
ABSTRACT 

LAM, STEPHANIE. Smart Materials from Liquid and Air: Functional Pickering Foams 

Stabilized with Particles from Naturally Derived Materials. (Under the direction of Professor 

Orlin D. Velev). 

 

At the beginning of the 20
th
 century, Spencer Pickering and Walter Ramsden established that 

partially hydrophobic particles could impart greater stability onto foams and emulsions than 

molecular surfactant stabilizers. This has now emerged as a topic of large interest due to the 

advances in particle science. In the past decade, much progress has been made in 

understanding the mechanisms of foam stabilization by particles of different sizes and 

shapes. However, most of this work has been focused on studying foams stabilized by 

inorganic particles. Our goal is to synthesize particles from biologically derived materials ï 

lignin and cellulose - and to tune synthesis parameters for the generation of biopolymer 

particles with improved foam stabilization capability and functionality.  

We have developed new classes of particle stabilizers made on the basis of 

sustainable materials - cellulose and lignin. These stabilizers can find application in foods, 

personal hygiene products, as well as porous materials for biomedical applications. We 

investigate how to improve the ability of lignin and cellulose-based polymers to stabilize 

foams by tuning solution properties to control particle hydrophobicity, and find particles with 

moderate surface charge (z ~ -20 mV) to be good foam stabilizers. Additionally, in both 

systems, at conditions for improved foam stability, particles were observed to form loosely-

packed aggregates in suspension. We also characterize the stability of foam films containing 



hydrophobically modified cellulose and find that biopolymer particles can sterically stabilize 

air-in-liquid dispersions by forming particle-gels in the foam lamella.  

Using superstable biopolymeric foams as a base, we developed several novel stimuli-

responsive biphasic systems by incorporating particles with special properties (such as 

magnetic and/or light-absorbent) into the matrix of these foams. Such responsive soft 

material systems can find applications in processes requiring controlled defoaming and 

controlled delivery; they can also serve as templates for novel porous materials. We 

characterized the response of magnetically responsive foam systems to an applied magnetic 

field under different microstructural conditions (i.e. liquid fraction, bubble size, particle 

packing). It was observed that the rate and mechanism of foam destabilization correlated well 

with the extent of bubble packing in the foam - with foam destruction becoming almost 

instantaneous once high packing fraction ((f) ² 0.64) was achieved. Two separate modes of 

foam collapse were identified from our experimental observations - one for foams with high 

liquid content (e > 0.30) and one for foams with low liquid content (e < 0.30) - and models 

were formulated to describe each of these two mechanisms of defoaming.  

We also designed photoresponsive foams by employing a thermally-responsive fatty 

acid assembly as the stabilizer. These foams were made photoresponsive through the 

incorporation of carbon black (light-absorbent) particles into the fatty acid foam matrix. 

Aged foams containing lower liquid fractions were found to destabilize rapidly when 

exposed to an external stimulus. We demonstrate that using a robust foam stabilizer, many 

different types of functional particles could be incorporated into the foam matrix to achieve 

response to various external stimuli. By exchanging the carbon black particles for carbonyl 



iron (light-absorbing and magnetically-responsive), we obtain a foam which can remain 

stable for months, but which can also be collapsed efficiently and controllably using a 

gradient magnetic field, UV light, or by an increase in temperature to T > Ttransition, fatty acid. 

From this body of work, magnetically responsive Pickering foams, photo-thermo-responsive 

foams, as well as photo-thermo-magneto-responsive foams, were reported in the literature for 

the first time.  
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Figure 3.7. Solubility of reformed and non-reformed particles as a function of 

pH. At pH ~ 2, reformed particle system is 7 times less soluble 

than non-reformed particle system. Reformed particles begin 

dissolving back into solution at pH ~ 5 whereas non-reformed 

particles do not fully dissolve until pH ~ 12ééééééééé.. 
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Figure 3.8. Normalized foam volume vs. time for foam stabilized by reformed 

and non-reformed particles. (Inset) Micrographs showing KL 

particles adsorbed at the air-water interface. KL concentration = 

0.7 wt% and pH ~ 2 for foams. Foams made with reformed 

particles remain stable for a longer period of timeééééééé 
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Figure 3.9. Plot of foam volume vs. time for samples stabilized by different 

concentrations of KL (pH ~ 2). Foams made with suspensions 

containing higher concentrations of KL maintain higher foam 

volumes and have greater stability against creamingéééééé. 
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Figure 3.10. Foam volume vs. time for KL foam samples stabilized by particles 

generated at different pH conditions. Foam stability increases with 

decreasing pH due to the presence of more KL particles at lower 

pHs. KL concentration in foams = 1.20 wt%..................................... 
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Figure 3.11. Specific volume of reformed and non-reformed particles as a 

function of time in aqueous media. Reformed particles compress 

slower in H2O than non-reformed particles. Concentration of KL in 

suspensions ~ 0.7 wt% and pH ~ 2ééééééééééééé 
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Figure 3.12. Schematic showing foam stabilization by Kraft lignin particles 

before (a) and after the reformation process (b and c). Schemes 

show that while the original KL powder can adsorb at the air-liquid 

interface (a), it does not provide complete coverage of the interface 

as compared with the reformed particle system at low pH (c). At 

intermediate and high solution pHs where there is an insufficient 

quantity of precipitated KL, foams are also unstable (b)éééé... 
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Figure 3.13. (a) Plot of foam volume versus time for foams made using particles  
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generated from stock solutions of different ages. (b) Particle 

settling volume versus time for particles reformed from stock 

solutions of different ages. Concentration of KL in foams ~ 0.7 

wt% and pH ~ 2.................................................................................. 
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Figure 4.1. Schematic of the procedure for making magnetically responsive 

foams. Functionalized iron particles are combined with HP-55 

stock solution. HP-55 particles are formed under shear and foam is 

generated through sample aeration via mixing. The components are 

not drawn to scaleééééééééééééééééééé.. 
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Figure 4.2. Micrographs of fresh foam bubbles (2.7 wt% Fe, 1 wt% HP-55)é. 
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Figure 4.3. (a) Schematic showing MRD setup for the Anton Paar Physica 

MCR 301. Schematic includes the location of the electromagnet 

coils, field lines, and shows the encasement of the test geometry in 

the magnetic bridge (labeled ñhighly permeable materialò). (b) 

Photograph of magnetic bridge with built-in cooling system.  

Schematic and photograph courtesy of Anton Paar USAéééé.. 
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Figure 4.4. (a) Micrograph of 2.7 wt% Fe foam bubble from a 5 day old foam 

sample. Photo shows that the bubble is covered by HP-55 particles 

with carbonyl iron particles decorating the HP-55 shell. (b) SEM 

micrograph of dried magneto-Pickering foam. The dark gray 

matter remaining after foam bubble breakdown is the HP-55 

matrix, and the white particles are carbonyl iron. Scale bar = 10 

µméééééééééééééééééééé...................... 
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Figure 4.5. Normalized foam head volume as a function of time. After rapid 

initial drainage and creaming, the foam remains stable for more 

than one week. Note: The graph has a break between 4000 and 

12000 minuteséééééééééééééééééééé.... 
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Figure 4.6. (a) Foam water fraction as a function of sample age at different 

carbonyl iron concentrations. All samples make a transition from 

ñwetò to ñdryò foams. (b) Average bubble diameter as a function of 

time for MP foam. The carbonyl iron concentration is 2.7 wt% for 

data in (b)........................................................................................... 
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Figure 4.7. Log-log plot of data for bubble growth over time in the foam. The 

square points represent data for foams ¢ 1 day old. The circular 

points represent data for foams ² 1 day old. The dotted lines are the 

fits for the data based on bubble size growth scaling to a power of 
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0.36 for foams less than one day old, and 0.12 for foams greater 

than one day old. The R
2
 value for the x = 0.36 exponent for foams 

¢ 1 day old is 0.98 and the R
2
 value for the x = 0.12 exponent for 

foams ² 1 day old is 0.84éééééééééééééééé... 
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Figure 4.8. (a) Storage, Gô, and loss, Gôô, moduli as a function of frequency 

for foams of different ages and at 2.7 wt% Fe. Filled symbols 

represent Gô and hollow symbols represent Gôô. The shape of the 

Gô and Gôô curves show that when testing in the linear viscoelastic 

regime (LVR), the foam behaves as a gel-like material and has low 

frequency dependence. (b) Damping factor, Gôô/Gô, at 6.28 rad/s 

versus foam age. The carbonyl iron concentration is 2.7 wt%.......... 
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Figure 4.9. Elastic modulus, Gô, as a function of shear stress. Oscillatory stress 

sweeps were performed on foam samples of different ages to 

determine the range of stresses across which the linear viscoelastic 

region for the foam exists. These experiments were performed for 

foams containing 2.7 wt% Feééééééééééééééé. 
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Figure 4.10. Snapshots showing process of wet and dry foam collapse. 5 hour 

foam sample (a) before exposure to magnet; (b) as magnet is 

applied (t = 0 sec); (c) after initial deformation (t = 11 sec); and (d) 

540 sec after magnet applied. 11 day old foam sample (e) before 

exposure to magnet; (f) as magnet is applied (t = 0 sec); (g) after 

immediate deformation of foam toward magnetic field (t = 1 sec); 

and (h) 3 sec after magnet appliedééééééééééééé. 
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Figure 4.11. (a) Collapse time versus foam age. The carbonyl iron concentration 

is 2.7 wt%. (b) Collapse time versus age for foams of different Fe 

concentrations. These times are determined from collapse 

experiments performed on foams contained in sealed glass vials 

and are the times necessary for deformation of the entire foam head 

toward the magnet in the different foam samplesééééééé.. 
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Figure 4.12. Magnetization curves for magneto-Pickering foams. These curves 

represent the mass magnetization as a function of applied magnetic 

field for fresh and 1-day old foams at 300 K and 2.7 wt% Feéé... 
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Figure 4.13. Storage modulus (Gô) as a function of shear stress for fresh foam 

samples tested under different magnetic field strengths. As the 

strength of the applied field is increased, Gô also increasesééé.. 
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Figure 4.14. (a) Linear elastic modulus for HP/Fe foam samples as a function of  
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sample age for foams tested when the strength of the applied field 

is: 0 T (blue), 0.33 T (yellow), and 0.64 T (purple). (b) Foam yield 

stress as a function of sample age for foams tested under different 

magnetic field strengths: 0 T (blue), 0.33 T (yellow), and 0.64 T 

(purple). Both the linear modulus and yield stress increase with 

increasing sample age and magnetic field strengthééééééé 

 

 

 

 

 

 

137 

 

Figure 4.15. (a) Snapshots of microscopic collapse process for wet foam (top 

row) and dry foam (bottom row). Exposure of dry foam to a 

magnetic field results in film stretching and bubble coalescence; 

such destabilization mechanisms are not experienced by wet foam 

in a magnetic field. (b) Mechanism of foam collapse as a function 

of age. Mechanism of collapse for wet foam - bubble ejection from 

particle matrix by magnetic field (top row). Mechanism of collapse 

for dry foam ï film rupture via stretching by magnetic field 

(bottom row)ééééééééééééééééééééé... 
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Figure 5.1. Transmission electron micrographs of (a) Monarch
á
800 and (b) 

Black Pearl
á
880. Most particles in the foam are aggregates of ~ 20 

nm nanoparticles in both samplesééééééééééééé.. 
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Figure 5.2. (a) SANS data at 25°C (blue) and 45°C (red) for the 12-HSA 

system at 10 g/L and r = 2 obtained at LLB France on PAXY 

spectrometer. (b) SANS data at 25°C for the 12-HSA system at 10 

g/L (blue) and 40 g/L (black) with r = 2. The data have been 

shifted in intensity for the sake of clarityÀÀéééééééééé. 
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Figure 5.3. Photographs of a freshly-made foam with microscope images 

corresponding to the foam head and liquid drained out of the foam. 

(a) Micrograph of fresh foam showing thick foam films containing 

12-HSA tubes and CBP. (b) 12-HSA tubes and carbon black 

particles in solution. The scale bar represents 50 µméééééé 
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Figure 5.4. Photographs of foams taken (a) 6 minutes and (b) 1 month after 

foam formation for a sample containing 10 g/L 12-HSA tubes and 

1 g/L Monarch
á
800ééééééééééééééééééé 
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Figure 5.5. Photographs of 12-HSA foam containing CBP (a) before 

illumination with UV light, (b) 20 s after UV light illumination, 

and (c) 1 min after UV light illumination - during which time the 

sample is completely destroyed. Control foam made with 12-HSA 

at 10 g/L (d) before illumination with UV and (e) 7 minutes after 

illumination with UV lightéééééééééééééééé. 
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Figure 5.6. UV-Vis absorption spectra of carbon black particles. Plot shows 

the absorbance of Black Pearl
á
880 (yellow) and Monarch

á
800 

(blue) (concentration = 0.1 g/L CBP in 0.04 g/L 12-HSA)ééé... 
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Figure 5.7. Snapshots extracted from IR movies showing the temperature 

profiles of a 12-HSA/CBP foam sample contained in a glass vessel 

(a) before irradiation with UV light, and (b) 60 seconds after UV 

light irradiation. (c) Control foam sample 7 minutes after UV light 

irradiationéééééééééééééééééééééé... 
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Figure 5.8. Schematic illustrating the mechanism of foam destabilization upon 

UV irradiation. (a) Fatty acid tubes and CBPs jam to form gel-like 

layers in the foam lamella. (b) Upon UV irradiation, the CBPs heat 

up, causing fatty acid tubes to transition into micelles. (c) This 

results in destabilization of the foam. Schematic is not to scale. In 

the experiments, the fatty acid tubes are ~ 5-10 mm in length, and 

600 nm in diameter.
7, 30

 The carbon black particles are 20 nm in 

size, but form aggregates in the foam varying from several hundred 

nanometers to several microns in sizeéééééééééééé 
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Figure 5.9. (a) Evolution of the foam head volume as a function of UV 

illumination time for foams of different ages (different water 

fractions due to pre-drainage times). All samples were tested 6 

minutes after foam formation. (b) Water fraction decay in foam 

containing 10 g/L 12-HSA and 1 g/L CBP (Monarch
Ñ
800). Water 

fractions for the samples were taken 6 minutes after foam 

formationééééééééééééééééééééééé 
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Figure 5.10. (a) Foam volume as a function of the illumination time for foams 

containing different concentrations of 12-HSA with a fixed 

concentration of Monarch
á
800 at 1 g/L. All samples were tested 

10 minutes after foam formation. (b) Water fraction in the foam as 

a function of 12-HSA concentration with 1 g/L of Monarch
Ñ
800 10 

minutes after foam formationééééééééééééééé. 
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Figure 5.11. (a) Evolution of foam volume as a function of UV irradiation time 

for foams containing different concentrations of Monarch
á
800 and 

a fixed 12-HSA concentration of 10 g/L. All samples were tested 6 

minutes after foam formation. (b) Water fraction in the foam as a 

function of the Monarch
Ñ
800 concentration at a constant 12-HSA 

concentration of 10 g/L. Water fractions for samples were 

measured 6 minutes after foam formationéééééééééé. 171 
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Figure 5.12. Foam volume decay as a function of illumination time for foams 

having a fixed concentration of 12-HSA (10 g/L) and different 

types of particles - carbon black particles (Monarch
á
800 and Black 

Pearl
á
880) and carbonyl iron particles - 6 minutes after foam 

formationééééééééééééééééééééééé 
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Figure 5.13. Photographs of foams before and after exposure to solar 

illumination. Control (12-HSA) foam samples contain 10 g/L fatty 

acid, and photoresponsive foam samples contain 10 g/L 12-HSA 

and 1 g/L Monarch
á
800. All samples were equilibrated for 24 

hours at room temperature prior to testingéééééééééé. 
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Figure 5.14. Illustration of the ability of 12-HSA foam with CI particles to 

respond to three different external stimuli. Photographs of 12-HSA 

foams with CI particles (a) before and after (b) an increase in 

temperature; (c) UV irradiation; and, (d) exposure to a magnetic 

fieldééééééééééééééééééééééééé 
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Figure 6.1. Solid magnetically-responsive foam stabilized by HPMCP. (a) 

Photograph of a water droplet atop of a solid magnetic foam 

sample. Notice that the water is not absorbed by the foam. (b) 

Photograph showing absorption of oil by the same foam sample (at 

top right corner of sample)éééééééééééééééé. 

 

189 

 

Figure 6.2. Series of photographs showing the migration of a solid foam 

sample toward the source of the applied magnetic field (subsequent 

to oil absorption)éééééééééééééééééééé 
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CHAPTER 1
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Introduction to Pickering Foams, Foam Stabilization by Biopolymer 

Particles, and Responsive Biphasic Systems 
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 Partially based on Lam, Velikov, Velev, Current Opinion in Colloid and Interface Science, Submitted.  
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1.1. Introduction  

The main objectives of my doctoral research include: (1) exploration of biopolymers for 

foam and emulsion stabilization and (2) development of stimuli-responsive aqueous foams 

which could be manipulated using externally applied fields. Biopolymers such as cellulose 

and lignin are abundant, inexpensive and renewable raw materials. With sustainability in 

mind, it is important to shed light on how to use biologically derived materials in different 

applications ï one being foam and emulsion stabilization. Foams and emulsions are 

metastable biphasic dispersions which can be found all around us in foods (ice cream, salad 

dressing, beer), topical ointments, personal care products, as well as in different commodities 

(mattresses/pillows, shoes, batteries, insulation). Replacing traditionally used surfactants and 

inorganic particles with bio-derived amphiphiles and particles in many of these applications 

can lead to environmentally-friendly value-added products from sustainable materials. 

Another potential application of foams and emulsions stabilized by biologically derived 

materials is in the production of stimuli-responsive systems, which are also addressed in this 

dissertation. Biphasic systems which can be actuated from a distance have potential 

applications in defoaming, delivery, and decontamination processes. The main body of my 

dissertation will describe how to utilize particles from biopolymers ï specifically 

hydrophobically-modified cellulose and Kraft lignin - for foam stabilization, how particles 

from these two materials can stabilize foams and emulsions, as well as how to design stimuli- 

responsive systems from biopolymeric materials. In this chapter, I will provide an overview 

of Pickering foams, and present the current relevant literature on foams stabilized by 

biologically derived particles as well as stimuli-responsive foams and emulsions.   
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1.2. General Information on Foams and Pickering Foams and Emulsions 

Biphasic dispersions, such as foam and emulsion systems are thermodynamically metastable 

systems which eventually separate into the individual components of which they are 

composed. Amphiphilic molecules are traditionally used to prevent or delay phase separation 

and to reduce the energy of the air-liquid or liquid-liquid interfaces in these systems. In the 

past two decades, many studies have examined the use of partially hydrophobic particles for 

the stabilization of foams and emulsions due to their ability to adsorb strongly at the air-

liquid or liquid-liquid interface and sterically hinder aging processes (i.e. coarsening and 

coalescence). Additionally, particulate stabilizers can slow down drainage/syneresis by 

structuring in the continuous phase.
1-5

 Since the beginning of the 20
th
 century, scientists have 

known about the ability of partially hydrophobic particles to impart greater stability onto 

foams and emulsions than molecular surfactant stabilizers.
1, 2

 Particles can irreversibly 

adsorb at the air-liquid (or liquid-liquid) interface with high energetic favorability as 

described by the following equation
3, 6

:  

Ὁί ЎὉ “ὶ‎ ρ ȿὧέί— ȿ                           (Eqn 1.1) 

Here, r is the radius of the particle, gOW is the interfacial tension between the wetting 

phases, and ɗOW is the three phase contact angle. This expression basically tells us that the 

closer the contact angle of the particle at the interface is to 90 ̄and the larger the particle, the 

more energetically favorable the adsorption. However, experimental results have shown 

better dispersion stability for systems where slightly more than 50% of the stabilizing particle 

lays in the continuous phase. This means CA < 90 ̄for water-continuous dispersions and CA 

> 90̄  for oil or air continuous dispersions.
3, 4, 6

 This discrepancy can be explained by 
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accounting for the capillary pressure between two bubbles, which is not taken into 

consideration in Equation 1.1 for energy of particle adsorption.
3
 In addition, while Equation 

1.1 predicts larger particles to adsorb more strongly at the air-liquid or liquid-liquid interface, 

results in the literature show that (when comparing particles of similar chemistry and 

morphology), smaller particles tend to create more stable systems per mass of material. This 

is because smaller particles can diffuse quickly to the interface during foaming or 

emulsification, which not only results in higher foamability but also smaller bubble/droplet 

sizes in systems containing smaller particles. This has been observed for conventionally 

studied Pickering systems stabilized by silica and latex nanoparticles (NPs) and more 

recently in systems stabilized by biopolymers such as starch particles and cellulose fibers.
3, 4, 

7-10
 Time stable foams and emulsions have also been generated using micron-sized particles 

as stabilizers.
11-17

 Although larger particles may not kinetically stabilize systems as well as 

particles of smaller size, micron-sized particles have been observed to create thick films 

inside the foam lamella, providing a large steric barrier against coarsening, drainage, and 

coalescence.
6, 11, 12

 Stable disperse systems have also been generated using particles with non-

optimal contact angles.
15, 17, 18

 The ability of particles with theoretically non-ideal properties 

to efficiently stabilize dispersions results from the fact that the theoretical model (Eqn 1.1) 

does not factor in particle-particle interactions in the continuous phase or capillary 

interactions between non-spherical particles at the interface, which are also important for 

foam and emulsion stabilization. In addition to determination of size and wettability 

conditions for improved foam and emulsion stability, researchers have also found stability to 
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be improved by increasing the concentration of particles in the continuous phase as well as 

by using particles with higher aspect ratio and shape anisotropy.
6, 11, 19, 20

  

Thus, there are two main mechanisms by which particles can stabilize foams and 

emulsions: (1) formation of a steric barrier at the interface of the dispersed and continuous 

phases; and (2) structuring in the continuous phase to increase bulk viscosity (Figure 1.1).
21-

24
 In Figure 1.1(c and f), we show that in emulsions, particles can also be encapsulated in the 

disperse phase as the active drug or chemical agent to be delivered. More information 

pertaining to foam and emulsion stabilization by particles is available in the literature.
3-5, 23-26

  

 

 

Figure 1.1. Possible location of particles in foams and emulsions. (a, d) At the interface 

(function affected: structure, stabilization, delivery); (b, e) in the continuous phase (function 

affected: structure, stabilization); and (c, f) in the disperse phase (function affected: delivery). 

The second phase (not labeled ñH2Oò) is the oil or air phase of the dispersion.  
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1.3. Pickering Stabilization of Foams and Emulsions by Particles of Biological Origin  

Much of the research into particle stabilized (or Pickering/Ramsden) systems until the past 

few years has focused on using inorganic particles such as silicas and latexes as a result of 

their well-defined shape, availability in different sizes and at narrow size distributions, as 

well as the tunability of their surface chemistry.
27, 28

 While this work has taught us a lot about 

the mechanisms by which particles stabilize foams and emulsions, and has defined the 

conditions necessary for improved stability in Pickering systems, such inorganic particles are 

limited in their relevance to applications requiring biocompatibility and biodegradability. 

Thus, in the past few years, there has been a shift toward studying materials of biological 

origin for the stabilization of foams and emulsions with the goal of utilizing them in food and 

drug delivery applications.
25, 29-31

  

Many biomacromolecules exhibit surface activity at air-liquid and liquid-liquid 

interfaces. The activity and solubility of these materials in water can easily be affected by 

changes in pH, temperature, ionic strength, and age.
6, 31-33

 While this susceptibility to 

environmental changes may not be very attractive from the perspective of robust molecular 

stabilization of biphasic systems against variable environmental factors; it can be utilized as a 

favorable trait for the creation of tuneable biphasic dispersions.
6, 31-33

 However, not all 

biopolymeric materials are susceptible to changes in solution environment. Emulsions 

stabilized by fibrillated cellulose from mangosteen rind as well as native starch granules tend 

to resist changes in pH, ionic strength, as well as increases in temperature at sufficiently high 

concentrations of the particle stabilizer.
9, 17, 34

 Bio-derived particles can also improve the 

transdermal transport of emulsions for applications in topical drug delivery as well as prevent 
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lipid oxidation in food grade emulsions.
29, 31, 35

 Enhanced transdermal transport of lipophilic 

drugs has been previously demonstrated for Pickering systems stabilized by silica 

nanoparticles.
36

 Table 1.1 summarizes examples in the literature pertaining to the use 

biologically derived particles for the stabilization of foams and emulsions. 
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Table 1.1. Utilization of particles from biopolymers and of biological origin for creation and 

stabilization of foams and emulsions. 

Polysaccharides (Crystalline) 

 
Material 

 
Surface 

Modification 

 
Particle Shape 

 
Particle Size Range 

(d=diameter, l = 
length, h = height) 

 
Type of 
System 

(E = 
emulsion, 
F = foam) 

Cellulose 
nanocrystals 

(bacterial) 
19, 37, 38

; 
(cotton) 

19, 38-40
; 

(green algae) 
19

; 
(ramie fiber) 

41
 

PNIPAm 
41

 

Fiber-like 
19, 37, 

38, 41
; 

rod/elongated 
19, 38, 39

 

3 nm < d < 20 nm; 
50 nm < l < 4000 nm; 

6 nm < h < 15 nm  
19, 37-39

 

E 
19, 37-41

 

Microcrystalline 
cellulose 

  300 nm < d < 10 mm E 
30, 42, 43

 

Chitin nanocrystals b-lactoglobulin 
44

 
Rod 

35, 45
 (240 nm x 18 nm) 

35, 45
 E 

35, 44, 45
 

Starch 
(nanocrystals)  

8, 15
; 

(nanoplatelets) 
46

 

 

Polygonal  
8, 15

; 
parallelpiped 

46
 

(40 nm < d < 3 mm) 
8, 15

; 

(20 nm x 30 nm x 4 nm)
 

46
 

E 
8, 15, 46

 

Polysaccharides (Semi-crystalline) 

 
Material 

 
Surface 

Modification 

 
Particle Shape 

 
Particle Size Range 

(d=diameter, l = 
length, h = height) 

 
Type of 
System 

(E = 
emulsion, 
F = foam) 

Bacterial cellulose 
fibers 

42, 47
; 

cellulose (Kraft) 
48

 

Silylation and 
acetic acid 

esterification 
47

 
Fibrils 

42, 48
 

100 nm < d < 40 mm; 

l ~ mm ï mm 

E 
42, 47

 
F 

48
 

NFC/MFC 
42, 49-

52
 (from 

mangosteen) 
9
 

Silylated 
52

 Fibrils 
4 nm < d < 20 mm; 

l ~ mm ï mm 

E 
9
 

F 
42, 49, 51, 52

 

Hydrophobic 
cellulose 

derivatives 

HPMCP 
6, 53

; 
MCE 

54
; EC 

55
 

Elongated/ 
sheet 

6, 53
; 

spherical 
54, 

55
 

55 nm < d < 30 mm F 
6, 53-55

 

Chitosan  
Irregularly 

shaped 
50 nm < d < 307.8 nm E 

32, 56
 

Starch 
OSA 

16, 29, 30, 

34, 57, 58
; 

acetylated 
59

 

Sphere 
59, 60

; 
various 

16, 17, 

29, 30, 34, 57
 

120 nm < d < 52.1 mm 

E 
16, 

17, 29, 

30, 34, 

57-60
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Table 1 Continued 

Proteins 

Material 
Surface 

Modification 
Particle Shape 

Particle Size Range 
(d=diameter, l = 

length, h = height) 

Type of 
System 

(E = 
emulsion, 
F = foam) 

Soy protein  

Nanoparticle 
aggregates 
31

; wrinkled 
sphere 

14
 

100 nm < d < 30 mm E 
14, 31

 

Lactoferrin (Lt); 
Lactoferrin-

polysaccharide 

Polysaccharide 
= alginate (Alg) 

and 
carrageenan 

(Car) 

 200 nm < d < 575 nm E 
61, 62

 

Zein   70 nm < d < 82 nm E 
63

 

Ferritin 
PNIPAAm 

64, 65
, 

DMIAAm 
64, 65

 
Spherical d = 12 nm E 

64-67
 

Bovine serum 
albumin (BSA) 

  14 nm x 4 nm x 14 nm E 
68

 

Other 

Material 
Surface 

Modification 
Particle Shape 

Particle Size Range 
(d=diameter, l = 

length, h = height) 

Type of 
System 

(E = 
emulsion, 
F = foam) 

Lignin (alkaline)  Spherical d ~ 180 nm E 
33, 69

 

Hydrophobic cells 
and bacteria 

 Rod/elongated 
d ~ 400 nm; 

l ~ 2-3 mm 
E 

13, 18, 70
 

Spore particles DVB 
71

 Round 30 mm E 
12, 71

 

Virus particles 
(TYMV) 

72
, (CPMV) 

73
 

 Icosahedral d = 30 nm E 
72, 73

 

 

In this part of the dissertation, two classes of biologically derived materials are 

reviewed ï (1) particles from biopolymers and (2) biological organisms which can be 
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considered as single particles. The term ñbiopolymerò refers to polymeric materials obtained 

from live organisms. These include polysaccharides such as cellulose, chitin, chitosan, 

starch; aromatic macromolecules such as lignin; and, polypeptides such as soy protein, zein, 

lactoferrin and ferritin. Many of the listed materials are biocompatible as a result of their 

natural origin. Authors have demonstrated the capability of particles from all these 

biopolymer classes to stabilize foams and emulsions in chemically modified as well as 

unmodified forms. Some examples of these particles are shown in the micrographs below 

(Figure 1.2).  
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Figure 1.2. Examples of bio-derived particles of various origins. Micrographs illustrate the 

size and shape variability between different biopolymer particles and bioparticles. (a) E. coli 

bacteria
18

; (b) Lycopodium clavatum (moss spore)
12

; (c) ethyl cellulose nanoparticles
55

; (d) 

chitosan nanoparticles
56

; (e) cellulose nanocrystals from cotton
19

; (f) hydrophobically 

modified cellulose (Kraft) fibers
52

; (g) acetylated starch phthalic ester nanospheres
59

; (h) 

quinoa starch granules
8
; (i) spray-dried soy protein particles

14
.  

 

As illustrated in Figure 1.2, many bio-derived particles are irregularly shaped, 

polydisperse in size and morphology, and may have surface roughness. The dispersity in 

particle size and shape may make many of these particles and the dispersions which they 

stabilize difficult to characterize and compare, but it is also well known that particle shape 

irregularity can contribute positively to foam and emulsion stability. The ability of 
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anisotropic particles to stabilize foams was demonstrated by Alargova et al. using microrods 

generated from SU-8.
11

 In terms of biologically-derived materials, shape-anisotropic particles 

such as cellulose nanocrystals can impart stability against creaming, coalescence and 

drainage at low concentrations as a result of the entanglements which form between the 

fibers in the system. Kalashnikova et al. reported the ability of cellulose nanocrystals from 

green algae to stabilize an oil-in-water emulsion system at 44% disperse phase coverage as a 

result of the highly entangled network formed by the cellulose.
19

 Capron et al. found that less 

than 0.1 wt% of cellulose nanocrystals from cotton was needed to form stable O/W 

emulsions.
39

 The effect of shape anisotropy on the ability of particles to stabilize emulsions 

was studied by Vermant et al.
20

 In their study, authors found that particles with higher aspect 

ratio could stabilize biphasic systems at lower concentrations, and in certain instances, were 

able to stabilize systems which particles of spherical origin could not. The ability of shape 

anisotropic particles to stabilize foams and emulsions effectively has also been reported in 

other studies.
6, 11

 

In addition to engineering systems with well-controlled properties, there is also 

specific interest in sustainability and learning how to use biomaterials with as little 

modification as possible. Unlike synthetic polymers, biopolymers are often polydisperse in 

molecular weight, size, and chemical functionality depending on the source from which they 

are obtained.
19, 74

 Characterization of such systems is not trivial, and realizing how to use 

biopolymers to make particles and materials with minimal chemical modification is of great 

importance to making better engineered systems from these materials.  
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1.3.1. Polysaccharides 

Cellulose. Cellulose, a linear polysaccharide which consists of b (1,4)-linked glucopyranose 

units, is the most abundant biopolymer in the world, and exists as a structuring agent in the 

walls of plant cells as well as some eukaryotes.
41, 49

 It can also be produced by certain types 

of bacteria (e.g. Acetobacter xylinum) and algae. Bacterial cellulose and microfibrils derived 

from it is often touted for its high purity and potential applications in medicine since it does 

not exist complexed with lignin and hemicelluloses.
37, 42

 When isolated from other 

components of biomass such as lignin and hemicellulose, cellulose can be obtained as 

macroscopic fibers or as microfibrillated cellulose (MFC). Macroscopic cellulose fibers, as 

well as MFC (also known as nanofibrillated cellulose or NFC) are semi-crystalline in nature, 

meaning that the structure contains both crystalline and amorphous domains.
74

 Depending on 

the source from which cellulose is derived, it can have varying degrees of crystallinity. For 

example, cellulose derived from hemp has 44% crystallinity whereas that from algae has a 

degree of crystallinity higher than 80%.
75

 The amorphous domains can be cleaved through 

treatment with acids (sulfuric acid - H2SO4, hydrochloric acid - HCl) to produce 

microcrystalline and nanocrystalline cellulose (MCC and NCC, respectively). MCC has 

higher crystallinity than MFC as well as cellulose macrofibrils, but still contains some 

amorphous domains. If MCC is hydrolyzed for a longer period of time, then NCC is 

produced. Since the surface of cellulose contains many reactive hydroxyl groups, it can 

easily be chemically modified to have different functionalities (i.e. silylation, 

functionalization with PNIPAm). In addition, due to the fiber-like morphology of native 

cellulose and high aspect ratio of hydrolyzed cellulose, cellulose particles can entangle to 
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form physical gels in solution at low solids concentrations.
74

 These characteristics, in 

addition to their sustainability and biocompatibility, make them ideal candidates for use in 

foods, cosmetics, pharmaceutics, and lightweight porous materials.  

Multiple researchers have demonstrated stable emulsions with macroscopic fibers, 

MCCs, MFC/NFC, as well as with cellulose nanocrystals (CNCs or NCCs). Recently, 

Winuprasith et al. demonstrated emulsion stabilization by MFC from mangosteen rind 

without the aid of surfactants.
9
 Likewise, nanocrystalline cellulose particles and fibers have 

been shown to be able to stabilize oil-in-water emulsions without the use of any additional 

surfactants.
37-39

 This can be explained by the somewhat amphiphilic nature of nanocrystalline 

cellulose. Kalashnikova et al. showed that despite the global hydrophilicity of CNCs, the 

edges of the nanocrystals are hydrophobic allowing for their adsorption at the O/W 

interface.
37

 In additional work, the same authors showed that CNCs with lower surface 

charge density formed more stable emulsions.
38

 The authors studied the effect of the acid 

used for hydrolysis on the charge density of CNCs produced and compared this to the ability 

of the CNCs to stabilize emulsions. It was found that CNCs from cotton and bacterial sources 

were able to stabilize emulsions more efficiently when hydrolyzed with a weaker acid such 

as HCl (H2SO4 is traditionally used), which resulted in cellulose crystals with lower surface 

charge density than those produced using H2SO4. Since cellulose is hydrophilic, it will 

typically stabilize water-continuous emulsions. To alter this, Andresen et al. used silylation 

to tune the hydrophobicity of cellulose fibers for the stabilization of oil-continuous 

emulsions.
52

 In addition, emulsions stabilized by CNCs can be made thermally responsive 
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through the grafting of poly(N-isopropylacrylamide) (PNIPAm) from the surface of the 

nanocrystals.
41

  

While most forms of fibrillated cellulose have been demonstrated to be able to 

stabilize emulsions without the aid of additional surfactants, this has not been demonstrated 

for foams. The inability of fibrillated celluloses to stabilize foams without surface 

modification or surfactants is most likely due to the fact that stabilization of the O/W 

interface is much easier than the A/W interface; and, while fairly hydrophilic particles can 

still stabilize O/W dispersions, they would not be able to stabilize A/W dispersions. Al-

Qararah et al. foamed Kraft fibers (from wood pulp) in the presence of sodium dodecyl 

sulfate (SDS) to generate foams stabilized by cellulose fibers in the continuous phase
48

; the 

fibers were not adsorbed at the interface. Cervin et al. produced foams with nanofibrillated 

cellulose derived from wood pulp in the presence of octylamine, which was used to reduce 

the surface tension of the air-liquid interface and to reduce the charge density of NFC, 

making it more hydrophobic.
49

 In this system, NFC particles were ñbrought to the interfaceò 

by the octylamine. 

Thus far, we have discussed examples of foam and emulsion systems stabilized by 

different types of celluloses. However, there exists an entire class of hydrophobically 

modified celluloses, derived from native cellulose, which have also been utilized for the 

stabilization of such dispersions. This class of celluloses, which encompasses 

methylcellulose (MCE), ethylcellulose (EC), hydroxypropyl methylcellulose (HPMC), and 

hydroxypropyl methylcellulose phthalate (HPMCP), is already widely used in foods as well 

as in drug delivery applications.
6, 54, 55

 These biopolymers exhibit solubility in certain 
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solvents (e.g. EC ï acetone, HPMCP ï water at pH > 5.6), and while chemically modified, 

they are still derived from natural cellulose and are both biocompatible and biodegradable. 

MCE is water soluble at certain temperature and ionic strength conditions; EC is only 

partially soluble in water but is fully soluble in organic solvents such as acetone; HPMC and 

HPMCP are soluble in aqueous solvents at certain pHs and are also soluble in some organic 

solvents such as ethanol or acetone. Soluble biopolymers allow for the potential to generate 

particles of various shapes and sizes, which is not the case for the non-chemically modified 

celluloses discussed above. Generation of particles from modified celluloses typically 

involve solvent attrition via solvent/anti-solvent exchange or polymer precipitation from 

solution in the form of particles by adjusting solution pH or ionic strength.
6, 54, 55, 76

 Wege et 

al. demonstrated the ability of anisotropically-shaped micron-sized HPMCP particles to form 

superstable foams and demonstrated the possibility of particle generation in situ during foam 

formation.
6
 The ability of EC microrods and nanoparticles to stabilize food grade foams has 

also been demonstrated.
55, 76

 Another mode of utilization of cellulose-based polymers is in 

the form of particles based on colloidal complexes with other molecules. MCE/tannic acid 

colloidal complexes were shown to stabilize well both foams and emulsions.
77

 Additionally, 

high oil fraction foamulsions stabilized by MCE/tannic acid complexes which exhibit a 

temperature dependent transition in stability were recently reported.
54

  

 Chitin/Chitosan. Another linear polysaccharide found in nature is chitin. It is 

derived mainly from the shells of crustaceans, insects, and microorganisms and is the second 

most abundant polysaccharide found in nature.
44, 45

 It was recently discovered that 

nanostructures formed by chitin is the source of iridescent optical properties in the wings and 
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exoskeleton of certain species of butterflies (e.g. Morpho) and beetles (e.g. Coleoptera), 

respectively.
78

 Chitin, similar to cellulose, also contains hydroxyl groups along its backbone. 

However, due to the presence of amine groups, the variation of its surface charge on pH is 

opposite that of cellulose. The presence of amine groups also enables the pH dependent 

solubility of chitosan, a deacetylated form of chitin which is water soluble at low pHs (< 6) 

but precipitates out of solution at high pHs.
32

 At low pHs, chitosan is (positively) charged but 

at higher pHs, the amino groups along the chitosan polymer become deprotonated and the 

uncharged polymers associate in solution to form particles.
32

 Inversely, some cellulose-based 

polymers are typically (negatively) charged at high pHs and as pH is lowered in a system 

containing cellulose, the polymer becomes less charged due to the protonation of carboxyl 

groups, resulting in the association of the polymers in the form particles (case of modified 

celluloses such as HPMC and HPMCP).
6
 

While natural chitin is semi-crystalline in structure, chitin nanocrystals which are 

colloidally stable rod-like crystalline particles may be obtained through acid hydrolysis. 

Tzoumaki et al. demonstrated the ability of chitin nanocrystals to form stable oil-in-water 

emulsions and evaluated the ability of the adsorbed particle shell to protect the lipid droplets 

in the emulsion against lipolysis in vitro.
35, 45

 The authors found that Pickering emulsions 

stabilized using chitin nanocrystals were more stable against lipolysis than emulsions 

stabilized using molecular stabilizers such as whey protein isolate and sodium caseinate. 

Chitosan, unlike chitin, has pH dependent solubility in water and due to its biocompatibility 

and antibacterial properties, is a popular material for drug encapsulants. Wei et al. evaluated 

the ability of chitosan nanoparticles to stabilize emulsions and used these Pickering 
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emulsions for the synthesis of micron-sized poly(lactic-co-glycolic acid) (PLGA) particles.
56

 

Since chitosan exhibits pH dependent solubility in aqueous media, the authors also 

demonstrated that the O/W emulsions which were formed could be de-emulsified by 

lowering the pH of the system, and that the emulsions could be recovered by subsequently 

increasing system pH and re-emulsifying. Both Tzoumaki et al. and Wei et al. found their 

biopolymer Pickering systems to be more stable when the zeta (z) potential of particles or 

emulsion droplets was low (z < - 10 mV).
35, 56

 The decreased electrostatic repulsion between 

particles and emulsion droplets in these systems allows for slight particle flocculation and 

gelation in the continuous phase, adding structural stability to the dispersion. 

Starch. Starch, a carbohydrate found in many grains, is the most abundant 

carbohydrate in the human diet.
46

 Depending on the source as well as preparation of the 

starch granules, these particles are of unique shape and size (Figure 1.3).
8, 17

 Since starch is 

hydrophilic, it has mainly been shown to stabilize oil-in-water emulsions except in the case 

of nanoparticles which were produced using acetylated starch; in this case, the particles 

produced O/W emulsions up until an oil fraction of 0.65 after which it produced W/O 

emulsions.
59

 Although unmodified starch granules can stabilize emulsions in some cases, 

many studies use octenyl succinic anhydride (OSA) to render the particles more hydrophobic 

for improved Pickering emulsion stability.
8, 16, 29, 30, 34, 57, 58

 Starch, like cellulose, is a semi-

crystalline polymer and can be hydrolyzed using strong acids to produce crystalline 

particles.
46

 Li et al. demonstrated starch nanocrystals to efficiently stabilize emulsions 

without further hydrophobization.
15

 Pickering emulsions stabilized by starch particles can 

potentially serve as drug delivery agents and as lipid encapsulants for low calorie foods.  
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Figure 1.3. Scanning electron micrographs of starch granules from different sources. (a) 

tapioca starch
57

; (b) wheat starch
17

; (c) waxy maize starch
57

; (d) potato starch
17

; (e) quinoa 

starch
8
; (f) rice starch

8
; (g) maize starch

8
; (h) and barley starch

8
.  

 

 Other polysaccharides which are important in foam and emulsion stability include 

hydrocolloids such as alginate, carrageenan, and xanthan gum. These molecules are known to 

enhance foam and emulsion stability through modification of rheological properties in the 

continuous phase.
79, 80

 Particles from these substances have not been demonstrated in foam 

and emulsion stabilization and remain a topic of potentially interesting future research. 

 

1.3.2. Proteins  

Proteins, macromolecules composed of amino acid residues, are amphiphilic molecules 

which have various biological functions depending on their chemistry (i.e. DNA replication, 

metabolic processes). Animals, such as humans, consume proteins in their diet in order to 

obtain essential amino acids to fuel various processes in the body.
81

 Since proteins are 

amphiphilic, they have long been known to be able to reduce the energy of the air-liquid or 

liquid-liquid interface and have been extensively studied as foam and emulsion stabilizers.
21, 
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82-84
 Proteins are known to be capable of forming thick steric barriers against coalescence in 

foam and emulsion films.
21, 79

 In addition, it has been demonstrated that foam and emulsion 

stability can be enhanced by the formation of protein aggregates at solution conditions of 

reduced solubility.
21, 31, 83

  

 Although protein aggregates are in a sense particle-like stabilizers, studies of foam 

and emulsion stabilization using nanoparticles from proteins have not emerged until the past 

2-3 years. One such study examines particles from water-insoluble protein zein for the 

formation of Pickering emulsions.
63

 de Folter et al. demonstrated that particles could be made 

from zein protein through a nanoprecipitation procedure and that these nanoparticles could 

stabilize oil-in-water emulsions. The authors showed that the wettability of the particles 

could be tuned by varying the pH of the foaming medium and that stable emulsions could be 

formed at pHs above or below the isoelectric point (IEP) of zein. In another study, 

nanoparticle aggregates formed through the thermal treatment of soy protein were evaluated 

as stabilizers for the Pickering stabilization of emulsions.
31

 The authors found heat-treated 

soy protein particles to show similar stabilization characteristics to conventional particle 

stabilizers. Spray-dried soy protein particles with calcium phosphate cores have also been 

demonstrated to adsorb at the oil-water interface and stabilize emulsion droplets.
14

 In the case 

of these particles, emulsion stabilization is derived from the soluble protein as the soy protein 

here is soluble in water.   

Protein-based particulate stabilizers can also be formed via co-precipitation with 

polysaccharides. Shimoni et al. synthesized nanoparticles from lactoferrin as well as multi-

component particles from lactoferrin (LF), alginate (Alg), and carrageenan (Car).
61

 The 



 

 

21 

authors investigated the strength of emulsions stabilized by LF NPs, LF-Alg NPs, and LF-

Car NPs against degradation in in vitro gastric conditions. It was found that while emulsions 

which were stabilized by lactoferrin nanoparticles were less vulnerable to creaming than 

emulsions stabilized by native lactoferrin (lactoferrin molecules/globules), systems stabilized 

by lactoferrin-alginate (LF-Alg) and lactoferrin-carrageenan (LF-Car) NPs were more robust 

against degradation in in vitro gastric conditions.  

Although not often considered to be in the Pickering class of stabilizers, protein-

polysaccharide complexes are a group of foam and emulsion stabilizers which are being 

vigorously explored. The interest in using protein-polysaccharide complexes as stabilizers is 

also fueled by the desire to identify biodegradable, biocompatible, and sustainable materials 

for use in foam and emulsion systems.
84

 

 

1.3.3. Lignin  

Lignin, an aromatic macromolecule found in the cell wall of woody plants, is the second 

most abundant biopolymer found in nature and the most abundant natural aromatic 

compound.
33

 The lignin macromolecule is composed of three monolignols ï (p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol) and is amorphous in structure. The ratio of 

these three monolignols in the macromolecule will vary depending on plant source.
85-87

 In 

addition, the surface chemistry of lignin will depend on extraction process with different 

extraction processes producing lignins of varying molecular weight (MW) and 

hydrophobicity. The colloidal properties of different lignins (organosolv, alkaline, and 

lignosulfonates) and their separation from cellulose has been a subject of study for many 
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decades.
87-96

 More recently, research into different forms of lignins have been fueled by the 

motivation to utilize this renewable ñwasteò to make value-added commodities by 

understanding the properties of lignins as molecular surfactants, particulate emulsifiers, and 

as replacements for petroleum-based synthetic polymers.
33, 69, 97-99

 

It has been shown that lignin molecules are surface active and can adsorb at the air-

liquid as well as liquid-liquid interface to provide kinetic stability to foams and emulsions.
87, 

92, 96, 100
 Recently, particulate forms of lignin have been demonstrated as emulsion stabilizers. 

These studies use alkaline lignin which is derived from the Kraft pulping process, and which 

contain additional carboxyl and sulfur moieties as a result of this extraction process. Alkaline 

lignin is well known to exhibit pH dependent solubility and surface activity in aqueous 

media; it dissolves at high pH and aggregates to form particles in solution once pH is lowered 

(< 10). Wei and collaborators used nanoparticles from alkaline lignin to generate pH-

responsive emulsions.
33

 They found that emulsion stability was greatest at low pH (~ 3-4) 

and that their system de-emulsified when the pH of the system was adjusted to a value 

greater than 10. In another study, Yang et al. exploited alkaline lignin NPs for the 

stabilization of high internal phase emulsions (HIPEs) and utilized these emulsions to 

generate solid foams for the adsorption of metallic ions from solution.
69

 These studies 

provide good examples of ñgreenò materials and processes which can be generated using this 

very abundant byproduct from the pulp and paper industry. Kraft lignin has previously been 

shown to efficiently uptake heavy metal ions from aqueous environments and has been 

proposed as a means by which to mediate water sources contaminated with heavy metals.
99
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1.3.4. Single-Celled Organisms  

For decades, foams stabilized by hydrophobic bacteria have plagued wastewater and sewage 

treatment plants. In fact, many papers pertaining to bacteria-stabilized foams discuss how to 

defoam or prevent foam formation by these microorganisms.
70, 101, 102

 Recently, however, 

researchers have utilized the hydrophobicity of such organisms to their advantage.
12, 13, 73

 

Additionally, organisms such as bacteria, viri, and spore particles have genetically well-

defined shapes and sizes in the appropriate range for foam and emulsion stabilization, and 

can be obtained as monodispersed particles with small size distributions. Dorobantu et al. 

evaluated the ability of 4 different types of hydrocarbon-degrading bacteria to stabilize 

emulsions.
13

 They observed O/W as well as W/O Pickering emulsions depending on the 

hydrophobicity of the bacteria species used, and found species that were partially 

hydrophobic to exhibit the best ability to stabilize emulsions. Rosenberg et al. also observed 

the same dependence of foam stability on cell surface hydrophobicity in a study pertaining to 

the ability of different strains of Acinetrobacter calcoaceticus to adsorb at the oil/water 

interface.
103

 Binks et al. as well as Ballard et al. reported Pickering stabilization of liquid-

liquid interfaces by Lycopodium clavatum (a moss spore).
12, 71

 Other examples of cells and 

bacteria at interfaces have also been described.
18, 70, 72, 73

 Such systems have potential 

applications in fermentation, oil recovery, as well as in microorganism assisted chemical 

reactions.
13, 18, 70

  

Other types of particles which have been mentioned in the literature to impart 

Pickering-type stability to emulsions and foams include flavonoid particles, solid lipid 

nanoparticles as well as fat crystals. These particles are examples of biocompatible foam and 
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emulsion stabilizers which can impart Pickering-type stability, but will not be discussed in 

detail here as a result of their non-polymeric and non-cellular origin. For literature on these 

types of stabilizers, readers are asked to refer to the references cited.
104-107

 

The past 5 years has been an exciting time for research in foams and emulsions 

stabilized by biopolymers and biological particles. Not only have scientists started to learn 

how to make well-defined partially-hydrophobic particles from biopolymers (bottom up 

approach)
33, 59, 63

, but have also learned how to modify natural biopolymer particles to have 

the proper wettability to efficiently stabilize foams and emulsions (top down approach) 
15, 34, 

41, 49, 57
. In addition, researchers are observing that biotic particles which are varied in shapes 

and sizes still stabilize Pickering foams and emulsions via the same mechanisms which were 

originally identified by studying systems stabilized by spherical silica and latex particles.
13-15, 

45, 57
 It has generally been observed that partially hydrophobic particles are indeed the best 

stabilizers for disperse systems, and that increasing particle concentration results in a reduced 

rate of creaming in foams and produces smaller emulsion droplets.
15, 30, 33

 This is because an 

increase in the number of partially hydrophobic particles in the dispersion results in the 

capability of stabilizing a larger interfacial area. Emulsion systems stabilized by biopolymer 

particles have been shown to have good long-term stability (no droplet size increase) as a 

result of the steric barrier provided by adsorbed particles against coalescence and 

coarsening.
15

 Examples of droplets and bubbles stabilized by biopolymers are shown in 

Figures 1.4 and 1.5. The micrographs in Figure 1.4 show the adsorption of partially 

hydrophobic biopolymeric particles at the interface of droplets and air bubbles. Some of the 
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micrographs also show how particles can stabilize these systems by structuring in the 

continuous phase. 

 

 

Figure 1.4. Micrographs illustrating interface and continuous phase stabilization of droplets 

and bubbles by biopolymer particles. Interface stabilization: (a) confocal micrograph of E. 

coli DH5a at n-tetradecane/water interface
18

; (b) confocal micrograph showing chitosan NPs 

adsorbed at oil/water interface
56

; (c) confocal micrograph of flavonoid particles (tiriloside) at 

n-tetradecane/water interface
104

; (d) optical micrograph of waxy maize starch at oil-water 

interface
17

; (e) scanning electron micrograph of bacterial cellulose nanocrystals at interface 

of polymerized styrene-water emulsion droplet
19

; and (f) confocal micrograph of HPMCP 

particles at interface of air bubbles. Continuous phase stabilization: (g) confocal micrograph 

of HIPE stabilized by CNCs from cotton
39

; (h) confocal stack showing interface and 

continuous phase stabilization of air bubbles by HPMCP; and (i) scanning electron 

micrograph showing ClaCN (green algae) cellulose nanocrystals at interface of and bridging 

polymerized styrene-water emulsion droplets
19

. Images f and h courtesy of Stephanie Lam.  
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Figure 1.5. Photographs illustrating the macroscopic structure of foams containing particles. 

(a) Foam stabilized by HPMCP particles. These particles sterically stabilize foam by forming 

a shell around the air bubbles and forming a particle network in the continuous phase. (b) 

Foam stabilized by SDS with non-adsorbing micronized cellulose from wood pulp (Mead 

Westvaco). Photographs courtesy of Stephanie Lam.  

 

1.3.5. Challenges  

While there has been large progress in the research of particles from naturally derived 

materials for the stabilization of biphasic dispersions, some of the pending challenges and 

areas for clarification include: 

(1) Characterizing the Effect of Molecular Adsorption on Dispersion Stability. 

Conventional understanding of particle stabilized interfaces postulates that particles 

do not greatly reduce interfacial tension upon adsorption. Some authors who have 

evaluated particles from biopolymers for the stabilization of foams and emulsions did 

not observe a lowering of interfacial tension by their particles whereas others did.
15, 42, 

55
 One possible explanation is that the lowering of interfacial or surface tension in 

these systems is due the adsorption of dissolved polymer or residual proteinaceous 
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material at the air-liquid or liquid-liquid interface. Since partial solubility in an 

aqueous, oil, or organic phase is likely to occur for particles from certain 

biopolymers, exploring the effect of molecular and particulate co-adsorption at 

interfaces on system stability is important. This is because the presence of molecules 

in a particulate-stabilized system can lead to synergistic as well as antagonistic 

effects.
11, 108

 

(2) Identifying the Role of Particle Charge on System Stability. Some studies mention 

that particles can better stabilize foams and emulsions when the z-potential of the 

particles or emulsion droplets is low, allowing for their partial flocculation.
18, 33, 38

 

Other studies (mostly pertaining to emulsion stabilization) state that increased values 

of z-potential leading to electrostatic repulsion between droplets provides better 

emulsion stability.
9, 30, 59, 61, 63

 Is this discrepancy caused simply by a difference in 

what authors define as a metric of stability in their systems, or is there a physical 

parameter (i.e. ionic strength of dispersion, emulsion droplet coverage by particles, 

particle size, particle concentration in dispersion) delineating these different 

conclusions? Better correlation of particle charge to foam and emulsion stability 

could be an important point of focus for future work.  

(3) Exploring Foam Stabilization by Biologically Derived Particles. If one looks back at 

Table 1.1, they can see that other than hydrophobically modified celluloses and 

fibrillar semi-crystalline celluloses, many types of biotic particles have not been 

examined for the stabilization of the air-water interface which is well known to be 

one of higher energetic instability than the oil-water interface. Comparing the 
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adsorption and structuring of different biologically derived particles at the air-liquid 

versus liquid-liquid interface as well as the differences in their ability to stabilize 

these different systems would be both interesting and important. For example, 

whereas cases have been reported where time stable emulsions could be achieved 

even with incomplete coverage of the liquid-liquid interface by particles, this would 

not be possible in foams as the air-liquid interface would continue evolving (i.e. via 

bubble shrinkage or coalescence) until full surface coverage is achieved.
3, 22

  

(4) Evaluating the Role of Non-adsorbed particles On Foam and Emulsion Stability. The 

adsorption of partially hydrophobic particles at the air-liquid or liquid-liquid interface 

is crucial for the formation and stabilization of foams and emulsions. However, it has 

also been demonstrated that stability of biphasic dispersions can be enhanced by 

particle network formation in the continuous phase to hinder drainage, creaming, 

coarsening, and sedimentation.
5, 25

 Most of the studies reviewed in this article 

addressed only the impact of bioparticle adsorption at the interface on dispersion 

stability with only a few authors commenting on the impact of particle gelation in the 

continuous phase on the stability of their systems.
9, 15, 30, 34, 45, 56

 Due to the irregular 

shape of many of the biologically derived particulates reviewed here, it would be 

interesting to gain a deeper understanding as to how these differently-shaped particles 

can orient and pack in the foam film to enhance foam and emulsion stability.  

In Chapters 2 and 3 of this dissertation, we address some of these challenges, namely foam 

stabilization by particles from biopolymers. We will also offer some insight into the effect of 

residually dissolved biomolecular species on foamability and foam stability.  
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1.4. General Overview of Stimuli Responsive Biphasic Dispersions  

In addition to the more conventional applications of foams and emulsions, these systems can 

be made to respond to external stimuli with potential applications in chemical 

decontamination and delivery processes.
109-111

 A stimuli responsive system is one whose 

behavior can be modified with a change in environment (pH, temperature, solution condition) 

or with the application of an external field (magnetic, electric, light) (Figure 1.6).  

 

 

Figure 1.6. Examples of stimuli-responsive foams. Foams can be destabilized by (a) change 

in pH
112

; (b) UV light irradiation
110

; and (c) tuning the temperature above Ttransition
113

.  

 

Foams and emulsion systems can be designed to possess tunable properties and 

variable functionalities through the inclusion of particles or surfactants with special 

properties.
110, 112, 113

 For example, by using pH-responsive biosurfactants and peptides to 



 

 

30 

stabilize foams, Middelberg and coworkers were able to form a series of biphasic dispersions 

with stability tuneable by changes in solution pH.
114, 115

 Emulsions systems which are 

responsive to pH, changes in temperature, as well as magnetic field and light have been 

reported in the literature but will not be discussed further here.
33, 56, 116-130

 In this section of 

the dissertation, we review the types of stimuli responsive aqueous foam systems which have 

been reported. A summary of the different systems, the stimuli to which they respond, as well 

as the stimuli responsive agent is presented in Table 1.2.  
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Table 1.2. Summary of stimuli-responsive aqueous foam systems. 

 
Molecular Stabilization 

 

Stabilizer 
Stimuli 

Response 
Type of Response 

 
Ref 

 

AM1 (peptide) pH/chelator 
Foam collapse upon decrease in 

pH or addition of EDTA 
Malcolm et al.

115
 

GAM1 (peptide) 
Chelator (i.e. 

EDTA) 
Foam collapse upon addition of 

EDTA 
Kaar et al.

131
 

Azobenzene-
modified-

polyacrylate 
UV light 

Foamulsion collapse upon UV 
light exposure 

Salonen et al.
132

 

DAMP4 
(biosurfactant 

protein) 
pH 

Foam collapse upon decrease in 
pH 

Middelberg et al.
114

 

azoTMA UV light 
Destabilization upon UV light 

exposure 
Chevallier et al.

110
 

Pickering-type Stabilization 

Responsive 
Particle/Stabilizer 

Stimuli 
Response 

Type of Response 
 

Ref 
 

g-Fe2O3/SDS 
stabilized (ferrofluid) 

Magnetic field 
Bubble size control in ferrofluid 

foams using magnetic field 
gradient 

Huztler et al.
133

; 
Drenckhan et al.

134
 

PS latex with PAA 
corona 

pH 
Foam destabilization with increase 

in pH 
Binks et al.

135
 

P2VP latex with 
PEGMA corona 

pH 
Foam destabilization with 

decrease in pH 
Dupin et al.

136
 

12-hydroxystearic 
acid assemblies  

Temperature 
Foam destabilization with increase 

in temperature above Ttransition 
Fameau et al.

113
 

PS latex with PDEA 
corona 

pH Defoaming upon decrease in pH Fujii et al.
112

 

MCE/tannic acid 
colloidal complexes 

Temperature 
Defoaming upon increase in 

temperature 
Patel et al.

137
 

Carbonyl 
iron/HPMCP 

cellulose 
Magnetic Field 

Foam collapse upon exposure to 
gradient magnetic field 

Lam et al.
111

; Blanco 
et al.

138
 

Carbon black and 
carbonyl iron/12-

hydroxystearic acid 
stabilized 

UV light/magnetic 
field/temperature 

Foam collapse upon increase in 
temperature above Ttransition, 

application of magnetic field, or 
exposure to UV light 

Fameau et al.
109
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As seen in Table 1.2, there exists many different design strategies for stimuli 

responsive foams. Foams whose stability can be manipulated by changes in pH or solution 

condition can be formulated using amphiphilic molecules such as proteins, which have 

functional groups that can be protonated/deprotonated at certain pHs.
114

 Pickering foams 

which are pH-responsive can be designed either by grafting of pH-responsive polymers to the 

surface of the particle stabilizer, or by stabilizing foams with particles which themselves have 

tuneable wettability with changes in solution pH.
112, 135, 136

 For example, Dupin et al. reported 

the use of poly(2-vinylpyridine) (P2VP) particles with a monomethoxy-capped poly(ethylene 

glycol) monomethacrylate (PEGMA) corona to form a pH-responsive foam system. In this 

system, the foam itself was stable at pHs where the P2VP polymer remained uncharged (pH 

> ~ 3). At pHs ¢ 3, the P2VP chains in the latex particle became positively charged, resulting 

in particle swelling and desorption from the air-liquid interface in the case where the 

continuous phase of the foam was water.
136

  

Foams that have stability tuneable by changes in solution condition require the 

addition of extra chemicals to the already formulated system, which is invasive. Stimuli 

which can be applied externally and noninvasively to control foam stability have also been 

reported in the literature. Foams which have temperature tuneable stability have been 

reported by Fameau et al. as well as Patel et al.
113, 137

 In these systems, foam is destroyed 

either by destruction of the stabilizing complex via molecular rearrangement or gelification 

of the stabilizer particles, respectively. Air -liquid dispersions whose cell sizes can be 

manipulated using an externally applied magnetic field during foamation have been reported 

by Hutzler et al. and Drenckhan et al.
133, 134

 In these systems, the foam is stabilized by SDS 
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and contains a ferrofluid in the continuous phase which imparts magnetic responsiveness to 

the biphasic system. The stability of these foams under stationary drainage was not evaluated 

and these systems have not been shown to exhibit magnetic field tuneable stability. In our 

work, magnetically responsive foam systems which are very stable until collapsed using an 

externally applied field were designed by generating foam stabilized with hydrophobically 

modified cellulose in the presence carbonyl iron particles.
111, 138

 This work will be discussed 

in further detail in Chapter 4.  

Biphasic air-in-liquid dispersions whose stability can be manipulated by UV 

irradiation have also been a topic of high interest to colloid scientists for the past few years. 

This is due to the fact that light stimulus is the least invasive of all the aforementioned 

stimuli, can be applied from the greatest distance, and can potentially be applied with the 

highest specificity to a localized region in the sample.
139

 Initially reported light-responsive 

foams in the literature exploited the light dependent conformational transitions experienced 

by azobenzene to impart light tuneable stability to foams and foamulsions. Salonen et al. and 

Chevallier et al. reported that surfactants containing azobenzene could form foams which 

could be destabilized with the application of UV light.
110, 132

 These foams, while 

demonstrating UV light sensitively, exhibited stability only on a short time scale (~ 15 

minutes). In our work, we study foams with long term stability and which also possess light 

tuneable as well as magnetic field and temperature tuneable stability.
109

 This work will be 

discussed in more detail in Chapter 5 of this dissertation.    
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1.5. Layout of this Dissertation  

Chapters 2 and 3 present two examples of foams stabilized by biopolymers. These chapters 

describe how to generate particles from hydrophobically-modified cellulose and Kraft lignin 

for the stabilization of foams and emulsions. They also explain conditions for the production 

of stable foams from these pH-dependent, water-soluble biopolymers, and offer insight as to 

the mechanism of foam stabilization by hydrophobically-modified cellulose. In Chapter 4, 

stable foams containing hydrophobically-modified cellulose are used as a basis for the 

production of a novel class of magnetically responsive aqueous foams. The response of the 

magnetic foams to an applied external field is characterized and correlated with foam 

microstructure. Additionally, two models are presented to describe collapse for foams in two 

different microstructural regimes. The approach utilized to generate the magnetically 

responsive foams presented in Chapter 4 is generalized to design foam systems which could 

respond to multiple sources of external stimuli. Such a system is described in Chapter 5; 

presented in this chapter is a description of how to generate multi-stimuli-responsive biphasic 

systems using a thermally responsive fatty acid assembly as the foam stabilizer. Chapter 6, 

the final chapter of this dissertation, describes how responsive aqueous foams can be 

transformed into stimuli-responsive solid materials and presents future directions for the 

work presented throughout the body of the dissertation.  
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2.1. Introduction  

Cellulose, a linear polysaccharide which consists of b (1,4)-linked glucopyranose units, 

exists as a structuring agent in the walls of plant cells as well as some eukaryotes.
1, 2

 It is the 

most abundant polysaccharide found in nature and accounts for ~ 1.5 x 10
12

 tons of annual 

biomass production.
3
 As a result of its biodegradability, biocompatibility, and sustainability 

as a raw material, there has been much focus on the use of cellulosic materials for various 

applications ranging from lightweight products to pharmaceutics. While fibrillated cellulose 

from biomass has many potential applications in materials as a result of its high tensile 

strength and easily tuneable surface chemistry, it has limited application in medicine as a 

result of residual hemicelluloses, ash, and proteins remaining after extraction and 

purification. Only fibrillar celluloses produced by microorganisms are employed for 

biomedical applications.
4, 5

 One type of cellulose which has been widely examined for food 

and medical applications is modified cellulose (Figure 2.1). This class of materials includes 

carboxymethylcellulose (CMC), ethyl cellulose (EC), methylcellulose (MCE), 

hydroxypropyl methylcellulose (HMPC), and hydroxypropyl methylcellulose phthalate 

(HMPCP) - the latter studied in the work presented here. Such materials are approved for 

utilization in foods and pharmaceutics as coatings and encapsulants, and have also been 

found to be reliable foam and emulsion stabilizers.
6-8
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Figure 2.1. Chemical structures of (a) natural cellulose and (b) hydroxypropyl 

methylcellulose phthalate (HPMCP).
7, 9

 

 

Foams and emulsions are metastable dispersions of two immiscible phases. The 

interface between these two phases can be stabilized by amphiphilic molecules (surfactants, 

proteins, and polymers) or by particles, which can wet both phases of the dispersion.
10, 11

 

Since the beginning of the 20
th
 century, it has been known that particles with specific 

wettability (contact angle ~ 90̄) can efficiently stabilize foams and emulsions.
12, 13

 Over the 

past two decades, interest in understanding how particles stabilize biphasic dispersions has 

boomed as a result of the superb stability of Pickering systems as well as their potential 

applications in many fields (i.e. materials, particle synthesis, drug delivery, food, etc.).
14-18

 

While studies examining foam stability by inorganic particles have established a great deal of 

fundamental and practical knowledge about how spherical and elongated solid particles can 
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stabilize foams and emulsions, understanding of how particles generated from biopolymers 

can stabilize these biphasic systems is still lacking. Unlike inorganic solid particles, many 

biopolymeric particulates are deformable solids rather than rigid bodies. In addition, particles 

from biopolymers can coexist with residual molecular species or proteinaceous material still 

dissolved in the aqueous phase.
6, 17, 19, 20

 Thus, it is important to understand how particles 

from biopolymers such as modified celluloses can stabilize foams and emulsions, as well as 

the effect residually dissolved amphiphilic materials have on foam and emulsion stability.  

In this study, we will examine the mechanism of foam stabilization by micron-sized 

particles from hydroxypropyl methylcellulose phthalate (HPMCP) by comparing 

observations of foam films stabilized by HPMCP to bulk foams stabilized by the same 

cellulose (Figure 2.2). The particles appeared deformable when compressed in the foam 

lamella, and exhibited co-adsorption with soluble HPMCP molecules at the air-liquid 

interface. HPMCP was studied since it had previously been shown to have the capability of 

generating superstable foams with particle formation in situ during the foaming process.
7
 In 

addition, it more recently served as a basis for the design of functional foams, such as colored 

foam and magnetically responsive foam.
21-23

 Knowledge about foam and emulsion 

stabilization by HPMCP particles can contribute to a better understanding of systems 

stabilized by particles from other biopolymeric materials which may also exhibit partial 

solubility in the aqueous phase at certain pHs (chitosan, EC, Kraft lignin, soy protein, as well 

as some starches).
6, 24-26
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Figure 2.2. (a) Photograph of foam bubbles stabilized by HPMCP. (b) Schematic of the 

experimental setup including porous frit (cross section) containing HPMCP film and 

corresponding micrograph of thick film formed by particles imaged in reflected light mode.       

 

2.2. Materials and Methods 

2.2.1. Materials 

Hydroxypropyl methylcellulose phthalate (HPMCP, HP-55, HP, or hypromellose phthalate) 

was obtained from Shin Etsu. Hydrochloric acid (HCl, 1N) was purchased from Sigma and 

used without further modification. 1N sodium hydroxide (NaOH) was prepared by dissolving 

40 g of NaOH pellets in 1L deionized water. Deionized water for the experiments was 

obtained from a Millipore water purification system (Millipore Milli-Q+, Billerica, MA). For 

the foam film experiments performed in Berlin, HCl was purchased from Merck (36% assay) 

and diluted to obtain 1M HCl. NaOH pellets were also purchased from Merck. 

 

2.2.2. Particle and Foam Generation  

HPMCP stock solution (10% w/v in water, pH 5.6) was prepared as described in our previous 

publications.
21, 22

 HPMCP particles were generated by pH adjustment of the stock solution 
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with HCl while mixing (Berlin: Heidolph RZR 2051, 400 rpm, 3 min and Raleigh: Cole-

Palmer Servodyne Mixer, 1800 rpm, 3 min). Mixer settings were chosen so that particles 

produced in Germany and USA were approximately the same size and aspect ratio as 

observed by optical microscopy. Particles were always generated with 1% w/v HPMCP at pH 

~ 4, and diluted with DI H2O for use in experiments. For foam generation, the dispersion was 

agitated in a professional blender (Oster Model 4242, Sunbeam Products, Inc., Boca Raton, 

FL) running at ~ 15000 rpm for 60 sec. Foams were immediately poured from the blender jar 

into graduated cylinders (glass) for observation. HPMCP concentrations presented in this 

paper denote a global concentration of HPMCP which encompasses both cellulose 

precipitated in the form of particles as well as residually dissolved species of HPMCP.  

 

2.2.3. Microscopy 

The morphology of foam bubbles and particles were imaged using an optical microscope 

(Berlin: Carl Zeiss Jenapol, Jena, Germany; and, Raleigh: Olympus BX-61, Tokyo, Japan). 

For characterization of particle morphology, an aliquot of the particle dispersion was placed 

on a microscope slide and covered with a glass cover slip. For characterization of bubble 

morphology, fresh foam samples were placed on a microscope slide for direct observation or 

placed into a glass well (d = 16 mm, z ~ 2 mm) and covered with a glass cover slip prior to 

observation.  
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2.2.4. Thin Film Pressure Balance  

Foam films were characterized using the porous plate technique at a constant temperature of 

25̄ C.
27, 28

 The films were formed inside a 1-2 mm hole drilled into a disc of porous fritted 

glass (P2, pore diameter ~ 40-90 mm).
29

 Prior to film formation, the glass disc was immersed 

into the HPMCP suspension for 5 mins; next, the film holder was lifted out of suspension and 

the liquid in the fritted glass was allowed to equilibrate for 2 mins. Longer equilibration 

times were not used since in the original foam system, particles were formed in situ during 

the foaming process.
7
 Subsequently, the stainless steel chamber in which the film holder and 

test solution were enclosed was sealed. The thickness of thin foam films was measured via 

interferometry. In this procedure, a biconcave liquid film is illuminated with a 

monochromatic light (l = 632 nm), and light which is reflected from the top and bottom 

surfaces of the sample interfere constructively or destructively before reaching the 

photomultiplier. From the recorded intensities, film thickness can be calculated using the 

following expressions
29, 30

: 

 

Ὤ   ὥὶὧίὭὲ
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                                (Eqn 2.1) 

                                                         Ὑ                                                       (Eqn 2.2)             

ɝὍ                                                      (Eqn 2.3) 
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In the above equations, h is the thickness of the film, l the wavelength of light, n the 

refractive index of the bulk solution, I the intensity of light reflected at a given point, and Imax 

and Imin the maximum and minimum intensities recorded, respectively. Imin and Imax were 

determined experimentally for each measurement. The refractive indices of all test 

suspensions were measured using an Abbe Refractometer and were all found to be 

approximately 1.33 (the refractive index of water). During observation of foam film 

morphology or measurement of film thickness, the formation and thinning of the film was 

recorded in video.  

In the TFPB, biconcave liquid films containing particles and amphiphilic molecules 

were thinned to planar films through the application of an external pressure to force liquid to 

drain from the meniscus. This pressure is typically applied by adjusting the gas pressure in 

the steel chamber and is balanced by the capillary pressure and bulk liquid pressure: Pc = Pg ï 

PL = Ô. In this expression, Pc represents capillary pressure, Pg the gas pressure (applied 

during experiment), PL the bulk liquid pressure, and Ô the disjoining pressure.
30

   

 

2.2.5. Measurement of z-Potential  

The z-potential of HPMCP was measured using a Malvern Zetasizer Nano ZSP at 25C̄ in a 

disposable capillary cell. For measurement of z-potential, solutions containing 0.1% HPMCP 

were used. The pH of the solutions was adjusted using 1N HCl and 1N NaOH to obtain 

HMPCP samples of varying pHs. The Smoluchowski approximation was applied to 
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determine the z-potential of the particles from the measured electrophoretic mobility. 

Measurements were performed in triplicate for samples containing HPMCP aggregates.  

 

2.2.6. Measurement of Surface Tension 

Surface tension measurements were performed using a Krüss K11 tensiometer. 

Measurements were made using a Du Noüy ring (circumference = 58.7 mm and R/r = 0.37 

mm). The platinum-iridium ring was rinsed with water and ethanol and passed through a 

flame prior to each measurement. The surface tension value measured by the tensiometer was 

adjusted using the Huh-Mason correction factor.  

 

2.3. Results  

2.3.1. HPMCP Particle, Surface, and Charge Properties  

Cellulose particles used in foam and foam film stabilization were generated using the above-

described method. The particles are polydisperse and range from 7.5 mm-10.5 mm in diameter 

with an aspect ratio varying from 2-2.5. They also exist as aggregates in suspension (Figure 

2.3). This is most likely due to the low z-potential of the particles at the test pH (~ 4) as well 

as their large size. z-potential measurements were performed using smaller (model) HPMCP 

particles as described above and was determined to be  ~ -21 mV at the pH at which foams 

were generated in this study (Figure 2.4). Low z-potential allows for enhanced HPMCP 

particle adsorption at the air-liquid interface in the foam and also promotes partial particle 

aggregation in the foam film, enhancing stability.
20, 31

 The z-potentials of suspensions with 
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and without macroscopically visible HPMCP aggregates were measured and no difference 

was observed in the value of zeta potential for these cases. 

 

 

Figure 2.3. Micrograph showing HPMCP particle aggregates. Scale bar = 100 mm.  

 

 

Figure 2.4. z-potential of HPMCP suspension (particles + supernatant) ( ƴ , ǒ) and 

supernatant (ƶ). z-potential increases with an increase in pH and begins to decrease near the 

pH at which HPMCP dissolves back into solution.  
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The surface tensions of HPMCP suspensions at varying cellulose concentrations were 

also evaluated (Figure 2.5). It was found that the surface tension of these dispersions ranged 

from ~ 70 mN/m for a 0.01% w/v suspension of particles to ~ 46 mN/m for a suspension 

containing 1% w/v HPMCP. Within the range of concentrations tested and used for foaming 

experiments, surface tension values varied by ~ 3 mN/m. Since particulate stabilizers should 

not (in theory) reduce interfacial tension, the lowering of surface tension in the modified 

cellulose system is likely caused by the adsorption of a molecularly dispersed species of 

HPMCP at the air-liquid interface. This hypothesis is supported by the fact that the surface 

tension of the supernatant (i.e. with large particles and particle aggregates removed) is 

similar to that of the particle suspension (Figure 2.5). These results indicate that a molecular 

species of HPMCP adsorbs at the air-liquid interface during foam formation to lower surface 

tension and promote system foamability.  

When only the supernatant was aerated, foam was formed but collapsed to a small 

volume within a few hours, showing that the supernatant itself could not stabilize air-in-

liquid dispersions for long periods of time (Figure 2.6). In the same experiment, foam was 

also generated using particles which had been separated from the supernatant and then 

redispersed in DI H2O at pH ~ 4. As seen in Figure 2.6, plots of normalized volume versus 

time for foams stabilized by only HPMCP particles have long decay times and are more 

stable than even the composite system containing both HPMCP particles and dispersed 

molecules. However, foams generated using only particles have low foamability (Figure 

2.7). This shows that even though the foam system stabilized by both particles and 

amphiphiles may have poorer long-term stability as compared to foams stabilized only by 
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HPMCP particles; both the molecular species of HPMCP and the particles work 

synergistically to create a system with both good foamability as well as good long-term 

stability. Synergism between dispersed amphiphilic species and particulates in foam 

stabilization has also been observed by other authors.
32-34

 From here on, all samples 

evaluated contain both the molecular as well as aggregated particulate species of HPMCP.  

 

 

Figure 2.5. Surface tension of HPMCP particle suspensions (containing particles + 

supernatant) and supernatant at varying cellulose concentrations. The pH of the particle 

suspensions were ~ 4.  
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Figure 2.6. Graphs showing normalized foam volume vs. time for foams stabilized with 

particles and dispersed HPMCP, as well as particles and molecular fractions by themselves 

for systems containing (a) 1%, (b) 0.69%, (c) 0.5%, and (d) 0.35% HPMCP. ñParticle onlyò 

samples may still contain a residual molecular component.  
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Figure 2.7. Photographs of HPMCP foams stabilized with (a) particles and molecular species 

of HPMCP, (b) HPMCP particles only, and (c) extracted supernatant (molecular species 

only). Foam overrun is listed below each sample. Overrun = (foam volume ï initial liquid 

volume)/initial liquid volume.  

 

2.3.2. Foam Stability vs. HPMCP Concentration  

Suspensions of varying HPMCP concentrations were foamed as described in the Methods 

Section. The foam volume as well as volume of liquid drained from the air-rich phase was 

monitored overtime. As expected, foams containing higher concentrations of HPMCP not 

only maintained a larger head volume over longer periods of time, but also had better 

foamability. This is because when HPMCP concentration is increased, a larger quantity of 

dispersed HPMCP molecules are available to stabilize the air-liquid interface created during 

the foaming process. In addition, with increasing HPMCP concentration, more precipitated 

particles would also be available to sterically stabilize the disperse (air) phase. As in most 
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particle stabilized systems, HPMCP particles will form a shell around the bubbles in the 

foam to prevent coalescence and hinder coarsening. In addition, they will also jam in the 

foam lamella and plateau borders to slow the drainage of liquid from the foam head (Figure 

2.8). After bubbles extracted from foam stabilized by 1% HPMCP were air dried for 5 hours, 

they remained intact whereas bubbles from foam containing only 0.2% HPMCP did not 

demonstrate any stability against drying (Figure 2.9). This shows that a critical concentration 

of particles is necessary to stabilize the air-liquid interface in the foam system.    

 

 

Figure 2.8. (a) Foam volume vs. time for foams containing varying concentrations of 

HPMCP. (b) Liquid volume drained from foam vs. time for foams containing varying 

concentrations of HPMCP.  
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Figure 2.9. (a) Bubbles from 1 w/v% HPMCP foam after air drying for 5 hours. (d) Bubbles 

from 0.2 w/v% HPMCP foam after air drying for 5 hours. 

 

If the foam volume or liquid volume decay times are extracted from the experimental 

data shown in Figure 2.8 and plotted as a function of HPMCP concentration, it can be noted 

that there is a critical break which occurs between [HPMCP] = 0.63% and [HPMCP] = 

0.75% (Figure 2.10). Within this range of concentrations, the foam makes a transition from 

low to high stability. From this, it can be deduced that the minimum volume fraction of 

particles necessary to stabilize the air-liquid interface in this system is between 10-12 vol% 

of particles in the pre-foamed liquid dispersion (Figure 2.11). It is interesting to note, 

however, that despite the initial concentration of particles in the system, after ~ 12 hours of 

drainage, the volume fraction of particles in all foam samples examined end up at ~ 0.25 

(Figure 2.12). The physical significance of this finding will be the subject of future 

investigation.    
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Figure 2.10. Foam volume decay time (FVDt) and liquid volume decay time (LVDt)  as a 

function of HPMCP concentration.  

 

 

Figure 2.11. Calculation of particle volumes in HPMCP systems. Data points were 

determined experimentally through centrifugation of suspensions containing varying 

concentrations of HPMCP at 3000 rpm. Samples were centrifuged until no further 

compression of the sedimented layer at the bottom of the centrifuge tube was observed.   
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Figure 2.12. (a) Volume fraction (f) of HPMCP particles in foam at end of experiment (Dt > 

800 mins).  

 

2.3.3. Foam Film Morphology vs. HPMCP Concentration  

To better understand the mechanism by which HPMCP stabilizes air-liquid dispersions, foam 

films containing the modified cellulose were observe in a TFPB. When a liquid meniscus 

formed by a 1% HPMCP dispersion was thinned in the apparatus, we observed the formation 

of gels from the compression of HPMCP particles in the hole of the porous disc (Figure 

2.13). Thus, at high cellulose concentrations (which were used in our previous work) foams 

are sterically stabilized by particle gel networks, which form in the lamella of the foam 

subsequent to gravitational liquid drainage.
21-23

 Particle bridging would result in a higher 

effective viscosity in the continuous phase as well as the retardation of foam aging 
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mechanisms - namely liquid drainage from the foam and interbubble gas diffusion.
35

 

Experimental pressures applied were ~ 3500-4000 Pa for gel formation. 

 

 

Figure 2.13. Micrographs following the thinning of gel-film stabilized by 1% w/v HPMCP 

as observed in a TFPB. (a) Liquid meniscus containing large HPMCP aggregates prior to 

liquid drainage from capillary cell; (b) film during drainage; and (c) gel-film resulting from 

liquid drainage. Scale bar = 100 mm. 

 

For subsequent experiments, particle dispersions were diluted to 0.75%, 0.63%, 0.5%, 

0.35%, and 0.2% HPMCP, and the morphologies of foam fi lms formed by these dispersions 

observed. As seen in Figure 2.14, films formed at intermediate concentrations of HPMCP 

(i.e. 0.75 w/v% and 0.63 w/v%) were non-circular as a result of partial blockage against 

liquid drainage by particle aggregates in the hole of the porous frit. This irregular shape could 

also have been caused by the restriction of thin film expansion by particles accumulated 

around the expanding film. During some trials, films formed by high-concentration HPMCP 

dispersions had non-circular shapes as depicted in Figure 2.14; during other trials, however, 

these dispersions formed the same solid gels which were observed for the 1 w/v% HPMCP 
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sample. The statistics of film vs. gel formation in the P2 frit are summarized in Figure 2.15. 

As seen in this figure, the likelihood of gel formation decreases with decreasing HPMCP 

concentration, exhibiting a critical transition between majority instances of gel formation and 

majority instances of film formation between HPMCP concentrations of 0.75% and 0.63%. 

These results correlate well with the transition observed in the decay times extracted from 

foaming experiments presented in the previous section (Figure 2.10). This implies that the 

concentration of particles in the system, which corresponds to varying degrees of interface 

coverage by particles in a bulk foam, can be well associated with the different types of film 

morphologies observed in the TFPB.  

 

 

Figure 2.14. (a) Photograph of irregularly shaped film (0.63 w/v% HPMCP) as imaged 

through the viewing piece of the TFPB microscope. Ruler in microns. (b) Micrograph of 

irregularly shaped film as imaged via TFPB CCD camera and observed using both 

transmission and reflectance modes simultaneously (0.75 w/v% HPMCP). Scale bar = 100 

mm.  
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Figure 2.15. Statistics of gel vs. film formation for HPMCP dispersions at different 

concentrations. Percentages were calculated from ten films formed per sample with data for 

each concentration averaged over three different samples.  

 

At non-gelling concentrations of HPMCP, we observed the formation of 

nonhomogeneous thin films (Figure 2.16). Experimental pressures applied were ~ 600-800 

Pa for the 0.2 w/v% samples, and ~ 2500-2800 Pa for the 0.63% samples. As seen in these 

micrographs, thin films formed from lower concentration dispersions of HPMCP contain 

bright white spots inside a gray film. This shows that small HPMCP particles and (larger) 

particle aggregates can co-adsorb at the air-liquid interface along with dispersed HPMCP 

polymer, although it is unclear if this is the actual mechanism. Another possibility is that 

particles are trapped by the 2D polymer-gel network formed by dispersed HPMCP 

molecules.
32-34

 It can be postulated that during the formation of cellulose foams, smaller 
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particles and dispersed HPMCP polymer most likely diffuse first to the air-liquid interface 

with larger HPMCP particles and particle-aggregates forming a shell around the bubbles in a 

secondary adsorption step. As the concentration of HPMCP is increased in the test 

suspension, the number of particles trapped in the foam film also increases.  
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Figure 2.16. Micrographs showing film morphology as a function of HPMCP concentration. 

(Column A) 0.2 w/v% HPMCP suspension; (Column B) 0.35 w/v% HPMCP suspension; 

(Column C) 0.63 w/v% HPMCP suspension. The times shown represent time elapsed from 

initial f ilm formation. Scale bar = 100 mm.  
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These results show that as the concentration of HPMCP is increased, films formed by 

the cellulose dispersions become more irregular in shape due to enhanced drainage 

obstruction by an increasing quantity of particles in the foam film. Additionally, the presence 

of more dissolved polymer with increasing HPMCP concentration could result in a stronger 

network formed by HPMCP in the gray portion of the liquid film. Inhomogeneous films 

containing protein aggregates as well as polyelectrolyte-surfactant complexes, which are 

comparable to the system evaluated here, have been examined by other authors.
32, 36-38

 In a 

particular set of studies, Rullier et al. examined foam and foam film stability for systems 

stabilized by non-aggregated b-lactoglobulin in the presence of b-lactoglobulin aggregates.
36

 

The authors observed that molecular and aggregated species stabilized foam films best when 

there was a sufficient concentration of the molecular species to trap aggregated protein in the 

planar films. Otherwise the systems were unstable. The effect of the ratio of soluble HPMCP 

to precipitated HPMCP on foam and foam film stability was not a point of investigation in 

this study but can be an interesting subject for future investigations.   

 

2.3.4. Thin Foam Films Stabilized by HPMCP  

Since HPMCP particles coexist with molecularly dispersed cellulose in the foams tested, the 

properties of thin films formed by lower concentrations of HPMCP were characterized to 

gain a better understanding of the molecular species in the system. Thinning profiles for 

several different films stabilized by 0.2 w/v% HPMCP were measured, and their final 

thicknesses prior to rupture determined (Figure 2.17). This concentration was chosen for 

evaluation of film thickness as (of all the samples examined) it had the least number of 
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inhomogeneities induced by the presence of HPMCP particles, and could still form stable 

foam film. Experimental pressures applied in these experiments ranged from 600 - 800 Pa 

depending on the trial, but were always such that the applied pressure was ~ 100 Pa greater 

than the onset pressure for the sample. These discrepancies could have been caused by the 

presence of HPMCP particles and particle aggregates. From six different measurements, the 

average final thickness of films formed from 0.2% HPMCP was determined to be ~ 20 nm. 

At pH 4, the z-potential of HPMCP was ~ -21 mV, which means that at this pH, HPMCP 

does not exhibit strong electrostatic repulsion. Thus, thin films stabilized by 0.2% modified 

cellulose at pH ~ 4 are likely not electrostatically stabilized but rather sterically stabilized.  

 

 

Figure 2.17. Thinning profile of 0.2 w/v% HPMCP films. (Inset) Representative image of 

film for measured thickness ~ 20 nm showing small white specks (trapped particles) 

distributed throughout film. Scale bar = 50 mm.  
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Since the measured thickness is a composite of both an adsorbed molecular layer and 

adsorbed HPMCP particles, image analysis was performed to estimate the thickness of only 

the gray area of the film. This adjusted thickness would facilitate a better understanding as to 

the composition of the foam film, as well as the orientation of HPMCP macromolecules at 

the air-liquid interface. To perform the thickness adjustment, the intensity of an area in the 

film containing both gray film and white particles was measured and then scaled to the 

intensity measured for an area containing only gray film. It was found that in the 

experimental measurements, the final film thickness was inflated ~ 1.05 times. This is 

because during the experiment, the measured intensity encompassed both the HPMCP 

particles trapped in the film as well as the gray film (stabilized by dispersed HPMCP 

polymer). By rescaling, we find the intensity of the gray area in the foam film to be ~ 19 nm.   

As shown in Figure 2.1, HPMCP contains both hydrophobic as well as hydrophilic 

groups distributed along the polysaccharide backbone rather than having defined 

hydrophobic and hydrophilic patches (as is the case with surfactants). Thus, it is not 

immediately clear how HMPCP molecules would orient at the air-liquid interface. To gain a 

better understanding of how these macromolecules could orient at the air-liquid interface, we 

estimate the size of adsorbed HPMCP molecules based on the adjusted final film thickness 

and compare this value to the coil size of HPMCP at different solution conditions (Table 

2.1). In the table below, Mn denotes the number average molecular weight of the polymer, 

Mw the weight average molecular weight, R the coil size, L the contour length, N the number 

of repeat units in the HPMCP chain, and b the length of one repeated unit.
39
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Table 2.1. HPMCP coil size at various solution conditions. 

 
M

n
 = 19060 Da 

(min size, nm)40 

M
w
 = 45580 Da 

(max size, nm)40 

Contour Length 

R
max

 = L ~ bN 80.8 193.2 

Good Solvent 

Rf~ bN
3/5

 
20.8 35.0 

q - Solvent 

R
g
 ~ bN

1/2

 
14.8 22.8 

Poor Solvent 

R ~ bN
1/3

 
8.4 11.2 

 

 

For approximation of HPMCP coil size in the foam film (R), the adjusted film 

thickness is divided by a factor of 2 (for two adsorbed layers), giving h/2 ~ 9.5 nm. Since 

there are hydrophobic side groups randomly distributed along the cellulose backbone, it is 

assumed that the polymer coils in solution such that the hydrophobic groups are turned away 

from the aqueous solvent; and, that upon adsorption at the air-liquid interface, the coiled 

polymer opens and exposes those hydrophobic groups to the air phase. This assumption 

yields an HPMCP coil size: h ~ 2R Ą R ~ 9.5 nm (Figure 2.18). Assuming that there is a 

50:50 contribution of Mn and Mw to the HPMCP sample, R ~ 9.5 nm places the coil between 

q-solvent and poor solvent conditions, which is expected for HPMCP at pH ~ 4. From these 

estimations for coil size, we can infer that dispersed HPMCP molecules most likely exist in 
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the bulk liquid phase in the form of loose coils and unfold prior to adsorption at the air-liquid 

interface. 

 

Figure 2.18. (a) Schematic of HPMCP coils in the bulk aqueous phase and at the air-liquid 

interface. (b) Proposed structure of the HPMCP coils in a foam film of h ~19 nm. 

 

2.4. Discussion 

We present data on the mechanism by which particles from hydrophobically modified 

cellulose, HPMCP, stabilize foams by examining foam films containing HPMCP. Since this 

cellulose is water soluble at certain pHs, dispersed species of HPMCP are expected to coexist 

with precipitated particles in our test conditions. The presence of the dispersed HPMCP 

species results in the formation and stabilization of the gray film observed in the TFPB at low 

HPMCP concentrations. The thickness of this film is ~ 19 nm which coincides with two 

molecularly adsorbed layers of cellulose. Additionally, an end thickness ~ 19 - 20 nm 

indicates that the foam film examined was sterically stabilized.  

As the concentration of particles in the test suspension was increased, a higher 

number of large HPMCP particles was observed in the foam film (Figure 2.16). Further 
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increase in HPMCP particle concentration resulted in the compression of the particles in the 

meniscus to form a solid gel upon liquid drainage from the porous frit. When the instances of 

film formation and gel formation were characterized as a function of HPMCP concentration 

in the test suspension, a transition between majority film formation and majority gel 

formation in the TFPB was observed between 0.63 w/v% and 0.75 w/v% HPMCP. Since 

these data are commensurate with a sharp transition in the liquid drainage decay time which 

was extracted from foaming experiments, it can be concluded that HPMCP foams become 

superstable at particle concentrations where there is a high instance of particle gel formation 

in the foam film (of the bulk foam system) following liquid drainage. Thus, although 

dissolved HPMCP molecules can diffuse to the air-liquid interface more quickly and can 

form 2D-gels in thin liquid films, the presence of a certain threshold concentration of 

particles is ultimately necessary for a jump increase in foam and foam film stability (Figure 

2.19). 
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Figure 2.19. (a) Schematic of foam system with adsorbed HPMCP and micrograph of foam 

film stabilized by hydrophobized cellulose at concentrations below the transition threshold. 

Foams at these concentrations have short decay times as a result of insufficient interface 

coverage by particles. (b) Schematic of foam system with adsorbed HPMCP and micrograph 

of foam film stabilized by HPMCP at concentrations above the transition point. Sufficient 

interface coverage by particles results in steric stabilization of cellulose foams by the 

formation of a particle-gel network.  

 

2.5. Summary & Conclusions 

In summary, we have characterized the behavior of micron-sized modified cellulose particles 

as a foam stabilizer on multiple length scales. We find that while molecular species of 

HPMCP can stabilize foam films and can form foam when aerated, only foams containing a 

sufficient quantity of micron-sized particles are stable over long periods of time. Co-
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adsorption of HPMCP molecules and particles was only observed qualitatively in TFPB 

experiments and was not explored in detail. Thus, an interesting subject for future work 

would be quantifying the effect of co-adsorption of various ratios of HPMCP particles and 

polymers on the stability of foam films. Such studies are important as certain types of 

biopolymeric particles coexist with molecularly dissolved polymers and proteinaceous 

material.
6, 24-26, 41

 Understanding conditions under which the interactions between residually 

dissolved materials and particles are synergistic or antagonistic will be important for future 

applications of such particle-biopolymer systems in foods, pharmaceutics, as well as 

cosmetics.
6, 42
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CHAPTER 3
*
 

 

Engineered Kraft Lignin Particles for Foam Stabilization

                                                 
*
 Partially based on  Lam, Tibbits, Velev (In preparation) 



 

 

83 

3.1. Introduction  

Lignin, whose name is derived from the Latin word ñlignumò for wood, is the most abundant 

aromatic compound found in nature.
1
 It is a copious natural resource and has many potential 

uses as a dispersant, chemical precursor, and as a constituent of composite materials.
1, 2

 The 

exact chemical structure of natural lignin may vary, but it is known that lignin is aggregated 

in vivo in the cell wall of woody plants (Figure 3.1).
3
 There are three main monolignols (p-

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) which make up the lignin 

macromolecule; the ratio of these three monolignols vary with the source from which the 

lignin is obtained.
4, 5, 6

 In addition, the processing conditions, which natural lignin undergoes 

(i.e. sulfite pulping, Kraft pulping, steam explosion) will determine its end functionality as 

well as molecular weight (MW).
7
 Unlike its biological counterpart, cellulose, lignin is 

amorphous and does not exhibit any structurally-generated optical properties.
1, 8
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Figure 3.1. Model of lignin aggregate in vivo (left) and Alder model for the structure of 

softwood lignin (right). Scale bar = 100 Å.
1, 3

 

 

The inhomogeneity in the structure of natural lignin across different plant species 

translates to inefficiencies in its separation from cellulose. This is particularly problematic in 

the biofuels industry where lignin and hemicelluloses need to be removed to recover 

cellulose from plants at high purity.
9
 Thus, there has been much effort devoted to 

understanding the colloidal properties of natural as well as modified lignins (i.e. alkaline 

lignin and lignosulfonates) to design more effective methods by which to separate lignin 

from cellulosic biomass.
6, 7, 10-18

 More recently, research into different forms of lignins have 

been fueled by the motivation to utilize this renewable material to fabricate value-added 

commodities by understanding the properties and elucidating the potential of these natural 

aromatic compounds as molecular surfactants, particulate emulsifiers, and as replacements 

for petroleum-based synthetic polymers.
1, 19-22
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One modified form of lignin which has been a popular subject of study over the past 

few decades is Kraft lignin (KL). Kraft lignin (aka alkaline lignin) is a byproduct of the Kraft 

pulping process, which is used to make paper. Every year, ~ 5 million tons of KL is 

generated by the paper industry and ~ 98 % of it is burned as fuel in paper mills; ~ 2% is 

utilized for the production of value-added products.
1
 KL is often studied, not only because it 

is an abundant and inexpensive byproduct, but because the colloidal properties of this type of 

lignin can lead to a better understanding of alkaline-based separation methods for cellulose 

purification in the biofuel as well as pulp and paper industries. In the work presented here, 

foams stabilized by KL particles are generated and characterized. Synthesis parameters are 

tuned so that particles with improved foam stabilizing attributes may be formed. Such foams 

could have potential applications in water remediation and as value-added consumer 

products.    

It has been known since the beginning of the 20
th
 century that particles with certain 

wettability can impart greater stability to foams and emulsions than molecular surfactant 

stabilizers.
23, 24

 However, research in the area of Pickering foams and emulsions has mostly 

been focused on the effect that the properties of inorganic particles (wettability, 

concentration, size, and shape) have on the stability of these systems; little research has been 

performed on the development and characterization of particle stabilizers made from 

biodegradable materials.
25, 26, 27, 28
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3.2. Materials & Methods  

3.2.1. Materials 

Indulin
Ñ
AT (Lot MB05, Mn = 1060 g/mol, Mw/Mn = 5.2, MeadWestvaco, Charleston, South 

Carolina) was used for the preparation of particles for foam stabilization.
16

 Indulin
Ñ
AT is a 

softwood Kraft lignin that has underwent an additional hydrolysis step to cleave residual 

polysaccharides from the KL mass.
2
 The Kraft pulping process results in the addition of 

methoxyl, hydroxyl, as well as thiol groups to natural lignin, rendering KL slightly more 

hydrophilic than the lignin found in plants (Figure 3.2).
29

 Hydrochloric acid (HCl, 1N) was 

purchased from Sigma and used without further modification. 1N sodium hydroxide (NaOH) 

was prepared by dissolving 40 g of NaOH pellets in 1L Milli -Q water. Deionized water for 

the experiments was obtained from a Millipore water purification system (Millipore Milli-

Q+, Billerica, MA). Nile Red dye was purchased from Sigma and used without further 

modification.  

 

 

Figure 3.2. Functional groups in Kraft lignin. Aliphatic and phenolic ïOH groups are boxed 

in blue.
29
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3.2.2. Particle/Microgel Formation and Foam Generation 

Lignin particle dispersions containing anisotropically-shaped particles, as well as a 

microgel/mesh-like network were prepared using a water-based shear process (Figure 3.3). 

First, Indulin
Ñ
AT was dissolved in deionized water at pH ~ 12 to prepare a stock solution. 

Particles were synthesized by injecting the KL solution into a low pH (~ 2) medium under 

shear (Cole-Palmer Servodyne Mixer, 1500 rpm, 3 min) to induce the precipitation of the KL 

biopolymer out of solution in the form of particles. In this work, particle/microgel products 

generated via this process are termed ñreformed particlesò. The dissolution of KL with an 

increase in solution alkalinity and precipitation out of solution in acidic conditions is a well-

known phenomenon and has been studied by other authors.
11, 16, 30-33 

KL f oams were 

generated by aerating particle and microgel dispersions in a professional blender running at 

15000 rpm for 60 seconds (Oster Model 4242, Sunbeam Products, Inc., Boca Raton, FL). 

Samples were subsequently poured from the blender jar into graduated cylinders for 

observation.  
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Figure 3.3. Schematic of procedure for generation of KL particle/microgel mixture. 

Corresponding KL structures show the ionization of hydroxyl groups during the different 

stages of the reformation process.  

 

3.2.3. Microscopy 

Optical Microscopy. The morphology of foam bubbles and particles was examined using an 

optical/fluorescence/confocal microscope (Olympus BX-61, Tokyo, Japan). For 

characterization of particle morphology, an aliquot of the particle dispersion was placed on a 

microscope slide and covered with a glass coverslip. For characterization of bubble 

morphology, fresh foam samples were observed uncovered on a microscope slide. For 

fluorescence images, an aliquot of Nile Red dye (1mg/mL in ethanol) was added and the 

sample was equilibrated prior to imaging.  

Transmission Electron Microscopy (TEM).  Transmission electron microscopy 

(TEM, JEOL JEM1200EX TEM, JEOL U.S.A., Peabody, MA) with uranyl acetate staining 

was used to image KL particles which could not be resolved using optical microscopy.  
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3.2.4. Measurement of z- Potential 

The z-potential of KL particles was measured using a Malvern Zetasizer (Nano Z) at 25̄ C in 

a disposable capillary cell. For measurement of z-potential, solutions containing 0.0069 ï 

0.0257 wt% KL were prepared from KL stock solution. The sample pH was adjusted using 

1N solutions of HCl and NaOH. The Smoluchowski approximation was used to determine 

the z-potential of the particles from the measured electrophoretic mobility. Since suspensions 

containing KL particles are colored, measurements were performed at two different 

concentrations for both reformed and non-reformed particle systems to ensure the absence of 

concentration-dependent effects on the measured z-potential. For non-reformed particle 

samples, Indulin
á
AT powder was diluted in DI H2O to the required KL concentration and the 

pH adjusted to the desired value using NaOH and HCl. For reformed particle samples, 

particles were generated at pH ~ 2 using the above-mentioned procedure. Reformed particle 

samples were diluted to the appropriate concentrations with DI H2O and the pH of the 

samples was adjusted using HCl and NaOH. In both cases, larger particles/aggregates were 

allowed to settle out of the dispersion prior to testing so as to avoid particle sedimentation 

effects during the measurement. 

 

3.2.5. Measurement of Solution Absorbance   

To determine the change in degree of KL solubility associated with the reformation process, 

UV-Vis Spectroscopy (Jasco 550 UV-Vis Spectrophotometer, JASCO, Inc., USA) was used 

to determine the absorbance of the supernatant from reformed and non-reformed particle 

samples as a function of pH. KL samples were prepared by diluting stock solutions to the 
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proper concentration with DI H2O. Sample pH was adjusted using HCl and NaOH and 

samples were left to equilibrate for ~ 30 minutes prior to centrifugation at 10000 rpm for 10 

min in a microcentrifuge (Fisher Scientific accuSpin Micro 17). The supernatant extracted 

from reformed and non-reformed particle samples was diluted 200³, and the absorbance 

measured at l = 280 nm in a UV cuvette with a 1 cm path length.
7, 11, 34

 The absorbance of 

KL around this particular wavelength is derived from the vibrational transition of the 

aromatic rings in the macromolecule.
21

 The extinction coefficient of Indulin
á
AT was 

reported previously as e = 20 cm Ö mL Ö g
-1

.
14

 From measured absorbance values, the Beer-

Lambert law can be used to determine the concentration of KL in the supernatant of the test 

samples: A = e C l. In this expression, A represents the measured absorbance, e the extinction 

coefficient of Indulin
á
AT, C the concentration of KL in the test sample, and l the path length 

of the sample cuvette.
31

  

  

3.3. Results & Discussion 

3.3.1. Particle Formation & Morphology  

Particles generated using the water-based shear process described above are polydisperse in 

size (microns), and those which are large enough for visualization under optical microscopy 

are either rod-shaped or plate-like (Figure 3.4). From previous studies it is well known that a 

decrease in solution pH results in the protonation of phenolic and aliphatic hydroxyl groups 

on the KL macromolecule. This is followed by hydrogen bonding in the loose surface regions 

of lignin between protonated hydroxyl groups, resulting in polymer aggregation to form 

particles.
7, 11-14, 35

 Despite the varying shapes of lignin particles produced, many of the larger 
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particles are plate-like; this characteristic can most likely be attributed to ˊ-ˊ stacking 

between the aromatic rings in the lignin macromolecule during the precipitation of KL 

polymer out of solution.
11

 One noticeable difference between the reformed particles and 

Indulin
Ñ
AT powder that can be seen in Figure 3.4 is that non-reformed lignin particles tend 

to form dense aggregates. These particles also show a high level of contrast with the aqueous 

background. The reformed particles on the other hand, have low contrast with the 

background and form voluminous aggregates. From these images, it appears that the process 

of reformation dispersed the lignin polymer that was condensed in the original particles into 

voluminous low-density aggregates.  

Recently, Petridis et al. used small angle neutron scattering (SANS) in conjunction 

with molecular simulations to demonstrate the fractal nature of natural lignin aggregates on 

the angstrom level.
3 

The authors showed that the aggregates were highly folded, very 

compact and that they react favorably with water (despite the hydrophobicity of natural 

lignin).
 
This is mostly a result of hydrogen bonding between water molecules and lignin 

hydroxyl groups.
3, 30

 We should also expect to observe this hydration behavior in Kraft 

lignin, which contains more hydroxyl groups - as well as thiol and methoxy groups - than 

natural lignin. Thus, it can be hypothesized that the voluminous structure of the reformed 

particles is partly due to hydration.  
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Figure 3.4. Micrographs of non-reformed (a, c) and reformed particles (b, d). Scale bar = 100 

mm.  

 

While examining the particle suspensions via optical microscopy, a smaller 

population of particles can be visualized qualitatively but not quantitatively. For 

characterization of particle sizes in the smaller population of precipitated KL, TEM was 

employed. However, from the transmission electron micrographs, one cannot see any distinct 

particles but rather a mesh-like network containing KL polymer (Figure 3.5). It is possible 

that KL nanoparticles formed aggregates during TEM sample preparation, or that the 

ñmicrogelò observed under optical microscopy is a network of KL polymers agglomerated 

through hydrogen-bonding subsequent to the reformation process.
14
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Figure 3.5. Transmission electron micrographs of Indulin
Ñ
AT microgel formed from a 

water-based shear method at pH ~ 1.3. (Left) TEM image of KL aggregates at 5000³ 

magnification. Scale bar = 1 µm. (Right) TEM image of KL aggregates at 50,000³ 

magnification. Scale bar = 100 nm.  

 

3.3.2. z-Potential & Solubility of Reformed Particles  

To elucidate whether the water-based shear reformation process changed the surface charge 

of KL particles, zeta-potential measurements were performed (Figure 3.6). Data from these 

experiments show that reformed particles are slightly less charged than non-reformed 

particles, meaning that they are, from an electrostatic point of view, better foam stabilizers 

than the non-reformed particles. z-potentials greater than ° 25 mV are generally desired for 

colloidal stability. However, for foam stabilization by particles, values less than ° 25 mV are 

desired.
21

 At these values, there would be particle adsorption at the air-liquid interface 

without strong lateral electrostatic repulsion between particles. In Figure 3.6, it can be see 

that as pH decreases, z-potential increases for both the reformed and non-reformed particles 



 

 

94 

until pH ~ 5. At this point, the z-potential of the reformed particle system becomes 

unmeasurable, and that for the non-reformed particle system begins to decrease. An increase 

in z-potential with increasing pH for pHs < 5 followed by a leveling off of z-potential for 

pHs > 5 has also been observed by other authors for KL.
10

 During the measurements of z-

potential, it was discovered that the solubility of lignin is altered after the reformation 

process. Curves representing the z-potential of the reformed particles terminated at pH ~ 5. 

This was the pH after which the Zetasizer instrument did not detect the presence of any 

particles. For the non-reformed particle system, it was not until a pH value of ~ 11 that the 

Zetasizer ceased to detect the presence of particles.  

 

 

Figure 3.6. z-potential vs. pH for reformed and non-reformed Indulin
Ñ
AT particles. For all 

samples measured, absolute z-potential increases with an increase in sample pH until pH ~ 5. 

After this point, it decreases slightly with increasing pH for the non-reformed particle 

samples and becomes unmeasurable for the reformed samples.  
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Measurement of sample absorbance for supernatants from reformed and non-

reformed particle samples confirmed a change in solubility following the water-based shear 

process (Figure 3.7). The pH at which there is a critical change in the solubility of the 

particles determined using spectroscopy correlates well with the solubility behavior observed 

from z-potential experiments (pH ~ 5). The absorbance study for the KL system 

demonstrates that while reformed KL particles dissolve back into solution at lower pHs, they 

also more readily precipitate out of solution at pH values less than 5. In Figure 3.7, it can be 

seen that at pHs below 5, the concentration of lignin in the supernatant of the reformed 

particle dispersion is much lower than that in the non-reformed particle dispersion. This 

means that more polymer was precipitated out of solution during the reformation process in 

the form of particulates. At pH ~ 2, the concentration of KL in the supernatant for the non-

reformed particle suspension is 7³ higher than for the reformed particle suspension. These 

data imply that in the reformed particle system, 7 times more lignin polymer is precipitated 

out of solution.  
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Figure 3.7. Solubility of reformed and non-reformed particles as a function of pH. At pH ~ 

2, reformed particle system is 7 times less soluble than non-reformed particle system. 

Reformed particles begin dissolving back into solution at pH ~ 5 whereas non-reformed 

particles do not fully dissolve until pH ~ 12.    

 

3.3.3. Foam Stabilization Efficiency for KL Particle Samples  

The ability of the reformed particles to stabilize foam was evaluated and compared to that of 

non-reformed KL particles. Although foam stabilization by KL has not been reported to our 

knowledge, the stabilization of various types of emulsions using KL has been evaluated by 

researchers.
15, 17-19, 21, 36, 37

 Foams were generated as described in the Methods Section. By 

monitoring foam volume and liquid drainage over time, we find reformed lignin particles to 

be more efficient stabilizers than the original KL particulates at the same concentration and 

pH conditions (Figure 3.8). Foams made using the reformed particles were stable for days 

and even weeks whereas those stabilized using the original lignin powder collapsed after ~ 1 
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day. The increased stability imparted by the reformed particles on the foam structure could 

be a consequence of the reformed particles being more voluminous than non-reformed 

particles. Micrographs of foam bubbles stabilized by reformed and non-reformed particles 

are shown in the inset of Figure 3.8.  

 

 

Figure 3.8. Normalized foam volume vs. time for foam stabilized by reformed and non-

reformed particles. (Inset) Micrographs showing KL particles adsorbed at the air-water 

interface. KL concentration = 0.7 wt% and pH ~ 2 for foams. Foams made with reformed 

particles remain stable for a longer period of time.  

 

Observations of foam bubbles stabilized by non-reformed versus reformed particles 

indicate that while particles from the non-reformed KL system do adsorb at the air-liquid 

interface, the coverage of the bubble surfaces is sparse, making the system more prone to 
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destabilization by mechanisms such as coarsening and bubble coalescence. Reformed 

particles, however, not only adsorb at the air-water interface, but also offer more complete 

surface coverage to the bubbles in the foam system. In addition to providing a greater amount 

of coverage, the particles appear to have aggregated into a gel-like structure at the air-liquid 

interface - sterically stabilizing the foam bubbles against coalescence and coarsening through 

the formation of thicker, more viscous films in the foam lamella. Foam stability was also 

studied as a function of KL concentration as well as the pH of the foaming medium (Figures 

3.9 and 3.10).  

 

 

Figure 3.9. Plot of foam volume vs. time for samples stabilized by different concentrations 

of KL (pH ~ 2). Foams made with suspensions containing higher concentrations of KL 

maintain larger foam volumes and have greater stability against creaming.  
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Figure 3.10. Foam volume vs. time for KL foam samples stabilized by particles generated at 

different pH conditions. Foam stability increases with decreasing pH due to the presence of 

more KL particles at lower pHs. KL concentration in foams = 1.20 wt%.  

 

From Figures 3.9 and 3.10, it can be seen that increasing the concentration of lignin 

in the foam resulted in higher foam stability, and that decreasing the pH of the foaming 

medium also resulted in an increase in foam stability. Both of these conclusions could be 

summarized as follows: higher foam stability results from an increase in the surface coverage 

of foam bubbles by particles. An increase in the concentration of lignin used for foam 

generation also resulted in an increase in the number of particles available for foam 

stabilization. Similarly, since KL dissolves at high pH and precipitates out of solution at low 

pH, more KL is precipitated out of solution at lower pH values, resulting in more material 

available for foam stabilization. This pH dependent foam stability which was observed in the 
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KL system can be utilized to generate foams in which stability can be tuned by changes in 

pH. In preliminary experiments, it was observed that foams generated using reformed KL 

particles can be destabilized by increasing the pH of the continuous phase using NaOH (to 

dissolve KL particles). Decreasing medium pH while foaming results again in stable KL 

foam.  

 

3.3.4. Effective Particle Volume   

To gain a better understanding as to how the effective volumes of the reformed and non-

reformed particles correlate to differences observed in foam stability in these two systems, 

the volumes of both particle dispersions were monitored at the same pH and KL 

concentration over time. It was observed that reformed particles compacted slowly over time 

while the non-reformed particles settled out of solution to a volume of ~ 300 µL after one 

day (Figure 3.11). Even after 36 days, reformed particles had ~ 30 times larger volume (mL) 

and ~ 40 times larger specific volume (mL/g KL) than the non-reformed KL particles.  

One detail which was observed during the experiments was that the supernatant above 

the precipitated non-reformed particle mass was much more turbid than the supernatant 

above the reformed particle agglomerate. From this, we can infer that there is more lignin 

polymer dissolved in the supernatant of the non-reformed particle sample. By measuring the 

absorbance of the supernatant in the non-reformed and reformed particle systems, it was 

found that the amount of KL remaining in solution in the reformed and non-reformed 

samples at pH ~ 2 differs by a factor of ~ 7 (Figure 3.7). Although this elucidates one factor 

contributing to the volume increase in the reformed KL system, there is still a 23-fold 
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increase in volume resulting from the reformation process which still has to be accounted for. 

This volume increase is likely caused by differences in KL particle structure between the two 

systems. The reformation process results in a redistribution of lignin polymer into smaller-

sized aggregates than that found in the original system. Aggregates in the reformed particle 

system, which are not only smaller in size but also less dense than the particles in the original 

system, can allow for a higher degree of hydration in the KL particle matrix.   

 

 

Figure 3.11. Specific volume of reformed and non-reformed particles as a function of time in 

aqueous media. Reformed particles compress slower in H2O than non-reformed particles. 

Concentration of KL in suspensions ~ 0.7 wt% and pH ~ 2.  

 

During measurement of particle volume, it was also observed that the loosely-packed 

reformed particle aggregates, which maintain a higher effective volume in solution over time, 
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retain more water than the non-reformed particle aggregates. For a system containing 

aggregated KL nanoparticles, Frangville and coworkers determined through a dye adsorption 

study that the active surface area of their NPs were 2.3 times that estimated from the 

measured hydrodynamic radius.
33

 From this, the authors concluded that the nanoparticles 

themselves were porous. Likewise, the micron-sized particles in this system could also be 

porous, facilitating hydration of the KL reformed particle mass. Additionally, water 

molecules can be captured in the areas between KL particles during aggregate formation, as 

well as in the hydration layer around particle aggregates. By using thermogravimetric 

analysis or a similar dye adsorption study as that employed by Frangville et al. in the future, 

the location of captured water molecules in the reformed KL system may be determined.
33

 In 

summary, the loosely-aggregated, voluminous structure of the reformed particles in solution 

can be attributed to two main factors ï increased precipitation of KL polymers out of solution 

and the entrainment of H2O molecules in the aggregated reformed particle matrix.  

The increase in the effective volume occupied by KL after the reformation process 

contributes greatly to the ability of the reformed particles to stabilize foams. As illustrated in 

Figure 3.12, the difference in the distribution of KL particles in the reformed particle system 

at low pH as compared to the other systems evaluated in this study is the main reason for the 

improved stability observed for foams stabilized by reformed KL particles generated at low 

pH. At these solution conditions, a sufficient quantity of KL polymer is precipitated out of 

solution in the form of particles (unlike at high pH). Also, unlike in the original system 

(Figure 3.12a), particles in the reformed system (Figure 3.12c) are smaller, loosely 

aggregated, and are distributed at the air-liquid interface as well as in the foam film in a more 
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efficient manner. The improved surface coverage provided by the reformed KL particles in 

the foam results in enhanced steric stabilization at the air-liquid interface in dispersions 

generated by foaming reformed KL particles at low pHs.    

 

 

Figure 3.12. Schematic showing foam stabilization by Kraft lignin particles before (a) and 

after the reformation process (b and c). Schemes show that while the original KL powder can 

adsorb at the air-liquid interface (a), it does not provide complete coverage of the interface as 

compared with the reformed particle system at low pH (c). At intermediate and high solution 

pHs where there is an insufficient quantity of precipitated KL, foams are also unstable (b).  

 

3.3.5. Effect of Stock Solution Age on Foams Stabilized by KL Particles 

The effect of KL stock solution age on the effective volume and foam stabilizing capability 

of reformed particles was also examined. We found that foams stabilized by particles made 

from aged stock solutions had lower initial volumes than foams stabilized by particles 

generated from newer lignin solutions (Figure 3.13a). Thus, Kraft lignin particles generated 

from aged stock solutions demonstrated lower foamability than those generated from fresh 

stock solutions. On the contrary, particles generated from aged stock solutions compressed at 

a slower rate when left to stand in an air-tight container than those generated from fresher 

stock solutions (Figure 3.13b). One possible explanation is that longer residence time in an 
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alkaline environment increases the number of hydrophilic KL polymers in solution; this 

could occur through the breakdown of KL molecules in the stock solution over time. The 

formation of particles which are more hydrophilic in nature would result in lower foamability 

as well as decreased lyophobic interactions (slower rate of particle aggregation) in solution. 

Lindström demonstrated that in a state of dissociation, the viscosity of a Kraft lignin solution 

decreases overtime, and postulated that this could possibly indicate further breakup of 

associated lignin molecules with increasing time spent in an alkaline environment.
7
 Koda et 

al. more recently showed that increasing time spent in an alkaline environment does indeed 

result in further breakup of the b-O-4 aryl ether bonds in lignin.
38

 This results in a decrease in 

lignin MW as well as an increase in the number of phenolic OH groups, resulting in a larger 

number of hydrophilic lignin molecules.
31, 38

  

 

 

Figure 3.13. (a) Plot of foam volume versus time for foams made using particles generated 

from stock solutions of different ages. (b) Particle settling volume versus time for particles 

reformed from stock solutions of different ages. Concentration of KL in foams ~ 0.7 wt% 

and pH ~ 2.  
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3.4. Summary & Conclusions 

We have re-engineered KL particulates, which are themselves emulsifiers, into more efficient 

foam stabilizers by reforming the particles using a water-based shear process. We 

characterized the effect of the reformation process on the surface charge and structure of KL 

particles. The z-potential of the particles was found to change with pH and was slightly lower 

following the reforming process. The procedure for generating reformed KL particles was 

found to increase the volume of the original particles by ~ 30 times, which resulted in an 

enhanced ability of reformed KL to sterically stabilize foams and emulsions. The highest 

foam stability was recorded at low pH (~ 2), corresponding to a z-potential of approximately 

-20 mV. Thus, we have developed an efficient, environmentally-friendly method by which to 

increase the effective volume of lignin particles, which after the reformation process show 

enhanced properties as foam and potentially, emulsion stabilizers (Figure 3.12).  
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4.1. Introduction  

Aqueous foams, which can be considered soft complex fluids, are amorphous materials 

composed of close-packed bubbles.
1
 They are thermodynamically unstable systems, which 

are kinetically stabilized by the addition of surfactants, and/or solid particles that can adsorb 

strongly at the air-liquid interface. The use of particles in foam and emulsion formulation is 

known as Pickering/Ramsden stabilization.
2, 3

 Foams can be designed to possess tunable 

properties and variable functionalities through the inclusion of particles or surfactants with 

special properties.
4
 Kim et al. demonstrated that intense and selectively colored foams could 

be engineered through the incorporation of hydrophobic dye into the particle stabilizers of a 

Pickering foam.
4
 Salonen et al. developed a system which could be controllably foamed by 

varying its exposure to temperature and UV light,
5
 and Fameau et al. developed a smart foam 

system, which could be destabilized through a change in temperature.
6 
 

 We are interested in systems, which are very stable on their own, but can be 

manipulated using magnetic fields, and herein investigate a class of magneto-Pickering (MP) 

foams with extraordinary stability. The use of partially hydrophobic particles in foam 

stabilization can result in the formation of foam films, which are remarkably stable against 

rupture. This super-stabilization is achieved through the percolation of particles at the surface 

of the air bubbles, forming a shell which slows down the effects leading to foam 

destabilization.
7-9

 Magnetic responsivity, allowing for non-contact defoaming, is achieved 

through the incorporation of iron (Fe) particles into the foam network. Destabilization by 

magnetic field is a noninvasive and efficient approach by which to collapse persistent bi-

phasic systems as an alternative to chemical and mechanical defoaming techniques. In 
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addition, foams which are superstable and can maintain a high liquid fraction, like the ones 

presented here, are promising agents for water remediation processes and oil recovery. In the 

past, authors have explored the characteristics of emulsions and microbubbles stabilized by 

magnetically responsive particles.
10-19

 The use of external magnetic fields to manipulate the 

cell structure of ferrofluid foams was studied by Hutzler et al.
20, 21

 Moulton et al. employed 

magnetizable nanoparticles to study liquid drainage in soap foams.
22

 However, to our 

knowledge, magnetic fields have not been exploited in the destruction of foams until the 

work presented here. We describe how to make magnetically responsive Pickering foams, 

which can remain stable for long periods of time until exposed to a gradient magnetic field. 

We also seek to understand how microscopic and macroscopic properties define the foam 

network, and affect the dynamics of foam collapse in the presence of a magnetic field. To 

address this, we characterize key structure-related properties of the foam network ï liquid 

fraction, bubble size distribution, collapse time in a magnetic field, and viscoelasticity ï as a 

function of foam age.  

 

4.2. Materials &  Methods  

4.2.1. Materials  

Hypromellose phthalate (aka HP-55, HPMCP, or hydroxypropyl methylcellulose phthalate) 

was obtained as a gift from Shin-Etsu. The magnetically responsive carbonyl iron (CI) 

microparticles (avg. diameter 4.5- 5.2 mm) were obtained from Sigma. Carbonyl iron is a 

form of elemental carbon, derived from the decomposition of iron pentacarbonyl. It is 

ferromagnetic but exhibits low magnetic hysteresis as a result of its ñonion skinò structure.
23, 
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24
 Hydrochloric acid (HCl, 1N) was purchased from Sigma and used without further 

modification. 1N sodium hydroxide (NaOH) was prepared by dissolving 40 g of NaOH 

pellets in 1L deionized water. Deionized water for the experiments was obtained from a 

Millipore water purification system (Millipore Milli-Q+, Billerica, MA).  

  

4.2.2. Sample Preparation  

Hypromellose phthalate stock solution was prepared as described previously.
4
 Briefly, for 

preparation of 10 wt% HP-55 stock solution, 100 g HP-55 powder was dispersed in DI H2O. 

1N NaOH was added until all HP-55 was dissolved. The final pH of stock solution was 

adjusted to ~ 5.63 using 1N NaOH and 1N HCl. The final volume of the stock solution was 

adjusted to 1L with DI H2O. Since CI particles were quite large and hydrophilic, they did not 

adsorb at the air-water interface. To ensure that the CI particles remained in the hydrophobic 

phase, we functionalized their surfaces with oleic acid.
17, 25, 26

 To make magnetically 

responsive foams, we combined HP-55 (10 g, 10 wt% stock) with iron particles, added water 

(88 mL), and aerated the water/HP-55 solution for 1 minute using a professional blender 

(Oster Model 4242) while adjusting the pH to ~ 2.5-3 with 1N hydrochloric acid. Next, the 

foam was transferred into a cylindrical glass vessel and was left to evolve in the air-tight 

container prior to testing (Figure 4.1).  
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Figure 4.1. Schematic of the procedure for making magnetically responsive foams. 

Functionalized iron particles are combined with HP-55 stock solution. HP-55 particles are 

formed under shear and foam is generated through sample aeration via mixing. The 

components are not drawn to scale. 

 

4.2.3. Determination of Water Fraction  

The volume fraction of water in the foam samples was determined as follows. Foams were 

left to age in the air-tight containers for a predetermined period of time, after which the liquid 

drained out from the foam head was extracted using a syringe and needle. Water remaining in 

the foam head was removed by drying the sample in an oven at 90C̄. The fraction of liquid 

in the foam was then calculated through a mass balance. All measurements were performed 

in triplicate.  
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4.2.4. Microscopy  

Scanning electron micrographs were taken using a FEI Phenom (Phenom-World B.V., The 

Netherlands). SEM samples were prepared by air-drying on PELCO tabs (Ted Pella, Inc.) 

fixed to the SEM stub. Optical micrographs were obtained using an 

optical/fluorescence/confocal microscope (Olympus BX-61, Tokyo, Japan) equipped with an 

Olympus DP-70 digital CCD camera. Micrographs of foam samples were processed to 

evaluate bubble size distribution. We measured the average bubble size and size distribution 

of the bubbles using ImageJ software.
27 

Examples of micrographs used for bubble size 

determination are shown in Figure 4.2.  

 

 

Figure 4.2. Micrographs of fresh foam bubbles (2.7 wt% Fe, 1 wt% HP-55).   

 

4.2.5. Dynamic Rheology  

The rheological properties of the foam samples were measured using a TA Instruments 

AR2000 rheometer with parallel plate geometry, the top plate having a diameter of 40 mm. 

All experiments were conducted at a 3 mm gap. During the measurements, the temperature of 
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the Peltier plate was held constant at 25C̄, and the sample was covered with a home-made 

solvent trap in order to prevent water evaporation. Serrated plates were used to minimize the 

effect of slip in our experiments. In addition, samples were tested at different gaps to ensure 

reproducibility and absence of wall slip.
28 

Dynamic oscillatory stress sweeps and frequency 

sweeps were performed at 25̄C. The dynamic viscoelastic moduli of the foam were 

measured between shear stresses of 0.01-100 Pa at a constant frequency of 6.28 rad/s to 

determine the boundaries of the linear viscoelastic region (LVR) for the foam samples. 

Frequency sweeps were performed from 0.1 to 300 rad/s at a constant shear stress of 3 Pa to 

observe the dependence of the elastic and viscous moduli of the foams on frequency. Using 

data from the frequency sweep experiments, the damping factor (tand) of all samples were 

evaluated at a frequency of 6.28 rad/s. Data presented is averaged over 3 or more 

independent experiments.  

 

4.2.6. Superconducting Quantum Interference Device (SQUID) Magnetometry  

The magnetic response of Pickering foams containing carbonyl iron particles was measured 

using a SQUID magnetometer (Quantum Design MPMS-XL7). A small quantity of foam 

was placed into a holder and the samples were tested at 300 K. Magnetization curves, where 

the mass magnetization was obtained as a function of applied magnetic field, were measured 

for wet (newly prepared) and dry (aged) foams. 

 

 

 



 

 

117 

4.2.7. Magnetorheology  

Rheological properties of HP/Fe foam samples were also measured in a homogenous 

magnetic field. Experiments were performed using an Anton Paar Physica MCR 301 

rheometer (Anton Paar USA Inc., Ashland, VA) equipped with a Magneto Rheological 

Device (MRD 1). A smooth parallel plate setup was used for the experiments with the top 

plate (of nonmagnetic material) having a 20 mm diameter. The magnetic field was produced 

by an electromagnetic coil located below the bottom plate. Temperature was controlled with 

an ethylene glycol stream passed through the magnetic bridge ï a device which encased the 

sample as well as the top and bottom plates during testing to maintain a homogenous 

magnetic field across the test gap (Figure 4.3). Measurements were performed at a 1 mm gap 

height. The dynamic moduli of the samples were measured between shear stresses of 0.01-

100 Pa at a constant frequency of 1 Hz to determine the boundaries of the linear viscoelastic 

region (LVR). Measurements were performed at different magnetic field strengths (ὄᴆ = 0 T, 

0.33 T, and 0.64 T) and for samples of various ages. Samples were equilibrated in the applied 

magnetic field for ~ 10 mins prior to testing. All experiments were performed in triplicate.  
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Figure 4.3. (a) Schematic showing MRD setup for the Anton Paar Physica MCR 301. 

Schematic includes the location of the electromagnet coils, field lines, and shows the 

encasement of the test geometry in the magnetic bridge (labeled ñhighly permeable 

materialò). (b) Photograph of magnetic bridge with built-in cooling system. Schematic and 

photograph courtesy of Anton Paar USA.  

 

4.3. Results & Discussion 

Hypromellose phthalate is a type of hydrophobically modified cellulose, which is used for 

enteric coatings in the pharmaceutical industry. Previous work by Wege et al. demonstrated 

the ability of HP-55 particles to stabilize foams for months.
29

 When precipitated under shear 

at low pHs, HP-55 forms anisotropically shaped particles, which adsorb at the air-water 

interface to create an armor composed of cellulose particles at the bubble surface. The first 

foam stabilization mechanism provided by the HP-55 particles is steric repulsion between the 

adsorbed particle layers, which helps maintain thick liquid films between the pressed 

bubbles. These thick particle layers prevent film breakage and suppress gas diffusion 

between the bubbles in the foam.
30, 31

 The second mechanism of foam stabilization by HP-55 

is based on the mechanical rigidity resulting from the entanglement of anisotropic particles at 
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the film surface. The HP-55 foams are made magnetically responsive through the inclusion 

of functionalized iron particles into the cellulose matrix (Figure 4.4). The SEM image in 

Figure 4.4 demonstrates the presence of CI particles in a continuous network of HP-55. In 

the absence of an external magnetic field, CI particles are randomly distributed in the HP-55 

polymer matrix around the bubbles. Despite the large density difference between the 

magnetic particles (7.86 g cm
-3

) and anisotropic HP-55 particles (1.28 g cm
-3

), the former 

remain trapped within the matrix of the latter and the system remains stable without iron 

particle sedimentation for more than one week (Figure 4.5). 

 

 

Figure 4.4. (a) Micrograph of 2.7 wt% Fe foam bubble from a 5 day old foam sample. Photo 

shows that the bubble is covered by HP-55 particles with carbonyl iron particles decorating 

the HP-55 shell. (b) SEM micrograph of dried magneto-Pickering foam. The dark gray 

matter remaining after foam bubble breakdown is the HP-55 matrix, and the white particles 

are carbonyl iron. Scale bar = 10 µm. 

 



 

 

120 

 

Figure 4.5. Normalized foam head volume as a function of time. After rapid initial drainage 

and creaming, the foam remains stable for more than one week. Note: The graph has a break 

between 4000 and 12000 minutes. 

 

 We characterized the foam samples in terms of stability against aging, viscoelasticity, 

and also observed the dynamics of foam destruction in the presence of a magnetic field. In 

the following section of the thesis, we examine the relationship between the physical and 

functional properties of MP foam with age. The experimental data are summed into a simple 

model explaining the connections between the intrinsic properties of MP foams and their 

destabilization pathways.  

 

4.3.1. Foam Stability: Liquid Drainage and Bubble Coarsening  

The degree of deformation as well as packing density of the air bubbles in foam is a function 

of the volume fraction of liquid in the system. The fraction of liquid in the foam can be 
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represented by the expression: e = Vliq/Vfoam, where Vliq is the volume of liquid dispersed in 

the foam, and Vfoam represents the volume of foam.
32

 Since foam liquid content is directly 

correlated to the evolution of average bubble size, bubble packing, and foam viscoelastic 

properties,
33

 we report data for measurements of foam water fraction as a function of time 

(Figure 4.6a). The decay of the water fraction occurs rapidly in the initial stages of the foam 

aging process and slows down after one day for samples containing 2.7 wt% Fe. This 

behavior can be modeled by an exponential expression e ~ t
-b

, where e represents the fraction 

of water in the foam phase, b is an exponent which correlates to the rate of liquid drainage 

from the foam, and t is time.
33

 The value of b for surfactant foams is usually between 2/3 and 

2. For the present MP system, the value of bmax is ~ 1/6, which tells us that our foams drain 

much slower than conventional surfactant-stabilized foams. The magneto-Pickering foams 

contain a very high initial liquid fraction of ~ 0.5 for the samples containing 2.7 wt% Fe. 

This is common for particle stabilized foams, but is on the high end of the standard 

classification used for the water content of surfactant-based foams, which is as follows: e > 

0.35 (bubbly liquid); e ~ 0.35 (wet foam); and e < 0.05 (dry foam).
32-35

 The much higher 

liquid retention capability of magneto-Pickering foams over that of conventional surfactant 

systems can be attributed to the thick films sustained by steric repulsion between the 

voluminous HP-55 particle layers at the surfaces of adjacent bubbles. These particles, which 

also reside in the thick liquid films of the foam, slow down the drainage of fluid from the air-

rich phase of the system. Even for our ñdry foamò cases, e is > 0.10, which differs from the 

conventional definition of dry foam for surfactant-stabilized foams. Since foams are 
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metastable systems, their evolution also involves processes of coalescence and coarsening, 

which lead to a growth in average bubble size over time. Our foams consist of polydisperse 

spherical bubbles that, at the time of formation, have an average bubble diameter of ~ 50 mm 

and coarsen over a period of one week to a diameter of ~ 500 mm (Figure 4.6b).  

 

 

Figure 4.6. (a) Foam water fraction as a function of sample age at different carbonyl iron 

concentrations. All samples make a transition from ñwetò to ñdryò foams. (b) Average bubble 

diameter as a function of time for MP foam. The carbonyl iron concentration is 2.7 wt% for 

data in (b). 

 

 Several authors have conducted experiments and simulations to evaluate the 

dependence of foam bubble size on time. It has been shown that in the limit of dry foams, 

growth of the average bubble size scales as: R(t) ́  t
1/2

.
36-38

 In the case of foams stabilized by 

surfactants or amphiphilic molecules, drainage, coarsening and coalescence occur in a matter 

of hours. In magneto-Pickering foams, drainage to establish a pseudo-stationary state under 



 

 

123 

gravity occurs in about 30 minutes; followed by minor coalescence through the rupturing of 

liquid films between bubbles on a time-scale of less than one day; and, slow coarsening 

through gas diffusion from smaller bubbles to larger bubbles after a few days. Mathematical 

fits of our data show that the average size of bubbles in foams in the coalescence regime 

scale as R ~ t
0.36

, while the average size of bubbles in foams in the coarsening regime scale as 

R ~ t
0.12

 (Figure 4.7). Thus, the evolution of average bubble size in our system occurs at a 

slower rate than in surfactant stabilized foams.
36, 39

 In addition, mathematical fits for our data 

show that once the foam transitions from the coalescence to coarsening regime, the rate of 

bubble growth slows down to ~ 1/3 the speed of growth in the coalescence regime. This 

transition between the two evolutionary regimes occurs when the foam is ~ 1.5 days old 

(Figure 4.6).  
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Figure 4.7. Log-log plot of data for bubble growth over time in the foam. The square points 

represent data for foams ¢ 1 day old. The circular points represent data for foams ² 1 day old. 

The dotted lines are the fits for the data based on bubble size growth scaling to a power of 

0.36 for foams less than one day old, and 0.12 for foams greater than one day old. The R
2
 

value for the x = 0.36 exponent for foams ¢ 1 day old is 0.98 and the R
2
 value for the x = 

0.12 exponent for foams ² 1 day old is 0.84. 

 

4.3.2. Rheology: Evolution of Viscoelastic Behavior  

On a macroscopic scale, we can characterize the magnetic foam system by studying the 

response of the bulk foam to tangential deformation. We interpret the macroscopic behavior 

of these Pickering foams in the framework of their dynamic rheological behavior. MP foam 

samples were subjected to small-amplitude oscillatory shear, and their storage (Gô) and loss 

(Gôô) moduli were measured as a function of angular frequency, w.
40, 41

 The moduli are 

related to the complex modulus, G*,through the expression G* (w) = Gô(w) + iGò(w).
42

 
 

 The relative magnitudes and shapes of these rheology functions in relation to 
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frequency provide a signature of the state of a material in terms of its elastic and viscous 

nature.
43-45 

The results from the frequency sweep experiments plotted in Figure 4.8a show a 

weak dependence of the moduli (Gô and Gôô) on w. Figure 4.8a reveals the frequency 

spectrum of the storage (Gô) and loss (Gò) moduli of two foams samples - fresh (1 hr) and 

aged (3 days). The frequency sweep experiments were performed using a shear stress in the 

linear viscoelastic region (sLVR = 3 Pa) of the material (Figure 4.9). The storage modulus of 

the fresh sample is relatively flat with a slight dependence on frequency. More importantly, it 

is approximately one order of magnitude higher than Gò. These results taken together 

suggest that our foams behave as an elastic, gel-like material.
43-47

 This finding is significant, 

because surfactant-based wet foams or emulsions with similar water fraction (~ 0.5) normally 

exhibit viscous behavior with the absence of any yield stress.
48

 Foam elasticity results from 

the spring-like nature of the foam films, which is dependent upon the extent of bubble 

packing as well as the composition of the continuous phase in the foam.
49

 In wet foams, the 

films are highly hydrated and foam bubbles are loosely packed. This generally results in a 

viscous or viscoelastic behavior reminiscent of polymer melts and solutions, with Gô and Gôô 

strongly dependent on frequency.
43, 44

 The fact that our sample is elastic and exhibits a yield 

stress (Figure 4.9) indicates that the solid-particles at the gas/liquid interface dominate the 

rheological behavior of these foams by interacting with each other and forming a jammed 

network in the bulk phase of the foam.
50
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Figure 4.8. (a) Storage, Gô, and loss, Gôô, moduli as a function of frequency for foams of 

different ages and at 2.7 wt% Fe. Filled symbols represent Gô and hollow symbols represent 

Gôô. The shape of the Gô and Gôô curves show that when testing in the linear viscoelastic 

regime (LVR), the foam behaves as a gel-like material and has low frequency dependence. 

(b) Damping factor, Gôô/Gô, at 6.28 rad/s versus foam age. The carbonyl iron concentration is 

2.7 wt%. 
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Figure 4.9. Elastic modulus, Gô, as a function of shear stress. Oscillatory stress sweeps were 

performed on foam samples of different ages to determine the range of stresses across which 

the linear viscoelastic region for the foam exists. These experiments were performed for 

foams containing 2.7 wt% Fe.   

 

 The slight increase and flattening of Gô, particularly at low frequencies, in 3-day old 

samples, indicate the formation of a stronger elastic network (Figure 4.8a). Interestingly at 

this stage, the water fraction of the sample has decreased to ~ 0.25. For a surfactant-based 

system, this would lead to a transition from a wet to a closed-packed foam structure with a 

significant change in rheology, including a sol to gel transition, and appearance of a yield 

stress. In our case, we observed a yield stress for all samples tested and only saw a moderate 

change in Gô despite substantial liquid drainage. This provides further evidence that solid 

particle interactions dictate the Gô of the MP foam system.   

 The relationship between damping factor ( ), or tand, and the age of the foam is 

 

G'' G'



 

 

128 

plotted in Figure 4.8b. The phase angle between applied deformation and system response, 

d, can be used as a metric for how elastic or viscous a material is. A value of d ~ 90̄  

corresponds to a perfectly viscous material whereas d ~ 0̄  corresponds to a perfectly elastic 

material.  A fresh magneto-Pickering foam has d ~ 10̄  (found from data in Figure 4.8b). 

This foam can already be considered a very elastic material. As it ages to 5 days, d decreases 

to a value of ~ 5̄, which means that the degree of material elasticity has doubled over this 

period of time. This decrease in damping factor and phase angle can be attributed to the 

drainage of liquid from the foam. As water drains out of the system, the air fraction in the 

foam rises, increasing its elastic modulus.  

 In summary, the physical properties and rheological behavior of the foam were found 

to be highly dependent upon its age. Comparing the data related to the stability of the foams 

(Figure 4.6) with its rheological properties in Figure 4.8b (damping factor), we see 

remarkable consistency in that the decay in tand also shows a transition point of ~ 1-1.5 days. 

The same critical one-day point was determined in the previous section to be the time at 

which bubble evolution in the foam transitions from the coalescence regime to the coarsening 

regime. This transition time likely corresponds to the point at which HP-55 particles on the 

surface of neighboring bubbles interlock to form rigid lamellae.  

 

4.3.3. Collapse: Foam Breakdown on Demand by a Magnetic Field  

We described above, the effect of the maturing process on the intrinsic properties of 

magneto-Pickering foams in the absence of fields. However, the most distinctive property of 

these foams is their ability to respond to the gradient force of magnetic fields. When exposed 
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to a gradient magnetic field, the iron particles trapped in the HP-55 matrix are magnetized. 

The magnetically polarized particles are attracted towards areas of higher field strength, 

pulled by a lateral force in the direction of the field gradient. Magnetized iron particles 

acquire a dipole moment, , proportional to the particle volume, V, and to their 

magnetic susceptibility, c.51
 The force on one particle inside a magnetic field depends on the 

volume of the particle, the difference in magnetic susceptibility between the particle and 

surrounding medium, Dc, as well as the strength and gradient of the applied magnetic field (

 and , respectively):
52

 

                                            (Eqn 4.1)
 

where  is the permeability of free space. The magnetizability of a system depends on its 

components. In our case, the foams are a mixture of diamagnetic materials (c @ -10
-6

 to -10
-4 

SI) such as water and HP-55, and ferromagnetic carbonyl iron particles, which are strongly 

polarizable and attracted by magnetic field gradients.  

 In the absence of a magnetic field, the foams contained in the glass cylinders were 

stable for more than a week. This finding is consistent with earlier studies conducted on 

foams containing just HP-55 particles.
4, 29

 The magneto-Pickering foams, however, were 

destroyed in a matter of seconds when an external magnetic field was applied. This was done 

by placing a rectangular magnet (1 in. ³ 2 in. ³ 0.75 in.), with poles oriented along the 0.75 

in. direction (Br = 1.43 T), on a stand at the height of the foam level, and in contact with the 

outside of the foam-containing cylinder. This process and subsequent foam collapse were 
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captured in digital video using a Canon EOS 5D camera with a 100 mm macro lens. 

Snapshots from videos of foam collapse shown in Figure 4.10 demonstrate bulk foam 

collapse in a gradient magnetic field for a 5 hour foam sample and a 3 day old foam sample. 

As seen in these snapshots, the 5 hour old foam sample deforms very slowly toward the 

source of the magnetic field, whereas the attraction between the 3 day old foam sample and 

the magnetic field is very violent; the aged foam sample collapses immediately toward the 

source of the gradient field. In Figure 4.10 (a-d), which shows the collapse of the 5 hour old 

foam sample, one can see that the entire foam sample deforms toward the source of the field 

as one whole body (~ 15 sec). The foam is collapsed further as air bubbles are ejected from 

the foam matrix over the next 5-10 minutes. This behavior is sharply contrasted by the 

collapse of an aged foam sample, which is illustrated in Figure 4.10 (e-h).  
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Figure 4.10. Snapshots showing process of wet and dry foam collapse. 5 hour foam sample 

(a) before exposure to magnet; (b) as magnet is applied (t = 0 sec); (c) after initial 

deformation (t = 11 sec); and (d) 540 sec after magnet applied. 11 day old foam sample (e) 

before exposure to magnet; (f) as magnet is applied (t = 0 sec); (g) after immediate 

deformation of foam toward magnetic field (t = 1 sec); and (h) 3 sec after magnet applied.   

 

Foams at different stages of the aging process were collapsed to determine the effect 

of water drainage on their breakdown behavior. The rate and mechanism of foam collapse 

were found to be dependent upon the age of the foam, as well as the concentration of 

magnetic particles in the system. The dependence of collapse time on the age of the foam, as 

well as on the concentration of magnetizable particles in the system, is illustrated in Figure 

4.11. The data point out that the time necessary for foam collapse rapidly decays with the age 

of the foam. In the range of magnetic field strengths used in the present study, we found that 

the iron particle concentration required to destabilize the HP-55 matrix is above 1.3wt%; this 
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correlates to a HP-55:Fe weight ratio of 1:1.3. The overall foam collapse trend showed that 

the length of time necessary for destruction decreased as the age of the foam increased 

(Figure 4.11). Subsequently, we identified that wet and dry foams collapse in a different 

manner and speculated as to the mechanisms responsible for foam destabilization in these 

two systems.  

 

 

Figure 4.11. (a) Collapse time versus foam age. The carbonyl iron concentration is 2.7 wt%. 

(b) Collapse time versus age for foams of different Fe concentrations. These times are 

determined from collapse experiments performed on foams contained in sealed glass vials 

and are the times necessary for deformation of the entire foam head toward the magnet in the 

different foam samples. 

 

 The magnetization behavior of the composite magneto-Pickering foams was 

characterized using a SQUID magnetometer. In Figure 4.12 we present magnetization, M 

(emu g
-1

), curves for two magnetic foams - a fresh foam and an aged foam as a function of 

the applied magnetic field, (Oe), at 300 K. The mass magnetization of the foam increases H
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with an increase in the magnitude of the applied field until saturation magnetization, Ms, is 

reached. This saturation value corresponds to the alignment of all magnetic dipoles in the 

sample with the applied magnetic field and is a function of the number of particles in the 

sample. Conventional ferromagnetic particles retain a remnant magnetization in zero field 

that can only be switched by applying a reverse field exceeding the coercive field, Hc. 

Magneto-Pickering foams, however, behave as a material without magnetic hysteresis, which 

is characteristic of carbonyl iron powder.
53

 Carbonyl iron can be considered a magnetically 

soft material, whose ferromagnetic nature results in a high saturation magnetization, Ms @ 200 

emu g
-1

.
53

  

 

 

Figure 4.12. Magnetization curves for magneto-Pickering foams. These curves represent the 

mass magnetization as a function of applied magnetic field for fresh and 1-day old foams at 

300 K and 2.7 wt% Fe. 
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 As seen in Figure 4.12, the Ms of aged foam is ~ 6 times larger in magnitude than the 

Ms of fresh foam. Both foams saturate in fields stronger than H = 5 x10
3
 Oe but the saturation 

magnetization of the fresh foam sample is Ms = 1.6 emu g
-1

, while that of the aged foam is Ms 

= 9.8 emu g
-1

. The magnetic susceptibilities of the foams were calculated from the slope of a 

line fitted to the initial part of the magnetization curve and were found to be cfresh
 = 0.0005 

emu g
-1

 Oe
-1

 and c1day
 = 0.0022 emu g

-1
 Oe

-1
. The difference in the saturation magnetization 

and magnetic susceptibility of these systems results mainly from the difference in water 

content, and therefore, the center to center distance between carbonyl iron particles in the 

foam samples. These data reveal a correlation between foam liquid content and response to a 

magnetic field; and, explain why older foams are more susceptible to a magnetic field, which 

was observed during the collapse experiments shown in Figure 4.11.  

The effect of age on the magnetic properties of the foam was also exemplified in 

magnetorheology experiments performed for the HP/Fe system. Results from dynamic 

oscillatory experiments are presented below. From Figure 4.13, it can be seen that for a fresh 

foam sample the elastic modulus increases with an increase in the strength of the applied 

field. This effect results from the chaining of the carbonyl iron particles in the foam. As the 

strength of the applied magnetic field is increased, the strength of the particle chains resisting 

deformation also increases, resulting in improved rheological properties (increase in Gô). The 

effect of the applied (homogeneous) magnetic field on the mechanical properties of the 

magnetic foams is similar to that typically observed for magnetorheological (MR) fluids.
54

 In 

MR fluids, both the complex modulus and yield stress have been observed to be enhanced by 

the application of a magnetic field to induce an attractive force between the magnetically 
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responsive particles in the sample. The strength of attraction between magnetic particles has 

been shown to increase with increasing field strength.
54-56

   

 

 

Figure 4.13. Storage modulus (Gô) as a function of shear stress for fresh foam samples tested 

under different magnetic field strengths. As the strength of the applied field is increased, Gô 

also increases.  

 

 By extracting the linear elastic modulus (Gôlin) and the yield stress (ty) from stress 

sweep curves like those presented in Figure 4.13, the relationship between Gôlin and ty and 

the strength of the applied field can be obtained (Figure 4.14). As seen in Figure 4.14, both 

Gôlin and ty increase with the strength of the applied field. As mentioned, the improved 

mechanical properties measured for the foam with increasing field strength results from an 

increase in the attractive force between magnetic particles in stronger magnetic fields. 

Another relationship which can be observed is that between the mechanical properties of the 
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samples tested and the age of the samples. As shown in Figure 4.14, as the age of the sample 

increases, the linear modulus and yield stress also increase; this data agrees well with the 

dynamic oscillatory data presented above for magnetic foams tested using the AR2000 

rheometer. The plots for Gôlin and ty as a function of sample age show a transition after ~ 1 

day of aging, which was previously observed for the foam in the absence of a magnetic field 

(Figures 4.6, 4.8, and 4.11). The age dependent rheological properties of the foam both in 

the absence and presence of a magnetic field most likely result from a change in foam 

microstructure with liquid drainage during the aging process. Additionally, the results in 

Figure 4.14 also show aged foam samples to exhibit a stronger response to an increase in 

magnetic field strength. This result correlates well with our observations for foam collapse as 

well as with the data obtained from SQUID magnetometry.  
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Figure 4.14. (a) Linear elastic modulus for HP/Fe foam samples as a function of sample age 

for foams tested when the strength of the applied field is: 0 T (blue), 0.33 T (yellow), and 

0.64 T (purple). (b) Foam yield stress as a function of sample age for foams tested under 

different magnetic field strengths: 0 T (blue), 0.33 T (yellow), and 0.64 T (purple). Both the 

linear modulus and yield stress increase with increasing sample age and magnetic field 

strength.     

 

4.3.4. Foam Collapse Mechanisms: Explanation and Model   

  The forces involved in the action of a static magnetic field on the foam are 

schematically illustrated in Figure 4.15. It is important to note that the bubble packing 

configuration evolves over time due to drainage and coarsening, but that carbonyl iron 

particles remain in the foam throughout the aging process. Observation of wet and dry foams 

in a magnetic field using optical microscopy revealed a difference in the mechanisms 

responsible for their collapse (Figure 4.15a). The exposure of wet foam to a magnetic field 

resulted in the movement of the bulk foam system (bubbles, HP-55, water, carbonyl iron 

particles) as a plastic body flowing towards the source of the field. This step is followed by 

the macroscopic expulsion of air bubbles out of the foam matrix. Thus, the collapse of wet 
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foam results from the discharge of air bubbles from the foam matrix. Dry foams also deform 

toward the source of the magnetic field, but this deformation is rapid and violent (Figure 

4.15b). Although both foam systems contain the same initial concentration of iron particles, 

the magnetically responsive particles are spaced further apart in the wet foam system than in 

the dry foam system as a result of the difference in their water content. This is also seen in 

the slow deformation and collapse of the fresh foam; the magnetic particles that are more 

spread out do not experience strong dipole-dipole interactions. In addition, the presence of 

water as a free liquid medium results in the ability of particles to migrate individually toward 

the source of the field or rearrange to form chains with other particles. In older foams, the 

proximity of the magnetically responsive particles to each other due to the reduction of water 

in the films, results in a stronger collective response to the applied magnetic field. The close 

packing and trapping of particles in the thin, gel-like foam films allows them little room to 

rearrange or migrate freely toward the source of the field. As a result, CI particles 

collectively stretch the thin films between bubbles, while pulled by the magnetic field, 

causing film rupture and bubble coalescence.  

 

 



 

 

139 

 

Figure 4.15. (a) Snapshots of microscopic collapse process for wet foam (top row) and dry 

foam (bottom row). Exposure of dry foam to a magnetic field results in film stretching and 

bubble coalescence; such destabilization mechanisms are not experienced by wet foam in a 

magnetic field. (b) Mechanism of foam collapse as a function of age. Mechanism of collapse 

for wet foam - bubble ejection from particle matrix by magnetic field (top row). Mechanism 

of collapse for dry foam ï film rupture via stretching by magnetic field (bottom row). 

 

 To further test the validity of the above hypothesis on the mechanism of destruction 

of fresh and old foams, we developed a model evaluating the number of particles necessary 



 

 

140 

to induce breakdown in wet and dry foams using two different collapse mechanisms. The 

minimum number of particles needed to collapse the foam in each scenario was evaluated as 

follows: 

                                             (Eqn 4.2) 

                                                 (Eqn 4.3) 

 

In these expressions, Fmag is the magnetic force that the field exerts on one iron particle, Np is 

number of particles, DP is the Laplace pressure inside an air bubble, R is the radius of the 

bubble, g is the energy at the air-water interface, and  is the length over which the 

particles act to stretch the bubble. For the fresh foam system, we evaluate the force that leads 

to the expulsion of one air bubble from the foam matrix. The pressure inside a bubble of 

radius R exceeds that outside it by the Laplace pressure (DP = 2g/R). To squeeze a bubble out 

of the foam matrix, a force must be exerted to overcome the Laplace pressure distributed 

over the cross-sectional area of the bubble (pR2
). The force on the bubble surfaces exerted in 

opposition to the Laplace pressure is the attraction between the CI particles around the 

bubble and the applied magnetic field ( ). In Eqn. 2, we have equated the Laplace 

pressure of one air bubble to the total force of attraction between the CI particles around the 

bubble to the magnetic field. This equation can be used to estimate the number of CI particles 

necessary to induce collapse by air expulsion from a fresh foam sample.  

 As the foam ages (Figure 4.15b), magnetic and HP particles are compressed and 
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immobilized in the less fluid films as water drains out by gravity. The particles in the thin 

gel-like films lose their mobility and exert collective stresses on the film when magnetized. 

In this model, the destruction of the dry foam is based on the rupture of thin films between 

adjacent bubbles. In Eqn. 3, we have equated the force needed to rupture a thin film (g lstretch) 

to the total force exerted on the film by the attraction between CI and the magnetic field (

). In this model, the magnetic pull of the particles is opposed by the tension (g) at 

the bubble surfaces. While there may be a small tensile stress from the particle matrix 

opposing thin film rupture, we are assuming that this force is negligible in this model. This is 

because the HP-55 particles stabilize the foam when compressed, but the network is expected 

to have poor tensile strength. In addition, once the tensile strength of the particle network is 

overcome and new interface is generated during the stretching of the foam film, the main 

force opposing film rupture is the surface tension at the air-water interface.  

We determined the minimum number of particles necessary to induce collapse of wet 

and dry foams using the above derived expressions, and compared the values for the 

estimated number of particles needed to induce collapse to the actual number of particles in 

the foam head (Table 1). The number of magnetic particles loaded into a foam is evaluated 

as 2³10
10

 (considering a concentration of 2.7 wt % Fe). According to the expression above 

for , approximately 4000 iron particles are needed to squeeze one bubble out of the wet 

foam matrix (Table 1 and Figure 4.15b); and in the case of drier foams, approximately 600 

iron particles are required to rupture a film. Again, in the case of the dry foam, we assume 

that rupturing one of the thin film facets of the bubble would be sufficient to destroy the 

mag

dry

p FN

wet

pN
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entire bubble. The quantities reported in Table 1 are calculated per bubble rather than per 

film (Table 1 and Figure 4.15b). These values are consistent with the number of CI particles 

in the foam, validate our proposed collapse mechanisms, and give us a semi-quantitative 

estimate of the magnitude of the forces necessary to induce foam collapse. They also explain 

the drastic increase in the foam responsiveness and rate of destruction with foam age, as the 

number of particles in the aged system becomes nearly an order of magnitude larger than the 

one needed to induce foam destruction.  

 

Table 4.1. Summary of forces needed for destruction of wet and dry foams.
[a]

  

 Fmag [nN] 
[b]

 Np 
[c]

 CI/bubble 
[d]

 

Wet foam 
å 3.3 å 4000 å 2000 

Dry foam 
å 9.0 å 4800 å 30000 

 
[a] 

Parameters used to solve for these values can be found in Tables 4.2 and 4.3. 
[b]

 Fmag is the force 

experienced by one carbonyl iron particle in ὄᴆ field. 
[c]

 Np is the number of particles needed to 

displace a bubble from the particle matrix (wet foam) or to rupture all the films in a bubble (dry 

foam). 
[d]

 The number of carbonyl iron particles surrounding a wet and dry foam bubble was 

estimated from experimental values of water fraction, foam volume, bubble size, and iron 

concentration; it is denoted by CI/bubble. 

 

The key values associated with the calculation of forces in the wet and dry foam 

collapse models are presented in Tables 4.2 and 4.3 below. The magnetic susceptibility used 

in the wet foam calculations, cwet, was determined using the Maxwell-Gannett equation for 

the magnetic susceptibility of a suspension of non-interacting spherical particles.
57

 The 
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magnetic susceptibility used in the dry foam calculations, cdry, was obtained from a literature 

value for carbonyl iron powder.
23 

The bubble radii as well as the surface tension values used 

in the calculations were obtained experimentally. 

 

Table 4.2. Relevant magnitudes associated with calculation of forces in wet foams. 

Parameter Value 

cwet: (mass) magnetic susceptibility  6.28 x 10
-4

 m
3
 kg

-1
 

Fmag: magnetic force 3.3 x 10
-9 

N 

Rbubble: bubble radius 50 mm 

DP: Laplace pressure 2000 N m
-2

 

 

Table 4.3. Relevant magnitudes associated with calculation of forces in dry foams. 

Parameter Value 

cdry: (mass) magnetic susceptibility  1.88 x 10
-3

 m
3
 kg

-1
 

Fmag: magnetic force 9 x 10
-9 

N 

g: surface tension 0.05 N m
-1

 

lstretch: film length 125 mm 

 

4.4. Summary & Conclusions  

The magneto-Pickering foams are responsive soft magnetic materials with remarkably high, 

yet tunable stability. We analyzed the evolution of the foam network in terms of stability, 
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viscoelasticity and response to applied magnetic fields. These three sets of experimental data 

are complementary and well-correlated. They present a consistent model of the interplay 

between two distinct physical mechanisms of foam stabilization and breakdown, controlled 

by time-dependent draining and aging processes in the foam. The most interesting insight is 

the strong dependence of the foam properties on the aging process even though all foams 

were very stable in the absence of a magnetic field. The magneto-Pickering foams exhibited 

a transition point between 1-2 days, before which all foam properties undergo rapid evolution 

and after which the changes in their properties over time slow drastically. Dynamic 

viscoelastic measurements of our samples suggested that MP foams behave in a way that is 

similar to that of viscoelastic solids, where the elastic component becomes strongly dominant 

in the aged samples. This is possibly correlated to the formation of a robust gel-like network 

by the HP-55 and iron particles in the foam films and Plateau borders after some free water 

drains down during the initial settling process. This critical transition was also observed in 

the response of the foam to a magnetic field, where the aged systems were destroyed almost 

instantaneously.  

 Our hypothesis pertaining to the destruction of foams of differing age was confirmed 

by magnetometry measurements, an evaluation of the forces involved, and the estimated 

number of particles needed for foam breakdown by the two mechanisms of foam destruction. 

The predictions are in good agreement with the experimental data, and point out that the 

combination of macroscopic and microscopic techniques used allowed for good 

characterization and understanding of magneto-Pickering foam behavior during their aging 

and destruction by magnetic field. The ability to non-invasively apply a well-defined force to 
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iron particles confined in a film, as demonstrated in this work, opens up the field for precise 

measurements that can help elucidate the fundamental mechanisms behind the stabilization 

of Pickering foams. Similar types of responsive foams can find a range of practical 

applications where on-demand foam destruction and removal is needed.
25  
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CHAPTER 5
*
 

 

Multi -Stimuli Responsive Foams

                                                 
*
 Partially based on  Fameau, Lam, Velev, Chem. Sci., 2013,4, 3874 
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5.1. Introduction  

Foams are thermodynamically metastable dispersions of two immiscible phases (gas/water) 

that separate with time. To form and stabilize foams, amphiphilic molecules or particles are 

added to a liquid system prior to aeration. Applications for foams are found in a wide range 

of large-scale products and processes - ranging from food to detergents, and from oil 

recovery to the production of macroporous materials.
1
 Foam stability is an important 

parameter in many applications and recent research progress has resulted in the creation of 

very stable foams
2-7

 as well as in better understanding of the mechanisms which lead to foam 

stability.
4-6, 8-12

 For applications, such as recovery of radioactive materials, chemical 

decontamination or even washing, both the formation of stable foams as well as controlled 

destabilization - the ability to rapidly destroy the foam on demand - are required.
13

 However, 

foam destabilization typically employs the use of chemical agents which are harmful to the 

environment.
14

 In the current thrust towards sustainable development, the on-demand 

breakage of foams by external stimuli rather than by chemical defoamers could reduce the 

use of large quantities of polluting agents.  

There is abundant literature on responsive surfactants, polymers, emulsions and 

gels
15-17

; however, few studies exist on triggering foam stability by external stimuli.
7, 14, 18-21

 

The use of light and temperature as stimuli for controlling just the foamability of a 

foamulsion was reported recently by Salonen et al.
21

 Foams, which could be manipulated 

using external fields, were also reported recently. Magnetically responsive foams, which 

exhibit excellent stability in the absence of a field, but can be rapidly destroyed on demand 

with the application of a threshold magnetic field were described by Lam et al.
19

 At the same 
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time, the first foams exhibiting temperature-tunable stability were designed using thermally 

responsive fatty acid assemblies.
7
 Other thermoresponsive systems, such as foamulsions, 

have also been formed using methycellulose/tannic acid complexes.
20

 Compared to stimuli 

such as temperature or magnetic field, light offers significant advantages in that it can be 

directed precisely at a location of interest without physical contact.
22

 Photoresponsive foams 

were achieved in a recent study using a photosensitive azobenzene-based surfactant.
14

 The 

authors demonstrated the possibility of light-induced foam destabilization, but their system 

could be impractical for common applications as azobenzene surfactants may be unsuitable 

for the environment, and are typically not commercially available.  

We report here a simple system stabilized using a ñgreenò surfactant, which has both 

high foamability and foam stability, but which can easily be destroyed by light. The concept 

introduced in this study is to combine particles which are good absorbers of UV irradiation 

with thermally responsive fatty acid molecular self-assemblies in order to produce photo-

thermoresponsive foams. Metallic particles are intense light absorbers, with absorption 

resulting in a rise in temperature at the particle surface.
23-26

 This photothermal conversion 

process has been of large interest for many applications in biomedicine, such as drug release 

and bioimaging.
27, 28

 Carbon-based particles have also been shown to give rise to strong 

photothermal heating effects, and for this reason have been used for solar energy 

collection.
26,29

  

In this study, carbon black particles are mixed with a thermoresponsive fatty acid - 

12-hydroxystearic acid (12-HSA).
30-32

 12-HSA is an inexpensive molecular surfactant 

available in large quantities and at low cost - derived by the hydrogenation of a sustainable 
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material - ricinoleic acid from castor plants. Ultrastable foams have previously been obtained 

with self-assembled 12-HSA tubes of micron size that are adsorbed at the air/water interface 

and jammed within the foam liquid channels.
7, 33

 Researchers also showed that upon heating, 

the tubes transform into micelles due to a change in temperature. This in turn changes the 

packing parameter of the fatty acid assemblies inside the foam lamella, leading to complete 

destruction of the foam; as micelles with a nanometric size cannot efficiently block the 

gravitational drainage of liquid from the foam, or the occurrence of coalescence and 

coarsening between bubbles.
7
  

We report here how the stability of the foam system containing carbon black particles 

and thermoresponsive 12-HSA tubes can be manipulated using UV irradiation. To gain 

insight on the mechanisms of light-induced destabilization, we varied the fatty acid 

concentration, carbon black particle concentration, as well as initial water fraction in the 

foam. To generalize our approach, we used other particles known to be good absorbers of 

light radiation, such as metallic particles, and explored foam response to both light and 

magnetic fields. 

 

5.2. Materials & Methods 

5.2.1. Materials & Materials Characterization 

Experiments were performed using 12-hydroxystearic acid (12-HSA) (Sigma-Aldrich, 75% 

purity). Carbon black particles (CBP) were a gift from Cabot, Inc. (Billerica, MA, USA). 

Two types of carbon black particles were used: Black Pearl
Ñ
880 and Monarch

Ñ
800. Surface 

treated iron particles were prepared according to Lam et al., by mixing ~ 21 g carbonyl iron 
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(CI) powder (avg. dia. 4.5-5.2 ɛm, Sigma) with 35 mL solution of 0.2 M oleic acid in 

methanol. The methanol and excess oleic acid were washed away prior to use. 
19

 

The absorbance spectra of CBP and 12-HSA mixtures were measured using a Jasco 

550 UV-Vis Spectrophotometer (JASCO, Inc., USA) at room temperature between the 

wavelengths of 200 to 900 nm. Samples were placed into quartz cuvettes with a path length 

of 1 cm. The sizes of the carbon black particles were characterized using transmission 

electron microscopy (TEM, JEOL 2010F, JEOL Ltd., Tokyo, Japan). The TEM samples were 

viewed at 200 kV acceleration voltage.  

 

5.2.2. Fatty Acid Sample Preparation 

12-hydroxystearic acid was weighed in a sample tube into which Milli-Q water (Millipore 

RiOs 16 RO system, EMD Millipore Corporation, Billerica, MA, USA) was added to obtain 

the desired concentration. Next, we mixed in the desired volume of a 1 M stock solution of 

the counter-ion (ethanolamine (Sigma-Aldrich, 99% purity)) to obtain a molar ratio of 2 

between the counter-ion and 12-HSA. The mixture was heated at 80°C for 15 min until all 

fatty acid solids were dispersed. The samples were then vigorously vortexed and cooled to 

room temperature. In order to prepare the mixture of 12-HSA tubes and carbon black 

particles, we simply added the desired amount of particles to the solution containing fatty 

acid tubules. The mixture was vortexed and sonicated for two minutes.  
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5.2.3. Foam Preparation and Characterization 

Foam samples were prepared by vigorous handshaking of glass containers (16 mm internal 

diameter, 125 mm height) containing 8 mL of the 12-HSA/CBP mixture. The mixture was 

agitated for 40 sec and all foam samples were produced by the same operator. The cylinders 

were sealed except for when the foam was exposed to UV irradiation.  

 

5.2.4. Sample Testing under UV Illumination 

All the samples were irradiated from the top with a 100W UV lamp (OmniCure S1000, Efsen 

Engineering A/S, Denmark) equipped with a 320 - 500 nm band pass filter. The foam volume 

evolution upon UV irradiation was recorded in digital video using a Canon EOS 5D Camera 

with a 100 mm macro lens. Then, by image analysis using ImageJ software, the evolution of 

the foam volume as a function of UV illumination time was measured.
34

  

 The change in sample temperature throughout the UV irradiation process was 

monitored using a FLIR SC300 infrared camera, which can measure sample temperatures in 

the following temperature ranges: -120̄ C to 120̄C and 0̄C to 350̄C (FLIR Systems, Inc.). 

The camera has an uncooled microbolometer detector and a temperature reading accuracy of 

±2 C̄; and, was used in conjunction with the ExaminIRÓ software to produce a thermal map 

of the samples during foam collapse.  
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5.3. Results & Discussion  

5.3.1. Foam Properties Before and After UV Light Irradiation 

The system studied is a mixture of carbon black particles (CBP) at 1 g/L and micron-sized 

12-HSA tubes at a concentration of 10 g/L with a temperature-dependent transition from 

tubes to micelles at 45°C. TEM analysis of CBP particles showed that for both Black 

Pearl
Ñ
880 and Monarch

Ñ
800, nanoparticles 20 nm in size were aggregated into larger 

clusters. These clusters most likely represent the morphology of the carbon black particles in 

the foam. The average size of the Black Pearl
Ñ
880 aggregates was found to be ~ 330 nm, and 

the average size of Monarch
Ñ
800 aggregates was found to be ~ 320 nm after sample 

sonication (Figure 5.1). The 12-HSA tubules stabilizing the foam are thermoresponsive and 

molecularly assemble into micelles at around 45°C as shown by Small Angle Neutron 

Scattering (SANS) measurements (Figure 5.2a). 12-HSA molecules assemble into micron-

sized tubules starting at a concentration of 1 g/L, and have the same structure for all 

concentrations studied here (Figure 5.2b).
31
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Figure 5.1. Transmission electron micrographs of (a) Monarch
á
800 and (b) Black 

Pearl
á
880. Most particles in the foam are aggregates of ~ 20 nm nanoparticles in both 

samples. 

 

 

Figure 5.2. (a) SANS data at 25°C (blue) and 45°C (red) for the 12-HSA system at 10 g/L 

and r = 2 obtained at LLB France on PAXY spectrometer. (b) SANS data at 25°C for the 12-

HSA system at 10 g/L (blue) and 40 g/L (black) with r = 2. The data have been shifted in 

intensity for the sake of clarity.
ÀÀ
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 SANS data and interpretation courtesy of Dr. Anne-Laure Fameau.  


