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 2Dcentury, Spencer Pickerirapd Walter Ramsdegstablishedhat
partially hydrophobic particles could impart greater stability onto foams and emulsions than
molecular surfactant stabilizerBhis has how emerged as a topic of large interest due to the
advances in particle sciencén the past decadanuch progress haveen made in
understanding the mechanisrof foam stabilization by particles different sizes and
shapes. However, most of this tkohas been focused on studyifimams stabilized by
inorganic particles. Our goal is &ynthesize particles from biologically derived materials
lignin and cellulose and to tunesynthesis parameters for the generation of biopolymer
particles with improved foarstahlization capabilityand functionality

We have developed newlasses ofparticle stabilizers made on the basis of
sustainable materialscellulose and ligninThese stabilizersan find application in foods,
personal hygiene products, as well as porous materials for biomedical applicsfiens.
investigatehow to improve the lality of lignin and cellulosebased polymers to stabilize
foams by tuning solution properties to control particle hydrophohieitgfind particles with
moderate surface charge £ -20 mV) to begood foam stabilizers. Additionally, in both
systemsat mnditions for improved foam stability, particles were observed to form loosely

packed aggregates in suspenslie alsocharacterize the stability of foafilms containing



hydrophobcally modified cellulose andrfd that biopolymer particles can stericaditabilize
air-in-liquid dispersions by formingarticlegels in the foam lamella

Using superstable biopolymeric foams as a basealevelogd several novel stimuli
responsive biphasic systems by incorporating particles with special propedds &s
magnetic and/or light-absorbent) into the matrix ahesefoams. Such responsive soft
material systems can find applicatoom processes requiring controlled defoaming and
controlled delivery; they can also serve as templates for novel porous matérals.
characterizedhe response ahagnetically responsividam systerato an applied magnetic
field under different microstructural conditior{se. liquid fraction, bubblesize, particle
packing).It was observed thahe rate and mechanism of foam destaailon correlate well
with the exteh of bubble packing in the foamwith foam destruction becoming almost
instantaneous once high packing fractidn ¢ 0.64) wasachieved Two separate modes of
foam ollapse were identified from owxperimental obseations- one for foams with high
liquid content € > 0.30) and one for foams with low liquid conteat<(0.30)- and models
were formulated to describe each of these two mechanisms of defoaming.

We also designed photoresponsieams by employing a therally-responsive fatty
acid assembly ashe stabilizer. These foams wemade photoresponsive through the
incorporation of carbon black (liglatbsorbent) particles into the fatty acid foam matrix.
Aged foams containindower liquid fractions werefound 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 @chiev

response to various exterrsimuli. By exchaging the carbon blacgarticlesfor carbonyl



iron (lightabsorbing and magneticallgsponsive), 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, dsy an increase in temperature to T ganFition fatty acid

From this body of workmagnetically responsive Pickering foams, phibiermaoresponsive
foams, as well as photbermomagneteresponsive foamsyere reported in the literature for

the first ime.
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Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

z-potential vs. pH for reformed and nosformed IndulifAT
paticles. For all samples measured, absohifmtential increase
with an increase in sample pH until pH ~ 5. After this point
decreases slightly with increasing pH for the -neformed particle
samples and becomes unmeasurable for the refo
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Solubility of reformed and nereformed particles as a function
pH. At pH ~ 2, reformed particle system is 7 times less sol
than norreformed particle system. Reformed particles be
dissolving back intosolution at pH ~ 5 whereas noeformed
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Normalized foam volume vs. time for foam stabilized by reforr
and nornreformed particles.(Inset) Micrographs showing KL
particles adsorbedt the airwater interface. KL concentration
0.7 wt% and pH ~ 2 for foams. Foams made with reforr
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Plot of foam volume vs. time for samples stabilized by diffel
concentrabns of KL (pH ~ 2).Foams mde with suspension
containing higher concentrations of KL maintain higher foe
volumesandhavegaet er stabil ity agali

Foam volume vs. time for KL foam samples stabilized by parti
geneated at different pH conditions. Foam stability increases
decreasing pH due to the presence of more KL particles at |
pHs. KL concentration in foams = 1.20 Wt%0.......c...ccoeveeimmennnnnn.

Specific volume of reformed andonreformed particles as
function of time in aqueous media. Reformed particles comg
slower in HO than norreformed particles. Concentration of KL
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Schematic showing foam stabiltean by Kraft lignin particles
before (a) and after the reformation process (b and c). Sch
show that while the original KL powder can adsorb at théicuiid
interface (a), it does not provide complete coverage of the inte
as compared with the famed particle system at low pH (c). ,
intermedia¢ and high solution pHs whetkere is an insufficien
quantity of precipitated KL, foams are also unstgb)é é € é .

(a) Plot of foam volume versus time for foams made usiniicfes
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Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

generated from stock solutions of different ages. (b) Pat
settling volume versus time for particles reformed from st
solutions of different ages. Concentration of KL in foams ~
WEY0 @NA PH 2.

Schematic of the procedure for making magnetically respor
foams. Functinalized iron particles areombined with HF55
stock solution. H%5 particles are formed under shear and foal
geneated through sample aeration via mixing. The component
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Micrographs of fresh foam bubbles (2v®6 Fe, 1wt% HP-55)¢ .

(&) Schematic showing MRD setup for the Anton Paar iy
MCR 301. Schematic includes the location of the electroma
coils, field lines, and shows the encasement of the test geome
the magnetic bridge (|l abele
Photograph of magnetic bridge with bt cooling system
Schematic and photograph cou

(a) Micrograph of 2.7 wt% Fe foam bubble from a 5 day old fc
sample. Photo shows that the bubble is coverdd®$5 particles
with carbonyl iron particles decorating the 3B shell (b) SEM
micrograph of dried magnef®ickering foam. The dark gra
matter remaining after foam bubble breakdown is the5BHI
matrix, and the white particles are carbonyl iron. Scale bar :
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Normalized foam head volume as a function of time. After r:
initial drainage and reaming the foam remains stable for mc
than one weekNote: The graph has a break between 4000
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(a) Foam water fraction as a function of sample age at diffe
carbonyl iron concentrations. All samples make a transition 1
Awet 0 to Adryo foams. (b)) Av
time for MP foam. The carbonyl iron concentration is 2.7 itf#o
data in (D)oo

Log-log plot of data for bubble growth over time in the foam. -
square points represent data for foaén$ day old. The circula
points represent data for foafd day old. The dotted lines are t
fits for the data based on bubble size growth scaling to a pow
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Figure 4.8.

Figure 4.9.
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Figure 4.11.
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Figure 4.14.

0.36 for foams less than one day old, and 0.12 for foams gt
than one day old. The?Ralue for the x = 0.3&xporentfor foams
¢ 1 day old is 0.98 and the’Ralue for the x = 0.12xponentfor
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(a) Storage,G 0 and lossG G oduli as a function of frequenc
for foams of different ages and at 2wt% Fe. Filled symbols
represeniG Géand hollow symbols represeGta dhe shape of th
G GandG 6 dirves show that when testing in the linear viscoele
regime (LVR), the foam behaves as alget material and has lov
frequency dependence. (b) Dampirmgdt o r ,, at .880radC
versus foam age. The carbonyl iron concentration is 2.7.wt%.

Elastic modulus@ §as a function ofhearstress. Oscillatory stres
sweeps were performed on foam samples of different age
determire the range of stresses across which the linear viscoe
region for the foam exists. These experiments were performe
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Snapshots showing process of wet and dry foam collapse. 5
foam sample(a) before exposure to magnet; (b) as magne
applied (t= 0 sec); (ckfterinitial deformation (t = 11 sec); and (
540 sec after magnet applied. 11 day old foam safapleefore
exposure to magnet; (f) as magnet is applied (t = 0 sec#ft)
immediate deformation of foam toward magnetic field (t=1 s
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(a) Collapse time versus foam age. The carbonyl iron concenti
is 2.7wt%. (b) Collapse time versus age for feaof different Fe
concentrations. These times are determined from coll
experiments performed on foams contained in sealed glass
and are the times necessary for deformation of the entire foam
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Magnetization curves for magneRickering foams. These curvi
represent the mass magnetization as a function of applied ma
field for fresh and day old foams at 300 K and 2.7 wt%éFe .

Storage modut ( G6) as a function
samples tested under different magnetic field strengths. At
strength of the applied éféiéel.

(a) Linearelasticmodulus for HP/Fe foam samples afunction of
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Figure 4.15.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

sample age for foams tested when the strength of the appliec
is: 0 T plue), 0.33 T gellow), and 0.64 Tdurple). (b) Foam yield
stress as a function of sample age for foams tested under dif
magnetic field strengths: 0 Dblge), 0.33 T gellow), and 0.64 T
(purple). Both the linear modulus and yield stress increase
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(&) Snapshots of microscopic collapse process for wet {oam
row) and dry bam (bottom row) Exposure of dry foam to

magnetic field results in film stretching and bubble coalesce
such destabilization mechanisms are not experienced by wet
in a magnetic field. (b) Mechanism of foam collapse as a func
of age. Mechanis of collapse for wet foambubble ejection fromr
particle matrix by magnetic fieliop row) Mechanism of collaps
for dry foam i film rupture via stretching by magnetic fie
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Transmission electromicrographs of (a) Monaré800 and (b)
Black Peafl880. Most patrticles in the foam are aggregates 20 -
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(&) SANS data at 25°Cblue) and 45°C ied) for the 12HSA
system at 10 g/L and ¥ 2 obtained at LLB France on PAX
spectrometer. (b) SANS data at 25°C tloe 12HSA system at 1(
g/L (blue) and 40 g/L lflack) with r = 2. The data have bee
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Photographs of a fshly-made foam with microscope imag
corresponding to the foam head and liquid drained out of the f
(a) Micrograph of fresh foam showing thick foam films contain
12-HSA tubes and CBP. (b) 42SA tubes and carbon blac
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Photographs of foams taken (a) 6 minutes and (b) 1 month
foam formation for a sample containing 10 g/L-H3A tubes anc
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Photographs of XRPISA foan containing CBP (a) befor
illumination with UV light, (b) 20 s after UV light illuminatior
and (c) 1 min after UV light illumination during which time the
sample is completely destroyed. Control foam made withS2
at 10 g/L (d) before illuminatiowith UV and (e) 7 minutes afte

,,,,,,,,,,,,,,,

137

139

158

158

160

160

162

Xix



Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

Figure 5.11.

UV-Vis absorption spectra of carbon black particles. Plot sk
the absorbance of Black Pé#®80 (ellow) and Monarch800
(blue) (concentration = 0.1 g/L CBiR 0.04 g/L 12HSA) ¢é é .

Snapshots extracted from IR movies showing the temper
profiles of a 12ZHSA/CBP foam sample contained in a glass ve
(a) before irradiation with UV light, and (b) 60 seconds after
light irradiation.(c) Control foam sample 7 minutes after UV lic
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Schematic illustrating the mechanism of foam destabilization t
UV irradiation. (a) Fatty acid tubes and CBPs jam to forrdligel
layers in the foa lamella. (b) Upon UV irradiation, the CBPs h¢
up, causing fatty acid tubes to transition into micelles. (c) -
results in dembilization of the foam. &ematic is not to scale. |
the experiments, the fatty acid tubes arg-0 nm in length, anc
600 nm in diametef. *° The carbon black particles are 20 nm
size, but form aggregates in the foam varying frewesal hundrec
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(@) Evolution of the foam head volume as a function of
illumination time for foams of different ages (different wa
fractions due to prdrainage times). All samplesene tested ¢
minutes after foam formatior(b) Water fraction decay in foar
containing 10 g/L 12HSA and 1 g/L CBP (Monart800). Water
fractions for the samples were taken 6 minutes after f
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(a) Foamvolume as a function of the illumination time for foal
containing different concentrations of -HS5A with a fixed
concentration of Monar@800 at 1g/L. All samples were test
10 minutes after foam formatio(b) Water fraction in the foam ¢
a functionof 122HSA concentration with 1 g/L of Monart00 10
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(a) Evolution offoam volume as a function &fV irradiationtime
for foamscontainingdifferent concentrations of Monart800 and
a fixed12-HSA concentration of 10 g/L. All samples were teste
minutes after foam formationb) Water fraction irthe foam as a
function of the Monarcdh800 concentration at a constantHSA
concentration of 10 g/L. Water frdens for samples wer
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Figure 5.12.

Figure 5.13.

Figure 5.14.

Figure 6.1.

Figure 6.2.

Foam volume decay as a function of illumination time for foe
having a fixed concentration of 42SA (10 g/L) and differen
types of particles carbon black particles (MonartB0O0 and Black
Peal®880) and carbonyl irorparticles- 6 minutes afterfoam
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Photographs of foams before and aftexposure to solar
illumination. Control (12HSA) foam samples contain 10 g/L fat
acid, and photor@ensive foam samples contain 10 g/L-H3A
and 1 g/L Monarch800. All samples were equilibrated for
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lllustration of the ability of 1ZHSA foam with CI particles tc
respond to thre different external stimuli. Photographs of H3A
foams with CI particles (a) before and after (b) an increas
temperature; (c) UV irradiation; and, (d) exposure to a mag!
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Solid magneticallyresporsive foam stabilized by HPMCP. (i
Photograph of a water droplet atop of a solid magnetic f
sample. Notice that the water is not absorbed by the foamr
Photograph showing absorption of oil by the same foam samp
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sample toward the source of the applied magnetic field (subse
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CHAPTER 1’

Introduction to Pickering Foams, Foam Stabilization by Biopolymer

Particles, and Responsive Biphasic Systems

" Partially based on Lam, Velikov, Velev, Current Opinion in Colloid and Interface Science, Submitted.



1.1.Introduction

The main objectives of my doctoral research include: (1) exploration of biopolymers for
foam and emulsion stabilization and (2) development of stiresfponsive aguesufoams

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 deriweterials in different
applicationsi 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 predasiwell as in different commodities
(mattresses/pillows, shoes, batteries, insulation). Replacing traditionally used surfactants and
inorganic particles with bidlerived amphiphiles and particles in many of these applications
can lead to environmentaifyiendly valueadded products from sustainabfeaterials.
Another potential application of foams and emulsions stabilized by biologically derived
materials $ in the production of stimulesponsive 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 biopolymérsspecifically
hydrophobicaly-modified cellulose and Kraft lignia for foam stabilization, how particles

from these two materials can stabilize foams and emulsions, as well as how to desigh stimuli
responsive systems from biopolymeric materials. In this chapter, | will provideesmiew

of Pickering foamsand present the current relevant literature on foams stabilized by

biologically derived particles as well as stimrdsponsive foams and emulsions.



1.2.General Information on Foams and Pickering Foams and Emulsions
Biphasic disprsions, 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 b reduce the energy of the -$iguid or liquid-liquid interfaces in these systems. In the
past two decades, many studies have examined the use of partially hydrophobic particles for
the stabilization of foams and emulsions due to their ability to bd$mngly at the aw
liquid or liquidliquid interface andsterically hinderaging processes (i.eoarseningand
coalescence) Additionally, particulate stabilizers can slow down drainage/syneresis by
structuring in the continuous phaseSince the beginning of the ®@entury, scientists have
known about the ability of partially hydrophobic particles to impart greater stability onto
foams and emulsions than molecular surfactant stabifizér®articles can irreversibly
adsorb at the ailiquid (or liquid-liquid) interface with high energetic favorability as
described by the following equatibft

Oi YO “if p Wé+ s (Eqnil.1)

Here,r is the radius of the particlgsw is the interfacial tension between the wetting
phases, andow is the three phase contact angléis expression basically tells us that the
closer the contact angle of the particle at the interface is tariDthe larger the particle, the
more energetically favorable the adsorption. However, experimental results have shown
bette dispersion stability for systems where slightly more than 50% of the stabilizing particle

lays in the continuous phase. This means CA <f@0watercontinuous dispersions and CA

> 90 for oil or air continuous dispersiofis® ® This discrepancy can be explained by



accounting for the capillary pressure between two bubbles, which is not taken into
consideration irfEquation 1.1for energy of particle adsorptidrin addition, whileEquation
1.1predicts larger pécles to adsorb more stronglytae airliquid 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 matsrial. Thi
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 fentmomally
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.
10 Time stable dams and emulsions have also been generated using feizeshparticles

as stabilizerd™*’ Although larger particles may not kinetically stabilize systems as well as
paticles of smaller size, micresized partles have been observed to create thick films
inside the foam lamella, providing a large steric barrier against coarsening, drainage, and
coalescencé. *?Stable disperse systems have also been generategasictes with non
optimal contact angle’s: *” *¥The ability of particles with theoretically nédeal properties

to efficiently stabilize dispersions results from the fact that the theoretical rfteaiell.1)

does not factor in particleparticle interactions in the continuous phase or capillary
interactions between nespherical particles at the interface, which are also important for
foam and emulsion stabilizationn addition to determination of size and twability

conditions for improved foam and emulsion stabilisearchers have also found stability to



be improved by increasing the concentration of particles in the continuous phase as well as
by using particles with higher aspect ratio and shape amigct * %

Thus, there are two an mechanisms by which partislean stabilize foams and
emulsions (1) formation of a steric barrier at the interface of the dispersed and continuous
phasesand(2) struduring in the continuous phase to increase bulk visc¢Bigure 1.1)%*

4 |n 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 chdnagant to be delivered. More information

pertaining to foam and emulsion stabilization by particles is available in the litefattife.

Interface Continuous Phase Disperse Phase
a) b) c)

N
CA<90° H,0 /
(disperse phase: CA < 20°) A\ Y4
N
H,0

d) e) f)
H,O -0 0

- p \
s
CA > 90° e H,0 ot e
(disperse phase: CA> 120°) 2 [ = 0 '
., ' ',

- - 0
H,0 UIRN Vi )
H,0

Figure 1.1. Possible location of particles in foams and emulsigasd) At the interface
(function affected: structure, stabilization, deliver§), e)in the continuous phase (function
affected: structure, stabilization); afd f) in the disperse phase (function affected: delivery).
The second phase (notlabefi ODO) i s t he oil or air phase

of



1.3.Pickering Stabilization of Foams and Emulsions by Particles of Biological Origin

Much of the research into particle stabilized (or Pickering/Ramsdenysystetil the past

few years hasocused on usingnorganic particles such as silicas and latexes as a result of
their welldefined shape, availability in different sizes and at narrow size distributions, as
well as the tunability of their surface chemistfy?®*While this work has taught us a lot about
the mechanisms by which particles stabilize foams and emulsionshamdefined 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 studgitegials of biological
origin for the stabilization of foams and emulsevith the goal of utilizing them in food and
drug delivery applications 2%3*

Many biomacromolecules exhibit surface activity at-lgjuid and liquidliquid
interfaces. The activity and solubility of these materials in water can easily be affected by
changes in pH, temperature, ionic strength, and®adf&® 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 disperSiotts> 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 changs in pH, ionic strength, as well as increases in temperatsrgficiently high

concentrations of the particle stabiliZet” 3 Bio-derived particles can also improve the

transdermal transport of emulsioms &pplications in topical drug delivery as well as prevent



lipid oxidation in food grade emulsiof$.3" *Enhanced transdermal tramspof lipophilic
drugs hasbeen previously demonstrated for Pickering systestabilized by silica
nanoparticle§® Table 1.1 summarizes examples in the literature pertaining to the use

biologically derived particles for the stabilization of foams and emulsions.



Table 1.1.Utilization of particles from biopolymers and of biological origin for creation and

stabilization of foams and emulsions.

Polysaccharides (Crystalline)

Cellulose
nanocrystals
(bacterial) % %738,

(Cotton) 19, 38-40.

PNIPAM *

Fiber-like *° %"
38,41,

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

’ E 19, 37-41
; rod/elongated 6 nm<h<15nm
(green algae) 19, 19, 38,39 19, 37-39
(ramie fiber) **

Microcrystalline 30,42, 43
=l 300 nm <d <10 mm E
Chitin nanocrystals b-Iact%%Iobulin Rod 3% (240 nm x 18 nm) * 4 E 354445

Starch Polygonal
(nanocrélstals) 3,’?5; (4218 nm < g0< 3 mni 8,15, o
&1 parallelpiped (20 nm X 46nm X 4 nm)
(nanoplatelets) *° 6

Polysaccharides (Semi-crystalline)

Bacterial cellulose i i
fibers 4.4 Seticacd Fibrils 100 m < @ < 40 EF4 .
cellulose (Kraft) ®  esterification *’ mm i mm
NFC/MFC ** %% _ 9
52 (from Silylated %2 Fibrils L0 S =Y Nl 425,51, 52
mangosteen) ° I~mmi mm i
Hydrophobic HPMCP & 53 Elr?:(gast,%g./
cellulose MCE > EC 55 soherical 5 55 nm < d < 30 mm F©9%%
derivatives ’ P 55
Chitosan Ir;?]%l:)lg(rjly 50 nm < d < 307.8 nm E 3%
16,
16, 29, 30, Sphere 59, 60. F? 2
Starch 34,57, 58, various " 120 nm < d < 52.1 nm 30, 34,
acetylated *° 29,30,34, 57 57-60




Table 1 Continued

Soy protein

Polysaccharide

Lactoferrin (Lt); = alginate (Alg)

Lactoferrin- and
polysaccharide carrageenan
(Car)
Zein
- PNIPAAM
Ferritin DMIAAM 54 65

Bovine serum
albumin (BSA)

Proteins

Nanoparticle
%Q%Cﬁgi‘fgj 100 nm <d <30 mm g3
sphere *
200 nm <d < 575 nm E %2
70 nm <d <82 nm E®
Spherical d=12nm E 547
E 68

14 nm x4 nm x 14 nm

Lignin (alkaline)

Hydrophobic cells
and bacteria

Spore particles DVB "

Virus ?articles
(TYMV) ", (CPMV) 7

Other

Spherical d~ 180 nm g 3369
d ~ 400 nm; 13, 18,70
Rod/elongated |~ 2-3 E
Round 30 nm gl27
Icosahedral d =30nm g7273

In this partof the dissertationfwo classes of biologically derived materiase

reviewedi (1) particles from biopolymersand (2) biological organisms which can be



considered as single particles The term fAbi opol ymero refers t
from live organisms. fese include polysaccharides such as cellulose, chitin, chitosan,
starch; aromatic macromolecules such as lignin; and, polypeptides such as soy protein, zein,
lactoferrinand ferritin. Many of the listednaterials 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)

10



Figure 1.2. Examples of biederived particles of various origins. Micrographs illustrate the
size and shape variability between different biopolymetigg@s and bioparticles. (&. coli
bacterid® (b) Lycopodium clavatun{moss sporé¥; (c) ethyl cellulose nanoparticfs (d)
chitosan nanoparticle¥; (e) cellulose nanocrystalsom cottort®; (f) hydrophobically
modified cellulose (Kraft) fiber¥; (g) acetylatedstarch phthalic estemanospherés (h)
quinoa starch granul®gi) spraydried soy protein particlé

As illustrated inFigure 1.2 many biederived particles are irregularly shaped,
polydisperse in size and morphology, and may hawdace 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 positilye to foam and emulsion stability. The ability of

11



anisotropic particles to stabilize foams was demonstrated by Alargova et al. using microrods
generated from S8 In terms of biologicallyderived materials shapeanisotropicparticles
such as cellulose nanocrystadan impart stability against creaming, coalescence and
drainage at low concemitions as a result of the entanglementsch form betweenthe
fibers in the system. Kalashnikova et al. reported the ability of cellulose nanocrystals from
green algae to stabilize an-gibwater emulsion system at 44% disperse phase coverage as a
resut of the highly entangled network formed by the cellufds@apron et al. found that less
than 0.1wt% of cellulose nanocrystals from cotton was needed to form stable O/W
emulsions”® The effect of shape anisotropy on the ability of particles to stabilize emulsions
was s$udied by Vermant et & In their study, authors found that particles with highaspect
ratio could stabilize biphasic systems at lower concentrations, and in certain instarees
able to stabilize systems which particles of spherical origin could not. The ability of shape
anisotropic particles to stabilize foams and emulsionstefidy has also been reported in
other studie§: ™

In addition to engineering siysns with weHlcontrolled 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,na chemical functionality depending on the source from which they
are obtained® " Characterization of such systems is not trivial, and realizing how to use
biopolymers to make particles and materials with minimal chemical modificatiohgreat

importance to making better engineered systems from these materials.

12



1.3.1.Polysaccharides

Cellulose.Cellulose, a linear polysaccharide which consistb (if,4)linked glucopyranose
units, is the most abundant biopolymer in the world, and eassts structuring agent in the
walls of plant cells as well as some eukary8te¥ It can also be produced by certain types

of bacteria (e.gAcetobacter xylinujnandalgae. Bacterial cellulosend 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 hemicellulodés** When isolated from other
components of biomass such as lignin and hemicellulose, cellulosbecabtained as
macroscopic fibers or as microfibrillated cellulose (MFC). Macroscopic cellulose fibers, as
well as MFC (also known as nanofibrillated cellulose or NFC) are-sgrsialline innature,
meaning that the structucentains both crystalline aramorphous domainé.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 crystihity higher than 80%° The amorphous domains can be cleaved through
treatment with acids (sulfuric acid H,SO,, hydrochloric acid- HCI) to produce
microcrystalline and nanocrystalline cellulose (MCC and NCC, respectively). MCC has
higher crystallinity han 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 gitoops,
easily be chemically modified to have different functionalities(i.e. silylation,
functionalization with PNIPAm). In addition, due to the fiti&e morphology of native

cellulose and high aspect ratio of hydrolyzed cellulose, cellulose particles can entangle to

13



form physical gels in solution at low solids concentratidisThese 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 (CNEINCCs) Recently,
Winuprasith et al. demonstrated emulsion stabilization by MFC from mangosteen rind
without the aid of surfactantsLikewise, nanocrystalline cellulose particles and fibers have
been shown to be able to stabilize-iniiwater emulsions without the use of any additional
surfactants’>° 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/thie O
interface®’ In additional work, the same authors showed that CNCs with lower surface
charge density formed more stable emulsifiBhe authorsstudied the effect of the acid
used for hydrolgis on the charge density GNCs produce@nd compared this to the ability
of theCNCs 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 HCI (HSQ, is traditionally used)which resulted in cellulose crystals with lower surface
charge density than those produced using@®. Since cellulose is hydrophilic, it will
typically stabilize waterontinuous emulsions. Talter this, Andresen et al. used silylation
to tune the hydrdmbicity of cellulose fibers for the stabilization of -cbntinuous

emulsions? In addition, emulsions stabilized by CNCs can be made thermally responsive
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through the grafting of poly(MNsopropylacrylamide) (PNIPAm) from the surface of the
nanocrystalé?

While most forms of fibrillated cellulose have been demonstrated to be able to
stebilize emulsions without the aiof additional surfactants, this has neteb demonstrated
for foams. The inability of fibrillated celluloses to stabilize foams without surface
madification or surfactantss 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/\edisons. Al
Qararah et al. foamed Kraft fibe(@om wood pulp)in the presence of sodium dodecyl
sulfate (SDS) to generate foams stabilized by cellulose fibers in the continuou®;pthase
fibers were not adsorbed at the interface. Cervin et al. produced foams with nanofibrillated
cellulosederived from wood pulpn the presence of octylamine, which was used to reduce
the surface tension of the <diguid interface and to reduce the chargensiy of NFC,
making it more hydrophobit.In this sy t e m, NFC particles were #fb
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 cellulogs derived from native celluloseyhich 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 metkicellulose phthalate (HPMCP), is already widely used in foods as well

as in drug delivery applicatiofis>* * These biopolymers exhibit solubility in certain
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solvents (e.g. EC acetone, HPMCP water at pH > %), 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 &hle 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 acetd@@uble biopolymers allow for the potential to generate
particles of varioushapes and sizes, which is not the case for thechemically modified
celluloses discussed above. Generation of particles from modified celluloses typically
involve solvent attrition via solvent/argblvent exchange or polymer precipitation from
solution in the form of particles by adjusting solution pH or ionic strefigth> "®Wege et
al. demonstrated the ability of anisotropicadlyaped microisized HPMCP particles to form
superstable foams and demoatgd the possibility of particle generationsitu during foam
formation® The ability of EC microrods and nanoparticles to stabilize food grade foams has
also been demonstratetl.”® Another mode of utilization of cellulodgased polymers is in
the form of particles based on colloidal complexes with other molecules. MCE/tannic acid
caloidal complexes were shown to stabilize well both foams and emulSiéwiitionally,
high oil fraction foamulsions dbdized by MCE/tanit acid complexes which exhibit a
temperature dependent transition in stability were recently rep8rted.

Chitin/Chitosan. Another linear polysaccharide found in nature is chitin. It is
derived mainly from the shells ofustaceans, insects, and microorganisms and is the second
most abundant polysaccharide found in naftré® 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 butterfliesg. Morpho) and beetles (e.gColeopterd,
respectively® Chitin, similar to cellulose, also contains hydroxybgps 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 ahivhich is water soluble at low pHs (< 6)

but precipitates out of solution at high pH#t low pHs, chitosan is (positively) charged but

at higher pHs, the amino grasimlong the chitosan polymer beconeprotonated anché
uncharged polymers associate in solution to form partilesersely, some celluloseased
polymers are typically (negatively) charged at high pHs and as pH is lowered in a system
containing cellulose, the polymer lmeges less chargedlie tothe protonation of carboxyl
groups resulting in the association of the polymersthe form particles (case of modified
celluloses such as HPMC and HPMCP).

While natural chitin is sermrystalline in structure, chitin nanocrystals which are
colloidally stable rodike crystalline particles may be obtained through acid hydrolysis.
Tzoumaki et al. demonstrated the ability of chitin nanocrystals to form staklevedter
emulsions and eWsated the ability of the adsorbed particle shell to protect the lipid droplets
in the emulsion against lipolysia vitro.*> *° The authors found that Pickering emulsions
stabilized using chitin nanocrystals were more stable against lipolysis than emulsions
stabilized using mlecular stabilizers such as whey protein isolate and sodium caseinate.
Chitosan, unlike chitinhas pH dependent solubility in watend due to its biocompatibility
andantibacterial properties, is a popular material for drug encapsWaetst al. evalated

the ability of chitosan nanoparticle® stabilize emulsions andised these Pickering
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emulsions for the synthesis of micrsized poly(lactieco-glycolic acid) (PLGA) particle®

Since chitosan exhibits pHiependent solubility inaqueous medjathe authors also
demonstrated that the O/W emulsions which were formed could samdksified by
lowering the pH of the systerand that the emulsions could be recovered by subsequently
increasing system pH and-eenusifying. Both Tzoumaki et al. and Wei et al. found their
biopolymer Pickering systems to be more stable when the(zZetmtential of particles or
emulsion droplets was low & - 10 mV)3* **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 irthe human diet® Depending on the source as well as preparation of the
starch granules, these particles are of unique shape andFigiaee(1.3.%2 ** Since starch is
hydrophilic, it has mainly been shown to stabilizeioivater emulsions except in the case
of nanoparticles wich were produced using acetylated starch; in this case, the patrticles
produced O/W emulsions up until an oil fraction of 0.65 after which it produced W/O
emulsions’ Although unmodified starch granules camahilize emulsions in some cases,
many studies use octenyl succinic anhydride (OSA) to render the particles more hydrophobic
for improved Pickering emulsion stability™® 2 30 34 57 3&arch | ike cellulos, is a semi
crystalline polymer and can be hydrolyzed using strong acids to produce crystalline
particles?® Li et al. demonstrated starch nanocrystals to efficiently stabilize emulsions
without further hydrophobizatiolt Pickering emulsions stabilized by starch particles can

potentially serve as drug delivery atgeand as lipid encapsulants for low calorie foods.
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Figure 1.3. Scanning electron micrograplu$ starch granules from different sources. (a)
tapioca starcH; (b) wheat starcl; (c) waxy maize staréh (d) potato starch; (e) quinoa
starch; (f) rice starch; (g) maize staréh (h) and barley staréh

Other polysaccharides which are important in foam and emulsion stabilitglénclu
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: ® 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 composefd amino acid residues, are amphiphilic molecules
which have various biological functions depending on their chemistry (i.e. DNA replication,
metabolic processeshnimals, such as humans, consume proteins in their diet in order to
obtain essential aminocigls to fuel various processes in the b8dgince proteins are
amphiphilic, they have long been known to be able to eedue energy of the aliquid or

liquid-liquid interface and have been extensively studied as foam and emulsion stafilizers.
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8284 proteins are known to be capable of forming thick steric barriers againssazoate in
foam and emulsion filmS: "°In addition, it has been demonstrated that foam and emulsion
stability can be enhanced by the formation of protein aggregates at solution confitions
reduced solubility’ 383

Although protein aggregates are in a sense palikdestabilizers, 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 wdetuble protein zein for the
formation of Pickering emulsiorfdde Folter et al. demonstrated that particles could be made
from zein protein through a nanoprecipitation proceduck that these nanoparticles could
stabilize oitin-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 isoeleirpoint (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 emulsirihe authors found heateated
soy protein particles to show similar stabilization characteristiceottventional particle
stabilizers. Spraygried soy protein particles with calcium phosphate cores have also been
demonstrated to adsorb at thewdter interface and stabilize emulsidroplets™ In the case
of these particles, emulsion stabilization is derived from the soluble protein as the soy protein
here is soluble in water.

Proteinbased particulate stabilizers can als® formed via ceprecipitation with
polysaccharides. Shimoni et al. synthesized nanoparticles from lactoferrin as well as multi

component particles from lactoferrin (LF), alginate (Alg), and carrageenan ®{Ceing
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authors investigated éhstrengthof emulsions stabilized by LF NPs, 1&g NPs, and LF

Car NPs against degradationimvitro gastric conditionslt was found that while emulsions
which were stabilized by lactoferrin nanoparticles were less vulnerable to creaming than
emulsiors stabilized by native lactoferrin (lactoferrin molecules/globules), systems stabilized
by lactoferriralginate (LFAIg) and lactoferrincarrageenan (L&ar) NPs were more robust
against degradation in vitro gastric conditions.

Although not often condered 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 protpolysaccharide complexes as stabilizers is
also fueled by té desire to identify biodegradable, biocompatible, and sustainable materials

for use in foam and emulsion systeffis.

1.3.3.Lignin

Lignin, an aromatic macromolecule found in the cell wall of woody plants, is the second
most abundant biopolymer found in na&uend the most aidant natural aromatic
compound®® The lignin macromolecule is composed of three monoligio{p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol) and is amorphous in structure. The ratio of
these three mmlignols in the macromolecule will vary depending on plant sdiiftein
addition, thesurfacechemistry of ligninwill 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 separationnfracellulose has been a subject of study for many
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decade§*° More recently, research into different forms of lignins have been fueled by the
motivation t o utilize t hi s-adde@ caenwatlbsl ®y i wa s |
understanding the properties of lignins as molecular surfactants, particulate emulsifiers, and
as replacements for petroletiased synthetic polymets %% 979

It has been shown that lignin molecules aurface active and can adsorb at the air
liquid as well as liquidiquid interface to provide kinetic stability to foams and emulsfdns.
92,96, 10Recently, particulate forms of lignin have been demonstagezmulsion 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 depéent 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 emulsioris.They found that emulsion stability was greatest at low pi3-&
and that their system dmmulsified 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 (H8PE&nd utilized these emulsions to
generate solid foams for the adsorption of metallic ions from solfiidimese studies
provide good examples of fAgr eenératetuaingehisi al s ¢
very abundant byproduétom the pulp and paper industigraft 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 coneatniith heavy metafs.
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1.3.4. SingleCelled Organisms
For decades, foams stabilized bydhyphobic bacteria have plagued wastewater and sewage
treatment plants. In fact, many papers pertaining to badtimlized foams discuss how to
defoam or prevent foam formation by these microorganiSné ®? Recently, however,
researchers have utilized the hydrophobicity of such organisms to their advantagé.
Additionally, organisms such as bacteria, viri, and spore particles have geneticatly well
definedshapes 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 hydrocardegrading bacteria to adilize
emulsions=® 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 emulsidtssenberg et al. also observed
the same dependence of foam stability on cell surface hydrophobicity in a study pertaining to
the ability of different strains oAcinetrobacter calcoaceticus® adsorb athe oil/water
interface’® Binks et al. as well as Ballard et al. reported Pickering stabilization dtldiqu
liquid interfaces byLycopodium clavatunta moss sporéf: "* Other examples of cells and
bacteria at interfaces have also been descftbed. "> *Such systems have potential
applications in fermentation, oil recaye as well as in microorganism assisted chemical
reactions-> 18 7

Other types of particles which have been mentioned in the literature to impart
Pickeringtype stability to emulsions and foams include flavdneparticles, solid lipid

nanoparticles as well as fat crystals. Theseiclesare examples of biocompatible foam and

23



emulsion stabilizers which can impart Pickerigge stability, but will not be discussed in
detail here as a result of their npalymeic and norcellular origin. For literature on these
types of stabilizers, readers are asked to refer to the referenced¢itéd.

The past 5 years has been an exciting time for research in foams and emulsions
stabilized by biopolymersnd biological particlesNot only have scientistsasted to learn
how to make weldefined partiallyhydrophobic particles from biopolymers (bottom up
approachy °% 2 but have alsoelarned how to modify natural biopolymer particles to have
the proper wettability to efficiently stabilize foams and emulsions (top down approath)
41.49. 57 1n addition, researchers are observing thaidjwmrticles 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 paffities.
4. 57|t hasgenerallybeen observed thaartially 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 smaiteulsion droplets> ** **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 systemdizgabby biopolymer
particles hae been shown to have good leigm stability (no droplet size increase) as a
result of the steric barrier provided by adsorbed particles against coalescence and
coarsening® Examples of droplets and bubbles stabilized by biopolymers are shown in
Figures 1.4 and 1.5 The micrographs irFigure 1.4 show the adsorptionfopartially

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 interfae and continuous phase stabilizatiordadplets

and bubbles by biopolymer particlemterface stabilization{a) confocal micrograph d&.

coli DH5a at ntetradecane/water interfde(b) confocal micrograph showing chitosan NPs
adsorbed at oil/water interfag(c) confocal micrograph of flavonoid particles (tiriloside) at
n-tetradecane/water interfd® (d) optical micrograph of waxy maize starch atwoiter
interfacé”; (e) scanning electron micrograph of bacterial cellulose mgsiads at interface

of polymerized styrenavater emulsion dropl&; and (f) confocal micrograph of HPMCP
particles at interface of air bubblé€Sontinuous phase stabilizatio(g) confocal micrograph

of HIPE stabilized byCNCs from cottof; (h) confocal stack showingnterface 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 styrenevater emulsion dropletd Images andh 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 particldheseparticlessterically stabilizdéoam by forming

a shell aroundhe air bubbles and forming a particle network in the continuous phase. (b)
Foam stabilized by SDS with naudsorbingmicronized cellulose from wood pulp (Mead

Westvaco) Photographs courtesy of Stephanie Lam.

1.3.5. Challenges

While there has been la¥gprogress 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 ifstab
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 emutisibns
not observe a lowering of interfacial tension by their particles whereas othérs'gid.

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

these systems is due the adsiorp of dissolved polymer or residual proteinaceous
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(2)

(3)

material at the aifliquid or liquidliquid interface Since partial solubility in an
agueous, oil, or organic phase is likely to occur for particles from certain
biopolymers, exploring the effect of moldar and particulate eadsorption at
interfaces on system stability is important. This is because the presence of molecules
in a particulatestabilized system can lead to synergistic as well as antagonistic
effectstt 1%

Identifying the Role of Particle Charge on System StabBigme studies mention

that particles can better stabilize foams and emulsions when-ib&ential of the
particlesor emulsion droplets is low, allowing for their partial flocculattér® 38
Other studies (mostly pertaining to emulsion stabilization) state that increased values
of z-potential leading to electrostatic regals between droplets provides better
emulsion stability: 3 >% ® s 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 emulssbability

could bean important point of focur future work.

Exploring Foam Stabilization by Biologically Derived Particlé#sone looks back at
Table 1.1, they can see that other than hydrophobically modified celluloses and
fibrillar semicrystalline celluloses, mantypes of biotic particles have not been
examined for the stabilization of the -amater interface which is well known to be

one of higher energetic instability than the-wdter interface. Comparing the
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adsorption and structuring of different biologicatlgrived particles at the diquid
versus liquidliquid 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 stahlsi@m could be achieved
even with incomplete coverage of the liqliguid interface by patrticles, this would
not be possible in foams as the-lgguid interface would continue evolving (i.e. via
bubble shrinkage or coalescence) until full surface @meeis achieved *

(4)  Evaluating the Role of Neadsorbed particles On Foaand Emulsion StabilityThe
adsorption of partially hydrophobic particles at theligmid or liquid-liquid interface
is crucial for the formation and stabilization of foams and emulsions. However, it has
also been demonstrated that stability of biphakspersions can be enhanced by
particle network formation in the continuous phase to hinder drainage, creaming,
coarsening,and sedimentation.® 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 comenting on the impact of particle gelation in the
continuous phase on the stability of their systéns 3 3 4> *Pye to the irregular
shape of many of the biologically derived peutatesreviewed here,tiwould be
interesting to gain a deeper understanding as to how these diffeskagigd particles
can orient and pack in the foam film to enhance foam and emulsion stability.

In Chaptes 2 and 3of this dissertation, we address some of these challengagly foam

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

residually dissolved biomolecular speciesfammability and foam stability
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1.4.General Overview ofStimuli Responsive Biphasic Dispersions

In addifon tothe more conventional applications of foams and emulsions, these systems can
be made to respond to external stimuli with potential applications in chlemic
decontamination andelivery processe$?'!* 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, lighgure 1.6).

a)EHyarophlhc - Air-philic |
i protonated Air on-protonated
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Figure 1.6.Examples of stimulrespnsive foams. Foams can be destabilized by (a) change

in pH'*2 (b) UV light irradiatiort™® and (c) tuning the temperature abovedion .

Foams and emulsion systems can be designegbssesgunable properties and
variable functionalities through the inclusioof particles or surfactants with special

properties*® 2 M3For example, by using pkesponsive biosurfactants and peptides to
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stabilize foams, Middelberg and coworkers were able to form a series of bigrs®rsions

with stability tuneable by changes in solution PH.'*®> Emulsions systems whichre
responsive to pH, changes in temperature, as well as magnetic field and light have been
reported in the literaturbut will not be discussed further héfe®® 8% | this section of

the dissertation, weeview 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 presentddalrie 1.2.
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Table 1.2.Summary of stimuliresponsive aqueous foam systems

Molecular Stabilization

- Stimuli
Stabilizer Response Type of Response Ref
. Foam collapse upon decrease in 115
AM1 (peptide) pH/chelator pH or addition of EDTA Malcolm et al.
] Chelator (i.e. Foam collapse upon addition of 131
GAM1 (peptide) EDTA) EDTA Kaar et al.
Azobenzene- Foamulsion collapse upon UV
modified- UV light \ pse up Salonen et al.**?
light exposure
polyacrylate
DAMPA Foam collapse upon decrease in
(biosurfactant pH P IPI Middelberg et al."**
protein) p
azoTMA UV light Destabilization upon UV light Chevallier et al.**°
exposure
Pickering-type Stabilization
Responsive Stimuli
Particle/Stabilizer Response WS G R einste X
Bubble size control in ferrofluid 133,
g-Fe:04/SDS Magnetic field foams using magnetic field Huztler etal.” %
stabilized (ferrofluid) . Drenckhan et al.
gradient
PS latex with PAA pH Foam destablll_zatlon with increase Binks et al.1%®
corona in pH
P2VP latex with H Foam destabilization with Dupin et al.1%®
PEGMA corona P decrease in pH P '
12-hydroxystearic Foam destabilization with increase 113
: : Temperature . Fameau et al.
acid assemblies in temperature above Tyansition
PS latex with PDEA pH Defoaming upon decrease in pH Fuijii et al.**?
corona
MC_E/tannlc acid Temperature Defoaming upon increase in Patel et al.X¥’
colloidal complexes temperature
Carbonyl 111,
iron/HPMCP Magnetic Field Foam co(;l_apse upon e_zx;]zols(;Jre to Lam et al. | légBlanco
cellulose gradient magnetic fie etal.

Carbon black and
carbonyl iron/12-
hydroxystearic acid
stabilized

UV light/magnetic
field/temperature

Foam collapse upon increase in
temperature above Tiransition,
application of magnetic field, or
exposure to UV light

Fameau et al.®
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As seen inTable 1.2 there exists my 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 protesh have
functional groups that can be protonatieprotonated at certain pHS$. Pickering foams
which are pHresponsive can hdesigned either by grafting of piésponsive polymers to the
surface of the particle stabilizer, or by stabilizing foams with particles which themselves have
tuneable wettability with changes solutionpH.**? 13> 3% 0r example, Dupin et al. reported
the use opoly(2-vinylpyridine) (P2VP) particles with a monometheggpped poly(ethylene
glycol) monomethacrylate (PEGMA) corona to form a-f@dponsive foam system. this
system, lhe foam itself wastable at pld where the P2VP polymer remainaacharged (pH
> ~3). At pHs¢ 3, the P2VP leains in the latex particle bena positively charged, resulting
in particle swelling and desorption from the-Equid interface in the @& whee the
continuous phase of the foam waater*°

Foams thathave stability tuneable by changes in solution condition redhiee
addition of extra chemicals to the already formulated system, which is inv&tiveuli
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 €2df’In these systemspam is destroyed
eitherby destruction of thetabilizing complex via moletar rearrangement or gelification
of the stabilizer particles, respectivelgir-liquid dispersionswhose cell sizes can be
manipulated using an externally applied magnetic field during foamation have been reported

by Hutzler et al. and Drenckhan et‘&.***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 foamder stationary drainageasnot evaluated

and these systems lemwotbeenshown to exhibit magnetic field tuneable stability. In our
work, magnetically responsive foam systems which are very stable until collagisgdan
externally applied fieldvere designed by generating foam stabilizéth hydrophobically
modified cellulose in the presence carbonyl iron particles®*This work will be discussed

in further detail in Chaptet.

Biphasic aifin-liquid dispersions whose stability can be manipdatey 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, andpogentially be applied with the
highest specificity to a localized region in the sanipldnitially reported lightresponsive
foams in the literature exploited the light dependent conformational transitions experienced
by azobenzene tanpart 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. *2 These foams, while
demonstrating UV light sensitively, exhibited stability only on a short time scalks(~
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 st&Bilityis work will be

discussed in more detail in Chapbeof this dissertation.
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1.5.Layout of this Dissertation

Chaptes 2 and 3 presentwo examples of foamstabilized by biopolymers. Theshaptes
describe how to generate particles from hydrophobigatigified cellulose and Kraft lignin

for the stabiliation of foams and emulsions. Thalgo explain conditions fahe production

of stable foams from these p¢pendent, watesoluble biopolymersand offer insight as to

the mechanism of foam stabilization by hydrophobieailydified cellulose. In Chaptet,

stable bams containing hydrophobicaliyodified celluloseare used as a basis for the
production of a novel class of magnetically responsive agqueous foams. The response of the
magnetic foams to an applied external field is characterized and correlated with foam
microstructure. Additionally, two models are pregeinto describe collapse for foams in two
different microstructural regimes. The approach utilized to generate the magnetically
responsive foams presented in Chagtes generalized to design foam systems which could
respond to multiple sources of extdriséimuli. Such a system is described in Chagter
presented in this chapter is a description of how to genewatestimuli-responsive biphasic
systems using a thermally responsive fatty acid assembly as the foam stabilizer. &hapter
the final chapte of this dissertation, describes how responsive aqueous foams can be
transformed into stimuliesponsive solid materials and presents future directions for the

work presented throughout the body of the dissertation.
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CHAPTER 2’

Hydrophobically -Modified Cellulose Particles for Foam Stabilization

" Partially based on Lam, Fauser, Uhlig, von Klitzing, Velevpreparatior
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2.1 Introduction

Cellulose, a linear polysaehkaride which consists df (1,4)}linked glucopyranose units
exists as a structuring agent in the walls of plant cells as well as some eukaRjotiesthe
most abundant polysaccharide found in nature and accounts forx~105tons of annual
biomass productiah As a result of its biodegradability, biocompatibility, and sustainability
as a raw material, there has been much focus on the us#iwbsic materials for various
applications raging from lightweight producto pharmaceutics. While fibrillated cellulose
from biomasshas many potential applications materialsas a result of its high tensile
strength and easily tuneable surface chemistrigas limited application in medicine as a
result of residual hemicellubes, ash and proteinsremaining after extraction and
purification. Only fibrillar celluloss produced by microorganisms aremployed for
biomedical application$.> One type of cellulose which has been widely examined for food
and medical applications is modified celluldgégure 2.1). This class ofmaterials includes
carboxymethylcellulose (CMC), ethyl cellulose (EC), methylcellulose (MCE),
hydroxypropyl methylcellulose (HMPC), and hydroxypropyl methylcellulose phthalate
(HMPCP) - the latter studied in the work presented h&ech materialare appoved for
utilization in foods and pharmaceutics as coatingsd encapsulants, and have also been

found to be reliable foam and emulsion stabiliZ&rs.
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Figure 2.1. Chemical structures of (a) natural cellulosnd (b) hydroxypropyl
methylcellulose phthalate (HPMCPY,

Foams and emubns are metastable dispersions of two immiscible phases. The
interface between these two phases can be stabilized by amphiphilic mo{sadiastants,
proteins, and polymeyor by particleswhich can we both phases of the dispersiin*
Since the beginning of the ®Ccentury, it has beeknown that particles with specific
wettability (contact angle ~ 99 can efficienty stabilize foams and emulsiatfs** Over the
past two decades, interest in understanding how patrticles stabilize biphasic disgesions
boomed as a result of the supestability of Pickering systems as well as their potential
applicatiors in many fields (i.e. materials, particle synthesis, drug delivery,, fetm) 2
While studies examingfoam stability by inorganic particles\veestablished 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 stabilizethese biphasic systems is still lackirignlike inorganic solid parties, many
biopolymeric particulateare deformable solids rather thagid bodies. In additionparticles

from biopolymerscancoexist with residuamolecular speciesr protenaceous material still
dissolved in the aqueoyshase 1 1% PThus, it is important to understand how particles
from biopolymers such as modified cellulosen stabilize foams and emulsions, as well as
theeffect residually dissolved amphiphilic materials have on foam and emulsion stability.

In this study, we will examine the mechanism of foam stabilization by mzzau
particles from hydroxypropyl methylcellulose phthalate (HPMCP) by comparing
observatns of foam films stabilized by HPMCP to bulk foams stabilized by the same
cellulose Figure 2.2). The particlesappeared deformable when compressed in the foam
lamella, and exhibited eadsorption with soluble HPMCP molecules at theliguid
interface. HPMCP was studied since it had previously been shown to have the capability of
generating superstable foams with particle formaiiositu during the foaming proceddn
addition, it more recently served asasis forthe design of functional foams, suchcatored
foam ad magnetically responsive fodf¥® Knowledge about foam and emulsion
stabilizaton by HPMCP particles cawontribute toa betterunderstandingof systems
stabilized by particles from other biopolymeric materials which rasp exhibit partial
solublity in the agueous phase certain pHgchitosan, ECKraft lignin, soy protein, as well

as some starche¥y*%
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Figure 2.2 (a) Photograph of foam bubbles stabilized by HPMCP. (b) Schematieeof
experimental setup includingorous frit (cross section) containing HPMCP film and

corresponding micrograph of thick film formed particles imaged in reflectedyht mode

2.2.Materials and Methods

2.21.Materials

Hydroxypropyl methylcellulose phthalate (HPMQPP-55, HP, or hypromellose phthalate

was obtained from Shin Etsu. Hydrochloric acid (HCI, 1N) was purchased from Sigma and
used withoufurthermodification. 1N sodium hydroxide (NaOH) was prepared by dissolving
40 g of NaOH pellets in 1L deionized watd&eionized water for the experiments was
obtained from a Millipore water purification system (Millipore Mi)i+, Billerica, MA). For

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

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

2.2.2.Particle and Foam Generation
HPMCP stock solution (2@ w/v in water, pH 5.6) was prepared asatdeed in our previous

publications’™ 2> HPMCP particleswere generated by pH adjustmertthe stock solution
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with HCI while mixing (Berlin: Heidolph RZR 2051, 400 rpm, 3 mand Raleigh:Cole-

Palmer Servodyne Mixer, 1800 rpm, 3 miMixer settings vere chosen so that particles
produced in Germany and USA were approximately the same size and aspect ratio as
observed by optical microscoyarticles were always generated with W% HPMCP at pH

~ 4, and diluted wittbl H,O for use in experiment&or foam generation, the dispersion was
agitated ina professionablender (Oster Model 4242, Sunbeam Products, Inc., Boca Raton,
FL) running at ~15000 rpm for 60 se¢-oams were immediately poured from the blender jar
into graduated cylinders (glass) for ohs#ion. 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 foanbubbles and grticles were imaged using an optical microscope
(Berlin: Carl Zeiss @napo) Jena, Germanyand Raleigh:Olympus BX61, Tokyo, Japan

For characterization of particle morphology, an aliquot of the particle dispersion was placed
on a microsope slide and covered with a glass cover. stigr 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 manyl covered with a glass cover slipgprio

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
25 C*" #The films were formednside a 22 mm hole diled into a disc ofporous fritted
glass(P2, pore diameter 40-90 mm).?° Prior to film formation, theylass disc wasnmersed

into the HPMCP gspension for 5 mins; nexhe film holder was lifted out ;fuspensiomnd

the liquid in the fritted glass was allowed to equilibrate for 2 mins. Longer equilibration
times were not used since in thegoral foam system, particles wei@medin situ during

the foaming processSubsequently, the stainless steel chamber in which the film holder and
test solution were enclosed was sealed. The thickness of thin foamwlsnmeasured via
interfeeometry. In this procedure, a biconcave liquid filis illuminated with a
monochromatic lightl( = 632 nm), and light which is reflected from the top and bottom
surfaces of thesample interfere constructively or destructivelpefore reaching the
photomultiplier. From the recorded intensities, film thickneam becalculatedusing the

following expressiorfs: 34

. ¥
N — Ol Oi-ee ; (Eqn 2.1)
Y —— (Eqn 22)
q
3’0 —— (Egn 2.3)
g
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In the above equationk,is the thickness of the filn1, the wavelength of lighty the
refractive index of the bulk solutiohtheintensity of light reflected at a given point, aRdx
and Imin the maximum andninimum intensities recordedespectively I min and Iqax were
determined experimentally for each measuremeniThe refractive indices of all test
suspensions were measuredngsan Abbe Refractometemand were all found to be
approximately 1.33 (the refractive index of wateDuring 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 particlesmd amphiphilic molecules
werethinned to planar films through the application of an external pressure to forcetéiquid
drain from the meniscus. This pressure is typically applied by adjusting the gas pi@ssure
the steel chambemnd is balanced by the capillary pressure and bulk liquid pressurdP

P. = O. In this expression, Pepresents capillary pressure, the gas pressure (applied

during experiment), Pthe bulk liquid pressure, ar@ the disjoiring pressuré®

2.2.5. Measurement afPotential
The z-potential of HPMCP was measured using a Malvern Zetasizer Nano ZSPGain2s
disposable capillary cell. For measuremere-pbtential, solutions containing @AHPMCP

were used. The pH of the solutions was adjust&dg 1N HCI and 1IN NaOH to obtain

HMPCP samplesof varying pHs. The Smollowski approximation wasapplied to
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determine thez-potertial of the particles from the measuredectrophoretic mobility.

Measurements were performed in triplicate for samples containing HPMCP aggregates.

2.2.6. Measwrment of Surface Tension

Surface tension measurements were performed using asKK®&klL tensiometer.
Measurements were made using aNhily ring (circumference = 58.7 mm and R/r = 0.37

mm). Theplatinumiridium ring was rinsed with water and ethanol andspdsthrough a

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

adjusted using the Hulilason correction factor.

2.3.Results

2.3.1.HPMCP Particle, Surface, and Charge Properties

Cellulose particles used in foaand foam film stabilization were generated using the above
descibed method. The particles grelydisperseand rangdrom 7.5mm-10.5mm in diameter
with anaspect ratiovaryingfrom 2-2.5. The alsoexist as aggregates suspensionKigure
2.3). Thisis most likely due to the low-potential of the particles at the test pH (~ 4) as well
astheir large sizez-potential measurements were performed using sm@atiedel)HPMCP
particles as described above and was determined to 24 mV at the pHat which foams
were generated ithis study Figure 2.4). Low z-potential allows for enhanced HPMCP
particle adsorption at the diguid interface in the foam and also promopestial particle

aggregation in the foam film, enhancing stabiffty’* The z-potentias of suspensions with
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and withoutmacroscopically visibleHPMCP aggregates were measured and no difference

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

Figure 2.3.MicrographshowingHPMCP patrticle aggregates. Scale bar = m®0

¢~ potential (mV)
[

"a
-35 | : Particles + Supernatant &

A Supernatant

15 20 25 30 35 40 45 50 55
pH

Figure 2.4. z-potential of HPMCPsuspension (particles + supernatafty” , ©) and

supernatantz( ). z-potential increases with an increase in pH and begins to decessthe
pH at which HPMCRlissolves back into solution.
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The surface tensisrof HPMCP suspensions at varyioglluloseconcentrations were
also evaluatedHijgure 2.5). It was found that the surface tensiortledsedispersions ranged
from ~ 70 mN/m for a 0.01%v/v suspension of particles to46 mN/m for a suspension
containing 1%w/v HPMCP.Within the range of concentratiotessted andisedfor foaming
experinents,surface tension valuesriedby ~ 3 mN/m. Since particulate stabilizers should
not (in theory) reduce interfacial tension, tlogvering of surfacetensionin the modified
cellulose systenis likely caused by the adsorption afmolecularly dipersedspecies of
HPMCP at the aifliquid interface This hypothesiss supported by the fact that the surface
tension of the supernatafite. with large particles and particle aggregates removed) is
similar to that of the particle suspensidiigure 2.5. Thes resultandicate that a molecular
species of HPMCP adsorbs at thelmuid interface during foam formation to lower surface
tenson and promote system foamability

Whenonly the supernatant was aeratézhm was formed but collapsed to a small
volume within a few hoursshowing that the supernatant itself coulot stabilizeair-in-
liquid dispersios for long periods of timéFigure 2.6). In the same experiment, foam was
also generated using particles which had been separated from the supernatdr@nand t
redispersed in DI kO at pH ~ 4 As seen irFigure 2.6, plots ofnormalized volumeversus
time for foams stabilized bynly HPMCP particles have long decay times and are more
stable than even the composite systeomtaining both HPMCP particles and gisrsed
molecules.However, foams generated using only particles have low foamaligyre
2.7). This shows that even though the foam system stabilized by both particles and

amphiphiles may have poorer lotgym stability as compared foams stabilizedbnly 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 goodelomg
stability. Synergism betweemlispersed amphiphilic species and particulatesfaam
stabilization has also been observed by other auffidtsErom here on, all samples

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

75
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Figure 2.5. Surface tension of HPME partcle suspensiongcontaining particles +
supernatantiand supernatarat varying celluloseconcentrations. The pH of the patrticle

suspensions were ~ 4.

58



>

08

08

04

Normalized Foam Volume

0.2

0.0

0.8

0.6

0.4

Normalized Foam Volume

0.2

0.0

1 wiv% HPMCP:

-k - particles + supernatant
- @ - particles

-4 - supernatant

-9

o,
“—,' .
Il -e
i |
AL -A 4
_______________ A
1 i 1 1 " 1 i 1 i 1 i 1
Q 200 400 600 800 1000 1200
Time Elapsed (min)
. 0.5 wiv% HPMCP:
- i - particles + supernatant
L] @ - particles
# - 4 - supernatant
’\
i Yo -
Ly ¢
: -y
____________ -
' A
1 n 1 n 1 " 1 " 1 1
0 200 400 600 800 1000

Time Elapsed (min)

Normalized Foam Volume

Normalized Foam Volume

0.8

0.6

0.4

0.2

0.0

08

0.6

0.4

0.2

0.0

0.69 wiv% HPMCP:
- & - particles + supernatant
- @ - particles

1200

\ - 4k - supernatant
- L
A
\ | R
- A R ~-m-0
A
A‘A
AA‘
A A A A
C 1 n 1 L 1 1 " 1 1
0 200 400 600 800 1000
Time Elapsed (min)
L 0.35 wiv% HPMCP:
-4 - particles + supernatant
- @ - particles

- 4 - supernatant

0 200 400 600 800
Time Elapsed (min)

Figure 2.6. Graphs showing normalized foam volume vs. time for foams stabilized with

particlesand dispersetHPMCP, as well as particles and molecular fractions by themselves

for

systems cont ai

ni

n

g (a) 1%, (b)

samples may still contain a residual molecular component.

0.

59

69 %,

(



0.48 0.18 0.57

Figure 2.7. PhotographsfdHPMCP foamsstabilized with (a) particles and molecutgrecies
of HPMCP, (b) HPMCP particles onlyand (c) extracted sugrnatant(molecular species
only). Foam overrun is listed below each sam@eerrun = (bamvolumei initial liquid

volume)/initialliquid volume.

2.3.2. Foam Stability vs. HPMCPo@centration

Suspensions of varying HPMGédncentrationsvere foamed as describ&u the Methods
Section. he foam volume as well as voluroé liquid drained from the airich phase was
monitored overtimeAs expected, foams containing higher concentrations of HPMCP not
only maintaineda larger head volume ovéonger periods of time, but also had better
foamability. This isbecausevhen HPMCP concaetration is increased, a largguantity of
dispersecdHPMCP molecules are available to stabilize thelmjuid interface created during
the foaming process. In addition, with increasing HPMCP concentration, precgpitated

particleswould also be available to sterically stabilize the dispéasg phase. As irmost
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particle stabilized systems, HPMCP particles will form a shell around the bubbths in
foam to preventoalescence ankdinder coarsening. In addition, they will also jam ireth
foam lamella and plateau bordeesslow the drainage of liquid from ¢hfoamhead(Figure
2.8). After bubbles extracted from foastabilized by 1% HPMCRMere air driedor 5 hours
they remained intact whereas bubbles frimam containing only 0% HPMCP did not
demonstrate anstability against dryingFigure 2.9). This shavs that a criticatoncentration

of particles is necessary to stabilize theligjuid interface in the foamystem

A 160 B 100
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- @-0.75%HP O ppb--p-cpoop
%=2.03min - A - 0.625% HP - - e T STl Neletete
-¥- 05% HP 80 vv'x’:ﬂ’[‘l il ‘ v
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Figure 2.8 (a) Foam volume vs. time for foams containing varying concentrations of
HPMCP. (b) Liquid volume drained from foam vsmé for foams containing varying
concentrations of HPMCP.
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0.2% HPMCP

Figure 2.9.(a) Bubbles from w/v% HPMCP foam after air drying for 5 tis. (d) Bubbles
from 0.2 wi2% HPMCP foam after air drying for 5 hours.

If the foam volume or liquid volume decay timesg axtracted from the experimental
data shown irFigure 2.8 andplottedas a function of HPMCP concentration, it can be noted
that there is a critical break v occurs between [HPMCP] = 0%3and [HPMCP] =
0.75%(Figure 2.10). Within this range of concemttions, the foanmakes aransition from
low to high stability. From this, it can be deduced that the minimum volume fraction of
particles necessary to stabilize thelmjuid interface in this system isetweenl0-12 vol%
of particlesin the prefoamedliquid dispersion Figure 2.1J). It is interesting to note,
however, that despite the initial concentration of particles in the system, dffeheurs of
drainage, the volume fraction of particles in all foam samples examined end up.28 ~
(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 tim@VDt) and liquid volume decay tim@VDt) as a

function of HPMCP concentration.
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Figure 2.11 Calculation of particle ®@umes 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 othe sedimented layat the bottom ofhe centrifuge tube was observed.
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Figure 2.12.(a) Volume fraction(f) of HPMCP patrticles in foam at end of experimeit %
800 mins).

2.3.3.Foam Film Morphology vs. HPMCP Concentration

To better understand the mechanism by which HPMCP staldlizéguid dispersions, foam
films containingthe modified cellulosavere observe ina TFPB.When aliquid meniscus
formedby al1% HPMCP dispersiowas thinned in the apparatwse dserved the formation

of gelsfrom the compression of HPMCP patrticles the hole of the porous dis(Figure
2.13. Thus,at highcelluloseconcentrations (which were used in our previous work) foams
are sterically stabilized by paicle gel networks, which fornin the lamella of the foam
subsequent tgravitationalliquid dranhage®?® Particle bridging would result ia higher

effective viscosity in the continuoughaseas well asthe retardation offoam aging
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mechanisms- namely liquid drainage from the foam anihterbubble gas diffsion*

Experimental pressures applied werg500-4000 Pa for gel formation.

Drainage

Figure 2.13 Micrographs following the thinning ajeHilm stabilized by % w/v HPMCP
as observed in @FPB. (a)Liquid menscuscontaining large HPMCP aggregates prior to
liquid drainage from capillary cell; (b) film during drainage; and (c)fthel resulting from

liquid drainageScale bar = 106m.

For subsequemxperimentsparticle dispersions were dikd to 0.75%, 0.8%, 0.5%,
0.35%, and 0.2% HPMCRnd the morphologies dbam films formed by these dispersions
observed. As seen iRigure 2.14 films formed at intermediate concentrations of HPMCP
(i.,e. 0.75w/v% and 0.63 w/0) were non-circular as a result of partiallbckage against
liquid drainageby particle aggregates in thele of the porous fritThis irregular shape could
also have been caused by the restriction of thin film expansion by particles &teaimu
around the expanding filnDuring some trials, flm$ormed by highconcentration HPMCP
dispersionsad norcircular shapes as depictedrigure 2.14 during other trialshowever,

these dispersions formed the same solid glich wereobservedor the 1 w/v% HPMCP

65



sample Thestatisticsof film vs. gel famation in theP2frit are summarized ifrigure 2.15

As seen in this figurethe likelihood of gel formation decreasesth decreasing HPMCP
concentration, exhibiting a critical transition between majority instances of gel formaation
majority instance®f film formation betwen HPMCP concentrations of 0.75% and 0663
These resultgorrelate wellwith the transition observed in the decay tinegfractedfrom
foaming experimentpresented in the previous secti@figure 2.10. This implies thathe
concentration of particles in the systerwhich correspond® varying degrees of interfac
coverage by particles a bulk foam,can be well associated with the different types of film

morphologies observed in the TFPB.

Figure 2.14. (a) Photograph ofriegularly shaped film (0.63 wfb HPMCP) as imaged
through the viewing piece of th€FPB microscope.Ruler in microns.(b) Micrograph of
irregularly shaped film as imaged via TFRBCD camera and observeasing both
transmission and reflectance mod@sultaneasly (0.75w/v% HPMCP).Scale bar = 100

mm.
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Figure 2.15 Statisticsof gel vs. film formation for HPMCP dispersions at different
concentrations. Percentages were calculated frorfiltes formedper samplewith data for

each concentratioaveraged ovethree different samples.

At nongelling concentrations of HPMCPwe observed the formation of
norhomogeneoushin films (Figure 2.16. Experimental pressures applied wer€60-800
Pa for the 0.2 w/v% samples, an®5002800 Pa fothe 0.63% samplesAs seen irthese
micrographs, thin films formed frorfower concentration dispersions of HPMEBntain
bright white spots inside a gray film. This shows that small HPMCP particleglaager)
particle aggregates can-adsorb at the aiiquid interfacealong with dispersed HPMCP
polymer, although it is unclear if this is the actual mechanism. Another possibility is that
particles are trapped by the 2D polyrgel network formed by dispersed HPMCP

molecules’®®* It can be postulated thaluring the formation of cellulostoams, smaller
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particles anddispersed HPMCP polymenost likely diffuse first to the aidiquid interface
with large HPMCP particles and pacte-aggregates forming a shellound the bubbles in a
secondaryadsorption step. As the concentration of HPMCHs increased in the test

suspension, the number of partidesgppedn the foam film also increases.
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Figure 2.16.Micrographs showing film morphology as a function of HPM&iAcentration.
(Column A) 0.2 wi#% HPMCP suspension; (ColunB) 0.35 w/A2% HPMCP suspension;
(Column C) 0.63 w/% HPMCP suspensiofihe times shown represetime elapsedrom

initial film formation. Scale bar = 10@m.
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These results shothat as the concentration of HPMGPimcreased, films formed by
the cellulosedispersions become more irregular in shape dueertbanceddrainage
obstructionby an increasing quantity gfarticlesin the foam film Additionally, the presnce
of more dissolvegholymer with increasing HPMCPoacentration could result in a stronger
network formed by HPMCP in thgray portion of thdiquid film. Inhomogeneous films
containing protein aggregates as well as polyelectraiytiactant complexesvhich are
comparable to the system evaluated heree baen examined by other authdts®** In a
particular set of studieRRullier et al. examined foam and foam film stability &ystems
stabilized by noraggregatedb-lactoglobulin in the presence bflactogbbulin aggregated®
The authors observed that molecular and aggregated species stabilized foam films best when
there was a sufficient concentrationtleé molecular species to trap aggregated protein in the
planar films.Otherwise the systems were unstablee effect of the ratio of soluble HPMCP
to precipitated HPMCP on foam and foam film stability was a point of investigation in

this study but can ban interesting subject féutureinvestigatiors.

2.3.4.Thin Foam FilmsStabilized byHPMCP

SinceHPMCP particlescoexistwith moleculaly disperseccellulosein the foams testedhe
properties of thin films formed by lower concentrations of HPM@#e characterized to
gain a better understanding of th@lecular species in the systefrhinning profiles for
several different films stabilized by 0.2 w/Wv#PMCP were measuredand thear final
thicknessgs prior to rupture determined(Figure 2.17). This concentration was chosen for

evaluation of film thicknes as (of all the samples examined) it had the least number of
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inhomogeneities induced kihe presence adPMCP particles, and could still form stable

foam film. Experimental pressures appliedtireseexperiments ranged from 660800 Pa
depending on theial, but were always such that the applied pressure wid@¥)-Pa greater

than the onset pressure for the sample. These discrepancies could have been caused by the
presence of HPMCP particles and particle aggregbtesn six different measurements, the
averagefinal thickness of films formed from 092 HPMCPwas determinedo be ~20 nm.

At pH 4, thez-potential of HPMCP was =21 mV, which means thaat this pH HPMCP

does not exhibistrongelectrostatic repulsionlhus,thin films stabilized by0.2% modified

celluloseat pH ~ 4arelikely not electrostatically stabilized but rather sterically stabilized.

200
180 -i
160

caused by dimple at
center

Thickness (nm)

0 40 80 120 160 200 240
Time (sec)

Figure 2.17.Thinning profile of 0.2 w/v% HPMCP filmslir{se) Representative image of
film for measured thickness ~ 20 nm showismall white speckqtrapped particles)

distributed throughout film. Scale bar = &th.
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Since the measured thickness is a composite ofdotldsorbed molecular layer and
adsorbed HPMCP particles, image analysas performedo estimate the thickness ofly
the grayareaof thefilm. This adjusted thickness would facilitatdetter understandirasg to
the composition of the foam film, as well as the orientation of HPMCP macromolecules at
the air-liquid interface.To perform the thickness adjustmetite intensity of anraa in the
film containing both gray film and white particlegas measure@nd then scale to the
intensity measuredfor an area containing only graflm. It was found that in the
experimentalmeasurements, thénal film thicknesswas inflated ~ 1.05 times This is
because during the experimentge timeasured intensity encompasdsath the HPMCP
particles trapped in the film as well as the gray filstabilized by dispersed HPMCP
polymer) By rescaling, wéind the intensity of the gray area in the foafmfto be ~ 19 nm

As shown inFigure 2.1, HPMCP contais both hydrophobic as well as hydrophilic
groups distributedalong the polysaccharide backborrather than having defined
hydrophobic and hydrophilic patchess(@& the case with surfactants). Thiis,is not
immediately cleahow HMPCP moleculewould orient at the ailiquid interface. To gain a
better understanding of how these macromolecules could orient at-tiygigiinterface, ve
estimate the size of adsorbed HPMCP molecules bas#uecadystedfinal film thickness
and compare this value to tleeil size of HPMCP at different solution conditiongTable
2.1). In the table below, Mdenotes the number average molecular weight of the polymer,
My the weight average molecular weigRtthe coilsize,L the contour length\ the number

of repeat units in the PMCP chain, ant the length of one repeated uffit.
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Table 2.1. HPMCPcoil 9ze atvarioussolution conditions

M_=19060 Da M = 45580 Da
(min size, nm)* (max size, nm)*
Contour Length
R =L ~bN 80.8 193.2
max
Good Solvent
3/5 20.8 35.0
R¢i~bN
- Solvept 14.8 22.8
R ~bN ' '
a
Poor Solvent
1/3 8.4 11.2

R ~bN

For appoximation of HPMCP coil size in théoam film (R), the adjusted film
thicknessis dividedby a factor of 2(for two adsorbed layers), giving2 ~ 9.5 nm. Since
there are hydrophobic side groumsdomly distributedhlong thecellulosebackboneijt is
assumed that thepolymer coils in solution such that the hydrophobic groups are turned away
from the aqueous solvent; and, that upon adsorption at thiguad interface, thecoiled
polymer opens and expos#wose hydrophobigroups to the air phas@his asumption
yields anHPMCP coil sizeh ~2RA R~ 9.5 nm(Figure 2.18. Assuming that there is a
50:50 contribtion of M, and M, to the HPMCP sample, R9:5nm places the coil between
g-solventand poor solventonditions, which is expectddr HPMCP at pH- 4. From these

estimations for coil size, we canfer 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 Hiepar
interface.

Air
A I R=950m B
Air

IZR Air

Bulk (H,0, pH ~ 4)

J19nm

Figure 2.18 (a) Schematic of HPMCEoils in the bulk aqueous phase and at thdicuid

interface. (b) Proposed structure of the HPMCP coils in a foam film of h ~19 nm.

2.4.Discussion
We present data othe mechanism by whiclparticles fromhydrophobically modified
cellulose, HPMCP, stdize foams by examining foam filmsontainingHPMCP. Sincethis
celluloseis water soluble at certain giHdspersedspecies of HPMCP aexpectedo coexist
with precipitated particles iour test conditions.The presence othe dispersedHPMCP
specieseasults in the formation and stabilization of the gray filnservedn the TFPBat low
HPMCP concentrationsThe thickness of this film is ~ 19 nm which coincides with two
moleculaly adsorbedlayers of cellulose Additionally, an end thickness ~ 1920 mm
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 wabservedin the foam film(Figure 2.16). Further
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increase in HPMCP pacte concentration resulted in therapressn of the particles in the
meniscugo form a solid gel upon liquid drainage from fharous frit When the instances of
film formation and gel formatiowere characterized as a function oPNMCP concentration

in the testsuspension, a transition between majority film formation and majority gel
formationin the TFPB was observdaetween 0.8 w/\% and 0.75w/v% HPMCR Since
thesedataarecommensurate with a sharp transitio the liquid drainage decay time which
was extracted fronfloaming experimentsjt can beconcludel that HPMCP fams become
superstable gtarticle concentrations where there is a high instance of particle gel formation
in the foam film (of the bulk foam systemjollowing liquid drainage. Thusalthough
dissolved HPMCP molecules can diffuse to theligurid interface more quickly and can
form 2D-gels in thin liquid films, the presence of aertain thresholdconcentration of
particles is ultimatelyecessary foa jump increase ifbam and foamilfim stability (Figure

2.19).
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air - air

air : air

[HPMCP] <0.63 w/v% [HPMCP] > 0.75 wiv%

Figure 2.19.(a) Schematic of foam system with adsorbed HPMCP and micrograph of foam
film stabilized byhydrophobized cellulosat concentrations below the transition threshold.
Foams at these concentrations have short deass 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 particlessudts in steric stabilizeon of cellulose foams bythe

formation of aparticlegel network.

2.5. Summary & Conclusions

In summary, we have characterized the behavior of misized modified cellulose particles

as a foam stabilizer on multiple lengthaks. 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 microrsized particlesare stable over long periods of time. Co

76



adsorption of HPMCP molecules andripdes 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 adsorption of various ratios of HPMCP particles and
polymers on the stability ofoam films. Such studies are important as certain types of
biopolymeric particles coexist with molecularly dissolved polymers and proteinaceous
material® ?#?® ' Understanding-onditions under whickhe interations between residually
dissolved materials and particles are synergistic or antagonistic withgiatant for future
applications ofsuch particlebiopolymer systemsn foods, pharmaceutics, as well as

cosmetic$: #?
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CHAPTER 3’

Engineered Kraft Lignin Particles for Foam Stabilization

" Partially based on Lam, Tibbits, Velew (reparatior
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3.1.Introduction

Lignin, whose name is derived from the Latin wérdl i g fouwoad, isthe most abundant
aromatic compound found in natdré is a copious natural resourard has many potential
uses as dispersantchemical precursor, arab a castituentof composite materiafs? The
exact chemical structure of natural ligmmay vary but it is known that lignin is aggregated
in vivoin the cell wall ofwoody plants(Figure 3.1).° There are three main monolignols (p
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) which make up the lignin
maaomolecule the ratio of thee three monolignols vary with the source from which the
lignin is obtained" > ° In addition, the processing conditigmghich natural lignin undergoes
(i.e. sulfite pulping, Kraft pulping, steam explosion) will determitseend functionality as
well as molecular weight (MW).Unlike its biological counterpart, cellulose, lignin is

amorphous and does nothébit any structurallygenerated optical propertié$
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Figure 3.1. Model of lignin aggregatén vivo (left) and Alder model fothe structure of
softwood lignin tight). Scale bar = 100 A3

The inhomogeneity in the structure of natural lignin acmifferent plant species
translates to inefficiencies in its separation from cellulose. This is particplatiyematic in
the biofuels industry where lignin and hemicelluloses need to be removed to recover
cellulose from plants at higlpurity.” 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) tdesignmore effective methods by which to separate lignin
from cellulosichiomass: " 1°*® More recently, research into different forms of lignins have
been fueled by the motivation to utilize this renewatlaterial to faricate valueadded
commodities by understanding the properaesl elucidating the potentiaf these natural
aromatic compoundas molecular surfactants, particulate emulsifiers, and as replacements

for petroleumbased synthetic polymets-®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 mabaper. Every year, ~ 5 million tons of KL is
generated by the paper industry and ~ 98 % of it is buasefdiel inpaper mills ~ 2% is
utilized for the production of valuadded productSKL 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 betr understanding of alkalifgased separation methods for cellulose
purification in the biofuel as well as pulp and paper industtreshe work presented here,
foams stabilized by KL particles are generated and characterized. Sympidwesiseters are
tuned so that particles with improved foam stabilizing attributes may be formed. Such foams
could have potential applications in water remediataord as valueadded consumer
products.

It has been known since the beginning of th8 @éntury that partiels with certain
wettability can impart greater stability to foams and emulsions than molecular surfactant
stabilizers® 2* However, research the area of Pickering foams and emulsions has mostly
been focused on the effect that the properties of inorganic particles (wettability,
concentratia, 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 materiafs 2 "2
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3.2.Materials & Methods

3.2.1 Materials

IndulinNAT (Lot MBO5, M,, = 1060 g/mol, M/M, = 5.2, MeadWestvaco, Charlest, South
Carolina) was used for the preparation of particles for foam stabiliZ8tlodulin®AT is a
softwood Kraft lignin that has underwerdn additional hydrolysis stef cleave residual
polysaccharides from the KL mas&he Kraft pulping process results in the addition of
methoxyl, hydroxyl, as well as ®li groups to natural lignin, rendering KL slightly more
hydroghilic than the lignin found in plantsigure 3.2).2° Hydrochloric acid (HCI, 1N) was
purchased from Sigma and used without further modification. 1N sodium hydroxidélfNaO
was prepared by dissolving 40 g of NaOH pellets inMilli -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 withwtter

modification.

Figure 3.2.Functional groups in Kraft lignin. Aliphatic and phendli©H groups are boxed

in blue?®
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3.2.2 Particle/Microgel Formationand Foam Generation

Lignin particle dispersia containing anisotropally-shaped particles, as well as a
microgel/mesHike networkwere prepared using waterbased shear procefsigure 3.3).
First, IndulinVAT was dissolvedn deionized wateat pH~ 12 to prepare atock solution
Particles weresynthesied by injectingthe KL solutioninto a low pH(~ 2) medium under
shear(Cole-Palmer Servodyne Mixer, 08 rpm, 3 min}o induce the precipitation of the.
biopolymerout of solution in the form of particletn this work, particle/microgel products
generated viathisprc ess ar e t er me d Thd dissdluton wfekd witharr t i c | e
increase in solution alkalinitgnd precipitation out of solution in acidic conditiagasa welt
known phenomenorand has beenstudied by other authors: ® %3 KL foams were
generated by aeratingarticle and microgel dispersiein a professionablender running at
15000 rpm for 60 second®©s$ter Model 4242, Sunbeam Products, Inc., Boca Raton, FL
Samples were subsequently poured from thender jarinto graduated cylindergor

observation.
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KL particles and
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pH~12

HCI + shear

Indulin®AT
powder CH,8
H,C
lignin CH,
H,C SH
H.CO H(or lignin) H.CO H(or lignin)
o OH

Figure 3.3. Schematic of procedure for generation of KL particle/microgel mixture.
Corresponding KL structures shaive ionization of hydroxyl groups during the different

stages of the reformationquess.

3.2.3. Microscopy
Optical Microscopy. The norphology of foam bubbles and particles was examined using an
optical/fluorescence/confocal microscope (Olympus -@X Tokyo, Japan). For
characterization of particle morphology, an aliquot of the partidpersion 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 microscoperatide
fluorescence imagesn aliquot ofNile Red dye(1mg/mL in ehanol)was added and the
sample was equilibrated prior to imaging.

Transmission Electron Microscopy (TEM). Transmission electron microscopy
(TEM, JEOL JEM120&X TEM, JEOL U.S.A., Peabody, MAwith uranyl acetate staining

was used to image KL patrticles wh could not be resolved using optical microscopy.
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3.2.4.Measurement af- Potential

Thez-potential ofKL particleswas measured using a Malvern Zetas{dano 2 at 25C in

a disposable capillary cell. For measuremeng-gbtential, solutions containg 0.00691

0.0257 wt% KLwereprepared from KL stock solutiodfhe sample pH waadjusted using

1N solutions ofHCI and NaOH. The Sniachowski approxination was used to determine

the z-potential of the particles frotine measured electrophoretic mokiliSince suspensions
containing KL particles are colored, eamsurements were performeat two different
concentrations for both reformed and sreformed particle systems to ensure the absence of
concentratiordependent effects othe measuredz-potential For nonreformed particle
samples, IndulitAT powder was diluted in DI O to the required KL concentration and the

pH adjusted to the desired value using NaOH and HCI. For reformed particle samples,
particles were generated at pH ~ 2 using the abosetoned procedure. Reformed particle
samples were diluted to the appropriate concentrations with ;DI &hd the pH of the
samples was adjusted using HCI and NaOH. In both cases, larger particles/aggregates were
allowed to settle out of the dispersion priortésting so as to avoid particle sedimentation

effects during the measurement.

3.2.5. Measurement of Solution Absorbance

To determinethe change ilegree oKL solubility associated with the reformation process,
UV-Vis SpectroscopyJaso 550 U\WVis SpectrophotometerJASCO, Inc., USAwas used
to determine the absorbance of the supernatant fieformed and nomeformed prticle

samples as a function of plKL samples were prepared by diluting stock solugitm the
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proper concentration with DI #. Sanple pH was adjusted using HCI and NaOH and
samples were left to equilibrate for ~ 30 mirsugeior to centrifugation at D00 rpm for 10
min in a microcentrifuge (Fisher Scientific accuSpin Micro Iif)e supernatant extracted
from reformed and nereformed particle samples was diluted 20@Gnd the absorbance
measured at = 280 nm in a UV cuvette with a 1 cm path length:** The absorbance of
KL around this particular wavelength is derived from the vibrational transition of the
aromatic rings in the macromolded' The extinction coefficient of IndulfAT was
reported previously as= 20 cmOmL Og*.** From measured absorbance values, the-Beer
Lambertlaw can be used to determine the concentration of KL in the superoathettest
samplesA = eC . In this expressior represents the measured absorbaatiee extinction
coefficient of Indulif AT, C the concentration of KL in the test sample, atite path length

of the sample cuvetts.

3.3.Results& Discussion

3.3.1.Particle Formation &Morphology

Particles generated using the watased shear process described alareepolydisperse in
size(microns) and thosavhich are large enough for visualization unadgtical microscopy
are either rogshaped or platdike (Figure 3.4). From previous studies it is well known tteat
decrease isolutionpH results in the protonatioof phenolic and aliphatic hydroxyl groups
onthe KL macromolecule. This is followed by hydrogen bondimthe loose surface rems
of lignin between protonated hydroxyl groups, resulting in polymer aggregadidéorm

particles” *** 3°*Despite the varyinghapes ofignin particlesproduced many d the larger
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particles are platéke; this characteristic <c-ansmaskindg
between the aromatic rings in ttignin macromoleculeduring the precipitation of KL

polymer out of solutiot* One noticeable difference between théommed particles and
IndulinVAT powder thaican be seen iRigure 3.4is that noareformed 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 othandh have low contrast with the
backgroundand form voluminous aggregatésom these images, it appears that the process

of reformation dispersed the lignin polymer that was condensed in the original particles into
voluminous lowdensity aggregates.

Recantly, Petridis et al. used small angle neutron scattering (SANS) in conjunction
with molecularsimulationsto demonstrate the fractal nature of natural lignin aggregates on
the angstrom levél.The authors showed that the aggregates were highly folded, very
compact and that they react favorably with wedespite the hydrophobicity of natural
lignin). This is mostly a result of hydrogen bonding between water molecules and lignin
hydroxyl groups: *° We should also expect to observe this hydration behavior in Kraft
lignin, which contains more hydroxyl groupsas well asthiol and methoxygroups- than
natural lgnin. 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 nosreformed (a, ¢) and reformed particles (b, d). Scale bar = 100

mm.

While examining the particle suspgons 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 precipitatedl KM was
employed. However, from the transmissidecé&ron micrographs, one cannot see any distinct
particles but rather a medike network containing KL polymerHigure 3.5). It is possible
that KL nanoparticles formed aggregates during TEM sample preparation, or that the
Ami crogel 0 o b slenicroscaby is & newvork ob KLt polynars agglomerated

through hydrogetbonding subsequent to the reformation proééss.

92



Figure 3.5. Transmission electron micrograplo$ IndulinMAT microgel formed from a
waterbasedshearmethodat pH ~ 1.3.(Left) TEM image of KL aggregates at 5600
magnification. Scale bar = 1 pun{Right) TEM image of KL aggregates at 50,800

magnification. Scale bar = 100 nm.

3.3.2.z-Potential & Solibility of Reformed Particles

To elucidate whether theaterbased sheaeformation processhanged the surface charge
of KL particles, zetgotental measurements were performédg(ire 3.6). Data from these
experiments showthat reformed particles arslightly less charged than neoeformed
particles,meaningthat they are, fronan electrostatic point of vievpetter foam stabilizer
than the nomreformed particlesz-potentias greater thart 25 mV aregenerally desired for
colloidal stability. Howeverfor foam stabilizatiorby particles valuesless thar? 25 mV are
desirel.?* At thesevalues, there would beparticle adsorptionat the aidiquid interface
without stronglateral electrostatic repulsion between particlag-igure 3.6, it can be see

that as pH decreasespotential increases for both the reformed and-mdormed particles
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until pH ~ 5. At this point, thez-potential of the reformed particle system becomes
unmeasurable, and that for the reformed particle sysm begins to decrease. An increase
in z-potential with increasing pH for pHs < 5 followed by a leveling ofzgfotential for
pHs > 5 has also been observed by other authors fdf Ruring the measurements of
potential it was discovered that the solubility dfgnin is alteredafter the reformation
processCurves representing thepotential of the refrmed particleserminated at pH ~.5
This was the pH after which the Zetasizestrumentdid not detecthe presence cény
particles. For the nereformed particlesystem it was not until a pH value of ~ 11 that the

Zetasizer ceased to detect the pneseof particles.
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Figure 3.6.z-potential vs. pH for reformed and nosformed IndulifAT particles. For all
samples measured, absolatpotential increases with an increase in sample pH until pH ~ 5.
After this point, it decreases slightly with inaseng pH for the nomeformed 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 swas=dshear
process Figure 3.7). The pH at which there is a critical change in the solubility of the
particles determined using spectroscopyrelates well with the solubility behavior observed
from z-potential experimentpH ~ 5). The absorbance study for éh KL system
demonstratethat while reforme&L particlesdissolve back into solution at lower pHhey
also more readily precipitate out of solution at pH valessthan5. InFigure 3.7, it can be
seen that at pHs below 5, the concentration of lignithe supernatant of the reformed
particle dispersion is much lower than that in the-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, tleencentration of KL in the supernatant for the non
reformed particle suspension i% 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 nereformed particles as a function of pH. At pH ~
2, reformed particle system is 7 times less soluble thanreformed particle system.
Reformed particles begin dissolving back into solution at pH ~ 5 whereasefuomed

particles do not fully dissolve until pH ~ 12.

3.3.3.Foam Stabilization Efficiendpr KL Particle Samples

The ability of the reformed patrticles stabilize foam was evaluated and compared to that of
nonreformed KL particlesAlthough foamstabilizationby KL has not been reported to our
knowledge, the stabilization of various types of emulsions using KL hasdveduatedby
researchers 17192136 3'Eaams were genemt as described in tHdethods ®ction. By
monitoring foam volume and liquid drainage over time,find reformed lignin particles to

be more efficient stabilizerthanthe original KL particulatesat the same concentration and
pH conditions(Figure 3.8. Foams made using thefeemed particles werstablefor days

and even weeks wheretimsestabilizedusingthe 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 reformealticles being more voluminous than meformed
particles. Micrographs of foam bubbles stabilized by reformed andeformed particle

are shown irthe inset ofFigure 3.8
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Figure 3.8. Normalized foam volume vs. time for foam stabilized by reforraed nor
reformed particles(Inset) Micrographs showingKL particles adsorbed at the -awater
interface.KL concentration = 0.Wt% and pH ~ 2 for foamdzoams made with reformed

particles remain stable for a longer period of time.

Observations ofoam bubbles stabilized by nereformed versus reformed particles
indicate that while particles from theonreformedKL systemdo adsorb at the aliquid

interface, the coverage of the bubble surfaces is sparse, making the system more prone to
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destabilizatio by mechanisms such as coarsening and bubble coalesdeat@med
particles, however, not only adsorb at theveater 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 particlesppear to havaggregate into a gellike structureat the aifliquid
interface- sterically stabilizing the foam bubbles agaiosalescence and coarsenthgough

the formation of thicker, more viscous filnnis the foam lamellaFoam stability was also
studied as a function &L concentratioras well aghe pH of the foaming mediuKfrigures

3.9 and 3.10.
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Figure 3.9.Plot of foam volume vs. time for samples stabilized by diffecemicentrations
of KL (pH ~ 2). Foams maed with suspensions containirfgggher concentrations of KL

maintainlargerfoam volumes and have gter 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 conditionsFoam sthility increases with decreasing pH due to the presence of

more KL particles at lower pH&L concentration in foams = 1.20 wt%.

From Figures 3.9 and 3.10it can be seethat increasing the concentratiohlignin
in the foam resulted in higher foam lstdy, and that decreasinthe pH of the foaming
mediumalso resultedn an increase in foam stabiliti3oth of these conclusions could be
summarized as follows: higher foam stabiliggults froman increase in the surface coage
of foam bubbles by p#cles An increase in the concentration of lignised for foam
generation also resultesh an increase in the number of particles available for foam
stabilization.Similarly, snce KL dissolves at high pH and precipitates out of solution at low
pH, moreKL is precipitated out of solutioat lower pH valuestesulting in more material

available for foam stabilizatioT.his 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 tunedbgeshin
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) agastable KL

foam.

3.3.4. Effective Particl&olume

To gain a better understanding as to how the effective volumes otfinened and non
reformed particlesorrelate to differences observed in foam stability in these two systems
the volumes ofboth particle dispersionsvere monitored at the same pH and KL
concentratiorover time It wasobserved thateformed paitles compacted slowly over time
while the norreformed particles settled out of solution to a volume @06 uL after one
day(Figure 3.11). Even after 36 days, reformed particles h&8D+times larger volumémL)

and ~40 times larger specific volume (mL/g Kthan the noreformedKL particles.

One detailwhichwas observed during the experiments was that the supernatant above
the preipitated noareformed particle mass was much more turbid than the supernatant
above the reformed particegglomerate From this, we can infer that there is more lignin
polymer dissolved in the supernatant of the-neflormed particle sampl®&y measuringhe
absorbance of the supernatant in the-resormed and reformed particle systems, it was
found thatthe amount of KL remaining in solution in the reformed amhreformed
samples at pH 2 differs by a factor of 7 (Figure 3.7). Although thiselucidaesone factor

contributing tothe volume increase in the reformed KL systetmere is still a 3-fold
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increase in volumeesulting from theeformation process which still has to be accoufded
Thisvolume increases likely caused bylifferences irKL 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 systggregates in the reformed patrticle
system, which are not only smallarsize but also less dense than the particles in the original

system, can allow for a higher degree of hydration in the KL particle matrix.
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Figure 3.11. Specificvolume of reformed and nemeformed particles as a function of tirme

agueous medieRegormed particles compress slower inCHthan norreformed particles.
Concentration of KL in suspensions ~ &6 and pH ~ 2.

During measurement of particle volume, it védsoobserved that the loosepacked

reformed particle aggregates, which maineimgher effective volume in solution over time,
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retain more water than the nosgformed particle aggregateBor a system containing
aggregated KL nanoparticles, Frangville and coworkers determined through a dye adsorption
study that the active surfaceea of their NPs were 2.3 times that estimated from the
measured hydrodynamic raditisFrom this, the authors concluded that the nanoparticles
themselves were porous. Likewise, the miesared particles in this system could also be
porous, facilitating fdration of the KL reformed particle mass. Additionallyater
molecules can be captured in dreasbetween KL particles during aggregate formation, as
well as in the hydration layer around particle aggregates. By ubeignogravimetric
analysisor a smilar dye adsorption study as that employed by Frangville et gie future,

the location of captured water molecules inrsiermed KLsystem may be determindtin
summary, the looselgggregated, voluminous structure of the reformed particleduticso

can be attributed to two main factérencreased precipitation of KL polymers out of solution
and the entrainment ofJ® molecules in thaggregatedeformed particle matrix.

The increase in the effective volume occupied by KL after the reformatiocess
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 evaluatthis study is the nmareason for the
improvedstability observed fofoamsstabilized 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 parties (unlike at high pH). Also, unlike in the original system
(Figure 3.123, particles in the reformed systenkrigure 3.129 are smaller, loosely

aggregated, and are distributed at thdiqurid interface as well as thefoam 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 stabilizatbrthe airliquid interface indispersions

generated by foaming reformed KL particles at low pHs.

(a) (b) (c)

original powder KL at high pH - KL at low pH

-
g

reformed

Figure 3.12. Schematic lsowing foam stabilization by Kraft lignin particles befos &nd
after the reformation proceds §ndc). Schemes show that while the original KL powder can
adsorb at the aifquid interface(a), it does not provide complete coverage of the interface as
compared with the reformed particle system at lom(@HALt intermediateand high solution

pHs wherehere is an insufficient quantity of precipitated KL, foams are also ungtgble

3.35. Effect of Stock Solution Age on Foams Stabilized by KL Rextic

The effect of KL stock solution age on the effective volume and foam stabilizing capability
of reformed particles was also examined. We found fieats stabilized by particlesnade

from aged stock solutions hadower initial volumes than foams stabiied by particles
generated fronrmewerlignin solutions(Figure 3.133. Thus,Kraft lignin particles generated
from aged stock solutions demonstrateder foamability than those generated from fresh
stock solutios. On the contrary, particles generatedrfraged stock solutions compressed at

a slower rate when left to stand in antaght container than those generated from fresher

stock solutiongFigure 3.13bh. One possible explanation is that longer resideimee in an
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alkaline environment increase¢he number of hydrophilic KL polymers in solutiothis

could occurthrough the breakdown of KL molecules in the stock solution over. fithe

formation of particlesvhich are mordaydrophilicin nature would result in lower foamability

as well as decreasdgbphobic interactions (slower rate of particle aggregation) in solution.

Lindstrom demonstrated that in a state of dissociati@viscosity of a Kraft lignin solution

decreases overtime, and postulated that this could possibly indicate further bogakup

associated lignin molecules with increasing time spent in an alkaline envirohieada. et

al. more reently showedhat increasing time spent in an alkaline environment does indeed

result in further breakup of the0O-4 arylether bonds in lignif® This results in a decrease in

lignin MW as well as an increase in the number of phenolic OH groups, ngsulta larger

number of hydrophilic lignin molecul&d.®
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Figure 3.13 (a) Plot of foam wlume versus timéor foams made using particles generated

from stock solutions of different ages. (b) Partiségtling volume \ersustime for particles

reformed from stock solutions of different ag€ancentration of KL in foams ~ 0.7 wt%

and pH ~2.
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3.4. Summary & Conclusions

We have reengineered KL particulates, whianethemselves emulsifiers, into more efficient
foam stabilizers by reforming the particles using a whssed shear process. We
characterized the effect of the reformation procesthersurface charge and structure of KL
particles. The-potential of the particles was found to change with pH and was slightly lower
following the reforming process. The procediwe generatingreformedKL particleswas
found to increase theolume ofthe original particlesby ~ 30 times,which resulted in an
enhancd ability of reformed KLto sterically stabilize foams and emulsions. The highest
foam stability was recorded at low gH 2), corresponding to a-potential of approximately
-20 mV. Thus, wénave developed an efficient, environmentdilgndly method by which to
increasethe effective volume of lignin particles, which aftee tieformation process show

enhanced properties as foam ancepbally, emulsion stabilizers-{gure 3.12).
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CHAPTER 4

Magnetically Responsive Foams

" Partially based or(1) Lam, Blanco, Smoukov, Velikov, Veled, Am. Chem. Sq&2011, 133 13856;and(2)
Blanco, Lam, Smoukov, Velikov, Khan, Veldvangmuir, 2013 29, 10019
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4.1 Introduction

Aqueous foams, which can be considered soft complex fluids, are amorphoumlsnater
composed of clospacked bubbleS They are thermodynamically unstable systems, which
are kinetically stabilized by the addition of surfactants, and/or solid particles that can adsorb
strongly at the aitiquid interface. The use of particles in foam and emulsion formulation is
known as Rkering/Ramsden stabilizatidn® Foams can be designed to possess tunable
properties and variable functionalities through the inclusion of particlesirfactants with
special propertieSKim 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 foanf Salonen et al. developed a system which could be controllably foamed by
varying its exposuré temperature and UV lightand Fameau et al. developed aasnfoam
system, which could be destabilized through a change in tempétature.

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 m&grietong (MP)
foams with extraordinary stability. The use of partially hydrophobic particiefoam
stabilization can result in the formation of foam films, which are remarkably stable against
rupture. This supestabilization is achieved through the percolation of particles at the surface
of the air bubbles, forming a shell which slows down thfeces leading to foam
destabilizatior.® Magnetic responsivity, allowing for nerontact defoaming, is achieved
through the incorporation of iron (Fe) particles into the foam network. Destabilization by
magneticfield is a noninvasive and efficient approaai 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, likeethe on
presented here, are promising agents for water remediation processes and oil recthwery. In
past, authors have explored the characteristics of emulsions and microbubbles stabilized by
magnetically responsive particl&s® The use of external magnetic fields to manipulate the
cell structure of ferrofluid foams was studied by Hutzler €& Moulton et al. employed
magnetizable nanoparticles to study liquid drainage in soap fJamswever, to our
knowledge, magnetic fields have not been exploited in the destruction of foamshentil
work presented hereWe 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 alsoseek 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 structetated properties of the foam netwarkiquid
fraction, bubble size distribution, collapse time in a magnetic fieldl vastoelasticity as a

function of foam age.

4.2 Materials & Methods

4.2.1 Materials

Hypromellose phthalateaka HP-55, HPMCP, or hydroxypropyl methylcellulose phthalate)
was obtained as a gift from SHitsu The magnetically responsive carbonybri (Cl)
microparticles (avg. diameter 4.5.2 nm) were obtained from Sigm&arbonyl iron is a
form of elemental carbon, derived from the decomposition of iron pentacarldongl.

ferromagnetic but exhibits | owomaghkien®cshysc
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4 Hydrochloric acid (HCI, 1N) was purchased from Sigma and used withother
modification. 1N sodium hydroxide (NaOH) was prepared by dissolving 40 g of NaOH
pellets in 1L deionized wateDeionized water for the experiments was obtained from a

Millipore water purification system (Millipore MillQ+, Billerica, MA).

4.2.2. SamplePreparaton

Hypromellose phthalate stock solution was prepared as described prefiguifty, for
preparation of 1@vt% HP-55 stock solution, 100 g HE5 powder was dispersed in Dp®L

1IN NaOH was added until all HP5 was dissolved. The final pH of stock solution was
adjusted to 5.63using 1N NaOH and 1N HCI. The final volume of the stock solution was
adjusted to 1L with DI bD. SinceCl patrticles wereuite large and hydrophilic, theyddnot
adsorb at the aiwvater interface. To ensure that the CI particles remained in the hydrophobi
phase, we functionalized their surfaces with oleic &cid> ?° To make magnetically
responsivdoams, we combined HB5 (10 g, 10 wt% stock) with iron particles, added water
(88 mL), and aerated the waterA3B solution for 1 minute using professionablender
(Oster Model 4242) while adjusting the pH t®:53 with IN hydrochloric acid. Next, the
foam was transferred into a cylindrical glass vessel and was left to evolve in-tlyhtair

container prior tdesting(Figure 4.1).
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Mix + Aerate

Figure 4.1. Schematic of the procedure for makimgagnetically responsivdoams.
Functionalized iron particleare combinedwith HP-55 stocksolution. HP-55 particles are
formed under shear and foans generated through sample diera via mixing. The

components are ndrawn 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 aitight containers for a predetermined period wfdj 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@t Bfe fraction of liquid

in the foam was then calculated through a niedance All measurements were performed

in triplicate.
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4.2.4 Microscopy

Scanning electron micrographs were taken using a FEI Phenom (PNéoddhB.V., The
Netherlands). SEM samples were prepared bylging on PELCO tabs (Ted Pella, Inc.)
fixed to the SEM stub. Optical micrographs were obtained using an
optical/fluorescence/confocal microscope (Olympus@X Tokyo, Japarngquipped with an
Olympus DPR70 digital CCD camera. Micrographs of foam samples were processed to
evaluate bubble size distributioWe measured the average bubble size and size distribution
of the bubbles using ImageJ softwaféExamples of micrograghused for bubble size

determination are shown kKigure 4.2

Figure 4.2.Micrographs of fresh foam bubbles (2v® Fe, 1wt% HP-55).

4.2.5 DynamicRheology
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@5and the sample was covered with a bonade

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 sfpDynamic oscillatorystress sweeps and frequency
sweeps were performed at 5 The dynamic viscoelastic moduli of the foam were
measured between shear stresses of-D001Pa at a constant frequency of 6.28 rad/s to
determine the boundaries of the linear viscoelastic rediMR) 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,dd@ping factor (tadf) of all samples were
evaluated at a frequency of 6.28 radBata presented is averaged ow&ror more

independent experiments.

4.2.6 Superconducting Quantum Interference Device (SQUID) Magnetometry

The magnetic response of Pickeyifoams containing carbonyl iron particles was measured
using a SQUID magnetometer (Quantum Design MPML3). A small quantity of foam

was placed into a holder and the samples were tested at 300 K. Magnetization curves, where
the mass magnetization wastabed as a function of applied magnetic field, were measured

for wet (newly prepared) and dry (aged) foams.
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4.2.7.Magnetorheology

Rheological properties of HP/Fe foam samples were also measuradhomogenous
magnetic fiegd. Experiments were perfoed usingan Anton Paar Physica MCR 301
rheometer(Anton Paar USA Inc., Ashland, VAgquipped 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 mantketer. The magnetic fieldasproduced

by an electromagnetic coil located below the bottom plate. Temperature was controlled with
an ethylene glycol stream passed through the magmtigei a device which encasdbe
sample as well as the top and baott plates during testing to maintain a homogenous
magnetic field across the test g&jpglre 4.3). Measurements weperformed at a 1 mm gap
height. The dynamic moduli of the samples were meastbesd/een shear stresses of 6.01

100 Pa at a constafrequerty of 1 Hz to determine the boundaries of the linear viscoelastic

region (LVR). Measurements were performed at differeagneticfield strengths®=10 T,
0.33 T, and 0.64 T) and for samples of various ages. Samptesequilibrated in the applied

magnetic field for ~10 mins prior to testing. All experiments were performed in triplicate.
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a) Parallel Plate
non-magnetic

Highly Permeable Material

Magnetic Field

MRF
Coil

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 shew
encasement of t he test geometry i n t he ma
material 0) . (b) Phot ogr arpcboling ystem&ahematiciard br i d
photograph courtesy of Anton Paar USA.

4.3 Results & Discussion

Hypromellog 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 HR55 particles to stabilize foams for monffiaVhen precipitated under shear

at low pHs, HR55 forms anisotropically shaped particles, whiclscad at the atwvater
interfaceto create an armor composed of cellulose particles at the bubble surface. The first
foam stabilization mechanism ptided by the HFS5 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 the foam®*” ** The second mechanism of foam stabilization by33P

is based on the mechanicajidity resulting from the entanglement of anisotropic particles at
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the film surface. ThéiP-55 foams are made magnetically responsive through the inclusion
of functionalized iron particles into theellulosematrix (Figure 4.4). The SEM image in
Figure 4.4 demonstrates the presence of Cl particles in a continuous network-o6.HF

the absence of an external magnetic field, Cl particles are randomly distributed in-8% HP
polymer matrix around the bubbles. Despite the large density difference betweeen th
magnetic particles (7.86 g c¢inand anisotropic HB5 particles (1.28 g ch), the former
remain trapped within the matrix of the latter and the system remains stable without iron

particle sedimentation for more than one wdag\re 4.5).

; 4 . . JB
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-B8 particleswith carbonyl iron particles decorating
the HR55 shell (b) SEM micrograph of dried magneRickering foam. The dark gray
mater remaining after foam bubble breakdownhe HR55 matrix, and the white particles

are carbonyl iron. Scale bar = 10 um.
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Figure 45. Normalized foam head volume as a function of time. After rapid initial drainage
andcreaming the foam remains stkbfor more than one weeklote: The graph has a break
between 4000 and 12000 minutes.

We characterized the foam samples in terms of stability against aging, viscoelasticity,
andalso observed thdynamics offoam destruction in the presence of a magnégld. In
the following section of thehesis 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 propesfieMP foams and their

destabilization pathways.

4.3.1 Foam Stability: Liquid Drainagend 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 systefhe fraction of liquid in the foam can be

120



represented by the expressi@s Viig/Vicam WhereViq is the volume of liquid dispersed in

the foam, andVi.am represents the volume of foamSince foam liquid content is directly
correlated to the evolution of average bubble size, bubble packing, and foam viscoelastic
properties” we report data for measurements of foam water fragiora 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 benodeledby an exponential expressien-t°, wheree represets the fraction

of water in the foam phas#,is an exponent which correlates to the rate of liquid drainage
from the foam, andis time® The value oft for surfactant foams is usually between 2/3 and

2. For the present MP system, the valuégikis ~ 1/6, which tells us that our foams drain
much slower than conventional surfactatdbilized foams. The magnefRickering 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 #melast
classification used for the water content of surfacb@sted foams, which is as follones>

0.35 (bubbly liquid);e ~ 0.35 (wet foam); ane < 0.05 (dry foam§*3 The much higher

liquid retention capabtly of magnetePickering foams over that of conventional surfactant
systems can be attributed to the thick films sustained by steric repulsion between the
voluminous HP55 particle layers at the surfaces of adjacent bubbles. These patrticles, which
also regle in the thick liquid films of the foam, slow down the drainage of fluid from the air
rich phase of the system Even f or o0 ureisi 6@.10ywhichoddfensdfrons thes e s |

conventional defition of dry foam for surfactardtabilized 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 avéxanple diameter of 50 mm

and coarsen over a period of one week to a diameteb@drm (Figure 4.60).
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Figure 46. (a) Foam water fraction as a function saimple aget different carbonyl iron
concentrations. All saempdbesomideya toamsit(l
diameter as a function of time for MP foam. The carlb@moyn concentration is 2.7 wt% for

data in (b).

Several authors have conducted experiments and simulations to evaluate the
dependence of foam bubble size andi It has been shown that in the limit of dry foams,
growth of the average bubble size scaledé: ~ t2.34*8 In the case of foams stabilized by
surfactants or amphiphilic molecules, drainage, coarseningaaléscence occur in a matter

of hours. In magnet®ickering foams, drainage to establish a psatdtionary state under
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gravity occurs in about 30 minutes; followed by minor coalescence through the rupturing of
liquid films between bubbles on a tirsede 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 aRR ~ £, while tre average size of bubbles in foams in the coarsening regime scale as
R ~ %2 (Figure 4.7). Thus, the evolution of average bubble size in our system occurs at a
slower rate than in surfactant stabilized fodf3’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 /3 the speed of growth in the coalescence regime. This
trarsition between the two evolutionary regimes occurs when the foam iS éags 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 foangsl day old. The circular points reggent data for foanfs1 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
value for the x = 0.3@xponentfor foams ¢ 1 day old is 0.98 and the’Ralue for the x =

0.12exponenfor foams? 1 day old is 0.84.

4.3.2 Rheology: Evolution d¥iscoelastidBehavior

On a macroscopic scale, we can characterize the magnetic foam system by studying the
response of thbulk foam to tangential deformatioilVe interpret the macroscopic behavior

of these Pickering foams in the framework of their dynamic rheological behavior. MP foam
samples were subjected to srathplitudeoscillatory shear, and their storagé & and loss

(G & moduli were measured as a function of angular frequendy, ** The moduli are

related to the complex modulus?,through the expressidd* (W) =G w) +i @) 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 das#tsceand viscous
nature?**> The results from the frequency sweep experiments plottEijime 4.8a show a

weak dependence of the modult §and G Q) @n w. Figure 4.8a reveals the frequency
spectrum of the stage G $ and loss G 9 moduli of two foams samplesfresh (1 hr) and

aged (3 days). The frequency sweep experiments were performed using a shear stress in the
linear viscoelastic regions(yg = 3 Pa) of the materigFigure 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 tlt&®o These results taken together
suggest thaour foams behave as an elasticlged material’*’ This finding is significant,
because surfactabised wet foams or emulsions with similar water fractio®.%) normally
exhibit viscous behavior with the absence of any yield stfdssam elasticity results from

the springlike nature of the foam films, which is dependent upon the extent of éubbl
packing as well as the composition of the continuous phase in the’fdamwet 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;athdG 6 6
strongly dependent on frequerf€y** The fact that our sample is elastic and exhibits a yield
stress(Figure 4.9) indicates that the soligarticles at the gdliquid interface dominate the
rheological behavior of these foams by interacting with each other and forming a jammed

network in the bulk phase of the foafh.
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Figure 4.8 (a) Storage,G ¢ and lossG 6 @éodili as a function of frequency for foams of

different ages and at 2.7 wt% Fe. Filled symbols représéand hollow symbols represent

G & dhe shape of th& éand G 6 durves show that when testing in the linear viscoelastic

regime (LVR), the foam behaves a gelike material and has low frequency dependence.
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Figure 4.9.Elastic modulusi §as a function o$hearstress. Oscillatory stress sweeypere
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 @fo particularly at low frequencies, inday old
samples, indicate the formation of a stronger elastic netvwogkire 4.8a). Interestingly at
this stage, the water fraction of the sample has decrease@.85~For a surfactaitased
system, this wouldead to a transition from a wet to a clogmtked 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 savat mod
change inG ddespite substantial liquid drainage. This provides further evidence that solid
particle interactions dictate tli&@f the MP foam system.

The relationship between damping fact&'(G'), or tard and the age of the foam is
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plotted inFigure 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 vale 80
corresponds to a perfectly viscous material wherta® corresponds to a perfectly elastic
material. A fresh magnet®ickering foam hag/~ 10 (found from data irFigure 4.8b).

This foam can already be considered a very elastic material. As it ages to B dieggases

to a value of ~ § which means that the degree of material elastiaty 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 summnary, 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 ifrigure 4.8b (damping factor), we see
remarkable consistency in that the decay im/&eo shows a transition point ofl~1.5days.

The same critical onrday point was determined in the previous section to be the time at
which bubble evolution in the foam transitions from the coalescenceedg the coarsening
regime. This transition time likely corresponds to the point at whictbbiBarticles on the

surface of neighboring bubbles interlock to form rigid lamellae.

4.3.3 Collapse: FoanBreakdown on Demand by aalgneticField
We describd above, the effect of the maturing process on the intrinsic properties of
magnetePickering 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. Witeseex
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to a gradient magnetic field, the iron particles trapped in th&HRatrix 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 gradidnagnetized iron particles

. . L - : . .
acquire a dipole momemy=VcH , proportional to the particle volum&, and to their

magnetic susceptibilityc.>* The force on one particle inside a magnetic field depends on the
volume ofthe particle, the difference in magnetic susceptibility between the particle and

surrounding mediunDc, as well as the strength and gradient of the applied magnetic field (

B and DB, respectivelyy?
C
I:mag = voe B%DBﬁ (Ean 41)
g

where /7 is the permeability of free space. The magnetizability of a system depends on its

components. In our case, the foams ameixdure of diamagnetic materials @ 10° to -10*
Sl) such as water and H#5, and ferromagnetic carbonyl iron particles, which are strongly
polarizable and attracted by magnetic field gradients.

In the absence of a magnetic field, the foams cordaindhe glass cylinders were
stable for more than a week. This findingcisnsistent with earlier studies conducted on
foams containing just HPB5 particles” 2 The magnetePickering foams, howeveryere
destroyed in a matter of seconds when an external mad@eé&tievas applied. Thisvas done
by placing a rectangular magr(@tin.3 2 in.2 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 lawel,in contact with the

outside of the foarcontaining cylinder.This processand subsequent foam collapse were
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captured indigital video using a Canon EOS 5D camera with a 100 macro lens.
Snapshots from videos of foam collapse showrFigure 4.10 demonstrate bulk foam
collapse ina gradientmagnetic field for a 5 hour foam sal@@nd a 3 day old foam sample.

As seen in th&e snapshotghe 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 violenthe aged fam sample collapsesmediately toward the
source of the gradient fielth Figure 4.10 (ad), which shows the collapse of the 5 hour old
foam samplepne can see that the entire foam sample deforms toward the source of the field
as one whole body (~ 15@e The foam is collapsed further as air bubbles are ejected from
the foam matrix over the next® minutes. This behavior is sharply contrasted by the

collapse of an aged foam sample, which is illustratdeignre 4.10 (eh).
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Figure 4.1Q Snapshotshowing process of weind dry foam collapsé& hour foam sample
(a) before exposure to magnet; (b) as magnet is applied @t sec); (c)after initial
deformation (t = 11 sec); and (d)®4ec after magnet applietil day old foam sampli@)
before exposre to magnet; (f) as magnet is applied (t = 0 sec);aftgr 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 wa@lapsed to determine the effect
of water drainage on thebreakdown behavior. The rate and mechanism of foam collapse
were found to be dependent upon the age of the foam, as wtik asoncentration of
magneic particles in the systenThe dependence of collapse timetba age of the fom, as
well as on the concentration of magnetizgtéeticles in the system, is illustratedkigure
4.11 Thedata point out that the time necessary for foam collapse rajgdbys with the age
of the foam.In the range of magnetic field strengths usethe present study, we found that

the iron particle concentration required to destabilize thésBiPatrix is above 1.3wt%; this
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correlates to a HB5:Fe weight ratio of 1:1.3. The overall foam collapse trend showed that
the length of time necessary foeddruction 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.
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Figure 4.11 (a) Collapse time versus foam age. The carbonyl iron concentrationvid%a.7

(b) Collapse time versus age for foams of different Fe concentrafidrese times are
determined from collapse experiments performed on foams contained in sealedaitass v
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 magR&tkering foams was
characterized using a SQUID magnetometerFiljure 4.12 we present magnetizatiom
(emu @), curves for two magnetic foams fresh foam and an aged foam as a function of

the applied magnetic fieldd (Oe), at 300 K. The mass magnetization of the foam increases
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with an increase in the magnitude of the appliettfuntil saturation magnetizatioNs, 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 ferromaditeparticles retain a remnant magnetization in zero field
that can only be switched by applying a reverse field exceeding the coerciveHfield,
MagnetePickering foams, however, behave as a material without magnetic hysteresis, which
is characteristic focarbonyl iron powde?? Carbonyl iron can be considered a magnetically
soft material, whose ferromagnetic nature results in a high saturation magnetMa@#t0
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Figure 4.12. Magnetization curves for magnefickering foams. These curves represent the
mass magnetization as a function of applied magnetic field for fresh-day dld foams at
300 K and 2.7 wt% Fe.
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As seen irFigure 4.12, theM;s of aged foam is ~ 6 timesrger in magnitude than the
Ms of fresh foam. Both foams saturate in fields stronger Bharb x1G Oe but the saturation
magnetization of the fresh foam sampl®lis= 1.6 emu g, while that of the aged foam s
= 9.8 emu g. The magnetic susceptiliiéis of the foams were calculated from the slope of a
line fitted to the initial part of the magnetization curve and were found @W%%= 0.0005
emu g' Oe’ and ¢ = 0.0022 emu § Oe™. The difference in the saturation magnetization
and magneticsusceptibility 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
magnetic field; and, explain why older foams are more susceptible to a magnetic field, which
was observed during the collapse experiments showigure 4.11

The effect of age omthe magnetic properties of the foamas alsoexemplified in
magnetorkology experiments performed for the HP/Fe syst&®esults from dynamic
oscillatory experiments are presented below. Hrogare 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 @aryd iron particles in the foanfs the
strength of the applied magnetic field is increased, the strength of the particle chains resisting
deformation also increasagsultingin improved rheologidgpr operti es (i ncreas
effect of the applied (homogeneous) magnetic field on the maacal properties of the
magnetic foamss similar to that typically observed for magnetorheological (MR) fltids.
MR fluids, both the complex modulus and yield stress have been observed to be enhanced by

the gplication of a magnetic field to induce an attractive force betweem#gnetically
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responsiveparticlesin the sampleThe strength of attractidmetween magnetiparticles has

been shown to increase with increasing field streritth.
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also increases.

By extractingte | i near el an$ and the yrald dineds i Som (Stess
sweep curves like those presentedrigure 4.13 the rel atipandthangpg bet w
the strength of the applied field can be obtairfeédure 4.14). As seen inFigure 4.14 both
G (h andty increase with the strength of the applied field. As mentioned, the improved
mechanical properties measured for the foam with increasingstieddgthresults from an
increase in the attractive force between magnetic particles in strongeretinagelds.

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 shdwiguire 4.14 as the age of the sample
increases, the linear modulasd yield stress also in@®e; this data agrees well with the
dynamic oscillatory data presented above for magnetic foams tested using the AR2000
rheometerTh e p | o  andtf asra ful@on of sample age show a transition after ~ 1
day of aging, which was previously obsatver the foam in the absence of a magnetic field
(Figures 4.6, 4.8, and 4.)1 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 drinage during the aging procegsdditionally, the results in
Figure 4.14 also show aged foam samples to exhibit a stronger response to an increase in
magnetic field strength. Thigesultcorrelates well with our observations for foam collapse as

well as wth the data obtained from SQUID magnetometry.
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Figure 4.14 (a) Linearelasticmodulus for HP/Fe foam samples as a function of sample age
for foams tested when the strength of the applied field is: Blug)( 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 Blie), 0.33 T yellow), and 0.64 T durple). Both the

linear modulus and yield stress increase wittreasing samplege andmagnetic field
strength

4.34. Foam Collapse Mechanisms: Explanation and Model

The forces involved in the action of a static magnetic field on the foam are
schematically illustrated idrigure 4.15. It is important to note that the bubble packing
configuration ewlves 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
respondble for their collapseHigure 4.15). The exposure of wet foam to a magnetic field
resulted in the movement of the bulk foam system (bubbles;3iRvater, carbonyl iron
particles) as a plastic body flowing towards the source of the figld. step is fdowed by

the macroscopiexpulsion of air bubbles out of the foam matibhus, thecollapse of wet
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foam results from the discharge of air bubbles from the foam mBitryxfoams also deform
toward the source of the magnetic field, but this deformatiaapsl and violent Kigure

4.150). 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 thdeddénce 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 diggbjmle interactions. In addition, the presence of
water as a free ligd 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 redhfctiater

in the films, results in a stronger collective response to the applied magnetic field. The close
packing and trapping of particles in the thin,-gje¢@ foam films allows them little room to
rearrange or migrate freely toward the source of tledd.fiAs a result, Cl particles
collectively stretch the thin films between bubbles, while pulled by the magnetic field,

causing film rupture and bubble coalescence.
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Figure 4.15. (a) Snapshots of microscopic collapse process for wet {ognrow)anddry

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 agehaviestn of collapse

for wet foam- bubble ejection from particle matrix by magnetic fiélop row) Mechanism

of collapse for dry foar film rupture via stretching by magnetic figllottom row)

To further test the validity of the above hypothesistm mechanism of destruction

of fresh and old foams, we developed a model evaluating the number of particles necessary
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to induce breakdown in wet and dry foams using two different collapse mechanisms. The

minimum number of particles needed to collapse dlaenfin each scenario was evaluated as

follows:
DP (pR?
Np/eto &Ubb'e (Eqn 42)
I:mag
N&Y o % (Eqn 43)

mag

In these expressionByagis the magnetic force that the field exerts on one iron parigls,
number of particles[P is the Laplace pressure inside an air bubBlés the radius of the

bubble, gis the energy at the aivater interface, and,,.., is the length over which the

particles act to stretch the bubble. For the fresh foam system,alvet/the force that leads

to the expulsion of one air bubble from the foam matrix. The pressure inside a bubble of
radiusR exceeds that outside it by the Laplace pressiite=(2¢gR). To squeeze a bubble out

of the foam matrix, a force must be exertedovercome the Laplace pressure distributed
over the crossectional area of the bubbleRP). 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 magieefield (N, F,.)). 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
necessaryo induce collapse by air expulsion from a fresh foam sample.

As the foam agesF{gure 4.1%), 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
getlike films losetheir 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 tighfile) (

to the total force exerted on the film by the attraction between CI and the magnetic field (

d . . . . .
NpryFmag). In this model, the magnetic pull of the particles is opposed by the temsian (

the bubble surfacedVhile there may be a small tensile stress fritra particle matrix
opposing thin film rupture, we are assuming that this force is negligible in this model. This is
because the HB5 particles stabilize the foam when compressed, but the network is expected
to have poor tensile strength. In addition, ®tice 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 thevaier interface.

We determined the minimum number @lrficles 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 headT@ble 1). The numbeiof magnetic particle®aded into a foam is evaluated

as 210" (considering a concentration of 2.7 wt % Fe). According to the expression above
for N,V,”et, approximately 4000 iron particles are needed to squeeze one bubble out of the wet

foam matrix Table 1 and Figure 4.1%); 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
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enire bubble. The quantities reported 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-qusetitative
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 neadyder of magnitude larger than the

one needed to induce foam destruction.

Table 4.1. Summary of forces needed for destruction of wet and dry ffams.

Frnag[NN] N, [ Cl/bubble!™
Wet foam a 3. ¢ a 400 a 2000
D a 9.« a 480 a 30000
ry foam

(& parameters used to solve for these values can be folrables 4.2and4.3. [ Fmagis the force

experienced by one carbonyl iron particledfield. ) Np is the number of particles needed to
displace a bubble from the particle matrix (wet fpam to rupture all the films in a bubble (dry
foam). ! 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 denotday Cl/bubble.

The key values associated with the calculation of forces in the wet and dry foam
collapse models are presented’ables 4.2 and 4.Delow. The magnetic susceptibility used
in the wet foam calculations,.e, Was determined using the Maxw@&hnnett equation for

the magnetic susceptibility of a suspension of -imeracting spherical particlés.The
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magnetic susceptibility used in the dry foam calculatiogg, was obtained from a literature
value for cabonyl iron powdef> 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 susceplity 6.28 x 10’ m* kg™
Fmag Magnetic force 3.3x 10°N
Roubble bubble radius 50mMm

[P: Laplace pressure 2000 N n¥

Table 4.3 Relevant magnitudes associated with calculation of forces in dry foams.

Parameter Value

Cary: (Mass) magnetic susceptity 1.88 x 10° m* kg™
Fmag Magnetic force 9x 10°N

g surface tension 0.05 N m*

Istretcs film length 125mm

4.4. Summary & Conclusions
The magnetd’ickering foams are responsive soft magnetic materials with remarkably high,

yet tunable stdlity. 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 wabrrelated. They present a consistent model of the iaterpl
between two distinct physical mechanisms of foam stabilization and breakdown, controlled
by timedependent draining and aging processes in the foam. The most interesting insight is
the strong dependence of the foam properties on the aging procesh@wgm all foams

were very stable in the absence of a magnetic field. The maBrekering foams exhited

a transition point between2days, before which all foam properties undergo rapid evolution

and after which the changes in their properties owvere tislow 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 catesd to the formation of a robust diégle network

by the HR55 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 éhfoam 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, andinfatedst
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 allowedgdod
characterization and understanding of magatkering foam behavior during their aging

and destruction by magnetic field. The ability to faiowasively apply a weltefined force to
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iron particles confined in a film, as demonstrated in this worknspp 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 edemand foam destruction and rerabis needed”
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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 taa liquid systemprior to aerationApplications for foams are found awide range
of large-scale products and processesanging from food to detergentand from oil
recovery to the production of macroporous matefidiam stabilityis an important
parameter in many applicatioasd recentresearchprogress has resulted in theeation of
very stable dam$”’ as well as irbetterunderstandingf the mechanisms which lead fimam
stability*® %2 For applications, such as recovenf 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 demaraderequired:* However
foamdestabilization typicallyemploys the use of chemical agewtsich are harmful to the
environment? In the current thrust towards sustainable development, thdemand
breakage of foams by external stimwdther tharby chemial defoamersould reducethe
use oflargequantities of polluting agents.

There is abundanliterature on responsive surfactants, polymers, emulsions and
gels™!"; however, few studies exist on triggering foatabdlity by external stimull* # 1821
The use of light and temperature as stimuli for controlling just the foamability of a
foamulsion was reported recently by Salomgral?* Foans, which could be manipulated
using external fieldswere also reportedrecently Magneticdly responsive foamswhich
exhibit excellent stability in the absence of a field, but can be rapidly destroyed on demand
o

with the application of a threshold magnetic field waescribedoy Lam et al.” At the same
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time, the first foams exhibiting temperatitmable stabily were designed using thermally
responsive fatty acid assemblie©ther thermoresponsive systems, such as foamulsions,
have also been formed using methycellulose/tannic acid compfeesnpared to stimuli
such & temperature or magnetic field, light offers significant advantages in that it can be
directed precisely at a location of interest withphysicalcontac?? Photoresponsive foams
were achieved in a recent study using a photosensitive mzemebased surfactant. The
authors demonstrated the pimlity of light-induced foam destabilization, but their system
could beimpractical br common applicationas azobenzene surfactants may be unsuitable
for the environment, and are typically not commercially available.

We report here a simple systemhsliaed usinga gréero surfactant, which has both
high foamability and foam stabilitjgut which can easily be destroyed by light. The concept
introduced in this study is to combine particlesich are good absorbers of UV irradiation
with thermally resposive fatty acidmolecular seHassembés in order to produce photo
thermoresponsive foams. Metallic particles are intelnget absorbers, with absorption
resulting in a rise in temperature at the particle sufaeThis photothermal conversion
process has been lairgeinterest for many applications in biomedicine, such as drug release
and bioimaging” ?® Carbonbased prticles have also been shown to give rise to strong
photothermal heating effects, and for this reason have been used for solar energy
collection®®%

In this study, carbon black particles are mixedhvatthermoresponsive fatty acid
12-hydroxystearic acid (1:PISA)3%%? 12-HSA is an inexpensive molecular surfactant

available in &rge quantities and at low costlerived by the hydrogenation of a sustainable
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material- ricinoleic acid from castor plants. Ultrastablerftahae previously been obtained
with selfassembled EPISA tubes of micron sizthatare adsorbed at the air/water interface
and jammed within the foam liquid chann&l¥ Researchers also showed that upon heating,
the tubes transform into micelles due to a change in temperaturenTbis ichangeshe
packing parameter dghe fatty acid assemblies sidethe foam lamellaleading tocomplete
destruction of the foamas micelles with a nanometric size canrgticiently block the
gravitational drainage of liquid from the foam, or the occurrence calescence and
coarsening between bubbles.

We report here how the stabjlof the foam systemontainingcarbon black particles
and thermoresponsive 42SA tubes can be manipulated using UV irradiation. geéan
insight on the mechanisms of lighhduced destabilization, we varied the fatty acid
concentration, carbon black pale concentration, as well as initial water fraction in the
foam. To generalize our approach, wsed otheparticles known to bgood 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-dydroxystearic acid (EBISA) (SigmaAldrich, 75%
purity). Carbon black particles (CBP) were a gift from Cabot, Inc. (Billerica, MA, USA).
Two typesof carbon black particles were used: Black P80 and Monard¥B800. Surface

treated iron particles were prepared accordingatm et al.,by mixing ~ 21 g carbonyl iron
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(Cl) powder (avg. dia. 4:5. 2 & m, Si gma) with 35 mL sol
methanol. The methanol and excess oleic acid were washed away prior'fo use.

The absorbance spectra of CBP aneHEBA mixtures were measured using a Jasco
550 UV-Vis Spectrophotometer ABCO, Inc., USA) at room temperature between the
wavelengths of 200 to 900 nm. Samples were placed into quartz cuvettes withengtth
of 1 cm. Thesizesof the carbon black particles were characterized using transmission
electron microscopy (TEM, JEQ2010F, JEOLLtd., Tokyo, Japan). The TEM samples were

viewed at 200 kV acceleration voltage.

5.2.2 Fatty AcidSamplePreparation

12-hydroxystearic acid was weighed in a sample tube into which-®ilvater (Millipore

RiOs 16 RO system, EMD Millipore @goration, Billerica, MA, USA) was added to obtain

the desired concentration. Next, wexed inthe desired volume of aM stock solution of

the countefion (ethanolamine (Sigmaldrich, 99% purity)) to obtain a molar ratio of 2
between the countgon ard 12HSA. The mixture was heated at 80°C for rbin until all

fatty acid solids were dispersed. The samples were then vigorously vortexed and cooled to
room temperature. In order foreparethe mixture of 12-HSA tubes and carbon black
particles, we simplyadded the desired amount of particles to the solution containing fatty

acid tulules. 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 glasmemnid6 mm internal
diameter,125 mm height) containing 8 mL of the-HS5A/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 UVatioad

5.2.4 SampleTesting under UV lllumination
All the samples were iadiated from the top with a 100UV lamp (OmniCure S1000, Efsen
Engineering A/S, Denmark) equipped with a 300 nm band pass filter. The foam volume
evolution upon UV irradion 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 meastfred.

The change in sample temperature throughout the UV irradiation process was
monitored using &LIR SC300 infrared camerashich can measure sample temperegin
the following temperature range4:20 C to 120C and OC to 350C (FLIR Systems, Inc.).
The camera has an uncooled microbolometer detector and a temperature reading accuracy of
+2 C; and was used in conjunction with the Exami@Rsoftware to prodce a thermal map

of the samples during foam collapse.
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5.3 Results & Discussion

5.3.1 FoamPropertiesBefore andAfter UV Light Irradiation

The system studied is a mixture of carbon black particles (CBPp#t 4&nd micronsized
12-HSA tubes at aoncentration of 10 g/L with a temperatgependent transition from
tubes to micelles at 45°CTEM analysis of CBP particles showed ttHar both Black
Pearl'880 and Monard?BOO, nanoparticles 20 nm in size were aggregated into larger
clusters. These cltexrs most likely represent the morphology of the carbon black particles in
the foam. The average size of the Black Paso aggregates was found to b830 nm, and

the average size of Monaf800 aggregates was found to be320 nm after sample
sonicatiom (Figure 5.1). The 12-HSA tuhlulesstabilizing the foamare thermoresponsive and
molecularly assemblénto micelles at aroundt5°C as shown by Small Angle Neutron
Scattering (SANS) measuremenBgure 5.2a). 122HSA molecules assemble into micron
sized tulbles starting at a concentration of 1 g/L, and have the same structure for all

concentrations studied hefigure 5.2b).>*
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Figure 5.1. Transmission elemn micrographs of (a) MonartBOO and (b) Black
Pearf 880. Most particles in the foam are aggregates @&0~nm nanoparticles in both

samples.

Figure 5.2. (a) SANS data at 25°lue) and 45°C fed) for the 12HSA system at 10 g/L
and r= 2 obtained aLLB France on PAXY spectrometer. (b) SANS data at 25°C for the 12
HSA system at 10 g/Lb{ue) and 40 g/L lflack) with r = 2. The data have been shifted in

intensity for the sake of clarit’y*

AASANS dda and interpretation courtesy of Dr. Arbaure Fameau.
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