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Abstract((
Microspheres are spherically shaped particles within the size range of 1-1000 µm in diameter. Due 
to the their small size and round shape, microspheres show many advantages in various applications 
such as pharmaceuticals, composites and coatings. The microspheres can be customized to fit a 
specific application and are manufactured in various forms such as solid, hollow and encapsulating. 

Encapsulating cellulose microspheres have been produced in this project by the emulsion-solvent 
evaporation technique. The purpose of this study was to further investigate the possibility of 
producing encapsulating microspheres with a size range of 10-50 µm that will have a high 
encapsulation. A second purpose of this study was optimizing the emulsifier system for the 
preparation of these spheres. This has been accomplished by varying several process parameters 
such as type of emulsifiers and solvents to study the effect on morphology and encapsulation 
efficiency. The analyses of the spheres were performed with optical microscopy, thermal 
gravimetric analyzer (TGA) and scanning electron microscopy (SEM).  

The emulsifier type and concentration affected the encapsulation and size distribution but had no 
direct effect on the internal and external structure, which was multi-cellular and porous, 
respectively. The highest encapsulation in relation to average size was obtained with 0.1 v/v-% of 
the emulsifier mixture Emulsifier 1 (E1)/Emulsifier 2 (E2) (70/30 %).  The solvent used to dissolve 
the polymer had a direct effect on encapsulation, a combination of Solvent 2 (S2) and Solvent 1 
(S1) proved best for the three tested cellulose derivatives with low, medium and high number 
average molecular weight. The solvent also had an effect on the internal structure of the 
microspheres, becoming more core-shell when using the S1/S2 combination. 



Sammanfattning((
Mikrosfärer är sfäriska partiklar med en storlek på 1 till 1000 µm i diameter. Dess lilla storlek och 
runda form gör att mikrosfärer har många fördelar i olika applikationer, som till exempel 
läkemedel, kompositer och ytbeläggningar. Sfärerna kan skräddarsys för att passa en specifik 
applikation och kan tillverkas i olika former, såsom solida, ihåliga, eller inkapslande. 

Inkapslande cellulosamikrosfärer har framställts i denna studie genom en s.k. emulsion-solvent 
evaporation. Syftet var att undersöka möjligheten att producera inkapslande cellulosamikrosfärer 
med en storlek inom intervallet 10-50 µm, med en hög inkapslingsgrad. Ett andra mål med projektet 
var även att optimera tensid systemet vid produktion av dessa sfärer. Detta har åstadkommits genom 
att variera olika processparametrarna, såsom typ av emulgeringsmedel och lösningsmedel för att 
studera effekten på morfologi och sfärernas inkapsling. Sfärerna analyserades med optiskt 
mikroskop, termisk gravimetrisk analys och svepelektronmikroskop.  

Inkapsling och storleksfördelning av sfärerna påverkades av typ och koncentration av 
emulgeringsmedel. Det hade däremot ingen direkt effekt på den inre och yttre strukturen, som var 
multi-celluär respektive porös. Den högsta inkapsling i förhållande till genomsnittlig 
storleksfördelning erhölls med 0.1 v/v-% av tensidblandning Tensid 1 (E1) /Tensid 2 (E2) (70/30 
%). Typ av lösningsmedel som användes för upplösning av polymeren hade en direkt effekt på 
inkapslingsgraden, en kombination av Lösningsmedel 1 (S1) och Lösningsmedel 2 (S2) fungerade 
bäst för de tre testade cellulosaderivaten. Lösningsmedlet hade också en effekt på den inre 
strukturen, som blev mer ihålig i formen vid användning av blandningen S1/S2. 

(



Abbreviations(
CD  cellulose derivative 

DCM  dichloromethane  

ESE  emulsion solvent evaporation 

ES  encapsulated substance 

Mn  number average molecular weight 

SEM  scanning electron microscopy 

TGA   thermogravimetric analysis 

E  emulsifier 

S  solvent 
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1. Introduction(
Microsphere is a term used for particles that have a spherical shape within the size range of 1-1000 
µm in diameter. Microspheres have taken a new role as a functional additive in the industry due to 
the beneficial properties they provide such as lower density, decreased viscosity, lowered material 
cost and energy consumption [1].  

Due to global warming and the current pollution of oil-based plastics that has occurred during the 
last century it is of utmost importance to find new more sustainable and environmentally friendly 
materials for replacing the conventional oil-based products [2]. Since oil is also a limited resource, 
the need for renewable resources has grown as well. These oil-based plastics have been 
accumulating along landfills and oceans, which have had a negative impact on marine- and wild-life 
and could potentially have adverse health effects on humans, such as endocrine disruption [3]. 
Micro plastics are one of the great concerns and they have been accumulating in the marine 
environment for at least four decades. Persistent organic pollutants that occur in seawater at low 
concentration have also been shown to exist in the plastic debris due to partitioning facilitated by 
the hydrophobicity of the substances [4]. This has led to increased regulations on products and in 
the recent years there has been a rise in the interest of materials produced from renewable sources 
as well as biodegradable products [4] [5].  Therefore, the need for alternative and innovative 
biodegradable or bio-based materials is increasing [3, 4]. 

Cellulose is the most abundant natural polymer on earth and can be found in various sources such 
as plants, animals and bacteria and has an annual production of about 1010 tons [2] [6]. Besides from 
being renewable and biodegradable, cellulose possesses desired properties such as high mechanical 
resistance and low density. With the increased interest in renewable resources cellulose has gained 
interest in various application areas were oil-based materials are commonly used such as coatings, 
adhesives and packaging [6]. This report concerns the utilization of cellulose to produce 
microspheres.   

1.1. Microspheres(
The small size and spherical shape of microspheres provide useful properties. These spheres can be 
produced from various types of synthetic or natural materials and are most commonly composed of 
glass, ceramic or polymer [1]. It is possible to manufacture these spheres in different types such as 
solid, hollow and encapsulating, Figure 1, depending on the intended application. The chemical and 
physical properties, as well as functionality of the spheres vary widely depending on the type, 
which creates a possibility to customize them significantly to suit the desired application. The size 
of the spheres also has an important role in the application, the smaller the diameter, the higher the 
surface to volume ratio [5]. 
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Figure 1 - Schematic picture of the common structure of the different microsphere types  

The density and mechanical strength of the spheres depends on the type of material as well as the 
wall thickness and particle size. The manufacturing process also has an effect on the density and 
strength [5].  

 Solid(microspheres((1.1.1.
Solid microspheres are dense spheres composed of, amongst others, polymer or glass. These types 
of spheres generally have a better crush strength compared to hollow microspheres, which are thin-
walled. Solid spheres are therefore usually required if the intended purpose includes aggressive 
mechanical processes.  

Due to their excellent chemical and heat resistance properties, solid glass spheres are often used as 
an additive in thermoplastic and thermosetting resin systems. Solid polymer spheres are often 
utilized in cosmetic applications, as filler, texturizer or exfoliating agent, and medical applications 
for identification purposes. These spheres possess excellent fatigue and corrosion resistance as well 
as impact strength. Manufacturing of solid glass spheres is usually performed by firing crushed 
glass or by melting the formulated glass batch and break-up of the free-falling molten stream 
forming small droplets. Emulsion polymerization is the most common manufacturing method of 
producing solid polymer microspheres that have a diameter between 1 to 20 µm. Other methods 
include prilling or spray drying for producing larger solid spheres [5].  

 Hollow(microspheres(1.1.2.
Hollow microspheres are, as the name suggests, “microbubbles” composed of a thin shell with a 
hollow center. The most common hollow spheres are composed of glass or polymer. The hollow 
glass spheres have many advantages with the most prominent being the lightweight and high-
strength. Since they are composed of glass they also exhibit the features of high chemical and heat 
resistance. Common applications for these spheres are as a lightweight filler in coatings, insulation, 
adhesives, cement etc. The glass spheres are commonly produced by mixing a blowing agent with 
milled glass, which is then melted causing the blowing agent to form a gas bubble [5, 7]. 

Hollow polymeric microspheres, usually composed of acrylate polymers, have several benefits; 
similar to the glass spheres they are good lightweight fillers. The polymeric spheres are commonly 
used for applications such as fiber reinforced thermosetting composites, injection molded PVC 
soles, adhesives etc. The hollow polymeric microspheres are manufactured by methods such as 

Solid& Hollow& Encapsula0ng&&
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emulsion polymerization, emulsion solvent evaporation, emulsion solvent extraction, spray drying 
or cold precipitation [8, 9].  

 Encapsulating(microspheres(1.1.3.
Encapsulating microspheres have a polymeric shell encapsulating a solid, liquid or gaseous 
substance. The possibility to produce encapsulating spheres has significantly increased the interest 
in microspheres, especially biodegradable microspheres, and the number of applications over the 
last decade. The pharmaceutical industry for instance has had success in more localized drug 
delivery by encapsulating a drug substance in microspheres [1, 10]. This has especially been proven 
useful for producing drugs not stable enough to absorb through the gastrointestinal wall.  Therefore, 
drugs consisting of proteins and other bioactive molecules that need their native composition intact 
are being produced by alternative methods such as microencapsulation [11, 12]. The encapsulating 
spheres are most commonly manufactured by emulsion-solvent evaporation technique. The 
morphology of the encapsulating spheres affects the properties and stability of the encapsulated 
agent. Generally the internal structure of the encapsulating spheres are core-shell or multi-cellular 
having small pores within the sphere [13]. 

1.2. Preparation(techniques(of(polymeric(microspheres(
There are several different methods to prepare polymeric microspheres such as by emulsion, spray 
drying or prilling [14-16]. This report will focus on emulsion-solvent evaporation.  

 Emulsion(1.2.1.
An emulsion is a system consisting of at least two immiscible fluids, where one of the fluids is 
dispersed within the other, Figure 2 [17, 18]. The emulsion occurs when shearing is applied to the 
system, leading to fragmentation of one phase into the other. The phase in which the droplets are 
formed is referred to as the continuous phase and the dispersed droplets constitute the internal 
phase. This is very dependent on the amount of each phase and the type of emulsifier [17, 19]. The 
Bancroft rule states that: “The phase in which the emulsifier is most soluble forms the continuous 
phase” [18]. Hence, the fluid in which the emulsifier has the highest solubility constitutes the 
continuous phase. 

Depending on which phase is dispersed, there are two types of emulsions, oil-in-water (o/w) or 
water-in-oil (w/o) [17]. Emulsions with more than two liquids are called multiple emulsions and the 
dispersed phase itself is an emulsion, i.e. water-in-oil-in-water (w/o/w) or oil-in-water-in-oil (o/w/o) 
[20, 21]. The type of emulsion that is formed depends on factors such as the type of emulsifier, the 
phase volume ratio and the viscosity of the phases. Emulsions have a very important role in the 
industry, such as formulation of cosmetics, pharmaceuticals, foods and coatings, due to the ability 
of transporting or solubilizing hydrophobic substances in water [17, 19].  

Since emulsions are thermodynamically unstable, emulsifiers have to be applied to the system in 
order to promote emulsification and stabilization. Emulsifiers stabilize the system by reducing the 
surface tension and preventing agglomeration and coalescence of the droplets [22]. For the 
emulsion to occur and be favorable, an input of energy is needed such as agitation by stirring. The 
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agitation is usually applied to the system by instruments such as high-pressure homogenizer, 
ultrasound homogenizers or other rotor systems. The instruments apply high shear stresses to the 
solution resulting in droplet formation [17, 19]. 

 
Figure 2 - Schematic picture of an oil-in-water emulsion  

 Emulsifier(1.2.1.1.

An emulsifier is a substance that stabilizes an emulsion and enables droplet formation by 
different mechanisms. Examples of stabilizing mechanisms are reduction of interfacial tension 
and formation of a physical/electrical barrier preventing coalescence and agglomeration of the 
droplets. Emulsifiers are classified by chemical structure and mechanism of action, common 
classes are surfactants, polymers and colloidal particles [18]. The choice of emulsifier is 
dependent on factors such as polarity of the immiscible liquids and the preferred size of the 
droplets [22]. 

Surfactants or surface-active agents are amphiphilic organic substances, meaning they consist 
of a hydrophilic part (head group) and a hydrophobic part (tail). In the presence of a polar 
solvent this characteristic leads to molecular self-assembly into micelles, also called 
micellization [5].  It is important to know the polarity of the phases in the emulsion for the 
choice of a suitable surfactant. Depending on the electrical charge of the head group four 
different types of surfactants can be distinguished, that are anionic, cationic, nonionic or 
amphoteric (zwitterions), Figures 3 and 4 [18, 22]. Surfactants enable emulsification by 
adsorbing to the water/oil interface and reducing the surface tension. They also form a film at 
the interface, which prevents coalescence of the particles.  
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Figure 3 – General structure of the different surfactant types  
 

 
Figure 4 - Examples of anionic, cationic, nonionic and zwitterionic surfactants: a) Sodium dodecyl sulfate b) Cetylpyridium 

chloride c) Sorbitan monolaurate d) Cocamidopropyl betaine 
 

Polymeric emulsifiers, for example proteins, are adsorbed at the interface and stabilize the 
emulsion by thickening and increasing the yield value of the continuous phase. They are 
usually applied to o/w emulsions. Due to often being larger molecules, compared to surfactants, 
the polymeric emulsifiers are not as easily removed from the interface [18]. 

The class of emulsifiers called “colloidal particles” forms a solid particle layer around the 
emulsified droplets. These emulsifiers reduce the interaction between the droplets and induce 
swelling which increases the viscosity. Colloidal emulsifiers are commonly used as support of 
o/w emulsions [23]. 

Anionic&&
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 Hydrophile(lipophile(balance(1.2.1.2.

The hydrophile lipophile balance (HLB) is a helpful tool when choosing a suitable surfactant 
for the emulsion system. The principle of the HLB-system is assigning a number for the system 
to be emulsified and choosing an emulsifier or blend of emulsifiers matching the number of the 
system [24]. The scale ranges between 0-20 and is based on a relative percentage of 
hydrophilic versus lipophilic groups in the molecule. Generally, a value below 10 means the 
surfactant is lipophilic and a value above 10 constitutes a hydrophilic surfactant [18, 24]. With 
the equation below it is possible to calculate the average HLB for a blends of surfactants. 

!"# = !"#$%&%'!!"!!"#$%&'%('!1 !"#!!"#$%&'%('!1 + !(!"#$%&%'!!"!!"#$%&'%('!2)(!"#!!"#$%&'%('!2)
!"#$%&%'!!"!!"#$%&'%('!1 + !"#$%&%'!!"!!"#$%&'%('!2  

[1] 

The HLB ranges and their application are summarized in the table below. 

Table 1 - Summary of HLB ranges and applications 
HLB range Application 

3-6 w/o emulsion 

7-9 Wetting agent 

8-18 o/w emulsion 

13-15 Detergent 

15-18 Solubilizer 

 

However, a successful emulsion cannot always be achieved solely by matching the HLB values 
of the emulsifier and system. Other factors such as chemical structure of the emulsifier also 
influences the success and stability of the emulsion. Blends of surfactants, such as nonionic and 
anionic, have been proven to give a better effect on the emulsion than a single surfactant, due to 
different chemical structures [24]. Regarding microspheres, a good emulsifier should be able to 
give a regular size and a small size distribution [18, 22]. 

 Breakdown(processes(of(emulsions(1.2.1.3.
Due to emulsions being thermodynamically unstable processes the stability of the system can 
be subjected to various forms of breakdown processes. Two of the most common types of 
breakdown processes are listed below.  

 Coalescence((1.2.1.3.1.

The system exhibits coalescence when the droplets come in close contact within a cluster, 
which causes thinning or rupture of the thin interfacial emulsifier film eventually leading to 
the droplets merging. This leads to total destruction of the dispersed system. The process of 
coalescence can be reduced by using mixtures of emulsifiers, such as anionic and nonionic, 
due to the high surface viscosity and Gibbs elasticity that occurs. Using hydrocolloidal 
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emulsifiers can also reduce the occurrence of coalescence due to the multimolecular film that 
is produced around the droplets. This film is more difficult to breakdown due to the many 
layers [18, 19]. 

 Ostwald(ripening(1.2.1.3.2.

The breakdown process of Ostwald ripening consists of diffusion of the dispersed smaller 
droplets to larger droplets. There is no rupture of the interfacial film involved in the 
mechanism but a continuous exchange of matter through the continuous phase. Leading to an 
increase in the diameter of the droplets while the amount of droplets decrease [19]. Ostwald 
ripening occurs due to the difference in solubility of the small and large droplets. Measures 
need to be taken to prevent this breakdown process such as adding a second substance to the 
internal phase that is insoluble in the continuous phase. Also, applying an emulsifier to the 
system that is strongly absorbed at the interface can help reduce the chance of Ostwald 
ripening since it lowers the surface tension [18]. 

 EmulsionTsolvent(evaporation(1.2.2.
Microspheres can be prepared by a method called emulsion-solvent evaporation (ESE). The overall 
process can be described as follows; the desired polymer is dissolved in a suitable solvent, the 
solution is then dispersed in the continuous phase, containing an emulsifier, under constant shear. 
The shear is usually applied to the system either by a stirrer, homogenizer, or sonicator. Figure 5 
gives an overview of the ESE process when producing encapsulating microspheres, which is 
common within the pharmaceutical industry. During the emulsification the polymer solution, 
containing a substance to be encapsulated, is broken into droplets by the shear stress applied. The 
solvent starts to diffuse to the continuous phase and eventually evaporating, leading to the 
solidification of the polymer by precipitation and in that way entrapment of the substance. The 
encapsulated substance and the polymer should not be miscible. Ultimately the spheres are 
recovered and dried to eliminate excess solvent. The type of agitation and emulsifier used for the 
system are important parameters in controlling the size and morphology of the spheres.  Generally, 
a higher stirring rate and higher concentration of the emulsifier will produce smaller spheres [17, 
22, 25-27]. 

Evaporation of the solvent proceeds in three stages: in the first stage the diffusion of the solvent 
into the continuous phase is higher than the evaporation of the solvent, leading to the continuous 
phase being saturated. Secondly, the quantity of evaporated solvent in the continuous phase is 
compensated with diffusion of solvent from the dispersed phase so that solvent concentration within 
the continuous phase remains constant. In the third stage, the polymer concentration increases since 
most of the solvent has diffused into the continuous phase, this leads to a reduced diffusivity of the 
solvent into the continuous phase and eventually reduced concentration of solvent in the continuous 
phase [22].  

The characteristics of the solvent used for the internal phase is an important parameter for the 
success of the emulsion. The solvent needs to be able to solve the polymeric solution and 
encapsulating substance while being poorly soluble in the continuous phase. Furthermore when 
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choosing solvent factors such as volatility and boiling point have to be taken into account [22]. The 
choice of method also depends on the hydrophilicity or hydrophobicity of the substance to be 
encapsulated. For hydrophobic substances an o/w emulsion is suitable [22].  

 

 
Figure 5 - Overview of emulsion solvent evaporation process when producing encapsulating microspheres  

2. Aim(of(project(
Cellutech has developed various sizes of microspheres encapsulating a certain amount of the 
substance x.  

The purpose of this study was to optimize and formulate an emulsion system for producing 
encapsulating microspheres in the range of 10-50 µm in diameter via emulsion-solvent evaporation 
technique with high encapsulation efficiency. Another goal was to optimize the emulsifier recipe. 
Cellutech has previously used different types of emulsifiers, such as Emulsifier X, which will be 
used as a reference in this study. To achieve the desired results different parameters were 
investigated such as; emulsifier type and concentration, solvent type, polymer molecular weight and 
concentration, concentration of encapsulating substance and stirring.  

Previous recipes for formulation of encapsulating microspheres developed by Cellutech were used 
as a foundation for the production of the new microspheres.  

3. Experimental(

3.1. Set(up(
The encapsulating microspheres were produced using the emulsion-solvent evaporation technique 
and the focus was on the change in morphology and encapsulation when altering the process 
parameters. The encapsulated substance (ES) was kept unchanged during the process. The polymer 
used to produce the microspheres was a cellulose derivative with low, medium and high molecular 
weight. The solvents; solvent 1 (S1), and solvent 2 (S2) were used in different ratios for dissolving 
the polymer. Some experiments were also performed with solvent 3 (S3) and solvent 4 (S4).  

Polymer((

Organic(
solvent((

Con3nuous(
phase(and(
Surfactant((

O/W(emulsion( Solvent(evapora3on(

Ac3ve(
substance(



 

14  

Three different types of agitation tools were used in the study - IKA mechanical overhead stirrer 
with Rushton impeller, Turbine impeller, or IKA Ultra-Turrax. In general the Rushton impeller was 
used. For up-scaling the experiments the Turbine impeller was applied. The Ultra-Turrax was used 
to obtain smaller particle sizes. 

3.2. Materials((

 Chemicals((3.2.1.
• Cellulose derivative (CD) 

o A, Mn=Low 
o B, Mn=Medium  
o C, Mn=High 

• Encapsulated substance (ES)  
• Solvent 1 (S1) 
• Solvent 2 (S2) 
• Solvent 3 (S3) 
• Solvent 4 (S4) 
• Emulsifier 1 (E1) 
• Emulsifier 2 (E2) 
• Emulsifier 3 (E3) 
• Emulsifier 4 (E4) 
• Emulsifier 5 (E5) 
• Emulsifier 6 (E6) 
• Emulsifier X (EX) 

3.3. Formulation(of(Microspheres(

 Preparation(of(polymer(solution(3.3.1.
The cellulose derivative (CD) in concentrations between 5-10 w/v% to water was weighed in a 
glass flask and placed on a magnetic stirrer. The solvent/solvents were added in the amount that 
corresponded to the concentration of the solution while stirring at a rate of approximately 500 rpm. 
Once the CD was completely dissolved, solution transparent to the eye, the ES was added and the 
solution was stirred until complete dissolution. 

 Preparation(of(microspheresT(emulsion(solvent(evaporation(3.3.2.
The preparation of the microspheres was performed according to the following: deionized water 
was added to a glass beaker in the desired amount depending on the scale of the experiment. The 
stirrer was placed in the center of the beaker and the specific emulsifier was added to the water 
phase. The speed of the mechanical stirrer was then adjusted to the desired rate. A volume of 10 
v/v% of polymer solution in relation to water was added to the water phase and left to precipitate 
for 10-20 minutes. The formed microspheres were vacuum filtered and washed to remove 
remaining emulsifier and solvent. The obtained product was dried in an oven at 40-60 °C for 1 h.  
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 Parameters(investigated(3.3.3.
In this study, different parameters were further investigated to find the optimal system for 
developing encapsulating microspheres in the range of 10-50 µm with high encapsulation. The 
investigated parameters were emulsifiers, solvents, polymer concentration and molecular weight, 
encapsulated substance concentration and stirring. Many parameters were dependent on each other 
and therefore tested in parallel.  

 Emulsifiers(3.3.3.1.

In order to optimize the emulsifier system, six different emulsifiers were studied either by 
themselves or in combination with another emulsifier. Emulsifier X was used as a reference. 

The studied emulsifiers:  

• Emulsifier 1 (E1) 
• Emulsifier 2 (E2) 
• Emulsifier 3 (E3) 
• Emulsifier 4 (E4) 
• Emulsifier 5 (E5) 
• Emulsifier 6 (E6) 

For these experiments the Rushton impeller was utilized as agitation tool between 670-700 rpm 
when making small-scale batches and the turbine impeller for larger scale batches at rate of 
1200 rpm. Emulsifier concentration was commonly between 0.1 – 0.3 v/v% in relation to 
water. Precipitation time was 10 minutes. The polymer solution recipe was kept constant during 
these experiments.  

Recipe for the polymer solution: 

• CD, B 7.5 w/v% 
• ES  50 w/w% in relation to CD 
• Solvent: S2 

Table 4 in the result section lists the different emulsifiers and combinations investigated.  

For mixtures of E1 and E2, the percentage of each emulsifier was assessed by calculating the 
average HLB of the combination using Equation [1]. 

 Solvents(and(polymer(3.3.3.2.

A cellulose derivative with three different molecular weights was evaluated in this study. 

• CD A, Mn=low 

• CD B, Mn=medium 

• CD C, Mn=high 
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Concentrations of the polymer were 5-, 7.5- and 10 w/v%, due to different viscosity and 
solubility. The concentration of ES was kept at 50 w/w% in relation to CD. For comparison, 
experiments with 0-, 25- and 75 w/w% of the ES was also tested. Below is a list of the polymer 
solutions with the different solvents used in the study. Due to changes in the stability of the 
emulsion when changing the derivative the Emulsifier X was utilized since its capability to 
stabilize the emulsion is approximately the same when changing the process parameters. 

Table 2 - List of polymer solutions (all batches contained 50 w/w% ES in relation to polymer concentration) 
CD Conc. (w/v%)1 Solvent  

A 10 S1/S2 (75/25 %)  
A 10 S1/S2 (50/50 %) 
A 10 S1/S2 (60/40 %) 
A 10 S1/S2 (25/75 %) 
B 7.5 S2 
B 7.5 S2/S3 (70/30 %) 
B 10 S2 
B 10 S1 
B 10 S1/S2 (75/25 %) 
B 10 S1/S2 (50/50 %) 
B 10 S1/S2 (80/20 %) 
C 5 S1 
C 5 S1/S2 (75/25 %) 
C 5 S1/S2 (80/20 %) 
C 5 S1/S4 (75/25 %) 
C 5 S1/S4 (90/10 %) 
C 7.5 S1/S2 (75/25 %) 
C 10 S1 
C 10 S1/S2 (75/25 %) 

    1In relation to solvent 

 Stirring(3.3.3.3.

In order to obtain a more accurate encapsulation value for spheres between 10-50 µm a 
comparison of the batches prepared with Rushton impeller and Ultra-Turrax for the same recipe 
was conducted since the Ultra-Turrax generates smaller particle size. When changing the 
agitation tool the stabilization of the system changed. Therefore 0.2 v/v% of emulsifier was 
added to the system when using Ultra-Turrax. The Emulsifier X was utilized since its capability 
to stabilize the emulsion is approximately the same when changing the process parameters.  

3.4. Analysis((
To determine the variation in morphology and encapsulation for the produced microspheres when 
altering the process parameters, different analyzing instruments were used. 
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 Optical(microscope(3.4.1.1.
The microspheres were observed under an optical microscope both during the experiments, to 
follow the progression of the sphere formation, and after the spheres were dried to determine 
morphology, shape and diameter. By measuring some of the smallest and largest spheres within 
the batch an estimate of the size distribution could be made. A small amount of the sample was 
placed on a glass slide and observed under the microscope. 

 Thermogravimetric(analysis((TGA)(3.4.1.2.
To determine the encapsulation efficiency over time the spheres were analyzed by TGA 
approximately 1 day, 1 week, and 1 month. All experiments were performed using a Mettler 
Toledo TGA/DSC 1 under oxygen atmosphere and at a heating rate of 10 °C/min whereas the 
weight loss of the sample was recorded. All the samples were analyzed in duplicates and had 
weights between 3-10 mg.  

 Simplified(thermal(analysis((3.4.1.2.1.

For the batches prepared with mixtures of the solvents S1 and S2 another method of 
measuring the encapsulation was employed due to limited access to the TGA instrument. 

Approximately 30-60 mg of spheres were carefully weighed in a 2 ml glass vial and noted. 
An oven was preheated to 200 °C, and the glass vials were put in the oven for 2 min. After 
heating, the vial was weighed once more and the volatilized amount could be assessed. 
Duplicate samples were analyzed of each batch and the weight difference before and after 
heating was noted and a mean value of the two samples was calculated. By dividing with the 
loaded amount an approximate encapsulating efficiency could be calculated.  

 Encapsulation(efficiency(3.4.1.2.2.

By using the obtained TGA results for weight loss, an approximate of the encapsulation could 
be calculated using the equations below. 

%!!"#$%$!!"#$%&!!"!!" = !"#$%$!!"#$%&!!"!!"! !
!"#$%$!!"#$%&!!"!!"! ! + !"#$%$!!"#$%&!!"!!"! ! !100 

[2] 

%!"#$%&'($)*+"!!""#$#%&$' = !"#$%$!!"#$%&!!"!!"(%)
!"#$ℎ!!!"##!(%)  

[3] 

 Scanning(electron(microscope((SEM)(3.4.1.3.

In this study a Hitachi TM-1000 Tabletop Microscope was used to study the surface and cross-
section of the spheres. For the cross-sections, samples were prepared by mixing a small amount 
of spheres with a two-component epoxy adhesive to form small lumps that were sliced to very 
thin pieces with a scalpel after the lump had hardened.  



 

18  

4. Results(&(Discussion(
Parts of this project and its results are not fully disclosed.  

Several parameters have been altered in this project to evaluate the changes in the microspheres. 
This was conducted to create an optimal system to produce encapsulating cellulose microspheres in 
the range of 10-50 µm via emulsion-solvent evaporation technique. The effect on size, shape, 
morphology and encapsulation efficiency when changing the process parameters has been 
evaluated. In all experiments the encapsulating substance was kept constant. During the 
experiments it was concluded that many of the parameters affected each other, therefore many 
parameters such as solvent and polymer concentration were altered simultaneously.  

4.1. Influence(of(emulsifier((
For the evaluation of different emulsifier and emulsifier combinations the CD, solvent and 
concentration of the derivative as well as the ES were kept constant. 

The table below shows a summary of the emulsifier combinations and concentrations used in the 
experiment and the results that were obtained concerning average size and shape.  

Table 3 - Summary of obtained results from experiments with different emulsifiers  (concentration of emulsifiers in relation 
to water) 

 Emulsifier I Emulsifier II Emulsifier III 
Average 
diameter 

(µm) 
Comment 

 Type Conc. 
(v/v%) Type Conc. 

(v/v%) Type Conc. 
(w/v%)   

1 E1 0.035 E2 0.015 - - 100-600 Broad distribution of size 
2 E1 0.07 E2 0.03 - - 40-300 Good stabilization, a few  

coalesced particles 
3 E1 0.07 E2 0.03 E3 0.025 40-600 Some agglomeration and 

coalescence  
4 E1 0.07 E2 0.03 E3 0.05 30-250 Narrow size distribution, a few 

coalesced particles 
5 E1 0.07 E2 0.03 E3 0.1 40-150 Narrow size distribution, a few 

coalesced particles 
6 E1 0.07 E2 0.03 E5  0.05 1  30-700 Some larger coalesced particles  
7 E1 0.07 E2 0.03 E5  0.11  30-200 Edgy spheres a lot of coalescence 

and large size distribution 

8 E1 0.07 E2 0.03 E5  0.21  30-200 Agglomeration, coalescence and 
edgy particles 

9 E1 0.07 E2 0.03 E3/E52  0.05, 
0.11  

40-200 Mostly small spheres, some 
agglomeration and coalescence 

10 E1 0.07 E2 0.03 E6 0.1 30-400 Mostly fine small spheres, also 
agglomeration and coalescence 

11 E1 0.07 E2 0.03 E6 2 40-200 Good stabilization, a few coalesced 
particles 

12 E1 0.14 E2 0.06 - - 20-250 Good stabilization, a few coalesced 
particles 

13 E1 0.14 E2 0.06 E3 0.05 60-350 Narrow size distribution 
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 Emulsifier I Emulsifier II Emulsifier III 
Average 
diameter 

(µm) 
Comment 

 Type Conc. 
(v/v%) Type Conc. 

(v/v%) Type Conc. 
(w/v%)   

14 E1 0.14 E2 0.06 E5 0.051 80-200 Edgy shape and agglomeration 
15 E1 0.21 E2 0.09 - - 50-200 Good stabilization, a few coalesced 

particles 
16 E1 0.21 E2 0.09 E3 0.025 20-150 Edgy shape, some agglomerates and 

transparency to the spheres 

17 E1 0.21 E2 0.09 E3 0.05 20-150 Narrow size distribution, fine 
spheres 

18 E1 0.05 E2 0.05 - - 100-1000 Broad size distribution and 
coalescence, also fine small spheres 

19 E1 0.03 E2 0.07 - - - Did not stabilize the system well. 
Coalescence and agglomeration 

20 E4 0.1 - - - - 20-800 Much agglomeration and 
coalescence 

21 E4 0.2 - - - - 100-1000 Much agglomeration and 
coalescence 

22 E4 0.3 - - - - 100-400 Much agglomeration and 
coalescence 

23 E4 0.05 E3 0.053  - - 30-200 Fine spheres, some agglomeration 
24 E4 0.1 E3 0.053 - - 20-250 Some agglomeration 
25 E4 0.2 E3 0.053 - - 60-120 Narrow size distribution, some 

agglomerates  
26 E4 0.3 E3 0.053 - - 50-200 Fine spheres, some agglomeration 

27 E5 0.1 - - - - - Did not stabilize system well, much 
coalescence  

28 E6 0.13 - - - - 40-200 Some agglomeration 
29 E6 0.53 - - - - 100-200 Some agglomeration 
30 E6 13 - - - - 100-150 Large agglomerates 
31 E6 23 - - - - 50-200 Some agglomeration 
32 E6 23 E3 0.053 - - 30-150 Mostly agglomeration 
1 (v/v%) 
2 Note: mixture of two emulsifiers 
3(w/v%) 
 

With EX as a reference, the combination of E1 and E2 (70/30%) combined with E3 gave the best 
results in terms of average size distribution. Adding a small amount of E3 to both the mixture of E1 
and E2 as well as E4 brought the average size down. 

E5 by itself was not successful in stabilizing the emulsion system. In combination with E1 and E2 
(70/30%) fine spheres were obtained. However, there was also significant coalescence of particles. 
This is probably due to E5 increasing the surface tension and therefore counter acting the lowered 
effect on the surface tension that the emulsifiers have.  
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E4 by itself was not very successful in the stabilization of the emulsion, however in combination 
with E3 the average size became lower and also less agglomeration and coalescence. 

 Encapsulation(4.1.1.
The encapsulation was measured by evaluating TGA thermograms, Figure 7. Due to limited access 
for the use of the instrument all batches could not be analyzed. The encapsulation efficiency, as 
calculated with equation [2] and [3], for the batches with different emulsifiers varied between 40-70 
%, as seen in Table 4. As seen in Figure 7 and 8, 0.1 v/v% of the mixture of E1/E2 (70/30%) 
showed the most prominent results in terms of encapsulation efficiency. Although slightly larger in 
average size than the same batch prepared with EX the encapsulating efficiency was similar at 
approximately 72 %. 

Table 4 - List of encapsulation for different emulsifier types and concentration analyzed (concentration of emulsifiers in 
relation to water)  

Emulsifier I Conc. (v/v%) Emulsifier II Conc. (w/v%) Encapsulation (%) 
EX 0.1  - - 69.9 
EX 0.2 - - 69.8 
EX 0.3 - - 73.8 
EX 1 - - 72.0 
E1/E2 (70/30 %)1 0.1 - - 72.3 
E1/E2 (70/30 %) 0.2 - - 64.0 
E1/E2 (70/30 %) 0.3 - - 68.1 
E1/E2 (70/30 %) 0.1 E3 0.05 47.2 
E1/E2 (70/30 %) 0.2 E3 0.05 64.3 
E1/E2 (70/30 %) 0.3 E3 0.05 59.4 
E1/E2 (70/30 %) 0.1 E5 0.05 (v/v%) 61.9 
E1/E2 (70/30 %) 0.1 E5  0.1 (v/v%) 63.3 
E1/E2 (70/30 %) 0.1 E5  0.2 (v/v%) 62.0 
E1/E2 (70/30 %) 0.2 E5 0.05 (v/v%) 68.7 
E1/E2 (70/30 %) 0.1 E6 0.1 51.82 
E1/E2 (70/30 %) 0.1 E6 2 49.92 
E4 0.1 - - 32.92 
E4 0.2 - - 46.72 
E4  0.3 - - 41.52 
E4 0.1 E3 0.05 63.0 
E4 0.2 E3 0.05 58.9 
E4 0.3 E3 0.05 52.8 
E6 0.1 (w/v%) - - 53.4 
E6 0.5 (w/v%) - - 52.7 
E6 1 (w/v%) - - 40.2 
E6 2 (w/v%) - - 37.9 
1 Note: Mixture of two emulsifier 
2Encapsulation measured 1 month after preparation of batches 
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Figure 6 - Examples of TGA thermograms 

 

 
Figure 7 - Overview of the calculated encapsulation efficiency for different emulsifiers (concentration of E3 0.05 w/v%)   
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In Figure 8 it can be seen that the combination of E1/E2 (70/30%) showed the highest 
encapsulation, at a concentration of 0.1 v/v%. However since there is a distribution in size within 
each batch it is difficult to determine if the calculated encapsulation efficiency is identical for all 
spheres within the batch. Experiments were repeated for batch with 0.1 v/v% E1/E2 (70/30%), and 
a standard deviation of 4 for the encapsulation efficiency was calculated for these batches. For a 
more exact result of encapsulation in the smaller spheres it would be necessary to analyze 
individual particles individually.  

 Morphology((4.1.2.
Since the number of experiments was extensive only the experiments that produced the best results 
were analyzed with SEM.  

The Figure below shows the typical morphology of the produced microspheres. It can be noted that 
the surface is homogenously porous, for the smaller and larger spheres. The cross-section shows a 
multi-cellular morphology. There is encapsulation in many small pores within the sphere. The 
porousness of the surface could be an effect of the diffusion of S2 during the precipitation.  

 
Figure 8 - SEM-images of microspheres produced with 7.5 w/v% CD, 50 w/w% ES, 0.1 v/v% E1/E2 (70/30%) and Rushton 

impeller at 700 rpm. (a) Surface (b) Cross-section 
 

Within each batch the morphology could also vary, some spheres could have a more core-shell 
structure. In conclusion the choice of emulsifier did not have a significant effect on the morphology.  

4.2. Variation(of(solvent(and(cellulose(derivative(
The solvent selected to prepare the polymer solution significantly influences the outcome of the 
spheres. By studying the emulsifier droplets with optical microscope before complete precipitation 
it was concluded that the smaller spheres were more soluble and took longer to fully precipitate 
than the larger spheres.  Thus CD with higher molecular weight was investigated to see if it would 
concede a faster precipitation of the smaller emulsified droplets due to less solubility. The results 
showed the opposite of what was first thought, therefore a lower molecular weight CD was tested as 

(a)$ (b)$
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well.  The change in CD also required testing other solvents due to difference in solubility and 
viscosity of the derivatives.  

If the solvent is too miscible with water and has a high evaporation rate the precipitation of the 
spheres will be too fast leading to agglomeration. The viscosity of the polymer solution differs a lot 
depending on the used solvent due to the solubility coefficient. Therefore trials with different 
solvents and solvent combinations were made.  

Tested solvents: 

• S2 
• S1 
• S3 
• S4 

Mixtures of S2 and the other two solvents were prepared using different proportions. The table 
below shows a summary of the solvents used and the obtained results.  

Table 5 - List of the different polymer solutions and the obtained results (all batches contained 50 w/w% ES in relation to 
polymer concentration). 

CD  Conc. 
(w/v%)1 Solvent  Results 

A 10 S1/S2 (75/25 %) Round, some misshaped 
A 10 S1/S2 (50/50 %) Round shape  
A 10 S1/S2 (60/40 %) Round, some misshaped 
A 10 S1/S2 (25/75 %) Round shape, some thread formation 
B 7.5 S2 Round shape  
B 7.5 S2/S3 (70/30 %) Precipitation slow, some film formation 
B 10 S2 Round shape  
B 10 S1 Precipitation too fast, donut-shaped spheres 
B 10 S1/S2 (75/25 %) Round, some misshaped 
B 10 S1/S2 (50/50 %) Round shape  
B 10 S1/S2 (80/20 %) Round, some misshaped 
C 5 S1/S4 (75/25 %) Agglomeration 
C 5 S1/S4 (90/10 %) Agglomeration 
C 5 S1/S2 (75/25 %) Agglomeration and film formation 

C 5 S1 Film formation 
C 5 S1/S2 (75/25 %) Agglomeration  
C 7.5 S1/S2 (80/20 %) Round shape  
C 10 S1 Spheres misshaped 
C 10 S1/S2 (75/25 %) Round shape 

           1 Concentration in relation to solvent 
 

For the experiments performed with a mixture of S3 and S2 it could clearly be seen in the 
microscope that the spheres had not precipitated during the 10-minute emulsifying. Therefore, it 
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was concluded that a solvent more miscible with water was needed. S1 and combinations of S1 and 
S2 were tested. S1 by itself generated a rapid precipitation; this could be seen in the shape of the 
spheres, which was “donut-shaped”. A combination of S1 and S2, however, proved very good in 
terms of sphere formation. 

Some tests with different concentrations of the encapsulated substance were also performed. When 
adding no substance to the polymer solution the resulting particles were mostly agglomerated. This 
could be due to ES being water insoluble and therefore assisting with the stabilization of the 
emulsion.  

 Encapsulation((4.2.1.
The encapsulation of the batches with different solvents was determined by using the simplified 
TGA method listed in the experimental section and calculated using equation [2] and [3]. Generally 
it was noted that a faster precipitation lead to higher encapsulation. This is probably due to the 
encapsulated substance not having enough time to diffuse out of the sphere together with the 
solvent during precipitation.  

The table below shows the results of the batches with the highest encapsulation. 

Table 6 - Summary of the batches that showed highest encapsulation 

CD 
 

Solvent EX (v/v%) 
Stirrer Encapsulation 

(%) Conc 
(w/v%)1 Type Rate 

(rpm) 
A  10 S1/S2 (50/50%) 0.1  Rushton impeller  700 99.6 
A 10 S1/S2 (60/40%) 0.1 Rushton impeller  700 96.7 
A 10 S1/S2 (75/25%) 0.1 Rushton impeller  700 94.3 
A 10 S1/S2 (50/50%) 0.2 Ultra-Turrax 8000 79.2 
A 10 S1/S2 (60/40%) 0.2 Ultra-Turrax 8000 78.1 
A 10 S1/S2 (75/25%) 0.2 Ultra-Turrax 8000 75.8 
B 10 S1/S2 (75/25%)  0.1 Rushton impeller  700 91.72 
B 10 S1/S2 (80/20%) 0.1 Rushton impeller  700 69.3 
B 10 S1/S2 (75/25%)  0.2 Ultra-Turrax 8000 55.32 
B 10 S1/S2 (80/20%) 0.2 Ultra-Turrax 8000 59.7 
C 5 S1/S2 (50/50%) 0.1 Rushton impeller  700 91.73 
C 5 S1/S2 (75/25%)  0.1 Rushton impeller  700 95.23 
C 5 S1/S2 (50/50%)  0.2 Ultra-Turrax 8000 85.93 
C 5 S1/S2 (75/25%) 0.2 Ultra-Turrax 8000 80.92 
1 Concentration in relation to solvent 
2 75 w/w% ES in relation to polymer solution 
3 25 w/w% ES in relation to polymer solution 
 

For the batches with CD A, a mixture of S1 and S2 worked very well for obtaining high 
encapsulation. The encapsulation was pretty similar at an interval of 75-99%. The best results were 
obtained by the batches prepared with the mixture of S1/S2 (50/50%). Since the batches dispersed 
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with Ultra-Turrax were in general smaller in average particle size, 10-100 µm, these results give a 
better idea of the encapsulation in the smaller spheres.  

For the batches prepared with CD B mixtures of S1 and S2 obtained the highest encapsulation. The 
results were pretty similar to CD A however mixture of S1/S2 (75/25%) with 75w/w% ES gave the 
best encapsulation. This was not the case for batches prepared with Ultra-Turrax, for these batches a 
mixture of S1/S2 (80/20%) showed best encapsulation. Compared to CD A a higher amount of S1 
generated better encapsulation for CD B whereas this could be due to the solubility of the 
derivatives, CD A with less number average molecular weight and therefore higher solubility. 
Similar to the other derivative mixtures of S1 and S2 showed the highest encapsulation for batches 
prepared with CD C.  

It can generally be seen for the different cellulose derivatives that a fast precipitation is the key to 
high encapsulation for the smaller spheres. This is noted in Table 6 for the batches prepared with 
Ultra-Turrax, the pattern shows that choice of polymer greatly influences the encapsulation. 

 Morphology((4.2.2.
For the batches prepared with S3 both the shape and internal/external morphology of the spheres 
did not differ much from the original recipe with S2, porous surface and multi-cellular core. 
However, microspheres prepared with S1 had a “donut-shaped” for both CD B and CD C, as if 
there was not enough time for emulsion droplets to completely form before the derivative had 
precipitated. The surface of these spheres was porous, with some larger holes. The internal structure 
was a mixed core-shell and multi-cellular. 

For all the three derivatives, the batches prepared with mixtures of S1 and S2 showed a porous 
surface morphology, although somewhat less porous than batches prepared with only S2, displayed 
in Figure 10. The batches prepared with CD C showed the least surface porosity of the derivatives.  
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Figure 9 – SEM images of surface of spheres prepared with different recipes. (a) 10 w/v% CD A, 50 w/w% ES, S1/S2 (50/50 
%), (b) 10 w/v% CD B, 50 w/v% ES, S1/S2 (75/25 %), (c) 5 w/v% CD C, 50 w/w% ES, S1/S2 (75/25 %) 

 

The internal structure for batches prepared with solvent blends of S1 and S2 exhibited a more 
defined core-shell structure for all three derivatives, as seen in Figure 11. CD C presented the most 
defined core-shell structure with a very thin shell. The thin shell could be the results of lower 
concentration of the derivative.  

(

(a)$ (b)$

(c)$$
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Figure 10 – SEM images of sphere cross-sections prepared with different recipes. (a) 10 w/v% CD A, 50 w/w% ES, S1/S2 
(50/50 %), (b) 10 w/v% CD B, 50 w/v% ES, S1/S2 (75/25 %), (c) 5 w/v% CD C, 50 w/w% ES, S1/S2 (75/25 %). 
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5. Conclusions((
To further optimize the preparation of encapsulating cellulose microspheres with diameters 10-50 
µm, with high encapsulation efficiency via the emulsion-solvent evaporation technique, several 
process parameters were evaluated. The studied process parameters were emulsifiers, concentration 
and molecular weight of polymer, concentration of encapsulated substance and solvents. The shape, 
diameter, encapsulation and morphology of the spheres were analyzed with optical microscopy, 
thermal gravimetric analyzer and scanning electron microscopy. A summary of the results can be 
seen in Table 7. 

The emulsifier concentration/type and agitation directly affected the size and shape of the 
microspheres. Higher concentration of emulsifiers and higher rate of agitation coincided in a 
smaller size distribution of spheres. E1/E2 (70/30%) gave a smaller size distribution, average size 
30-300 µm, as compared to the other evaluated emulsifiers. In combination with E3, all emulsifiers 
gave smaller size distribution, average size 20-200 µm in diameter in comparison to 30-300 µm 
without E3. The obtained spheres prepared with E5 had an edgy shape and significant coalescence 
was observed. E5 also counter-acted the lowered surface tension that the emulsifiers provided 
leading to more coalesced particles than prepared batches without E5. The highest encapsulation 
efficiency was provided with 0.1 v/v-% of the emulsifier mixture E1/E2 (70/30%).  Changing the 
emulsifiers had little effect on the morphology of the spheres, which was generally a porous surface 
and porous core.  

Due to solubility of the small spheres, different molecular weights of the polymer were 
investigated. This also required a need to change the solvent and concentration due to solubility of 
the polymers. Different solvents were investigated and it was concluded that a faster precipitation 
gave rise to a higher encapsulation and a more notable core-shell structure for all three molecular 
weights. This suggests that the morphology of the spheres has an effect on encapsulation. The 
surface morphology was porous for all the batches, the least porous surface was obtained with the 
batches made from CD C. For CD A the highest encapsulation was obtained with the solvent 
combinations 75/25-, 60/40- and 50/50-% of S1/S2. For CD B, the highest encapsulation was 
obtained with the solvent combinations 80/20- and 75/25-% S1/S2. For CD C, the highest 
encapsulation was obtained with the solvents combinations 75/25- and 50/50-% of S1/S2.  
Comparing the encapsulation of batches with the same recipe produced with Rushton impeller and 
Ultra-Turrax, the conclusion can be drawn that for the three derivatives there is a relatively high 
encapsulation for the smaller spheres produced with Ultra-Turrax. Conducting experiment with no 
encapsulating substance lead to mostly agglomeration, this would suggest that the encapsulating 
substance helps stabilize the emulsion and decrease the rate of precipitation. 

In conclusion, to produce encapsulating microspheres in the range of 10-50 µm with a high 
encapsulation via the emulsion solvent evaporation technique, the choice of solvent has a major 
role. By altering the solvent and utilizing mixtures of solvents one can produce these spheres.  
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Table 7 - Summary of results 
  Increased 

emulsifier 
conc.  

Faster 
precipitation  

Slower 
precipitation  

Increased 
stirring 
rate  

Increased ES 
conc. 

Diameter  Decrease Slight increase Decrease Decrease - 
Surface 
morphology  

Porous  Somewhat less 
porous  

Porous  - - 

Internal 
structure 

Multi-cellular  Core-shell  Multi-cellular - - 

Encapsulation  Unclear  Increase Decrease - Slight increase  

Encapsulation of 
spheres < 50 µm 

No  Somewhat No - No change 
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6. Future(work((
It would be interesting to further study the relationship between encapsulation efficiency and type 
of emulsifier and solvents for obtaining better encapsulation in small microspheres. However, to 
assure reproducibility it would be necessary to repeat the recipes and separate the different sizes 
within the batch and analyze them separately. Studying the system additionally by testing different 
concentrations of the derivatives as well as mixtures of the derivatives would be of interest in 
addition to trying other emulsifiers, such as other surfactants and colloids, for a higher 
encapsulation and smaller size distribution for the recipes that provided the best encapsulation.   
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