
 
 

  

Continuous Encapsulation via 

Membrane Emulsification and Complex 

Coacervation  

 

Doctoral Thesis 

by 

 Alix Barton 

 

 

Submitted in partial fulfillment of the requirements for 

the award of Doctor of Philosophy of  

Chemical Engineering Department  

Loughborough University 

 

 

12th March 2020 

© by Alix Barton 2020 



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In loving memory of my grandmother 

She always believed in my success with my research  

 

Gwen Bloor 

1937 – 2019  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

Abstract 

 Complex Coacervation (CC) is one of the techniques that can be used in industries such 

as food and pharmaceutical, to encapsulate and protect important compounds or to isolate 

volatile ones.  This research is investigating a novel way of encapsulating emulsions via 

combining CC with the emulsion producing technique Membrane Emulsification (ME). This 

combination for encapsulation will then be scaled up and converted to continuous production.  

Batch scale ME were completed using the Dispersion Cell (DC). Initial experiments 

were completed using oil in water single emulsions moving on to using water in oil in water 

double emulsions and eventually progressed to a dispersed phase entrapping 10% (w/w) and 

30% (w/w) Ascorbic Acid (AA) solution in the primary water phase. The experiments 

investigated how emulsion droplet size and CC shell thickness were affected by various 

parameters. These included: varying the transmembrane flux and the shear on the membrane 

surface, Total Biopolymer Concentration, pH change, amount of dispersant injected and 

cooling time. The combination of parameters that produced the thickest CC shell and the most 

uniform capsules produced by ME in this study were found. Encapsulation efficiency 93% and 

96% for the 10% (w/w) and 30% (w/w) AA solutions respectively was also assessed via 

monitoring AA release over time and verified by titration.  

Experimentation for the scale up of ME was completed using Azimuthal Oscillating 

System (AOS). Comparing both DC and AOS, DC flux is a lot higher than the AOS, 147000 

L m-2 h-1 compared with 793 L m-2 h-1 respectively. However, both methods produced droplets 

of size within the error bars of each other for the same shear stress.  

For continuous production, ME by AOS was replaced with a Continuous Dispersion 

Cell (CDC) and integrated with an Oscillatory Flow Reactor (OFR) for continuous CC. CC 

requires slow cooling of the emulsion to room temperature (≤1ºC min-1) as both shell thickness 

and encapsulation efficiency are influenced by cooling rate. Residence Time Distribution 

experiments were performed using in lab made capsules containing the fluorescent 1,3-

diphenylisobenzofuran. Optimal conditions were the ones closest to plug flow that also resulted 

in capsule suspension in the OFR. Close to plug flow conditions were desirable to ensure 

homogenous conditions regarding temperature for the droplets. The cooling profile inside the 

OFR was investigated at different flow rates and cooling liquid temperatures. This was done 

using in-lab made thermotropic Liquid Crystal (LC) capsules of size 80µm with colour change 
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range between 25 and 37ºC. The optimal cooling profile, in the OFR, was found and was then 

validated by continuous microencapsulation of sunflower oil. Capsule shells were cross-linked 

by glutaraldehyde to increase their stability and freeze dried.  

Finally, the Strength of the produced shell was explored using 30% (w/w) AA capsules 

and a novel method using a different variation of bulk capsule testing. The method has shown 

potential to be effective, but more research is needed to enhance the technique further.   
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List of Symbols 

 

Symbol Description 

 

Unit 

a Amplitude of oscillations 

 

m 

A Interfacial area m 

 

b Height of stirrer blades 

 

m 

Ce AA concentration in the external aqueous phase of the W/O/W emulsion 

 

% 

Ci AA concentration in the internal aqueous phase of the W/O emulsion 

 

% 

Cout(t) Amount of tracer recorded leaving the reactor at a certain time 

 

- 

D Width of stirrer 

 

m 

d(4,3) Volume weighted mean droplet diameter 

 

m 

D10 Cumulative diameter of particles at 10% of the total measurements 

 

µm 

D50 Cumulative diameter of particles at 50% of the total measurements 

 

µm 

D90 Cumulative diameter of particles at 90% of the total measurements 

 

µm 

df Minimum displacement to keep capsules suspended  

 

mm 

dp Diameter of pore 

 

m 

E(t) Differential distribution function 

 

- 
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E(t)dt Fraction of particles that remain in the system for a time between t and 

t+dt 

 

- 

f Frequency of oscillations 

 

Hz 

f(t) RTD function 

 

- 

F(t) Normalised RTD function 

 

- 

G Total free energy of the system j 

 

J Dispersed phase flow rate 

 

l/s 

Jd DP flux 

 

m3m-2s-1 

k Percentage of active pores 

 

% 

T Temperature 

 

K 

Me Mass of AA present in the external water phase in the W/O/W emulsion 

 

kg 

Mi Mass of AA initially present in the internal water droplets in the W/O 

emulsion 

 

kg 

N Number of tanks in series 

 

- 

nb Number of stirrer blades 

 

- 

Re Reynolds number 

 

- 

rp Pore radius 

 

m 

rtrans Transitional radius m 
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S Entropy J/K 

 

T Inner diameter of glass tank 

 

m 

t Time 

 

mins 

td Drop formation time 

 

s 

tm Mean residence time 

 

mins 

V Volume of droplet 

 

l 

Ve External water phase volume of the W/O/W emulsion 

 

l 

Vi Volume of the internal water phase used to prepare the W/O emulsion 

 

l 

Vo Injection volume 

 

l 

Vp Peak velocity 

 

ms-1 

VWOW Total emulsion volume 

 

l 

x Droplet diameter 

 

m 

x̅ Mean Feret diameter 

 

µm 

γ Interfacial tension 

 

N/m 

δ Boundary layer thickness 

 

m 

ε Porosity 

 

- 

θ Dimensionless time - 
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μ Dynamic viscosity of the CP 

 

Pas 

ρ Density of the CP 

 

kgm-3 

σ SD 

 

μm 

τ Shear stress 

 

Pa 

ϕWO Volume fraction of water droplets in the W/O emulsion 

 

- 

ϕWOW Volume fraction of W/O droplets in W/O/W emulsion 

 

- 

ω Angular velocity 

 

Rads-1 

ωf Angular frequency 

 

Rads-1 
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List of Abbreviations  

 
Abbreviation  Description  

 

AA Ascorbic acid 

 

AMF Atomic force microcopy 

 

AOS Azimuthal oscillating system 

 

ATPS Aqueous two phase systems 

 

BG Bovine gelatin 

 

CC Complex coacervation 

 

CDC Continuous dispersion cell 

 

CMC Critical micelle concentration 

 

CP Continuous phase 

 

CSTR Continuous stirred tank reactor 

 

CV Coefficient of variance 

 

DC Dispersion cell 

 

DCPIP Dichlorophenolindophenol 

 

DE Diatomaceous earth 

 

DP Dispersed phase 
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DPBF 1,3-diphenylisobenzofuran 

 

EE Encapsulation efficiency (%) 

 

EEP Electrical equivalence point 

 

G General grade gelatin 

 

GA Gum arabic 

 

HLB Hydrophilic lipophilic balance 

 

LC Liquid crystal 

 

ME Membrane emulsification 

 

MPG Micro-porous glass 

 

O/O Oil in oil 

 

O/W Oil in water 

 

O/W/O Oil in water in oil 

 

OBP Oscillatory bellow pump 

 

OFR Oscillatory flow reactor 

 

PFR Plug flow reactor 

 

PGPR Polyglycerol polyricinoleate 

 

RGB Red, green, blue 
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RPM Revolutions per minute 

 

RTD Residence time distribution 

 

SD Standard deviation 

 

SDS Sodium dodecyl sulphate 

 

SoC Strength of capsules 

 

SPG 

 

Shirasu porous glass 

TBPC Total biopolymer concentration 

 

W/O Water in oil 

 

W/O/W Water in oil in water 

 

W/W Water in water  
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Error bars represent the ± SD of the measurements with the data point 

representing an average value of 3 or more repetitions.  b) Micrographs of 

droplets at different shear stresses, injecting rate 1.5 ml/min. CV is an 

average of 3 or more repetitions.  
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represent the ± SD of the measurements with the data point representing an 

average value of 3 or more repetitions.   

 

Figure 4.3. a) Graph showing the effect of different production conditions on span. b) 

micrograph of ratio of water to oil of 3:1, TBPC 3.3% (w/w), 4% (w/w) 

PGPR. Injection rate 1.5ml/min, stirring speed 1390 RPM, dispersant 7.7% 

(v/v) (W/O) G:GA 1.5:1. Micrograph also includes ruptured capsule. 

 

Figure 4.4. Micrographs showing the effect of PGPR in the DP on capsule loading. 

Injection rate 1.5 ml/min, stirring speed 870 RPM, TBPC 3.3% (w/w), 
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concentrations on span. Injection rate 3ml/min, stirring speed 870 RPM, 
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BG:GA 1:1. 
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solutions at different pHs. Injection rate 3ml/min, stirring speed 870 RPM, 
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TBPC 3.3% (w/w), dispersant 7.7% (v/v), (W/O), BG:GA 1:1, pH 3.8. Error 

bars represent the ± SD of the measurements with the data point representing 

an average value of 3 or more repetitions.   



xxii 
 

Figure 5.6. a&b) EE for 10% (w/w) AA solution at different pHs by monitoring the pH 

to show the leakage of core material over the cooling period. c) & d) EE for 

30% (w/w) AA solution at different pHs by monitoring the pH to show the 

leakage of core material over the cooling period. Injection rate 3ml/min, 

stirring speed 870 RPM, cooling stirring speed 250 RPM, TBPC 3.3% (w/w), 

dispersant 7.7% (v/v), BG:GA 1:1. Error bars represent the ± SD of the 

measurements with the data point representing an average value of 3 or more 
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measurements with the data point representing an average value of 3 or more 

repetitions.   

 

Figure 6.1. a) The effect on O/W single emulsion droplet size by the increase in shear 
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the effect on span of the O/W single emulsion by the increase in shear stress 
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Dispersant 7.7% (v/v) sunflower oil injection rate 2.5ml/min, CP 2% (v/v) 

Tween 20 30 ml/min. 
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compared with model for predicting droplet size for the DC and droplets 

created in DC at 3ml/min (flux 5100 Lm-2h-1).  Dispersant 7.7% (v/v) w/o 

AOS flux 793 Lm-2h-1, CP BG:GA 1:1 30 ml/min. Error bars represent the ± 

SD of the measurements with the data point representing an average value of 

3 or more repetitions.   

 

Figure 6.3. Comparison of different RTD in an OFR for various frequencies, flow rates 

and displacements. a) 2.4 Hz b) 4.8 Hz c) 6.3 Hz.   

 

Figure 6.4. Photographs showing examples of LC capsules moving thought the OFR for 

temperature gradient experiments. 

 

Figure 6.5. Examples of LC capsules colour change at different % of the OFR with 

corresponding reactor temperatures found from LC calibration, for different 

cooling jacket temperatures and OFR being insulated with and without foil. 

Flow rate 20 ml/min, frequency 6.3 Hz, displacement 4.5 mm.   

 

Figure 6.6. Reactor temperature versus distance along OFR with cooling gradients. 20 

ml/min, 6.3 Hz, 4.5 mm. a) cooling jacket: 26-30 oC, 2700 ml/min. b) cooling 

jacket: 27oC 2700 ml/min with no insulation, insulation and insulation + foil 

on the first OFR tube. c) cooling jacket: room temperature, no flow, with no 

insulation, insulation and insulation + foil on first OFR tube. d) cooling 

jacket: 27oC, 2700 ml/min, 304 ml/min and a flow rate between the two. e) 

insulation and foil on the first OFR tube for room temperature with no flow, 

27oC with flow 2700 ml/min and 304 ml/min. 

 

Figure 6.7. Microphotographs of capsules created using the continuous system. The 

capsules were a single emulsion with the DP being sunflower oil, the CP was 

BG and GA in the ratio of 1:1 and TBPC of 3.3% (w/w). cooling jacket at 
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2700 ml/min and varying temperature. a) room temperature no flow. b, c and 

d) 27oC.  e and f) 28oC. g and h) 32oC.  

 

Figure 6.8. Photographs showing the crosslinked, washed capsules placed on filter paper 

before and after being left to dry by air for over 24 hours.  

 

Figure 6.9. Photographs showing the different stages for freeze drying. a) and d) show 

crosslinked capsules containing 30% and 10% (w/w) AA respectively. b) and 

e) show capsules with the addition of DE. c) show freeze dried capsules 

containing 30% AA.  

 

Figure 6.10. Microphotographs showing the different metal meshes used in SOC 

experiments. pore sizes a) 1280 ±20μm, 30 ±5 μm b) 170 ±20 μm c) 40 ±5 

μm d) 160 ±20 μm e) 100 ±20 μm f) 50 ±15 μm g) 400 ±10 μm, 20 ±5 μm.  

 

Figure 6.11. a) Examples of materials placed above the mesh to help stop blockages/ the 

capsules going through the mesh. b) Photograph showing SCO set up.  

 

Figure 6.12. Photographs showing the results of the SOC experiments. a) the backflow of 

the capsules in the tube from the mesh blocking. b) the capsules in the water 

after they had been pushed through the mesh.  

 

Figure 6.13. Microphotograph showing the water containing the capsules after the pH 

dropped. 

 

Figure A.  DC overhead stirrer calibration. 

 

Figure B. Flow rate calibration for the pump used to pump the capsules through the 

OFR. 

 

Figure D. a) Capsules in the OFR not in suspension. a) Capsules in the OFR in 

suspension. c) frequency calibration of the bellow pump used to create the 

oscillations in the OFR.  
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Figure E.  a) Image of displacement tests. b) How displacement changes with varying 

frequency and pump setting. 

 

Figure F.1. Example of temperature calibration by LC.  

 

Figure F.2. Images showing the conditions tested for the pre-made capsules; with phone 

light and without. 

 

Figure F.3. a) LC calibration, colour change representation for each temperature for 

premade capsules from 25-37oC. b) wavelength of LC calibration colour 

plotted against temperature. 

 

Figure F.4. Images showing a comparison between premade bought LC capsules and 

created LC capsules at 27oC for OFR calibration. 

 

Figure F.5. a) LC calibration, colour change representation for each temperature for 

created LC capsules from 25-37oC. b) wavelength of LC calibration colour 

plotted against temperature. 

 

Figure F.6. Photographs showing the comparison between taking the calibration images 

with no background and using a black background.  

 

Figure F.7. a) LC capsule colour change images for temperatures between 25-37oC. b) 

Final calibration graph of temperature (oC) Versus wavelength (nm) used for 

the experiments to find the cooling gradient in the OFR by LC capsules.  

 

Figure J.  a) microphotograph of the graticule used to set the scale for the ImageJ 

analysis. b)  microphotograph of emulsion for droplet size measurement by 

ImageJ. c) image converted into correct format for measuring. d) droplet 

outlines detected and numbered for measuring.  
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Figure K. Calibration for titration of AA in the CP after ME. 
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1. Introduction 

Key ingredients in some industrial formulations (e.g. cosmetic, pharmaceutical or food 

product formulations) have the potential to be unstable or volatile. Example compounds 

include sweeteners used in food products (Rocha-Selmi, et al., 2013) or Ascorbic Acid (AA) 

(see Section 3.3 for more details). These unstable compounds can interact with other 

components in the formulation and change the overall product by texture, taste or purpose, 

depending on the product in question. The ingredients can also become damaged by the 

processes used to create the end formulation. Therefore, it is important to protect these 

ingredients from their environment and therefore protect the outcome of the final product. To 

do this, one of the main methods used is encapsulation.  

Encapsulation is the process by which materials of either a solid, liquid or gaseous state, 

are entrapped within a membrane separating the material from the conditions of the outside 

environment (Comunian T. A., et al., 2013). There are a variety of ways to encapsulate a 

compound, including: physical processes for example, spray drying (Gharsallaoui, et al., 2007), 

spray congealing (Matos-Jr, et al., 2015), freeze drying (Ezhilarasi, et al., 2013), chemical 

processes such as suspension and interfacial polymerization (Salaün, 2016), and physio-

chemical processes e.g. Complex Coacervation (CC) (Comunian, et al., 2014).  

As stated above, by encapsulating compounds, it can stop the ingredient being affected 

by adverse conditions and stop the ingredient itself causing negative effects on the final 

product. Encapsulation has other abilities, as well as ingredient protection such as being used 

for controlled release. An example of this is in drug delivery systems. It can mask flavors, e.g. 

it can hide the bitter taste of AA but still have AA included in the product for its beneficial 

properties.  Encapsulation can also change textures of products e.g. it can turn liquid products 

into powders (Hitabatuma, et al., 2016). Due to all these useful properties, encapsulation is a 

well-established technique and has been used for many years in the pharmaceutical and food 

industries. Over the years the techniques have branched out across a diversity of other 

industries. Paints, inks, drugs, flavorings and pesticides are all different products that benefit 

from the encapsulation process (Santos M., et al., 2015). Figure 1.1. shows a statistical 

distribution of the uses of CC encapsulation method across a variety of industries.  
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Figure 1.1. A statistical distribution for CC of its use across a variety of industries. Image 

taken from literature (Hitabatuma, et al., 2016). 

 

1.1. Research gap 

As previously mentioned, the process of encapsulation can have an adverse effect on 

the ingredient being protected. For example, the conditions and chemicals involved.  Some of 

the techniques require harsh conditions for them to be completed. Most well-established 

encapsulation techniques require a two-step process. The first step is usually an emulsification 

step to trap the compound. This is then followed by an additional treatment to form the gelled 

coating to keep the compound contained. It is this second treatment that for volatile 

components, are predominantly completed in batch processes. The treatments that can 

potentially be continuously run, for example spray drying (Gharsallaoui, et al., 2007), have a 

high chance of damaging the component via conditions needed or chemicals involved. The 

processes that are predominantly completed by batch production, for example freeze drying 

(Ezhilarasi, et al., 2013), have a cost limiting factor. They would be difficult and expensive to 

make continuous and therefore deemed unsuitable. However, using batch systems can make 

processes time consuming and inefficient. They are also costly, especially if a fault occurs and 

the entire batch must be discarded. Continuous production can increase product consistency by 

eliminating batch to batch variability and can increase productivity of processes. Since 
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microencapsulation is growing in desirability, it could be beneficial to these industries, to 

produce an innovative process that is able to encapsulate effectively these problematic 

ingredients. This should be done without damaging the components and in a continuously run 

system rather than by batch. It should also be easy and not as costly to implement, to increase 

efficiency and reduce production costs.  

 

1.2. Aim of the research 

The main purpose of this research was to develop an encapsulation method that can 

scale up to industrial production. This should be done via a continuous production method to 

produce a free-flowing powder. It should have high droplet uniformity and have the potential 

in the future to be adaptable for encapsulation of a variety of different compounds. This can 

include volatile and water-soluble compounds. To do this, the first part of the research is 

focused on the formulation for efficient encapsulation, i.e. capsules that contain and retain the 

maximum amount of compound. The component needs to be evenly distributed throughout the 

microcapsules and the capsules need to be uniform in size. To do this, double emulsions 

(Water-in-Oil-in-Water, W/O/W) were created by the technique of Membrane Emulsification 

(ME). ME was then coupled with CC to encapsulate a water-soluble component. This was 

initially done on a batch scale to finalize the encapsulation formulation and evaluate its 

Encapsulation Efficiency (EE). The second part of the project then focused on creating a 

continuous system using the ME and CC encapsulation techniques, that mirrored a similar 

output as the results from the batch tests. 

   

1.3. Research questions 

The following “research questions” will be addressed in this study: 

 

• Can CC be used to encapsulate compounds, such as water-soluble compounds, to achieve 

high EE? 

• What are the advantages of ME in formulation of complex coacervates? 

• Can CC be done continuously to the same effectiveness and with the same capsule 

diversity as in the batch process? 

• Can Liquid Crystal (LC) oil be used to map the temperature gradient and mixing along the 

Oscillatory Flow Reactor (OFR)? 
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The potential answers to these questions are detailed within this thesis and summarized 

in the “conclusions” chapter of this thesis.  

All experimental work conducted throughout this project and presented here in this 

thesis, was completed solely by the author. Some of the work has been presented at national 

conferences.  

 

1.4. Summary of the novelty of the work 

The novelty of this work is the implementation of the continuous encapsulation method 

via ME and CC and the derived bulk test of capsule strength. An acknowledgment to the paper 

by (Piacentini, et al., 2013), of which part of this work has been based and furthered. 

In other reported studies, AA has been encapsulated by a variety of other methods. 

These include: solid lipid microcapsules in combination with microfluidics (Comunian, et al., 

2014), spray congealing (Matos-Jr, et al., 2015) and CC in combination with homogenization 

(Comunian T. A., et al., 2013).  However, AA encapsulation has not been done by the 

combination of ME and CC. The method of capsule production by CC in industry, as discussed 

previously (Section 1.1.), is normally completed using a batch process in tanks and not by 

continuous methods. This is how the process was developed. Therefore, by creating this 

continuous process incorporating the CC encapsulation technique and demonstrating that it is 

reliable and has reproducibility, creates a new approach to this common encapsulation problem. 

It will open new doors for the capsule production industry by cost saving and providing a 

method that is versatile and gives more capsule customization.   

To test the Strength of Capsules (SoC), some techniques previously used (discussed 

Section 2.3.) are done on an individual capsule basis. For example, compression tests to see 

how much force a capsule can take before it breaks (Smidsrod & Skjak-Braek, 1990). However, 

these methods have their limitations. They cannot precisely represent the capsule strength in 

an emulsion of thousands of capsules by just measuring a few individual capsules. Other 

techniques are done on a bulk scale e.g. using osmotic pressure (Van Raamsdonk & Chang, 

2001). This is to improve the accuracy of these measurements. The SoC tests done in this work 

uses a different variation of bulk capsule testing using the pressure of varying flow rate to 

rupture the capsules. See section 3.7. for more details.  
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1.5. Outline of thesis structure 

Chapter 2 illustrates the project’s literature review. In Section 2.1, emulsions are 

discussed including: different types of emulsion, emulsion stability together with emulsion 

stabilizers and destabilization of emulsions. An assessment of the different methods to create 

an emulsion is also presented. Following on in Section 2.2 is a deliberation of encapsulation, 

including physical, chemical and physio-chemical methods of creation. Finally, Section 2.3 

covers the different methods that could be used for testing the SoC.  

Chapter 3 presents all experimental details. Section 3.1, 3.2 and 3.3 provides an 

explanation to the chosen emulsification and encapsulation method along with the water-

soluble compound to be encapsulated respectively and why it was selected. Section 3.4 states 

all the materials that were used in the study. The models used to predict the drop size in relation 

to maximum shear stress applied at the surface of the membranes for Dispersion cell’s (DC) 

and oscillating systems, is encompassed in Section 3.5. Section 3.6 discusses the completed 

batch process experiments. This includes the use and cleaning of the DC with: single Oil-in-

Water (O/W), primary Water-in-Oil (W/O) and double Water-in-Oil-in-Water (W/O/W) 

emulsions, CC and crosslinking.  The continuous system tests are noted in Section 3.7. This is 

including the use and cleaning of the AOS with single (O/W) and double (W/O/W) emulsions. 

There is also the discussion of the OFR. The Residence Time Distribution (RTD) with DPBF 

capsules, the use of LC capsules for temperature analysis and freeze drying for a free-flowing 

powder are also reviewed. Finally, Section 3.8- 3.11 records the methodology for the SoC 

experiments, particle sizing, turbidity and titration. 

The findings from Part 1 of the project’s experimentation, Batch scale single and double 

emulsion formation are discussed in Chapter 4. This details the results regarding the work 

done with the DC and single and double emulsions. It comprises of how drop size is affected 

by different parameters for example: shear stress at the surface of the membrane, injection rate, 

changing the formulation of the CP and addition of AA.  

In Chapter 5, the results change to look at batch CC and how shell thickness is affected 

by different parameters. These include addition of AA, changes in CP polymer ratio and 

cooling rate. It also looks at EE and method to evaluate it.  

The results then moved on to Chapter 6, continuous scale production.  Starting with 

the AOS and how drop size is affected by shear stress at the surface of the membrane for single 
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and double emulsions in chapter 6.1.  The chapter then moves on to the OFR in Section 6.2 

and the data concerning the RTD and the temperature profiles with LC capsules.it then looks 

at continuous capsule production in Section 6.3 along with creating a free flowing powered 

using freeze drying in Section 6.4 It then finishes with the SOC results in Section  6.5. 

Chapters 7 and 8 record the conclusions of the project and future work that can be 

done because of the work completed here. These chapters are then followed by the references 

used throughout this document and the appendices.  
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2. Literature review 

Chapter 2 illustrates the project’s literature review discussing the key aspects of the 

techniques that potentially could be used as a part of this study. 

 

2.1.  Emulsions 

Emulsions are defined as systems which consist of two or more immiscible liquid 

phases that are dispersed within one another in thermodynamic equilibrium 

(Sarathchandraprakash, et al., 2013). Some important chemical ingredients in formulations are 

not water soluble and therefore require alcohol or other organic solvents to create solutions and 

to help combine the ingredients into products. This can be hazardous and/or costly. Commonly 

emulsions are used in many industrial applications to combine or deliver compounds in 

products, including non-water soluble compounds, and have the ability to dilute and deliver 

these active ingredients inexpensively and innocuously   (Shahtalebi, et al., 2016; Tang, et al., 

2019). Some of these industries include: 

 

• Cosmetic - An example being, to distribute oils used in hair conditioning products evenly  

and easily  in small amounts as applying the oils on their own would leave hair feeling 

unclean (US Patent No. US5362484A, 1994; Vasudevan & Naser, 2002). 

 

• Pharmaceutical - Emulsions can be used to control dosage and delivery of active 

ingredients in drugs, or the aesthetics of creams and ointments (Nakano, 2000).  

 

• Food - There are naturally occurring emulsions in food and drink products for example 

milk. Emulsions can be used to create different textures in products and improve taste and 

mouth feel (US Patent No. US5279847A, 1994; Dagleish, 2006; Merchant, et al., 1998; 

Muschiolik G., 2007).  

 

• Agricultural – An example, most active ingredients in pesticides are non-water soluble 

and the formulations used to add them to products can damage the environment. Emulsions 

can be used to create aqueous pesticide products and help improve even distribution during 

application (Chappat, 1994; Tang, et al., 2019). 
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2.1.1. Single emulsions 

The simplest of emulsions are single emulsions and can be defined as two liquid 

phases. These phases are traditionally aqueous hydrophilic and organic lipophilic, for example 

water droplets dispersed into oil (W/O) or oil droplets dispersed into water (O/W) (Rosca et 

al., 2004; Lloyd, et al., 2014). Some of the uses of these emulsions are discussed in Section 

2.1. but include used in food products such as milk or cream.  However, emulsions can consist 

of two aqueous phases (W/W) (Esquena, 2016) or two oil phases (O/O) (Jaitely, et al., 2004). 

The first publication on W/W emulsions is considered to be by Beijerinck in 1896, a 

microbiologist who came across these emulsions when he was completing experiments 

involving mixtures of starch and gelatin (Beijerinck, 1896). They consist of two immicible 

aqueous phases (made up of water soluble molecules) in thermodynamic equlibrium. These 

mixtures of aqueuous componants that separate into two immicble phases are denoted in 

literature as ATPS, aqueous two phase systems. Therfore, W/W emulsions can sometimes be 

refered to as ATPS emulsions but W/W is the more widly used term (Esquena, 2016).   

W/W emulsions have poor colliodal stability and have a fast phase separation due to 

there being a lack of interdroplet repulsion forces making these emulsions highly unstable. 

Stability of these emulsions can be achieved by adding particles (Nguyen, et al., 2015)  – 

Pickering emulsions (See Section 2.1.3.2.).. An examples of these emulsions are mixtures of 

hydrophilic polymers e.g. gelatin and polysacharides that can be used in food products for taste 

and texture. Other uses consist of drug delivery in the pharmesutical industry and microgel 

particle preperaion (Esquena, 2016). 

Oil in oil (O/O) emulsions are less common, they consist of two immisible non 

aqueous phases. These emulsions can also be refered to as non aqueous emusions or water less 

emulsions. O/O have a variety of uses, for example in the pharmaseutical industry for the 

preparation of drugs where the presence of aqueous material would be undesirable. Other uses 

include: the preparation of porous material, electro-optical display (Jaitely, et al., 2004) and in 

cleaning products for systems which are sensetive to rust (Sakthivel, et al., 2001).  
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2.1.2. Multiple Emulsions  

As well as single emulsions, multiple emulsions can be created. (Muschiolik, 2007) 

These are essentially emulsions inside of emulsions, the most common of being water in oil in 

water (W/O/W) and oil in water in oil (O/W/O).  Multiple emulsions tend to be more 

thermodynamically unstable than single emulsions (Muschiolik G. , 2007) due to them having 

a higher interfacial area (discussed in more detail in section 2.1.3.). W/O/W emulsion consists 

of aqueous phase droplets dispersed into an oil phase then this W/O emulsion dispersed again 

into another aqueous phase. O/W/O emulsions are essentially the same but the other way 

around, oil droplets dispersed into an aqueous phase then this O/W dispersed into another oil 

phase. These emulsions were first defined by Seifriz in 1925. (Seifriz, 1925) and have increased 

in interest over the years based on their potential to different applications. 

Like with single emulsions, these emulsions have uses across a variety of industries 

including: cosmetic, pharmaceutical and food. Some examples of these uses are lowering the 

oil and fat content in food (Patent No. EP0452140B1, 1998), controlled release of active 

components in drugs (Dragosavac, et al., 2012) and encapsulating volatile unstable compounds 

for example flavors (Patent No. US5322704A, 1994) or unstable water soluble compounds 

such as ascorbic acid ( Comunian T. , et al., 2013). or sweeteners (Rocha-Selmi, et al., 2013). 

There are two main methods in which multiple emulsions can be created one step and 

two steps. The first being spontaneous with the input of heat energy. The primary emulsion is 

created with a large excess of hydrophobic emulsifier and a small amount of hydrophilic. This 

is then heat treated until at least in part it inverts. Double emulsions can then be found in the 

mixture. This method is not very reproducible, so the two-step process is more commonly used.  

This involves two emulsification steps the first in which a primary emulsion is created and the 

second to create the double emulsion. Usually a high shear emulsification process is used to 

create the primary emulsion and then a lower shear emulsification is used to disperse the 

primary emulsion into another continuous phase to create the double emulsion. (Garti, 1997) 

The lower shear is to stop the droplets rupturing and reducing encapsulation efficiency (more 

discussion on emulsification methods 2.1.5.). 
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2.1.3. Emulsion Stability 

As stated previously, emulsions are systems that consist of two or more immiscible 

liquid phases that are dispersed within one another. Emulsions are thermodynamically 

unstable, therefore if left to their own devices, without any stabilizing mechanism, the emulsion 

will start to destabilize and separate out. Different ways an emulsion can destabilize are: 

creaming, sedimentation, flocculation, Ostwald ripening, coagulation and coalescence (Khan, 

et al., 2011).  Creaming or sedimentation occurs if there is a density difference between the 

phases in the emulsion. It is where the phases separate out by an upward or downward motion. 

Ostwald ripening occurs in polydisperse emulsions when there is a mass transfer of the 

continuous phase between droplets of different sizes, i.e. from smaller droplets to larger ones. 

Flocculation or coagulation is where the droplets come together due to attractive forces but 

retain their own identity. Coalescence is where the droplets in the emulsion merge together and 

phase separation occurs (Goodarzi, et al., 2019). 

The thermodynamic instability of emulsions is due to the excess free energy that occurs 

at the interface between the phases. The cohesive force between the molecules within the 

individual phases exceeds the adhesive forces between the phases themselves. When creating 

the emulsion and the two immiscible phases are mixed, the interfacial area increases which 

increases the total free energy of the system thus making the system more thermodynamically 

unstable. To reduce the interfacial area the emulsion resorts to one of the destabilizing 

mechanisms. This change in free energy at constant composition and pressure of the system 

can be expressed in Equation 2.1 (Sundberg, et al., 1993; Solans, et al., Spontaneous 

emulsification, 2016): 

 

 ∆𝐺 =  𝛾∆𝐴 − 𝑇∆𝑆 (2.1) 

 

Where G is the free energy of the system, γ is interfacial tension, A is the interfacial 

area, T is the temperature in kelvin and S is entropy of the system.  
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2.1.3.1. Emulsifiers 

Since emulsions consist of immiscible phases that have been mixed together, as 

previously said if they were left to their own devices the two phases will separate out again, 

after some time. To overcome this, stabilizing agents, also known as emulsifiers, are added to 

the emulsion to keep it together. These are usually in the form of surfactants. Surfactants are 

amphiphilic which means they consist of a hydrophilic head and a hydrophobic (lipophilic) tail 

(Fainerman, et al., 2001). Some of the different emulsifiers used for emulsification in literature 

are soybean lecithin, (Rocha-Selmi, et al., 2013), hydroxylethyl cellulose (Fubao, et al., 2004), 

and Polyglicerol Polyricinoleate 90 (PGPR 90) (Santos M., et al., 2015; Comunian T., et al., 

2013).  

 

 

  

Figure 2.1. Diagram of how water molecules create surface tension (Hargreaves, 2003). 

 

Surfactants work by utilizing interfacial tension. Liquid molecules (e.g. water 

molecules) have an attractive force between themselves resulting from: Van der Waals, 

hydrogen bonding etc. In the main bulk of a liquid, these liquid molecules are surrounded by 

other liquid molecules, therefore these attractive forces occur equally on all sides. At the 

liquid’s surface, there is no upwards attraction, so tension is created as the liquid molecules, at 

the surface, are drawn towards the bulk of the liquid (Figure 2.1.). This tension is also found 
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in emulsion droplets as the molecules at the interface of the droplet (the outer perimeter) are 

drawn towards the droplet’s centre giving it its spherical shape (Hargreaves, 2003). 

As discussed in Section 2.1.3., interfacial tension is related to total free energy of the 

system (G) by Equation 2.1. i.e. the energy needed to create an emulsion. Surfactants reduce 

this energy by reducing the energy needed to expand the interface (γΔA). They reduce the 

attraction between the surface and the bulk liquid by adsorbing at the interface. This incurs 

increasing surface elasticity and thus reduced the surface tension γ. The larger the concentration 

of surfactant solution, the lower the surface tension up to a point (Stevenson, 2012).  

The Gibbs-Marangoni Effect is an interfacial elasticity effect. When two emulsion 

droplets approach each other due to aggregation, convective or gravitational forces etc. the 

droplets deform and the film of continuous phase between the droplets drains by capillarity. 

The drainage reduces the surfactant concentration in the film and thus increases the surface 

tension.  This results in a tension gradient being created with low interfacial tension at the 

interface and high in the film resulting in some of the absorbed surfactants at the interface 

moving from the interface into the film. A tension gradient is then created at the interface as 

the interfacial tension there increases and surfactants from the bulk of solution diffuse across 

to the interfaces quickly to account for the surfactant percentage decrease. This returns the 

surface tension back to its original value re-stabilizing the emulsion by preventing coalescence 

by stopping the film drainage (Djuve, et al., 2001; Hargreaves, 2003). Liquid with a high 

interfacial tension pulls more strongly on the surrounding liquid than that of which the 

interfacial tension is lower. Therefore, when a tension gradient presents itself, liquid will 

naturally flow away from regions of low interfacial tension. If the film drainage continued the 

film would become thin enough for the emulsion droplets to merge and coalesce (Ramalho, et 

al., 2010). The Gibbs effect describes how the surface tension depends on surfactant solution 

concentration. However, the Marangoni effect describes the dependency of surface tension on 

time (Rosen, et al., 2012). 

Surfactants can pertain different structures (e.g. different lengths of tails etc.) and this 

an effect their ability to adsorb at interfaces, by strength or speed of adsorption (Tadros, 2005). 

It has been found that surfactants work at their best when the surfactant concentration is greater 

than or equal to the Critical Micelle Concentration (CMC). The CMC is lower when the 

surfactant hydrophobic tail gets larger as this decreases the surfactants solubility (Hargreaves, 

2003). 
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There are four main surfactant groups: 

• Cationic – surfactants with a positively charged head (Tadros, 2005). 

 

• Anionic – surfactants with a negatively charged head (Hargreaves, 2003). 

 

• Non-ionic – surfactants which have no charge. Some non-ionic surfactants are neutral in 

the pH range of which they work in but then can become charged outside this given range 

(Fainerman, et al., 2001). 

 

• Amphoteric – also known as zwitterions, they contain both positive and negative charge 

as they contain both anionic and cationic groups of which they either act as one or the 

other depending on the conditions e.g. pH (Loveren, 2013). 

 

To identify which surfactants should be used, as emulsifiers for different emulsions, the 

Hydrophilic Lipophilic Balance (HLB) method is used (Shinoda & Saito, 1969; Yilmaz, et al., 

2001; Boyd, et al., 1972). This is a numerical scale introduced by Griffin (1949). It is based off 

the solubility of the surfactant in water and denotes the surfactants affinity for water or oil. The 

method uses the “Rule of Bancroft” (Khan, et al., 2011) which states that the phase in which 

the surfactant is most soluble is the Continuous Phase (CP). For W/O emulsions, the surfactants 

that have an HLB of 3-6 are used and for O/W surfactants which have a HLB of 7-20 are most 

suitable (Sarathchandraprakash, et al., 2013; Ashok, 2005).  

Surfactants also have the ability to stabilize emulsions by steric stabilization and 

electrostatic stabilization. Steric stabilization is the stabilization of an emulsion, mainly against 

coalescence, by the surfactants creating a physical barrier. High molecular weight surfactants 

adsorb at the interface between the dispersed phase and continuous phase of an emulsion 

droplet. Part of the surfactant molecule can extent significantly into the continuous phase, 

which creates a barrier. When another emulsion droplet comes near the parts of the surfactant 

that extend out they are forced into close proximity and repulsion forces occur keeping the 

droplets apart (Hiemenz, et al., 1997).  

 Electrostatic stabilization involves the use of charged surfactants. When ionic 

surfactants are used to stabilize an emulsion, they create charged interfaces between the 

dispersed and continuous phase on the emulsion droplet. These interfaces attempt to neutralize 
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by counter ions lining up alongside the ionic surfactants creating double layers of net charge 

zero (Figure 2.2.). The electric potential across the emulsion films (emulsion films contain two 

electric double layers) between the charged ions of the double layers has been found to help 

the stability of emulsions by electrical repulsion stopping the films around the emulsion droplet 

from thinning (Rosen, et al., 2012). Electric stabilization tends to only be prevalent in O/W 

emulsions as the double layer thickness is greater in water than in oil (Hiemenz, et al., 1997).  

 

 

 

 

Figure 2.2. Diagram of the structure of the electric double layer (Myers, 1998). 

 

2.1.3.2. Pickering Emulsions 

One method for stabilizing emulsions is to use Pickering emulsions. They were first 

reported upon by S.U Pickering (of which they were named after) in his paper in 1907 where 

he stabilized O/W emulsions (Pickering, 1907). Pickering emulsions are the stabilizing of 

emulsions using solid particles adsorbed onto the surface of the emulsion droplet instead of 

using surfactants. These particles can be organic or inorganic and they can be used to stabilize 

different types of emulsions including: single, O/W, W/O, W/W double W/O/W (Khan, et al., 

2011). The emulsion type is denoted by the wettability of the solid particles. Similar to the 

“Rule of Bancroft” (Section 2.1.3.1.) for surfactants where hydrophobic emulsifiers give W/O 

emulsions, hydrophobic particles also give W/O emulsions and vice versa for hydrophilic 
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particles. O/W emulsions are more favored when the contact angle of the solid particle in water 

is less than 90O and W/O are more favored when the contact angle is greater than 90O. Some 

examples of particles that can be used include: calcium carbonate (Levine , et al., 1985), 

laponite clay (Ashby, et al., 2000), magnetic particles (Melle, et al., 2005),  spores (Binks, et 

al., 2005) or bacteria (Dorobantu, et al., 2004). Temperature or pH sensitive particles can also 

be used to stabilize emulsions which then in turn can make the emulsion temperature or pH 

sensitive which gives rise to more useful properties (Ngai, et al., 2005).  

The stability mechanism of Pickering emulsions mainly works against coalescence by 

steric stabilization. The solid particles making a ridged shell around the emulsion droplet 

preventing the droplets merging. The solid particles aggregate together at the surface of the 

emulsion droplet and create this hard layer by attractive forces between the particles. If the 

particles are charged this can also stabilize the emulsion against coagulation by preventing the 

emulsion droplets coming together. This type of stabilizing mechanism can be used in various 

industries: including pharmaceutical and cosmetic as the emulsion being stabilized retain the 

same properties it would have if it was stabilized by surfactants. They are useful for 

formulations that need to be surfactant free as surfactants can cause adverse effects (Chevalier, 

et al., 2013).   

 

2.1.4. Destabilization of emulsions  

In some instances, it is unfavorable to create emulsions. For example, in processing 

crude oil (Fan, et al., 2009). There are natural materials (clays, surfactants, asphaltenes) that 

stabilize oil and water emulsions. These emulsions need eliminating to protect pipelines from 

corrosion (Wu, et al., 2003). Another example is oil spill cleanup (Nour, et al., 2008). 

Emulsions can form creating a larger mass of material to be cleaned up, therefore destabilizing 

these emulsions reduces this issue. Methods can be used to prevent the creation of emulsions 

or for demulsification (the breaking of emulsions to separate out the water from the oil). 

Destabilization occurs mainly in three steps: flocculation of the emulsion droplets, coalescing 

of the droplets and then bulk phase separation of the two immiscible phases (Katepalli, et al., 

2016; Djuve, et al., 2001). The stability of emulsions has been discussed in section 2.1.3. along 

with methods of stabilizing emulsions in sections 2.1.3.1. and 2.1.3.2. Effective emulsion 

destabilizer can reduce the surfactant molecules from the continuous phase and from the phase 

interface reducing their effect and increasing film drainage and thus flocculation and 
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coalescence (Katepalli, et al., 2016) or adsorb onto the two phase (water and oil) interface and 

change its properties resulting in flocculation and coalescence (Wu, et al., 2003).  

There are various mechanisms to destabilize emulsions. Some of these methods 

include: mechanical for example using centrifuges (US Patent No. US3695509A, 1972) or 

membranes (Cheryan, et al., 1998) (Kocherginsky, et al., 2003), electrical (Less, et al., 2008) 

(Mhatre, et al., 2015), ultrasound (Nii, et al., 2009) and chemical (Pena, et al., 2005).   

 Chemical demulsification is usually in the form of using emulsion inhibitors.  These 

are either surfactants, polymers, pure solvents, solid particles or a mixture of all of them that 

are added to the emulsion in aid of separating out the phases. The surfactants tend to be 

nonionic (Aronson, 1989), with the hydrophilic part containing primarily hydroxyl, carboxyl, 

oxyethylene or amine groups and the hydrophobic part containing primarily alkyls, 

oxypropylenes or alkyphenols (Wu, et al., 2003). Chemical demulsifiers used in industry tend 

to be mixtures of surfactants of several chemical structures and different molecular weights. 

This is to give the demulsifying mixture a wide partitioning ability due to the surfactants having 

different interfacial activities from their different structures and weights (Al-Sabagh, et al., 

Functions of Demulsifiers in the Petroleum Industry, 2011).   

In section 2.1.3.1 the Gibbs-Marangoni Effect was described as how surfactants can 

stabilize emulsions. It describes that liquid with a high interfacial tension pulls more strongly 

on the surrounding liquid that that of which the interfacial tension is lower. Therefore, when a 

tension gradient presents itself, liquid will naturally flow away from regions of low interfacial 

tension. Consequently, when the two emulsion droplets approach each other and the film of 

continuous phase between the droplets drains. The drainage reduces the surfactant 

concentration in the film and thus increases the surface tension.  This results in a tension 

gradient being created with low interfacial tension at the interface and high in the film resulting 

in some of the absorbed surfactants at the interface moving from the interface into the film. As 

previously stated, the role of an emulsifier is to enhance film drainage resulting in coalescence 

(Kim, et al., 1996). When a demulsifying agent is added the surfactant and the demulsifier 

compete to fill the voids at the interface left by the adsorbed surfactants lost by film drainage. 

These demulsifiers have superior surface activity to the surfactant stabilizing the emulsion and 

when they are adsorbed at the interface, they lower interfacial tension more than the stabilizing 

surfactants. This enhances film drainage by creating a tension gradient between the interface 

and the film. The film drainage creates more voids causing more demulsifer to be adsorbed 
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which thus enhances the film drainage until the film becomes thin enough for coalescence to 

occur (Djuve, et al., 2001; Al-Sabagh, et al., 2002).  

Another chemical method is the use of colloidal particles. For example, partial 

hydrophobic silica particles (Katepalli, et al., 2016). When these particles are added to the 

emulsion, the surfactants adsorb to the particles resulting in depletion of adsorbed surfactants 

at the interface and an increase in interfacial tension. This can reduce the effects of the steric 

and electrostatic stabilization of the emulsion and enhance film drainage resulting in 

coalescence of the emulsion droplets. However, this method is dependent of the type of 

colloidal particles used and the surfactant stabilizing the emulsion, as solid particles can be 

used to stabilize emulsions as well (Section 2.1.3.2. Pickering emulsions). 

 

2.1.5. Methods of emulsification  

It is important to pick the correct emulsification process for the type of product that is 

to be created and the materials used in the process. For example, to not cause damage to key 

ingredients/ active materials in the product or affect the texture, taste or look of the product. 

Emulsification methods requiring energy input found in literature are detailed below in 

Sections 2.1.5.1. – 2.1.5.4. 

 

2.1.5.1. Spontaneous emulsification 

Typically, emulsions are created by destruction. This usually involves an external 

energy input e.g. heat energy or mechanical energy to break down the droplets of the 

immiscible phases into an emulsion. Section 2.1.2. discusses a method to create multiple 

emulsions using external energy in the form of heat.  

However, emulsion can form without external energy input.  This procedure is 

characteristically referred to as spontaneous emulsification or self-emulsification. Spontaneous 

emulsification attains emulsions by the contact of two immiscible liquid phases that are not in 

thermodynamic equilibrium with one another without the need for an external energy input 

(Solans, et al., Spontaneous emulsification, 2016).  

Referring to Equation 2.1. in Section 2.1.3, when these two phases exist as separate 

phases and are in thermodynamic equilibrium, γΔA i.e. the energy required to expand the 
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interface is a large positive value even with the small entropy of dispersion TΔS. This then 

makes the total free energy of formation (ΔG) greater than zero i.e. positive. Therefore, an 

external energy input is required to provide this positive energy value to accomplish 

emulsification. If the immiscible phases are not in thermodynamic equilibrium, gradient of 

chemical potential between the phases can occur that can result in the total free energy of 

formation (ΔG) being less than zero i.e. negative. When this occurs, the emulsion will form 

spontaneously.  In principle the methods of producing emulsions via the input of external 

energy and spontaneously are combined to create low energy methods of emulsification as the 

total energy input needed by the system to achieve emulsification is lower. An example being 

the method described in Section 2.1.2 where heat is used to create the multiple emulsion 

(Solans, et al., 2016; Solans & Solé, 2012). 

 

2.1.5.2. Conventional emulsification techniques 

In industry mechanical methods tend to be used more commonly for emulsion 

production.  To create fine droplet dispersions, high pressure homogenization can be used. This 

is where the dispersed phase (DP) and the continuous phase (CP) are mixed together and forced 

through a small valve at high pressure. The high shear caused by the created pressure difference 

causes larger droplets to break down into smaller ones (Lloyd, et al., 2014; Floury , et al., 

2003).    

For continuous production rotor stator mixers can be used. Rotor stators can consist of 

a rotor of two or more blades and a stator with vertical or slanted slots with the rotor positioned 

in the centre of the stator. As the rotor rotates a vacuum occurs, moving the premixed emulsion 

in and out of the assembly in a circular motion. This action breaks larger droplets down into 

smaller ones (Maa & Hsu, 1996). Some specific examples of rotor stators are stirred vessels 

and colloid mills. Stirred vessels tend to have a lower average energy per unit volume of 

emulsion created than some of the other mechanical methods. The DP and CP are mixed 

together in a vessel by a stirrer. The shear created by the stirrer causes the larger droplets to 

break down (Karbstein & Schubert, 1995). With colloid mills, the rotor and stator are conical. 

As the rotor rotates, large droplets of premixed emulsion are broken down into smaller ones by 

shear created in the conical gap between the rotor and stator (Karbstein & Schubert, 1995; 

Jafari, et al., 2008). 
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Static mixers are another method of creating emulsions. They are advantageous as they 

do not require the use of moving parts. They consist of a pipe, of which a mixture of CP and 

DP is passed through, containing mixing elements made up of baffles. The shear forces caused 

by eddies and the turbulent flow of the premixture (mixture of CP and DP) causes the larger 

droplets to breakdown into smaller ones. This method can be used on a batch or continuous 

process basis (Maa & Hsu, 1996). 

For lab scale emulsion production, ultrasound systems can be used. The energy input is 

provided by a sonicated probe. The premixed DP and CP is placed in a vessel and a sonicater 

probe is added. The ultrasound waves created by the probe create mechanical vibrations and 

the turbulence caused by these vibrations breaks down the large droplets (Jafari, et al., 2008; 

Barbosa-Canovas, et al., 2009). 

 

2.1.5.3. Microfluidics 

Microfluidics has become increasingly popular for creating emulsion. This is due to its 

ability to create highly uniform droplets, i.e. Coefficient of Variance (CV) 3% (Vladisavljevic, 

2016), at a lower energy input compared to more common mechanical devices, (a factor of 10–

100 less) as compared to the conventional techniques (Maan et al., 2011). The method also 

possesses the ability to have excellent control over droplet size. The technique is versatile as it 

can be used for the creation of single O/W and W/O emulsion along with W/O/W and O/W/O 

double emulsions.  

There are two main mechanisms for creating emulsions, spontaneous and shear-based 

droplet formation. Spontaneous droplet formation systems are used in microchannel devices 

for example, straight-through and grooved microchannel arrays (Vladisavljević, et al., 2013; 

Kawakatsu, et al., 2001).  The method is centered around Laplace pressure to create the droplets 

and the geometry of the microchannel, which predominantly determines the droplet size. The 

devices are made up of two different channel depths: a shallow structure called a terrace 

fabricated between dispersed phase (DP) and continuous phase (CP) channels. The DP is 

compressed on the terrace, to form a disc like structure, before it flows into the CP channel. 

When the disc DP structure flows into the CP it spontaneously breaks up into spherical droplets 

due to Laplace pressure differences between the DP on the terrace and the CP channel (Maan, 

et al., 2015).  
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The second mechanism, shear-based droplet formation, forms droplets by the shear 

created from the flowing CP. This mechanism is used by microfluidic devices such as T and 

Y-junction (Yeh, et al., 2009; Xu, et al., 2006) and flow focusing channels (Gañán-Calvo & 

Gordillo, 2001). T and Y-junction microfluidic devices work in crossflow. In the example of a 

T-junction device, the DP is injected through a microchannel into a secondary perpendicular 

microchannel of which the CP flows through. Flow focusing channels work slightly differently 

in co flow. In these devises the DP flows through a microchannel into the CP and the droplets 

form when the DP flows through a constriction (Hughes, 2013).  

 

2.1.5.4. Membrane emulsification 

As well as microfluidics (Section 2.1.5.3.), Membrane Emulsification (ME) has become 

increasingly attractive method over traditional emulsification methods (Section 2.1.5.2.) The 

premise of the emulsification method is as follows. The first of the immiscible phases, the DP, 

is pushed through the pores of a membrane by an applied force into the second immiscible 

phase, the CP, on the other side of the membrane (van der Graaf, et al., 2004). A diagram 

depicting the process of ME is shown in Figure 2.3. 

 

 

 

Figure 2.3. Diagram showing how droplets form during ME. 

 

 

Droplets are formed by a shear stress applied over them membrane. The DP permeates 

through the membrane pore and is detached as a droplet by this shear stress. This shear force 

can be created by either the movement of the CP around the membrane (stationary membrane 

ME) in a controlled manner or by moving the membrane itself through the CP (Non-stationary 
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membrane ME) (Spyropoulos, et al., 2014). These formats are determined by the type of ME 

set-up used. Examples of different ME set-ups are detailed below. 

 

Stationary membrane ME: 

• Cross flow – The CP is recirculated across the membrane to create shear stress and to 

increase the percentage of the DP it contains. Controlled droplet size occurs from different 

CP flow rates (Hancocks, et al., 2013). 

 

• Stirred – The rotation of a stirrer e.g. paddle stirrer or stirring bar creates shear by moving 

the CP. Droplet size is controlled by stirrer speed. (Dragosavac, et al., 2012). 

 

• Pulsed –The CP is pulsed along the membrane at different frequencies. Shear is created 

by the pulses, with diverse droplet sizes being altered by using different frequency of the 

pulses ( Holdich, et al., 2013; Piacentini, et al., 2013). 

 

Non-stationary membrane ME: 

• Vibrating – the membrane is vibrated in the CP creating shear stress. Droplet size is 

controlled by the frequency and displacement of the vibrations (Spyropoulos, et al., 2014). 

 

• Rotating – the membrane is rotated in the CP creating shear stress. Droplets size is 

controlled by the speed of rotation of the membrane (Vladisavljević & Williams, 2006; 

Spyropoulos, et al., 2014). 

 

• Azimuthal Oscillating (AOS) – A cylindrical membrane that rotates back and forth in the 

CP. Shear is created in this method displacement and oscillation frequency of the 

membrane (Silva, et al., 2015; Imbrogno, et al., 2015). 

 

ME, even though it does involve the use of shear stress to produce the emulsion 

droplets, needs less energy per unit volume to produce an emulsion over other traditional 

emulsification techniques (Kosvintsev, et al., 2005). It can produce uniform droplets with small 

drop size variation. The method makes droplets easily customizable (droplets made between 

40-350 µm in this study), in terms of size, by varying productions condition such as CP and 
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DP flux, shear stress at the surface of the membrane, membrane pore size and the use of 

surfactants (Spyropoulos, et al., 2011).  

There are two methods of operation with ME, direct ME and pre-mixed ME. Direct ME 

is where pure DP is used and pushed through the membrane. Pre-mixed ME is where a pre-

emulsified mixture, usually emulsified by conventional methods such as homogenization or 

stirring, and that is the DP that is pushed through the membrane. The advantage of using pre-

mixed is higher DP fluxes can be achieved which means smaller drop sizes can be created with 

the same membrane type and mixture phase composition (Vladisavljević G. T., 2015).                                                                                                                                                

 

 

 

 

 

Figure 2.4. a) Double emulsion (W/O/W) created using ME. b) Double emulsion 

(W/O/W) created using homogenization (Comunian T. A., et al., 

2013). 

 

ME can be used to create both single (O/W, W/O) and double (O/W/O, W/O/W) 

emulsions. For double emulsions there is usually a step before the main ME to create the 
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primary emulsion. This is normally done using methods such as homogenization. The primary 

emulsion is then used as the DP with ME to create the double emulsion. One of the benefits of 

using ME is its ability to completely pack the emulsion droplet with the primary emulsion 

compared with packing from using for example a second homogenization step. This can be 

seen from Figure 2.4. with the droplets being darker in image A than B, the darkness is the 

primary emulsion, just oil would come up as clear. Image A doesn’t have any gaps in the 

darkness of the droplet, but image B does. This ability is good for products as it improves 

consistency between capsules and gives even distribution of compound throughout the product.   

ME studies began with being based off batch systems (Dragosavac, et al., 2008; Pan, et 

al., 2012; Thompson, et al., 2011; Egidi, et al., 2008). However, research has now moved more 

towards continuous flow systems (Holdich, et al., 2013; Silva, et al., 2015). For example, the 

AOS, pulsating and cross flow systems all have the capability of continuous flow, as well as 

scaling up to industrial production. From literature a variety of methods have been proposed to 

scale-up ME. These include, using a larger membrane surface area and having multiple ME 

systems either as separate systems in parallel or having multiple membranes in parallel in one 

unit (Spyropoulos, et al., 2014). 

 

2.1.5.4.1. Membranes 

There are various membranes that have been noted in literature for use with ME. The 

membrane is an important aspect in the ME process as the droplet size is dependent on 

membrane properties such as wettability, porosity, pore size, pore geometry and membrane 

thickness (Gijsbertsen-Abrahamse, et al., 2004).  Membranes that are used can be either 

hydrophobic or hydrophilic depending of the emulsion being created. Generally, for O/W 

emulsions hydrophilic membranes are used and hydrophobic for W/O emulsions As it is noted 

that the DP should not wet the membrane pores (Joscelyne & Trägårdh, 1999).  

  The most commonly used membranes found in literature are tortuous pore channel 

membranes. e.g. Shirasu Porous Glass (SPG) (Alliod, et al., 2018), micro-porous glass (MPG) 

(Joscelyne & Trägårdh, 1999) and ceramic (Zanatta, et al., 2017) e.g.  aluminium oxide and 

Zr2O3. These membranes are usually hydrophilic but can be made hydrophobic through 

treatments. 
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SPG were the first membranes used in ME back in the late 1980s with Nakashima and 

Shimizu (Vladisavljević & Williams, 2005). The membrane is made from CaO-Al2O3-B2O3-

SiO2type glass, which is made from ‘‘Shirasu”, a Japanese volcanic ash (Charcosset, 2009). 

These membranes are usually cylindrical and consist of interconnected, uniform micropores 

with a narrow pore size distribution (Joscelyne & Trägårdh, 1999). They can have pore sizes 

ranging from (0.05 μm – 20 μm), a high porosity of 50-60% and the membrane thickness can 

be between 0.45–0.75mm. The outer tube diameter is typically 10mm and the length being 20, 

100, 250 or 500mm depending on the tube used ( Charcosset, et al., The membrane 

emulsification process—a review, 2004). However, even though the porosity of the membranes 

is high, the percentage of active pores is often very low; usually below 10% (Nazir, et al., 

2010). 

The other type of membrane that is used in ME is micro engineered sieves e.g. flat disc 

(Suarez, et al., 2013), tubular (Silva, et al., 2015). They have very ordered uniform pores, 

usually rectilinear, and sizes ranging in literature from 5- 30 µm (Wagdare, et al., 2010) 

(Stillwell M. T., et al., 2007). The pore geometry can be, circular, slotted (rectangular and 

squared), asymmetric slotted/circular, and micro-chimneys (Jafari & McClements, 2018; 

Vladisavljević, 2012; Vladisavljević, 2015). The porosity of these membrane is typically low 

and dependent on the pore geometry, pore size and spacing. It is typically thought that the 

distance between the pores needs to be large enough to avoid the contact between droplets as 

they are forming which could cause coalescence. Examples of porosity include: silicon nitride 

AquamarijnTM membrane containing 5µm diameter pores and a distance between the pores of 

10µm, which gave a porosity of 30% (Wagdare, et al., 2010) and nickel membranes which 

have different distances between the pores of 80 and 200 µm and same pore size of 20 µm give 

a surface porosity of 5.6% and 0.9% (Egidi, et al., 2008). The latter having a smaller porosity 

due to the former having a smaller pore spacing. 

 In literature, the most common micro engineered sieves used are: nickel manufactured 

by UV-LIGA process (Jafari & McClements, 2018; Egidi, et al., 2008), silicon nitride 

AquamarijnTM  fabricated by reactive-ion etching (Wagdare, et al., 2010) and  stainless steel 

by pulsed laser drilling end-milling (Basile & Charcosset, 2016; Silva, et al., 2017; 

Vladisavljević, 2015). It is important to choose the correct material for the process it is being 

used for as some membranes can be unfavorable. For example, nickel membranes are 

undesirable for use in food or pharmaceutical processes due to nickel ions. 
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Micro engineered sieve membranes are advantageous over tortuous pore channel 

membranes as they have high transmembrane flux for low transmembrane pressure (Wagdare, 

et al., 2010). Micro engineered sieves are less inclined to fouling as they have a higher number 

of active pores and are thin foils (typically 1−100 μm ((Vladisavljević, 2015)) with a low 

porosity and a very low internal pore area (Silva, et al., 2017; Basile & Charcosset, 2016).  

 

2.2. Encapsulation 

Active ingredients in some industrial formulations have the potential to be unstable or 

volatile e.g. sweeteners or Ascorbic Acid (AA). These unstable compounds can interact with 

other components in the formulation and change the overall product by texture, taste or 

purpose, depending on the product in question. The ingredients can also become damaged by 

the processes used to create the end formulation e.g. by heat, light, moisture, pH, oxygen etc. 

As discussed in Section 1., encapsulation is the process by which materials of either a solid, 

liquid or gaseous state are entrapped within a membrane separating the material from the 

conditions of the outside environment (Comunian T. A., et al., 2013). The main advantages of 

encapsulation include: 

 

• Protection - Encapsulation can separate the compounds from other material in the product 

and protect them from production and environmental conditions stopping the ingredient 

itself causing negative effects on the final product (Martins, et al., 2014). Encapsulation 

can also protect workers and end users from being exposed to harmful or toxic chemicals 

(Salaün, 2016).   

 

• Mask undesirables – By separating ingredients in food products using encapsulation, it 

is possible to incorporate materials with beneficial properties in products but also hide 

their flavor or unpleasant fragrance. For example, AA has a bitter acidic taste but is 

beneficial in food products as it Is vitamin C (Comunian T. A., et al., 2013).  

 

• Shelf life – Through encapsulating volatile compounds and protecting them from their 

environment, it is possible to increase shelf life of products by slowing down the unstable 

materials reacting (Salaün, 2016).   
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• Controlled release – Encapsulation can be used to target the release of active ingredients 

in products. The capsule shell protects the active compound until the time for its correct 

deployment. Deployment can be initiated by breaking the capsule shell, this can be done 

by different methods including: mechanical stress, light heat etc.  An example of controlled 

release is drug delivery (Azarmi, et al., 2006). Capsule shells can be designed to break 

down at certain points in the body to allow more targeted release of the drug to where it is 

needed. Another example is fragrances in clothes (Nelson, 2002). The capsule protects the 

fragrance until the garment is worn and the movement of wear breaks open the capsule sot 

release the fragrance.  

 

• Texture – Encapsulation can alter the texture of material. By encapsulation a component 

can turn a liquid into a powder. This can prevent clumping or improve mixing  

(Hitabatuma, et al., 2016).  

 

Encapsulation is a well-established technique and has been used since the 1950s in the 

pharmaceutical and food industries to encapsulate for example drugs or flavors (Salaün, 2016). 

As the encapsulation technology advanced introducing new ways to encapsulate, new materials 

that could be used, encapsulation has branched out across a diversity of other industries 

including: agriculture e.g. pesticides (Scher, et al., 1998),  printing e.g. paints and inks 

(Leelajariyakul, et al., 2008), cosmetic e.g. essential oils (Martins, et al., 2014), electronic e.g. 

electronic displays (US Patent No. US6312304B1, 2001), and textile e.g. insect repellants and 

fragrances in fabrics (Nelson, 2002). 

Control of the fabrication of capsules can result in capsules of different sizes. Originally 

in the beginning, capsules created were greater in size than and called macrocapsules. Again, 

as the methods advanced the size of capsules that could be created reduced and capsules that 

are less than 1 µm called nanocapsules were feasible. This project will focus on 

microencapsulation where the capsules will range in size from 1 – 1000 µm (Salaün, 2016).  
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2.2.1. Encapsulation methods 

As well as choosing the most appropriate emulsification process to make sure it fits the 

needs of the product that is to be created and the materials used in the process, the subsequent 

encapsulation method needs to also fit efficiently with the previous emulsification step, 

materials being used, application of the final capsules, scale and acceptable cost of production 

etc. (Re, 1998) For some applications, size and shape of the capsules play a substantial role in 

the function of the product. In other applications physiochemical properties of the capsule shell 

are important. For example, permeability. Porous, semi porous and impermeable capsule shells 

can be useful for different applications (Salaün, 2016).   

Literature has shown that a variety of different techniques that have been used to 

encapsulate various materials. Commonly, these techniques fall into two categories, 

specifically chemical and physical encapsulation methods; the latter category can be 

subdivided into physico-chemical and physico-mechanical techniques. The main encapsulation 

methods found in literature are discussed below in Sections 2.2.1.1. - 2.2.1.10. 

 

2.2.1.1. Spray Drying 

Spray drying is a physio-mechanical process developed in the 1930s that is 

fundamentally considered as a dehydration technique but is commonly used in the food 

industry for encapsulation due to its low production cost and readily available equipment. It is 

an adaptable process as it can be used on a continuous or batch scale and with an assortment 

of feed stocks including: slurries, solutions, suspensions, melts and pastes. The technique can 

also produce capsules of different sizes, from a fine powder of 10-50 µm up to 2-3 mm, 

depending on the operating conditions and materials used (Gharsallaoui, et al., 2007; Martins, 

et al., 2014; Re, 1998). 

The premise of this technique is that the material in a fluid state is atomized in a hot gas 

current to instantaneously obtain a dry powder. This is done in four stages: atomization, mixing 

of spray and air, evaporation and product separation.  

Atomization is the conversion of the liquid feed into small droplets and is mainly carried 

out using pressure or centrifugation as the energy input. It is used to create the maximum 

possible surface between the dry air and the feed liquid to optimize heat and mass transfer. The 

selection of the atomizer depends on the viscosity of the feed liquid and the desired 
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characteristics of the dried capsules. The atomizer design influences the size distribution of the 

final dried capsules by the amount of energy used in the process. The greater the energy the 

finer the atomization. Examples of atomizers include: pressure nozzle, centrifugal (wheel) 

atomizers, pneumatic and two-fluid nozzle (Re, 1998).  

The feed is atomized into a hot gas (generally 150-220 oC) when it is thus dried into 

capsules by the evaporating the water. This is usually air or can be an inert gas such as nitrogen. 

Hot air drying can either be co-current or counter-current. Co-current is where the liquid is 

atomized in the same direction as the hot air flow whereas counter-current the liquid is 

atomized in the opposite direction to the hot air flow. The use of co-current or counter-current 

is dependent of the material being encapsulated. With counter-current the material is exposed 

to higher temperatures compared with co-current therefore may not be suitable for more 

temperature sensitive materials (Gharsallaoui, et al., 2007).   

The final step in encapsulation by spray drying is the collection of the of the dried 

capsules. This is typically done using cyclones after the drier as well as filter bags to remove 

the finer powders.   

 

2.2.1.2. Spray Congealing 

Spray congealing, also known as spray chilling or spray cooling, is another physio-

mechanical encapsulation method that is similar in procedure to spray drying. The technique 

has gained interest for encapsulation in the food and pharmaceutical industries as the technique 

is relatively inexpensive, simple and does not involve the use of high temperatures. Again, as 

with spray drying, spray congealing is an adaptable process as it can be used on a continuous 

or batch scale.  It can also produce capsules of different sizes, typically ranging between 50-

500 µm, depending on the operating conditions and materials used. Since the process does not 

involve solvent evaporation, the capsules created are quite dense and non-porous (Bertoni, et 

al., 2018). The method is also desirable as it can be considered “green” and environmentally 

friendly as it does not involve the use of aqueous or organic solvents. This therefore reduces 

toxicity by the non-inclusion of solvents and means the method can be used with water sensitive 

material (Matos-Jr, et al., 2015).  

Spray congealing creates solid lipid microparticles, typically involved four stages: feed, 

atomization, solidification and collection (Ilic´, et al., 2009).  The material that is to be 
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encapsulated is homogenously mixed with a molten carrier at a temperature above the carriers 

melting point.  This mixture is then atomized. The atomization and designs are the same as 

described for spray drying in Section 2.2.1.1. The mixture is atomized into a chamber kept at 

a temperature below the melting point of the carrier by air or nitrogen gas. Like with spray 

drying the air flow can be counter-current or as with most typical designs co-current (Cordeiro, 

et al., 2013). Subsequently the material quickly congeals upon contact with the cold air and 

solid capsules are created the collected by cyclone (Bertoni, et al., 2018).  

 

2.2.1.3. Freeze Drying 

Freeze drying, as with spray drying, is more commonly used as a dehydration technique. 

However, the method has been researched with regards to microencapsulation (Ezhilarasi, et 

al., 2013).  The procedure is predominantly a batch process that involves the removal if ice or 

another solvent from material via the process of sublimation. Sublimation is a phase changing 

process where a solid (e.g. ice) changes into a gas without the in between liquid phase. For this 

phase change to occur there needs to be low pressure and heat energy added (Shukla, 2011).   

The equipment for freeze drying can vary in complexity, but basic freeze driers consist 

of a vacuum system, a refrigeration system, control system, product chamber and a condenser.   

The basic method for encapsulating via freeze drying is as follows. The encapsulation material 

in initially mixed with the wall material. This can be done via methods such as stirring or 

homogenization. The mixture is then completely frozen by placing the material in a freeze prior 

to freeze drying or some of the more complex driers freeze the material during the freeze drying 

process. If the freeze drying equipment does not freeze the material during the process, the 

material is then placed into the freeze drying equipment. Depending on the drier this can be on 

shelves or attaching a flask to a manifold. The control unit turns on the vacuum pump to lower 

the pressure. In some units heating elements provide a small amount of heat to initiate 

sublimation in others, typically manifold freeze driers, the added heat is reliant on ambient 

conditions.  Sublimation occurs causing the ice to turn into water vapor which then flows past 

the condenser refiguration system. The purpose of this system is to remove the water vapor 

away from the material being freeze dried where it condenses and turns back to ice. This is 

then removed at the end of the freeze drying process (Shukla, 2011).  Freeze drying can take a 

while to complete, typically 24-48 hours or longer depending on the size of the material being 
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dried. The dried encapsulated material is then ground and sieved into a powder (Heinzelmann 

& Franke, 1999; Indrawati, et al., 2015).     

 

2.2.1.4. Extrusion 

Extrusion was first patented in 1957 by Swisher (US Patent No. US2809895A, 1957). 

The encapsulation technique uses a carbohydrate matrix. The main premise of the method is, 

the active ingredient to be encapsulated is dispersed in a molten carbohydrate and pressed 

through dies into a bath of cold dehydration liquid. This then hardens the coating and traps the 

active ingredient. The strands of hardened material are then broken up into a smaller size then 

separated and dried. The main dehydration liquid used by this process is isopropyl alcohol 

(Gibbs, et al., 1999; Risch, 1995). There are different variations of extrusion method that can 

be used these are melt injection, melt-extrusion and centrifugal extrusion. These methods use 

the same basic principles described above but with variations of equipment set up (Bakry, et 

al., 2015).  

With extrusion the core active material is isolated i.e. the active ingredient is completely 

surrounded by wall material and the core material gets washed away from the outside of the 

capsules by the encapsulation process which means the capsules have prolonged shelf life. This 

method also produced capsules that are quite large in size (150 to 2000 μm) (Bakry, et al., 

2015) therefore the method tends to be used for encapsulation for example where visible flavor 

pieces are desired.   

 

2.2.1.5. Solvent evaporation / extraction  

Solvent extraction or evaporation has been extensively investigated as an encapsulation 

method for use in the pharmaceutical industry. The technique is desirable as it does not require 

high temperatures or phase separating chemicals. Controlled particle size is also achievable 

with capsules being able to be created on the micro and nano scale (Salaün, 2016).  

Capsules are created by solvent evaporation / extraction via four stages (Freitas, et al., 

2005): 

• The compound that is to be encapsulated is suspended/ dispersed in a solvent (usually an 

organic solvent) with the material to be used to make the capsule.  
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• This solvent phase is then emulsified with another continuous immiscible phase (usually 

aqueous).  

• The solvent is then removed from the dispersed phase through the second continuous phase 

to gain solid particles. This can be done by for example evaporation or the addition of 

extracting agents. 

• The solid capsules are then collected and dried.   

 

2.2.1.6. Micelles and vesicles  

Micelles are an aggregation between 5 - 100 nm in size of monomers that are dispersed 

in a liquid colloid (Narang, et al., 2007).  Monomers are amphophilic molecules that have a 

hydrophilic head and hydrophobic tail e.g. surfactants or phospholipids. Micelles 

spontaneously form above the CMC and critical micelle temperature. The monomers decrease 

the free energy of a system by, in aqueous solutions, the removal of the hydrophobic parts of 

the amphiphilic surfactant molecule and the removal of the hydrophilic part in organic 

solutions (Barel, et al., 2001; Torchilin, 2007). In aqueous solutions, the monomers decrease 

the contact between the hydrophobic part of the molecule and water by forming a spherical 

structure with all of the  hydrophobic tails facing inwards and all the  hydrophilic heads facing 

outwards (Tadros, 2005). The micelles are inverted in organic solvents with the heads facing 

inwards and the tails outwards.  

Micelles have been researched mainly for use in the pharmaceutical industry 

particularly for drug delivery e.g. for cancer therapy (Hanafy, et al., 2018). They are mostly 

used for the encapsulation of hydrophobic drugs to improve solubility and stability in aqueous 

phases. The active ingredient and the surfactant are mixed together at amounts according to the 

surfactants CMC. The temperature is increased, and micelle spontaneously form trapping the 

hydrophobic drug in the micelle core (Kulthe, et al., 2012).  

As stated above, surfactants and phospholipids can form micelles however, 

phospholipids preferred state are in a bilayer. This means they will tend form vesicles rather 

than micelles. Vesicles are similar to micelles except the consist of a bilayer (Figure 2.5.) in a 

spherical structure. A natural example of this are cell membranes. They are bigger than micelles 

with sizes ranging between a few nanometers to a micron (Risch, 1995; Gibbs, et al., 1999).  
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 A bilayer (Figure 2.5.) is a thin membrane made up of two layers of monomers with 

the hydrophobic tails in the centre of the two layers and the hydrophilic heads facing out on 

either side.  If a vesicle is made up of phospholipids it is called a liposome. It is also worth 

noting here that nom ionic surfactants can make vesicles, these are known as niosomes (Kumar 

& Rajeshwarrao, 2001).   Bilayers tend to form when the hydrophobic tail is quite bulky and 

harder to fit inside a micelle, but it can also depend on the HLB.   

Vesicles, as with micelles have been researched for encapsulation use within the 

pharmaceutical industry and lately the cosmetic and food industry.  It is possible to encapsulate 

either aqueous material or organic material this way but not both at the same time. The material 

is encapsulated in the centre of the bilayer. There have been many techniques developed for 

the encapsulation using vesicles, broadly the techniques involve dissolving the lipids in a 

transfer medium. This is then followed by the removal of the medium in an environment that 

favors the self-assembly of the vesicles (Tan, et al., 2006).  

 

 

Figure 2.5. Diagram showing encapsulation via a vesicle with a close up of the outer 

bilayer (Gibbs, et al., 1999).  

 

2.2.1.7. Double emulsions 

As discussed previously in Section, 2.1.2., double emulsions are emulsion inside of 

emulsions and technically a form of encapsulation with the most basic of double emulsions 

being W/O/W and O/W/O. Active ingredients can be dispersed in the first initial water phase 

for W/O/W emulsions and in the oil phase for O/W/O emulsions. Therefore, for W/O/W, the 
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aqueous phase droplets are dispersed into an oil phase then this W/O emulsion dispersed again 

into another aqueous phase meaning the initial water phase and active ingredient are 

encapsulated in the oil droplets via the creation of the double emulsion. This occurs the 

opposite way around for O/W/O. Encapsulation via the creation of a double emulsion on its 

own is quite unstable, hence this method can be used in conjunction with some of the other 

encapsulation techniques described in Section 2.2.1. e.g. complex coacervation, solvent 

evaporation or polymerization (Iqbal, et al., 2015) to create a hard shell around the emulsion. 

The methods and uses of double emulsions are discussed in Section 2.1.2 

 

2.2.1.8.  Polymerization  

Polymerization is a chemical process by which single monomers (small reactive 

molecule) come together via a chemical reaction to form a long chain called polymers. These 

polymers can consist of a single monomer type or more than one. Polymers are 

macromolecules therefore one polymer chain can be made up of tens of thousands of monomers 

(Flory, 1946). There are two main ways polymerization can occur: addition polymerization and 

condensation polymerization.  Additional polymerization is where the monomers add to 

themselves to create the long chain polymer e.g. ethene molecules to form polyethene. 

Whereas, in condensation polymerization is when the two monomers come together an 

additional biproduct molecule is release e.g. water, carbon dioxide, ammonia depending on 

what monomers are reacting. This type of polymerization is usually between two different 

monomers alternating (Flory, 1946). Polymerization has been used as a well-established 

chemical method of encapsulation, studied for use in the pharmaceutical, agriculture, textile 

and cosmetic industries (Perignon, et al., 2015; Salaün, 2016).  In particular the method of 

Interfacial polymerization.  

Interfacial polymerization is a technique that was developed for encapsulation in the 

late 1960s/early 1970s. The technique involves the coming together of two monomers to form 

a capsule shell on a droplet or particle via polymerization at the interface of two immiscible 

substances. Common interfaces are solid/liquid or liquid/liquid. This method is quite versatile 

and can be used to encapsulate aqueous solutions, immiscible liquids and even solid particles 

(Perignon, et al., 2015; Salaün, 2016).  

For encapsulation, solid particles are dispersed into a liquid continuous phase or two 

immiscible liquids are dispersed in one another, by for example stirring or homogenization, 
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one of which contains the active ingredient to be encapsulated. The size of the capsules is 

determined by the shear stress created by the how vigorously the immiscible liquids are agitated 

or the size of the solid particles. Stirring is continuous through the polymerization reaction.  In 

the case of solid particles, the monomers are in the liquid phase and the polymerization reaction 

occurs at the solid/liquid interface and attach to the surface of the solid particles creating a 

shell. In the case of the liquid/liquid dispersion, monomers can be present in one or both liquid 

phases. When the monomers are only present in one liquid phase, the polymerization reaction 

occurs only on one side of the interface, this is known as in situ polymerization (Brown, et al., 

2003) when there is only monomer present in the continuous phase and that is where 

polymerization occurs and suspension, bead or pearl polymerization (Yuan, et al., 1991; 

Vivaldo-Lima, et al., 1997) where the monomers are only present in the dispersed phase and 

polymerization occurs there. If there are monomers in both liquid phases polymerization occurs 

on both sides of the interface (Hirech, et al., 2003; Salaün, 2016).  

There are four main types of polymers formed as the capsule wall in interfacial 

polymerization, Polyamides formed by reacting diamine and a diacid chloride. Polyurethanes 

that are produced by combining a diisocyanate with a diol. Polyurea which is formed by 

reacting a diamine with a diisocyanate. Finally, polyesters That are produced by reaction 

between a diacid chloride and a diol rather than  a dicarboxylic acid and a diol as the latter 

reaction is reversable and too slow (Perignon, et al., 2015). 

 

2.2.1.9. Sol-gel  

Sol-gel encapsulation has primarily been researched for use in industry to encapsulate 

biological material e.g. enzymes, antibodies and cells. The process itself is based around 

transforming a liquid precursor to a colloidal suspension or “sol” then converting this a solid 

“gel” (Danks, et al., 2016).  

The materials this method uses are predominantly inorganic metal salts or metal organic 

compounds such as metal alkoxides, with the main research being done using silica matrixes 

(Pooyan, 2005). These silica matrixes are particularly useful for encapsulation of enzymes as 

the silica provides a more stable environment for the enzyme. The polymeric framework grows 

around the enzyme producing a cage, consequently protecting it from aggregation and 

unfolding. They are chemically inert, hydrophilic, biocompatibility, resistant to microbial 

attack and inexpensive to synthesize. The silica matrixes can also be altered to contain aqueous 
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material, e.g. water, thus enhancing the capacity to uphold the biological activity of entrapped 

enzymes, antibodies, and cells (Bhatia, et al., 2000). 

The sol- gel process involves the hydrolysis and condensation of the precursor. General 

steps include (Danks, et al., 2016; Pierre, 2004): 

• Preparation of the precursor plus hydrolysis  

• Introduction of the active ingredient e.g. the enzyme 

• Polycondensation to for the gel around the encapsulated species  

• The gel can then ‘age’. This is where condensation continues within the gel network. This 

can often shrink the gel, resulting in expulsion of solvent. 

• The capsules can then be washed and dried which collapses the porous network to form 

dense ‘xerogel’. An aerogel can be formed for example through supercritical drying. 

 

2.2.1.10. Coacervation 

Coacervation, also known as phase separation, is a physio-chemical process. It is 

defined as, the partial separation of a polymeric solution into two immiscible liquid phases; 

one coacervate phase dense with polymer and the other coacervation medium (the equilibrium 

phase) dilute of polymer induced by the modification of the media environment e.g.  pH, ionic 

strength, temperature (Salaün, 2016; Timilsena, et al., 2019). The encapsulation technique was 

suggested by Bungenberg de Jong et al. in 1930s who showed that solid particles had the 

potential to be entrapped in coacervate system (Burgess D. J., 1994). 

Encapsulation by coacervation occurs generally in three stages under constant stirring 

to prevent coagulation:  

• The active ingredient, i.e. the material that is to be encapsulated, being suspended or 

emulsified with the coacervation polymers.  

• Coacervation occurs or is initiated depending on the type being used and the newly formed 

coacervate polymer rich phase coalesces and deposits itself around the oil droplets 

(Hitabatuma, et al., 2016).  

• Finally, the coacervation shell is stabilized usually by hardening from methods such as 

crosslinking (Section 2.2.1.9.3.). 
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The formation of the coacervate shell around the emulsion droplet is driven by the 

difference in surface tension between the coacervate polymer rich phase, the water and the 

hydrophobic material in the emulsion e.g. oil (Martins, et al., 2014).  

Coacervation can be completed in aqueous phases and organic phases. Coacervation in 

aqueous phases can only be used to encapsulated hydrophobic material either in liquid or solid 

state. Whereas, coacervation in organic phases permits the encapsulation of hydrophilic 

material however requires the use of organic solvents. This review will focus on encapsulation 

by coacervation in aqueous phases. Coacervation in aqueous phases can be split into two 

methods, simple coacervation and complex coacervation depending on the phase separation 

mechanism used. These methods are discussed below in Sections 2.2.1.10.1 and 2.2.1.10.2.  

 

2.2.1.10.1. Simple coacervation 

The first coacervation method is simple coacervation. Simple coacervation involves the 

use of only one polymer and induces the phase separation described in Section 2.2.1.10. by 

salting out the polymer i.e. a dehydration mechanism. This is normally induced by the addition 

of electrolytes for example sodium sulphate or by the addition of a water miscible non-solvent 

desolvation liquid e.g. ethanol (Mohanty & Bohidar, 2003) to the mixture of polymer and 

active ingredient or alternately by the increase or decrease in temperature (Martins, et al., 2014; 

Timilsena, et al., 2019). Examples in literature of the use of simple coacervation include: the 

encapsulation of tea tree oil (Ocak, et al., 2011) and citronella oil (Solomon, et al., 2012) by 

the addition of sodium sulphate and the encapsulation of fish oil by the addition of malt dextrin 

(Wu, et al., 2005). 

 

2.2.1.10.2. Complex coacervation  

Complex Coacervation (CC) is a well-known technique of microencapsulation 

(Comunian, et al., 2014) and has been exceedingly popular as an industrial encapsulation 

technique  since its use in carbon copy paper in the 1960s. CC has mainly been used in the 

food, cosmetic and pharmaceutical industry (Hitabatuma, et al., 2016). This is due to the 

technique’s: simplicity, low cost, reproducibility and easy scalability. It is one of the oldest and 

simplest methods for encapsulating drugs for controlled release. For example the drugs 

metronidazole hydrochloride, diclofenac sodium and indomethacin (Timilsena, et al., 2019)  

have been encapsulated this way (Saravanan & Panduranga Rao, 2010).  
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It is possible to encapsulated oil and water soluble compounds. Some examples of oil 

soluble compounds that have been investigated by CC encapsulation in literature include: garlic 

oil (Siow & Ong, 2013), Capsaicin (Fubao, et al., 2004), Paprika oleoresin (Alvim & Grosso, 

2010), Olive oil (Danfeng, et al., 2012), Argan oil (Xi, et al., 2014), Peppermint oil (Dong, et 

al., 2008). 

In the food industry, CC has been developed to encapsulate water soluble compounds 

such as sweeteners: Sucralose (Rocha-Selmi G., et al., 2013), Xylitol (Santos M., et al., 2015) 

and Aspartame (Rocha-Selmi, et al., 2013) to protect them from harsh production conditions 

when used in chewing gum and Ascorbic Acid Ascorbic acid (Comunian T. A., et al., 2013) 

again to protect the compound so its beneficial properties are not lost when it is incorporated 

in food products.    

CC has also been developed to encapsulate cells. For example, the probiotic bacteria 

Lactobacillus paracasei subsp. paracasei (E6) and Lactobacillus paraplantarum (B1) have been 

encapsulated by CC for their potential use in food products due to the health benefits of 

probiotic bacteria (Bosnea, et al., 2014).                                                                                           

 Over the years, as with general microencapsulation (Section 2.2.), CC has branched 

out into other industries, for example textiles and electronic, due to the techniques development 

i.e. different polymers, environmental and media conditions used. In the textile industry, 

experiments have been done encapsulation phase changing material by CC to improve the 

thermal properties of woven material (Onder, et al., 2008).  For the electronic industry, 

investigation has been done  with encapsulating TiO2 capsules for electrophoretic displays used 

in for example electronic paper by CC to protect the capsules and prevent aggregation (Song, 

et al., 2007).   

The process of CC itself involves the spontaneous coming together of two oppositely 

charged polymers (e.g. a protein and a polysaccharide) via forces of electrostatic attraction to 

form the separate phases discussed in Section 2.2.1.10. (Rocha-Selmi. et al., 2013). This is 

shown in Figure 2.6.  
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Figure 2.6. a) General diagram showing the process of CC (Gulrez, et al., 2011). b) 

Image of capsules created by complex coacervation. Injection rate 1ml/min, 

stirring speed 1126 RPM, cooling stirring speed 250 RPM, TBPC 3.3% 

(w/w), dispersant 10% (v/v) (W/O) BG:GA 1:1. 

 

 

As previously mentioned previously, it is possible to encapsulate both oil and water-

soluble compounds using CC. Before the CC step occurs, a preceding emulsification step is 

needed usually to emulsify the active ingredient with the mix of polymers used for CC (Section 

2.2.1.9.). For oil soluble active ingredients, a single emulsion is sufficient as the common 

polymers used for CC are water soluble. For water soluble active ingredients, a double 

emulsion (Section 2.1.2.) needs to be created for the water soluble compound to be dispersed 

within oil and then the W/O emulsion to be dispersed within the mixture of the CC polymers. 

As stated previously, the formation of the coacervate shell around the emulsion droplet is 

driven by the difference in surface tension between the coacervate polymer rich phase, the 

water and the hydrophobic material in the emulsion e.g. oil (Martins, et al., 2014).  
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In literature, various polymer pairs are used to create capsules via CC. These include: 

Swine gelatin and Gum Arabic (Rocha-Selmi, et al., 2013; Fubao, et al., 2004), Chitosan and 

gelatin (Xi, et al., 2014), Gelatin and carboxymethyl cellulose, Sodium alginate and polylysine, 

Sodium alginate and chitosan, albumin and gum arabic (Kwak, 2014).  

As stated above, CC involves the coming together of oppositely charged polymers. 

However, these polymers may not initially start out being oppositely charged. CC can be 

“activated” by changing conditions such as pH. For an example in the case of the polymers 

Bovine Gelatin (BG) and Gum Arabic (GA). At the initial mixing, both polymers possess a 

negative charge.  As the pH is lowered BG changes to become positively charged. The carboxyl 

groups of the GA then interact with the amino groups of the BG to create a complex with an 

amide group and CC occurs (Rocha-Selmi, et al., 2013) (Rocha-Selmi G. A., et al., 2013).  

 

2.2.1.10.3. Crosslinking  

Coexistence between the separated phases in coacervation, i.e. the coacervated polymer 

rich phase and diluted equilibrium phase, is dependent on media environmental conditions 

meaning the coacervates that form the capsules shells are unstable can dissipate (Martins, et 

al., 2014). This can be due to, for example, temperature change, when the capsules are placed 

in hot water or change in pH.   

For a more permanent shell, the capsules can be chemically crosslinked. In previous 

studies various crosslinkers have been used for example: 

• Tannic acid ( Dong , et al., 2008; Kwak, 2014) 

• Transglutaminase (Alvim & Grosso, 2010) 

• Formaldehyde (Thies, et al., 1968) 

• Glutaraldehyde (Danfeng , et al., 2012) 

 

Tannic acid is food safe but however is prone to discoloration. It also has a distinct taste 

that can be hard to mask. Therefore, it too has its limitations if the formulation was to be used 

in the food industry. Transglutaminase is an enzyme that can crosslink gelatin. However, it is 

unsure as to if transglutaminase can provide the same level of crosslinking stability that can be 

acquired using glutaraldehyde (Alvim & Grosso, 2010).  
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Glutaraldehyde and formaldehyde are very harsh chemical and are poisonous. They 

therefore they have their limitations with use regarding products such as consumables. 

Glutaraldehyde chemically crosslinks the capsules by reacting with the BG to form covalent 

bonds (Figure 2.7.). These bonds form between the free amino groups of the gelatin molecules 

and the aldehyde groups of the glutaraldehyde (Farris, et al., 2010; Bigi, et al., 2001). 

 

 

 

 

 

Figure 2.7. a) Image showing a generalized reaction mechanism for crosslinking by 

glutaraldehyde (Gulrez, et al., 2011). b) Image showing the reaction of 

gelatin crosslinked by glutaraldehyde (Chen, et al., 2005).  
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2.2.1.10.4. Scale-up  

Coacervation can be completed in batch or via a continuous process. Lab scale systems, 

coacervation is commonly performed in batch by a beaker with a stirrer (Comunian T., et al., 

2013). To scale up the coacervation process a reactor can be used.  Possible reactors that can 

be implemented are: batch reactor, Semi-Batch Reactor, Plug Flow Reactor (PFR), 

Continuously Stirred Tank Reactor (CSTR) and Oscillatory Flow Reactor (OFR).  

For simple scale up straight from lab scale processes, batch reactors can be used. The 

basic design of a typical batch reactor is a large tank with an impeller. This basic design can 

be adapted depending on the needs of the reaction taking place, for example, heat controlled 

using a heating or cooling jacket or pressure controlled by using an autoclave. Operation is 

simple, reactants are fed into the reactor; the reactor is then switched on and left for the reaction 

to complete then the product is drained out. Batch reactors a closed system that works on 

unsteady state principles which means there is no flow of reactants into the system of products 

from the system whilst the reaction is taking place and flow in and the rate of accumulation 

changes with time.  Batch reactors are commonly used with liquid phase reactions that involve 

long reaction times and can be used for multiple processes so long as cleaning occurs between 

each reaction. They are also used with processes that require scale up but do not need bulk 

amounts of product produced, for example is the reactants are expensive, making these reactors 

frequently used in the pharmaceutical industry. (Al-Salem, 2019; Liu, 2017).  

Semi-batch reactors are a halfway reactor between batch and continuous operation. 

They operate on unsteady state principles like batch reactors but unlike batch reactors they 

operate as an open system meaning material is free to enter an exit the reactor during the 

reaction. Semi-batch reactors have a similar design to batch reactors as they too consist of a 

large tank stirred with an impeller. Operation entails material being fed into the reactor and the 

reactor started, after which more material is added to the reactor. The reaction is left to finish, 

and the product is drained from the tank (Al-Salem, 2019). Semi-batch reactors are suited to 

processes that require two phases (e.g. solid/liquid) or when there are large heat effects from 

the reaction or heat transfer capability is inadequate. The semi-batch reactors ability to add 

some of the reactants over time during the reaction gives control over the reaction temperature 

for example, exothermic reactions can be slowed down. Semi-batch reactors are also generally 

applied to processes that have a lot of other unwanted side effects/by-products to limit them, 

such as, reducing toxicity from a reaction in bioreactors. Another example of their use is with 
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a liquid gas system where the gas has limited solubility in the liquid, the semi-batch reactor 

can add the gas to the mixture at the dissolution rate during the reaction (Green & Perry, 2008). 

For continuous production a CSTR can be used. CSTR’s again are similar in design to 

batch and semi-batch reactors by they consist of a large tank stirred by an impeller. They are 

an open system, like with semi batch reactors i.e. material can freely flow in and out of the 

reactor, however CSTR’s work under steady state conditions meaning condition (rates, 

concentrations) inside the reactor do not change with time. During operation, the reactants flow 

into the reactor at the top and at the same time the reacted material flows out of the reactor at 

the bottom. In theory, CSTR’s are considered exceedingly well mixed therefore it can be 

assumed that the conditions inside the reactor (heat, concentration etc.) and in the reactors exit 

stream are uniform. When this is not the case CSTR’s can be connected in series or parallel to 

achieve this homogenous mixing. CSTR’s tend to be used in industry with liquid reactants 

when the process requires continuous production, but the reaction time is long or the reactants 

are viscous or immiscible or processes that require a lot of agitation (Green & Perry, 2008; 

Mason & Piret, 1951).  

Another type of continuous reactor is a PFR (also known as a tubular reactor). They 

consist of a tube of which reactants flow down. Operation involves reactants entering the tube 

at one end at turbulent flowrate. PFR’s theoretically operate under steady state with mixing of 

the reactants occur from the flow rate of the reactants through the tube with the process working 

on a minimum Reynolds number needed to mix the reactants. The reaction occurs within the 

tube with the product coming out of the other end. PFR’s can too be used in series or parallel 

and the tubes can vary in size with wider tubes usually used for faster reactions and tubes in 

series for slower ones. This reactor tends to be used for liquid or gas systems and, unlike 

CSTR’s, it is unsuitable for long reaction times as unrealistically large tubes would be needed 

as high flowrates are used in the PFR to ensure mixing (Stonestreet & Harvey, 2002).  

OFR’s are similar to PFR’s as in they too consist of a tube of which reactants flow down 

and can be used for continuous flow. However, the reactants are oscillated or pulsed on entry 

to the reactor and the tube contains baffles or bubbles to aid mixing. Mixing occurs for induced 

Eddies when the flowing reactants interact with the restrictions caused by the bubbles or 

baffles. This means slower flow rates can be used e.g. laminar flow than turbulent, which is 

safer for production and shorter tubes can be used meaning this reactor can be used with 

reactions that have longer reaction times. The main use of OFR’s is converting very slow 
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reactions from batch processes to continuous. OFR’s can be used with two phase liquid/solid 

systems and slurries as the solids can be suspended by the initial oscillations or pulses from the 

system (Ejim, et al., 2017; Stonestreet & Harvey, 2002; Xong-Wei, 2006; McGlone, et al., 

2015).  

 

2.3. Strength of capsules  

To determine the mechanical strength of the shell of the created microcapsules, from 

this study, a Strength of Capsule (SoC) test will be done. Knowing the SoC is important for 

certain applications to be able to adapt and customize the capsule to be efficient for its 

application. An example is in drug delivery. Having different capsule strengths will cause the 

capsules to break down at different points in the body and help delivery the active ingredients 

to the correct place. It is also very important to understand the strength and characteristics of 

the capsules as when they are included in products the capsules will have to withstand many 

mechanical stresses, such as, osmotic pressure, shear forces during production or transportation 

or product use. If the capsules cannot withstand say the shear forces from product production 

then they have no use (Schuldt, et al., 2019; Gray, et al., 2016).  

Literature has shown that a variety of different techniques have been used in the past to 

determine this mechanical strength. These methods normally involve deforming the capsules 

in certain ways and the methods tend to fall into two categories: analysis on a single capsule 

basis and bulk capsule basis.  

 

2.3.1. Single capsule methods  

Analysis on a single capsule basis, is primarily completed by capsule compression.  It 

is thought that the first single capsule experiments were carried out by Cole on egg cells where 

he compressed them between two parallel plates (Cole, 1932). Compression generally is where, 

after capsules have been created, a single capsule is taken and compressed then the force-

displacement curve is recorded.  This can then be used to calculate elastic properties of the 

capsules such as Young’s Modulus (Zhao & Zhang, 2004) or the capsules ca be compressed 

until they rupture and rupture force analyzed. Compression has previously been done in 

literature using a variation of methods. Including: micromanipulation using a glass probe 

(Figure 2.8.)  (Long, et al., 2016) and squashing the capsule between parallel plates (Zhao & 

Zhang, 2004).  For larger capsules experiments have been done, pinching capsules using fine 
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tipped tweezers (King, et al., 1987) or micrometer and crushing them between microscope 

slides (Prokop, et al., 1998). Other single SoC analysis found in literature include: 

 

• Atomic force microscopy (AMF) – Particularly the colloidal probe (Figure 2.8.). The 

technique is similar technique to parallel plate compression for finding the elastic 

properties of the capsule. Instead of the capsule being compressed between two plates, the 

capsule is placed on a flat surface and is compressed from above by a colloidal particle on 

the end of a cantilever (Fery & Weinkamer, 2007). This give more control of the 

deformation of the capsule and allows smaller forces to be used than in parallel plate 

experiments (pN to µN) (Neubauer, et al., 2014). 

 

• Optical or magnetic tweezers - Mainly used with the study of biological samples and low 

forces tens of fN and hundreds of pN). Two beads are attached to opposite sides of the 

capsule being tested. These beads are trapped between optical tweezers and then pulled 

apart to analyses the mechanical strength of the capsule (Figure 2.8.). Magnetic tweezers 

are similar, they use two magnetic beads that are trapped in a magnetic field (Gray, et al., 

2016; Neubauer, et al., 2014). 

 

• Membrane thickness – Measuring the membrane thickness of the capsule using equations 

and using this as an indication to the strength. This was done by measuring capsules to 

find the mean radius, finding the weight of the whole capsule and the weight of the wet 

membrane by removing the material inside the capsule. Then using equations to calculate 

the membrane thickness. It is thought the thicker the membrane the greater the capsule 

strength. This method seems to only be suitable when the same material and methods are 

used (Ma, et al., 1994) .  

 

• Micropipette – The capsule is sucked inside a micropipette by hydrostatically controlled 

pressure (Figure 2.8.). The deformation of the capsules is monitored by optical microscopy 

as a function of the applied pressure. This technique can be used to find the elastic 

properties of the capsule such as Young’s Modulus (Fery & Weinkamer, 2007; Olbrich, et 

al., 2000).  

 

• Shear flow – The basis of this technique is observing the deformation of a capsule using 

optical microscopy in flow (Figure 2.8.). This method cases the capsule to deform by 

elongation and can be a quantified method for assessing capsule strength id shear rates are 
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known (Fery & Weinkamer, 2007). An example of this method being applied is 

experiments completed in Couette flow. This is where a capsule is subjected to shear flow 

from two concentric cylinders rotating in opposite directions. The outer cylinder is 

transparent so capsule deformation can be observed via optical microscopy (Walter, et al., 

2001). 

 

 

 

 

Figure 2.8. Schematic representation of single-capsule measurement techniques, each 

with typically available force range. Arrows indicate the directions in which 

forces are acting (Neubauer, et al., 2014). 

 

2.3.2. Bulk capsule methods  

The majority of bulk capsule methods, found in literature, involve applying forces e.g. 

shear forces to the capsules gradually increasing in intensity until the capsule deforms or 

ruptures. The SoC is determined by the percentage of intact or ruptured capsules. Bulk methods 

include:  

 

• Shaking – The capsules are placed in a flask and onto a shaking plate. The intensity of 

shaking of the capsules is increased to promote capsule rupturing and the percentage of 

intact capsules in measured each time (Yin, et al., 2003).  
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• Glass beads – Capsules are agitated with glass beads. (Leblond, et al., 1996). SoC is 

determined by the percentage of broken capsules at different time points.  

 

• Turbine reactor – Uses the effects of shear to deform capsules. Consists of a baffled 

reactor stirred by a turbine, which the capsules are placed in and agitated till they rupture 

(Poncelet & Neufeld , 1989). To determine the SoC the fraction of intact capsules was 

calculated over time.  

 

• Centrifugation - Capsules are placed inside a centrifuge and spun. The capsules are 

subjected to increasing centrifugal force to measure capsule compression. To determine 

the SoC the height of the bead column of the capsules is measured after each increase in 

centrifugal force (Schuldt, et al., 2019).  

 

• Osmotic pressure – can be used if the capsules have semi permeable membranes. 

(Neubauer, et al., 2014) (Van Raamsdonk & Chang, 2001). The created capsules are 

exposed to different strength hypotonic solutions. The SoC is measures are the percentage 

of in tacked capsules after a period of time.  
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3. Experimentation 

Chapter 3 details the different materials and experimentation procedures used in this 

study, along with explanations as to why certain methods were chosen.  

As mentioned in Section 1.2., the main aims of this research are to develop an 

encapsulation method that can scale up to industrial production. The method should be of 

continuous production and able to produce a free-flowing powder. The method should produce 

high droplet uniformity and have the potential in the future to be adaptable for encapsulation 

of a variety of different compounds. This can include volatile and water-soluble compounds. 

It was decided that an emulsification technique (Section 2.1.5.) would be used in 

conjunction with an encapsulation method (Section 2.2.1.) to create hard capsules and improve 

stability. For the encapsulation of water-soluble compounds, a double emulsion (W/O/W) will 

be created and for the encapsulation of oil soluble compounds a single emulsion (O/W) would 

be used. The capsule production method is shown by Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Flow chart of the proposed capsule production combining emulsification 

and encapsulation. 
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3.1. Emulsification method selection 

From the emulsification methods discussed in Section 2.1.5., the main disadvantage 

seen, from most of the well-established emulsification methods (Section 2.1.5.2), is that high 

mechanical energy is needed to drive the processes, typically 1–5% of the inputted energy is 

used for forming droplets, the remaining is lost as heat  (Mann, et al., 2011). This is undesirable, 

as it makes the emulsion production highly inefficient and unsuitable to be used with emulsions 

containing shear sensitive components. High energy consumption can boost up process costs 

due to process inefficiency (lots of energy supplied to the process with not much product 

created). It is much better to have a low energy input per unit volume to ensure cost reduction.  

As well as this these methods tend to create polydisperse emulsions i.e. emulsions containing 

droplets of various sizes with CV’s of 40% (Mann et al., 2011). This can affect emulsion 

stability (Section 2.1.3.) and, be undesirable for some emulsion applications if monodispersed 

droplets is of high importance.  This can be throughout the product itself and between different 

batches. 

These established methods do have their advantages. High pressure homogenization 

and are good for fine droplet production. Rotor-stator mixers along with static mixers, can be 

used for both batch and continuous production.  The capability of continuous production fits 

with the project aims (Section 1.2.). However, there is still the undesirable issue of the high 

energy needed to run the processes and, in some applications, the polydisperse droplet 

production that need to be addressed. Ultrasound again is the same along with another issue of 

it being a process more suited to smaller lab scale, which doesn’t fit with the project aims 

(Section 1.2.).  

Microfluidic devices (Section 2.1.5.3.) do overcome the issues of large size 

distributions and high energy input. They can provide emulsions with very high uniformity i.e. 

Coefficient of Variance (CV) 3% (Vladisavljevic, 2016) at a low energy input. However, these 

techniques are of low productivity and are not suitable for scale up to large scale production 

(Dragosavac, et al., 2012).  It is possible to attempt scale up by connecting the microfluidic 

devices in parallel to achieve up to 100 litres per hour with a CV of 5% (Vladisavljević, et al., 

2012).  

ME (Section 2.1.5.4.) is attractive over other emulsion producing techniques as it 

overcomes the disadvantages discussed above. As Discussed in Section 2.1.5.4. ME’s main 
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advantages include: less energy is needed per unit volume to produce an emulsion over other 

non-membrane emulsification techniques (Spyropoulos, et al., 2011; Kosvintsev, et al., 2005). 

For example, 103-106 Jm-3 compared to 105-108 Jm-3 for high pressure homogenizers and 105-

107 Jm-3 for rotor-stators (Joscelyne & Trägårdh, 1999). It can produce uniform droplets with 

a narrow drop size distribution. For example, CV 10-20% (Stillwell, et al., 2007). Other 

advantages are, the technique can be used with shear sensitive components without the 

potential to damage them. This is due to the low energy needed for emulsion production. Unlike 

with the microfluidic techniques, ME has the potential for easy scale up for large scale 

production. It is possible to produce up to several tonnes per hour of emulsion compared to 100 

litres per hour with microfluidics (Vladisavljević, et al., 2012). This is done using larger 

membrane areas i.e. bigger membranes and has the capability for continuous production. The 

set-up of ME is usually simple and therefore not costly. The emulsion droplet sizes produced 

can be very customizable by the various conditions that can be altered. For instance, conditions 

which affect the droplet size, including shear stress, membrane type, membrane pore size, DP 

flux, the use of surfactants etc. ME was therefore chosen as the emulsification technique to 

be used in this study. 

 

3.2. Encapsulation method selection 

This section discusses the advantages and disadvantages of the encapsulation methods 

described in Section 2.2.1. and the choice of encapsulation method for this project. 

Spray drying is a common encapsulation method used in a variety of processes. 

However, it can have drawbacks due to the use of high temperature in the process which can 

potentially damage products. Spray drying does, however, have the capability to be used on a 

continuous scale.  

Spray congealing is a similar process to spray drying. The difference being, for spray 

congealing, the encapsulated material is mixed with a molten carrier then atomized and finally 

cooled. Rather than atomized in a hot gas as in spray drying. Spray congealing is more desirable 

as the process does not require the use of very high temperatures, water or organic solvents. 

These conditions, as said previously, can potentially damage the component being 

encapsulated depending on how sensitive it is or what it is sensitive too. Spray congealing does 

require a certain amount of heat to make the molten carrier. Therefore, if the encapsulated 

component is very temperature sensitive this technique may not be suitable.  It also does not 
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pack the droplet as tightly with encapsulated compound as you would get with ME, as a lot of 

active ingredient is left on the surface of the capsule (Gouin, 2004). 

Solvent evaporation/extraction does not require the use of high temperatures, as spray 

drying does. However, the encapsulated compound needs to be mixed with an organic solvent 

for the extraction process. This can be problematic if the compound being encapsulated reacts 

with the solvent.  

Polymerization, either interfacial, suspension or in-situ, again does not require the use 

of high temperature and with the method being chemical this eliminates mechanical elements. 

The technique is also versatile as it can be used to encapsulate solid, aqueous and immiscible 

phases. However, the polymerization reaction itself is quite slow to complete as well as this 

there is potential for secondary reactions to occur that could disturb the main reaction are create 

unwanted side chemicals. This technique is also not easy to create capsules with high loading 

of active compound (Salaün, 2016). 

Sol-gel encapsulation is mainly used for the encapsulation of biomolecules specifically 

enzymes. It is beneficial as it can be completed at low temperature so as not to damage 

temperature sensitive species i.e. denaturing enzymes. The process itself however, can be 

relatively slow to complete, and the sol-gel can be moisture sensitive resulting in short product 

shelf life (Pooyan, 2005).  

As discussed in Section 2.2.1.6. micelles and vesicles tend to be used for encapsulation 

of hydrophobic drugs to improve solubility and stability in aqueous solutions. Encapsulation 

via micelles can reduce toxicity and unwanted side when the products are used in the body. 

Studies have also shown that micelles can enhance permeability of the drug through 

membranes in the body compared with the permeability of the drug on its own. However, 

micelles can be unstable if environmental conditions alter the CMC, i.e. conditions in the body, 

resulting in premature leaking of the active ingredient before its designated controlled release 

(Basak & Bandyopadhyay, 2013; Torchilin, 2007; Hanafy, et al., 2018). The production 

methods for vesicle encapsulation can be complicated and costly with some of the methods 

involving the use of toxic chemicals and other have low encapsulation efficiency, limiting their 

application (Kumar & Rajeshwarrao, 2001; Tan, et al., 2006). 

Extrusion is good for use with volatile compounds such as flavors. They can provide 

longer shelf lives of products compared to methods such as spray drying. For example, 
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encapsulating citrus oils, spray drying would give a shelf life of 1 year, extrusion would give 

5 and no encapsulation at all gives only a few months (Gouin, 2004). The process, however, is 

more expensive than spray drying and can have low productivity. The capsules formed, even 

though they are uniform, can be quite large (150 to2000 μm) (Bakry, et al., 2015). This can be 

problematic for products where texture is important.  

Freeze drying does not have the same issues as spray drying with regards to 

temperature and therefore can be used with more sensitive components. Unlike spray drying it 

is more a batch scale process. It can be made continuous, but the process is difficult and 

expensive, therefore not normally deemed worth it.  An encapsulation process needed for this 

project is one that is simple, can be scaled up continuously without too much expense and does 

not cause damage to sensitive components.  

Coacervation, specifically CC, was the method chosen as the encapsulation method 

for this research to create the capsule shells as it does not possess the draw backs discussed 

above relating to the other encapsulation methods. This method will be used after membrane 

emulsification in the capsule production process shown in Figure 3.1. 

 CC is a straightforward process which can be used on both a batch and continuous 

scale. It does not require high temperatures or shear stresses and therefore can be used with 

sensitive components (i.e. components which can be affected by their surrounding).  It also has 

the potential to be completed with consumable safe chemicals i.e. it does not require organic 

solvents and can also provide high encapsulation efficiency. The method can also produce a 

wide range of capsule sizes and thicknesses making the capsules highly customizable and the 

process can be completed in a reasonable timeframe. All this gives CC a diverse range of 

products and processes for which it can be used.  

 

3.3. Water soluble compound 

For the encapsulation of water soluble compounds, the active ingredient that was used 

was Ascorbic Acid (AA).  There is great interest in using AA in food, health and beauty 

products (as mentioned in Chapter 1) (Comunian, et al., 2014). This is because AA is Vitamin-

C and is very useful as an antioxidant. However, AA is a very unstable compound (Comunian, 

et al., 2014), it can interact with oxygen in the air and other chemicals in the product in which 

it is being placed.  This then can negatively affect the product by means of taste and colour 
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(Matos-Jr, et al., 2015). AA can also be affected by temperature causing it to easily lose its 

beneficial properties. By using encapsulation, it is possible to separate the AA from the other 

chemicals and protect it from its surrounding conditions. This means that AA can still be 

included in products with its beneficial properties. Encapsulation can also mask AA’s other 

undesirable factors such as its acidic taste (Comunian T. A., et al., 2013).  

 

3.4. Materials 

10% and 30% (w/w) solutions of AA (ClassiKool) are used as the main active chemical 

inside the W/O/W double emulsion capsules. Sunflower oil (food grade bought from a local 

supermarket) was used to prepare the primary W/O emulsion along with the emulsifier PGPR 

(ABITEC, USA). BG (Sigma Aldrich) or general grade gelatin, G (Fisher Scientific) and GA 

(Sigma Aldrich) were used to make the capsule walls. Lactic acid (Fisher Chemical) was used 

to adjust the pH and glutaraldehyde (Sigma Aldrich) was used as the crosslinking agent. 

 Tween 20 (polysorbate 20, Sigma Aldrich) was used in the CP for the O/W single 

emulsions and as an emulsifier in the double emulsions. Sodium dodecyl sulphate, SDS (Fisher 

Chemical) was also used in some experiments as another emulsifier for the double emulsions.  

For the determination of EE by titration, Dichlorophenolindophenol, DCPIP (Sigma 

Aldrich), sodium bicarbonate (Fisher Chemicals) and oxalic acid (Sigma Aldrich) were used. 

For the OFR, RTD was determined using the fluorescent 1,3-diphenylisobenzofuran. 

The cooling profile of the OFR was determination using LC (Halcrest). Albumin (Acros 

Organics) was used to line the walls of the reactor to stop the capsules from sticking (Goebel-

Stengel, et al., 2011) and sodium azide (Sigma Aldrich) for capsule preservation. 

Diatomaceous earth (Sigma Aldrich) was used to stop the capsules sticking together during 

freeze drying. For cleaning sodium hydroxide (Sigma Aldrich), citric acid (Sigma Aldrich) and 

Teepol was used.   
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3.5. Modeling 

Section 3.5 details the different models used to predict droplet size in the study. The 

models used are derived from a force balance around a droplet ready to detach from the 

membrane surface. The models are dependent on the equipment and membrane used for the 

ME. More information of the force balance can be found (Kosvintsev, et al., 2005). 

 

3.5.1. Dispersion cell drop size model  

 As well as physically measuring particle size with the DC, particle size for different 

shear rates was predicted via the model shown by Equation 3.1. (Stillwell M. T., et al., 2007). 

 
𝑥 =

√18𝜏2𝑟𝑃
2 + 2√81𝜏4𝑟𝑃

4 + 4𝑟𝑃
2𝜏2𝛾2

3𝜏
 

(3.1) 

Where x is predicted droplet diameter (m), τ is shear stress (Pa), rp is the pore radius of 

the membrane (m) and γ is interfacial tension (N m-1). This equation is derived from a force 

balance between the capillary force and the drag force acting on the droplet at the point in 

which it is about to detach from a pore on the membrane. The derivation of this equation can 

be found in (Kosvintsev, et al., 2005).  

It is assumed that the droplets are produced from the membrane pores in the boundary 

layer at the surface of the membrane. It is also assumed that shear in this layer is constant with 

respect to the height of the layer but not radial distance along the membrane. The thickness of 

this boundary layer can be calculated with the Landau-Lifshitz Equation (Stillwell M. T., et al., 

2007) Equation 3.2. 

 𝛿 = √
𝜇

𝜌𝜔
 (3.2) 

Where δ is the boundary layer thickness (m), µ is the dynamic viscosity of the CP (Pas), 

ρ is the density of the CP (kg m-3) and ω is the angular velocity (rads-1). 
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When the stirrer rotates it creates a forced vortex. The transitional radius is the radius 

at which the free vortex changes to a forced vortex around the stirrer. For a paddle stirrer (a on 

Figure 3.1.) Equation 3.3. can be used to calculate what the transitional radius is. 

 𝑟𝑡𝑟𝑎𝑛𝑠 =  
𝐷

2
1.23 (0.57 + 0.35

𝐷

𝑇
) (

𝑏

𝑇
)

0.036

𝑛𝑏
0.116

𝑅𝑒

1000 + 1.43𝑅𝑒
 (3.3) 

Where rtrans is the transitional radius (m), D is the width of the stirrer (m), T is the inner 

diameter of the glass tank (m), b is the height of the stirrer blades (m), nb is the number of 

stirrer blades and Re is the Reynolds number. Reynolds number for the system is calculated 

via Equation 3.4. 

 𝑅𝑒 =
𝜌𝜔𝐷2

2𝜋𝜇
 (3.4) 

For the calculation of the shear at the membrane Equations 3.5. and 3.6. can be used. 

Equation 3.5. calculates the shear for when the radius of the membrane is less than rtrans and 

Equation 3.6. calculates the shear for when the membrane radius is greater than rtrans.  

 𝜏 = 0.825𝜇𝜔𝑟
1

𝛿
 (3.5) 

   

 𝜏 = 0.825𝜇𝜔𝑟𝑡𝑟𝑎𝑛𝑠 (
𝑟𝑡𝑟𝑎𝑛𝑠

𝑟
)

0.6 1

𝛿
 (3.6) 

As Equations 3.5. and 3.6. show, shear changes across the membrane (Dragosavac, et 

al., 2008). With the calculation of shear for the model (Equation 3.1.) maximum shear is 

desired, as this is the point in which most of the droplets are produced by the membrane.  

Droplets are produced when the drag force created by the stirrer (a on Figure 3.2.) becomes 

greater than the capillary force keeping the droplet in place. This happens at the transitional 

radius where shear is at its maximum (b on Figure 3.2.). The pressure on the surface of the 

membrane is at its lowest and the pressure difference across the membrane will be at its largest 

at this point. This means it is easier for the droplets to be produced, and that is why the highest 

productivity occurs here (Stillwell, et al., 2007; Dragosavac, et al., 2008). The majority of the 
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droplets being produced at one particular point, across the membrane, is what gives this method 

of ME high uniformity. Shear changed across the membrane and different shear stresses will 

produce different sizes of droplets. If the majority of the droplets are created at the same point 

along the membrane, the droplets will have the same shear forces applied to them and will be 

of the same size. 

The greater the shear stress, which is applied at the membrane, the more likely the drag 

force will exceed the capillary force and cause the droplet to break off. Therefore, the quicker 

the droplets detach the smaller they will be as they have less time to get larger with the injected 

dispersant (Dragosavac, et al., 2008). 

By making r = rtrans Equation 3.6. cancels down to become Equation 3.5. The shears 

found by Equation 3.5. can then be used in Equation 3.1. to calculate the predicted droplet 

diameter. A graph of predicted droplet diameter verses shear stress can be produced. 

 

 

 

Figure 3.2. a) a schematic diagram of the DC, b) the shear profile underneath the 

stirrer, c) a standard membrane, d) an annular membrane (Stillwell M. 

T., et al., 2007). 
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However, this force balance model does not include the DP flux as a parameter affecting 

the droplet size. DP has been investigated and shown to have an effect on droplet size (Schroder 

& Schubert, 1999). The model therefore, predicts the theoretical ‘smallest’ drop size formed at 

the zero flux, where the finite time required to detach a droplet can be neglected. If drop 

formation time, td (s), is longer than that needed to inject a volume Vo, (l) predicted by the force 

balance (Equation 3.1.) then the volume of the droplet can be written as Equation 3.7.: 

 𝑉 = 𝑉0 + 𝑡𝑑𝐽 (3.7) 

Where tdJ is the extra volume of the drop caused by operating at a high injection rate J 

(l/s) during the finite time required for droplet formation (Suárez, et al., 2013). However, in 

order to apply Equation 3.7. the drop formation time has to be assessed by the ratio of the 

volume of the droplet produced and the volume flow rate through a single pore of the 

membrane. This can be shown with Equation 3.8. 

 
𝑡𝑑 =

2휀𝑘𝑑(4,3)
3

3𝑑𝑝
2𝐽𝑑

 (3.8) 

Where ε is the porosity of the membrane, k is the percentage of active pores, d(4,3) is the 

volume weighted mean droplet diameter (m), Jd is the DP flux (m3m-2s-1) and dp is the diameter 

of a pore (m). The fraction of pores that are actively generating drops is a rarely known value 

and usually has to be estimated (Morelli, et al., 2016). Though methods to determine this value 

are emerging (Silva, et al., 2017). Only the simple force balance model, represented by 

Equation 3.1., is compared to the experimental data. This is done to illustrate the key 

parameters that influence the drop formation in the system studied in this work. Any 

calculations of drop formation time will use the estimate of 50% pore utilization.  The 

difference between the volume of the droplet generated in the DC and that predicted by 

Equation 3.1. provides an estimate of the drop formation time. Therefore, an estimate of the 

fraction of the operating pores can be made. This will be illustrated later. 
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3.5.2. Oscillating system’s drop size model  

The droplet size for different shear rates can be predicted via the model shown again 

by Equation 3.1. (Stillwell M. T., et al., 2007). 

It is assumed that the droplets are produced from the membrane pores in the boundary 

layer at the surface of the membrane. It is also assumed that shear in this layer is constant with 

respect to the height of the layer but not radial distance along the membrane. The thickness of 

this boundary layer can be calculated with Stokes boundary layer thickness (Silva, et al., 2015), 

Equation 3.9. 

 𝛿 = 2𝜋√
𝜇

𝜋𝑓𝜌
 (3.9) 

Where f is the frequency of oscillation (Hz). If the limit of the operating conditions of 

the system is 10 - 50 Hz, Equation 3.9. gives that stokes boundary layer thickness is between 

1100 µm and 500 µm. Therefore, if the droplets produced by the system are a lot less than these 

sizes then the above assumption can be used.  

The membrane’s movement is an oscillation. The wave equation, in relation to shear 

stress across the membranes surface, for an unbound fluid is given by Equation 3.10. 

 
𝜏 = 𝑣p (

𝜔𝑓𝜇𝜌

2
)

1
2

[sin(𝜔𝑓𝑡) − cos(𝜔𝑓𝑡)] 
(3.10) 

Where vp is peak velocity (m s-1), 𝜔𝑓 is angular frequency (rad s-1). The peak velocity 

for the system is calculated via Equation 3.11., and angular frequency by Equation 3.12. 

      𝑣0 = 𝜔𝑓𝑎 (3.11) 

 𝜔𝑓 = 2𝜋𝑓 (3.12) 

Where a is the amplitude of the oscillations (m). The shear at the membrane surface 

changes depending on the time the membrane is at through the oscillation cycle, as shown by 

Equation 3.10.  For the calculation of shear for the model (Equation 3.1.) maximum shear is 
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desired. This occurs at the peaks of the oscillation, as this is the point in which most of the 

droplets are produced by the membrane.  As discussed in Section 3.1., droplets are produced 

when the drag force created by the oscillating membrane becomes greater than the capillary 

force keeping the droplet in place on the surface of the membrane. The greater the shear stress 

which is applied at the membrane, the more likely the drag force will exceed the capillary force 

and cause the droplet to break off. Therefore, the quicker the droplets detach the smaller they 

will be as they have less time to get larger with the injected dispersant (Dragosavac, et al., 

2008). By combining Equation 3.10. with 3.11. and 3.12., Equation 3.13. can be created which 

is for the maximum shear stress produced when the oscillations of the membrane are at their 

peak.  

 𝜏𝑚𝑎𝑥 = 2𝑎(𝜋𝑓)
3
2(2𝜇𝜌)

1
2 (3.13) 

 

3.6. Batch scale encapsulation  

Section 3.6 details the experimental procedure for the batch lab scale experiments 

 

3.6.1. Dispersion cell 

In this study ME will be completed using a Dispersion Cell (DC) and a stainless-steel 

flat disc micro-engineered sieves. The membranes used in this project are of either 10 µm or 

15 µm pore size. They do not consist completely of pores, they however have only a ring of 

pores around the point of the transitional radius. The membrane area of the 15µm membrane 

was found to be 276.46 mm2 with a pore spacing of 200 µm. The pores were arranged in a 

square formation.  This was used to standardize the values for flow rate to flux.  As discussed 

in Section 3.5., The transition radius is the point in which most of the droplets are produced 

due to the greatest pressure difference across the membrane being at that point. Therefore, by 

using a membrane which just has a ring of pores around the transitional radius (d on Figure 

3.2.) rather than across the whole membrane (c on Figure 3.2.) the uniformity of the droplets 

can in theory be improved. This can be done without affecting productivity as most of the 

droplets are produced at that point at close to the same shear stress. This has been shown to be 

the case, with a greater effect being seen for membrane pore diameters being greater than 30 

µm (Stillwell, et al. 2007). 
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The DC consists of a glass cylinder, a base to hold the membrane and paddle stirrer 

placed above the membrane (Shown in Figure 3.3.).  The base is where the DP is injected in 

and the stirrer is driven by an AC 207-253 V alternating by 50 Hz motor. Changing stirring 

speed is one of the methods to control the shear stress at the surface of the membrane. This 

allows for control of the size distribution of the droplets produced (Dragosavac, et al., 2008). 

The stirrer speed was controlled by altering the voltage between 2 and 14 V, which were then 

converted to revolutions per minute (RPM) (120 – 1620 ± 30 RPM) values (the stirrer 

calibration can be found in Appendix A)  and thus shear stress values by the methods described 

in Sections 3.5. 

 

 

 

 

 

Figure 3.3. Experimental set up of the DC. 
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3.6.1.1. Cleaning 

To clean the membrane, it was first placed in a beaker with the detergent Teepol and a 

few ml of water. It was then placed in the ultrasonic bath for 5 minutes to remove most of the 

oil. The membrane was washed with hot water and placed back in the beaker with 2% (w/w) 

sodium hydroxide solution. This was then heated to ~ 50oC to remove any leftover oil and other 

substances. The beaker was placed back in the ultrasonic bath for a further 5 minutes. The 

membrane was finally washed again with warm water and dried using compressed air. The rest 

of the DC equipment was washed with hot water and Teepol. 

 

3.6.1.2. Single emulsion (O/W) 

The single emulsion was produced using the DC depicted in Figure 4.1. a 10 µm pore 

size ringed stainless-steel flat disc membrane (Micropore Technologies) was used inside the 

DC to create the emulsion.  

The DP was sunflower oil, of which 5ml was injected per experiment. The CP was 

140ml of an aqueous solution of 2% (v/v) Tween 20 to help stabilize the emulsion. The DP 

was injected into the bottom of the DC and consequently through the membrane via an injection 

pump. A timer was then started, after a fixed amount of time to account for the dead volume 

of the system. The timer was consequently stopped after the time had elapsed which 

corresponded to the desired amount of injected dispersant (5ml). The rate of injection of the 

dispersant was controlled between 0.2 and 1.5 ml/min depending on the experiment. All single 

emulsion experiments were performed at room temperature (~25oC). 

 

3.6.1.3. Primary emulsion (W/O) 

To prepare the primary W/O emulsion (Figure 3.4.), PGPR was dissolved in sunflower 

oil at 4% or 6% (w/w) (Killian & Coupland, 2012) (Scherze, et al., 2006) (w/w) via heating to 

50oC and stirring for over 5 hours.  This was then emulsified with either distilled water, 10% 

or 30% (w/w) AA solution in a 2:1 or 3:1 oil to water ratio depending on which experiment 

was being performed. The emulsification was done for 4 minutes at 1200 rpm (Comunian, et 

al., 2014) (Santos M. G., et al., 2015) using a homogeniser (Ultra- Turrax ®, model T 25, IKA 

works, USA). 
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Figure 3.4. 

 

 

 

 

Experimental set up for creating the primary emulsion including 

microphotograph example of the primary emulsion. The dark area is the fine 

droplets of the primary emulsion after homogenization on a microscope 

slide. 

 

3.6.1.4. Double emulsion (W/O/W) 

In this study the main polymers used are Gelatin (G), primarily Bovine Gelatin (BG) 

and Gum Arabic (GA). Gelatin is a protein gained from the partial hydrolysis of collagen. The 

collagen comes from the skin, bones etc. of various animals depending on the type of gelatin 

being acquired. The different types of gelatin include, fish, swine and bovine. Gelatin is water 

soluble, colorless as well as flavorless. It is used in a variety of industries due to its ability to 

form gels (Djagny, et al., 2001). GA, also known as acacia gum, is a polysaccharide gained 

from certain acacia trees. It too, like gelatin, is water soluble and is used in a variety of 

industries including the food industry, printing and in paint (lslam, et al., 1997).  

The double emulsion was produced in the DC via the same method as the single 

emulsion described in Section 3.6.1.2. The membrane used was also a stainless-steel flat disc 

with either a 10 µm or 15 µm pore size. For the CP, 10 % (w/w) BG solution or G solution and 

10 % (w/w) GA solution were mixed in the ratios of 0.5:1, 1:1, 1.5:1, 2:1, 2.5:1 and 3:1 

respectively. This was done with deionised water at Total Biopolymer Concentrations (TBPC) 

ranging from 1-10 % (w/w) depending on the experiment being performed. These solutions 

were prepared in a water bath at 40oC to prevent the gelatin from solidifying. The injected DP 
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was the W/O emulsion prepared via the method described in Section 3.6.1.3. The amount of 

DP injected varied depending on the experiment being performed and the injection time was 

adjusted accordingly. For some experiments the surfactants SDS (w/w) and Tween 20 (v/v) 

were added to the CP in amounts varying from 0.01-1 %. For the majority of the experiments 

the DC was placed into a water bath at 40 oC as to stop the gelatin from solidifying however 

some of the experiments were performed at room temperature.  

 

3.6.1.5. Complex coacervation 

After the ME of the single and double emulsions, the pH of the emulsions was then 

adjusted to between 4.6 and 3.6, depending on the experiment, via the addition of 50% (w/w) 

lactic acid solution (Figure 3.5.). The emulsion was then stirred at 250 RPM and cooled at 

varying different rates. The first rate used was 0.08 oC min-1. This was done by leaving the 

emulsion in a water bath for 2 hours. The water bath was initially at 37oC and then was turned 

off for the cooling. The emulsion was then cooled for a further 1 hour on the bench outside of 

the water bath. Another cooling rate which was used was a faster rate of 0.8 oC min-1. This was 

done by cooling the emulsion for 1 hour solely on the bench outside the water bath. The final 

cooling rate used was 2.7 oC min-1. This was completed using a water bath at 16oC. 

 

 

 

 

 

Figure 3.5. Experimental set up for CC including microphotograph example of 

encapsulated emulsion. Injection rate 1ml/min, stirring speed 1126 RPM, 

cooling stirring speed 250 RPM, TBPC 3.3% (w/w), dispersant 10% (v/v) 

(W/O) BG:GA 1:1. 
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3.6.1.6. Crosslinking 

It was decided that glutaraldehyde would be the chosen crosslinker (Section 

2..2.1.10.3.). Even though it is poisonous, crosslinking is not the main focus of this study and 

glutaraldehyde is the most widely researched crosslinker and provides good crosslinking 

stability. Future work can be done to exchange the chemicals used in this process for ones that 

are deemed more suitable for consumption. 

After the emulsion had been cooled to room temperature and the shell had formed, the 

pH was then adjusted to 3 using the 50% (w/w) lactic acid solution. It was found in previous 

experimentation that the crosslinking performed better, and capsule sticking was reduced when 

the pH was adjusted to 3. After this 4-5 drops (amount found from experimentation) of 50% 

(w/w) glutaraldehyde solution was added (Figure 3.6.). The emulsion was then left to stir 

overnight to allow the glutaraldehyde to crosslink the gelatin. The next day the emulsion 

particles were washed with hot water to remove any unreacted glutaraldehyde.   

 

 

 

 

 

Figure 3.6. Experimental set up for crosslinking. Including microphotograph example of 

crosslinked CC capsules.  
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3.7. Continuous system scale-up 

Section 3.7. details the experimental procedures for the transition of the batch lab scale 

process to continuous scale-up.  To scale up the encapsulation process involving ME and CC 

from batch to a system that has continuous capability, the following flow diagram (Figure 3.7.) 

will be followed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Flow chart of the proposed scaled- up continuous system for creating 

emulsion capsules by ME and CC. 

 

3.7.1. Azimuthal oscillating system 

To scale-up ME, AOS was chosen for the continuous capsule production. The premise 

behind AOS is a cylindrical membrane is rotated back and forth in the CP. The DP flows 

through the membrane from the centre outwards into the CP. Shear stress at the surface of the 

membrane is caused by the frequency and displacement of the oscillations of the membrane 

and this shear causes the droplets to detach. A diagram of the AOS experimental set-up is 

shown in Figure 4.5. 
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Figure 3.8. Experimental set up of the AOS. 

 

The set-up consists of a main unit which contains the motor used to oscillate the membrane. 

This is connected to a power source/control panel used to input the desired frequency and 

displacements of oscillations for the membrane. Bolted on top of the main unit is the membrane 

housing of which the CP flows through. The CP is moved through the membrane housing via 

an inlet at the bottom and the made emulsion moves out of the housing via the inlet at the top 

of the housing using a peristaltic pump. The membrane housing also has an outer jacket with 

inlet at the bottom and an outlet at the top for heating/cooling. Water is cycled through the 

jacket also using a peristaltic pump from a heating/cooling water bath. The membrane housing 

contains the tubular stainless-steel micro engineered sieve membrane of 15 µm pore size 

(depicted in Figure 3.8.). The membrane height is 55mm and the diameter is 40 mm, with a 

membrane area of 7000 mm2. The membrane consists completely of pores, with a measured 

pore spacing of 66 µm. The pores were arranged in a square formation.  The DP is injected 

though the top of the membrane via an injection pump.  

Like the DC it has the capability to produce uniform droplets as well as less energy 

needed per unit volume to produce an emulsion. It also is able to be used with shear sensitive 
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components without potential to damage them. The lower shear environment helps when it 

comes to trying to create double emulsions – which is one of the main outcomes of the study. 

Therefore, this was the chosen method of which to proceed with.  

 

3.7.1.1. Cleaning 

To clean the AOS system between runs, the frequency and displacement of the 

oscillating membrane were set to 10 Hz and 1 mm respectively.  Then 500 ml of deionized 

water was pumped through via the CP inlet, until the outlet water was running clear, to make 

sure all of the previous emulsion had been washed away. 

After all runs were finished, the system was drained of CP and water in the heating 

jacket. Then the membrane housing was unbolted from the main unit. This was then washed, 

along with all attached tubing, with detergent and warm water and left to air dry. The membrane 

was the removed prior to this and placed in a beaker filled with detergent and warm water. A 

syringe was then attached to the top of the membrane at the DP inlet and the detergent/water 

mixture was pulled gently through the membrane until the water in the syringe ran clear. The 

beaker containing the membrane and detergent/water mixture was then placed in the ultrasonic 

bath for a few seconds to loosen any remaining emulsion. The membrane was left to soak for 

10 mins in the mixture until it was washed with deionized water. This procedure was then 

repeated with deionized water, 4 M sodium hydroxide solution, deionized water again, 2% 

(w/w) citric acid solution and the finally again with deionized water. 

 

3.7.1.2. Single emulsion (O/W) 

The single emulsion was produced using the AOS depicted in Figure 4.5. a 15µm pore 

size cylindrical membrane (depicted in Figure 3.8.) is used to create the emulsion. The DP was 

sunflower oil and the CP was an aqueous solution of 2% (v/v) Tween 20 to help stabilize the 

emulsion. The DP was injected via an injection pump at 2.5 ml/min and the CP was pumped 

in via a peristaltic pump at 30 ml/min to give a DP concentration of 7.7% (v/v).   

Initially the membrane, after it has been cleaned by the process described in Section 

3.7.1.1. was soaked in the CP for 10 minutes prior to use. The membrane was then placed in 

the membrane housing and the housing was then bolted onto the main unit with all relevant 

tubing connected. The membrane was set to oscillate at a frequency and displacement of 10 Hz 
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and 1mm respectively for the initial set up of the system prior to use. The CP pump was turned 

on and the CP was pumped through the membrane housing until it began to emerge from the 

emulsion outlet. The membrane was then set to oscillate at the desired frequency and 

displacement for emulsion production. The system limits were a maximum of 50 Hz frequency 

and 7 mm displacement (Silva, et al., 2015). The dispersant injection pump was then turned 

on. The dispersant was injected into the center of the membrane and pushed outwards into the 

CP which flows round the outside of the membrane. Shear stress for droplet detachment is 

caused by how much and often the membrane oscillates (frequency and displacement). 

 

3.7.1.3. Primary emulsion (W/O) 

The primary emulsion for the AOS system was prepared in the same way as Section 

3.6.1.3. 

 

3.7.1.4. Double emulsion (W/O/W) 

A 15µm pore size cylindrical membrane (depicted in Figure 3.8.) is used to create the 

emulsion. For the CP, 10% (w/w) BG solution and 10% (w/w) GA solution were mixed in the 

ratio of 1:1 with deionized water at TBPC of 3.3% (w/w). These solutions were prepared in a 

water bath at 40oC to prevent the BG from solidifying. The DP was the W/O emulsion. The 

DP was injected at 2.5 ml/min and the CP at 30 ml/min to give a DP concentration of 7.7% 

(v/v).  

Initially the membrane, after it has been cleaned was soaked in the CP for 10 minutes 

prior to use. The membrane was then placed in the membrane housing and the housing was 

then bolted onto the main unit with all relevant tubing connected. The membrane was set to 

oscillate at a frequency and displacement of 10 Hz and 1mm respectively for the initial set up 

of the system prior to use. Since the DP needed to be kept at 37oC the heating jacket on the 

outside of the membrane housing (shown in Figure 3.8.) was used. Water at 37oC was run 

through the heating jacket via a peristaltic pump from a water bath in a continuous loop at 500 

ml/min. The heating jacket was left for 20 minutes to come to a temperature equilibrium with 

the flowing water before use of the AOS. The CP pump was turned on and the CP was pumped 

through the membrane housing until it began to emerge from the emulsion outlet. The 

membrane was then set to oscillate at the desired frequency and displacement for emulsion 

production. The dispersant injection pump was turned on. The dispersant was injected into the 
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centre of the membrane and pushed outwards into the CP which flows round the outside of the 

membrane.  

 

3.7.2. Oscillatory flow reactor 

The main aim at this point in the project is to scale up the CC process with a continuous 

production. Therefore, choosing which reactor would be most suitable (From Section 

2.2.1.10.4), the Batch and Semi-batch reactors can be disregarded straight away as they both 

on the batch scale.    

A PFR requires high flow rates to mix reactants and to keep the capsules created by ME 

suspended. These flow rates could damage and rupture the created capsules. The CC reaction 

is not a fast reaction. Thus, with a PFR and the high flow rate needed for suspension, quite a 

long tubular reactor would be required. This is not really feasible.   

The CSTR would be able to keep the capsules suspended without damage as the set-up, 

like with the batch reactors, is similar to the lab scale production. Multiple CSTR’s can be 

placed in series to achieve conditions close to plug flow. Plug flow, is idolized flow, i.e. no 

shearing between adjacent layers (Levenspiel, 1999; Fogler, 2008). It is the most idealistic flow 

profile as it ensures homogenous conditions of temperature for the CC process. To gain plug 

flow an infinite of CSTR’s would be needed which is impossible. However, using an OFR with 

small bubble chambers inside it, the same principle of multiple CSTR’s in series can be 

achieved. For more information (Loponov, et al., 2017; McDonough, et al., 2015) and for 

equations of the tanks in series model see Section 3.7.2.1. With using the OFR this same 

principle can be done more compact. This reduces costs from needed less equipment and 

materials, as well as it takes up less space. Consequently, an OFR will be used in this project 

for continuous CC.  

Cooling rate of coacervates, in CC, is one of the most important parameters influencing 

shell thickness and EE (needs to be ≤1ºC min-1 for the shell to form (Thimma & Tammishetti, 

2003)). Controlled cooling is necessary for continuous manufacturing of microcapsules using 

the processes of ME combined with CC. liquid crystals (LC) will be used to determine the 

temperature profile inside the OFR. This will be done by encapsulating the LC’s using ME and 

CC. The LC’s will be used as they have the capability to show the temperature throughout the 

OFR. If thermocouples, were used, they can only give the temperature at the beginning and at 
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the end of the OFR. The CC process, as said previously, is very temperature sensitive and 

different rates of cooling can have an effect on the shell formed. It is imperative to know how 

the temperature changes throughout the OFR rather than just at the beginning and end. This 

will add high customization to the process, by giving the capability to fine tune the capsule 

shell for different applications. 

After the production of the double emulsion, an OFR is used to cool the emulsion for 

the shell formation around the droplets by CC. The capsules are pumped through a bellow 

pump, to suspend the droplets, and then into the OFR. After which the capsules move on to the 

crosslinking stage. A diagram of the OFR is shown in Figure 3.9.  

 

 

 

Figure 3.9. Diagram showing how the capsules are passed through the OFR. 

 

3.7.2.1. Resident time distribution 

Calibration of the below pump and system can be found in Appendices B-E. An iPhone 

7 was placed 7.2 cm above and parallel at the end of the OFR with a violet light to cause the 

capsules to fluoresce. This was then all wrapped in foil to keep the phone and the end of the 

OFR in darkness only illuminated by the violet light (Figure 3.10.). 300 ml of deionized water 

solution adjusted to pH 3 by 50% (w/w) lactic acid containing 0.5g albumin from egg white 
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was passed through to the end of the reactor and left in there for ~20 minutes to stop the 

capsules sticking to the walls of the OFR (Goebel-Stengel, et al., 2011).  

 

 

 

Figure 3.10. RTD experimental set-up. 

 

The pump was turned on at either 20 ml/min or 30 ml/min depending on the RTD being 

measured. The bellow pump was set to the desired frequency and minimum displacement to 

keep the capsules suspended and turned on. 0.5 ml of the fluorescent capsules were then 

injected and the beginning of the OFR and the iPhone 7 video recording on a black background 

started. The recording was stopped when all the capsules had left the OFR. Images from the 

film at certain time intervals were taken and converted to grey scale and the colour number was 

found using the program IrfranView. 

RTDs can be used to obtain parameters that characterize the flow in the OFR by fitting 

the experimental results to a model that represents the flow (Ejim, et al., 2017). A variety of 

experiments can be done to find RTD distributions, including step change, wash out (Figure 

3.11.) and pulse (Figure 3.12.)  (Paul, et al., 2004). 
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Figure 3.11. Images showing an example of an RTD washout experiment.    

 

 

For pulse RTD experiments the differential distribution function (E(t)) can be 

represented by Equation 3.14. 

 
𝐸(𝑡) =

𝐶𝑜𝑢𝑡(𝑡)

∫ 𝐶𝑜𝑢𝑡(𝑡)𝑑𝑡
 (3.14.) 

Where Cout(t) is the amount of tracer recorded leaving the reactor at a certain time (Paul, 

et al., 2004).  E(t) dt is the fraction of particles that remain in the system for a time between t 

and t+dt. Equations 3.15. and 3.16. also apply. 

 
𝐸(𝑡) ≥ 0 

(3.15.) 

 

 
∫ 𝐸(𝑡)𝑑𝑡 = 1

∞

0

 (3.16.) 

The mean residence time, tm (mins) is found by Equation 3.17. Where t time in minutes. 

And E(t) is the differential distribution function (Levenspiel, 1999). 
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 𝑡𝑚 = ∫ 𝑡. 𝐸(𝑡)𝑑𝑡
1

0

 (3.17.) 

 

 

 

 

Figure 3.12. Images showing an example of an RTD pulse experiment.    
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The RTD pulse experiment (Figure 3.12.) was done using 0.5ml a tracer consisting of 

capsules containing the fluorescent 1,3-diphenylisobenzofuran (DPBF). DPBF is a yellow 

compound. It is similar to AA by being highly reactive. For example, it is sensitive to light 

(will photolyze even in weak daylight) and surrounding air. DPBF can be dissolved in organic 

solvents including oil.  One of the uses of DPBF is that it strongly absorbs light around 410 nm 

and emits bright blue fluorescence. Another is that it can be used as a reagent for the 

determination of singlet oxygen (Zhang & Li, 2011; Wozniak, et al., 1991).                  

The DPBF capsules were made by the batch ME process with the DC shown in Section 

3.6.1. A 15 µm pore size stainless steel flat disc membrane was used inside the dispersion cell 

to create the emulsion.  The DP was DPBF oil, which 10 ml was injected per experiment at 1 

ml/min for 10 minutes via a peristaltic pump. The CP was BG and GA in a ratio of 1:1 and a 

TBPC of 3.3% (w/w). The experiment was performed in a water bath at 37 oC to prevent the 

CP from solidifying. The emulsion production stirring speed was 1126 RPM which was then 

reduced to 250 RPM for the coacervation stage. CC was completed over 1 hours, at a cooling 

rate of 0.8 oC/min. Crosslinking was done using glutaraldehyde and was left to complete 

overnight. 

The tracer needed to behave similarly to the capsules being produced in the process and 

needed to not be absorbed onto the walls of the reactor (Fogler, 2008). Various conditions were 

previously tested before settling on the conditions used in these tests including different 

coloured backgrounds to the images e.g. white and black. Different type of RTD experiment-, 

e.g.  washout and pulse. Different lighting e.g. no lights, normal overhead light and violet light. 

Different amount of tracer injected, e.g. 2ml and 0.5 ml.  Finally, different capsules were tested 

containing different compounds. These included, plain W/O/W capsules and capsules 

containing the dye Nile red. Images from these different experiments are shown in Figure 3.13. 

However, it was found that the capsules containing DPBF gave the most distinct colour change 

as the capsules moved through the OFR and thus were the easiest to see against the black 

background. 
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Figure 3.13. 
Images showing some of the different conditions tested for the RTD 

experiments. 

 

Two flow rates were tested (20 and 30 ml/min) at three different frequencies (2.4, 4.8 

ad 6.3 Hz). The displacement of the oscillations to keep the capsules suspended at each 

frequency were previously found by the method stated in Appendix E. The images from the 

experiment were analysed using the free software InfranView, after being converted to grey 

scale (Figure 3.14.), and a colour number was found.  

 

 

 

Figure 3.14. Images showing the conversion to grey scale of the images analysed from 

the RTD experiments. 
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The results were normalized (0-100) by subtracting from the smallest value to find 

Cout(t).  E(t) was found using Equation 3.14. and tm (mins) was found using Equation 3.17. 

The experimental values of E(t) were then compared to a model to find the operating 

conditions closest to plug flow. The model that was used was the tanks in series model with 

the RTD function (f(t)) being found from Equation 3.18. and normalized (F(t)) by Equation 

3.19. to make the results in line with those found by the RTD experiment.  

 𝑓(𝑡) =
𝑁(𝑁𝜃)𝑁−1𝑒−𝑁𝜃

(𝑁 − 1)!
 (3.18.) 

   

 𝐹(𝑡) =
𝑓(𝑡)

∫ 𝑓(𝑡)𝑑𝑡
 (3.19.) 

Where N is the number of tanks in series and θ is the dimensionless time which is 

defined as t/tm. It is said that to achieve a reasonable plug flow N ≥ 10, less than 10 (continuous 

stirred tank reactor) CSTR behavior is observed (Loponov, et al., 2017) (McDonough, et al., 

2015). 

To fit the model to the data, a nonlinear least squares method is implemented to find N. 

N is changed to get the value of Equation 3.20. as small as possible. The found N values are 

shown in Table 6.1. in the results section.  

 ∑(𝐸(𝑡) − 𝐹(𝑡))2 (3.20.) 

 

 

3.7.2.2. Temperature analysis 

Liquid crystal (LC) capsules were used to determine temperature profile throughout the 

OFR. LC is a mixture of mainly polymeric organic compounds. They have a structure that 

resembles long, thin, wound helixes – a similar shape to DNA. LC’s have an interesting 

capacity to display properties of both liquid and solid state. They can flow like a liquid but 

have the ordering properties of a solid. LC’s can have optical properties, e.g. they can be 

thermotropic. This means they can change colour with change in temperature. The helixes in 

the LC structure change tightness of their winding based on different temperatures. 
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Consequently, when light is shone upon the LC, the helixes reflect the light. Therefore, 

different tightness's of helix winding will reflect different colours of light (Stasiek & 

Kowalewski, 2002). CC is temperature sensitive and different rates of cooling may have an 

effect on the shell formed. Therefore, it is imperative to know how the temperature changes 

throughout the OFR rather than just at the beginning and end.  

 

a) 

 

 

 

b) 
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c) 

 

 

 

 

d) 

 

 

 

Figure 3.15. a) Microphotographs of premade bought LC capsules. b) Microphotograph 

of LC oil emulsion by ME with DC. c) Microphotographs of encapsulated 

LC oil by CC. d) Photograph of washing the LC capsules after crosslinking 

with glutaraldehyde.  
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Two types of LC capsules were used: pre-made bought capsules (Figure 3.15.a.) and in 

lab made (Figure 3.15 b and c). The in lab made capsules (≈ 90µm in size) were created by the 

batch ME process with the DC shown in Section 3.6.1. A 15 µm pore size stainless steel flat 

disc membrane was used inside the dispersion cell to create the emulsion.  The DP was LC oil, 

which 10 ml was injected per experiment at 1 ml/min for 10 minutes via a peristaltic pump. 

The CP was BG and GA in a ratio of 1:1 and a TBPC of 3.3% (w/w). The experiment was 

performed in a water bath at 55 oC as at temperatures less than this the DP solidifies. The 

emulsion production stirring speed was 1126 RPM which was then reduced to 250 RPM for 

the coacervation stage. Coacervation was completed over 1 hours, at a cooling rate of 0.8 

oC/min. Crosslinking was done using glutaraldehyde and was left to complete overnight. The 

emulsion particles were then repeatedly washed with hot water solution (Figure 3.15.d.) 

containing 0.2% (w/w) albumin also adjusted to pH 3 to stop capsule sticking to remove any 

unreacted glutaraldehyde. The washed capsules (120 ml) were then added to 480 ml solution 

of deionised water and 0.2% (w/w) albumin (adjusted to pH 3 by 50% (w/w) lactic acid and 

sodium azide (0.2% (w/w)) was added to the washed capsules for preservation and the capsules 

were then stored in a fridge. 

After calibration (LC calibration shown in Appendix F), LC capsules were then passed 

through the OFR starting at 37 oC, cooling to 25 oC. Temperature was controlled using a 

cooling jacket of water, on the outside of the OFR (See Figure 3.9.). It was set to a desired 

temperature (26-30 oC or room temperature) depending on the measurement, flowing at 2700 

ml/min or less (down to 304 ml/min or zero for room temperature jacket) depending on the 

experiment being performed. Prior to the capsules being pumped into the OFR a 300 ml of 

deionized water solution adjusted to pH 3 by 50% (w/w) lactic acid containing 0.5 g albumin 

from egg white (Goebel-Stengel, et al., 2011) was passed through to the end of the reactor and 

left in there for ~20 minutes to stop the capsules sticking to the walls of the OFR. The capsules 

were left to flow through the OFR for roughly 3 resident times to allow for equilibrium. Images 

(three pictures taken then an average found) were taken along the reactor at intervals on a black 

background using an iPhone 7. This was done using flash and the iPhone 7 was parallel to the 

OFR at 7.2 cm distance. The images were used alongside the LC calibration (Appendix F) to 

find the point in which the capsules reach 25 oC. For some experiment’s different forms of 

insulation (pipe insulation and pipe insulation + foil) were used around the outside of the OFR’s 

first tube (three tubs altogether) to see if the temperature change along the reactor was affected. 
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3.7.2.3. Continuous capsule production  

The experimental rig is depicted in Figure 3.16. with a photograph in Figure 3.17. Prior 

to the capsules being pumped into the OFR a 300 ml of deionized water solution adjusted to 

pH 3 by 50% (w/w) lactic acid containing 0.5 g albumin from egg white was passed through 

to the end of the reactor and left in there for ~20 minutes to stop the capsules sticking to the 

walls of the OFR.  

 

 

 

 

Figure 3.16. Experimental set-up of the continuous capsule production system. 1- bottle 

containing CP, 2- peristaltic pump, 3- injection pump, 4- CDC, 5-injection 

pump, 6- power box, 7- degassing point, 8- degassing point, 9- water bath, 

10 – flow pump, 11- bellow pump, 12- OFR, 13, cooling/heating water bath, 

14 – magnetic stirrer.  

 

A water bath set to 37 oC to stop the BG from solidifying, 9, containing a continuous 

dispersion cell (CDC), 4, and a glass bottle containing the CP, 1. A 15 µm pore size stainless 

steel flat disc membrane (Micropore Technologies) was used inside the CDC to create the 

emulsion. The CP was an aqueous solution of 10% (w/w) BG solution and 10% (w/w) GA 

solution were mixed in the ratio of 1:1 with deionized water at TBPC of 3.3% (w/w).  The CP 

bottle, 1, in water bath 9, is attached to a peristaltic pump set to 20 ml/min, 2. This is then 

attached to the inlet of the CDC, 4. An injection pump, 3, to pump the DP of pure sunflower 
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oil at 1 ml/min, is attached to the base of the CDC, 4. This has a degassing point, 8, where a 

syringe is attached to remove air from the system. The CDC paddle stirrer, speed set to 1126 

RPM, 4, is attached to a power box AC 207-253 V alternating by 50 Hz motor, 6. An injection 

pump, 5, with degassing point, 7, is attached to a tube that is inserted into the top of the CDC, 

4. This is to add the 50% (w/w) lactic acid to adjust the pH for CC at 0.048 ml/min. The outlet 

of the CDC, 4, is attached to a flow pump, 10, set to 20 ml/min, which is attached to an 

oscillatory bellow pump (OBP) set to 6.3 Hz and a displacement of 4.5 mm, 11. The OBP, 11, 

is attached to the inlet of the OFR where the capsules are cooled for CC, 12. The outlet leads 

to a beaker on a magnetic stirrer at 250 RPM, 14. The OFR, 12, possesses a concurrent 

cooling/heating jacket attached to a cooling/heating bath, 13, set to the desired temperature and 

a flow rate of 2700 ml/min. 

The CDC is filled with 100ml of CP. When doing this, the inlet and outlet of the CDC 

are squeezed, and the level of the CP on the CDC glass is marked. The CDC is then refilled 

back to the marked level. Pump 3 is turned on and set to 1ml/min and 10 minutes is timed from 

the point in which bubbles can be seen inside the CDC. 0.24 ml of 50% (w/w) lactic acid is 

added into the mixture in the CDC and the new level in the CDC is marked. Pump 3 is then set 

to 2 ml/min and pumps 2, 10, 11 and 5 are turned on. Throughout use the Pumps 2 and 10 are 

adjusted to keep the level inside the CDC at that mark. 

 

 

 

Figure 3.17. Photograph of experimental set up of the continuous capsule production 

system.  
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3.7.3. Free flowing powder  

Experiments were done using lab made capsules and freeze drying, as this is one of the 

gentler drying methods and is unlikely to damage the created particles 

 

3.7.3.1. Freeze drying 

For freeze drying the capsules must be separated from the excess water and other 

materials. This is done using an extraction funnel. The emulsion particles were repeatedly 

washed with hot water solution containing 0.2% (w/w) albumin, also adjusted to pH 3 to stop 

capsule sticking, to remove any unreacted glutaraldehyde. As the particles contain oil, they will 

rise to the top above anything else that is in the solution therefore they can be ciphered off. 1-

2 g of Diatomaceous Earth (DE) (Sigma Aldrich) is then added to the particles to help stop 

them sticking during the freeze-drying processes. The mixture is placed in the freezer 

overnight. The mixture was then freeze dried (VirTis, AdVantage and AdVantage Plus, SP 

Industries) for over 24 hours. 

 

3.8. Strength of capsules  

From the methods discussed in Section 2.3., SoC methods which analyze capsules one 

at a time have their drawbacks. They cannot precisely represent the capsule mechanical 

strength in an emulsion of thousands of capsules by just measuring a few individual capsules.  

Using bulk capsule testing methods overcomes this as many capsules can be tested in one go.  

Therefore, in choosing which SoC method to use in this project, the methods based on single 

capsule compression were discarded.  

 It was decided, since the main capsules in this project contain AA, that AA capsule 

would be made and used for the SoC test. The capsules would be caused to rupture, and the pH 

of the CP would be monitored for low pH. Osmotic pressure tests tend to only be effective with 

weak capsules  (Gray, et al., 2016), therefore, that the technique was unsuitable for this study. 

From previous experiments completed in this study, using the described capsules in a 

centrifuge, the behavior exhibited by the capsules was for them to stick together rather that 

rupture. Therefore, making the centrifugal method undesirable also. The final method of 

shaking was also not feasible to complete at the time of this project due to equipment 
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difficulties. Consequently, SoC tests would be done using a different variation of bulk capsule 

testing. This method would use the pressure of varying flow rate to rupture the capsules.  

For the strength of capsules (SOC) tests, capsules containing 30% (w/w) AA were 

created by the method described in Section 3.6.1. 200 ml of distilled water was added to a glass 

beaker and placed on a magnetic stirrer at 250 RPM. A small flat disk mesh (of various pore 

sizes depending on the experiment being conducted) was cleaned by placing in a beaker with 

the detergent Teepol and a few ml of water. It was then placed in the ultrasonic bath for 5 

minutes to remove most of the oil. The mesh was then washed with hot water and placed back 

in the beaker with 2% (w/w) sodium hydroxide solution and was then heated to ~ 50 oC to 

remove any leftover oil and other substances. The beaker was then placed back in the ultrasonic 

bath for a further 5 minutes. The mesh was finally washed again with warm water and dried 

using compressed air.  

 

 

 

Figure 3.18. Experimental set-up of the SOC system. 
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The mesh was then placed inside the plastic housing with one of the following: glass 

beads (150-650 µm), filter paper, membrane filter (0.2-5 μm) or glass fiber paper depending 

on the experiment being performed. The created AA capsules (~ 2 g) were placed on top of the 

mesh inside the plastic housing. The housing was screwed together and attached to the 

peristaltic pump which cycles water from the glass beaker through the plastic housing (Figure 

3.18.). A pH meter was placed in the glass beaker to monitor the pH. The initial pH was 

recorded, and the pump was turned on at the first flow rate. The flow rate was then increased 

and for each flow rate the pH was measured. When the pH dropped significantly the capsules 

had broken and released the AA. This showed the strongest capsules by, the stronger the 

capsules the larger the flow rate needed to break them.  

 

3.9. Particle sizing 

To size the particles produced by the single and double emulsion two methods were 

used. The first was an optical method.  Images of each emulsion were taken by a camera on a 

microscope (GX Optical Microscopes, Model GXML3201) and the images were then analysed 

by the free image analysis software Image J (Appendix J). The average Feret diameter was 

found for over 100 droplets (Comunian, et al., 2014) from multiple images for each emulsion. 

This was to give a more accurate representation of the average droplet diameter. Coefficient of 

variance (CV) and span were calculated via Equations 3.21 and 3.22. respectively. 

 

𝐶𝑉 =
𝜎

�̅�
× 100 

 

(3.21) 

 𝑆𝑝𝑎𝑛 =
𝐷90 − 𝐷10

𝐷50
 (3.22) 

Where σ is standard deviation SD (µm), x̄ is the mean Feret diameter (µm), D50, D90 

and D10 are the cumulative diameters of the particles at 50%, 90% and 10% of the total 

measurements (µm). 

The second method analysed the particles using the Malvern Mastersizer 2000. Samples 

were measure by the machine three times with 10 seconds between each measurement and then 
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an average was calculated. Span (calculated from Equation 3.22.) and D50 were recorded as 

measurements of uniformity and average particle diameter.  

 

3.10. Turbidity  

The turbidity of the CP was measured using turbidity meter. The CP being measured 

was an aqueous solution of 10% (w/w) BG solution and 10% (w/w) GA solution mixed in the 

ratio of 1:1 with deionized water at TBPC of 3.3% (w/w) at the temperature of 37oC. 50 ml of 

the CP was stirred at 250 RPM and adjusted to the desired pH (between 5-3) to be measured.  

The turbidity meter was calibrated using the standard solutions. At each pH the solution 

was poured into the glass container, the glass container was then polished with the cleaning 

cloth and placed in the turbidity meter for measurement. The solution was measured three times 

using a new sample each time.  

 

3.11. Titration  

To determine the AA EE, titration was used based on a previously reported method 

(Comunian T. A., et al., 2013). Briefly, 50 mg of DCPIP was dissolved in 100 ml of hot water 

containing 42 mg of sodium bicarbonate. This was then filtered, using filter paper, and diluted 

with 200 ml of distilled water after cooling. The emulsions were titrated in a 1% (w/w) oxalic 

acid solution (5ml of emulsion in 20 ml of oxalic acid solution) and the amount of AA present 

in the CP was determined using a calibration graph (Appendix K).  

The equation for EE (%) is shown in Equation 3.23. EE is calculated by finding the 

fraction of AA that remained encapsulated within the water droplets after ME (Surh, et al., 

2007): 

 𝐸𝐸 =
𝑀𝑖 − 𝑀𝑒

𝑀𝑖
× 100 (3.23) 

Where Mi (kg) is the mass of AA originally placed in the W/O emulsion in the internal 

water droplets and Me (kg) is the mass of AA that can be found in the W/O/W emulsion’s 

external water phase after ME. 
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To Find the EE it is initially assumed that the amount of AA released from the inner 

water droplets is proportional to the amount of water that is released. It is also assumed that 

the AA is released when the W/O/W emulsion is forming. Therefore, the mass of AA initially 

present in the internal water droplets in the primary W/O emulsion can be expressed by 

Equation 3.24. 

 𝑀𝑖 = 𝐶𝑖𝑉𝑖 = 𝐶𝑖∅𝑊𝑂 × ∅𝑊𝑂𝑊 × 𝑉𝑊𝑂𝑊 (3.24) 

Where, Ci is the concentration of AA in the W/O emulsion’s internal water phase (%), 

Vi, is the volume of the internal water phase used to prepare the W/O emulsion (l), VWOW is 

the volume of the overall emulsion (l), ϕWO is the volume fraction of water droplets in the W/O 

emulsion and ϕWOW is the volume fraction of W/O droplets in the W/O/W emulsion.  

 The mass of AA that is then in the external water phase in the W/O/W emulsion after 

ME can then be found from Equation 3.25. 

𝑀𝑒 = 𝐶𝑒[𝑉𝑒 + (1 − 𝐸𝐸) × 𝑉𝑖] = 𝐶𝑒 × 𝑉𝑒[(1 − ∅𝑊𝑂𝑊) + (1 − 𝐸𝐸) × ∅𝑊𝑂 × ∅𝑊𝑂𝑊] (3.25) 

Where, Ce is the concentration of AA that is measured in the W/O/W emulsion’s 

external water phase after ME (%) and Ve the volume of the external water phase used to 

prepare the W/O/W emulsion. Finally, substituting Equations 3.24. and 3.25. into Equation 

3.23. gives Equation 3.26. 

 
100

1
1 




























−

−
−=

WOWOW

WOW

ei

e

CC

C
EE





 

(3.26) 

     

For this particular system used in this study, Ci = 10% w/w or 30% w/w, ϕWO =0.33, 

and ϕWOW =0.077. 
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4.  Single and double emulsion formation 

Chapter 4 focuses on the batch ME system with use of the DC and determining the 

parameters for transfer to the continuous system. 

 

4.1. Single emulsion (O/W) 

The single emulsion consisted of a DP of sunflower oil (3.4% v/v), of which 5 ml was 

injected per experiment and the CP was 140 ml of an aqueous solution of 2% (v/v) Tween 20. 

A 10 μm membrane pore size was used. 

 

4.1.1. Effects of shear stress at the surface of the membrane 

Droplet size of the single emulsion and how it is affected by different shear stresses 

produced by the stirrer was investigated. It was also investigated how dispersant injection rate 

ranging from 0.2-1.5 ml/min affected droplet size. The respective stirring speeds varied 

depending on the experiment being conducted.  

Figure 4.1.a. shows, droplet size ranged from 300-40 µm and the CV’s range from 10-

40%, with the most consistent CV being at 1.5 ml/min. The CV’s seem to show more 

consistency as the injecting rate increased, hence for the double emulsion experiments a flow 

rate of 3 ml/min will be used. A higher injecting rate than this could not be used as the 

membrane, as discussed in Section 3.6., is ringed, thus at a higher flow rate the flux would be 

too high. As the shear stress at the surface of the membrane increases the graph (Figure 4.1.a.) 

shows that the drop size decreases. This is due to the force balance between the capillary force 

keeping the droplet in place and the drag force caused by the shear stress. When the drag force 

exceeds the capillary force, the droplet will detach from the surface of the membrane. As shear 

stress increases the drag force on the droplet will increase. This results in the drag force being 

more likely to overcome the capillary force faster resulting in the droplet detaching when it is 

small in size (Dragosavac, et al., 2008). This is also supported by micrographs taken shown in 

Figure 4.1.b. for the flow rate at 1.5 ml/min.  

The graph also shows as the flow rate increases the droplet size also increases. When 

the flow rate increases from 0.2 to 1.5 ml/min, more DP is injected through the pores in the 

membrane for a given time. Therefore, at a certain shear stress a droplet injected at 1.5 ml/min 
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will be larger than one injected at 0.2 ml/min at the point in which the drag force overcomes 

the capillary force. An example of this is shown in Figure 4.1.a., at 870 RPM (8.6 Pa) the drop 

size for the flow rates 0.2, 0.5, 1 and 1.5 ml/min are 39, 41, 53, 61 µm respectively. It should 

be noted here that the effect of flow rate decreases at high shear stresses as the shear stress 

detaches the droplet before the flow rate can make a difference on drop size. This can be seen 

on Figure 4.1.a. at 12.7 and 17.2 Pa the Feret diameters are closer in value for the different 

flow rates compared with the Feret diameter at 2.2 Pa.  

The model seems to fit well with the data and is more likely to fit better with the lower 

flow rates rather than the higher as the equation (Equation 3.1.) discussed in Section 3.5 does 

not account for the dispersant injection flow rate (flux). Therefore, it is considered to be zero 

(Dragosavac, et al., 2008). An example of this (Figure 4.1.a.) is at 2.2 Pa where the model 

prediction of drop size is 87 µm and the drop size for 0.2 ml/min is 86 µm but at 1 ml/min the 

drop size is 131 µm. However, as discussed above at the higher shear stresses, the effect of 

flow rate diminishes and, in some cases, could be considered close to zero. Therefore, at these 

high flow rates the data will also fit with the model. This can be seen on Figure 4.1.a. at 12.7 

and 17.2 Pa with all the data points for each flow rate being closer to the model line unlike at 

2.2 Pa where the data point for 1.5 ml/min is a lot higher meaning the droplets were larger than 

predicted.  

 

a)   
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b) 

 

 

 

 

Figure 4.1. a) Graph showing the effect on droplet size (µm) by the increase in shear 

stress (Pa) and injection rate (ml/min) compared with model for predicting 

droplet size. Dispersant sunflower oil 3.4% (v/v), CP 2% (v/v) Tween 20. 

Error bars represent the ± SD of the measurements with the data point 

representing an average value of 3 or more repetitions.  b) Micrographs of 

droplets at different shear stresses with CV, injecting rate 1.5 ml/min. CV is 

an average of 3 or more repetitions.  

 

It is worth considering here if the stirrer in the DC, which creates the shear stress at the 

surface of the membrane (Section 3.6.1), itself influences droplet size after the droplets have 

been formed. In other words, can shear forces created by the stirrer, that are applied to the 

droplets as they are being stirred in the glass tube of the DC, cause the droplets to break down 

after formation. Figure 4.1.b. shows the calculated (Equation 3.21) CV’s of the emulsion 

produced at 1.5 ml/min flowrate. CV is an expression of droplet uniformity; with a lower CV 

the emulsion droplets are more monodisperse. When the stirrer stirs faster, shear stress 

increases. Therefore, if the stirrer is affecting droplet size after droplet production the CV 

would increase due to an increase in shear stress. The shear stress would break down the 

droplets after formation meaning the emulsion would become more polydisperse as the 

breaking down would be uncontrolled. From Figure 4.1.b. where the flow rate is 1.5 ml/min it 



89 
 

can be seen that CV does increase slightly with an increase in shear stress from 18% at 0.3 Pa 

to 29% at 8.6 Pa and remains around the constant value of 26% up until 17.2 Pa. However, this 

increase is not large therefore it can be considered that there potentially is a low to insignificant 

effect on droplet size from the stirrer up until a point (in this case the measured value of 8.6 

Pa). After this point the effect appears negligible with higher shear stresses.  

The droplets at the higher shear stresses are quite small with droplet size being 45 μm 

at 17.2 Pa for 1.5 ml/min flow rate. Hence it could be considered that the stirrer would influence 

larger droplet sizes i.e. low shear stresses. In this study it can be identified from Figure 4.1. for 

1.5 ml/min at 0.3 Pa the droplet size is 278 μm and the CV of the droplets is 18%. At 17.2 Pa 

the droplet size is 45 μm and the CV is 26%. The CV is lower at the larger droplet size, if the 

stirrer affected the droplet size it would be expected that the CV would be larger. Consequently, 

it can be assumed for the single emulsion the stirrer does not affect droplet size for larger 

droplets.  

Research done by Stillwell M. T., et al., (2007) has suggested that high CP viscosity 

(37 cP) can cause droplet breakage by the stirrer. The viscosity of the CP used in the single 

emulsion in this study is 1.01 mPas (1cP = 1mPas) which is a lot lower suggesting further that 

the effects of the stirrer in the formation of this emulsion is low to negligible. More experiments 

need to be done to confirm this further. 

  

4.2. Double Emulsion (W/O/W) 

The double emulsion consisted of a DP of a primary emulsion (See section 3.6.1.3.) of 

which 6.2 ml was injected per experiment. The CP started as an aqueous solution of 10% (w/w) 

G solution and 10% (w/w) GA solution mixed in the ratio of 1.5:1 with deionized water TBPC 

3.3% (w/w). the CP then moved on to be an aqueous solution of 10% (w/w) BG solution and 

10% (w/w) GA solution mixed in the ratio of 1:1 with deionized water TBPC 3.3% (w/w).  

 

4.2.1. General grade gelatin 

The first set of experiments were completed with general grade gelatin (G). 
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4.2.1.1. Effect of capsule production over time 

Droplet size and how it is affected by the capsule production over time is investigated 

in Figure 4.2. The CP was created with G and GA at ratio of G:GA of 1.5:1 with a TBPC 3.3% 

(w/w). The DP was a primary emulsion (7.7% v/v) consisting of sunflower oil and water in a 

2:1 ratio. In Figures 4.2 a and b, the stirring speed and injection rate remained constant at 620 

RPM and 1.5 ml/min respectively. In Figures 4.2 c and d, the stirring speed and injection rate 

were 870 RPM and 0.2 ml/min respectively. The membrane was 10 μm in pore size throughout. 
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Figure 4.2. a) Graph showing the effect on droplet size over time.  b) Graph showing the 

effect on CV of droplet production over time. Injection rate 1.5 ml/min, 

stirring speed 620 RPM, dispersant 7.7% (v/v) (W/O), G:GA 1.5:1. Error 

bars represent the ± SD of the measurements with the data point representing 

an average value of 3 or more repetitions. c) Graph showing the effect on 

droplet size over time.  d) Graph showing the effect on CV of droplet 

production over time. Injection rate 0.2 ml/min, stirring speed 870 RPM, 

dispersant 7.7% (v/v) (W/O), G:GA 1.5:1, TBPC 3.3% (w/w). Error bars 

represent the ± SD of the measurements with the data point representing an 

average value of 3 or more repetitions.   
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For both 1.5 ml/min and 0.2 ml/min Figure 4.2. shows that there is not much significant 

deviation in droplet size or CV over time, with the average size being 92 μm CV 27% and 57 

μm CV 21% respectively. This is good for different capsule production processes as it shows 

that the formula is stable. If it were not there would be a positive correlation of drop size and 

span over time as the capsules expand and coalesce. 

Graphs a and c (Figure 4.2.) also shows that as the flow rate increases the drop size also 

increases at low shear stresses by the difference in the average droplet sizes as discussed in 

Section 4.1.1. Briefly, at low shear, when the flow rate increases from 0.2 to 1.5 ml/min, more 

dispersant is injected through the pores in the membrane for a given time. Therefore, at a certain 

low shear stress a droplet injected at 1.5 ml/min will be larger than one injected at 0.2 ml/min 

at the point in which the drag force overcomes the capillary force. At higher shear stresses the 

effect of flow rate can be considered negligible.  

 

4.2.1.2. Effects of production conditions on capsule uniformity 

Experiments were done to find conditions, which gave the lowest span. Span shows 

droplet uniformity with a lower span meaning the droplets are more uniform. The CP was 

created with G and GA at ratio of G:GA of 1.5:1 with a TBPC that varied depending on the 

experiment being done (3.3, 4, 9.8%). The surfactants SDS and Tween 20 (0.01% v/v) were 

added to the CP in certain experiments. The DP was a primary emulsion (7.7% v/v) consisting 

of water and sunflower oil in a ratio (1:3. 2:1, 1:2, 3:1), which varied depending on the 

experiment being completed. PGPR, in a percentage of 4 or 6% (w/w), also changed depending 

on the experiment being completed. The stirring speed and injection rate remained constant at 

870 RPM and 1.5 ml/min respectively. The membrane was 10 μm in pore size. 

Figure 4.3.a. shows that for most of the conditions the span remain relatively constant 

around the 0.7 mark. However, the conditions which caused the biggest span were a. (ratio of 

water to oil of 3:1, TBPC 3.3% (w/w), 4% PGPR (w/w)) and b. (addition of 0.01% (w/w)  

Tween 20, 4% (w/w) PGPR, TBPC 3.3% (w/w)).  In the first case (ratio of water to oil of 3:1, 

TBPC 3.3% (w/w), 4% (w/w) PGPR) the span was 13. This could be attributed to the TBPC 

being only 3.3% (w/w) and the ratio of water to oil being 3:1. There was a lot more water in 

this combination in the DP than in the other combinations. At the 3:1 water to oil ratio it would 

make the primary emulsion O/W rather than W/O which isn’t what is desired. This could dilute 
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down any stabilizing components in the system such as the gelatin. Gelatin is shown in Section 

4.2.2.2. to produce on its own, smaller drop sizes and span than GA on its own, close to the 

G:GA mix.  

 

 

 

 

 

Figure 4.3. a) Graph showing the effect of different production conditions on span. b) 

micrograph of ratio of water to oil of 3:1, TBPC 3.3% (w/w), 4% (w/w) 

PGPR. Injection rate 1.5ml/min, stirring speed 1390 RPM, dispersant 7.7% 

(v/v) (W/O) G:GA 1.5:1. Micrograph also includes ruptured capsule.  
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There is also the osmotic pressure (Wen & Papadopoulos, 2001). If the concentration 

inside the droplets is a lot less than that of the CP, water will move into the droplets causing 

the capsules to rupture. This can be seen occurring under the microscope as shown in Figure 4 

.3.b. In the case of the second highest span (addition of Tween 20) the span was 5. This could 

be due to the type of surfactant having an effect on the formula. Unlike SDS which is anionic 

(negatively charged) Tween 20 is nonionic (no charge) (Rosen, et al., 2012). 

Figure 4.4. shows the difference between using PGPR in the primary emulsion and not 

doing so. As can be seen in Figure 4.4c., the primary emulsion contains droplets that are a lot 

finer with the uses of the 4% (w/w) PGPR than Figure 4.4.a. where PGPR is not present. This 

is shown by the difference in emulsion droplet sizes between the two figures. The finer 

emulsion, when used to create a double emulsion (Figures 4.4.d.), will produce droplets densely 

packed with active ingredient (the darker droplets in Figure 4.4.d.). If no PGPR is used in the 

double emulsion, droplets will contain less primary emulsion and consequently less active 

ingredient (shown by the no as dark droplets in Figure 4.4.b.).   

This is useful depending on the application which the emulsion is being applied to. If a 

lighter loading of active ingredient inside the capsules or larger droplets of primary emulsion 

inside the capsule (Figure 4.4.b.) is desired, then use no PGPR in the primary emulsion. If 

maximum capsule packing is desired (Figure 4.4.d.) then 4% (w/w) PGPR can be used. For 

this project it was desired to test EE of the capsules therefore maximum packing in the capsules 

is wanted and PGPR was used.  

From the results, of these experiments it was decided to continue with 4% (w/w) PGPR. 

Literature states that up to 6% (w/w) PGPR can be used (Killian & Coupland, 2012) . However, 

the results shown in Figure 4.3.a. illustrate that not much difference to the stability is achieved 

with the addition of the extra PGPR. This is shown by the similarity in span values. The more 

stable a capsule, the lower the span value i.e. if the stability worsened the span values would 

be greater but since the span values are similar, the stability is roughly the same. Hence the use 

of a lesser amount of PGPR was used as it saves resources. The oil: water ratio chosen was 2:1. 

The extra oil in the 3:1 ratio again like with the extra PGPR didn’t make much improvement 

to stability. Therefore, the lesser amount again was picked to conserve resources. The TBPC 

was chosen to be 3.3% (w/w).  Section 4.2.2.3. details the main reasons for this option.  
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Figure 4.4. Micrographs showing the effect of PGPR in the DP on capsule loading. 

Injection rate 1.5 ml/min, stirring speed 870 RPM, TBPC 3.3% (w/w), 

dispersant 7.7% (v/v) (W/O) G:GA 1.5:1. a) shows the primary (W/O) 

emulsion when no PGPR is present. b) shows the capsules created by ME in 

the DC when no PGPR is present. c) shows the primary (W/O) emulsion 

when PPR is present. d) shows the capsules created by ME in the DC when 

PGPR is present.  

 

 

4.2.1.3. Effects of capsule production in a water bath 

One of the properties of gelatin is that it solidifies at room temperature. This can be 

problematic for longer experiments as it would affect the homogenous status of the CP. The 

solidified gelatin can also cause blockages in the DC tubing and the pores of the membrane.  

Experiments were done to deduce whether there was any effect on the droplet size by 

completing the same experiment twice. Once by placing the DC inside a water bath at 37oC 

(around body temperature) and once with the DC on the bench open to room temperature. The 
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CP was created with G and GA at ratio of G:GA of 1.5:1 with a TBPC of 3.3% (w/w). The DP 

was a primary emulsion (7.7% v/v) consisting of water and sunflower oil in a ratio 1:2 and 4% 

(w/w) PGPR. The stirring speed varied depending on the experiment being performed and 

injection rate remained constant at 1.5 ml/min. The membrane was 10 μm in pore size. 

 

 

 

Figure 4.5. Graph showing the effect of capsule production in a water bath on droplet 

size. Injection rate 1.5ml/min, dispersant 7.7% (v/v) (W/O), G:GA 1.5:1, 

TBPC 3.3% (w/w). Error bars represent the ± SD of the measurements with 

the data point representing an average value of 3 or more repetitions.   

 

 

As can be seen in Figure 4.5. there is not any significant difference between the drop 

size from the experiments completed in the 37oC water bath and the experiment completed at 

room temperature. With both experiments producing droplets around 90 μm and the reported 

droplet sizes are within the error bars of each experiment.  Therefore, all experiments involving 

gelatin, using the DC, from that point were completed in a 37oC water bath. This was to make 

sure the gelatin solution was completely liquid, so the CP is homogenous and there are no 

blockages in the process. 
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4.2.1.4. Comparison of D50 and Feret diameter  

To measure the droplet diameter, images were made under a microscope and a free 

software ImageJ (Appendix J) was used to analyse the images. An average Feret diameter was 

found for over 100 droplets for each experiment. However, there are a lot more droplets than 

this in an emulsion. The optical analysis of droplet diameter only gives a small snapshot, so 

another method was investigated for the droplet analysis. 

 

 

 

Figure 4.6. Graph showing a comparison of data analysis between microscope with 

Image J and the Malvern Mastersizer 2000. Injection rate 1.5 ml/min, 

dispersant 7.7% (v/v) (W/O), G:GA 1.5:1, TBPC 3.3% (w/w). Error bars 

represent the ± SD of the measurements with the data point representing an 

average value of 3 or more repetitions.   

 

 

 Since the emulsions are either O/W or W/O/W, experiments were done to deduce 

whether there was any effect on the droplet size. This was done by completing the same 

experiments but analysis the results in two different ways. The first way was using the 

microscope images and ImageJ, the second was using the Malvern Mastersizer 2000. The CP 

was created with G and GA at ratio of G:GA of 1.5:1 with a TBPC of 3.3% (w/w). The DP was 

a primary emulsion (7.7% v/v) consisting of water and sunflower oil in a ratio 1:2 and 4% 

(w/w) PGPR. The stirring speed varied depending on the experiment being performed and 

injection rate remained constant at 1.5 ml/min. The membrane was 10 μm in pore size. 
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Figure 4.6. shows the comparison between the results from the microscope/ImageJ 

analysis and the Malvern Mastersizer 2000. The Malvern results show the cumulative 

diameters at 10 (D10), 50 (D50) and 90% (D90) of the total measurements. The results show that 

D50 (cumulative diameter at 50% of the total measurements) to be the best match to the Feret 

diameter found from the microscope method. For example, at 870 RPM the D50 is 73 μm and 

the Feret diameter is 68μm. Another example is at 1120 RPM, D50 is 57μm and the Feret 

diameter is 56 μm. The results are consistent and within error of each experiment. Thus, to 

improve the accuracy of future results and to improve time efficiency, the Malvern Mastersizer 

2000 would be used for droplet diameter measurements and span. The Malvern Mastersizer 

2000 can measure significantly more droplets at one time compared to the microscope images. 

The analysis of results is also faster using the Malvern Mastersizer 2000.  

 

4.2.1.5. Comparison of 10 and 15 μm membranes 

The membrane being used in the DC was a stainless-steel flat disc ringed membrane 

with a pore size of 10 μm. However, even by following the cleaning procedure in Section 

3.6.1.1. the membrane pores were constantly clogged up with the emulsion. This caused 

uniformity issues when used again to create emulsions. Therefore, this membrane was 

exchanged for a 15 μm pore size flat disc stainless-steel ringed membrane.  

Figure 4.7. shows a comparison in droplet size between the two membranes. The CP 

was created with G and GA at ratio of G:GA of 1.5:1 with a TBPC of 3.3% (w/w). The DP was 

a primary emulsion (7.7% v/v) consisting of water and sunflower oil in a ratio 1:2 and 4% 

(w/w) PGPR. The stirring speed varied depending on the experiment being performed and 

injection rate remained constant at 3 ml/min.  Both sets of results follow the same trend as 

expected. As RPM increases and thus shear stress at the surface of the membrane increases, 

drop size decreases as shown by all the drop size versus shear stress/ RPM experiments, the 

explanation of which is stated in Section 4.1.1. To briefly summarise the explanation is based 

on the force balance between the capillary force keeping the droplet in place and the drag force 

caused by the shear stress from the RPM. The 15 μm membrane created consistently larger 

droplets for each of the measured RPMs compared with the 10 μm membrane. This is an 

expected result. An example, for 1120 RPM the 10 μm membrane gave a droplet diameter of 

51 μm and the 15 μm pore sized membrane gave a diameter of 68 μm. A larger pore size meant 

more DP can move through the pore at once leading to larger droplets being created per unit of 

time.  
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Figure 4.7. Graph showing the effect of the use of different membrane pore sizes and 

different types of gelatin in the CP on droplet size. Injection rate 3ml/min 

and 1.5 ml.min, dispersant 7.7% (v/v) (W/O), G:GA 1.5:1, BG:GA 1:1 

TBPC 3.3% (w/w).  

 

4.2.2. Bovine gelatin 

The experiments so far were accomplished with G. However, when completing CC 

(process described in Section 3.6.1.5.) to create capsules it was found that shells did not form. 

Therefore, to try and get the shells to form a different gelatin was tried. This was BG. Figure 

4.7. shows a comparison between droplet size from the use of G and BG. The CP was created 

with G/BG and GA at ratio of G:GA of 1.5:1 and BG:GA 1:1 with a TBPC of 3.3% (w/w). The 

DP was a primary emulsion (7.7% v/v) consisting of water and sunflower oil in a ratio 1:2 and 

4% (w/w) PGPR. The stirring speed varied depending on the experiment being performed and 

injection rate remained constant at 3 ml/min. The membrane was 15 μm in pore size. 

The graph in Figure 4.7. shows that, the results from the experiment completed using 

BG follow the same trend and do not differ significantly in value from those produced from 

the use of the general grade gelatin. For example, at 1120 RPM the D50 of the BG is 66 μm and 

the D50 of the G is 68 μm 

Figure 4.8. shows how droplet size of the W/O/W (0% AA), produced by a 15 µm 

membrane in the DC, is affected by different shear stresses at the surface of the membrane 
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produced by the stirrer. As well as different injection rates ranging from 0.5 – 3 ml/min which 

correspond to a flux range of 24562-147000 Lm-2h-1. For the shear range of 0.34 to 53 Pa, the 

drop size ranged from 330 to 60 µm while the spans ranged from 1 to 0.65. The drop size 

decreases as the shear stress at the surface of the membrane increases. This response is 

predicted by the force balance model between the capillary force keeping the droplet in place 

and the drag force caused by the shear stress, Equation 3.1. For further explanation see Section 

4.1.1.  

 

 

 

Figure 4.8. Graph showing the effect on droplet size (µm) by the increase in shear stress 

(Pa) and injection rate (ml/min) compared with model for predicting droplet 

size. Insert: Graph showing the effect on span by the increase in shear stress 

and injected flux compared with model for predicting droplet size. 

Dispersant 7.7% (v/v), 0%, 10% and 30% (w/w) AA solutions, BG:GA 1:1, 

TBPC 3.3% (w/w). Error bars represent the ± SD of the measurements with 

the data point representing an average value of 3 or more repetitions.   

 

 

The span for the W/O/W (0% AA) emulsion is quite large at lower shear (insert graph 

Figure 4.8.). For example, at 0.34 Pa the span is 1 and the droplet size is 334 µm, but at 53 Pa 
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the droplet size is 58 µm and the span is 0.86. This behavior has been observed before, as the 

larger droplet sizes are unstable and tend to coalesce. They are thermodynamically unstable 

(Karbstein & Schubert , 1995), creating a relatively wide drop size distribution and thus a larger 

span (Kosvintsev, et al.,2005).  

The uniformity of droplets is determined by span, the lower the span the more uniform 

the droplets (Section 4.2.1.2.). As with Section 4.1.1, it is worth considering here if the stirrer 

in the DC itself has an effect on droplet size after the droplets have been formed with the 

W/O/W emulsions (0% AA) and this large span (1) at 0.34 PA could be from the droplets 

breaking down due to shear from the stirrer because the droplets are larger (i.e. low shear). In 

Section 4.1.1., it was concluded that the stirrer had a negligible effect on larger droplet sizes 

because the CV increased as the droplet sizes decreased. If the stirrer did have an effect it 

would be expected that the CV would decrease as the droplet sizes decreased. In the graph 

insert of Figure 4.8., span does decrease (1 at 0.34 Pa to 0.67 at 28 Pa) as shear stress increases 

and droplet size decreases (334 µm to 66 μm) suggesting that the stirrer does have an effect. 

However, since the stirrer did not seem to affect the single emulsion in Section 4.1.1. it could 

be concluded that the stirrer may influence droplet size for large droplets, but the high span is 

most likely due to the droplet stability described above.  

For larger shear stresses it can be seen from the insert graph in Figure 4.8. for the 

W/O/W emulsion (0% AA) that span does increase slightly with an increase in shear stress 

from 0.67 at 28 Pa to 0.86 at 53. Nonetheless, this increase is not large therefore it can be 

considered, like in Section 4.1.1., that there is a low to insignificant effect on droplet size from 

the stirrer with higher shear stresses. Again, more experiments need to be done to confirm this 

further. 

As mentioned in Section 4.1.1., research done by Stillwell, et al., (2007) has suggested 

that high CP viscosity (37 cP) can cause droplet breakage by the stirrer. The viscosity of the 

CP used in the W/O/W emulsions (0% AA) in this study is 7.7 mPas. This is not as low as with 

the single emulsion in Section 4.1.1. (1.01 mPas but it is a lot lower that 37 cP used in the 

research by Stillwell, et al., (2007). This again suggests that the effects of the stirrer in the 

formation of the W/O/W (0% AA) emulsion is low to negligible. More experiments need to be 

done to confirm this further. 
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4.2.2.1. Addition of Ascorbic Acid 

The static equilibrium interfacial tension was measured by the process described in 

Appendix G. When 10% (w/w) AA solution was used in the primary W/O emulsion, the 

interfacial tension (shown in Table 4.1.) increased from 4.8 (without acid) to 7.7 mN m-1. Then 

the interfacial tension decreased to 6.7 mN m-1 with the 30% (w/w) AA solution. This fact 

implies that the droplet size should increase with the addition of the 30% (w/w) AA solution 

compared to drops formed without AA in the internal aqueous phase. The droplet size should 

increase even further in the case of the addition of the 10% (w/w) AA solution for a given shear 

stress. This is supported by Figure 4.8. At a shear stress of 18.2 Pa, the droplet size without 

AA is 77 µm. It is 96 µm when using 30% (w/w) AA solution and 102 µm with 10% (w/w) 

AA solution. These interfacial tensions are probably due to the presence of the internal 

surfactant PGPR and how it is distributed within the sunflower oil with different internal 

aqueous phase concentrations. 

 

Table 4.1. Static equilibrium interfacial tension between the dispersant and the CP.  

Injection rate 3ml/min, stirring speed 870 RPM, Dispersant 7.7% (v/v), 0%, 10% 

and 30% (w/w) AA solutions, BG:GA 1:1, TBPC 3.3% (w/w). Error represent 

the ± SD of the measurements with the data point representing an average value 

of 3 or more repetitions. 

 

 

 

Average 

Runs 

(mN/m) 

AA 10% 7.7 ± 0.1 

AA 30% 6.7 ± 0.3 

AA 0% 4.8 ± 0.2 
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Figure 4.8. also shows that at a fixed shear stress, the drop size increases as the injected 

flux rate of the DP increases. When the injected flux is higher, a larger amount of the DP is 

injected through the membrane pores per unit time. At a fixed value of shear stress, at the 

moment of droplet detachment when the drag force overcomes the capillary force, a droplet 

formed at a higher flux rate will be larger than one generated at a lower injection rate. When 

the injected flow rate of the 30% (w/w) AA solution was changed from 0.5 to 3 ml/min (flux 

24562 to147000 L m-2 h-1), the mean drop size increased from 76 to 102 µm at a fixed shear 

stress of 18.2 Pa (Figure 4.8.). It should be noted again (as stated in Section 4.1.1.) that the 

effect of flow rate decreases at high shear stresses as the shear stress detaches the droplet before 

the flow rate can make a difference on drop size. This can be seen in Figure 4.8., for 10% AA 

at 3.7 Pa, the droplet size at flow rate 0.5 ml/min is 147 μm compared with 210 μm for 3 

ml/min. At 53 Pa for 10% AA the droplet size is 53 μm at 0.5 ml/min and 58 μm at 3 ml/min.   

As previously stated throughout this chapter and Section 3.5., the model described by 

Equation 3.1. does not take into account the injection flow. It should, therefore, be regarded as 

an indication of the smallest drop size that can be produced at the lowest injection flux. Noting 

again as in Section 4.1.1.  at the higher shear stresses, the effect of flow rate diminishes and in 

some cases could be considered close to zero. Therefore, at these high flow rates the data will 

also fit better with the model. Combining Equations 3.1 and 3.7 together with the known 

injection flux (147000 Lm-2h-1) and no AA was present. Assuming membrane pore utilisation 

of 50% it is possible to work out approximately the drop formation time. It can be found that 

this time decreases from 150 milliseconds when operating at 3.7 Pa shear (370 rpm stirrer 

speed) to 7 milliseconds when operating at 53 Pa (1600 rpm). This significantly lower drop 

formation time with respect to shear (stirrer speed) appears to be a sensible result.  

The span is most consistent (0.63 to 0.66) for all the DPs at 18.2 Pa, hence the 

corresponding stirrer speed (870 RPM) was selected for use in the other experiments requiring 

constant shear stress.  

 

4.2.2.2. Effects of changes to the polymer ratio in the continuous phase 

Droplet size and how it is affected by the components in the CP is looked at in Figure 

4.9.a. The CP was created with BG and GA at a TBPC of 3.3% (w/w) and a ratio of BG:GA of 

1:1. For the cases of a CP consisting of BG or GA alone, deionised water replaced the other 

component in the system. The DP was a primary emulsion (7.7% v/v) consisting of sunflower 
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oil and water in a 2:1 ratio. Stirring speed and injection rate remained constant at 870 RPM and 

3 ml/min respectively.  

Droplet size and span are very similar for BG and BG+GA with their D50 and span 

being 62 µm, 0.47 and 63 µm, 0.55 respectively according to Figure 5.9.a. However, for GA 

the D50 and span were considerably larger being 130µm and 1.1 respectively. A similar 

experiment done by Piacentini, et al., (2013) has agreeing results. They related the difference 

in drop size down to interfacial tension, with GA having a larger interfacial tension compared 

with in their case fish gelatin. This is because according to Equation 3.1. a higher interfacial 

tension will result in larger droplets being produced. In their experiment they used a single 

emulsion consisting of fish gelatin with GA and a dispersant of sunflower oil. The components 

are slightly different (in this projects case BG was used not fish gelatin) between the 

experiments done by Piacentini, et al., (2013) and Figure 4.9.a. Though, it is believed that the 

explanation behind both results would be similar. Further interfacial tension experiments could 

be done in the future to prove this further. 

a)  
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b) 

 

 

Figure 4.9. a) Graph showing the effect of different components in the CP on droplet 

size and span. Error bars represent the ± SD of the measurements with the 

data point representing an average value of 3 or more repetitions.  b) Graph 

showing the effect of different ratios of BG to GA on droplet size and span. 

Injection rate 3ml/min, stirring speed 870 RPM, TBPC 3.3% (w/w), 

dispersant 7.7% (v/v) (W/O). Error bars represent the ± SD of the 

measurements with the data point representing an average value of 3 or more 

repetitions.   

 

The span of GA is large than of BG and GA+BG most likely due to the large difference 

in drop size. Larger droplets, as discussed previously, have a tendency to be unstable and 

coalesce which would result in a variance in drop size uniformity and thus a larger span 

(Kosvintsev, et al., 2005). 
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Droplet size and how it is affected by the ratio of the components in the CP is looked 

at in Figure 4.9.b. The CP was again created with BG and GA with a TBPC of 3.3% (w/w), 

however the ratio of BG to GA was varied. The span remains for all the ratios around 0.65-

0.75 and the drop size remained around 80-90 µm. 

The results in Figure 4.9.b. again agreed with a similar experiment done by Piacentini, 

et al., (2013). The change in ratio of the components in the CP not significantly affecting the 

drop size and span. They put this occurrence once more down to the interfacial tension. They 

denoted that the interfacial tension between the dispersant and CP was similar for all different 

ratios of fish gelatin to gum arabic tested. It is therefore believed this is similar in the case of 

Figure 4.9.b. but more experiments can be done to confirm this. 

 

4.2.2.3. Effects of total biopolymer concentration   

Droplet size and how it is affected by the CP TBPC is looked at in Figure 4.10. The CP 

was created with 10% (w/w) BG and 10% (w/w) GA at ratio of BG:GA of 1:1. The DP was a 

primary emulsion (7.7% v/v) consisting of sunflower oil and water in a 2:1 ratio. Stirring speed 

and injection rate remained constant at 870 RPM and 3 ml/min respectively.  

Figure 4.10. shows that as TBPC increases from 1% (w/w) to 10% (w/w), the drop size 

decreases from 85.8 µm to 74.5 µm. This is in agreement with results found by Rocha-Selmi, 

et al., (2013) and Santos M. G., et al., (2015). The change in drop size is again most likely due 

to the explanation in Section 4.2.2.2. of interfacial tension. In the paper by Piacentini, et al., 

(2013) the interfacial tension between the sunflower oil and the CP decreases with an increase 

in the TBPC of the CP. Hence, the decrease in drop size. According to the work done by 

Stillwell, et al., (2007) using flat disc membrane in a stirrerd cell, as the CP viscosity increased 

droplet size decreased like the resuslts shown in Figure 4.10. The paper by Lloyd, et al., (2014), 

states that previous research with a rotating membrane that the droplet size decreased with a 

more viscous CP stating this is because the drag force increases in a directly proportional 

manner with CP viscosity. However, the results Lloyd, et al., (2014) found with their 

experimets was that droplet size increased with CP viscosity. They put this down to coalesence 

from the movement of the droplets in the CP. When a more viscous CP was used the droplets 

cannot easily move away from the membrane surface because of the forces acting upon it due 

to the CP’s visocity. Therfore increasing the likelyhood of droplet coalescence.   



107 
 

The span decreases slightly from 0.74 to 0.68 in Figure 4.10. as the TBPC increases 

from 1-10% (w/w). This slight change could be due to more polymer molecules being present 

in the CP with the increase in TBPC that can cover the emulsion droplets as they form to 

prevent them from coalescing.  

  

 

 

Figure 4.10. Graph showing the effect of TBPC on droplet size and span. Injection rate 

3ml/min, stirring speed 870 RPM, dispersant 7.7% (v/v) (W/O), BG:GA 1:1. 

Error bars represent the ± SD of the measurements with the data point 

representing an average value of 3 or more repetitions.   

 

 
3.3% (w/w) was selected as the primary TBPC. This was because 1% created a W/O/W 

emulsion which was very unstable and 10% (w/w) even though it created the lowest span it did 

not create a shell with CC. High concentration does not produce a capsule shell due to the 

blocking of the electrostatic forces of attraction between the two polymers. This is from a build-

up of ions around the polyelectrolyte surface. As the TBPC increases there is also an increase 
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in the areas where the electrostatic attraction can take place thus more complexes form. In this 

instance however more counter ions are formed. When released into the solution they decrease 

the derby length and interrupt the electrostatic attraction of the two polymers (Weinbreck, et 

al., 2003; Priftis & Tirrell, 2012). 

 

4.2.2.4. Effects of addition of SDS into the continuous phase 

Literature states that as SDS added to the CP, in increasing concentration, the size of 

the emulsion droplets will decrease (van der Graaf, et al., 2004). This is in agreement with 

Figure 4.11.a. as the drop size decreased from 83.1 µm to 23.8 µm as the concentration of SDS 

increased from 0.01% to 1% (w/w). This again has been attributed to the surface tension 

(Dragosavac, et al., 2008) and Equation 3.1.  

Table 4.2. shows that the static equilibrium interfacial tension between the single (W/O) 

emulsion, consisting of a solution of 10% (w/w) AA, and the CP consisting of a 1:1 ratio of 

BG:GA decreases with the increase in concentration of SDS. The static equilibrium interfacial 

tension was measured by the process described in Appendix G. 

The CMC of SDS at 25oC is normally 0.25% (w/w) (Piacentini, et al., 2013). After 

which the interfacial tension remains constant. However, as shown in Table 4.2., as the 

concentration of SDS increases from 0.25% to 1% (w/w) the interfacial tension does decrease 

further from 1 to 0.3 mN m-1. This is because the experiments are done at 40oC, to make sure 

the BG is in a liquid state, and the CMC of SDS increases with temperature (Noudeh, et al., 

2007). The decrease in drop size at the same shear stress is caused by the addition of SDS. This 

is very useful if this emulsion production technique was to be applied to products that have 

shear sensitive components as the drop size could be altered without the alteration to the shear 

stress. 

The span does increase slightly from 0.63 to 0.78. This increase is so slight it can be 

assumed that the uniformity of the droplets is unaffected by the addition of SDS.  

The concentration of SDS does however affect the CC process. At a concentration of 

1% (w/w) SDS no shell was observed (Figure 4.12.). This could be to do with the SDS being 

an anionic surfactant and the process of CC involves the positive and negative attraction of 

polymers. The SDS molecules could be attracted instead of the other negatively charged 

polymer (this case GA) and thus inhibit the formation of coacervates. 
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Figure 4.11. a) Graph showing the effect of the addition of different SDS concentrations 

on droplet size.  b) Graph showing the effect of the addition of different SDS 

concentrations on span. Injection rate 3ml/min, stirring speed 870 RPM, 

dispersant 7.7% (v/v), 10% (w/w) AA solution, BG:GA 1:1, TBPC 3.3% 

(w/w). 
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Table 4.2. Static equilibrium Interfacial tension between the dispersant and the CP. Injection 

rate 3ml/min, stirring speed 870 RPM, Dispersant 7.7% (v/v), 10% (w/w) AA 

solution, BG:GA 1:1 with SDS, TBPC 3.3% (w/w). Error represent the ± SD of 

the measurements with the data point representing an average value of 3 or more 

repetitions. 

 

 

 

Average 

Run 

(mN/m) 

SDS 1%, AA 10% 0.3 ± 0.1 

SDS 0.01%, AA 10% 3.6 ± 0.1 

SDS 0.25%, AA 10% 1 ± 0.1 

 

 

 

 

 

 

 

Figure 4.12. Micrographs showing the effect of SDS in the CP on shell thickness. 

Injection rate 3ml/min, stirring speed 870 RPM, cooling stirring speed 250 

RPM, TBPC 3.3% (w/w), dispersant 7.7% (v/v) (10% w/w AA /O) BG:GA 

1:1. 
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Max Oil (%) 

4.2.2.5. Maximum injectable dispersed phase  

It was investigated whether the amount of dispersant injected would affect the droplet 

size produced by ME at a constant stirrer speed of 870 RPM. A CP of 1:1 BG:GA was used 

and a single emulsion of 2:1 sunflower oil to a solution of 10% (w/w) AA was injected at a 

constant rate of 3 ml/min up to 40% (w/w). The results are shown in Figure 4.13.  

 

 

 

 

 

Figure 4.13. a) Graph showing the effect on droplet size by the increase in DP injected.  

b) Graph showing the effect on span by the increase in DP injected. Injection 

rate 3ml/min, stirring speed 870 RPM, dispersant 7.7 (v/v), 10% (w/w) AA 

solution, TBPC 3.3% (w/w), BG:GA 1:1. 
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Figure 4.13. shows that the droplet size and span do not seem to be affected by injecting 

a dispersant concentration up to 40% (w/w). Droplet size remained constant at 96 µm and span 

0.64. This constant droplet size is good for applications which require a large amount of DP 

but a uniform drop size. It is good to note that a capsule shell may not be able to be formed, 

with CC, at the highest concentration due to the lack of polymer in the CP compared to the 

amount of DP i.e. there may not be enough to completely form a shell.  
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5. Microencapsulation via complex coacervation  

Chapter 5 discusses the second set of batch scale experiments, looking at certain 

parameters and how they influence the thickness of the shell created by CC. 

 

5.1. Isoelectric Point 

The optimum pH for producing the thickest shell was determined optically using a 

microscope and turbidity meter. The CP consisted (50 ml stirred at 250 RPM) of BG and GA 

in the ratio of 1:1 and TBPC of 3.3% (w/w) at a temperature of 37oC. The pH was changed 

from 5-2.9, using 50% (w/w) lactic acid solution, and the coacervates formed were observed 

under the microscope.  

 

 

a) 
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b) 

 

 

 

 

 

Figure 5.1. a) Graph showing how turbidity varies with pH of the CP. b) Micrographs 

showing cocervates formed by CC in the CP at different pH’s. TBPC 3.3% 

(w/w), BG:GA 1:1, stirring speed 250 RPM. Error bars represent the ± SD 

of the measurements with the data point representing an average value of 3 

or more repetitions.   

 

It has been reported that the pH needs to be below the isoelectric point of gelatin 

(Leclercq, et al., 2008), the point at which the colloids have zero net electrical charge, for 

gelatin to become positive and coacervation to occur. This has also been reported further to be 

due to the Electrical Equivalence Point, EEP, (Burgess & Carless, 1984; Shinde & 

Nagarsenker, 2009). This is the point at which the charge on the two colloids (BG and GA) are 

equal and opposite and the forces of attraction between the two charged colloids saturate each 

other. This leads to a strong interaction and the highest amount of coacervation. It can be seen 

from Figure 5.1 a and b; the images and the turbidity measurements show that the pH which 

produced the biggest coacervates was around pH 3.8-3.9. Therefore, pH 3.8 was the pH used 

for all CC experiments. This optimum pH (3.8) for CC agrees with the statement reported in 

(Leclercq, et al., 2008). The pH (3.8) being below the isoelectric point of gelatin type B. Due 

to time constraints the zeta potential (Vandervoort & Ludwig, 2004) could not be measured in 
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this study but according to (Burgess, 1990; Burgess & Carless, 1984; Azarmi, et al., 2006) it 

is shown to be around pH 5. The result is also similar to the optimum pH reported by (Burgess, 

1990) who reported it to be 3.6. 

Determining the optimum pH by microscope and turbidity meter only gave a rough 

estimate of the correct pH. In order to determine the optimum pH for CC more accurately 

UV/VIS (Su, et al., 2009) could be used or spectrophotometry (Weinbreck, et al., 2003). 

 

5.2. Maximum shell thickness 

Experiments were conducted to examine parameters and how they influenced the 

thickness of the shell created by CC in order to achieve the thickest possible shell. 

 

5.2.1. Effects of change in polymer ratio 

Figure 5.2.a. shows how the CC shell is affected by the ratio of the components 

(BG:GA) in the CP. A DP of a primary emulsion of 2:1 sunflower oil to a solution of 10% 

(w/w) AA was injected at a constant rate of 3 ml/min. The CP was BG and GA in a TBPC of 

3.3% (w/w) and varying ratio of BG to GA depending on the experiment. The emulsion 

production stirring speed was 870 RPM which was then reduced to 250 RPM for the CC stage. 

CC was completed over 3 hours, at a cooling rate of 0.08 oC/min from 37oC to room 

temperature. The pH was altered to 3.8, for CC, using 50% (w/w) lactic acid solution. 

The optimum shell thickness is formed with 1:1 ratio BG:GA using 10 % (w/w) BG 

and GA solutions in a TBPC 3.3% (w/w). Emulsions with a lower TBPC (1% w/w) showed 

poor stability and had tendencies to produce multicore coaservates (Figure 5.2.b.). While those 

with much higher TBPC (10% w/w) did not form a shell in the coacervation process (See 

Section 4.2.2.2.). A shell was also formed at the other BG:GA ratios. As the ratio of BG to GA 

increased, the shell became thinner and patchy as there was not enough GA in the CP to form 

polyelectrolyte complexes with BG.  

Those findings are consistent with the results of earlier studies which showed that the 

thickest shell is formed at a weight ratio of 1:1 GB:GA (Yang, et al., 2012; Piacentini, et al., 

2013). The similar weight ratio of BG to GA was used by (Rocha-Selmi, et al., 2013) and 

(Comunian T. A., et al., 2013) encapsulated aspartame and AA respectively. Therefore, a 1:1 

BG:GA ratio and 3.3 % (w/w) TBPC were used in all further experiments. 
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a) 

 

 

b) 

 

 

 

 

Figure 5.2. a) Micrographs showing the effect different ratios of BG to GA in the CP on 

shell thickness. b) Micrographs showing the effect different CP TBPC on 

shell thickness. Injection rate 3ml/min, stirring speed 870 RPM, cooling 

stirring speed 250 RPM, TBPC 1% & 3.3% (w/w), dispersant 7.7% (v/v) 

(W/O) BG:GA 1:1. 
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5.2.2. Effects of change in cooling stirring speed 

It has been discussed that stirring speed during the CC stage can affect shell production. 

High stirring speeds gives rise to higher shear stresses on the capsules and can cause the 

capsules to break apart.  A DP of a primary emulsion of 2:1 sunflower oil to deionized water 

was injected at a constant rate of 3 ml/min. The CP of BG and GA in the ratio of 1:1 and TBPC 

of 3.3% (w/w).  The emulsion production stirring speed was 870 RPM which was then reduced 

to 400 and 250 RPM, depending on the experiment, for the CC stage. The pH was altered to 

3.8, for CC, using 50% (w/w) lactic acid solution. CC was completed over 3 hours, at a cooling 

rate of 0.08 oC/min from 37oC to room temperature.  

 

 

 

 

Figure 5.3. Micrographs showing the effect different stirring shears of the CP on shell 

thickness and formation. Injection rate 3ml/min, stirring speed 870 RPM, 

cooling stirring speed 400 and 250 RPM, TBPC 3.3% (w/w), dispersant 7.7% 

(v/v) (W/O), BG:GA 1:1. 

 

It can be seen in Figure 5.3. that there is not much noticeable difference in capsule shell 

thickness and shape between the different CC stirring speeds. (Piacentini, et al., 2013) denoted 

that at low stirring speeds (200 RPM) polynucleated capsules were formed. In this study the 

lowest stirring speed that was able to be achieved was 250 RPM which produced single 

nucleated capsules. However as discussed in Section 5.2.1. polynucleated capsules can be 

achieved at lower TBPC. It was also stated by (Piacentini, et al., 2013) that out of the tested 

speeds, 370 RPM produced single nucleated capsules and that the capsules were deformed in 
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shape (eyelet shaped) and that above 600 RPM the capsules broke apart thus agreeing with the 

initial statement.  

The micrographs showing the capsules in Figure 5.3. agree with Piacentini, et al., 

(2013) with both tested speeds being around 370 RPM and the capsules being single nucleated 

and deformed (eyelet) in shape. This deformed shape can be down to the shear stresses that are 

applied to the capsules from the stirring speed or as discussed further in Section 5.2.3. could 

be due to the pH of the solution (Kanellopoulos, et al., 2017).  

 

5.2.3. Effects of ascorbic acid percentage 

Figure 5.4.a. shows the effect of changing the CC pH on shell thickness for 10 and 30% 

(w/w) AA solutions. A DP of a primary emulsion of 2:1 sunflower oil to 10 or 30 % (w/w) AA 

solution was injected at a constant rate of 3 ml/min. The CP of BG and GA in the ratio of 1:1 

and TBPC of 3.3% (w/w). The emulsion production stirring speed was 870 RPM which was 

then reduced to 250 RPM, for the CC stage. CC was completed over 3 hours, at a cooling rate 

of 0.08 oC/min from 37oC to room temperature with the pH being changed to between 3.6 and 

4.5, using 50% (w/w) lactic acid solution, depending on the experiment being conducted. 

In all the cases, the shell was notably perfectly spherical. This was attributed to the pH 

of the AA inside the droplets. pH greatly affects the appearance of the coacervate shell 

(Kanellopoulos, et al., 2017).  Acidic conditions lead to thin coacervate walls being produced 

whereas alkaline conditions can lead to long thin coacervate shells (Figure 5.4.b). In the case 

of 10% (w/w) AA solution, the thickest shell was formed in the pH range of 3.6 - 3.8. For 30% 

(w/w) AA solution in the internal phase, the thickest shell was formed at the initial pH of 4.2. 

This is outside the optimal starting pH range found for 10 % AA. This difference is explained 

by the influence of AA, leaking from the primary emulsion during the formation of the shell 

(Discussed further in Section 5.2.4.).  
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a) 

 

 

 

 

 

b) 

 

 

 

Figure 5.4. a) Image showing the shell thickness for 10% (w/w) and 30% (w/w) AA 

solutions at different pHs. Injection rate 3ml/min, stirring speed 870 RPM, 

cooling stirring speed 250 RPM, TBPC 3.3% (w/w), dispersant 7.7% (v/v), 

BG:GA 1:1. b) Diagram showing the effects of pH of the CP on the capsule 

shell wall (Kanellopoulos, et al., 2017).   
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5.2.4. Effects of cooling rate 

It is known from the literature, that a slower rate of cooling gives rise to the potential 

of a thicker shell (Kage, et al., 1996). For CC to succeed the cooling rate should not exceed 1 

oC min-1 (Thimma & Tammishetti, 2003). If the process is cooled to quickly, patchy wall 

formation can occur which can cause potential capsule permeation as coacervates deposit 

themselves around the emulsion droplet. However, if the emulsion is cooled too slowly there 

is more chance that the active material can leak out of the capsules and affect wall formation 

by means of changing pH (Kanellopoulos, et al., 2017).  The pH of the CP affects the 

morphology of the capsule walls. If the CP is too alkali, long thin shells are formed with poor 

deposition of the coacervate material and thus capsule wall quality is affected. In too acidic 

conditions (as mentioned in Section 5.2.3.), the capsule walls produced are spherical and very 

thin as there is limited deposition of the coacervate material around the emulsion droplets 

(Kanellopoulos, et al., 2017) (Figure 5.4.b). 

 

 

 

 

Figure 5.5. Cooling profiles for fast and slow cooling including cooling rate.  Injection 

rate 3ml/min, stirring speed 870 RPM, cooling stirring speed 250 RPM, 

TBPC 3.3% (w/w), dispersant 7.7% (v/v), (W/O), BG:GA 1:1, pH 3.8. Error 

bars represent the ± SD of the measurements with the data point representing 

an average value of 3 or more repetitions.   
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Taking this fact into account, a variety of cooling rates were investigated. The 

emulsions were cooled from 37 oC down to room temperature. It should be noted that room 

temperature varied throughout the year based on atmospheric conditions. Figure 5.5. shows the 

cooling profiles used in the experiments and the average cooling rate based on the experiments 

being done at different points in the year.  There were three different cooling rates used for the 

CC process. The first was completed by placing the beaker in a turned off water bath for two 

hours followed by placing it for one hour out on the bench at room temperature. This produced 

the average cooling rate of 0.08 oC min-1. The second was completed by placing the beaker on 

the bench at room temperature for one hour and produced an average cooling rate of 0.8 oC 

min-1. The final cooling rate was completed by placing the beaker containing the CC mixture 

into a 16oC water bath. This gave a cooling of 2.7 oC min-1.  

A DP of a primary emulsion of 2:1 sunflower oil to 10 or 30 % (w/w) AA solution was 

injected at a constant rate of 3 ml/min. The CP was BG and GA in the ratio of 1:1 and TBPC 

of 3.3% (w/w).  The emulsion production stirring speed was 870 RPM which was then reduced 

to 250 RPM, for the CC stage. CC was completed, at a cooling rate of 0.08 oC min-1, 0.8 oC 

min-1 or 2.7 oC min-1 from 37oC to room temperature with the pH being changed, using 50% 

(w/w) lactic acid solution, to between 3.6 and 4.5 depending on the experiment being 

conducted. Temperature and pH were monitored throughout the CC period. The effects of 

cooling rate on pH are shown in Figure 5.6.  

 

a) 
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b) 

 

 

 

 

 

c) 
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d) 

 

 

Figure 5.6. a & b) EE for 10% (w/w) AA solution at different pHs by monitoring the pH 

to show the leakage of core material over the cooling period. c) & d) EE for 

30% (w/w) AA solution at different pHs by monitoring the pH to show the 

leakage of core material over the cooling period. Injection rate 3ml/min, 

stirring speed 870 RPM, cooling stirring speed 250 RPM, TBPC 3.3% (w/w), 

dispersant 7.7% (v/v), BG:GA 1:1. Error bars represent the ± SD of the 

measurements with the data point representing an average value of 3 or more 

repetitions.   

 

Monitoring the pH during CC revealed a noticeable drop of the pH with time for the 

W/O/W double emulsion contained 30% (w/w) AA solution. In the case of the droplets 

containing 10% (w/w) AA, the pH remained constant (see Figure 5.6.). Higher and lower initial 

pH (4.5 and 3.8) led to CC outside the optimal pH range even after the release of acid.  

It should be noted that the decrease in pH is down to the AA leakage. Experiments were 

carried out to find the pH when the AA had all completely leaked out of the capsules. This was 

to see if it was indeed the AA leaking which caused the noticeable drop in pH that can be seen 

in Figure 5.6.  For 10% AA (w/w) the pH was 3.57 ± 0.01 and for 30% (w/w) was 3.37 ± 0.04. 

both values are below the recorded pHs for the experiments shown in Figure 5.6. meaning that 

there is some retention of the AA in the capsules and the AA is causing the drop in pH.   

Figures 5.7 a, b and c show the images of the shell formed over “slow” (0.08 oC min-

1), “fast” (0.8 oC min-1) and “16oC” (2.7 oC min-1) cooling.  
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Figure 5.22. a) Images showing the effect of “slow cooling” on shell thickness. b) Images 

showing the effect of “fast cooling” on shell thickness. c) Images showing 

the effect of “16oC cooling” on shell thickness.  Injection rate 3ml/min, 

stirring speed 870 RPM, cooling stirring speed 250 RPM, TBPC 3.3% (w/w), 

dispersant 7.7% (v/v) (W/O) BG:GA 1:1, pH 3.8. 

 

 

The main reason for the AA leakage (Figure 5.6.)  in the case of 30 % (w/w) AA 

solution can be attributed to the insufficient shell thickness and the shells poor formation at 

slow cooling rate. Indeed, 30% (w/w) AA solution is more likely to leak out of the droplets 

due to higher diffusion flux (which is proportional to concentration gradient) compared with 

the 10% (w/w) solution. During the cooling time of three hours, there is enough time for the 

AA to partially diffuse out of the emulsion droplets before the shell is formed. This will lead 

to a lowering of the pH, and the shell cannot form properly outside the optimal pH range.  

Moreover, a thin shell can be easily damaged by the diffusion of water inside the 

capsules due to higher osmotic pressure i.e. similar to osmotic lysis of living cell (Fink & 

Cookson, 2006) (Razin, 1963). However, if the shell is formed as quickly as possible, i.e. at a 

faster cooling rate, there may not be quite so much leakage and the EE will increase. CC works 

best if the cooling rate is no faster than 1 oC min-1 (Thimma & Tammishetti, 2003). Therefore, 

the faster cooling rate will need to abide by this requirement. This was proved by the results of 
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the “16oC cooling” experiment. This cooling rate had a higher than 1 oC min-1 cooling rate of 

2.7oC min-1. On Figure 5.6. c and d it is shown that there is a minimal drop in pH over the 

coacervation period but in Figure 5.7.c. it can be clearly seen that the shell formation was 

exceedingly poor to nonexistent.   

 

 

 

 

Figure 5.8. Images showing that shell thickness is not affected by cooling time but 

temperature.  Injection rate 3ml/min, stirring speed 870 RPM, cooling 

stirring speed 250 RPM, TBPC 3.3% (w/w), dispersant 7.7% (v/v) (W/O), 

BG:GA 1:1, pH 3.8. 

 

It is worth mentioning, that at the faster cooling rate of 0.8 oC min-1 with the 30% (w/w) 

AA solution, the pH did not drop as rapidly compared to the slower cooling rate of 0.08 oC 

min-1. At the starting pH of 3.8, the emulsion containing 30% (w/w) AA solution produced a 

very similar result to that of the 10% (w/w) AA solution (compare Figure 5.6.a and c) with 

seemingly no pH drop with respect to time. For a starting pH of 4.1, with fast cooling rate, of 

0.8 oC min-1, the pH dropped slightly over the measured time but at a lesser extent than that 

found in the case of slow cooling of 0.08 oC min-1. As it was discussed earlier, the change of 



127 
 

pH is an evidence of AA leakage, and this result suggests that the faster cooling rate should 

provide a higher EE. Therefore, this shows there is a delicate balance, for encapsulating high 

concentrations of AA, between forming the shell fast to prevent leakage but not too fast the 

shell does not form properly. 

Figure 5.5. and 5.7. combined show that for both the “fast” and the “slow” cooling the 

shell began to form around 28 oC rather than depending on the time. Figure 5.8. has been 

created to emphasize this further. The shells at each of the selected temperatures 28, 25 and 22 

oC for the “fast” and “slow” cooling look similar even though the length of time of cooling is 

different. Also, it can be seen, that “fast” cooling has no adverse effect on the shell thickness 

produced at the end of the CC process. Using a cooling rate of 0.8 oC min-1for shell formation 

looks promising for a cost-effective process as it saves more energy at CC step of 

microencapsulation. 

 

5.3. Titration  

To validate the use of pH change as a means of monitoring the release of AA from 

within the forming capsules, redox titrations were performed. This was to determine AA in the 

surrounding water phase and the results were used to gain a quantitative value of EE (Equation 

3.26). A DP of a primary emulsion of 2:1 sunflower oil to 10 or 30 % (w/w) AA solution was 

injected at a constant rate of 3 ml/min. The CP of BG and GA in the ratio of 1:1 and TBPC of 

3.3% (w/w). The emulsion production stirring speed was 870 RPM which was then reduced to 

250 RPM, for the CC stage. CC was completed, at cooling rates of 0.08 oC min-1, 0.8 oC min-1 

cooling from 37oC to room temperature the pH being changed to 3.8 using 50% (w/w) lactic 

acid solution. Samples were taken over the cooling period and titrated via the method described 

in Section 3.11. Figure 5.9. shows a comparison of EE between the “slow” (0.08 oC min-1) and 

the “fast” (0.8 oC min-1) cooling rate.  

Initially, the “fast” cooling was investigated. The results obtained by the redox titration 

followed the trend obtained by monitoring the pH (comparison of Figure 5.6. and 5.9.). The 

EE was found to be 93% and 96% for the particles containing 10% and 30% (w/w) AA 

solutions respectively (Figure 5.9.). It was approximated to be around 100% via monitoring 

the pH since there was no pH decrease (Figure 5.6.a. and 5.6.c.).  At the “slow” cooling rate, 

for the emulsion contained 30% (w/w) AA solution, the trend from the redox titrations (EEs of 

88%, 81% and 79% at 60, 120 and 180 minutes respectively) also follows the trend obtained 
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by monitoring the pH (Figure 5.6.c). Thus, it was confirmed that the EE can be approximated 

by monitoring the pH. However, for more accurate results other methods such as titration are 

preferable. 

 

 

 

 

Figure 5.9. Comparison of “Slow Cooling” and “Fast Cooling” in terms of EE Versus. 

temperature. Injection rate 3ml/min, stirring speed 870 RPM, cooling stirring 

speed 250 RPM, TBPC 3.3% (w/w), dispersant 7.7% (v/v), 10% and 30% 

(w/w) AA solutions, BG:GA 1:1. Error bars represent the ± SD of the 

measurements with the data point representing an average value of 3 or more 

repetitions.   
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6. Continuous scale production 

Chapter 6 focuses on the scale up of the batch process to that of a continuous one. The 

two main stages of the batch process are the ME stage and the CC stage completed using a DC 

and stirring in a beaker respectively. For the continuous system these pieces of equipment are 

replaced by AOS for ME followed by CDC and OFR for CC.  

 

6.1. Azimuthal oscillating system 

Section 5.3. looks at the experiments investigating the AOS. Like with the DC, 

Experiments were completed with the AOS to evaluate how different parameters combined 

with change in shear stress effect droplet size and uniformity.  

 

6.1.1. Single Emulsion (O/W) 

It was investigated how droplet size of the O/W single emulsion, produced by a 15 µm 

membrane, is affected by different shear stresses produced by the frequency and displacement 

of the oscillating membrane ranging from 20-40 Hz and 1-3 mm respectively. The DP was 

sunflower oil and the CP was an aqueous solution of 2% (v/v) Tween 20 to help stabilize the 

emulsion. The DP was injected via an injection pump at 2.5 ml/min and the CP was pumped 

in via a peristaltic pump at 30 ml/min to give a DP concentration of 7.7% (v/v).  For the shear 

range of 7 to 60 Pa, the drop size ranged from 160 to 70 µm while the spans varied minimally 

around 0.6.  

Figure 6.1. shows that as the shear stress at the surface of the membrane increases the 

drop size decrease. This is because of the force balance between the capillary force keeping the 

droplet in place and the drag force caused by the shear stress discussed in Section 3.5.2. When 

the drag force exceeds the capillary force the droplet will detach from the surface of the 

membrane, as shear stress increases the drag force will increase and therefore will more likely 

overcome the capillary force faster resulting in the droplet detaching when it is only small 

(Dragosavac, et al., 2008).  
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Figure 6.1. a) The effect on O/W single emulsion droplet size by the increase in shear 

stress due to varying frequency and displacement of membrane oscillation. 

b) the effect on span of the O/W single emulsion by the increase in shear 

stress due to varying frequency and displacement of membrane oscillation. 

Dispersant 7.7% (v/v) sunflower oil injection rate 2.5ml/min, CP 2% (v/v) 

Tween 20 30 ml/min. 
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The two variables that can be changed with the AOS, that affect shear stress and 

subsequently droplet size, are the frequency and the amplitude of the membrane oscillations. 

According to Equation 3.13., as frequency increases, shear stress increases by 3/2, and as 

amplitude increases, shear stress increases proportionally. If the frequency of the oscillations 

increases from 10 Hz to 20 Hz, the membrane will oscillate more in a given amount of time. 

Therefore, the oscillations will reach their max displacement faster. This is where the majority 

of the droplets are produced and where maximum shear stress occurs. If the membrane reaches 

the maximum shear stress faster, then there is less time for the droplet to form before the drag 

force overcomes the capillary force. Thus, the droplets detach sooner, resulting in them being 

smaller. A similar principle occurs if the amplitude is increased. The membrane will have to 

move a greater distance in the same given amount of time. Therefore, it will move faster, 

increasing shear stress and thus the drag force, so again the droplets do not have as much time 

to form before detachment and they are consequently smaller. This is shown in Figure 6.1.a.  

Figure 6.1.b. shows that the span remains relatively consistent around 0.6 for the tested 

frequencies and displacements.  This shows that the emulsions are relatively stable for the 

droplet sizes produced. 

 

6.1.2. Double Emulsion (W/O/W) 

Figure 6.2. shows a comparison of how the droplet size of the W/O/W double emulsion, 

produced by a 15 µm membrane in the AOS and by the DC, is affected by different shear 

stresses. In the AOS the shear stresses are produced by the frequency and displacement of the 

oscillating membrane. These range from 10-40 Hz and 1-7 mm respectively. The DP was a 

W/O emulsion and the CP was BG and GA in the ratio of 1:1 and TBPC of 3.3% (w/w). The 

DP was injected via an injection pump at 2.5 ml/min and the CP was pumped in via a peristaltic 

pump at 30 ml/min to give a DP concentration of 7.7% (v/v). The flux of the AOS was 793 

Lm-2h-1.  For the shear range of 0.7 to 25 Pa, the drop size produced by the AOS ranged from 

350 to 50 µm while the spans varied from a range of 1 to 0.64.  
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Figure 6.2. a) Graph showing the effect on droplet size by the increase in shear stress 

and injected flux compared with model for predicting droplet size for the DC 

and droplets created in DC at 3ml/min (flux 147000 Lm-2h-1). b) Graph 

showing the effect on span by the increase in shear stress and injected flux 

compared with model for predicting droplet size for the DC and droplets 

created in DC at 3ml/min (flux 147000 Lm-2h-1).  Dispersant 7.7% (v/v) w/o 

AOS flux 793 Lm-2h-1, CP BG:GA 1:1 30 ml/min. Error bars represent the ± 

SD of the measurements with the data point representing an average value of 

3 or more repetitions.   
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It can be seen (Figure 6.2.a.) that the shear stress/ drop size trend for the AOS follows 

the same pattern as that of the DC (see Section 4.1.1.). This is also because of the force balance 

between the capillary force keeping the droplet in place and the drag force caused by the shear 

stress. (Dragosavac, et al., 2008). It likewise (as does Figure 6.1.) shows that as frequency and 

displacement of the membrane oscillations increase the shear increases, increasing the drag 

force and thus causing droplet size to decrease.  

In Figure 6.2.b., the span is quite large for the AOS at the smaller shear. For example, 

at 0.69 Pa the span is 0.96 and the droplet size is 345µm but at 5.9 Pa the droplet size is 114µm 

and the span has dropped to 0.66. The span remains around that value (0.66) for an increase in 

shear from that point onwards. This could be because the droplets in this particular emulsion 

are less stable at larger droplet sizes and tend to coalesce. Thus, creating different drop sizes 

and consequently a larger span. However, below the 100 µm size the droplets are small enough 

to remain relatively stable (Kosvintsev, et al., 2005). 

Comparing both DC and AOS ME, it can first be noted that the DC flux is a lot higher 

than the AOS. The DC flux being 147000 L m-2 h-1 compared with the AOS flux of 793 L m-2 

h-1. This is because the membrane area is a lot bigger with the AOS compared with the DC. 

Therefore, with similar DP injection flow rates (2.5 ml/min for the AOS and 3 ml/min for the 

DC and the same membrane pore size (15 μm for both), the AOS has a lot larger pore area for 

the DP to flow through compared to the DC, so the DC flux ends up being greater. However, 

both methods produced droplets of size within the error bars of each other for the same shear 

stress and both methods produce similar spans. This means the AOS is a good choice of 

replacement in the system for continuous scale up of ME.  

 

6.2. Oscillatory flow reactor 

The AOS was replaced in the system by a CDC. After the CDC is used for the 

production of the emulsion, the OFR was used to cool the emulsion for the shell formation 

around the droplets by CC. The capsules were pumped through a bellow pump to suspend the 

particles and then into the OFR, after which the capsules move on to the crosslinking stage.  
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6.2.1. Resident time distribution  

The time which droplets take to move through batch systems is a constant value as all 

the droplets enter and leave at the same time. However, in flow systems the case is slightly 

different. This is due to disturbances in the flow, such as eddy currents, causing the droplets to 

enter and leave at varying times (Paul, et al., 2004). Plug flow, as previously stated, is in most 

cases idolized flow. This is because in plug flow there is no shearing between adjacent layers 

(Levenspiel, 1999) (Fogler, 2008). Plug flow is the most idealistic flow profile for the OFR as 

it ensures homogenous conditions of temperature for the CC process.  

 

Table 6.1. N values found from nonlinear least squares method for RTD functions. 

 

 

 
Flow rate 

(ml/min) 

Frequency 

(Hz) 
30 20 

2.4 64 55 

4.8 80 65 

6.3 139 91 

  

 

Table 6.1 shows the found values of N from the modeling described in Section 3.7.2.1. 

From Table 6.1. it can be seen that the experiments done with the 30 ml/min flow rate gave 

larger values of N than experiments done with the 20 ml/min and that N increased with an 

increase in frequency (the larger N the closer to plug flow). 
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b) 
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c) 

 

 

 

 

Figure 6.3. Comparison of different RTD in an OFR for various frequencies, flow rates 

and displacements. a) 2.4 Hz b) 4.8 Hz c) 6.3 Hz.   

 

Figure 5.27. shows the different RTD profiles investigated in the OFR. The process that 

was done is described in Section 3.7.2.1. Figure 6.3. shows that for both the 30 and 20 ml/min 

flowrate, as frequency increased the minimum displacement needed to fully suspend the 

capsules decreased (from 6-7 mm to 4.5 mm). This is because there is a minimum shear stress 

needed to overcome the forces keeping the capsules not in suspension. It is desired to keep the 

shear stress at the minimum value as not to put too much unnecessary wasted energy into the 

system. It also reduces the risk of the capsules rupturing under too much stress and it helps 

keep the conditions closer to plug flow. As the frequency of the oscillations increases the shear 

stress produced increases, as shown by Equation 3.13. Correspondingly, as stated by Equation 

3.13., there is a relationship between frequency or displacement with regard to shear stress, by 

increasing either frequency or displacement, shear stress will increase.  In order to keep the 

shear stress at the minimum value needed to overcome the forces keeping the capsules not in 

suspension, displacement decreases with an increase in frequency.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 2 4 6 8 10 12 14 16 18

N
o

rm
o

li
se

d
 I

n
te

n
si

ty

Time (mins)

30 ml/min Experimantal

30 ml/min Theoretical

20 ml/min Experimantal

20 ml/min Theoretical

tm= 8.1 min

df = 4.5 mm

tm= 11.8 min

df = 4.5 mm



137 
 

It also can be seen that the 30 ml/min flowrate, for all the frequencies, produced a 

narrower peak. This is closer to plug flow ideology (sharp symmetrical peak). It also matches 

the results of the found values of N (Table 5.3) and confirming that 30 ml/min flowrate 

produces closer conditions to plug flow than 20 ml/min.  

The preferred choice of flow rate to continue the next stages of experiments with would 

be the 30 ml/min. This is because it gives the closest conditions to plug flow, which is ideal for 

the CC of the capsules as it allows for homogenous cooling. However, the best cooling rate, 

found from the batch experiments, was “fast cooling” which was 0.8 oC/min. This rate was 

slow enough to produce a thick even shell but also fast enough to have a high EE of AA. For 

the scale up it was desired to have a similar cooling rate in the OFR. The OFR would be cooling 

the emulsion from 37-25oC, so would be cooling it by 12oC. Therefore, at a cooling rate of 0.8 

oC/min the time the capsules would need to spend in the reactor would be 15 mins and for a 

cooling rate of 1oC/min the capsules would need to be in the OFR for 12 mins. These times are 

closer to the tm of the 20 ml/min flowrate (Figure 6.3.) at 11.8 mins rather than the 30 ml/min 

flowrate at 8.1 mins. The 20 ml/min flowrate was consequently chosen. Even though the 30 

ml/min flowrate gave conditions closer to plug flow, it would cool the capsules too fast (1.4 

oC/min) and could affect shell formation.  

The frequency that was chosen was 6.3 Hz. This was because it gave the highest N 

value (Table 6.1) of 91 out of all three frequencies tested.  On Figure 6.3. the experimental 

data, for that frequency, fitted the best with the theoretical data. The minimum displacement, 

at this frequency, was also the lowest at 4.5 mm which is better for the capsules to prevent 

them from being ruptured.  

 

6.2.2. Temperature profile analysis 

As discussed previously, it is desired to have a cooling rate that should not exceed 1 oC 

min-1  (Thimma & Tammishetti, 2003) for CC to be successful but also that a slower rate of 

cooling gives rise to the potential of a thicker shell (Kage, et al., 1996). If the process is cooled 

too quickly, patchy wall formation can occur which can cause potential capsule permeation as 

coacervates deposit themselves around the emulsion droplet. However, if the emulsion is 

cooled too slowly there is more chance the active material can leak out of the capsules and 

affect wall formation by means of changing pH (Kanellopoulos, et al., 2017).   
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Figure 6.4. Photographs showing examples of LC capsules moving thought the OFR for 

temperature gradient experiments. 

 

 

To find the cooling rate which was closest to that of the 0.8 oC/min found from the 

batch experiments, tests were done using LC capsules (Section 3.7.2.2. for LC capsule creation 

process). LC capsules were then passed through (example shown in Figure 6.4.) the OFR 

starting at 37oC, and ideally cooling to room temperature using a cooling jacket of water set to 

a specific temperature (26-30oC and room temperature), depending on the experiment. The 

cooling jacket flowrate was 2700 ml/min or less (down to 304 ml/min and zero for room 

temperature) depending on the experiment being performed. In some experiment’s different 

forms of insulation (pipe insulation and pipe insulation + foil) were used around the outside of 

the OFR’s first tube (three tubes altogether) to see if the temperature change along the reactor 

was affected. Images (three at each interval then an average was taken) were taken along the 

reactor at intervals (recorded as % of the OFR see Appendix C) on a black background using 

an iPhone 7 with flash. This was done to determine the point in which the capsules reached 
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25oC indicated by the LC colour change according to the calibration. The iPhone was parallel 

to the OFR at 7.2 cm distance. 

 

 

 

Figure 6.5. Examples of LC capsules colour change at different % of the OFR with 

corresponding reactor temperatures found from LC calibration, for different 

cooling jacket temperatures and OFR being insulated with and without foil. 

Flow rate 20 ml/min, frequency 6.3 Hz, displacement 4.5 mm.   
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Figure 6.5. shows examples of the LC capsule colour change along the OFR (position 

measured as a percentage of the reactor see Appendix C) and their corresponding reactor 

temperatures found from the LC calibration (Appendix F) for different cooling temperatures 

and insulation. Figure 6.6. shows the information from Figure 6.5. in a more quantitative 

manner, as graphs of reactor temperature (oC) versus distance along the OFR (%) along with 

the initial cooling rate for each condition.  The four graphs compare different conditions 6.6. 

a) OFR cooling jacket temperature 6.6. b) the use of insulation and foil on the first OFR tube 

at 27oC cooling jacket temperature 6.6. c) the use of insulation and foil on the first OFR tube 

at room temperature cooling jacket temperature 6.6. d) constant temperature varying cooling 

jacket flow rate. It should be noted that room temperature varied as experiments were 

completed though out the year with varying atmospheric temperatures.  

It should be noted that for each experiment run, the emulsion was initially made at 37oC, 

Figure 6.6. shows the cooling profile and rate from 1% of the OFR. What can initially be seen 

on most of the graphs is that there is a significantly large drop in temperature for all the profiles 

from the initial 37oC to the recorded temperatures at 1% of the OFR. This was originally 

thought to be due to unavoidable heat loss from the capsules passing from the CDC through 

the bellow pump to the OFR. Insulation was used on the connecting tubes, from the flow and 

bellow pump to the OFR, in an attempt to limit heat loss. The distance between the CDC and 

OFR was as small as the equipment would allow. However, upon reviewing Figure 6.6.c., 

where the cooling jacket had no flow, it was at room temperature and not room temperature 

with insulation or insulation + foil that it was noted that there was minimal temperature 

difference between the initial temperature 37oC and the temperature being 36oC at 1% of the 

OFR. Therefore, it was then thought that the dramatic drop in temperature, in the other 

experiments, was related to flow rate in the cooling jacket or the temperature of the cooling 

fluid.  

Figure 6.6 a. compares the effect of different cooling jacket temperatures at a constant 

flow rate. The cooling rate from 1% onwards ranges from 3.4-0.6 oC/min. All profiles cooled 

very quickly, initially to 1% of the OFR and then again cooled at a higher rate till approximately 

19% of the OFR. This is not ideal as discussed in Section 5.2.4, as for CC it is better to have a 

cooling rate of less than 1oC/min. As well as this, the batch cooling profile that is attempting 

to be emulated was 0.8oC/min from 37oC to room temperature. The 30 and 29oC profiles were 

very similar and produced the highest rates (3 and 3.4 oC/min respectively). The slight 
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difference in rate could be attributed to experimental error. The cooling rates then decreased as 

the temperature decreased, with the exception of 28oC. It would be expected that the cooling 

rate after 1% of the OFR would be slower as the cooling temperature decreased. This is because 

the temperature at 1% of the OFR for each of the profiles (except 28oC) decreased as the 

cooling jacket temperature decreased. The initial heat exchanges up to 1% of the OFR was 

larger for the lower cooling jacket temperatures. After 1% of the OFR, less heat exchange is 

needed before temperature equilibrium is reached so the rate is lower. Consequently, it can be 

concluded from this that the 28oC profile is an anomaly. All the profiles followed a similar 

trend with this large drop in cooling rate. Therefore, it is thought that temperature plays a part 

but is not the main factor causing this. 

 The temperature for each profile remained relatively constant for the remainder of the 

time the capsules spent in the OFR after 19% of the length. With the final temperature being 

between 26-28oC decreasing as the cooling temperature decreased. This is expected as when 

heat exchange occurs, the capsules in the OFR would come to an equilibrium with the cooling 

jacket temperature. Higher cooling jacket temperatures the equilibrium temperature would 

naturally be higher.  

Insulation was used on the first OFR tube (1 out of three) to see if that could reduce the 

heat exchange and lower the cooling rate. From Figure 6.6.b it can be seen that for a constant 

cooling jacket temperature and flow rate the insulation did help slightly in reducing the rate 

from 2.6- 1oC/min. With the temperature at 1% of the OFR being higher at 30oC rather than 

29oC. The use of foil on the outside of the pipe insulation did not make much of a difference 

to the cooling rate. There was still the large drop in temperature from the initial 37oC up to the 

1% of the OFR. Figure 6.6.c. shows the experiments repeated but this time the cooling jacket 

temperature was constant at room temperature with no flow rate. This made a great difference. 

There was hardly any temperature drop from the initial capsule temperature (37oC) to 1% of 

the OFR (36oC). The cooling rate is a lot lower from 1% onwards at 1.9 oC/min. This profile 

is similar to the batch cooling at room temperature that produced the 0.8oC/min profile that is 

trying to be emulated. This could be because there is more effective heat transfer in the OFR 

due to the glass tubing and stagnant cooling water. Whereas in the batch process most of the 

heat loss is to the atmosphere. It should also be noted that the addition of pipe insulation and 

foil made minimal difference.  
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Figure 6.6. Reactor temperature versus distance along OFR with cooling gradients. 20 

ml/min, 6.3 Hz, 4.5 mm. a) cooling jacket: 26-30 oC, 2700 ml/min. b) cooling 

jacket: 27oC 2700 ml/min with no insulation, insulation and insulation + foil 

on the first OFR tube. c) cooling jacket: room temperature, no flow, with no 

insulation, insulation and insulation + foil on first OFR tube. d) cooling 

jacket: 27oC, 2700 ml/min, 304 ml/min and a flow rate between the two.  

 

Since the profile was improved with the room temperature cooling jacket and no flow 

rate it was thought that it could be the flow rate being too high that caused the heat transfer to 

occur too quickly at the beginning of the OFR. Figure 6.6.d. compares profiles at a constant 

cooling jacket temperature but with the flow rate reduced from the initial 2700 ml/min to 304 

ml/min (the minimum flow rate that could be achieved with this equipment). It can be seen that 

the reduction in flow rate did not improve the cooling rate. It helped slightly with the 

temperature at 1% of the OFR being higher but it was still too fast even at 304 ml/min causing 

the cooling rate to be increased from 1% onwards as the capsules cooled down too quickly. 

Ideally what would be needed is the equipment to be modified to include a chiller/heater that 

regulated the cooling jacket temperature and flow rate, which was also capable of attaining 

lower flow rates. However, due to time constraints this was not possible to do during this study.  

None of the profiles examined were ideal to proceed forward with. This is because 

nearly all had initial temperature drops of very high cooling rate, not matching that of the 0.8 



144 
 

oC/min found from the batch experiments. The profiles at room temperature with no flow was 

the closest and didn’t have an initial large temperature drop. Nevertheless, the cooling rate was 

still higher than 1oC/min and it was hard to regulate and accurately reproduce the process, 

which would be the ideal goal, as room temperature can vary depending on location and time 

of year. Plus having a stagnant cooling jacket can cause the cooling to not be homogenous. It 

would be much better to have a standard cooling temperature with a flow rate.  

 

6.3. Continuous capsule production 

The conclusion drawn from the temperature gradient experiments in the OFR using the 

LC capsules was that none of the profiles examined gave an ideal cooling rate for the CC, with 

the closest profile being room temperature with no flow in the cooling jacket. Therefore, it was 

decided to carry out experiments on a range of different cooling profiles for the production of 

capsules using the full continuous system. This was to see how they affected the capsules shell 

production in the OFR from the CC.  

Five profiles were tested. These were cooling jacket temperatures of: room temperature 

with no flow rate in the cooling jacket, 27oC, 28oC, 30oC and 32oC. The cooling jacket flow 

rate for the other four profiles was 2700 ml/min. The details of how the continuous system 

operates are discussed in Section 3.7.2.3. The capsules were a single emulsion with the DP 

being sunflower oil, the CP was BG and GA in the ratio of 1:1 and TBPC of 3.3% (w/w). 

Figure 6.7. Shows images of capsules created in the continuous system by the different 

cooling profiles. It can be seen that all the temperatures in the images did make shells around 

the capsules including 30oC (not shown in Figure 6.7.) regardless of all the profiles having a 

cooling rate higher than 1oC/min. It can also be seen that all the profiles produced capsules 

with similar shell thicknesses. Despite the similar thickness, there could be a variation between 

the shells produced. This would be caused by the higher cooling rate and could result in weaker 

shells being made. To explore this further SOC tests need to be conducted (Section 6.5.).  
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Figure 6.7. Microphotographs of capsules created using the continuous system. The 

capsules were a single emulsion with the DP being sunflower oil, the CP was 

BG and GA in the ratio of 1:1 and TBPC of 3.3% (w/w). cooling jacket at 

2700 ml/min and varying temperature. a) room temperature no flow. b, c and 

d) 27oC.  e and f) 28oC. g and h) 32oC.  

 



146 
 

From experimentation it was found that the higher temperatures (30-32oC) produced 

shells that were sticky and unstable (this did not occur at the lower temperatures e.g. 27oC). 

When they were produced and immediately left the system, they were separate capsules. 

During the short trip from the equipment to the microscope for analysis the capsules had tended 

to coalesce (shown in Figure 6.7.h). This could be due to the cooling of the capsules during 

transportation from the equipment to the microscope since if the transportation was quick it 

was possible to watch the capsules merging together under the microscope as they cooled. It 

was discovered in the batch experiments that the shells formed better after 28oC (Section 5.2.4.) 

and if the capsules were not cooled below this temperature they tended to coalesce. However, 

if they were cooled below 28oC coalescence did not occur. With a cooling jacket temperature 

of 30oC or higher the capsules do not cool to below 28oC. For the cooling jacket temperatures 

below 30oC this coalescing did not occur.  

 The best capsules could be concluded to have been produced using either a cooling 

jacket of 27oC or room temperature. This is because the shells that were produced were the 

most uniform. The shells at 28oC do not look homogenous (Figure 6.7.e and f) and the capsules 

coalesced at the higher temperatures. It should also be noted that at 27oC a lot of unattached 

coacervates formed in the continuous phase as well as shells around the capsules, this did not 

occur in the other tested conditions (Figure 6.7.c.).  

 

6.4.  Free-flowing powder 

After creating the capsules with the continuous system, crosslinking them and washing 

them, the capsules to be dried into a free-flowing powder to increase capsule longevity. 

 The capsules were made by the batch ME process with the DC shown in Section 3.6.1. 

A 15 µm pore size stainless steel flat disc membrane was used inside the dispersion cell to 

create the emulsion.  The DP was a primary emulsion of 2:1 ratio of sunflower oil to 10 or 30 

% (w/w) AA solution, of which 10 ml was injected per experiment at 1 ml/min for 10 minutes 

via a peristaltic pump. The CP was BG and GA in a ratio of 1:1 and a TBPC of 3.3% (w/w). 

The experiments were performed in a water bath at 37 oC to prevent the CP from solidifying. 

The emulsion production stirring speed was 1126 RPM which was then reduced to 250 RPM 

for the CC stage. CC was completed over 1 hour, at a cooling rate of 0.8 oC/min. Crosslinking 

was done using glutaraldehyde and was left to complete overnight. After crosslinking the 

capsules were washed with albumin solution (0.2% w/w) and adjusted to pH 3 using 50% (w/w) 
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lactic acid solution. This was to remove any excess glutaraldehyde ready for drying and 

separated the capsules out as much as possible from the water using an extraction funnel. 

Various drying methods were tested. These included using: a centrifuge, vacuum filter, drying 

by air (pictured in Figure 6.8.) and freeze drying. 

It was found that the capsules placed in a centrifuge, even on a low speed, caused the 

capsules to stick together or rupture. If the speed was reduced further the capsules did not 

separate out from the water. The same result was found using the vacuum filter. The wet 

capsules were placed onto the filter paper and a vacuum filter was used to suck the water 

through the filter paper leaving the capsules on top. However, this also caused the capsules to 

rupture and coalesce. The results from leaving the capsules to dry for over 24 hours by air were 

no better. As shown in Figure 6.8. the capsules, after being left on filter paper to dry for over 

24 hours, were completely stuck together to form a film and not the free flowing powered that 

was desired. Therefore, due to these results a different gentler approach to drying needed to be 

attempted and to do this freeze drying was performed.  

 

 

 

Figure 6.8. Photographs showing the crosslinked, washed capsules placed on filter paper 

before and after being left to dry by air for over 24 hours. 

 

In the freeze drying method, the same capsules were used as described above. The 

washed capsules were separated as much as possible from the water using an extraction funnel 

(Figure 6.9.a and d). The capsules were then added to 1-2g of DE (Figure 6.9.b and e) and the 

mixture was placed in a freezer overnight. The mixture was then freeze dried for over 24 hours. 
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Figure 6.9.c. shows the capsules containing 30% (w/w) AA after they have been freeze 

dried for over 24 hours. It can be seen in the image that the capsules have dried but are still 

sticky (as shown by the clumps on the spatula). Therefore, they are not the free flowing powder 

that was desired but the closest attempt out of all the drying methods tested. Freeze drying 

capsules containing 10% (w/w) AA, a double emulsion containing 0% (w/w) AA and just 

sunflower oil yielded the same result. This result could be due to the formula used to create the 

capsules. For example, the ratio of BG: GA or the crosslinking being insufficient. It should be 

noted that experiments were repeated using different strengths of glutaraldehyde up to 25% 

(w/w) with little difference noticed with the freeze drying result. It should also be noted that 

the consistency of the DE on its own was very similar to that of the freeze dried capsules, 

therefore that could be a factor as to why the capsules were not free flowing.  

 

 

 

Figure 6.9. Photographs showing the different stages for freeze drying. a) and d) show 

crosslinked capsules containing 30% and 10% (w/w) AA respectively. b) and 

e) show capsules with the addition of DE. c) show freeze dried capsules 

containing 30% AA.  

 

Freeze drying is a promising method for drying the capsules. However, further 

experiments are needed to investigate the effects of different crosslinkers on the freeze drying 

of the capsules and whether another chemical should be used instead of DE to help stop the 
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capsules sticking. For example, silicone could be used. Though, due to time constraints this 

could not be done in this study.  

 

6.5. Strength of capsules 

To test the SOC some techniques previously investigated were done on an individual 

capsule basis. For example, compression tests to see how much force a capsule can take before 

it breaks (Smidsrod & Skjak-Braek, 1990). However, these methods have their limitations as 

they cannot precisely represent the capsule strength in an emulsion of thousands of capsules 

by just measuring a few individual capsules (see Section 2.3. for more details). Other 

techniques were done on a bulk scale. For example, using osmotic pressure (Van Raamsdonk 

& Chang, 2001) to improve the accuracy of these measurements. The SOC tests done in this 

work uses a different variation of bulk capsule testing which involved using the pressure of 

varying flow rate to rupture the capsules and monitoring this using pH.  

Capsules containing 30% (w/w) AA were created by the method described in Section 

3.6.1. 200 ml of distilled water was added to a glass beaker and placed on a magnetic stirrer at 

250 RPM. A metal mesh (a-g Figure 6.10.) was then placed inside the plastic housing. The 

mesh  pore sizes are  as follows 1 - 1280 ±20 μm, 30 ±5 μm; 2 - 170 ±20 μm; 3 - 40 ±5 μm; 4 

- 160 ±20 μm; 5 - 100 ±20 μm; 6 - 50 ±15 μm; 7 - 400 ±10 μm, 20 ±5 μm.  

For some experiments the mesh was used with: glass beads (150-650 µm), filter paper, 

membrane filter (0.2-5 μm) or glass fiber paper depending on the experiment being performed 

(some of these are depicted in Figure 6.11.a.). The created AA capsules (~ 2 g) were placed on 

top of the mesh inside the plastic housing and the housing was screwed together and attached 

to the peristaltic pump which cycles water from the glass beaker through the plastic housing 

(Figure 6.11.b.). A pH meter was placed in the glass beaker to monitor the pH. The initial pH 

was recorded, and the pump was turned on at the first flow rate. The flow rate was then 

increased and for each flow rate the pH was measured. When the pH dropped the capsules had 

broken and released the AA solution.  
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Figure 6.10. Microphotographs showing the different metal meshes used in SOC 

experiments. pore sizes a) 1280 ±20μm, 30 ±5 μm b) 170 ±20 μm c) 40 ±5 

μm d) 160 ±20 μm e) 100 ±20 μm f) 50 ±15 μm g) 400 ±10 μm, 20 ±5 μm.  

 

 

 



151 
 

a) 

 

 

b) 

 

 

Figure 6.11. a) Examples of materials placed above the mesh to help stop blockages/ the 

capsules going through the mesh. b) Photograph showing SCO set up.  

 

 

The results of the SOC experiments are shown in Table 6.2. As can be seen none of the 

experiments were successful. When only the meshes (1-7) were used the capsules went through 

the mesh with the larger pore sizes (1,2,4,5). Whereas for the smaller pore sizes (3,6,7) were 
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used the mesh completely blocked causing a backflow. Images of this are shown in Figure 

6.12.   

 

Table 5.4. Results of SOC experiments.  

 

   Membrane Additional item Result 

   1 - Capsules went through 

   2 - Capsules went through 

   3 - Blocked 

   4 - Capsules went through 

   5 - Capsules went through 

   6 - Blocked 

   7 - Blocked 

   

3 

150-650 μm 

glass beads Blocked 

   

1 

150-650 μm 

glass beads Capsules went through 

   

1 

15-20 μm filter 

paper Capsules went through 

   

1 

Glass fibre 

paper Capsules went through 

   

1 

5 μm 

Membrane 

filter  Blocked 

   

1 

0.2 μm 

Membrane 

filter Blocked 
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This is thought to be due to the capsules themselves since they are made of BG and 

GA.  Even though they have been crosslinked, the capsules may have some elasticity in them 

before breaking due to the jelly like nature of BG itself. This technique may work best with 

completely ridged capsules that would break easily under a slight pressure. Whereas these 

capsules did not break immediately. Therefore, with the larger pore sizes, even though initially 

the capsules did not go through the mesh when first placed upon it, as pressure was applied by 

the flow rate the capsules were squashed and are able to fit through. This resembled squeezing 

out toothpaste (Figure 6.12.b.). Where the mesh became blocked, the mesh had too small a 

pore size for even the squashed capsules fit through, so the capsules instead squashed together 

under the flowrate pressure causing the mesh to block and the water to back up (Figure 6.12.a.). 

 

 

 

Figure 6.12. Photographs showing the results of the SOC experiments. a) the backflow of 

the capsules in the tube from the mesh blocking. b) the capsules in the water 

after they had been pushed through the mesh.  

  

Even though the capsules squash slightly under pressure before breaking, there should 

still be a point at which the capsules will rupture under the pressure from the flow rate of the 

water. Meaning the technique may still work. Therefore, to try and solve the issues of the 

capsules blocking or going through the mesh other materials were added on top of the mesh 
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such as glass beads, filter paper, membrane filters and glass fiber paper. The idea being these 

materials could help by acting like a filter for the capsules and stop them sticking to each other 

or act as another prevention to stop them just squashing through the mesh. As can be seen in 

Table 6.2 none of the tried materials had any effect.   

It was then thought that the issue might be something to do with the set-up of the 

experiment i.e. the starting flow rate. With the equipment that was used the lowest flow rate 

the pump could achieve was 20 ml/min. It was thought that this flow rate could cause a force 

that was above the breaking point for the capsules and that is why they kept going through the 

mesh and rupturing. Thus, a smaller pump was sourced that could achieve a lower flow rate. 

This pump however was not digital and was not as accurate but due to time constrains this was 

the only pump available. Trying the experiments again with the new pump did yield more 

promising results. The flow could be increased until a point at which the pH did drop 

dramatically, and it was believed that the capsules had ruptured. Figure 6.13. shows the water 

in the beaker after the pH dropped. What can be seen on the figure is the material from the 

inside of the capsules floating around and there are no visible capsules in sight. The flow rate 

for breakage was approximately 10 ml/min which agrees with the previous thought of the 

original pump having a flow rate that was too high.  

This method of testing the SOC did show that it had promise however more 

development is needed for it to be a valid accurate way of measuring this. If there was more 

time for this study, it would be suggested that a better, more accurate pump was acquired that 

could produce lower flow rates, which could be increased in small increments to gain more 

accurate reproducible results.  

 

 

Figure 6.13. Microphotograph showing the water containing the capsules after the pH 

dropped. 
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7. Conclusions 

The following “research questions” were asked at the beginning of this study in Section 

1.3: 

 

• Can CC be used to encapsulate compounds, such as water-soluble compounds, to achieve 

high EE? 

• What are the advantages of ME in formulation of complex coacervates? 

• Can CC be done continuously to the same effectiveness and with the same capsule 

diversity as in the batch process? 

• Can Liquid Crystal (LC) oil be used to map the temperature gradient and mixing along the 

Oscillatory Flow Reactor (OFR)? 

 

From literature, it was concluded that, industrially encapsulation by CC is performed 

predominantly in batches, not continuously. As discussed, the common methods used for 

emulsification/ encapsulation in industry have their disadvantages. There are also the negative 

connotations that arise with batch production. This research investigated a novel way of 

encapsulating compounds via combining ME with CC in a method of continuous production. 

As well as this a new approach to testing the SOC of the produced capsules via compression 

due to increased flow rate. To answer the proposed research questions (Section 1.3), 

experiments were conducted on both a batch and continuous bases.  

 

O/W Emulsions 

Single O/W emulsions were created using a CP of 2% (v/v) Tween 20 and a DP (3.4% 

v/v) of sunflower oil. A 10 µm pore size membrane was used in a DC. Different shear stresses 

(0.3 – 18 Pa) at the surface of the membrane were tested along with a variety of flow rates 

ranging from 0.2-1.5 ml/min. The results were then compared with that of a model (Section 

3.5.). It was found that the emulsion droplets created ranged in size from 300-40 µm, with the 

larger of the sizes being produced at the lower shear stresses and higher flow rates. However, 

the effect of flow rate decreases at high shear stresses.  

 The model seems to fit well with the data. It was shown that it is more likely to fit 

better with the lower flow rates rather than the higher. As mentioned above at the higher shear 
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stresses the effect of flow rate diminishes and is some cases could be considered close to zero. 

Therefore, at these high flow rates the data will also fit with the model. The CV’s range from 

10-40%, with the most consistent CV being at 1.5ml/min. The CV’s seem to show more 

consistency as the injecting rate increased, hence for the double emulsion experiments a flow 

rate of 3 ml/min was used.  

With regards to if the stirrer affected droplet size after the droplets had been formed by 

the membrane. For the single emulsion, it was concluded that CV does increase slightly with 

an increase in shear stress for the single emulsion. However, this increase is not large therefore 

it can be considered that there potentially is a low to insignificant effect on droplet size from 

the stirrer up until a point after which the effect is negligible with higher shear stresses. For 

larger droplet sizes, the CV is lower than with the smaller droplets, if the stirrer affected the 

droplet size it would be expected that the CV would be larger. Research done by Stillwell. et 

al., (2007) has suggested that high CP viscosity (37 cP) can cause droplet breakage by the 

stirrer. The viscosity of the CP used in the single emulsion in this study is 1.01 mPas, which is 

a lot lower suggesting further that the effects of the stirrer in the formation of this emulsion is 

low to negligible. Consequently, it can be assumed for the single emulsion the stirrer does not 

affect droplet size for larger droplets. More experiments need to be done to confirm this further. 

 

W/O/W Emulsions 

Experiments were done with a DC to investigate how emulsion droplet size, uniformity 

and CC shell thickness were affected by various parameters. These include: varying the 

transmembrane flux and the shear stress on the membrane surface, TBPC, amount of dispersant 

injected, cooling time, addition of surfactants to the CP, the ratio of water to sunflower oil in 

the primary emulsion, pH for CC, ratio of BG:GA and PGPR amount in the DP.  

W/O/W double emulsions were created using a DP (7.7% v/v) of a W/O emulsion. The 

CP was G and GA (ratio 1.5:1) but was then amended to BG and GA (ratio 1:1) as G was 

unable to form a shell via CC. The 10 μm pore size membrane was swapped for a 15 μm pore 

sized membrane to prevent clogging of the membrane pores which caused an effect on droplet 

uniformity. It was found that: 
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• Emulsion droplet diameter ranged in size, similar to that of the single emulsion, from 330-

60 µm. With again the larger of the sizes being at the lower shear stresses and higher flow 

rates.  
 

• Droplet size and uniformity was not affected by production time of the emulsion or by 

injecting a dispersant concentration up to 40% (w/w).  
 

• As with the O/W emulsion, it was concluded that there was a low to negligible effect from 

the stirrer on droplet size.  
 

• Similar to the O/W, the model (Section 3.5) seems to fit well with the data. However, it 

was shown it is more likely to fit better with the lower flow rates rather than the higher as 

it does not consider injection flux. As mentioned above at the higher shear stresses, the 

effect of flow rate diminishes and is some cases could be considered close to zero. 

Therefore, at these high flow rates the data will also fit with the model. 
 

•  The span is most consistent (0.63 to 0.66) for all the DPs at 18.2 Pa. Hence, the 

corresponding stirrer speed was selected for use in the other experiments requiring 

constant shear stress. 
 

• The amount of PGPR present in the DP had the ability to vary the amount of DP that was 

present inside the capsules. The capsules were less densely populated when no PGPR was 

used. 
 

•  The optimum pH where the thickest shell was formed was determined optically using a 

microscope and turbidity meter. It was found to be approximately pH 3.8.  
 

• When the surfactant, SDS, was added to the CP in increasing concentration up to the CMC, 

the size of the emulsion droplets decreased. However, no shell was formed in the CC 

process.  
 

• Emulsions with lower TBPC (1% w/w) showed poor stability and had tendencies to 

produce multicore coaservates. While those with much higher TBPC (10% w/w) did not 

form a shell in the CC process. 
 

•  The ratio of BG:GA doesn’t affect drop size or span. GA on its own formed larger drop 

sizes as it was more unstable whereas BG alone produced similar findings to the 1:1 ratio. 
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• The optimum shell thickness is formed with 1:1 ratio BG:GA. A shell was also formed at 

the other BG:GA ratios. As the ratio increased, the shell became thinner and patchy as 

there was not enough GA in the CP to form polyelectrolyte complexes with BG.  

 

AA 

10 and 30% (w/w) AA solutions were added into the primary emulsion. It was shown 

through experiments involving shear stress at the surface of the membrane that the same trend 

was followed as with 0% (w/w) AA solution. However, the droplet size changed due to the 

interfacial tension being affected by the addition of AA solution. For CC, in all the cases, the 

shell was notably perfectly spherical. This was attributed to the pH of the AA solution inside 

the droplets leaking from the primary emulsion during the formation of the shell. Acidic 

conditions lead to thin coacervate walls being produced whereas alkaline conditions can lead 

to long thin coacervate shell. 

It is known from the literature ( Thimma & Tammishetti, 2003), that a lower rate of 

cooling give rise to the potential of a thicker shell. The lowest CC cooling stirring speed that 

was able to be achieved was 250 RPM.  High stirring speeds gives rise to higher shear stresses 

on the capsules and can cause the capsules to break apart.  If the process is cooled too quickly, 

patchy wall formation can occur which can cause potential capsule permeation as coacervates 

deposit themselves around the emulsion droplet. However, if the emulsion is cooled too slowly 

there is more chance the active material can leak out of the capsules and affect wall formation 

by means of changing pH. A variety of cooling rates were tested via monitoring pH over time. 

These were: 0.08 oC min-1, 0.8 oC min-1 and 2.7 oC min-1. Fast shell formation, 0.8 oC min-1, 

looks promising for a cost-effective process as it saves more energy at the CC step of 

microencapsulation. Also, it has been seen in the results, that fast cooling has no adverse effect 

on the shell thickness produced at the end of the CC process but the SOC could be different 

and needs to be investigated further. 
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Conclusion of batch experiments 

 It was found that the combination of parameters that produced the most uniform 

emulsion droplets (approximately D50 = 90 µm, CV = 24 %) as well as the thickest shell was: 

no surfactants present in the CP, A TBPC of 3.3% (w/w),  4% (w/w) PGPR, a ratio of BG:GA 

of 1:1 and a ratio of 2:1 oil, water in the primary emulsion, 147000 L m-2 h-1, 18 Pa,  pH 3.8 

for CC, CC cooling rate of 0.8 oC/min and 250 RPM CC cooling stirring speed.  This 

combination of conditions has shown promising results at encapsulating AA solutions, with 

the EE of 93% and 96% for the 10% w/w and 30% (w/w) AA solutions respectively being 

given by titration. It was confirmed that the EE can be approximated by monitoring the pH but 

for more accurate results other methods such as titration are preferable. 

 

AOS 

For scaling up the system to continuous flow operation, ME of DC was replaced with 

an AOS.  A 15μm membrane was used again with a CP of 2% (v/v) Tween 20 and a DP of 

sunflower oil. With further experiments moving on to using a CP mixture of BG and GA and 

a DP of a W/O emulsion. The DP was injected via an injection pump at 2.5 ml/min and the CP 

was pumped in via a peristaltic pump at 30 ml/min to give a DP concentration of 7.7% (v/v). 

Different shear stresses were produced by altering the frequency and displacement of the 

oscillating membrane ranging from 10-40 Hz and 1-7 mm respectively. For the O/W emulsion, 

emulsion droplets of the size 70-160 µm were created with a span around 0.6 for the shear 

stress range of 7- 60 Pa.  For the W/O/W emulsion, the drop size ranged from 350 to 50 µm 

while the spans varied from 1 to 0.64. For both emulsions the shear stress/ drop size trend for 

the AOS follows the same pattern as that of the DC with increased shear stress causing a 

reduction in droplet size. Comparing both DC and AOS, DC flux is a lot higher than the AOS, 

147000 L m-2 h-1 compared with 793 L m-2 h-1 respectively. However, both methods produced 

droplets of size within the error bars of each other for the same shear stress.  
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OFR 

Later the AOS was replaced in the system by a CDC. After the CDC was used for 

emulsion production, an OFR was used for CC. The OFR was selected as a device which can 

operate with slurries and emulsions under plug flow conditions. The capsules were pumped 

through a bellow pump to suspend the particles and then into the OFR. After which the capsules 

moved on to the crosslinking stage. Plug flow is idealistic flow, as it ensures homogenous 

conditions of temperature for the CC process. To find the optimal conditions that were closest 

to plug flow, RTD pulse experiments were performed using capsules containing the fluorescent 

DPBF and compared to the tanks in series theoretical model (Section 3.7.2.1.). The best 

conditions found were an oscillation frequency of 6.3 Hz, a flow rate of 20 ml/min and a 

displacement of oscillation of 4.5 mm. 

Shell thickness can be customised by varying the cooling gradient along the OFR. The 

cooling profile inside the OFR was investigated using thermotropic LC capsules, of size 80µm, 

with a colour change (red to blue) range between 25 and 37ºC. A calibration was created, and 

cooling gradients were determined by taking images along the OFR at varying cooling water 

temperatures (25 and 37ºC) with and without insulation. None of the cooling profiles tested 

were ideal but the closest to desired cooling rate was found to be room temperature, no flow 

without insulation. This was then validated by continuous microencapsulation of sunflower oil. 

The continuous encapsulation system was run at several temperatures (room temperature, 27oC 

- 32oC) and was found to produce a shell for all but the SOC could be different and needed to 

be investigated further. For the higher temperatures (30-32oC) the capsules were found to be 

more unstable and the capsules shells tended to coalesce. Capsule shells were cross-linked by 

glutaraldehyde to increase their stability and freeze dried.     

    

SOC 

The influence of all these different production parameters on the capsule shell were 

explored using 30% AA capsules and SOC experiments. A novel method was created using a 

different variation of bulk capsule testing where the pressure of varying flow rate was used to 

rupture the capsules, which was monitored this using pH. A mesh was placed inside the plastic 

housing with the AA capsules on top, the housing was screwed together and attached to the 

peristaltic pump which cycles water from the glass beaker. The flow rate was then increased 
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and for each flow rate the pH was measured. When the pH dropped the capsules had broken 

and released the AA. Different meshes were tested with the addition of glass beads, filter paper, 

membrane filter or glass fiber paper depending on the experiment being performed. It was 

found that for all the experiments run the capsules either squashed through the mesh without 

breaking or squashed together and blocked the mesh. However, the method has shown potential 

to be effective, more research is needed to enhance the technique further.  
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8. Future work and recommendations  

 

DC 

The DC was very beneficial in the creation of both the O/W single emulsions and the W/O/W 

double emulsions. It had the advantage of being able to be used with CPs that can solidify at 

room temperature, such as BG, and could be used with a variety of DP and CP. It was easy to 

set up, use with little or no experience of operation required prior to use. It is therefore 

recommended the DC be used for testing newly created formulations for encapsulation by ME. 

 

Batch single and double emulsion capsules 

Single O/W and double O/W/O emulsions were created successfully and crosslinked. 

They were uniform with a good span and stable with the chosen formulation. Future work could 

be done around the formulation of the capsules, mainly in the area of swapping the more 

harmful chemicals (e.g. glutaraldehyde), or the undesirable ones (BG, PGPR) for FDA 

approved chemicals that can create capsules of the same quality and efficiency.  

It was found that multicore capsules were able to be produced in this work. The use of 

this could be explored for, for example the coupled encapsulation of hydrophilic and 

hydrophobic compounds. 

 

Batch AA capsules 

It was possible to encapsulate AA with a reasonably high EE. There is potential in the 

future to test out encapsulation of other volatile or water soluble unstable compounds (e.g. 

sweeteners, fragrances, flavors) with the same capsule formulation. To see how changing the 

internal compound affects the capsule size or wall formation. It is also recommended to 

consider encapsulation of AA via a continuous method. 
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AOS 

The AOS produced single O/W and double O/W/O emulsions of similar uniformity as 

that of the DC. The equipment was simple to operate, clean and could easily create both 

emulsions on a continuous basis. Limited frequencies and displacements could be tested (i.e. 

not to the full extent the equipment was capable of) due to an issue with the membrane staying 

fitted correctly inside the membrane housing without causing excess vibrations. It is 

recommended to complete the experiments again with the AOS mechanical issues fixed and it 

is possible to test out the full range of frequencies and displacements the equipment is capable 

of. It is also recommended to use the AOS with any future experiments involving encapsulation 

be ME on a continuous scale. Further experiments could be completed in encapsulating AA or 

other volatile/water soluble compound, testing the EE and comparing the results to them 

produced by the DC. 

 

CDC 

W/O/W emulsions, with a good span, were produced continuously via the CDC. The 

CDC however, has limitations of volume of production. Therefore, it is recommended for 

future experiments if they are related to the scale-up of the continuous ME/CC process, to 

exchange the CDC for the AOS.  

 

OFR 

It was easy to use the OFR for continuous CC but it had the potential to be difficult to 

clean as some of the capsules run through the system deposited on the glass. It is recommended 

more research is done into simpler cleaning methods using less aggressive chemicals than the 

ones used in this study.  

 

LC capsules 

LC capsules were extremely useful and simple in determining the cooling gradient 

throughout the OFR. It is recommended that they are used for any future studies involving the 

determination of cooling gradients. It is recommended that modifications are made to the LC 

capsule formulation to extend shelf life of the capsules as they only lasted a few weeks.  
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Continuous encapsulation  

It was possible to create single O/W capsules continuously with good uniformity at a 

variety of different cooling rates. Additional experiments could be done to study the EE of 

capsules containing AA or other volatile/water soluble compounds produced by the continuous 

system and how different conditions such as the cooling gradient of the OFR can effect their 

encapsulation and compare it to the DC. This process could then move on to looking at using 

other capsule formulations. 

 

Freeze drying 

Freeze drying was a good choice for drying the capsules and prolonging the shelf life. 

However, it is predominantly a batch process and is highly recommended that a suitable 

continuous drying method is found. More experiments are needed to be done to look at how 

different crosslinkers effect the stickiness of the capsules after drying and possibly swapping 

out DE for another material such as silicone.  

 

SOC 

The SOC method proposed has potential. However, further work is needed on 

modifying the equipment for the SOC to account for the issues found with the capsules 

blocking or going through the mesh. SOC either using the proposed method in this study or 

using a different bulk capsule method needs to be done to test the shell strengths of the different 

cooling rates from the batch and continuous process. This could then be moved on to explore 

the SOC with different capsule formulations or crosslinking strengths. 
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Appendices  

 

A. Stirrer calibration 

To change the speed of rotation of the overhead stirrer used in the DC, the voltage on 

the power box is altered. The rotation speed of the stirrer (in RPM) was then needed to be 

found, for each of the voltages used to change the stirrer speed, via a calibration. A tachometer 

was used to measure the RPM of the stirrer for voltages in the range of 2-14 V (i.e. the range 

in which the stirrer would be used in the DC). These rotation speeds were measured three times 

and an average was calculated. The calibration is shown in Figure A.  

 

 

 

 

Figure A.  DC overhead stirrer calibration. 

 

 

B. OFR pump flow rate 

The flow rate of the pump was calibrated by firstly setting the pump to the desired 

value. The pump was switched on and then one minute was timed. The flowing liquid was 

collected in a measuring cylinder at the end of the OFR. This was repeated three times for each 

pump value measured and an average calculated. The calibration is shown in Figure B.  
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Figure B. Flow rate calibration for the pump used to pump the capsules through the 

OFR. 

 

C. OFR length 

The length of the OFR was measured using a piece of string and a tape measure. When 

the liquid crystals are passed through the OFR the point in which they change colour to show 

the temperature change needs to be documented. This is done by a sequence of photographs 

taken using an iPhone 7 at a series of points along the OFR. The iPhone was kept consistently 

7.2 cm about the OFR and parallel to it. Table C. shows the distance along the OFR at which 

the photographing points occurred and the percentage of the total length of the reactor they 

occurred at. 
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Table C.  Distance between each photographing point on the OFR 

 

 

   Position Length (cm) % of reactor 

   1 6.7 1 

   2 34.4 8 

   3 61.1 14 

   4 84.1 19 

   5 114.6 25 

   6 159 35 

   7 188 42 

   8 211.8 47 

   9 239.4 53 

   10 266.4 59 

   11 305.2 68 

   12 330.6 73 

   13 360.6 80 

   14 384.1 85 

   15 410.9 91 

   Overall 451.9 100 

 

 

D. Frequency 

It is important to keep the capsules suspended whilst they move through the OFR so 

that they do not stick to the glass walls and that when the shell if forming the conditions are 

homogenous. This is done by altering the frequency and displacement of oscillations caused 
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by a bellow pump.  The difference between capsules when they are in suspension and not 

suspended are shown by Figure D a and b.  

a) 

 

 

b) 

 

c) 

 

 

 

Figure D. a) Capsules in the OFR not in suspension. a) Capsules in the OFR in 

suspension. c) frequency calibration of the bellow pump used to create the 

oscillations in the OFR.  
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The frequency of the oscillations was calibrated by setting the pump scale to the desired 

setting to be measured and counting how many times the crank shaft rotated 360o in a minute. 

This was done by taking slow motion videos using an iPhone 7.  The calibration is shown in 

Figure D c. 

 

E. Displacement  

The displacement of the oscillations caused by the bellow pump used to keep the 

capsules suspended in the OFR changes depending on the frequency, flow rate (20 ml/min and 

30 ml/min) and the setting on the bellow pump. The displacement was calibrated by setting the 

frequency to a constant value and the displacement scale on the pump to the setting to be 

measured. The pump was then turned on and a slow-motion video was taken of a measuring 

cylinder at the end of the OFR (Figure Ea).  This showed the displacement of the water in the 

OFR due to the oscillations. This linear distance was then measured using calipers, as the 

measuring cylinder is the same diameter and the inside of the OFR. This process was repeated 

for different displacement setting on the pump and for different frequencies of oscillation. 

Some of these reuslts are shown in Figure E b. 

The bellow pump creates forced oscillations. With changing the pump from 

displacement position 1-8 the displacement increases. When the frequency increases at a set 

pump position, the displacement increases to a certain point then decreases again with a further 

increase in frequency.  This is due to resonance. When the pump forces oscillations at the 

systems natural frequency, the frequency it wishes to oscillate at under free oscillation, 

resonance occurs and displacement is increased. 

These found displacements were used to find the minimum displacement needed to keep 

the capsules suspended in the OFR for a given frequency. Lower displacement will help protect 

the capsules from breaking due the forces from the oscillations and it is thought to be closer to 

plug flow at these conditions. 
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a) 

 

b) 

 

 

Figure E.  a) Image of displacement tests. b) How displacement changes with varying 

frequency and pump setting. 

 



194 
 

F. Liquid crystal temperature calibration 

The LC capsules were cycled through the OFR at 20 ml/min and a frequency and 

displacement of 6.3 Hz and 4.5 mm. This was to keep the capsules in suspension in the OFR. 

The capsules were left to cycle through the OFR for 3 residence times to allow for equilibrium. 

This is shown by Figure 3.9 in Section 3.7.2.  

 

 

 

Figure F.1. Example of temperature calibration by LC.  

 

Prior to the capsules being pumped into the OFR, 300 ml of deionized water solution 

adjusted to pH 3 by 50% (w/w) lactic acid containing 0.5g albumin from egg white was passed 

through to the end of the reactor. It was left in there for ~20 minutes to stop the capsules sticking 

to the walls of the OFR. The capsules are also mixed with albumin solution prior to being 

placed into the OFR. 120 ml capsules solution which is 0.06g of dry capsules per 1 ml of 

solution, with 480 ml of deionized water containing 1 g albumin as described in Section 3.7.2.   
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The temperature of the cooling/heating jacket on the outside of the OFR consisted of a 

water bath containing deionized water and a small amount of copper 11 ions and a pump with 

a flow rate of 2700 ml/min. This was turned on and left to come to equilibrium at the desired 

temperature. Photographs were then taken on different backgrounds to find the best conditions 

for the images, at the beginning of the reactor using an iPhone 7. This was placed above the 

OFR parallel at 7.2 cm distance with two light sources, “no light” which is ambient light from 

the room and “phone light” which is the flash function form the iPhone 7. Different light 

sources were tested as light is needed for the LCs to show colour by refraction. Preferably 

white light is needed. |Different light sources would show different colours for the temperatures 

and the best light source to use would be the one that gave the best difference in colour between 

the temperatures. When all the conditions were decided the calibration was performed. This 

was done by increasing the jacket’s temperature from 25oC to 37oC at 1oC increments and a 

photograph was taken at each temperature. The capsules were left to reach equilibrium each 

time before the photographs were taken. Examples of calibration images are shown in Figure 

F.1. 

As stated above, various conditions were tested before settling on the final conditions 

used for the calibration. First used was previously created LC capsules (bought from Halcrest). 

The capsules were of varying size (10-100 μm) and were diluted down by 1g of capsules with 

roughly 600 ml deionized water with albumin, to project the best colour with the light. The 

tests were run in a lit room with either flash from the phone or no flash. An example of this is 

shown in Figure F.2.  

 

 

 

Figure F.2. Images showing the conditions tested for the pre-made capsules with phone 

light and without. 
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As can be seen by Figure F.2. the image using flash from the phone was a lot brighter 

and shows the colour better. This is because liquid crystals show colour by refracting white 

light, so more light means more refraction of colour (Stasiek & Kowalewski, 2002). Therefore, 

it was decided for the temperature profile analysis experiments the images would be taken 

using flash from the iPhone 7. 

The images from the experiment were then processed by finding the RGB (red, green 

and blue) colour number susing the free software InfranView.  These values were then in turn 

converted to a wavelength of the colour using free software from the website 

brucelindbloom.com. Found at the web address: 

http://www.brucelindbloom.com/index.html?ColorCalculator.html). 

 These wavelength values were then plotted against temperature shown in Figure F.3. 

b along with a LC colour change representation for each temperature (Figure F.3. a). 

 

 

 

Figure F.3. a) LC calibration, colour change representation for each temperature for 

premade capsules from 25-37oC. b) wavelength of LC calibration colour 

plotted against temperature. 

http://www.brucelindbloom.com/index.html?ColorCalculator.html
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The gradient of the graph in Figure F.3.b is shown for the three distinct sections to 

improve accuracy. Depending on the wavelength given from the temperature experiments 

(Section 6.2.2) the appropriate gradient will be used accordingly to find the corresponding 

temperature. 

The previous calibration was done using premade capsules that were purchased. It was 

decided to compare the calibration with that of capsules (≈90µm) that are created in lab using 

LC oil by the process described in Section 3.7.2.2. A comparison of the two different capsules 

for 27oC is shown in Figure F.4. with the LC colour change for all temperature being shown in 

Figure F.5. a and the calibration graph of temperature Versus wavelength being presented in 

Figure F.5. b.  

 

 

 

Figure F.4. Images showing a comparison between premade bought LC capsules and 

created LC capsules at 27oC for OFR calibration. 

 

What can be seen in Figure F.4. and comparing Figure F.3. .a and F.5. a, the capsules 

that were created using the LC oil in the lab produced images that were a lot brighter under the 

flash of the phone and showed a more distinct colour change between the different 

temperatures. This could be due to the created in lab capsules being more homogenous in size 

from being created by the batch ME/ CC process than the bought capsules. This could also be 

down to differences in the LC oil used in both capsule creations. From this the decision was 

made to move forward using the in lab made capsules to try and give the most accurate 

calibration.  
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Figure F.5.  a) LC calibration, colour change representation for each temperature for 

created LC capsules from 25-37oC. b) wavelength of LC calibration colour 

plotted against temperature. 

 

Since the LC capsules show colour by the refraction of light, other factors were looked 

into which could have negatively influenced and give inaccuracy between runs for the 

temperature analysis.  Conditions were tested such as: having the lights on and off in the room, 

covering the section of the OFR with the iPhone with foil where the calibration image is being 

taken or leaving it uncovered and having a background to the imaged (Figure F.6.).   

 

 

 

Figure F.6. Photographs showing the comparison between taking the calibration images 

with no background and using a black background.  
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From all these experiments, it was decided that the final conditions for the calibration 

and in turn for the experiments to find the cooling gradient in the OFR by LC capsules are: 

lights off in the room, not covered by foil and a black background. These conditions ensure 

that there is no influencing reflection of light from the lights in the room or from covering foil 

and the only light that is causing the LC colour is the flash from the iPhone. The background 

to all the images being one even colour, helps prevent inaccuracies from LC colour in the 

images being influenced by that of items in the background. The final calibration graph of 

temperature versus wavelength is shown in Figure F.7 b and the LC capsule colour change 

images are shown in Figure F.7.a.  

 

 

 

 

 

Figure 5.38.  a) LC capsule colour change images for temperatures between 25-37oC. b) 

Final calibration graph of temperature (oC) Versus wavelength (nm) used for 

the experiments to find the cooling gradient in the OFR by LC capsules.  
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G. Interfacial tension 

For the CP of 2% (v/v) Tween 20 the viscosity was found to be 5 mN/m from the paper 

(Dragosavac, et al., 2008) . 

The interfacial tension between the primary emulsion and CP was measured by the Du 

Noüy ring method. This method measures the static equilibrium interfacial tension via the 

process of lifting a platinum ring through the interface between the two liquids. The force 

needed to pull the ring and break through the interface can be related to the interfacial tension 

(Du Nouy, 1919).  

 

H. Density 

For the CP of 2% (v/v) Tween 20 the viscosity was found to be 999.5 kgm-3 from the 

paper (Dragosavac, et al., 2008). 

The viscosity of the CP of 10% (w/w) BG with 10% (w/w) GA solution in the ratio of 

1:1 and I TBPC OF 3.3% (w/w) was measured by a pycnometer. Three measurements were 

taken, and an average calculated to be 1006 kg m-3.  

 

I. Rheology 

For the CP of 2% (v/v) Tween 20 the viscosity was found to be 1.01 mPas from the 

paper (Dragosavac, et al., 2008).  

The viscosity of the CP of 10% BG with 10% (w/w) GA solution in the ratio of 1:1 and 

a TBPC OF 3.3% (w/w) was measured by (TA rheometer, Model AR 1000-N) at 37oC. Three 

sets measurements were taken using the same sample one after another, and the viscosity was 

found by plotting the results for shear stress against shear rate and finding the gradient. An 

average of these gradients was then found to be 7.7 mPas. 

 

J. ImageJ analysis 

To size the emulsion particles optically, images of each emulsion were taken by a 

camera on a microscope (GX Optical Microscopes, Model GXML3201) and the images were 

then analysed by the image analysis software ImageJ (free to download at 
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https://imagej.nih.gov/ij/download.html). The average Feret diameter and CV were calculated 

for over 100 droplets from multiple images for each emulsion to give a more accurate 

representation. 

 

 

 

Figure J.  a) microphotograph of the graticule used to set the scale for the ImageJ 

analysis. b)  microphotograph of emulsion for droplet size measurement by 

ImageJ. c) image converted into correct format for measuring. d) droplet 

outlines detected and numbered for measuring.  

 

Before measurement of the droplets can begin the scale needs to be set. This is done by 

using an image of a graticule (Figure Ja.) at the same magnification as the image that is to be 

measured. The length of 100 μm was measured, on the graticule image, in pixels and set in the 

ImageJ software. The image of the emulsion for measuring (Figure Jb.) is then converted to 

the correct format for measuring (Figure Jc.), a distant black and white image with no droplets 

touching each other This is done by converting the image to 8-bit, adjusting the contrast and 
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brightness scales along with the threshold in the ImageJ software and separating the droplets 

manually using the paintbrush tool also in the software. The software was set to measure the 

Feret diameter and an image of the droplets being measured is shown (Figure Jd.). It should be 

noted that, any droplet touching the edge of the image is excluded from measurement.  The 

results are then exported to Microsoft Excel and the CV and mean diameter are calculated.  

 

K. Titration Calibration  

The amount of AA that has leaked into the CP, to calculate the EE, was measured by 

titration using the process described in Section 3.11. 

To calibrate the titre percentage of AA (w/w), known concentration (% w/w) solutions 

of AA were created ranging from 0.01-0.2 %. These solutions were titrated also by the method 

described in Section 4.6. to find their corresponding titre and a calibration graph was created 

(Figure J.). 

 

 

 

 

 

Figure J. Calibration for titration of AA in the CP after ME. 
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L. Poster presentations and seminars  

• Barton, A. Trybala, K. Loponov, R. Holdich, M. Dragosavac, Continuous Flow 

Mnufacturing of Microcapsules, Innovations in Encapsulation 2017, 8th December 

2017, London, UK  

o Awarded runner up in poster prize competition.  

 

• Barton, A. Trybala, K. Loponov, R. Holdich, M. Dragosavac, Continuous Flow 

Mnufacturing of Microcapsules, Loughborough University Research Conference 

2017, 7th December 2017, Loughborough, UK 

 

• Barton, M. Dragosavac, R. Holdich, R. Holmes, Membrane emulsification and 

encapsulation, was presented at the university on 31st January 2017 

 

 

• Barton, R. Holdich, M. Dragosavac, Encapsulation of Water-Soluble Compounds by 

Complex Coacervation and Membrane Emulsification, Loughborough University 

Research Conference 2016, 31st  October 2016, Loughborough, UK 

 

• Barton, R. Holdich, M. Dragosavac, Encapsulation of Water-Soluble Compounds by 

Complex Coacervation and Membrane Emulsification, Innovations in Encapsulation 

2016, 10th June 2016, Edinburgh, UK  

 

 


