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ABSTRACT 

 Microalgal biotechnology, today still in its infancy, can be seen as a gateway to a multibillion 
dollar industry. More and more, microalgal products are becoming more diversified and economically 
competitive, being widely used in food and feed industries to enhance the nutritional value of food and 
animal feed. However, despite their positive effects on health, microalgal products have not gained a 
significative importance on food sector yet, mainly due to their sensorial characteristics (dark green 
colour and strong fishy smell). Moreover, due to their high production costs, microalgae are too expensive 
to be used purely as a protein supplement in animal feed.  
 The ability of inulin, a natural prebiotic, as encapsulation matrix was explored. Microcapsules of 
Chlorella sp. were produced by spray drying at different inlet temperatures (120, 160 and 200 ºC), 
different solids content (5, 15 and 25%) and with different wall:core ratios ((1:1), (2:1) and (3:1)), 
according to a Central Composite Face design. In general, the optimized microencapsulation process, 
with a yield of 66.21%, generated a light powder with a much less intense green tone than the one of 
original lyophilized biomass (∆E=30.35). Overall, Chlorella microencapsulation led to a more stable 
powder as a result of smaller particles sizes (10 microns) and lower moisture contents (0.16%)ii. In 
addition, SEM analysis revealed spherical capsules with smooth  surfaces, what may be an indicative of a 
good encapsulation efficiency, corroborating inulin’s ability to act as a wall agent. Thanks to the prebiotic 
properties of inulin, it was also decided to simulate the gastrointestinal fluids in order to analyze the 
viability of the microcapsules in them. When microcapsules were exposed to simulated gastric fluid, the 
cells did not appear to have significant differences between them over time. Such observation seems to 
indicate a good encapsulation efficiency, which allows the protection of Chlorella cells to the stomach 
conditions. On the other hand, when the microcapsules were exposed to SIF, the number of viable cells 
appears to be smaller over time. 

Keywords: Microalgae; Chlorella sp.; Inulin; Spray dryer; Microencapsulation 
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The beginning of knowledge is the discovery of something we do not understand.  
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Microalgae formulation by spray drying technique

CHAPTER 1 

INTRODUCTION 

 1.1. CONTEXT AND MOTIVATION 

 Microalgae are known for decades, being used by indigenous populations and by the Chinese for 

centuries. Microalgal biotechnology however, only really began to develop in the middle of the last 
century when the mass production of certain protein rich microalgae was considered as a possibility to 
close the predicted so called ‘protein gap’. Nowadays, there are numerous commercial microalgae 
applications which range from simple biomass production for food and feed to valuable products for 
ecological and pharmaceutical applications.  
 Chlorella, a unicellular freshwater alga, is characterized by a relative ease of cultivation, high 
productivity and high content of proteins and other valuable components. Comprehensive analyses and 
nutritional studies have demonstrated that its proteins are of high quality and comparable to conventional 
vegetable proteins. Additionally, extracts of Chlorella have been documented as possessing diverse anti-
tumor, antioxidant, anti-inflammatory and antimicrobial activities. It is also able to decrease blood 
pressure, lower cholesterol levels, accelerate wound healing and enhance the immune system (Bishop et 
al., 2012).  
 However, despite its high content of nutritious protein and its health benefits, Chlorella has not 
gained significant importance as food or food substitute yet. Being commonly commer3cialized as a 
lyophilized powder, the major obstacles are the powder-like consistency of the dried mass, its dark green 
colour and its strong fishy smell, which limit the incorporation of algal material into conventional food 
stuff. Consumers recognize colour, flavor and texture as the main attributes of food. Of these, it has been 
clearly established that colour is the most important since it is associated with food safety and quality. An 
inappropriate colour is often associated with spoilage, bad 1processing or faulty transportations. Keeping 
these aspects in mind, series of experiments were run in order to modify or combine algal material with 
known food items, such as bread and noodles, by applying methods such as heating, mixing and baking. 
However, only small amounts could be added before appearance, dough consistence and taste became 
unpalatable (Becker, 2007). Since it became obvious soon that these attempts would not solve the 
problems, not much work was involved into other methods commonly found in food processing like, for 
instance, spray drying.  
 Lyophilized Chlorella biomass is also a complex feed supplement for potential use in different 
animal species. Rather than being merely a source of basic nutrients, it can also provide pigments, 
antioxidants, provitamins, vitamins and growth factors that can promote the value of animal products and 
enhance animal physiology and health (Kotrbácek et al., 2015). However, the alga is too expensive to use 
widely as a protein supplement in animal feed. Nevertheless, in many experiments, it was found that even 
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a very low, economically acceptable addition of Chlorella biomass to animal feed can positively influence 
growth and performance. 
 Microencapsulation allows ingredients to be physically entrapped in a homogeneous or 
heterogeneous matrix aiming at their protection. This technology not only provides barriers between 
sensitive bioactive materials and the environment, but also allows to mask bad tasting and smelling. 
Moreover, it stabilizes food ingredients, increasing their bioavailability. Another benefits of encapsulation 
are less evaporation and degradation of volatile compounds and prevention of reactions between the 
microencapsulated product with oxygen and water. Higher gastrointestinal resistance has also been 
reported. Although encapsulation can be achieved by several processes such as spray-cooling, spray-
chilling, freeze-drying and coacervation, spray drying is the most commonly applied technology. The 
success of spray drying as an industrial scale is evident from its versatile commercial applications. 
Economic viability, reproducibility, ease of scale up and process flexibility are the significant factors that 
have contributed toward making this process the predominant method for producing encapsulated food 
ingredients.  
   

 1.2. OBJETIVES 

• Primary Objetives: The present research aims to investigate the microencapsulation of a microalga 

formulation, namely of Chlorella sp, through the spray drying technique. This encapsulation has as its 
primary objective to mask the characteristic odor and, more importantly, the intense green colour of the 
microalga so that the final product has a greater acceptance by the consumers. Nowadays, the consumer 
demands more natural foods with health benefits. Given the growing concern with green and 
sustainability, it was set as a requirement, to select a wall material of natural origin in order for the final 
microencapsulated product to be suitable for vegetarians and vegans. The selection relied on inulin, a 
prebiotic material with numerous beneficial effects for health. Thus, potential of inulin as wall material 
for Chlorella encapsulation is evaluated.  

• Secondary Objectives: According to the literature, microencapsulation of Chlorella cells would 
guarantee a greater protection of the latter with respect to the environment, reducing the oxidation of 
the product and improving its stability, which in turn translates into a longer shelf life. Thus, the current 
work also aims to investigate properties such as particle size, moisture content and surface morphology 
of the dried product since these characteristics are correlated with microcapsules stability. 
Gastrointestinal resistance is also evaluated.  
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CHAPTER 2 

LITERATURE REVIEW 

 2.1. MICROALGAE: AN INTRODUCTION 

 Phycology, also known as algology, is the scientific study of algae, the primary photosynthetic 

organisms in freshwater and marine food chains. Although the Latin term ‘algae’ does not enjoy formal 
taxonomic recognition, it is widely employed to describe organisms that have a vegetation body (thallus) 
which is not divided into roots, stems and leaves, chlorophyll a as their primary photosynthetic pigment 
and lack a sterile covering of cells around their reproductive cells (Lee, 2008). Initially, only macroscopic 
marine plants such as seaweeds and kelps were covered by this definition but microalgae are now 
included. Even though most microalgae such as green, red, brown algae and diatoms are eukaryotic, the 
blue-green algae (cyanobacteria) are prokaryotic. The diversity of the microalgae is very broad and is 
reflected in a greater diversity of taxonomic groups than higher plants (Friedl and Rybalka, 2012). The 
scientific literature indicates the existence of 200,000 to several million species of microalgae when 
compared to about 250,000 species of higher plants (Norton et al., 1996). Therefore, the term ‘algae’ 
encompasses a number of plant forms that are not necessarily closely related. For instance, cyanobacteria 
are closer in evolution to the bacteria than to the rest of the algae (Lee, 2008). 
 Microalgae are characterized by a simple morphology, usually unicellular, with the size ranging 
from a few micrometers to a few hundreds of micrometers (mostly 5 – 50 µm). This biodiversity 
embodies an almost untapped resource, with the genetic and phenotypic range of these microorganisms 
being quite obvious in their nearly ubiquitous distribution in the biosphere. Whereas halophilic algae like 
Dunaliella salina exhibit an outstanding salt tolerance, being able to grow in environments nearly 
saturated with sodium chloride, cryophilic green algae like Chlamydomonas nivalis are adapted to low 
temperatures, poor nutrition, permanent freeze-thaw cycles and high irradiation. Within aqueous habitats, 
some algae grow inside a few hundred micrometers, requiring a film of liquid water to be metabolically 
active, others populate the surface water column and a few grow at the limits of the photic zone, 200 to 
300 meters below the water surface (Hallmann, 2015; Singh and Saxena, 2015)  

 2.1.1. Chemical composition of microalgae 
 Several factors influence the nutritional value of a microalga, from its size and shape, to its 
digestibility (closely related with the composition and structure of the cell wall), biochemical composition 
and production of toxic compounds (Guedes et al., 2015). In turn, biochemical composition varies 
substantially with the species under study, the experimental conditions employed as light, temperature, 
culture medium and with growth stage. Variation in biochemical composition due to growth stage is 
commonly related to culture age and nutrient depletion, especially if the organism is grown in batch 
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culture, which is under a continuous chemical change. Typically, algal cultures become depleted in 
nutrients as they enter stationary stages of growth and total lipid and carbohydrates increase while protein 
declines (Gatenby et al., 2003; Costard et al., 2012).  
 Many analyses of gross chemical composition of different microalgae have been reported in the 
literature. Table 2.1 presents a comparison of the general compositions of human food sources with that of 
different microalgae.  

Table 2.1. Chemical composition of different human food sources and selected microalgae, expressed on a dry 
matter basis (%). (Spolaore et al., 2006; Becker, 2007) 

 The high protein content of microalgae is one of the main reasons to consider them as 

unconventional sources of proteins, since they are capable of synthesizing all amino acids, including 
essential ones. Indeed, Becker (2007) states that the amino acids content is comparable with that of egg or 
soybean while the average quality is similar or superior to conventional plant proteins.  
 The total oil or lipid content ranges from 1% to 70% of the dry weight, reaching 90% under 
certain conditions, whereas in most algae the content is between 20% and 50%. Essential long-chain 
polyunsaturated fatty acids (PUFAs), EPA and DHA, are key nutrients in human and animal nutrition and 
most microalgae are rich in one or both such acids (Christaki et al., 2011). Depending on the taxonomic 
group, the fatty acid content varies substantially, although there were examples of significant differences 
between microalgae from the same class (Guedes et al., 2015).  
 Microalgae also represent an important source of nearly all the important vitamins (e.g., A, B1, 
B2, B6, B12, C, E ,nicotinic acid, biotin and folic acid) as well as macrominerals (Na, K, Ca and Mg) and 
microminerals (Fe, Zn, Mn and Cu) (Christaki et al., 2011). Although these compounds enhance the 
nutritional value of microalgae, their quantity fluctuates depending on many parameters (species, 
geographic area, season, environmental factors, the harvesting procedure and the method of drying the 

cells) (Spolaore et al., 2006). Pigments like chlorophyll (0.5% to 1% of dry weight), carotenoids (0.1% to 

0.2% of dry weight on average and up to 14% on Dunaliella) and phycobiliproteins also improve the 
nutritional value of algal cells and confer microalgae one of their most prominent characteristics, their 

color (Spolaore et al., 2006). 

Chemical composition

Commodity Protein (%) Carbohydrates (%) Lipids (%)

Rice 8 77 2

Milk 26 38 28

Meat 43 1 34

Chlorella vulgaris 51 - 58 12 - 17 14 - 22

Dunaliella salina 57 32 6

Spirulina maxima 60 - 71 13 - 16 6 - 7 

Aphanizomenon flos-aquae 62 23 3
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 2.1.2. Nutritional quality of algal protein 
 The composition of proteins may be so unique that their influence on the physiological function 
of an organism could be quite distinctive. Hence, the quality of a protein is vital when considering the 
nutritional benefits that it can provide (Hoffman and Falvo, 2004). Information on the essential amino 
acid composition, digestibility and bioavailability of amino acids must be given in order to completely 

characterize and evaluate microalgae protein (Spolaore et al., 2006).  

 During the last few decades, a great deal of attention has been focused on the biological 
assessment of the protein value of foods. The first method adopted for this purpose was the protein 
efficiency ratio (PER), expressed in terms of weight gain per unit of protein consumed by the test animal 
in short-term feeding trails. However, this calculation provides a measure of growth in rats and does not 
provide a strong correlation to the growth needs of humans (Bressani et al., 1965; Becker, 2007). Since 
proteins are nitrogen-containing substances, more specific nitrogen balance methods like biological value 
(BV) and net protein utilization (NPU) can be applied. Both methods provide a measurement of how 
efficient the body utilizes protein consumed in the diet by calculating the nitrogen used for growth or 
maintenance. The difference lies in that the BV is calculated from nitrogen absorbed whereas NPU is 
from nitrogen ingested. This last parameter is also equivalent to the calculation BV x DC (digestibility 
coefficient) (Hoffman and Falvo, 2004). Table 2.2 presents a comparison of the general protein ranking of 
human food sources with that of differently processed algae.  

Table 2.2. Comparative data on BV (biological value), DC (digestibility coefficient), NPU (net protein utilization) 
and PER (protein efficiency ratio) of differently processed algae. AD: air dried; DD: drum dried; SD: sun dried. 

(Becker, 2007) 

 2.2. MICROALGAL BIOTECHNOLOGY 

 Microalgae are known for centuries, being used for thousands of years by indigenous populations. 

The first use dates back 2000 years to the Chinese, who used Nostoc to survive during famine (Spolaore 
et al., 2006). However, the commercial production of microalgae started just a few decades ago, being 
still fairly recent. Since the early 1950s intense efforts have been made to explore new alternative protein 
sources as food supplements, primarily in anticipation of a repeatedly predicted insufficient future protein 
supply, the so called ‘protein gap’ (Becker, 2007). Algal biomass appeared at that time as a perfect 
candidate for this purpose, leading microalgal biotechnology to emerge due to the great diversity of the 
products that can be developed from the it.  

Alga Processing BV DC NPU PER

Casein 87.8 95.1 83.4 2.50

Egg 94.7 94.2 89.1 -

Chlorella sp. AD 52.9 59.4 31.4 0.84

Chlorella sp. DD 76.6 89.0 68.0 2.00

Spirulina sp. SD 77.6 83.9 65.0 1.78

Spirulina sp. DD 68.0 75.5 52.7 2.10
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 Commercial large-scale production started in the early 1960s in Japan with the culture of 
Chlorella as a food additive and meanwhile quickly spread to other Asian countries, Australia, France, 
Norway and USA (Spolaore et al., 2006). In a short period of about 30 years, the microalgal 
biotechnology industry has grown and diversified significantly. Nowadays, the microalgal biomass 
market has a size of about 5,000 t of dry matter/year and generates a turnover of approximately U.S. $ 
1.25x109/year (processed products not included in this figure) (Pulz and Gross, 2004). In relatively recent 
data (Becker, 2007) the annual worldwide production of all species of microalgae was estimated at 10,000 
tons (Table 2.3).  

Table 2.3. Worldwide production rates and major producers of the commercial most relevant microalgae. (Becker, 
2007; Pulz and Gross, 2004; Sastre, 2012)  

 Successful algal biotechnology mainly depends on choosing the right alga with relevant 
properties for specific culture conditions and products. Hence, fundamental knowledge about kinetic and 
dynamic parameters as well as physiology, ecology and taxonomy is crucial. Among the several million 
of species that are believed to exist, only a few thousands strains have been identified to date (between 
40,000 and 60,000), a few hundred are investigated for chemical content and just a handful are cultivated 
on a industrial scale. Some of the most biotechnologically relevant microalgae are the blue-green 
Spirulina, sometimes called cyanobacteria, and the green algae Chlorella vulgaris, Haematococcus 
pluvialis and Dunaliella salina (Sastre, 2012) .  

Microalgae Production 
(t/year)

Major Producers Application and 
Product

Price (€)

Spirulina 3,000 Hainan Simai Pharmacy Co. (China)  

Earthrise Nutritionals (USA) 

Cyanotech Corp. (USA) 

Myanmar Spirulina Factory (Myanmar)

Human Nutrition 
Animal Nutrition 

Cosmetics 

Phycobiliproteins

4 - 52 kg-1 

 174 kg-1 

4 - 13 mg-1

Chlorella 2,000 Taiwan Chlorella Manufacturing Co. 
(Taiwan) 

Klötze (Germany)

Human Nutrition  
Cosmetics  

Aquaculture 

Beta-Glucan

4 - 52 kg-1 

50 L-1 

 2 g-1

Dunaliella 1,200 Cognis Nutrition and Health (Australia) Human Nutrition 
Cosmetics 

Beta-carotene

262 - 2700 kg-1 

215 - 2150 kg-1

Aphanizomenon 500 Blue Green Foods (USA) 

Vision (USA)

Human Nutrition

Haematococcus 300 Cyanotech (USA) 

Mera Pharmaceuticals (USA) 

Parry’s Pharmaceuticals (India) 

Algatech (Israel)

Aquaculture 

Astaxanthin

50 L-1 

7150 kg-1

Crypthecodinium 240 Martek (USA) DHA oil 43 g-1

Schizochytrium 10 Martek (USA) DHA oil 43 g-1
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 Until recently, the use of fossil microalgae (diatoms) by Alfred Nobel for dynamite production 
was the most characteristic example of microalgal applications (Pulz and Gross, 2004). Currently, there 
are numerous industrial uses of microalgae, such as for human nutrition and animal feed, fertilizer use, 
aquaculture and incorporation into cosmetics and pharmaceutical products. Moreover, they are cultivated 
as a source of highly valuable molecules such proteins, including essential amino acids, high molecular 
polysaccharides, pigments, lipids, PUFAs and biological active molecules  (Sastre, 2012).  

 2.2.1. Microalgae for Human Nutrition 
 During the past decades, microalgal biomass was predominately utilized in the health food 
market, with more than 75% of the annual microalgal biomass production being used for the manufacture 
of powders, capsules, compressed tablets or pastilles. To date, the consumption of microalgal biomass is 
however still restricted to very few species: Spirulina (Arthrospira), Chlorella, Dunaliella and 
Aphanizomenon (Pulz and Gross, 2004). Leading the microalgal market are Chlorella and Spirulina, 
whose yearly turnover is higher than US$ 3 million and is increasing (Sastre, 2012).  
 Chlorella, a unicellular, freshwater green microalga, was the first microalga to be isolated and 
cultivated in laboratory by M. W. Beijerinck in 1890 (Światkiewicz et al., 2015). Its name comes from the 
Greek word ‘chloros', which means green, and the Latin suffix ‘ella’, referring to its microscopic size. 
Commonly, Chlorella cells are spherical or ellipsoidal and the cell size may range between 2 and 15 µm 
in diameter (Liu and Chen, 2014).  
 Known as a traditional food in the Orient, Chlorella has long been used as an alternative 
medicine in the Far East. Its commercial production as a novel health food commodity started in Japan in 
the 1960s, under the scientific supervision of the Microalgae Research Institute of Japan (Chlorella 
Institute), and by 1980 there were already 46 large scale factories in Asia (Marques et al., 2012). 
Nowadays, due to its high protein content and richness in carotenoids, vitamins and minerals, Chlorella is 
produced as a health food supplement by more than 70 companies worldwide. The largest producer is 
Taiwan Chlorella Manufacturing & Co. Ltd with an annual biomass output of 330 t in Taipei (Taiwan) 
and a further 300 t in a second production site located in Hainan (China) using open ponds (Sastre, 2012). 
Significant production is also achieved in Klötze (Germany) by Roquette Klötze GmbH & Co. KG with a 
tubular photobioreactor (Figure 2.1.(a)). The production plant consists of compact and vertically arranged 
horizontal running glass tubes with a total length of 500,000 m and a total volume of 700 m3. Operated in 
a greenhouse, the plant covers an area of 1.2 ha and is the largest microalgae production plant in Europe 
with an annual production of 130 - 150 t of dry biomass (Spolaore et al., 2006).In addition to its high 
protein content (up to 68%), Chlorella contains all the essential amino acids and is rich in fatty acids, 
dietary fibers, carotenoids, vitamins, minerals and other bioactive compounds, enabling the alga to be an 
attractive foodstuff of high nutritional quality. One of the most important substances is β-1,3 -glucan, a 
polysaccharide which stimulates the immune system (immunostimulator), destroys free radicals and 
reduces blood lipids.  
 The produced Chlorella is commercialized mainly in the form of dried powder, tablets and 
capsules. Other forms of products include Chlorella noodles, tea and Chlorella growth factor (CGF), a 
hot-water extract of Chlorella which represents a mixture of proteins, nucleic acids, polysaccharides and a 
variety of minerals. Health-promoting effects due to the administration of Chlorella or Chlorella extracts 
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include the ability to avoid constipation, to reduce gastric ulcers, to cure wounds, to prevent diseases such 
as atherosclerosis and hypercholesterolemia and to attenuate cognitive decline in age-dependent 
dementia. Anti tumor and cancer action has also been clarified (Marques et al., 2012; Sastre, 2012).  
 The cyanobacteria Arthrospira, better known as Spirulina, is cultivated worldwide for use in the 
food and feed industries mainly because of its significant protein content (up to 70% of total dry weight) 
and its excellent nutritive value, which is based on the high content of iron and essential unsaturated fatty 
acids, especially y-linoleic acid. In addition, Spirulina has an easily digestible cell wall and is one of the 
richest natural plant sources of vitamin B12 (Hamed, 2016). It is also the main source of natural 
phycocyanin, a valuable blue pigment broadly used as a natural food and cosmetic colouring. Several 
health-promoting effects have been reported: alleviation of hyperlipidemia, suppression of hypertension, 
protection against renal failure, suppression of elevated serum glucose level and prebiotic stimulation of 
the growth of intestinal Lactobacillus acidophilus (Marques et al., 2012; Sastre, 2012).  
 Since the late 70s, when the first large-scale Spirulina production plant was established in 
Mexico, it has been extensively produced around the world using open raceway ponds (Marques et al., 
2012). One of the largest producers is Hainan Simai Enterprising, located in Hainan (China), with an 
annual production of 350 t of algal powder which accounts for 25% of the total national output and 
almost 10% of the world output. The world’s largest plant, located in Calipatria (USA), is owned by 
Earthrise Nutritionals and stretches over an area of 440,000 m2 (Figure 2.1.(b)). The yearly production 
yields 450 t (Sastre, 2012; Spolaore et al., 2006). 

 Numerous countries have now started to market functional foods containing microalgae. When 
compared with algal powders, nutraceuticals produced with microalgal biomass are sensorily much more 
convenient and variable, thus combining health benefits with attractiveness to consumers (Pulz and Gross, 
2004). Countless combinations of microalgae can be found on the market, since biomass can be 
incorporated in several products from pasta to bread, snack foods, yogurt, soft drinks, candy bars or 
chewing-gum (Hamed, 2016). 

 2.2.2. Microalgae for Animal Feed  
 In addition to its use in human nutrition, microalgae can be found in animal feed, ranging from 
aquaculture species (fish, mollusks and shrimps) to pets and farm animals. In fact, it is estimated that 
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Figure 2.1. (a) Glass tube photobioreactor producing Chlorella biomass (Klötze, Germany); (b) Spirulina 
cultivation in open ponds systems (Calipatria, USA).
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approximately 30% of the current world algal production is sold for animal feed applications and over 
50% of the Spirulina produced worldwide is used for this purpose (Hamed, 2016).  
 After decades of trials where animals were fed with high amounts of microalgae (up to 50% of 
the common feed), there is today multiple evidences that very small amounts of microalgal biomass, 
almost exclusively of the genera Spirulina, Chlorella and Scenedesmus, can positively affect the 
physiology of animals (Pulz and Gross, 2004). The addition of 5 to 10% of algal biomass to feed 
enhances the physiology by improved immune response, resulting in growth promotion, disease 
resistance, antiviral and antibacterial action, improved gut function, probiotic colonization stimulation, as 
well as by improved feed conversion ratio (FCR), reproductive performance and weight control. The 
external appearance is also improved, resulting in healthy skin and a shiny coat (Marques et al., 2012).  
Results of selected experiments on microalgae inclusion in animal feed are summarized in Table 2.4.  

Table 2.4. Results of selected studies on the effects of microalgae in animal nutrition 

Algae Animals Dietary concentration 
of algae

Results References

Chlorella

Mice 50, 100 and 200 mg/kg 
of Chlorella vulgaris 

extract (CVE)

Administration of CVE suggested a protective anti-tumor 
effect which might be attributable, at least in part, to the 

stimulation of the production and, possibly, maturation of 
granulocytes and macrophages

Justo et al., 
(2001)

Breeding 
sows and 

piglets

1% Improved the number of liveborn piglets by 50% and total 
birth weight of the litter by 1 kg.  

Feed intake, reproductive performance and productive 
performance were not significantly affected. 

Kohler et al., 
(2008)

Piglets 0.1%  
(fermented Chlorella)

Fermented Chlorella improved the growth performance, 
nutrient digestibility, fecal microbial shedding (lower 

E.coli and higher Lactobacillus) and decreased the fecal 
noxious gas emission (reduced fecal NH3 and H2S)

Yan et al., 
(2012)

Broiler 
chickens

1%  
(in the form of dried 

Chlorella powder 
(DCP),  GFC or fresh 

liquid Chlorella (FLC))

Supplementation of FLC improved BWG, immune 
characteristics and the production of Lactobacillus 

bacteria in the intestinal microflora 

Kang et al., 
(2013)

Laying 
hens

Experience 1: 1% 
(conventional or lutein-

fortified Chlorella) 
Experience 2: 0.1 or 
0.2% lutein-fortified 

Chlorella

Experience 1: Both forms of Chlorella improved egg 
production and lutein content in the serum, liver and 

growing oocytes. Yolk color was significantly increased.  
Experience 2: 0.2% of lutein-fortified Chlorella increased 

egg weight, yolk color and lutein content in eggs

An et al., 
(2014)

4 to 6 
week-old 

piglets 

1% Improved feed intake by 11.8% and feed conversion by 
13.6%

Kotrbácek et 
al., (2015)

Spirulina

Broiler 
chickens

4 or 8% No effect of Spirulina on performance and body weight. 
However, the yellowness of muscles, skin, fat and liver 
increased with an increasing dietary level of Spirulina, 
being more attractive for consumers in certain markets.

Toyomizu et al., 
(2001)

Laying 
hens

1.5, 2.0 or 2.5% A significant increase in egg yolk color was observed 
without any effect on egg performance

Zahroojian et 
al., (2011)

Broiler 
chickens

6, 11, 16 or 21% Dietary levels up to 16% of dried algae can be 
incorporated into practical broiler starter diets and utilized 

by broiler chickens without any negative effects

Evans et al., 
(2015)

Broiler 
chickens

0.5, 1.0 or 1.5% 1% of Spirulina positively affected BWG, FCR and villus 
length 

Shanmugapriya 
et al., (2015)
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 2.3. SPRAY DRYING: AN OVERVIEW  

 The idea of spray drying, a method by which a liquid feedstock containing solids in solution, 

suspension or emulsion is converted to a dry powder by atomization into a flowing stream of hot gas, has 
been expounded for a very long time. The first mention of spray drying as a concept comes from the year 
1860 and the first patent note can be traced back to 1872 (Cal and Sollohub, 2010). The real boom in 
spray dryer technology occurred, however, at World War II, during which a sudden necessity for the 
transport of huge amounts of food emerged, motivating a search for new methods to reduce food’s weight 
and volume. Spray-dried powders produced in those days, when compared with today’s standards, were 
of poor flowability and solubility, difficult to handle, dusty and prone to misflavour as a result of 
degradation in the drying process. Despite these limited characteristics, spray-dried products had a clear 
advantage of still being superior to the same products achieved by other drying techniques (Masters, 
1997;  Anandharamakrishnan and Ishwarya, 2015).  
 Almost 150 years of research into the spray drying method’s principles has resulted in quite 
remarkable achievements. Due to its low energy requirements and cost, reproducibility, high process 
yield, ready scalability, process flexibility and low end product moisture content ensuring its storage 
stability, spray drying is presently one of the most exciting and powerful technological tools. Its success 
as an industrial-scale drying technique is notorious from its versatile commercial applications, being one 
of the most frequently used ways of drying in food and pharmaceutical industry (Bustamante et al., 2017).  

  2.4. PRINCIPLES OF SPRAY DRYING TECHNIQUE  

 By definition, spray dryer involves the atomization of a liquid feedstock in a hot gas stream to 

instantaneously obtain a powder. The gas generally used is air or more rarely an inert gas. As for the 
initial liquid feeding, it can be a solution, an emulsion or a suspension (Gharasallaoui et al., 2007).  
 Before it becomes powder, the liquid feed undergoes a series of transformations due to the 
influence of each of the four major stages involved in the spray drying process (Figure 2.2). The first one 
consists in the atomization of the liquid stream into drops at the top of the chamber. Next, drops are 
subjected to the interaction with a drying gas at adequate temperature. During this drying phase, the drops 
travel into the turbulent flow of heated gas in the top of the chamber with both the heated gas and drops 
flowing in the same direction, which is known as co-current flow. The solvent contained within the 
dispersion droplets is vaporized, resulting in the formation of solid product particles. During the last 
phases, as the liquid rapidly evaporates from the droplet, a particle forms and falls to the bottom of the 
chamber, being recovered from the exhausted gases using a cyclone or a bag filter (Jacobs, 2014).  

 2.4.1. Atomization 
 Atomization is the first transformation process that the feed undergoes during spray drying, being 
considered the heart of the process. Although several definitions exist, the term atomization commonly 
refers to the transformation of a powder or liquid suspension in a gas and, for a liquid, to its simultaneous 
reduction in particle size. Used atomizers include rotary atomizers, hydraulic or pressure nozzles (one-
fluid nozzles), pneumatic nozzles (multi-fluid nozzles) and ultrasonic nozzles (Cal and Sollohub, 2010). 
The choice upon the atomizer configuration depends on the nature and viscosity of the substance that is 
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subjected to the drying process and the desired characteristics of the final product (see Appendix A). The 
main goal of this stage is to create a maximum heat-transferring surface between the dry gas and the 
liquid in order to optimize heat and mass transfers. According to Masters (2002) a cubic meter of liquid 
origins approximately 2x1012 uniform 100 micron-sized droplets, offering a total surface area of over 
60,000 m2. This greater surface-to-volume ratio enables spray drying to achieve a faster drying rate and, 
consequently, enables a minimal loss of heat sensitive compounds.   

Figure 2.2. Major steps of spray drying. (1) atomization (2) spray-air contact (3) moisture evaporation (4) particle 
separation (source: Anandharamakrishnan and Ishwarya, 2015) 

 2.4.2. Spray- air contact 
 Droplet-hot gas contact occurs during atomization and establishes the beginning of the drying 
phase. The term ‘drying gas’ mostly refers to atmospheric air, which is drawn directly from the 
atmosphere through a system of filters and subsequently preheated (Cal and Sollohub, 2010). A spray 
dryer can also be operated in a closed loop using an inert gas as the drying medium (e.g. nitrogen) due to 
the instability of the substance. According to the atomizer emplacement compared to the hot gas spreader, 
one can distinguish co-current drying, counter-current drying and mixed flow drying one (Figure 2.3). 
 

Figure 2.3. Spray dryer configurations: (a) co-current; (b) counter-current; (c) combined. (modified from 
Anandharamakrishnan and Ishwarya, 2015)  
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 In co-current flow, the drying air stream inlet and the atomization device are both placed in the 
upper part of the drying chamber which causes the liquid feed to be sprayed in the same direction as the 
flow of hot air. Since thermal energy of the drying gas is utilized to evaporate the abundant solvent, 
temperature of the atomized droplets entering the dryer is kept low, enabling less thermal degradation of 
heat sensitive products (Anandharamakrishnan and Ishwarya, 2015). In this arrangement, however, the 
dispersion droplets are commonly big enough to make it to the chamber walls before they are completely 
dried, an highly undesirable phenomenon, especially in expensive pharmaceutical formulations, that 
strongly affects the process efficiency (Cal and Sollohub, 2010). 
 In contrast, in the counter-current drying, the liquid is sprayed in the opposite direction of the 
flow of hot air, thereby causing exposure of the droplets to high temperatures and thus, limiting the 
applications of the process to thermo-sensitive products. Moreover, due to complicated flow 
hydrodynamics of both phases, drying in the counter-current system is yet poorly understood. These 
appear to be the main reasons behind the low popularity of this process in industry, especially in food and 
pharmaceutical. In fact, only about 5% of spray dryers operate in the counter-current system (Piatkowski 
and Zbicinski, 2007). This arrangement, however, has many advantages, the most significant being the 
reduction of energy input for evaporation, which translates into a lower energy consumption 
(Gharasallaoui et al., 2007). 
 The term ‘mixed flow systems’ refers to dryers in which both co-current flow and counter-current 
flow are incorporated. This design is the most economical for thermostable substances.  

 2.4.3. Evaporation of droplet water  
 Moisture evaporation is the most critical step in particle formation, being closely related to the 
final morphology of the final product. Upon the droplets-hot gas contact, heat transfer is carried out from 
gas towards the product as a result of temperature difference whereas water transfer is carried out in the 
opposite direction due to the vapor pressure difference. Based on the fundamental theory of drying, three 
successive steps can be distinguished.  
 Initially, when the droplet is exposed to hot gas, heat transfer principally causes the increase of 
droplets temperature and rapid evaporation takes place. During this exposure, the droplet is heated from 
its initial temperature (T0) to the temperature of equilibrium evaporation temperature (Teq). After that, the 
removal of moisture follows a constant rate, as water is removed constantly from the surface of the 
droplet keeping it sufficiently cool. The droplet surface remains saturated with moisture and its 
temperature is constant at the wet-bulb temperature (Twb). Wet-bulb temperature is defined as the 
temperature that the drying gas reaches when it is saturated with vapor from the liquid. At this stage, the 
droplet shrinks due to the evaporation of the aqueous phase. Finally, as the moisture removal from the 
droplets proceeds, the solute dissolved in the liquid reaches a concentration beyond its saturation 
concentration and a dry crust is formed at the droplet surface. The moisture removal turns into a 
diffusion-controlled process and the evaporation rate is dependent upon the rate of water vapor diffusion 
through the dried surface shell. Drying is theoretically finished when the particle temperature becomes 
equal to that of the gas (Gharasallaoui et al., 2007; Anandharamakrishnan and Ishwarya, 2015).  
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 2.4.4. Particle separation  
 Following the drying process, the product particles descend toward the bottom of the drying 
chamber which is, in almost every case, cone shaped to facilitate the collection of the dried powder. 
Separation of the product from the drying medium can be accomplished through two types of systems.
 In the first type, dried particles settle on the bottom of the cone and are discharged through a 
suitable airlock, such as a rotary valve (Aundhia et al., 2011). The gas stream, loaded with the evaporated 
moisture, is drawn from the center of the cone above the conical bottom and is discharged through a side 
outlet. Due to the low efficiency of collection, fines must be separated in an additional particle collection 
system (cyclone separator, bag filter or electrostatic precipitator) followed by wet scrubbers 
(Anandharamakrishnan and Ishwarya, 2015). 
 In the second type of system, dried particles leave the drying chamber together with the outgoing 
air and are totally recovered in the separation system. A cyclone separator, often integrated in the 
equipment, is the most commonly used, enabling the separation of solid particles from the gas via the 
centrifugal force created by setting air in a fast rotational motion. The particles are then directed toward 
the walls and separated from the air core formed around the device’s axis. In bag filters, the exhausted gas 
travels through a woven fabric, which retains the product particles on its surface (Cal and Sollohub, 2010; 
Anandharamakrishnan and Ishwarya, 2015). Very high efficiency is usually achieved, even with 1 µm 
particles. In order to avoid any leakage and maintain high operating efficiency, bag filters must be 
carefully maintained and regularly cleaned. Other separation devices, such as electrostatic precipitators, 
are rarely used, mostly due to their high initial cost (Filková and Mujumdar, 1995).  

 2.5. SPRAY DRYING PROCESS PARAMETERS 

 Spray drying is a method which strongly and equally depends on material properties, equipment 

design and setting of process parameters. Thus, it becomes a pre-requisite to control the instrumental 
settings, namely inlet temperature, feed rate, spray air flow and aspirator flow, in order to obtain a final 
product with the desired characteristics. Although the optimization of the these parameters is usually 
achieved by a ‘trial and error’ approach, an understanding of the basic guidelines of spray drying may 
result in a intelligent operation of the equipment. Table 2.5. gives a overall idea about interrelationships 
among the spray drying parameters, nevertheless, it cannot be taken as a simplified list of instructions.  

Table 2.5. Influence of spray drying parameters on product quality. (modified from Büchi Labortechnik)

Process Parameters Outlet temperature Particle siye Final product 
humidity

Yield

-

- -

-

"  "  more water leads to 
higher partial pressure

 "  "   more solvent to be 
evaporated

"  "  better separation in 
cyclone

( "  ) eventually dryer 
product prevent 

sticking

Aspirator flow ( "  )

Inlet temperature ( "  )

 "   more cool air to be 
heated up

"  "  depends on 
application

( "  ) more liquid to be 
dispersed 

Feed rate ( "  )

 "  "  lower partial 
pressure of water 

vapor 

"  "  less heat losses 
based on total inlet of 

energy

"  "  lower relative 
humidity in air 

"  "  "   direct proportion

"  "  "  higher amount of 
energy for atomization

Spray-air flow ( "  )
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Table 2.5. Continued 

  

 2.6. SPRAY-DRYING AS A PROCESS FOR MICROENCAPSULATION 
 Microencapsulation, considered both an art and a science, can be defined as the process of 
enclosing small particles, a liquid or a gas within a layer of coating or within a matrix. Conventionally, 
encapsulations that fall within the range of 100 nm to 1000 nm are classified as microencapsulations 
while components that are within the range of 1 nm and 100nm are classified as nanoencapsulations. 
Widely used in a broad spectrum of industries, this versatile technology provides numerous functionalities 
such as protection of the product from the surrounding environment (temperature, UV radiation, oxygen, 
moisture), reduction of the evaporation or transfer rate of the core material to the outside, or even 
protection of the environment from the hazardous or toxic product. For food components, typical 
advantages also include protection against nutritional loss, masking of undesirable taste, odor and color, 
and delivery control of a food ingredient, known as controlled release (Ré, 1998). 
 As with most technologies, microencapsulation mirrors the progress and development of many 
other contemporary technologies today. Its ongoing development as a viable science in the food industry 
began in 1872 with Samuel Percy’s creation of spray-drying. William Cains followed in 1875 with his 
innovative ‘pan coating’ process to coat food, confection ingredients and pills, creating the fundamental 
basis by which many food ingredients are yet coated and enrobed today. For the time being, spray-drying 
is still the most common technique in the field of food ingredient encapsulation, proving that it is not only 
efficient but also economic when compared to other methods. According to Desobry et al. (1997), in 
contrast to freeze-drying, the cost of spray-drying method is about 30 to 50 times cheaper. Furthermore, 
spray-drying enables high process yield, ready scalability, low energy requirements and is a relatively 
simple, continuous process, features that make it a highly attractive technology. 
 Microencapsulation by spray-drying involves three major steps: preparation of the emulsion or 
dispersion to be processed; atomization of the emulsion into the drying chamber; and drying of the 
atomized emulsion droplets on hot gas contact.  
 The first stage in the formation of microencapsulates by spray-drying technology consists on the 
formation of a fine and stable emulsion of the bioactive compound to be encapsulated (core) in the wall 
solution. The primary purpose of this step is to bring together the core, which is usually of hydrophobic 
nature, and the encapsulating agent (wall), with which it is immiscible, in the feed preparation. Generally, 
microencapsulation efficiency can be increased by increasing the total solids content (TSC) of the 
emulsion preparation. It should be noted that a higher TSC in terms of wall solids is more beneficial 

Process Parameters Outlet temperature Particle siye Final product 
humidity

Yield

-

"  "  "   lack of water in 
feed leeds ti very dry 

product

"  "  "  less energy 
required to evaporation

( "  ) more humidity 
may lead to sticking 

product

Air humidity ( "  )

 "  less water 
evaporated, lower 

partial pressure

"  "  less water to be 
evaporated

"  "  lack of 
hygroscopicity leads 

to easier drying

( "   ) lower surface 
tension

Organic solvent instead 
of water ( "  )

"  "  higher partial 
pressure of drying gas

"  more energy 
contained in moisture

"  bigger particles lead 
to a better separation 

in cyclone

"  "  "  more solid 
available for particle 

formation

Solid concentration in 
feed ( "  )
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since, on drying, these solids contribute to the formation of the protective barrier around the core. It must 
be borne in mind however, that a too high wall solid content may imply an increase in viscosity, which is 
disadvantageous (Anandharamakrishnan and Ishwarya, 2015). High viscosities interfere with the 
atomization process, leading to the formation of elongated and large droplets that adversely affect the 
drying rate.  
 The obtained emulsion is then atomized into a heated air stream supplied to the drying chamber 
and the evaporation of the solvent, usually water, consequently leads to the formation of microcapsules. 
The difference in drying characteristics between the wall and the core components governs the 
encapsulation. Due to its inherent film-forming properties, the wall material dries out at a much faster rate 
than the medium in which the core is suspended, enabling the formation of a crust or coating around the 
droplet. The short time exposition and the rapid evaporation of the water keep the core temperature below 
40 ºC, in spite of the high temperatures generally used in the process (Gharasallaoui et al., 2007). 

 2.7. SELECTION OF WALL MATERIAL FOR MICROENCAPSULATION BY SPRAY-DRYING  
 One of the major limitations of spray-dryer as a microencapsulation technique is the limited range 
of wall materials available, especially for the food industry. This limitation is based on allowable 
ingredients for use in foods, which must be approved by the US Food and Drug Administration (FDA). 
The database is maintained by the Center for Food Safety and Applied Nutrition (CFSAN) in the FDA 
and contains ingredients added directly to food that the FDA has either approved as food additives or 
listed as generally recognized as safe (GRAS) (Vasisht, 2014). Given the number and variety of 
competing factors, the selection of wall materials for microencapsulation by spray-drying can be a 
daunting task, traditionally involving trial-and-error procedures in which the microcapsules are formed. 
Multiple factors must be considered when selecting a wall material, in particular physicochemical 
properties such as solubility, molecular weight, diffusibility, film forming and emulsifying properties 
(Gharasallaoui et al., 2007). Moreover, production quantities, budget and process availability should be 
also take into consideration (Vasisht, 2014).   
 Based on barrier properties, matrix materials used in microencapsulation can be grouped by 
hydrophilic, surfactant phospholipid and hydrophobic class of wall matrix (Figure 2.4). Since the majority 
of the spray-drying processes in the food industry are carried out from aqueous feed formulation, the wall 
material must be soluble in water at an acceptable level. Under most circumstances, it is also essential that 
the wall material possess excellent film-forming properties, that is, excellent wettability, and the wall 
concentrated solutions should have low viscosity. Commonly used wall materials for encapsulation of 
food ingredients include carbohydrates (starches, maltodextrins and corn syrup solids), proteins (whey 
proteins and gelatin) and gums (generally gum arabic).  
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Figure 2.4. Classification of wall material based on barrier properties (source: Vasisht, 2014) 

 2.7.1. Inulin potential for encapsulation 
 Discovered over two centuries ago by a German scientist named Valentine Rose, α-D-
glucopyranosyl-[β-D-fructofuranosyl](n-1)-D-fructofuranoside, commonly known as inulin, is a natural 
plant-derived polysaccharide composed of fructose unit chains (linked together by (2→1) glycosidic 
bonds), terminated generally by a single glucose unit (Figure 2.5) (Shoaib et al., 2016; Ronkart et al., 
2009). Depending on its chain length, which ranges from to 2 to 60 monomers, inulin can be classified as 
either an oligo- or polysaccharide, wherein chains with a maximum of 10 fructose units are commonly 
referred to as oligofructose (Mensink et al., 2015). 

  

Figure 2.5. Chemical chair structure of inulin [GFn]. G represents glucose unit, F denotes units of sucrose, whereas 
n denotes number of fructose units. (source: (Mensink et al., 2015) 

 Owing to its presence in over 3000 vegetables, inulin is considered to be extensively available in 
a wide range of plants. Natural sources include Jerusalem artichoke, chicory root, asparagus root, dahlia 
tubers and yacon. More commonly consumed vegetables and fruits containing inulin are onion, leek, 
garlic, banana, wheat, rye and barley (Shoaib et al., 2016; Mensing et al., 2015). Among this wide range 
of natural sources, industrial chicory is one of the most important, not only due to its high content of 
inulin but also due to the presence of a considerable fraction of inulin compounds with a high degree of 
polymerization (Beirão-da-Costa et al., 2013).  
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 The isolation process from chicory root basically consists of three steps: (1) extraction of water-
soluble components, including inulin, (2) purification to remove impurities and optionally low DP inulin 
and (3) finally spray drying. Occasionally, the extracted product is partially hydrolyzed to reduce the DP 
of the final product. Commercialy available in the form of a white powder with greater clarity, chicory 
inulin is moderately dissolved in water (nearly 10% at 25 ºC) which enables its addition in aqueous 
medium without any precipitation. Furthermore, inulin solutions are of relatively low viscosity (e.g., for 
5% solution, 1.65 mPas at 10 ºC and for 30% solution, 100 mPas) (Shoaib et al., 2016). Nonetheless, 
physico-chemical properties are determined to a substantial extent by the degree of polymerization (DP). 
Higher DP inulin fractions are less soluble in water, possess higher melting temperatures if crystalline or 
higher glass transition temperatures if amorphous, are chemically more stable (less sensitive to 
hydrolysis), form stronger gels and are more viscous when dissolved (Mensing et al., 2015).  
 Over the past decades, a lot of research has been done, showing that inulin is a versatile substance 
with numerous promising applications, mainly in food and pharmaceutical. In the food industry, inulin 
products consisting mainly of long-chain molecules are applied as a texture modifier and fat replacer, 
since in the presence of water they are capable to develop a particulate gel, thus alter the product texture 
and provide a fat-like mouthfeel. On the other hand, inulin products consisting mainly of short-chain 
molecules are used for sugar replacement, since regular chicory inulin, when compared to sucrose, carries 
a sweetness level of about 10%. Additionally, it has been reported that it enhances the sweetness of 
sucrose up to 35%, enabling the partial replacement of sucrose molecule’s flavor (Shoaib et al., 2016). On 
top of that, due to the β(2→1) glycosidic bonds, inulin and oligofructose behave as prebiotics, what 
means they are non-digestible by the human organism, only being degraded by certain colon bacteria 
(probiotics). This means inulin can pass through the human digestive system relatively intact, until it 
reaches the large intestine, where it is digested by bifidobacteria, encouraging the growth of a healthy 
intestinal microflora that in turn provides several benefits to the host health. The indigestibility of inulin 
also means it has relatively low food energy and this, combined with bland to sweet taste, means that it 
can be used as a low caloric bulking agent, replacing flour (Barclay et al., 2010; Beirão-da-Costa et al., 
2013). 
 Besides the use in the food industry, medicinal applications also benefit from inulin’s biochemical 
inertness and lack of toxicity in the human body. It exhibits crucial pharmaceutical applications as an 
excipient or stabilizer, a slow release drug delivery medium or even as a stabilizer for protein and peptide-
based drugs and vaccines. In addition, crucial biological effects have been attributed to inulin such as 
anti-cancer and immunomodulatory properties (Barclay, 2010).   
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CHAPTER 3 

ΜΑΤΕRIALS AND METHODS  

 In the first phase of the investigation, it was decided to test the solubility of distinct inulins as 

well as to analyze the impact of these different formulations on the properties of the spray dried 
microcapsules. Once the properties of each inulin were examined, only the most effective and 
advantageous one was selected to proceed with the remaining experiments. In order to perceive the 
influence of the process variables on the spray- dried powder characteristics, a design of experiments was 
carried out. This technique not only provided essential information through a minimum number of trials, 
but made it possible to optimize experimental conditions and, thus, the properties of the final product. 
Chlorella microparticles resulting from the optimized process were characterized in terms of colour, 
particle size, surface morphology, moisture and gastrointestinal resistance. A graphical abstract is 
presented in Figure 3.1.  
 

 

 

 

 

 

 

Figure 3.1. Graphical abstract  
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 3.1. MATERIALS  

 Chlorella sp. biomass was produced in tubular photobiorreactors by Buggypower in Porto Santo 

(Madeira, Portugal). This was supplied as a lyophilized powder and stored refrigerated (-4 ºC) in a dark 
environment (for a more detailed description please see Appendix B).  
 Commercial spray-dried inulins ‘Frutalose® OFP’ and ‘Frutafit® TEX’ were kindly provided by 
SENSUS (Roosendaal, Netherlands) while inulins ‘Orafti® HSI’ and ‘Orafti® Synergy1’  were supplied by 
BENEO (Mannheim, Germany).  
 Chemicals used in gastrointestinal fluids simulations were pepsin (P6887), pancreatin (P3292), 
sodium chloride (NaCl) and sodium phosphate monobasic monohydrate (NaH2PO4.H2O) from Sigma-
Aldrich (St Quentin Fallavier, France) and hydrochloric acid 37% from Riedel-de-Haën (Seelze, 
Germany). All solvents used were of analytical grade.  

 3.2. PREPARATION OF INULIN SOLUTIONS  

 In order to select the most suitable inulin for the microencapsulation of Chlorella, the properties 

of four different inulins were studied (Table 3.1). For each one of the inulins, 3 solutions were prepared 
with hot water at 55 ºC, 75 ºC and 95 ºC. They were then fed into the spray dryer according to section 3.4.  

Table 3.1. Characteristics of different commercial spray-dried inulins. Content refers to inulin and/or oligofructose 
content on dry mass. The sweetness is the relative sweetness compared to a sucrose solution of the same 

concentration.  

  
 After selecting the most attractive inulin, all the solutions were prepared with hot water at 75 ºC 
under constant stirring. Chlorella biomass was added to the solution one it went down to, at least, 25 ºC. 
After a considerable period of agitation, the suspension was fed into the spray dryer according to the 
experimental conditions generated in the design of experiments.  

 3.3. EXPERIMENTAL DESIGN  
 The design of experiments (DOE) was used to provide an efficient mean to optimize the spray 
drying process. This technique is an approach for effectively and efficiently explore the cause-effect 
relationship between numerous process variables and the output. A Central Composite Face (CCF) design 
was employed to investigate the variables using the software MODDE Pro 12.0 (Umetrics AB).  
 After preliminary tests in the spray dryer, it was decided to define the inlet temperature, the total 
solids content and the (Synergy:Chlorella) ratio as process variables. Factors such as the feed flow rate 

Product name Content Solubility Sweetness

Frutalose® OFP 
Oligofructose 92% Very high 40%

Frutafit® TEX ≥ 99.5% Moderate 0%

Orafti® HSI 88% Very high 30%

Orafti® Synergy1 92% N/A N/A
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and the atomizing gas flow were kept constant instead of being defined as independent variables, 
essentially, for two reasons. On the one hand, since the goal was to maximize the yield and microcapsules 
colour, it was anticipated, based on what has been reported in literature, that the most significant factors 
in these responses would be inlet temperature and (S:C) ratio, respectively. On the other hand, 
preliminary tests allowed to verify that for flow rates of more than 5 mL/min the drying chamber was wet, 
which is highly undesirable.  
 After selection of the factors and their ranges, experiments were established based on the CCF 
design and each variable was coded at three levels (-1, 0 and +1) (Table 3.2). The dependent variables 
(responses) were process yield and microcapsules colour. A total of 17 assays, including three replicates 
of the center points, were generated. To reduce systematic errors, all the experiments were completely 
randomized.  

Table 3.2. Factors levels according to CCF design  

  
 Both linear and quadratic effects of each factor under study, as well as their interactions were 
calculated. Their significance was evaluated by analysis of variance.  
 In order to gain more insight in the relation between input parameters on the responses, surface 
plots described by second-order polynomial equations were generated by regression analysis (MLR 
models were fitted for each output parameter). The fit of the models was evaluated using the 
determination coefficients (R2), adjusted Radj2 and prediction power (Q2).  

 3.4. SPRAY DRYING PROCESS 

 Inulin microcapsules, either with and without Chlorella, were produced using a Büchi mini spray 

dryer B-290 in conjunction with a high performance cyclone (both from Büchi Labortechnik AG). A two-
fluid nozzle with orifice diameter of 0.7 mm was used in a co-current mode with nitrogen as atomizing 
gas. Nitrogen being inert in nature was preferred in order to avert any unwanted reaction that might occur 
in the presence of air as drying medium. Nitrogen pressure was set constant at 5 bar whereas its flow rate 
was set at 246 L/h (about 4100 mL/min). The aspirator rates were set at 22 m3/h in all experiments, which 
corresponds to instrument setting of 100%. The feed flow rate, which is also displayed in percentage on 
the equipment, was set constant at 30%, which corresponds to a experimentally determined flow rate of, 

Levels

Independent variables Low Middle High

Inlet temperature (ºC) 120 (-1) 160 (.0 ) 200 (+1)

(S:C) Ratio 1 (-1) 2 (.0 ) 3 (+1)

Total solids content (%) 5 (-1) 10 (.0 ) 15 (+1)

Constraints

Dependent variables Low High Goal

Yield (%) 0 100 Maximize

Colour 0 100 Maximize
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approximately, 5 mL/min. The remaining spray dryer parameters were varied in accordance with the 
experimental design matrix (Table 3.3).  

Table 3.3. Experimental design matrix with the input parameters set for spray drying (inlet temperature, (S:C) ratio, 
total solids content, aspirator flow, feed flow rate and nitrogen flow rate).  

  
 Briefly, the liquid feedstock was fed into the spray dryer by a peristaltic pump and sprayed with a 
0.7 mm nozzle, by means of a flow of the drying gas (nitrogen), in the drying chamber of the apparatus. A 
flow of heated air aspirated by a pump induced the quick evaporation of the solvent from the drops, 
leading to the formation of solid microparticles.  
 The particles were then separated from the exhausted air in a cyclone and settled into a bottom 
collector. At the end of the spray drying process, the particles were collected and subsequently 
characterized. A sketch of the experimental setup is shown in Figure 3.2. 

Experiment 
number

Run 
order

Tinlet  
(ºC) Ratio (S:C) TSC 

(%)
Aspirator 

(%)

Feed 
flow rate 

(%)

N2 flow 
rate (L/h)

1 4 120 (-1) 1 (-1) 5 (-1) 100 30 246

2 9 200 (+1) 1 (-1) 5 (-1) 100 30 246

3 17 120 (-1) 3 (+1) 5 (-1) 100 30 246

4 16 200 (+1) 3 (+1) 5 (-1) 100 30 246

5 13 120 (-1) 1 (-1) 15 (+1) 100 30 246

6 3 200 (+1) 1 (-1) 15 (+1) 100 30 246

7 2 120 (-1) 3 (+1) 15 (+1) 100 30 246

8 6 200 (+1) 3 (+1) 15 (+1) 100 30 246

9 10 120 (-1) 2 (.0 ) 10 (.0 ) 100 30 246

10 5 200 (+1) 2 (.0 ) 10 (.0 ) 100 30 246

11 7 160 (.0 ) 1 (-1) 10 (.0 ) 100 30 246

12 12 160 (.0 ) 3 (+1) 10 (.0 ) 100 30 246

13 15 160 (.0 ) 2 (.0 ) 5 (-1) 100 30 246

14 1 160 (.0 ) 2 (.0 ) 15 (+1) 100 30 246

15 11 160 (.0 ) 2 (.0 ) 10 (.0 ) 100 30 246

16 8 160 (.0 ) 2 (.0 ) 10 (.0 ) 100 30 246

17 14 160 (.0 ) 2 (.0 ) 10 (.0 ) 100 30 246
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Figure 3.2. Experimental setup of the spray drying process. (1) feedstock tank (2) feed pump (3) drying chamber (4) 

cyclone separator (5) powder collection chamber. 

 The yield of the particles collected by spray drying was determined by weight measurements as 
the amount of the obtained particles in the sample collector divided by the amount of mass in the initial 
feedstock (Equation 3.1). 

 3.5. MICROPARTICULES CHARACTERIZATION  

 3.5.1. Colour parameters (CIELAB Method) 

 The colour of microparticles was assessed by the CIELAB method using a Minolta Chroma 

Meter Colorimeter CR-200 (Osaka, Japan).  
 Colour depends on light and consequently on the source of light, being defined as the 
wavelengths of light in the visual spectrum (380 to 750 nm) that are detected by the human retina. All the 
colours perceived by the human eye are associated with light radiation in this range of values: violet-blue 

"23

Powder Yield [%] = _________________________________ x 100 (collected powder weight)

(inulin and Chlorella mass in feedstock)
Equation (3.1)

(1)

(2)

(3)

(4)

(5)



Microalgae formulation by spray drying technique

(380 < λ < 480 nm), green (480 < λ < 560 nm), yellow (560 < λ < 590 nm), orange (590 < λ < 630 nm), 
and red (630 < λ < 750 nm). Among the different existing colour spaces, the CIELAB is currently used 
and recommended for most industrial applications, particularly for foods, since it uniformly covers the 
full visible spectrum of the human eye (Sant’Anna et al., 2013).  
 The CIELAB colour space can be visualized as a three dimensional space in which each 
particular colour has a unique location defined in terms of its cartesian coordinates L*, a* and b* (Figure 
3.3). Coordinate L* represents luminosity and measures the change along a grey scale from black (L*=0) 
to white  (colourless) (L*=100).  The a* coordinate has negative values for greenish colours and positive 
values for reddish colours (a* < 0 green, a* > 0 red) while the b* coordinate has negative values for 
bluish colours and positive values for yellowish colours (b* <0 blue, b* > 0 yellow). 
 

Figure 3.3. SCIELAB colour space (modified from: Sant’Anna et al., 2013) 

 Additionally, the values from the chroma (C*) and the hue (hº) provide valuable information. 
Chroma, which is calculated as shown in Equation (3.2), provides information on the vividness of a 
colour whereas the hue, which is calculated as shown in Equations (3.3-3.5), is the attribute according to 
which colours have been traditionally defined as reddish, orange, yellowish, etc. 
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 The colour parameters were expressed as a mean of triplicates. These values were then converted 
to RGB (Red, Green and Blue colour values) using the software OpenRGB (Logicol). Illuminant D65 and 
an observation angle of 10° were selected among the available options.  
 Total colour loss resulting from the microencapsulation process was calculated by Equation (3.6), 
where ∆E is the overall colour difference, ∆L is the variation of the L* coordinate, ∆a is the variation of 
the a* coordinate and ∆b is the variation of the b* coordinate. 

  

 3.5.2. Morphological characterization of microcapsules  
 The surface morphology of dried powders was observed by Field Emission Gun Scanning 
Electron Microscopy (FEG-SEM) (Jeol, JSM-5310 model, Japan). Samples of microparticles were 
directly deposited on double-sided carbon conductive tape and then coated with a thin layer of gold 
(approximately 300 Å) under an argon atmosphere. Microphotographs were obtained with an acceleration 
potential of 5 kV. 

 3.5.3. Particle size 
 Particle size and Particle size distribution (PSD) were measured with a Laser Diffraction (LD) 
equipment model (Mastersizer 2000, Malvern Instruments) equipped with a Scirocco 2000 dry disperser 
(Malvern Instruments). 
 A common approach to define the distribution width is to cite d0.5, d0.1 and d0.9. The d0.5, the 
median, is defined as the diameter where half of the population lies below. Similarly, 90 percent of the 
distribution lies below d0.9 and 10 percent of the population below the d0.1 (Figure 3.4). In this case, 
particle size measurements were reported as volume distribution and defined as the average diameter 
(D0.5), being the final result the average from two sample measurements (each one performed in 
triplicate). 

Figure 3.4. Three X-axis values for distribution width definition  

  
 The span value, an indication of how far the 10 and 90 percent points are apart, normalized with 
the midpoint, is also reported (Equation 3.7). Span values near to 1 represent narrow PSD. 
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 3.5.4. Moisture 
 The moisture content of the encapsulated powder was determined gravimetrically according to 
International Dairy Federation. A known mass of sample (about 0.5 g) was dried in a hot air oven at 60 ºC 
until a constant weight was obtained. The initial and final weights were used to calculate the wet basis 
moisture contents. The experiments were carried out in triplicates and average values were taken.  
  
 3.5.5. Gastrointestinal Resistance  
  
 3.5.5.1. Viability of free and microencapsulated Chlorella sp. in simulated gastric fluid 
 The viability of microencapsulated Chlorella in the gastric environment was evaluated upon 
treatment with a simulated gastric fluid (SGF) which was prepared according to Lian et al., (2003). The 
SGJ was made from a sodium chloride solution (0.2% w/v) and the pH was adjusted to 2.0 with 12 M 
HCl. Pepsin was added into the solution until reaching a concentration of 3.2 g/L. The mixture was then 
filtered through a 0.22 µm membrane for sterilization.  
 Finally, 0.05g of microcapsules was suspended in 9.5 mL of SGJ and incubated at 37 ºC for 120 
min under orbital shaking at 150 rpm. Samples of 1 mL were taken at regular times (15, 30, 60, 90 and 
120 min) and were observed using a microscope fitted with a digital camera. 
  
 3.5.5.2. Viability of free and microencapsulated Chlorella sp.  in simulated intestinal fluid  
 The viability of microencapsulated Chlorella in the intestinal environment was evaluated upon 
treatment with a simulated intestinal fluid (SIF) which was prepared according to US Pharmacopoeial 
(2005). Briefly, 6.8g of sodium phosphate monobasic monohydrate was dissolved in 250 mL of distilled 
water, followed by addition of 77 mL of 0.2 M NaOH and 500 mL of distilled water. 10 g of pancreatin 
was then added and mixed. The solution was adjusted to pH 6.8 with 0.2 M HCl. The total volume of the 
solution was made up to 1000 mL, followed by filtration through a 0.22 µm filter membrane. 
 Finally, 0.05g of microcapsules was dispersed in 9.5 mL of SIF and incubated at 37 ºC for 120 
min under orbital shaking at 150 rpm.  Samples of 1 mL were taken at regular times (15, 30, 60, 90 and 
120 min) and were observed using a microscope fitted with a digital camera.  
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CHAPTER 4 

RESULTS AND DISCUSSION  

 4.1. EFFECT OF TEMPERATURE PREPARATION OF INULIN FEEDSTOCK ON CAPSULES 

 MORPHOLOGY 

 Expressions such as ‘insoluble’ and ‘slightly soluble’ are commonly found in the literature to 

label inulin. In fact, depending on the degree of polymerization and the variation in molecular 
conformation, the latter comes under the categories of both soluble as well as insoluble fiber. Whereas the 
short chain fraction, oligofructose, is relatively soluble in aqueous solution, longer chain inulin polymers 
are much less soluble, being susceptible to precipitation. According to a report by Kim et al., (2001) 
inulin is practically insoluble in water at 25 ºC, with the solubility increasing with increasing temperature. 
In turn, the temperature at which the inulin solution is prepared was found to have significant effects on 
the physical and morphological properties of spray dried inulin (Ronkart et al., 2007). Such properties are 
of crucial importance to the hygroscopic properties and thus can affect the stability of the encapsulated 
product. For this reason, the impact of temperature preparation of inulin solutions on microcapsules 
morphology was evaluated.  
 Figure 4.1 illustrates scanning electron microscopy microphotographs of the four inulins in study 
dispersed at 55, 75 and 95 ºC and spray dried with an inlet air temperature of 150 ºC. As expected, the 
morphology of the obtained capsules differed according to the type of inulin as a consequence of the 
distinct characteristics thereof. Besides, for each type of inulin, shape variations were denoted according 
to the dispersion temperature, probably due to a difference in the melting of crystals present in the 
dispersion. 
 Characterized by its high solubility, Orafti® HSI (High Soluble Inulin) led to the formation of 
transparent solutions regardless of the temperature employed. Although the solutions did not show any 
significant difference to the naked eye, SEM observations allowed to verify that higher temperatures 
appear to lead to a smaller variability of particle size as well as a lower degree of particle agglomeration.  
 Similarly to Orafti® HSI, also Orafti® Synergy1, which consists of a dedicated configuration of 
long chain inulin and shorter chain oligofructose, exhibited moderate solubility, resulting in clear 
solutions for all temperatures under study. However, when observed by SEM, the dried particles resulting 
from the solutions prepared at 75 and 95 ºC appear to have a smaller size variability when compared to 
those resulting from the solution prepared at 55 ºC. Additionally, the latter seem to have an average size 
greater than of the former. It is therefore possible to deduce that, while not imperative, the use of higher 
temperatures (75 ºC or more) in the preparation of Orafti® HSI and Orafti® Synergy1 solutions may be 
beneficial depending on the intended application of the final product. If on the one hand the ease of 
dispersion of these inulins allows a lower energy expenditure, a factor of immeasurable importance for 
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the industry, on the other hand, the use of higher temperatures becomes desirable and even imperative in 
applications where particle sizes can be imposed as prerequisites. This is a fairly common situation 
particularly in the pharmaceutical industry, where particle size is a crucial factor to take into account.  

 

 

 

Figure 4.1. Scanning electron microscopy micrographs of spray dried inulins, illustrating the variation in particle 
morphology when produced from different dispersion temperatures at an inlet air temperature of 150 ºC.  

 Although transparent solutions were similarly obtained from Frutalose® OFP for any of the three 
dispersion temperatures under study, the particles resulting from the solutions prepared at 75 and 95 °C 
were found to be quite sticky. This stickiness arises as a consequence of a high degree of agglomeration 
of the microparticles, as can be corroborated by the SEM micrographs. In turn, the agglomeration can be 
justified by a low glass transition temperature (Tg), temperature above which the matrix shifts from the 
structurally rigid glassy state to a rubbery state, without phase change.  
 Being a feature of second-order time temperature dependent transition, glass transition is 
characterized by a discontinuity in material properties, whether physical, mechanical, electrical or 
thermal. In the case of polymers, the glassy state corresponds to a rigid solid, while the supercooled state 
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is observed to be of a viscoelastic nature. On the whole, Tg of a polymeric material is closely correlated 
with its chain length with shorter chain molecules possessing a lower Tg than those having longer chain. 
Additionally, Tg appears to increase with increasing molecular weight. As the designation indicates, 
Frutalose® OFP (Oligofructose Powder) is a type of short chain inulin, which implies a lower glass 
transition temperature. This property imposes itself as a limiting factor to the use of this inulin since its Tg 
is easily reached when exposed to higher temperatures. In general, a higher Tg is preferred in terms of 
achieving a good stability of the core being encapsulated (Anandharamakrishnan and Ishwarya, 2015).   
 For Frutafit® TEX, a product with a negligible percentage of shorter chain oligofructose and rich 
in long chain inulin, a temperature of 55 ºC led to the formation of a milk dispersion, whereas a 
temperature of 75 ºC originated a turbid dispersion. In contrast, a higher temperature (95 ºC) allowed a 
clear solution to be obtained as a result of a complete solubilization of inulin.  
 Morphological patterns found in Frutafit® TEX spray dried particles are also interesting to learn 
about. The drying of a dispersion containing undissolved solid particles (dispersion temperatures up to 
approximately 75 ºC) led to powders with rough surfaces, something already noticed by other studies 
whose research has focused on spray drying from suspensions rather than solutions (Ronkart el al., 2007). 
According to the same, lower dispersion temperatures give rise to rougher surfaces due to the atomization 
of dispersions rather than solutions and thus, higher dispersion temperatures are advisable in the 
acquisition of soft surfaces. Although, as it is permissible to observe by SEM micrographs, rough surfaces 
were also obtained when the solution prepared at 95 ºC was atomized. In this case, once inulin was 
completely solubilized, these results lead one to believe that for the experimental conditions employed,  
more specifically, for the fixed inlet temperature, the physicochemical characteristics of Frutafit® TEX 
give rise to rough microcapsules regardless of the dispersion temperature. Similar results were obtained 
by Beirão-da-Costa et al., (2013) who found that an inulin solution, according to the inlet temperature of 
the spray dryer, originated either soft or rough surface capsules. As the inlet temperature dropped, a larger 
number of cavities could be observed in wall surfaces. This phenomenon can be justified by the rapid 
evaporation and high pressure generated into the capsules at higher temperatures that allow particles to 
inflate. In opposition, when solutions are dried at low temperatures, water diffusion is slower and 
structures have more time to shrink and collapse. It is thus feasible to verify that the solution for obtaining 
smooth surfaces capsules may pass through the increase of the inlet temperature, which took the fixed 
value of 150 ºC.  
 Despite the distinct and characteristic results obtained for each type of inulin, it is important to 
highlight that in all tested formulations, the produced capsules showed no damaging, as it was not 
observed collapsed capsules or any blowholes, denoting that a resistant crust and consequently a resistant 
structure was created.  

 4.2. EXPERIMENTAL DESIGN  

 4.2.1. Inulin selection for wall material  
 Taking into account the characteristics and particularities of each of the four inulins under study 
and consequently the properties of the microcapsules obtained therefrom, only one was selected to 
proceed with the design of experiments.  
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 Since stickiness is considered the greatest process challenge in spray drying, as it leads to powder 
agglomerations and poses problems of caking and lumping of the product during packaging, the first 
inulin to be discarded was Frutalose® OFP. If on the one hand, agglomeration can be to a certain extent 
beneficial in ‘instant’ products such as instant coffee, allowing better wettability and dispersibility in 
water, on the other hand, this entails numerous disadvantages. The agglomeration of microcapsules is 
known not only to reduce the process yield but also to affect the release rate significantly, owing to 
increase in particle size and decrease in surface area. Another disadvantage of this inulin is that it requires 
a relatively low inlet temperature, since the drying air temperature should be below the glass transition 
temperature to prevent product collapse and stickiness in the spray chamber. However, in order to obtain a 
higher thermal efficiency as well as a low residual moisture, the inlet temperature must be as high as 
possible. 
 Off the remaining three inulins, it was also decided to discard Frutafit® TEX, essentially for two 
primary reasons. The primordial reason is related to the fact that microcapsules obtained from this 
formulation have rough surfaces, at least for inlet temperatures up to 150 ºC. According to Silva et al., 
(2013), the formation of microstructures with rough surfaces is highly undesirable since they have larger 
contact areas than those with smooth surfaces, which may make them more susceptible to degradation 
reactions, such as oxidation. Moreover, particles with rough surfaces can have problems in their flow 
properties, what becomes easier with fewer depressions on the microsphere. On the other hand, due to its 
high purity, which is translated into a majority proportion of long chains of inulin, this product demands 
the use of high dispersion temperatures (approximately 95 ºC), requiring a considerable energy 
consumption. Since industrial production is concerned, the profitability and economic viability of the 
process is a crucial factor which must be taken into account. 
 The decision on which carrier to use fell between Orafti® HSI and Orafti® Synergy1, both 
endowed with interesting and attractive features. A common advantage to both is the ease in obtaining 
inulin transparent solutions even at relatively low dispersion temperatures as a consequence of a 
significant solubility. Additionally, both formulations generate smooth surface capsules, a very desirable 
morphology. Orafti® Synergy1 formulation being a delicate configuration of long and short chain inulin 
offers, however, additional advantages essentially at the physiological level. As inulin is metabolized in 
different parts of the large intestine (short chain inulin in the proximal colon portion and long chain inulin 
in more distal colonic portion), a blend of short and long chain inulin is suggested by several nutritional 
studies in order to increase prebiotic and fermentative effects. More specifically, a blend of short chain 
and long chain inulin at 50:50 ratios provides benefits in enhancing prebiotic effectiveness such as 
increased Ca deposition and mineral contents of bone in adults (Shoaib et al., 2016). This formulation was 
thus highlighted as the most advantageous, being therefore selected for the implementation of the 
experimental design (for a more detailed description of Orafti® Synergy1 please see Appendix C).  

 4.2.2. Modeling of Chlorella microencapsulation by spray drying  
 A design of experiments offers a rational approach that enhances the value of the research, 
reducing the number of experiments and providing at the same time key information about the effects of 
distinct variables and their possible interactions.  
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 The three experimental parameters selected as factors for this particular study, namely ‘Tinlet’, 
‘Ratio (S:C)’ and ‘TSC’, as well as the resulting responses, ‘Yield’ and ‘Colour’ are shown in Table 4.1. 
The encapsulation experiments were carried out according to the Central Composite Face Design, a 
quadratic model.  

Table 4.1. CCF experimental design grid and responses pertaining to microparticles production 

 Although qualitative estimates of the individual variables influence could be made by inspection 
of the data condensed in the previous table, it would be visually difficult to make predictions as to 
whether the interactions actually existed between the variables, or which single variable had the most 
dominant effect. Thus, collected experimental data were fitted by an MLR model with which several 
responses can be dealt with simultaneously to provide an overview of how all the factors affect the 
responses. The general MLR equation for the responses of the chosen model is reported in Equation (4.1), 
where ‘constant’ is the mean of the 17 runs and ‘Ii’ represents the regression coefficients of the factors (A, 
B and C) and their interactions. 
 

Experiment 
number

FACTORS RESPONSES

Tinlet 
(ºC)

Ratio 
(S:C)

TSC  
(%)

Yield 
(%)

Colour properties

L* a* b* C* hº RGB color

1 120 (1:1) 5 50.5 50.01 ± 0.03 -6.30 ± 0.03 22.34 ± 0.02 23.21 178.70

2 200 (1:1) 5 57.3 53.99 ± 0.09 -5.96 ± 0.01 22.98 ± 0.07 23.74 178.68

3 120 (3:1) 5 39.9 63.66 ± 0.03 -6.03 ± 0.01 19.80 ± 0.02 20.70 178.72

4 200 (3:1) 5 51.3 62.93 ± 0.04 -6.52 ± 0.02 25.30 ± 0.06 26.12 178.68

5 120 (1:1) 15 49.8 52.90 ± 0.03 -6.06 ± 0.01 21.05 ± 0.07 21.91 178.71

6 200 (1:1) 15 55.0 52.85 ± 0.03 -5.12 ± 0.06 22.08 ± 0.01 22.67 178.66

7 120 (3:1) 15 40.1 60.24 ± 0.02 -7.44 ± 0.05 24.89 ± 0.04 25.98 178.72

8 200 (3:1) 15 65.7 62.24 ± 0.03 -6.09 ± 0.02 22.33 ± 0.06 23.14 178.70

9 120 (2:1) 10 48.8 57.37 ± 0.01 -7.29 ± 0.00 23.95 ± 0.01 25.03 178.72

10 200 (2:1) 10 72.3 62.79 ± 0.07 -6.49 ± 0.04 20.75 ± 0.02 21.74 178.73

11 160 (1:1) 10 57.2 52.71 ± 0.08 -6.55 ± 0.04 21.11 ± 0.02 22.10 178.73

12 160 (3:1) 10 63.5 63.90 ± 0.02 -7.39 ± 0.01 21.65 ± 0.02 22.88 178.76

13 160 (2:1) 5 56.6 59.80 ± 0.04 -6.96 ± 0.02 21.75 ± 0.01 22.84 178.74

14 160 (2:1) 15 59.1 60.98 ± 0.04 -7.54 ± 0.02 23.56 ± 0.03 24.74 178.74

15 160 (2:1) 10 55.0 57.18 ± 0.03 -6.45 ± 0.01 21.00 ± 0.02 21.97 178.73

16 160 (2:1) 10 62.3 59.03 ± 0.02 -6.95 ± 0.03 21.90 ± 0.06 22.97 178.74

17 160 (2:1) 10 63.3 59.31 ± 0.03 -7.24 ± 0.04 22.28 ± 0.05 23.42 178.74
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 In order to test the statistical significance of the effects, an analysis of variance (ANOVA) was 
carried out (Table 4.2). The ANOVA table divides the variability in percent yield into separate pieces for 
each one of the effects. It then tests the statistical significance of each effect by comparing the mean 
square against an estimate of the experimental error. In this particular case, it was decided to resort to the 
‘auto-tune’ function provided by ‘Modde Pro’ software, which automatically maintains the major 
significant effects (p-values < 0.05) and discards the less significant ones (see Appendix D). It should be 
noted that not all non-significant factors were excluded since in certain situations, as is the case, it is more 
advisable to accept factors with p-values a bit higher than 0.05 rather than take the chance of missing an 
important factor. It is the case of the TSC factor. Although its linear effect is not relevant to the process 
yield, since it has a p-value well above 0.05, its quadratic effect appears to be relevant and should not, 
therefore, be underestimated.  

Table 4.2. ANOVA analysis and statistical significance of the effects.  

 A first analysis of the data allows to verify that the yield of the process is strongly influenced by a 
single significant effect, the inlet temperature. Taking this effect a positive coefficient for the range of 
values under study (120 to 200 ºC), a higher temperature will thus mean a higher yield. It should also be 
noted that, although not so significantly, the yield of the spray drying process is negatively affected by the 
quadratic effect of the Ratio (S:C) as of the TSC. In the case of microparticles colour, 3 effects have p-
values lower than 0.05, indicating that they are significantly different from zero. As it is permissible to 
verify by the data, this parameter is essentially affected by the Ratio (S:C), either linearly (positive effect) 
and quadratically (negative effect) and by the inlet temperature which, once again, has a positive effect.  

 Polynomial equations relating dependent (responses) and independent variables (factors) as well 
as respective R2 and Radj2 are tabulated on Table 4.3. The good values for both R2 and Radj2  suggest a close 
agreement between the experimental data and the theoretical values predicted. About 75% or 91% of the 
observed results concerning the microencapsulation yield and microcapsules colour, respectively, can be 
explained by the present model. The validity of the model was also confirmed by the good values 
obtained for Q2, the best and most sensitive indicator in the validation of a model. Showing an estimate of 
the future prediction precision, this parameter should be greater than 0.1 so that a model can be 

Yield (%) Coeff. SC Std. Err. P Conf. int (±)

Constant 62.02 2.14 9.8E-12 4.72

Tinlet 7.25 1.64 1.05E-3 3.62

Ratio (S:C) -0.93 1.64 0.58 3.62

TSC 1.41 1.64 0.41 3.62

Ratio (S:C) * Ratio (S:C) -3.89 2.99 0.22 6.58

TSC * TSC -6.39 2.99 0.06 6.58

Colour Std. Err. P Conf. int (±)

Constant 59.49 0.57 2.06E-20 1.23

Tinlet 1.06 0.48 0.04 1.03

Ratio (S:C) 5.05 0.48 8.85E-08 1.03

Ratio (S:C) * Ratio (S:C) -1.95 0.74 0.02 1.60
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considered significant. In this particular case, values of Q2=0.325 and Q2=0.833 were found, namely for 
the yield and colour (see Appendix F).  

Table 4.3. Model equations for the response surfaces fitted to the values of yield and particles colour as a function 
of inlet temperature (A), (Synergy:Chlorella) ratio (B) and total solids content (C), and respective R2 and Radj2.  

 To fully understand the fitted model, wire frame surface plots were created for percent yield and 

particle colour as a function of the three independent variables under study (Tin, Ratio (S:C) and TSC). 
Figure 4.2 represents the response surfaces fitted to the percent yield, which ranged from 39.9% to 72.3%. 
In these plots, the height of the surface represents the predicted value of yield over the space of two 
factors, with the third one held constant at its middle value. Analyzing Figure 4.2a-b, it is permissible to 
corroborate the positive linear effect of Tin on yield, meaning that the use of higher temperatures allows 
the best process yields to be obtained. This result is in agreement with the expected as inlet temperature is 
often associated with dryer evaporative capacity and thermal efficiency. On the other hand, percent yield 
is influenced by the negative quadratic effects of Ratio (S:C) and TSC. As can be seen from Figure 4.2c, 
for a fixed inlet temperature, an optimal zone at which the yield is maximum, can be delimited. Ratios 
close to (2:1) when combined with a TSC in the range of 10-12% appear to lead to maximization of yield. 

 
 

Figure 4.2. Response surfaces fitted to the percent yield as a function of (a) Tin and Ratio (S:C), (b) Tin and TSC and 
(c) ratio (S:C) and TSC.  

Polynomial model equation R2  Radj2

Yield = 62.02 + 7.25A - 0.93B + 1.41C - 3.89B2 - 6.39C2 -0.749- 0.635-

Colour = 59.49 + 1.06A + 5.05B - 1.95B2 -0.906- -0.884-
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 A similar plot was made for the particles colour response (Figure 4.3), which ranged from 
L*=50.01 to L*=63.90. As deduced by the polynomial equation of the model, the colour of the spray 
dried powder is not only significantly influenced by the inlet temperature (positive linear effect) but also 
by the (S:C) ratio (either by a positive linear as by a negative quadratic effect). As can be seen from the 
graphs, the colour optimization will result from the use of a high Tin combined with (S:C) ratio values 
greater than 2, this is, inulin concentrations well above that of the Chlorella. These results are in 
agreement with the expected since, for a fixed TSC, a higher content of inulin, which is colorless, allows 
a less intense colour suspension. On the other hand, a higher percentage of carrier may be the basis of a 
higher encapsulation efficiency, which translates into a greater mismatch of microalga colour .  
 

 

Figure 4.3. Response surfaces fitted to the particles colour as a function of (a) Tin and Ratio (S:C), (b) Tin and TSC 
and (c) ratio (S:C) and TSC.  

 4.2.3. Response optimization 
 Once the relationship between the factors and the responses was corroborated, the process was 
optimized. A computerized optimization procedure was applied in order to obtain the values of inlet 
temperature, (S:C) ratio and total solids content at which a maximized percentage yield and particle 
colour could be obtained.  
 The combination of factor levels leading to attainment of maximum response was 199.85 ºC, 
(2.66:1) and 10.98% for Tin, ratio (S:C) and TSC, respectively. The predicted optimum values found were 
66.96 and 63.04 for percent yield and particle colour, correspondingly (Table 4.4). At the implementation 
of the experimental conditions the inlet temperature was rounded to 200 ºC. 

"34

(a) (b)

(c)



Microalgae formulation by spray drying technique

Table 4.4. Prediction of theoretical response values by computerized optimization. 

 Although it is extremely interesting and relevant to be aware of the optimum experimental 
conditions for which responses will be maximized, they are sometimes not applicable at industrial level. 
Economic and apparatus limitations usually require value adjustments in accordance with the available 
working conditions. Consequently, as interesting as knowing the optimal conditions is to identify the 
‘sweet spots’, a set of experiments for which all product specifications and processing objectives can be 
achieved. Figure 4.4 represents the sweet spot plot of the model as a function of inlet temperature and 
ratio (S:C) whereas total solids content was kept constant at its intermediate value (TSC=10%). In this 
particular case, it was defined as a criterion that both study responses, process yield and particle colour, 
had a minimum value of 60. As a result, a 3 colour code graphic was displayed by the software. While the 
white zone represents the experimental conditions for which no criterion is obtained, the red zone is 
representative of the experimental conditions that allow to obtain, at least, one response above the 
established minimum value. The green zone represents the ‘sweet spots’, where the multiple product 
specification can be met in the most desirable way.   

Figure 4.4. Sweet spot plot. The criteria were set for both percent yield and particle colour above 60. The parameter 
‘TSC’ was fixed for the predicted design space (TSC=10%).  

Factor Value Factor Contribution Graph

Inlet Temperature 199.85 42.97

Ratio (S:C) 2.66 52.25

Total Solids Content 10.98 4.78

Response Criterion Value Graph

Yield Maximize 66.96

Colour Maximize 63.04

�

�

"

�

�
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 As can be seen from the graph, in order for the minimum criterion to be checked, high inlet 
temperatures are not a requirement. For a TSC of 10% and a value of approximately 2.5 for (S:C) ratio, 
the criteria set for percent yield and particle colour are verified for both high temperatures (200 ºC) and 
lower temperatures (around 160 ºC). Such knowledge about the sweet spots of the model allows greater 
freedom in the choice of experimental conditions that can be implemented in such a way that the answers 
reach the minimum values imposed.  
 Although at the laboratory level the objective is almost always to maximize the responses, at 
industrial level it is often necessary to compromise some parameters in function of others. Usually, only a 
minimum value is defined for the answers that are intended to be obtained. The sweet spot plot is 
therefore a particularly important tool in providing information on the ranges of values that each variable 
can take without compromising the properties of the final product.  

 4.3. MICROCAPSULES CHARACTERIZATION 

 After the implementation of the optimal experimental conditions generated by the DOE, the 

obtained microparticles were characterized in terms of colour, morphology, particle size, relative water 
content and gastrointestinal resistance. Table 4.5 presents a brief synthesis of the values theoretically 
predicted by the model and the experimentally obtained values for the two study responses, process yield 
and microparticles colour. As it is possible to deduce from the data, although predicted and obtained 
values do not coincide, they are quite similar to each other, once again demonstrating the validity of the 
model.  

Table 4.5. Prediction of theoretical response values compared to the obtained. 

 4.3.1. Colour measurements  

 Colour is a perception that is manifested in response to a narrow span of electromagnetic 
spectrum emitted by light sources, being dependent on light and, thus, on the source of light. In order to 
assess the colour parameters of the optimized microcapsules through the implementation of the CIELAB 
method, illuminant D65 was considered. Despite the wide number of illuminants available, D65 
represents the average of noon daylight from around the world, being the most appropriate daylight 
representation. Additionally, in order to standardize the colour analysis procedure, the ’10 Standard 
Observer’ angle was used. Commonly known as the 10 observer, it represents the best average 

Factors Spray Dryer Conditions

Inlet 
Temperature

Ratio (S:C)
Total Solids 

Content
Aspirator N2 Flow Feed Rate

Outlet 
Temperature

200 ºC (2.66:1) 10.98 % 100% 246 L/h 30% ≃ 120 ºC

Responses         

Yield (%) Colour

Predicted 
66.9

     
Obtained 

66.2

Predicted 
63.04

Obtained 
61.44
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spectroscopic response from human observers. Conjointly, these two parameters are considered a 
reference, allowing a realistic perception of the product colour. The colour measurements obtained are 
summarized in Table 4.6. 

Table 4.6. Colour properties of the optimized spray dried microcapsules compared to those of the commercial 
Chlorella sp. powder 

 Since one of the primary objectives of Chlorella sp. microencapsulation was to disguise its 
intense and dark green colour, a comparison between the colour properties of the unencapsulated and 
encapsulated microalga is of extreme relevance. In a first analysis of the data, it is immediately possible 
to verify a high discrepancy in the value of the parameter L*, representative of the luminosity of the 
sample. While the unencapsulated microalga has an L*=36.50, this parameter almost doubles the value 
for the encapsulated microalga (L*61.44), revealing a rather significant increase in colour clarity. 
Moreover, although both powders present negative a* values, a quick observation of the CIELAB sphere 
allows to conclude that Chlorella microcapsules have a much greener and less bluish tone compared to 
the non-encapsulated powder. The same is true for parameter b*. Although both powders have a positive 
b* value, this one is significantly higher for the encapsulated powder than for the non-encapsulated, 
indicating that the former has a more yellowish tone and the latter a dark bluish one. Greater dispersion 
was also observed in the C* parameter, which expresses the brilliance or purity of a colour. As it can be 
noted, this parameter has a three-fold lower value for the unencapsulated microalga, proving that the latter 
has a darker tone than that of the encapsulated.  
 When evaluating the relationship between the visual and the numerical analysis, the total colour 
difference (∆E) is assumed to be one of the most important factors. Generally, an overall colour difference 
of 0 to 1.5 can be considered small, indicating that the sample is almost identical to the original by visual 
observation. When the ∆E value is located within the range of 1.5 to 5, the colour difference is already 
remarkable, being even more evident for values greater than 5 (Nunes et al., 2015). In this particular case, 
a ∆E=30.35 was achieved, value with 30 units above that which human eye is able to distinguish. This 
total colour difference is easily checked through the RGB chart, which proves how remarkable the colour 
discrepancy between the two samples is to the naked eye. In general, the microencapsulation process 
allowed to obtain  a lighter powder with a much less intense green tone. 

 4.3.2. Surface morphology 
 Morphology is one delicate aspect of spray drying which makes it versatile as well as intricate. 
Although literature shows it is possible to alter spray dried particles morphology by optimizing the 
process parameters, quantifying and assessing the process variables influencing morphology is difficult, 

Colour properties

Illuminant Standard 
Observer L* a* b* C* hº ∆E RGB colour

Chlorella sp. 
powder

D65 10 º
36.50 ± 0.02 -1.98 ± 0.05 7.19 ± 0.02 7.46 178.70 0.00

Optimized 
microcapsules 61.44 ± 0.01 -6.40 ± 0.02 23.90 ± 0.03 24.74 178.69 30.35
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due to the complex interactions between the variables and unique drying patterns of materials. Surface 
morphology directly impacts on key characteristics of spray dried powder such as particle size 
distribution, moisture content, bulk and particle density, flowability and friability.  
 Figure 4.5 shows the comparison between the surface morphology of commercial spray dried 
inulin Orafti® Synergy1, lyophilized Chlorella sp. and Chlorella microcapsules with inulin as wall 
material by scanning electron microscopy. According to Walton (2000) classification, inulin particles are 
clearly in the category of skin forming structures, presenting smooth walled capsules. A commonly 
encountered feature in spray dried particles morphology that can be observed in inulin capsules is the 
formation of non-spherical, elongated particles. This shape deformation results of a incomplete 
atomization, when the action of viscous forces and surface tension on the bulk liquid to split into droplets 
is not sufficient enough (Anandharamakrishnan and Ishwarya, 2015). Skin forming materials are specially 
prone to this type of distortion due to their pliability during drying. Contrastingly, SEM micrographs 
show that lyophilized Chlorella powder has a rather rough surface. As can be seen from the 650 and 1000 
magnifications, the fact that the cells are not encapsulated makes them more susceptible to degradation, 
with ruptured cell walls being observable. SEM observations to unencapsulated Chlorella allowed at the 
same time to verify the high dispersion of cell sizes, with the majority appearing to have diameters well 
above 10 microns.  

  
 

  
   
  
  

 

  

Figure 4.5. Structure of Orafti® Synergy1, unencapsulated and encapsulated Chlorella particles. The scale bars 
correspond to 100 µm in magnification 100 (first column) and to 10 µm in 650 and 1000 magnifications.   
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 Analysing the surface morphology of the unencapsulated powder and the microcapsules that 
resulted from the encapsulation of Chlorella with inulin, it can be easily verified that the latter show less 
rough surfaces when compared to the first ones. A layer with properties similar to those found in inulin 
capsules appears to coat the spray dried microcapsules, giving them a softer appearance. Such observation 
may be indicative of a good encapsulation efficiency, corroborating inulin’s ability to act as a wall agent. 
Additionally, it should be noted that no damaged and collapsed microcapsules or any blowholes were 
observed, what leads one to believe that a resistant crust, and thus a resistant structure, was created.  
 Given the size discrepancy of the microalga cells, the microcapsules also have slightly distinct 
diameters. However, the vast majority appears to have a diameter of approximately 10 microns, a value 
much smaller than that of the non-encapsulated cells.  

 4.3.3. Particle Size  
 Although it might be tempting to use a single number to represent a particle size distribution, and 
thus the product specification, in nearly every case a single data point cannot adequately describe a 
distribution of data points. A better approach is to report both a central point of the distribution along with 
one or more values in order to describe the width of distribution.  
 One of the easier statistic values to understand and also one of the most meaningful for PSD is 
the D0.5, the median for a volume distribution. It is commonly defined as the size, in microns, that splits 
the distribution with half above and half below its diameter value. The PSD of the spray dried 
microcapsules is shown in Figure 4.6. In a first analysis of the data it can be concluded that, as predicted 
by SEM micrographs, the vast majority of the microparticles have a size of approximately 10 microns. 
More specifically, a D0.5 = 9.04 ± 0.29 µm was found. Since particle size measurements are reported as 
volume distribution, it can be observed that about 7% of the sample volume comes from the 10 µm 
particles.  

Figure 4.6. Spray dried powder size distribution  
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 On the other hand, the span calculation is the most common format to express distribution width. 
Taking into account the values of D0.5, D0.1 (3.0 ± 0.19 µm) and D0.9 (20.17 ±  0.31 µm) , a span value 
of 1.9 ± 0.05 was obtained. Since span is a measure of dispersion, the fact that it takes a value close to 1 
indicates that the distribution can be considered narrow. This result is the most desirable since the 
production of particles with a narrow particle size distribution is important not only for the final product 
stability but also for controlling the sustained release of the core.  

 4.3.4. Moisture Content 
 The moisture content of a spray dried product determines the powder quality, being an indicator 
of the adequacy of the drying process. Generally, a low residual moisture content is a requirement to 
obtain stable powders since less free water is available for biochemical reactions, increasing the shelf life. 
Additionally, a lower water content allows to minimize problems of agglomeration and stickiness since it 
limits the ability of water to act as a plasticizer and to depress the Tg (Santana et al., 2016).  
 Although Chlorella biomass was supplied as a lyophilized powder, according to its data sheet 
only 94% of its weight corresponds to dry mass meaning that about 6% is water. In contrast, Chlorella 
microparticles obtained by spray dryer showed a moisture content value of 0.16%, which confirms the 
potential of this technique to obtain encapsulated products of high quality and stability.  
  
 4.3.5. Gastrointestinal Resistance 
 For an efficient prebiotic, a molecule should have some qualities such as: it should not be 
hydrolyzed or absorbed in the upper part of the gastrointestinal tract; gut microflora should be fermented 
and beneficial bacteria of colon should be stimulated by it.  
 Since Orafti® Synergy1 is a blend of short-chain and long-chain inulin at 50:50 ratios provides 
various additional advantages in enhancing prebiotic effectiveness. As inulin is metabolized in different 
parts of the large intestine (oligofructose in the proximal colon portion and long chain inulin in more 
distal colonic portion), the use of blend of short and long chain inulins are suggested.  
 Thanks to the prebiotic properties of inulin, it was decided to simulate the gastrointestinal fluids 
in order to analyze the viability of the microcapsules in them. If the encapsulation efficiency was 
significant, Chlorella microcapsules are expected to withstand the simulation of the fluids.  
 Optical micrographs of Chlorella microcapsules are shown in Figure 4.7. As can be observed, 
over time the cells do not appear to have significant differences between them. Such observation seems to 
indicate a good encapsulation efficiency, which allows the protection of Chlorella cells to the stomach 
conditions. On the other hand, when the microcapsules were exposed to SIF, as can be seen from Figure 
4.8, the number of viable cells appears to be smaller over time. A cell reduction is particularly visible after 
an exposure time of 90 and 120 minutes. Although such results appear to be quite positive, leading to the 
belief that the microencapsulation process was successful and that inulin provides a high gastrointestinal 
resistance to Chlorella, deeper analyses should be carried out. Comparative gastrointestinal resistance 
analyzes between unencapsulated and encapsulated Chlorella and, if possible, release tests should be 
performed. 
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Figure 4.7. Survival of encapsulated Chlorella in simulated gastric fluid (SGF) over time. Micrographs after  
(a) 0 minutes (b) 15 minutes (c) 30 minutes (d) 60 minutes (e) 90 minutes (f) 120 minutes. Magnification x63.  
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Figure 4.8. Survival of encapsulated Chlorella in simulated intestinal fluid (SIF) over time. Micrographs after  
(a) 0 minutes (b) 15 minutes (c) 30 minutes (d) 60 minutes (e) 90 minutes (f) 120 minutes. Magnification x63.  
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CHAPTER 5 

CONCLUSION  

 When carrying out the solubility study, it was first possible to conclude that the dispersion 
temperature at which a inulin solution is prepared has a high impact on the final product properties, which  
in turn, are reflected in the particle morphology. In general, in order to ensure a complete solubilization of 
inulin, higher dispersion temperatures are desirable. As it was possible to conclude, the atomization of 
dispersions leads to rough surfaces microcapsules whereas the spray drying of a solution usually leads to 
soft, spherical particles. However, although it is vital to know which variables have influence on 
microparticles morphology, this parameter is quite difficult to assess and control, as it is the result of 
complex interactions between numerous factors. 
 Central Composite Face (CCF) design proved to be a valuable technique for optimizing the 
production of spray dried microparticles. Since this drying technique involved a wide range of process 
parameters, CCF allowed to minimize the number of experiments while a detailed evaluation of the 
dominant variable effects and interactions was accomplished. Model optimization not only allowed to 
know the set of experimental conditions for which minimum criteria are reached, but also to obtain the 
concrete values that process variables must take in order to maximize responses. In general, the optimized 
microencapsulation process, with a yield of 66.21%, generated a light powder with a much less intense 
green tone than the one of original lyophilized biomass (∆E=30.35). While commonly sold lyophilized 
Chlorella is characterized by a dark green shade, the microcapsules resulting from the spray drying 
process have mild greenish tones tending to the yellowish ones. Colour is a unique characteristic in food 
and feed, which if negatively affected, can lead to rejection of the consumers, leading to increased 
economic losses. Hence, the colour loss achieved must be highlighted as it can be translated into a greater 
degree of acceptance on the final product in the market.  
 SEM micrographs showed that the particles sizes of the various formulations ranged around 10 
microns, information that was validated by the particle size distribution (PSD) when measured with a 
Laser Diffraction equipment (D0.5 = 9.04 ± 0.29 µm). There was, thus, a reduction in particle size 
compared to the lyophilized powder. Another relevant aspect achieved with microencapsulation is related 
to the decrease of the moisture content. While 6% of commercial lyophilized Chlorella biomass 
corresponds to water, spray dried microcapsules have a relative humidity rate of only 0.16%. This results 
on a overwhelming impact on the final product stability, allowing an increase in the shelf life of the latter. 
Additionally, a lower water content allows to minimize problems of agglomeration and stickiness since it 
limits the ability of water to act as a plasticizer and to depress the Tg.  
 Overall, Chlorella microencapsulation led to a more stable powder as a result of smaller particles 
sizes and lower moisture contents. In addition, SEM analysis revealed spherical capsules with smooth  
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surfaces, what may be an indicative of a good encapsulation efficiency, corroborating inulin’s ability to 
act as a wall agent. 

 5.1. Limitations and Future Work  
 Due to limitations of equipment and essentially time, it was not possible to conclude some 
experimental procedures of paramount importance for the present study. 
 At the moment, confocal laser scanning microscopy observations are being performed to the 
microcapsules experimentally obtained in order to observe the distribution of inulin in the microcapsule 
surface. 
 As mentioned above, it is also necessary to perform comparative gastrointestinal resistance 
analyzes between unencapsulated and encapsulated Chlorella and, if possible, release tests should be 
performed.  
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APPENDIX A 

Selection of Atomizing Device  

Table A.1. Features, advantages and drawbacks of particular atomizing devices. (Anandharamakrishnan and 
Ishwarya, 2015; Cal and Sollohub, 2009; Shepard, 2011) 

 It must be noted that very often, atomizing devices are divided into rotary atomizers or atomizer 
discs and a group of pressure nozzles, without any further differentiation between hydraulic and 
pneumatic nozzles.  

ROTARY ATOMIZERS

Principle: Feed liquid is centrifugally accelarated at high velocity (200 m/s) to 

the centre of a rotating wheel. The outward flowing feed accelerates to the 

periphery and then desintegrates into a spray of droplets.   

Type of spray 
Fine, medium or 

coarse

Mean 
droplet size 
30-120 µm

Advantages 
Ability to handle abrasive feed-stocks 

Ability to handle high feed rates 
More uniformly sized droplets 

Operation at low pressure 
Low tendency to clog

Limitations 
Difficulty to handle viscous feed 

High price 

 HYDRAULIC (PRESSURE) NOZZLES

Principle: Pressure energy is converted to kinetic energy and feed emerging from 

the nozzle orifice, as a high speed film, readily breaks into a spray of droplets. 

Type of spray 
Coarse and less 

homogeneous

Mean 
droplet size 
120-250 µm

Advantages 
Simple construction 

Low price 
Powdered product of higher density with 

good flow characteristics

Limitations 
Tendency to clog 

Spray less homogeneous and coarser at 
high feed rates (compared to rotary 

atomizers) 

PNEUMATIC NOZZLES (TWO-FLUID NOZZLE)

Principle: Two-fluid atomizers feature the break-up of liquid on impact with  a 

high velocity gaseous flow. Compressed gas creates a shear field which atomizes 

the liquid and produces a wide range of droplet sizes. 

Type of spray 
Medium 

coarseness but 

poor homogeneity

Mean 
droplet size 
30-150 µm

Advantages 
Ability to handle highly viscous feed 

Much finer and more homogeneous spray 
(compared to pressure nozzles) 

Better control over the droplet size

Limitations 
High occluded air content within the 

particles (low density) 
Spray less homogeneous and coarser at 

high feed rates (compared to rotary 
atomizers)  

Particles may be carried away to the 
atmosphere by the large gas flow used 
(phenomenon termed as ‘overspray’)
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APPENDIX B 

Chlorella Data Sheet 

Product name Liophilized Chlorella

Microalgae strain Chlorella sp. 

Physical and chemical properties 

Appearance form Powder

Colour Green

Odour Sea smell

Density 1980 g/L

Water solubility Insoluble

Storage

Store in a cool, dark and dry place, in securely closed original container

General composition Unit Results

Carbohydrates g/100 g DW 38.9

Lipids g/100 g DW 10.3

Proteins g/100 g DW 25.1

Ash g/100 g DW 19.8

Dry weight content % 94.0

Fatty Acid composition g/100 g DW 6.5

Total saturated fatty acids (SFA) g/100 g fatty acid 24.6

Total monounsaturated fatty acids 
(MUFA)

g/100 g fatty acid 12.8

Total poliunsaturated fatty acids 
(PUFA), (AA, EPA, DHA)

g/100 g fatty acid 62.3

Other fatty acids g/100 g fatty acid 0.3

∑ω3 g/100 g fatty acid 30.5

∑ω6 g/100 g fatty acid 17.1

∑ω3 / ∑ω6 1.8
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APPENDIX C 

Orafti®Synergy1 Product Sheet 

Relevant information for Nutrition Declaration in the EU (Reg. (EU) No 1169/2011) 

1 Proposed values are typical values 
2 Applying the energy conversion factor of 8 KJ/g or 2 kcal/g as laid down for all fibers in EU 
3 Negligible means ‘0’ according to applicable routineg rules in EU 
4 EU sugars definition: ‘all mono- and disaccharides (includes inulobiose) 
5 EU dietary fibre definition: carbohydrates with three or more monomeric units (DP≥3) 

Product name Orafti®Synergy1

Proposed labelling (EU) ‘Oligofructose enriched inulin’ or ‘Inulin, Oligofructose’

Physical and chemical properties 

Appearance form Fine powder

Colour White to slightly yellow

Odour -

Density 620 g/L

Water solubility approx. 50 g/L at 20 ºC

Storage

Store in a cool, dark and dry place (temperature below 25 ºC and relative humidity below 60%)

Certification and Compliance

Suitable for vegetarians and vegans 

Suitable for gluten-free products 

It is not produced from ingredients or uses processing aids that would require allergen labelling 

"III

Nutrient Typical Value1 Unit per 100 g

Energy value2 866/214 KJ/kcal

Fat Negligible3 g

Carbohydrates 
(Sugars4)

10 
(10)

g

Fibre5 87 g

Protein Negligible3 g

Salt (sodium) 0.03 (0.01) g

Vitamins, Minerals Negligible3 g
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Relevant information for Nutrition Declaration in the US (21 CFR 101.9) 

1 Proposed values are typical values 
2 Applying the energy conversion factor of 6 KJ/g or 1.5 kcal/g  
3 Negligible means ‘0’ according to applicable routineg rules in US 
4 US: dietary fiber belongs to carbohydrates 
5 US dietary fibre definition: carbohydrates with two or more monomeric units (DP≥2), including inulobiose  

"IV

Nutrient Typical Value1 Unit per 100 g

Energy value2 670/166 KJ/kcal

Fat Negligible3 g

Carbohydrates4 
Sugars 
Fibre5

97 
8 
89

g

Protein Negligible3 g

Sodium 10 mg

Vitamins, Minerals Negligible3 g
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APPENDIX D 

Analysis of variance (ANOVA) 

Figure D.1. Statistical significance of the effects on process yield before auto-tuning 

  
Figure D.2. Statistical significance of the effects on process yield after auto-tuning 
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Figure D.3. Statistical significance of the effects on particles colour before auto-tuning 
 

Figure D.4. Statistical significance of the effects on process particles colour after auto-tuning 
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APPENDIX F 

Model validity and Reproducibility  

 

Figure F.1. Summary of fit 
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