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Cellulose is one of the most abundant organic substances on th&karéhare two types of
pathways to produce cellulose; first way is from plants which requires a lengthy purification
process to remove all the undesired components such as lignin, pectin, and hemicellulose, the

second way is from the biosynthetic procesganicroorganisms such as bacteria.

Although, the molecular formula of cellulose synthesized by bacteria is identical to that made by
plants, but the properties of bacterial cellulose are far better than plant cellulose. Bacterial
cellulose possesses aaqure threedimensional nonwoven network of nanofibers which is

flexible, biocompatible, and highly hydrophilic. It has high porosity, high wet tensile strength,
high crystallinity, and higiwater absorption capacity. Therefore, the production of cellllpse

bacteria could be an interesting alternative for the glanved cellulose.

As such, my research project aims to develop afaoling, superhydrophilksuperoleophobic
membrane for oilvater separations based upon bacterial cellulose (BC) memhrapesying
current fluorinated strategies. Our membranes will remove or adsorb water from an oil water

mixture/emulsion and helps to isolate and capture the oil fraction.

In this work, afacile and effective method is described to engineer original bdateliialose
fibrous networks with tunable porosity. We showed that the pore shape, volume, and size
distribution of bacterial nanocellulose membranes can be tailored with appropriate culture

conditions specifically carbon sources. Pore characterizatibnitees such as capillary flow



porometry, bubble point method, gas adsorptiesorption technique as well as visualization
techniques such as scanning electron and atomic force microscopy were utilized to investigate
the morphology and shapes of the pavékin the membranes. Engineering the various shape,
size and volume characteristics of the pores available in pristine bacterial nanocellulose
membranes lead to fabrication and development ofrémadly materials with required

characteristics for a baol range of applications.

Bacterial cellulose has proven to be a remarkably versatidpddjoner gaining attention in a

wide variety of applied scientific applications such as electronics, biomedical devices, and tissue
engineering. However, difficultie® handle and expand a thin layer of BC membrane limit its
applications. To address this issue,-B@/ composite membranes with special
superoleophobic/superhydrophilic wetting behavior were fabricated. We have demonstrated that
the network of BENW compostie matrix shows powerful water trapping capacity which makes

it an ultralow oitadhesion material. Taking advantage of the underwater superoleophobicity, a

BC-NW membrane was successfully used forwdter separation.

Our water infused system showed atremely high separation efficiency and amitfouling
properties even for separating surfactstabilized micre/nanoemulsions. The simple strategy of
the current method for fabricating thrdenensional odrepellent structures during biosynthesis
makes it possible to design BAW membranes with desirable geometrics whose potential
applications will emerge in a number of avenues such as dimgdet! microreactors,

microfluidic devices, and bidetection.
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CHAPTER 1: Superhydrophilic-Superoleophobic Membranes for Oil-Water Separation

1. Introduction

Growth in the global population and economies have led to increased oil extraction,
transportation, storage, and processing, which increases the risk of oil spill accidents and oceanic
pollution. In the United States of America alone, a massive 10 to Bi&mmallons of oil is

spilled each yedrFurthermore, fires, chemical burns, and explosions can result from oil spills,

exacerbating oil spill impact and damage on earth.

Oil-contaminated water threatens human health and sa#etyingfire and explosiomnd severe
environmertal impacts to ecosystems, atmmpromises agriculture by killing wildlife and

plants, destroying habitats and food, and diminishes air and water quUhétgfore,

development of an efficient and sustainable method for the separation of oil from wérious
polluted water is crucidb decrease the impact and damage of water contamination by oils and

grease.

Existing techniques such as oil skimmeécgntrifuges’ in-situ burning air flotation® and
electrochemical treatmértiave limited efficiency especially for emulsified oil/water mixtures
which are stabilized by surfactaniirthermore, these approacluésvater remediatiosuffer
from high energy consumption, skilled manual operationcamaplicated instrumental setup

undesirable secondary pollution, atabtliness.

Membrane filtration i®ne of the most promising methods for separating oil/water mixiites.

These materials are generally inspired by natural superhydrophobic surfaces of plant leaves or



underwater superoleophobic surfaces of fish scales and boogirkggure endurance, low

energy cost, and high separation efficiefit3/2

Membranes are not perfect, however, and tend to suffer from poor mechanical skoangth,
water flux, and fouling by adsorption and/or clogging of pété$Thus far, researchers have

studied fabricating membranes from polynmfsgeramics’ or by modifying metallic mesheéé
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To address current filtration membrane issues of selectivity, permeability, and fouling, recent
research focus has shifted more toward studyyalydphilic and oleophobic membranes,
particularly membranes that exhibit such properties underwater, or underwatet*fféns.
addition of having oleophobic and hydrophilic properties, membranes must exhibit low oil

adhesion to overcome oil fouling problem.

As such, ar work has aimed tdevelop a notfouling, superhydrophobisuperoleophobic
membrane for oilvater separations based upon bacterial cellulose (BC) nanofibers, improving
upon current fluorinated strategi€ur membranes will remove water from an oil water mixture

andhelp to isolate and capture the oil fraction.

Bacterial cellulose is a unigue, nontoxic nonwoven mat consisting of pristine highly crystalline
cellulose nanofibers with good mechanical propsrties ability to be shaped into three
dimensions structures during biosynthesis, provide the basis for a wide range of applications

such as medicaF?® electrical?’?° optical 3®3! and magnetié?33

The specific targets of the project are as follows:



1 To synthesize hydrophilioleophobic bacterial cellulose pellicles/membranes;

1 To evaluate the influence of culture conditions such as cadamees in order to tailor the
morphology and water passing properties of the prepared BC pellicles;

1 To investigate and evaluate the physiochemical properties and the performance level of
engineered BC membrane for-aihter filtration;

1 To develop and evahte composite membranes based on bacterial nanocellulose in order

to improve filtration performance such as selectivity and permeability.

2. Background

2.1 Special Wetting Membranes

In general, two types of membranes with special wettability properties, having opposite affinities
toward water and oil, are appropriate for oil/water filtration: (Ly@mhoving membranes which

are hydrophobic/oleophilic and separate oil from oil/watettumes by selective oil permeation,

and (2) wateremoving membranes which are hydrophilic/oleophobic and separate water by

repelling oil while allowing water to penetrate through the membrane.

A material must have a water contact angle above 90° torisédered hydrophobic, while

above 150° to be superhydrophobic. Materials with water contact angles less than 90° are
hydrophilic. The same logic is applied to materials tested with oil contact angles. Materials with
oil contact angles above 90° are oleolpic, oil contact angles above 150° are superoleophobic,

and oil contact angles below 90° are oleophilic.



These wettability properties arise from surface chemistry/energetics and/or surface roughness.
Unless the material has amphiphilic or amphiphaticatdity, exhibiting both hydrophilic and
hydrophobic properties, materials are hydrophobic and oleophilic or hydrophilic and oleophobic.
To achieve high oil/water separation, membranes should be at the extreme ends of wettability,

namely superhydrophobi@d superoleophilic or superhydrophilic and superoleophobic, as

demonstrated in Figure 1.1.

‘Water

Oil Removing Membranes
0il

< oil

/[

Water Removing Membranes
Oil/Water Mixture Water

Figure 1. 1. Special wetting membranes with extreme opposite affinities towards water and oil.

Table 1.1. Oil removing and water removing membranes characteristics.

Membrane type Water contact angle (WCA) Oil contact angle (OCA)

higher than 150° close to Q°
oil removing
(superhydrophobic) (superoleophilic)
close to 0° higher than 150°
water removing
(superhydrophilic) (superoleophobic)




It is important to note that fabricating superoleophobic surfaces is very challenging. Traditional
methods for the creation of superoleophobic surfaces possessing high oil contact angle and low

hysteresis rely highly on utilizing fluorinated compoutf¥.

In 2009, for the first time, Liu et #introduced wetting/antiwetting behavior of oil droplets on

the surface of fish skin in water. In fact, underwater superoleophobicity is a result of water
penetration into the hydrophilic surface structure of the scales made of calcium phosphate and
protein and esuing formation of a third repulsive liquid phase. Furthermore, the presence of a
thin layer of mucus on the skin surface of fish creates a micro/nano hierarchical roughness and
thus decreases contact or adhesion of low surface tension liquids sucbresheikurface of the

membrané*3’

Inspired by this finding, they proposed a novel fluoffide strategy to create a superoleophobic

and low oiladhesive interface.

Herein, we investigated the bacterial nanocellulose membranes as a promisingedodida
oil/water separation. Bacterial nanocellulose matrices are hydrophilic and possesdibrigse
structure with large surface area which enables them to hold a large amount of water. These
properties make them beneficial porous nonwoven mateoigigésing through of water,

whereas prevent eWetting and consequent fouling.

2.2 Bacterial Cellulose

Cellulose is one of the most abundant organic substances on the earth. There are two types of

pathways to produce cellulose as shown in Figure 1.2. WteMay is from plants. However, to



obtain neat cellulose from plant, a lengthy purification process is required to remove all the
undesired components such as lignin, pectin, and hemicellulose. The second way is from the

biosynthetic processes of microonggms such as algae, fungi, and bact&ria.

Plants Microorganisms

1L Biosynr\hesiS (H,0+CO»)
II. Removing residue

Y i
OH
0 HO HO
/
HO 0 < 0
| OoH |
OH o

Cellulose

I Biosyntl}esié (Glucose)

Figure 1.2. Two different pathways to the cellulose

Although the moleculdaiormula of cellulose synthesized by bacteria is identical to that made by
plants, the properties of bacterial cellulose are far better than plant cellulose. Bacterial cellulose
possesses a unique thidiemensional nonwoven network of nanofibers whichesifle,
biocompatible, and highly hydrophilic. It displays high porosity, high wet tensile strength, high
crystallinity, and water absorption capacity > 99% of its total weffitTherefore, the

production of cellulose by bacteria could be an interesting alternative tedelawned cellulose.



Bacterial cellulose has found applications in fields such as paper prétastip components

(e.g., audio speaker diaphragms by Sony Corporation, in conjunction with Ajioihféexible
electronics’! supercapacitors, cosmeticg? and soft tissue engineerifigMany authors have
reviewed fabrication, synthesis, and applications of bacterial cellulose in for example, composite
preparations because of their good mechanical propé&ttiesmedical applications due to their
non-toxicity, biodegradability and biocompatibility functionalizatiorf® and the biosynthesis of

bacterial cellulosé®

Bacterial cellulose products are commercially available for biomedical applications, but mostly
as topical coverings for severe wounds under the brand names of Bioprocess®, XCell®, and
Biofill® whereas for cosmetic use under the name NanoMasque®. Studies have shown BC to be
superior to conventional wound dressings in terms of accelerating healing times and alleviating
pain because it is neadlergenic and a biomimetic to human skiralo displays high water

content (9899%), good sorption of liquids, and can be safely sterilized without any change to its

characteristic$32*

2.3 Biosynthesis of Bacterial Cellulose

Several species of bacteria have an abilitypxtivacellularly secreteellulose nanofibers mat with
unique properties. The most important of theskcistobacter xylinugmow renamed
Gluconacetobactexylinus discovered in 1886 by A. J. Browhin natureG. xylinumis found

in soil, unpasteurized or unsterilized juice, beer, and wine and is commonly found on the
surfaces of rotting fallen fruits that have fixed carbon in the form of sugars or at€ohol.
Micrographs of the surface of the bacterial cell indicate the pcesef tens of cellulose

synthesizing sites arranged along the longitude of thé’cEtlese small portike sites produce
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10i 15 cellulose chains and extrude them into the culture medium to associate with each other
forming the secalled sukfibrils with a laterawidth of about 1.5 nmi® These sulibrils

aggregate to form microfibrilsi® nm in width, and the resulting microfibrils are further-self
assembled to form fibrillar ribbon assembly with a lateral width ©680hm?° which are ~ 200
times finer than cotton fibers with a remarkable high surface*@rea.

There are different theories wiB/xylinusspecies produce nanocellulose networks. The
cellulose membrane is believed to protect bacteria fromcitation and helps them to float

which assist them to reach the-kguid interface for access to more oxygen. It is also
hypothesized that bacteria produce cellulose for protection from ultraviolet radiation and harsh
chemical environments. However, teesre all hypothesis and many unanswered questions

remain for the reasons behind the synthesis of bacterial nanocellulose.

‘w % \w % ntramolecular H-bond fibsillar ribbon

__/
%
g e
Rgo : ~6-10 nm

o 2.

a a ......

...... subfibril microfibril > ~——
3-6 nm ~50-80 nm

1.5 nm

~50-80 porelike sites

Figure 1.3. The details arrangement of fibrils extruded from a bacteria cell surface and their

selfassembly process.



2.4 Cultivation Conditions

G. xylinusis a strict aerobic redhaped bacterium which has the ability to produce dikeat
pellicle on the interface of aliquid mediums in stationary cultures. In shaking cultu@s,

xylinusproduces cellulse in the form of spherical or stsinaped structures.

A typical culture medium, which is widely used for the fermentatio@.ofylinusto synthesize
cellulose, contains a carbon source (sugars, mostly glucose and sucrose), a nitrogen source, and

other compounds required for bacteria growth.

The growth media components have a great impact on bacterial nanocellulose production in
terms d cellulose production rate, yield, and network structiifee productivity of the BC

membrane can be maximized depending on the type of nitrogen and carbon sources used in the
culture mediunt® In recent years, various nitrogen and carbon sources have been used to achieve
high bacterial cellulose production at low cost. Researchers demonstrated that among the various

nitrogen sources added to the HS medium, peptone is found to be thdfeubisiee®

The type ofcarbon has also been shown to affect the rate of cedldpnthesis and fibrillar

network of BC membranes.



Figure 1.4. Schematic illustration dbluconacetobactebiosynthesis nanocellulose in a static

cultivation method.

2.5Chemical and Physical Properties of BC

Bacterialcellulos nanofi ber i s -lcdqglogarockas cormécted by virei@aaf b
hydrogen bonds. It is free of contaminant molecules, such as lignin, hemicelluloses, and pectin,

etc., which are normally found in pladerived cellulose.

By using alkaline sohion, noncellulose materials such as proteins and nucleic acids from
bacterial cells and the culture broth can be removed from the BC membrane, allowing the
formation of strong interand intrachain hydrogen bonds which also improve the modulus of

thesemembranes.
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The degree of polymerization (DP) of BC ranges from 300 to 10,000 depending on the
cultivation conditions, various additives, and finally the bacterial stPaidepending on how
the chains are assembled, crystalline and nanocrystalline region exist. The crystallinity of BC is

up to 8489% due to the arrangement of the-prierofibril aggregatior??

The crystalline structure is one dietmost important factors controlling the mechanical and
interfacial properties of the cellulose. Cellulose derived from different resources has two crystal
allomorphs: cellulosegland cellulosesl that correspond, respectively, to triclinic and

monocliric unit cells. It has been purported that most plant celluloserist, while BC is

found to be ¢-rich.>° Cellulose tis characterized as a triclinic unit with single chains that form
waterinsoluble crystalline microfibrils, whereas celluloséds monoclinic unit cells with two

parallel chains.

Due to its unigue structure@membrane shows mechanical anisotropy, with a high tensile
strengthin the range of 2000 MPaandYoung6s modul U35 GPalongthee r ange
fiber layer direction, but a low compressive modulus (0.007 MPa) perpendicular to the layered

direction#853

The network of cellulose nanofibrils shows great ability to be shaped intedimeasional
structures during biosynthesis. Cultivation can be done in the mottif§evént sizes and shapes,

which makes it possible to design membranes with desirable geometries.
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Figure 1.5. lllustration of a bacterial nanocellulose membrane from different angles and
corresponding microscopic images (sdaar 10 um); top) FESEM image from top surface

bottom) CRYQSEM from the crossection.
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3. Outline of the Thesis

The thesis is organized in series of chapter as described below.

Chapter 1 provides a general description of the project. The novelty and importance of
application of an environmentally friendly, renewable bacterial cellulose matrices for filtration

application is discussed.

Moreover, the superiority shembrane filtrdons over other methods is reviewed and different
types of membranes that are suitable to be used for oil/water separation along with required
interfacial properties are introducddnally, a short but complete introduction on BC
membranes including batal nanocellulose biosynthesis, structure, and cultivation conditions

as well as physical and chemical properties are given.

Chapter 2 provides a complete review on nataseired liquid infused systems as a
superwettable interface. Discussions areiapble to the superior special wettability properties

of BC membranes which fulfill fundamental and practical application requirements for oil/water
separation. The first section introduces the evolution in the field of wettability that begins in
1804 ands ongoing today. Then, it will discuss how the concept of the oil repelling action of
fish scales inspired research on inducing wettability in oil/water/solghases and how this
biomimetic approach inspired the concept of liguifiised surfaces lessan a decade ago.

Then, it focuses on principles to design and fabricate liquid infused materials and will discuss
wettability of a liquid/liquid/solid tdphase and air/liquid/liquid/solid tetgghase systems. It will
also explain in detail that how thiquid infused technology can address some of the intrinsic

limitations of repellent surfaces inspired by the lotus effect.

13



In thenextsection we reviewa potentially promising approach for making liquid infused

interfaces which involves incorporatiohalubricating liquid into gels (hydrogels, organogels,

and organohydrogels) as robust repelling substrates is reported. Then, theettgdslity and
superspreading properties of gels and other liquid infused surfaces are discussed as greatly
promisirg for the fabrication of ultrathin solid films with controlled thicknesses. Liquid infused
surfaces with an anisotropic wetting property as a new design in the field of surface engineering

is the main point of discussion of this section.

Liquid infused arsotropic surfaces can be achieved through imposing gradients in the chemical
and structural features of the surface which account for differences in the energy barrier of
wetting on patterned surfaces which can induce argetfing motion of liquids witbut any

other forces applied. Afterward, some successful application examples ofititusdd

materials are discussed such as liquid repellency for a wide range of liquids, immiscible liquid
separation, solid repellency such as ice, insects, and dtighj@adhesion, and droplets
manipulation and collection¥he finalsectionexplains several unanswered yet fundamental
guestions that need to be addressed to carefully design an optimaétimy liquid infused

interface.

Chapter 3 discusses that amawg different types of oil/water filtedsydrophobieoleophilic
materials are more straight forward to make however, they face some critical limitations for
separating oilvater mixtures. On the other hand, from surface tension stand point, it is very
chdlenging to fabricate hydrophilioleophobic membranes although they are more desirable for
separation applications. Lastly, it shows that water infused nanocellulosic membranes that

bacteria produce in the static cultivation method, have superhydroytelii
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superoleophobicity with ultralow eddhesion propertie¥he role of hydroxyl groupsn the
backbone of cellulose polymer chasrsdthe porous microstructure on the surface wettability
and trapping capacity of the membrane are discuss®g@rehensively. Moreover, the oil/water
separation performance of the BC membrane along with its Aatpied design principles is

examined.

Chapter 4 tries to address the current issues of BC membranes for passing water faster. Thus, a
facile and effetive method is described to architecture bacterial cellulose fibrous network with
tunable porosity. It demonstrates that the culture conditions, specifically applying different types
of carbon sources and post treatment process, can be employed t@ tpoeetbhapes and size
distributions, fluid permeability, and overall porosity and morphology of bacterial nanocellulose

matrices at the macro and micro scales.

Chapter 5 introduces a facile and eeffective method to fabricate a filter based on cortpos

of a nonwoven mat and bacterial cellulose (BC) membrane for highly effective separation of
micro-/nanoemulsions with strong stability under harsh environment. In this chapter, it is
demonstrated that the employment of the reinforcement nonwoven iyshplaole in the
separation itself, but as a supporting scaffold to facilitate fabrication and carrying a smooth,
uniform, and ultrathin BC membrane which can efficiently serve in separating oil phase even

from nanoemulsions.

Chapter 6 reviss the main objectives of the project to summarize all the results and findings
from each experiment. In addition, it provides insight into the fruitful field of bacterial
nanocellulose matrices as promising liquid impregnated materials for a wide range of

applications and offers a fresh perspective for future research.
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CHAPTER 2: Nature-inspired Liquid Infused Systems for Superwettable Surfac&nergies

Accepted to be published ACS Applied Materials & Interfacesith revision.

1. Abstract

The development of an innovative interfasiadtting strategy known as liquid infused surfaces
offers great promise for the advanced design of swe#ing and supeantiwetting substrates to
overcome the drawbacks of textured surfaces classified under the heading of Cassie/Wenzel
states. The poteit value of naturenspired surfaces has significant potential to address
scientific and technological challenges in the field of interfacial chemistry. The objective of the
current review is to provide insight into a fruitful and young field of resedaighlight its

historical developments, examine its natungpired design principles, gauge recent progress in

emerging applications, and offer a fresh perspective for future research.

2. Background

Many phenomena dealing with wettability in nature, sudih@svatefresistance properties of

duck feathers? the selfcleaning effects of lotus leaves and cicada witfghe anisotropic

surfaces of the rice leaf and filefish sRfhand the legs of water strigéinspire efforts to

uncover the mechanisms of the special wettability on these surfaces. Such efforts are of
paramount significance because potential solutions have vast implications for resolving a wide

variety of realworld challenges

A We t t ds a tgabnical terfior the current reviewis limited to the wetting of solids by liquids

that represents an intrinsic property of a solid surface under the control of intermolecular
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adhesive interactions between the two ph&sustting/wettability as an interdisciplinary area

covering numerous fields of science and technology has receiveficsigt attention for over

two hundred years, but has gained extensive attraction very recently. Young was a pioneer who

in 1805 promoted the concept of fAcontact angl

of a droplet on a flat and perfectly soth surface.

What is now understood as surface tension was readily apparent to a genius such as Young;
however, physice&hemical interactions between atoms or molecwi@sld not come to light

until the following century.In the late 1800s, the nascent discipline ofrtfeynamics saw

wetting from the perspective of tadimensional surfaces and interfacial energetics. In 1932,
Langmuir received the Nobel Prize in Chemistr
chemi stryo while his wo ndayeossmesdribing a sudacecseppadrtedo f a
a two-dimensional perspective in which contact angles were controlled by interfacial free

energies of solid surfacé$.

Discovery of lowsurfaceenergy polymers such as fluoropolymers (e.g., polytetrafluoroethylene;
PTFE) andsilicones (e.g., polydimethylsiloxane; PDMS) allowed for the development of

surfaces with low water wettabilify:*? In early work, Coghill and Andersétfound that

deposition of stearic acid, a waxy solid, on the rough surface of galena, a natural mineral form of
lead (Il) sulfide, leads to large water contact angles. However, chemical modification has
limitations on suiace wettability; for example, although fluorine is an effectively small atom that
possesses one of the lowest free energies and highest hydrophobicities, Nishifio et al.
determined that a flaCRs-packed surface only achieves a maximum water contact angle of

120°.
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Later developments lead to a deeper understanding of the critical factors controlling wettability

such as surface topographic structure. In 1936, W&reglained how the roughness of a solid

surface enhances apparent water contact angle and hydicdphd he paper titledVettability

of Porous Surfaceis 1944 by CassieandBaxter nt r oduced the fAicomposite
theory of the wettability of porous gaces, in which drops rest on a interface whose energetics

are a composite of the roughness features and trapped air. While water contact angle has

commonly been used as a criterion for the evaluation of surface hydrophobicity, this alone is
insufficient b assess adhesion of a water droplét.fact, on most surfaces, due to the chemical

heterogeneities and/or rgliness, contact angle hysteresis is obsef&d.

Contact angle hysteresis (CAHvhich is defined as the difference between advancing and
receding contact angles, can be employed to evaluate-bqlidladhesion. This difference is a
function of the presence of multiple equilibrium positions in which liquid contact takes place on
anonhomogenous and rough surface. As a result, a spectrum of possible contact angles are
obtained ranging from a minimum value called the receding contact angle (RCA) to a maximum
value called the advancing contact angle (A&%&§Specifically, contrary to thitus leaf effect

that shows superhydrophobicity properties with very low adhesion forces and low CAH toward
water droplets, rose petals exhibit superhydrophobicity and high adhesive forces with water. In
the rose petal example, water cannot roll off wtiensurface is tilted at any angle or even

turned upside down because of low contact angle hysté?ésis.

These theoretical insights into wetting of Adeal surfaces are very illumating and still

applicable after more than a century. These theories are briefly described in Table 2. 1

24



The famous fAlotus effecto phenomena f ami
in 19483 Approximately twenty years ago, the effect finally was able to be visualized,
uncovering the basis for the seleaning properties of the lotus I€aFhis finding prompted a
flood of biomimetic approaches for tdesign of microstructurbased superhydrophobic
materialst*1"?"3IA time-line of several major milestones in the area of repellent surfaces is

depicted in Figure 2.1.
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Table 2.1. Main theories in the field of wetting.

Young’s equation

Ysv — Vst
Yw

cosf =

Wenzel’s equation

cos@ = rcos@

Cassie-Baxter equation

cosf = —1+ @[cosf + 1]

intermediate state between
Wenzel and Cassie-Baxter

Thecont act angl e (
on an ideal (smooth and chemically
homogeneous) solid surface, defined
by the mechanical equilibrium of the
interfacial energies between the solid
| i g wl), dolid{voa p &), and 2
liquidi v a p aw) intérfaces can be
obtained from Young equation.
Wetting states on rough surfaces are
mainly described by two modelfrst,
is the Wenzel model in which liquid
penetrates inside the rough surface g
the point of contact, and the area of t
d r o p 0idiquid iotérfiace isenlarged
by a factor y

second, is the Casskaxter model for
the composite interface, in which liqu
sits on top of the roughness features,
with trapped air pockets. Heresis the
area fractions of the solid on the
surface and the liguigolid contat
area is smaller than that in Wenz&h
intermediate state between Wenzel
state with high adhesion and Cassie
Baxter state with low adhesion on a
same textured surface may also occy
when a droplet partially weh textured
surface under external stimslich as
observed by pushing force. In this
case, the drop sinks inside the textur
towards a more stable impaled state
and displays a strong pinning of the
contact line on the surface texture.
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In 2002, Jiang et &F. pointed out that the cooperation of micamd nanoscale twiier structures

and the arrangement of the microstructures on the surface are key structural aspects of lotus and
rice leaves that both induce a large apparent contact angle and low adhesyotkeMonstrated

that removing the nanostructures using heat treatment while keeping the microscale parts intact,

results in a water droplet pinned onto the microstructure of the surfaces at any sliding angle.

The role of micrdnanoscale twaier structues in superhydrophobicity has also been discussed
by Robin et af® and Koch et at* These findings sparked extensive developmental waik
attempted toeplicate the surface characteristics of natural examples, which allowed super
antiwetting surfaces fabrication from a wide range of materials (i.e., polymers, metals, and
inorganic materials such as ceramic and glass) with more robust repellency, resisting even
organic liquids with lowsurfaceenergy that would completely wet typical microstructured

surfaces™>3’

One of the most demdimg extreme wetting states is superoleophobicity in which the surface
repels oil dropletdDue to the low surface tension of most oils, design and fabrication of
superoleophobic surfaces is very challendfgin 2009, the concept of the oil repelling action

of fish scales inspired research on inducing wettakilitypngoil/water/solid triphasesAn

interesting phenomenon that fish arldmshells can engage in is keeping their body clean-in oil
polluted water; this approach inspired researchers to study and innovate strategies for fabricating

underwater superoleopobic surfaé¥s.

Liu et al*® measured oil contact angle of fish scales both in air and in water and showed that

superoleophilic propertiggomplete wetting) of scales in the water/air/solid system became
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superoleophoic properties (oil contact angle of 156.4Xx&0an oil/water/solid system by
substituting the air phase with water phase. This oil repellent property results fromanatro

nanc structures and higlvater content of the hydrogel layers of the fish skin.

In attempts to identify the reasons for such behavior, Waghmaré&epuaintified the contact

angle of silicon oil on fish scales submerged in water with and without a mucus layer by using a
needlefree drop deposition technique coupled with illumination to decifftesirop contact

area. This study highlighted the importance of the mucus layer formation on fish scales as part of

its defense mechanism.

Unprecedented oil contact angles of ~ 18@re observed for underwater fish scales containing
the mucus layer possesgispecific chemical functional groups. However, in the absence of this
mucus layer, the angle reduced to 15Ghich could be attributed to the hierarchical miaond

nanostructures on the fish scales.

Inspired by this biomimetic approach, the concéippery liquidinfused porous surfaces
(SLIPS) was introduced in 2011 in which a surface is infiltrated with a lubricating liquid, a
process that provides a straightforward and promising solution for exceptional liquie super

wettability and supeantiwetability properties

This review therefafocuseson naturenspired principlesised tadesign liquid infused
materials. Furthermore, emerging applicationthese materials according to recent advances in
this young field of research will be highlightdahally, it will give perspective on future

research developments.

28
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Surface Chemical
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Cassie-Baxter
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porous materials

Lotus Leaf
Visualization

Fish Scales
Phenomenon

Figure 2.1. Timeline of evolution in the field afrettability that began in 1804 and ongoing
today. The micrographs of a lotus leaf are reproduced with permission from REF 31, Royal

Society of Chemistry. The micrographs of fish scales are from REF 40.
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3. Liquid Infused Interfacial Materials

Biomimetics dealvith revealing the mechanism thfe wetting phenomena on the surfaces of
plants or animals and has consequently sparked extensive developments of artificial
superwettability systems. A total of 64 wetting states have been introduced over the past two
decales that have been described in detail by Jiang and coll€dguesng these extreme

wetting states, artificial superhydrophobic materials in a water/solid/ihdse system (water

wettability on a solid surface in air) have been an area of intensive expldrdfion.

Despite several decades of intense researchasagsulted inthe fabrcation ofcomplex liquid
repellent micre/nanostructured surfacestime Cassie state, relying on reductions in surface
energy and enhancing surface roughness, these surfaces still show listitetieat real life

challenges due tieir low durability*®

Following a Cassie state strategy, fabricating surfaces that are repellent to low surface tension
liquids such as oils are much harder to achieve due to the low surface tension and polarity of the
liquids themselves. To address this deficiency, broad attention hastaeen to the wettability

of a liquid/liquid/solid triphase and air/liquid/liquid/solid tetgghase systems.

Inspired by the antiwetting behavior of oil droplets on fish skin and Pitcher plants of the genus
Nepenthegdiquid infused surfaces (LISJs aninterfacial wetting concept wastroduced>*

This strategy is based on infusiadparriediquid phase into a porous solid surfacertake it

slippery and repellent towaadiquid of differing polarity For example, Pitchgiantleaves

offer a remarkably simple alternative strategy to design liggpellent surfaces. Unlike the lotus

strategy that depends on miecemd nanoroughness exhibit antiwetting propertiedlepenthes
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Pitcher special leaves use surface microtexture to entrap an immisciblg\Wwated)that acts as

an effective continuous repellent layer. This wet and slippery surface causeyad r ophobi c 0
insect to slip ad fall into thepitcherplantby repelling the oils on their feet, making escape

nearly impossibleThe preycapture effectiveness of the le&wwface is further enhanced in

moist environmentéFigure 2.2)¢>0

In the process of designing liquid infused substrates, two critical cmtersébe fulfilled: 1) The
surface energy of the lubricating liquid and impregnated substrate should be well matched in
order to create a duraldéable systen®) The lubricant and external targeted liquids must be

immiscible.

The liquid infused technology can address some ahthiesic limitations of repellent surfaces
inspired by the Cassie state. First, air pockets trapped within the surface texture of the Cassie
state can act as vulnerable and fragile spots under external constraints over time. Poetes et al.
took a more redtic approach to investigate the lifetime of superhydrophobic surfaces in an
underwater application. They observed that these surfaces are prone to a rapid irreversible decay
and are therefore not thermodynamically and mechanically stable in undervyssemexts’?

However, the lubricating liquid surface is inherently smooth and d&fset

Second, in general, air is more compressible cordparkquids. Therefore, trapped air cannot
withstand high pressures effectively as the liquidn-liquid infused materials. In other words,
theintensityat which the liquid pressure threshold on the surface can sustain without being

impaled by the external liquid is much higher for liquid infused materials. Other thaaotite

of external forces, increases in pressure can occur for several other reasons such as the existence

of surface defects due to mechanical damage or fabrication imperfections.
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Moreover, the smooth surface properties ofdhgediquid layeratthe nolecular scalshows
small CAH even under large external applied forces, which is not the case in the Cassie state
where the trapped air acts an ineffective cushion against impalement, resulting in liquid

penetration into the texture and a significant ageanying CAH increases.

Finally, most of the liquidepellent surfaces are effective only for higirfacetension liquids
such as neat watexrhereas liquid impregnated materials repel immiscible liquids of virtually
any surface tension. Theigestrong interesin desigrning surfaces that repel low surface tension
liquids, such as organic liquids, and complex fluids, such as crude oil orfbldaidh
performance clothes, screens in electronic deymgtical instrumerst microfluid handlingand

so forth52%3

Wong et al ., who f i(dipperyligustiefdsedtpbraus suréacediscussed. | P S O
that contrary to other surface antiwetting models which show ntaalhg ability, a

lubricating filmin SLIPS serves as a séléaling coating by simply flowing towards any

damaged areas due to surfacergydriven capillary actionWong and his group algmoneered

the designing of impregnating nahuaicro-structured surfaces by incorporating lubringti

liquids to repel other immiscible liquids with a broad range of surface ten&iéhs,
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Figure 2.2. a) Nepenthes pitcher. b) Waxy inner pitcher wall. c) Schematic of a liquid infused
system. d) Filefish N. septentrionalis. e) a sra@v and f) a topview filefish skin with hook

like microspines. Pitcher image is obtained with permission from REFEBS image of the
slippery zone of pitcher plant is reproduced from.48 Filefish pictures and corresponding SEM

images are obtained with permission from REF.6

4. PorousTemplates

To fabricate a liquid infused system, a porous template needs to be designadvagt to

confine the impregnating liquid. 2D and 3D porous templates can be constructed through
bottoni up or top down approaches. Bottom up techniques such as electrospinning, self
assembly, layeby-layer, solgel,>® etc., are based on the arrangement and orientation of 0D and

1D materials as basic building blocks.
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The top down techniques are based on migranoestructured templates constructed by several
techniques such as etchjidithography**°&¢° |aser, plasma, direct deposition, chemical

treatmentsand electrochemical anodizify

For example, Huang et al. fabricated tunable undensaferoeophobic films by assembling
hydrophilic spherical and nespherical latex particles, both cauliflowlédee and singlecavity.

The underwater oleophobicity of the films is mainly attributed to the formation of awater
lubricant layer on the hydrogh latex particles shell surface after the film is immersed in water.
The water contact angle of the film assembled from spherical latex particles was highest

followed by the cauliflowetike and singlecavity 2
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Spherical Latex Cauliflower-like Latex Single-cavity Latex

Figure 2. 3. (top row) TEM images of a) spherical, b) cauliflowe, and c) singlecavity latex
paticles. The inset pictures are 3D schematic image of the latex particles. (middle and bottom
row) schematic drawing of contact states of an oil droplet (L1) on a surface assembled from each

correspondent particles in water media (L2). S represents sdiiclggmand the pale blue around
each latex particle represents the hydrophilic polyacrylic acid shell that forms after the film is

immersed in water. The figures are from REF 62.
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In an accompanying effort, Wang et al. prepared anodized alumina surfaces composed of
innumerablenanopores which were designed to serve as-reservoirs to hold low surface
tension liquids (perfluorooctyl acid). After filling up the reservoirs withaksistance of vacuum
pumping, substratedisplayedsuperamphiphobicity with contact angles higher than 1&0

water, glycerol, Chl>, hexadecanend rapeseed oil.

When the coating liquid on the top surface is damaged or dépletesurface energy ligds
trapped in the nanoreservior®ve to the outmost surfacephenomenon thatikerme
dynamically driven. This study provided a prafconcept example of designing liquid

impregnated surfaces thaecapableof intrinsic healng.*®

Particles can be designed to have micro, nano, or hierarchical micro/nano roughness on their
surfaces. Enhancing surface area by introducing hierarchical textures to #ue sucfeases
repellency througimore efficienthostingof repellent liquids. Three different possible 3D liquid
impregnated surfaces which can be formed through the arrangement and orientation of 0D

simple particles are shown Figure 2.4.
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[ II . 11
micro roughness micro/nano roughness

©

Figure 2.4. Possible 3D liquidmpregnated surfaces by arrangement and orientation of 0D
simple spherical particles. a) Particles serve to simply hold the infused liquid in place b) Particles
partially or totally absorb infusddjuid in their structure c) empty half spherical particles act as

reservoirs for trapping liquids in their hollow structure.
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5. Liquid Dispersed Gels

In contrast withpostimpregnation of the porous matrix with lubricants, another potentially
promising appoach is utilizing liquid dispersed gels as robust repelling subsffadess
fundamentallyconsist of a liquid medium dispersed in a solid 3D cfivé®d network

assimilated vighysical or chemical interactions. Gels are known as a class of soft and flexible
materials that can entrap high liquids contents of up to 99% iofdiyeweight. Owing to their
distinctive liquid sorption and retention capacity, they have attracted extensive attention for the

development of supawetting and supeantiwetting surfaces.

If the dispersion phase is water, it is a hydrogel; similariy,isfcomposed of liquid organic
phase, it is an organogel. There are also organohydrogels which concurrently employ water and
oil as the dispersion medium and quickly adapt their hydrogel or organogel properties in

response to the surrounding liquid phas

For instance, in an underwater situation, the hydrogel component becomes dominant and the
surface of the organohydrogel become superoleophobic. However, when submerged in an oll
based environment, the surface of the organohydrogel gradually becamergamregelike and
displays superhydrophobic properties. The anisotropic hattmorks of organohydrogels

restrict their volume change considerabbntrary to the volume changes typically observed in

homogeneous networks of organogels or hydrogels.
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Hydrogel Organogel Organohydrogel

Figure 2.5. Representative hydrogel, organogel, and organohydrogel systems formed from

hydrophilic, oleophilic, hydrophilic, and oleophilic composite networks, respectively.

The supemvettability andsuperspreading properties of gels and other liquid infused surfaces
show great promise for the fabrication of ultrathin solid films with controlled thicknesses. The
entrapped liquid in these surfaces may act as a precursor film facilitating completecknd q
spreading of the liquids over the surface by boosting the advancement of plthseecontact

line, while the defects or impurities on a solid surface can induce local pinning thus restricting
infinite spreading of liquids. Following this strategwaaiety of versatile functional
multilayer/composite thin films for various potential applications can be advanced including self

cleaning, controllable liquid transport, antifogging, liquid separation, and sdf&fth.

Meanwhile, the extreme liquid repellency and low adhesion properties of-liuskd gel
surfaces can bexploitedfor the synthesis of supyzarticles by evaporation of ss&le drops
containing naneoor microcolloids. This novel energy efficient approach facilitates fabrication
process of suprparticles with various size and compositions which can be used in-as self

propelling particles, smaicale magnetic stirrestoraye materials and catalySt<8

Such liquid layers can be converted into various functional thin polymer films with adjustable

thicknesses (nAto mm) through onestep polymerization of the reactants. The current strategy
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offers opportunitiesdr largescale synthesis of versatile functional thin films for wide range of
applications such as protection, antifogging and antatifle coating lenses and windoyes in

nanefluidics chip technologsas precursor filrmfor spreading sumicron scat drop<L>6¢
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Superlyophobic l l Superlyophilic

.
N

l l Superthin film
..Eoi l
Supraparticle

. Liquid infused surface
‘: Nanoparticle dispersion liquid / \
B Rezctant |
S ==

Superthin composite film Superthin multilayer film

Figure 2.6. Schematic for suprparticle formation on a superlyophobic liquid infused
surface. Due to the high liquid repellency, the shape of the evaporating drop remains spherical
throughout the proceskeft). A thin layer/multilayer/composite solid film formation on a liquid
infused superlyophilic surface confined in a tdimensional space. The rapid spreading of the

liquids over the surface enables generating an ultrathin uniform film (right).
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6. Anisotropic Liquid Infused Interfacial Materials

Surfaces with anisotropic wetting propest widely found in nature, at@newconcepin the
field of surface engineering. For example, Cai et al. explored anisotropic rolling/pinning
oleophobicity of water infugkfilefish Navodon septentrionaliskin that arises from the oriented

hooklike spines arranged on the surface of the fish skin.

These asymmetric microtextures impel anisotropic fluid motion in ateet@il direction which

allow fish to stay clean in oitontaminated aquatic environmefisnisotropic surfaces can be
artificially achieved through imposing gradients in the chemical and structural featares of
surface which account for differences in the energy barrier of wetting on patterned surfaces. For
example, chemical heterogeneity of the surface induces-euseiihg motiorof water from the
hydrophobic region to the hydrophilic region without any other forces agllacaddition,

changing periods, width, and gjrag of surface structural features affect the transportation of

liquid droplets.

For artificial materials, liquidmpregnated surfaces generated from the anisotropic arrangement
of micro-/nanostructures are ideal substrates for controlling movemenuaf tigoplets through

high contact angles and low contact angle hysteresis. It has been verified that anisotropic micro
grooved organogel surfaces infused with silicon oil show excellent anisotropic sliding properties

using water droplet®.
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ke
a)

Figure 2.7. Anisotropic sliding of vater droplets on the elastomeric mig@oved organogel
surfaces. a) Water droplets can easily slide from the stretched end tedinetcined end in one
direction with a low sliding angle ca. 10°, b) but cannot slide from tkstretched end to the

stretched end at the same sliding angle. The figure is RBm70.

Moreover, recently, stimulasesponsive anisotropic slippery surfaces were developed by using
paraffin, a thermaesponsive phaseansition material, as a lubricating fluid and directional
porous polystyrene (PS) films as the substfalthe smart driven anisotropic system offers

control of anisotropic sliding motion for several liquid droplets
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80 C Paraffin liquid Pinning Slndma
COOllll" Heatinu
Cooling
Spin-coating SO]ldlfled paraffin quuefled paraffin
/ ’
PS directional porous film Pinning Sliding

Figure 2.8. Temperaturgesponsive SLIPS produced by incorporatiagaffin, a therme
responsive phaseeansition material, into an anisotropic porous polystyrene (PS) fibrous matrix.

At room temperature, the paraffin solidified on the surface of PS film results in pinning the

liquid droplet on the surface in the parall§) and perpendicular directiokJ) to the fiber
arrangements. At higher temperatures, paraffin becomes a slippery liquid, and the droplets easily

slide on the composite surface in two directions. Reproduced from REF 71.

7. Emerging Applications

Liquid-infused materials are expected to show supespecial wettability properties to fulfill
thefundamental and practical application requireméntself-cleaning’>"3

omniphobicity?3¢%74 and separatito increase heat transfét’>’® and fluid-flow drag
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reduction’”8! Some successful examples are liquid repellencg ferde range of liquids,
immiscible liquid separatiof?;®° solid repellency such as ice, insects, and dustpéamadhesion,
and droplet manipulain and collectioriTo meet the growing requirements in reatrld
applicationsappropriate combinations of surface slipperiness andfgpdesired
physicochemical functionality such as stiradsponsivene® selthealing>*’ and optical

tunability is highly desired.

7.1Liquid Repellency/Separation

The surface topography not only contritsitie anisotropic pinning/rolling properties of the LIS,
but also plaga critically important rolén maintainingalubricating liquid in place. It is worth
noting that the liquidubricated layer is the primafactorthat determines the surface free

energy and thukasa profound influence on liquitkpellency features of the surface.

Liquid infused systems can be designed by impregnating 3D porous solidewrghrface
tension perfluorinated liquids. The homogeneous and nearly molecularly smooth surfaces not
only repel pure liquids such as water, but also complex fluids such as crude oil, blood, and dairy

liquids that normally stain most conventional superbptiobic surface$>"38891
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Figure 2.9. Superior repellency properties of SLIPS for complex fluids compare to a
superhydrophobic TeflonE porous membrane, a

glass surface. Reprinted by permission from REF 43.

Currently, there is a considerable demandriaterialsthat can efficiently separate immiscible
mixtures,especialy oil/water either in the form of free mixtures or emulsions. In general, two

types of special wetting materials are suitable for oil/water filtration: hydrophobic/oleophilic

mat eri al sr,emaVil ego Amepatateroil phdse from bilavataixtures by
selective oill per meation, and hyédreamoptviilnigad/ ol e
materials that separate water phase from oil/water mixture by allowing water to penetrate

through thenwhile repelling oil.

Conventional odremoving memkanes which are hydrophobic/oleophilic face limitations for
separating oil/water mixtureBirst, these materials can be easily fouled and clogged by oil due

to their intrinsic oleophilic nature, which greatly restrict their application in filtration alae t
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remarkable reductiom permeation flux. Secondly, water normally has a higher density than
most of oils, which tends to settle below the oil due to gravity and form a barrier layer above the
materials. This water layer directly affects oil permeakigiblocking all filtration. Thirdly, these
materials show poor recoverability for reuse. In most cases, the adhered oil is hard to remove
leading to secondary contaminatiorthe environment. So far, only a few hyehesponsive

materials have been repaitbased on hydrophilic and oleophobic polymeric comporféfits.

Although, hydrophilic/oleophobic materials wavercome these issues, due to low surface

tension of most oils, the design and fabrication of materials that simultaneously display
hydrophilicity and oleophobicity is theoretically very challengiHgwever, fully wettable
waterlubricated anisotropicusfacess an effective approach to remove only one phase from the
oil/water mixture owing to extreme opposing affinities towards water arfé Dilring the

separation process, the infused water ladyavingno affinity for oil drops, prevents the

materials from fouling by oils, while it allows the water phase to pass through. In fact, as shown
previously the capillargtabilized liqud in pore structures can form a reconfigurable doorway
which selectively allow liquids to pass through the membrane. Thialked gating mechanism
enables SLIPS to coordinate multiphase transport and suppresses fowdinighiy selective

approach whout facing pore clogging probletf®’

Xueet al. constructed a superhydrophilic and underwater superoleophobic hyaragg mesh
that showed high separation efficiency for even crude oil and resistance to oil fouling. Stainless
steel meshes were used as the substrates and polyacrylamidewBa®Bblected as the hydrogel

coating layer because of its excellent watesorbing and wateetaining capacitie¥
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Figure 2.10. Scanning electron microscopy (SEM) microimages of a polyacrylaRiéisn)
hydrogetcoated mesh. a) uncoated stainigte®l mesh. b) PAM hydrogebated stainlessteel
mesh. ¢) magnification of a single pore of the PAM hydrageited stainlessteel mesh. d) the
nanostructured papillae on a single wire on hydragealtel stainlesssteel mesh. e, f) underwater
superoleophobic and slippery characteristics of thgreggared PAM hydrogetoated mesh. g,

h) ultralow oil-adhesion properties of the coated mesh in oil/water/solid system. i, j) oil/water

separation performanad the liquid infused stainless steel mesh; water selectively penetrates

through the mesh, while crude oil remained on top. The figure is From REF 98.
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7.2 Solid Repellency

Slippery liquid incorporated surfaces have the potential to significantly reglideadhesion
arising from ice, insects, and dagt>'°! The failure of an ant to hold on to SLIPS when the
surface is tilted has been taged, though the ant can travel uphill on hydrophobic surfaces such

as Teflor®

In another attempt to study the slippery behavior of textured solids fillecsilitbn oil, the

drying patterns left by coffee drops after evaporation, on digoi-impregnated surface

(textured or not) and on a slippery pn@regnated material, were observed. In Figufd, on

the nonslippery surface, coffee particles distribd in a ring shape that arises from the pinning

of the initial contact line whereas, on the slippery surface, and low hysteresis of these materials
stop pinning of the line. Thus, the ring does not form to leave only a round chunk of coffee
particles thacan be easilyemoved The photograph also illustrates the s#dfaning properties

of LIS; specifically, a water drop moving down and cleaning the surface (previously sprinkled

with silica particles) along its paffi.
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Figure 2.11. Slipperycharacteristics of liquiihfused materials. a) A water droplet carries away
the silica particles on a textured substrateipmeregnated with a silicon oil. b) Patterns left by
coffee drops (initial diameter of 5mm) after evaporation on aSidRS and ora slippery pre

infused substrate. Reproduced from REF 60 with permission from CCC Republication.

Most of the desirable characteristics of aaitng surfaces, comprising low surface energy and
contact angle hysteresis, is conventionally obtained by imtind micre or nanoscale

roughnessn superhydrophobic surface to reduce the actuatargacting ared’*°”. however,

their practical performance, on impinging droplets, is still largely limited under harsh
environmental conditions, particularly high humidiyternatively, surfaces with a smooth and
stable lubricant interfaces eliminate moisture condensation rapidly because of a reduction in the

number of possible nucleation sif@8'%°

50



Further, high mobility of droplets arising from low CAH of the lubricating film suppress frost/ice
formation even under humid conditiodglditionally, the lubricant film shows high stability
performance under highraplet impact pressures, whereas the voids between surface features of
superhydrophobic surfaces encounter physical and mechanical defects under pressure. On this
subject, extraordinarily low ice adhesion has been demonstrated using lubricaed

Systens _61, 56,110-113

7.3 Anti -bioadhesion

The accumulation of biomolecules such as proteins and cells, marine organisms, and bacteria and
diatomson surfacess a great challenge in a variety of applications ranging from food storage

and water purification systems to biomedical devices suchifisiarblood vessels and marine

and industrial equipment*11 Although the fouling species and the type of interaction they

make, varies from one kind to another, they nonetheless add to the complexity of the problem,

but one approach to develop afatilling surfaces, is creatjna platform that limits the initial

attachment of fouling organism¥:2°

During the fouling processes of a new surface, several steps take place including adsorption of
species, formation of a conditioning layernpary colonization, and finally formation of

biofouling community. Fouling organisms mostly use their superficial biological molecules such
as proteins to make the first contact with a synthetic substta®me of the key strategies to
combat biofoulants from attaching is use of dadhesion ligid infused surfaces onto which

most organisms have low affinity to settle ofit&?%12°
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Marine organisms such as sharks, mussels, and crabs have natural antifouling aiehses

rely on a combination of surface chemistry, physical attributes, and responses to outside stimuli.
Inspired by thee criteria, superior antiiofouling slippery surfaces have been develop&d?®

130 For instance, bioinspired biofilms based on porous polytetrafluoroethylene (PTFE) substrate
or microstructured fluoresilanized Si waferhave been reported to inhibit 99.6%badfilm

attachment oPseudomonas aeruginosaer a fday periodunder both static and flow

conditions.

These results show d3bne improvement irthe total level obacterialadhesioroverPEG
functionalized surfaces. Further experiments confirmed the effectiveness of SLIPS technology
for other clinicaly relevantpathogensincludingStaphylococcus aure87.2%) and

Escherichia col(96%). Thesenontoxig antibiofilm surfacesiemonstratstability under water

and harsh conditionscluding extreme pH, salinity, and UV expostfe.

7.4 Microfluidic Droplet Handling

Dropletbasedmicrofluidic liquid-infused systems are attractive for performing chemical
reactions and controlling droplet motion in reactors, collectors, and sensors on a miniature
scale’?%013135 The|ower surface tension, nguplarity and high viscosity of oil/organic droplets
as compared to aqueous droplets make oil droplet manipulation difficult. To perfedromit
based chemical reactions, underwater superoleophobic tweezers are fabricdatachiyg

frosted glass plates to the tips of tweezés

Hydrophilic frosted glass plates trapped water molecules in the gap of their surface

microstructures act as a low adhesion oil repulsive slippery layer. Employing these tweezers, oil

52



droplets motion in water was performed. &igs of miniature organic chemical reactiorsde

oil droplets was explored. As such, a droplet of bromine tetrachloromethane solution in a dark
yellow color to come into contact with a transparent droplet of styrene tetrachloroméimane.
two dropletanerged into a larger one leading to a miniature chemical reaction as shown by a

slow change of the color from dark yellow to transparent.

Moreover, due to the ultdaw oil adhesion property of pedestals in water media, reaction
products inside coalescédoplets were attaineMiniature liquid immobilized reaction systems
can thus be used for potentialdab-a-chip applications ranging from microscale components
such as biological medicines and toxic chemicals miniature reactors and sensors to high

throughput assays>4!
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Figure 2.12. Demonstration of manipulating oil droplets in water to perform a miniature organic
reaction. a) A bromine tetrachloromethane droplet was carefully dropped onto a superoleophobic
plate, forming a dark yellow spherical shape. b,c) A styrene tetrachlororaeetirapiet was
picked up by a pair of superoleophobic tweezers and placed onto the yellow droplet. d) Two
droplets slowly combined. e,f) After 43 seconds, the color of the coalesced droplet slowly
changed from dark yellow to transparent, indicating thatehetion was completed. Schematic

illustrations of each steps are shown on the right of each image. ReproaundREF 136.
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Inspired bytheNa mi b d e s e r t°which eolletteeniicsodrdpletsf waterfrom fog in

the desert atmospheaad guides the droplet®wn to their mouth, Aizenberg and-emrkers+?
designed surface with asymmetric bumps to optimize fast localized droplet condensation.
Later, the slippery surface of pitcher plants inspired them to coat the bumps with a molecularly
smooth lubricant layer to render thevith higherfriction. They achieved ausface with

enhanced contiraus water condensation and shedding performance superior to conventional
superhydrophobic surfaces. Promoting dropwise condensation is critical forhaatesting
applications and many phaskange heatransfer applicationsequiring reliable rapid droplet

growth and transport performanee’>143144

8. Perspectives

Bio-inspired surfaces infused with a lubricating liquid display a remarkable range of useful
propertieaunlike gascushioned surfaces that lose stability and robustness upomeaonie
textureandunder extreme conditions. These properties originate from the ability of the
continuous, foulingesistance, defedtee, nearly molecularly smooth fluid to flow and

configure itself around a variety of surfaces from rigid to elastic.

Although there is no doubt about the potential of the lubritaptegnated surfaces, several
fundamental questions need to be addressed to damdésign an optimal newetting

material®® For instance, the infused liquid film may drain due to external shear flow. Although
an analytical model showed thatinipulating the aspect ratio of the surface grooved pétiern
wick wetting liquids play a rolenithis regard3: further investigation on optimization of more
complicated topographical length scales is requivkateover, to satisfy practical demand,

lubricant depletion and replenishment need to be consid&seal sucessful example, a

55



supramolecular polymegel matrix consisting of liquigtorage compartments in which self
regulating and selfeporting secretion materials was introdué&&dditionally, seltlubricating
hydrogels/organogels are other promising candidates to provide more sustainable replenishing

reservoirst*®

Although complete immobilization of texture is among the most desirable feature, it restricts the
choice of lubricant, and thggininga deeper understanding of surface functionality and

lubricant chemical/physical propertis=mmains inportant4"14€ For example, the role of

lubricating liquid viscosity, texie, and the interactions between components on droplet

shedding behavior, whether they slip or roll on the surfeasnot been adequately addresséd.

The technology of liquid infused systems is likely to dominate the field of biomimetic and
functional surfaces in practical scenarios for the time being, but more research for understanding

the successes and failures of this novel technology istegdsen
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CHAPTER 3: Superoleophobic Nanofibrous Materials from Bacterial Bioengineering

1. Abstract

This study demonstrated that watefused nanocellulosic membranes produced by
Gluconacetobacter hansetacteria under static cultivation conditions displayed
superhydrophilicity and superoleophobicity with ultralowarlhesion properties. Those

propeties arose from the following two unique nanofiber features: (1) the-timesnsional

porous network of a bacterial membrane made up of cellulose nanofibers yielding an
extraordinarily high surface area for trapping water molecules and (2) the natieplniidity

of the cellulose owing to the large amount of hydroxyl groups on the backbone of the cellulose
polymer chains. The bacterial cellulose membrane showed extremelwaightrapping

capacity (> 99% of its dry weight), excellent water absorpaod, very importantly, superior

water retention properties.

2. Introduction

Superwettability of bioinspired nafimicrostructured surfaces in air has been investigated
intensively over the past several decades. Inspired by nature, surface energy and ravghness
two key parameters for achieving superhydrophobicity in air to display water contact angles
larger than 150°. Despite the fact that the trapped air pockets in the structure of
superhydrophobic materials in the Cassie state are prone to fail undergsesticed

instabilities and can be dissolved into the surrounding fluid upon temperature and pressure

increases? a number of superhydrophobic surfaces have been developed for various
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applications such as salfeaning’ antiicing,*® anti-fogging?® fluid-flow drag reductiorf,and

etc8°

Among these applications, eWater separation is of paramount importance for potable water

within water filtration and environmental remediation because of increasing industrial oily
wastewater generation and oil spills. Therefore, materials with superhydrosiipieioleophilic

surfaces offering extreme opposite affinity toward water and oil have been extensively studied

for oil-water separation$'®°Howe v er , -rtelmosé nfgwdi Imat eri als easi |
droplets as they pass througihe adhered oil is hard to remove and recycled and therefore leads

to a significant decrease in separation flux and materials-fife.

Furthermoresuperhydrophobisuperoleophilic materials are not suitable for graudityen
separation because water settles due to its higher density than most tisrand barrier layer
which prevents oil from contacting the surface of the materials. Moreover, therioédnt

materials are flammable, toxic, and cause environmental contamination.

Superwettable materials with inverse affinity toward water and oil ddreas these problems.
Superleophobis uper hydrophilic materisraimepvwmigoh have lpn
to be highly potent in practical applications. They are much less prone to fouling and can have

higher oiltwater efficiency than oitemoving flters. Also, because of lower viscosity of water

compare to organic liquids, watemoving materials are expected to show higher fluidftux

Despite all these advantages, it is very challenging to obtain a surfacetktizasamhe time
shows superoleophobicity AND superhydrophilicity. In fact, from a surface tension perspective,

if the energy of the surface is low enough to repel organic liquids with lower surface tension than
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water, it will repel water molecules td6lo overcome this issue, a promising alternative strategy
is introducing a repulsive liquid layer into the micro/nano structured surfadesconcept of
waterinfused surfaces in an oil/water/solid thygease system is inspired by the antiwetting and

antifouling behavior of oil droplets on fish scales discovered less than a decaéé’ago.

In the case of oilvater separation, water can serve in a simpldlandde-free way to achieve
superoleophobicity while simultaneously behaving as a reconfigurable gate to selectively allow

the water phase of the feed stream to pass through. This gating mechanism can be designed to be
responsive to environmental stimalich as pressure and temperature for selective fluid

transportatiort®1°

In addition to olwater separation, the study of waiepregnated materials leads to an
understanding and development ofleglsed micrereactors, droplebased manipulation in micro
chanrels, marine antifouling coatings, and {@idhesion on surfaces and can be extended to
wettability by liquid droplets other than oil, submersed in another immiscible liquid rather than

water2%23

A variety of threedimensional slippery liquiihfused surfaces have been fabricated recently
through selectively etching nanoparticle templates or densely packing building blocks such as
nanoparticles?* However, the lack of interaction between impregnated liquids and these
substrags can affect the repellency performance and stability of these materials. In fact, the

infused liquid film may drain under external shear flow due to the lack of proper entrapping.
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To overcome the weak trapping ability of artificial porous matrix towatetrimediary liquid,
gels can be promising alternatives because they have shown a potentially more robust approach

to prepare lubricated, textured surfaées.

Gels are higiperformance thredimensional crosslinked networks consisting of a dispersed
liquid medium. If the dispersion medium is water, it is a hydrogel while if it is composed of a
liquid organic phase, isian organogel. There are also organohydrogels which quickly switch to

hydrogel or organogel properties in response to the surrounding’piase

The strong chemical or physical interactions between the dispersed liquid molecules and
crosslinked polymeric network of gels make these materials ideal substrates to firmly trap the
lubricated medium with highlqui d sor pti on .%6alayersdarebe utiizedh c ap a

to design novel multifunctional soft surfaces with $ekfricating propertie$®2°

3. Results and Discussions

This study demonstrated that a watdused nanocellulosic membrane produced by bacteria in

the static cultivation method displayed supelrophilicity and superoleophobicity with ultralow
oil-adhesion properties. Those properties arose from (1) the uniquelime@sional porous

network of a bacterial membrane that is made up of cellulose nanofibers yielding an
extraordinarily high surfaearea for trapping water molecules and (2) the native hydrophilicity

of the cellulose because of the large amount of hydroxyl groups on the backbone of the cellulose
polymer chains. Thus, bacterial cellulose membrane shows extremelyaightrapping

cgpacity (> 99% of its dry weight), excellent water absorption, and very importantly, superior

water retention properties.
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The bacterial cellulose membrane used in the current set of experiments was produced by
Gluconacetobacter hansenkigure3.1 @i c) shows field emission scanning electron
microscopy (FESEM) images of the nanocellulosic membrane. The cellulose nandieers h
diameters of 8+ 17 nm among which there are microscale empty spaces which can be filled
with liquids. The water trapped in the BC membrane is inherently uniformly distributed and
defectfree at the molecular scale for the possibility of allowingdagltheal after physical
damage. In fact, the lubricant water layer in the porous structure of BC membrane can flow
towards any damaged areas due to the sugfaeegydriven capillary action and provide

immediate selfepairing:29%
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Figure 3. 1. (a) Image of wateinfused BC membrane. (b, c) FESEM micrographs of the BC
membrane with scale bar of 5 um and 1 um, respectivé)yJigralow oil adhesion of a BC
membrane in water. (€) Underwater static contact angle for an oil dropletlecane, on the
water infused BC membrane. (f) Static contact angleaddecane on the dry BC membrane in
air. (g) Underolil static contact arlg for deionized water on the oil;dodecane, infused BC
membrane. (h) Schematic showing superoleophobicity of the membrane occurring because of the
presence of the water in the structure and the rearrangement of hydroxyl groups, shown in green,
in hydroghilic medias such as water. (i, ]) Hydroxyl groups rearrangement in contact with
hydrophobic medias such as air or oil, hydroxyl groups point toward the bulk and do not

contribute in repulsion any further.
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Figure3.1 d shows an underwater @tlhesion test which was dynamically measured using an

oil droplet (rdodecane pL, surface tension 24.91 @ 20 °C in mN/m) suspended on a
microsyringe needle tip. First, the oil droplet was placed in contact with the membrae surf

then pushed against the surface, and then retracted. However, the oil droplet was repelled from
the surface and showed no adhesion force toward the surface. In fact, the oil droplet did not leave
the needle during the entire process even after pughorgefully toward the surface. When the
microsyringe was lifted, the oil droplet did not deform and leave any residue on the surface of

the membrane. As shown, the watapregnated layer of the BC membrane, whose surface is
atomically smooth and homegous, exhibited a very low contact angle hysteresis toward the oil

droplet.

Figure3.1 e shows a droplet of light oil {dodecane 3 pL) on a BC membrane immersed in
water. The oil contact angle of 174.5 + 2.5° exceeds by a large margin the established
superoleophobicity threshold (> 150°). BC membrane surfaces with a stable, intercalated
lubricant water layer show no contact line pinning and hence the oil droplet base is circular in
shape and not elongated; this latter result proves that it is extrerfiielyidior a small

underwater oil droplet to adhere and foul the surface of the \vditessed BC membrane.

BC membrane shows almost no oil repellency in air when it is dry (F&jufe There are void
spaces that exist between cellulose nanofibers. Wieza is no water lubricant layer, oil can
infiltrate these spaces quickly. Even the presence of hydroxyl groups on the backbone of
cellulose chains do not help very much under these circumstances. In fact, as demonstrated in
Figure3.1i, hydroxyl groupsare more apt to conceal themselves from air as a hydrophobic

media and therefore do not repel the oil droplet. In the case ofwgisrgnated BC membranes
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(Figure3.1 h), hydroxyl groups rearrange themselves to maximize contact with water molecules
andintercalate them; therefore, a stable repellent layer at the molecular scale arranges itself to

repel oil molecules.

To better understand the role of hydroxyl groups on the oil repellent properties of BC
membranes, and eiinpregnated BC membrane was consted. A piece of BC membrane was
freezedried in order to maintain pore structures. The obtained dry membrane was soaked in n
dodecane liquid until it was fully wetted. As shown in FigBifleg, once the water droplet

touches the surface of oil infuse€Bnembrane immersed in oil media, it infiltrates the
membrane in less than two seconds because that hydroxyl groups which are hydrophilic
rearrange themselves after the water droplet comes into contact with the surface to absorb it

(Figure3.1)).

The surace of the membrane possesses a large roughness factor because of the inherent re
entrant curvature of the nanofibers and microstructured pores which can improve the stability of
a solid/liquid composite interface. Atomic force microscopy (AFM) equippéd avcantilever

with a nanometescale tip was used to scan surface features and roughness.

To better investigate the effect of the thodmensional porous structures of BC membrane on
surface roughness, a thin film of pressed BC nanocellulose was pteparecanned (details

explained in experimental section). The corresponding results are shown inFjlingee

dimensional porous structures can be clearly seen on BC surface. However, the porous structures
disappear from the surface of the pressedoganRoot mean square (RMS) roughness of

surfaces was 56.83 nm and 30.28 nm for the original BC membrane and pressed sample,

respectively.
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A porous microstructure is considered as one of the key factors to influence the surface

wettability and trapping cageity and thereby provide different wetting performari¢és

Figure 3. 2. Surfaceroughness of BC membrane; (a) original BC. (b) smashed and pressed BC

membrane. The measurement results are expressed in 3D based on height information.

Possessing fentrant curvature can lead to a more stable encapsulation of water into the textured
subgrate to facilitate non oNvetting properties with high contact angles, low contact angle
hysteresis, and no contact line pinning effect. In the oil/water/solid system shown in F8yure 3

the gap between surface roughness is filled with water; thudropé on a surface of BC

membrane underwater are separated by a thin lubricant water film trapped between nanofibers

while surrounded and cloaked by an annular wetting ridge.
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Figure 3.3. A schematic of the ocilvater separatio process by a BC membrane (inset)
illustrating possible wetting configurations of a slippery watéused BC membrane; the
schematic indicates that the oil droplet is separated from the surface by a thin water layer

interlocked between cellulosic nandadils.

Waterinfused BC membranes can repel immiscible liquids of virtually any surface tension. For
instance, the oil repellency property of the membrane was herein investigated. A feed of oil
water mixture was passed through a wet BC membrane to yieddalyiclear permeate with no

oil droplets, highlighting the fact that that an oil phase can be separated from the mixture with

high separation efficiency.
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Figure 3. 4. Oili water separation using a watefused BC membranea) Experimental setup.
(b) A mixture of water (yellow color) and hexane (purple color) was poured into the upper glass
jar. (ce) filtration takes place. (f) The filtrate (left) and the oil phases remained on top of the
membrane (right). (g) Membrane aftbe filtration experiments revealing that it can even

concentrate aqueous dyes from the feed solution.
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The underlying mechanism behind this separation phenomenon is referred to as gating. Based on
this mechanism, theapillary-stabilized water in pore structures form a reconfigurable doorway
which selectively allow water to pass through the membrane while prohibiting oil molecules

from penetration. Therefore, it enables watdused BC membranes to effectively suppres

fouling and oil clogging.

Meanwhile, the reusability of the membrane was studied numerous times by adding new water to
the upper tube to reveal no reduction in separation efficiency and filtration flux. This result
proves that a BC membrane has resigtanmil fouling. Therefore, separation can be repeated

as long as the BC membrane remains water infused.

The permeability of pure water through BC membranes of different thickness was measured. As
shown in Figure8.5 a, the water flux was inversely proponal to the thickness of the
membranes. In contrast, water permeance through the membranes increased linearly with

changed in feed pressure over the rangé 20 @si (Figure8.5 b).

The membrane of thickness = 312 +1 5% exhibited an appreciable grgwdriven pure water
flux of 135 + 2 L.m?.h* which is in the range of commercial filte?8 These results showed that
a thin BC membrane is able to withstand high pressures up to 20 psi without a concomitant

reduction in filtration efficiency (Figurd.5 b).

82



200 7000 1000

150 4

100 4

Flux (Lm2h™")
Filtration Efficiency (%)

50 H

T T T T
0 500 1000 1500 2000
Thickness (microns) Pressure (psi)

Figure 3.5. a) Thicknessdependent changes in permeability of pure water through the

membraneb) Influence of the pressure on the water flux and filtration efficiency.

4. Conclusion

In conclusion, it has been amplgmonstrated that a bacterial cellulose membrane offers
underwater superoleophobicity with ultralow-adhesion properties due to its powerful water
absorbing and retention capacities. Meanwhile, the presence of a me&tvaset surface texture
due to he inherent curvature of nanofibers leads to the establishment of a stable Cassie state
composite interface where the water forms a continuous efedecoverlying film. The ability to
produce an anfiouling membrane with different sizes and shapes disawelurability, ease of
cycling, and pHstability match well with the requirements for treating real world problems. It is
anticipated that the promising versatility and simplicity of thisemdly materials can be
employed in designing setieaningcoatings, stimulresponsive materials, ladna-chip

microfluidic devices, and droplet manipulators systems for mini reactors.
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5. Materials and Methods

5.1 Materials

Gluconacetobacter hanseniias purchased from American Type Culture Collection ATCC®

2 3 7 6 9 &nnitol Meast extract, baepeptone (Becton, Dickinson and Companyisalilium
phosphate, and citric acid were used for preparing the appropriate culture media. Hydrogen
chloride and potassium hydroxide solution 1N (N/10) (Certified), were used to purify
membranes.4dodecane was used to preparemilvater mixtures. All the reagents were

purchased from Sigmaldrich and used as received unless otherwise stated.

5.2 Preparation of Bacterial Cellulose Membranes

This work utilized ATCC® 23768 Gluconacetobacter hanseffdr all cellulose production.
Dried bacterial samples from American Type Culture Collection (ATCC) were revived
according to the standard ATCC protocol. Inoculation media was prepared usingttaedsta
mannitol broth that congisof (w/v): 2.5% mannitol, 5% yeast extract, and 3% peptone in DI
water. The mannitol broth media was autoclaved as 1&i at least 15 minutes before

proceeding. This inoculation medium was used as the seed culture medium

The standard Hestrin & Schrammedia (HS media) consists of the following ingredients (w/v):
glcerol2%, peptone 0.3%, yeast extract 0.5%, dibasic sodium phosphate 0.27%, and citric acid
0.114%. Culture vessel was filled with 50 mL of fresh, sterile HS media. To that was added 5%

(v/v) of the seed culture medium.
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The inoculated vessel was then placed in a static incubator under atmospheric conditions at 30°C
for 8 days to develop BC pellicles. Afterwards, the BC membranes were soaked in KOH 1M

bath at room temperature for 48 hours tmaoge norcellulose materials such as proteins and

nucleic acids from bacterial cells and the culture broth. Once the bulk of the media was removed,
the BC membranes were transferred to HCI 0.5M bath to neutralize the base. After an hour
neutralization, theellulose was repeatedly rinsed in DI water until neutral pH. Finally, the

membrane was stored in fresh DI water at 4 °C for further experiments.

5.3Morphology Characterization

Surface and bulk morphology of BC membrane were observed by field emissiomgcanni
electron microscopy (FEI Verios 460L, FESEM). Samples weregallddium (5 0:50) coated
(~15m thickness) with Technics Hummer V Sputter Coater to reduce charge interruptions before

taking SEM images.

5.4 Contact Angle and Surface Tension Measurements

Theoil contact angles in air, underwater oil contact angles and adhesion behavior, and underoil
water contact angles were monitored by ERltgsics Contact Angle System OCA 15EC at
ambient temperature. The oil-@fodecane) drop$S|iL) were dropped carefullyndo the

materials, which were in various surrounding media. The average value of three measurements
performed at different positions on the same sample was adopted as the contact angle. The
pendent drop method was used to measure surface tensicdsadane. It is based on

analyzing the shape of a drop hanging from a capillary tube ready to detach.
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5.5 Surface Roughness Measurements

Atomic force microscopy (AFM), a veityigh-resolution type of scanning probe microscopy,

was used to accurately characterize hriation of surface microstructures with resolution on

the order of fractions of a nanometer for scanned areas of 1 and 100 umz2. In order to keep the
pore structures that are available in the wet state within dry samples, the samples were dried in a
FreeZone freezaryer from LABCONCO at < 50 Pa arBl0 °C for at least 48 h without any

previous prereezing.

For preparation of a thin pressed BC film, a laboratory suction Buchner funnel was used. A
slurry of BC nanocellulose was prepared by homogenizingighted BC sample in DI water

using an IKA T25 dispersing instrument. Filter paper was placed in the Buchner funnel to trap
the nanocelluloses during the filtration process and ensure formation of a smooth film. When the
slurry was poured in the suctifumnel, most of the water was removed by suction, after which a

wet getlike film was formed that was moved to an oven for drying.

5.6 Filtration and Water Flux Experiments

The wet purified BC membrane was tested for oil in water filtration. The surfdoterdil-in-
water mixture were prepared by mixinglndecane and water in a volume ratio of 50:50 under
stirring for 1h or so. The filtration performances were carried out with aelediltration
assembly (Kontes 47mm). The oil contents in the filtratégiodd from filtration experiments
were measured by a Total Organic Carbon Analyzer (Shimadzu Scientific Instruments, TOC

VCPN). The filtration efficiency was defined as below.
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Filtration efficiency (%) = (4Ci/Co) x 100 Q)

where G(mg) is oilconcentration of filtrate ands@mg) is oil concentration of the original oil

in-watermixture

In addition, water flow rate through BC samples was measured using a customized filtration
assembly. The setup was connected to a controllable external prpgsys enables to apply
pressure to the system up to 20 psi and a software capable of measuring the weight of the water

that passes the membrane versus time (Fig6)e

)
©)

©

(2) T

O] ©

% Z

Figure 3.6. Schematic of the filtration set up witlkternal pressure apparatus; (1) filtration cell.
(2) air cylinder pump. (3) pressure gauge. (4) digital weighting balance. (5) graduate vessel for

permeate collection. (6) computer equipped with appropriate software.
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Using this system 200 ml of deionizeater passed across the BC membranes with different

thicknesses under different pressures to measure the pure water flux-RliHl)yncalculated as

follows:

J =VI/At )

where V is the volume of the water filtered (L), A is the effective filtration mambarea (m2),

t is the filtration time (h). The average value was reported from triplicate measurements.

6. Supporting Information

6.1 Purification Step

JUBWIeaIL I[eY|Y

Figure 3.7. Picture of BC membranes and corresponding SEM imageshédmie purifying

with alkali-treatment, bottom) after purifying with alkdteatment.
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6.2 Diameter Distribution and Thermal Stability of Bacterial Nanocellulose

mean diameter (nm)

35317

50 60 70 80 100
Length (nm)

90

Figure 3. 8. Diameter distribution of the cellulose nanofibers shawthe SEM image with

average diameter of 35£17 (scale bar 1 pm).
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Figure 3.9. Thermogravimetric Analysis (TGA) graph of bacterial nanocellulose membrane;

weight change as a function of temperaiur2 0 [/ mi n) .
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6.3Intrinsic Wetting Threshold (IWT)

Surface tensiors tendency of fluid surfaces to shrink into the minimum surface area possible
and e intrinsic wetting threshold (IWT) of the liquid is the contact angle that describes the
boundary of the wettability beten lyophilic and lyophobic behavior when the liquiditting

on an ideglperfectly smooth and chemically homogenesodid surface®*3

In principle, every liquid has its own IWT, which is independent of the solid surface. Recently,
the IWTs of sevial organic liquids were determined by finely modulating the surface tensions of

substratesWi t h t he i ncrease o fwrWillapogro graduallyf*4t e t en s i

Surface tension

0 10 30 50 70 90
Contact angle (°)

Figure3.100.The i ntr i nsi c wreshadediblge) fordiffesest hgoids decreased

with decreasing surface tensith.
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6.4 Hydrophilic -Oleophobic Membranes

Liquid will spontaneously wet out a surface with higher surface energy. To nmakelkent
surface, the surface energy of the substrate must be lower than the surface tension of the liquid.

Surface energy can be altered by chemical modification, plasma treatment, corona treatment etc.

In order to make an oleophobic membranestivace energy of the membrane should be lower
than the surface tension of the oil (organic liquid). The surface tension of the several organic

liquids and water are presented in Table 3.1.

Table 3.1. Surface tension of some ftis.

Sur face

Name )

(@ 20 AC

Wat er 72.80

Tol uene 28. 40
Chl or of « 27.50
nDodecan 25. 35
Hexane 18. 43
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If the surface energy of the membrane is lower than the surface tension of organic liquids, then it
will repel water todbecause surface tension of water is higher than the most of liquids including
organic liquids. Therefore, from surface tension stand point, preparing materials that

simultaneously display hydrophilicity and oleophobicity is very challenging.
6.5Wetting Behavior of Underwater Surfaces

Consider a liquid sessile drop resting on a perfectly flat, horizontal solid surface. As first
described by Yourji n 1805, t h e ofalguid deop an araideal sokd s\rfdcg is
defined by the mechanical equilibrium of the interfacial energies between thd sblid wid),d ( 2

solidiv a p @), and bquid v a p aw) intérfaces can be obtained from Young equation:

Ao T ®3)

From this equation contact angles are not limited to the lgajobr interface on a solid; they are

also applicable to the liquililquid interface on a solid. And can be modified as follows:

Y Ai-9 AT-O

Ki-5 [ r [ (4)
Where 19issurrenderliquid (L}y apor i nt e niftheccentadt angleaf lguid,1 ind
ai reyislguiddrop (L2)v apor i nt e riftheccentatt angleaf ligund,2 indir, and

au1-12 is interfacial energy between liquid drop L2 anatrender liquid L1.
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Figure 3.11. Wetting behavior of solid substratesinthppdr a s e systems based

equation: (left) soliebil-air, (right) solidoil-water.

6.6 Nanocellulose Network

The branching of the nanocellulose network is affected by the proliferation 1@tgytihus
(Figure 3.12). No breakage of the cellulose ribbon occurs after division, just the creation of a

branching point.

Fibril

Cell

Cell () Cell

Division

N

Cell Branch

Cell

Cell

Cell

Figure 3.12 Thebranching of cellulose formed by the cell divisionGkylinus

4—.\4— -
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6.7 Anti Oil -Fouling Properties

In order to investigate the effect of unique 3D microstructure of the BC membrane in organic
liquid repellency properties, a Piece of BC membrane and a cellpkyser were immersed in

DI water for a few minutes until fully wetted. Then a droplet of oitlgdecane, 1 um) was

slowly released on the surface of each samples. By tilting the plate containing the samples, the
oil droplet starts to roll down on the swéof the BC membrane however it completely infused

into the paper.

This experiment proves that the anti oil properties of BC membrane is not only the result of
cellulose itself, but it roots in microporous structure made of cellulose nanofibers wiglhoé lo
hydroxyl groups which provide an ample room for water molecules. Water molecules trap firmly

in the structure of BC membrane through physical and chemical bondages.

However, in case of the cellulosic papers, fibers length is much shorter andifdmeeser is

much bigger thus the surface area available to water molecules is significantly lower. Moreover,
the cellulose fibers are stack on top of each other with limited void volume instead of going
around each other and create a bulky entangled 8lstucture with ample room for water

molecules to infused to therefore, we do not see the same effect from cellulosic paper.
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Figure 3.13. Demonstration of anti ailouling properties of BC membrane compare to a

cellulosicpaper.

W

Figure 3.14. Oleophobic characteristic of bacterial nanocellulose membrane.
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6.8 Surface Analysis

Surface of BC membrane was observed by confocal laser scanning microscope which combines

optical microscopy with laser prodinetry.

mean surface roughness height | 0.57 pm
texture aspect ratio 0.139

Figure 3.15. Surface roughness of BC membrane; a) optical microscopy image b) monochrome
full-focus laser image c) the measurement resyitessed in 3D based on the height

information.
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CHAPTER 4: Grown Bacterial Nanocellulose Matrices with Tunable Poosity

1. Abstract

A facile and effective method is described to engineer original bacterial cellulose fibrous
networks with tunable porosity. We showed that the pore shape, volume, and size distribution of
bacterial nanocellulose membranes can be tailorddapipropriate culture conditions
specifically carbon sources. Pore characterization techniques such as capillary flow porometry,
bubble point method, gas adsorptidesorption technique as well as visualization techniques
such as scanning electron andnaitoforce microscopy were utilized to investigate the
morphology and shapes of the pores within the membranes. Engineering the various shape, size
and volume characteristics of the pores available in pristine bacterial nanocellulose membranes
lead to fabrtation and development of efiendly materials with required characteristics for a

broad range of applications.

2. Introduction

Several species of microbes, most noteworthy among th&hui®nacetobactethave an ability
to extracellularly grow aanoscale cellulosic matrix on the interface ofligmid medium in
stationary cultures. The grown thrdenensional (3D) nanostructured matriege a pure
biopolymerc o mposed of wvery f i neshapddxéll@dcde nanofibets a met er
which areabout 200 times finer than cotton fibers and exhibit a remarkable high surfa¢é area.
Moreover, BC membrane has exceptional flexibility; meanwhile, it shows high tensile strength
(20071300 MPa), hi gher degrees of polymerizat:.

thermal and chemical stabilitgnd high water/oikbsorption capacities’ Bacterial
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nanocellulose has been used for a variety of applications including textiles, food products,

flexible electronics and optics, supercapacitdiagnostic sensors, and cosmetids:!

The microstructure of bacterial cellulose mimics the extracellular matrix of human skin; thus,
they are promising candidates for medical applications such as wound dressings and soft tissue
engineering?'* However, the tight network of cellulose nanailcan hinder their

performance and limit cell infiltratiot*® Improving porosity of the membrane is critical not

only for developig novel functional biomaterials for designing artificial organs and tissue
scaffolds, but also as immobilizing various compounds such as enzyme bioreactors, drugs, etc

and for separating purposEg?

Gatenholm et & have tried to alter the porosity of BC networks by employing paiieehing
techniques. The technique consists of introducing foreigatgsates such as solid particles of
paraffin and potato starch into the structure of the BC matrices during cultivation, followed by
leaching to extract the solid particles residue from the materials. Removing the residue of solid
particles trapped into ¢hbulk structure of the BC membrane was challenging and tedious and in

some cases resulted in broken pore strucfires.

Pore space, which e&portion of the materials volume that is not occupied by solid materials,
provides the dominant contribution to improve surface area and control the migration and
transportation of cells, solid particles, fluids, and so forth. There are different typesesfin
fibrous membranes: one which is known as threpgtes is accessible at two external surfaces
of the membrane and travel all the way through the membrane, commonly evaluated for pore
size measurements. There are also blind or-deddores whichre open at one end id not

participate in permeability of the membrane and are subject to adsorption and desorption of
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particles and living cells. Closed pores are types of the pores that are trapped and encapsulated
inside the materials and have raress to external surfaces; thus, they are not associated with
any absorption or transportation, but still important in terms of mechanical properties such as

strength, pliability, and weiglt.

The currebhwork showed that culture conditions, specifically applying different types of carbon
sourcexan be employed to tune overall porosity and morphology of bacterial nanocellulose
matrices including pore shapes, size, and volume distributions and fluidgielityéehavior.

The transparency of the BC pellicles can be altered significantly by growth media carbon
components. Capillary flow porometry, bubble point method, gas adsegasmiption

techniques, as well as visualization techniques such as FiessiEmScanning Electron
Microscope (FESEM) and Atomic Force Microscopy (AFM) were utilized to characterize the

pores as well as air and fluid permeability properties of each membrane.

3. Experimental Section

3.1 Materials

Gluconacetobacter hansemias purchaseftom American Type Culture Collection ATCC®
23769E. Mannit ol -peptpre decton, Biekinsoraand Gomparadsatiiom
phosphate, and citric acid were used for preparing the appropriate culture media. Hydrogen
chloride and potassium hydraba solution 1N (N/10) (Certified), were used to purify
membranes. All the reagents were purchased from SAgdrech and used as received unless

otherwise stated.
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3.2Preparation of Bacterial Cellulose Membranes

The medium for inoculation preparation and meanlerformation consists of the following (v/v):
carbon source (glucose, mannitol, fructose, sucrose, or glycerol) 2%, peptone 0.3%, yeast extract
0.5%, dibasic sodium phosphate 0.27%, citric acid 0.114%. The cultivation medias were

aut ocl aved laast15nHnltes béfaverproeeeding.

Fermentation cultures for each carbon sources performed @il plates containing 10 ml of

fresh above medium with 5% (v/v) cell suspension media. All fimeeb plates were incubated

statically under atmosphericabn t i ons at 30 for 10 days to BC
nontcellulose materials, the samples were immersed in 1M KOH solution at room temperature

for 48 hours. After this time, BC membranes were transferred to HCI 0.5M bath to neutralize the
base. Aftelan hour neutralization, the cellulose was rinsed repeatedly in DI water until shows
neutralized pH. Finally, the membrane was sto

experiments.

3.3Morphology Characterization

Surface and bulk morphology of BGembrane were observed by field emission scanning
electron microscopy (FEI Verios 460L, FESEM). Samples were gallddium (50:50) coated
(~15m thickness) with Technics Hummer V Sputter Coater to reduce charge interruptions before

taking FESEM images.
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3.4Pore Size Characterization

Capillary Flow Porometry and Bubble Point test (Porous Materials Inc;1GB® AEL) were

used to measure the flow pore diameter distribution along with the bubble point within the
obtained membrane. The samples were dried inezdidryer at < 50 Pa an®d 0 for at |
48 h without any préreezing to maintain pore structures. Subsequently, a fully wetted sample in
Galwick solution with known surface tension of 15.9 Dynes/cm, was placed in the sample

chamber and the chamber v&zsaled.

Nitrogen gas was then allowed to flow into the chamber behind the sample. The bubble point has
been found when the pressure reaches a point that can overcome the capillary action of the fluid
within the largest pore. The bubble point is definedhgyASTM F316-03 standard as the

pressure at which the first continuous gas bubbles are detected.

After determination of the bubble point, the pressure was continuously increased, and flow was
measured until all pores were empty from Gatwick solutiorihat point, the sample was

considered dry by the instrument and the air flow though the sample was recorded.

To further investigate the through pores within the membrane, 200 ml of deionized water was
passed across the membrane under gravity. The puee fluat (J, L.m?.h%) was calculated as

follows:

J =V/AL (1)
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where V is the volume of the water filtered (L), A is the effective filtration membrane afga (m

t is the filtration time (h).

Moreover, porosity and surface area of the membranes were determined by the analysis of
nitrogen adsorptiowlesorption analysis (Micrometrics 3FLEX Surface Characterization, Version

4.04).

4. Results & Discussion

4.1 Morphology Characterization

By playing with he process conditions, altering cellulose mat properties is possibia.he

main nutrient for the bacteria is a form of sugar. A single baateti@an polymerize 100

glucose molecules into cellulose within an hour. Becausélineonacetobactebacteria are

obligate aerobes, many synthesized fibrils, suspended in the inoculation medium, gradually form

a randomlyassembled fibrous metrics thadts at the air/liquid interfacé?®

Results showed all carbon sources supported growth of the bacteria strain (Figure 4.1)l Glycero
and fructose gave the highest cellulose yields of 2.05 and 1.82aspectively. The gravity
driven water flux through each sample were carried out with aeleddiltration assembly as a

tool to further study the permeation behavior and membranghology.

Results are shown in Table 4.1 and Figure 4.2. Glycerol shows the highest water flux with a
significant difference compare to other carbon sources followed by fructose, sucrose, mannitol,

and glucose.
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Fluid permeation behavior can be attributette through pores which are the only form of pores
that participate in the transportation of matter. Higher fluid movement through the samples
clearly point out either more or larger size distribution transportation pores. Gdavign water
flux measwements showed that glycerol improves fluid flux by 32% relative to fructose, which
was the next best flux system, thus offering the most eredfigyent membrane for permeability

and separation applications.

—

o\

Figure 4. 1. Bacterial cellulose membranes by applying different types of carbon sources in
growth culture with all other conditions constant: (top row) freeze dried samples without pre

freezing which locks the porous structure in plgbeftom row) samples in wet states.
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Table 4.1. Effect of different types of carbon sources on yield, water flux, thickness, and density

of BC membranes.

Sample Mannitol Fructose Sucrose Glycerol Glucose
BC Yield
(oL 0.95+0.003 1.82+0.003 0.7+0.001 2.05+0.003  0.42+0.001
ol
Water Flux

12.4+2.5 18.7+1.7 10.9+1.1 27.5+0.67 8.6+1.4
(L.m?2hY)
Thickness

0.26+0.078 0.46+0.191  0.70+0.130  0.76+0.137  0.21+0.042
(mm)
Density!
(ler) 0.04+0.013 0.05+0.018  0.01+0.002  0.03+0.005  0.02+0.003
glc

! The density as calculated from the mass and volume of the membranes.
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Figure 4. 2. Effect of different types of carbon sources on thickness, water flux and density of

BC membranes.

FESEM inspection revealed the microstructure of the bacterial membranes (Figure 4.3). The
obvious differences between the fibrous network of the membranes confirm that, applying
different types of carbon sources is an important parameter for optimiziogspmorphology of

the BC pellicles.

As it is apparent from the images, with this bacteria strain, cylindrical pores andamgroels
of varying sizes are present in the structure of the all membranes. The size of cylindrical pores is
< 1 micron. SEM imges verified that among five different types of carbon sources utilized in

inoculation medium, glycerol, and fructefe samples provide the most open structures.
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Figure 4.3. SEM images of BC membranes obtained by applgliffigrent types of carbon

sources in growth culture with all other conditions constant.

4.2 Pore Size Characterization

Although SEM is a great direct assessment technique to characterize pore structures which exist
in a sample, but it is very localized approand thus, acquiring a reliable representative
assessment of the whole material can be quite prolonged especially for BC membranes which are
natural products and tend to show more variations in morphology. Therefore, to validate and
guantify our findingsn the througkpores present in the membranes, both Bubble Point Test and

Capillary Flow Porometry techniques were used.

Both of these techniques are based on the fact that there is an inverse proportion between a size
of a pore wetted with a fluid withnlown surface tension and the required pressure to force the

wetted fluid to expel from that pof&3® The Washburn Equation (based on the Yeluaglace
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Equation) defines the correlation between this pressure drop and the size of the capillary, or

throughpore, as follows:

T 0éi —
0 rv (1)
0

where D is diameter of the pore, K is a shape correction factor since in a practical membrane
el ement are |ikely to be shaped | i ke capillar

solid contact angle, and P is pressure.

While the Bubble Pait tests helped us to determine size of the largest through pore within the
membranes, in order to understand how many through pores of different sizes are present in the
medium, an assessment of the pore size distribution was provided by Capillary Fionefp

technique.

The results of Bubble Point tests, Figure 4.4, showed that among carbon sources that were fed to
the bacteria, sucrose cause formation of the biggest through pore size with a significant
difference with other carbon sources, followedtugtose, mannitol, glycerol, and glucose.

However, as mentioned earlier, this measurement corresponds to the largest or maximum pore
size available in the membranes, yet other through pore characteristics, such as size distribution,
shape and tortuous n@aé determine the overall permeability and release profile associated with

the use of the membranes.
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The results of Capillary Flow Porometry test, Figure 4.4, illustrated that the presence of glycerol
and fructose in growth culture resulted in membran#s lwigher mean through pore size along

with lower mean flow pore pressure.
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Figure 4. 4. Results of Bubble Point and Capillary Flow Porometry tests on BC membranes

obtained from different carbon sources.
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Table 4.2. Results of Bubble Point and Capillary Flow Porometry tests on BC membranes

obtained from different carbon source.

Sample Mannitol Fructose Sucrose Glycerol Glucose

Bubble Point
_ 9.3280 7.863 1.506 10.477 20.183

Pressure (psi)
Bubble Point

. 0.7074 0.8392 4.3807 0.6298 0.3269
Diameter (u)

Mean Flow Pore
29.402 11.206 72.818 10.646 73.752

Pressure (psi)

Mean Flow Pore

. 0.22+0.1608 0.59+0.4661 0.09+0.6794 0.62+0.5067 0.09+0.0609
Diameter (u)

Smallest Detectel

_ 0.0659 0.1992 0.1974
PoreDiameter ()

Although both glycerol and fructoded samples show around the same mean diameter for flow
pores, but glycereled samples showed around 32% greater water flux over frufdds@amples
(Figure 4.2 andrigure 4.4). To better understand the underlying reasons behind this, we need to
consider pore size distribution for each sample which provides a quantitative description of the
range of pore sizes present in a given membrane, another information thatatsained from

Capillary Flow Porometry based on the following equation:
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e Q0 , )

where f is pore distribution, fw is flow rate through wet sample, fd is flow rate through dry

sample, and D is pore diameter.

The data obtained fro Capillary Flow Porometry experiments clearly indicates that the
glycerolfed sample has a larger pore sizes compare to the frifebsample while the mean
pore size for both is around the same. There is a wider range of pore sizes in thefiedctose
sample. In fact, a lot of pores in this samples fall within the range @f.B2microns (Figure

4.5 a).

Moreover, if we study the flow rate behavior of each sample under pressure, before 50 psi both
samples approximately show the same behavior howtkeeflow rate of air/liquid through

glyceroklfed samples soar up (Figure 4.5 b).
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Figure 4.5. a) Pore size distribution for glycerol and fructose fed BC membranes obtained from
Capillary Flow Porometry test. b) Wet/dilgw rate behavior of glycerol and fructose fed BC

membranes under pressure.

We also measured the density of glycerol and fruetedesamples and realized that fructdése
samples are denser than glycdiead samples; thus, by deduction, because botiplsarhave

about the same average size of through pores, the overall pore volume must be higher in
glycerokfed sample (Figure 4.6). It is worth noting, while the pore dimeter varies along a single
pore, Capillary Flow Porometry measures the most restiiszidiameter within a pore.

Therefore, it is incapable of assessing pore volume data.
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Glycerol Fructose

Figure 4.7. Schematic illustration of BC membrane structure cultivated with two carbon sources

glycerol (left) and fructose (right).
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4 .3 Pore Volume Characterization

It is important to note that although Capillary Flow Porometry and Bubble Point techniques are
quick and convenient, but they are not proficient in terms of providing direct data regarding the
pores volume in solid materials. In facttb of these methods can describe the most constricted

pore size of a through pore while the pore shapes are irregular in most cases.

Other techniques, such as, gas adsorption/desorption, are capable to determine pore volume data
from the adsorption andedorption isotherms of a gas subjected to condensation in the pores.
However, it is important to remember that gas adsorption/desorption techniques are incapable of

discriminating between through pores and blind pores present.

Figure 4.9 shows the nitrogawsorptiordesorption isotherms for various BC membrane

samples cultivated with applying different carbon sources in the growth media. The obtained
isotherms illustrate that the quantity of adsorbed nitrogen is different for each sample. The
fructose andjlycerotfed samples with higher surface area found to have higher nitrogen
adsorption than the other samples. It is worth noting from the isotherms that higher surface area
results in higher adsorption. The nitrogen adsorption property and surface treaarhples

showed a deceasing trend in the following order: fructose > glycerol > mannitol > sucrose > and

glucose.

The data on BET surface area, pore volume, and average pore size of the BC membranes are
presented in Table 4.3 and Figure 4.8 a in wthehsurface area and pore volume reveal the

same trend. The highest surface area attributed to fructose sample with 66% higher value

117



compared to the glucose sample with the least surface area. The pore volume results found to

show a declining trend fromdgjest, fructose, to lowest, glucose, by 56%.

Contrary to surface area and pore volume data, pore size results show an opposite trend with
highest amount associated with glycerol followed by glucose and sucrose, and then mannitol and
fructose samples. Cadgring Capillary Flow Porometry data, the glycerol sample also has the
highest average througiore size, whereas glucose and sucrose had the smallest one. However,
it is important to point out that gas adsorptaesorption assess not only throymbres but also

blind pores and channels between pores which do not participate in permeability properties of

BC pellicles and thus are not recognizable by flow porometry techniques.
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Table 4.3. Brunauer, Emmett, Teller (BETugace area, pore volume, and pore size of the BC

membrane structures cultivated with five different carbon sources.

BET surface area Pore vol? Average pore diametér

Sample

(m?lg) (cm’g) (A)
Mannitol 32+0.35 0.12 82
Fructose 65+0.45 0.25 82
Sucrose 31+0.16 0.15 85
Glycerol 52+0.52 0.23 88
Glucose 22+0.48 0.11 85

2 Barrett, Joyner, Halenda (BJH) adsorption cumulative volume of pores between 17.000 A and
3000.000 A width
3 Adsorption average pore width (4V/A by BET)
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Figure 4.8. a) Brunauer, Emmett, Teller (BET) surface area, pore volume, and pore size of the
BC membrane structures cultivated with five different carbon sources. b) BJH pore size

distribution of the BC membrane structures cultivated with five different carbon sources.
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Figure 4. 9. Nitrogen adsorptioflesorption isotherm of BC membranes cultivated with different

types of carbon sources.
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5. Conclusions

Bacterial nanocellulose membranes are promising-tireensional nanostructured matrices and
have been used for innumerable applications because of their unique green structures along with
sustainable and coesfficient production methods. However tight pore structures present in the
native membrane restricts its practical applicatidrereforejn order to tailor the pore size,

shape and volume of original nanocellulose membranes, different types of carbon sources in

growth culture were applied with all other conditions constant.

Our experiments showed that feeding the bacteria different tymastmn sources under static
culture conditions alter the morphology of the bacterial nanocellulose membrane at both the

macre and micre scales.

Among five different types of applied carbon sources, glyearad fructosefed samples result

in the mosporous structure with highest pore surface area. The higher inner surface area is a
critical feature of the bacterial nanocellulose membranes which adjusts many fundamental
properties such as mechanical and thermal stability, fluid permeability, pYiavilit

compactability, sorption properties and even the lifecycle of matefiails work offers a simple

effective method to induce porosity in native BC membrane without needing to chemically or
mechanically destroying the original unique structureapdsct al | i ni ty of t hese

masterwork.
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6. Supporting Information

6.1 Thermogravimetric Analysis (TGA) Graphs
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Figure 4. 10. Thermogravimetric Analysis (TGA) graph of bacterial nanocellulose membranes

obtained by applying differetypes of carbon sources in growth culture; weight change as a

function of temperature (20 /

6.2 Effect of Alkali Treatment on Permeability Properties

There are protein, medium ingredients, and bacterial cells in native bacterial cellulose
membranes. Igeneral, alkali treatment was used to process the biochemically complex pellicles
into clean cellulose membranes. However, the influence of dfkaliment on filtration rate was

studied by preparing two samples soaked in 1M solutions of KOH and Na@ofolays. Then
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it was neutralized by soaking in acetic acid 0.5 M solution for an hour and washed several times

with deionized water until showing neutral pH.

Our results confirmed that treatment with KOH increases surface porosity, which affeet® the
of permeation of water through the membrane perhaps due to higher swelling. NaOH solution
causes the cellulose fibrils swell thus, reducing the effective pore size available in the

membranes, resulting in reduction in the transmission of water thtbeaghembrane.

FLUX (L.m2h™)
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1
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L
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Figure 4.11. Effect of alkali treatment on permeation properties of the BC membranes.

6.3 Cultivation pH During Nanocellulose Network Formation

It has been shown that the pH outside the bacteria affects thenstrant permeability of the
bacteria cell membrane, which can have an effect on cellulose production and network
formation. The pH of the bacterial nanocellulose growth medias with different carbon substrates

(glycerol, fructose, and glucose) is shown igufe 4. 12°8
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Figure 4.12. pH of bacterial nanocellulose growth medias with different carbon substrates

(glycerol, fructose, and glucose) after 7 days of inoculation.

There might be no gluconic acid production dumggcerol metabolism, thus the pH remains
stable which provided a favorable condition for bacteria growth. Whether this is the principal

reason for the great difference in nanocellulose network morphology remains unclear.

Moreover, a cultivation pH belowr&sults in no production of cellulose and the proliferation of
the bacteria are negatively affected therefore glycerol and fructose are better options in this

regard?®
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CHAPTER 5: Water-infused Superoleophobic Bacterial Cellulose Composite Membranes

for Effective Separation of Oikin-Water Micro -/Nanoemulsions

1. Abstract

Oil-water separation hdmcome one of the most urgent global environmental problems
because the pollution caused by adventitious leakage and frequent oil spills on land and water
precipitated by catastrophic material fatigue and rupture or human errors. In this study, we
developd a green superhydrophiguperoleophobic membrane for-viliter separations based
on bacterial cellulose (BC) nanofibers. Our study shows that this antifouling membrane can
remove/adsorb water from oil/water nafmicroemulsions with a very high filtratn efficiency
and helps to isolate and capture the oil fraction. The nanoceHodsszl membrane we
developed can improve current technologies by increasing efficiency and reducing clogging
through the judicious application of an environmentally friendigewable nanofibrous

cellulose materials.

2. Introduction

Oili water separation is widely recognized as a sustainable strategy to resolve industrial oily
wastewater and oil spill problems. New understanding of the mechanisms of special wetting
phenomena inature during past decades, leads to a biomimetic approach to design and fabricate
interfacial materials with superwettability.Development of extreme wetting states, that
simultaneously show a combination of superhydrophilisiiperoleophobicity or
superhydrophobicitguperoleophilicity for potential use in industrial applications, likenaiter

separation and surface cleanimaye been reported.
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Although fabrcating superhydrophobguperoleophilic surfaces is an easier task due to the
higher surface tension of water than oils, these materials face critical limitations for separating
oil-water mixtures. First, these materials can be easily fouled and cloggddlimcause of their
intrinsic oleophilic nature, which results in a remarkable reduction in separation efficiency and

permeation flux and greatly restrict their application in filtration process.

In most cases, the adhered oil is hard to remove anchcee secondary contamination to the
environment when discarded. Second, water normally tends to settle below most of the oils due
to higher density and forms a barrier layer above the materials. This water layer directly affects
oil permeation and filttdon performance. Moreover, the -ibrbent wastes are flammable, toxic
and, extremely dangerous. Therefore, the safe handling and recycling of oil removing filters is

highly crucial®**

Superwetting materials that combine superhydrophilicitysanmeeroleophobicity are one of the

most promising approaches to address these problems. However, fabricating materials that
simultaneously display superhydrophilicity and superoleophobicity is much more challenging as
a result of intrinsic difference in gace tension between water and oil. In fact, most of
superoleophobic substrates are inherently superhydrophobic too, because generally oils have

lower surface tension than watér.

There are a few number of reports on surfaces designed to possess both oleophobic and
hydrophilic chemical compositions to show superoleophsbjerhydrophilic properties in
air.*>5 For example, Pan et &ldeveloped superoleophobic and superhydrophilic cotton fabric
surfaces through fluorosilanization treatment. The low surface tension of fluorosilanization

coating (~11.5 N m?) yields oitrepellent properties when in contact with polar liquids such as
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water; it was found that surface reconfiguration facilitates the migration of cellulose chains to the
surface. Abundant ether bondin@{O-C-) and hydroxyl groupsQH) on he cotton cellulosic
polymer chains lead to quick wicking of water droplets over the surface. These surfaces still
suffer from poor durability under extreme conditions such as acidic/alkalic environments,
physical abrasion, oxidation in air and so forthjeh significantly limit their practical

applications.

Introducing water into the surface offers an alternative strategy to design superhydrophilic
superoleophoic materials and overcome the above drawbacks. This approach is based on slippery
liquid-infusedporous surfaces (SLIPS), in which the surface is impregnated with a lubricating
liquid, a concept that was broached in 26%*.This natureinspired young field of research

offers an effective and straightforward solution fagating excellent superwetting surfa¢&s

Herein, we fabricated a filter based on composite of a nonwoven mat and bacterial cellulose
(BC) membrane for highly effective separatiomahoemulsions through a facile and eost

effective method. Bacterial cellulose membrane is a green fibrous hydrogel consisting of pristine
highly crystalline cellulose nanofibers which shows good mechanical strength, chemical stability

in a wide range ofld, and environmental compatibilify.

With respect to oilvater filtration applications, BC membranes are attractive offering a robust,
flexible, and slippery liquid infused superhydroph#igperoleophobic surface. The obtained
membrane can potently separate emulsified oil reazmed droples with desirable antifouling and
recyclability properties. Due to its scalability, the current work can contribute to the development
of ecafriendly commercial oil/water emulsion separation membranes with strong stabilities

under harsh environments.
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3. Experimental Section

3.1 Materials

Gluconacetobacter hansenias purchased from American Type Culture CollecAdiCC®
2 3 7 6. M&nnitol, yeast extract, baepeptone (becton, Dickinson and Companysatiium
phosphate, and citric acid were used for preparingpipeopriate culture media. Hydrogen
chloride and potassium hydroxide solution 1N (N/10) (Certified) were used to purify
membranes. Sterile gtlurpose lintfree nonwoven sponges made of highly absorbent
rayon/polyester blend was purchased from Covidiediusn dodecyl sulfate (SDS),

S P A N&,n-dodecane, hexane and were used to prepane-aiter emulsions. All the

reagents were purchased from Sigaidrich and used as received unless otherwise stated.

3.2Methods

3.2.1Bacteria Revival

While there are many strains of cellulose producing bacteria, this work utilized ATCC®

2 3 7 6GlUtonacetobacter hanseffir all cellulose production. Dried bacterial samples from
American Type Culture Collection (ATCC) were revived according to the ATIO@oI.
Inoculation media was prepared using the standard mannitol broth. The media suggested by
ATCC consists of (w/v): 2.5% mannitol, 5% yeast extract, and 3% peptone in DI water. The
mannit ol broth media was aut deféoreaproeedding Thisl 2 1

inoculation medium was used as the seed culture medium.
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3.2.2Fabrication of BC-NW Composite Membrane

The standard Hestrin & Schramm media (HS media) was used consists of the following (w/v):
glycerol 2%, peptone 0.3%, yeasttract 0.5%, dibasic sodium phosphate 0.27%, and citric acid

0.114%?23

A culture vessel was filled with 50mL of fresh, sterile HS media. To that was added 5% (v/v) of
the seed culture madn. The nonwoven mat was fixed in a custom designed 3D printed holder
ring made of PLA. The holder ring template was designed to hold the nonwoven mat firmly
while floating on the interface of air and culture media where the bacterial cellulose membrane
will form (Figure 5.1). The holder ring and nonwoven mat both were sterilized by spraying
ethanol 70% and keeping under ultraviolet light for several minutes before applying in the

culture media.

The inoculated vessel containing the fixed nonwoven mathegsglaced in a static incubator
under atmospheric conditions at 30 °C for 8 days to develop BC pellicles. After this time, the
composite membrane of BC and reinforcement nonwoven mat, which we eAlVBQvill

form. The BGNW membrane was removed from thdture media and soaked in KOH 1M bath
at room temperature for 48 hours to remove-oelfulose materials such as proteins and nucleic

acids residue from bacterial cells and the culture broth.

Once the bulk of the media was removed in alkali solutlmeBGNW membrane was
transferred to HCI| 0.5M bath to neutralize the base. After an hour neutralization, the cellulose
was rinsed repeatedly in DI water until shows neutralized pH. Finally, the membrane was stored

in fresh DI wat eriments. 4 for further exper
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Inoculation medium

- -{Nonwoven mat

Holder ring

S Bacteria cell

. Cellulose nanofibers

Figure 5. 1. Schematic picture of fabricating BEW composite set up; the nonwoven mat is
placed in a custom designed holding ring which can float on tHigaiid interface where BC

membrane forms.

3.2.3Morphology Characterization

Surface and bulk morphology of BEW membrane were observed by field emission scanning
electron microscopy (FEI Verios 460L, FESEM). Samples were gallddium (5 0:50) coated
(~15m thickness) witifechnics Hummer V Sputter Geato reduce charge interruptions before

obtaining SEM images.
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In order to keep the pore structures that are available in the hydrated samples, the samples were
freezedried in a FreeZone freezieyer from LABCONCO at < 50 Pa arfl 0 for at | eas

without any previous priFeezing.

3.2.4Pore Size Characterization

The flow pore diameter distribution along with the maximum flow pore diameter (bubble point)

within the obtained membrane was determined using capillary flow porometry (Porous Materials

Inc, CFR1100_AEL). The samples were dried in a fredrger at < 50 Pa ané 0 for at |
48 h without any préreezing to maintain pore structures. Then, a fully wetted sample in

Galwick solution with known surface tension of 15.9 Dynes/cm, was placed sarniyae

chamber and the chamber was sealed.

Nitrogen gas was then allowed to flow into the chamber behind the sample. The bubble point has
been found when the pressure reaches a point that can overcome the capillary action of the fluid
within the largest pre. The bubble point is defined by the ASTME-03 standard as the

pressure at which the first continuous gas bubbles are detected, this measurement corresponds to

the largest or maximum pore size available in the membrane.

After determination of the lible point, the pressure is continuously increased, and the flow is
measured until all pores are empty from Gatwick solution. At this point, the sample was
considered dry by the instrument. The mean flow pore size corresponds to the pore size

calculated athe pressure where the wet curve and the half dry curve meet.
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Moreover, to further investigate the through pores within the membrane, 200 ml of deionized
water was passed across the membrane under gravity. The pure water fluX (@ )Lwas

calculakd as follows:

J =VI/At (1)

where V is the volume of the water filtered (L), A is the effective filtration membrane afga (m

t is the filtration time (h).

3.2.5Surface Roughness and Topography

The variation of porosity and surface topography ofntleenbrane was investigated by the AFM
(MFP-3D Origin+, Oxford instruments, USA) in a nopntact modeising a silicon cantilever

with resolution on the order of fractions of a nanometer for scanned area of 1 and?1.00 pum
Before AFM measurements, the memlammwere freezdried as explained earlier. For each
membrane, the topographic images (2D as well as rendered 3D), surface mean roughness, root

mean roughness (RMS), and cresstional line scan were obtained.

3.2.6Contact Angle Measurements

The water conta@ngles and underwater oil contact angles were measured by Dys
Contact Angle System OCA 15EC at ambient temperature. The-diddacane) drops (3uL)

were dropped carefully onto the materials surface, which were immersed in water. The average
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valueof three measurements performed at different positions on the same sample was adopted as

the contact angle.

To study the chemical stability of the BOV membranes in harsh pH environments, the oil
contact angle of the membranes was measured after bestrgmg acidic (pH = 2), and basic

(pH = 11) solutions for more than three weeks.

3.2.7Filtration Experiments

The wet purified BENW membrane was tested for oil in water filtration. The surfactant
stabilized oilin-water microemulsions were prepared by mixiiighexane) and deionized

water in a volume ratio of 1:99 with addition of 0.4 mg/ml SDS under sharply stirring for 24 h.

The surfactanstabilized o#in-water nanoemulsions were prepared by mixing the oil phase
containing 0.4 mg/ @aeérphade AdNt&ning 0.4 mgiml SDS.tTieenixtwre
was stirred for 24 h and diluted 100x for dynamic light scattering measurement tests. All the
surfactantstabilized watein-oil nanoemulsions were stable for more than 1 week and no

demulsification or pregitation was observed.

The filtration performances were carried out with a éead filtration assembly (Kontes 47mm).

The whole process is driven under gravity as well as different external pressures. Micrographs of
the feed solution and the filtrate stdun of oil-in-water microemulsions were obtained by

optical microscope Nikon SMZ000 Zoom. The oil contents in the filtrates obtained from each
microemulsion filtration experiments were measured by total organic carbon analyzer by

Shimadzu Scientific Insuments, TOC/CPN. Malvern Zetasizer Nano was employed to
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measure dynamic light scattering for each filtrate collected from nanoemulsion filtration

experiments. The filtration efficiency was defined as below equation.

Filtration efficiency (%) = (4Ci/Co) x 100 2

where G (mg) is oil concentration of filtrate and, §ng) is oil concentration of original eii-

water emulsions.

4. Results & Discussion

4.1 Morphology of BC-NW Composite Membrane

BC membranes have a thrdienensional nanofibroustructure which can trap an abundance of
water molecules. This unique hydrophilic nonwoven structure along with the water molecules
present in it offer all the characteristics required for a liquid infused porous surface system. Like
fish skin, whose roughcales are made of hydrophilic calcium compoufidfscontribute in a
cascading formation of a third repulsive liquid phase, here we have long, randomly distributed
entangled hydnghilic nanofibers that exhibit an extraordinarily high surface areaoortling

with water molecules. This leads to the formation of a smooth repulsive iwgergnated

superhydrophilic and superoleophobic membrane.

As shown in Figure 5.2 the mean didareof BC cellulose nanofibers in the composite
membranes 35 £ 17 nm, creating small pores with diameter on the order of several microns.

The crosssection surface morphology of the BV membrane was observed by FESEM
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images. The crossection images (gure 5.2 a) show that most of the bacteria used the

nonwoven mat as a scaffold to reach to the air, thus the most BC nanofibers are located at the top
portion of the composite membrane. However, bacteria also secreted cellulose nanofibers around
and intothe bulk structure of the nonwoven reinforcement layer. As clearly shown in Figure 5.2

b, there is enough entanglement between the microfibers of nonwoven layer and BC cellulose

nanofibers to keep this composite membrane integral.

Even a thin layer of B@anofibers in the structure of composite membrane is enough to hold
water layer in place and repel oil molecules. It has been well discussed that the membrane

thickness has a negative influence on the flux, according to the below ec8ation:

J=(Rw/L) x driving force 3)

where j is flux, Ris the permeabilityand L is the membrane final layer thickness. Our

preliminary experiments confirmed that B@nofibrils are densely packed and thus increasing

the thickness of the layer composed mostly of BC nanofibers, would decrease the filtration flux
significantly. Therefore, as far as it does not sacrifice filtration efficiency, the BC layer should be

as thn as possible.

Previous works reported that the thickness of the BC membranes can be controlled by adjusting
culture condition parameters such as carbon sources, inoculation volume, and cultivation
time 228 In a recent attempt, Gross et al. described that by employing very shallow broth

culturesawd r i ed temperature BC f i | mizeformed. &tilltheni cknes:
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major issue which limits application of ultrathin BC membrane arditfieulties to handle and

expand it. In fact, upon handling, the ultrathin BC membrane would fold on itself anéstick.

In this work, the fabricated BOIW composite membrane was composed of a very thin layer of
BC nanofibers with a thickness of below 200 um in fregzed format. Freezdrying maintains

all the pores structure while in an-diied membrane all the poresttures areollapsedand

the thickness decreased remarkably. For instance, the thickness of the sined &C

membrane was less than 50 nm.

This micrathick hydrophilic nanofibrous layer captures water by formation of hydrogen bonds
between water niecules and numerous hydroxyl groups available along the cellulose polymeric
backbone and thus prevents oil molecule permeation. In fact, the reinforcement nonwoven mat
plays no role in the separation itself, but as a supporting scaffold to facilitatafeor and

carrying a smooth, uniform, and ultrathin BC membrane which can efficiently serve in

separatinghe oil phase even from nanoemulsions.
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Figure 5.2. FESEM micrographs of the BEW membrane crossection. a) scaledn 500 um.

b, c, d) bottom portion of the membrane composed of BC nanofibers entangled into and around

the nonwoven microfibers with scale bar of 200, 50, and 20 um, respectively. e, f) top portion of
the membrane mainly composed of BC nanocellulose fibighsscale bar of 10 and 2 um,

respectively.
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4.2 Pore Structures Determination

The characteristics of membrane pore structures such as pore size distribution, pore density, and
surface roughness govern the filtration properties of membranes. Three maiof fypess have
been defined in order to obtain accurate descriptions and quantitative analysis of how a

membrane will behave in certain situations.

Pore types according to their availability in the surroundings are classified as through pores,
blind poresand closed pores. Through pores travel all the way from upstream side of the
membrane to the downstream side and determine transportation and filtration performance. Blind
pores are accessible from one exterior while closed pores are completely entritippettie

structure of the membrane as such there is no permeation through these pores and they just

contribute to mechanical properties of the membrane such as strength, weitfht, etc.

- Closed Pore
Relates to: capacity,

<~

Through Pore — strength, pliability,
Determines T " § weight, etc.
transportation and ™~

filtration .
performance Blind Pore

Contributes to
mechanical properties:
strength, pliability,
weight, etc.

Figure 5. 3. Schematic of pores classification according to their availability to surroundings.
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In this work,capillary flow porometry was used to determine the pore sizes distribution of
through pores within the B&BIW composite membrarié Note that membrane pores tend to be
very nonruniform and capillary flow porometry detects only the most constricted pore
diameter?? The result of capillary flow porometry for BRW samples are presented in Figure

5.4.

35 10
—— Dry Flow
Wet Flow

30 4
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20 4

Flow Rate (L/min)
Pore Size Distribution

T T T e e e e e e
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o
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o
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Bubble Point Pore Diameter

Mean Flow Pore Diameter (Microns)
Mean

0.0 -

BC Counterpart

Figure 5.4. The result of capillary flow porometry test; (a) The differential pressureégas
flow rates through dry and wet BEW composite sample. (b) Pore size distribution of the BC
NW composite membrane. (c) The result of measured mean flow pore diameter, mean flow pore

pressure, and bubble point for BOGV composite and BC counterparembranes.
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Capillary flow porometry results showed that the flow rate of the liquid/air is directly
proportional to the applied pressure. Moreover; @ composite membrane shows high
pressure stability and can easily withstand 100 psi without any ruptbresi. The fact that BC

NW composite membrane maintains its mechanical integrity under high operating pressures is

promising to target reakorld applications.

During the capillary flow porometry measurement, gas pressure is gradually increased and
empted t he membraneés through pores of | iquid
which the first stream of rising bubbles is emitted, is considered as the bubble point which is
correlated to the largest pore of the membrane (Figure 5.4 c). Althibegiwbble point for BC
counterpart sample is higher than the-B®@ composite membrane, the overall average

diameter of the through pores of theBIBV composite membrane is much highegarly 63%,

and displays a more uniform pore size distribution. FEdu# b illustrates the size distribution of

the through pores in BBIW composite membrane.

Membranes with higher mean pore diameter requires less pressure to let the liquid to go through
them. In fact, introducing the nonwoven mat in the culture medisecamore open pores in the
structure of BC membrane which makes it even more desirable for applications other than

separation such as tissue engineering and wound dré3sing.

To further study the accurate topographical of the membrane surface, Atomic Force Microscopy
(AFM) was utilized to produce magnified surface images of botiNBCand the counterpart

BC which is shown in Figure 5.5. Ther&ace morphology of the BBIW composite membrane
reveals a remarkable difference with its counterpart. It shows higher surface nanoroughness,

while the counterpart BC membrane displays a more linear and smoother pattern.
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The root mean square (RMS) surfacaghness increases from 17.0 nm for BC membrane to
278.4 nm for BENW composite membrane. This can be explained by the interaction of the
nonwoven template with the bacterial cells. Such an interaction may be changed by the direction
of the bacteria celld¥hen the bacteria cells are free and not in contact with other substrates,
they tend to rotate around a seXis and secret cellulose nanofibers in the form of a twisted
ribbon34 However, contact with the nonwoven substrate trigger for an alter in the movement

direction of the bacteria. This concept can be extetmddsign patterned structures.

Figure 5.5. 2D and 3D AFM topographical images of the surface of (a)\BAZ composite

membrane. (b) counterpart BC membrane.
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