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Special Polymers

The properties of some base resins with very few additives other
than stabilizers have been discussed in a monograph (1).

Typically, high-performance resins will be used in tough metal
replacement applications or replacement of ceramic materials.
Thermoset resins are generally highly filled with mineral fillers and
glass fibers. Elastomers are polymers that can be stretched sub-
stantially beyond their original length and can retract rapidly and
forcibly to essentially their original dimensions. Specialty rubbers
offer higher performance over general-purpose rubbers and find use
in more demanding applications (1).

1.1 Poly(ethylene)

Depending on the temperature, pressure, catalyst, and the use of
a comonomet, three basic types of poly(ethylene) (PE) can be pro-
duced: high density poly(ethylene), low density poly(ethylene), and
linear low density poly(ethylene) (LLDPE) (1).

1.1.1 Metallocene Poly(ethylene)

Unsymmetrical permethylindenyl bent metallocene complexes
have been synthesized and reacted with inorganic solid supports
to afford catalysts for the slurry phase polymerization of ethylene.
Those products, supported on solid polymethylaluminoxane were
both highly active catalysts and afforded polymers with a desirable,
low aggregation (2).
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1.1.1.1 Film Applications

Metallocene catalyzed PE with high and medium densities are
known to have good optical properties (3). However, for film ap-
plications, they have mechanical properties which can still be im-
proved, in particular dart impact, tear strength and slow puncture
resistance. On the other hand, PE prepared with dual site catalysts
in the gas phase or with Ziegler-Natta catalysts have good mechan-
ical properties, but poorer optical properties. Nucleating agents are
required to improve the gloss and haze. However, nucleating agents
are not particularly effective for PE resins. For example, for a haze
of 30%, a nucleating agent cannot improve haze to less than 25%.
The preparation of a metallocene-catalyzed PE resin has been
reported (3, 4). The metallocene is preferably a bridged unsubstitut-
ed bis(tetrahydroindenyl), such as ethylene-bis(tetrahydroindenyl)
zirconium dichloride, c.f. Figure 1.1. Triisobutylaluminium can be
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Figure 1.1 Ethylene-bis(tetrahydroindenyl) zirconium dichloride.

used as activating agent.

The polymer has a multimodal molecular weight and composi-
tion distribution from 45% to 75% of a low density fraction. This
fraction has a density below or equal to 918 g cm™ as measured by
the the standard test ISO 1183 (5), at a temperature of 23°C., wherein
the density of the polyethylene resin is from 0.920 to 0.945 ¢ cm ™.
The My, /M,, of the polyethylene is of from 2.8 to 6 and the melt index
MI2 of the PE resin ranges from 0.1 to 5 g/10min.

The described PE resin composition is particularly suitable for
film applications i.e. to prepare films. In particular, it shows a good
balance in both mechanical and optical properties. In comparison
to commercial grades, the mechanical properties are just as good, if
not better, with the added advantage that the films obtained using
this metallocene-catalyzed PE are particularly transparent i.e. have
low haze (3).



SpeciaL PoLymMERrs 3

1.1.1.2 Brominated Poly(ethylene)

A metallocene-catalyzed copolymerization of ethylene and
11-bromo-1-undecene was carried out to synthesize a bromi-
nated PE (6). A modified methylaluminoxane (Methanolato
dimethyl aluminium) solution was used as a cocatalyst and
ethylene-bis(tetrahydroindenyl) zirconium dichloride, c.f. Figure
1.1, was used as catalyst.

The copolymerization showed a high activity and afforded the
copolymer with a 11-bromo-1-undecene incorporation ranging from
1.0 to 4.3 mol-%. When using a dried methylaluminoxane as co-
catalyst, the incorporation ratio of 11-bromo-1-undecene increased
remarkably to 25.2 mol-%. It was demonstrated that the type of
methylaluminoxane used as a cocatalyst can affect the composition
of the ethylene 11-bromo-1-undecene copolymer without changing
the structure of the catalytic complex (6).

1.1.1.3 Comb-Shaped Materials

Comb-branched ethylene/1-octene copolymer elastomers were syn-
thesized, and their properties were investigated (7).

The polymers had crystalline PE long chain branches attached to
amorphous ethylene/1-octene random copolymer backbones. The
unique structure was generated through a tandem catalyst system
consisting of a Zr ligated with phenoxycycloalkylimine and a con-
strained geometry catalyst (CGC-Ti). Linear PE macromonomers,
with more than 88% of the chains terminally unsaturated, were
synthesized with the phenoxycycloalkylimine containing catalyst,
while the constrained geometry catalyst catalyst was used in the
copolymerization of ethylene, 1-octene, and the PE macromonomer.

The resulting copolymer elastomers possessed high melting tem-
perature of >120°C and a low glass transition temperature of less
than —60°C. These properties are suggesting that a phase separa-
tion occurred in the copolymer system. The investigation of the
mechanical properties showed that the elongation at break reached
more than 1200% (7).

1.1.1.4 Shape Memory Polymers

Ethylene vinyl acetate (EVA) was melt-blended with a metallocene
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poly(ethylene) elastomer to form shape memory, eco-based blends
with and without vinyl triethoxysilane modification (8). Vinyl tri-
ethoxysilane is shown in Figure 1.2.

Figure 1.2 Vinyl triethoxysilane.

The silane crosslinking modification slightly suppressed the crys-
tallization temperatures of the metallocene poly(ethylene) compo-
nent due to the increased gel content. The crystallinity of metal-
locene poly(ethylene) also decreased slightly, from 4.1% to 1.8%,
due to the silane crosslinking effect, and further, to 1.3%, due to the
interference effect of EVA.

Despite this negative contribution to thermal crystallization be-
haviors, the highest tensile strength and Young’s modulus were
still observed for the EVA/metallocene poly(ethylene)-g-vinyl tri-
ethoxysilane blend. This was attributed to the higher interaction
between the silane groups on metallocene poly(ethylene) and the
vinyl acetate groups on EVA. In addition, the silane grafting modi-
fication on metallocene poly(ethylene) improved the thermal stabil-
ity and shape fixity of the EVA/metallocene poly(ethylene)-g-vinyl
triethoxysilane blend further with respect to their corresponding
EVA/metallocene poly(ethylene) blend (8).

The recovery ratio of the EVA/metallocene poly(ethylene)-g-vinyl
triethoxysilane system was still high, up to 92.8+0.3%, for the recov-
ery from a temporary deformed shape. The shape memory index of
the EVA/metallocene poly(ethylene)-g-vinyl triethoxysilane blend
was about 81%, which was higher than that of the EVA/metallocene
poly(ethylene), at about 75%. In particular, the EVA/metallocene
poly(ethylene)-g-vinyl triethoxysilane could still be melt processed,
in comparison with conventional crosslinked shape memory poly-
mer blends which are hard to be recycled (8).
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1.1.1.5 Poly(ethylene)/Carbon Nanotube Nanocomposites

Nanocomposites,based on a metallocene LLDPE matrix, reinforced
with multiwalled carbon nanotubes (CNTs), at various CNT load-
ings, have been prepared and studied with scanning electron mi-
croscopy (SEM), differential scanning calorimetry (DSC), thermal
mechanical analysis, tensile-electrical testing, and Raman spec-
troscopy (9).

A melt-mixing procedure has been applied to prepare the
nanocomposites. The employed metallocene LLDPE matrix type
was proved to be decisive in producing nanocomposites with im-
proved thermomechanical/electrical properties, due to a good qual-
ity dispersion of the CNTs into the specific bulk matrix.

The experimental values of Young’s modulus versus the CNT
volume fraction are shown in Figure 1.3.
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Figure 1.3 Young’s modulus versus CNT volume fraction (9).

With regard to the electrical conductivity, two different behaviors
with respect to the CNT concentration could be distinguished. The
typical behavior of insulating materials where conductivity is fre-
quency dependent in the whole frequency range was observed for
pure metallocene LLDPE and for the nanocomposites with a CNT
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content of up to 2%. Hereafter, the conductivity plateau is extended
in the whole frequency range for a CNT content from 4% to 10%.

Moreover, the electrical conductivity obtained at a specific CNT
loading was analyzed by a model relating the electrical resistance
of the CNT/nanocomposites with the effective length of CNTs, and
the thickness of the interphase between matrix and CNTs. These
quantities are parameters which participate in the tunnel effect. The
simulated parameter values were in accordance with the results of
the micromechanics modelling (9).

1.1.1.6  Antibacterial Coatings

Metallocene PE/nano-silver coatings were prepared by a facile
air-spray method on polymer films (10). A metallocene PE sol and
nano-silver was used as precursor to deposit coatings on polymers at
a relatively low operating temperature. Antibacterial coatings were
obtained with excellent mechanical properties, water resistance, and
low silver release.

The composite coatings were examined with respect to surface
characteristics, mechanical properties, and antibacterial activity
against two representative bacterial strains i.e., Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus). The composite coatings
exhibited a favorable microstructure, good mechanical properties,
and a suitable crystallinity. The antimicrobial tests indicated that
the fabricated composite coatings showed a promising antibacterial
activity against E. coli and S. aureus. Furthermore, silver ions re-
leased by the composite coating after 30 d were under 1.2 ppb. So, the
results of the study indicated a promising prospect of the composite
coating for wide antibacterial applications (10).

1.1.2 Geomembranes

A reliable prediction of the service lifetime of tunnel constructions
is of essential technical and economic interest (11, 12).

Polymers used for tunnel liners should to fulfill the requirement
of 100 y lifetime.

At the moment, reliably proven test methods are available that
confirm such long lifetimes of polymers.
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A research project which focus on the lifetime prediction of PE
for tunnel geomembranes has been reported. Different PE grades in
combination with different antioxidant packages were conditioned
at elevated temperatures and different media. Initial results con-
firmed a significant material aging already after an exposure up to
16 weeks, at least at the highest exposure temperature of 800°C.

To consider application relevant material properties, the material
characterization was done by means of tensile tests and dynamic
oxidation induction temperature tests. High performance liquid
chromatography was used for further investigation of antioxidant
consumption kinetics (11).

1.2 Poly(styrene)

The three main categories of commercial poly(styrene) (PS) resins
are crystal PS, impact PS, and expanded PS foam (1).

Engineering thermoplastics comprise a special performance seg-
ment of synthetic plastics materials that offer enhanced proper-
ties (1).

1.2.1 Syndiotactic Poly(styrene)

A semicrystalline styrene polymer has been produced by metal-
locene catalysis (13).

Syndiotactic poly(styrene) (SPS) is a semi-crystalline polymer de-
veloped by Dow Plastics (14). The material is completely different
from conventional styrene polymers in structure, physical proper-
ties and synthetic method. It represents the basis for an entirely new
family of materials based on crystalline PS.

SPS has a melting point of 270°C combined with an excellent
resistance to moisture and automotive fluids. Additionally, SPS
products exhibit exceptional electrical performance and competi-
tive toughness and stiffness. A wide range of products have been
formulated for specific applications including impact-modified and
glass-reinforced grades.

The attributes of SPS as they relate to use of this material in
automotive, interconnect systems where a combination of heat re-
sistance, chemical resistance, dimensional stability and enhanced
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processability have been discussed. Specific topics include the char-
acterization of the indirect IR soldering resistance of formulated SPS
compounds when molded into interconnect devices, as well as the
processability and performance of this class of materials (14).

1.2.1.1 Amino-containing Polymers

Amino-containing functionalized SPS with high melting tempera-
tures and a high temperature stability were synthesized by the direct
polymerization of amino-containing styrenic monomers in the pres-
ence of a half-sandwich scandium catalyst system (15). The reaction
is shown in Figure 1.4.
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Figure 1.4 polymerization of amino-containing styrenic monomers (15).

The high syndiotactic poly(N,N-dimethylamino)styrene could be
used as polymer supports, effectively anchored Pd nanoparticles
with 3% of Pd, with a diameter of 4 nm or 5 nm that could be
uniformly dispersed on the polymer matrix (15).

1.2.1.2  Styrene Ethylene Copolymers

The syndiotactic polymerization of styrene and the copolymeriza-
tion of styrene with ethylene were carried out by using a series
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of chiral half-sandwich rare-earth metal dialkyl complexes as cata-
lysts (16).

In comparison to titanium complexes, the advantage of these
half-sandwich rare-earth metal complexes is that they can promote
the copolymerization of styrene with ethylene, yielding random
copolymers that are containing syndiotactic polystyrene sequences
(17, 18).

Such styrene ethylene copolymer can overcome the drawbacks of
SPSs, such as brittleness and poor processing performance due to its
high melting temperature, and so broaden its industrial applications
(19).

The cationic half-sandwich scandium alkyl catalysts were synthe-
sized by a procedure described in the literature (20).

The resulting SPSs showed molecular weights (M,,) ranging from
3700 gmol™! to 6400 gmol™' with molecular weight distributions
(My/M,;,) from 1.40 to 5.03 (16).

The bulky cyclopentadienyl ligands of the chiral half-sandwich
rare-earth metal complexes effectively inhibit the continued inser-
tion of styrene monomers into the (co)polymer chain to some extent
in comparison with the known half-sandwich rare-earth metal com-
plexes (16).

1.2.1.3 Styrene Terpene Copolymers

The copolymerization of bio-renewable f-myrcene or f-farnesene
with styrene was examined using an ansa-neodymocene catalyst,
affording two series of copolymers with high styrene content and
unprecedented syndioregularity of the PS sequences (21). The ter-
penes are shown in Figure 1.5.

CHs CHs CH3
HiC A = H,C A A =
B-Myrcene p-Farnesene

Figure 1.5 Terpenes.
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The incorporation of terpene in the copolymers ranged from 5.6 to
30.8 mol-% (B-myrcene) and from 2.5 to 9.8 mol-% (B-farnesene), re-
spectively. Nuclear magnetic resonance spectroscopy spectroscopy
and DSC suggested that the microstructure of the copolymers con-
sists of 1,4- and 3,4-poly(terpene) units randomly distributed along
syndiotactic polystyrene chains.

The thermal properties of the copolymers are strongly dependent
on the terpene content, which is easily controlled by the initial feed.
The terpolymerization of styrene with f-myrcene in the presence
of ethylene was also examined (21). The remarkably narrow and
monomodal molecular weight distributions suggested the forma-
tion of true terpolymers.

1.2.1.4 Thermal Conductivity

In cocontinuous conductive polymer composites that are designed
for heat generation by the Joule effect, the thermal conductivity of
the electrically insulating matrix is the limiting factor to get a good
heat dissipation (22).

To prevent the establishment of a non desirable high temperature
gradient in the heating elements, it is necessary to enhance the ther-
mal conductivity of the composite independently from its electrical
conductivity. Several adequate fillers for this purpose are known,
such as boron nitride, talc, aluminum nitride, and aluminum oxide
particles. Their impact on the thermal properties and SPS phase
transition temperatures have been studied.

Lewis and Nielson, Cheng and Vachon, Agari and Uno models
were used to predict the evolution of thermal conductivity with
filler content (22). These models were found to describe correctly
thermal conductivity of the materials after the determination of the
maximum packing fraction, the shape factor, parameters of modifi-
cations of crystals and the ability of the filler particles to associate
into chains. These models show that whatever the filler and unlike
electrical conductivity, thermal conductivity does not go through a
sharp insulator/conductor (percolation threshold).

Only boron nitride showed a real exponential increase of con-
ductivity over 20% v/v filler. Consequently, in best conditions in-
troducing 30% v/v of boron nitride allows the thermal conductivity
to be multiplied by six. Boron nitride particles were also found
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to shift the conductive polymer composites glass transition tem-
perature, the non-isothermal crystallization temperature, and the
melting temperature (22).

1.3 Poly(ethylene terephthalate)

1.3.1 Blends of Poly(ethylene terephthalate) and Poly(phenylene
sulfide)

The thermal and crystallization behavior of blends of glass fiber re-
inforced poly(phenylene sulfide) (PPS) with poly(ethylene tereph-
thalate) (PET) has been reported (23).

The blends showed two overlapping melting peaks and two sep-
arate crystallization peaks. The heat of crystallization of PPS was
found to decrease continuously with increasing PET content, where-
as the heat of crystallization of PET was found to increase with
increasing PPS content.

This indicates that the degree of crystallinity of PPS is reduced
whereas that of PET is increased as a result of blending. The com-
bined heats of fusion of the blends were marginally higher than
those calculated by the proportional additivity rule in spite of the
drop in the heat of crystallization of PPS. The temperature onset of
crystallization of PET in the blends shifted to higher temperature
whereas there was no significant change in the crystallization tem-
perature of PPS. The increase in the temperature of crystallization
of PET indicates enhanced nucleation.

Isothermal crystallization studies of the component polymers re-
vealed that both the component polymers crystallized at a relatively
faster rate in the blend. The crystallization rate of PPS was found
to increase significantly with increasing PET content. A significant
increase in the rate of crystallization of PET was also observed in
the blends. The acceleration of the crystallization rate of PET in the
blends was more pronounced in comparison to that of PPS. The
acceleration in the PET crystallization rate was attributed to the
presence of glass fibers and crystallized PPS (23).
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1.4 Silicones

1.4.1 Silicon Nanocrystals and Silicon-Polymer Hybrids

Silicon nanocrystals are emerging as an attractive class of quan-
tum dots owing to the natural abundance of silicon in the Earth’s
crust, their low toxicity compared to many Group II-VI and III-V
based quantum dots, compatibility with the existing semiconduc-
tor industry infrastructure, and their unique optoelectronic proper-
ties (24). Despite these favorable qualities, silicon nanocrystals have
not received the same attention as Group II-VI and III-V quantum
dots, because of their lower emission quantum yields, difficulties
associated with synthesizing monodisperse particles, and oxidative
instability.

Recent advancements indicate the surface chemistry of silicon
nanocrystals plays a key role in determining many of their prop-
erties. A review has been presented that summarizes new reports
related to engineering silicon nanocrystal surfaces, synthesis of sili-
con nanocrystal/polymer hybrids, and their applications in sensing,
diodes, catalysis, and batteries (24).

1.4.1.1 Humidity Sensor

A fast-response and flexible nanocrystal-based humidity sensor has
been developed for real-time monitoring of human activity, e.g.,
respiration and water evaporation on skin (25).

A silicon-nanocrystal film is formed on a polyimide film by spin-
coating the colloidal solution and is used as a flexible and humid-
ity-sensitive material in a humidity sensor. The flexible nanocrys-
tal-based humidity sensor shows a high sensitivity; current through
the nanocrystal film changes by 5 orders of magnitude in the relative
humidity range of 8-83%. The response/recovery time of the sensor
is 40 ms. Due to the fast response and recovery time, the sensor
can monitor human respiration and water evaporation on skin in
real time. Also, due to the flexibility and the fast response/recovery
time, the sensor is promising for its application in personal health
monitoring as well as environmental monitoring (25).
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1.4.2 Surfactants

Silicone based surfactants have been detailed in a monograph (26).

Organosilicon surfactants are the most potent adjuvants available
for formulating and applying agricultural pesticides and fertilizers,
household cleaning and personal care products, dental impressions
and medicines (27).

Over a billion pounds of organosilicon surfactants for all uses
are produced globally per year, making this a major component
of the chemical landscape to which bees and humans are exposed.
These silicones are generally recognized as safe, have no mandated
tolerances, and their residues are largely unmonitored. The lack of
their public disclosure and adequate analytical methods constrains
evaluation of their risk.

The impacts of organosilicon surfactant exposures on humans
need to be evaluated. Silicones in their great diversity probably
represent the single most ubiquitous environmental class of global
synthetic pollutants (27).

1.4.2.1 Anionic Silicone Surfactants

3-Tris(trimethylsiloxy)silylpropyl sulfonate, c.f. Figure 1.6, with dif-
ferent alkaline counterions (lithium, sodium, and potassium), were
synthesized (28).

Figure 1.6 3-Tris(trimethylsiloxy)silylpropyl sulfonate.

These anionic silicone surfactants exhibit a remarkable surface
activity and can reduce the surface tension of water to as low as
19.8 mN m™! at the critical aggregate concentration. The adsorption
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and aggregation behaviors of these surfactants were assessed by
determining the adsorption efficiency, minimum average area per
surfactant molecule, and thermodynamic parameters.

The lowest surface tension, the smallest critical aggregate con-
centration value, and the largest aggregate size have been reached
with potassium counterions. Thus, the different behavior of these
surfactants in water can be explained by the different sizes of the
hydrated ions (28).

1.4.2.2  Lubricating Substances

Standard lubricating substances are usually based on mineral oils
(29). These compounds, however, fail to meet a range of criteria that
are required of modern lubricants. Mineral oils are not biodegrad-
able and are considered a threat to the environment and humans.
The majority of standard lubricating oils contain antiwear addi-
tives, including organic sulfur compounds, organoboron deriva-
tives, organometallic derivatives, and organic compounds of chlo-
rine. An improvement in antiseizure properties is often achieved
with the addition of alkyl derivatives of dithiophosphates, dithiocar-
bamates, phosphosulfurized hydrocarbons, chlorinated paraffins,
and organometallic compounds.

The most common friction modifier additives added to the base
lubricants include fatty acids and amines, fatty acid esters, di-
alkyldithiophosphates, metal dialkyldithiocarbamates, and organic
compounds of copper. This group of additives also includes solid
lubricants: molybdenum sulfide and graphite.

The physicochemical and tribological properties of silicone
polyether aqueous solutions were investigated (29). The raw mate-
rials used in this research were characterized by different oxyethy-
lation and oxypropylation degrees. The raw materials were charac-
terized by different degrees of polymerization of the siloxane chain
(m, n) and different degrees of oxyethylation (x) and oxypropyla-
tion (y): PEG/PPG-20/20 dimethicone (degrees of polymerization m
= 32, n = 6), bis-PEG/PPG-20/20 dimethicone (m = 62, n = 0), and
PEG/PPG-25/25 dimethicone (m = 38, n = 3).

It was found that oxyethylated and oxypropylated silicone aque-
ous solutions, particularly at higher concentrations of 60% to 80%,
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and pure compounds can be used as potential and effective lubri-
cants (29).

1.4.2.3 Gemini Surfactants

In recent years, gemini surfactants have drawn extensive attention,
due to their fascinating properties over conventional surfactants,
single tail/single head surfactants (30-32).

Compared with traditional surfactants, gemini surfactants show
a lower critical micelle concentration, higher surface activity and
multifarious aggregate structures (33). Owing to these unique prop-
erties, they exhibit better wetting, emulsification and solubilization
capabilities (34),

1.4.2.4 Textile Washing

The application of trisiloxane polyether silicone surfactant to re-
move various stains along with a range of hydrocarbon (organic)
surfactants has been detailed (35).

It was investigated, whether silicone surfactants offer a syner-
gism or an antagonism during a cotton fabric cleaning process. The
cotton fabric was soiled with red wine, turmeric, permanent mark-
er, acrylic paint, and coffee and washed with the original fabric in
aqueous solutions of individual surfactant and blend of surfactants
by applying the conventional shaking washing method.

The detergency and the soil redeposition were determined from
the alteration in the surface reflectance of prepared stained fabrics
and the original fabric after washing.

Surfactants used for the washing were a trisiloxane polyether sili-
cone surfactant (AG-Platinum), sodium dodecyl benzene sulfonate,
lauryl alcohol ethoxylate, and nonylphenol ethoxylate, and blends
of these compounds (35). These compounds are shown in Figure
1.7.

In comparison to individual hydrocarbon surfactants, blends of
surfactants, with different hydrocarbon to silicone surfactant ratios,
dislodged stains (accumulated on the fabric as a result of staining)
effectively at shorter time and at lower bath ratio, because of superior
surface properties.
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Figure 1.7 Surfactants.
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With increasing concentration of the surfactant, the detergency in-
creased and reached a maximum at the critical micelle concentration.
The silicone surfactant reduced the critical micelle concentrations of
the surfactant blends and provided a better detergency at a lower
concentration. So, it was found that silicone surfactant could be
successfully introduced into laundry detergent formulations (35).

1.4.2.5 Metal Extraction

Two cationic silicone surfactants, 3-[tri-(trimethylsiloxy)] silyl-
propylpyridinium chloride (Si4pyrCl) and N-methyl-3-[tri-
(trimethylsiloxy)] silylpropylpiperidinium chloride (Si4pipCl),
were synthesized. These compounds are shown in Figure 1.8,

®
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N-methyl-3-[tri-(trimethylsiloxy)] silylpropylpiperidinium chloride
Figure 1.8 Cationic silicone surfactants.
Their aggregation behavior in aqueous solution was investigat-

ed through surface tension, electrical conductivity, dynamic light
scattering, and transmission electron microscopy (TEM).
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The measurements of the surface tension showed that the two
cationic silicone surfactants decreased the surface tension of water
to almost 20 mN m~!. This result indicated the remarkable surface
activity of the surfactants.

The effects of inorganic salts, sodium chloride, sodium bromide,
sodium iodide and sodium sulfate, on the aggregation behavior
of the silicone surfactants were explored. The results showed that
the aggregation of the silicone surfactants was promoted by the
addition of salts and that the aggregation ability followed the order
of Nal>NaBr>Na250,>NaCl.

Spherical aggregates with diameters ranging from 200 nm to 600
nm were observed by TEM, and the aggregates” diameter distribu-
tion was obtained by dynamic light scattering.

The extraction behavior on several metal ions (Co (II), Mn (II), Fe
(III), Ni (II), Cu (II), Al (III), Sn (IV), Zn (II), Ce (III), Li (I), Mg (II), Au
(III), and Pd (1)) in chloroform by the surfactants in chloroform was
studied. The results showed that the surfactants showed a good
extraction ability for Au (III) and Pd (II) (36).

1.4.2.6 Smithsonite Flotation

A cationic organic silicone surfactant (DTA) with special-
ly designed functional groups was developed as a flota-
tion collector for smithsonite (37). This surfactant was syn-
thesized via the reaction between hexaethyldisiloxane and
N-B-(aminoethyl)-y-aminoisobutylmethyldimethoxy silane using
tetramethylammonium hydroxide as a catalyst. The steps are
shown in Figure 1.9.

The flotation performance was validated by flotation tests using
pure minerals. The results illustrated that DTA has strong collecting
ability and better selectivity for smithsonite against quartz, calcite
and dolomite compared to the traditional collectors such as octade-
cylamine, tetradecylamine and dodecylamine.

Based on the analysis of fourier transform infrared spectroscopy
(FTIR) spectra, zeta-potential measurements, X-ray photoelectron
spectroscopy and density functional theory calculations, it can be
concluded that the adsorption mechanism of DTA on the surface of
smithsonite was mainly dominated by chemisorption and electro-
static adsorption.
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These unique properties of DTA, result in superior collecting pow-
ers for smithsonite (37).

1.4.2.7 Methane Hydrate Formation

Recently, the storage of methane in its solid hydrate form has become
a rather attractive and low risk option for the storage large amounts
of this gas owing to its mild storage conditions, high gas retention
capacity and benign (non-explosive) character (38). However, there
is a slow rate of hydrate formation, which makes problems for this
technique.

The addition of surfactants, like sodium dodecyl sulfate, to the hy-
drate forming system significantly speeds up the process of methane
hydrate formation. but here, a large amount of foam is generated
by these surfactants during the process of hydrate formation.

In a study, a small amount of a silicon based surfactant has been
proposed to be used as an antifoam agent in conjunction with an an-
ionic surfactant, i.e., sodium dodecyl sulfate, to eliminate the foam
generation and to promote the kinetics of the formation of methane
hydrate (38). The silicone based antifoam containing 100% active
silicone polymer is available from Sigma-Aldrich as Antifoam-A
Concentrate.

The optimum ratio in which sodium dodecyl sulfate and
Antifoam-A should be mixed is 1% dodecyl sulfate and 0.5%
Antifoam-A in order to obtain a maximum foam suppression (38).

1.4.2.8 Foams

Poly(urethane) Foams.  Silicone surfactants for their use in
poly(urethane) (PU) foams have been described (39). The silicone
surfactants have dimethyl siloxane backbones with attached alkyl
and polyether pendant groups that provide improved properties for
flexible urethane foam compositions.

Specific silicone foam stabilizers that can be used herein include
Niax® silicones L-635, L-620 and SC-154, all available from GE
Advanced Materials, Silicones (40).
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Foam Combinations. Silicone surfactants can be used in combi-
nation with hydrocarbon surfactants.However, the properties of the
mixtures of silicone and hydrocarbon surfactants have received little
attention, especially the foam properties of such mixtures.

Aqueous solutions of binary mixtures of a nonionic silicone sur-
factant with anionic, cationic, and nonionic hydrocarbon surfactants
were prepared for the evaluation of their foam properties (41).

As silicone surfactant, a poly(oxyethylene trisiloxane) compound
was used. This material is shown in Figure 1.10.

Figure 1.10 Poly(oxyethylene trisiloxane).

The surface tension of aqueous solutions of the mixtures were
measured with the maximum bubble pressure method.

The variation of the surface tension with the concentration of
surfactant is shown in Figure 1.11.

The foaming ability and the foam stability of these mixtures were
evaluated using the standard Ross-Miles method (41).

It was shown that the addition of the silicone surfactant results in a
decrease in surface tension for aqueous solutions of the hydrocarbon
surfactants.

The critical micelle concentration of the hydrocarbon surfactants
is also changed by the additive silicone surfactant (41).

In addition, clear foam synergistic effects were observed in the
mixtures of silicone and hydrocarbon surfactants, regardless of the
ionic types of the hydrocarbon surfactant. The foam stability of the
hydrocarbon surfactant was shown to generally improve with the
increasing concentration of the silicone surfactant.
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Figure 1.11 Variation of the surface tension with the concentration of sur-
factant (41).

Aqueous solutions containing different ionic hydrocarbon surfac-
tants in the presence of the silicone surfactant are giving different
foam stabilities (41).

Antibacterial Activity. Silicone surfactants are used in a variety
of applications, however, only limited knowledge is available on
the relationship between surfactant structure and biological activi-
ty. It is known that some silicones, including superwetters, exhibit
biological activity.

A series of seven nonionic, silicone polyether surfactants with
known structures was tested for in vitro antibacterial activity against
Escherichia coli BL21 (42, 43).

Compounds Si10-PEG44, SidPh6-PEG44, Si7-PEG15, Si7-PEG44,
Si4Ph3-PEG15, Si4Ph3-PEG44 and Si4-PEG44 were prepared accord-
ing to procedure of Grande (44). Some compounds are shown in
Figure 191107.14.50.

The nomenclature is as follows: SiX, where X is the number of
siloxane units. If Si-phenyl groups are present their number is in-
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dicated with PhY, Y = 3 or 6; PEGn, where n is the number of
—OCH,CH;— units in the surfactant)

The compounds varied in their hydrophobic head, comprised
of branched silicone structures with 3-10 siloxane linkages and,
in two cases, phenyl substitution, and hydrophilic tail of 844
poly(ethylene glycol) units.

The surfactants were tested at three concentrations: below, at,
and above their critical micelle concentrations (CMC) against 5 con-
centrations of E. coli BL21 in a three-step assay comprised of a
14-24 h turbidometric screen, a live-dead stain and viable colony
counts. The bacterial concentration had little effect on antibacte-
rial activity. For most of the surfactants, the antibacterial activity
was higher at concentrations above the critical micelle concentra-
tion. Surfactants with smaller silicone head groups had as much
as 4 times the bioactivity of surfactants with larger groups, with
the smallest hydrophobe exhibiting potency equivalent to sodium
dodecyl sulfate.

Smaller poly(ethylene glycol) chains were similarly associated
with higher potency. These data link lower micelle stability and
enhanced permeability of smaller silicone head groups to antibac-
terial activity. The results demonstrate that simple manipulation of
nonionic silicone polyether structure leads to significant changes in
antibacterial activity (42).

The adhesion of Escherichia coli to copolymers of methacrylates
and a trisiloxane-polyether acrylate surfactant was found to be at a
minimum with copolymers containing a low fraction of the surfac-
tant monomer of 20%. Rather than wettability, hardness, or water
uptake, adhesion was found to be limited by the presence of low
concentrations of the bound surfactant that can interact with hy-
drophobic domains on the bacterium inhibiting anchoring to the
polymer surface (45).

A series of cationic silicone surfactants containing ester groups
and double long-chain alkyl groups were synthesized by microwave
irradiation (46). The surface activity and the adsorption of these
surfactants were investigated by measuring the equilibrium surface
tension. The critical micelle concentration decreased with increasing
length of the alkyl groups.

It could be shown that the cationic silicone surfactants exhib-
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it certain antibacterial properties against Staphylococcus aureus but
slightly poor to Escherichia coli (46).

When cotton fabrics were treated with the cationic silicone sur-
factants, the finished cotton fabrics maintained some antibacterial
properties with improved softness, which may provide a more com-
fortable and healthy lifestyle (46).

1.5 Self-healing Polymers

Self-healing materials are artificial or synthetically-created sub-
stances which have the built-in ability to automatically repair dam-
age to themselves without any external diagnosis of the problem or
human intervention (47).

Although the most common types of self-healing materials are
polymers or elastomers, the self-healing property covers all classes
of materials, including metals, ceramics, and cementitious materials
(47).

The issues of self-healing polymers have been described in several
monographs (48-51).

Progress toward inexpensive, strong, and tunable self-healing
materials will significantly accelerate their adoption into commer-
cial applications. This area of research has been under intense inves-
tigation and many strategies for the design of self-healing materials
have emerged recently (52, 53)

One self-healing approach is to store the reactive healing agents
in the material (54-56),

or delivering them via vasculature network to the damage site
(57, 58).

Programmed shape memory transitions are investigated to phys-
ically close the damaged gap and facilitate polymer diffusion across
the cut interfaces and subsequent healing (59).

Additionally, significant efforts have been directed at the discov-
ery of new intrinsically self-healing polymers to design materials
that can efficiently repair themselves after multiple cycles of dam-
age. During the last decade, many new covalent bonds (i.e. meta-
thesis of double bonds (60), disulfide bond exchange (61), thiuram
disulfide (62), siloxane exchange (63), exchange of catechol-based
boronic ester (64), Diels-Alder reaction (65).
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Also, non-covalent interactions (66) have been explored as dy-
namic motif.

Supramolecular interactions, such as metal-ligand (67, 68),
host-guest (69), rt-nt stacking (70), ionic (71), hydrogen bonds (72),
have been also a subject of intensive investigation since the broad
tunability of their kinetic and thermodynamic parameters can be
productively utilized to control mechanical and self-healing prop-
erties (73).

The development of self-healing systems utilizing dynamic inter-
actions (60, 74-76) has been demonstrated.

1.5.1 Multiphasic Copolymer

A multiphasic copolymer that phase separates into glassy domains
with a high glass transition temperature, embedded in a matrix of
dynamic non-covalent interactions, H-bond or metal-ligand inter-
actions, with high mobility is a promising route to combine efficient
self-healing and strong mechanical properties (77, 78).

A multiphase copolymer with n-butyl acrylate and an acrylamide
monomer is addressed as BAAM copolymer. The synthesis of a
BAAM copolymer is shown in Figure 1.13.

Here, the polymer segment can include polymerized styrenic or
acrylic monomer segments forming glassy domains in the multi-
phase copolymer (78). The multiphase copolymer can be a linear
copolymer or a branched copolymer. The polymerized acrylamide
monomer includes functional groups that form hydrogen bonds
in the multiphase copolymer, and is present in the one or more
copolymer segments in an amount sufficient for self-healing of the
multiphase copolymer.

This multiphase approach overcame one major obstacle to real-
izing the wide spread use of self-healing polymers utilizing non
covalent, dynamic interactions. By introducing a discontinuous
glassy hard phase (to improve stiffness and yield strength) covalent-
ly connected to a continuous soft phase bearing a robust network
of dynamic motifs, the inherent trade-off between stiff low-strain
mechanical response and stimulus-free dynamic self-healing was
circumvented to effect nearly quantitative self-healing after catas-
trophic macroscopic damage (77).
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Figure 1.13 Synthesis of BAAM copolymers (78).
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1.5.2 Hydrophobic Coatings

A synthetic strategy was developed for a hydrophobic and self-
-healing anticorrosion coating from carboxylic acid- and fluorine-
containing nanocontainers (79).

Poly(acrylic acid-co-trifluoroethyl methacrylate) microspheres
were synthesized with different crosslinking agents by a distilla-
tion precipitation polymerization (80). Trifluoroethyl methacrylate
is shown in Figure 1.14.

The carboxylic acid groups allow for pH-responsive function to
control the release of the encapsulated healing inhibitor to the cracks
of polymer coatings on metal surfaces. The fluorinated groups of the
polymer nanocontainers can endow the coatings with hydrophobic-
ity. The synthesized multifunctional nanocontainers were further
doped into the polymer coatings to generate self-healing coatings.

The self-healing polymer coatings exhibited a good crack inhi-
bition since the inhibitor 1,2,3-benzotriazole, c.f. Figure 1.14, in
pH-responsive nanocontainers can autonomously form new nano-
barriers on metal surfaces around cracks after corrosion occurs.
Furthermore, due to the micro/nanostructures of hydrophobic mi-
crospheres in the polymer coatings, the self-healing coating also
exhibited a good water resistance (79).

)
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Trifluoroethyl methacrylate 1,2,3-Benzotriazole

Figure 1.14 compounds for fluorine-containing nanocontainers.

1.5.3 Microcapsule Based Self-Healing

Microcapsule based self-healing has emerged as a powerful tool for
autonomic damage mitigation in polymers (81). Such self-healing
polymers are extremely attractive for a number of applications.
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In conventional self-healing polymers, catalyst particles and lig-
uid monomer-containing microcapsules are embedded in a base
polymer for which healing is desired. Upon damage, the micro-
capsules are ruptured, releasing liquid monomer into the damage
volume, which subsequently polymerizes when in contact with the
catalyst particles, thereby adhering the damage surfaces without the
need for manual intervention (81).

Electrical wires generally contain an inner metal conductor sur-
rounded by an insulation material (82). The insulation becomes
more brittle with age, and can crack or develop defects due to age,
heat, exposure to strong electrical fields, and friction with other
wires or surrounding objects or surfaces. Problems in electrical
wiring systems are an important threat to the safety of spacecraft
and aircraft, as well as other electrical devices.

Poly(imide)s (PIs) are high performance polymers that have been
used as wire insulation in demanding applications that have low
tolerance for failure, such as space travel and aeronautics. The
standard wire insulation for spacecraft and aircraft is PI, particularly
Kapton®. PIs have excellent an thermal stability and strength.

Wire insulation with a built in self-healing capability would im-
prove the safety of systems containing electrical wiring. Such insu-
lation would require less inspection and repair time over the lifetime
of the system.

A polymer material has been developed tat is containing a
low-melt polymer matrix that melts at a temperature below 300°C
and a first set of microcapsules containing an outer wall and an
inner compartment, wherein the inner compartment is a volatile
solvent that when released from the microcapsules melts or softens
the polymer matrix (82).

1.5.4 Tunable Mechanical Strengths

The development of self-healing polymers with tunable mechanical
performances is an enormous challenge. Self-healing polymers with
tunable mechanical strengths via combined hydrogen bonding and
Zn(II)-imidazole interactions could be successfully synthesized (83).

This synthesis was accomplished by introducing urea hydro-
gen bonding and Zn(Il)-imidazole interactions into self-heal-
ing polymers polymerized from a bifunctional monomer of
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2-(3-(3-imidazolylpropyl)ureido)ethyl acrylate. This monomer is
shown in Figure 1.15.

O [’;\N
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)

Figure 1.15 2-(3-(3-Imidazolylpropyl)ureido)ethyl acrylate.

The dual dynamic effects of urea hydrogen bonding and
Zn(II)-imidazole interactions can simultaneously endow poly-
mers with better self-healing capacities and mechanical proper-
ties. The synthesized polymers with urea hydrogen bonding and
Zn(II)-imidazole interactions motifs exhibited over 90% self-healing
efficiency under mild conditions. The mechanical strengths of the
polymers can be flexibly tuned from 35.0 kPa to 4.41 MPa by varying
the molar ratio of imidazole/Zn(II).

When the polymers are becoming damaged, the urea hydrogen
bonds and the Zn(Il)-imidazole coordination can contribute to the
reconstruction of the broken polymer networks and thus provide
self-healing abilities (83). The interactions of hydrogen bonding
and Zn(II)-imidazole coordination could be confirmed by in situ
FTIR spectra of the self-healing polymers at different temperatures.

1.5.5 Bioinspired Pathways
1.5.5.1 Leaf-Inspired Polymers

Hierarchical multiphase fibrous morphologies provide the strength
and the elasticity of biological species, thus facilitating their respons-
es to environmental changes. One example is the wound closure of
leaves (84).

If polymers can be formed in a similar manner by introduc-
ing multiphase-separated morphologies, self-healing in a variety of
commodity materials can be achieved. In these studies, we demon-
strate the role of phase morphologies, interphases, and viscoelastic-
ity-driven shape memory effects on self-healing. Self-healing can be
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repeated many times. This behavior is attributed to the shape mem-
ory effect, given that a micron-scale interphase reduces chain slip-
page, enabling entropic energy storage during damage. Chemically
identical but nanophase-separated copolymers do not exhibit this
behavior.

Phase-separated poly(caprolactone) (PCL)-PU fibrous thermo-
plastic polymers were synthesized, in which the microphase sepa-
ration facilitates the formation of stable interfacial regions between
hard and soft segments (84).

The polymers are containing a soft block and a hard block. As
a soft block a spiropyran mechanophore and a PCL soft segment
is used. As a hard segment, a 1,4-butandediol block is used.
The spiropyran mechanophore is containing a hydroxyl modified
spiropyran, c.f. Figure 1.16.

OLé o
OH OH

Figure 1.16 Spiropyran mechanophore (84).

1.5.5.2  Imidazole-Metal Coordination

Chemical level design principles extracted from proteinaceous
biopolymers, especially the mussel byssus, are providing an inspira-
tion for the design of autonomous and intrinsic healing in synthetic
polymers (85). The mussel byssus is an acellular tissue comprised
of extremely tough protein-based fibers, produced by mussels to
secure attachment on rocky surfaces.

Threads exhibit self-healing response following an apparent plas-
tic yield event, recovering initial material properties in a time-depen-
dent fashion. Recent biochemical analysis of the structure-function
relationships defining this response reveal a key role of sacrificial
cross-links based on metal coordination bonds between Zn** ions
and histidine amino acid residues. Histidine is shown in Figure
1.17.
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Figure 1.17 Histidine.

Inspired by this example, many research groups have devel-
oped self-healing polymeric materials based on histidine (imida-
zole)-metal chemistry.

A detailed overview of the current understanding of the self-
-healing mechanism in byssal threads has been given (85), and also
an overview of the current state of the art in histidine- and imida-
zole-based synthetic polymers.

Many different metal-ligand interactions have been implemented
into synthetic polymers as versatile building blocks (86).

These materials, the so-called metallopolymers, are a subclass
of the rich family of supramolecular polymers. Metallopolymers
combine both structural elements, i.e., metal complexes and poly-
mers, within a single material. Consequently, they also feature the
corresponding properties derived from both subunits (85).

1.6 Fibers and Smart Polymers

1.6.1 Natural Fiber Reinforced Polymer Composites

Natural fibers are getting attention due to their ecofriendly nature
and their sustainability. A comprehensive review has been present-
ed of the widely used natural fiber reinforced polymer composites
and their applications (87).

In addition, of various surface treatments applied to natural fibers
were presented and their effect on natural fiber reinforced polymer
composites properties. The properties of natural fiber reinforced
polymer composites vary with fiber type and fiber source as well as
fiber structure.

The chemical composition of some natural fibers is shown in Table
1.1.
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Table 1.1 Chemical composition of natural fibers (87).

Fiber Material/[%]

Cellulose Hemicellulose Lignin Waxes
Bagasse 55.2 16.8 253
Bamboo 26-43 30 21-31
Flax 71 18.6-20.6 2.2 1.5
Kenaf 72 20.3 9
Jute 61-71 14-20 12-13 0.5
Hemp 68 15 10 0.8
Ramie 68.6-76.2 13-16 0.6-0.7 0.3
Abaca 56-63 20-25 7-9 3
Sisal 65 12 9.9 2
Coir 32-43 0.15-0.25 40-45
Oil palm 65 - 29
Pineapple 81 - 12.7
Curaua 73.6 9.9 7.5
Wheat straw 38-45 15-31 12-20
Rice husk 35-45 19-25 20
Rice straw 41-57 33 8-19 8-38

The effects of various chemical treatments on the mechanical
and thermal properties of natural fibers reinforcements thermoset-
ting and thermoplastics composites were studied (87). A number
of drawbacks of natural fiber reinforced polymer composites, like
higher water absorption, inferior fire resistance, and lower mechan-
ical properties limited its applications.

The impacts of chemical treatment on the water absorption, tri-
bology, viscoelastic behavior, relaxation behavior, energy absorption
flames retardancy, and biodegradability properties of natural fiber
reinforced polymer composites were also presented.

Also, the applications of natural fiber reinforced polymer compos-
ites in automobile and construction industry and other applications
were demonstrated (87).

The usage of natural fibers in industry is shown in Table 1.2.

It was concluded that a chemical treatment of the natural fiber im-
proved the adhesion between the fiber surface and the polymer ma-
trix, which ultimately enhanced the physicomechanical properties
and the thermochemical properties of the natural fiber reinforced
polymer composites.
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Table 1.2 Natural fiber composite applications in industry (87, 89,

90).
Fiber Usage
Hemp fiber Construction products, textiles, cordage, geotextiles,
paper & packaging, furniture, electrical, manufac-
ture banknotes, and manufacture of pipes
Oil palm Building materials such as windows, door frames,
fiber structural insulated panel building systems, sid-
ing, fencing,roofing, decking, and other building
materials
Wood fiber Window frame, panels, door shutters, decking, rail-
ing systems, and fencing
Flax fiber Window frame, panels, decking, railing systems,
fencing, tennis racket, bicycle frame, fork, seat post,
snow boarding, and lap top cases
Rice husk Building materials such as building panels, bricks,
fiber window frame, panels, decking, railing systems, and

Bagasse fiber

Sisal fiber

Stalk fiber

Kenaf fiber

Cotton fiber

Coir fibers

Ramie fiber

Jute fiber

fencing

Window frame, panels, decking, railing systems, and
fencing

In construction industry such as panels, doors, shut-
ting plate, and roofing sheets; also, manufacturing of
paper and pulp

Building panel, furniture panels, bricks, and con-
structing drains and pipelines

Packing material, mobile cases, bags, insulations,
clothing-grade cloth, soilless potting mixes, animal
bedding, and material that absorbs oil and liquids

Furniture industry, textile and yarn, goods, and
cordage

Building panels, flush door shutters, roofing sheets,
storage tank, packing material, helmets and post-
boxes, mirrorcasing, paper weights, projector cover,
voltage stabilizer cover, a filling material for the seat
upholstery, brushes and brooms, ropes and yarns
for nets, bags, and mats, as well as padding for
mattresses, seat cushions

Use in products as industrial sewing thread, packing
materials, fishing nets, and filter cloths. It is also
made into fabrics for household furnishings (uphol-
stery, canvas) and clothing, paper manufacture

Building panels, roofing sheets, door frames, door
shutters, transport, or packaging
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1.6.2 Shape Memory Systems

PU shape memory polymers (SMPs) with tunable thermomechan-
ical properties and advanced processing capabilities were synthe-
sized and implemented in the design of a microactuator medical
device prototype (88). The ability to manipulate glass transition
temperature (T;) and crosslinking density in low-molecular weight
aliphatic thermoplastic PU SMPs was demonstrated using a syn-
thetic approach that employs UV catalyzed thiol-ene click reactions
to achieve a postpolymerization crosslinking (88).

To tailor the crosslinking density in the thiol-ene crosslinked PU
SMP system, as alkene diol, trimethylolpropane allyl ether and as
end-capping agent allyl alcohol was used.

To tailor the glass transition by varying the aliphatic
diol co-monomer, diethylene glycol, 3-methyl-pentanediol,
1,4-butanediol, 2-methylpropanediol, 2,2°-dimethylpropanediol,
and 1,4-cyclohexanedimethanol were used. These compounds are
shown in Figure 1.18.

To tailor the glass transition by varying the diisocyanate monomer
composition, hexamethylene diisocyanate, trimethylhexamethy-
lene diisocyanate, and dicyclohexylmethane 4,4’-diisocyanate were
used. These compounds are shown in Figure 1.19.

As polythiol crosslinking agents, ethylene glycol bis(3-
mercaptopropionate) and dipentaerythritol hexakis(3-mercap-
topropionate), trimethylolpropane tris(3-mercaptopropionate),
tris[2-(3-mercaptopropionyloxy)ethyl] isocyanurate, and pen-
taerithritol tetrakis(3-mercaptopropionate) were used. These com-
pounds are shown in Figure 1.20.

As photoinitiator, 2,2°-dimethoxy-2-phenylacetophenone, c.f.
Figure 1.21, was used.

PUs containing varying C=C functionalization were synthesized,
solution blended using polythiol crosslinking agents and photoini-
tiator and subjected to UV irradiation. The effects of number of
synthetic parameters on crosslink density were reported. The ther-
momechanical properties are highly tunable, including glass transi-
tions tailorable between 30 and 105 °C and the rubbery moduli are
tailorable between 0.4 and 20 MPa.

This SMP system exhibits a high toughness for many formula-
tions, especially in the case of low crosslink density materials, for
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Figure 1.18 Diols.
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Figure 1.19 Diisocyanate monomers.
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Figure 1.20 Polythiol crosslinking agents.
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Figure 1.20 (cont) Polythiol crosslinking agents.
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Figure 1.21 2,2"-Dimethoxy-2-phenylacetophenone.

which toughness exceeds 90 M]m ™ at the selected straining tem-
peratures. To demonstrate the advanced processing capability and
synthetic versatility of this SMP system, a laser-actuated SMP mi-
crogripper device for minimally invasive delivery of endovascular
devices was fabricated. This system exhibited an average gripping
force of 1.43 + 0.37 N. It could be successfully deployed in an in vitro
experimental setup under simulated physiological conditions (88).

A simple method was tried to prepare thermoplastic
poly(urethane) (TPU) PCL blends that possess shape memo-
ry attributes (91). These materials were melt compounded via
a twin-screw extruder and injection molded at various ratios.
Multiple test methods were used to characterize their shape mem-
ory properties and reveal the underling mechanism. The blends
containing 25% TPU and 75% PCL exhibited the best shape memory
properties as indicated by a 98% shape fixing ratio and 90% shape
recovery ratio. This was attributed to the hybrid crystalline and
amorphous regions of PCL and TPU.

It was also found that PCL and TPU has a good miscibility and
that the PCL domain in TPU 25% had higher crystallinity than neat
PCL. The crystalline region in TPU 25% could deform and maintain
its temporary shape when stretched, which contributed to its high
shape fixing attribute. On the other hand, the rubbery TPU region
assisted in the recovery of the sample upon heating by releasing
the deformation energy stored. Moreover, the TPU 25% string pre-
pared could knot itself in a hot water bath, indicating a potential
for suture applications. Lastly, the 3T3 fibroblast cells cultured on
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the TPU/PCL blends showed high viability and active substrate-cell
interactions (91). The term 3T3 refers to the abbreviation of 3-day
transfer (92).

Biocompatible and biodegradable PU and PCL were blended to
obtain shape-memory properties (93). Highly crystalline PCL was
used as a hard segment, and PU synthesized from isosorbide, c.f.
Figure 1.22, was used as a soft segment. The so obtained PU/PCL
blends with the 30%, 50%, and 70% PU were investigated for their
thermal properties, mechanical properties, and shape-memory be-
havior.

Figure 1.22 Isosorbide.

The 30%PU/PCL polymer showed the best shape-memory char-
acteristics and could be knotted by itself in the hot water bath,
indicating that it can be applied in smart suture applications. The
degradation test performed at 37°C in phosphate buffered solution
showed a mass loss of 2-4% for the obtained PU/PCL blends after 6
weeks (93).

1.6.3 Smart Polymers

The issues of smart polymers have been described in a monograph
(94).

Smart polymers or stimuli-responsive polymers are high-perfor-
mance polymers that change according to the environment they are
in (95). Such materials can be sensitive to a number of factors, such
as temperature, humidity, pH, chemical compounds , the wave-
length or intensity of light or an electrical or magnetic field and can
respond in various ways, like altering color or transparency, becom-
ing conductive or permeable to water or changing the shape (shape
memory polymers).
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1.7 Porous Materials

1.7.1 Preparation Methods
1.7.1.1  Emulsion Templating

Emulsion templating can extend the fabrication of the original hy-
drophobic porous polymers that were synthesized within surfactan-
t-stabilized water-in-oil high internal phase emulsions by using free
radical polymerization (96). This perspective shows the extraordi-
nary versatility of emulsion templating that has emerged with the
growing numbers of high internal phase emulsion systems, high in-
ternal phase emulsion stabilization strategies, monomers, polymer-
ization chemistries, multicomponent materials, and surface func-
tionalities.

Emulsion templating now goes far beyond porous polymers by
encompassing the encapsulation of aqueous solutions, ionic melts,
and organic liquids as well as by encompassing porous carbons and
porous inorganics (96).

The methods and monomers for synthesis are collected in Table
1.3.

Table 1.3 Methods and monomers for synthesis (96).

Polymerization methods Monomers

Free radical polymerization Acrylates, Styrenics
Step-growth polymerization (SGP) Ureas, Urethanes
Click reaction Azides, Thiol-enes

Reversible addition-fragmentation chain-trans-  Acrylamides
fer polymerization (RAFT)

Ring-opening metathesis polymerization Norbornadiene
(ROMP)
Ring-opening polymerization (ROP) Lactones
Atom transfer radical polymerization (ATRP) Acrylates,
Methacrylates

Much of the original work on high internal phase emulsion for-
mation focused on water-in-oil high internal phase emulsions for
hydrophobic polymer synthesis. In recent years, many novel high
internal phase emulsion systems have been developed including
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oil-in-water, supercritical carbon dioxide-in-water (97), and non-
aqueous emulsions such as oil-in-oil (98), ionic liquid-in-oil (99),
and oil-in-deep-eutectic solvent (100, 101).

A low-density, macroporous polymer is usually produced by for-
mulating a stable high internal phase emulsion with a polymerizable
continuous phase, polymerizing the continuous phase to lock-in the
emulsion microstructure, and removing both the dispersed phase
and the unreacted components of the continuous phase (102, 103).

A high internal phase emulsion stability, essential for polymer
synthesis, can be enabled by a high internal phase emulsion sta-
bilizer, which is usually a surfactant, but the stabilizer can also be
amphiphilic particles and gels. The development of high internal
phase emulsion stabilization strategies has recently attracted con-
siderable attention as a means of manipulating the properties by
manipulating the porous structure of the polymers (96).

1.7.1.2  Continuous Extrusion Foaming

Continuous extrusion processes are desirable because they can pro-
duce greater quantities of product in less time than, for example,
batch processes (104, 105). The technology required for preparing
nanofoam has proven to be challenging to be incorporated in a con-
tinuous extrusion process at least partially due to the amount and
type of blowing agent required to prepare nanofoam.

Nanofoam has typically been prepared in batch processes using
supercritical carbon dioxide, or a similar blowing agent, under ex-
tremely high pressures. A continuous extrusion foaming process
has been presented that is using the following steps (105):

1. Providing a polymer melt in an extruder of an extrusion
foaming line, the polymer melt comprising a polymer com-
position that has a softening temperature and that consists
of all of the polymers in the polymer melt,

2. Introducing carbon dioxide into the polymer melt within the
extrusion foaming line at an initial addition pressure while
mixing the polymer melt and carbon dioxide together and
while the polymer melt is at an initial addition temperature
that is above the softening temperature of the polymer com-
position to form a polymer/carbon dioxide mixture wherein



44  Tue CHEMISTRY OF ENVIRONMENTAL ENGINEERING

the total amount of carbon dioxide added to the polymer
melt exceeds the amount of carbon dioxide that is soluble
in the polymer composition at the initial addition tempera-
ture and initial addition pressure and the carbon dioxide is
dispersed throughout the polymer composition,

3. Cooling the polymer/carbon dioxide mixture to a dissolv-
ing temperature that is below the initial addition tempera-
ture while keeping the pressure around the polymer/carbon
dioxide mixture between the initial addition pressure and a
dissolving temperature that is equal to or below the initial
addition pressure, wherein all of the carbon dioxide in the
polymer/carbon dioxide mixture is soluble in the polymer
composition at the dissolving temperature and dissolving
pressure, and

4. Extruding the polymer/carbon dioxide mixture through an
extrusion die into an expansion region having an expansion
pressure that is lower than the dissolution pressure such that
the polymer/carbon dioxide mixture experiences a pressure
drop of at least 5 MPa MegaPascals at a rate of at least 10
MPas™! as it exits the extrusion die and expands into a poly-
meric foam having an average transverse cell size that is
less than one micrometer; wherein the process is free from
adding solid carbon dioxide to the polymer and wherein
the polymer/carbon dioxide mixture does not experience a
pressure greater than the initial addition pressure during the
extrusion foaming process.

Unlike a batch foam process, an extrusion process is particularly
well suited for preparing a polymeric foam having cells that are
elongated in the extrusion direction because the extrusion rate can
be controlled, e.g., with pullers to enhance the foam translation in
the extrusion direction), to enhance or diminish the aspect ratio of
the cell sizes.

The polymeric foam desirably has a density of 0.5 gcm™ or less,
most preferably 0.06 gcm™. The density is measured according to
ASTM method D-1622-03 (106). The continuous polymeric foam
also has a porosity of most preferably 85% or more.

The properties of a so prepared poly(methyl methacrylate)
(PMMA) foam are shown in Table 1.4.
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Table 1.4 Properties of a PMMA foam (105).

Property Value
Silicon dioxide nucleator 0 [%]
Initial Addition Temperature 172 [°C]
Initial Addition Pressure 46  [MPa]
Total Carbon Dioxide added 30 [%]

Approximate Carbon Dioxide Solubility limit 13 [%]
in PMMA at initial addition temperature and

pressure
Dissolving Temperature 41  [°C]
Dissolving Pressure 35 [MPa]
Approximate Carbon Dioxide Solubility lim- 33 [%]

it in PMMA at dissolving temperature and

pressure
Average transverse cell size 360 [nm]
Foam density 0.32 [gem™]
Foam porosity 731 [%]
Area % cells > 1 um 3 [%]

A feed with the PMMA a 2.5% loading relative to the PMMA
weight of nucleator concentrate was fabricated. The nucleator
concentrate is obtained by compounding silica nanoparticles, i.e.,
Aerosil 300 with ground PMMA powder in a 1:9 mass ratio. The
resulting nucleator concentration in was 0.25% relative to PMMA
(105).

Linear poly(propylene) (PP) foams, blown in a continuous extru-
sion process using supercritical CO; as the blowing agent, exhibited
a poor cell morphology and a narrow foaming window, because of
their low melt strength (107).

In a study, poly(tetrafluoroethylene) (PTFE) was blended with
a PP resin with the aim of improving the foaming behavior of PP
(107). It was found that the PTFE particles were deformed into
fine fibers under shear or extensional flows during the extrusion
process, which significantly increased the melt strength of PP from
0.005 N to 0.03 N (PP/PTFE with PTFE content of 4.0 wt %) at 230°C.
These results indicated that the presence of PTFE improved the cell
morphology of PP foams and broadened the foaming window of
PP (107).

Open-cell PP/poly(oxyethylene) (POE) foams with different cell
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structures were prepared by controlling the foaming temperature
via a continuous extrusion foaming process. The effect of the cell
structures on the sorption process, rate, and capacity was then stud-
ied (108). Pseudo-first order and pseudo-second order models were
used to study the sorption kinetics of the PP/POE foams for cyclo-
hexane.

The sorption rate and sorption capacity by both volume and
weight of the PP/POE foam for different oils and solvents were
studied to show how the intrinsic properties of the testing oils and
solvents affected the sorption performance.

The results of the study showed that the sorption with the PP/POE
foams followed the pseudo-second order kinetics model. Both the
cell structures of the foams and the intrinsic properties of the testing
oils and solvents affected the sorption performance.

For the same testing oil, a higher open-cell content in the foam
was favorable for a higher sorption rate, and a higher void fraction
was favorable for a higher sorption capacity. For the same foam, a
lower viscosity of the testing oil was favorable for a higher sorption
rate. The sorption capacity by volume was closely related to the
viscosity of the testing oil, while both the viscosity and the density
of the testing oil determined the sorption capacity by weight (108).

1.7.1.3 Steam-Chest Molding

Steam-chest molding can be used to prepare molded bead foams,
including expandable PS, expanded PE, expanded PP, and expand-
ed poly(lactic acid) with complex three-dimensional shapes. A new
thermoplastic elastomer bead foam, expanded thermoplastic PU has
been fabricated (109). This material has an excellent soft touch qual-
ity and is ductile. It has also generated widespread interest in both
the academic and industrial communities.

Three types of foams with various sample sizes were steam-chest
molded. Morphological observations showed that the interfaces of
the expanded thermoplastic PU bead foams were effectively bonded.
A high tensile strength of 1.80 MPa and an elongation at break of
360.1% were reached with a density of 0.35 g cm ™.

A 200-fold cyclic compression measurement verified that the com-
pressed METPU sample could recover more than 95% both in stress
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and modulus, after 6 d of relaxation. This finding suggested the pres-
ence of an excellent interbead bonding in the PU bead foams (109).

1.7.1.4 High-Pressure Foam Injection Molding

A high-pressure foam injection molding process was used to fab-
ricate microcellular high impact poly(styrene) (HIPS) foams with a
tailored cellular structure (110). The process is cost-effective, highly
efficient and flexible, and can be easily scaled up to complex com-
ponents. The cellular structure of HIPS foam can be tuned over
a wide range by manipulating packing time, cooling time, mold
temperature, and mold-opening distance.

A microcellular HIPS foam with a weight reduction of up to 60%
was prepared (110), which possesses a low thermal conductivity of
60 mW m~'K~! and an ultra-low dielectric constant of 1.25. Both the
thermal conductivity and the dielectric constant can be tailored by
regulating the expansion ratio of HIPS foam. Mathematical models
based on the mixing rule were developed to clarify the dependence
of thermal conductivity and dielectric constant on the cellular struc-
ture of the foam.

The outstanding thermally and electrically insulating properties
of HIPS foams come from a large amount of air in the microcellu-
lar structure. These lightweight, thermally insulating, and ultralow
dielectric microcellular HIPS foams hold a great promise as an ul-
tra-efficient insulating material for its use in many applications such
as microelectronics and microelectromechanical systems (110).

1.7.1.5 Cationic Step-Growth Polymerization

The acid induced step-growth polymerization methods of
bis(p-methoxybenzyl) carbonate (pMBC), bis(m-methoxybenzyl)
carbonate (mMBC) and difurfuryl carbonate (DFC) have been used
to produce resin-foams, because a controlled release of carbon
dioxide takes place during the polymerization of those organic
carbonates.

The monomers are polymerized in bulk using p-toluene sulfonic
acid (pTS) as a catalyst. Furthermore, the volume development of
the foams is assisted by use of an appropriate surfactant, Dabco®
DC 193 and the crosslinking agent 1,3,5-trioxane as co-components.
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(111)

1.7.2 Polymer Foams

The applications of polymer foams, and the properties that make
them suitable for many applications have been described in a mono-
graph (112).

1.7.2.1 Macroporous Polymers

Emulsions, foams, and foamed emulsions have been used success-
fully as templates for the synthesis of macroporous polymers. Based
on this knowledge strategies to use these templating methods to
synthesize tailor-made porous polymers have been reviewed (113).

The uniqueness of such polymers lies in the ability to tailor their
structures and, therefore, their properties. However, systematic
studies on structure-property relations are lacking mainly because
the templating scientific community is split into two: The polydis-
perse and monodisperse camps.

In order to build a bridge between these camps, porous polymers
may be synthesized with very different structures from the same
precursors, to determine the relationship between the structure and
the properties (113).

A variety of methods can be used to generate porous polymers:
macromolecular design, i.e., porous frameworks, rigid structures
with inherent microporosity, further porogen incorporation, phase
inversion, and templating (102, 114-116).

1.7.2.2  Nanocellular Polymer Foam

Superinsulating materials are playing an important role in achiev-
ing the sustainable development of our modern world by improving
energy efficiency, and reducing energy consumption and CO, emis-
sion (117). Nanocellular polymer foams have been considered as
a promising superinsulating material, but their development is yet
to be achieved. The understanding of thermal transport through
the nanocellular foam is crucial for developing this superinsulating
material.
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An accurate mathematical model was reported to quantitative-
ly estimate thermal transport through the nanocellular polymer
foam (117). This is realized by taking into account the phonon
scattering effect, the Knudsen effect and the thin-film interference
effect in modelling the thermal transport through solid conduction,
gas conduction and thermal radiation, respectively. A quantitative
relationship could be shown between the cellular structure and the
equivalent thermal conductivity.

The developed mathematical model offers a very useful tool for
deeply understanding thermal transport through the nanocellular
polymer foams, and guiding the development of the new generation
of superinsulating materials (117).

1.7.2.3 Sound Absorption

A multi-walled carbon nanotube (MWCNT) composite foam from
PU and poly(vinylidene fluoride) (PVDF) was designed and fabri-
cated (118). The foam exhibited a high airborne sound absorption
performance in a wide-frequency range.

The sound absorption coefficient reached the value of 0.85 at 1
kHz, which is a significant improvement over a conventional PU
foam. It was found that PVDF formed a separate immiscible phase
and part of it was crystallized in a polar phase in the PU scaffold in
the PU/PVDF/MWCNT composite. This could benefit the sound ab-
sorption performance by introducing interfacial damping and local
piezoelectric damping effects.

The introduction of the conductive MWCNT filament in the com-
posite foam further improved the sound absorption, possibly by
facilitating the dissipation of the electrical charges generated from
local piezoelectric effect and enhancing both the interfacial damp-
ing effect and local piezoelectric damping effect. With PU as the
main ingredient, the fabrication scalability of the foam can be im-
proved with significantly reduced material and production cost in
comparison to a PVDF foam (118).

1.7.2.4  Poly(urethane) Foam from Recycling

The recycling of flexible PU foam (PUF) was assessed using an
ultrasonic reactor (119). Waste PU foam of automotive seat cushions
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were subjected to ultrasonic horn oscillation of various amplitudes
at different flow rate.

Successful decrosslinking of ultrasonically treated waste PU foam
was confirmed by thorough characterizations such as gel fraction,
crosslink density, and thermal property. Decrosslinked PU foams
were blended with the virgin PU foam in various proportions to
prepare the recrosslinked PU foams. Automotive seat cushions
made of the blended PU foams exhibit enhanced comfort than that
of the virgin PU foams by lowering the hardness and hysteresis loss
and increasing the sag factor (119).

1.7.3 Porous Polymer Monoliths

Advanced porous materials with well-understood and enhanced
properties have been elucidated in a a review for their implementa-
tions in the fields of life science and engineering (120, 121).

The current generation of porous organic monolithic materials as
hierarchically structured materials has been described. The struc-
ture is derived from fundamental events occurring during prepa-
ration. Understanding the evolution of their porous structure from
a free-radical crosslinking polymerization or copolymerization pro-
cess gives an insight for an advanced understanding of structure-
to-function relationships.

A number of existing and emerging characterization techniques
and cross-correlation to synthetic design of experiments are also of
importance. Some exciting new approaches for creation of porous
polymer monoliths were discussed in the review, for example, living
polymerization and routes based on click chemistry. Furthermore, it
has been suggested that the new synthetic concepts must be accom-
panied with an advanced structural understanding of the materials
to identify a desired step-change for their performance to be used
in separations, catalysis, and extraction (120).

The incorporation of ionic liquids to increase the number of
types of interaction mechanisms available for retention was also
discussed (121). Monoliths affording molecular recognition prop-
erties achieved by including boronate moieties for cis-diol recog-
nition, as well as antibodies and aptamers for specific molecular
recognition are also reviewed. The largest number of applications
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of molecular recognition mechanisms was observed for molecular-
ly imprinted polymer monoliths as a consequence of the simplicity
of this approach when compared to the use of immunosorbents or
aptamers (121).

A novel route to prepare cellulose monoliths with hierarchically
porous structure by selecting cellulose acetate as the starting mate-
rial has been proposed (122).

A thermally induced phase separation of cellulose a acetate so-
lution was done, using a mixed solvent. This affords a cellulose
acetate monolith, which is converted into the cellulose monolith by
alkaline hydrolysis.

SEM images of the cellulose acetate and cellulose monoliths
showed a continuous macropore with a rough surface. Furthermore,
nitrogen adsorption/desorption analysis indicated the formation of
a mesoporous structure.

The macroporous structure could be controlled by changing the
fabrication parameters. A series of reactive groups were introduced
by chemical modifications on the surface of the cellulose monolith.
The facile and diverse modifiability combined with its hydrophilic
property make the hierarchically porous cellulose monolith a poten-
tial platform for its use in separation, purification and bio-related
applications (122).

1.7.4 Concrete
1.7.4.1 Fibrous Light Weight Concrete

Fiber reinforced concrete are composite materials made with
Portland cement, aggregate, and incorporation of discrete discontin-
uous fibers (123). Such fibers have been added to concrete because
plain, unreinforced concrete is a brittle material, with a low tensile
strength and a low strain capacity. The role of randomly distribut-
ed discontinuous fibers is to bridge across the cracks that provides
some post-cracking (ductility). If the fibers are sufficiently ductile,
the fibers could be capable of carrying significant stresses over a rel-
atively large strain capacity in the post-cracking stage which char-
acteristic is the case of corrugated steel fiber. The real contribution
of the fibers is to increase the toughness of the concrete. Also, fibers
tend to increase the strain at peak load and provide a great deal of
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energy absorption in post-peak portion of the load vs. deflection
curve and enhances ductility of virgin concrete.

When the fiber reinforcement is in the form of short discrete
fibers, they act effectively as rigid inclusions in the concrete ma-
trix. Physically, they have thus the same order of magnitude as
aggregate inclusions; steel fiber reinforcement cannot therefore be
regarded as a direct replacement of longitudinal reinforcement in
reinforced and pre-stressed structural members. However, because
of the inherent material properties of fiber concrete, the presence of
fibers in the body of the concrete or the provision of a tensile skin of
fiber concrete can be expected to improve the resistance of conven-
tionally reinforced structural members to cracking, deflection and
other serviceability conditions.

Light weight concrete is very helpful in reducing the weight of
concrete and this perfect benefit leads to reduce the percentage of
steel reinforcement in structural elements specially in the slabs. One
of disadvantages of light weight concrete is its low compressive
strength and the weakness behavior (123).

Glass fiber-reinforced polymer composites were fabricated and
tested. The usage external glass fiber-reinforced polymer sheets
enhanced compressive strength by 185% and 200% for fibrous tradi-
tional concrete and fibrous light weight concrete, respectively. It was
recommended to use epoxy resin instead of polyester resin (123).

1.7.4.2 Porous Concrete

Porous concrete is a special type of an advanced concrete (124). It is
a high porosity concrete used for outdoor flatwork. Porous concrete
allows water to pass through it. It has a low water/cement ratio, low
slump mix consisting of cement, narrowly graded coarse aggregate,
little or no fine aggregate, water and admixtures.

The amount of water that is used in a mix is highly critical. Too
much water will cause a segregation. On the other hand. little water
will lead to a balling effect in the mixer and slow unloading times.

Some proportions of mixture that are suitable for porous concrete
are collected in Table 1.5.

In the study, polymer impregnated concrete slab specimens were
prepared (124). Cement mortar was used to cover the specimen
from four sides and bottom of slab to act as a closed box. This
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Table 1.5 Mixture proportions porous Concrete (124).

Material Range Typical Range
(125) (125) (126)
Cementitious Material /[kgm™]  270-415 325-400 224-388
Coarse Aggregate /[kgm™] 1190-1600  1400-1550 1431-1670
Water/cementitious Ratio 0.20-045 0.27-0.30  0.27-0.38
Admixtures /[ml 100kg™!] 200-400 300- 200-400
Permeability /[l min~tm™2] 100-900 500— 200—
Void Content /[%] 15-35 20-30 13-30

helped to fill slab specimens partially with resin (J-FIX Polyester
Resin). The porosity of porous concrete was measured by filling the
slab specimens with fully water and water volume was observed
to obtain porosity and to ensure a closed box action before pouring
resin. The detected value was approximately 30% of total volume
of specimen.

The volume of resin was stacked in all slab specimens and covered
by 75% of total volume of voids percentage. The pouring process
was carried out regularly with different layers to ensure great in-
tegrity between concrete ingredients. Finally, specimens were tested
under two static loads for flexure behavior.

So, a polymer impregnated porous concrete is a suitable solution
for a low compressive strength problem. The experimental results
showed that increasing the cement content cannot improve the be-
havior of polymer impregnated porous concretes lab, but it can affect
the failure mode due to changing in displacement ductility factor
because it gives a bond between ingredients and delay the cracking
mode to appear in an early state (124).

1.7.4.3 Test Methods

ASTM standards for cement and concrete have been summarized
(127).

The ASTM C1438-13 standard covers the performance criteria for
latex and powder polymer modifiers for improving the adhesion
and reducing permeability of hydraulic cement concrete and mortar
(128). The polymer modifiers are classified either for general use or
for use in areas not exposed to moisture and should be able to
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produce test mortar or test concrete that conforms to the specified
requirements.

The ASTM C1439-19 test methods are used to develop data for
comparison with the requirements of Specification C1438 (129).
Standardized procedures are used to compare the properties of
specimens made from test mixtures of polymer-modified concrete
or mortar with the properties of specimens made from reference
mixtures. These test methods are not intended to simulate job con-
ditions.
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