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Water scarcity is one of the most critical challenges faced by mankind and it is
only getting worse due to source pollution and rising population. There is critical need for
the development of water filtration membranes in order to treat polluted water and turn
water from non-potable sources such as waste water and ocean water into freshwater for
human consumption and agricultural irrigation. Filtration Membranes are generally
classified into four categories: microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF) and reverse osmosis (RO), with decreasing pore size for rejecting different sized
substances. Commercial filtration membranes are able to provide decent flux and
rejection for their targeted applications. However, most of them suffer from fouling

issues when the microorganisms and organic matter such as proteins and polysaccharides



in the water source deposit onto the membrane surface, impeding the permeation of water
and lowering the flux. Therefore, it is of high demand to develop membranes that are
anti-fouling. Foulants such as protein particles adhere to the membrane surface via
hydrophobic interactions. In order to minimize such effects, a typical way is to increase
the hydrophilicity of the membrane by surface modification or by utilizing hydrophilic
membrane materials. Foulants also tend to get trapped in the open “pores” on a rough
membrane surface with ridges and valleys. It is then expected that a smoother membrane
surface tend to lessen such effects. Incorporating antimicrobial properties into the
membrane is also an effective way to reduce fouling as this inhibits the growth of
microorganisms on the membrane surfaces. New materials are also used to fabricate
membranes with improved performance. Conducting polymers have recently been
discovered as a new category of membrane-making materials that are hydrophilic and
low-fouling. A new type of polyaniline derivative has been used to fabricate UF
membranes that demonstrate chlorine resistance and anti-fouling properties.
Nanostructured polyanilines are highly processable and possess unique properties that
can be used in the membrane field as well as many other applications such as sensors,
electrochromic devices, supercapacitors and antistatic coatings with enhanced

performance, as described in a review section at the end of this thesis.
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Chapter 1. Introduction to Water Filtration Membranes

1.1 Introduction

Filtration membrane processes are effecttive separation techniques with a wide
variety of applications, from the food/beverage/pharmaceutical/medical industries to
water purification. During operation, water constituent mixtures (source) are pumped
against the active side of the membrane surface, producing permeate and retentate (the
waste stream).! Due to the size exclusion and electrostatic repulsion effects of the
membrane, different components in the feed stream pass through the membrane at
different speeds. The more permeable/small species will be dominant in the permeate,
while the less permeable/large particles get rejected and go into the retentate.

Four main types of pressure-driven filtration membranes exist in the current
market: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
(RO). They are classified based on their distinctive pore size and ability to reject different
sized matter. MF membranes have the largest pore size with an average of ~100 nm and
are generally used to reject relatively large particles, sediments, algae, bacteria, etc. UF
membranes are tighter. Their average pore size of ~10 nm makes them great candidates
for small colloids and protein rejection. They can be used in food-processing and the
pharmaceutical industry for purifying and concentrating solutions of macromolecules
such as proteins, polysaccharides and drugs. They are also used for blood dialysis. NF
membranes have pore sizes of only 1 nm or less and are normally positively or negatively
charged, making them suitable for softening water by rejecting divalent ions such as Ca?*
and Mg?*. RO membranes are considered nonporous and used to reject monovalent salts

such as NaCl. They are used in the desalination process, which produces freshwater from



seawater as well as specific inorganic contaminants (arsenic, fluoride, nitrate, nitrite,

selenium and synthetic organics) removal.

1.2 Membrane Materials and Fabrication
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Figure 1.1 Chemical structures of common MF and UF membrane materials.

MF and UF membranes are normally made of polymers such as polysulfone (PS),
polyethersulfone (PES), polyvinylidene fluoride (PVDF), polypropylene (PP). MF
membranes have homogeneous morphology with consistent pore size throughout their
depth. In comparison, UF membranes have an asymmetric structure with a thin dense
active layer on top of a highly porous support layer (Figure 1.2). The dense active layer is
effective at maintaining the desired rejection, while the porous bottom layer provides

support without adding too much impedance to the permeation of water.
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Figure 1.2 Cross-sectional SEM images of UF membranes showing the typical
asymmetric morphology with a dense top layer on a porous support layer.

Such asymmetric structure is achieved via a phase-inversion method. The
polymer material is dissolved in an organic solvent first to form a homogeneous casting
solution before casting onto a nonwoven polyester support using a casting blade. The
polymer film and support were then immersed into a non-solvent coagulation bath that is
mostly water. This is where phase-inversion takes place. As the organic solvent is fully
miscible with water, the organic solvent and water will diffuse into each other rapidly
while the polymer precipitates out and solidifies.? Such solvent-non-solvent exchange can
be directly visualized under a microscope and the polymer membrane can be formed

within seconds.®
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Figure 1.3 Schematic illustration for the synthesis of polyamide for NF/RO applications.

The active layer of NF and RO membranes are typically made of cross-linked
polyamide (Figure 1.3) material. It is fabricated through the interfacial polymerization
between two monomers, m-phenylenediamine and trimesoyl chloride on a UF membrane
support. Because m-phenylenediamine dissolves in water and trimesoyl chloride
dissolves in hexane, which is not miscible with water, the reaction only occurs at the
interfacial layer of the two solvents, forming a thin ~100 nm active layer that is cross-
linked and nonporous. This dense layer has just the right structure and chemical property
to allow the permeation of water to be two orders of magnitude faster than the permeation
of salts, achieving the separation of salt ions from water. The underlying UF membrane

acts as a mechanic support for the thin active layer. There’s no apparent distinction



between RO and NF membranes. The NF membrane can sometimes be viewed as a
“loose” RO membrane for low-pressure applications.

Before the commercialization of polyamide material, cellulose acetate was mostly
used for RO applications. However, cellulose acetate suffers from a series of issues that
limit the potential of this material. Cellulose acetate is not tolerant to temperatures above
30°C and tends to hydrolyze when the pH is below 3 or above 8. Also, cellulose acetate is
highly susceptible to biological and chlorine degradation. In comparison, polyamide
materials are chemically more durable over a wide pH range from 2-12 and nearly
immune to bacterial degradation. Despite the merits of polyamide materials, there are still

critical issues that require attention.

1.3 Current Drawbacks

Polyamide material itself is hydrophobic. The microorganisms and natural organic
matter such as proteins and polysaccharides can easily deposit onto the RO membrane
surfaces via hydrophobic interactions. This will impede the permeation of water and
lower the membrane flux. Moreover, interfacial polymerization produces rather rough
membrane surface with ridges and valleys that can act as potential sites that trap
microorganisms and protein particles. Such process in which naturally occurring matter
in the feed source adheres to membrane surfaces, which then block the pores and water
flow, is referred to as membrane fouling. This is the one of the most serious issues that
lowers productivity and hinders the commercial scaling of filtration membranes.

Fouling is also a common problem with MF/UF membranes. Depending on the

different polymer materials used to fabricate the MF/UF membranes, they will have



different fouling tendencies. PES is one of the more hydrophilic materials, while PVDF is
fairly hydrophobic. Therefore, PVDF membranes generally exhibit a higher fouling
propensity compared to PES membranes.

Other than fouling, chlorine susceptibility is also a big issue with commercial
membranes. When a membrane gets fouled by microorganisms, the common practice in
industry is to use chlorine (bleach) solution to disinfect the membrane and restore the
membrane flux. Such chlorine cleaning is highly effective in recovering the reduced flux
with inexpensive chemicals. On the other hand, however, chlorine is a potent oxidant and
can deteriorate a variety of functional groups/chemical structures. Polyamide, for
instance, is highly susceptible to chlorine.* The aromatic rings bonded to the amide
groups are highly electron rich and can be easily attacked by chlorine radicals. The N-H
group in the amide linkages can also be converted to N-CI group by N-halogenation. The
resulting N-chloroamide then undergoes hydrolysis that causes chain scission with amine
being oxidized to quinone. At the same time, the N-chloroamide can undergo
intermolecular rearrangement (also called Orton rearrangement) which produces chloro-
substituted benzene rings that can also hydrolyze, resulting in chain scission which leads
to the failure of polyamide membranes causing decreased salt rejection after chlorine
cleaning.® Besides the widely recognized and studies chlorine tolerance issue for RO
membranes, UF membranes also have problems when it comes to chlorine cleaning.
Chlorine is shown to cause leaching out of poly(vinyl pyrrolidone), a common membrane
additive for increasing membrane hydrophilicity.” Chlorine cleaning of PES membranes
actually cause more severe fouling afterwards and leads to polymer chain scission and

loss in mechanical strength, as exhibited by deterioration of membrane integrity.’



1.4 Surface Modifications and New Materials Utilization

Various attempts have been carried out to fabricate chlorine resistant RO
membranes using new materials. Polyamides with nitrogen atoms substituted with alkyl
and aryl groups were demonstrated to have no chemical reaction with chlorine.®®
However, membranes fabricated using polyamide bearing tertiary amine groups do not
have comparable permeability/rejection performance. Interfacially polymerized
polyimides have been reported to create chlorine resistant RO membranes.’® However,
the curing of polyimides require temperatures above 200°C which will melt the
polysulfone support. Although chlorine damage is a big issue in the membrane industry,
very little research has successfully made an impact in fabricating chlorine resistant RO
membranes that are scalable and cost-effective without compromising their intrinsic
membrane performance, i.e., flux and rejection.

Most of the current research in this field has been focused on making anti-fouling
membranes and there has been numerous methods, including surface modification,
blending hydrophilic materials and novel material utilization which will each be
described in the following discussion. Hydrophilic membranes tend to resist fouling due
to the thin layer of water molecules spontaneously formed on hydrophilic membrane
surfaces acting as physical barriers that prevent the attachment of foulants.

As commercial membrane materials are generally chemically inert in order to
remain stable under natural water environment, they do not possess many reactive
functional groups that can be used for modification. Membrane surface modification

methods typically include physical adsorption such as layer-by-layer deposition as well



as covalent grafting using carbodiimide activation, radical-initiated graft polymerization,
plasma activation, chemical vapor deposition and atomic layer deposition in order to
attach hydrophilic polymer chains/materials onto the membrane surface. Physically
adsorbed hydrophilic materials are potentially unstable and can detach at extreme
pH/ionic strength in the presence of water flow shear forces. The commonly used
chemically modified method involves an exotic environment with complex reaction steps

that are not cost effective or scalable for industrial implementation.

Figure 1.4 Chemical structure of perfluorophenyl azide (X = halogen, OR or NR).

As a new approach, our research group started utilizing highly versatile
perfluorophenyl azide (PFPA) (Figure 1.4) as an effective modifying agent for a variety
of membrane materials.!* The azide functional group in the PFPA material is UV-
sensitive and readily decomposes into nitrogen gas and nitrene singlet when exposed
under UV light. The resultant nitrene singlet is highly reactive and can covalently bond to
chemical groups such as alkyl groups, C=C, and amine groups. Membrane materials
usually have abundant aromatic groups with unsaturated C=C bonds for the reaction to
occur. The acyl group on the other end of the PFPA molecule can be easily modified with
other hydrophilic functional materials. Therefore, PFPA agents bearing hydrophilic

chains can be easily grafted onto membrane surfaces via azide photochemistry.
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Figure 1.5 Schematic diagram illustrating sodium alginate adhesion to PFPA unmodified
and modified PES UF membranes.

One example of this is our demonstration of using PFPA hydrophilic small
molecules to modify commercial PES membranes, making it more antifouling against
sodium alginate, a common foulant in natural water sources (Figure 1.5). The chemical
structures of the three PFPA small molecules are shown in Figure 1.6. They each possess
different charged groups with positive charges for PFPA(+), negative charges for PFPA(-
) and both positive and negative charges for the zwitterionic PFPA(+-). PES membranes
modified using these three compounds are characterized using contact angle
measurements to see the change in hydrophilicity after modification. The fouling

propensity test can also be carried out in a cross-flow system.
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Figure 1.6 Target PFPA-derivatives and a general synthesis route.

The three PFPA compounds were synthesized with the starting material
pentafluorobenezesulfonyl chloride (S1). Its sulfonyl chloride group can react with
an appropriate amine compound and form pentafluorosulfonamide (S2). S2 can
then react with sodium azide overnight to produce the PFPA final product. The
detailed synthesis steps for all three PFPA compounds can be seen in Figure 1.7.
These charged PFPA compounds are water soluble and can be made into 0.1 mM
aqueous solutions. Commercial PES membranes can then be dipped into the PFPA

solutions followed by exposure to UV light for one minute. Membranes can then be

thoroughly rinsed with DI water and the modification is complete.
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Figure 1.7 Synthesis routes for three PFPA compounds.

Contact angles measured for all the modified PES membranes were lower than the
unmodified PES membranes with the zwitterion PFPA(+-) modified PES membrane
exhibiting the lowest contact angle of 36° compared to 61° for the unmodified PES,
demonstrating much improved hydrophilicity. The effect of the PFPA solution
concentration on the modified membrane hydrophilicity was also studied. The
concentration of the zwitterion PFPA(+-) solution was changed to different orders of
magnitude before UV exposure and contact angle measurements. Figure 1.8 demonstrates
that a 0.1 mM concentration seems to be the optimal concentration for this application as
it leads to the lowest contact angle value. As a control a UV membrane was modified

using UV light only without the PFPA solution.
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Figure 1.8 Change in contact angle for PES membranes modified using a zwitterion
PFPA(+-) with different concentrations.
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Figure 1.9 Microscopic images of PES membrane surfaces modified using different
concentrations of zwitterion PFPA(+-) solution. The BSA rejection of each membrane is
shown for comparison purposes.

It is speculated that concentrations lower than 0.1 mM will only be able to attach
a very limited amount of zwitterion molecules on the PES membrane, while
concentrations much higher than 0.1 mM will dissolve some polyethersulfone polymer
chains away, leaving only a small amount of zwitterion molecules on the membrane. This
hypothesis is based on the microscopic images of the modified membrane surfaces
(Figure 1.9) that show noticeable holes and defects, likely from the damage caused by the
modification as PFPA molecules are highly soluble in water and polymer chains in UF
membranes are not cross-linked with each other. BSA (bovine serum albumin, protein)

rejection values show that membranes modified with high concentrations of zwitterion
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molecules indeed suffer from damage with lower rejection compared to an unmodified
control membrane.

In order to evaluate the fouling resistance of the modified membranes, a lab-built
cross-flow apparatus was used to monitor the dynamic change of trans-membrane
pressure (TMP) in the presence of sodium alginate solution as a model foulant. Sodium
alginate, which has a strong attractive force to the polyethersulfone membrane
surface, is a common polysaccharide-based extracellular polymeric substance (EPS)
secreted by microorganisms that facilitates initial attachment of microbes to
membrane surfaces and provides the framework in biofilm formation. Once the SA
is anchored to the membrane surface, other foulants can readily attach to the
polysaccharide and rapidly foul the membrane. Membranes are compacted first with
DI water at 16 psi. Once stable, permeate flux is adjusted manually to 3.2 mL/min with a
peristaltic pump. After 10 min of stable flux, feed can be switched to sodium alginate
solution and TMP can be monitored throughout the fouling test. After 90 min of the
fouling test, the feed can be switched back to DI water for 5 min. This step is known as
water cleaning. Afterwards, the feed source can be switched to the foulant solution again
while monitoring the TMP change during the second fouling stage. The TMP was
calculated automatically throughout the cross-flow fouling test via the following
equation:

TMP = (Pin- Pret) /2 - Pperm
where Pinis the inlet pressure and Pret are the pressure at the feed side and the
retentate side of the membrane, respectively, and Pperm is the pressure on the

permeate side of the membrane. When the membrane gets fouled, the flux at the
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permeate side will decrease which leads to a decrease in Pperm. This way the TMP
value will increase. Therefore, the faster that the TMP increases, the higher the

fouling there is on the membrane surface.
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Figure 1.10 A short- and a long-term fouling study of the unmodified and modified
membranes.
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Figure 1.10 (A) shows that the commercial PES membrane possesses a
greater initial and second stage fouling rate compared to the modified membranes.
The second stage fouling is presumably higher than the initial stage due to
unsuccessful rinsing of the foulant layer from the surface of the membrane, enabling
additional sodium alginate particles to attach. Among the modified membranes, the
zwitterion PFPA(+-) coated membrane demonstrates the greatest anti-fouling
ability, with a 0 fouling rate for the 3 hour comparative study. Zwitterionic surface
monolayers!Z and polymers!3-1> have shown to possess ultra-low fouling properties
under static conditions. When the sodium alginate solution is initially introduced,
the TMP immediately increases due to the rapid change in concentration of sodium
alginate. However, due to the contribution of repulsion of the membrane surfaces
and the cross-flow velocity of the retentate, the particles are removed at a faster
rate than the membrane is fouled. Over a longer duration of time, the modified
membrane begins to foul, as observed in a long-term fouling study shown in Figure
1.10 (B). When running the cross-flow experiment for >2 days, there is only a ~4 psi
change in the TMP. In comparison, the same long-term cross-flow experiment was
conducted with the unmodified PES membrane. Because the TMP reaches the inlet
pressure, there is no permeation through the membrane and the experiment was

stopped.

In addition to imparting anti-fouling ability to the membrane surfaces, the
PFPA grafting treatment also increases the permeability of the membrane. The

modified membranes all demonstrate greater permeability than the unmodified
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membranes, with the PES-PFPA(+-) modified membrane exhibiting a water
permeability 169% greater than the unmodified PES membrane. The increased
permeability is likely caused by some of the PES polymer at the membrane surface
being dissolved away. Aromatic polyethersulfones are known to undergo photolysis
into lower molecular weight species when exposed to UV irradiation.1® In other
words, PFPA molecules can be easily synthesized and produced in large quantities.
They can be dissolved in an environmentally benign solvent such as water for the
rapid modification of commercial membrane surfaces under UV exposure. Such
modification is successful resulting in increased water permeability, negligible
changes in sodium alginate rejection and greatly enhanced long-term fouling
resistance.

PFPA chemistry can be rather versatile as one can synthesize different PFPA
compounds bearing different functional groups for membrane modification. The
application of azide chemistry for scalable membranes is further explored in later
chapters.

Blending hydrophilic/antibacterial materials with commercial membrane making
materials during the fabrication process is another effective way to increase the
hydrophilicity/bacteriacidal ability of membranes. For example, sulfonated polyaniline
(SPANI) can be blended into PS UF membranes to enhance the hydrophilicity and

fouling resistance.

17



S04/H,S0,
1.5h, 0°C - 25°C

o)
H 0=y

& O=5_ _H

WL

oL
oL
o}

S
o q

Figure 1.11 Synthesis of SPANi from polyaniline (PANI) that can be dedoped to create
the base form, which can be processed into a solution.

SPANIi is a unique self-doped conducting polymer. It’s very hydrophilic due to
the zwitterionic positively and negatively charged groups on the polymer backbone.
SPANI can be synthesized through a reaction between PANi and fuming sulfuric acid.
The resultant SPANi can dissolve in strong base and can be easily blended into a
polysulfone/N-methylpyrollidone (NMP) casting solution at different weight percentages.
From Figure 1.12, it is clear that with a higher percentage of SPANI blending, the contact

angle decreases, showing improved hydrophilicity.
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Figure 1.12 Captive bubble contact angle images of (a) a pure PS membrane; (b) a 1%
SPANi membrane; (c) a 5% SPANi membrane and (d) a 10% SPANi membrane.
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Figure 1.13 Flux decline and recovery results for PS membranes containing 0, 1, 5, 10%
SPANI after being exposed to a BSA feed solution.

To evaluate the effects of the enhanced hydrophilicity on fouling properties, flux

decline and recovery testing was performed using BSA as a model organic foulant in a
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cross-flow system. When the membranes were exposed to a BSA solution, the flux
decreased immediately. (Figure 1.13) The pure PS membrane lost about half of its
original flux, while the SPANi blended membranes exhibited less flux decline with
higher SPANI content. The 10% SPANi membrane only lost 16% of flux and was able to

recover 95% of its flux after a simple wash flushing step.

1.5 Conclusions

Filtration membranes are becoming more and more crucial to our everyday lives.
Despite the various commercial products available out there, continuous efforts are
needed in order to design and formulate better membranes that are antifouling and
chlorine resistant. In later chapters, more research on membrane surface modification
methods using azide photochemistry will be discussed. A novel chlorine resistant UF
membrane fabricated using a polyaniline derivative will also be described. In the end, a
review on the various applications of nanostructured polyaniline will be given to show

the importance of nanostructured conducting polymers in fields other than membranes.
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Chapter 2. Low-Fouling Antibacterial Reverse Osmosis Membranes via

Surface Grafting of Graphene Oxide

2.1 Introduction

The dwindling of reliable freshwater supplies is one of our most severe problems
exacerbated by rising population and source contamination.'>* Although there have been
improved efforts in water conservation, infrastructure repair, and allocation, these
approaches are only effective in making better use of existing resources.”? With the
increasing need for more freshwater, it is imperative to find alternative sources to meet
future demand. Membrane desalination can produce a sustainable supply of freshwater
from both seawater and brackish water utilizing reverse osmosis (RO) membranes. The
thin-film membranes reject salts from the feed solution and continuously produce a
freshwater effluent for use. State-of-the-art, interfacially polymerized RO membranes
provide high permeability and high rejection with relatively low manufacturing costs.??
Despite their outstanding transport and selectivity, their susceptibility to fouling remains
one of the most problematic issues due to reduced performance and increased energy
consumption.**> Fouling occurs when proteins, microorganisms, and inorganic materials
accumulate on membrane surfaces and increase their resistance to water permeation.®’ Of
these, biofouling caused by the deposition and growth of microorganisms, is the most
difficult to prevent.>’ Once microorganisms irreversibly attach to the surfaces of a
membrane, they can proliferate rapidly in the presence of nutrients, creating
microcolonies that produce extracellular polymeric substances (EPS) which eventually

lead to the formation of biofilms on the membrane surface. Unfortunately, chlorine-based
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disinfecting agents that are generally used to control biofouling are not suitable for

cleaning RO membranes due to chlorine degradation of polyamide-based polymers.'°

Methods that have been investigated to introduce anti-adhesion/anti-microbial
properties to polyamide RO membranes include the surface coating of hydrophilic

1-16 and the incorporation of biocidal materials®!**%?? directly onto

functional materials
the polymer surfaces. A hydrophilic surface will form a hydration layer that hinders the
hydrophobic interactions between the membrane surfaces and the foulants, preventing the
initial attachment of foulants on the membranes.!” However, a majority of the
modification methods are not practical or scalable and therefore are unlikely to be of
commercial importance. Physically applied coatings, for example, can be easily removed
during membrane operation and only produce short-term anti-fouling effects.” Layer-by-
layer (LBL) coatings of oppositely-charged materials tend to disintegrate under high/low
pH and/or high ionic strength’® which are common environments found during RO
applications. Covalent tethering of hydrophilic materials maintains the stability of the
modification layer; however, these modifications typically require exotic synthetic
conditions such as radical-initiated polymerization'®, plasma'®>, or carbodiimide

activation,®!112

which have only been demonstrated on a laboratory scale. Such processes
tend not to be amenable to the high-rate roll-to-roll manufacturing process used for
commercial RO membranes.”> Furthermore, the grafting layer often reduces the
permeability of the membranes by adding resistance to the passage of water through the
membrane.'>!*152! The modification of RO membranes with biocidal materials can

increase their antimicrobial properties and biofouling resistance. However, commonly

used materials such as silver nanoparticles will slowly leach out of the membrane,
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spreading toxic nanoparticles into the environment, while losing antimicrobial activity
over time.® Therefore, a facile, scalable process is needed to produce antifouling RO

membranes in order to improve the productivity of membrane-based desalination.

Graphene oxide (GO) can be grafted onto commercial polyamide RO membranes
to promote anti-fouling and anti-adhesion properties. GO is a hydrophilic, one-atom-thick
two-dimensional structure'!??> that possesses antimicrobial properties®?. Previous
research has examined applying the outstanding properties of GO in the RO membrane
field through the incorporation of GO into the polyamide active layer!”!®, LBL coating of
GO dispersions!! and covalent surface bonding of GO using carbodiimide
activation®'%?2, The covalent surface bonding method appears to be the best method

118

because it allows full utilization of GO material'® and is more environmentally stable?’.

2.2 Synthesis of Azide Functionalized Graphene Oxide and Characterization

.
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Figure 2.1 Schematic illustration of the azidation process of graphene oxide (GO).

Azide-functionalized GO (AGO) was employed to modify commercial RO
membranes due to the unique photochemistry of azide groups. Upon photoactivation,

AGO produces a highly reactive singlet nitrene intermediate that reacts with the abundant
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aromatic rings found within the polyamide membrane active layer.>>%® AGO is
synthesized according to the route developed by Eigler, et al.24 Sodium azide was
added into an aqueous dispersion of GO followed by freeze-drying (Figure 2.1). The
solid-state azidation reaction takes place during the drying in which azide groups
substitute for the sulfonate and epoxide groups. The as-synthesized product was
purified by centrifugation in water. FT-IR spectra (Figure 2.2) of both the starting
GO material and AGO show that after the azidation reaction, a new azide peak (2123
cm1) appeared in the AGO spectrum. This provides evidence for the successful
substitution of azide groups onto the GO structure. The absence of a peak at 2065
cm! (the sodium azide peak) showed that the purification was effective in removing

essentially all the unreacted impurities.
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Figure 2.2 FT-IR spectra of GO and AGO.

The final product was then freeze-dried and redispersed in water to make a

10 mg/L AGO dispersion. AFM analysis (Figure 2.3) showed that the as-synthesized
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AGO nanosheets have sizes ranging from several hundred nanometers to several
micrometers with an average thickness of 1.15 nm. This is comparable to previously
reported values for GO?°, showing that the azidation process did not have any

apparent effect on altering the morphology of the GO sheets.

85nm
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Figure 2.3 AFM height analysis of AGO shows that AGO exhibits a planar morphology
with an average thickness of 1.15 nm (inset).
2.3 Membrane Surface Modification

Commercial RO polyamide membranes (i.e. Dow FILMTEC XLE brackish water
flat sheet membranes) were dipped into the AGO dispersion and air-dried overnight
under ambient conditions. The RO membranes were then placed under UV irradiation
(254 nm, 620 pW/cm? average intensity) for 1 min before sonication in DI water, which

removes any non-bonded AGO. The modification scheme is illustrated in Figure 2.4.
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Figure 2.4 Schematic illustration of the modification of a commercial polyamide RO
membrane using UV activated AGO.
2.4 Results

Contact angle measurements were conducted to confirm the completion of the
modification. Once commercial RO membranes were modified, the apparent pure water
contact angle decreased from 85°+4° (comparable to previously reported values for
polyamide RO membranes!!"'”) to 45°+2° (Figure 2.5), indicating a much higher affinity
between water and the membrane surface due to the hydrophilic oxygen-containing
functional groups within the AGO structure. The enhanced hydrophilicity induces a thin
hydration layer on the membrane surfaces which repel foulant adsorption.>’ Commercial

RO membranes were also dried and exposed to UV light without the dip-coating step.
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Their contact angles did not change compared to a bare RO membrane, indicating that
UV light exposure plays little role in the contact angle of the polyamide layer, as
previously demonstrated”>. As another control experiment, an AGO-coated RO
membrane was dried and sonicated in DI water without UV exposure. Its contact angle
showed no apparent change compared to a bare RO membrane. This proves that the

sonication/rinsing step was effective in removing essentially all the unbonded AGO.

85° 45°

GO grafting

250.0 nm 250.0 nm

Ra=44.3 nm

4

ST 1250.0 nm S 250.0nm

Figure 2.5. After GO grafting on the polyamide RO membrane surface, (a) the water
contact angle decreased from 85° to 45° and (b) the average surface roughness decreased
from 44.3 nm to 29.0 nm based on a 5 pm x 5 um analyzed area.

To investigate changes to the surface topography, atomic force microscopy

(AFM) was conducted on the modified and unmodified membranes. The microscopy
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demonstrates that the GO-RO membrane had a much smoother surface compared to the
unmodified RO membrane. Polyamide RO membranes are manufactured using interfacial

polymerization that typically gives a rough ridge-and-valley'"?

surface morphology, as
shown in Fig. 2b left. After modifying the RO membrane surface with GO, the membrane
surface became smoother with an arithmetic average (Ra) roughness of 29.0 nm
compared to a R, of 44.3 nm for the unmodified RO membrane. This can be attributed to
the planar GO sheets covering the valley regions of the membrane surfaces. A rough
surface, like the pristine RO membrane, tends to trap foulants due to the preferential
accumulation of foulants in the valleys of the membrane surfaces.” Therefore, a smooth,

hydrophilic membrane surface is expected to have higher resistance to fouling compared

to an unmodified RO membrane.

X-ray photoelectron spectroscopy (XPS) analysis of the membrane surface further
confirmed successful modification. Following the modification, the chemical
composition of the modified membrane surface contained high carbon and oxygen
content, similar to the precursor AGO powder (Table 1), suggesting that the modified
surface was predominantly covered in GO sheets. The oxygen content of the modified
membrane approximately doubled (from 14.5% to 28.6%) after the grafting of GO
compared to the pristine membrane, a result of the various oxygen-containing functional
groups in AGO. Additionally, the nitrogen content from the polyamide active layer was
reduced from 10.9% to 3.0%, as GO sheets on the surface of the membrane material

dominate the spectrum.
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Table 2.1 XPS Surface Composition Analysis for AGO Powder and RO membranes

% Cls %0Ol1ls %N ls

AGO powder 67.8 30.0 2.2
Control RO membrane 74.6 14.5 10.9
AGO-RO membrane 68.4 28.5 3.0

Membrane permeability and rejection were tested with a 2 g/ NaCl aqueous
solution under 15.5 bar operating pressure using a cross-flow system with an effective
membrane area of 19 cm?. After 2 hours of compaction, the commercial RO membrane
exhibited a stable flux of 37.8 Lmh with a NaCl rejection of 94.1%. The AGO-RO
membrane maintained a comparable flux of 36.3 Lmh and NaCl rejection of 95.3%. Prior
attempts to increase the hydrophilicity and fouling resistance of polyamide RO
membranes via surface tethering of hydrophilic materials often resulted in significant
drops in permeability.!>!315-2 With the AGO modification, only negligible changes to the

membrane performance properties occurred.
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Figure 2.6 A long-term BSA fouling test on the control and modified membranes
showing the differences in flux decline. Inset pictures show the membranes with a BSA
fouling layer covering the surface at the end of the fouling test.

Once the pure water permeability and rejection was established in the cross-flow
system, the fouling propensity of the membranes were evaluated by adding foulants to the
feed solution. A feed solution consisting of 0.2 g/l BSA (protein, bovine serum albumin)
and 2 g/L. NaCl was used and flux was monitored for seven days. The operating pressure
was maintained at 15.5 bar over the course of the test. According to Figure 2.6, the flux
of the unmodified RO membrane decreased rapidly, with a total of 70% flux reduction
after seven days. In contrast, the flux of the modified membrane was consistently higher
than the blank RO membrane after 5 hours and demonstrated only a 40% flux reduction
after seven days. The cross-flow test was then stopped and the unmodified and modified
membranes were taken out for visual comparison. After one week of fouling, a thick

layer of yellow BSA covered the entire surface of the pristine RO membrane (Figure 2.6
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inset), increasing the thickness of the membrane and lowering its flux. For the modified
membrane, the yellow BSA on the surface was greatly reduced and only covered the side
edges of the modified membrane. The much improved hydrophilicity significantly
increased the membrane’s affinity for water and leads to a thin layer water barrier that is
effective in resisting the irreversible fouling caused by the attachment of proteins onto the
membrane surfaces. The smoother surfaces of the modified membranes further contribute
to their low-fouling properties because it becomes more difficult for protein particles to
anchor onto the membrane surfaces without the valleys and ridges of a rough surface that
protect the protein particles from being flushed away. It is evident that after the grafting
of GO, the modified polyamide membrane is able to mitigate the long-term gel layer
formation from the accumulation of foulants. Due to its enhanced hydrophilicity and
smoothness, the GO-RO membrane can effectively resist the attachment of foulant

molecules and provide less accessible sites for foulant deposition.

The antifouling properties of GO-RO was investigated further by a static bacterial
adhesion experiment using E. coli as a model microorganism. Modified and unmodified
membrane cut-outs (1 x 1 cm?) were soaked in an E. coli suspension for 24 hours at room
temperature before being rinsed with a 0.9% saline solution and stained in a SYTO 9 or
propidium iodide (PI) solution for fluorescence imaging. SYTO 9 labels both live and
dead bacteria cells by binding to their cell membranes, while PI labels only the dead cells
because it can only penetrate damaged cell membranes. Using Image J software, the
surface coverage of total attached cells and all attached cells that are dead can be
quantified by dividing the amount of colored pixels by the total amount of pixels in the

image. Afterwards, the surface coverage of live attached cells can be calculated by
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subtracting the percentage of dead attached cells from that of all the attached cells. Fig.
3c illustrates the surface coverage of live (blue) and dead (red) E. coli on both

unmodified and modified membranes.
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Figure 2.7 (top) Fluorescence and SEM images showing the percentages and condition of
E. coli cells on membrane surfaces after contact for 24 hours; (bottom) quantitative
analysis of live (blue) and dead (red) cell percentages on both membrane surfaces.
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As shown in Figure 2.7 above, 5.46% of the surface of the control RO membrane
was covered by E. coli cells with no deactivation. In comparison, only 0.32% of the GO-
RO membrane surface was fouled by E. coli (both live and dead species), representing a
seventeen fold reduction in cell adhesion compared to the unmodified RO membrane.
This shows that the GO-RO membrane can effectively inhibit the initial attachment of
bacteria, which is crucial in preventing the growth and spreading of bacteria.
Furthermore, among the attached E. coli cells, nearly 90% were deactivated owing to the
antibacterial properties of GO molecules®??. The bacteria-fouled membranes were also
observed under a scanning electron microscope (SEM) to further confirm the condition of
the E. coli cells on the membrane surface. In the SEM images, the pristine RO membrane
surface was largely covered by intact E. coli cells, while that of the AGO-RO membrane
had a much lower surface coverage of E. coli cells. Many of the E. coli cells on the AGO-
RO membrane surface appeared to be lysed, indicating the cell damage induced by the
GO molecules, as GO is known to inactivate bacteria through physical disruption?’,

formation of reactive oxygen species?’, and extraction of lipids from cell membranes®.

2.5 Conclusions

By anchoring GO molecules onto the polyamide RO membrane surfaces, the
surface properties of a commercial polyamide RO membrane were successfully altered,
becoming more hydrophilic, smooth, and antibacterial with considerable resistance to

protein fouling and biofouling. The UV modification method using azide chemistry was
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facile and scalable. It can be easily incorporated into the last step of a commercial roll-to-

roll membrane manufacturing process.
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Chapter 3. pH-Responsive Polyethersulfone Ultrafiltration Membrane

with Low Bio-Fouling and Low Protein-Fouling

3.1 Introduction

Ultrafiltration (UF) is an important separation technique that is widely used in
industries, such as water treatment, pharmaceuticals, blood dialysis, food and beverage
manufacturing and so on. The key component of the UF process is the separation
membrane. UF membranes typically have an average pore size of 10 nm and are effective
in rejecting proteins, viruses and small colloids. Commercial UF membranes are
commonly made of polymer materials such as polyethersulfone (PES), polyvinylidene
fluoride (PVDF), and polypropylene (PP) due to their low-cost, good processability and
flexibility. However, due to their intrinsic hydrophobicity, these polymer membranes are
susceptible to fouling, which is one of the biggest issues in the membrane industry that
increases production costs and lowers productivity. Fouling occurs when substances in
the feed source such as proteins, polysaccharides and microorganisms deposit and anchor
onto the membrane surfaces during filtration operation via hydrophobic interactions,
resulting in increasing impedance to water permeation, thus lowering flux. The fouling
from microorganisms, also knows as biofouling, causes the most serious problem because
once bacteria attach to the membrane surface, they can proliferate rapidly in the presence
of nutrients from other foulants and form biofilms which are difficult to remove by
cleaning procedures. Therefore, a good antifouling membrane should not only resist the
deposition of bacteria and proteins, but also inhibit the propagation of bacteria.

The commonly used approaches to address the fouling issue are by increasing the

membrane hydrophilicity and antibacterial properties. A hydrophilic membrane tends to
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have a thin layer of water molecules spontaneously bind to its surfaces that acts as a
physical barrier to prevent the attachment of foulants. Antibacterial membrane surfaces
have been proven to be effective in deactivating bacteria and limiting their growth. Most
membrane modification studies have been carried out on PES membranes although
polyethersulfone is relatively less chemically inert compared to polyvinylidene fluoride
and polypropylene. PES membrane modifications carried out so far include surface
physical coatings'?, blending®® and covalent grafting of hydrophilic/antibacterial
materials’™®.

Besides increasing the hydrophilicity and bacteriacidal ability of the membrane, a
new mechanism for creating antifouling membranes known as fouling-release has been
recently developed!®!!. These fouling-release membranes possess dynamic membrane
surfaces that are responsive to external environmental changes such as electricity'?, ionic
strength34, pH™1® and temperature!’. These stimuli-responsive materials make the
membrane surfaces dynamic with the change of hydrophilicity/hydrophobicity and/or
surface conformation in response to environmental changes. Such properties will
contribute to weakening of the interfacial bonds between the membrane surfaces and the
deposited foulants, making the foulants easy to wash away by the shear forces from
hydrodynamic mixing during the washing step. Chuo et al.l> prepared
poly(tetrafluoroethylene) membranes possessing ferrocene pendant groups cross-linked
with g-cyclodextrin and showed that the protein on the fouled membrane surface can be
detached via an electrically induced de-cross-linking reaction of the ferrocene- pg-
cyclodextrin linkages. Meng et al.* reported that polyamide reverse osmosis membranes

tethered by zwitterionic polymers exhibit a response to salts and the fouled membranes
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can restore most of their flux after a brine wash due to the swelling of the zwitterion
chains which drives the foulants away. Ye et al.}’ fabricated thermo-responsive polymers
on polypropylene surfaces and showed that the contraction of the polymer chains when
exposed to higher temperature will facilitate foulant desorption. These fouling-release
membranes have proven to be highly effective in self-cleaning with an adjustment of the
feed water parameters. Perhaps surprisingly, to the extent of our knowledge, there have
not been any studies done on using pH-responsive materials to modify filtration
membranes in order to achieve fouling-release effects.

In this work, tetraaniline (TANI) is used as a pH-sensitive molecule to be grafted
onto commercial PES UF membranes in order to create hydrophilic antimicrobial PES
membranes with self-cleaning properties. TANi is an oligomer form of polyaniline with
similar acid doping/base dedoping properties.’® As an oligomer, TANi is more
processable due to enhanced solubility in common organic solvents.!® Furthermore, the
hydrophilic®® and antimicrobial?* nature of TANi make it an even more interesting
candidate for filtration membrane modification. By attaching TANi onto PES membranes,
the foulant layer deposited onto the membrane surfaces can be disrupted and loosened
during an acid wash since TANi chains will become protonated with positive charges

inducing conformational changes.

3.2 Synthesis of Azide Functionalized Tetra-aniline and Its Characterization
TANi was first synthesized following the procedure described by Zhang et al.??
N-phenyl-1,4-phenylenediamine (dimer, 0.1 mol) was suspended in 500 mL 0.1 M HCI

before reacting with 0.1 mol of FeCls dissolved in 100 mL 0.1 M HCI at room
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temperature for 2 hours. The as-synthesized product suspension was then dedoped by
ammonia hydroxide and purified using centrifugation and dialysis before drying in a
vacuum oven overnight.

TANI was grafted onto PES membranes via a bifunctional perfluorophenyl azide
(PFPA) linkage. PFPA molecules have two reactive functional groups on both ends of the
benzene ring. The azide group is UV-sensitive and will decompose into nitrogen gas,
leaving a nitrene radical group that’s highly reactive and can form stable covalent bonds
with functional groups such as alkyl, amine, unsaturated carbon bonds and benzene rings
(abundant in the PES structure).?® The other end of the functional group is usually an acyl
halide or a sulfonyl halide that can be readily modified with other functional materials.In
this way, functional materials can be grafted onto inert surfaces using PFPA molecules as
the bridge.?* In this study, pentafluorobenzenesulfonyl chloride was used to react with
TANI followed by an azidation reaction with sodium azide. The reaction scheme is
shown in Figure 3.1. The final product PFPA-TANi was purified by liquid-liquid
extraction before drying in a vacuum oven overnight and stored in an aluminum foil

wrapped vial, due to the light sensitive nature of the azide group.
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Figure 3.1 Synthesis route for the PFPA-TANi molecule.

F-NMR spectroscopy was conducted on a Bruker AV 300 NMR instrument for
the starting pentafluorobenzenesulfonyl chloride material, the product from the first
reaction and the final product. Spectra were recorded in a solution of deuterated acetone
at  room temperature. Figure 3.2 shows that the starting material
pentafluorobenzenesulfonyl chloride has 3 distinctive fluorine peaks with a ratio of 2:1:2,
which matches with its chemical structure. The first product also showed 3 distinctive
fluorine peaks with a ratio of 2:1:2 with apparent chemical shifts comparable to those of
the starting material. Such chemical shifts are due to the addition of tetra-aniline that
changes the chemical environment of the nearby fluorine groups. The final PFPA-TANI
product only had 2 fluorine peaks due to the substitution of fluorine on the para-position.
The 2 peaks had a ratio of 1:1 demonstrating that the azidation reaction was specific and

only occurred at the para-position.

43



Measured 595.1237

i . | Calmass 595.1227
Dev 1.68 ppm

- " Cal mass 618.1335
Q I N N Measured 618.1329
I z
N; ﬁ“ @ @Ng @ | ‘ Dev 1 ppm

-110 -120 -130 -140 -150 -160 -170 -180 -190 ppm

Figure 3.2 F-NMR spectra for the starting material, the first step reaction product and
the final product as well as the molecular weight of the two products measured by ESI
mass spectroscopy.

Molecular weight of the two products were measured using electrospray
ionization mass spectroscopy (ESI). The calculated mass of product I is 595.1227 and its
measured mass is 595.1237 with only 1.68 ppm deviation. Likewise, the calculated mass
of final product is 618.1335 and its measured mass is 618.1329 with barely 1 ppm
deviation. These two measurements both gave convincing results within the maximum
allowed deviation of 5 ppm. Together with NMR results, it is safe to conclude that our

synthesis and purification were successful and gave pure PFPA-TANi product that’s

ready for use.

3.3 Membrane Surface Modifications

Dried PFPA-TANI powder was dissolved in 200 proof ethanol to make PFPA-
TANI solutions with different concentrations. In order to modify the commercial PES UF
membrane, a blank PES membrane was dipped in the PFPA-TANI solution before being

taken out and placed under a hand-held UV lamp (wavelength 254 nm) for 1 min at room

44



temperature followed by thorough rinsing with ethanol. The modification scheme is

illustrated in Figure 3.3.

23

PFPA-TANIi
in ethanol

1 minute UV treatment Rinsing in
ethanol

Figure 3.3 Modification scheme for the commercial PES UF membrane using a PFPA-
TANI ethanol solution.

The modified PES membrane took on the color of TANi and appeared blue as
shown in Figure 3.4a middle compared to the white color of the blank PES membrane.
When exposed to acid, the modified PES membrane turned green due to the acid doping
of tetra-aniline, shown in Figure 3.4b. As a control experiment, a blank PES membrane
was coated with a PFPA-TAN:I solution for 1 min without exposure to UV light before
fully rinsing with ethanol. This control PES membrane showed no color change which
demonstrated the effectiveness of the rinsing step and that the azide group must be

activated under UV light.
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(a) (b)
Figure 3.4 (a) Pictures of an unmodified PES membrane (left), a PES membrane
modified with a 2 mM PFPA-TANI solution (middle) and a modified PES membrane
doped with HCI; (b) an illustration of PFPA-TANI doping/dedoping chemistry.
3.4 Results
A KRUSS DSA 10 goniometer was employed to measure the contact angle
values in order to determine the membrane hydrophilicity. The captive bubble
method was chosen over the Sessile drop method so that the membranes remain
wet during the measurement without the change of morphology associated with
drying. From Figure 3.5, one can see that the modification of PES membrane
surfaces with PFPA-TANi was effective in lowering the contact angle of the
membrane surfaces. Membranes modified using 0.1 mM concentration of PFPA-
TANi showed a contact angle of 45° compared to that of unmodified PES membrane

at 62°. A higher concentration (2 mM) of PFPA-TANI solution was able to lower the

contact angle even more to 37°, manifesting enhanced hydrophilicity.

45°

Unmodified 0.1 mM
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Figure 3.5 Contact angle images of (a) an unmodified PES membrane, (b) a PES
membrane modified with a 0.1 mM PFPA-TANi ethanol solution and (c) a PES
membrane modified with a 2 mM PFPA-TANI ethanol solution using the captive bubble
technique setup as shown in (d).

In order to test the effects of increased hydrophilicity on membrane anti-
biofouling properties, E. coli was used as a model microorganism and allowed to be in
contact with different membranes before quantification of the deposited bacteria cells. E.
coli cell cultures were first suspended in LB broth and incubated at 35 °C while
shaken at 150 rpm for 24 hours in a New Brunswick Scientific I 24 Incubator
Shaker. Cells were then harvested and diluted with fresh LB broth to a
concentration of 4 x 107 cells/ml. Membrane cutouts of approximately 1 cm? were
incubated in an E. coli suspension for 24 hours at room temperature followed by
rinsing with a 0.9% saline solution. Membrane coupons were then immersed and
stained in SYTO 9 or propidium iodide (PI) dye solution (live/dead Baclight
Bacterial Viability Kit L13152, Molecular Probes) for 15 min. SYTO 9 (green) labels
both live and dead bacteria cells by binding to their cell membranes, while PI (red)
labels only the dead cells because it can only penetrate damaged cell membranes.
Images with bacteria deposition were taken using a fluorescence microscope

(Olympus BX5) and a 4 x CCD camera (FVIEW-II, Soft Imaging System, USA). Using

Image | software, the surface coverage of the total attached cells and dead attached
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cells can be quantified by dividing the amount of colored pixels by the total amount
of pixels in the image. Afterwards, the surface coverage of live attached cells can be
calculated by subtracting the percentage of dead attached cells from that of total

attached cells.

Table 3.1 Fluorescence images and percentages of E. coli cells on the unmodified PES
membranes and membranes modified using 0.1 mM and 2 mM PFPA-TANI solutions.

unmodified 0.1 mM modified 2 mM modified

Total

0.93% 0.45% 0.14%

Dead

0.06% (7% of total) 0.13% (29% of total) 0.13% (94% of total)

Table 3.1 shows that the modified PES membrane had less biofouling compared
to the unmodified. The amount of total biofouling on the 2 mM modified PES membrane

(0.14%) was 6 times less compared to that of an unmodified membrane (0.93%). The
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enhanced hydrophilicity of the modified membrane surface led to the suppression of
hydrophobic interactions between the bacteria foulants and the membrane surfaces,
which inhibits the deposition of E. coli cells. Furthermore, among all the bacteria cells
that were deposited on the membrane modified by 2 mM PFPA-TANI, almost all (94%)
of them were deactivated. In contrast, only 7% of the bacteria on the unmodified PES
membrane were dead. This proves that the antibacterial ability of TANi. IT may not be
surprising that TANI exhibits antibacterial properties because its polymer form,
polyaniline, has been shown to be antibacterial due to the electrostatic adherence between
slight positively charged polyaniline and negatively charged bacterial cell membranes.
Therefore, the enhanced hydrophilicity and antibacterial property of PFPA-TANI grafted

PES membranes contribute to their anti-biofouling ability.

Modified by
2 mM PFPA

Modified by
0.1mM PFPA

__ Cell
Viability _ '
7% M Alive Bacteria

M Dead Bacteria

Unmodified

0.00 0.20 0.40 0.60 0.80

Bacteria Density/ %

Figure 3.6 Bar and pie chart showing the live/dead bacteria density difference on the
modified PES membranes and those modified using 0.1 mM and 2 mM PFPA-TANI
solutions.

49



Fouling-release ability was evaluated using an in-house cross-flow system as
illustrated in Figure 3.7. A membrane is placed in the cross-flow cell (6). Once pump (2)
is turned on, a feed source from the feed tank (1) is pumped into the cross-flow cell,
contacting the membrane active side and creating certain pressure that can be adjusted
using the pump (2) setting and flow meter (4) gauge. Water will permeate through the
membrane and be collected in the container placed on the electronic balance (7). The
balance is connected to a computer that monitors the dynamic change of flux by
converting the mass change into flux. Three pressure gauges are placed on the feed,
retentate and permeate side of the membrane. During the test, pure DI water (pH = 7.0)
was first used to compact the membranes at 16 psi for 3 hours until a stable flux was
reached. Then the feed source was changed to 100 ppm Bovine Serum Albumin (BSA)
solution while maintaining a constant pressure and solution pH. Membranes were fouled
for 90 min with the trans-membrane pressure (TMP) change recorded throughout the test.
TMP is calculated using the equation below:

TMP = (Pteed + Pretentate)/2 - Ppermeate
When the membrane gets fouled, the resistance to water permeation increases. At
constant pressure, there will be less water going into the permeate side. This will reduce
the Ppermeate and increase the TMP. Therefore, by monitoring the TMP change, one can
see the differences between fouling rates among the unmodified and modified PES
membranes. An HCI (pH = 2) wash was conducted after the first fouling stage for 5 min
before changing the feed back to 100 ppm BSA (pH = 7.0) while monitoring the TMP
change again for 90 min. During the second wash step, DI water (pH = 7.0) was used for

5 min before switching the feed back to BSA solution again for 90 min.
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Figure 3.7 Cross-flow system illustration of 1. Feed tank; 2,11. Pump; 3,9. Valve; 4.
Flow meter; 5,8,10. Pressure gauge; 6. Cross-flow cell; and 7. Electronic balance.

From Figure 3.8, it can be seen that as soon as BSA is introduced, the TMP starts
to increase rapidly for both the unmodified and modified PES membranes due to the
deposition of BSA particles on the membrane surfaces. After the first acid wash, the TMP
of the modified PES decreased immediately and the starting TMP of the second fouling
stage was only 1 psi higher than the starting TMP of the first fouling stage (Table 3.2). In
contrast, after the acid wash, the starting TMP of the second fouling stage for the
unmodified PES was 2.6 psi higher than that of the first fouling stage. This means that the
acid wash for the TANi grafted PES membrane was very effective in restoring the TMP,
i.e., the loss of flux as lower TMP equals higher flux. After the second wash using only
DI water for 5 min, the starting TMP for the third fouling stage was 2 psi higher than that
of the previous fouling stage for modified PES. In comparison, after the DI water wash,
the starting TMP for the third fouling stage was 2.8 psi higher than that of the previous

fouling stage for unmodified PES. This shows that a water wash was not as effective as
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an acid wash for TANi modified PES membranes. Moreover, the overall TMP increase
after four and a half hours of operation was 3.5 psi for the modified PES and 7.5 psi for
the unmodified PES, proving the fouling resistance of the TANi grafted PES

membranes.
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Figure 3.8 Normalized TMP change for an unmodified PES membrane and a 2 mM
PFPA-TANI modified PES membrane during three BSA fouling stages.

Table 3.2 Starting TMP difference after each cleaning step compared to the previous
fouling stage.

unmodified 2 mM modified

Acid wash 2.6 psi 1.0 psi
Starting TMP

Water wash 2.8 psi 2 psi
Starting TMP
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The fouling-release mechanism for the TANi grafted PES membrane can be
understood as follows. When the pH is neutral, as is the case with most water treatment
processes, the TANI chains on the PES membrane surface are uncharged (Figure 3.10).
All the TANi chains will be collapsed with shorter chain length overlapping each other
on the membrane surfaces. Once acid is introduced to the membrane surface, the TANi
chains will be doped and become positively charged. Electrostatic repulsion will alter the
morphology and configuration of the TANI layer, making them extend and more upright
positioned. It’s worth noting that the TANi layer grafted onto the membrane surfaces will
not be just a single molecule long as the azide reaction is highly nonspecific so that
PFPA-TANi molecules can easily bond to the benzene rings of the other PFPA-TANI
chains that are already linked to the PES membrane. Further evidence is provided by the
intense blue/green color of the modified dedoped/doped TANI-PES membranes because
the color of a single-layer of TANi should not be visible. The long chains consisting of
multiple TANi molecules can actually contribute to the fouling-release properties of the
modified membranes because longer chains can cause more dramatic changes in chain
length and configuration during acid washing. Similar to the thermo-responsive fouling-
release mechanism, this conformation change will disrupt and loosen the fouling layer,
weakening the interfacial bonds between the foulants and membrane surface, thus making

the foulants more easily washed away by the cross-flow shear forces.
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Figure 3.9 Proposed mechanism for the fouling-release ability of TANi grafted PES
membrane.
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Figure 3.10 Zeta potential plot of TANi material at various pH’s.

3.5 Conclusions

Tetraaniline has, for the first time, been used for PES UF membrane surface
modifications. It can be covalently grafted onto PES material by functionalizing TANI
with azide end groups followed by UV treatment. The modified PES membranes display
enhanced hydrophilicity and antibacterial properties that prevent bacteria cell adhesion
and limit the proliferation of attached bacteria cells. The TANi layer is also pH-
responsive and will undergo dynamic conformation change when exposed to different

pH’s. Such conformation changes have been shown to be effective in fouling-release,
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which contributes to the overall anti-fouling ability of the TANi modified PES

membranes.
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Chapter 4. Novel Chlorine Resistant Low-fouling Ultrafiltration

Membrane Based on a Hydrophilic Polyaniline Derivative

4.1 Introduction

An abundant supply of fresh water is a fundamental requirement for
municipal, industrial and agricultural use. However, rising populations and source
contamination have exerted increasing stress on fresh water supplies. Along with
pressure from stricter regulations for clean water, improvements in water treatment
technology are critical to sustain future generations.*

Membrane-based filtration is the most important and widely used method
for water purification due to its ability to effectively remove impurities in feed
sources on a large scale. Generally, membranes can be categorized into four types:
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
(RO) based on their pore size and ability to reject a variety of materials for
different applications.t

Typical UF membranes have an average pore size of ~10 nm3. In waste
water treatment, ultrafiltration is used to reject pathogenic microorganisms such as
viruses, bacteria, protozoa and other colloids® and can serve as a pre-treatment step
for desalination.!* UF membranes are commonly used for separations in the
chemical, pharmaceutical, food, and beverage industries, and are an integral
component in blood dialysis.®

When a membrane is used for separation, the flux gradually decreases
during operation as the membrane is fouled by inorganic particulates, organic

matter and/or biological microorganisms.! The susceptibility to fouling by organic
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elements varies among different membrane materials due to hydrophobic
interactions between the foulant and the surface of the polymeric membrane. Thus,
membrane hydrophilicity has been linked to a membrane’s propensity to foul, i.e.
hydrophilic membranes generally foul less than hydrophobic membranes.>® A
more hydrophobic membrane allows foulants to adhere strongly via van der Waals
interactions to the membrane surface that leads to irreversible membrane fouling.’
Chemical cleaning is typically used to remove biofilms and adsorbed organic material
from the membrane surfaces. Cleaning treatments restore membrane performance to
regain flux loss during operation due to membrane fouling. Common chemicals used for
cleaning membranes include caustics, oxidants/disinfectants, acids, chelating agents
and surfactants.® Chlorine bleach (sodium hypochlorite), is popular in industry for
its commercial availability, low cost and ability to effectively reduce fouling when
added to the feed solution. Strong oxidants such as hypochlorite not only kill
microorganisms, but also oxidize functional groups in natural organic matter into
more water-soluble moieties, allowing the new species to be readily washed away
during operation. However, strong oxidants simultaneously attack chemical bonds
found within the polymeric membrane material, negatively affecting the membrane
properties.®-21

Prior studies have suggested that chlorine cleaning of UF membranes often
causes more harm than good.'®® Multiple cleaning treatments facilitate chain
scission of the membrane polymer and deteriorates the mechanical strength of the
membrane, leading to failure. Furthermore, these treatments can increase fouling

due to changes in surface charge that increase interactive forces between the
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foulant and the membrane surface.'® Similarly with polymeric reverse osmosis
membranes, chemical attack by chlorine on polyamide RO membranes results in
membrane failure with enhanced passage of salt and water.22* In response,
attempts have been made to modify membrane materials in order to impart
resistance to chlorine degradation. Prior research has demonstrated that small
molecules and polymers containing secondary arylamines (Figure 4.1) undergo
Orton rearrangements?® when exposed to sodium hypochlorite, leading to chain
scission. When n-substituted (tertiary) arylamine derivatives are used, Orton
rearrangement is hindered and the small molecules and polymers exhibit higher

chlorine tolerance than their di-substituted counterpart.?9-4

O A

(a) (b)
Figure 4.1 A polyamide unit with a secondary amine (a) is more susceptible to
chlorine attack than that consisting of a tertiary amine (b).

Recently, conducting polymers and their derivatives have been extensively
examined for their potential use in water treatment membranes due to their
hydrophilic properties, thermal and chemical stability, low-cost, facile synthesis
and straightforward modification via doping.>®2>34 Polyaniline (PANi), one of the
most widely studied conducting polymers, has been blended with the commercial
UF membrane material polysulfone (PSf) to form composite UF membranes with
enhanced hydrophilicity and permeability.>*3* Pure PANi has also been used to

form UF membranes; however, pure PANi membranes do not demonstrate
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sufficient protein selectivity for typical UF operation.>® By adding a secondary
amine such as 4-methylpiperidine (4-MP) into the PANi casting solution, the
processability of PANI is improved, and casting solutions of higher concentration
can be achieved to produce membranes with higher selectivity.®* Unfortunately,
the advantageous hydrophilicity of PANI is lost due to the remaining 4-MP in the
resulting membrane, as indicated by NMR experiments. In another study,
sulfonated PANi (SPANIi) was blended with PSf at low loadings to form UF
membranes that have shown excellent hydrophilicity and high flux restoration after
cleaning only with water.®

Despite the improvements in hydrophilicity and performance, the redox
properties of PANi cause the polymer to be highly susceptible to chlorine
degradation. In its emeraldine base form, approximately half of the aryl rings in the
backbone are benzenoid containing secondary amine groups that are vulnerable to
attack by sodium hypochlorite.?%* In contrast, n-substituted PANi does not
contain secondary amine groups. The reaction rate between hypochlorite and a
primary/secondary amine is 5 orders of magnitude higher than the reaction
between hypochlorite and a tertiary amine.®® Thus, n-substituted PANi is a suitable
candidate for the fabrication of chlorine resistant UF membranes. Thus, our goal is
to synthesize an n-substituted PANi-derived membrane material that possesses
hydrophilic properties and chlorine resistance to both reduce the rate of fouling

and tolerate chemical cleaning conditions.

4.2 N-substituted Polyaniline
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Several types of n-substituted PANI derivatives have been reported in the
literature.®54%% Among these, n-alkyl PANi is the most common form. Because
the addition of alkyl chains to the backbone increases hydrophobicity, we utilize a
hydrophilic poly(n-2-hydroxyethyl aniline) (n-PANI) as a polyaniline derivative to

fabricate UF membranes.
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Figure 4.2 The polymer structures of (a) n-PANi and (b) PANI.

n-PANi was prepared from n-(2-hydroxyethyl) aniline via chemical oxidative
polymerization. The monomer and APS were dissolved separately in 1.0 M HCI aqueous
solutions. The solution of APS was added drop-wise at room temperature into the
monomer solution under vigorous stirring. The reaction was allowed to proceed for 24
hours. n-PANi was purified from the crude mixture via centrifugation at 3000 rpm for 5
minutes followed by dialysis using dialysis tubing with 12,000-14,000 MWCO
(Fisherbrand) in a deionized (DI) water bath. The water bath was replaced with fresh DI
water every two hours until the pH of the water bath remained neutral. The dark green
polymer powder was isolated by removing the polymer dispersion from the dialysis bag

and dried in vacuo at 60 °C overnight (yield = 65%).
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Figure 4.3 Polymerization scheme for n-PANI.

PANi was prepared following the procedure described by Guillen et al.®® It was
synthesized via chemical oxidative polymerization from a 0.5 M solution of H2SO4 using
APS as an oxidant with a 4:1 monomer to oxidant ratio. PANi was recovered with a
microfiltration (0.45 um membrane, Millipore) and washed with NaOH and DI water.
The violet PANI dispersion was dried in vacuo at 60 °C overnight (yield = 25%).

The molecular weight of as-synthesized n-PANi was measured using a
Brookhaven NanoBrook 90Plus Molecular Weight Analyzer equipped with a 660 nm
diode laser for light scattering experiments. A series of n-PANi/NMP solutions with
different concentrations were made for the analysis. Scattered light intensities were
measured at several angles for each of the solutions and the pure solvent. Molecular
weight can thus be calculated based on the relationship between scattered light
intensities and solution concentrations.49.50

To determine molecular weight, dynamic light scattering was used (DLS),
giving a molecular weight for the synthesized n-PANi of 17.2 kDA, which is lower
than the reported value for PANi®2. In this case, molecular weight of the
synthesized PANi could not be measured with DLS due to PANi’s strong

absorption at 660 nm, which is the wavelength of the DLS laser (see the later
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discussion of UV-Vis, Fig. 8). However, PANi synthesized by chemical oxidative

polymerization typically produces polymers in the (20-40) kDa range.33

4.3 Membrane Fabrication

An n-PANi casting solution was prepared by dissolving 30 wt% of n-PANi
powder in 70 wt% NMP. The pure PANi casting solution was prepared following the
procedure by Guillen et al.3* by dissolving 21 wt% of PANi in 11.67 wt% of 4-MP
and 67.33 wt% of NMP as a co-solvent. The weight percent of PANi and 4-MP were
chosen to maintain 2 moles of 4-MP: 1 mole PANi base tetramer (0.547 g 4-MP: 1 g
PANi tetramer). Membranes were hand-cast with a doctor blade (Gardco Adjustable
Micrometer Film Applicator) from polymer solutions onto a non-woven polyester fabric
(Hirose, Japan) using a blade height of 152 um. As-cast solution films were immediately
immersed in a DI water coagulation bath to induce polymer precipitation via non-solvent
induced phase inversion.** The membrane films were left in the coagulation bath
overnight before being transferred to a DI water bath and stored in a refrigerator at 4 °C.

PANI is known to gel rapidly at relatively low solution concentrations, even as
low as 5 wt%.%" In order to achieve a high concentration for casting highly selective
membranes, secondary amines such as 4-MP have been used to prevent PANi solutions
from gelling.38*° Unfortunately, the addition of 4-MP results in a loss of hydrophilicity.3*
Due to the aliphatic side chains in the polymer structure,®®*® n-PANi derivatives are
generally very soluble in common organic solvents such as NMP and DMSO. With
regard to membrane casting, n-PANi can be readily dissolved in NMP at high

concentration without gelation.
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Figure 4.4 (a) Gelling of PANI is caused by intermolecular hydrogen bonding. (b) 4-MP
inhibits PANi from gelling by taking up some of the hydrogen bonding sites.

We found that n-PANI solution concentrations as high as 30 wt% can be achieved
without gelation. n-PANi is comprised mostly of aniline rings in its benzenoid form with
a flexible aliphatic side chain which increases the flexibility of the polymer backbone,
compared to PANI. This flexibility prevents two adjacent polymer chains from forming a
critical number of intermolecular hydrogen bonds that causes gelation. Additionally,
steric hindrance from the long flexible side chains increases the distance between two
adjacent polymer chains, which further suppresses intermolecular polymer interactions.

The n-PANi membrane was cast with a 30 wt% polymer solution (higher
than that of PANi membrane at 21%) to increase the casting solution viscosity to
make the solution suitable for casting. The lower viscosity is likely due to the lower
molecular weight of the n-PANi. N-substituted aniline derivatives typically produce
lower molecular weight polymers compared to PANi, due to increased steric

hindrance5?.

4.4 Chlorine Tolerance comparison
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The membranes’ performance was tested before and after exposure to a
sodium hypochlorite solution to evaluate the chlorine tolerance of the membranes.
Membrane permeability and rejection tests were carried out using a dead-end
stirred cell (Sterlitech) with a membrane area of 14.6 cm?. Permeate flow rates were
measured using a digital flow meter. Pristine membranes were compacted first
using DI water at 1.38 bar (20 psi) until the flux decline was <5% over a 30 min time
period. Membrane flux was measured under pressures of 1.38, 1.04, 0.69, 0.34 bar
(20, 15, 10 and 5 psi). Pure water permeability data were determined by plotting
the flux as a function of pressure. BSA (6 nm in diameter33) was used to evaluate the
membrane rejection properties. Concentrations were determined using an Agilent
8453 UV-Visible Spectrophotometer. BSA rejection was calculated from

R=1-cp/cf,
where cp is the BSA concentration in the permeate and cf is that in the feed solution.

To evaluate chlorine tolerance, 250 ppm sodium hypochlorite solutions (pH
= 8.5) were prepared by diluting a concentrated sodium hypochlorite solution with
DI water. The concentration of free chlorine was measured using an HACH Pocket
ColorimeterTM II chlorine test kit. N-PANi and PANi membranes were compacted as
described above before being soaked in 250 ppm hypochlorite solution for different
periods of time. Pure water permeability and BSA rejection were measured as
described above for pristine membranes.

Cross-sectional morphologies and surface images were taken using a JEOL
JSM-6701F scanning electron microscope. Unsupported membrane samples were

used for cross-sectional imaging. The membranes were prepared from polymer
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solutions cast unsupported on a glass plate followed by precipitation via non-
solvent induced phase inversion in a DI water bath. The resulting unsupported
membrane films were peeled off and dried in vacuo overnight at 60 °C. Membrane
surface images were observed at 3,000x and 100,000x to visualize the pore size and
porosity. In order to determine the chlorine damage on membrane morphology, n-
PANi and PANi membranes were soaked in 250 ppm free chlorine for 2 days before
drying. Cross-sectional and surface images of the pristine and chlorine exposed

membranes were viewed at 600x magnification.

Table 4.1 Permeability and BSA Rejection of Membranes Before and After
Soaking in 250 ppm Free Chlorine

Pristine Chlorineld Chlorine2d  Chlorine30d
N-PANi 86.9 103.3 100.6 108.7
Permeability
(Imh/bar)
N-PANi 65.8 62.9 75.7 70.2
rejection (%)
PANi 280.4 642.1 1328 N/A
Permeability
(Imh/bar)
PANi 129 1.8 0 N/A

rejection (%)
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To determine the flux and selectivity of the n-PANi membranes, pure water
permeability and BSA rejection tests were performed (Table 4.1). The % rejection
was determined using the equation below:
R=1-Ap/As

where Ap and As are the UV-Vis absorbance of the permeate and feed solution at
280 nm, respectively. For comparison, a pristine PANi membrane was also tested.
The n-PANi membrane exhibited a permeability of 86.8 Imh/bar (3.53 gfd/psi),
while rejecting 65.8% BSA. The pure PANi membrane possesses a higher
permeability (280.4 Imh/bar), but lower BSA rejection (12.9%).

Membrane surface SEM images (Figure 4.5a) show large pores on the
PANi membrane surface. The pores are several hundred nanometers in diameter,
comparable to PANi membranes previously reported3. The large pores contribute
to the relatively high permeability but low BSA rejection of the PANi membrane.
At the same magnification, the n-PANiI membrane surface appears to be defect-
free and continuous. At 100,000x, slit-pores are observed on the n-PANi
membrane surface (Figure 4.5c). The image was converted to black and white
(Figure 4.5d) using NIH Image J software® in order to estimate the pore size.
From these converted images, the slit-pores appear to be approximately 50 nm in
length and 10 nm in width, manifesting the n-PANi membrane’s higher BSA

rejection.
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Figure 4.5 SEM images of (a) a PANi membrane and (b) an n-PANi membrane
surface at 3,000x magnification, (c) an n-PANi membrane surface at 100,000x
magnification and (d) its black-white picture after conversion using Image J
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software. Cross-sectional images of (e) a pristine PANi membrane, (f) a PANI
membrane after chlorine exposure, (g) a pristine n-PANi membrane and (h) an n-
PANi membrane after chlorine exposure at 600x magnification. Surface images of
(1) a pristine PANi membrane, (j) a PANi membrane after chlorine exposure, (k) a
pristine n-PANi membrane and (l) an n-PANi membrane after chlorine exposure at
600x magnification.

Generally, increased polymer concentration in a casting solution leads to
higher polymer density at the nonsolvent interface*® during the phase inversion
process. Therefore the volume fraction of the polymer increases while the porosity
decreases™, resulting in lower permeability and higher rejection. To investigate
changes in performance, surface and cross-sectional SEM images of membrane
samples were taken. As can be seen in Figure 4.5e and g, the morphology of the
PANi membrane shows finger-like voids that extend across the entire span of the
membrane. In contrast, the n-PANi membrane’s finger-like voids extend only
through the upper half of the membrane, indicating a denser morphology,
consistent with its lower permeability compared to the PANi membrane.

To evaluate changes in chlorine tolerance based on chemical structure,
PANi and n-PANI membrane coupons were exposed to sodium hypochlorite
solutions for 2 days and the performance and rejection were examined. After
soaking in the 250 ppm sodium hypochlorite solution, the permeability of the pure
PANi membrane increased drastically from 280.4 Imh/bar to 1328.4 Imh/bar
(Table 4.1). The BSA rejection of the pure PANi membrane also decreased
significantly from 12.9% to O indicating that exposure to chlorine damaged the

PANi membrane. The surface SEM image in Figure 4.5j clearly shows the damage

that the chlorine exposure causes to the membrane. The exposed PANi membrane
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possesses large defects in the surface. Chlorine also damages the interior structure
of the PANi membrane, which appears to lose mass and thickness (Figure 4.5f).
On the other hand, the permeability of the n-PANi membrane changes only slightly
from 86.9 Imh/bar to 100.6 Imh/bar upon chlorine exposure, with little change in
BSA rejection. Figure 4.5h and | indicate that the n-PANi membrane surface and
interior structure are unaffected by chlorine exposure. It is also worth noting that
there was visible bleaching of the PANi membrane sample upon exposure to the
chlorine treatment (Figure 4.6). Chlorine oxidizes the benzenoid groups (as
discussed in the following section) and decreases the extent of conjugation across
the polymer backbone. This phenomena reduces the absorption of photons giving

rise to m-m* transitions, resulting in chemical bleaching.

Before/

n-PANI

PANI

Figure 4.6 Photos of PANi and n-PANi membranes before and after being soaked
in a 250 ppm free chlorine solution for 2 days.

During industrial operation, chlorine cleaning is performed either by back-

flushing with 2-8 ppm hypochlorite solution for 1 min or soaking in 20-400 ppm
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free chlorine for 1 h periodically. The combined effect of chlorine oxidation can be
expressed in a concentration x time manner.1®> Long-term chorine resistance of n-
PANi membrane was tested by extending the soaking time in 250 ppm free chlorine
solution to 30 days. Fresh hypochlorite solutions were prepared and exchanged
every 2 days. At the end of the 30-day period, the membrane performance was
evaluated. After 30 days, the n-PANi membrane maintained its pure water
permeability of 108.7 Imh/bar and a BSA rejection of 70.2%, indicating outstanding
long-term chlorine resistance. n-PAN:i is able to withstand at least 180,000 mg h/L
of free chlorine exposure. Therefore, we believe n-PANi is a viable candidate for

long-term use in water treatment plants without failure due to chlorine degradation.

4.5 Degradation Mechanism

The polymeric materials were characterized with FT-IR, UV-vis and NMR to
probe the mechanism associated with membrane degradation from chlorine
exposure. Fourier Transform Infrared Spectrometry (FT-IR) was conducted using a
JASCO FT/IR-5300. Membrane samples were cut into 1 cm x 2 cm small rectangular
pieces and dried in vacuo overnight before making measurements. An Agilent 8453
UV-Visible Spectrophotometer was utilized for UV-Vis characterization with
polymer powders using DMSO as a blank solvent. Polymer powders were
chlorinated by being submerged in 250 ppm chlorine solution for 2 days before
drying and dissolving in DMSO. 1H-Nuclear Magnetic Resonance (1H-NMR)
experiments were carried out in a Bruker Avance AV300 (300.1 MHz) instrument at

room temperature. The unsupported membrane was grinded into powder with a
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mortar and pestle and dissolved in deuterated DMSO. The 1H-NMR chemical shifts

are reported relative to the deuterated DMSO solvent signal.
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Figure 4.7 FT-IR spectra of membranes before and after being soaked in bleach
containing 250 ppm of free chlorine. The small peak at 875 cm for the pristine n-
PANi membrane is due to the chloride counter-ion attached to the doped n-PAN:I
membrane. After the n-PANiI membrane is soaked in a basic sodium hypochorite
solution, n-PANi becomes dedoped, as indicated by the disappearance of the
chloride counter-ion peak.

To probe redox chemistry induced by chlorine treatment, ATR-IR was
employed. Upon examination of the benzenoid and quinoid moieties within the
PANi and n-PANi backbones after chlorination, the differences in chemical
structure are discernible (Figure 4.7). In the PANi IR spectrum, the quinoid peak
shifts from 1597 cm™ to 1587 cm™ and the benzenoid peak shifts from 1501 cm*
to 1498 cm™ upon chlorine exposure. However, the quinoid and benzenoid peaks
of the n-PANi remain at 1591 and 1495 cm™, respectively, after being soaked in
250 ppm free chlorine for 2 days. Additionally, the intensity ratio of the quinoid

group to the benzenoid group in the PANi membrane increases from 0.5 to 1

(Table 4.2). A decrease in the intensity of secondary amines, corresponding to a
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decrease in benzenoid rings, in the PANi membrane is also observed at 1270 cm™.
The alkyl peak around 2900 cm™ in the as-cast PANi membrane is indicative of
remaining NMP and 4-MP within the film (also observed in the NMR spectrum in
Figure 4.9). After being exposed to 250 ppm free chlorine for two days, the alkyl
peaks almost disappear due to the fewer available benzenoid units for NMP to
bond to. These changes suggest that the benzenoid groups are oxidized by
chlorine. In contrast, the n-PANi membrane remains unchanged upon chlorine
exposure. The benzenoid:quinoid ratio is only slightly altered from 1.2 to 1.3,
while the peak positions do not shift, indicating the polymer’s tolerance to

oxidation.

Table 4.2 The FT-IR Benzenoid (B) and Quinoid (Q) Peak Positions and Intensity
Ratios for N-PANi Membranes

Pristine Chlorine 2 d
N-PANi B/cm 1495 1495
Il\I-PANi Qlcm- 1591 1591
N-PANi Q/B 1.2 1.3
PANi B/cm™ 1501 1498
PANi Q/cm-! 1597 1587
PANi Q/B 0.5 1.0

To further investigate benzenoid to quinoid oxidation from chlorine
exposure, UV-Vis spectroscopy was utilized. In the UV-vis spectra (Figure 4.8), n-

PANI absorbs in one region with a Amax at 331 nm, corresponding to the benzenoid
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n-n* transition. For PANI, a separate peak appears at 601 nm, corresponding to the
quinoid ©-7*.%® With chlorine exposure, n-PANi displays no apparent change in its
UV-Vis spectrum. In contrast, the spectrum of PANi varies markedly upon
chlorine exposure. A blue shift is observed for the benzenoid peak (338 nm — 329
nm) and a red shift is observed for the quinoid peak (601 nm — 624 nm) due to
chain cleavage and chloride subsitution on the quinoid rings (Table 4.3). The
Intensity ratio of the quinoid to benzenoid peak also increases, which is consistent

with the IR spectra, further indicating benzenoid ring oxidation reactions.

—— N-PAN:i pristine

| Benzenoid ——— N-PAN:I chlorine 2 d
« (B) —— PAN:i pristine

B PAN!I chlorine 2 d

Quinoid

)
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Figure 4.8 UV-Vis spectra of membranes before and after being soaked in bleach
containing 250 ppm of free chlorine.

Table 4.3 The Benzenoid (B) and Quinoid (Q) Peak Positions and Ratios for N-
PANIi and Pure PANiI Membranes

N-PANi PANI PANI Q/B
B/nm B/nm Q/nm
Pristine 331 338 601 0.33
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Chlorine 2d 331 329 624 0.71

To determine chemical changes to the polymers, *H-NMR spectroscopy
experiments were conducted on representative samples of the PANi and n-PANi
polymers, before and after chlorine exposure (Figure 4.9). The NMR spectra of the
PANi membrane indicates that both NMP and 4-MP remain in the membrane after
the phase inversion process with thorough rinsing. After exposure to chlorine,
NMP is partially removed from the membrane. NMP interacts with the PANI
backbone via hydrogen bonding®* as depicted in Figure 4.9b. As mentioned above,
the decreased number of benzenoid rings in the backbone (after oxidation)
removes hydrogen bond sites for the NMP to interact with. In the spectrum for n-
PANi, NMP is not present. Due to the presence of long n-alkyl side chains, the
NMP solvent cannot interact strongly with the n-PANi backbone, and is removed
during rinsing after the phase inversion process. Additionally, there is no visible
change upon chlorination, manifesting the chlorine stability of the n-PANiI

membranes.
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Figure 4.9 (a) NMR spectra of I. a pristine PANi membrane; Il. A PANi membrane
soaked in 250 ppm of free chlorine for 2 days; I1l. A pristine n-PANi membrane;
IV. An n-PANi soaked in 250 ppm of free chlorine for 2 days and (b) a schematic
representation of the PANi/4-MP/NMP complex formed by hydrogen bonding*.

CH,

4.6 Antifouling Properties

Captive bubble contact angle measurements were employed to determine
membrane hydrophilicity with a KRUSS DSA 10 goniometer. The captive bubble
method was chosen instead over sessile drop method so that the membranes
remain wet during the measurement without the change of morphology associated

with drying.4>
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Bacterial attachment tests were performed on n-PANi and PANi membranes
using E. coli as a model microorganism to evaluate bacteria deposition resistance. E.
coli cell cultures were suspended in LB broth and incubated at 35 °C while shaken at
150 rpm for 24 hours in a New Brunswick Scientific [ 24 Incubator Shaker. Cells
were then harvested by centrifugation at 3800 x g for 8 min. After, the cells were
diluted with fresh LB broth to a concentration of 4 x 107 cells/ml. Membrane
coupons of approximately 1 cm? were incubated in E. coli suspension for 24 hours at
35 °C while shaken at 25 rpm followed by rinsing with fresh LB broth. Membrane
coupons were then immersed and stained in SYTO 9 dye solution (live/dead
Baclight Bacterial Viability Kit L13152, Molecular Probes) for 15 min. Images with
bacteria deposition were taken using a fluorescence microscope (Olympus BX5) and
a 4 x CCD camera (FVIEW-II, Soft Imaging System, USA).

A cross-flow system was used to determine the fouling behavior of the
membranes using the same method described by McVerry et al> A 19 cm? cutout of
each supported membrane was placed in the cross-flow cell. A computer connected
to a balance recorded the mass change of the permeate with time, enabling the flux
to be monitored in real-time. The membranes were compacted using DI water at 16
psi until the flux stabilized. The flux was then normalized to 68 Imh (40 gfd) by
manually reducing the operational pressure. Once stable, DI water in the feed tank
was replaced by 1.5 g/L BSA solution to observe flux decline due to BSA fouling. The
fouling test was continued for 25 min followed by flushing with DI water for 25 min.

The n-PANi membrane exhibits an observed contact angle of 36.0+0.8°

indicating its increased hydrophilicity compared to a PANi membrane (CA =
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52.8+2.3°) as shown in Figure 4.10. Bacterial attachment test results are also
shown in Figure 4.10 with green fluorescence representing E. colonies adhered to
the membrane surface. It is evident that n-PANi membranes are less prone to
fouling compared to PANi membranes. This is in agreement with n-PANi’s lower
water contact angle values, i.e. higher hydrophilicity, which suppresses the
undesirable hydrophobic interactions between microorganisms and the membrane
surface. A hydrophilic surface is able to form a hydration layer which prevents
foulants from absorbing onto the surface.*’48

Contact Angle E. coli distribution

N-PANi

36.0+0.8°

PANi

52.8+2.3°

Figure 4.10 Contact angles of n-PANi and PANi membranes and their E. coli
adhesion test microscopic images.

The antifouling properties of n-PANi membranes were further investigated
using a cross-flow fouling test (Figure 4.11). After 10 min of stable flux, the feed
was switched to a 1.5 g/L BSA solution. As soon as the BSA solution was
introduced, there was a sudden decrease in flux caused by membrane fouling. The
PANiI membrane lost 63% of its initial flux due to fouling and only regained 44%
of its initial flux when the feed was switched back to DI water after 35 min. The n-

PANiI membrane exhibits greater fouling resistance than the PANi membrane, only
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losing 11% of its initial flux from exposure to the BSA solution, while regaining
91% of its initial flux when rinsed with DI water. It’s also worth noting that
McVerry et al.® performed similar testing on a polysulfone membrane in which the
same fouling technique was applied, and a commercial polysulfone membrane
exhibited a greater amount of fouling with 50% flux decline after 10 min of
fouling and 62% flux recovery after flushing with DI water. Therefore, n-PANI has
proven to be a promising new membrane material due to its outstanding ability to

effectively mitigate fouling.
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Figure 4.11 Flux decline and recovery results for membranes fouled by 1.5 g/L
BSA solution before being washed with DI water.
4.7 Conclusions

We have successfully fabricated n-PANi chlorine resistant UF membranes
with enhanced hydrophilicity. Due to the n-substitution on the PANI backbone, the
n-PANI polymer membranes can withstand exposure to 250 ppm free chlorine for
as long as 30 days without showing any significant degradation in permeability or

BSA rejection. In comparison, native PANi membranes completely lose its
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membrane integrity and ability to reject BSA after being soaked in 250 ppm free
chlorine for just 2 days. Additionally, n-PANi membrane shows less bacterial
adhesion and much lower BSA fouling during cross-flow operation compared with
a PANi membrane. We believe n-PANi membrane is an exceptional candidate for
UF applications with better fouling resistance, improved membrane longevity and

reduced operational costs.
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Chapter 5. Polyaniline Nanofibers: Broadening Applications for

Conducting Polymers

5.1 Introduction

Inherently  conducting  polymers  (ICPs), including polyanilines,
polythiophenes and polypyrroles are organic materials that have electrical properties
similar to inorganic materials such as semiconductors and metals. ICPs have the
potential to replace many of these materials due to lower manufacturing costs, lower
density, better processability, higher mechanical flexibility and broader chemical
functionalization capabilities. The light weight of conducting polymers makes them
attractive alternatives to dense metals and oxides for anti-static coatings and
electromagnetic shielding. This is especially important in weight sensitive fields
including aerospace and auto manufacturing. ICPs are maleable like most polymers
and can be used as flexible, transparent electrodes for eletrochromic devices and
solar cells. Conducting polymers also have similar thermal expansion coefficients
and mechanical properties to structural polymers making the development of stable
conductive plastic composite components a real possibility. Despite the many
potential advantages of using an organic material over a metal, oxide or other
inorganic compound, limitations in processing, stability and conductivity have
prevented broad utilization of most conducting polymers. New methods for
manufacturing nanoscale conducting polymers offer promise for broader commercial
interest in conducting polymers, suggesting that academically driven developments

could eventualy have an impact in the marketplace.
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Aniline is an inexpensive starting material that is readily manufactured from
benzene, or extracted as a by-product from oil and coal tar refining. The primary
oxidation product of aniline, polyaniline (originally called aniline black), has been
around in various forms for over a century.! Its high environmental stability,
interesting redox chemistry and unique doping/dedoping properties have resulted in
extensive academic studies of this material in recent decades.? Unfortunately, due to
poor solution and melt processability, polyaniline has not yet been widely adopted in
commercial products. The starting materials to make polyaniline are the least
expensive of all the inherently conducting polymers and polyaniline is the most
thermally stable of the ICPs. Polyaniline also has relatively good processability and
conductivity leading to the supposition that it may be the best of the inherently
conducting polymers.® Despite this, additional improvements are needed before

polyaniline can find wide use in commercial products.
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Figure 5.1 (a) Each of the five polyaniline oxidation states shown on top can be
interconverted by either oxidation (removal of electrons) or reduction (addition of
electrons) as indicated. (b) The undoped emeraldine base, can be doped with an acid
to yield the conductive emeraldine salt structure as shown on the bottom.

Much of the initial and continued academic interest in polyaniline lies in its
unique redox states and doping mechanisms when compared to other conducting
materials, especially other conjugated polymers. This concept is often stated, but
seldom explained in any detail. Consider polythiophene, which possesses only 2
distinct oxidation states. “Doping” of polythiophene typically refers to the removal
of some electrons from polythiophene (p-doping). “Dopants” or counter-anions are
required to stabilize the positive charges generated by partial oxidation. Polypyrrole
is analogous, having just two major oxidation states which correspond to doped
(partially oxidized) or undoped (reduced) forms. In comparison, polyaniline has three
major oxidation states known as leucoemeraldine (fully reduced), emeraldine (half-
oxidized) and pernigraniline (fully oxidized) as shown in Figure 5.1. In reality, the

oxidation states are not really distinct, as essentially any degree of oxidation along
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the polyaniline chain can occur. Under controlled conditions this can give rise to the
intermediate half oxidation states, protoemeraldine, which lies between
leucoemeraldine and emeraldine and nigraniline which lies between emeraldine and
pernigraniline. Structurally, the differences between the oxidation states is
determined by the number of quinoid and benzenoid units in the polyaniline as
labeled in Figure 5.1. If polyaniline has only benzenoid rings in the undoped form,
then the oxidation state is leucoemeraldine; if the polyaniline has one quinoid ring
for every 8 total monomer units, the rest being benzenoid, then the structure is
known as protoemeraldine; if there are two quinoids for every 8 monomer units, then
the polyaniline is in its most stable oxidation state known as emeraldine; if there are
three quinoid rings for every 8 monomer units, then the polymer is in the nigraniline
oxidation state; and if the polyaniline is fully oxidized with every alternating ring
being a quinoid (4 total), than the oxidation state is called pernigraniline. The names
of the different oxidation states are related to the different colors. Leucoemeraldine,
is nearly transparent in solution and white in solid form, emeraldine is green when
doped, but changes to blue when it is undoped, and pernigraniline appears deep
violet in solution, that approaches black as a solid. These color changes help to

explain interest in using polyaniline in electrochromic devices and displays.*>®

The two most general methods used for synthesizing polyaniline are
electrochemical and chemical oxidative polymerizations.® Both conventional
methods for producing conducting polymers result in materials that are difficult to
process and generate large amounts of organic waste. New methods to manufacture

conducting polymer nanostructures, particularly polyaniline nanofibers, provide a
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means to exploit the many advantageous properties of conducting polymers at a
lower cost than conventional polymerization methods. These new polymerization
techniques have led to higher surface area, solvent processability and morphological

control.

Early synthetic methods to produce nanostructured polyaniline required
templating agents or special processing techniques.® The first report of a template-
free method was made in 2003 with the introduction of the interfacial synthesis of
polyaniline nanofibers.'® This method allows for the spontaneous reaction between
aniline monomer and an oxidant such as ammonium peroxydisulfate at the interface
between two immiscible liquids. This procedure requires much less energy input than
the conventional polyaniline oxidative polymerization, which has increasingly
focused on low temperatures, slow addition of reactants and thorough mixing to
improve yields and molecular weights. These methods have actually moved the
reaction away from the intrinsic nanofibrillar morphology of polyaniline and resulted
in inconsistent products from researcher to researcher.?!! In order to use the
conventional polyaniline product, it is filtered and dried, ground into a powder and
then dispersed in one of the few solvents that can dissolve polyaniline: N-methyl-
pyrrolidinone (NMP), dimethylformamide (DMF), meta-cresol or
hexafluoroisopropanol (HFIP). In comparison, many of the oxidative polymerization
methods for producing polyaniline nanofibers allow room temperature synthesis of
nearly uniform nanofibrillar morphologies (Figure 5.2, left). There have been several
reviews on the synthesis of polyaniline nanofibers that describe this topic in some

detail.2%2 There has also been continued improvements in the morphological control
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of conducting polymers, leading to the synthesis of nanofibers of polypyrroles,
polythiophenes and polyaniline derivatives with similar opportunities to pure

polyaniline, as discussed in greater detail elsewhere.

Polyaniline nanofibers readily disperse in water directly from the aqueous
synthesis (Figure 5.2, right) and can be redispersed in alcohols, ketones and many
other organic solvents with appropriate processing. The large surface area (>50
m2/g)13 improves reactivity in applications such as sensors and supercapacitors and
has led to the uniform deposition of metal nanoparticles (e.g. gold silver and
platinum) with <2 nm diameters, leading to applications in non-volatile memory
and aqueous catalysis.1#1> Some of the additional commercially relevant properties
of polyaniline and polyaniline nanofibers, as well as their applications, are described

in subsequent sections.

pH=1.5 pH=2.2 pH=2.6 pH=3.5 pH=7.5

Figure 5.2 The as-synthesized polyaniline with uniform nanofiber morphology (left)
can be readily dispersed in water at an appropriate pH (right). Reproduced with
permission from ref. 3. Copyright 2005 Royal Society of Chemistry.
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5.2 Sensors
5.2.1 Gas Vapor Sensors

One of the most noticeable advantages of using nanostructured materials in
sensors is a very fast response time, due to the high surface area and short
diffusion lengths inherent in this morphology. These qualities can also lead to
ultra-low detection limits. Polyaniline nanofiber gas sensors are easy to develop
and test, and they can be used to detect a vast range of chemical vapor analytes.
The native oxidation state of polyaniline, emeraldine, can be doped to the
conductive emeraldine salt with protonic acids, or dedoped by base to the
insulating emeraldine form. This reversible behavior has been the driving force
behind many of the acidic (e.g. HCI??) and basic (e.g. NH3??) vapor sensors that
have been developed because there are >10 orders of magnitude change in
conductivity (o) between polyaniline in the emeraldine salt form (¢ >1 S/cm) to
the emeraldine base form (c <10° S/cm). These conductivity changes are
monitored through a gap electrode (Figure 5.3, upper left) or an interdigitated
electrode (Figure 5.3, upper right) for more precise readings. These are simple
devices to set-up and have been used in highschool, undergraduate and graduate
courses.’® Recent versions have also been used in high accuracy polyaniline
nanofiber CMOS sensors.'®1’ Additives can also be used to detect a specific
reactant that causes the formation of an acid or base that in turn dopes or dedopes
the polyaniline, respectively.!® For example, the addition of CuCl. has been used to
detect the weak acid H»S since this reaction produces CuS and the by-product HCI.

Analogous strategies have led to the detection of the lethal gases hydrazine,®
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phosgene,? and arsine?’. The change in conductivity resulting from chloroform

swelling and methanol-induced polymer chain conformational changes has also led

to the successful detection of those chemical vapors.??

il =

Figure 5.3 A gap electrode configuration (top left) and an interdigitated electrode
configuration (top right) are used to measure resistance changes. The lower image
shows the configuration of a surface acoustic wave device.

Hydrogen sensing has been a hot topic for polyaniline sensors during the
past few years as it has been found that polyaniline nanofibers can detect hydrogen
well below the dangerous explosion threshold of ~3% hydrogen at room
temperature. This detection occurs in the presence of oxygen, where many metal-
based hydrogen sensors cannot function. Polyaniline nanofiber hydrogen sensors
have been demonstrated both with resistive,?>?* and surface acoustic wave
(SAW)?>?8 transduction mechanisms. A surface acoustic wave device such as that
depicted in the lower image in Figure 5.3 uses two interdigitated transducers above

a piezoelectric material. The input transducer on the left has an input electronic
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signal that creates a piezoelectric wave that propagates across the surface and is
converted back to an electronic signal at the output interdigitated transducer. A
SAW device detects changes in the electrical conductivity and/or mass changes in
the active material, which has been deposited on top of the interdigitated
transducers. The change in the velocity of the acoustic waves is measured as a
frequency change from the output transducer. In SAW sensor papers on the
detection of hydrogen, the signal change has generally been attributed to an
increase in conductivity of the polyaniline. This is interesting because it is not
obvious that hydrogen actually dopes polyaniline. However, a mechanism in which
protons are produced to account for the conductivity change have been

suggested,?3:25.27.28

Additional work has also shown that polyaniline nanofibers can be used to
detect humidity?®, NO2*%3!, CO%*, aromatic organics®, trinitrotoluene (TNT)** and

for many biological applications that will be discussed further in the next section.

5.2.2 Biological Sensors

A wide range of polyaniline nanostructures and nanocomposites have been
used in biological sensors for the detection of small molecules, proteins and DNA
utilizing the well understood redox chemistry of polyaniline for signal
amplification.®>-*® The higher surface area and easier incorporation of biological
materials are major advantages for the nanofiber form of polyaniline over
conventional dense films.3"3%-42 |n the cases of dense films, reactions are limited to

the top surface of the film and interactions between the conducting polymer or
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reactant and the analyte happen furthest from the underlying electrode.
Additionally, the low surface area-to-volume ratio of dense films, relative to
nanofibers, greatly limits the active surface area and thus limits sensitivity.
Polyaniline nanofibers and nanocomposites are prime candidates for this
application because they can be electroactive at neutral pH and covalently attached

to various organic and inorganic materials in order to achieve synergistic effects.

Polyaniline has been used in sensitive DNA sensors because redox activity
of the polymer coincides with oligonucleotide binding events and thus provides
signal amplification.*® While polyaniline is known for being more chemically and
mechanically stable than most other conducting polymers, its implementation has
been limited in pH sensitive biological sensing applications which typically require
pH = 7 because the acidic (pH < 4) environments often required for polymerization
and electroactivity can be unsuitable for biomolecules. However, doping can be
maintained at neutral pH levels by modifying the polyaniline molecule (e.g. by
using self-doped polyaniline)***¢ or incorporating a dopant into the polymer
matrix, (e.g., polymerization or blending with a polyacid such as
poly(styrenesulfonate)).#’*° As an example of the former technique, Wang et al.
reported a sulfonic acid-doped polyaniline nanofiber/graphene oxide composite to
successfully detect DNA hybridization.®® In this work, graphene oxide was used in
order to improve the self-redox reaction signal of polyaniline. Hybridization events
were recorded by electrochemical methods (cyclic voltammetry and electrical
impedance sensing). The reported device achieved rapid, direct and label-free

detection of DNA with high sensitivity and an ultralow detection limit (0.0656
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fM). Chang et al. used templated electropolymerization to fabricate a regular
polyaniline nanotube array onto a graphite electrode that had a very low detection
limit of 1.0 fM and demonstrated the ability to differentiate single base-pair
mismatches at 37.59 fM.>? The authors assert that ultra-sensitivity was achieved by
using oriented nanotubes (instead of a thin film or a layer of randomly oriented
nanotubes), which exhibited high conductivity and fast hybridization kinetics. Hao
et al. reported the synthesis of uniform polyaniline nanowires using peptide
assembled fibers as templates. The resulting poyaniline nanowires were then
utilized to construct a highly sensitive and selective sensor for hepatitis B virus
gene with low detectin limit of 1 fM.3” Spain et al. bound single stranded DNA to
gold  nanoparticles  attached to  polyaniline nanofibers  to  detect
Staphylococcus aureus, the main cause of mastitis, a problematic disease in which

cows produce sour milk. 38

Other than the applications mentioned above, polyaniline nanofibers have
been recently demonstrated to also be effective in stretchable electronic skin

temperature sensing®® and pressure sensing®*.

5.3 Printable Electronics

The high dispersability of nanostructured polyaniline has made possible inks that
can be painted or deposited by using a paintbrush, a fountain pen or an airbrush in either
the doped (conducting) or dedoped (insulating) state. This can be used to create
conducting, semiconducting or insulating regions. The ink can simply be replaced with a

polyaniline nanofiber dispersion and applied normally. An airbrush does, however, have
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the added requirement that the nozzle must be large enough so that the nanofibers do not

clog the spigot.

Polyaniline nanofiber ink can also be printed by an ink-jet printer to create
sensors, circuits, conducting films and other structures. Inkjet printing is an ideal method
for controlled deposition of a material in a pattern with small features. This technique for
deposition has been considerably more difficult to utilize than the previously mentioned
methods due to the small openings and problems in replacing the ink in modern inkjet
printers. Often the print head will clog in the middle of printing, or if successful, become
clogged after the print head dries. This problem has been overcome with the use of a
Dimatix materials printer (Figure 5.4, top). Such a printer was used by Small, et al. to
deposit a polyaniline/multi-walled carbon nanotube (MWCNT) composite (Figure 5.4,
bottom).> Other research groups have also demonstrated printing of polyaniline
nanofibers and nanoparticles for applications such as sensors'’>° and electromagnetic
interference shielding®®. The printing capability of polyaniline nanofibers and
nanoparticles can also be combined with flash welding to create printed sensors® and

mechanical actuators®2.
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Figure 5.4 A Dimatix printer (top) was used to print an image of Jimi Hendrix (bottom)
using a carbon nanotube polyaniline composite ink. Reproduced with permission from
ref. 5. Copyright 2007 Royal Society of Chemistry.

One-dimensional nanostructures also possess a favorable percolation threshold
relative to other shapes. This means that less material is needed for polyaniline nanofibers
to form conducting pathways from one end of the material to the other. For example,
much higher concentrations (at least 17% by volume) of amorphous or spherical particles
(including carbon black, copper spheres or conventional polyaniline particles) are
required as a minimum addition to create a conductive pathways (i.e. to reach the
percolation threshold) than with one-dimensional fibers (only 2.9% or less).®* This
property of polyaniline nanofibers is beneficial for printed electronics application because
lower concentrations of polyaniline nanofibers contribute to better dispersability and less

clogging of the print head.

5.4 Electro-Optical Applications
5.4.1 Electrochromics
Conducting polymers are excellent materials for electrochromic applications.*62-64

Conducting polymers typically go through dramatic color changes when their oxidation
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state is varied. Applying a potential to a conducting polymer film causes these color
changes to occur due to a change in oxidation state of the conducting polymer. Color
changing films have several potential applications including windows that let in light and
heat in winter, but reflect radiant energy in summer; flexible displays; mirrors; and other
devices. Layer-by-layer (LBL) assembly using oppositely charged materials is a straight
forward way to generate such devices.%>®® Because polyaniline nanofibers form stable
dispersions in water, aqueous dispersions can be used to deposit the polyaniline layers.
Doped, dedoped and self-doped (sulfonated) polyaniline nanofibers can be used to create
layer-by-layer films. Because of their high solution stability at various pHs, self-doped
nanofibers are often preferred. These sulfonated aniline nanofibers have been synthesized
using a combination of aniline monomer and aniline-2-sulfonic acid in a known synthesis
for the formation of aniline nanofiber derivatives.®® When the LBL films are made, each
layer consists of a layer of polyaniline nanofibers and an appropriate polymeric counter-
ion, such as poly(sodium styrene sulfonate), poly(allyl amine) or poly(acrylic acid).
Doped and self-doped polyanilines are cationic with a positive surface charge, while

dedoped polyaniline are anionic with a negative surface charge.

Polyaniline nanowires can also be deposited in situ onto supporting substrates
such as PET via a dilute polymerization process as reported by Wang, et al.”® In order to
observe the electrochromic response of the polyaniline film, different voltages were
applied to the film. When the film was discharged to O V, it appeared green (the
emeraldine oxidation state) (Figure 5.5 top). When the film was charged to 1 V, it
appeared blue (the pernigraniline oxidation state). These authors also developed a flexible

energy storage smart window that utilizes both polyaniline’s electrochromism function
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and its supercapacitive property (which will be discussed further in Section 6). This
energy storage smart window can be integrated with a solar cell to form a smart device
system (Figure 5.5 bottom) that can simultaneously harvest, store and use renewable
energy. During the day-time when sunlight is abundant, solar energy is converted to
electricity that can be stored electrochemically by charging the polyaniline smart
window. Meanwhile, the color of the window darkens, blocking sunshine and heat. The
generated power can then be used to provide power to the room. Zhao et al. fabricated a
W1gOao/polyaniline smart supercapacitor electrode with an energy level indication
provided by the color change that occurs at different charging states.”* Erro et al. showed
that polyaniline nanofibers display ultrafast electrochromic effects with response times as

short as 20 ms."?

* Solar cells B
- ‘ Charge o devices
\ Discharge

Figure 5.5 Image of a polyaniline nanowire film at different potentials (top) and a
schematic showing an integrated energy storage smart window device system.
Reproduced with permission from ref. 70. Copyright 2012 Royal Society of Chemistry.
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5.4.2 Photovoltaics

Nanostructured polyaniline has been explored for use in organic solar
cells.”®83 The polyaniline is typically used as a hole-conducting material that is
either blended with or coated onto an electron donor material. Nanofibrous
polyaniline can form an interpenetrating network in a solar cell device that
enhances the diffusion of electrolyte and available donor/acceptor interfacial area
for photogenerated excitons. The small domain size reduces the distance that the
excitons need to travel before reaching an interface, which increases the
probability of exciton dissociation across the heterojunction. Additionally, such
porous morphology allows for the efficient transport of charge carriers to the
respective electrodes before recombination, increasing the device’s current and
voltage.”® Tang et al. fabricated a counter-electrode using double-layered
polypyrrole nanoparticles and polyaniline nanofibers which gave significantly
increased solar-to-electricity conversion efficiency due to abundant active sites and
high specific area for improved electrocatalytic activity and electrolyte loading.’*
In other work, Tang et al. prepared a polyaniline nanofiber/platinum nanoparticle
film as a counter-electrode for a dye sensitive solar cell (DSSC) device with high
conductivity, high surface area, enhanced catalytic activity and a conversion
efficiency of 7.69% which was higher than those made with either material by
itself.” Bahramian and Vashaee used polyaniline nanofibers as a counter-electrode
and TiO:z as the photoanode to make a transparent DSSC device which exhibited

8.22% conversion efficiency under irradiation from both sides.”
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In addition to photon absorption, other properties that affect the utility of
polyaniline in solar cells are its conductivity, the highest occupied molecular
orbital (HOMO) level, the lowest unoccupied molecular orbital (LUMO) level, the
bandgap, and stability. One study found that a common conductivity for
polyaniline, 3.5 S/cm, is ideal when compared to several different conductivity
levels in applications as the hole-conducting layer in a dye sensitized solar cell.”’
Yet as this study also pointed out, the particle aggregate size and film smoothness

also play an important role in performance and repeatability.

The need for material control and uniformity is an indicator of the current
lack of synthetic control over conducting polymers. The influence of different
synthetic aspects such as temperature, mixing, concentration of reagents and ratio
of reagents has become increasingly well understood over the past decade,
particularly for nanofiber synthesis. The fundamental properties of the material
continue to make it attractive, and even more so with the increased materials
property control and dispersability. Polyaniline has been touted one of the most
stable conducting polymers in terms of the environment, temperature, UV and
visible light.® For polyaniline, the stability of the conductivity can be affected by
dopant mobility or loss, but efforts to use bulky and low volatility dopants,
polymeric dopants and covalently linked dopants, e.g. self-doping, can mitigate the

risk of conductivity variability.’88!

Table 5.1. Reported Properties of Polyaniline*

Property Energy Conductivity Dopant Solvent Morphology
Reference
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(eV) (S/cm)
LUMO -2.8 water SAM 84
HOMO -4.8 85
HOMO -5.2 84
HOMO -4to -6 CvD 86
HOMO -5.1 3to4 HCI nanotube 87
HOMO -5.4 88
HOMO -6.2 88
HOMO -4.75 1.5x10-2 1:1.2 PSS* water spher., 99 nm

89
HOMO -481  2.1x103 1:1.7 PSS* water spher., 90 nm 8°
HOMO -496  9x10- 1:3.0 PSS* water spher., 59 nm 87
HOMO -5.06  3.6x10° 1:3.9 PSS* water spher., 79 nm 8°
HOMO -5 2.5x10-6 1:6.2 PSS* water spher., 48 nm 89
HOMO -4.88  5.3x107 1:7.4 PSS* water spher., 46 nm

89
HOMO -4.88  5x10° DNNS xylene sphere., NP 89
HOMO -456 1 pTS xylene sphere, NP  8°
HOMO -438 5 pTS+additive xylene

sphere., NP 89
HOMO -4.55  8x10- pTS ethylalc.  sphere, NP 89
HOMO -4.59 0.01 pTS octanol sphere., NP 89
HOMO -461  0.07 pTS tert-butanolsphere., NP 89
HOMO -4.74 3 pTS benzyl alc. sphere., NP 89
HOMO 469 1 pTS methanol sphere., NP 89
HOMO -4.67 10 pTS ethanol sphere, NP  8°
HOMO -496  1x10-3 pTS water sphere., NP 89
HOMO -4.61 2 pTS 2-propanol sphere., NP 89
HOMO -4.78  5x10+4 DBS 2-propanol sphere.,, NP  8°
Bandgap 2.61 5x10-4 n/a water large aggr. 90
Bandgap 3.37 719 HCI water large aggr. 90
Bandgap 2.79 109.04 HNO3 water large aggr. 90
Bandgap 2.45 92.13 HCIO4 water large aggr. 90
Bandgap 2.65 0.02 H2S04 water large aggr. 90
Bandgap 3.02 HI water large aggr. 90

*The highest

occupied molecular orbital (HOMO) energy level, lowest unoccupied
molecular orbital (LUMO) energy level, bandgap energy and conductivity of polyaniline
with different morphology and dopants in different solvents are listed. The solvent
indicates the solvent used for synthesis or dispersion prior to deposition. SAM — self-
assembled monolayer, CVD — chemical vapor deposited films, PSS — polystyrene
sulfonic acid, spher. — spherical, alc. — alcohol, NP — nanoparticle, aggr. — aggregates,
pTS — p-toluenesulfonic acid, DNNS — dinonylnapthalenesulfonic acid.
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A summary of several of the important polyaniline properties are presented
in Table 5.1 shown for both nanostructured and conventional forms of polyaniline.
Dopant, additives (particularly meta-cresol), chain length and polymer alighment
have known effects on polyaniline’s conductivity. Many of the high conductivity
levels for polyaniline that have been reported are based on improved chain length
and crystallinity. To date, there is limited analysis on the effects that various
morphologies and synthetic methods have on these parameters.82 Morphology, and
the method of synthesis are also likely to have major impacts on conductivity,
molecular orbitals and other properties. Further exploration in these areas may lead
to more strategic developments in polyaniline and conducting polymer structures
with specific and tunable properties. Side chains have also been explored with many
other conducting polymers, particularly polythiophene,83 to improve functionality,
solubility, conductivity, and other properties. While side chains typically reduce the
conductivity of polyanilines, they may still be useful for tuning energy levels for

materials needed in photovoltaic applications.

5.5 Actuators

Polyaniline and other conjugated polymers have been explored extensively
for use in actuators. These polymers can change their structural conformation by
the insertion of charged dopants and their solvating molecules (such as water) or
with changes in the oxidation state to induce conformational changes as reported
by Baker et al.®* Polyaniline nanofibers can even be used in a single material

bimorph actuator by using flash welding to create an asymmetric membrane.®?
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These bimorph actuators move rapidly and to a greater extent than other known
heterogeneous or single material bending actuators. This is attributed to the
extensive freedom of expansion of the nanofiber mat. The stimulus in this actuator
Is chemical doping and dedoping of the films in acid and base, respectively. This
device may have applications in a sensor or valve that opens with exposure to acid
or in nano- or micro-actuators. Gao et al. incorporated polyvinyl alcohol into a
polyaniline nanofiber actuator that displayed a tunable degree of actuation and a
response rate with better recoverability compared to a pure polyaniline nanofiber

actuator.®®

Electrophoretic deposition has been used to form microstructures of
polyaniline nanofibers as described by Shedd et al. % An electrode array charged a
substrate to attract the polyaniline nanofibers to precise locations. Adjacent
electrodes were given an opposite charge to prevent deposition at undesired sites.
These microstructures can then be flash-welded to create a monolithic material.
The article proposes its use in sensors, but if the flash-welded micro-films can be

dislodged from the substrate they could also be used as micro-actuators.

There are several other actuator structures that have been explored with
polyaniline and polyaniline nanostructures. To determine their feasability in a high-
strain all-polymer electro-acoustic actuator, Zhang et al, explored the current
density limitations of polyaniline. They found that polyaniline (in the conventional
form) doped with camphorsulfonic acid (CSA) can withstand a current density as

high as 1200 A/cm2.9> The polyaniline activated electrostrictive copolymer was as
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effective as gold from -50°C to 120°C and from 1 Hz to 1 MHz frequencies. More
recent experiments have led to the development of high breakdown field dielectric
elastomer actuators using encapsulated conductive polyaniline nanoparticles as the
high dielectric constant filler.?¢ A dielectric elastomer is a smart material that shows
considerable strain and/or stress in response to an applied electric field. In order to
enhance the actuation strain, the dielectric constant of the elastomer should be
increased by adding conducting fillers without compromising the elasticity of the
polymer matrix.?” Because polyaniline is a polymer it has more flexibility and better
mechanical properties compared to metal particle fillers when used in conjunction
with highly expansive polymer actuator materials. Wang et al introduced
polyaniline nanorods into a silicon rubber nanodielectric elastomer actuator to
improve its dielectric constant and electromechanical properties and enhance
electro-induced strain. Kim et al fabricated an actuator using polyaniline
nanorods/Nafion blend with electrical pathways showing improved actuating
ability compared to that made with Nafion alone.?® Uh et al developed an
electrolyte-free polyaniline microfiber actuator that undergoes a flapping wing
motion in the presence of a magnetic field. Such an actuator has great potential in
biomemetic artificial muscles, robotics and sensors.?® Liu et al. constructed an air
working ionic actuator by sandwiching a H2S04-PVA gel electrolyte between two
pieces of a reduced graphene oxide/polyaniline nanocomposite electrode. Actuating
takes place when an electric field causes ion migration that induces volume
differences between the cathode and anode. Such nanocomposite electrodes display

excellent electrochemical stability over thousands of cycles due to the synergistic
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effects of polyaniline nanowires and graphene oxide sheets.100 Future work should
lead to more structural bimorph and high-strain actuators, as well as concepts to be
developed for future use such as nanoactuators with controllable motions and

functions for building nanomachines01.

5.6 Supercapacitors

Supercapacitors are promising energy storage devices that have long cycle life
(>100,000 cycles), high power density (>10,000 W/kg) and can be safely charged and
discharged within seconds. Supercapacitors typically consist of positive and negative
electrodes separated by an insulating separator with an ionic electrolyte. Two types of
capacitance, double-layer capacitance and pseudo-capacitance are typically utilized.
Double-layer capacitance results from the electrostatic charge stored at the interface
between the electrode and electrolyte. Pseudo-capacitance is associated with a reversible
redox or Faradaic charge transfer.!% Polyaniline has demonstrated high capacitance
values due to its multiple redox states, which create a large total surface charge potential
when sweeping from one oxidation state to another. Polyaniline nanofibers have
demonstrated higher capacitance values than their bulk counterparts'®® due to the high
surface area available for charging. Because of their high charge storage, low weight and
good environmental stability, nanostructured polyaniline have the potential for a very
high capacitance per unit of mass that is competitive with some considerably more

expensive materials such as ruthenium oxide!!8,

The theoretical specific capacitance for nanofibrous polyaniline is estimated to be

around 1200 F/g with the contribution of both pseudo-capacitance and electrical double-
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layer capacitance.’®*1% Currently, the reported values for the specific capacitance of pure
polyaniline nanofiber electrodes in H2SO4 aqueous electrolyte are within 400-900 F/g
using a three-electrode configuration.%-1% This gap shows that the part of polyaniline
effective in contributing to capacitance is limited. According to Fig. 5.6, the diffusion of
dopants (counter-anions) determines the amount of insertion/expulsion of counter-anions
that can take place from the polyaniline surface. Since the light gray core part is
essentially inaccessible at the timescale used in the charge/discharge process, it provides
no contribution to the capacitance.l® Therefore, it is critical to use nanostructured
polyaniline because this provides greater electroactive material with shorter migration

pathways for ions and mitigates mechanical deformation.%®

Shell part

effective part

core part

Figure 5.6 Core-shell model of polyaniline for charge storage influenced by the diffusion
of dopants. Reproduced with permission from ref. 104. Copyright 2009 Elsevier Ltd.

Carbon materials are often incorporated into the polyaniline nanofibers in order to
further improve their conductivity and mechanical stability. Polyaniline suffers from
large volumetric shrinking and expansion during the doping/dedoping process due to the
repeated insertion/expulsion of electrolyte ions''®. Carbon materials such as activated

carbon (AC), carbon nanotubes (CNTSs) and graphene show high conductivity, good cycle
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stability, but relatively low capacitance limited by their microstructures. Therefore,
hybrid electrode materials based on nanostructured polyaniline and carbon materials can
provide a synergetic combination of outstanding conductivity/stability from the carbon
materials and high pseudo-capacitance from the polyaniline. Extensive research has been
done on such hybrid supercapacitors. For example, Zhang et al. prepared a chemically
modified graphene/polyaniline nanofiber composite by in situ polymerization of aniline
in the presence of graphene oxide followed by hydrazine reduction and the reprotonation
of polyaniline. Polyaniline fibers adsorbed onto the graphene sheets formed a uniform
nanocomposite with a specific capacitance of 480 F/g at a current density of 0.1 A/g.11!
Cong et al. fabricated a freestanding flexible polyaniline nanorod/graphene paper via
electropolymerization of polyaniline nanorods on the graphene paper. Such a
nanocomposite possesses excellent conductivity with an equivalent series resistance of
only 4.1 Q. It also exhibits great performance as a supercapacitor with a specific
capacitance of 763 F/g at 1 A/g discharge current and 82% capacity retention after 1000
cycles.!'? Kulkarni et al. used a 3D porous graphene framework on which polyaniline
nanofibers were grown chemically. The 3D graphene framework was prepared via CVD
growth of graphene on Ni foam followed by Ni etching. This electrode achieved a
specific capacitance as high as 1024 F/g in 1.0 M H>SO4 at 10 mV/s scan rate. The
conductive porous graphene framework offered a high surface area for the effective
utilization of polyaniline and improved the charge transport and storage. Such an
electrode had only 10 Q resistance and demonstrated good cycle stability with 86.5%
capacitance retention after 5000 cycles.*® A similar concept has been applied by Wang et

al. to produce a 3D graphene/polyaniline nanofiber composite electrode using a
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hydrothermal method, achieving 356 F/g even at a current density of 20 A/g.1* Pedros et
al. reported a 3D hierarchical porous composite supercapacitor electrode made of a
polyaniline nanofiber sponge filled graphene foam (Figure 5.7). The graphene foam
ensures efficient electronic transport within the scaffold with electrolyte rapidly diffusing
into the high-surface-area polyaniline nanofibers. Such synergy led to rather high
gravimetric capacitance (1474 F/g) and volumetric capacitance (86 F/cm®) at a current
density of 0.47 A/g. The capacitance retention was 83% after 15,000 cycles.!t® Hyder et
al. used a LBL assembly of positively charged polyaniline nanofibers and carboxylic acid
functionalized CNTs to obtain a thin film electrode with an interpenetrating network
structure, creating well-developed nanopores that led to a very high volumetric

capacitance (238 F/cm?®).116

" Hierafchical PANINES/GEL
5 fmpgmﬁ%ﬁ -

,."

5 ’ X é TR :
=9 L$) iy
t . ¥

Figure 5.7 Schematic 3D hierarchical porous polyaniline nanofiber sponge/graphene
foam composite electrode (a) showing the pore size ranges for each structure, as analyzed
from SEM images of (b) a graphene foam and (c) a polyaniline sponge. Reproduced with
permission from ref. 115. Copyright 2016 Elsevier Ltd.

Other materials, such as metal oxides, have also been combined with polyaniline

nanofibers in order to obtain high-performance supercapacitors. Jiang et al. coated the
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surface of polyaniline nanofibers with ultrafine loosened MnO: floccules. The high
surface area of the MnO. floccules provided enhanced electroactive sites and the
polyaniline nanofiber backbone served as the conductive pathways. The combination of
the two pseudocapacitive materials gave a specific capacitance of 383 F/g at 0.5 A/g with
an enhanced rate capability and cycling stability.!” Xia et al. grew a thin layer of RuO>
on polyaniline nanofibers using atomic layer deposition (ALD) in order to stabilize the
polyaniline and improve its energy density. A good specific capacitance of 710 F/g at 5
mV/s was achieved with am impressive power density of 42.2 kW/kg and an energy
density of 10 Wh/kg. This electrode was able to maintain 88% of its capacitance after
10,000 cycles at a high current density of 20 A/g. This again demonstrated the excellent

buffering effects of metal oxides on polyaniline nanofibers.1!8

An ionic liquid electrolyte was employed to further increase the energy storage
capability of polyaniline pseudocapacitors by Chen et al.!*® Full-cell pseudo-capacitors
using polyaniline nanotubes as the electrode material and EMIMBF4 (1-ethyl-3-methyl-
imidazolium tetrafluoroborate) ionic liquid as the electrolyte demonstrated a remarkable
energy density of 84 Wh/kgey and a power density of 182 kW/kger), about a 5 times
improvement compared to cells using acidic aqueous electrolyte. This ionic liquid has
very high voltage window (up to 6 V) with low vapor pressure and non-flammability. It is
promising in producing supercapacitors with high energy density as the energy stored in a
supercapacitor is proportional to the voltage squared (E = 0.5 CV?). The hollow nanotube
morphology of polyaniline was also advantageous as the electrolytes can access some

inner portions of the nanotubes as well, further increasing the capacitance.
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5.7 Protective Applications
5.7.1 Electrostatic dissipation

Antistatic and electrostatic dissipative (ESD) materials are used to prevent
electrostatic discharge, which can be dangerous and/or costly in data storage devices,
computer internals as well as moving machine arms and airplanes. Electrostatic build-up
is typically caused by triboelectric charging. This occurs when an insulating material is
brought into contact with another material and then separated. The resulting charge can
dissipate when electrons are brought in contact with a conducting material. An antistatic
material allows slow discharge of electrons that can build up on an insulating surface,
preventing their rapid discharge to a more conducting surface as it can damage electronic
components and even lead to sparking or even explosion. A specific range of
conductivity is required so that the electrical charge does not move so quickly as to create
a discharge event. The Electronic Industries Association (EIA) standard 541 points out

that the optimal surface conductivity for ESD should be in the range of 10°-101° S/cm 120

Polyaniline has been demonstrated to be useful in several antistatic applications
due to its suitable conductivity, low cost, good transparency and minimal mechanical
change in a matrix. The conductivity for polyaniline is typically between 1 S/cm and 10
10 S/cm and can be easily tuned by dedoping, addition of metals/metal oxide
nanoparticles/insulating polymeric fillers, or applying thinner films to reach values that
are ideal for antistatic applications. Dhawan et al.'?* and Lv et al.}?? coated polyester
fabric and polyimide fiber, respectively with polyaniline as a lightweight conductive
materials for antistatic textiles. Anand et al.}?° developed a polyaniline/ZnO nanoparticle

impregnated cotton fabric with a conductivity range of 103-10° S/cm depending on the
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loading concentration. Static decay meter measurements showed that the static decay
time of the fabric film was in the range of 0.5-3.4 s from 5000 V to 500 V, exhibiting

great potential as an effective antistatic material.

Flexibility is another key benefit of a polyaniline nanofiber network for this type
of application as polyaniline maintains its conductivity after bending and/or creasing.
Pramanik et al.}?® reported a hyperbranched poly(ester amide)/polyaniline nanofiber
nanocomposite as an antistatic material with good rheological behavior, mechanical
strength and thermal stability. Nanofibrous polyaniline is promising in such applications
because its high aspect ratio requires less material to generate a conductive pathway
throughout the entire coating to reach the percolation threshold. A low percolation
threshold of 2.2% was reported by Wang et al. for polyaniline nanofibers in a
polymethylmethacrylate composite.1?*

5.7.2 Electromagnetic Interference (EMI) shielding

The advantageous conducting properties of polyaniline nanofibers that make them
useful in antistatics are also beneficial in electromagnetic interference (EMI) shielding
applications. Electrical devices, radio and television signals, magnetic devices (e.g.
NMRs and MRIs) and even nuclear blasts can generate electromagnetic interference that
can disrupt telecommunication signals, and electronic device performance. Shielding
from EMI interference is generally accomplished by wrapping a device, wire, etc. with a
conductive material, such as the braided shielding used in electrical cables. Typical EMI
shields have conductivities in the range of 1 to 1,000 S/cm.!?® The demand for lighter
weight and lower cost materials that are effective for EMI shielding is rapidly increasing

as electronics in handheld devices, vehicles, homes and workplaces are becoming more
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advanced and more compact. There are also important security concerns as
communication via cellphones are more heavily relied upon, which can be impacted by
electromagnetic and radiofrequency pollution. Inherently conducting polymers offer
distinct advantages over the more commonly used metal/carbon imbedded polymers due
to their corrosion resistance, light-weight, low-cost and variable frequency absorption
ranges.*?® With metallic fillers, the loading levels necessary to achieve conductivities
sufficient for effective shielding can compromise the mechanical stability, add weight,
and make the materials susceptible to corrosion. Additionally, it is difficult to achieve a
uniform dispersion of metal particles.!?® Carbon fillers such as carbon black are
chemically stable, but loadings must be very high, leading to mechanical issues and
sloughing, which can cause contamination and shorting of electrical components. High-
aspect-ratio carbon nanostructures such as carbon nanotubes (CNTs) can provide high
conductivity at relatively low loading levels.'?” However, they are far more expensive to
produce than polyaniline nanofibers, which can be solution synthesized from inexpensive

aniline monomer with a low environmental impact.

Shielding effectiveness (SE) is measured as the ratio of the electrical field
strength before and after attenuation by a given material. The shielding mechanism is
highly dependent on filler properties, loading level, and frequency.'?® In general, 40 dB
and 80 dB SEs are required for commercial and military applications, respectively.
Polyaniline has been tested for EMI shielding in numerous research studies and its EMI
shielding performance was found to be comparable to CNT composites.'* Polyaniline
absorbs electromagnetic radiation through the effective interaction of polarons with

incident electromagnetic radiation. Niu et al. reported polyaniline nanofiber-polyacrylate
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composite coatings with an SE of 38 to 63 dB over a frequency range from 100 kHz to 10
GHz.'® Liu et al. dispersed polyaniline nanoparticles in an epoxy matrix to form a
coating with an SE of 30 to 60 dB in the range of 100 to 1000 MHz.*3® Joseph et al.
formulated a 1 mm polyaniline nanofiber/graphite composite absorbing ink with an SE of
87 dB in the frequency range of 8.2-18 GHz. It’s worth noting that ink made with
polyaniline nanofibers alone with the same thickness had an SE of 74 dB in the same
range. The 2.3% graphite composite resulted in improvement in conductivity and acts as
a stable underlying conductive network. The optimized nanofibrillar morphology of
polyaniline contributes to its good conductivity and shielding capability. The nanosized
fibers can cause multiple reflections of electromagnetic waves within the matrix that
eventually leads to more dissipation of electromagnetic energy due to longer propagation
pathways.'*? Polyaniline nanofibers have also been combined with gold nanoparticles®?
and Nizn-ferrite nanoparticles® for such applications. For medical and military
applications, it is desirable to protect the human body from EMI by incorporating
conductive fillers into clothing. Fabric made with a polyaniline coating showed a lower
shielding efficiency, 35 dB, but these materials were not made with a variable loading
rate of polyaniline!?126129  Also of note is the finding that EMI shielding using ICP
fillers block a significant portion of the incident field by an absorptive mechanism,

making them especially attractive for stealth applications.?

5.8 Inorganic Nanocomposite Applications
Various combinations of metal compounds and polyaniline nanofibers have

135

been used for many applications including supercapacitors'®, sensors'8, catalysts®®

and non-volatile memory'3®. Many of these composites take advantage of the
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inherent redox properties of polyaniline to spontaneously reduce some metal
cations, especially nobel metals, to form uniform metal nanoparticles. The
morphology of the polyaniline nanofibers were demonstrated to be capable of
template growth of uniform (<2 nm) nanoparticles of gold that adhere to the
nanofibers following exposure to chloroauric acid (HAuCls).* This was
accomplished through the use of low reaction temperatures and reagent
concentrations. These nanostructures were surprising because previous studies®®
showed that conventional forms of polyaniline and chloroauric acid, which when

dissolved and cast as a dense sheet, resulted in irregular micron scale gold

particles.

These metal nanoparticles demonstrated the ability to store charge with
relatively low turn on voltages in a cross-bar memory device.* In these devices
after a minimum voltage is applied between the two electrodes, charge is stored in
the metal nanoparticles. This charge is stabilized by a counter-ion in the
conducting polymer backbone. Prior and subsequent work has used other organic
molecules for charge stabilization. The advantage of the polyaniline nanofiber
metal nanoparticle system is that the metal nanoparticles do not have to be
produced in a separate step. The polyaniline nanofibers also appear to facilitate
uniform growth and prevent Ostwald ripening of the particles. The small and
uniform deposition of gold nanoparticles and the charge stabilization provided by
the nitrogens on the conducting polymer backbone allowed for stable turn on (i.e.
“1”, high conductivity) and turn off (i.e. “0”, low conductivity) with only a small

applied voltage. The simple process for making these composite materials

116



combined with the stability and the large number of fast read-write-erase cycles
made the system interesting for non-volatile applications. Once the composite in a
memory device is dried and thermoset in a cross-linked poly (vinyl acohol) matrix,
the device is quite stable and can be turned on/off months later. However, if the
gold polyaniline nanofiber composite is left in solution for a period of months,
agglomeration of the metal nanoparticles is observed. This may occur to some
degree with the metal nanoparticles in the device, particularly under a continuous
applied voltage. Alkane thiol coating of the metal nanoparticles after formation on
the polyaniline nanofibers may increase the materials stability, and the long-term

device stability and cyclability.

The reaction between polyaniline nanofibers and metal cations can be
controlled by altering the temperature, reaction time and stabilizers used in the
reaction, in order to yield gold nanoparticles of different sizes and morphologies
on the polyaniline nanofibers.’*”13® Figure 5.8 shows the various sizes of gold
particles grown on polyaniline nanofibers through in situ autoreduction of
chloroauric acid. Gold nanoparticles with sizes of <1, 2 and 6 nm were achieved
by cooling reactants to different temperatures prior to reaction, during reaction and
during dialysis purification. Larger particle sizes were generated using higher
chloroauric acid concentrations. Gold sheets were obtained by carrying out the
reaction under reflux and purifying at room temperature. Memory devices
fabricated using a 2 nm gold nanoparticle/polyaniline nanofiber composite

demonstrated the best performance with a low turn-on voltage which required less
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power consumption and large on/off ratios which provided good stability with

hundreds of write-read-erase cycles.

Figure 5.8 TEM images of autoreduced gold nanoparticles with (a) <1, (b) 2, (c) 6,
(d) >20 nm and (e) gold sheets grown on polyaniline nanofibers. Reproduced with
permission from ref. 137. Copyright 2011 American Chemical Society.

In addition to gold, as discussed above, platinum139, silver!40 and palladium
nanoparticles!4! have also been deposited on polyaniline nanofibers with exposure
to the appropriate metal salt. Palladium nanoparticles grown on polyaniline
nanofibers have been shown to be effective in catalysis, for example, high yield
aqueous Suzuki coupling reactions between aryl halides and boronic acids have
been demonstrated.1> Evidence has been found for a semi-heterogeneous catalytic

mechanism42,

5.9 Other Applications
5.9.1 Corrosion Protection
Aniline, polyaniline and derivatives including aniline black have all been

considered for use in corrosion protection.43146 Several polyaniline suppliers have
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sold the material as an undercoating for corrosion protection to be applied directly
to the surface of the metal under a top-coat. Polyaniline, along with other
conducting polymers, is redox active allowing it to reduce metal cations as
mentioned in the previous section. Unlike alternative anti-corrosion materials such
as chromates, phosphates and molybdates, polyaniline is more environmentally
friendly and exhibits reversible electrochemical properties by controlled charge

transfer in air.

Previous research using the conventional organic cast film form of
polyaniline has suggested anodic protection of metal surfaces.!*® Testing is usually
conducted by placing a scratch in the surface of the coating film in a heated, humid
and/or salty environment and observing the extent of corrosion over time. These
tests have shown conventional polyaniline (coated electrochemically or via an
organic solvent) and nanofibrillar polyaniline!** are effective additives to protect
metals from corrosion. The high surface area of polyaniline nanofibers are
especially beneficial in large-scale coating applications for corrosion protection
due to the outstanding processability of polyaniline nanofibers which allows direct
incorporation with other coating materials for a single step corrosion protection
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5.9.2 Biocomposites

Starting in the early 2000’s conductive and particularly nanostructured
conductive materials were identified as excellent materials for tissue
engineering.147-150 Tissue engineering is a rapidly growing field, and one of the most

critical portions of this work is the development of conducting materials to interface
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with biological tissue for the stimulation of neurons and muscles. Conducting
polymers are especially attractive as they allow variable conductivity via simple
chemical and structural modification. Polyaniline is essentially inert in in vivo
studies using mice without causing inflammation, indicating potential for use in
bioengineering applications like muscle scaffolding or neuron stimulation.
Nanostructured polyaniline is also an excellent candidate for tissue growth as
reported by Bidez, et al.1#7 Another study showed that polyaniline nanofibers can be
blended with collagen and used for culturing porcine skeletal muscle cells.148 Wang
et al. designed core-shell scaffolds using aligned polyaniline and silk fibroin
nanofibers for mimicking the structure of native skeletal muscle.1*® Zhang et al.
reported on the synergistic effects of electrical stimulation and nerve growth factor
on neuron growth using a polyaniline nanofiber composite mesh incorporated with
nerve growth factor.150
5.9.3 Filtration Membranes

Polyaniline and its derivatives have been used to fabricate water filtration
membranes with enhanced hydropilicity, permeability, chlorine resistance and
anti-fouling properties.’>>52 Polyaniline nanofibers have also been blended into
existing membrane materials as pore forming agent and hydrophilic modifiers.1®3
Polyaniline nanofibers and CNTs were incorporated into a polysulfone membrane
matrix by Liao et al.® By adjusting the nanofiber content and applying flash
welding, the structure, morphology, hydrophilicity, conductivity and permeability
of the membrane can be controlled. Membranes fabricated using an N-substituted

derivative of polyaniline were found by Huang et al.*>? to be chlorine tolerant and
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anti-fouling. These materials are now being developed by the membrane company

Water Planet, Inc.

As the best-studied and potentially most useful conducting polymer,
polyaniline has had a wide portfolio of applications owing to its facile synthesis,
intrinsic conductivity and unique doping/dedoping chemistry. The development of
one-dimensional nanostructured polyaniline with enhanced processability and
exceptional functionality offers great promise in fields such as sensors,
electrochromics, supercapacitors and antistatic materials, which have all been
described in this review along with many other applications. The nanofiber
morphology can be easily achieved through electrochemical polymerization,
interfacial polymerization or rapid mixing method. The latter method is readily
scalable for practical use. Devices fabricated using nanostructured polyanilines
generally have better performance compared to the ones made using their
conventional counterparts. For example, polyaniline nanofiber sensors show much
faster response and higher sensitivity, while supercapacitors made with polyaniline
nanofibers exhibit higher specific capacitance and better cycle stability.
Polyaniline nanofibers readily disperse in water at an appropriate pH, making them
easy to be incorporated into matrices for electrostatic dissipative and
electromagnetic interference shielding. No matter how many applications are
discussed in a review article such as this, there are always more ideas that can be
achieved with the development of new materials, especially when the material can

be manufactured cost-effectively at a large scale. The rapid development in the
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synthesis, morphology control and novel properties of one-dimensional polyaniline

will continue to spur further commercial interest in this promising material.
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