45 ± 0.20
-

48
2.81
0.01 ±0.00
0.01 ± 0.00
6.17 ± 0.19
1.65 ± 0.23

Asparagine
0
5.50
9.77 ± 1.15
2.08 ± 0.82
-

48
7.23
8.61 ± 0.73
2.73 ± 0.53
1.26 ± 0.04

3.4. Fungal Cultivation in Airlift Bioreactors
As cultivation of the fungus at a PPL:water ratio of 1:9 resulted in fungal growth with pellet
morphology as well as a high yield, this ratio was chosen for further investigation of the cultivations
to airlift bioreactors. The aeration rate was chosen to vary from 0.57 to 1.14 vvm (volume of gas per
culture medium per minute), i.e., 1 to 3 NL/min. Pellets were only obtained at the highest aeration
rate examined, while at other aeration rates the fungus grew as clumps. The biomass yield increased
from 41.63 ± 5.43 to 65.47 ± 2.91 g/L undiluted PPL when aeration increased from 0.57 to 1.14 vvm.
Although high aeration was required and the medium content of the protein was high, no problems
with foam were observed during the cultivation, provided that the antifoam had been added at
the beginning of cultivation. The maximum antifoam volume that was necessary was 0.002 mL
antifoam/mL medium.
The Kjeldahl nitrogen content of the biomass was also analysed, and the results are presented
in Table 5. The protein content can be estimated by multiplying the nitrogen content by 6.25 [30].
Protein content is an important factor when fungal biomass is intended to be destined for feed
applications. The maximum TKN was obtained at 0.86 vvm, representing 50% protein content (w/w).
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Table 5. Biomass yield, morphology, and nitrogen content of the fungal biomass cultivated on 1:9
water–diluted PPL in airlift bioreactors at different aeration rates.
Aeration (vvm)

Biomass Yield
(g/L Undiluted PPL)

Total Kjeldahl Nitrogen
(TKN) (g/kg Dry Biomass)

Morphology

0.57
0.86
1.14
Erlenmeyer

41.63 ± 5.43
50.07 ± 0.58
65.47 ± 2.91
34.99 ± 1.06

74.98 ± 5.08
79.78 ± 4.63
70.97 ± 13.58
61.96 ± 5.74

Clumps
Clumps
Pellets
Pellets

During the ﬁrst 24 h, the sugars were fully consumed. The sucrose was partially hydrolysed
during the autoclavation of the medium. The remainder of this disaccharide was fully hydrolysed
during the ﬁrst 12 h of cultivation by the enzyme invertase added at the beginning of the cultivation.
Asparagine was entirely consumed after 48 h, but the ammonium concentration, different from what
was observed in shake ﬂasks, did not increase (Figure 2A–C). The pH levels were monitored and the
proﬁle is presented for the lower aeration case (Figure 2D). The pH decreased from 5.4 in the beginning
to 5.2 during the ﬁrst day, together with the sugar consumption. When the sugar was ﬁnished, the pH
started to increase and, after 46 h, it reached 5.5 and sulfuric acid started being added to the medium.

Figure 2. Cultivation of R. oryzae in 1:9 water–diluted PPL in airlift bioreactors: concentration proﬁles
of glucose (); sucrose (); fructose (×); ammonia (); asparagine ( ); ethanol (-); lactic acid (ɳ);
and glycerol (+) at different aeration rates: (A,D) 0.57 vvm; (B,E) 0.86 vvm; (C,F) 1.14 vvm. pH proﬁle
shown for the ﬁrst case (D) in the dashed line.

Fermentation 2017, 3, 12

9 of 12

An increased aeration rate, as expected, reduced the ethanol production (Figure 2D–F). In all of the
cases, ethanol had a maximum concentration after 24 h. Lactic acid was also simultaneously produced.
After the sugar was depleted, both ethanol and lactic acid were assimilated by the fungus. Glycerol was
formed together with ethanol, reaching the highest concentration (1.13 ± 0.01 g/L) at 24 h in the lower
aeration case and decreasing over a longer time. The value of the concentration of some components
varied for each cultivation at time zero, e.g., lactic acid and glycerol. The difference may have been
caused by e.g., the variable concentration of these components in the used inoculum. Different observed
sucrose concentrations at time zero are the result of its hydrolysis during autoclavation as well as the
action of the invertase enzyme in the period between the sampling and the sugar analysis. The acetic
acid concentration, however, decreased from approximately 0.15 to 0 g/L during the ﬁrst day (data not
shown). This behaviour was expected because acetate is used in the process of aerobic respiration
(e.g., for the formation of acetyl-CoA enzyme).
In all of the airlift bioreactor experiments in this work, the ﬁnal COD of the medium was
found to be 14.8 ± 0.1 g/L, against an initial value of 30 g COD/L (300 g/L of PPL 10-fold diluted).
This represents more than a 50% reduction in COD, leading to a lower load for the wastewater plant
and resulting in cost reduction in addition to biomass production, which can be used for animal feed.
4. Discussion
The PPL characterization results presented in Table 1 are comparable with the literature; Schürgerl
and Rosen reported a total sugar content between 4.0% and 14% (w/w) and a raw protein content
between 16% and 24% (w/w) [10]. The total sugar concentration of 8.7% (w/w) was in agreement with
cited data, and Kjeldahl protein content (multiplying TKN by 6.25) of 11% (w/w) was found to be
below that reported in literature. Davies showed asparagine and glutamine as the main free amino
acids in potatoes [33], while Heisler identiﬁed both amino acids in the composition of potato starch
factory soluble waste [34]. However, in the PPL sample used in this study, L-glutamine was not found.
Using 1:4 water–diluted PPL for fungal cultivation resulted in 0.45 g of biomass/g of sugar
consumed. Ferreira et al. obtained a maximum fungal biomass yield of 0.34 g/g of sugar using
spent sulphite liquor [30]. This might suggest either a lower inhibition in PPL, which results in lower
consumption of the substrate for maintenance and can be further submitted to investigation, or the
presence of other substances in the medium that could be used by the fungus as a substrate such as
asparagine. Asparagine has long been considered to be a good source of carbon and nitrogen for
microorganisms [35]. Two enzymes were found to be involved in asparagine uptake by microorganisms:
asparaginase, which catalyses the hydrolysis of asparagine to aspartate and ammonium, and aspartase
ammonia-lyase, which catalyses the deamination of aspartate to fumarate and ammonium [36].
The results of the experiments using asparagine as a substrate conﬁrm the role of the asparagine
as a carbon source and its contribution to a higher biomass yield.
The ﬁnal pH in the alkaline region, together with the increased concentration of ammonia,
contributed to stop the growth of R. oryzae. The pH, however, did not increase in the cultivation with
1:4 PPL:water ratio due to the buffering capacity of the liquor. The rafﬁnose can be hydrolysed to
its monosaccharides by the enzymes α-galactosidase (acting in the glucose–galactose linkage) and
β-fructosidase (cleaving the glucose–fructose bond) [37]. The disappearance of rafﬁnose with an
increased sucrose concentration suggests the fungal ability to break the linkage between galactose and
glucose but not the glucose–fructose linkage. The result is in agreement with Bulut et al., who have
also described the poor metabolization of sucrose by R. oryzae strain [38].
In the cultivation using airlift bioreactors, the aeration rate showed an inﬂuence on fungal
morphology. The fungal morphology during the microbial growth altered from clumps, when the
tested aeration rates were 0.57 and 0.86 vvm, to pellets, when the aeration rate was 1.14 vvm.
Increasing the aeration rate in the airlift bioreactors enlarges the superﬁcial gas velocities, improving
the volumetric mass transfer coefﬁcient [30], the gas holdup, and the liquid circulation velocity
(shear force) [39]. The cultivation showed a signiﬁcantly better performance than that obtained in
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Erlenmeyer ﬂasks (Table 5) comparing the obtained biomass yields. For 0.86 and 1.14 vvm of aeration,
the biomass yield in relation to the PPL used was signiﬁcantly (p < 0.025) higher than that obtained in
shake ﬂasks. The best condition tested was cultivation in a 1:9 diluted PPL medium and 1.14 vvm at
35 ◦ C, given that these conditions resulted in pellet growth of the fungus. Sucrose was hydrolysed by
the invertase enzyme added at the beginning of the cultivation. The glucose and fructose left in the
medium after the cultivation represent 1.3% of the same sugars present at the beginning.
An interesting result from the airlift cultivation was that the ammonia concentration (in the form
of ammonium salts) did not increase as it did in the Erlenmeyer ﬂasks. One of the reasons for this
different behaviour may be that, compared to the Erlenmeyer cultivation, more nitrogen was necessary
to form more biomass with higher TKN concentration in the airlift reactor. Therefore, more ammonia
was consumed. In Section 3.3, it was determined that asparagine consumption results in a higher
biomass yield than the one from sugar consumption. Thus, it may be an interesting strategy to wait for
asparagine consumption in order to obtain more biomass.
Using S. cerevisiae, Lotz et al. reduced the COD of a PPL solution by 44% (1:9 PPL–water ratio),
from 32.2 to 18 g/L, using a continuously stirred-tank reactor [9]. R. oryzae was able to reduce it to less
than half of the initial values in the present study, proving its efﬁciency to reduce the organic load of
the side stream while producing valuable biomass.
5. Conclusions
Potato protein liquor was proven to be a suitable medium for the cultivation of R. oryzae in an
airlift bioreactor with pellet morphology producing high protein content (almost 50%) fungal biomass.
The fungus could not consume the PPL directly, and the dilution with water was necessary. In addition,
the aeration rate was found to play an important role in the fungal morphology. The best condition
tested was cultivation in 1:9 dilution of PPL and 1.14 vvm at 35 ◦ C. Sugars were completely assimilated
within the ﬁrst 24 h of growth, and as the cultivation continued, other substances were consumed.
COD reduction of the liquor proved the fungus efﬁciency in reducing the organic load.
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Abstract: Potato liquor, a byproduct of potato starch production, is steam-treated to produce protein
isolate. The heat treated potato liquor (HTPL), containing signiﬁcant amounts of organic compounds,
still needs to be further treated before it is discarded. Presently, the most common strategy for
HTPL management is concentrating it via evaporation before using it as a fertilizer. In this study,
this scenario was compared with two biotreatments: (1) fermentation using ﬁlamentous fungus
R. oryzae to produce a protein-rich biomass, and (2) anaerobic digestion of the HTPL to produce biogas.
Technical, economic and environmental analyses were performed via computational simulation to
determine potential beneﬁts of the proposed scenarios to a plant discarding 19.64 ton/h of HTPL.
Fungal cultivation was found to be the preferred scenario with respect to the economic aspects.
This scenario needed only 46% of the investment needed for the evaporation scenario. In terms of the
environmental impacts, fungal cultivation yielded the lowest impacts in the acidiﬁcation, terrestrial
eutrophication, freshwater eutrophication, marine eutrophication and freshwater ecotoxicity impact
categories. The lowest impact in the climate change category was obtained when using the HTPL for
anaerobic digestion.
Keywords: potato liquor; techno-economic analysis; life cycle assessment; ﬁlamentous fungus;
anaerobic digestion

1. Introduction
Potato is one of the most important food crops in the world, and it accounts for 13.3% of the starch
produced in the European Union (EU). The processing of potato to produce starch results in two major
byproducts: potato pulp (PP) and potato liquor (PL). PP contains the insoluble polysaccharides
cellulose, hemicellulose, pectin and residual starch. Proteins, minerals and trace elements in high
concentrations, are the major ingredients of PL [1]. Each metric ton of processed potato yields
approximately 200 kg of starch and generates ca 700 kg PL [2] containing 30–41% protein per total
solid (TS) [3]. The proteins present in the PL are of good quality, similar to those of whole eggs [3].
Different methods to recover these proteins have been reported. They include thermal coagulation,
acid precipitation, salting out, isoelectric precipitation, complexing with carboxymethylcellulose or
bentonite, ultraﬁltration, expanded bed adsorption and dry separation [3–6]. However, the only
method that is presently being used for industrial recovery of protein from PL is heat coagulation [3–7].
In this method, steam is injected into the liquor at a pH of 5.5 to increase the temperature to 99 ◦ C.
This coagulates the proteins, which are then precipitated and collected [8]. However, the proteins
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obtained by this method lose their functional properties and are mostly used as an additive to cattle feed.
Moreover, they have a salty, bitter taste, which prevents them from being used as food additives [3,7,9].
After the proteins have been removed from PL, the residual liquid—called HTPL—is further evaporated
at 140 ◦ C to produce potato protein liquor (PPL), containing 40% (w/w) TS [1].
The most common method to manage PPL is to use it as fertilizer. However, most potato
processing occurs during the winter. The reduced biological activity in the soil during this period
prevents the uptake of the liquor, which forces the potato starch facilities to store large volumes
of PPL for several months [9]. Additionally, the use of PPL as fertilizer causes contamination of
groundwater and emits a bad odor that can disturb citizens living in neighboring areas [10]. However,
as mentioned above, despite the high content of residual proteins in the PPL, they are of poor quality,
hence preventing them from being used as a supplement for cattle feed [1].
A few alternative management strategies for PPL have been presented in the literature.
The biodegradable nature of the byproduct has stimulated its use in bioprocesses to produce
yeast biomass [11], acetate and ethanol [12], enzymes [10] and fungal protein [13]. Additionally,
the ﬁlamentous zygomycete fungus Rhizopus oryzae has been used to reduce the chemical oxygen
demand (COD) of the PPL and produce a protein-rich biomass with a potential application as ﬁsh
feed [1].
One of the reasons for the growing interest in producing supplements for ﬁsh feed is that
aquaculture has been growing at about 8% per year since the late 1970s, which is higher than the
rate of human population growth. It has been suggested that the reason for this large growth is
the widespread knowledge of the importance of ﬁsh for a healthy lifestyle, mainly because ﬁsh
contains ω-3 polyunsaturated fatty acids. Fish feed is a major cost in intensive ﬁsh farming [14], and
zygomycete fungi can be used as a substitute for ﬁsh feed [15]. These are ﬁlamentous fungi that
contain large amounts of polyunsaturated fatty acids and protein, resulting in an increased content of
these components in the ﬁsh feed [16]. Ferreira et al. (2016) [17] reported that ascomycete biomass
(which has protein and fatty acid compositions comparable to zygomycete) is a good substitute for
soybean-based feeds in the diet of animals like poultry, cattle, chicken and ﬁsh.
Among the zygomycete strains that have been investigated for ﬁsh feed, R. oryzae is a promising
microorganism. R. oryzae has been used for many centuries in Asian cuisine to prepare fermented food,
such as tempeh. Therefore, it is Generally Regarded As Safe (GRAS), which is a very favorable property
when investigating its potential use as animal feed [18]. Due to these arguments, the possibility of
using HTPL to cultivate R. oryzae is studied in this work. Alternatively, HTPL can be used in anaerobic
digestion (AD) to produce biogas. AD is considered to be a sustainable form of treating industrial waste
while simultaneously producing energy in the form of biogas [2]. Production of biogas from waste
can have several beneﬁts, including reduction in the costs of waste treatment, contribution to global
energy needs using relatively cheap feedstock, and lower environmental impact than conventional
types of energy [19].
In the present study, techno-economic and life cycle assessments of the treatment and use of
HTPL are performed for three scenarios. The current strategy of PPL production is compared with two
alternative scenarios where the HTPL is used for (i) the cultivation of ﬁlamentous fungus R. oryzae
biomass or (ii) the production of biogas. The data used in the analyses are obtained from experiment,
the literature and industrial potato starch production plants.
2. Materials and Methods
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the dissolved proteins are coagulated by injecting steam with a temperature of 140 ◦ C. The HTPL (i.e.,
the remaining liquid after protein removal) was characterized by Fang et al. (2011) [2].
2.1.1. Concentration of HTPL by Evaporation (Evaporation Scenario)
HTPL is evaporated to produce steam that is used at the same facility. After protein coagulation,
approximately 84,848 metric tons of HTPL (per six month operational period) containing 3.3% (w/w)
TS is sent to a boiler to be concentrated to PPL containing 40% (w/w) TS. The PPL was characterized by
Souza Filho et al. (2017) [1]. Evaporation occurs at 122 ◦ C and 2 bar and at a ﬂow rate of 19.64 ton/h of
HTPL, producing 18.1 ton/h of steam and 1.5 ton/h of PPL. Part of the steam (15%) is used to preheat
the HTPL and the remaining part is used for other operations at the same facility. The process ﬂow
diagram (PFD) of this scenario is presented in Figure 1.
EVAPORATION SCENARIO

Heat Treated
Potato Liquor
19.64 ton/h

Pump

Steam

Heat
exchanger

To farmers
Storage tank

FUNGUS SCENARIO

Air + CO2

Wet air

HTPL
19.64 ton/h

Filter

Enzyme

Biomass

Defoamer
Pumps

Dryer

Airlift bioractor
Air

Air
Compressor

Air sterilizer

BIOGAS SCENARIO

Wastewater

Air blower

Biogas
Condenser

Compressor

HTPL
19.64 ton/h
Pump

Anaerobic
digestor

Storage
tank

Wastewater

Figure 1. Process ﬂow diagram of the three scenarios studied in this work.

2.1.2. Cultivation of Filamentous Fungus in HTPL (Fungus Scenario)
Experimental studies by Souza Filho et al. (2017) [1] indicate that R. oryzae grow best in the PPL
waste stream when it is diluted back to 1:9 (i.e., 1 volume of PPL to 9 volumes of water). Therefore,
the stream before concentration (i.e., the HTPL stream) is used in this modelling to cultivate R. oryzae
under aerobic conditions using an airlift bioreactor. This type of bioreactor uses air, which is sparged
in the medium, as the sole source of agitation. The aeration rate used in the reactor was calculated to
keep the same gas holdup used by Souza Filho et al. (2017) [1]. The terminal velocity of a spherical
bubble (vt ) in a bubble column is given by the Stokes’ law:

2.1. Process Description
This study is based on a typical plant producing potato starch that operates for a period of
six months per year. It processes 300,000 metric tons of potato, produces 62,000 metric tons of starch
and discards 210,000 m3 of PL per six month period. The pH of the liquor is adjusted to 5.3 before

Potato Protein
Liquor

Evaporator

vt =



g · d2 · ρ l − ρ g
,
18·μl

(1)

where g is the gravitational acceleration, d is the diameter of the bubble, ρl is the density of the medium,
ρg is the density of the bubble and μl is the dynamic viscosity of the medium. The time it takes for a
bubble to leave the liquid (Δt) is:
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(2)

where H is the height of the liquid column. During this time the volume of gas injected into the reactor
(Vair ) is:
Vair = Q air ·Δt,
(3)
where Qair is the air ﬂow rate. The gas holdup (ε), deﬁned as the volume of air divided by the volume
of liquid present in the reactor, is:
Vair
Q ·Δt
Q air ·H
= air
=
,
Vliquid
Vliquid
vt ·Vliquid

(4)

Assuming that the properties of the liquid and gas phases are the same in the experimental work
and in the simulation (i.e., vt is constant), and that the gas holdup is the same in experiment and in
the simulation, then the air ﬂow rate in the simulated reactor can be calculated from the experimental
data using:
Q ·H Vliquid2
,
(5)
Qair2 = air1 1 ·
Vliquid1
H2
The subscript 2 represents the properties in the simulated reactor and the subscript 1 the properties
in the reactor used in the previous work. The height:diameter ratio of the simulated reactor was kept
the same as the one used in the experimental work by Souza Filho et al. (2017) [1].
The proteins present in the HTPL induce the formation of foam [7]. Therefore, 0.2% (v/v of
HTPL) defoamer is used in the reactor. Moreover, invertase is added at a proportion of 32.6 U per g
of HTPL to assist the hydrolysis of the sucrose in the medium. After cultivation, the broth is sent to
ﬁlters to separate the fermented broth from the fungal biomass. The broth containing low COD is sent
to a wastewater treatment plant. The collected biomass is dried using hot air and used as ﬁsh feed.
The operational conditions used in this simulation are presented in Table 1.
Table 1. Technical values used for the Fungus Scenario 1 .
Type

Assumption

Reactor type
Dilution rate
Temperature
Biomass yield
Nitrogen content in biomass

Airlift
0.1 h−1
35 ◦ C
4.6 g/L HTPL
7.456% (w/w)

1

5 of 15

Table 2. Technical values used for simulation of the fungus scenario 1 .

H
Δt = ,
vt

ε=
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Data based on [1].

2.1.3. Anaerobic Digestion of HTPL for Biogas Production (Biogas Scenario)
Fang et al. (2011) [2] have investigated the production of biogas from HTPL using an expanded
granular sludge bed (EGSB) reactor. They found that the bioreactor can be operated continuously at a
hydraulic retention time of 8 days, removing 87% of the COD in the form of biogas. The speciﬁcations
that were used to simulate the biogas digester are presented in Table 2. The digestate resulting from
the biogas production was kept in a storage tank for 20 h to remove the residual methane dissolved
before being sent to a wastewater treatment plant. It was assumed that the biogas that is produced is
used directly, without upgrading, in a combined heat and power (CHP) plant in the vicinity of the
facility that produces the potato starch. The biogas is compressed to 5 bar before being sent to the
gas grid.

Type

Assumption

Reactor type
Hydraulic retention time (HRT)
Organic loading rate (OLR)
Temperature
Methane production rate
Methane concentration
VFA content in the bioreactor
Biogas pressure in the distribution pipeline

EGSB
8 days
3.2 g COD/Lreactor.day
37 ◦ C
1420 mL CH4 /Lreactor.day
58% (v/v)
1 mM
5 bar

1

Data based on [2].

2.2. Energy, Equipment, and Economic Analyses
The energy, equipment and economic aspects were studied using Aspen Plus® V9 (Aspentech,
Burlington, MA, USA) integrated with Aspen Energy Analyzer. The simulated data was exported to the
Aspen Process Economic Analyzer software, where economic assumptions were entered. All economic
assumptions used in this study are listed in Table 3. A modiﬁed version of the activity coefﬁcient
model NRTL (i.e., ELECNRTL) was used in all of the scenarios to include the effect of the electrolytes
present in the HTPL. All of the equipment was made of stainless steel or carbon steel. The simulations
included the purchase of one back-up pump identical to the original pump for all pumps. No further
sterilization of the HTPL was considered in the fungus scenario, since the HTPL passes a heat treatment
process in the starch plant. Contamination risks were not considered during the economic evaluation
of the Fungus Scenario.
Table 3. Economic evaluation inputs and operational cost.
Type

Assumption

Annual operating time
Depreciation method
Working capital 1
Tax rate 1
Interest rate 1
Lifetime of the plant 1
Salvage value 1
Operator labor
Supervisor labor
Electricity 1
Steam 1
Wastewater treatment 1
Fish meal 2
Digestible crude protein content in ﬁsh meal 3
Digestible crude protein content in fungal biomass 4
Price conversion rate fungal biomass/ﬁsh meal
Invertase 5
Defoamer 6
Biogas 7
Low heat value Biogas (58% CH4 )

4368 h (26 weeks)
Straight line
15%/period
33%/period
6%/period
20 years
20% of initial capital cost
20 €/h
35 €/h
0.0775 €/kW·h
0.01 €/kg
0.001 €/m3
0.929 €/kg
65.6% (DM)
44.1% (DM)
0.672
2.25 × 10−5 €/U
2.3 €/L
33 €/MW·h
5.47 kW·h/Nm3

1

Data based on [20]; 2 [21]; 3 [22]; 4 [16]; 5 [23]; 6 [24]; 7 [25]. DM: dry matter.

The price of fungal biomass was estimated using the price of ﬁsh meal adjusted by a factor based
on the digestible protein content of both materials (see Table 3). The biogas price was calculated
according to the market price of biogas in Sweden and the low heat value of the produced biogas.
The revenue from the steam produced in the evaporation scenario is calculated from the regular steam
price (see Table 3), even though it is used in the same plant. Economic calculations using the Aspen
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Process Economic Analyzer (Aspentech, Burlington, MA, USA) were performed based on the prices
from the ﬁrst quarter of 2015. Capital costs, operating costs, product sales and net present value (NPV)
were calculated considering a lifetime of the plant of 20 years.

Energy

1 ton HTPL

2.3. Life Cycle Assessment (LCA)
This study uses a Consequential Life Cycle Assessment (CLCA) approach. CLCA assesses the
environmental impact of products and yields information regarding the consequences as a result of
marginal changes [26]. Therefore, it includes activities that are directly or indirectly affected by a
marginal change in the level of output of a product [27]. Within the CLCA approach, system expansion
is used to handle coproducts. In this method, the boundaries of the system are expanded to include
the environmental impacts of alternative processes that produce the same products or functions as
the studied coproducts [28]. The main product in this study is the supply of a treatment service, i.e.,
the service of treating the HTPL for further use. The coproducts are considered to substitute products
that are already available on the market [29]. The products that are substituted are shown in Table 4.

Scenario

Coproduct

Replaced Product for Coproduct

PPL

Fertilizers 1

Fungus

Fungal biomass

Fishmeal 2

Biogas

Electricity
Heat

Marginal market for electricity in Sweden
Biomass in CHP plant 3

1 ton HTPL

Avoided fish meal production

Anaerobic digestion

aaEfluentaa

1 Marginal fertilizers: Calcium ammonium nitrate and potassium chloride [30]. Inventory data for fertilizer
production retrieved from consequential life cycle assessment (CLCA) EcoInvent database [31]; 2 Data from CLCA
EcoInvent database [31]; 3 Inventory data for ﬁshmeal production retrieved from Fréon et al. [32].

Avoided marginal energy production

2.3.1. System Boundaries, Functional Unit, and Environmental Impact Categories

Fungal Biomass
It was assumed that the fungal biomass is used to replace conventional ﬁsh meal in the
market [35]. Table 5 shows the values for energy and protein content of the biomass and the ﬁsh meal.
The substitution rate of the ﬁsh meal by the fungal biomass used the same factor previously mentioned
for the economic analysis and that is shown in Table 3.

1.5 kg N
5.3 kg K

Effluent
treatment

Fermentation

1 ton HTPL

2.3.2. Basic Assumptions and Data Sources

Storage and land
application

Energy, chemicals, heat

3

The system boundaries for the three scenarios are show in Figure 2. It is assumed that the
geographical boundaries for the systems are within Sweden. The functional unit is the treatment of
one ton of HTPL residue. It is assumed that the waste material enters the system burden free, i.e.,
without any environmental impact associated with it. The selected environmental impact categories
were global warming potential, acidiﬁcation, fresh water ecotoxicity, as well as terrestrial, marine and
freshwater eutrophication. The life cycle impact assessment (LCIA) methodologies recommended by
the International Reference Life Cycle Data System (ILCD) were used [33]. The selection of the impact
categories allows comparison of the systems for different environmental burdens and geographical
scales (global and regional), in order to be able to identify and avoid solutions that could decrease local
impacts but increase global burdens or vice versa [34]. The calculations were done using SimaPro v.8.3
(PRé Sustainability: Amersfoort, The Netherlands).

PPL

Avoided mineral fertilizer production
(Calcium ammonium nitrate and Potassium chloride)

Table 4. Coproducts obtained from the three scenarios studied here and the alternative products that
are replaced by the coproducts.

Evaporation

Evaporator

6.0 kg fungal biomass

Biogas firing in CHP
Plant

Effluent
treatment

123 MJ electricity
170 MJ heat

Figure 2. System boundaries and reference ﬂows for the evaporation, fungus and biogas scenarios.
The dotted lines show the avoided products in the system expansion.
Table 5. Biochemical composition of the fungal biomass and the substituted products.
Biochemical Parameter

Unit

Fish Meal 1

Fungal Biomass 2

Gross energy
Digestible energy
Crude protein

MJ/kg DM
MJ/kg DM
% DM

20.4
16.7 3
70.6

20.2
16.34
47.5

1

[22]; 2 [16]; 3 Salmonid digestible energy.

Treatment of Wastewater
The efﬂuent after the fungi cultivation (fungus scenario) or the AD (biogas scenario) requires
further treatment. The wastewater treatment was adapted from the process “Wastewater from
potato starch production” from EcoInvent Consequential database [31] based on the wastewater
composition from Souza Filho et al. (2017) [1] and Fang et al. (2011) [2] for the fungus and biogas
scenarios, respectively.
Nutrient Recovery
The PPL in the evaporation scenario is used as organic fertilizer for nitrogen and potassium.
It was assumed that this organic fertilizer substitutes—and hence avoids the production of—the
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mineral fertilizers calcium ammonium nitrate and potassium chloride [30]. The emissions to air and
water when using nitrogen for fertilizer on land used data from Tonini, Hamelin [30], which are
average values in the literature regarding emissions to air and water from organic residues used as
fertilizer [36–38].
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HTPL. The equipment, size and construction material used in the simulation, as well as the individual
prices, are presented in Table 6.
Table 6. Equipment costs for the different scenarios.
Scenario

Equipment

Capacity/Size 1

Material

Cost (thousand €)

Evaporation

HTPL pump
Heat exchanger
Evaporator
Storage tank

6.2 L/s
114 m2
650 m2
7000 m3

SS
SS
CS
CS

8.2
61.5
5450.5
107.8

6.2 L/s
467 m3 /h
467 m3 /h
4.4 mL/s
98 mL/s
200 m3
9.3 m2
9.3 m2
3095 m3 /h

SS
CS

Fungus

HTPL pump
Air compressor for fermenter
Sterile air ﬁlter
Pump for defoamer
Pump for enzyme
Airlift fermenter
Biomass ﬁlter
Biomass dryer
Air blower for dryer

CS
CS
SS
CS
CS
CS

8.2
153.0
2.0
4.1
4.1
1478.5
109.0
47.5
10.9

Biogas

HTPL pump
EGSB digester
Storage tank
Water condenser
Biogas compressor

6.2 L/s
4800 m3
480 m3
1.6 m2
260 m3 /h

SS
CS
CS
SS
SS

8.2
3952.2
29.7
10.3
879.9

Transportation of Coproducts
The PPL produced in the evaporation scenario is collected by farmers and transported an average
of 100 km. The fungal biomass produced in the fungus scenario was considered to be transported
300 km to be used as feed in aquaculture production in western Sweden, where 10% of the national
ﬁsh production occurs [39].
3. Results and Discussion
Production of potato starch generates a protein-rich side stream which is exploited by the industry
to produce protein isolate. The residual wastewater is given (without charge) to the farmers to be used
as fertilizer. This scenario was compared to other scenarios in which the wastewater is used to produce
fungal biomass for use as ﬁsh feed or to produce biogas.
3.1. Technical Analysis
In the evaporation scenario, 19,641 kg/h of HTPL are pumped to a boiler operating at 2 bar to
concentrate the HTPL to PPL, which contains approximately 40% (w/w) solids. The boiler produces
18,126 kg/h of steam which is used to preheat the HTPL before it enters the boiler. Approximately
267 MW·h/day of energy are consumed in this process.
The fungus scenario, involving the production of R. oryzae biomass to be used as ﬁsh feed, was
evaluated for the same ﬂow rate used for the evaporation scenario (19,641 kg/h of HTPL during
six months a year). The cultivation of R. oryzae yielded a biomass production of 2475 kg/day
(445 metric tons for an operational period of six months) containing 46.6% crude protein. The energy
consumption in this process is 24.5 MW·h/day, which is primarily due to the aeration of the bioreactor
(95% of the energy consumed in the scenario is for aeration). A daily volume of 473.8 m3 of wastewater
is discarded by the plant. An airlift bioreactor was chosen because of the improved agitation achieved
in this design without the use of internal parts (e.g., impellers and bafﬂes) in which the fungus can
grow around interfering in the mass transfer [40].
In the biogas scenario, 279.1 Nm3 /h of biogas containing 58.8% (v/v) of methane is produced.
At this concentration, the biogas contains a low heat value of 5.47 kW·h/Nm3 . The biogas production
is equivalent to 36.6 MW·h/day, while the energy consumption is 11.9 MW·h/day, i.e., less than half
of the energy needed for the fungus scenario. This is because the anaerobic digester uses mechanical
agitation to create homogeneous conditions inside the reactor, as opposed to the airlift bioreactor
used in the fungus scenario, which uses aeration as the source of agitation. This decreases the energy
demand in the biogas scenario. 474.0 m3 of wastewater is generated each day. Compared to the
evaporation scenario, which is presently the most common alternative in potato starch plants, both
bioprocess scenarios reduce the energy consumption.
3.2. Economic Analysis
Treatment of HTPL to PPL in the evaporation scenario requires an operating cost of €1.7 million
per operating period (6 months). No income when using the PPL as fertilizer was accounted for in
this scenario, since PPL is given without charge to the farmers for use as fertilizer. The excess steam
produced and not used to preheat the HTPL represents an income of €671,414. The capital cost for this
scenario is approximately €16.5 million. The evaporation of HTPL, containing as little as 3.3% (w/w)
of TS, which is required to obtain the highly-concentrated PPL, demands the highest amount of heat
when compared to the other scenarios. A standard vertical vessel was used to estimate the cost of the
boiler for direct steam injection. Also, a shell and tube heat exchanger was designed to preheat the
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1

2

Heat exchangers and ﬁlters deﬁned by the surface area. Pumps and compressors deﬁned by the ﬂow rate.
material cannot be adjusted in Aspen Process Economic Analyzer.

2

Filter

Production of fungal biomass (fungus scenario) demands much less energy. Only 9.2% of the
energy presently used in the evaporation scenario would be required to produce the fungal biomass
from HTPL. Cultivating the fungus on the potato starch wastewater has a capital cost of about
€7.5 million. The cost of the airlift bioreactor was considered to be the same as the cost of a jacketed
vertical tank. A rotary drum ﬁlter was used to collect the biomass after fermentation. Drying the
biomass was achieved using a direct contact rotary dryer. The compressor used to provide air to the
bioreactor was designed to provide an aeration of 0.04 vvm, and was calculated using Equation (4).
The costs of the equipment are presented in Table 6. The operational cost of the plant was estimated to
be €1.84 million per operating period, and the fungal biomass obtained during this period was sold as
ﬁsh feed supplement for €282,150.
The biogas scenario has the lowest energy consumption (11.9 MW·h/day). The capital investment
for this scenario is about €14.2 million. Operational costs are €1.4 million/period (including sending
wastewater to a municipal treatment plant), and €216,785/period would be obtained from selling the
biogas. Compared to the fungus scenario, the biogas scenario demands 89% more capital investment
and the operational cost is 24% lower. The capital cost, operating cost and product sales for the
proposed scenarios are presented in Figure 3. The digestate from the AD still contains nutrients which
can be recovered in the form of fertilizer. However, the low concentration of such components in the
digestate would require processes that have high energy demands, e.g., evaporation or centrifugation,
or the transportation of large volumes of liquid. This would increase the costs associated with biogas
scenario. Therefore, the wastewater produced in fungus and biogas scenarios is sent to the municipal
wastewater treatment plant.
The NPV diagram after 10, 15 and 20 years is presented in Figure 4. No scenario returns the
investment made. Fungal cultivation (fungus scenario) results in a NPV that is less negative than
AD (biogas scenario). After 15 years, the NPV of the biogas scenario becomes similar to the NPV
of the evaporation scenario and, at the end of the lifetime of the plant, evaporation and fungus
scenarios have comparable NPV. This is caused by the large capital cost and low operational cost of
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the evaporation scenario, opposed to the low capital cost and large operational cost of the fungus
scenario. The contrasting characteristics of the scenarios lead to a shift in the NPV during the last
ﬁve years of the plant’s lifetime. Rajendran et al. [20] estimated that the capital cost for a municipal
solid waste (MSW) AD plant is about 40 million USD with operating costs of about 3 million USD
per year. The plant was designed to treat 55,000 m3 of MSW and to produce compressed biogas (CBG)
for the transport sector. The MSW, which has a high TS content, yields 64 Nm3 of raw biogas per m3
of MSW versus 14.2 Nm3 of raw biogas per m3 of HTPL. This creates a situation where a plant can
make a proﬁt from waste treatment. In the case of the HTPL, the dilute nature of the waste stream
requires larger equipment and higher energy consumption, and returns lower quantities of biogas,
hence making it difﬁcult to operate the treatment processes with a positive economic balance.
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Figure 3. Results from the economic evaluation for the different scenarios considered in this study.
The period is one year with six operational months.
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Figure 5. Environmental impacts of the three scenarios studied in this work.
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Figure 4. Net present value for the different scenarios after 10, 15 and 20 years.

3.3. Life Cycle Assessment
Figure 5 shows the environmental impacts of the three scenarios for HTPL treatment and use.
The results show that the evaporation scenario has the largest impact in all of the impact categories
except freshwater ecotoxicity. This is primarily due to the impacts related to the large amount of heat
required for the evaporation of HTPL to PPL, which is part of the process emissions seen in the ﬁgure.
Due to this heat requirement, the evaporation scenario has a large environmental impact despite the
abatement from the avoided production of mineral fertilizer (seen as nutrients recovery in Figure 5).

The fungus scenario has lower impacts than the evaporation scenario in all of the impact categories.
It also has a lower impact than the biogas scenario in all of the impact categories except climate change.
The lower impact of the biogas scenario on climate change is mainly due to the avoided marginal
energy production, which is a result from the biogas ﬁring in a CHP plant. It can also be noted
that biogas scenario has lower impacts than the evaporation scenario in all impact categories except
freshwater ecotoxicity.
The trends seen in the acidiﬁcation, terrestrial eutrophication, marine eutrophication and
freshwater eutrophication impact categories are the same, with the fungus scenario having the lowest
impact and the evaporation scenario the highest. The impact of fungus scenario on freshwater
eutrophication is 77% and 55% lower compared to the evaporation and biogas scenarios, respectively
(Figure 5). The results show that for the freshwater ecotoxicity category, the fungus scenario has the
best performance with impacts that are 48% and 51% lower compared to the evaporation and biogas
scenarios, respectively (Figure 5).
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3.4. Comparison of the Different Scenarios
The fungus scenario has the lowest impact in ﬁve out of the six environmental impact categories
that were analyzed. This may indicate that it is the preferred option. However, it must be emphasized
that this scenario has a larger impact than the biogas scenario in the climate change category. Since this
impact category is considered by the United Nations “the single biggest threat to development” [41],
this result may have a central role when selecting the preferred scenario.
The fungus scenario is also the preferred scenario according to the economic analysis, since it has
the lowest capital cost and the best NPV during the ﬁrst ﬁfteen years of operation. In contrast, at the
end of the plant’s lifetime, the evaporation scenario becomes economically more viable. However,
the difference between the two scenarios is only 1% of the evaporation scenario’s NPV.
The evaporation scenario has the largest impact in ﬁve out of the six environmental impact
categories, in addition to having the largest capital investment of all scenarios.
Since none of the scenarios was best in all of the analyzed parameters, it is not possible to draw a
simple conclusion regarding the preferred scenario. A decision would ultimately be made according
to the political, environmental or economic agenda of the decision-makers and identifying the crucial
factors can be difﬁcult [42]. The most important contribution of this study is to highlight the trade-offs
inherently involved in the decision process.
4. Conclusions
Technical, economic and environmental analyses were performed to determine potential beneﬁts
of two proposed scenarios to a plant discarding 19.64 ton/h of HTPL. The two proposed scenarios are
to use the HTPL (i) to cultivate ﬁlamentous fungus R. oryzae to produce a protein-rich biomass (fungus
scenario) and (ii) to produce biogas via AD (biogas scenario). These two scenarios are compared to the
most commonly used treatment method, which is concentrating the HTPL before using it as a fertilizer.
Both proposed scenarios reduce the capital cost and the energy consumption of the wastewater
treatment. Moreover, the current study highlights the environmental beneﬁts of cultivating fungi in
the HTPL (fungus scenario), since it has the lowest impact in acidiﬁcation, freshwater ecotoxicity as
well as the terrestrial, freshwater, and marine eutrophication categories. In contrast, the greenhouse
gas emissions were higher from fungus scenario compared to biogas scenario, where the residue was
anaerobically digested. The results show that the substituted products in the system expansion, such as
mineral fertilizers, electricity and heat, substantially reduce the environmental footprints of fungus
and biogas Scenarios. This study presents the techno-economic and environmental trade-offs that are
necessary to take into account when selecting one of the scenarios in preference to the others.
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Abstract
The process to obtain starch from wheat requires high amounts of water, consequently generating large amounts of wastewater
with very high environmental loading. This wastewater is traditionally sent to treatment facilities. This paper introduces an
alternative method, where the wastewater of a wheat-starch plant is treated by edible ﬁlamentous fungi (Aspergillus oryzae
and Rhizopus oryzae) to obtain a protein-rich biomass to be used as e.g. animal feed. The wastewater was taken from the
clariﬁed liquid of the ﬁrst and second decanter (ED1 and ED2, respectively) and from the solid-rich stream (SS), whose
carbohydrate and nitrogen concentrations ranged between 15 and 90 and 1.25–1.40 g/L, respectively. A. oryzae showed better
performance than R. oryzae, removing more than 80% of COD after 3 days for ED1 and ED2 streams. Additionally, 12 g/L
of dry biomass with protein content close to 35% (w/w) was collected, demonstrating the potential of ﬁlamentous fungi to
be used in wastewater valorization. High content of fermentable solids in the SS sample led to high production of ethanol
(10.91 g/L), which can be recovered and contribute to the economics of the process.
Keywords Filamentous fungi · Wastewater treatment · Bioethanol · Fungal biomass

Introduction
Wheat is one of the most important crops in human diet.
Globally, wheat supplies more protein than poultry, pig, and
bovine meat together [1]. The European Union (EU) is the
most important producer of wheat in the world, accounting
for over 20% of the global production [2]. According to the
European starch manufacture, wheat is the most processed
crop, accounting for 35.9% of the total 23.6 million tons
of crops processed annually. In 2015, wheat yielded 39.6%
of the 10.7 million tons of starch produced [3]. Starch is
a naturally occurring polymer with numerous industrial
applications, including food, paper, cosmetic, pharmaceutical, textile, and detergent industries [4, 5]. Several methods
of starch production from wheat were reviewed by Van Der
Borght et al. [6]. These methods can demand up to 1.8 parts
of water per part of wheat ﬂour [6]. This wastewater has
to be treated at the end of the process, which represents an
environmental challenge due to the large chemical oxygen
Pedro F. Souza Filho
pedro.ferreira_de_souza_ﬁlho@hb.se
1

Swedish Centre for Resource Recovery, University of Borås,
501 90 Borås, Sweden

demand (COD) of the wastewater, generally ranging between
6 and 10 g/L [7–10].
In the EU, legislation governing emissions from industrial installations follows the “polluter pays” principle. These
norms use market-based instruments so the industry takes
responsibility on the external damage caused by industrial
activities. Such instruments include taxes and emission trading schemes. The environmental policy requires industrial
plants to be equipped with the Best Available Techniques
(BAT) to reach speciﬁc emissions limit values. To do so,
industries may have to implement new measures [11]. Currently, as a method to reduce the COD emissions, the suspended solids present in the wastewater are collected and
sold as feed additive. Usually, the solid recovery is achieved
by decantation, but this operation results in low eﬃciency
and requires long settling times. Furthermore, the use of
ﬂocculants is not recommended since it may have adverse
eﬀects on animals [9].
In general, starch wastewater contains a significant
amount of carbohydrates, protein, and nutrients. Instead
of being sent to a wastewater treatment plant for microbial
removal, these nutrients can be recovered either through
puriﬁcation processes or through the cultivation of microorganisms for the production of useful biomaterials [10].
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Filamentous fungi, for instance, grown in industrial waste
materials presented as an interesting alternative to the use
of reﬁned sugars [12]. Antibiotics, enzymes, organic acids,
and ethanol are among the assortment of chemicals which
can be produced by ﬁlamentous fungi. Moreover, the fungal
biomass with high content of proteins and lipids is also a
valuable product. It is easily harvested and can be used .g.
animal feed [12, 13].
Among the variety of ﬁlamentous fungi, ascomycetes
have been described in the literature as a group of versatile
microorganisms which can grow using diﬀerent substrates,
including wheat straw and wheat bran. Aspergillus oryzae
is an example of ascomycetes, and one of the most studied
fungal species for industrial applications [12]. The ability to
grow on low or negative cost substrates, such as agro-wastes
and residues has also drawn attention to the zygomycetes
[14]. Rhizopus oryzae, a zygomycete fungus, can potentially replace ﬁsh feed, as reported in the literature [15]. Jin
et al. [16] investigated diﬀerent ﬁlamentous fungi, including Fusarium spp., Trichoderma spp., Aspergillus spp., and
Rhizopus spp., to produce biomass and clean water from
the eﬄuent of a wheat- and corn-starch plant, obtaining a
removal of up to 92% of the initial COD.
The goal of the present paper is to use the wastewater
(including the suspended solids) of a wheat-starch plant as
a substrate for ﬁlamentous fungi and collect the protein-rich
biomass. This eﬄuent has not been investigated before for
the cultivation of A. oryzae and R. oryzae. Initially, three
streams from the wheat-starch wastewater treatment plant
(Fig. 1) were characterized in terms of composition of carbohydrates and nitrogen; the side streams were then tested as
media for the growth of the two microorganisms. Addition
of enzymes (cellulase and amylase) to help the digestion of
complex carbohydrates was also investigated. The protein
content of the collected biomass and the COD of the residual
liquid were determined and presented.

Fig. 1 Block ﬂow diagram
(BFD) representing the preliminary wastewater treatment plant
and the streams in the wheatstarch facility
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Rhizopus oryzae CCUG 28958 (Culture Collection of the
University of Gothenburg, Sweden) and Aspergillus oryzae
var. oryzae CBS 819.72 (Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands) were grown on a solid PDA
(Potato Dextrose Agar) medium in 25-mL glass bottles for
5 days at 30 °C without agitation. After the mycelial growth
and sporulation, the slants were maintained at 5 °C (up to
30 days) until use. Inoculation was started by pouring 12 mL
of sterile water on each slant. The slants were then closed,
and manually agitated to release the spores. The obtained
spore suspension was used to inoculate the liquid medium
to reach a concentration between 2 × 105 and 5 × 105 spores/
mL in the ﬁnal medium.

Acetic acid, lactic acid, glycerol, ethanol, glucose, and
other sugars were analyzed using a high-performance liquid chromatography (HPLC) by a hydrogen-ion based ionexchange column (Aminex HPX-87H, Bio-Rad, Hercules,
CA, USA) at 60 °C, using 0.6 mL/min of 0.5 mM H2SO4
solution as the eluent. The NREL analytical procedure [17]
was used to determine carbohydrates and lignin in the suspended solids of the waste streams. The liquid containing the
soluble solids was analyzed in terms of carbohydrates and
their degradation products, using another NREL procedure
[18]. A HPLC lead (II)-based column (Aminex HPX-87P,
Bio-Rad) operating at 85 °C and 0.6 mL/min of ultrapure
water as the eluent was used to detect the sugars which were
released in the NREL procedures. A refractive index detector (Waters 2414, USA) was used to identify and quantify
the components.
The sucrose/D-fructose/D-glucose assay kit, the total
starch assay kit, and the raﬃnose/D-galactose assay kit from
Megazyme (Ireland) were used to obtain a soluble carbohydrate proﬁle of the wastewater. The InKjel P digestor and
the Behrotest S1 distiller (Behr Labor-Technik, Germany)
were used to determine the total Kjeldahl nitrogen (TKN)
content for solid and liquid samples. Protein content in the
fungal biomass was estimated by multiplying the nitrogen
content found in the sample by a nitrogen-to-protein factor (6.25) [19]. AQUANAL™—professional tube test COD
(1000–15,000 mg/L) (Sigma-Aldrich, USA) was used to
determine the chemical oxygen demand in liquid samples.
All experiments were conducted in duplicates.

Analytical Methods

Fungal Cultivation

Total solids content of the wastewater samples was determined by drying 10 mL of the homogenized samples at
105 °C until constant weight. To determine the ash content,
the solids were placed in a muﬄe furnace (Gallenkamp, UK)
at 575 °C for 5 h. Thereafter, the fraction of suspended solids
was determined by centrifuging at 3000×g for 10 min and
drying the obtained solid at 105 °C until constant weight.
The diﬀerence between suspended and total solids yields the
amount of soluble solids.

Aspergillus oryzae and R. oryzae were cultivated in 250 mL
baﬄed Erlenmeyer ﬂasks, covered with a cotton plug, containing 50 mL of culture medium (the wastewater without
dilution or nutritional supplementation). Sterilization of the
media was carried out at 121 °C for 20 min before inoculation with 5 mL of the spore suspension at room temperature.
The cultivation was carried out in a water bath shaker at
35 °C and 120 rpm. The original pH of the ED1 and ED2
samples was used and not adjusted during the cultivation.
The SS sample was tested at the original pH and pH adjusted
to 5.5 prior to cultivation. At the end of each cultivation,
the produced fungal biomass was ﬁrstly collected using a
kitchen sieve and then freeze dried, and weighed.
COD removal eﬃciency was also determined, according
to Eq. 1.

Materials and Methods
Industrial Wastewater
Wastewater from wheat-starch production was kindly provided by Interstarch GmbH (Elsteraue, Germany). All the
wastewater from the starch plant is sent to two decanters
in series, before sending the clariﬁed liquid to the municipal wastewater plant. A block ﬂow diagram is presented in
Fig. 1. Three samples were used in this study: ED1, collected after the ﬁrst decanter; ED2, collected after the second decanter; and SS, the mixture of the solid-rich streams
of both decanters.

Microorganisms

𝜂𝜂COD =

[COD]o − [COD]f
[COD]o

× 100%

(1)

where ηCOD is the percentage COD removal efficiency,
[COD]0 is the initial COD concentration of the medium,
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and [COD]f is the COD concentration at the end of the
cultivation.
Samples were taken during cultivation to monitor the
consumption of sugars and production of metabolites. New
tests were carried out to study the inﬂuence of the addition
of enzymes on fungal cultivation. Because of the high content of starch and ﬁbers in the streams, 0.1 mL of cellulase
Cellic® CTec2 (94 FPU/mL, Novozymes, Denmark) and
0.1 mL of amyloglucosidase from Aspergillus niger (300 U/
mL, Sigma, USA) were added to the Erlenmeyer ﬂasks at the
start of the cultivation. All the other parameters were kept as
previously mentioned. All the cultivation experiments were
conducted in triplicates.

Statistical Analysis
The data collected from the experiments were statistically
analyzed using the software MINITAB® version 17.1.0.
Analyses of variance (ANOVA) were performed using general linear models at 95% of conﬁdence level. The graphs
present the mean value of the measurements with an error
bar representing the range of standard deviations.

Results and Discussion
Starch plants produce large amounts of wastewater. Treatment and disposal of this wastewater represents an extra
cost for the industry. Recently, more strict regulations have
led the sector to search for alternative methods to reduce
the impacts on the environment as well as the costs (or
even bring new incomes) to the business. In this work, the
wastewater of a wheat-starch plant was investigated as the
substrate for the cultivation of A. oryzae and R. oryzae.
The microorganisms eﬀectively used the nutrients of the
agro-industrial residue, reducing the impact of the industrial emission while producing value-added bio products. In
this section, the results of the characterization of the waste
water, fungal growth on wastewater, and COD removal are
presented and discussed.

Starch Plant’s Wastewater
Three samples of wastewater from a wheat-starch plant
were used in this study: ED1 (clariﬁed liquid from the ﬁrst
decanter), ED2 (clariﬁed liquid from the second decanter),
and SS (the mixture of the solid-rich streams of both
decanters). The composition on solids, ash, carbohydrates,
lignin, and nitrogen were determined for the three samples
(Table 1). ED 1, ED 2, and SS had a total of carbohydrates
of 17.29 ± 0.20, 20.30 ± 0.40, and 93.30 ± 4.72 g/L respectively. Monomeric sugars, however, represented only a
small fraction of this total (18% in ED1, 15% in ED2,
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SS

5.28
1.25 ± 0.06a

5.29
1.34 ± 0.32a

3.85
1.40 ± 0.04a

28.52 ± 0.08a
1.93 ± 0.02a
3.70 ± 0.11a
446 ± 9a
53 ± 4a
103 ± 49a
ND
ND
ND
102 ± 7a
24.82 ± 0.14a
1.68 ± 0.02a
1.43 ± 0.02a
0.50 ± 0.03a
0.24 ± 0.08a
7.22 ± 0.07a
2.32 ± 0.02a
0.08 ± 0.03a
1.75 ± 0.07a
0.04 ± 0.01a
1.29 ± 0.02a
1.06 ± 0.07a
0.23 ± 0.02a
0.29 ± 0.01a
27.3 ± 1.2a

32.19 ± 0.43b
1.90 ± 0.11ab
6.78 ± 0.02b
600 ± 73ab
361 ± 2b
31 ± 0a
ND
ND
ND
76 ± 18ab
25.41 ± 0.43a
1.62 ± 0.08a
1.44 ± 0.01a
0.53 ± 0.01a
0.04 ± 0.03a
8.07 ± 0.17b
2.41 ± 0.03a
0.08 ± 0.01a
1.81 ± 0.04a
0.02 ± 0.00a
1.29 ± 0.01a
1.04 ± 0.05a
0.24 ± 0.01a
0.68 ± 0.03b
36.7 ± 4.7a

96.68 ± 0.70c
1.80 ± 0.03b
71.79 ± 0.14c
857 ± 90b
771 ± 6c
65 ± 19a
3 ± 0a
51 ± 8a
ND
49 ± 16b
24.88 ± 0.71a
3.65 ± 0.29b
1.41 ± 0.30a
0.56 ± 0.01a
ND
10.44 ± 0.35c
3.91 ± 0.04b
0.07 ± 0.01a
3.19 ± 0.04b
ND
3.23 ± 0.14b
1.48 ± 0.13b
0.59 ± 0.00b
2.04 ± 0.15c
58.7 ± 2.1b

Values in any line which are not followed by the same letter are signiﬁcantly diﬀerent (p < 0.05)
ND not detected
1

Part of the measured glucans

and 5% in SS). In the ED1 and ED2 samples, most of the
carbohydrates were present in the soluble form. The concentration of soluble carbohydrates was in the same range
for the three samples. On the other hand, in the SS sample,
most of the carbohydrates were present in the insoluble
form and approximately 60% of the carbohydrates in the
SS were suspended starch. The results also revealed that
the content of hexoses was higher than the pentoses, with
only a small proportion of xylose and arabinose among
the carbohydrates.
Nasr et al. [10] reported the wastewater of a maize starch
plant containing 3.88 g/L of carbohydrates, with less than
30% soluble, which represents a much more diluted eﬄuent compared to the ones tested in this study. Jin et al. [20]
worked with starch processing wastewater with insoluble
carbohydrate content of 2.36–3.55 g/L. These values are in
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Cultivation of Filamentous Fungi
on the Wastewaters
Aspergillus oryzae and R. oryzae were cultivated in the three
eﬄuents of a wheat-starch plant. ED1 and ED2 were used
with no pH adjustment. Cultivation of the fungi in SS was
performed both with and without pH adjustment (5.5 and
3.85, respectively). Samples were taken at 0, 3, 6, 12, and
24 h, and analyzed. When growing A. oryzae in ED1, the
lag phase of substrate consumption lasted only 3 h whereas,
for R. oryzae, the same lag phase took 6 h. This might represent a better capacity of the Aspergillus strain to adapt to
the medium than the Rhizopus. Addition of cellulase and
amyloglucosidase in the side stream increased the lag phase
for both microorganisms, taking 6 and 12 h for A. oryzae and
R. oryzae, respectively. The longer lag phase observed when
the enzymes were added may have been a consequence of
the presence of preservatives in the enzyme cocktails. When
supplemented with enzymes, the initial glucose concentration increased to 10.37 ± 0.47 g/L. From the characterization
of this side stream, the maximum concentration of glucose
which could be obtained from the complete hydrolysis of the
glucans was 11.47 g/L. In all the cases, the glucose was consumed until its near depletion within 24 h. The other sugars
started being consumed after glucose. Moreover, R. oryzae
cultivation yielded the highest ethanol and lactic acid concentration using ED1 (2.19 ± 0.23 g/L and 5.85 ± 0.82 g/L,
respectively). The proﬁle of metabolites during the cultivation of the ED1 sample is shown in Fig. 2.
The results of the cultivation in ED2 stream were similar to those obtained in ED1 for both microorganisms. The

Concentration (g/L)

ED2

Fig. 2 Concentration proﬁles
of glucose (cross), other sugars
(ﬁlled square), ethanol (ﬁlled
circle), and lactic acid (ﬁlled
triangle) in ED1 medium using:
a A. oryzae; b R. oryzae; c A.
oryzae and enzyme supplementation; and d R. oryzae with
enzyme supplementation
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SS was examined in two conditions: at its original pH
(3.85) and at pH 5.5. SS contained the highest amount of
insoluble material among the three samples used in this
work. Most of the insoluble fraction was composed of starch
(771 mg/g). A. oryzae is a well-known α-amylase enzyme
producer [22]. The high amount of starch in the SS may
have stimulated the production of this enzyme by the fungus. At pH 3.85, the rate of the hydrolysis of starch became
higher than the uptake of glucose by the microorganism after
12 h (Fig. 4a), which led to an increase in concentration
of this sugar. The low pH might have contributed to this
phenomenon by decreasing the metabolic activity of the
microorganism.
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same trends for glucose consumption and ethanol production were observed (Fig. 3). Glucan content was signiﬁcantly higher in ED2 compared to ED1. When enzymes
were added in the ED2 medium, the glucose concentration reached values above 14 g/L. Ethanol and lactic acid
maximum concentrations were obtained by cultivating R.
oryzae with enzyme supplementation. In the ED2 medium,
the ﬁnal lactic acid concentration (8.56 ± 0.53 g/L) was signiﬁcantly (95% conﬁdence interval) higher than in the ED1
medium (5.85 ± 0.82 g/L). Considering the same conﬁdence
interval, the ﬁnal ethanol concentration in the ED2 medium
(3.17 ± 0.91 g/L, see Table 2) was not diﬀerent from the one
obtained in ED1 stream (2.19 ± 0.23 g/L).
Fig. 3 Concentration proﬁles
of glucose (cross), other sugars
(ﬁlled square), ethanol (ﬁlled
circle), and lactic acid (ﬁlled
triangle) in ED2 medium using:
a A. oryzae; b R. oryzae; c A.
oryzae with enzyme supplementation; and d R. oryzae with
enzyme supplementation
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24
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Concentration (g/L)

pH
Total Kjeldahl nitrogen
(g/L)
Total solids (g/L)
Ashes (g/L)
Suspended solids (g/L)
Glucan (mg/g)
Starch (mg/g)1
Xylan (mg/g)
Galactan (mg/g)
Arabinan (mg/g)
Mannan (mg/g)
Lignin (mg/g)
Soluble solids (g/L)
Glucose (g/L)
Fructose (g/L)
Galactose (g/L)
Raﬃnose (g/L)
Glucan (g/L)
Xylan (g/L)
Galactan (g/L)
Arabinan (g/L)
Mannan (g/L)
Lactic acid (g/L)
Acetic acid (g/L)
Glycerol (g/L)
Ethanol (g/L)
COD (g/L)

ED1

the same range as the content of the samples ED1 and ED2
(2.03 and 4.28 g/l, respectively).
Within 95% of conﬁdence level, the Total Kjeldahl nitrogen (TKN) concentrations of the three samples were not
signiﬁcantly diﬀerent (1.25–1.40 g/L). The COD of the
SS sample (58.7 ± 2.1 g/L) was signiﬁcantly (95% conﬁdence level) higher than those of ED1 and ED2 (27.3 ± 1.2
and 36.7 ± 4.7 g/L, respectively). Comparatively, a maize
starch wastewater had a TKN content of 12.2 mg/L and
a COD concentration of 4.39 g/L [10]. The COD and the
suspended solids concentrations of tapioca starch wastewater were determined as being in the range of 13.5–25.0
and 2.2–4.2 g/L, respectively [21]. Comparable values were
found in this study for the ED1 wastewater.
Presence of some microbial metabolites such as ethanol,
acetic acid, lactic acid, and glycerol was also detected in the
tested side streams. This might be caused by the microbial
activity in the wastewater since the eﬄuent was not kept
under sterile conditions in the facility. The high concentration of metabolites, like lactic acid, in the SS sample may
also have contributed to the low pH of this sample (3.85).

Concentration (g/L)

Table 1 Characterization of the wheat-starch industry’s wastewater
streams
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The glucose concentration significantly (95% confidence level) increased during the ﬁrst 6 h of cultivation of
R. oryzae at both pH conditions. This result indicates the
zygomycete, similarly to A. oryzae, produced and released
enzymes in the medium to degrade the glucose oligomers.
The enzyme activity, however, was not as intense as for the
ascomycete strain, given that the glucose concentration did
not increase as much and the hydrolysis rate did not overcome the glucose consumption by the microorganism after
lag phase (Fig. 4b, d).
At pH 5.5, A. oryzae was not able to fully consume the
glucose in 24 h and 2.86 ± 0.39 g/L of glucose were left at
the end of the cultivation (Fig. 4c). This may be because
of production of amylolytic enzymes by the fungus, which
kept hydrolyzing starch. Without enzyme supplementation,

Microorganism

Enzyme supplementation

Ethanol concentration at 24 h (g/L)*

ED1

A. oryzae

No
Yes
No
Yes
No
Yes
No
Yes

1.77 ± 0.06a
1.92 ± 0.09a
0.70 ± 0.05b
2.19 ± 0.23ac
2.65 ± 0.18c
2.97 ± 0.17c
1.36 ± 0.04d
3.17 ± 0.91acd

R. oryzae
ED2

A. oryzae
R. oryzae

Concentration (g/L)
Concentration (g/L)

Concentration (g/L)

Fig. 4 Concentration proﬁles
of glucose (cross), other sugars
(ﬁlled square), ethanol (ﬁlled
circle), and lactic acid (ﬁlled
triangle) in SS medium without
enzyme supplementation using:
a A. oryzae (pH 3.85); b R. oryzae (pH 3.85); c A. oryzae (pH
5.5); d R. oryzae (pH 5.5); and
with enzyme supplementation e
A. oryzae (pH 3.85); f R. oryzae
(pH 3.85); g A. oryzae (pH 5.5);
h R. oryzae (pH 5.5)

Concentration (g/L)

*Values not followed by the same letter are signiﬁcantly diﬀerent
(p < 0.05)
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Fungal Biomass Production
The biomass produced during cultivation was harvested and
weighted. Protein content, as an important characteristic for
making the biomass eligible for formulation of animal feed,
was analyzed using the Kjeldahl method. Additional components of the fungal biomass may include lipids and structural
carbohydrates (e.g. the chitosan and chitin present in R. oryzae cell wall) [15]. The results are presented in Table 3. The
highest biomass production was achieved by growing A. oryzae in SS at pH 3.85 (49.16 ± 5.96 g/L) while the biomass
with the highest protein content was the R. oryzae grown in
the ED2 with enzyme supplementation (50.76 ± 0.71% w/w).
Although a very high amount of biomass was obtained using
SS, the protein content was very low (below 17% w/w). This
may be explained by the high amount of suspended solids
in the sample, and the capacity of the ﬁlamentous fungi to
use the solids as a support to grow. The ability of ﬁlamentous fungi to improve the ﬂocculation of activated sludge
by the formation of a mycelial network has been previously
reported [23]. These microorganisms reinforce the structure
of the ﬂoc, resulting in larger and stronger ﬂocs. The consequence is better sludge settling and low turbidity of the
sewage eﬄuent. Thus, it can be inferred that the suspended
solids, with high content of carbohydrates, were wrapped
by the fungal mycelium, resulting in a biomass with low
concentration of proteins.
Jin et al. [24] reported a dry biomass production of
6.05 g/L containing 36.58% protein from the cultivation of
A. oryzae in an eﬄuent of starch production from corn and

Medium

Microorganism

Enzyme supplementation

Dry biomass (g/L)*

Protein (% w/w)*

Nitrogen recovery (%)*

ED1

A. oryzae

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

9.58 ± 3.54ab
10.19 ± 2.67ab
9.55 ± 0.73a
8.25 ± 1.07a
14.39 ± 2.75abc
10.25 ± 1.54ab
13.33 ± 1.05b
7.83 ± 0.23a
49.16 ± 5.96d
43.47 ± 7.04de
25.20 ± 0.21f
26.08 ± 1.87ef
44.13 ± 0.88d
32.56 ± 6.45cdef
25.89 ± 0.85f
38.69 ± 3.67d

36.38 ± 0.75ab
36.70 ± 0.85ab
36.65 ± 0.77ab
43.88 ± 0.93c
34.26 ± 0.79a
38.72 ± 1.29b
33.95 ± 0.93a
50.76 ± 0.71d
11.21 ± 0.31e
15.57 ± 0.72fg
14.73 ± 0.64fg
14.70 ± 0.62fg
12.48 ± 0.22h
13.39 ± 0.55fh
15.79 ± 0.59g
16.87 ± 0.66g

44.75 ± 0.58ab
48.02 ± 0.45 cd
44.94 ± 0.17a
46.49 ± 0.23e
58.69 ± 0.46f
47.25 ± 0.33cde
53.88 ± 0.23 g
47.32 ± 0.13ch
62.98 ± 0.95i
77.35 ± 1.13j
42.42 ± 0.11k
43.81 ± 0.32b
62.94 ± 0.15i
49.83 ± 1.04d
46.72 ± 0.17eh
74.59 ± 0.60j
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maximum ethanol concentration was obtained by A. oryzae (5.45 ± 0.22 g/L) when using SS at pH 3.85.
When cellulase and amyloglucosidase were added to
the SS medium, glucose concentration reached a maximum of 86.33 ± 1.09 g/L 12 h after the beginning of the
cultivation of R. oryzae at pH 3.85 (Fig. 4f). The average value was slightly higher than the theoretical yield
from the complete glucan hydrolysis of the SS sample
(83.61 ± 0.49 g/L), although the values are not signiﬁcantly diﬀerent (95% conﬁdence interval). Moreover, during the cultivation, no signiﬁcant productions of ethanol
and lactic acid were detected, indicating no fungal activity.
The high concentration of sugars combined with the low
pH may have inhibited the growth of the strain. In the
other cases which there was enzyme supplementation to
the pH-adjusted SS medium, a reduction was observed
in the glucose concentration accompanied by the production of ethanol (both fungi) and lactic acid (R. oryzae) at
the last 12 h of the cultivation (Fig. 4e, g, h). Most part
of the glucose, however, remained in the medium. Additionally, for the same medium, although an upward trend
was detected for the concentration of the sugars other than
glucose, the diﬀerence was not signiﬁcant considering a
95% conﬁdence interval.
Maximum ethanol concentration (10.91 ± 1.55 g/L)
was obtained at pH 5.5 when cultivating R. oryzae. This
cultivation also resulted in the maximum glucose reduction (compared to the highest concentration achieved in
the cultivation), yielding a 26% decrease in the glucose
concentration.

Table 3 Biomass concentration at the end of the cultivation and its respective protein concentration
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Table 2 Ethanol concentration at 24 h cultivation of the ﬁlamentous
fungi in the ED1 and ED2 media
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SS (pH 5.5)

A. oryzae
R. oryzae

*Values in any column which are not followed by the same letter are signiﬁcantly diﬀerent (p < 0.05)
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recovery (42.42 ± 0.11%). Maximum nitrogen recovery by
R. oryzae was obtained when using the same stream (i.e. SS)
but at higher pH (5.5). In this case, with the addition of the
enzymes, the nitrogen recovery was 74.59 ± 0.60%.

COD removal
After 24 h cultivation, less than 60% and 50% of the COD of
the ED1 and ED2 were removed by A. oryzae, respectively.
In both cases, A. oryzae was more eﬃcient than R. oryzae
in removing COD of the samples. Cultivation of microorganisms in the SS wastewater did not result in a detectable
removal of COD. In order to achieve a higher eﬃciency of
COD removal, the cultivation was carried out for 72 h in all
the samples, using A. oryzae and enzyme supplementation.
The COD removal was determined to be 84.88 ± 1.25 and
84.33 ± 3.6% for ED1 and ED2, respectively.
For the SS wastewater (pH 3.85), after the 72 h cultivation there was still no detected reduction in COD concentration. Further investigation was then carried out by monitoring the glucose concentration during the cultivation in the
SS medium. The results are presented in Fig. 5, and show
that, for A. oryzae, the lag phase lasted for 72 h, and between
72 and 120 h, the glucose concentration was reduced to
5.04 ± 0.04 g/L. Ethanol started being produced after 72 h,
and reached 20.04 ± 0.49 g/L at 120 h. This represents a
very high concentration for an ethanol production plant.
The R. oryzae cultivation followed a diﬀerent proﬁle, with
the glucose being consumed between 24 and 72 h, and the
remaining glucose (approximately 35 g/L) not being further
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wheat. These values are in agreement with the ones obtained
for ED1 and ED2 samples in this paper. Cultivation of Rhizopus oligosporus in starch processing wastewater yielded
around 5 g/L of dry biomass [20] while less than 2 g/L of R.
arrhizhus dry biomass were obtained from the cultivation in
wastewater of a potato chips plant (20–30 g COD/L) [25].
Within a 95% conﬁdence level, A. oryzae and R. oryzae
did not yield diﬀerent biomass concentration when cultivated in the ED1 and ED2 samples when comparing the
biomasses grown in the same sample and enzyme supplementation. All the values are in the range of 7.83–14.39 g/L.
The biomass production average was superior for A. oryzae,
but in most of the cases the protein content of the R. oryzae
biomass was numerically superior. A. oryzae did, however,
produce more biomass than R. oryzae when the fungi were
grown in SS medium without enzyme supplementation (both
pH). This result might be explained by a more entangled
growth of A. oryzae with the SS insoluble material compared to R. oryzae. A. oryzae might have had higher aﬃnity
with the solid material, growing more attached to it. This can
also explain why A. oryzae was more eﬃcient on degrading the glucans and releasing glucose in the medium. The
biomass concentrations at the end of the fermentation, when
enzymes were added to the SS medium, are not statistically
diﬀerent due to the large standard deviations obtained for
both microorganisms. This is a typical problem when working with high solid content substrates due to the huge impact
slight variations in factors e.g. agitation causes in the results.
For cultivation in the ED1 and the ED2 samples supplemented with enzymes, the collected biomass of R. oryzae
contained signiﬁcantly higher protein content than A. oryzae
biomass (respectively for ED1 and ED2, 43.88 ± 0.93 and
50.76 ± 0.71 for R. oryzae, and 36.70 ± 0.85 and 38.72 ± 1.29
for A. oryzae). This indicates R. oryzae was more eﬃcient
on converting the released sugars to proteins than A. oryzae.
Without enzyme supplementation, both strains produced
biomass with similar protein content. Moreover, addition of
enzyme did not change the protein content of the Aspergillus
biomass, and only R. oryzae eﬀectively managed to convert the extra sugar into more protein. Protein content is an
important factor to be considered if the biomass is intended
to be used as animal feed.
Supplementation with amyloglucosidase and cellulose
only resulted in higher biomass production for the cultivation of R. oryzae in ED2 and SS at pH 5.5 (compared to the
cultivation without addition of enzymes). Similarly to the
previous discussion, R. oryzae again demonstrated higher
capacity to use the extra sugar and eﬃciently convert it to
biomass.
Up to 77.35 ± 1.13% of the nitrogen initially present in
the SS is converted into biomass by A. oryzae when growing
at pH 3.85 and with addition of enzymes (see Table 3). At
these same conditions, R. oryzae yielded the lowest nitrogen

Fig. 5 Concentration proﬁles of glucose (cross), ethanol (ﬁlled circle)
and lactic acid (ﬁlled triangle) from a A. oryzae and b R. oryzae cultivation in SS medium (pH 3.85) with enzyme supplementation
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consumed. Ethanol and lactic acid production followed the
same trends; with little variations after 72 h. High lactic
acid concentration (above 10 g/L) may have inhibited fungal
activity, and stopped the fermentation.
After 5 days, the COD of the SS sample treated with A.
oryzae was 42.0 g/L, which represents a removal eﬃciency
of only 28.4%. The high residual COD is the result of the
high ethanol production which might be the result of poor
mass transfer in the SS medium, the last being a consequence
of the high content of solids. The characteristics of the sample make it diﬃcult for oxygen to be dissolved, creating an
anaerobic environment. This leads to a high production of
ethanol, explaining the high COD. However, even though the
COD remains high, the considerable ethanol concentration
in the fermented broth suggests puriﬁcation of the alcohol
can be a worthwhile strategy. Therefore, the stream should
not be considered as a wastewater.
After 5 days, 11.95 ± 0.46 g/L of dry A. oryzae biomass
and 22.69 ± 1.93 g/L of dry R. oryzae biomass were obtained
in the SS sample. The result for R. oryzae is similar to the
one obtained for 24 h cultivation. The lower amount of biomass of the ascomycete compared to the 24 h experiment,
however, may have been caused by the degradation of the
ﬁbers used as support for the growth of the microorganisms
(The insoluble carbohydrates which were entrapped inside
the fungal biomass). The higher content of protein in the
biomass supports this conclusion (35.72 ± 1.24% w/w).

Industrial Perspectives for the Wastewater
Treatment by Filamentous Fungi
Further investigation on the production of ethanol and
organic acids using this wastewater seems to be promising.
This would lead to a larger portfolio of products from the
residue using the same microorganism, creating a ﬂexible
process which can be operated according to market demands.
Currently, the studied wastewater is sent to the municipal
wastewater treatment plant, which results in extra costs for
the industrial facility. Mahboubi et al. [26] have highlighted
how wastes can contribute to the income of a company and
avoid the high cost related to the wastewater treatment. The
production of ethanol, for instance, can be studied as part
of an integrated process, in which the obtained broth can
be ﬁltered for the collection of the fungal biomass and the
liquid fraction can be processed for puriﬁcation of ethanol.
Since the solid fraction of the streams was found to be rich
in carbohydrates and easily hydrolyzed, the three streams
can be mixed together for cultivation of A. oryzae, yielding
fungal biomass and ethanol. Such scenario would work as
a last step for the treatment of the wastewater. The clariﬁed
ethanol-free eﬄuent can even be partially recycled to the
beginning of the process.

Conclusions
The eﬄuent of a wheat-starch plant was treated by A. oryzae
and R. oryzae. These fungi can convert the organic material
to protein sources for e.g. animal feed. A large amount of
carbohydrates was identiﬁed in all the wastewater streams
(ED1, ED2, and SS). The microorganisms consumed the
sugars and hydrolyzed the long-chain carbohydrates in the
wastewater, and produced a protein-rich biomass. A. oryzae
showed high capacity to hydrolyze starch although a long
lag phase was found when it was cultivated in a high sugarconcentration medium. More than 80% of the initial COD of
the clariﬁed streams were consumed by the microorganisms.
The high concentration of ethanol obtained in the solid-rich
sample represents an opportunity to produce another product
from the same treatment process.
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Abstract
Background: Currently around one billion people in the world do not have access to a diet which provides enough
protein and energy. However, the production of one of the main sources of protein, animal meat, causes severe
impacts on the environment. The present study investigates the production of a vegan-mycoprotein concentrate
from pea-industry byproduct (PpB), using edible ﬁlamentous fungi, with potential application in human nutrition.
Edible fungal strains of Ascomycota (Aspergillus oryzae, Fusarium venenatum, Monascus purpureus, Neurospora intermedia) and Zygomycota (Rhizopus oryzae) phyla were screened and selected for their protein production yield.
Results: A. oryzae had the best performance among the tested fungi, with a protein yield of 0.26 g per g of peaprocessing byproduct from the bench scale airlift bioreactor cultivation. It is estimated that by integrating the novel
fungal process at an existing pea-processing industry, about 680 kg of fungal biomass attributing to about 38% of
extra protein could be produced for each 1 metric ton of pea-processing byproduct. This study is the ﬁrst of its kind
to demonstrate the potential of the pea-processing byproduct to be used by ﬁlamentous fungi to produce veganmycoprotein for human food applications.
Conclusion: The pea-processing byproduct (PpB) was proved to be an eﬃcient medium for the growth of ﬁlamentous fungi to produce a vegan-protein concentrate. Moreover, an industrial scenario for the production of veganmycoprotein concentrate for human nutrition is proposed as an integrated process to the existing PPI production
facilities.
Keywords: Pea-processing byproduct, Edible ﬁlamentous fungi, Vegan-mycoprotein concentrate, Meat substitute
Background
Attributed to the rise in population, urbanization, and
income, a steady growth in the consumption of protein
from animal sources has been observed in developed
countries over the last few decades [1]. Nevertheless,
currently around one billion people in the world do not
have access to a diet which provides enough protein and
energy [2]. Lack of protein can result in severe health
problems such as growth failure, muscle weakness and an
impaired immune system. Protein-energy malnutrition
*Correspondence: pedro.ferreira_de_souza_ﬁlho@hb.se
1
Swedish Centre for Resource Recovery, University of Borås, 50190 Borås,
Sweden
Full list of author information is available at the end of the article

(PEM) can lead to conditions such as kwashiorkor and
marasmus. Additionally, the production of meat has a
heavy impact on the environment and makes a large contribution to the eutrophication process [3, 4]. In this context, it is important to ﬁnd an alternative, cheap, and less
resource-consuming protein source to substitute meat
or meat products. Fungal organisms such as mushrooms
and truﬄes have traditionally been part of human nutrition largely because of their ﬂavor; however they cannot be considered as an important source of protein in
comparison to meat-based sources [1, 5]. Considerable
attention has been recently given to the use of ﬁlamentous fungi as a commercial human food component;
especially due to their high protein content with all the
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essential amino acids to human nutrition, easy digestibility, low-fat content (cholesterol free), and the presence of
dietary ﬁbers [6]. The ﬁbre content (6% w/w) is also comparable with other vegetarian protein sources [7].
Several strains of edible ﬁlamentous fungi have been
recognized as a traditional source of palatable food by
many societies around the globe, especially in Asia [8].
Rhizopus sp. has been used for centuries in the oriental cuisine in the preparation of fermented food such as
tempeh [9]. Aspergillus oryzae also has culinary applications for the production of hamanatto, miso and shoyu.
Neurospora intermedia is used in the preparation of the
Indonesian staple food oncom [6]. Similarly, Monascus
purpureus has been used as coloring and ﬂavoring agent
in food and beverages, as in the production of red yeast
rice and rice wine [10–12]. Other applications of ﬁlamentous fungi include the production of several ingredients for the food and beverage industries, especially
enzymes. In recent years, production of vitamins and
polyunsaturated fatty acids by these microorganisms has
been receiving increased attention [13]. Single-cell protein (SCP) can also be produced by ﬁlamentous fungi.
An example currently in the market is the ﬁlamentous
fungus Fusarium venenatum, commercialized under the
name Quorn™. The fungus is cultivated in a synthetic
medium with glucose, ammonium and supplemented
with biotin. The costs associated with the substrate and
the lack of competition results in a market price for the
SCP that is higher than that of meat. Despite the high
price, the fungal SCP has found its place in the market
as a healthy substitute to meat, with its presence only
in developed markets such as Europe and USA [6, 14].
Nevertheless, the SCP from the mycelium of ﬁlamentous
fungi can be inexpensively produced when using cheap
materials as substrates [15]. One such example is the pea
processing industry byproduct that is being used in the
present study.
Pea (Pisum sativum) is the second most important
leguminous crop in the world with an annual production above 17 million metric tons, ﬁnding its applications
mainly as food and feed. Originally from western Asia
and northern Africa, its production has spread to over
10 million hectares of farmlands, especially in Russia,
China, Canada, Europe, Australia and the United States.
Rich in protein, carbohydrate, dietary ﬁber, vitamins, and
minerals, the peas are used to produce food ingredients
such as proteins, starches, ﬂours, and ﬁbers [16–18]. Pea
proteins have faced a growth in food applications due to
their nutritional and functional beneﬁts, including their
balanced amino acid proﬁle, positive fat- and waterbinding capabilities, emulsiﬁcation and gelation properties, texture, and nutritional values. Moreover, allergies to
pea are less frequent than allergies to other protein-rich
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grains, like soy [19]. Pea proteins have also been demonstrated as a useful ingredient in the formulation of
antihypertensive foods because of their antihypertensive
eﬀects [16, 19, 20].
Pea proteins are commercialized in three forms: pea
ﬂour, pea protein concentrate, and pea-protein isolate
(PPI). The manufacturing of pea ﬂour consists of the dry
milling of hulled peas, whereas pea protein concentrate
is obtained by dry separation techniques. PPI production
generally occurs by isoelectric precipitation at pH around
4.5, followed by a membrane separation technique to
increase the protein concentration, such as ultraﬁltration and diaﬁltration. PPI can be used in the preparation
of dairy-based beverages, sports and nutritional foods,
and other non-dairy sports products, such as vegan
style yogurts. Additionally, it can partially replace dairy
protein in therapeutic beverages and powders [19, 20].
Despite the high quality of the protein, the pea-processing byproduct (PpB) is considered to have poor functional properties. Therefore, its uses in food applications
are limited and it is mainly produced as a byproduct of
the protein extraction process [21]. A novel and alternative approach to valorize this pea-processing byproduct
(PpB), as discussed in the present study is to convert it
into a vegan-mycoprotein concentrate for human food
applications, using edible strains of ﬁlamentous fungi.
Intake of mycoprotein may be beneﬁcial to human health
[7, 22–24]. Several studies have investigated the cholesterol-lowering eﬀects of mycoprotein; the results from
these studies point to the same direction with reductions
in both total and LDL-cholesterol [7, 22]. The greatest
beneﬁts are seen in individuals with a higher cholesterol
level at baseline and in hypercholesterolaemic subjects.
There is a diﬀerence between the macronutrients regarding satiety; protein is generally recognised as most satiating, followed by carbohydrates and fat [25]. Compared
to other protein sources such as chicken, mycoprotein
seems to be more satiating and hence have the possibility to decrease energy intake in subsequent meals [7, 23,
24]. It is possible that ﬁbres in mycoprotein, one-third
chitin and two-thirds beta-glucan, might have a speciﬁc
eﬀect on satiety [7]. Additionally mycoprotein appears to
aﬀect the glycaemic response positively [7, 24]. The exact
mechanism that explains this is not known, but might be
associated with its ﬁbre content [7].
The aim of the present study was hence to convert PpB,
a cheap and low-nutritional value byproduct of the PPI
production, into a vegan-mycoprotein concentrate for
human food applications. Five strains of ﬁlamentous
fungi, namely A. oryzae, F. venenatum, M. purpureus,
N. intermedia and R. oryzae, were screened for their
growth to maximize the protein yield from the PpB. The
best cases of the fungal growth were selected and further
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scaled-up in a bench airlift bioreactor, considering the
industrial application potential of the process.

Methods
Substrate and enzymes

Pea-processing byproduct (PpB) used for this study was
kindly provided by Protein Consulting AB (Sweden). The
powder was sieved through a pore size of 0.2–0.25 mm
and was characterized using triplicate samples for its
carbohydrate, protein, ash, and moisture content. Cellulase cocktail Cellic Ctec2 (Novozymes, Denmark)
with 94 FPU/mL activity at 35 °C, amyloglucosidase
from Aspergillus niger (300 U/mL activity at 35 °C), and
α-amylase from Aspergillus oryzae (100 U/mg activity at
35 °C) were supplied by Sigma-Aldrich Co. (Germany).
Microorganisms

Edible food-grade ﬁlamentous fungi were used in the
present study. The Ascomycota strains were Neurospora
intermedia CBS 131.92 (Centraalbureau voor Schimmelcultures, Netherlands), Aspergillus oryzae var. oryzae CBS 819.72, Monascus purpureus CBS 109.07, and
Fusarium venenatum ATCC 20334 (American Type Culture Collection, USA), and the Zygomycota strain was
Rhizopus oryzae CCUG 61147 (Culture Collection University of Gothenburg, Sweden). All the fungal cultures
were maintained on potato dextrose agar (PDA) slants
containing (in g/L) potato extract 4; glucose 20; agar 15
and were renewed every 6 months. New PDA plates were
prepared via incubation for 3–5 days at 30 °C followed by
storage at 4 °C. For preparing spore solution, PDA plates
(72 h grown) were ﬂooded with 20 mL sterile distilled
water and the spores were released by gently agitating the
mycelium with a disposable cell spreader. An inoculum
of 3 mL spore suspension (with a spore concentration of
3.9 × 105–3.8 × 106 spores/mL) per liter of the medium
was used for the cultivations, unless otherwise speciﬁed.
For preparing fungal biomass inoculum, the spores were
inoculated into 100 mL YPD broth containing (in g/L)
glucose 20, peptone 20, and yeast extract 10. The culture
was incubated aerobically for 48 h at 35 °C and 125 rpm.
The fungal biomass was harvested at the end of the cultivation and used as the inoculum. Dry weight was determined by drying at 105 °C overnight.
Experimental set-up for fungal cultivation

The cultivations in 250 mL Erlenmeyer ﬂasks were carried out using 100 mL of culture medium consisting only
of the PpB substrate dissolved in distilled water. The optimum concentration of the medium was determined by
testing the maximum load of PpB substrate which could
go through the sterilization operation without causing
retrogradation. The term retrogradation refers to the
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changes in the gelatinized starch during cooling, when
the molecules recrystallize. This process leads to the production of a starch with high resistance to the enzymatic
attack, thus reducing the eﬀectiveness of the microbial
metabolism [26–28]. The Erlenmeyer ﬂasks were kept
in a water bath shaker at 35 °C and 150 rpm (with a
9 mm orbital shaking radius). The pH of the sample was
adjusted to 5.5 ± 0.1 prior to autoclaving by adding HCl
1 M. The enzymes were added according to the substrate
at a load of 150 U/g for α-amylase, 163 U/g for amyloglucosidase, and 24 FPU/g for cellulase. At the end of
the cultivations, the produced fungal mycelium was collected using a sieve, washed with ultra-pure water, dried
at 70 °C and had the weight and protein content analysed.
Samples were taken during cultivation to follow the consumption of sugars and the production of metabolites.
All the cultivation experiments were conducted in duplicate and the mean values are presented with standard
deviations.
Scaling-up of the fungal cultivation in a bench scale airlift
reactor

A 4.5-L airlift bioreactor (Belach Bioteknik, Sweden)
with a working volume of 3.5 L was used to scale-up the
fungal cultivation process. The entire bioreactor and the
draft tube were made of transparent borosilicate glass.
An internal loop with cylindrical geometry with 58 mm
of diameter, 400 mm of height and 3.2 mm in thickness
was used to achieve the airlift-liquid circulation. Aeration
at the rate of 0.42 v.v.m. (volumeair/volumemedia/min) was
maintained throughout the cultivation, using a sintered
stainless steel air-sparger with a pore size of 90 μm. Filtration of the inlet air was achieved by passing it through a
polytetraﬂuoroethylene (PTFE) membrane ﬁlter (0.1 μm
pore size, Whatman, Florham Park, NJ, USA). The cultivation was carried out at the natural pH of PpB media,
6.1 (for 2% substrate) and 6.5 (for 3% substrate) without any adjustments during the cultivation. An enzyme
loading of 5 FPU of commercial cellulase enzyme complex (Cellic Ctec 2) per gram substrate was added (ﬁlter
sterilized) during the start of the cultivation (time 0). The
fermentation was carried out at 35 ± 2 °C for 48 h, with
sample collection at every 12 h.
Analyses

The fungal spore concentration was measured using a
Bürker counting chamber. The total sugar, total solid,
suspended solid and volatile solids of the samples were
measured according to the National Renewable Energy
Laboratory (NREL) methods [29, 30]. The total nitrogen content in the samples was determined by Kjeldahl
method applying digestion, distillation, and acid–base
titration using the InKjel P digestor and the Behrotest

Statistical analysis

Statistical analysis of the collected data was performed
using the software MINITAB® (version 17.1.0). Analyses of variance (ANOVA) of the data used general linear
models and a conﬁdence level of 95% was used for all
analysis. In the graphs, the average values are presented
with an error bar representing one standard deviation.
All the results presented in the tables are the average values from duplicate experimental sets and are reported
with intervals representing the standard deviation.

Results and discussion
With an abundance of food and a sedentary lifestyle in
many parts of the world there is a need of food that is
both nutritious and ﬁlling. Consumption of mycoprotein
has been shown to improve health in relation to blood
cholesterol concentrations, energy intake and glycemic
response. Furthermore, it can contribute to satiety and
thus decreased energy intake in subsequent meals, something that can increase weight-control [7, 23, 24]. Therefore, mycoprotein can potentially contribute to both
prevention and treatment of lifestyle dependent conditions such as obesity and type 2-diabetes; however more
research is needed to conﬁrm this. The optimal dose of
mycoprotein to boost health also remains unknown. In
this study, pea-processing byproduct (PpB) with low
nutritional value, obtained as a byproduct of the pea

Pea-processing byproduct (PpB) substrate characterization

The PpB was presented as a white odorless ﬁne powder
with the characterization as presented in Table 1. The
PpB substrate was characterized to have a total glucan
content of 62.38 ± 0.51% (w/w), more than 90% of this
being starch. Protein is the second most common component in the material, amounting 18.19 ± 0.33% in dry
weight basis. The C:N ratio of the PpB could be determined from the carbohydrate and protein contents as
10.28 ± 0.20. Retrogradation of the starch was observed
to determine the best concentration of the substrate PpB
in the medium (distilled water) which would not cause
the change in the quality of the liquid, while being autoclaved. The PpB concentrations (dry weight) of 1, 2, 3, 4,
and 5% (w/v) were tested. For the substrate loadings of 4
and 5%, geliﬁcation of the medium was observed. At 3%
substrate loading, the geliﬁcation was not as clear as in
the previous cases although it was still noticed. For 1 and
2% substrate loadings, there was no observed retrogradation of starch.
Additionally, the viscosity of the PpB suspension was
determined. The rheological properties of the cultivation medium have eﬀects on momentum, heat and mass
transfer, inﬂuencing the fermentation performance. In
reactors, the ﬂow properties of the media cause changes
in the coalescence of the air bubbles, the bulk mixing,
the process control, and the formation of stagnant zones
[32]. The 2% PpB suspension was determined to have a
viscosity of 1.93 ± 0.15 cP before sterilization. After sterilization in the autoclave, however, the viscosity increased
Table 1 Characterization of the pea-processing byproduct
(PpB)
Component

Content (% w/w in dry basis)

Protein

18.19 ± 0.33

Ash
Moisture
Arabinans
Xylans
Galactans
Glucans
Of which
Starch

2.98 ± 0.03

3

Concentration (g/L)

protein isolate process, was used as the substrate for the
cultivation of edible ascomycetes and zygomycetes fungi.
These fungi are known for their palatability and high protein content, with its potential application as human food
components. The results on the characterization of the
PpB and the fungal cultivation experiments together with
the scale up studies in the airlift reactor are presented
and discussed further.
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1

0
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Concentration (g/L)

S1 distiller (Behr Labor-Technik, Germany). Protein was
estimated by multiplying the nitrogen content by the
nitrogen-to-protein conversion factor of 6.25 [31]. HPLC
(Waters 2695, Waters Corporation, Milford, U.S.A.) was
used to analyze the components in all liquid fractions.
Acetic acid, ethanol, glucose, glycerol, lactic acid, and
xylitol were analyzed using an analytical ion exchange
column based on hydrogen ions (Aminex HPX-87H, BioRad, USA) operated at 60 °C with 0.6 mL/min of 5 mM
H2SO4 as eluent. Arabinose, galactose, glucose, mannose,
and xylose were analyzed using a lead (II)-based column
(HPX-87P, Bio-Rad) with two Micro-Guard Deashing
(Bio-Rad) precolumns operated at 85 °C with 0.6 mL/
min ultrapure water as eluent. A UV absorbance detector (Waters 2487), operating at 210 nm wavelength,
was used in series with a refractive index (RI) detector
(Waters 2414). Fructose and sucrose in the liquid samples
and starch in the PpB media were measured using assay
kits of Megazyme (Ireland). The total chemical oxygen
demand (COD) was determined using NANOCOLOR®
COD 15000 kit, with the photometric determination
of the samples using NANOCOLOR® photometers.
The viscosities of the samples were determined using a
Brookﬁeld digital viscometer-model DV-E (Chemical
Instruments AB, Sweden).
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Fig. 1 Glucose concentration proﬁle during the ﬁlamentous fungal cultivation in 2% (w/v) PpB substrate with no external enzyme supplementation (ﬁlled triangles) and with the addition of 150 U/g of α-amylase (ﬁlled squares). The ﬁgure represents fungal strains M. purpureus (a); A. oryzae (b);
F. venenatum (c); N. intermedia (d); and R. oryzae (e). Coordinates represent the mean values of duplicate tests; with error bars representing standard
deviations omitted due to negligible values

10.54 ± 0.19
2.61 ± 0.06
0.00

2.30 ± 0.04

62.38 ± 0.51
56.34 ± 2.52

to 10.47 ± 0.12 cP, which means the viscosity increased
by 441%. The eﬀect of the viscosity of the medium in the
performance of bioreactors generally remains unclear.
Some studies associate the increase in the viscosity with
the reduction of the liquid turbulence, promoting bubble

coalescence and the decrease of the gas holdup. On the
other hand, other researchers have found an increased
gas holdup in viscous media [33].

Biomass yield (mg/g)

300

without α-amylase

have been cultivated in media with concentrations higher
than the ones obtained in this study [9, 34]. Biomass production after 36 h is shown in Fig. 2. M. purpureus produced signiﬁcantly less biomass than the other strains (p
value ≤ 0.031), except F. venenatum (p = 0.185). A. oryzae
produced more biomass than R. oryzae (p = 0.074) and N.
intermedia (p = 0.038). The addition of α-amylase to the
medium signiﬁcantly aﬀected only A. oryzae (p = 0.003)
and M. purpureus (p = 0.038) growth. When comparing
the protein content of the harvested biomass, cultivation
of A. oryzae resulted in the highest yield of protein per
gram of PpB substrate, 0.14 g/g (Table 2).
From the previous results, three strains were being
considered the most promising ones. A. oryzae, N.
intermedia, and R. oryzae were cultivated in the same
medium as before (2% PpB substrate), with the addition
of the amyloglucosidase enzyme and the cellulase cocktail to test if a higher biomass yield would be obtained.
As observed in Fig. 3, N. intermedia was most eﬃcient
in consuming the glucose, with its concentration reaching zero in about 18 h. Maximum ethanol concentration
reaching 5.98 g/L, was also observed with N. intermedia.
The fungal protein yield obtained for A. oryzae and R.
oryzae was 0.09 g/g of PpB substrate while for N. intermedia it was 0.10 g/g.
Cultivation of A. oryzae in the airlift bioreactor

A. oryzae growth was examined in a bench-scale airlift bioreactor. Since A. oryzae is known as an amylase
producer [35], for the further experiments the medium
was supplemented only with the cellulase cocktail. Four
cultivations were run in the bioreactor to test two concentrations of PpB substrate in duplicates: 2 and 3%,
resulting in media with pH 6.1 and 6.5 respectively. The
results presented in Fig. 4 shows that for both tested
Table 2 Protein yield from the fungal biomass obtained
after 36 h cultivation in 2% pea-processing byproduct
(PpB) substrate
Enzyme addition

Microorganism

% Protein in dry
fungal biomass

Protein yield
(g/g PpB
substrate)

Without
α-amylase

M. purpureus

53.61

0.02

A. oryzae

43.13

0.11

F. venenatum

55.28

0.09

N. intermedia

54.53

0.11

R. oryzae

50.03

0.09

M. purpureus

58.66

0.03

A. oryzae

46.36

0.14

with α-amylase

250
200
150
100
50
0

With α-amylase
R. oryzae

F. venenatum

59.75

0.11

Fig. 2 Biomass yield; mg dry fungal biomass per gram of PpB substrate after 36 h of cultivation in 2% w/v PpB medium

M. purpureus

A. oryzae F. venenatum N. intermedia

N. intermedia

54.11

0.11

R. oryzae

54.79

0.11

16

2

a

12

Concentration (g/L)

The cultivation of four strains of ascomycetes (N. intermedia; A. oryzae; M. purpureus; and F. venenatum) and
one of the zygomycetes fungi (R. oryzae) was examined in a suspension containing 2% (w/v) PpB substrate
using 250 mL Erlenmeyer ﬂasks. The tests were carried
out with and without α-amylase addition and in duplicate samples. The eﬀect of the cultivation temperature
was not studied in this experimental set. Even without
enzyme addition, the ascomycete strains showed a good
capacity to hydrolyse starch to glucose (Fig. 1a). M. purpureus and R. oryzae consumption of glucose exceeded
the sugar production rate after 24 h. On the other hand,
the sugar consumption rates of A. oryzae and N. intermedia became higher than the sugar production rate
after 12 h. Consumption of glucose by F. venenatum
was always lower than glucose production. On the other
hand, when α-amylase was added (Fig. 1b), M. purpureus
consumed the glucose at a faster rate than its production
after the ﬁrst 12 h of cultivation. N. intermedia presented
the same behaviour. R. oryzae showed an even higher
glucose uptake, overtaking the glucose production rate
after the ﬁrst 6 h of cultivation. Glucose proﬁle during A.
oryzae and F. venenatum cultivation oscillated between
increasing and decreasing the glucose concentration in
the medium during the cultivation, likely because of different glucose production and glucose uptake rates.
N. intermedia produced the most ethanol among the
microorganisms (4.30 g/L with enzyme addition) while
M. purpureus cultivation resulted in the lowest ﬁnal ethanol concentration (0.28 g/L without enzyme addition).
R. oryzae also converted glucose into lactic acid, yielding
0.66 g/L. α-amylase addition to the media did not result in
a signiﬁcant change in the ethanol and lactic acid production for the ascomycetes strains. However, R. oryzae had
its ethanol and lactic acid production increased by the
addition of the enzyme. Inhibitory eﬀect of these compounds were not considered since the microorganisms
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Fig. 3 Glucose (a) and ethanol (b) concentration proﬁles during the
ﬁlamentous fungal cultivation in 2% (w/v) PpB substrate. Figure represents fungal strains A. oryzae (ﬁlled squares); N. intermedia (asterisk);
and R. oryzae (ﬁlled circles)

scenarios glucose concentration increased up to 36 h.
Additionally, 44 h were not enough for the total consumption of the sugar. When the pea processing load
was 2%, the other sugars were consumed and at 36 h
their concentration was below 0.10 g/L. On the other
hand, when the initial load of PpB substrate was 3%, the
concentration of the sugars (except glucose) reached the
maximum value at 36 h. The ethanol proﬁles were also
divergent, with maximum concentration being reached
at 36 h (0.40 g/L) for 2% PpB substrate load and at 44 h
(1.01 g/L) for 3% PpB substrate load. The obtained protein yields were 0.26 and 0.13 g/g of PpB substrate for
2 and 3% of the substrate, respectively. The yield for
2% PpB medium is almost twice the value obtained in
the shake ﬂask experiments. Moreover, working with
a low load of the substrate (and low viscosity) resulted
in increased protein production. Airlift bioreactors are

0

6

12

18

24

30

36

42

48

Fermentation time (h)
Fig. 4 Sugar and ethanol concentration proﬁles during the cultivation of A. oryzae in a 2% and b 3% (w/v) PpB substrate in an airlift bioreactor. Figure represents glucose (ﬁlled squares); other sugars (ﬁlled
triangles); and ethanol (ﬁlled circles). Other sugars are presented in
xylose equivalent

known for their capacity to operate using higher aeration rates when compared to traditional stirred fermenters [36]. Moreover, eﬃcient oxygen transfer and
mixing are obtained when using airlifts [37]. As a result,
cultivation in airlift bioreactor yielded low ethanol concentrations and high fungal protein.
Process integration at the existing pea-processing
industrial facilities

The use of co-products from the industries as important sources of protein for human consumption has been
receiving considerable attention. A method of protein
production, applicable to a wide range of industrial processes, is to use edible ﬁlamentous fungi which could be
used as a protein rich meat substitute. Filamentous fungi
have been reported as important industrial microorganisms for their capacity to produce numerous metabolites

Souza Filho et al. Fungal Biol Biotechnol (2018) 5:5
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Fig. 5 Block ﬂow diagram for the production of pea-protein isolate integrated with the production of vegan-mycoprotein concentrate by ﬁlamentous fungi. Adapted from [39]

with high market potential [38]. Among these metabolites, the vast assortment of enzymes produced by these
microorganisms has special importance. These catalysts
are responsible for making ﬁlamentous fungi a ﬂexible group able to use a large range of biomaterials as
substrate.
The scheme of an industrial process for the production of PPI is presented in Fig. 5 [39] with the proposal
of integrating the production of fungal biomass for
the valorization of the byproduct. The starch and ﬁbers separated from the pea protein would be fed in a
bioreactor. For dilution of the solid material, the lowprotein content stream from the ultraﬁltration step
could be used. This stream is sterile and rich in oligosaccharides, which can also be used by the fungi as
substrate. Following the same yields of the bench-scale
airlift bioreactor, 1 ton of pea-processing byproduct
would consume 50 m3 of water, and would be predicted
to produce 680 kg of A. oryzae biomass with 260 kg of
pure protein under ideal conditions. The biomass, however, would need to be subjected to a heat treatment to
reduce its RNA content, resulting in some loss of protein [14]. Moreover, tests for mycotoxin production
should be carried out frequently and, in case of detection, application of corrective methods can aﬀect the
productivity [14].

The scenario also includes a system in which the broth
containing ethanol could be either sent to a distillation
unit or to any adjacent ethanol facilities in the vicinity
which contain all the necessary installation for ethanol
puriﬁcation [34]. However, the techno-economic feasibility of using PpB as a potential substrate for edible fungal
cultivation for feed or food component needs to be veriﬁed in detail and hence open for future studies.

Conclusion
The pea-processing byproduct was proved to be an eﬃcient medium for the growth of ﬁlamentous fungi to produce a vegan-protein concentrate. Fungal biomass with
about 46 and 54% protein content was obtained from PpB
using edible strains of ﬁlamentous fungi, A. oryzae and
N. intermedia respectively. Scaling-up of the process to
a 4.5 L bench scale airlift bioreactor improved the A. oryzae biomass yield, with a total of 0.26 g of fungal protein
per g of PpB. Based on the results obtained, an industrial
scenario for the production of vegan-mycoprotein concentrate for human nutrition is proposed as an integrated
process to the existing PPI production facilities.
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1

Abstract

21

1. Introduction

2

Self-binding ability of the pectin molecules was used to produce pectin films using the

22

Plastics, which are commonly derived from petroleum resources, harmfully affect the wild

3

compression molding technique, as an alternative method to the high energy-demanding and

23

and human lives [1]. Accordingly, bioplastics have been suggested as one of the best

4

solvent-using casting technique. Moreover, incorporation of fungal biomass and its effects on

24

alternatives for the conventional plastics. Along with plastics, residues of different industries

5

the properties of the films was studied. Pectin powder plasticized with 30% glycerol was

25

are sometimes challenging and harmful to the environment. Citrus waste (CW), originated

6

subjected to heat compression molding (120 °C, 1.33 MPa, 10 min) yielding pectin films with

26

from citrus fruit, is an example of such residues [2, 3]. The majority of the CW is produced by

7

tensile strength and elongation at break of 15.7 MPa and 5.5%, respectively. The filamentous

27

the citrus fruit processing industry where half of the weight of the citrus fruit is converted into

8

fungus Rhizopus oryzae was cultivated using the water-soluble nutrients obtained from citrus

28

waste [3]. Low pH and high moisture content of CW prevent its landfilling according to the

9

waste and yielded a biomass containing 31% proteins and 20% lipids. Comparatively, the

29

EU regulations [4], and the presence of essential oils is prejudicial to the composting and the

10

same strain was cultivated in a semi-synthetic medium resulting in a biomass with higher

30

biogas processes [2, 3]. Moreover, thermal treatments of CW yield low energy recovery due

11

protein (60%) and lower lipid content (10%). SEM images showed addition of biomass

31

to the high moisture content [2, 3]. To overcome these difficulties, biological treatments of

12

yielded films with less debris compared to the pectin films. Incorporation of the low protein

32

CW and production of value added products, e.g. by fermentation, has been proposed.

13

content biomass up to 15% did not significantly reduce the mechanical strength of the pectin

33

CW contains abundant amount of sugars, including poly-, di- and monosaccharides. Most

14

films. In contrast, addition of protein-rich biomass (up to 20%) enhanced the tensile strength

34

polysaccharides (cellulose, hemicellulose, and pectin) are components of the peel of the CW,

15

of the films (16.1-19.3 MPa). Lastly, the fungal biomass reduced the water vapor permeability

35

while the di- and monosaccharides (sucrose, glucose, and fructose) are present in the pulp.

16

of the pectin films.

36

Satari et al [5] reported fungal cultivation using a solution containing the free sugars extracted

17

37

from CW, without the addition of any nutrients, in a bench scale airlift bioreactor. Hydrolysis

18

38

of the structural polymers cellulose, hemicelluloses and pectin of CW, and ethanol production

39

have also been reported [5-7].

40

Besides sugars, CW is also a major source for industrial production of pectin, the other

41

abundant compound in the citrus peel. Pectin is the term used to describe a group of

42

heteropolysaccharides naturally found in the cell wall of vascular plants which act as a

43

cementing matrix in the cellulosic fibers [8]. The natural role of pectin in providing

44

mechanical strength to the plant cell wall has encouraged the use of pectin as matrix in

45

biocomposite materials. Pectin has a good potential to be used in food packaging films and

19
20
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3

46

biocomposite materials, which are renewable, biodegradable and biocompatible [9]. Pectin-

70

biomass is a rich source of different biopolymers. Improvement of the properties of the pectin

47

based biocomposite films are usually produced by solution casting [10] in which pectin is

71

films by blending the polymer with fungal biomass has not been investigated before.

48

dissolved in an aqueous acidic solution, and reinforcing materials are suspended in this

72

The purpose of the current work was to apply a solvent-free compression molding method for

49

solution. The solution is then casted over a smooth surface and dried to make a film [11].

73

production of bioplastic films from citrus peel derived pectin. Moreover, as another solution

50

Production of bioplastic films via solution casting method however has a high demand of

74

to citrus waste (CW) challenges, free sugars and other water-soluble nutrients were extracted

51

energy which may avoid profitability of the process in large scales [12]. The molding method,

75

from CW and employed for cultivation of the filamentous fungus Rhizopus oryzae, in a pilot

52

on the other hand, usually has lower energy demand and processing time compared to the

76

scale bubble column reactor. Incorporation of the fungal biomass to the pectin films was also

53

casting method, thus being preferred for industrial applications [13]. For non-thermoplastic

77

investigated. Fungal biomass grown on a rich synthetic medium was used as a reference for

54

biopolymers, such as proteins, heat compression molding has been applied to produce

78

comparison of the properties of the obtained films. SEM analyses were used to study the

55

bioplastic items [14]. However, to the best of our knowledge, this technique has not been

79

molecular interactions between the pectin and the fungal biomass components.

56

employed for production of pectin based bioplastics.

80

57

Blending of pectin with clay nanoparticles such as halloysite nanotubes [15, 16] and layered

81

58

double hydroxides materials [17] positively affect the mechanical performances, improved

82

59

thermal stability, and vapor barrier properties of the pectin films. Similarly, the blend of other

83

Citrus waste (CW) was kindly provided by Brämhults Juice AB (Borås, Sweden). For the

60

biopolymers such as polysaccharides (e.g. starch, cellulose, and chitosan) [11], proteins, and

84

production of pectin-based bioplastic films, citrus peel derived pectin (poly-D-galacturonic

61

lipids [18] were reported to improve the pectin films characteristics. For instance, in a review,

85

acid, ≥ 74%) from Sigma-Aldrich Inc. (St. Louis, MO, USA) was used. Anhydrous glycerol

62

Porta et. al [19] stated that addition of proteins, e.g. soy proteins, to pectin films not only

86

(analytical grade, 99%), from Scharlab S.L. (Barcelona, Spain), was used as plasticizer for the

63

brings a nutritional value to the films, but also increases the strength and improves the oxygen

87

production of bioplastic films. Other chemicals and reagents used in this study were

64

barrier characteristics. The improvements are caused by the strong interactions between the

88

purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA) unless stated otherwise.

65

OH- and COO- groups of pectin and positively charged –NH groups of proteins. Lipids can

89

66

form dipole-charge and dipole-dipole interactions with polar functional groups of pectin

90

67

matrix and therefore, improve the characteristics of the pectin-based films [12, 18].

91

Rhizopus oryzae (CCUG28958) used for biomass cultivation was acquired from the Culture

68

Furthermore, materials containing a mixture of several organic compounds, e.g. coffee

92

Collection of the University of Gothenburg, Sweden. The strain was grown in agar plates

69

ground, have been tested as filler for a pectin matrix with interesting results [20]. Fungal

93

(potato extract 4 g/L, dextrose 20 g/L, agar 15 g/L) for 5 days at 30 °C. The obtained plates

94

were then kept at 5 °C until use for a maximum of 30 days. Spore suspension for inoculation

4

2. Material and Methods
2.1.Materials

2.2. Microorganism

5

95

was prepared by adding 20 mL of sterile water in a plate and gently stirring the liquid using a

120

cultivation, which was carried out at 35 °C and at an aeration rate of 1.5 vvm (volume of air

96

sterile L-shaped spreader.

121

per volume of medium per minute). The pH was adjusted to 5.4-5.5 at the beginning of the

122

cultivation. The initial pH of CWFS was 3.6 and was increased to 5.5 using 5 M NaOH

97
98

2.3. Extraction of citrus waste free sugars (CWFS) and nutrients

123

solution [5]. At the end of the cultivations, the broth was filtered through a kitchen sieve and

99

The soluble sugars and other soluble nutrients were extracted from CW according to Satari et

124

the harvested solid was washed with tap water and stored at -20 °C for further usage. As the

100

al. [5] with minor modification. Briefly, CW in wet form (60 kg) was mixed with tap water

125

media at the beginning of the cultivations contained no suspended solids, the collected solids

101

(90 L) and left overnight. Thereafter, the mixture was subjected to liquid extraction in a fruit

126

were considered to be only fungal biomass.

102

press machine (LANCMANTM VSPIX120) equipped with a textile filter (pore size 3 mm).

127

The broth was analyzed in terms of lactic acid, glycerol, ethanol, glucose, and other sugars

103

The citrus waste free sugars solution (CWFS) was collected and stored at 5 °C until use.

128

using a hydrogen-ion based ion-exchange column (Aminex HPX-87H, Bio-Rad, Hercules,

129

CA, USA) installed in a high-performance liquid chromatography (HPLC) system at 60 °C,

104
105

2.4. Cultivation in bubble column reactor

130

using 0.6 mL/min of 0.5 mM H2SO4 solution as the eluent. A refractive index detector

106

Cultivation of R. oryzae was performed using different media, namely CWFS and a nutrient

131

(Waters 2414, USA) was used to identify and quantify the components.

107

rich semi-synthetic medium [glucose (10 g/L), yeast extract (5.0 g/L), K2HPO4 (3.5 g/L),

132

108

CaCl2.2H2O (1.0 g/L), MgSO4.7H2O (0.75 g/L), and (NH4)2SO4 (7.5 g/L)]. Sterilization of the

133

2.5. Characterization of the fungal biomass

109

liquid media was performed in an autoclave (Systec, Germany) at 121 °C for 20 min. R.

134

The standard Kjeldhal method (InKjel P digestor + Behrotest S1 distiller, Behr Labor-

110

oryzae inoculum was prepared in 1-L baffled Erlenmeyer flasks containing 300 mL of sterile

135

Technik, Germany) was adopted for analysis of protein content in the fungal biomass. For this

111

CWFS medium or semi-synthetic medium at pH 5.5. These solutions were inoculated with 15

136

analysis, the biomass was pre-dried at 70 °C overnight. Briefly, the protein content in the

112

ml of spore suspension of R. oryzae and incubated in shaking water bath at 35 °C (for 24 h for

137

biomass was quantified in two steps, namely digestion (where the organic nitrogen content of

113

semi-synthetic medium or 48-55 h for CWFS medium) to obtain enough fungal biomass for

138

biomass was converted into ammonium sulphate and water) and distillation (where

114

inoculation of 26 L bubble column bioreactor (Bioengineering, Switzerland).

139

ammonium hydroxide was collected as distillate through the reaction of (NH4)2SO4 with 10.7

115

Inoculum (1.5% v/v) was added to a 20-L plastic container containing the sterile medium

140

M NaOH). The collected distillate was titrated with 0.1 M HCl to determine the protein

116

(CWFS or semi-synthetic) to complete 20 L of working volume. In addition, 5 ml of antifoam

141

concentration in fungal biomass (defined as 6.25 times the net nitrogen content of biomass)

117

204 (Sigma-Aldrich Inc, MO, USA) was also added to the medium to prevent foam

142

[21]. Sulfuric acid (Sigma-Aldrich Inc., MO, USA), Kjeldhal tablets (0.5 g CuSO4 + 5.0 g

118

generation during the cultivation. This inoculated solution was manually transferred to the

143

K2SO4; Thompsons and Capper LTD, UK), and antifoam tablets (0.97 g Na2SO4 + 0.03 g

119

sterile bioreactor (sterilized by direct steam injection at 130 °C for 30 min) to start the

6

7

144

silicone antifoam; Thompsons and Capper LTD, UK) were used as reagents for biomass

169

To prepare the films, the obtained pectin-glycerol blend was placed between two square-

145

digestion.

170

shaped high-density polyethylene sheets (12 cm × 12 cm) and placed in a Rondol 20 Ton

146

Organic solvent extraction was used for lipid determination according to Majdejabbari et. al

171

molding press (Rondol Technologies Ltd, UK). The compression molding process was

147

[22] with modification. The harvested biomass was lyophilized (Labconco: Kansas City, MO,

172

performed under operation conditions of 1.33 MPa and 120 ºC. The heating plates were

148

USA) and milled to 0.2-mm size powder using a Rotor mill (Fritsch Pulverisette14, Fritsch

173

previously set at the working temperature and the sample was kept between them for 10 min.

149

Industries, Germany). Extraction was carried out by adding 25 ml of 0.4% (w/v) biomass

174

The sheets were then removed from the press and left at ambient temperature to cool for 5

150

suspension in water to 50 ml of organic solvent mix (containing 40% petroleum ether, 40%

175

min. The obtained pectin biofilms were stored in PE bags at room temperature for further

151

diethyl ether, and 20% absolute ethanol) in a 250 ml separating funnel. The content in the

176

characterization.

152

funnel was thoroughly mixed manually for 10 min and left still for phase separation. The

177

Pectin-based biomass films were also produced by incorporation of fungal biomass. The

153

organic phase was collected in pre-weighted glass beakers to determine the lipid

178

fungal biomass was lyophilized and milled (particle size < 0.2-mm) before mixing with pectin

154

concentration. The aqueous phase was subjected to two more extractions similar to the first

179

and glycerol. Biomass concentrations varied in the range of 0-35% of the total mixture.

155

one to guarantee the complete extraction of lipids. The beaker containing the organic phase of

180

Glycerol content was kept at 30%. Pectin, fungal biomass, and glycerol were vigorously

156

the three extractions was left overnight in a fume hood for evaporation of the liquid and

181

blended manually. A longer mixing step (5 min compare to 2 min for pectin films) was

157

further dried at 105 °C until constant weight. By weight difference, the amount of lipids was

182

necessary to get a uniform dough material that was suitable for compression molding.

158

determined.

183

Afterwards, the matrix was shaped into a ball (total weight of 2.5 g) and conditioned

184

overnight at ambient temperature in PE bags to get better uniformity. Then, blends were

159
160

2.6. Solvent free method for production of pectin films

185

subjected to compression molding to produce films. Figure 1 illustrates different steps in

161

The pectin films were produced using a solvent-free compression molding approach, which

186

preparation of the pectin based films by compression molding approach.

162

involved thermo-mechanical treatment of pectin. Pectin (Sigma-Aldrich Inc., St. Louis, MO,

187

163

USA) was used with galacturonic acid ≥ 74.0% - dried basis, methoxy groups ≥ 6.7% - dried

188

2.7. Tensile analyses

164

basis, and molecular weight of 30-100 kg/mol. Glycerol was used as plasticizer. Preliminary

189

Tensile analyses, namely the yield point, the tensile strength (TS), the elongation at break (E

165

experiments (data not shown) indicated glycerol content (GC) of 30% (w/w) as the best

190

%), and the Young’s modulus were performed to determine the mechanical properties of the

166

concentration. Mixing of pectin powder with glycerol was carried out manually for 2 min

191

films. These properties were measured using an Elastocon H10KT tensile testing machine

167

with the help of a glass stirrer to get an uniform dough which was then formed into ball shape

192

(Elastocon AB, Sweden). The films were cut in dog-bone shaped testing specimens using a

168

(total weight of 2.5 g) and stored in polyethylene (PE) bags overnight at room temperature.

193

manual cutting press (EP 08, Elastocon AB, Sweden) equipped with a dog bone shape cutting

8

9

194

die EP 04 ISO 32-7. The pectin films were subjected to the tensile examination with gauge

219

samples were attached to a carbon tape and covered with gold. For cross-section imaging,

195

length of 22 mm, load force of 100 N, gap between grips of 50 mm, and width of dog bone

220

samples were immersed in liquid nitrogen for 1 min, broken, and attached to a carbon tape

196

shape film specimen of 4 mm. QMat 5.41a-Dongle 4631 software processor was used to

221

placed on a stub. Then, the gold coating was performed before imaging. The images were

197

process the data. All film specimens were tested in triplicates.

222

collected at magnification of 1000×, energy of the beam 10 kV, and working distance of 6

223

mm for surface images, and at magnification of 1500×, energy of the beam 25 kV, and

224

working distance of 10 mm for cross-section images.

198
199

2.8. Water vapor permeability coefficient (WVPC)

200

Water vapor permeability coefficient (WVPC) was determined according to the ASTM E96

225

201

[23]. The pectin and pectin-biomass films were placed on the top of a pre-dried (at 70 ºC,

226

202

overnight) glass container (diameter of 32-50 mm depending on the film diameter) and sealed

227

All experiments were carried out in duplicate. Data are reported as average ± standard

203

with a paraffin film. Prior to the film insertion, glass containers were filled with 50-100 g of

228

deviation. Error bars in graphs indicate one standard deviation. Results were analysed using

204

distilled water, providing a distance between the tested film and the water surface of 2-3 cm.

229

the software MINITAB® 17 Statistical Software (Minitab Inc., State College, PA, USA).

205

The weight of the entire setup, including the film, was measured (at time 0 h) and this was

230

Tukey tests were performed to determine statistical differences between results. A confidence

206

kept in a desiccator. The weight loss of the containers was measured every 24 h up to 5 days,

231

interval of 95% was considered in all analyses.

207

and finally a graph of weight loss versus time was plotted which showed a linear behavior.

232

208

The slope of the straight line was used for the WVPC calculation (in kg.s-1.m-1.Pa-1) according

233

3. Results and discussions

209

to Equation 1.

234

Pectin-based bioplastic films have the potential to reduce the environmental footprint of

235

human activity twofold: decreasing the negative effects of synthetic plastics and addressing

210

ܹܸܲ ܥൌ

ௌή

ή

(1)

2.10. Statistical analyses

211

Where S is the slope of the plot (kg/s), A is the beaker mouth area (m2), ΔP is the vapor

236

the citrus waste management issue [26]. However, the solution casting method, the most-

212

pressure difference (Pa) between the two sides (inside of glass container and desiccator) of the

237

commonly used method for pectin film production, has a high demand of energy. In this work

213

film and X is the film thickness (m) [24, 25]. The test was done in duplicates for each film.

238

heat compression molding technique, with lower energy demand compared to casting [27,

239

28], was employed for production of pectin films. Furthermore, the potential of the fungal

240

biomass for enhancement of the pectin films was investigated. The biomass was obtained by

214
215

2.9. Scanning Electron Microscopy (SEM)

216

Scanning electron microscopy (SIGMA VP FE-SEM, Carl Zeiss AG, Germany) analysis was

241

cultivation in water soluble nutrients of citrus waste [5]. Fungal biomass cultivated on a rich

217

conducted to study the morphology of the pectin based films. The micrographs were taken

242

semi-synthetic medium was also used as a reference.

218

from surface and cross-section of the films. Before taking images from the surface, the

243

10

11

244

3.1.Self-binding ability of pectin and production of pectin films

269

3.2. Production of fungal biomass for incorporation into pectin films

245

Thermo-triggered self-binding ability of proteins [28] and natural fibers [27] to produce

270

Citrus waste free sugars (CWFS) solution and a semi-synthetic medium were used for fungal

246

binder-less objects has been reported. Under the thermo-mechanical treatments, proteins

271

cultivation in a 26-L bubble column bioreactor. The fungal biomass was harvested when the

247

undergo disaggregation, denaturation, and dissociation reactions which can lead to the

272

sugar concentration in the medium was close to zero. In CWFS medium, R. oryzae first

248

formation of new links and the aggregation of proteins to new forms [28]. Melting/glass

273

consumed glucose. When the glucose level in the medium was low, consumption of other

249

transition as well as degradation reactions play roles in formation of new objects from natural

274

sugars, e.g. fructose and sucrose, was started. The profile of different components during the

250

fibers under thermo-mechanical treatments [27]. Plasticizers are often required to improve the

275

fungal fermentation is presented in Figure 3. In average, 65-72 h was necessary for R. oryzae

251

processability and the mechanical properties by reducing the interactions between the

276

to completely assimilate the glucose (≈ 20 g/L) and ca. 10 g/L of other sugars present in the

252

polymers chains. Glycerol has been used to improve the properties of the protein bioplastics

277

CWFS medium. Starting with 10 g/L glucose in semi-synthetic medium, the fungus needed

253

[28, 29]. The presence of water, moisture, has been reported to be necessary for production of

278

20 h for complete assimilation of the sugar. Therefore, the fungal exhibited comparable rates

254

cellulose bioplastics with good mechanical properties [27].

279

of glucose assimilation in these media. However, different profiles of fermentation

255

In this work the self-binding ability of pectin was investigated. Glycerol was used as a

280

byproducts were observed in these two media (Figure 3).

256

plasticizer. Pectin powder was mixed with glycerol to form a dough-like material. This

281

The concentration of lactic acid and ethanol remained low during fungal cultivation in the

257

material was then subjected to a heat compression molding process in similar conditions used

282

CWFS medium. In the semi-synthetic medium, the obtained values for lactic acid and ethanol

258

for production of proteins bioplastics, namely, 120 °C and 1.33 MPa for 10 min. Higher tested

283

were 0.068 and 0.254 g/g of consumed sugar at the end of cultivation, respectively (Table I).

259

temperature (150 °C) resulted in films with burnt edges and was not further used. The results

284

Moreover, while in the semi-synthetic medium the production of glycerol was lower than the

260

confirmed the self-binding ability of pectin as shown in Figure 2.

285

production of ethanol (0.12 g glycerol/g ethanol), the glycerol production was much higher

261

Using the solution casting method, Cavallaro et al. [15] prepared pectin films using

286

than the ethanol production in CWFS medium (34.5 g glycerol/g ethanol). The result suggests

262

polyethylene glycol (PEG) 20000 as plasticizer at a weight ratio pectin/plasticizer of 4. Below

287

different metabolic pathways were used in these media for glycerol production. This

263

this value, the obtained films were fragile and with several voids. In this study, glycerol

288

hypothesis is corroborated when taking into account the composition of the biomasses grown

264

concentrations higher than 30% resulted in very thin and mechanically weak films that were

289

in the different media.

265

not suitable for further mechanical analyses (data not shown). On the other hand, pectin

266

powder could not be properly homogenized using less than 30% glycerol. Thus, glycerol

290

The protein concentration was only 0.31 g/g biomass for the R. oryzae cultivated in CWFS

267

content of 30% was found to be the optimum value to prepare the pectin films.

291

medium while it was 0.60 g/g biomass for the fungus cultivated in semi-synthetic medium. In

292

contrast, the total lipid concentration (g/g) in biomass was 0.2 g/g for the fungus cultivated in

293

CWFS medium, and only 0.1 g/g for the fungus cultivated in semi-synthetic medium. The

268
12

13

294

difference can be related to the different nitrogen composition of the media. The semi-

319

based films. The thickness of pectin films was 1.03 mm which was reduced to 0.2-0.4 mm

295

synthetic medium was prepared with a total nitrogen content of 2.0 g/L, while nitrogen

320

(Table II) in pectin-fungal biomass films. The biomass-incorporated pectin films were more

296

concentration was 1.3 g/L in CWFS medium, as determined by the Kjeldahl method, and no

321

flexible and softer than pure pectin films. Visually, incorporation of the fungal biomass

297

supplementation was used.

322

resulted in darker and more opaque films (Figures 2D, E and F).

298

Protein synthesis in microorganisms is mostly influenced by the nitogen source in the

323

299

cultivation medium. Microbial growth under nitrogen starvation, on the other hand, leads to

300

accumulation of lipids, an adaptation necessary to survive under stress conditions. In such

301

scenario, the tricarboxylic acid cycle is interrupted, causing accumulation of citrate in the cell.

302

Citrate is then converted into oxaloacetate, which in turn is converted into malate. The last is

303

further converted into pyruvate. All this reactions cause a net production of NADPH and

304

acetyl-coenzyme A, which are used to produce fatty acids and triacylglycerides (TAGs) [30].

305

In fact, fatty acid metabolism is much more complex and involves several other reactions

306

which are not part of this study [31]. The accumulation of lipid in the cells occurs via a

307

dynamic equilibrium of fatty acid synthesis and degradation [31]. When degraded by lipases,

308

TAGs are hydrolyzed into free fatty acids and glycerol [32]. Production of glycerol during the

309

course of fungal cultivation in CWFS has probably been performed though a similar

310

mechanism. Low ethanol yield and high lipid content in the biomass confirm this hypothesis.

311

In semi-synthetic medium however, glycerol has been produced as a result of the alcoholic

312

fermentation in order to maintain the cytosolic redox balance [33].

313
314

3.3. Incorporation of fungal biomass into pectin films

315

Pectin-fungal biomass films were prepared using 30% glycerol. The concentration of fungal

316

biomass in the pectin films varied between 0 and 35%. Blends containing more than 35% of

317

biomass were not suitable for compression molding (data not shown). Thickness of the

318

obtained films was generally decreased by increasing the biomass concentration in the pectin14

324

3.4.Scanning Electron Microscopy (SEM) of pectin based films

325

The surface SEM images of the pectin based films are shown in Figure 4. A bumpy, dense,

326

and cracked surface with randomly distributed small particles (in white color) was observed

327

in pure pectin film (Figure 4A). The small particles on the surface of the pure pectin film were

328

identified as non-homogenized pectin debris in the pectin-glycerol matrix. With addition of

329

10% of low-protein biomass (i.e. cultivated in CWFS medium), the small white particles

330

disappeared and the film showed a coarse surface with few agglomerates (Figure 4B). The

331

obtained result indicates that biomass inclusion improves the uniformity of the pectin-glycerol

332

matrix. Moreover, the SEM images indicate the fungal cells (that commonly present a

333

cylindrical shape) were disrupted since no structure similar to the cells has been observed.

334

Disruption of the cells means the intracellular components (e.g., proteins) have been released

335

in the biofilm matrix and could interact with the pectin molecules. Pectin films with addition

336

of 20% of protein-rich and low-protein biomasses presented more agglomerates (Figure 4C

337

and 4D, respectively) than the 10% low protein biomass film (Figure 4B). These

338

agglomerates, which were not present in the pure pectin film, indicate the incompatibility of

339

the biomass components and pectin, leading to the formation of heterogeneous structures [34].

340

For a deeper analysis of the morphology, the cross-sectional images of pectin films were

341

obtained and are presented in Figure 5. Pure pectin film had a rugged structure with gaps,

342

which irregularly appeared in the film. The film was organized like a group of closely packed
15

343

surfaces (Figure 5A). The lack of a solvent in the blend matrix might be the reason for the

367

from literature. All the films exhibited the same behavior, with the TS and yield strength at

344

resulted structure and the poor homogenization of the pectin and glycerol. Interestingly, a

368

the same value; i.e., the rupture of the material happened during the elastic behavior. This

345

more uniform texture was observed in the pectin films with addition of fungal biomass, with

369

means the stress vs. strain graphs were straight lines whose linear coefficients represent the

346

fewer gaps in the cross-sectional area compared to pectin film (Figures 5B and 5C).

370

Young’s modulus. Pectin-glycerol blend yielded 1.03-mm thick films with TS of 15.7 MPa

347

The pectin film containing low-protein biomass (Figure 5C) showed a clumpy structure with

371

and E% of 5.5 (Table II). The thickness of the film in a compression-molding process may be

348

few holes on the plane. The same structure was observed for the protein-rich biomass

372

controlled by the concentration of plasticizer and the applied pressure. Kang et al. [36]

349

containing film with more structural discontinuities. This observation could be a result of the

373

produced pectin films using the solution casting method with lower thickness (0.17 mm), E%

350

biomass composition (protein and lipid contents) and pectin interactions with biomass.

374

(3.45), and TS (0.153 MPa) compared to the film prepared in this study. Pectin-glycerol films

375

prepared by Liu et al. (2007) [11] using the solution casting method yielded higher TS (17.0

376

MPa), and lower E% (2.5%) and thickness (0.15 mm). Similarly, Cavallaro et al. [15],

377

produced much thinner films (0.06 mm) with higher TS (26 MPa) and lower E% (1.6%) using

378

PEG 20 000 as plasticizer. Fishman et al. (2004) [37] produced pectin-glycerol films at the

379

same composition of this study by extrusion method and got films with lower TS (9.9 MPa)

380

and higher E% (10.9). When comparing the Young’s modulus, the film obtained in this study

381

(298 MPa) had a value similar to the one obtained when preparing the pectin film by

382

extrusion (201 MPa) [37]. On the other hand, the pectin films reported in the literature

383

prepared by solution casting had much higher values for the Young’s modulus (1082 [11] and

384

2650 MPa [15]).

385

Promising results was obtained when the fungal biomass was incorporated in the pectin films

386

up to 20%. In this range, the tensile yields of the low-protein biomass films were 15.9, 12.7,

387

and 7.6 MPa for 10, 15, and 20% biomass ratio, respectively. The respective E% was 3.5, 2.5,

388

and 3.8%. The films made with the protein-rich biomass exhibited tensile strength of 19.3,

351

Moreover, a different internal organization was observed according to the film composition.

352

The less-oriented network of the pectin film compared to the composite pectin films yielded

353

greater thickness (Table II), denser texture as well as cracks and gaps in the cross-section.

354

Solution-casted pectin films showed a smoother morphology, according to Liu et al. (2007)

355

[11] and Galus & Lenart (2013) [35], compared to the compression-molded pectin film in this

356

study. This might be due to better homogenization of the materials in casting method

357

compared to the compression molding technique. Solution casted soy-protein isolate films

358

unmodified and modified with chitosan, however, showed rough and bubbly structure [34]

359

similar to the biomass-containing pectin films of this study. Macroscopically, a rough, dense

360

and brittle texture has been observed for a solution-casted pectin-soy flour protein (90-10%)

361

film [11]. This is probably a consequence of the incompatibility of the pectin with proteins,

362

which are one of the major ingredients of the fungal biomass.

363

3.5.Mechanical Properties of films

364

The tensile strength (TS), elongation at break (E%), and Young’s modulus of the films are

389

19.2, and 16.1 MPa, and E% of 1.6, 1.9, and 4.3%, respectively. Comparing the results, the

365

measured. Table II shows tensile properties and thickness values of pectin-based films at

390

pectin films with protein-rich biomass demonstrated better mechanical properties than the

366

various blend ratios with fungal biomass obtained in this study as well as reference values

391

pectin films with low protein content biomass. Therefore, the composition of the fungal

16

17

392

biomass had a specific importance on the mechanical properties of the pectin films. Liu et al.

417

that is used before solution casting of whey protein isolate films. The type of protein used and

393

(2007) [11] argued that, at the conditions they tested, the active aldehyde of the pectin and the

418

the presence of other substances in the biomass are possible explanations of the obtained

394

primary amines of the tested proteins (soybean flour and fish skin gelatin) form cross-linking

419

results. The inclusion of the low-protein content fungal biomass in the films had little effect in

395

which can enhance the mechanical strength of the pectin-protein films. Young’s modulus of

420

the Young’s modulus as a result of the little changes produced in the TS and E% of the films.

396

the pectin films with the protein-rich biomass increased more than fourfold. Values above

421

A maximum increase of approximately 80% in the Young’s modulus was obtained when

397

1000 MPa were obtained when using 10 or 15% biomass in the blend. This is the result of the

422

using 15% of low-protein biomass in the film (533 MPa) compared to the pectin films without

398

increase in the TS and the decrease in the E%; i.e., the inclusion of the fungal biomass yielded

423

any fungal biomass (298 MPa).

399

more resistant films possibly because of the effect of the fungal biomass acting as fibers

424

The results of this study indicate that the removal of the solvent for production of pectin films

400

reinforcing the matrix. Nevertheless, loss of mechanical properties of the films was obtained

425

can have a positive effect on the mechanical characteristics of the films and incorporation of

401

when further increasing the biomass concentration in the blend matrix. This may be the result

426

fungal biomass can further improve these characteristics.

402

of the increase of the heterogeneous structures formed in the film when adding biomass to the

403

pectin matrix, as observed by SEM images as well (Figure 4). The values obtained for E% for

427

3.6.WVPC analysis of films

404

the films containing or not fungal biomass were not statistically different (95% confidence

428

WVPC analysis was conducted in this study to determine the water vapor permeability of the

405

interval).

429

films made with the protein-rich fungal biomass, which presented the most promising

406

For the pectin films with low-protein content biomass, up to 15% of biomass yielded films

430

mechanical characteristics. High WVPC (kg.s-1.m-1.Pa-1) means the film has a poor resistance

407

with higher TS and, above 15%, they showed almost similar values compared to the pectin

431

to the passage of water vapor. According to the obtained results (Figure 6), the pure pectin

408

films reported in the literature [37, 38]. Pectin films made in this study with the protein-rich

432

film (0% biomass) showed the greatest values of WVPC (6.92 × 10-13 kg.s-1.m-1.Pa-1).

409

biomass showed higher TS than the films made by compression molding with 30% GC and

433

However, it also presented the largest standard deviation. No statistical differences were

410

70% whey protein [39], and solution casting pectin-starch film with 30% GC [38]. The films

434

observed in the WVPC values of pectin films containing protein-rich biomass (p > 0.05); the

411

of this study also showed lower TS and higher E% than the films obtained by the solution

435

films showed values ranging from 2.35 ×10-13 (35% biomass content) to 3.58 × 10-13 kg.s-1.m-

casting of pectin-soy flour protein (10% protein) film [11]. This is in contrast to the results

436

1

412
413

obtained by Sothornvit et al. (2007) [39] who obtained higher TS in the compression-molded

437

Overall, addition of biomass to the pectin films decreased the WVPC, hence fungal biomass

414

whey protein isolate films compared to those produced using the solution casting method.

438

may have increased the impermeabilization of the films to the passage of water vapor.

415

They argued that the high heat and pressure applied during the molding process may have

439

Moreover, addition of biomass also reduced the thickness of the films and this may have

416

induced a higher rate of cross-linking of the protein chains compared to the heat denaturing

440

contributed to the WVPC results. As observed in the SEM images of the cross-sectional area,

18

.Pa-1 (30% biomass content).

19

441

addition of biomass in the matrix reduced the gaps in the structure of the films. Besides

464

This work was financed by the Coordination for the Improvement of Higher Educational

442

reducing the thickness, the removal of these gaps may have also contributed to the

465
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443

impermeabilization of the films, owing to the more compact structure. Nevertheless, further

466

444

investigation is needed to determine the effectiveness of the biomass addition to the pectin

467
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films in reducing the WVPC.
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446

All the films prepared in the current study using pectin demonstrated higher WVPC than the

447

solution casting chitosan-carboxymethyl chitosan films (0.59 ×10-14 – 1.125 ×10-14 kg.s-1.m-

448

1

.Pa ) from literature [24]. The pectin-fungal biomass films also presented higher WVPC than

472

case study of solid waste disposal sites in Accra. Elixir Mgmt. Arts 49 (2012) 9879-

449

the solution casting films prepared from locust bean gum and plasticizer (polyethylene glycol

473

9885.

450

200, glycerol, propylene glycol, or sorbitol) which ranged between 1 × 10-14 and 6 × 10-14

451

kg.s-1.m-1.Pa-1 [40].

-1

469
470

References

471

1.

474

B. Ruiz and X. Flotats, Citrus essential oils and their influence on the anaerobic digestion
process: an overview. Waste Manage. 34 (2014) 2063-2079.

475
476

452

2.

R. Ackah, D. Carboo and E. T. Gyamfi, Challenges of plastic waste disposal in Ghana : a

3.

M. Lohrasbi, M. Pourbafrani, C. Niklasson and M. J. Taherzadeh, Process design and

477

economic analysis of a citrus waste biorefinery with biofuels and limonene as products.

478

Bioresource Technol. 101 (2010) 7382-7388.

479

4.

European Commission, Directive 2008/98/EC of the European Parliament and of the

453

4. Conclusion

480

Council of 19 November 2008 on waste. Official J of the European Union L 312 (2008)

454

Getting benefit of the self-binding capacity of pectin, compression molding has been proven

481

22.11.

455

to be an efficient method to produce pectin-based bioplastics, yielding films with interesting

482

456

mechanical characteristics. Moreover, incorporation of protein-rich fungal biomass up to 15%

457

decreased the presence of debris, increased the Young’s modulus, and decreased the water

485

458

vapor permeability of the pectin films. R. oryzae is a very versatile microorganism and was

486

tolerance of Zygomycetes Mucor indicus in orange peel hydrolysate without

459

able to grow in a medium with nutrients extracted from citrus waste without nutritional

487

detoxification. Process Biochem 47 (2012) 836-842.

460

supplementation. The protein content of the fungal biomass positively favored the mechanical

489

461

properties of the bioplastic.

490

462
463

Acknowledgements

B. Satari, K. Karimi, M. Taherzadeh and A. Zamani, Co-Production of Fungal Biomass

483

Derived Constituents and Ethanol from Citrus Wastes Free Sugars without Auxiliary

484

Nutrients in Airlift Bioreactor. Int J Mol Sci 17 (2016) 302.

488

6.

7.

P. R. Lennartsson, P. Ylitervo, C. Larsson, L. Edebo and M. J. Taherzadeh, Growth

F. Talebnia, M.P. Bafrani, M. Lundin and M. Taherzadeh, Optimization study of citrus
wastes saccharification by dilute acid hydrolysis. BioResources 3 (2007) 108-122.

8.

M. Ochoa-Villarreal, E. Aispuro-Hernández, I. Vargas-Arispuro and M. Á. Martínez-

491

Téllez, Plant cell wall polymers: function, structure and biological activity of their

492

derivatives, in: Polymerization, ed. A. S. Gomes (IntechOpen, London, 2012), pp. 63-86.

493
494

20

5.

9.

S. Pilla, Handbook of bioplastics and biocomposites engineering applications (John
Wiley & Sons, New Jersey, 2011).

21

495

10. U. Siemann, Solvent cast technology – a versatile tool for thin film production, in:

528

22. S. Majdejabbari, H. Barghi and M.J. Taherzadeh, Synthesis and properties of a novel

496

Scattering Methods and the Properties of Polymer Materials, eds. N. Stribeck and B.

529

biosuperabsorbent from alkali soluble Rhizomucor pusillus proteins. Appl Microbiol

497

Smarsly (Springer, Berlin, 2005), pp. 307-316.

530

Biot, 92 (2011) 1171-1177.

498

11. L. Liu, L. Liu, C.-K. Liu, M. L. Fishman and K. B. Hicks, Composite films from pectin

531

499

and fish skin gelatin or soybean flour protein. J Agr Food Chem 55 (2007) 2349-2355.

532

500

12. V. Bátori, D. Åkeson, A. Zamani and M. J. Taherzadeh, PectinǦBased Composites, in:

533

23. V. D. Alves, S. Mali, A. Beléia and M. V. E. Grossmann, Effect of glycerol and amylose
enrichment on cassava starch film properties. J Food Eng, 78 (2007) 941-946.
24. S. Dayarian, A. Zamani, A. Moheb and M. Masoomi, Physico-mechanical properties of

501

Handbook of Composites from Renewable Materials, eds. V. K. Thakur, M. K. Thakur

534

films of chitosan, carboxymethyl chitosan, and their blends. J Polym Environ, 22 (2014)

502

and M. R. Kessler (Scrivener Publishing, Beverly, 2017), pp. 487-517.

535

409-416.

503
504
505
506
507

13. F. Zubeldía, M. R. Ansorena and N. E. Marcovich, Wheat gluten films obtained by

536

compression molding. Polym Test, 43 (2015) 68-77.
14. A. Jerez, P. Partal, I. Martínez, C. Gallegos and A. Guerrero, Protein-based bioplastics:
effect of thermo-mechanical processing. Rheol Acta, 46 (2007) 711-720.
15. G. Cavallaro, G. Lazzara and S. Mioloto, Sustainable nanocomposites based on halloysite

537

Properties as Affected by Acid, Plasticizer, and Storage. J Food Sci, 63 (1998) 1049-

538

1053.

539

26. V. Bátori, M. Jabbari, D. Åkesson, P. R. Lennartsson, M. J. Taherzadeh and A. Zamani,

540

Production of Pectin-Cellulose Biofilms: A New Approach for Citrus Waste Recycling.
Int J Polym Sci, 2017 (2017).

508

nanotubes and pectin/polyethylene glycol blend. Polym Degrad Stabil, 98 (2013) 2529-

541

509

2536.

542

510

16. M. Makaremi, P. Pasbakhsh, G. Cavallaro, G. Lazzara, Y. K. Aw, S. M. Lee and S.

25. C. Caner, P. J. Vergano and J. L. Wiles, Chitosan Film Mechanical and Permeation

27. T. Pintiaux, D. Viet, V. Vandenbossche, L. Rigal and A. Rouilly, High Pressure

543

Compression-Molding of alpha-Cellulose and Effects of Operating Conditions. Materials
(Basel), 6 (2013) 2240-2261.

511

Milioto, Effect of Morphology and Size of Halloysite Nanotubes on Functional Pectin

544

512

Bionanocomposites for Food Packaging Applications. ACS Appl Mater Inter, 9 (2017)

545

513

17476-17488.

546

properties of compression molded and solution casting soybean protein concentrate based

547

films. Food Hydrocolloids, 38 (2014) 193-204.

514

17. G. Gorrasi, V. Bugatti and V. Vittoria, Pectins filled with LDH-antimicrobial molecules:

28. E. M. Ciannamea, P. M. Stefani and R. A. Ruseckaite, Physical and mechanical

515

Preparation, characterization and physical properties. Carbohyd Polym, 89 (2012) 132-

548

29. C. Gao, M. Stading, N. Wellner, M. L. Parker, T. R. Noel, E. N. C. Mills and P. S.

516

137.

549

Belton, Plasticization of a Protein-Based Film by Glycerol: A Spectroscopic,
Mechanical, and Thermal Study. J Agr Food Chem, 54 (2006) 4611-4616.

517

18. L. Bonnaillie, H. Zhang, S. Akkurt, K. Yam and P. Tomasula, Casein Films: The Effects

550

518

of Formulation, Environmental Conditions and the Addition of Citric Pectin on the

551

519

Structure and Mechanical Properties. Polymers, 6 (2014) 2018.

552

Sousa and V. Balan, Microbial lipid-based lignocellulosic biorefinery: feasibility and

553

challenges. Trends Biotechnol, 33 (2015) 43-54.

520

19. R. Porta, L. Mariniello, P. Di Pierro, A. Sorrentino and C. V. L. Giosafatto,

30. M. Jin, P. J. Slininger, B. S. Dien, S. Waghmode, B. R. Moser, A. Orjuela, L. da Costa

31. H. Chen, G. Hao, L. Wang, H. Wang, Z. Gu, L. Liu, H. Zhang, W. Chen and Y. Q. Chen,

521

Transglutaminase Crosslinked Pectin- and Chitosan-based Edible Films: A Review. Crit

554

522

Rev Food Sci, 51 (2011) 223-238.

555

Identification of a critical determinant that enables efficient fatty acid synthesis in

556

oleaginous fungi. Sci Rep-UK, 5 (2015).

523

20. V. A. Cataldo, G. Cavallaro, G. Lazzara, S. Milioto and F. Parisi, Coffee grounds as filler

32. J. Wongwatanapaiboon, W. Malilas, C. Ruangchainikom, G. Thummadetsak, S.

524

for pectin: Green composites with competitive performances dependent on the UV

557

525

irradiation. Carbohyd Polym, 170 (2017) 198-205.

558

Chulalaksananukul, A. Marty and W. Chulalaksananukul, Overexpression of Fusarium

559

solani lipase in Pichia pastoris and its application in lipid degradation. Biotechnol Biotec

560

Eq, 30 (2016) 885-893.

526
527

21. A. Mahboubi, J. A. Ferreira, M. J. Taherzadeh and P. R. Lennartsson, Value-added
products from dairy waste using edible fungi. Waste Manage, 59 (2017) 518-525.

22

23

561

33. K. T. Scanes, S. Hohrnann and B. A. Prior, Glycerol production by the yeast

562

Saccharomyces cerevisiae and its relevance to wine: a review. S Afr J Enol Vitic, 19

563

(1998) 17-24.

564

583

34. K. Li, S. Jin, X. Liu, H. Chen, J. He and J. Li, Preparation and characterization of

565

chitosan/soy protein isolate nanocomposite film reinforced by Cu nanoclusters. Polymers,

566

9 (2017) 247.

567
568
569

35. S. Galus, and A. Lenart, Development and characterization of composite edible films
based on sodium alginate and pectin. J Food Eng, 115 (2013) 459-465.
36. H. J. Kang, , C. Jo, N. Y. Lee, J. H. Kwon and M. W. Byun, A combination of gamma

570

irradiation and CaCl2 immersion for a pectin-based biodegradable film. Carbohyd Polym,

571

60 (2005) 547-551.

572

37. M. L. Fishman, D. R. Coffin, C. I. Onwulata and R. P. Konstance, Extrusion of pectin

573

and glycerol with various combinations of orange albedo and starch. Carbohyd Polym, 57

574

(2004) 401-413.

575
576

38. M. L.Fishman, D. R. Coffin, J. J. Unruh and T. Ly, Pectin/starch/glycerol films: Blends
or composites? J Macromol Sci A, 33 (1996) 639-654.

577

39. R. Sothornvit, , C.W. Olsen, T.H. McHugh, and J.M. Krochta, Tensile properties of

578

compression-molded whey protein sheets: Determination of molding condition and

579

glycerol-content effects and comparison with solution-cast films. J Food Eng, 78 (2007)

580

855-860.

581
582

FIGURE CAPTIONS

40. Ö. A. Bozdemir and M. Tutaş, Plasticiser Effect on Water Vapour Permeability
Properties of Locust bean gum-Based Edible Films. Turk J Chem, 27 (2003) 773-782.

584
585

24

Figure 1: Steps involved in preparation and production of pectin fungal biomass films.
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Figure 2: Optical photos of the pectin-based biofilms. A: pectin powder; B: pectin (70%) -

588

glycerol (30%) dough-like matrix; C: pectin (70%) - glycerol (30%) bioplastic; D: CWFS

589

medium cultivated biomass (20%) – pectin (50%); E: semi-synthetic medium cultivated

590

biomass (15%) – pectin (55%); F: semi-synthetic medium cultivated biomass (25%) – pectin

591

(45%).
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Figure 3: Concentration profile of glucose (▲), other sugars (♦) (in xylose equivalent), glycerol

595

(■)

596

medium in a 26 L bubble column bioreactor.

and ethanol (*) during cultivation of R. oryzae in a) CWFS medium and b) semi-synthetic

597

26

27

598
599

Figure 4: SEM micrographs of surface of compression molded 30% GC pectin based bio

600

plastic films. A) Pectin film without biomass (70:30); B) Pectin- Low protein biomass film

601

(60:10); C) Pectin-Protein rich biomass film (50:20); D) Pectin-Low protein biomass film

602

(50:20), (Magnification = 1000X).

603
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604

Figure 5: SEM images of the cross-section of compression molded 30% GC pectin based bio

605

plastic films. A) Pectin film without biomass (70:30); B) Pectin-Protein rich biomass film

606

(50:20); C) Pectin-Low protein biomass film (50:20), (Magnification = 1500X).
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612

Table I: The yields of fungal biomass and primary metabolites (in g/g sugar consumed), as

6

613

well as protein and lipid contents (in g/g biomas) of fungal biomass obtained in CWFS and

4

614

semisynthetic media after 72 and 24 h cultivation, respectively. Data presented as average ±

615

standard deviation and n=3.
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35

Component

608

Figure 6: WVPC of pectin films with incorporation of protein-rich fungal biomass at different

609

compositions (%) of fungal biomass.

610

CWFS
medium

Semi-synthetic
medium

Ethanol

0.004 ± 0.000 0.254 ± 0.017

Lactic acid

0.013 ± 0.004 0.068 ± 0.002

Glycerol

0.138 ± 0.030 0.029 ± 0.001

Fungal biomass

0.26 ± 0.03

0.35 ± 0.01

Protein

0.31 ± 0.02

0.60 ± 0.12

Lipid

0.20 ± 0.04

0.10 ± 0.01

616

30

31

617

Table II: Mechanical properties and thickness of the pectin films obtained by heat

618

compression molding (glycerol content of 30%) with and without incorporation of fungal

619

biomass, in this study, as well as solution casting, according to [11, 15, 36-39].

Pectin
(%)

Biomass
(%)

Cultivation
medium

Tensile strengh
(MPa)

Elongation at
break (%)

70

0

60

10

a

15.7 ± 0.53
15.9 ± 0.84

5.5 ± 1.7
3.5 ± 1.6

Young’s
modulus
(MPa)
298
499

b

19.3 ± 3.5

1.6 ± 0.9

1350

0.41

a

12.7 ± 1.29

2.5 ± 0.9

533

0.4

b

19.2 ± 2.9

1.9 ± 1.3

1230

0.35

a

7.6 ± 0.64

3.8 ± 1.1

206

0.35

b

16.1 ± 2.3

4.3 ± 2.7

446

0.38

a

5.2 ± 1.1

1.6 ± 1.1

393

0.27

b

12.5 ± 1.27

3.1 ± 0.6

406

0.34

a

6.5 ± 2.01

1.4 ± 0.4

462

0.25

b

11.2 ± 2.12

4.5 ± 1.0

250

0.32

a

7.1 ± 1.46

3.8 ± 0.8

187

0.28

9.2 ± 0.81

4.1 ± 1.5

237

0.34

17.0 ± 3.4

2.5 ± 0.6

1082

0.15

[11]

24.0 ± 3.0

2.9 ± 0.9

1213

-

[11]

26

1.52

2650

0.06

[15]

0.153

3.45

-

0.17

[36]

9.9 ± 2.4

12.8 ± 6.8

201

-

[37]

10 ± 0.3

43 ± 15

251

1.32

[39]

12

500

-

[38]

55

15

50
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45

25

40

30

35

35

b
Solution casting Pectin-glycerol
film
Solution casting (90 -10 %) Pectinsoy flour protein film
Solution casting (80 -20 %) PectinPEG 20 000 film
Solution casting Pectin-polyvinyl
alcohol-glycerol (40-20-40%) film
Extruded pectin-glyerol (70-30%)
film
Compression molded Whey
protein-glycerol (70-30%) film
Solution casting Pectin-Starch (4030%) film with 30% GC
620

21
a

Thickness
(mm)

Reference

1.03
0.42

b

CWFS; Semi-synthetic
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