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Preface

Th is book focuses on the chemistry of additives for high performance uses 
in analytical applications, electrical applications, medical applications, and 
others, as well as special exemplifi ed uses of these additives.

Th e text focuses on the literature of the past decade. Beyond education, 
this book may serve the needs of engineers and specialists who have only a 
passing knowledge of these issues, but need to know more.

How to Use Th is Book

Utmost care has been taken to present reliable data. Because of the vast 
variety of material presented here, however, the text cannot be complete in 
all aspects, and it is recommended that the reader study the original litera-
ture for more complete information.

Th e reader should be aware that mostly US patents have been cited where 
available, but not the corresponding equivalent patents of other countries.

For this reason, the author cannot assume responsibility for the com-
pleteness, validity or consequences of the use of the material presented 
here. Every attempt has been made to identify trademarks; however, there 
were some that the author was unable to locate.

Index

Th ere are four indices: an index of tradenames, an index of acronyms, an 
index of chemicals, and a general index. In the index of chemicals, com-
pounds that occur extensively, e.g., acetone, are not included at every 
occurrence, but rather when they appear in an important context. When 
a compound is found in a fi gure, the entry is marked in boldface letters in 
the chemical index.
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1
Analysis and Separation
Techniques

1.1 High Performance Liquid Chromatography

1.1.1 Ionic Liquids as Mobile Phase Additives

The popularity of ionic liquids has grown in several analytical sep-
aration techniques. Thus, the reports concerning the applications of
ionic liquids are still increasing. The use of ionic liquids, mainly im-
idazolium-based, associated with chloride and tetrafluoroborate as
mobile phase additives in high performance liquid chromatography
(HPLC) has been reviewed (1).

Mostly, ionic liquids just function as salts, but keep several kinds
of intermolecular interactions, which are useful for chromatographic
separations. Both cation and anion can be adsorbed on the stationary
phase, creating a bilayer. This gives rise to hydrophobic, electrostatic
and other specific interactions with the stationary phase and solutes,
which modify the retention behavior and peak shape (1).

1.1.1.1 Imidazolium Compounds

The beneficial effects of several ionic liquids as mobile phase ad-
ditives in HPLC using an electrochemical detection for the deter-
mination of heterocyclic aromatic amines have been evaluated (2).
The tested ionic liquids were 1-butyl-3-methylimidazolium tetra-
fluoroborate, 1-hexyl-3-methylimidazolium tetrafluoroborate, and

Additives for High Performance Applications: Chemistry and Applications. Johannes Karl Fink. 
© 2017 Scrivener Publishing LLC. Published 2017 by John Wiley & Sons, Inc. 



2 Additives for High Performance Applications

1-methyl-3-octylimidazolium tetrafluoroborate. These compounds
are shown in Figure 1.1.

N+

N

CH3

CH3

BF4
-

1-Butyl-3-methylimidazolium tetrafluoroborate

1-Hexyl-3-methylimidazolium tetrafluoroborate

N+

N

CH3

CH3

BF4
-

1-Methyl-3-octylimidazolium tetrafluoroborate

N+

N

CH3

CH3

BF4
-

Figure 1.1 Ionic liquids.

Several chromatographic parameters have been evaluated in the
presence or absence of ionic liquids, or using ammonium acetate as
the most common mobile phase additive, with three different C18
stationary phases. The effect of the acetonitrile content was also
studied. Acetonitrile is shown in Figure 1.2.

C NH3C

Figure 1.2 Acetonitrile.

Best resolution, lower peak-widths, and lower retention factors
were obtained when using ionic liquids rather than ammonium
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acetate as mobile phase additives. The best chromatographic con-
ditions were found when using 1-butyl-3-methylimidazolium tetra-
fluoroborate as the mobile phase additive (2).

1-Butyl-3-methylimidazolium chloride, cf. Figure 1.3, 1-octyl-
3-methylimidazolium chloride, and 1-decyl-3-methylimidazolium
chloride were used as mobile phase additives in the HPLC to simul-
taneously separate phenoxy acid herbicides and phenols at neutral
pH (3). It was found that when using 1-butyl-3-methylimidazolium
chloride, a good baseline separation and good chromatograms for
all the acid compounds were obtained on a normal reversed phase
C18 column.

N+

N

CH3

CH3

Cl-

Figure 1.3 1-Butyl-3-methylimidazolium chloride.

The retention time of the target acid compounds was shortened
with the increase of the alkyl chain length and the concentrations
of ionic liquids, probably due to the delocalization of the positive
charge on the imidazolium cation, the repulsion between chlorine
ions of ionic liquids and the acid compounds, as well as the stereo-
hindrance effect (3).

Extraction of Sudan Dyes. Sudan dyes are typically used as col-
oring additives in the manufacturing of wax, textile, and floor and
shoe polishes (4, 5). Sudan I has been classified as a category 3 car-
cinogen by the International Agency for Research on Cancer (IARC).
Also, Para Red could be a genotoxic carcinogen (6). The structures
of the coloring additives are shown in Figure 1.4. The chemical
names of the dyes are summarized in Table 1.1.

A method for the analysis of such dyes has been developed. The
method is based on coupling of ionic liquid-based extraction with
HPLC. In this way, Sudan dyes and Para Red in chili powder, chili
oil, and food additive samples can be found.
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N NH3C

CH3

N N

HO

Sudan IV

N N NO2

Para Red

Sudan I

N N

HO

N N

HO

H3C

CH3

Sudan II

Sudan III

N N

HO

NN

Figure 1.4 Sudans and Para Red.

Table 1.1 Chemical names of the dyes.

Short name Chemical name

Sudan I 1-[(2,4-Dimethylphenyl)azo]-2-naphthalenol
Sudan II 1-(Phenylazo)-2-naphthol
Sudan III 1-(4-Phenylazophenylazo)-2-naphthol
Sudan IV o-Tolyazo-o-tolylazo-β-naphthol
Para Red 1-p-Nitrobenzeneazo-2-naphthol
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Two ionic liquids, i.e., 1-butyl-3-methylimidazolium hexafluoro-
phosphate, cf. Figure 1.5, and 1-octyl-3-methylimidazolium hexa-
fluorophosphate have been compared as extraction solvents. It
was found that 1-octyl-3-methylimidazolium hexafluorophosphate
showed higher recoveries for each analyte.

N+

N

CH3

CH3

PF6
-

Figure 1.5 1-Butyl-3-methylimidazolium hexafluorophosphate.

Also, the conditions for the extraction of Sudan dyes and Para Red
were optimized. Under optimal conditions, a good reproducibility
of extraction performance was obtained, with relative standard de-
viation values of 2.0–3.5% (7).

The ionic liquids were prepared according to a previously re-
ported method (8, 9). The Sudan dyes and Para Red standard
solutions were obtained from Zhejiang Entry-Exit Inspection and
Quarantine Bureau (Hangzhou, China).

The detection limits and the recoveries are summarized in Table
1.2.

Table 1.2 Detection limits and recoveries for
Sudan dyes and Para Red (7).

Material Detection limit Recovery
[μg kg−1] [%]

Chili powder 7.0– 8.2 76.8–109.5
Chili oil 11.2–13.2 70.7–107.8
Food additives 11.2–13.2 70.7–107.8

Nucleotides Separation. A method for the separation of
nucleotides has been developed (10). These nucleotides in-
clude 5′-monophosphate adenosine, 5′-monophosphate cytidine,
5′-monophosphate uridine, 5′-monophosphate guanosine, and
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5′-monophosphate inosine. Some of these compounds are shown
in Figure 1.6.

N

N

OH

OH

O P O

OHOH

O N

N

NH2

5´-Monophosphate adenosine 5´-Monophosphate guanosine

N

N

OH

OH

O P O

OHOH

O N

N

NH2

O

H

5´-Monophosphate  uridine

OH

OH

O P O

OHOH

O
O

H

O

N

N

5´-Monophosphate inosine

N

N

OH

OH

O P O

OHOH

O N

N

O

H

Figure 1.6 Nucleotides.

The essential feature of the method is that 1-alkyl-3-methylim-
idazolium salts are used as mobile phase additives, resulting in a
baseline separation of nucleotides without the need for gradient elu-
tion and organic solvent addition, as usually used in reversed phase
HPLC (10).

Amine Separation. By varying the lengths and branching of alkyl
chains of the anionic core and the cationic precursor, it is possible
to design solvents for specific applications. Because of these char-
acteristic properties, ionic liquids are widely used as new solvent
media in heterogeneous catalysis, synthesis, electrochemistry, sen-
sors, battery applications, analysis and separation techniques (11).

Some amines, including benzidine, benzylamine, N-ethylaniline
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and N,N′-dimethylaniline could be separated using ionic liquids as
additives for the mobile phase in HPLC (12).

The compounds 1-ethyl-3-methylimidazolium tetrafluoroborate
([EMIm][BF4]), 1-butyl-3-methylimidazolium tetrafluoroborate ([B-
MIm][BF4]), 1-hexyl-3-methylimidazolium tetrafluoroborate ([H-
MIm][BF4]) and 1-butyl-3-methylimidazolium bromide ([BMIm]-
[Br]) were used as ionic liquids. Some of these compounds are
shown in Figure 1.7. Some properties are summarized in Table 1.3.

Br-

1-Butyl-3-methylimidazolium bromide

N+

N

CH3

CH3

1-Butyl-3-methylimidazolium tetrafluoroborate

N+

N

CH3

CH3

CF3SS N-

O

O

O

O

F3C

1-Ethyl-3-methylimidazolium tetrafluoroborate

N+

N

CH3

CH3

CF3SS N-

O

O

O

O

F3C

Figure 1.7 Ionic liquids.

The effects of the length of alkyl chain or counterions on different
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Table 1.3 Properties of certain ionic liquids (8, 12, 13).

Compound Melting point Density
[°C] [g ml−1]

1-Ethyl-3-methylimidazolium
tetrafluoroborate

6 1.29

1-Butyl-3-methylimidazolium
tetrafluoroborate

−81 1.17

1-Hexyl-3-methylimidazolium
tetrafluoroborate

−66 1.29

1-Butyl-3-methylimidazolium
bromide

−72 1.44

ionic liquids and their concentrations on the separation of these
analytes have been assessed (12).

The differences between the ionic liquids and tetrabutyl ammon-
ium bromide on the separation of o-phthalic acid, m-phthalic acid,
and p-phthalic acid have been compared. The results indicated that
ionic liquids act as ion-pair reagents, although their hydrophobicity
and hydrogen bonding also play important roles (12).

Catecholamines. The use of 1-alkyl-3-methylimidazolium salts
and N-butyl-pyridinium salts as mobile phase additives for the sep-
aration of catecholamines in reversed phase HPLC has been re-
ported (14). As catecholamines, norepinephrine, epinephrine and
dopamine were investigated. These compounds are shown in Fig-
ure 1.8.

Norepinephrine

OH

OH

NH2

HO

H

Epinephrine

OH

OH

NH

HO

H
CH3

Dopamine

OH

OH

NH2

Figure 1.8 Catecholamines.
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A good separation could be achieved with these additives. The
effects of pH of the mobile phase, the concentration of ionic liq-
uids, and different alkyl substituents on the cations, and different
counterions of the ionic liquids were investigated. The separation
occurs by molecular interactions between the ionic liquids and the
catecholamines (14).

Fluoroquinolone Antibiotics. Ionic liquids differing in the length
of the alkyl chain were tested as mobile phase additives for the
separation using HPLC of fluoroquinolone antibiotics (15). The
materials are listed in Table 1.4. Fluoroquinolone antibiotics are
shown in Figure 1.9

Table 1.4 Ionic liquids and antibiotics (15).

Ionic liquids

1-Ethyl-3-methylimidazolium tetrafluoroborate
1-Butyl-3-methylimidazolium tetrafluoroborate
1-Hexyl-3-methylimidazolium tetrafluoroborate
1-Methyl-3-octylimidazolium tetrafluoroborate
Tetraethylammonium tetrafluroborate

Fluoroquinolone antibiotics

Fleroxacin Ciprofloxacin
Lomefloxacin Danofloxacin
Enrofloxacin Sarafloxacin
Difloxacin

A conventional reversed phase Nova-Pak C18 column and fluo-
rescence detection were used. 1-Butyl-3-methylimidazolium tetra-
fluoroborate enabled an effective separation of the antibiotics with
a relatively low analysis time of 14 min. The best separation was
achieved by isocratic elution at 1 mlmin−1 with 5 mmol l−1 1-butyl-3-
methylimidazolium tetrafluoroborate and 10 mmol l−1 ammonium
acetate at a pH of 3.0 with 13% by volume acetonitrile (15).

The use of 1-ethyl-3-methylimidazolium tetrafluoroborate as mo-
bile phase additive has been evaluated for the analysis by HPLC
with fluorescence detection for seven basic fluoroquinolone an-
tibiotics, i.e., fleroxacin, ciprofloxacin, lomefloxacin, danofloxac-
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Enrofloxacin

N N

N

OO

HO
F

CH3

Fleroxacin

N N

F

N

OO

HO
F

F

Sarafloxacin

N N

N

OO

HO

F

F

H

Danofloxacin

N N

N

OO

HO
F

Figure 1.9 Fluoroquinolone antibiotics.
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in, enrofloxacin, sarafloxacin and difloxacin, in different milk sam-
ples (16).

1-Ethyl-3-methylimidazolium tetrafluoroborate was found to be
superior in comparison to 1-butyl-3-methylimidazolium tetraflu-
oroborate for the separation of the analytes from chromatographic
interferences of the sample matrix.

The optimized method was used for the analysis of ovine, caprine
and bovine milk, in the last case in either skimmed, semi-skimmed
and full-cream milk, after suitable acidic deproteination followed
by a solid phase extraction procedure.

Recovery values between 73% and 113% were obtained for the
three types of bovine milk samples, as well as for ovine and caprine
milk. The limits of detection were in the range of 0.5–8.1 μgl−1 (16).

Nucleic Compounds. The chromatographic behavior of nucleic
compounds, i.e., nucleobases, nucleosides, and nucleotides was in-
vestigated using reversed phase HPLC on a C18 column (17). Sev-
eral different mobile phase additives were used, including 1-butyl-
3-methylimidazolium tetrafluoroborate, 1-ethyl-3-methylimidazol-
ium methylsulfate ionic liquids, ammonium formate, and potassium
phosphate.

The effect of the alkyl group length, the imidazolium ring, and
the counterions of the ionic liquid on the retention and the resolu-
tion of the samples were tested. The nature of the modifiers can
affect the separation of ionic analytes. The two ionic liquids tested
have an improved effect on the retention and resolution of nucleic
compounds.

The length of the alkyl on the imidazolium ring and its counterion
can also affect the resolution, because part of the ionic liquids coated
on the surface of the stationary phase could suppress the free silanols
of the surface. The comparison of the ionic liquids with standard
mobile phase additives, such as ammonium formate, showed that
the ionic liquids have advantages as silanol suppressors in HPLC
(17).

1.1.1.2 Fluorescent Whitening Agents

Fluorescent whitening agents based on 4,4′-diaminostilbene-2,2′-di-
sulfonic acid, cf. Figure 1.10, with different numbers of sulfonic acid
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groups were separated by using an ionic liquid as a mobile phase
additive in high performance liquid chromatography using a fluo-
rescence detection method (18).

S

S

H2N

NH2

O

O

OH

O

O

HO

Figure 1.10 4,4′-Diaminostilbene-2,2′-disulfonic acid.

The effects of ionic liquid concentration, the pH of the mobile
phase B, and the composition of mobile phase A on the separation of
fluorescent whitening agents have been systematically investigated.

It was found that the ionic liquid tetrabutyl ammonium tetra-
fluoroborate is superior to tetrabutyl ammonium bromide for the
separation of the fluorescent whitening agents. The optimal separa-
tion conditions were an ionic liquid concentration at 8 mM and the
pH of mobile phase B at 8.5 with methanol as mobile phase A.

The established method exhibited only low limits of detection
(0.04–0.07 ng ml−1) and wide linearity ranges (0.30–20 ng ml−1) with
high linear correlation coefficients from 0.9994 to 0.9998. The op-
timized procedure was applied to analyze target analytes in paper
samples with satisfactory results.

Eleven target analytes were quantified, and the recoveries of
spiked paper samples were in the range of 85–105% with the rel-
ative standard deviations from 2.1 to 5.1%. The obtained results
indicated that the method is efficient for the analysis of a series of
fluorescent whitening agents (18).

1.1.2 Food Additives

1.1.2.1 Analysis of Natural Food Additives

Propyl propane thiosulfonate, cf. Figure 1.11, is an active ingredient
from Allium spp., like onion and shallot (19). This compound has
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been proposed as a natural additive for feed as an efficient alterna-
tive to antibiotics and use as growth promoter due to its efficiency
of improving animal health.

S

CH3

S

H3C O

O

Figure 1.11 Propyl propane thiosulfonate.

A new simple analytical method for monitoring propyl propane
thiosulfonate in animal feed has been developed. Reversed phase
liquid chromatography with UV detection has been used and a
previous sample treatment based on solid-liquid extraction has been
optimized in order to extract propyl propane thiosulfonate from a
feed for laying hens using acetone as extraction solvent.

The method has been characterized and limits of detection and
quantification of 11.2 and 37.3 mg kg−1 respectively, were obtained,
which are lower than the concentrations expected in samples con-
taining this additive (19).

1.1.2.2 Analysis of Synthetic Food Additives

An efficient and accurate analytical method was developed for the
simultaneous determination of 20 synthetic food additives using
HPLC with a photodiode array detector (20). These additives in-
clude sweeteners, food colorants, synthetic preservatives and caffe-
ine.

The method allows the detection of food additives at very low
concentrations of 5–150 ng ml−1. The applicability was verified by
the determination of food additives present in various foodstuffs
(20).

1.1.2.3 Analysis of Carbohydrates

A method has been developed for the determination of large
amounts of carbohydrates (glucose, lactose, maltose, mannose, su-
crose, and fructose) and sweeteners (xylitol and sorbitol) by reversed
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phase liquid chromatography with refractive index detection with-
out any need of derivatization (21).

The limits of determination for glucose, fructose, and sucrose in
liquid samples were 0.1 g l−1, and for xylite, lactose, maltose, man-
nose, and sorbite, 1 g l−1. In solid samples the limits of determination
for glucose, fructose, and sucrose were 0.1%, and for xylite, lactose,
maltose, mannose, and sorbite, 0.6%.

The method is applicable to the analysis of samples of wine, juice,
honey, cookies, dairy products, and biologically active additives
(21).

Boric acid. HPLC was used for the analysis of ribose, arabinose
and ribulose mixtures obtained from chemical and biochemical iso-
merization processes (22). These processes have gained importance
since the molecules can be used for the synthesis of antiviral thera-
peutics.

The HPLC method uses boric acid as a mobile phase additive to
enhance the separation on an Aminex HPX-87K column.

By complexing with boric acid, the carbohydrates become nega-
tively charged, thus elute faster from the column by means of ion
exclusion and are separated because the complexation capacity with
boric acid differs from one carbohydrate to another. An excellent
separation between ribose, ribulose and arabinose was achieved
with concentrations between 0.1 and 10 g l−1 of discrete sugar (22).

1.1.3 Chaotropicity

1.1.3.1 Imidazolium Salts

The use of 1-butyl-3-methylimidazolium of varying anion chaotrop-
icity as a mobile phase additive for separation and chromatographic
behavior studies of acidic, basic, and amphoteric compounds in re-
versed phase liquid chromatography has been reported (23). Two
hydrophobic columns were used: Zorbax XDB-C18 and Zorbax SB-
Phenyl. Satisfactory separations could be achieved by the use of
carefully optimized chromatographic systems modified with the
additive.

Biogenic amines are derived from neutral or basic amino acids via
decarboxylation (24). Some prominent examples of biogenic amines
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include: serotonin, catecholamine neurotransmitters: epinephrine,
norepinephrine and dopamine.

Highly hydrophilic compounds belonging to biogenic amines
were analyzed in a reversed phase system, modified with the ad-
dition of ionic liquids: 1-Ethyl-3-methylimidazolium hexafluoro-
phosphate and the chaotropic salt NaPF6 on a Discovery HS C18
column under acidic conditions. The effect of the additives concen-
tration and the presence of organic solvent on the analytes’ chrom-
atographic parameters, such as retention factor, tailing factor and
theoretical plate numbers, were determined (24).

The effect of chaotropic salt additives to the mobile phase on
the chromatographic parameters was investigated (25). A buffered
acetonitrile-water mobile phase was chosen because of the signifi-
cant retention of added liophilic ions due to strong dispersive π-π
interactions. The addition of a salt, such as hexafluorophosphate,
perchlorate or trifluoroacetate, leads to an increase in retention, ef-
ficiency and separation selectivity. The influence of added salts
on increase in retention parameters increases as follows: H2PO4−,
CF3COO−, ClO4−, PF6−. This order is in agreement with ability of
salts to the salting-in effect according to the Hofmeister series (25).
The Hofmeister series is a classification of ions in order of their
ability to salt out or salt in proteins (26, 27).

It was established that the presence of an organic solvent with a
low dielectric constant and ionic liquid with both chaotropic ions
allows achieving a typical Langmuir shape. The investigated mobile
phase additives are comparable according to their efficiency and
selectivity towards the analysis of biogenic amines. However, the
sensitivity was found to be better for the eluent system that was
modified with the chaotropic salt (24).

1.1.3.2 Phenothiazine Derivatives

Ionogenic basic compounds belonging to phenothiazine derivatives,
cf. Figure 1.12, were analyzed in a reversed phase HPLC system
and were modified by the addition of three ionic liquids: 1-ethyl-
3-methylimidazolium hexafluorophosphate, 1-butyl-3-methylimid-
azolium hexafluorophosphate, and 1-butyl-3-methylimidazolium
chloride.
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Figure 1.12 Phenothiazine.

Phenothiazines contain positively charged amine groups in a mo-
bile phase at low pH. Therefore, they are retained in the presence
of ionic liquids through the combination of electrostatic interactions
and hydrophobic effects. The effects of the concentration and the
type of ionic liquid on the retention of the analytes, peak symmetry,
and efficiency were examined. The following trends increase the re-
tention factor of the analytes and improve system efficiency: 1-but-
yl-3-methylimidazolium hexafluorophosphate > 1-ethyl-3-methyl-
imidazolium hexafluorophosphate > 1-butyl-3-methylimidazolium
chloride.

With its asymmetric cation enlarged with hydrophobic sub-
stituents and a chaotropic anion, 1-butyl-3-methylimidazolium
hexafluorophosphate appeared to be the most advantageous one.
The isotherm of adsorption of this reagent presents a typical Lang-
muir adsorption behavior.

By the application of high performance liquid chromatography,
lipophilicity parameters were established for the investigated com-
pounds. Chromatographic systems modified with these ionic liq-
uids have been compared to buffered organic-aqueous mobile phase
and eluent containing a chaotropic salt additive (28).

It could be demonstrated that the ionic liquids are useful as mobile
phase additives in reversed phase chromatography of phenothiaz-
ine derivatives. A very important feature of these additives is their
ability to decrease the peak width. In the absence of such strong
ion-ion interaction reagents, wide peaks for cationic analytes are
usually observed (28).

1.1.4 Cigarette Additives

Ultrahigh performance liquid chromatography was used for the
determination of imidazole, 4-methylimidazole, and 2-methylim-
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idazole in cigarette additives (29). These compounds are shown in
Figure 1.13. After a solid phase extraction and filtration, the analytes
were separated using isocratic elution with 5 mmol l−1 acetonitrile-
ammonium formate at a volume ratio of 80:20 0.5 ml min−1. The
quantification of these analytes was achieved with an external stan-
dard method on a diode-array detector at 215 nm.

Imidazole

N

N

H

2-Methylimidazole

N

N

H

H3C

4-Methylimidazole

N

N

H

CH3

Figure 1.13 Imidazole compounds.

The linear dynamic ranges for imidazole, 4-methylimidazole, and
2-methylimidazole were between 0.0375 and 18.0300 mg kg−1. The
limits of detection for the analytes were 0.0094 mg kg−1. The recov-
eries and the relative standard deviations at fortification levels of
0.1322–1.6220 mg kg−1 were 95.20–101.93% and 0.55–2.54%, respec-
tively.

In summary, the method offers an easy operation, rapid analy-
sis, and accurate results, and is suitable for the determination of
imidazole, 4-methylimidazole, and 2-methylimidazole in cigarette
additives (29).

1.1.4.1 Additives in Insulating Mineral Oils

Often, insulating mineral oils contain additives that improve their
inherent characteristics, such as oxidation stability, electrostatic
charging tendency, and compatibility with other materials.

Standard test methods are available for the detection of these
individual additives (30–32), but none of these test methods are
suitable for the simultaneous detection of additives for different
purposes (33). The simultaneous determination of antioxidants and
passivators that are most frequently added to mineral insulating oils
has been reported (33).

The tested compounds included three inhibitors (N-phen-
yl-1-naphthylamine, 2,6-di-tert-butylphenol, and 2,6-di-tert-but-
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yl-p-cresol) and two passivators (benzotriazole and another tolu-
triazole derivative, Irgamet 39). The chemical structure of these
additives is shown in Figure 1.14.
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Figure 1.14 Inhibitors and passivators (33).

A solid phase extraction step for the reduction of the matrix oil
components was optimized. Because of the hydrophobic charac-
teristics of the additives, a reversed phase chromatographic separa-
tion method was used and optimized. The so developed method
was used for the analysis of inhibited and passivated transformer
oils (33).
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1.1.4.2 Microwave-Assisted Extraction of Additives

Traditionally, the extraction of additives in polyolefins is performed
as (34):

1. Three 6 h refluxing of chlorinated solvents under magnetic
stirring.

2. Twelve 16 h boiling with chlorinated solvents in a Soxhlet
apparatus (35).

3. Dissolution of polymer with either substituted aromatic or
hydrogenated naphthalene solvents followed by coagula-
tion with alcohol (36).

4. Extraction in aliphatic solvents using an ultrasonic technique
(37).

5. Supercritical fluid extraction (38).
6. Pressurized liquid extraction (39).

It has been shown that microwave-assisted extraction for the sys-
tematic analysis of organic additives in polyolefins can be done by
two processes (34):

The one-step microwave-assisted extraction is useful for addi-
tives with low-medium dipolarity, like stabilizers, flame retardant,
antistatics, slip and processing agents. The two-step microwave-as-
sisted extraction is useful for additives with either high dipolarity,
like organic salts, antigasfading, antiacid, nucleating agent, or high
molecular mass, such as polymeric hindered amine light stabilizers.

A method for the determination and quantification of frequently
used stabilizers in polyolefins has been reported (40).

The extraction of the stabilizers from the polymeric matrix was
investigated for several different solvents and solvent mixtures in
a monomode microwave reaction system. The solvents tested are
summarized in Table 1.5.

Among the solvents listed in Table 1.5, ethyl acetate showed the
best extraction performance with respect to easy and rapid sample
preparation. For this solvent, a systematic and comprehensive sur-
vey of time- and temperature-dependence of extraction efficiency
was carried out.

Extractions utilizing ethyl acetate for 30 min at 130°C showed the
best overall performance for all investigated analytes. In addition,
the influence of the physical form of the polyolefin sample was
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Table 1.5 Solvents tested for extraction
of stabilizers (40).

Solvent Grade

Acetonitrile HPLC gradient grade
Ethyl acetate Pesticide residue analysis
Toluene Analytical reagent grade
Methanol HPLC gradient grade
Cyclohexane
i-Propanol

investigated. The extraction of pellets and powder was compared
and, regardless of the physical form, the reproducibility for the
whole method developed for all chosen analytes was below 2% (40).

1.1.5 Chiral Separation

1.1.5.1 Atrolactic Acids

A method for the enantioseparation of atrolactic acids has been
presented. HPLC is used with sulfobutyl ether-β-cyclodextrin as a
chiral mobile phase additive and a C18 reversed phase column (41).

Atrolactic acid is also addressed as 2-hydroxy-2-phenylpropionic
acid or α-methylmandelic acid and shown in Figure 1.15. The con-
figuration of atrolactic acid and methods of synthesis and reactions
have been described (42).

OH

O

OHH3C

Figure 1.15 Atrolactic acid.

The influences of the different types of cyclodextrin derivatives,
the concentration of chiral mobile phase additive, pH value of the
mobile phase, the flow rate and column temperature on the peak
resolution were investigated.

The retention times of atrolactic acids were 26.65 min and 28.28
min and a peak resolution of 1.68 could be achieved (41).
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1.1.5.2 Mandelic Acid

The enantioseparation of ten mandelic acid derivatives was done
using reverse phase HPLC with hydroxypropyl-β-cyclodextrin or
sulfobutyl ether-β-cyclodextrin as chiral mobile phase additives (43).
The mandelic acid derivatives are shown in Figure 1.16.

Cyclodextrins, also called cycloamyloses, are a family of com-
pounds made up of sugar molecules bound together in a ring. So
they are cyclic oligosaccharides (44). β-Cyclodextrin is a ring from
seven members of amylose and also called cyclohepta amylose.

The inclusion complex formations between the cyclodextrins and
the mandelic acid enantiomers were evaluated. The effects of vari-
ous factors such as the composition of the mobile phase, concentra-
tion of cyclodextrins and the column temperature on the retention
and the enantioselectivity were studied.

It was found that the peak resolutions and retention time of the
enantiomers were strongly affected by pH, the organic modifier and
the type of the β-cyclodextrin in the mobile phase. On the other
hand, the concentration of the buffer solution and the temperature
had a comparatively low effect on the resolution.

The enantioseparations could be successfully achieved on a Shim-
pack CLC-ODS column. The mobile phase was a mixture of
acetonitrile and 0.10 moll−1 of phosphate buffer at pH 2.68 con-
taining 20 mmoll−1 of hydroxypropyl-β-cyclodextrin or sulfobutyl
ether-β-cyclodextrin (43).

1.1.5.3 Amines

Ethanesulfonic acid showed a beneficial effect on the chiral HPLC
separation of basic compounds (45). Using a single chiral column
and a starting mobile phase, more than half of a diverse set of
amines was baseline separated. Changing the alcohol content and
the alcohol type increased the success rate.

Methanesulfonic acid proved even more successful than ethane-
sulfonic acid. The mechanism of this effect seems to be a combina-
tion of ion-pair salt formation in the mobile phase and an increased
binding with the chiral stationary phase arising from a localized
decrease in pH (45).
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Figure 1.16 Mandelic acid derivatives.



Analysis and Separation Techniques 23

1.1.5.4 Peptides

Seven macrocyclic antibiotics have been evaluated as chiral selec-
tors for the enantiomeric separation of dansyl amino acids using
narrow-bore HPLC (46). The dansyl amino acids are listed in Ta-
ble 1.6. The antibiotics used were Vancomycin (47), A82846B,

Table 1.6 Dansyl amino acids (46).

Compound Compound

Glutamic acid Leucine Methionine
Norleucine Norvaline Phenylalanine
Serine Threonine Valine
α-Amino-n-butyric acid

LY307599, LY333328, A35512B, Teicoplanin, and Actaplanin A (48).
Vancomycin is shown in Figure 1.17, and Actaplanin is shown in
Figure 1.18.
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Figure 1.17 Vancomycin.
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Figure 1.18 Actaplanin.

Vancomycin is a glycopeptide antibiotic used in the therapy of se-
vere bacterial infections (49). The monitoring of vancomycin levels
is recommended because of its narrow therapeutic index and toxi-
city. This measurement is especially appropriate for patients with
unstable renal functions, who receive high doses of vancomycin
or present serious bacterial infections accompanied by important
sequestration of liquids when it could be difficult to achieve the
optimal therapeutic dose. Most of the methods for vancomycin
determination in routine practice are immunoassays. Chromatog-
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raphy-based techniques in combination with UV or mass spectrom-
etry detection provide results with greater accuracy and precision
also in complicated biological matrices.

Teicoplanin is an antibiotic agent used in the prevention and the
treatment of serious infections caused by gram-positive bacteria. It
is a semisynthetic glycopeptide antibiotic with a spectrum of ac-
tivities similar to vancomycin. Teicoplanin is marketed by Sanofi
Aventis Corp. as Targocid®. The oral administration of teicoplanin
is effective in the treatment of Pseudomembranous colitis and Clos-
tridium difficile-associated diarrhoea, with a comparable efficacy to
vancomycin. The effectiveness of teicoplanin and its structure effect
on treatment has been reviewed (50). The effect of teicoplanin is
directly related to the length of its carbon chain.

The dansyl amino acids are shown in Figure 1.19. Dansyl amino

Glutamic acid

HO OH

O O

NH2

H3C
OH

O

NH2CH3

Leucine Norleucine

OH

O

NH2

H3C

Methionine

OH

O

NH2

S
H3C

Serine

HO OH

O

NH2

Threonine

HO OH

O

NH2

CH3

Norvaline

OH

O

NH2

H3C

Valine

H3C OH

O

NH2

CH3

Phenylalanine

OH

O

NH2

Figure 1.19 Dansyl amino acids.

acids are those primary amino acids that are reacting with dan-
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syl chloride, i.e., 5-(dimethylamino)naphthalene-1-sulfonyl chlor-
ide, cf. Figure 1.20. This reagent reacts with primary amino groups
in both aliphatic and aromatic amines to produce stable blue- or
blue-green fluorescent sulfonamide adducts (51).

N
CH3H3C

S

Cl

OO

Figure 1.20 5-(Dimethylamino)naphthalene-1-sulfonyl chloride.

The macrocyclic antibiotics were incorporated as mobile phase
additives to determine the enantioselective effects on the chiral an-
alytes. The resolution and the capacity factor of each analyte were
assessed by a variation of the structure of the macrocyclic antibiotic
and the mobile phase buffer pH.

The selectivity of the chiral selectors was measured as a function
of changes in these parameters. All of the eleven dansyl amino acids
were separated by at least one of the chiral selectors (46).

The separation of the dansyl amino acid enantiomers has been
shown to be highly sensitive to the macrocyclic antibiotic structure,
analyte structure, and mobile phase buffer pH. Only insignificant
variations in the structure can drastically alter the enantioselective
capabilities of the macromolecule.

Enantioseparations achieved using compound A82846B as a chi-
ral selector gave the largest selectivities for most analytes at both
pH extremes in this study. LY333328, although not as effective as
A82846B in resolving capacity for specific analytes, was more uni-
versal, separating more analytes overall. The chiral selectors best
resolved dansyl amino acids containing straight chain alkyl groups
adjacent to the chiral carbon.

The separation of enantiomers using macrocyclic antibiotics as
chiral selectors is clearly a complex process affected not only by
macromolecular and analyte structure and 3D conformation, but
also the pH environment in which the enantioseparations occur (46).
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1.1.5.5 Flavonoid Racemates

In order to perform a chiral separation of three flavonoid race-
mates, including dihydrodaidzein, equol and alpinetin, using
HPLC, an effective method was developed by using sulfobutyl
ether-β-cyclodextrin as a mobile phase additive (52). These com-
pounds are shown in Figure 1.21.

Alpinetin

O

O

HO

O
H3C

Equol

OH

HO O

Dihydrodaidzein

O

O

OH

H

HO

Figure 1.21 Flavonoid racemates.

The effects of different factors on the chiral separation have been
investigated. These were the cyclodextrin types, the concentration,
pH, the nature of the organic solvents and the phosphate buffer
concentration. The mobile phase consisted of acetonitrile and 10
mmol l−1 of sulfobutyl ether-β-cyclodextrin. The pH of 4.0 was ad-
justed with phosphoric acid. The investigated method was able to
separate the three racemates (52).

Also, the analytical enantioseparation of five β-substituted 2-
phenylpropionic acids using HPLC with hydroxypropyl-β-cyclo-
dextrin as chiral mobile phase additive has been reported (53). Hy-
droxypropyl-β-cyclodextrin is shown in Figure 1.22
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Figure 1.22 Hydroxypropyl-β-cyclodextrin.

The effects of various factors, such as the organic modifier, differ-
ent ODS C18 columns and the concentration of the hydroxypropyl-
β-cyclodextrin, were investigated. The chiral mobile phase was
composed of methanol or acetonitrile and 0.5% triethylammonium
acetate buffer at pH 3.0 added with 25 mmol l−1 of hydroxypropyl-
β-cyclodextrin. Triethylammonium acetate is a volatile buffering
agent. It is prepared from equimolar quantities of triethylamine
and acetic acid. Baseline separations could be reached for all race-
mates.

It was found that there was a negative correlation between the
concentration of hydroxypropyl-β-cyclodextrin in the mobile phase
and the retention factor at constant pH and constant column tem-
perature (53).

1.1.5.6 Oxybutynin Enantiomers

The separation of oxybutynin enantiomers was achieved using
HPLC with hydroxypropyl-β-cyclodextrin as the chiral mobile
phase additive and a C18 reversed phase column as the stationary
phase (54). Oxybutynin is shown in Figure 1.23.

The experiments showed that oxybutynin enantiomers could
not be separated when adding β-cyclodextrin in the mobile phase,
but optimal resolution was obtained when using hydroxypropyl-
β-cyclodextrin as the chiral mobile phase additive.

An excellent enantioseparation could be achieved with the mo-
bile phase composed of 30 mmol l−1 KH2PO4-acetonitrile 80:20 by
volume, mixed with 60 mmol l−1 hydroxypropyl-β-cyclodextrin at a
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Figure 1.23 Oxybutynin.

pH of 4. Under the optimized conditions, the resolution of enan-
tiomers was 1.54 and the limit of quantification was 1.0 ng (54).

1.1.5.7 Amino Alcohols

Amino alcohols, such as β-agonists and β-blockers, are chiral hy-
droxyl-amine-containing compounds. Most of the amino alcohols
are marketed as racemic mixtures. In general, for these β-agonists,
only the (R)-enantiomers are potent β-adrenoceptor stimulants with
little or no activity attributed to the (S)-enantiomers (55).

For β-blockers, it has been shown that the (S)-enantiomers have
been usually more potent than the (R)-enantiomers (56).

Furthermore, it has been reported that some (R)-enantiomers are
toxic and present undesirable side effects (57). Therefore, the devel-
opment of analytical methods for their enantiomeric resolution is
advisable.

HPLC is one of the most commonly used analytical methods in
chiral separations. The direct chiral separation of amino alcohols by
HPLC with the chiral stationary phases has been reported in many
articles (58–61).

Three amino alcohols, propranolol, clenbuterol and cycloclen-
buterol, could be enantioseparated on an achiral column by reversed
phase HPLC (62). These alcohols are shown in Figure 1.24.

A chiral chromatographic system was established, based on
C18-bonded silica gel as the support and a self-prepared di-n-but-
yl-l-tartrate boric acid complex as the chiral mobile phase additive.

In order to obtain better enantioseparations, the influences of
di-n-butyl-l-tartrate and boric acid concentrations, the type, con-
centration and pH of the buffer, as well as methanol content were
investigated.
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Figure 1.24 Amino alcohols.
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It was found that the mobile phase composition showed an im-
portant role to improve the enantioseparations and all of the enan-
tiomers could be baseline resolved under the optimized experimen-
tal conditions. Three pairs of enantiomers, which could not be
separated with only di-n-butyl-l-tartrate, obtained good chiral sep-
arations using the complex chiral selector.

The primary driving forces responsible for the chiral recogni-
tion were assumed to be the ion-pair interaction between the enan-
tiomers and the chiral selector. The interactions between the ion-
pairs above and the stationary phase also played important roles for
the chiral separations in reversed phase HPLC (62).

1.1.6 Peptides and Proteins

The effect of mobile phases on the sensitivity in the analysis of
peptides and proteins by HPLC coupled with electrospray mass
spectrometry has been reviewed (63). The analysis of proteins and
peptides using reversed phase chromatography mostly involves the
use of trifluoroacetic acid as an ion-pairing agent despite this com-
pound being a strong suppressor of the mass spectroscopic signal.

Various studies dealing with the effects of other ion-pairing
agents, such as other perfluorinated acids, acetic acid, or formic
acid, and buffers, such as ammonium acetate, ammonium formate,
ammonium bicarbonate, and morpholine, in reversed phase chrom-
atography of proteins and peptides did not suggest a single strong
candidate that could generally replace trifluoroacetic acid (63–65).
Morpholine and trifluoroacetic acid are shown in Figure 1.25.
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Figure 1.25 Morpholine and trifluoroacetic acid.
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1.1.7 1,4-Dihydroxy-2-Naphthoic Acid

1,4-Dihydroxy-2-naphthoic acid is a bifidogenic growth stimulator
from Propionibacterium freudenreichii (66). According to a previously
described method, the peak area of 1,4-dihydroxy-2-naphthoic acid
measured by HPLC gradually increases with repeated analyses of
the same sample. It has been suspected that the oxidizability of 1,4-
dihydroxy-2-naphthoic acid was the reason for this poor precision.
Therefore, an attempt was made to develop an improved method
using DL-dithiothreitol as a mobile phase additive. 1,4-Dihydroxy-
2-naphthoic acid is shown in Figure 1.26.
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Figure 1.26 1,4-Dihydroxy-2-naphthoic acid and Dithiothreitol.

A 1,4-dihydroxy-2-naphthoic acid standard solution of 5 μg ml−1

was analyzed five times in a row by either the original or the im-
proved method. The relative standard deviation of the peak area
was 37.0% and 1.6%, respectively. The linearity of the improved
method was confirmed in the range of 0.25–10 μg ml−1. These data
indicate that the addition of DL-dithiothreitol to the mobile phase
improves the precision of the analysis of 1,4-dihydroxy-2-naphthoic
acid by HPLC (66).

1.1.8 Diesel Lubricating Additives

1.1.8.1 Diesel Fuel Additives

New procedures for the analysis of cleaning additives in diesel fuel
have been presented (67). Cleaning additives play an important
role in the prevention of the formation of deposits in the injection
system. There the temperature and pressure conditions can effect the



Analysis and Separation Techniques 33

formation of deposits of contaminants from the fuel. As lubricating
additive in diesel fuel, a mixture of oleic and linoleic acids was
tested.

Cleaning additives contain straight chain and branched alcohols,
solvent naphtha, a mixture of trimethylbenzene isomers and na-
phthalene. Two procedures were initially compared (67):

1. One-step analysis using gas chromatography (GC) with
flame ionization detection or mass spectroscopy (MS), and

2. A two-step procedure in which normal-phase high perfor-
mance liquid chromatography was used for the preliminary
separation of the additives.

The additive fraction was collected using either a simple elution
technique or eluent backflush. The final determinations were per-
formed by GC with flame ionization detection and GC with MS.

The studies revealed that it was impossible to determine the in-
vestigated analytes by a one-step procedure. In contrast, a two-step
procedure ensures reproducible results of analysis with detection
limits of 1.4–2.2 ppm using HPLC and 9.6–24.0 ppm using GC with
flame ionization detection (67).

1.1.8.2 Zinc Dialkyl Dithiophosphates

A series of zinc dialkyl dithiophosphates have been synthesized
and their mixtures have been separated by normal-phase HPLC on
a 5-μm silica column (68). The zinc dithiophosphates are listed in
Table 1.7.

Dichloromethane-based or heptane-based eluents containing alk-
ylamine in a concentration of less than 0.4% and acetic acid in a
volume ratio of 2:1 and 1% methanol have been found to be suit-
able for the separation of the mixtures of these metal complexes in
commercial lubricating oil additives.

In all the cases tested, the zinc complexes eluted from the col-
umn without decomposition and there was no evidence for ligand-
exchange reactions having taken place during synthesis or on the
column.
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Table 1.7 Zinc dithiophosphates (68).

Compound

Ethyl zinc dithiophosphate
n-Propyl zinc dithiophosphate
Isopropyl zinc dithiophosphate
n-Butyl zinc dithiophosphate
i-Butyl zinc dithiophosphate
sec-Butyl zinc dithiophosphate
n-Pentyl zinc dithiophosphate
2-Pentyl zinc dithiophosphate
4-Methyl-2-Pentyl zinc dithiophosphate
i-Octyl zinc dithiophosphate
n-Decyl zinc dithiophosphate

1.1.9 Acidic Drugs

The role of n-octanol as mobile phase additive for the lipophilicity
assessment of 45 structurally diverse acidic drugs both at neutral
(pH 2.5) and ionized form (pH 7.4) was investigated (69). Some of
the acidic drugs investigated are shown in Table 1.8 and in Figure
1.27.

The n-octanol/water partition coefficient logP in Table 1.8 was
determined by the shake-flask method, as described in detail (70).

The extrapolated retention factors logkw were determined on a
BDS C18 column using methanol as organic modifier and with dif-
ferent amounts of n-octanol as the mobile phase additive. For more
polar compounds, the effect of n-octanol in retention was found to
decrease as their lipophilicity was increasing. In the case of carbox-
ylic acids and oxicams, the differentiation in retention, in presence
and absence of n-octanol, could be attributed to the attenuation of
polar interactions, concerning mainly hydrogen bonding (69).

At a pH of 2.5, the use of a n-octanol saturated buffer, without
further addition of n-octanol in the mobile phase, led to an 1:1 cor-
relation with the logarithm of n-octanol/water partition coefficient
logP. At a physiological pH, an 1:1 correlation was obtained between
logD7.4 (69).



Table 1.8 Acidic drugs (69).

Compound logP

Acetylsalicylic acid 1.13
2-Amino-3-methoxybenzoic acid 1.60
Benzoic acid 1.87
α-Benzoinoxim 2.59
4-Bromobenzoic acid 2.86
Captopril 1.02
4-Chlorobenzoic acid 2.06
Chlorothiazide −0.24
Chlorthalidone 1.11
Ciglitazone 5.43
Diclofenac 4.40
Enalapril 0.71
Fenbufen 3.39
Flufenamic acid 5.25
Flurbiprofen 3.81
Gentisic acid 1.12
Hydrochorothiazide −0.07
Hydroquinone 0.41
m-Hydroxybenzoic acid 1.50
Ibuprofen 3.87
Indomethacin 4.27
Ketoprofen 3.12
Mefenamic acid 5.12
Meloxicam 3.01
Naproxen 3.18
Netoglitazone 4.96
Nimesulide 2.38
Paracetamol 0.51
Pentobarbital 2.07
Phenobarbital 1.44
Phenytoin 2.47
Pioglitazone 3.14
Piroxicam 1.61
Rosiglitazone 2.63
Salicylic acid 2.27
Sulfamerazine 0.12
Sulfamethazine 0.25
Sulfamethoxazole 0.72
Sulfaphenazole 1.27
Tenoxicam 0.81
Theophylline −0.02
Thiopental 2.85
Tolbutamide 2.34
Tolfenamic acid 5.17
Troglitazone 5.07
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1.2 Chelation Ion Chromatography

The selectivity characteristics of high performance chelation ion
chromatography when separating a range of metal ions with a num-
ber of complexing eluents has been investigated (71).

The exploitation of competitive metal complexation between li-
gands in the eluent and surface bonded chelating groups allows a
wide range of control over the retention order and the selectivity
coefficients of several groups of metal ions.

Plots of logβ1 of the metal complexes of a chosen eluent ligand
against the surface bonded iminodiacetic acid silica bonded metal
complexes were found as useful indicators of which metals may
show unusual selectivity changes during the separation process.
Iminodiacetic acid is shown in Figure 1.28.

HO
N

OH

O OH

Figure 1.28 Iminodiacetic acid.

Metal separations have been tested for three complexing eluent
reagents, i.e., oxalic acid, picolinic acid, and chloride, either singly
or in mixtures thereof. It was found that very specific retention
control could be achieved for Cu2+ with picolinic acid, Fe3+ and
Fe2+ speciation with oxalic acid, Pb2+with dipicolinic acid and Cd2+

with chloride (71). These compounds are shown in Figure 1.29.
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Figure 1.29 Complexing agents.
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1.3 Membranes

1.3.1 Carbon Dioxide Separation

1.3.1.1 Diblock Copolymers

A series of poly(ethylene glycol)-block-poly(pentafluoropropyl
acrylate) diblock copolymers have been synthesized by reversible
addition-fragmentation chain transfer polymerization (72). These
block copolymers were blended with up to 60% of the commercially
available PEBAX® 2533. The resulting polymer mixtures were
successfully spin coated onto crosslinked poly(dimethylsiloxane)
gutter layers which in turn had been deposited onto a porous poly-
(acrylonitrile) support, to form a thin-film composite membrane.

Gas testing of these membranes for carbon capture applications
showed an enhanced CO2 permeance up to 1830 GPU, without a
significant drop in CO2/N2 selectivity at 35°C and 350 kPa, relative to
a pure PEBAX upper layer. The impacts of temperature and pressure
on membrane performance were investigated for temperatures from
25°C to 55°C and pressures from 100 kPa to 500 kPa.

Theoretical calculations indicated that in the absence of a gutter
layer, the upper layer could achieve a CO2 permeance of over 3000
GPU with a CO2/N2 selectivity of 22. These results represent a
significant increase in the gas permeance (72).

1.3.1.2 Thin-Film Composite Membranes

Polymeric membranes have been investigated as a method to effec-
tively separate CO2 from light gases, such as N2 and CH4 (73–75).

With increasing improvements in membrane technologies, they
offer an attractive alternative to existing solvent technologies for
CO2 separation since they have several advantages, including
potentially lower operating costs, environmental friendliness, a
smaller footprint and ease of operation.

However, for processes such as postcombustion removal of CO2
from the flue gases of coal-fired power stations, improvements in
membrane performance are required to make them economically
viable (76).

A series of well-defined diblock copolymers consisting of poly-
(ethylene glycol) (PEG) and poly(dimethyl siloxane) (PDMS) were
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synthesized and blended with commercially available PEBAX 2533
to form the active layer of thin-film composite membranes, using a
spin-coating technique (76).

Diblock copolymers with a PEG component ranging from 1 to 10
kDalton and a PDMS component ranging from 1 to 10 kDalton were
synthesized by a facile condensation reaction of hydroxyl termi-
nated PEG and carboxylic acid functionalized PDMS. The BCP/PE-
BAX 2533 blends up to 50% on crosslinked PDMS gutter layers were
tested at 35°C and 350 kPa.

Thin-film composite membranes containing diblock copolymers
of 1 kDalton PEG and 1–5 kDalton PDMS produced optimal re-
sults with CO2 permittivities of approximately 1000 GPU which
is an increase up to 250% of the permeance of pure PEBAX 2533
composite membranes, while maintaining a CO2/N2 selectivity of
21 (76). GPU is a measure for the permittivity and 1 GPU is 10−6

cm3cm−2s−1cmHg−1.

1.3.2 Hollow Fiber Membranes

Amphiphilic Pluronic® triblock copolymers of two blocks of poly-
(ethylene oxide) (PEO) and poly(propylene oxide) in between have
worth as both the surface modifier and pore former in the fabrication
of membranes (77). The effect of Pluronics with different molecular
architectures and contents as a pore forming additive for the fab-
rication of poly(ethersulfone) ultrafiltration hollow fibers has been
investigated.

The spun hollow fibers were characterized with regard to cross-
sectional membrane morphology, membrane surface chemistry, me-
chanical properties, water permeation, molecular weight cut-off,
and pore size distribution. It was observed that the water perme-
ation and molecular weight cut-off of the as-spun hollow fibers are
dependent on the structure of the additives.

Among all the membranes spun with 5% additives, the hollow
fibers spun using Pluronic F127 and F108 as the additives possess
the highest water permeation, the lowest molecular weight cut-off,
and the narrowest pore size distribution.

It is suspected that the PEO brush layer formed on the internal
pore surface by Pluronic F127 and F108 might reduce the appar-
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ent pore size and thus improve the solute rejection of the resultant
membranes.

A comparison between Pluronic and PEG as additives confirmed
the importance of the presence of poly(propylene oxide) chain in
Pluronic in the formation of high performance membranes. When
Pluronic F127 concentration was 10%, the as-spun hollow fiber ex-
hibited the highest water permeation of 113.8 lm−2h−1bar−1 and the
lowest molecular weight cut-off of 9,000 Dalton (77).

By introducing hydroxyapatite nanowhiskers of poly(N-vinyl-
2-pyrrolidone) and poly(vinylidene fluoride), hollow fiber mem-
branes were fabricated using the wet-spinning method (78). An
aqueous solution containing 90% N-methyl-2-pyrrolidone was used
as bore liquid. The effects of the two additives and the synergism
on the morphologies, surface properties, permeation performances,
antifouling ability and the mechanical properties of the membranes
were characterized by various analytical techniques.

The addition of hydroxyapatite gradually suppresses the finger-
like structure of the membranes and is replaced by a sponge-like
structure. The hydrophilic behavior is evidently improved. The me-
chanical properties of the membranes are markedly improved with
the addition of hydroxyapatite nanowhiskers. The membranes con-
taining dual additives have a higher permeability and mechanical
strength than those of the fibers containing either single additive.
This suggests a synergism in improving membrane properties (78).
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2
Electrical Applications

2.1 Capacitors

2.1.1 Triethanolamine

Triethanolamine has been evaluated as an additive to a commer-
cial electrolyte to enhance the properties of aluminum electrolytic
capacitors (1). The results showed that 1–3% triethanolamine addi-
tive can prevent the pH and conductivity of the electrolytes from
decreasing for 5000 h at 60°C.

The ability of the anodic restoration of an anode aluminum film
in the electrolyte with triethanolamine additive proved to be more
efficient than the electrolyte without triethanolamine additive.

The low temperature electrical characteristics of capacitors
showed that the triethanolamine additive can prevent the electro-
lyte inside capacitors from freezing and losing electric characteristics
even at −40°C.

A load life test of the capacitors impregnated with electrolytes
with or without triethanolamine additive exhibited remarkable dif-
ferences. The triethanolamine additive promoted 105°C load life-
time from 3019 h up to 5624 h and from 2144 h up to 3621 h for a
125°C load lifetime test (1).

2.1.2 Supercapacitors

Supercapacitors have been described in monographs (2–4). The first
model for the distribution of ions near the surface of a metal elec-
trode was invented by Helmholtz in 1874 (2). He imagined two
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parallel sheets of charges of opposite sign. One of these was located
on the metal surface and the other was located on the solution side,
a few nanometers away, exactly as in the case of a parallel plate
capacitor. The rigidity of such a model was confirmed by Gouy
and Chapman. In 1947, Grahame transferred the knowledge of the
structure of electrolyte solutions into the model of a metal/solution
interface, by envisaging different planes of closest approach to the
electrode surface depending on whether an ion is solvated or inter-
acts directly with the solid wall.

In this way, the Gouy-Chapman-Stern-Grahame model of the
electrical double layer was born (5). This model is still qualita-
tively accepted, although a number of additional parameters have
been introduced (2).

Metal oxide-based materials, carbon materials, and conducting
polymers for electrochemical supercapacitor electrodes have been
reviewed in detail (6). Two important future research directions
have been summarized: The development of composite and nano-
structured electrochemical supercapacitor materials to overcome the
problem of low energy density of electrochemical supercapacitors.

2.1.2.1 Composite Electrode

A supercapacitor composite electrode has been described (7). The
composition is listed in Table 2.1.

Table 2.1 Supercapacitor electrode composition (7).

Component %

Poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) 81
Graphite oxide 16
Carbon nanotubes 3

Conducting polymers undergo redox reactions to store the charge
in bulk material and thereby increase the energy density and reduce
the self-discharge reaction.

Poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) is a
mixture of two ionomers. Poly(3,4-ethylene-dioxythiophene) is
a p-type doped conjugated polymer, carrying positive charges. The
monomer is shown in Figure 2.1.
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Figure 2.1 3,4-Ethylene-dioxythiophene.

The sulfonyl groups in poly(styrenesulfonate) serve as the coun-
terions of poly(3,4-ethylene-dioxythiophene). The preparation was
done by a solution casting method.

The stacking between these carbon additives having very differ-
ent dimensionality provides a unique skeletal structure that allows
for enlarged polymer/electrolyte interface for high capacitance and
for enhanced electronic and ionic conductivities needed for high-
power performance. The resulting ternary electrode exhibits nearly
a ten-fold increase in energy and power performance as compared
with pure conducting polymer electrode (7).

2.1.2.2 Fiber-Shaped Supercapacitors

Fiber-shaped supercapacitors have attractive applications in flexible
devices. A high performance carbon nanotube (CNT)-based fiber-
shaped supercapacitor has been developed by adding two redox
additives simultaneously, i.e., poly(pyrrole) (PPY) to the electrodes
and hydroquinone (HQ) to the electrolyte (8).

A core-shell CNT-PPY nanocomposite fiber was prepared using
an electrochemical deposition method. In the fiber-shaped super-
capacitor with CNT-PPY electrodes, PPY provides a pseudocapaci-
tance due to its reversible dropping and de-dropping reactions in a
poly(vinyl alcohol) (PVA)/H2SO4 gel electrolyte. The capacitance of
the CNT-PPY fiber-shaped supercapacitor reaches 36 Fg−1, which is
7 times higher than that of a pure CNT fiber-shaped supercapacitor.

By adding HQ to the PVA/H2SO4 gel electrolyte in the CNT-PPY
fiber-shaped supercapacitor, the specific capacitance reaches 56
Fg−1, which is 10 times higher than that of the pure CNT fiber-
shaped supercapacitor.

Thus, HQ can enhance ion transfer of the gel electrolyte by the re-
dox reaction of HQ and benzoquinone. Both PPY and HQ have syn-
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ergistic effects on fiber-shaped supercapacitors. The fiber-shaped
supercapacitors with PPY and HQ also show a high stability in
the cyclic test for 2000 cycles, and good flexibility under bending,
knotting, and tension (8).

2.2 Electrokinetic Micropumps

A zwitterionic additive has been tested to improve the performance
of electrokinetic micropumps, which use the voltage applied across
a porous matrix to generate an electroosmotic pressure and flow in
microfluidic systems (9).

Modeling of electrokinetic micropump systems has predicted that
the additive, i.e., trimethylammoniopropane sulfonate, cf. Figure
2.2, will result in up to a 3.3-fold increase in the pumping efficiency
and up to a 2.5-fold increase in the generated pressure. The pre-
dicted values agreed well with the experimental results for flow,
pressure and efficiency. Using this additive, pressures up to 156
kPa V−1 and an efficiency up to 5.6% could be reached.

H3C N+

CH3

CH3

SO3
-

Figure 2.2 Trimethylammoniopropane sulfonate.

The improvements result in a reduction in voltage and power
requirements and will facilitate the miniaturization of such systems,
e.g., microfluidically driven actuators (9).

2.3 Lead-Acid Batteries

The lead-acid battery exhibits a very low energy-to-weight ratio
and a low energy-to-volume ratio. However, it can supply high
surge currents. Therefore, the cells have a relatively large power-
to-weight ratio. These properties, along with their low cost, makes
a lead-acid battery attractive for use in motor vehicles to provide
the high current required in the course of starting the motor. The
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lead-acid battery was invented in 1859 by French physicist Gaston
Planté and therefore is the oldest type of rechargeable battery (10).

2.3.1 Activated Carbon Additives

A negative electrode of a 2 V cell and 12 V lead-acid battery was
doped with activated carbon additives.

It turned out that the negative electrode that contained tens-of-mi-
cron-sized carbon particles in the negative active material exhibits
a markedly increased high rate partial state of charge duty than a
comparative material containing carbon particles with much smaller
size of several microns or a material containing no activated carbon.

The improved performance has been attributed to the optimized
negative active material microstructure and the enhanced electrode
reaction kinetics by introducing appropriate activated carbon. The
beneficial effects can be briefly explained as such (11):

1. The activated carbon acts as new porous-skeleton builder
to increase the porosity and active surface of the negative
active material, and thus facilitates the electrolyte diffusion
from surface to inner plate and provides more sites for crys-
tallization/dissolution of lead sulfate

2. The activated carbon plays the role of an electrolyte supplier
to provide sufficient H2SO4 in the inner plate when the dif-
fusion of H2SO4 from plate surface cannot keep pace with
the electrode reaction.

3. The activated carbon acts as capacitive buffer to absorb ex-
cess charge current which would otherwise lead to insuf-
ficient negative active material conversion and hydrogen
evolution.

2.3.2 High Performance Positive Electrode

Conventional lead-acid batteries contain a positive electrode (PbO2
plate) and a negative electrode (Pb plate) immersed in a sulfuric acid
electrolyte and having a separator interposed between each plate.
Such electrodes are typically made by applying a paste containing
lead oxides and lead sulfates to the surface of a battery plate and
electrochemically forming the paste into an active material.
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Conventional pastes for use in making automotive batteries con-
tain lead oxide in the range of 15–30%, sulfuric acid, water and
additives such as fiber and expanders. Such pastes are usually
made by adding the sulfuric acid and water to a mixture of lead
and lead oxides. As a result of the chemical reaction during mixing,
a portion of the lead and PbO is initially converted to lead sulfate
(PbSO4) and the resultant positive paste becomes a heterogeneous
mixture of lead, lead oxide, lead sulfate and basic lead sulfates.

In order to improve the manufacturing process of batteries, a va-
riety of conductive additives have been proposed for incorporation
into the plates. Lead dioxide has been proposed as an additive for
paste mixtures containing tetrabasic lead sulfate (12). Lead diox-
ide enhances positive plate formation, but provides no substantial
advantage in the resulting battery because it participates in the pos-
itive plate reaction. During charging of the battery, lead sulfate is
converted into lead dioxide, and the reverse reaction occurs during
discharge.

The use of pre-sulfated paste materials containing basic lead sulf-
ate, e.g., tribasic and tetrabasic lead sulfates (3PbO × PbSO4 × H2O
and 4PbO×PbSO4) made in dry form prior to forming the paste has
also been proposed to improve the efficiency of the paste (13).

Also, monobasic lead sulfate has been used as a pre-sulfated
paste material (14). However, positive plates prepared from such
pre-sulfated paste mixes are difficult to form and must usually be
cured for at least 24 hours before being formed (15). It is also known
that reacting lead oxide with ozone forms improved lead oxides
useful as active materials in batteries (16).

It has been shown that the surface area increase is directly related
to the presence of a hydrogen bonding solvent, typically water, for
ozone, and that an increase in surface area is obtained with higher
ozone concentration (17,18). Several attempts have also been made
to improve the conductivity of the paste through use of persulfate
treatments (19).

Before the pasting operation, the grid is dipped in ammonium
persulfate, sodium persulfate, or a sodium perborate solution (20).
However, these methods fail to produce batteries capable of high-
power outputs. In such batteries, the energy efficiency or capacity
is limited to less than 50% of the theoretical value determined ac-
cording to Faraday’s law. This energy efficiency is even lower at
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high discharge rates. An improved composition and method for
preparation has been reported (21):

Preparation 2–1: A solid mix containing 44.2% tribasic lead sulfate and
5.0% potassium persulfate was prepared. To this composition 50.7% or-
thorhombic lead oxide and 0.1% glass fiber (0.125 in) were added. Water in
an amount of 30% of the solid mix weight was added periodically. No acid
was added to the mixture. The water and solids were thoroughly mixed
until a pastable mixture was formed. The plates were then air dried. No
curing procedure was used. Once dry, the plates were formed. Lead-alloy
grids were used with a size of about 5.2 cm × 4.2 cm × 0.12 cm. The plates
were cured by heating in a chamber at a temperature of about 130°F and a
humidity of about 95% for approximately 24 h.

In particular, the battery plates prepared as described above ex-
hibit high porosity and surface area, as well as a high efficiency
of formation. Such plates have good strength and are capable of
high-power outputs (21).

2.4 Lithium-Ion Batteries

There are monographs concerning the science and technology of
lithium-ion batteries (22–26). The development and commercializa-
tion of Li-ion batteries during the last decades is one of the great
successes of modern electrochemistry. The increasing reliability of
Li-ion batteries makes them natural candidates as power sources for
electric vehicles (27). However, their current energy density, which
can reach an average of 200 Wh kg−1 on a single cell level, limits the
possible driving range of electric cars propelled by Li-ion batteries.

There is a strong interest in developing power source technolo-
gies beyond Li-ion batteries that will mark breakthroughs in energy
density capabilities. Li-sulfur batteries have high theoretical energy
density that can revolutionize electrochemical propulsion capability.
Consequently, in recent years there has been much work through-
out the world related to these systems. The scope of work on this
topic justifies frequent publications of review articles that summa-
rize recent extensive work and provide guidelines and direction for
focused future work (27).

A comprehensive, systematic work related to Li-sulfur battery
systems has been presented, covering the Li-anode challenges,
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carbon-encapsulated sulfur cathodes, and various kinds of relevant
electrolyte solutions. Several guidelines for further research and
development efforts in this field have been summarized (27).

Sulfiphilic cathode materials with a strong affinity for lithium
polysulfides are a promising group of candidates to control the dis-
solution and precipitation reactions in the cell, where the improve-
ment of conductivity and the areal sulfur loading is an important
objective. A metallic Co9S8 material has been described with an
interconnected graphene-like nano-architecture that realizes this is-
sue (28).

Initial calculations using spectroscopic data demonstrated a syn-
ergistic strong dual-interaction of polysulfides with the host. The
three-dimensional interconnected structure with hierarchical poros-
ity not only manifests up to a factor of 10 increase of the cycling sta-
bility with a fade of smaller than 0.045% per cycle over 1500 cycles
compared to standard porous carbons, but also enables a high-load-
ing sulfur electrode with up to 75% sulfur, and up to 4.5 mg cm−2

areal sulfur loading (28).
The current energy density Li-ion batteries, which can reach an

average of 200 Wh kg−1 on the single cell level, limits the possible
driving range of electric cars propelled by Li-ion batteries (29). On
the other hand, there is a strong driving force to develop power
source technologies beyond Li-ion batteries that will mark break-
throughs in energy density capabilities. Li-sulfur batteries have a
high theoretical energy density that can revolutionize electrochem-
ical propulsion capability. Therefore, there has been much work
throughout the world related to these systems.

A comprehensive, systematic work related to Li-sulfur battery
systems is described, beginning with the Li anode challenges,
carbon-encapsulated sulfur cathodes, and various kinds of relevant
electrolyte solutions (29).

Li alloying materials, such as Si and Ge nanowires, are interest-
ing to replace the relatively low-capacity carbonaceous-based Li-ion
anodes. Since the initial report of binder-free nanowire electrodes,
much research has been carried out in which the performance and
cycle life has significantly progressed (30).

The study of such electrodes has provided invaluable insights
into the cycling behavior of Si and Ge, as the effects of repeated
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lithiation and delithiation on the material can be observed without
an interference from conductive additives or binders.

Some of the key developments in this area have been described.
The focus was the problems encountered by Li alloying electrodes
in general, e.g., pulverization, loss of contact with the current col-
lector. Some important studies on nanowire have elucidated the
consequences of the alloying and dealloying processes on the mor-
phology of Si and Ge. In particular, the impacts that are effecting
pore formation and lithium-assisted welding are influencing the
performance. Also, the challenges for the practical implementation
of nanowire anodes have been elucidated (30).

An efficient sulfur host has been described, i.e., hierarchical mi-
croporous–mesoporous carbonaceous nanotubes that feature a thick
microporous wall and inner hollow channel (31). The electrochem-
ical performance of these microporous–mesoporous carbonaceous
nanotubes has been studied systematically at different discharge
cut-off voltages and at varying sulfur content.

The cycling behavior in different voltage windows has been as-
sessed and the highest specific capacity has been detected for mi-
croporous–mesoporous carbonaceous nanotubes-S-50 in the range
of 1.4–2.8 V. These results imply that better energy densities can be
achieved by controlling the discharge cut-off voltage. Moreover, it
has been shown that when the sulfur loading is 50% (i.e., microp-
orous–mesoporous carbonaceous nanotubes-S-50), the cycling and
rate performance is better than that of the composite loaded with
40% sulfur (microporous–mesoporous carbonaceous nanotubes-S-
40) (31).

Benefiting from the attractive hierarchical micro/mesoporous con-
figuration, the obtained hybrid structure not only promotes electron
and ion transfer during the charge and discharge processes, but also
efficiently impedes the polysulfide dissolution. More specifically,
the electrode can deliver a specific capacity of 558 mA h g−1 even
after 150 cycles at a high rate of 1600 mA g−1 with a decay rate
of only 0.13% per cycle. With regard to the beneficial structure
of these carbon nanotubes, it is very feasible that these structures
may also be used in other research fields, including in catalysis, as
supercapacitors, in drug delivery applications, and for absorption
procedures (31).
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2.4.1 Ionic Diffusion

The behavior of battery kinetics inside the battery and the ionic
diffusion during operation has been studied (32). The role of the
electrolyte is to provide an ionic conduction path between the an-
ode and the cathode. The improvement of the cyclability has been
elucidated. An electrolyte containing 0.1% of a fluoro-o-phenylene-
dimaleimide-based additive was compared with an electrolyte with
0.1% N,N′-o-phenylenedimaleimide, cf. Figure 2.3, also without any
additive.

N

O

O

N

O

O

Figure 2.3 N,N′-o-Phenylenedimaleimide.

Electrochemical impedance spectroscopy (EIS) was used for the
characterization. The results showed that a great amount of the
lithium ions remains on the solid electrolyte interphase layer of the
mesocarbon microbeads half cell with fluoro-o-phenylenedimaleim-
ide additive, indicating that the ion moves easily because of high
diffusion (32).

2.4.2 Functional Electrolytes

Additives have been developed to improve the cathode cyclabil-
ity performance of lithium batteries (33). Benzene derivatives (bi-
phenyl and o-terphenyl) and heterocyclic compounds (furan, thio-
phene, N-methylpyrrole and 3,4-ethylenedioxythiophene), which
have lower oxidation potentials than those of electrolyte solvents
have been tested. The functional electrolytes used are shown in
Figure 2.4.

The electrochemical properties and cyclability of the additives
have been investigated. The additives are found to decompose on
the cathode to form a very thin film. This resulting novel-type thin
surface film has been addressed as an electroconductive membrane
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Figure 2.4 Functional electrolytes (33).
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since it is different from solid electrolyte interphase by the point of
its electroconductivity.

It has been concluded that these additives, which were formerly
known as overcharge protection proofs, contribute to improve the
cathode cyclability by forming very thin cathode surface layer in the
case of slight amount of addition (33).

In contrast, in the case of 2% addition, an oxidative decomposition
of the additives progresses as the cycle proceeds, which leads to an
battery capacity fading, because the grown cathode film becomes
thick with a high Li+ ion resistance.

2.4.3 Synergetic Effect of Conductive Additives

Carbon black (Super P and SP) and vapor-grown carbon fibers, were
used to construct an effective conducting network in the cathode
of commercial LiFePO4 lithium-ion batteries (34, 35). The results
suggest that the lithium-ion battery with carbon black SP possesses a
higher discharge capacity than that with vapor-grown carbon fibers
with the same mass fraction of the additives. The high-rate capacity
of lithium-ion batteries with carbon black SP is much higher than
that with vapor-grown carbon fibers.

Furthermore, the lithium-ion batteries with a mixture of these
two additives have an apparently improved performance in low-
and high-rate discharge capacity compared with the lithium-ion
batteries with only a single component additive with the same mass
fraction, obviously due to a synergetic effect (34).

2.4.4 In-Situ Coating of Cathode by Electrolyte Additive

It has been demonstrated that N,N′-4,4′-diphenylmethane-bismale-
imide as an electrolyte additive enhances the high-voltage perfor-
mance of lithium-ion batteries by electrochemically forming an in-
terface film on cathode surface (36).

2,2′-Bis[4-(4-maleimidophenoxy) phenyl]propane, which is more
compatible with the electrolyte than N,N′-4,4′-diphenylmethane-
bismaleimide, has been studied as an alternative electrolyte addi-
tive. LiCoO2 has been chosen as a typical cathode material.
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Figure 2.5 In-situ coating additives.

The structure of the interface films on a LiCoO2 surface has been
studied using different concentrations of the 2,2′-bis[4-(4-maleim-
idophenoxy) phenyl]propane additive. Scanning electron micro-
scope (SEM), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy (XPS) were used. The oxidation poten-
tial of 2,2′-bis[4-(4-maleimidophenoxy) phenyl]propane has been
measured by linear sweep voltammetry (LSV) (36).

It was found that thickness-tunable interface films could be gen-
erated on the LiCoO2 surface by adding different concentrations of
2,2′-bis[4-(4-maleimidophenoxy) phenyl]propane additives in the
electrolyte. Also, the high-voltage cycling performance of the corre-
sponding LiCoO2/Li batteries is closely associated with the thickness
of the interface film. The optimized amount of 2,2′-bis[4-(4-maleim-
idophenoxy) phenyl]propane additive (0.5% w/v) presents superior
high-voltage cycling performance of the corresponding LiCoO2/Li
batteries (36).

2.4.5 Bipolar Architectures

A suitable architecture for putting electrochemical cells in series,
without interfering with the mass and the volume of the result-
ing accumulator, is the so-called bipolar architecture (37). This de-
sign consists of stacking several electrochemical cells separated from
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each other by a current-collecting substrate. One face of this sub-
strate is occupied by an electrode of a cell, while the opposite face
of this substrate is occupied by an electrode of the opposite sign of
an adjacent cell.

This type of architecture allows a reduction in the electrical re-
sistance of the assembly as compared with one accumulator, which
would consist of a plurality of cells connected together through ex-
ternal connectors. The bipolar architecture also allows a limitation
of unnecessary masses and volumes.

However, this type of architecture may have drawbacks in terms
of charging, since the electrochemical cells, because of their position-
ing in the stack, have different characteristics in terms of internal
resistance and capacitance, which causes different charging times
for identical electrochemical materials (37).

2.4.5.1 Lithium Polysulfide

It has been discovered that by adding a specific additive into the
electrolyte of the electrochemical cells of a lithium accumulator with
a bipolar architecture, it is possible to find a remedy to the charging
problems of this cell type. Each cell in the structure has a positive
electrode and a negative electrode, separated by an electrolyte. To
the electrolyte a lithium polysulfide Li2S6 is added. Li2S6 can be
prepared by the reaction of lithium and sulfur in tetraethylene glycol
dimethyl ether.

The lithium polysulfide ensures the role of a redox shuttle. So
this additive will undergo, at a determined potential, an oxidation
at one of the electrodes of the cell in order to give an oxidized form
of the additive. This oxidized form in turn undergoes reduction at
the electrode of the opposite sign of the same cell in order to give a
reduced form. The reduced form is then capable of being oxidized
at the electrode with reverse polarity.

In the case of a lithium polysulfide additive, the redox shuttle
mechanism occurs at a potential located between 2.4 and 2.5 V rel-
ative to the reference pair Li+/Li. This means that this additive is
particularly suitable for electrochemical cells for which the rated cell
voltage after complete charging is less than all the voltage values
between 2.4 and 2.5 V. In detail, the electrolyte may contain basic
components that are shown in Table 2.2.
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Table 2.2 Electrolyte for bipolar architectures (37).

Organic compound Salt Salt

Ethylene carbonate LiPF6 LiCF3SO3
Propylene carbonate LiClO4 LiN(CF3SO2)3
Dimethyl carbonate LiBF4 LiN(C2F5SO2)

LiAsF6 Li2S6

Preferably, the liquid electrolyte contains LiPF6 in a concentra-
tion of 1 mol l−1 in solution in a mixture of ethylene carbonate,
propylene carbonate and dimethyl carbonate in respective volume
proportions of 1:1:3. To this electrolyte, Li2S6 is added so as to obtain
a concentration of this additive of 0.1 mol l−1 (37). Charging curves
that illustrate the change in the cell voltage versus the capacity are
illustrated in Figures 2.6 and 2.7.
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Figure 2.6 Charging curve of a device without lithium polysulfide (37).

The curve without lithium polysulfide has an ascending phase
between 1 V and 1.8 V and then a plateau shape between 1.8 and 2
V. This is ending with an exponential ascending phase from 2.2 V
up to 2.6 V.
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Figure 2.7 Charging and discharging curves of a device containing lithium
polysulfide (37).

According to a second test, successive charging/discharging op-
erations were carried out at C/100 at 20°C for cycling ranging from
1 to 2.6 V with an accumulator identical to the one used for the
first test, only that the electrolyte in this case comprises Li2S6 at a
concentration of 0.1 mol l−1.

In a second test, Li2S6 in a concentration of 0.1 mol l−1 was used,
otherwise the same device. The charging curve has an ascending
phase between 1 V and 1.8 V, then adopts a plateau shape between
1.8 V and 2 V and then shows a new ascending phase between 2
V and 2.45 V. Thus here, at the end of charging, the potential is
stabilized around 2.45 V instead of increasing exponentially.

This value of 2.45 V corresponds to the potential at which an equi-
librium is established between the consumption of the Li2S6 additive
at one of the electrodes and regeneration of the consumed additive
at the electrode of the opposite sign. This potential is located above
the rated cell voltage after complete charging of the latter, which
allows the electrochemical cell to be completely charged and also
gives the possibility of avoiding the cell being subjected to too large
voltages if the charging has to be maintained in order to allow the
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other incompletely charged cells to continue to be subjected to this
charging process (37).

2.4.6 Janus Separator

Electrochemical energy storage devices, e.g., rechargeable batteries,
flow batteries, fuel cells, and supercapacitors, have been widely
exploited and rapidly propelled for a low-carbon, green, and sus-
tainable society. The separator is a crucial component of electro-
chemical energy storage devices and its unique functionalities are
indispensable (38).

For example, separators for secondary batteries and supercapac-
itors separate the cathode and anode to prevent shorting, while in
flow batteries and fuel cells, an ideal separator should selectively
control the mass transportation in the cell.

But in newly emerging electrochemical energy storage devices
with revolutionary conversion electrochemistry, such as lithium-
sulfur batteries and lithium-air batteries, separators are supposed
to play a crucial role in fully demonstrating superior high energy
density.

A Janus separator was proposed because Janus structures can
offer asymmetry and realize the emergence of properties inconceiv-
able for homogeneous or symmetric structures (39). The name Janus
was derived from the Roman god Janus.

In this Janus separator, a nanoporous poly(propylene) (PP) mem-
brane serves as an insulating substrate in contact with lithium anode
while a layer of cellular graphene framework, which has extraor-
dinary electrical conductivity, abundant in-plane mesopores, high
electrochemically active surface area, and large mesopore volume,
adheres to the cathode side to reactivate the shuttling-back of the
lithium polysulfides and to preserve the ion channels (39). A meso-
porous material is a material containing pores with diameters be-
tween 2 and 50 nm (40).

The Janus separator of PP-supported cellular graphene frame-
work separator promises the efficient utilization of sulfur cathode
with high capacity and good cycling stability.

Moreover, the Janus separator, besides modifying electrode ma-
terials and electrolyte formulations, essentially opens new oppor-
tunities for facilitating the utilization of active materials that are
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highly mobile in emerging high-energy-density electrochemical en-
ergy storage devices and indicates a better way to rationally adopt
the superior characteristics of various novel nanostructured carbon
to electrochemical energy storage devices (39). A Janus separator
can be fabricated as follows (39):

Preparation 2–2: Carbonaceous materials are coated on PP substrates via
facile filtration. 18 mg of carbon, a cellular graphene framework fabri-
cated by a modified template chemical vapor deposition method on hy-
drothermally synthesized MgO templates and 2.0 mg of a poly(vinylidene
fluoride) binder were dispersed in N-methyl-2-pyrrolidone, cf. Figure 2.8,
by ultrasonication for 1.0 h. Then, 36.0 ml of the dispersion was filtered
through a piece of a commercial PP separator (Celgard® 2400) and sub-
sequently dried at room temperature for 24.0 h. The Janus separator was
found with carbon loading amount of 0.3 mg cm−2.

N O

CH3

Figure 2.8 N-Methyl-2-pyrrolidone.

2.4.7 Synthesis of Vanadium Cathodes

Vanadium oxide hierarchical structures were controllably synthe-
sized using a solvothermal method in water-ethylene glycol mixed
media (41). A V4O7 nanocross structure has been reported. It was
observed that this structure exhibits an exceptional cycling stability
at 0.05 A g−1 and 3.05 A g−1, which could be a promising cathode
candidate for lithium-ion batteries.

2.4.8 Graphite

2.4.8.1 High-Capacity Graphite Cells

The synergistic effects of LiB(C2O4)2, LiF2B(C2O4), triphenylamine,
and 1,4-benzodiozane-6,7-diol as functional electrolyte additives in
high-energy electrochemical cells has been elucidated (42). These
compounds are shown in Figure 2.9.
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Figure 2.9 Functional electrolyte additives (42).

The influence of these additives, individually, and in different
combinations, has been evaluated using galvanostatic cycling of
cells containing Li1.2Ni0.15Mn0.55Co0.1O2-based positive electrodes,
graphite-based negative electrodes, and a LiPF6-based electrolyte.

As such, LiB(C2O4)2 is a good additive for reducing the loss of
the cell capacity, but the cell impedance rise is still significant after
extended cycling. Similarly, neither triphenylamine nor 1,4-benzo-
diozane-6,7-diol alone provide the desired improvements in cell
performance.

However, cells containing LiB(C2O4)2 in combination with
LiF2B(C2O4), triphenylamine, or 1,4-benzodiozane-6,7-diol exhibit
an enhanced capacity retention, rate capability, and cyclability.
Thus, the combination of electrolyte additives that act synergis-
tically is a practical and versatile strategy in order to improve the
performance and life of lithium-ion cells (42).

2.4.8.2 Improved Cycling Performance

Lithium difluorophosphate. Lithium difluorophosphate has been
used as a reducible additive to overcome the unsatisfactory rate ca-
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pability and cycling instability of highly pressed graphite electrodes
with a high mass loading of 8.1 mg cm−2 with a vinylene carbonate
derived surface film that hampers the charge transport at the graph-
ite electrolyte interface at high rates (43).

It has been found that lithium difluorophosphate modifies the
surface chemistry induced by vinylene carbonate and makes a more
ionically conductive surface film on the graphite, thus ensuring a
good rate capability (43).

N-Methyl-2-pyrrolidinone. A lithium-ion cell is charged in such a
manner that lithium is released from the positive electrode into the
nonaqueous electrolytic solution, and lithium ions in the nonaque-
ous electrolytic solution are absorbed into the negative electrode sep-
arated from the positive electrode by a microporous separator (44).
In a discharge process, the reverse phenomenon is generated to al-
low electrons to be extracted by an external circuit. Thus, a capacity
of the lithium-ion cell is related to a quantity of ions to be absorbed
and released between the positive and negative electrodes.

In the course of the charging and discharging reactions, an irre-
versible decomposition of the nonaqueous electrolytic solution or
the lithium salt may occur on the surfaces of the negative and posi-
tive electrodes to cause consumption of lithium ions to be absorbed
and released. The quantity of lithium ions consumed in the charge
and discharge cycles corresponds to an irreversible capacity of the
cell. Particularly, during a charge process in the first cycle, a passive
film, a so-called solid electrolyte interphase, is formed on a surface of
the carbon-based negative electrode, and the resulting irreversible
capacity has a great impact on an energy density of the lithium-ion
cell.

In order to reduce the first cycle irreversible capacity, some proce-
dures have been proposed. A nonaqueous electrolytic solution has
been developed for a lithium-ion cell having a high energy density
and excellent charge and discharge cycle characteristics (44).

The composition contains an additive serving as a solvent for a
fluorine resin incorporated as an adhesive in a positive electrode
containing a lithium-transition metal oxide capable of absorbing
and releasing lithium and a negative electrode containing a carbon
material capable of absorbing and releasing lithium. Further, a
nonaqueous electrolytic solution comprising a lithium salt and an
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nonaqueous solvent is added with the additive for a lithium-ion
cell. A negative electrode was prepared as follows (44):

Preparation 2–3: A carbon-based material serving as a negative electrode
active material was dispersed in N-methyl-2-pyrrolidinone as a solvent
for poly(vinylidene fluoride) (PVDF) serving as adhesive, and stirred.
The weight ratio of the carbon-based material to the fluorine resin was
95:5. After the mixture was formed as homogenous slurry, the slurry was
applied onto one surface of a copper foil serving as a collector to obtain
a negative electrode sheet. This negative electrode sheet was placed on a
heat plate heated at 80°C, and dried for 10 min. Then, the dried negative
electrode sheet was stored in a dry atmosphere.

2.4.9 Silicon

Silicon can be used instead of graphite as the active anode material
(45, 46). It is generally believed that silicon, when used as an active
anode material in a lithium-ion rechargeable cell, can provide a
significantly higher capacity than the commonly used graphite.

Crystalline silicon, when converted to the compound Li21Si5 by
the reaction with lithium in an electrochemical cell, has a maximum
theoretical capacity of 4,200 mAh g−1. This is considerably higher
than the maximum capacity for graphite. However there are sev-
eral different Li−Si alloys that can be formed by lithium insertion,
depending on the temperature, crystalline state, charge voltage and
charge rates (47).

For example, at room temperature it is believed that the maxi-
mum achievable capacity is close to 3,600 mAh g−1 with the alloy
Li15Si4 (48). Thus, if graphite can be replaced by silicon in a lith-
ium rechargeable battery, a substantial increase in stored energy per
unit mass and per unit volume can be achieved. Unfortunately, sil-
icon anode material in Li-ion cells undergoe a huge volume change
between the charged and the discharged states associated with the
insertion and removal of lithium ions into the silicon material during
the charging and discharging stages of the cells.

The volume of a fully lithiated Li−Si alloy can be 3–4 times larger
than the unalloyed silicon volume. This is much larger than the
volume change seen in carbon anodes. As a consequence of such
expansion and contraction, which on each cycle causes mechanical
degradation of the silicon material and electrical isolation of sec-
tions, the electrodes can have a short cycle life (47).
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A method for treating silicon to form pillars, in particular for its
use as the active anode material in Li-ion batteries, has been de-
scribed (49). The process for treating silicon is done in the following
steps:

1. Exposing silicon-containing material to a solution compris-
ing 2–3 M HF, 0.002 to 0.2 M of metal ions capable of nucle-
ating on and forming a porous layer comprising regions of
elemental metal on the silicon surface,

2. Etching with 0.04–0.07 M of an oxidant selected from the
group comprising O2, O3, H2O2, the acid HF, ammonium or
alkali metal salts of NO−

3 , S2O2−
8 , NO−

2 , B4O2−
7 , or ClO−

4 , or
a mixture thereof. The treated silicon is suitably separated
from the solution after the treatment.

At the beginning of the treatment process, etching occurs pref-
erentially along certain crystal planes and the silicon is etched into
columns. The silicon is etched according to the following equation:

Si + 6F− A SiF2−
6 + 4e− (2.1)

The electrons generated by this half reaction are conducted
through the silicon to the nucleated silver where the counter re-
action occurs in which silver ions in the solution are reduced to
elemental silver:

4Ag+ + 4e− A 4Ag (2.2)

A lot of details and various aspects of the above treatment reaction
have been given (49). For example, detached fibers can be obtained
as follows:

Preparation 2–4: First, 36 g of AgNO3 is added to 3 l of a 2 M HF solution.
Then, 12 g Si powder (Elkem Silgrain® 200-800 μm) is added through
a funnel at top of the container and the mass is gently stirred by hand,
through the hole in the lid using a rod, for 1 min. This reaction mixture
is allowed to stand for 60 min. The concentration of HF in the etching
solution is monitored during the etching step and further HF is added to
the solution to maintain the concentration of HF at 2 M. The mat of silicon
plus silver forms on the surface of the etch solution in the first 1–2 min.



Electrical Applications 69

At the end of the 60 min, 52 g NaNO3 (or 48 g NH4NO3) is added. The
NaNO3 or NH4NO3 is dissolved in 50 ml water and then added through
funnel at top. The mixture is gently stirred for a further 235 min. Then at 295
min from the start of the process, when the etching is almost completed,
the spent etching solution starts to be pumped into a storage chamber,
which takes about 4–5 min, and so the total etching time is about 300 min.
Then the mat is washed with 3–4 l water three times. The first two washes
are such that the water is in contact for five minutes, while the third wash
is a 1 min wash.

The wet mat, which is composed of silicon and silver, should be
promptly treated with nitric acid for 5–10 min to remove silver. The silicon
is further washed and stored wet. The washing water contains silver and
may be set aside to recover the silver content.

Fibers can be harvested from the resulting particles, with pillars at-
tached, by ultrasonic vibration by placing the particles in a beaker or any
appropriate container, covering the particles with an inert liquid such as
ethanol or water and subjecting them to ultrasonic agitation. It is found
that within several minutes the liquid is seen to be turbid and it can be
seen by electron microscope examination that at this stage the pillars have
been removed from the particle.

The pillars may be removed from the particle in a two-stage process.
In the first stage, the particles are washed several times in water and, if
necessary, dried in a low vacuum system to remove the water. In the
second stage, the particles are agitated in an ultrasonic bath to detach
the pillars. These are suspended in water and then separated using a
centrifuge to collect the silicon fibers.

2.4.10 Carbon Nanotubes

Due to their unique properties, CNTs have attracted considerable
attention since their discovery in 1991 by Iijima (50). Their high
electrical conductivity, great mechanical strength, and low percola-
tion threshold values make them attractive as additive materials for
precipitates in lithium-ion batteries (51).

Recently, high performance LiMn0.8Fe0.2PO4 was prepared with
both etched and functionalized multi-walled CNTs and ketjenblacks
(52). Ketjenblack® is an electroconductive carbon black from AKZO
Chemicals B.V. Corp. In detail, the preparation was done as follows
(52):

Preparation 2–5: The materials were synthesized using a chemical vapor
deposition process that resulted in tubes with an average diameter of 10
nm, a length of 10 μm, and a purity of 95%. The functionalization with
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carboxyl groups was carried out using a mixture of concentrated sulfuric
acid and nitric acid at a ratio of 3:1, with a 3 M acid concentration. The
CNTs were soaked in the acid solution at 80°C for 10 h and then washed
with distilled water until the pH value of the filtrate reached 7. Finally,
the CNTs were heated at 120°C overnight, under vacuum, to remove
surface-adsorbed species such as water and hydrocarbons.

The multi-walled CNTs functionalized with carboxylic groups
exhibited a better affinity toward cathode materials than pristine-
based nanotubes. Also, the electrochemical performance of the
LiMn0.8Fe0.2PO4 cathode materials was improved by using mul-
ti-walled CNTs shortened by vigorous mechanical mixing, in com-
parison to pristine long multi-walled CNTs samples.

Moreover, the use of multi-walled CNTs together with Ketjen-
blacks showed better electrochemical performance than when Ket-
jenblacks or multi-walled CNTs were used separately (52). Ket-
jenblacks® are electroconductive carbon black powders with high
surface areas, available from AkzoNobel.

2.4.11 Carbonate Additives

2.4.11.1 Methylene Ethylene Carbonate

The preparation of methylene ethylene carbonate and the incorpo-
ration of methylene ethylene carbonate into lithium-ion batteries as
an electrolyte additive have been described (53).

Methylene ethylene carbonate can be prepared in a good yield
by mercury-catalyzed cyclization (54). Mercuric triflate (Hg(OTf)2),
also called mercury(II) trifluoromethanesulfonate, is a powerful cat-
alyst for the cyclization of alkynyl tert-butylcarbonates giving rise
to cyclic enol carbonates under mild conditions. The synthesis is
shown in Figure 2.10.

The addition of low concentrations of methylene ethylene carb-
onate of 1–2% to 1 M LiPF6 in 3:7 ethylene carbonate/ethyl methyl
carbonate improves the capacity retention of lithium-ion batteries
cycled at an elevated temperature of 60°C.

XPS and Fourier transform infrared spectroscopy (FTIR) mea-
surements of the electrodes indicated the presence of poly(meth-
ylene ethylene carbonate) on the anode surface. The modification
of the anode solid electrolyte interphase correlates with significant
improvements in the cycling performance at 60°C (53).
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Figure 2.10 Synthesis of methylene ethylene carbonate (53).

2.4.11.2 Cyclic Carbonates

In silicone electrodes, a factor that affects the cell performance is
the formation of a solid electrolyte interface layer on the silicon
surface (47). Initially, the surface of the silicon material has a thin
native oxide layer on it which has a low conductivity. During the
first charge, this layer is replaced by a solid electrolyte interface
layer of higher ionic conductivity formed from reactions with the
electrolyte and reduction of the solvents.

The solid electrolyte interface can be composed of various differ-
ent products, for example, Li2CO3, LiF, Li2O, lithium alkyl carbon-
ates, polymeric hydrocarbons and others. Each product will start
forming at different stages of the charging process, depending on
the anode potential.

A stable solid electrolyte interface layer with good ionic conduc-
tivity that can withstand the volume changes is essential to the
proper working of the cells, and in this regard certain solid electro-
lyte interface products are much better than others.

A drawback of the solid electrolyte interface formation is that
it consumes some of the lithium and electrolyte components, and
ties them up in the system, preventing them from contributing to
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the charge capacity of the cell. Excessive solid electrolyte interface
formation will lead to an increased ionic resistance and degrade the
cell performance. Therefore it is preferable to control the surface area
and the surface area to volume ratio of the silicon anode material.

The solid electrolyte interface formation process can be influenced
by the use of electrolyte additives. Cyclic carbonates containing a
vinyl group, such as vinylene carbonate, halogenated cyclic carbon-
ates, such as fluoroethylene carbonate, and difluoroethylene carb-
onate have been used as electrolyte additives. Other additives are
silyl esters such as sultones, and esters of phosphoric and boric acid.

A halogenated cyclic carbonate is used as an additive which is
suitably added to a base solvent comprising a mixture of a cyclic
carbonate and a chain or linear carbonate. Preferably the base cyclic
carbonate is ethylene carbonate and the linear carbonate is ethyl
methyl carbonate or diethyl carbonate (47). Some carbonate com-
pounds are shown in Figure 2.11.

Difluoroethylene carbonate

OO

O

F F

Vinylene carbonate

OO

O

Figure 2.11 Cyclic carbonates.

Fluoroethylene carbonate. A method for reducing gas generation
in lithium-ion batteries has been presented (55). The nonaqueous
electrolyte contains 2–10% of fluoroethylene carbonate, and the elec-
trolyte salts contain LiBF4 and another electrolyte salt that is less
consumed relative to LiBF4 during the charge-discharge cycling,
e.g., LiPF6, LiN(SO2C2F5)2, and LiN(SO2CF3)2.

The effects of a small amount of fluoroethylene carbonate
C3H3FO3 on the electrochemical performance of a lithium-rich lay-
ered oxide cathode have been assessed (56). When 1% or 2% by
volume of C3H3FO3 was introduced into the electrolyte, the cycling
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performance and rate capability of the electrode was improved. Al-
so, the initial irreversible capacity loss became smaller by suppress-
ing the parasitic side reactions between the cathode and electrolyte.

However, an excess C3H3FO3 of 5% leads to a decreased lithium
transference number, large concentration polarization and a reduced
discharge capacity, in particular at a high current.

Density functional calculations indicated that C3H3FO3 enhances
the antioxidation ability of the electrolyte system, and the prefer-
ential accumulation and reaction of C3H3FO3 near cathode during
charging due to the strong coordination between C3H3FO3 and the
PF−6 anion (56).

2.4.12 Borate Additives

2.4.12.1 Lithium Bis(oxalato) Borate

Lithium bis(oxalato) borate was investigated as an additive for
the stabilization of a high-voltage cathode electrolyte interface
(57). It has been found that the electrochemical performance of
Li/LiNi0.5Mn1.5O4 cells with a lithium bis(oxalato) borate additive
was improved at 60°C.

The effects of lithium bis(oxalato) borate on the electrolyte ox-
idative decomposition, the surface chemistry of separators and the
cathodes cycled in electrolytes with and without a lithium bis(oxala-
to) borate additive were assessed using ATR-FTIR spectroscopy and
XPS (57).

2.4.12.2 Trimethyl Borate and Triphenyl Borate

Alkyl-substituted and phenyl-substituted borate anion receptors
have been investigated as electrolyte additives in lithium-ion batter-
ies (58). These compounds, triphenyl borate and trimethyl borate,
are shown in Figure 2.12.

As cathode LiFePO4 was used and as electrolyte, 1 M LiPF6 in a
1:1 mixture of ethylene carbonate and ethylene carbonate at 25°C
and 60°C was used.

Triphenyl borate shows the formation of a thick surface/electro-
lyte interface which inhibits the ion flow and does not protect the
electrode from degradation. Although useful at 25°C, triphenyl
borate at 60°C results in only 7% capacity after 100 cycles.
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Figure 2.12 Borate-based anion receptors (58).

On the other hand, 0.1 M trimethyl borate results in 53% capacity.
The trimethyl borate performance improves with increasing con-
centration. Trimethyl borate also suppresses the thermal decompo-
sition of the electrolyte and the formation of the surface/electrolyte
interface film (58).

2.4.12.3 Tris(trimethylsilyl) Borate

Tris(trimethylsilyl) borate is well known as a cathode electrolyte
interphase (CEI) forming additive for improving the cycle perfor-
mance of LiCoO2/graphite lithium-ion batteries (59). Several borate
derivatives have been tested as promising candidates for electrolyte
interphase forming additives, resulting in a higher performance
than tris(trimethylsilyl) borate.

This was determined via first-principles density functional cal-
culations of the oxidation potentials, reduction potentials, and F-
binding affinities. Actually, the computational screening protocol
provides a faster method for the development of new electrolyte in-
terphase forming electrolyte additives in lithium-ion batteries (59).
Some properties of borates are shown in Table 2.3 and some com-
pounds are shown in Figure 2.13.

The calculations were based on the Kohn-Sham density functional
theory (60). This equation has become a popular method for cal-
culating the molecular properties of organic molecules. The Kohn-
Sham equation is the Schrödinger equation of a system of non-in-
teracting particles, typically electrons (61).
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Table 2.3 Highest occupied molecular orbitals (HOMO), lowest un-
occupied molecular orbitals (LUMO), oxidation potentials (OP), re-
duction potentials (RP), and BE F− binding affinity values in eV.

HOMO LUMO OP RP BE

Boric acid -8.78 0.96 9.00 -0.43 2.82
Trimethyl borate -7.73 1.61 7.84 0.25 3.22
Triisopropyl borate -7.58 1.22 7.66 0.08 3.38
Triethyl borate -7.59 1.47 7.70 0.21 3.33
Triphenyl borate -6.56 -0.51 6.52 0.79 4.72
Triethanolamine borate -6.55 0.79 6.49 1.05 3.31
Tributyl borate -7.61 1.44 7.74 0.23 3.40
Tris(trimethylsilyl) borate -7.77 0.74 7.61 0.11 3.73
Tripropyl borate -7.62 1.45 7.66 0.24 3.38
Tri-tert-butyl borate -7.54 1.04 7.50 -0.76 3.35
Trimethylene borate -7.30 0.91 6.81 1.02 3.94
Calcium metaborate -8.50 -1.96 8.23 1.80 6.27
Potassium metaborate -5.65 -1.56 7.12 1.13 2.49
Sodium borate -6.40 -1.13 6.84 1.11 4.71
2-Aminoethoxydiphenyl borate -6.71 -1.28 6.15 1.91 4.06
3-Pyridyltrimethylene borate -6.79 -1.08 6.77 1.60 3.52
2-Octyl borate -7.43 1.06 7.11 0.22 3.74
Triallyl borate -7.17 -0.31 7.11 0.59 3.88
Tribenzyl borate -6.76 -0.59 6.65 0.90 3.95
Trihexyl borate -7.37 1.24 7.36 0.33 3.71
Trimethyallyl borate -7.05 0.02 6.84 0.28 3.69
Tris(2-ethylhexyl) borate -7.42 1.11 7.07 -0.05 3.76
Tris(3,3,5-trimethylhexyl) borate -7.37 0.95 7.26 -0.87 3.47
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Figure 2.13 Borate compounds.

2.4.12.4 Lithium Difluoro(oxalato) Borate

Lithium difluoro(oxalato) borate was investigated as an electrolyte
additive for high-voltage lithium-ion batteries in order to decrease
the decomposition of the electrolyte (62).

As a typical high-voltage cathode material, LiCoPO4 was tested in
the lithium difluoro(oxalato) borate-containing electrolyte, exhibit-
ing higher reversible charge/discharge capacity and better cyclic
stability.

The effect of lithium difluoro(oxalato) borate on the formation of a
stable interphase film was investigated through cyclic voltammetry
(CV) and X-ray photoelectron spectroscopy. Lithium difluoro(oxala-
to) borate was helpful to form a stable interphase film and passivate
the cathode surface. Therefore, the decomposition of the electrolyte
could be inhibited (62).

2.4.12.5 Salicyclic Organoborate

The synthesis of a salicyclic organoborate is shown in Figure 2.14.
The preparation of lithium bis[5-(2,4-difluorophenyl)salicylato-2-]-
borate has been reported in detail as (63):
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Figure 2.14 Synthesis of a salicyclic organoborate (63).

Preparation 2–6: First, 2.5 g (0.01 mol) of 5-(2,4-difluorophenyl)salicylic
acid, 0.21 g (0.005 mol) of lithium hydroxide monohydrate, and 0.31 g
(0.005 mol) of boric acid were put into a flask, and an acetonitrile/methanol
(2:1 by volume) solvent was added thereto, preparing a mixed solution.
The mixed solution was refluxed for 8 h and agitated at room temperature
for one night. Next, the solution was concentrated down to 1/4 thereof and
allowed to stand at room temperature, obtaining a white crystal. The white
crystal was filtrated and recrystallized using an acetonitrile/methanol sol-
vent. Then, the recrystallized product was dried in a 100°C vacuum oven
for 24 h, obtaining lithium bis[5-(2,4-difluorophenyl)salicylato-2-]borate.

When lithium bis[5-(2,4-difluorophenyl)salicylato-2-]borate is
added to an electrolyte, the compound may improve the electro-
chemical characteristics and the dissolution capability (63).

The electrolyte may further include an additive selected from
lithium bis(oxalate)borate, lithium bis(salicylato)borate, and a com-
bination thereof. These compounds improve the thermal stability
of an electrolyte and the cycle life of a battery.
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2.4.12.6 Trimethylboroxine

Trimethylboroxine, cf. Figure 2.15, has been tested as electrolyte
additive to improve the electrode/electrolyte interface stability of
LiNi1/3Co1/3Mn1/3O2 cathode for a high-voltage lithium-ion bat-
tery (64). Charge/discharge tests showed that addition of 3% tri-
methylboroxine is an optimal amount for these cathodes.
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Figure 2.15 Trimethylboroxine.

After 300 cycles at 1C rate under the cut-off charge voltage of
4.5 V, the cathode with 3% trimethylboroxine reaches a capacity
retention of 99%, in comparison to 40% of that using a standard
electrolyte. It has been demonstrated that trimethylboroxine oxi-
dizes preferentially and catalyzes the decomposition of base elec-
trolyte subsequently, generating a thin and low impedance film on
the cathode surface, which effectively stabilizes the electrode/elec-
trolyte interface (64).

2.4.13 Tris(pentafluorophenyl) Borane

Tris(pentafluorophenyl) borane has been proposed as an electrolyte
additive for silicon thin-film anodes in lithium-ion batteries (65).
The introduction of tris(pentafluorophenyl) borane into the electro-
lyte consisting of 1 M lithium perchlorate (LiClO4) in a mixture of
ethylene carbonate and diethyl carbonate significantly enhances the
capacity retention and the coulombic efficiency.

In particular, tris(pentafluorophenyl) borane enables the im-
provement of the properties by forming stable solid electrolyte in-
terphase layers and suppressing a surface pulverization. The solid
electrolyte interphase layers have been characterized by a variety of
analytical tools, including SEM, EIS, and XPS (65).

The changes in properties, i.e., of Si thin-film cells with different



Electrical Applications 79

amounts of tris(pentafluorophenyl) borane during precycling, are
shown in Table 2.4.

Table 2.4 Charge and discharge capacities and initial coulombic
efficiencies (65).

Precycling Tris(pentafluorophenyl) borane/[%]
0 2 5

Charge capacity /mA h g−1 3125 3350 3968
Discharge capacity /mA h g−1 1870 2003 2056
Initial coulombic efficiency /% 59.8 59.8 51.8

2.4.14 Phosphoric Additives

2.4.14.1 1-Propylphosphonic Acid

The cycling performance of graphite/LiNi0.5Co0.2Mn0.3O2 battery
in the electrolyte with a different content from 0% to 2.0% of 1-
propylphosphonic acid cyclic anhydride, cf. Figure 2.16, has been
studied (66).
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Figure 2.16 1-Propylphosphonic acid cyclic anhydride.

When 0.5% of 1-propylphosphonic acid cyclic anhydride is in-
corporated into the blank electrolyte, the capacity retention of
graphite/LiNi0.5Co0.2Mn0.3O2 battery at high voltage after 100 cy-
cles is increased from 79.12% to 91.84%.

EIS, X-ray diffraction (XRD), and XPS revealed a mechanism in
which the surface film derived from the anhydride can decrease the
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surface film impedance of the cell (from 40.63 to 16.57Ω), stabilizing
the structure of cathode material (66).

2.4.14.2 2-(Triphenylphosphoranylidene) Succinic Anhydride

The capacity of LiMn2O4/graphite-based Li-ion batteries (LIBs) at
high temperatures can be improved by the addition of 2-(triphen-
ylphosphoranylidene) succinic anhydride (67). This compound is
shown in Figure 2.17.
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Figure 2.17 2-(Triphenylphosphoranylidene) succinic anhydride.

Unit cells with 0.1% of 2-(triphenylphosphoranylidene) succinic
anhydride achieved a 43% capacity retention increase at high tem-
perature operation, i.e., 55°C, 100 cycles, C/2 rate, in comparison
to a control group without the additive, in order to understand the
underlying principle of the enhanced capacity retention ability of
the unit cells.

Investigation of the effect of 2-(triphenylphosphoranylidene) suc-
cinic anhydride suggested that the electrochemical decomposition
of 2-(triphenylphosphoranylidene) succinic anhydride takes place
on both surfaces of the LiMn2O4 and graphite during precycling,
thereby reducing the decomposition reaction of the electrolyte dur-
ing subsequent cycles (67).

2.4.14.3 Triphenyl Phosphate as Flame Retardant

Ever since lithium-ion batteries were first introduced on the market
in 1991, their safety risks were already receiving a lot of attention
(68). One of the main safety concerns is due to the usage of a highly
flammable electrolyte due to the organic solvents combined with a
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cell design aimed at maximizing the intrinsic high energy and power
density. Abuse conditions, such as overcharge, overheating, or short
circuit can lead to exothermic reactions. In the worst case a thermal
runaway and fire may occur. The safety issues concerning fire risks
resulted in the search for electrolytes with a reduced flammability
(69).

A standard Li-ion battery electrolyte with different concentra-
tions of the flame retardant triphenyl phosphate for high-power
applications has been tested (68). The electrolyte characterization
shows only a minor decrease in the electrolyte flammability for
low triphenyl phosphate concentrations. The addition of triphenyl
phosphate to the electrolyte leads to an increased viscosity and a
decreased conductivity. The solvation of the lithium-ion charge
carriers may be directly affected by the addition of triphenyl phos-
phate. This was found by Raman spectroscopy measurements and
an increased mass transport resistivity.

Graphite/LiFePO4 full cell tests showed that the energy efficiency
decreased with the addition of triphenyl phosphate. Triphenyl
phosphate influences the interface chemistry on both the positive
and negative electrode. Higher concentrations of triphenyl phos-
phate lead to thicker interface layers on the LiFePO4.

Even though triphenyl phosphate is not electrochemically re-
duced on graphite, it does participate in the formation of a solid
electrolyte interphase. Thus, triphenyl phosphate cannot be con-
sidered as a suitable flame retardant for high-power applications,
because there is only a minor impact of triphenyl phosphate on the
flammability of the electrolyte at low concentrations of triphenyl
phosphate. Further, a significant increase in polarization is observed
for higher concentrations of triphenyl phosphate (68).

Phosphorous Pentasulfide. Phosphorous pentasulfide (P2S5) has
been described as an electrolyte additive for high-energy lithium-
sulfur batteries (70). P2S5 passivates the surface of metallic lithium
anodes, promotes the dissolution of Li2S, blocks the polysulfide
shuttle, and thus enables a long battery cycle life.

An in-situ X-ray fluorescence microscopy combined with an X-ray
absorption spectroscopy technique has been reported in order to in-
vestigate the Li2S batteries during their electrochemical cycling (71).
The evolution of morphology changes of the electrode is monitored
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in real time using the X-ray fluorescence images, while the changes
of the sulfur chemical state are characterized simultaneously using
the X-ray absorption spectroscopy spectra.

Lithium-sulfur batteries suffer from a rapid capacity decay and
low energy efficiency because of the low solubility of lithium sulfide
(Li2S) in organic solvents and the intrinsic polysulfide shuttle phe-
nomenon. Phosphorus pentasulfide (P2S5) in an organic electrolyte,
has been shown to boost the cycling performance of lithium-sulfur
batteries. The function of the additive is two-fold (72):

1. P2S5 promotes the dissolution of Li2S and alleviates the loss
of capacity caused by the precipitation of Li2S, and

2. P2S5 passivates the surface of lithium metal and therefore
eliminates the polysulfide shuttle phenomenon.

A lithium-sulfur test cell has shown a high reversible capacity of
900–1350 mA h g−1 and a high coulombic efficiency of some 90% for
at least 40 stable cycles at 0.1°C (72). It has been demonstrated to
have a theoretical energy density of 2600 Wh kg−1, which is about 3–5
times higher than that of the lithium-ion batteries. So Li−S batteries
are promising for the next generation of high-energy batteries for
large-scale energy storage (70).

Lithium-sulfur (Li2S) batteries had been regaining tremendous
interest because of their attractive attributes such as high gravimetric
energy, low cost and environmental benignity (73).

However, it is still not conclusively known how polysulfide
ring/chain participates in the whole cycling and whether the dis-
charge and charge processes follow the same pathway. Herein, we
demonstrate the direct observation of sulfur radicals by using in-
situ electron paramagnetic resonance technique.

Based on the concentration changes of sulfur radicals at different
potentials and the electrochemical characteristics of the cell, it has
been revealed that the chemical and electrochemical reactions in
Li2S cell are driving each other to proceed through sulfur radicals,
leading to two completely different reaction pathways during the
discharging process and the charging process (73).

The proposed radical mechanism may provide new perspectives
to investigate the interactions between sulfur species and the elec-
trolyte, inspiring novel strategies to develop Li2S battery technol-
ogy (73).
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2.4.15 Sulfur Additives

2.4.15.1 Methylene Methanedisulfonate

The capacity fading of LiCoO2/graphite lithium-ion batteries that are
cycled in the voltage range of 3.0–4.5 V can be reduced by methylene
methanedisulfonate as an electrolyte additive (74). This compound
is shown in Figure 2.18.
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Figure 2.18 Methylene methanedisulfonate.

LSV and CV measurements indicated that methylene methane-
disulfonate has a lower oxidation potential in the mixed solvents of
ethylene carbonate and ethyl methyl carbonate. Further, it partici-
pates in the formation process of the CEI film.

The addition of 0.5% methylene methanedisulfonate into the elec-
trolyte effects a significant increase of the capacity retention of the
cells from 32.0% to 69.6% after 150 cycles Also, the rate capacity is
improved in comparison to the cells without the methylene meth-
anedisulfonate additive in the electrolyte.

The results of EIS, XPS and TEM indicated that the enhanced elec-
trochemical performances of the cells can be ascribed to the modifi-
cation of components of the cathode’s surface layer in the presence
of methylene methanedisulfonate. This results in the suppression
of the electrolyte oxidized decomposition and the improvement of
CEI conductivity (74).

2.4.15.2 3,3′-Sulfonyldipropionitrile

3,3′-Sulfonyldipropionitrile has been used as an electrolyte additive.
It can enhance the performance of LiNi1/3Co1/3Mn1/3O2/ graphite
batteries at high voltages (75).

The synthesis starts from acrylonitrile that is dimerized by sodium
sulfide and in a second step the 3,3′-thiodipropionitrile is oxidized
using hydrogen peroxide. The synthesis is shown in Figure 2.19.
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Figure 2.19 Synthesis of 3,3′-sulfonyldipropionitrile (75).

After adding 0.2% 3,3′-sulfonyldipropionitrile to the electrolytes,
the capacity for a LiNi1/3Co1/3Mn1/3O2/graphite cell to retain power
was significantly increased from 59.5% to 77.3% after only 100 cycles.
This shows the promising application of 3,3′-sulfonyldipropionitrile
at higher voltages.

It has been suggested that 3,3′-sulfonyldipropionitrile has a re-
duced oxidative constancy in comparison to ethylene carbonate,
dimethyl carbonate and ethyl methyl carbonate. The improvement
in the cycling activity could be ascribed to the thinner CEI film
originated from 3,3′-sulfonyldipropionitrile electrode. This reduces
the interfacial resistance at a high voltage, but also protects the
decomposition of electrolytes and suppresses transition metal dis-
solution (75).

3,3′-Sulfonyldipropionitrile, cf. Figure 2.20, is structurally differ-
ent from commonly used compounds as additives for an LiMn2O4
cathode, e.g., tris(pentafluorophenyl) borane (76), vinyl ethylene
carbonate (77), fluoroethylene carbonate (78), hexamethyldisilaz-
ane (79), tris(trimethylsilyl) borate (80), or tris(trimethylsilyl) phos-
phate (81).

3,3′-Sulfonyldipropionitrile was studied as a film-forming addi-
tive for a LiMn2O4 cathode at elevated temperature. The reten-
tion capacity of the LiMn2O4/Li cell with the electrolyte (1.0 M
LiPF6 ethylene carbonate/dimethyl carbonate/ethyl methyl carbon-
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ate) containing 0.5% 3,3′-sulfonyldipropionitrile cycled at 55°C and
increased significantly from 56.7% to 70.3% after 200 cycles. The
electrolyte solvents are shown in Figure 2.21.
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Dimethyl carbonate
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CH3 CH3

Figure 2.21 Electrolyte solvents.

The 3,3′-sulfonyldipropionitrile is more easily oxidized than the
solvents, and may take part in the formation of the interface on the
cathode surface (82).

The results of EIS and nuclear magnetic resonance spectroscopy
show that the solid electrolyte interphase is gradually formed dur-
ing cycling. XPS and TEM showed that a thinner solid electrolyte
interphase with less inorganic degradation products can be formed
on the surface of the LiMn2O4 cathode due to 3,3′-sulfonyldiprop-
ionitrile (82).

2.4.15.3 Sultones

Sultones are cyclic sulfonic esters. The term sultone arises from sulf-
onate lactone. Sultones, in particular 1,3-propane sultone, undergo
alkylating reactions easily and are potential carcinogens (83–86).

Propane sultone. 1,3-Propane sultone is a versatile intermediate
compound that can react with a wide variety of compounds to in-
troduce a propane sulfonic functionality (87). 1,3-Propane sultone
is shown in Figure 2.22. 1,3-Propane sultone is toxic, carcinogenic,
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Figure 2.22 1,3-Propane sultone.

mutagenic, and teratogenic (86). The issues of synthesis and appli-
cation of sultones have been reviewed (88).

The use of 1,3-propane sultone in an ethylene carbonate dimethyl
carbonate electrolyte with LiPO4 as a protective additive has been
assessed during cathode material activation and cycling at a high
potential (89).

The results showed that the presence of 1% 1,3-propane sultone
ensured complete and better electrode activation during the first
cycle. Capacities as high as 330 mAhg−1 during charge and 275
mAhg−1 during the discharge with a higher cut-off voltage of 5 V
were found.

CV measurements demonstrated that activating at such a volt-
age enhanced the redox activity from Li2MnO3 activation. At the
same time, the contribution of nickel and cobalt electroactivity is
decreased at their regular voltage.

This feature was attributed to structural modifications occurring
on the surface in the bulk of the material. Long-term cycling tests of
the half-cells with 1,3-propane sultone provided a higher reversible
capacity and superior capacity retention (89).

Disultones. The battery life of a lithium battery can be improved
by using an organic electrolyte solution including a disultone-based
additive. Disultones can be prepared as shown in Figure 2.23.

The preparation procedure has been described in detail as (90):

Preparation 2–7: A solution of 10.34 g (0.156 mol) of potassium hydroxide
dissolved in 200 ml of ethanol was added dropwise into a solution of 50 g
(0.154 mol) of pentaerythritol tribromide dissolved in 200 ml of ethanol, and
the resulting mixture was refluxed for about 30 min. The resulting reaction
product was cooled down to room temperature, and then filtered to remove
KBr, followed by evaporating the ethanol. The residue was distilled in
vacuum to obtain 28 g (0.115 mol) of 3,3-bis(bromomethyl)oxacyclobutane.
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Figure 2.23 Preparation of disultones (90).

Then, 28 g (0.115 mol) of bis(bromomethyl)oxacyclobutane dissolved
in a mixed solvent of 94 ml of methanol and 28 ml of water was added
dropwise into a solution of 44.8 g (0.358 mol) of Na2SO3 dissolved in 252
ml of water. The resulting mixture was refluxed for about 3.5 h, and the
solvent was removed under vacuum. The residue was treated with 200
ml of concentrated HCl, and filtered to remove NaCl, thereby obtaining
a sulfonic acid solution, which was then evaporated in a vacuum. The
resulting residue oil was heated at about 2 torr at about 210–220°C for
about 2 h to obtain a black mass, which was then extracted with boiling
dioxane and then filtered in the hot state. The filtrate was cooled down to
crystallize 10 g of disultone.

Various derivates are advantageous. A sulfonate ester group may
be included in the disultone-based compound shown in Figure 2.23.
This group may be reduced by itself by accepting electrons from a
surface of an anode during charging, or may react with a previously
reduced polar solvent molecule, thereby affecting characteristics of
a solid electrolyte interface layer on a surface of the anode. For
instance, a disultone-based derivate may be reduced at a lower
voltage than a polar solvent before the polar solvent is oxidized.



Electrical Applications 89

2.4.15.4 Di(methylsulfonyl) Methane

In order to overcome the capacity fading of LiNi1/3Co1/3Mn_1/3O2
graphite lithium-ion batteries cycled in the voltage range of 3.0–4.6
V, di(methylsulfonyl) methane, cf. Figure 2.24, has been evaluated
as electrolyte additive (91).
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Figure 2.24 Di(methylsulfonyl) methane.

The experiments indicated that di(methylsulfonyl) methane in the
electrolyte can dramatically improve the cycling performance of a
LiNi1/3Co1/3Mn_1/3O2/graphite cell at a higher voltage operation.
Due to the addition of 0.1% di(methylsulfonyl) methane into the
electrolyte, the capacity loss of the LiNi1/3Co1/3Mn_1/3O2/graphite
cell cycled at the voltage range of 3.0–4.6 V significantly decreased
from 39.0% to 19.9% after 100 cycles. This demonstrates a promising
application of di(methylsulfonyl) methane at a higher voltage.

The enhanced cycling performance has been attributed to the
thinner cathode electrolyte interface film originated from di(meth-
ylsulfonyl) methane on the LiNi1/3Co1/3Mn_1/3O2. This not only
results in a lower interfacial impedance, but also protects the de-
composition of electrolyte and so prevents the cathode transition
metal dissolution at high voltages (91).

2.4.15.5 Thiophene

It has been shown that the addition of thiophene improves the cycle
life of lithium-ion cells at high voltage (92). The electrolyte solution
used was 1 M LiPF6 in ethylene carbonate and diethyl carbonate
(3:7 by volume). Thiophene was added at 0.1% to the electrolyte so-
lution. The cathode was prepared by coating an N-methyl-2-pyrr-
olidone-based slurry with LiCoO2, PVDF, and conductive carbon
black.

The results of EIS suggest that the addition of thiophene sig-
nificantly suppresses the increase of the charge transfer resistance
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that occurs during cycling up to a high voltage. Differential scan-
ning calorimetry studies showed that the thermal stability of a fully
charged LiCoO2 cathode was also enhanced in the presence of thio-
phene (92).

2.4.16 Isothiocyanates

Additives for a rechargeable lithium battery electrolyte capable of
improving charge and discharge characteristics and cycle life char-
acteristics have been described (93). These are aromatic compounds
bearing an isothiocyanate group. Suitable isothiocyanates are sum-
marized in Table 2.5 and shown in Figure 2.25.

Table 2.5 Isothiocyanates (93).

Compound

Phenyl isothiocyanate
4-Nitrophenyl isothiocyanate
Trifluoromethyl phenyl isothiocyanate
4-Cyanophenyl isothiocyanate
4-Methoxyphenyl isothiocyanate
4-Fluorophenyl isothiocyanate
4-Methylphenyl isothiocyanate
2-Fluoro-5-(trifluoromethyl)phenyl isothiocyanate
4-Methyl-3-(trifluoromethyl)phenyl isothiocyanate
4-Fluoro-3-(trifluoromethyl)phenyl isothiocyanate
3,5-Bis(trifluoromethyl)phenyl isothiocyanate
1,4-Phenylene diisothiocyanate

The aromatic compound may be included in an amount of about
0.01–1% based on the total amount of the rechargeable lithium bat-
tery electrolyte. By including an electrolyte containing such ad-
ditives, the charge and discharge characteristics and the cycle life
characteristics of the rechargeable lithium battery may be improved.

The aromatic compound with an isothiocyanate group can be re-
duced and decomposed at the initial charge of rechargeable lithium
battery to provide a stable solid electrolyte interface passivation
film on the negative electrode surface. This passivation film may
improve the cycle life characteristics of the lithium battery and may
suppress lowering the discharge capacity at a low temperature and
swelling when allowed to stand at a high temperature.
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Figure 2.25 Isothiocyanates.
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The polymerization reaction that produces a solid electrolyte in-
terface is shown in Figure 2.26.
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Figure 2.26 Polymerization of an isothiocyanate.

Here, the isothiocyanate containing aromatic compound receives
electron on the negative electrode surface and is reduced to a radi-
cal. The thus produced radical acts as a polymerization initiator in
the polymerization reaction. In addition, since the radical is contin-
uously easily produced with the polymerization reaction, the poly-
merization reaction may be continuously occurring. In this way,
a solid electrolyte interface film may be produced on the negative
electrode surface. It has been found that the reduction potential of
4-nitrophenyl isothiocyanate was remarkably lower than the reduc-
tion potential of ethylene carbonate (93).

2.4.17 Other Additive Types

2.4.17.1 Bismaleimide

A N,N′-4,4′-diphenylmethane-bismaleimide (BMI) compound, cf.
Figure 2.27, has been tested for the enhancement of the high-voltage
performance of lithium-ion batteries (94).
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Figure 2.27 N,N′-4,4′-diphenylmethane-bismaleimide.

When only 0.1% (m/v) BMI is added into the control electrolyte,
the high-voltage cycling performance of LiCoO2/Li cells is improved
evidently while charging the cell up to 4.5 V rather than the conven-
tional 4.2 V.

SEM and XPS measurements showed that an interface film is
formed on the cathode surface from BMI in electrolyte. AC imped-
ance spectra and charge/discharge test were tested after incubation
of the charged cell at 60°C. LSV was used to test the electrochemical
stability window of the electrolyte with the addition. The results
demonstrate that the improvement of high-voltage performance is
attributed to the surface film on cathode.

In addition, the addition of BMI does not cause damage in con-
ventional performance with 4.2 V electrochemical window. The
addition of BMI to the electrolyte provides a high-voltage cycling
performance with 4.5 V electrochemical window, suggesting the
LiCoO2 battery as a simple and promising system for applications
with high energy density (94).

A branched oligomer from N-phenylmaleimide and bismaleim-
ide was tested as additive in lithium-ion batteries in order to increase
the safety performance by reducing the probability of batteries suf-
fering an internal short circuit (95).

Several safety tests for batteries have been described (96). In the
nail penetration test, a LiCoO2/mesocarbon microbeads full battery
with the branched oligomer showed a significant improvement in
the thermal stability and was able to restrain the temperature of
the battery at about 85°C. The nail penetration test was conducted
according to the standard procedure described in UL1642 (97) and
SBA G1101 (98). An internal short circuit occurs upon nail penetra-
tion, and the thermal runaway behavior can be observed if there is
no mechanism to quench the heat or stop the chain reaction quickly.
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Furthermore, it was found that the branched oligomer showed
a better cycling and electrochemical performance in comparison to
a battery with a bismaleimide-containing branched oligomer in the
electrolyte.

This improvement could be effected by the favorable ionic con-
ductivity, Li-ion mobility and lower resistance in the battery. So, this
additive can meet the cycling performance and safety requirements
for Li-ion batteries (95).

2.4.17.2 Allyloxytrimethylsilane

The commonly used LiPF6 in current electrolytes is very suscepti-
ble to hydrolysis even if trace amounts of water are present in the
electrolyte (99):

LiPF6 +H2O A POF3 + LiF + 2HF (2.3)

The electrochemical performance of a high voltage LiNi0.5Mn1.5O4
cell could be improved by the addition of the electrolyte additive
allyloxytrimethylsilane, cf. Figure 2.28 (100).
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Figure 2.28 Allyloxytrimethylsilane.

In the presence of 0.5% allyloxytrimethylsilane, the discharge ca-
pacity retention of the Li/LiNi0.5Mn1.5O4 cell is improved from 73.1%
to 80.2% after 500 cycles at room temperature, and from 52.4% to
92.5% after 100 cycles at 55°C.

In addition, the Li/LiNi0.5Mn1.5O4 cell with allyloxytrimethylsil-
ane has a superior discharge capacity of 95.6 mAhg−1 at a high rate
of 3 C, whereas a cell without allyloxytrimethylsilane only has 76.8
mAhg−1 discharge capacity.

Theoretical calculations and experimental results indicated that
allyloxytrimethylsilane is oxidized prior to the carbonate solvents
during the first charge process and then creates a less resistive and
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high thermal stability of solid electrolyte interface film on the surface
of LiNi0.5Mn1.5O4 cathode. The solid electrolyte interface film from
allyloxytrimethylsilane, composed of organic silicon-based species,
ether moieties and reduced LiF, is responsible for the suppression
of the electrolyte decomposition and dissolution of transition metal
ions at high voltage, in particular at a high temperature (100).

2.4.17.3 Chitosan

Chitosan with abundant hydroxyl and amine groups as an addi-
tive for cathodes and separators has been proven to be an effective
polysulfide trapping agent in lithium-sulfur batteries (101).

In comparison to common sulfur cathodes, a cathode with chi-
tosan shows an enhanced initial discharge capacity from 950 to 1145
mA h g−1. The reversible specific capacity after 100 cycles increases
from 508 mA h g−1 to 680 mA h g−1 and 473 to 646 mA h g−1 at rates of
C/2 and 1 C, respectively (101).

In addition, batteries with separators that are coated with a
carbon/chitosan layer can exhibit a high discharge capacity of 830
mA h g−1 at C/2 after 100 cycles and 675 mA h g−1 at 1 C after 200
cycles with the capacity fading to as low as 0.11% per cycle.

It has been demonstrated that chitosan is beneficial not only for
lithium-sulfur batteries, but also other sulfur-based battery applica-
tions (101).

2.4.17.4 1,2-Bis(difluoromethylsilyl)ethane

In the case of graphite/LiMn2O4 lithium-ion batteries, the charge/dis-
charge capacity retention during high temperature cycling at 60°C
could be successfully improved by the addition of 1,2-bis(diflu-
oromethylsilyl)ethane into the electrolyte (102). In addition, the
additive suppresses the self-discharge in a storage test at 60°C for 7
d.

Surface analysis showed that a silicon and fluorine-containing
thin layer is formed by the decomposition of 1,2-bis(difluorometh-
ylsilyl)ethane, cf. Figure 2.29. This effectively protects the graphite
negative electrode during the high temperature cycling and storage.
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Figure 2.29 1,2-Bis(difluoromethylsilyl)ethane.

The silicon-containing and fluorine-containing surface layer sup-
presses the degradation of the negative electrode caused by deposi-
tion of manganese, resulting from Mn2+ dissolution from LiMn2O4,
and so prevents the self-discharge due to an excess decomposition
of the electrolyte on the surface (102).

2.4.17.5 Surface Stability Enhancers

Several types of additives have been tested to enhance the surface
stability of high-Ni-content cathodes with a content greater than
60%. The additive candidates with different chemical functionalities
that have been tested are shown in Table 2.6 and in Figure 2.30.

Table 2.6 Additive used for testing (103).

Compound Functional group

Vinylene carbonate Alkenyl group
Succinonitrile Nitrile group
Propene sulfone Sulfone and alkenyl groups
Propane sulfone Sulfone group

The additives were added in amounts of 2%. All additives im-
proved the behavior of the electrodes to a certain extent. The most
effective additive was found to be propane sulfone. The cycle per-
formance in the presence of 2% propane sulfone is highly improved
at a high temperature of 60°C and 98.9% of its initial capacity is
preserved. The increase in thickness is only 17.9%, thus prevent-
ing undesired swellings. Further gases are not generated in large
amounts with the internal pressure being 56.4 kPa (103).
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Figure 2.30 Additive used for testing (103).

2.4.17.6 Storage Stability Enhancement

An electrolyte for a rechargeable lithium battery with excellent stor-
age stability at a high temperature has been described (104). The
electrolyte for a rechargeable lithium battery includes a nonaque-
ous organic solvent, a lithium salt, and an additive. The additive
includes vinylene carbonate, fluoroethylene carbonate, and a ni-
trile-based compound.

The electrolyte may include mixtures of carbonate-based solvents
and aromatic hydrocarbon-based solvents. The carbonate-based
solvents and the aromatic hydrocarbon-based solvents are prefer-
ably mixed together in a volume ratio of 1:1 to 30:1. Suitable carbon-
ate-based solvents are summarized in Table 2.7.

Suitable aromatic hydrocarbon-based nonaqueous organic sol-
vents are summarized in Table 2.8 and in Figure 2.31.

Nitrile-based compounds are summarized in Table 2.9 and shown
in Figure 2.32.

When vinylene carbonate was included at an amount of 0.01–9%
and fluoroethylene carbonate was included at an amount of 0.1–7%,
and a nitrile-based compound, such as adiponitrile, was included
in an amount of 0.005–10% to prepare an electrolyte, a cell including
the electrolyte demonstrated an excellent storage stability even at a
high temperature (104).



98 Additives for High Performance Applications

Table 2.7 Carbonate-based solvents (104).

Compound Compound

Dimethyl carbonate Diethyl carbonate
Dipropyl carbonate Methylpropyl carbonate
Ethylpropyl carbonate Methylethyl carbonate
Ethyl methyl carbonate Ethylene carbonate
Propylene carbonate Butylene carbonate
Methyl acetate Ethyl acetate
Propyl acetate Dimethyl acetate
Methyl propionate Ethyl propionate
γ-Butyrolactone Decanolide
Valerolactone Caprolactone
Dibutyl ether Tetraglyme
Diglyme Dimethoxyethane
2-Methyltetrahydrofuran Tetrahydrofuran
Cyclohexanone Ethyl alcohol
Isopropyl alcohol Dimethylformamide
1,3-Dioxolane

1,2-Difluorotoluene

CH3

FF
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Figure 2.31 Aromatic hydrocarbon-based nonaqueous organic solvents.
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Table 2.8 Aromatic nonaqueous organic sol-
vents (104).

Compound Compound

Benzene Fluorobenzene
1,2-Difluorobenzene 1,3-Difluorobenzene
1,4-Difluorobenzene 1,2,3-Trifluorobenzene
1,2,4-Trifluorobenzene Chlorobenzene
1,2-Dichlorobenzene 1,3-Dichlorobenzene
1,4-Dichlorobenzene 1,2,3-Trichlorobenzene
1,2,4-Trichlorobenzene Iodobenzene
1,2-Diiodobenzene 1,3-Diiodobenzene
1,4-Diiodobenzene 1,2,3-Triiodobenzene
1,2,4-Triiodobenzene Toluene
Fluorotoluene 1,2-Difluorotoluene
1,3-Difluorotoluene 1,4-Difluorotoluene
1,2,3-Trifluorotoluene 1,2,4-Trifluorotoluene
Chlorotoluene 1,2-Dichlorotoluene
1,3-Dichlorotoluene 1,4-Dichlorotoluene
1,2,3-Trichlorotoluene 1,2,4-Trichlorotoluene
Iodotoluene 1,2-Diiodotoluene
1,3-Diiodotoluene 1,4-Diiodotoluene
1,2,3-Triiodotoluene 1,2,4-Triiodotoluene
Xylene

Table 2.9 Nitrile-based compounds (104).

Compound Compound

Succinonitrile Glutaronitrile
Adiponitrile Pimelonitrile
Suberonitrile
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Figure 2.32 Nitrile-based compounds.

2.4.17.7 Polyalkyleneglycol Diglycidylether

It has been found that a lithium secondary battery with a noticeably
improved high-temperature performance and lifespan characteris-
tics can be fabricated by adding a polyalkyleneglycol diglycidyl-
ether to the electrolyte of the battery (105).

When a battery is stored or used at a high temperature, a de-
composition reaction between an electrode and an electrolyte of the
battery may be decreased. This in turn reduces considerably the gas
generated thereby, so that deterioration of a cycle at elevated tem-
perature or a capacity reduction caused by high temperature storage
of the battery may be significantly decreased. In addition, thickness
swelling of the battery may be inhibited. Moreover, the battery
containing the electrolyte does not suffer from a performance dete-
rioration, thus exhibiting enhanced safety. The polyalkyleneglycol
diglycidylether used is shown in Figure 2.33.

O
O

O

O
n

Figure 2.33 Polyalkyleneglycol diglycidylether.

If the amount of the additive is too small, the additive may have



Electrical Applications 101

little effect. Conversely, when the amount is too large, a viscosity of
the electrolyte may be increased, while a battery manufactured us-
ing the electrolyte may exhibit high resistance, causing undesirable
deterioration in performance of the battery (105).

The electrolyte may include a nonaqueous electrolyte and an
aprotic organic solvent. These compounds are summarized in Table
2.10. Some compounds are shown in Figure 2.34.

Table 2.10 Nonaqueous electrolytes and aprotic or-
ganic solvents (105).

Compound Compound

N-Methyl-2-pyrrolidinone Propylene carbonate
Ethylene carbonate Butylene carbonate
Dimethyl carbonate Diethyl carbonate
Ethyl methyl carbonate γ-Butyrolactone
1,2-Dimethoxyethane Tetrahydrofuran
2-Methyltetrahydrofuran Dimethylsulfoxide
1,3-Dioxolane Formamide
Dimethylformamide 1,3-Dioxolane
Acetonitrile Nitromethane
Methyl formate Methyl acetate
Phosphoric acid triester Trimethoxy methane
Sulfolane Methyl sulfolane
1,3-Dimethyl-2-imidazolidinone

2.5 Nickel Batteries

Large-scale electrical energy storage systems are needed to accom-
modate the intrinsic variability of energy supply from solar and
wind resources. Such energy storage systems will store the excess
energy during the periods of electricity production, and they release
the energy during the periods of electricity demand. Viable energy
storage systems will have to meet the following requirements (106):

• Low installation cost of smaller than 100 USD per kWh,
• A long operating life of more than 5000 cycles,
• High round-trip energy efficiency of over 80%, and
• Ease of scalability to megawatt-hour level systems.
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Rechargeable batteries are particularly suitable for such large-
scale storage of electrical energy because of their high round-trip ef-
ficiency and scalability. Suitable types of rechargeable batteries are
vanadium-redox, sodium-sulfur, zinc-bromine, zinc-air and lithi-
um-ion batteries.

However, with regard to durability, cost, and large-scale imple-
mentation, the beneficial features of iron-based alkaline batteries for
large-scale energy storage have been largely overlooked.

Nickel-iron batteries have been used in various stationary and
mobile applications for more than 70 y in the USA and Europe until
the 1980s. Then, the iron-based batteries were largely supplanted
by sealed lead-acid batteries. Because of their high specific energy,
iron-air batteries again underwent active development for electric
vehicles and military applications in the 1970s, but this was discon-
tinued after 1984 (21).

The electrochemistry of the iron electrode in alkaline batteries in-
volves the redox process involving iron (II) hydroxide and elemental
iron:

Fe(OH)2 + 2e− A Fe + 2OH− Eo=−0.877V (2.4)

Iron, the primary raw material for iron-based battery systems, is
globally abundant, relatively inexpensive, can be easily recycled,
and is eco-friendly.

Also, the iron electrode is well known for being robust over re-
peated cycles of charge and discharge. Stable performance over 3000
charge and discharge cycles has been demonstrated in nickel-iron
batteries. Such robustness is extraordinary as most rechargeable bat-
tery electrodes degrade within 1000 cycles. The robustness of the
iron electrode is attributed to the low solubility of the hydroxides of
iron in alkaline media. The principal limitation of the iron electrode
is its low charging efficiency that is in the range of 55–70%. This
limitation arises from the wasteful hydrogen evolution that occurs
during charging according to the following reaction:

2H2O + 2e− A H2 + 2OH− Eo=−0.828V (2.5)
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Fe + 2H2O A Fe(OH)2 +H2 (2.6)

On the other hand, a self-discharge during the idle stand of the
battery can occur as follows:

The hydrogen evolution reaction occurs because the electrode
potential for this reaction is positive to that of the iron electrode
reaction (Eq. 2.4). Therefore, these batteries will have to be over-
charged by 60–100% to achieve their full capacity. The hydrogen
evolution that occurs during charging is undesirable because it low-
ers the round-trip energy efficiency and results in loss of water from
the electrolyte.

Thus, suppressing the hydrogen evolution at the iron electrode
has important benefits of raising the overall energy efficiency, lower-
ing the cost, and increasing the ease of implementation of iron-based
batteries in large-scale energy storage systems.

However, suppressing hydrogen evolution and achieving an iron
electrode with a charging-efficiency close to 100%, without interfer-
ing with the other performance features of the electrode, has been a
formidable challenge for many years (106).

Another limitation of commercially available iron batteries is their
inability to be discharged at high rates. When discharged in less than
five hours (also termed the five-hour rate), the capacity realized is
very small.

Grid-scale electrical energy storage requires that the battery be
capable of being charged and discharged in one to two hours. The
discharge rate capability of the iron electrode can be improved if the
passivation by the electrically non-conductive iron (II) hydroxide
can be achieved (107, 108).

Additives and formulations that can overcome the above-men-
tioned problems have been reported (106). In one formulation, the
electrodes may include 50–99% carbonyl iron, approximately 5–50%
of potassium carbonate or a similar soluble additive that creates
pores when dissolved, and approximately 5–30% of a polymeric
binder such as a poly(ethylene) binder. Alternatively, a portion of
the carbonyl iron, such as approximately 5%, may be substituted
with bismuth sulfide. The powder mixture may be spread on a
metallic grid, such as a degreased nickel grid or a nickel coated steel
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grid, and pressed at a temperature of about 140°C and a pressure of
about 5 kp cm−2.

Carbonyl iron does not contain the common impurities, such as
manganese, sulfur and phosphorus, that are present in the reduced
oxides. These impurities decrease the hydrogen overpotential and
facilitate hydrogen evolution by increasing the ease of formation of
adsorbed hydrogen species on the surface of iron.

A further decrease in the rate of hydrogen evolution has been
achieved by the addition of bismuth sulfide to the carbonyl iron
material. Bismuth sulfide is an electrically conducting solid, insol-
uble in the potassium hydroxide electrolyte. During charging, the
bismuth sulfide is transformed into elemental bismuth:

Bi2S3 + 6e− A 2Bi + 3S2− Eo=−0.818V (2.7)

The electrode potential for the reduction of bismuth sulfide to
bismuth is more positive than that of the iron electrode reaction (Eq.
2.7) and thus the charging process conducted at −1 V facilitates the
formation of elemental bismuth.

According to Eq. 2.6, iron is responsible for the hydrogen for-
mation in the presence of water. So it can be concluded that the
suppression of the hydrogen evolution reaction can be achieved by
excluding water from the surface of the iron electrode.

Alkanethiols and other organo-sulfur compounds are known to
form a self-assembled monolayer on various metal surfaces through
the interaction of the sulfur atom of the thiol with various metals.
Such self-assembled layers can be very compact and water repellent
and can substantially reduce the access of reactants to the electrode
solution interface. Therefore, such self-assembled monolayers of
alkanethiol formed on an iron surface may inhibit the hydrogen
evolution reaction.

Since the properties of self-assembled monolayers depend on
chain length of the alkanethiol, the degree of suppression of the
hydrogen evolution reaction will depend on the molecular struc-
ture of the alkanethiol. If the self-assembled layer is too compact,
then the total exclusion of water from the surface will also inhibit
all the electrochemical processes, including the desirable process of
charging the battery electrode (Eq. 2.4). It is therefore important
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to identify the optimal chain length of alkanethiol that can achieve
inhibition but not a complete blockage of the surface reactions.

Several different organo-sulfur additives have been investigated
for suppressing the hydrogen evolution during charging of the iron
electrode. Oxidation resistance and suppression of hydrogen evo-
lution is also offered by p-dithiane, bis(methylthio)methane, 1-oct-
anethiol, sodium 1-propanethiolate, and hexanethiol. These com-
pounds are listed in Table 2.11 and in Figure 2.35.

Table 2.11 Organo-sulfur compounds (106).

Additive Additive

1,2-Ethanedithiol Hexanethiol
Bis(methylthio)methane 2-Methyl benzene thiol
1-Octanethiol 1-Dodecanethiol
p-Dithiane Sodium 1-propanethiolate
3,6-Dioxa-1,8-octanedithiol 2,2′-(Ethylenedioxy)diethanethiol

It was observed that 2-methyl benzene thiol suppresses the hy-
drogen adsorption on platinum and iron. 1,2-Ethanedithiol and
2,2′-(ethylenedioxy)diethanethiol adsorb strongly on platinum elec-
trodes, suppress the adsorption of hydrogen from water, and also
resist oxidative degradation. However, iron electrodes only show
a five to ten times increase in polarization resistance and five to
ten times reduction in double-layer capacitance. Therefore, 1,2-eth-
anedithiol and 2,2′-(ethylenedioxy)diethanethiol are considered as
promising additives for improving the charge efficiency of the iron
electrode (106).

2.5.1 High-Rate Discharge Performance

The effects of flaky rare earth oxide additives, including Er2O3,
Tm2O3, Yb2O3, and Lu2O3, on the high temperature and high-rate
discharge performance of nickel electrodes were investigated (109).

The discharge efficiency at 0.2C reached 96% at 60°C for elec-
trodes using 1% flaky rare earth oxides. The high-rate discharge
performance for electrodes with flaky rare earth oxides could be
improved significantly. For example, the discharge efficiency at 5
C improved from 50% to 70%. A C-rate of 0.2C is also known as a
five-hour discharge; 5C corresponds to 12 min discharge time (110).
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The results showed that the end charging potential of the nickel
electrodes with flaky rare earth oxides were higher than that without
rare earth oxide additives, but lower than that with normal rare earth
oxide additives. In summary, flaky rare earth oxides increased the
oxygen evolution potential and improved the reversibility of nickel
electrodes (109).

2.5.2 Multiphase Nano-Nickel Hydroxide

Multiphase nano-Ni(OH)2-doped with Y or La was prepared by a
supersonic co-precipitation method (111). The crystal morphology,
structure and particle size were characterized by TEM, XRD and
particle size distribution.

Measurements of the electrochemical performance indicated that
micromorphology and grain size were changed with the changing
of the supersonic power, pH values and doping elements. The mor-
phology of a Y-doped sample changed from flake-like to needle-like
with the increase of supersonic power. Particles were modified from
quasi-spherical particles to needle-like with an increase of the pH.
The pH is very important for the formation of a crystalline phase.
Lower pH value was beneficial to the formation of Ni(OH)2. Howev-
er, the pH values had only a slight effect on the reaction reversibility.

Complex electrodes were prepared by mixing 8% nickel hydrox-
ides with commercial microsize spherical nickel. The discharge
capacity of electrodes increased initially and then decreased with
the increase of the supersonic power. When the supersonic power
was 60 W and the pH value was 9, the sample had the largest dis-
charge capacity of 358 mAh g−1 at 0.5C rate, which was 122.7 and 76
mAh g−1 higher than the spherical nickel electrode and the La-doped
sample electrode, respectively (111).

2.5.3 Nickel-Metal Hydride Batteries

The high-temperature performance of nickel-metal hydride batter-
ies is directly related to the behavior of the nickel hydroxide elec-
trode materials, which determines the cell capacity. Due to oxygen
evolution on the positive electrode at a temperature higher than
50°C, the charge efficiency of positive electrodes is significantly di-
minished when the undesirable oxygen evolution reaction occurs.
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This results in a poor performance of the batteries at high tempera-
tures (112, 113).

2.5.3.1 Enhancement of High-Temperature Performance

An alternative approach to improve the high-temperature perfor-
mance of nickel-metal hydride batteries has been proposed by in-
troducing a NaOH electrolyte containing NaBO2 additives. The
paste nickel electrodes were prepared as follows (114):

Preparation 2–8: A mixture with 90% β−CoOOH coated β−Ni(OH)2, 5%
CoO and 5% Ni powder were mixed thoroughly by milling to ensure
the uniformity of the mixture. After adding a proper amount of 3% of
the binders poly(tetrafluoroethylene) and sodium carboxymethyl cellu-
lose and distilled water, a paste with adequate rheological properties was
produced by a blender in the course of continuous stirring for 1 h. The
resultant slurry was poured into a foam nickel sheet and dried at 80°C
in air. Afterward, the positive electrodes were rolled into a sheet with a
thickness of 0.65 mm and cut into small pieces with the dimensions of 90
mm × 41 mm × 0.68 mm.

A commercial MmNi5-type hydrogen storage alloy was used for the
negative electrode material. A slurry containing 96% alloy powders, 4%
nickel powder and a proper amount of binders styrene-butadiene rubber
and hydroxypropyl methyl cellulose was pasted onto the nickel coated
stainless steel strip substrates, and then dried and compressed to obtain
the metal hydride electrode. The dimensions of the pasted metal hydride
electrode plate were 125 mm × 42 mm × 0.28 mm.

In comparison to conventional batteries that use KOH electrolyte,
the alternatively prepared batteries with these new electrolytes ex-
hibit an enhanced discharge capacity, improved high-rate discharge
ability, increased cycle stability and reduced self-discharge rate at
an elevated temperature of 70°C.

The charge acceptance of these nickel-metal hydride batteries at
70°C is over 96% at a charge/discharge rate of 1°C. These perfor-
mance improvements are due to the increased oxygen evolution
overpotential, slower oxygen evolution rate and lower electrochem-
ical impedance, as indicated by CV, steady-state polarization meas-
urements and EIS (114).
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2.5.3.2 Effects of Different Electrolytes

In order to improve the high-temperature performance of the nickel
hydroxide electrodes in nickel-metal hydride batteries, sodium
tungstate (Na2WO4) was used as an electrolyte additive (115). It
was added into two types of binary electrolytes, i.e., KOH−LiOH
and NaOH−LiOH.

The effects of electrolyte composition on the electrochemical per-
formance of nickel electrodes have been systematically investigated
using a combination of CV, EIS, SEM, XRD, and charge/discharge
tests. It was found that by adding 1.0% Na2WO4, the performance
of nickel electrodes is significantly improved in both KOH−LiOH
and NaOH−LiOH electrolytes at 70°C.

The improved performance has been attributed to the deposition
of a WO3 × 2H2O solid film on the surface of the nickel electrode,
which is beneficial to the increase in oxygen evolution overpotential,
the slow-down of oxygen evolution rate and the decrease in charge
transfer resistance (115).

2.5.3.3 Sodium Tungstate

Sodium tungstate, (Na2WO4, was tested as an electrolyte additive
to enhance the high-temperature performance of a nickel-metal hy-
dride battery (116). The effects of Na2WO4 on nickel hydroxide elec-
trodes have been investigated by CV, EIS, and a charge/discharge
test.

It has been found that the nickel-metal hydride cell with the con-
ventional KOH electrolyte containing 1% Na2WO4 additive exhibits
a higher discharge retention and a better cycling performance than
a cell without the Na2WO4 additive at 25°C and also at 70°C.

These improvements are ascribed to the enhancement of the oxy-
gen evolution overvoltage and lower electrochemical impedance,
as indicated by CV and EIS. The results suggest that the use of
Na2WO4 may be an effective way to improve the high temperature
performance of nickel-metal hydride batteries (116).

2.5.3.4 Calcium Metaborate

Calcium metaborate has been proposed to improve the high-temper-
ature characteristics of the nickel electrodes for nickel-metal hydride
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batteries (117).

As a soluble calcium salt, calcium metaborate can be easily and
uniformly dispersed in nickel electrodes. The effects of calcium
metaborate on the nickel electrode have been investigated via a
combination of cyclability, capacity retention, electrochemical im-
pedance spectroscopy, scanning electron microscope and X-ray dif-
fraction.

In comparison to conventional nickel electrodes, an electrode with
0.5% calcium metaborate exhibited superior electrode properties,
including an enhanced discharge capacity, improved high-rate dis-
charge ability and excellent cycle stability at an elevated tempera-
ture of 70°C. The improved cell performance of the nickel electrode
containing calcium metaborate additives has been attributed to the
increased oxygen evolution overvoltage and slower oxygen evolu-
tion rate. Thus, in comparison to insoluble calcium salts, such as
Ca(OH)2, CaCO3, and CaF2, calcium metaborate is more effective as
a cathode additive to improve the high-temperature performance of
nickel-metal hydride batteries (117).

2.5.3.5 Ytterbium-Substituted Nickel Hydroxide

Nanosized ytterbium (Yb)-substituted α-Ni(OH)2 was synthesized
by ultrasonic-assisted precipitation, using nickel sulfate as nickel
source and Yb(NO3)3 × 5H2O as doping material (118).

The crystal structure, morphology, and particle size distribution
of the sample were characterized using XRD, IR, TEM, SEM, and
other methods. The results of these characterization methods in-
dicated that the samples are anisotropic polycrystalline α-Ni(OH)2
with a particle size of 50–200 nm, and the particle size increases with
Yb-doping.

The synthesized samples were tested in a nickel-metal hydroxide
battery. The specific capacity increases initially and then decreases
with increasing Yb-doping ratio with the maximum discharge ca-
pacity of 295.1 mAh g−1 at 0.2C, which is 60 mAh g−1 higher than
a microsized spherical nickel electrode. At the same time, the pre-
pared material has lower charging voltage, higher discharge voltage
plateau, and better cycle performance (118).
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2.6 Sodium-Ion Batteries

2.6.1 Antimony-Based Intermetallic Alloy Anodes

An antimony containing intermetallic alloy compound consisting
of molybdenum and antimony dispersed in an amorphous carbon
matrix was developed using a high-energy mechanical milling tech-
nique (119). This material was used as the anode for a sodium-ion
battery.

The structure and morphology of the as-prepared material were
characterized using XRD and TEM. The ex-situ XRD measurement
confirmed the formation of a Na3Sb phase during the sodiation. The
electrochemical performance of the so-prepared Mo3Sb7−C compos-
ite demonstrated a stable cyclability up to 40 cycles at a current rate
of 100 mA g−1.

When a fluoroethylene carbonate additive was introduced into
the electrolyte, the Mo3Sb7−C anodes exhibited a longer cyclic life
with a capacity retention of around 90% at 100 cycles, as well as a su-
perior rate-cyclic performance corresponding to a capacity retention
of more than 70% at 10,000 mA g−1.

This enhanced electrochemical performance could be ascribed to
the formation of a stable solid electrolyte interphase layer, smaller
charge transfer resistance, and better dispersion of Mo3Sb7 nano-
particles in the carbon matrix (119).

2.6.1.1 High Performance Anodes

An important strategy to design suitable electrolyte systems has
been shown that makes the desirable interfacial structure to allow
the reversible sodiation and desodiation of Sn4P3 anodes (120). A re-
markable improvement in the electrochemical performance of Sn4P3
anodes for sodium-ion batteries can be achieved by the combination
of fluoroethylene carbonate with tris(trimethylsilyl) phosphite.

Unique functions of this binary additive combination have been
detected that build up a protective surface film on the Sn4P3 anode
against an undesired electrolyte decomposition and to prevent the
formation of the Na15Sn4 phase, which is accompanied by a large
volume expansion during the sodiation process (120).
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2.7 Solar Cells

Organic solar cells exhibit tremendous potential in the world’s en-
ergy strategy due to their predominant advantages such as low cost,
light weight, and large-area fabrication on flexible substrates (121).

Small molecule semiconductors for bulk heterojunction organic
solar cells are attractive because of their advantages over their poly-
mer counterparts, which include well-defined molecular structure,
definite molecular weight, and high purity without batch-to-batch
variations.

2.7.1 Star-Shaped Molecules

Star-shaped molecules have been developed as an interesting class
of semiconducting materials and used in organic solar cells because
of a number of advantages (122).

By tailoring the functional groups in the core and the arm, star
molecules can be designed to realize a low band gap, strong and
broad absorption, together with high mobility, resulting in an im-
proved performance (121, 123–126)

2.7.1.1 Triphenylamine

Triphenylamine has been regarded as a promising unit for effi-
cient photovoltaic materials due to its good electron-donating and
high hole-transporting capabilities. Solution-processable triphen-
ylamine-based small molecules have been widely investigated for
application in organic solar cells with power conversion efficiencies
below 3%

Benefiting from its special propeller starburst molecular structure,
amorphous materials with isotropic optical and charge-transporting
properties could be expected when combining triphenylamine with
linear π-conjugated systems. The synthesis is shown in Figure 2.36.

The intermediate compound 4-bromo-7-[5′′-n-hexyl-(2,2′,5′,2′′-
terthiophene)-5-yl]-benzo[c][1,2,5]thiadiazole was synthesized by
a Stille coupling reaction of the compound 4,7-dibromobenzo[c]-
[1,2,5]thiadiazole with 5-(n-hexyl)-5′′-(tributylstannyl)-2,2′,5′,2′′′-
terthiophene. The terthiophene unit was used to extend the con-
jugated length in order to broaden the absorption spectrum (121).
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2.7.1.2 Knövenagel Condensation Products

Another method has been shown using the Knövenagel condensa-
tion reaction with a ketone precursor (127). This process is shown
in Figure 2.37.

2.7.1.3 Solution-Processable Star-Shaped Molecules

The impact of alkyl side chain substituents on conjugated polymers
on the photovoltaic properties of bulk heterojunction solar cells has
been studied extensively (128). However, their impact on small
molecules has not received adequate attention. In order to assess
the effect of side chains, a series of star-shaped molecules based on
a triphenylamine core, bithiophene, and dicyanovinyl units deriva-
tized with various alkyl end-capping groups of methyl, ethyl, hexyl
and dodecyl have been synthesized. These molecules were studied
to get structure-property relationships.

UV-vis absorption and CV showed that the variation of the alkyl
chain length has only little influence on the absorption and the high-
est occupied molecular orbital and lowest unoccupied molecular
orbital levels.

However, only small changes have a pronounced impact on the
morphology of bulk heterojunction thin films as well as their charge
carrier separation and transportation. This in turn influences the
photovoltaic properties of the small molecule-based bulk hetero-
junction devices. Solution-processed organic solar cells based on
the molecules with the shortest methyl end groups exhibit a high
short circuit current and fill factor (128).

2.7.2 Dye-Sensitized Solar Cells

2.7.2.1 Pyridinyl-Functionalized Ionic Liquid

A pyridinyl-functionalized ionic liquid, N-butyl-N′-(4-pyridylhept-
yl)imidazolium bromide, cf. Figure 2.38, has been synthesized and
applied as an additive for dye-sensitized solar cells (129). In compar-
ison to a volatile organic additive, 4-tert-butyl pyridine, the bromine-
containing compound can be used at a very low concentration for
high overall power conversion efficiency cells, which shows an over-
all power conversion efficiency of 5.67% under the simulated air
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mass 1.5 solar spectrum illumination at 100 mW cm−2 and 6.69% at
15 mW cm−2, respectively.

+N

N

N

CH3

Br-

Figure 2.38 N-Butyl-N′-(4-pyridylheptyl)imidazolium bromide.

Furthermore, N-butyl-N′-(4-pyridylheptyl)imidazolium brom-
ide cells show a better long-term stability than that of 4-tert-butyl
pyridine-based devices. These results indicate that the dye-sensi-
tized solar cell devices based on the pyridinyl-functionalized ionic
liquid additive can overcome the drawbacks of the volatile organic
additive, and offer a feasible method to fabricate dye-sensitized so-
lar cells in future practical applications (129).

2.7.2.2 Redox Electrolyte

The influences of a redox electrolyte, additives and solvents on the
photovoltaic performance of dye-sensitized solar cells containing
1-methyl-3-propyl-imidazolinium iodide as the electrolyte were in-
vestigated (130). This compound is shown in Figure 2.39.

N

CH3

CH3

N+
J-

Figure 2.39 1-Methyl-3-propyl-imidazolinium iodide.

An optimum conductivity of 20.31 mS cm−1 for 0.6 M 1-methyl-
3-propyl-imidazolinium iodide in acetonitrile (AN) was found out
from the measurement of the conductivity. Among the different
inorganic and organic iodides as additives, the dye-sensitized solar
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cells showed a high performance with lithium iodide and tetrabutyl
ammonium iodide, respectively.

The performance of the dye-sensitized solar cells with different
solvents was studied. It was suspected that the poor conversion
efficiencies of the dye-sensitized solar cells were associated with a
high charge transfer resistance (130).

2.7.2.3 Diethyl Oxalate

Diethyl oxalate has been used as an effective inexpensive additive-
based iodide/triiodide electrolyte in dye-sensitized solar cells. The
addition of an amount of diethyl oxalate of 1 M into the electro-
lyte shows a dramatic improvement in the short circuit current and,
consequently, in the total conversion efficiency (131).

The fabricated devices based on N719 and 2-cyano-3-(4-(diphen-
ylamino) phenyl) acrylic acid sensitizers with modified electrolyte
show the efficiency of 7.33% and 2.63% at an irradiation of AM 1.5,
and 37% and 22% energy conversion efficiency increments, respec-
tively.

The boost in the photocurrent density mainly occurs due to the
molecular complex formation between the diethyl oxalate and redox
species in the electrolyte solution that promotes the electrochemical
properties of electrolyte. Also, electrochemical impedance mea-
surements indicate that adsorption of diethyl oxalate on the semi-
conductor surface leads to an incensement in the lifetime and the
electron density in the conduction band of TiO2 that shifts the Fermi
level, which leads to a small enhancement in the volatile organic
compound (VOC).

Adsorbing of diethyl oxalate on the titania surface retards the
interfacial charge recombination that has a beneficial effect on the
VOC and short circuit current. Furthermore, the effect mechanisms
of diethyl oxalate and 4-tert-butyl pyridine additives on the cell per-
formance by applying different electrolytes containing the additives
have been compared. These compounds are shown in Figure 2.40

The results showed that 4-tert-butyl pyridine increases VOC,
while diethyl oxalate additive has an effect on the short circuit cur-
rent. Using a combination of these additives leads to a remarkable
improvement. As a result, diethyl oxalate has been shown to be a
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Figure 2.40 Diethyl oxalate and 4-tert-Butyl pyridine.

promising co-additive which can be used for high efficient and low
cost dye-sensitized solar cells (131).

2.7.2.4 Functionalized Ionic Liquids

Benzimidazolyl functionalized ionic liquids have been synthesized
and tested as additives for dye-sensitized solar cells (132). The
fabricated devices show an overall power conversion efficiency of
ca. 7.79% under AM 1.5 radiation (50 mW cm−2), and an excellent
long-term stability.

2.7.3 Perovskite

Photovoltaic devices based on organic lead halide perovskites have
several attractive features, including the ability to use solution pro-
cessing, their high-power conversion efficiencies, the ease of synthe-
sis of their active layer materials, and the capacity to use roll-to-roll
production methods (133).

The film morphologies, crystallinities, and optical properties of
CH3NH3PbI3−xClx perovskite layers can be manipulated by incor-
porating a small amount of ethylammonium iodide into the per-
ovskite precursor solution. In the ethylammonium iodide modified
films, higher absorbencies at higher wavelengths and higher de-
grees of crystallinity were found. This was associated with the
higher surface coverage of the perovskite films (133).

The optimized power conversion efficiency improved from 9.4 ±
0.76 to 10.2± 0.58% after the addition of 0.5% by volume of ethylam-
monium iodide. These devices exhibit an extremely high stability,
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retaining approximately 80% of their power conversion efficiencies
under accelerated heating to 65°C in a dark nitrogen-filled glove
box for more than 360 h. In contrast, the corresponding unmodified
device was relatively sensitive to this temperature. It as been sug-
gested that the presence of ethylammonium iodide suppresses the
crystallization of CH3NH3PbI3−xClx (133).

2.7.3.1 Controllable Perovskite Crystallization

A key issue for perovskite solar cells is the stability of perovskite ma-
terials due to moisture effects under ambient conditions (134). An
improved CH3NH3PbI3−xClx perovskite quality with good crys-
tallization and stability by using water has been developed as an
additive during the crystal perovskite growth.

Incorporating suitable water additives in N,N-dimethylformam-
ide leads to a controllable growth of perovskites due to the lower
boiling point and the higher vapor pressure of water compared with
N,N-dimethylformamide (134). In addition, hydrated perovskites
CH3NH3PbI3−xClx ×n H2O can be resistant to the corrosion by wa-
ter molecules to some extent. These compounds are suspected to be
generated during the annealing process.

Thus, water additive-based perovskite solar cells present a high-
power conversion efficiency of 16% and an improved cell stabil-
ity under ambient conditions in comparison to previous materials.
These findings provide a route to control the growth of crystal per-
ovskites to improve the stability of organic-inorganic halide per-
ovskites (134).

2.7.4 Control of Active Layer Nanomorphology

Two high boiling point solvents, i.e., 1-chloronaphthalene and
1,8-diiodooctane, cf. Figure 2.41, were utilized as co-additives
in o-dichlorobenzene and chlorobenzene solutions for fine tun-
ing of the donor and acceptor domains in the bulk heterojunc-
tion of poly(benzo[1,2-b:4,5-b’]dithiophene-alt-thieno[3,4-c]pyrrole-
4,6-dione) and fullerene derivatives (135).

A power conversion efficiency of 7.1% and a fill factor up to 70%
were obtained for solar cells with active area of 1 cm2 when using
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Figure 2.41 Co-additives for nanomorphology control.

[6,6]-phenyl C61-butyric acid methyl ester as acceptor, suggesting
that an improved morphology could be achieved (135).

2.7.5 Phosphonium Halides as Processing Additives and Interfa-
cial Modifiers

Organic halide salts have been introduced as a processing additive
to modulate the growth kinetics of perovskite light-absorbing films.
Phosphonium halides with bulky aromatic substituents are found
to be the most efficient at improving perovskite film coverage and
crystallinity (136).

Moreover, phosphonium halides can be used as an interfacial
n-dopant to improve the electrical properties of cathode contacts.
Perovskite solar cells incorporating organic halides as processing
additives and interfacial modifiers show significant device perfor-
mance improvement.

2.7.6 Polymeric Solar Cells

A photoactive polymer with two different molecular weights has
been described, based on a new building block: thieno[3,2-b][1]-
benzothiophene isoindigo (137). This compound is shown in Figure
2.42

Due to the improved crystallinity, optimal blend morphology,
and higher charge mobility, solar cell devices of this high molecular
weight polymer exhibit a superior performance, affording efficien-
cies of 9.1% without the need for additives, annealing, or additional
extraction layers during device fabrication (137).
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Figure 2.42 Polymer from thieno[3,2-b][1]benzothiophene isoindigo, R=
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Also, asymmetric indenothiophene-based donor acceptor copoly-
mers have been prepared by Stille coupling reactions between dis-
tannyl indenothiophene and brominated benzothiadiazole deriva-
tives. The basic compounds are shown in Figure 2.43. The Stille

S

RR

Indenothiophene Benzothiadiazole

N

S

N

Figure 2.43 Indenothiophene and benzothiadiazole.

coupling involves the coupling of an organotin compound with a
variety of organic electrophile compounds using palladium as cata-
lyst (138, 139). The reaction can be summarized as:

R′−X + RSnBu3 A R′−R + XSnBu3 (2.8)

The best performing solar cell fabricated from these compounds
exhibited a power conversion efficiency of 9.14%, which demon-
strates the great potential of asymmetric indenothiophene for high
performance copolymers (140).

2.8 Fuel Cells

There are monographs concerning fuel cells (141–144). The principle
of fuel cells was observed already in 1838 (145). Soon afterwards the
Grove cell was developed (146). The Grove cell consisted of a zinc
anode in dilute sulfuric acid and a platinum cathode in concentrated
nitric acid. The two electrodes were separated by a porous ceramic
pot (147). Further aspects of the history of fuel cells have been
detailed (148).

A fuel cell generates electricity and heat simultaneously through
the chemical reaction of atmospheric oxygen with hydrogen pro-
duced through the reaction of water vapor with natural gas, meth-
anol, and others and thus produces only water as a byproduct of
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power generation (149). In addition to this, a high-power genera-
tion efficiency is obtained even in a low output power range, and
electrical power generation is not affected by weather and thus is
stable.

Fuel cells can be classified into phosphoric acid fuel cells, molten
carbonate fuel cells, solid oxide full cells, polymer electrolyte mem-
brane fuel cells, and alkaline full cells according to the type of elec-
trolyte used (150). All these fuel cells operate on the same principle,
but the type of fuel used, operating speed, the catalyst used and
the electrolyte used are different. In particular, polymer electrolyte
membrane fuel cells can be used in small-sized stationary power
generation equipment or transportation systems due to their high
reaction speed, low operating temperature, high output density,
rapid startup, and variation in the requested output.

In particular, the polymer electrolyte fuel cell type has received
attention in applications such as vehicle-mounted use, mobile use,
and stationary use in homes (149). In a vehicle-mounted fuel cell
system serving as a driving source for an automobile, pure hydrogen
stored in a hydrogen tank is supplied to an anode. Further, in a
power source system for mobile devices such as notebook personal
computers and cellular phones, alcohol-based liquid fuel such as
methanol is supplied to an anode.

When such a fuel is sufficiently supplied to an anode and con-
tributes to power generation, an anode reaction represented by Eq.
2.9 or 2.10 occurs, and the protons move toward a cathode through
an electrolyte layer (149).

H2 A 2H+ + 2e− (2.9)

CH3OH +H2O A 6H+ + 6e− + CO2 (2.10)

However, when a load is increased abruptly or when the con-
centration of the fuel decreases, a so-called fuel starvation occurs in
which the amount of fuel required at the anode during power gen-
eration becomes insufficient. In such a case, for example, carbon in
a carbon-supported catalyst medium reacts with water at the anode,
and occasionally, also at the cathode, to produce protons as shown
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in Eq. 2.11 and 2.12, and thus a problem arises in that the carbon is
released as carbon dioxide.

C +H2O A CO + 2H+ + 2e− (2.11)

C +H2O A CO2 + 4H+ + 4e− (2.12)

In addition, when the catalyst for the anode contains ruthenium,
the reaction represented by Eq. 2.13 occurs.

Ru + 2H2O A RuO2 + 4H+ + 4e− (2.13)

Thus a problem arises in that the ruthenium is oxidized and dis-
solved as ruthenium oxide (RuO2). When the carbon in the carbon-
supported catalyst medium is released, the catalyst is no longer
supported, and thus the amount of the catalyst in the anode de-
creases. Also, when the ruthenium is oxidized and dissolved, a
problem arises in that CO resistance is reduced.

2.8.1 Porosity Additive

An oxygen reduction electrode in a fuel cell has been described (150).
The catalyst layer of the oxygen reduction electrode contains a met-
alloporphyrin derivative as an additive. Accordingly, the oxygen re-
duction electrode can increase oxygen concentration and can easily
form a triple phase boundary by reducing a flooding phenomenon
caused by an electrolyte. The metalloporphyrin derivative may be
a hemin compound. This is shown in Figure 2.44.

Since the hemin compound has a substituent having a double
bond and a terminal carboxyl group is in β position, the double
bond can be reduced by a catalyst, such as Pt, thus enabling the
hemin compound to bind chemically onto the surface of the catalyst.
The combined hemin compound increases the hydrophobicity in
the chemical atmosphere around the catalyst, thus preventing a
deterioration of efficiency caused by a flooding phenomenon of the
catalyst particles. Also, the increased hydrophobicity maintains a
path where oxygen flows into the catalyst layer. As a result, the
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oxygen concentration around the catalyst layer can be maintained
at a high level, due to the prevention of flooding in the catalyst
layer (150).

2.8.2 Electrolyte Membranes

Electrochemical fuel cells convert fuel and oxidant streams, to gener-
ate electric power and reaction products. Fuel cells typically oxidize
fuels to produce electrons and protons, at a catalyst layer disposed
on an electrically conductive material, serving as the anode.

The electrons are conducted through the anode, and produce
electrical energy. The protons flow from the anode through an elec-
trolytic medium, often supported by a membrane, to a catalyst layer
disposed on the cathode, where they are recombined with electrons
to reduce an oxidant. In the case of hydrogen fuel cells, molecu-
lar hydrogen is oxidized into electrons and protons at the anode.
The electrons so produced are transported through the electrically
conductive anode, whereas the protons migrate through a poly-
mer-electrolyte membrane (PEM). The PEM comprises a polymeric
scaffold supporting a proton conductive electrolyte phase that en-
ables the conduction of protons through the PEM, to the cathode
where they recombine with electrons to reduce an oxidant, in gen-
eral oxygen.
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To produce a structure capable of performing the above-men-
tioned electrochemical task, an anode and cathode, each containing
catalyst particles, are adhered to opposite sides of the PEM to form
a layered composite structure. This composite structure is respon-
sible for the electrochemical conversions and directed flow of fuel,
byproducts, ions, electrolytes and electrons requisite for the electro-
chemical functioning of a fuel cell. This layered composite structure
is also referred to as a membrane electrode assembly (MEA).

Generally, PEMs may exhibit phase separated morphologies,
wherein an electrolyte phase is dispersed within a continuous poly-
meric phase that provides mechanical stability. Both electrolyte and
polymer phases can impact the permeation of protons through the
PEM. On a molecular level, the chemical characteristics of the elec-
trolyte desirable for proton conduction include molecular topology,
mobility, and acidity.

An increased electrolyte concentration within the membrane may
enhance accessibility and improve rates of proton sorption and per-
meation though the membrane. Maintenance of constant electrolyte
concentration may be desirable for obtaining stable proton conduc-
tivity, and replenishment of vaporized or leached electrolyte may
be continuously performed during operation. On a morphologi-
cal level, dynamic fluctuations between electrolyte domains may
provide conductive pathways through the polymeric continuous
phase. Thus, the ability of the polymeric phase to mechanically
comply with the anodic proton flux may enable proton percolation
though the membrane and enhance conductivity.

It is also desirable that the membrane be mechanically robust
during operation, and serve as a dielectric and mechanical barrier
to the electrical and electrochemical processes within the membrane
electrode assembly, while simultaneously conducting protons. Thus
typical polymers for PEMs possess oligomeric regions that are non-
interactive with the electrolyte, but rather, are involved in intermo-
lecular associations to provide a mechanically robust, continuous
phase. In addition, these polymers have regions compatible with
the chosen electrolyte; and these regions generally contain acidic or
basic residues.

PEMs of particular interest contain acid-functional polymers,
such as acid-functional fluoropolymers, and electrolytes, such as
water. Suitable examples of acid-functional fluoropolymers include
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electrolyte noninteractive (or hydrophobic) oligo(perfluoroethyl-
ene) blocks, and electrolyte interactive fluorosulfonic acid residues
pendant to the polymer chain.

The ability of the PEM to separate electrochemical processes by
selectively restricting permeation of fuel, oxidant and byproducts is
also desirable. This process is often referred to as crossover. Thus,
in order to improve efficiencies, it may be desirable to have a PEM
with low fuel crossover.

When water is used as an electrolyte, the conductivity of the PEM
may suffer at temperatures greater than 80°C. This is a result of
evaporative depletion of the electrolyte phase in the PEM. Humid-
ification of the membrane thus improves performance of the fuel
cell over extended periods. However, the cell performance may fur-
ther degrade at higher temperatures, particularly over 100°C, where
there is reduced water absorption. As the vapor pressure of water
increases rapidly with temperature, it becomes necessary to operate
the fuel cell at higher pressures, which increases system design com-
plexity and cost. Thus, there is a need to operate under low relative
humidity conditions, even at normal operating temperatures.

Therefore, there is a need for PEM configurations that improve
electrochemical performance when operated under low humidity
and/or high temperature conditions. Further, it may be desirable to
have such PEM configurations suitable for use within the fuel cell
environment.

2.8.2.1 Cycloaliphatic Additives

A special PEM has been developed (151). This membrane contains
an acid-functional polymer, and an additive incorporated in at least
a portion of the membrane. The additive is a fluorinated cyclo-
aliphatic additive, or a hydrophobic cycloaliphatic additive. The
additive should have a boiling point greater than about 120°C (151).
Suitable additives of this type are collected in Table 2.12.

It is believed that the use of the cycloaliphatic additives may re-
sult in a reduced leaching of the additive from the membrane, when
compared to the hydrophilic linear additives, e.g., linear alkanes or
amines. The cycloaliphatic additives, due to their increased steric
size and lower water solubility, are expected to have a reduced
mobility in the membrane environment, thus resulting in reduced
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Table 2.12 Fluorinated cycloaliphatic additives (151).

Compound Compound

trans-Perfluorodecalin cis-Perfluorodecalin
Perfluoro(1-methyldecalin) Perfluoro(2-methyldecalin)
Perfluoro(isopentyl-tetrahydro-
pyran)

Perfluorobicyclohexane

Perfluorohydrophenanthrene Perfluorotetradecahydroanthra-
cene

Perfluoro(2-(cyclohexylmethyl)
decalin

Perfluoro(N-methyldecahy-
droisoquinoline)

Perfluoro-(1,2-ethanediylbis(mor-
pholine))

Perfluoro(N-cyclohexylmorpho-
line)

Perfluoro(dimethyl-adamantane) Perfluorotri-methylbicyclo(3.3.1)
nonane

Perfluoro methyldecalin Perfluoro(isopropylcyclohexane)
Perfluoro(n-propylcyclohexane) Perfluoro(1,4-diethylcyclohexane)
Perfluoro(1,3-diethylcyclohexane Perfluoro(1,2-diethylcyclohexane)
Perfluoro(1H-fluorene) Perfluorobutylcyclohexane
Perfluorophenanthrene Perfluorobicyclohexyl

leaching. The leaching of the additives out of the membrane during
prolonged use of the fuel cell may result in a performance degrada-
tion over time. Thus the cycloaliphatic additives may be beneficial
for long-term use of the fuel cell (151).

2.8.2.2 Ionic Liquid Doped Poly(benzimidazole) Membranes

The use of the ionic liquid 1-H-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide as conductive filler has been chosen for a
tailor-made porous, poly(benzimidazole) (PBI) support as proton
conductive membrane for high temperature (>100°C) fuel cell ap-
plications (152). PBI has been selected because of its excellent ther-
mal and mechanical stability, while the choice for the ionic liquid
has been based on its high proton conductivity, low water sorption,
thermal stability and low viscosity.

The morphology of the porous PBI support is especially tailored
for this application using a delayed immersion precipitation process.
The macrovoid-free porous structure has a volume porosity of 65%
and a pore size of approximately 0.5 μm.
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Pores filling with ionic liquid by direct immersion of the PBI sup-
port into the molten ionic liquid at 50°C introduced the membrane
proton conductivity. After impregnation the proton conductivity of
this PBI ionic liquid membrane reached a value of 1.86 mS cm−1 at
190°C.

It has been shown that the fuel cell performance of these mem-
branes clearly exceeds that of Nafion® 117 at temperatures above
90°C. A power density of 0.039 W cm−2 is obtained at the intended
operation temperature of 150°C, which proves that the such devel-
oped membrane can be considered as a serious candidate for high
temperature fuel cell applications (152).

2.8.3 Molybdenum Oxide

In order to circumvent the above-mentioned problems a special fuel
cell has been developed. The fuel cell comprises (149):

1. An electrolyte layer,
2. A first electrode which is provided on one surface of the

electrolyte layer and to which fuel is supplied, and
3. A second electrode which is provided on the other surface

of the electrolyte layer and to which an oxidant is supplied.

The first electrode contains an additive having an oxidation-re-
duction potential which is higher than a potential of formation re-
action for forming a proton from the fuel and which is lower than
an oxidation potential of a component contained in the first elec-
trode (149).

As additive, molybdenum oxide can be used. Molybdenum ox-
ides have excellent electrical conductivity and are insoluble in water
and in dilute acid. In particular, MoO2 and MoO3 are readily avail-
able. The carbon-supported catalyst is platinum-supporting carbon.

Examples of the fuel include pure hydrogen and a reformed gas
which is produced by reforming city gas, liquefied natural gas that
contains approximately 80% of hydrogen. In addition to this, when
the fuel cell is of a type to which organic fuel, such as methanol, is
directly supplied, the organic fuel itself, an aqueous solution thereof,
can be used as the fuel.

It has been stated that even when fuel starvation occurs at the
anodes of the cell, the reaction represented by Eq. 2.13 does not
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occur. Thus, the problem of oxidation and dissolution of Ru as Ru2+

can be avoided. The CO resistance of the anodes is prevented from
being reduced (149).

2.8.4 Nano-Metal Oxides

A fuel cell has been described that contains a first layer comprising
a first ionomer and an additive. The additive is a metal oxide from
Ce, Mn, V, Pt, Ru, Zr, Ni, Cr, W, Co, Mo, or Sn. This additive is
present in an amount of at least 0.1% of the ionomer. The metal
oxide essentially consists of nanoparticles (153).

So, the particles have at least one dimension that is less than 200
nm. The use of nanoparticles was found to improve the performance
of the membrane assemblies compared to assemblies using macro-
particles. As ionomers, perfluorosulfonic acid polymers, e.g., poly-
(tetrafluoroethylene-perfluorosulfonyl fluoride), can be used (153).

2.8.5 Coolant Additive

In a fuel cell vehicle, the temperature of fuel cells rises due to the
exothermic reaction of the fuel cells and thus, while the fuel cells are
cooled by a coolant, a radiator installed in a cooling system radiates
heat of the coolant to maintain the operating temperature of the fuel
cells at an optimum value, e.g., 80°C (154).

The coolant of fuel cells flows through a fuel cell stack and there is
a danger of a short circuit of cells or a leakage of current if electrical
conductivity of the coolant is high. Thus, ion exchanged water with
an electrical conductivity of 1 mS m−1 or less, or a low-conductive
antifreeze, is used as coolant.

A fuel cell vehicle is supposed to be used in an environment in
which the temperature falls to zero or below and thus, the use of ion
exchanged water, which may be frozen, is not preferable. Therefore,
glycols often used as a freezing point depressant of an antifreeze for
vehicle are preferably used as a coolant of fuel cells. However,
glycols are known to generate corrosive substances such as organic
acids due to heat degradation and to corrode metal components.
Thus, when glycols are used as a coolant, an inhibitor such as an
anticorrosion agent and an antioxidant must typically be added to
the coolant.
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The coolant also poses the problem of the electrical conductivity
of the coolant being high because of ionization of products of such
organic acids or the like caused by heat degradation or elution of
ions from component materials, such as rubber and metal, in the
cooling system (154).

Thus, low electrical conductivity of the coolant must be main-
tained by installing an ion exchange resin in the cooling system of
fuel cells to remove ions. A mixed bed ion exchange resin in which
both a cation exchange resin and an anion exchange resin are mixed
can be used as ion exchange resin.

A fuel cell system has been developed that includes the fuel cells,
a circulation channel of a coolant to cool the fuel cells, and an ion
exchange resin provided on the circulation channel to maintain elec-
trical conductivity of the coolant. Further, the coolant contains an
additive, and the ion exchange resin is prepared so that adsorption
of the additive on the ion exchange resin is in a saturated state (154).

Examples of the additive are an anticorrosive agent and an antiox-
idant. A coolant is thermally degraded or oxidized due to repeated
use thereof and generates corrosive substances. The inhibitor can
suppress corrosion of metal due to the corrosive substances and
generation of corrosive substances.

Specific examples of the inhibitor are summarized in Table 2.13.

Table 2.13 Inhibitor additives for fuel cells (154,
155).

Compound Compound

Benzotriazole Methyl benzotriazole
Cyclobenzotriazole 4-Phenyl-1,2,3-triazole
Imidazoline Imidazole
Mercaptoimidazoline Mercaptoimidazole
Benzimidazoline Methylimidazole
Mercaptobenzothiazole Benzothiazole

As another additive, a surface active agent can be added to im-
prove the dispersability. Examples of the surface active agents in-
clude an anionic surface active agent, cationic surface active agent,
and nonionic surface active agent. Furthermore, as an additive, an
antifoaming agent can be added to suppress the generation of foam
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in the coolant. An example of the antifoaming agent is a silicon-
based antifoaming agent (154).

2.8.6 Membrane Exchange Humidifier

A microporous polymer membrane with a hydrophilic additive or
filler has been used in an improved membrane exchange humidifier
(156). Such membranes may be competitive with regard to water
transmission rate and be dimensionally stable, and bondable by
the use of adhesives or via melt bonding. The use of membranes
with such properties allows a simpler configuration of a membrane
exchange humidifier.

An improved humidification is useful for a membrane exchange
apparatus in situations where gaseous wet and dry streams are
occurring. In such a membrane exchange apparatus, a suitable
water permeable membrane is employed, and a first fluid stream is
directed across one major surface of the water permeable membrane
and the second fluid stream is directed across the opposing major
surface.

The water permeable membrane should contain sufficient
amounts of a hydrophilic additive to render it wettable to water.
Thus, when the second fluid stream contains liquid water, the mem-
brane may become wetted and saturated with liquid water. This
may effectively seal the membrane sufficiently so as to hinder the
unwanted transfer of other gases across it. The second fluid stream
comprises liquid water when the dewpoint temperature of the se-
cond fluid stream is greater than its actual temperature. Suitable
hydrophilic additives include silica or alumina, in fiber or powder
forms.

Such water permeable membranes are characterized by pore
structures in which the total porosity is greater than about 50%.
Further, the average pore size may be from about 0.025 μm to about
0.1 μm. Such a humidifier is particularly suitable for use in humid-
ifying a reactant gas supply stream for a solid polymer fuel cell.
The fuel cell has a reactant gas inlet port and a reactant gas exhaust
port (156).



134 Additives for High Performance Applications

2.8.7 Poly(vinyl alcohol)/Titanium Dioxide Nanocomposites

The fabrication of PVA/titanium dioxide nanocomposites with dif-
ferent titanium dioxide (TiO2) loading by using ultrasound irradia-
tion has been described (157). For an improvement of the dispersion
of the nanoparticles and for increasing possible interactions between
nanoparticles and PVA, the surface of TiO2 nanoparticles was modi-
fied by γ-aminopropyltriethoxy silane.

The so-prepared nanocomposites were characterized by spectro-
scopic, thermogravimetric analysis and electron microscopy meth-
ods. The results demonstrated that nanoparticles dispersed homo-
geneously within the PVA matrix in a nanoscale range could be
assigned to the hydrogen and covalent bonds formed between PVA
and the nanoparticles. The results indicated that the heat stabil-
ity of nanocomposites was improved in the presence of modified
TiO2 nanoparticles. The mechanism of surface modification and a
possible mechanism of ultrasonic induced interaction between the
polymer and the nanoparticles have been analyzed.

Then, these nanocomposites have been used as a novel electrolyte
additive in an alkaline half cell to improve the electrical efficiency
of a direct methanol fuel cell. Finally, the electrochemical character-
istics of the half cell of direct methanol fuel cell which employ the
PVA/TiO2 nanocomposites were investigated. The results revealed
that the introduction of nanocomposites within the electrolyte can
modify the electronic property of the Pt surface and improve the
electrocatalytic activity of TiO2 in methanol oxidation and prevents
the catalyst from more poisoning by intermediate products of the
methanol oxidation (157).

Tradenames appearing in the references are shown in Table 2.14.
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Table 2.14 Tradenames in References.

Tradename Supplier
Description

Amberjet® UP 6040 Evonik Rohm & Haas
Ion exchanger (155)

Aquivion® Solvay SA Corp.
Acid-functional polymer (151)

Celgard™ Celanese Corp.
Porous polyethylene separation membrane (105)

Flemion® Asahi Glass Comp.
Fluoropolymer ion-exchange membrane (151)

GORE-TEX W. L. Gore & Associates, Inc.
Corp.

Clothing ware (156)
Nafion® DuPont

Sulfonated PTFE, for membrane applications (149, 151, 153, 156)
Osmonics® GE Osmonics, Inc.

Fluid separation system (156)
PALL® Pall Corp. N.Y

Polyether sulfone (156)
Puranal® Riedel-De Haen AG

Chemicals used for analytical purposes (49)
Silgrain® Elkem of Norway

Silicon (47, 49)
Teslin.RTM PPG Industries Ohio, Inc.

Synthetic membrane (156)
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3
Medical Uses

3.1 High Performance Additive Manufactured
Scaffolds

The advances by additive manufacturing have significantly im-
proved the control over the microarchitecture of scaffolds for tissue
engineering (1). The optimization of additive manufactured scaf-
folds microarchitecture with regard to conflicting requirements, e.g.,
mechanical stiffness and porosity level, have been assessed.

The integration of additive manufacturing with other scaffold
fabrication methods, i.e., combined additive manufacturing, is an
interesting trend. This results in hybrid architectures with comple-
mentary structural features.

Even when this innovative approach is still at its beginning, sig-
nificant results have been achieved with regard to an improved
biological response to the scaffold, in particular to the regeneration
of complex tissues. The state of the art in the field of combined
additive manufacturing has been reviewed in detail (1, 2).

3.1.1 Nanotechnology

The field of nanotechnology has a definite potential to significantly
advance the field of bone tissue engineering (3). The current lim-
itations in regenerative strategies include impaired cellular prolif-
eration and differentiation, insufficient mechanical strength of scaf-
folds, and inadequate production of extrinsic factors necessary for
efficient osteogenesis.
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© 2017 Scrivener Publishing LLC. Published 2017 by John Wiley & Sons, Inc. 



146 Additives for High Performance Applications

Some major areas of research in nanotechnology with potential
implications in bone regeneration have been reviewed (3):

1. Nanoparticle-based methods for delivery of bioactive mole-
cules, growth factors, and genetic material,

2. Nanoparticle-mediated cell labeling and targeting, and
3. Nano-based scaffold construction and modification to en-

hance physicochemical interactions, biocompatibility, me-
chanical stability, and cellular attachment.

At the moment, as these technologies continue to evolve, ultimate
translation to the clinical environment may allow for improved ther-
apeutic results for patients with large bone deficits and osteodegen-
erative diseases (3).

3.1.2 Poly(caprolactone) Tricalcium Phosphate Scaffolds

The feasibility of additive manufactured poly(caprolactone) (PCL)
silanized tricalcium phosphate scaffolds coated with carbonated hy-
droxyapatite-gelatin composite for bone tissue engineering has been
tested (4). In order to reinforce the scaffolds to match the mechanical
properties of cancellous bone, tricalcium phosphate has been modi-
fied with γ-glycidoxypropyltrimethoxysilane and incorporated into
PCL to synthesize a PCL/silanized tricalcium phosphate composite.
γ-Glycidoxypropyltrimethoxysilane is shown in Figure 3.1.

O
O

Si

O

O

O

CH3

CH3

H3C

Figure 3.1 γ-Glycidoxypropyltrimethoxysilane.

The successful modification has been confirmed by X-ray pho-
toelectron spectroscopy (XPS) and Fourier transform infrared spec-
troscopy analysis. Additive manufactured PCL/silanized tricalcium
phosphate scaffolds have been fabricated using a screw extrusion
system. Testing mechanical properties have demonstrated that both
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the compressive modulus and compressive yield strength of the de-
veloped PCL/silanized tricalcium phosphate scaffolds fall within
the lower ranges of mechanical properties for a cancellous bone,
with a compressive modulus and compressive yield strength of 6.0
times and 2.3 times of those of PCL/tricalcium phosphate scaffolds,
respectively.

In order to enhance the osteoconductive property of the devel-
oped PCL/silanized tricalcium phosphate scaffolds, a carbonated
hydroxyapatite-gelatin composite has been coated onto the scaffolds
using a biomimetic co-precipitation process, which has been charac-
terized by scanning electron microscope (SEM) and XPS. Confocal
laser microscopy and SEM images revealed a most uniform distri-
bution of porcine bone marrow stromal cells and cell-sheet accumu-
lation on the carbonated hydroxyapatite-gelatin composite coated
PCL/silanized tricalcium phosphate scaffolds (4).

The proliferation rate of bone marrow stromal cells on the carbon-
ated hydroxyapatite-gelatin composite coated PCL/silanized tricalc-
ium phosphate scaffolds is 2.0 and 1.4 times higher compared to
PCL/silanized tricalcium phosphate and carbonated hydroxyapatite
coated PCL/silanized tricalcium phosphate scaffolds, respectively, at
the 10th day.

Furthermore, the reverse transcription polymerase chain reaction
and western blot analysis revealed that carbonated hydroxyapatite-
gelatin composite coated PCL/silanized tricalcium phosphate scaf-
folds stimulate an osteogenic differentiation of bone marrow stromal
cells the most in comparison to the other scaffolds. In-vitro results of
SEM, confocal microscopy and proliferation rate also showed that
there is no detrimental effect of the modification on biocompatibility
of the scaffolds (4).

3.1.3 Silk Fibroin Nanofibers

Fibroin is an insoluble protein present in silk created by silkworms
and spiders. Its primary structure mainly consists of the recurrent
amino acid sequence of glycine-serine-glycine-alanine-glycine-ala-
nine (5).

As stated above, silk fibroin is a natural polymer and has thus
established a good reputation for bone tissue engineering appli-
cations due to its many unique properties, including exceptional
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biocompatibility, biodegradability, mechanical behavior, and ease
of processability. The recent advances in the design and applica-
tion of silk fibroin-based scaffolds for bone regeneration have been
reviewed (6, 7).

3.1.3.1 Electrospun Silk Fibroin Scaffolds

Electrospinning is a technique used for the production of polymer
nanofiber meshes. The use of biodegradable and biocompatible
polymers to produce nanofibers that closely mimic the extracellular
matrix of different tissues has opened a wide range of possibili-
ties for the application of electrospinning in tissue engineering (8).
Functional materials formed by the electrospinning technology are
of interest for many bioactive applications. The issues of this topic
have been reviewed (9).

Electrospun silk fibroin scaffolds exhibit a large surface area, high
porosity, and interconnection for cell adhesion and proliferation.
They may replace collagen for many tissue engineering applications
(10).

Despite such advantages, electrospun silk fibroin scaffolds are
still limited as bone tissue replacement due to their low mechanical
strengths. The enhancement of the mechanical strength has been
demonstrated by incorporating inorganic ceramics into polymers.

However, electrospinning of a mixture of silk fibroin and inor-
ganic ceramics, such as hydroxyapatite, is still a challenging task.
The mechanical properties of electrospun silk fibroin scaffolds can
be enhanced by uniformly dispersing hydroxyapatite nanoparticles
within silk fibroin nanofibers. Hydroxyapatite nanoparticles were
modified by γ-glycidoxypropyltrimethoxysilane for uniform dis-
persion and enhanced interfacial bonding between hydroxyapatite
and silk fibroin fibers.

Optimal conditions for electrospinning of silk fibroin and
γ-glycidoxypropyltrimethoxysilane modified hydroxyapatite nano-
particles to achieve beadless nanofibers without any aggregation of
hydroxyapatite nanoparticles could be identified.

MTT tests (11) and SEM analysis of the osteoblasts-cultured scaf-
folds could confirm the biocompatibility of the composite scaffolds.

When cells are populated in fibrous scaffolds, the mechanical
strength of the individual nanofibers has a significant influence on
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the cell behavior, such as, cell attachment, proliferation, differen-
tiation, and protein expressions. Silk fibroin has been frequently
utilized in a form of nanofibers as a promising tissue scaffolding
material. The mechanical properties of the composite scaffolds were
analyzed by tensile tests for the scaffolds using varying contents of
hydroxyapatite within the silk fibroin fibers.

The mechanical moduli and dependency on the content of the
hydroxyapatite nanoparticles could be analyzed using three point
bending with a tipless atomic force microscopy cantilever (12). An
increase of the hydroxyapatite content up to 20% increased the me-
chanical properties of the composite scaffolds. But a further increase
above 20% disrupted the polymer chain networks within silk fibroin
nanofibers and weakened the mechanical strength (10).

3.1.3.2 Chitosan Silk Fibroin Scaffolds

Electrospinning of inorganic-organic composites into nanofibers has
emerged as a new approach for the fabrication of scaffolds for bio-
mimetically engineered bone tissues. Biomimetic nanocomposite
nanofibers are composed of mesoporous silica nanoparticles and
chitosan, cf. Figure 3.2. The materials were prepared by electro-
spinning. Increasing the content of the mesoporous silica nanopar-
ticles to 10% enhanced the mechanical properties of the composite
scaffolds (13).
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Figure 3.2 Chitosan.

The incorporation of nanohydroxyapatite into a chitosan/silk fi-
broin nanofibrous membrane scaffold may provide a favorable mi-
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croenvironment that more closely mimics the natural bone tissue
physiology and facilitates an enhanced osteogensis of the implanted
cell population (14).

A pristine chitosan/silk fibroin nanofibrous membrane scaffold
composite membrane scaffold with intrafibrillar nanohydroxyapat-
ite was prepared by in-situ blending of 10% or 30% nanohydroxya-
patite before the electrospinning step. There was a deposition of
nanohydroxyapatite through alternative soaking surface mineral-
ization.

The effect of the incorporation of HAP nanoparticles on the phy-
sicochemical properties of the nanofibrous membrane scaffold was
investigated. The presence of ca. 30 nm nanohydroxyapatite in
the composite nanofibrous membranes was confirmed by thermo-
gravimetry, X-ray diffraction, and SEM. It was found that the alter-
native soaking surface mineralization method drastically influenced
the mechanical properties of the nanofibrous membrane scaffold
with a 88% and 94% drop in Young’s modulus and ultimate maxi-
mum stress (14).

The effects of nanohydroxyapatite content and location on prolif-
eration and osteogenic differentiation of human bone marrow mes-
enchymal stem cells were investigated by in-vitro cell culture exper-
iments. The proliferation of the human bone marrow mesenchymal
stem cells showed no significant difference among pristine and com-
posite nanofibrous membrane scaffold.

In-vivo experiments were carried out with human bone mar-
row mesenchymal stem cells seeded in chitosan/silk fibroin/30%
nanohydroxyapatite nanofibrous membrane scaffold prepared by
in-situ blending and subcutaneous implantation in nude mice. Mi-
cro-computed tomography images and histological and immuno-
histochemical analysis of the retrieved membrane scaffold construct
after 1 and 2 months of implantation indicated that nanofibrous
membrane scaffold showed the potential for bone regeneration and
thus can be suggested as a promising scaffold for bone tissue engi-
neering (14).

3.1.3.3 Hydroxyapatite-Tussah Silk Fibroin Scaffolds

The bone is a composite of inorganic and organic materials and pos-
sesses a complex hierarchical architecture consisting of mineralized
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fibrils formed by collagen molecules and coated with oriented hy-
droxyapatite (15). In order to regenerate bone tissue, it is necessary
to provide a scaffold that mimics the architecture of the extracellular
matrix in the native bone.

A scaffold was described which is a nanostructured composite
with a core made of a composite of hydroxyapatite and tussah silk
fibroin (15). The core is encased in a shell of tussah silk fibroin. The
composite fibers were fabricated by coaxial electrospinning using
green water solvent.

In comparison to nanofibers of pure tussah silk, the composite
notably improved the mechanical properties, with a higher initial
modulus and breaking stress. It was found that the fiber scaffold
supported both the cell adhesion and the proliferation, and also
functionally promoted alkaline phosphatase and mineral deposition
relevant for biomineralization. The composites are more biocom-
patible than pure tussah silk fibroin or cover slip (15).

3.1.3.4 Silk Fibroin Microneedles

Thermal drawing is a versatile rapid prototyping method that can
freely form microneedle structures with an ultrahigh aspect ratio
without relying on any complex and expensive processes (16). How-
ever, thermal drawing is only applicable to thermoplastic materials
and most natural biomaterials are incompatible with this method.

For this reason, it has been proposed to use thermal drawing for
the fabrication of master molds with high aspect ratios and repli-
cate the shape by micromolding. Microneedles with various body
profiles could be fabricated using thermal drawing and could be
replicated multiple times to silk fibroin microneedles using micro-
molding. The original microneedle shape was precisely copied to
the silk fibroin microneedles.

A methanol treatment enhanced the mechanical strength of silk
fibroin microneedles up to about 113%. It has been demonstrated
that the methanol exposure time could effectively control the drug
release rates from the silk fibroin microneedles (16).
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3.1.4 Calcium Phosphate, Hydroxyapatite, and Poly(d,l-lactic
acid)

Because of their outstanding bioactivity and biocompatibility, calc-
ium phosphate-based materials have been widely investigated for
applications in the biomedical fields (17). Amorphous calcium phos-
phate nanospheres and hydroxyapatite nanorods have been pre-
pared and hybridized with poly(d,l-lactic acid) in order to fabricate
composite nanofibers using an electrospinning technique.

The so-prepared composite nanofibers exhibit favorable mineral-
ization behaviors in a simulated body fluid. In the mineralization
process, the calcium phosphate nanospheres and the hydroxyapatite
nanorods play an important role in the formation of hydroxyapatite
nanosheets on the surface of composite nanofibers. The composite
nanofibers exhibit a high biocompatibility (17).

3.1.5 Propylene Fumarate Lactic Acid Copolymer

Scaffolds with intrinsically interconnected porous structures are
highly desirable in tissue engineering and regenerative medicine.
Three-dimensional polymer scaffolds with highly interconnected
porous structures could be fabricated by thermally induced phase
separation using novel synthesized biodegradable poly(propylene
fumarate)-co-poly(l-lactic acid) in a dioxane/water binary system
(18).

Porous scaffolds could be achieved by optimizing the conditions
to get interconnected porous structures. The effect of phase separa-
tion parameters on scaffold morphology was investigated, includ-
ing polymer concentration, quenching time, the ratio of dioxane to
water, and the freeze temperature.

Interesting pore morphologies were created by adjustment of the
processing parameters, e.g., a flower-shaped, a spherulite-like, and
a bead-like morphology. The change of the phase separation con-
ditions also resulted in remarkable differences in porosities of the
scaffold and their thermal properties.

Scaffolds with various mechanical strength, degradation rates,
and protein adsorption capabilities could be fabricated using the
phase separation method (18).
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3.1.6 Thermosensitive Composite Gel

A thermosensitive composite gel for use as a bone graft substitute
has been designed (19). The gel can provide a more suitable micro-
environment by using an amphiphilic triblock copolymer consisting
of methoxy poly(ethylene glycol), and poly(lactic-co-glycolic acid).

By aqueous dispersion of the triblock copolymer mixed with dif-
ferent ratios of hydroxyapatite/tricalcium phosphate, a composite
gel underwent a sol-gel-sol transition when the temperature was in-
creased from 4°C to 70°C. The particle size and critical micellization
concentration were increased by adding the ceramic materials.

In the course of the in-vitro degradation process, the composite
gels demonstrated a slight decrease in pH value, a slower degra-
dation rate, less toxicity, and a higher cell survival rate. The bio-
compatibility of the composite gels was validated by a hemolysis
test. In-vivo studies with animals demonstrated both radiographic
and gross bone union when the ratio of hydroxyapatite to tricalcium
phosphate was 7:3 (19).

3.1.7 Biomimetic Wet-Stable Fibers

One of the limitations of electrospun collagen as bone-like fibrous
structure is the potential collagen triple helix denaturation in the
fiber state and the corresponding inadequate wet stability even after
crosslinking (20).

The feasibility of fabrication of wet-stable fibers by wet-spinning
and diacid-based crosslinking of collagen triple helices has been
demonstrated (20). The fibers can also act as a bone-mimicking min-
eralization system. Circular dichroism experiments demonstrated
a nearly complete triple helix retention in resulting wet-spun fibers,
and the corresponding chemically crosslinked fibers successfully
preserved their fibrous morphology following a one week incuba-
tion in phosphate buffer solution. The diacid-based crosslinking
route imparted a superior tensile modulus and strength into the
resulting fibers.

To mimic the constituents of natural bone extracellular matrix,
the crosslinked fibers were coated with carbonated hydroxyapatite
through a biomimetic precipitation, resulting in an attractive bio-
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material for guided bone regeneration, e.g., in bony defects of the
maxillofacial region (20).

3.1.8 Poly(ester urea) from l-Leucine

Electrospun scaffolds from an amino acid containing poly(ester
urea) have been developed for use in tissue engineering appli-
cations (21). The selected poly(ester urea) was obtained with a
high yield and molecular weight by reaction of phosgene with
a bis(α-aminoacyl)-α,ω-diol-diester monomer. The polymer with
l-leucine, 1,6-hexanediol and carbonic acid units showed a semi-
crystalline character and a comparatively high glass transition tem-
perature and high melting temperature. poly(ester urea) is highly
soluble in most organic solvents. This facilitates the electrospinning
process and the effective incorporation of drugs with bactericidal
activity, e.g., biguanide derivatives such as clorhexidine and poly-
(hexamethylenebiguanide) and enzymes, e.g., α-chymotrypsin, that
accelerated the degradation process. Clorhexidine is shown in Fig-
ure 3.3.
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Figure 3.3 Clorhexidine.

The poly(ester urea) compounds were found to be degradable
in media containing lipases and proteinases, but the degradation
rate was highly dependent on the surface area, being specifically
greater for scaffolds with respect to films. The scaffolds were found
to be biocompatible, as demonstrated by adhesion and proliferation
assays performed with fibroblast and epithelial cells (21).

3.1.9 Static Cell Seeding Versus Vacuum Cell Seeding

An adequate cell seeding technique is essential for effective bone
regeneration on cell-seeded constructs of porous tricalcium phos-
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phates (22). In the past, dynamic cell seeding, in which an exter-
nal force is applied to seed cells on a biomaterial, resulted in more
homogeneous cell seeding in low porosity scaffolds than static seed-
ing. However, the optimal cell seeding technique for high porosity
scaffolds has not yet been fixed.

Human mesenchymal stem cells were isolated from bone mar-
row and characterized (22). The cells were seeded on low porosity
(45%) and high porosity (90%) tricalcium phosphate scaffolds using
a static and a vacuum seeding technique. LIVE/DEAD® staining
of the cell-scaffold complexes followed by confocal laser scanning
microscopy was used to measure cell proliferation, cell distribution
and cell viability one, three and seven days after seeding.

The cell proliferation was also quantified using a deoxyribonu-
cleic acid quantification assay. Neither static nor vacuum seeding
resulted in homogeneous cell seeding on both low and high porosity
scaffolds. The cell density was lower on the inside than on the out-
side of the scaffolds. On low porosity scaffolds, the vacuum method
yielded the highest numbers of cells compared to the static method.
Low porosity scaffolds were seeded most homogeneously using the
static seeding method.

Seven days after seeding, the numbers of the adherent cells were
comparable for both scaffold types and independent of the applied
cell seeding technique. In summary, on high porosity scaffolds,
static seeding results in more homogeneous cell seeding and this
method is easier to use than a vacuum seeding technique (22).

3.1.10 Controlled Drug Release

The generation of porous topographic substrates by mimicking the
native extracellular matrix to promote the regeneration of damaged
bone tissues, is a rather challenging process (23).

Scaffolds that have been developed for bone tissue regeneration
support bone cell growth and induce bone-forming cells by natural
proteins and growth factors. Several issues of these materials are
improper scaffold stability, insufficient cell adhesion, proliferation,
and differentiation. For these reasons, the use of engineered nano-
particles is of interest in bone tissue engineering applications.

Electrospraying is advantageous in comparison to other meth-
ods, as it generates nanomaterials of particle sizes in the microscale
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range and nanoscale range. The size and the charge of the particles
can be controlled by regulating the polymer solution flow rate and
the electric voltage. Nanoparticles show unique properties such as
large surface area to volume ratio, small size, and higher reactivity.
These properties make them promising candidates in the field of
biomedical engineering.

These nanomaterials can be extensively used as therapeutic
agents and for drug delivery. The controlled and sustained release
of encapsulated drugs, proteins, vaccines, growth factors, cells, and
nucleotides from nanoparticles has been well developed in the field
of nanomedicine. These topics have been reviewed (23).
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4
Lubricants

4.1 Fuels

4.1.1 Graphene Oxide

Graphene oxide is a layered material bearing a variety of oxygen-
containing functional groups on its basal planes and edges, which
allow it as a substrate to conduct a variety of chemical transforma-
tions.

Graphene oxide can be readily manipulated by chemical modifi-
cation because it has various oxygen-containing functional groups
identified as hydroxyl and epoxy groups on the basal planes, and
smaller amounts of carboxy, carbonyl, phenol, lactone, and quin-
one at the sheet edges (1, 2). These polar oxygen-containing groups
allow graphene oxide to be modified or restored by some organic
solvents for improving its dispersion and stability.

Modified graphene oxide was prepared using alkyl imidazol-
ium ionic liquids (1-butyl-3-methylimidazolium tetrafluoroborate,
1-butyl-3-methylimidazolium hexafluorophosphate and 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) amide via an ep-
oxide ring-opening reaction, cation-p stacking, or van der Waals
interactions, with modified graphene exfoliated from a graphite rod
by a moderate electrochemical method as a a comparative mate-
rial (3).

The stability and tribological properties of modified graphene ox-
ide and modified graphene as multialkylated cyclopentanes (MACs)
additives were investigated in detail. The results show that the
graphene oxide is converted into graphene through the chemical
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modification using imidazolium ionic liquids, and modified gra-
phene oxide with good dispersion and stability in multialkylated
cyclopentanes significantly improves the tribological performance.

Friction and wear were reduced about 27% and 74% with pure
multialkylated cyclopentanes. The excellent tribological properties
are attributed to the formation of imidazolium ionic liquids con-
taining graphene-rich tribofilm on the sliding surfaces, which as the
third body can prevent the sliding surfaces from straight asperity
contact and improve friction reducing and anti-wear behaviors (3).

4.1.2 Deposit Control

Additives for gasoline used in vehicles have been used for many
years to improve the performance of the vehicle, reduce the emis-
sions from the combustion of the fuel, and modify the physical and
chemical properties of the fuel (4).

One additive that has been used for many years is ethanol. How-
ever, the use of ethanol in a gasoline combusted in an internal com-
bustion engine is well known to create harmful and undesirable
deposits on the fuel intake valves of the engine.

In fact, ethanol fuel mixtures can reduce the formation of these
intake valve deposits, but such a remediation typically shifts the
problem to the combustion chamber, where unacceptable combus-
tion chamber deposits are then formed. Therefore, an additive is
needed which upon combustion will effect in the engine a signifi-
cant reduction in the intake valve deposits and simultaneously effect
a reduction of the combustion chamber deposits in the engine.

A method for reducing all the engine deposits in the course of
combusting a fuel having a high concentration of an oxygenate and
a detergent-containing fuel additive has been developed (4).

The oxygenate in the fuel is ethanol, and the detergent is Mannich-
based, a poly(isobutylene) cresol detergent, e.g., HiTEC™ 6421 from
Ethyl Corporation. Increasing the amount of oxygenate increases
the conductivity of the fuel. The increase in conductivity in com-
bination with the addition of a detergent, more effectively reduces
engine deposits. Good results are obtained when the conductivity
of the fuel is more than 1 mS m−3.

It has been found that the ethanol and the Mannich-base detergent
work synergistically to control the formation of deposits, without
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a negative impact on combustion chamber deposits. The intake
valve deposits are reduced and combustion chamber deposits are
not increased when the Mannich-base detergent additive is used
with ethanol in a concentration of more than 5% by volume in the
fuel (4).

4.2 Lubricant Additives

Lubricants comprise a variety of compounds selected for desirable
characteristics such as anti-wear and anti-friction properties (5, 6).
Lubricant additives can enhance the lubricity of the lubricant base or
may provide anti-wear characteristics. Often commercial lubricants
are compositions containing a lubricant base such as a hydrocarbon
oil or grease, to which is added numerous lubricant additives se-
lected for additional desirable properties. Lubricant additives may
enhance the lubricity of the lubricant base or may provide anti-wear
or other desirable characteristics.

Lubricants are used in enormous quantities. For example, more
than four billion quarts of crankcase oil are used in the United States
per year. However, many lubricants currently in use also have unde-
sirable characteristics. Currently available crankcase oils generally
include the anti-wear additive zinc dialkyldithiophosphate, which
contains phosphorous and sulfur. Phosphorous and sulfur poison
catalytic converters cause increased automotive emissions. It is ex-
pected that the EPA eventually will mandate the total elimination of
zinc dialkyldithiophosphate or will allow only extremely low levels
of zinc dialkyldithiophosphate in crankcase oil. However, no ac-
ceptable anti-wear additives to replace zinc dialkyldithiophosphate
in engine oils are currently available.

Additionally, lubricant bases used in conventional lubricants usu-
ally have lubricant additives added to them to improve lubricity.
Many of these lubricant additives do not provide sufficient addi-
tional lubricity or possess additional undesirable characteristics (6).

4.2.1 GL Ratings

Gear lubricant compositions are classified by the American Petro-
leum Institute (API) using the so-called GL ratings (7, 8). These
classifications are subdivided into six classes. The lowest rating,
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API GL-1, classifies oils used for light conditions, which consist of
base oils without additives. The highest rating, API GL-6, classi-
fies oils for very heavy conditions, such as high speeds of sliding
and significant shock loading, and which contain up to 10% high
performance antiscuffing additives. However, class API GL-6 is not
applied any more as it is considered that class API GL-5 will meet
most severe requirements. Lubricant compositions classified meet-
ing API GL-5 performance requirements are generally applied, for
example, in hypoid gears having significant displacement of axles.

4.2.2 Organophosphates

Methods for preparing lubricant additives and lubricants by mixing
or reacting together organophosphates such as zinc dialkyldithio-
phosphate and organofluorine compounds such as poly(tetraflu-
oroethylene) (PTFE) have been described. The PTFE used comprise
more than 40 carbon atoms. The synergistic effect between the dialk-
yldithiophosphate and functionalized, irradiated PTFE may occur
either as a mixture of zinc dialkyldithiophosphate and the irradiated
PTFE, or as a reaction product between both compounds. Also, a
synergistic effect between fluorinated zinc dialkyldithiophosphate
and sulfurized additives has been observed (5).

4.2.3 Crankcase Oils

Conventional crankcase oils contain, as anti-wear additive, zinc
dialkyldithiophosphate, which contains phosphorous and sulfur.
However, phosphorous and sulfur poison catalytic converters, thus
causing increased automotive emissions.

A lubricant additive has been produced by mixing a zinc dialk-
yldithiophosphate and a low molecular weight PTFE compound
and reacting these compounds (6, 9). Irradiated PTFE is particu-
larly suited for its use with reaction mixtures comprising organo-
phosphates and metal halides, as it interacts strongly with such
compounds, resulting in reaction products that are usable as high
performance lubricant additives.

For example, molybendum disulfide can enhance the lubricant
properties of lubricant additives by the formation of molybendum
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disulfide complexes with the reaction products formed by the org-
anophosphate and organofluoride reactants (6).

4.2.4 Low Sulfur and Low Metal Additive Formulations

The types of additives used for a formulation and the ranges are
listed in Table 4.1.

Table 4.1 Types of additives
(10).

Additive Range/[%]

Anti-wear 35–45
Anti-rust 8–12
Metal Passivator 2–4
Antioxidant 12–17
Friction Modifier 15–26
Defoamant 4–8

The anti-wear additive has at least two components, i.e., a phos-
phate ester and an amine phosphate. The antioxidant is an aryl
amine. The anti-rust additive is an amide carboxylate. The metal
passivator is preferably a amine phosphate. The demulsifier is a
low molecular weight extreme pressure or EO-PO polymer. The
defoamant is a two component system consisting of poly(siloxane)
and poly(methyl methacrylate). In addition, an oleyl phosphate as
anti-wear friction reducer can be added. Preferably the additives
should have low levels or zero levels of metal and sulfur (10).

The lubrication of industrial equipment including gears and en-
closed gearboxes has become increasingly more difficult. This diffi-
culty is partially caused by machinery builders continually shrink-
ing equipment and driving more power through a given speed re-
ducer. Generally, gear oil consists of base oil more viscous than
typical engine oils, and an additive package which is formulated to
enhance various performance features.

These additive features include: protection against wear, resis-
tance to thickening by the use of antioxidants, rust protection, cop-
per-metal passivation, demulsification, air release and foam control,
among others. Industrial gear oils have to achieve the following re-
quirements: excellent resistance to aging and oxidation, low foam-
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ing tendency, good load-carrying capacity, neutrality toward the
materials involved (ferrous and nonferrous metals, seals, paints),
suitability for high and/or low temperatures, and good viscosity-
temperature behavior.

The most important performance feature that additives impart is
anti-wear protection. The most prevalent anti-wear additive sys-
tems in gear lubricating oils contain combinations of sulfur-con-
taining hydrocarbons with various amine-phosphates, and/or phos-
phates. The key downside of these sulfur-containing additives is
that while they protect against wear, they rapidly hydrolyze in the
presence of acidic contaminates. This reaction produces sulfuric
acid, causing excessive corrosive damage. It is then very desirable
to develop gear oil which is capable of delivering all the previously
mentioned features while being sulfur free or at least low sulfur.

Oil operating temperature and efficiencies are very important
to the designers, builders, and users of equipment which employ
worm gearing. On a relative basis, a higher percentage efficiency rat-
ing for a lubricant results in more power (torque) being transmitted
through a subject gearbox. Since more power is being transferred
through a piece of equipment using a more efficient lubricant, less
power is being wasted on friction or heat. It is desirable for a lu-
bricant to be optimized for maximum power throughput and to
therefore allow for lower operating temperatures. Lower operating
temperatures in gearboxes give rise to several benefits which in-
clude: lower energy consumption, longer machine life, and longer
seal life. Seal failures are one of the principle reasons for repair and
downtime in rotating equipment. A decrease of 10°C of operating
temperature can double seal life and therefore decrease overall costs
of operation and ownership.

A Small Worm Gear Rig measures both dynamic operating tem-
perature and efficiency of power throughput simultaneously. In this
SWGR gear rig, a splash lubricated bronze on steel worm gear set is
the gearbox design employed. The subject worm drive gearbox with
a 1.75 inch centerline distance, 20:1 reduction ratio, was mounted in
an L-shaped test rig with high precision torque meters on both the
input and output shafts of the gearbox to measure power through-
put efficiency performance based on control of output torque. The
output torque was controlled to 100% of the rated load with a ser-
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vice factor of 1.0. Also, gearbox sump oil temperature was carefully
monitored during operation using four thermocouples.

All torque and temperature data were logged every 10 seconds
for a period of 12 h after thermal stability was attained. The effi-
ciency was calculated by establishing the ratio of output torque to
input torque. The resulting efficiency and operational temperatures
compare experimental blends against reference oils.

In addition to temperature and efficiency, air entrainment is an-
other issue in lubricating oils. All lubricating oil systems contain
some air. It can be found in four phases: free air, dissolved air,
entrained air and foam. Free air is trapped in a system, such as an
air pocket in a hydraulic line. Dissolved air is in solution with the
oil and is not visible to the naked eye. Foam is a collection of closely
packed bubbles surrounded by thin films of oil that collect on the
surface of the oil.

Air entrainment is a small amount of air in the form of extremely
small bubbles (generally less than 1 mm in diameter) dispersed
throughout the bulk of the oil. Agitation of lubricating oil with
air in equipment, such as bearings, couplings, gears, pumps, and
oil return lines, may produce a dispersion of finely divided air bub-
bles in the oil. If the residence time in the reservoir is too short
to allow the air bubbles to rise to the oil surface, a mixture of air
and oil will circulate through the lubricating oil system. This may
result in an inability to maintain oil pressure (particularly with cen-
trifugal pumps), incomplete oil films in bearings and gears, and
poor hydraulic system performance or failure. Air entrainment is
treated differently than foam, and is most often a completely sep-
arate problem. A partial list of potential effects of air entrainment
include: pump cavitation, spongy, erratic operation of hydraulics,
loss of precision control, vibrations, oil oxidation, component wear
due to reduced lubricant viscosity, equipment shut down when low
oil pressure switches trip, micro-dieseling due to ignition of the bub-
ble sheath at the high temperatures generated by compressed air
bubbles, safety problems in turbines if overspeed devices do not
react quickly enough, and loss of head in centrifugal pumps.

Antifoamants, including silicone additives, help produce smaller
bubbles in the bulk of the oil. In stagnant systems, the combina-
tion of smaller bubbles and greater sheath density can cause seri-
ous air entrainment problems. Turbine oil systems with quiescent
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reservoirs of several thousand gallons may have air entrainment
problems with as little as a half a part per million silicone.

One widely used method to test air release properties of petro-
leum oils is ASTM D3427 (11). This test method measures the time
for the entrained air content to fall to the relatively low value of
0.2% under a standardized set of test conditions and hence permits
the comparison of the ability of oils to separate entrained air under
conditions where a separation time is available. The significance of
this test method has not been fully established. However, entrained
air can cause sponginess and lack of sensitivity of the control of
turbine and hydraulic systems. This test may not be suitable for
ranking oils in applications where residence times are short and gas
contents are high.

In the ASTM D3427 method (11), compressed air is blown through
the test oil, which has been heated to a temperature of 25, 50, or 75°C.
After the air flow is stopped, the time required for the air entrained
in the oil to reduce in volume to 0.2% is usually recorded as the air
release time.

A universal industrial oil lubricant with low sulfur and low met-
als and providing favorable performance properties is not commer-
cially available. Accordingly, there is a need for an additive pack-
age and lubricant formulation that provides a consistent favorable
operating temperature and power efficiency along with air release
properties using high viscosity base stock blends. A novel com-
bination of additives that gives the desired performance has been
published (10).

Amine type antioxidants are summarized in Table 4.2 and some
are shown in Figure 4.1. Examples of phenol type antioxidants
are summarized in Table 4.3 and some are shown in Figure 4.2.
Examples of anti-rust additives are summarized in Table 4.4. Some
of these compounds are shown in Figure 4.3.

4.2.5 Lithium Soaps

Lithium soaps are the most common thickeners used in the formu-
lation of lubricating greases. Lithium soaps used for grease-making
are classified into two types: Simple soap and complex soap.

The main performance difference between the two is the greater
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Table 4.2 Amine type antioxidants (10).

Compound Compound

4,4′-Dibutyl diphenylamine 4,4′-Dipentyl diphenylamine
4,4′-Dihexyl diphenylamine 4,4′-Diheptyl diphenylamine
4,4′-Dioctyl diphenylamine 4,4′-Dinonyl diphenylamine
Tetrabutyl diphenylamine Tetrahexyl diphenylamine
Tetraoctyl diphenylamine Tetranonyl diphenylamine
1-Naphthylamine N-Phenyl-1-naphthylamine
Butylphenyl-1-naphthylamine Pentylphenyl-1-naphthylamine
Hexylphenyl-1-naphthylamine Heptylphenyl-1-naphthylamine
Octylphenyl-1-naphthylamine Nonylphenyl-1-naphthylamine

N

H

Tetrabutyldiphenylamine4,4´-Dibutyldiphenylamine

N

H

N

Butylphenyl-1-naphthylamine 1-Naphthylamine

NH2

Figure 4.1 Amine type antioxidants.
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Table 4.3 Phenol type antioxidants (10).

Compound Compound

2-tert-Butylphenol 2-tert-butyl-4-methylphenol
2-tert-Butyl-5-methylphenol 2,4-Di-tert-butylphenol
2,4-Dimethyl-6-tert-butylphenol 2-tert-Butyl-4-methoxyphenol
3-tert-Butyl-4-methoxyphenol 2,5-Di-tert-butylhydroquinone
2,6-Di-tert-butylphenol 2,6-Di-tert-butyl-4-methylphenol
2,6-Di-tert-butyl-4-ethylphenol 2,6-Di-tert-butyl-4-methoxy-

phenol
2,6-Di-tert-butyl-4-ethoxyphenol 3,5-Di-tert-butyl-4-hydroxybenz-

ylmercaptooctyl-1 acetate

n-Octyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate
n-Dodecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate
2′-Ethylhexyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate
2,6-Di-tert-butyl-α-dimethylamino-p-cresol
2,2′-Methylenebis(4-methyl-6-tert-butylphenol)
2,2′-Methylenebis(4-ethyl-6-tert-butylphenol)
4,4′-Butylidenebis(3-methyl-6-tert-butylphenol)
4,4′-Methylenebis(2,6-di-tert-butylphenol)
4,4′-Bis(2,6-di-tert-butylphenol)
2,2-Di-p-hydroxyphenyl)propane
2,2-Bis(3,5-di-tert-butyl-4-hydroxyphenyl)propane
4,4′-Cyclohexylidenebis(2,6-di-tert-butylphenol) Hexamethylene
glycol bis[3,(3,5-di-tert-butyl-4-hydroxyphenyl)propionate]

Triethylene glycol bis[3-(3-tert-butyl-4-hydroxy-5-methylphenyl)prop-
ionate]

2,2′-Thio[diethyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate]
3,9-Bis1,1-dimethyl-2-[3-(3-tert-butyl-4-hydroxy-5-methylphenyl)-
propionyloxy]ethyl-2,4,8,10-tetraoxaspiro[5,5]undecane

1,1,3-Tris(2-methyl-4-hydroxy-5-tert-butylphenyl)butane
1,3,5-Trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl)benzene
Bis[3,3′-bis(4′-hydroxy-3′-tert-butylphenyl)butyric acid] glycol ester
2-(3′,5′-di-tert-butyl-4-hydroxyphenyl)-methyl-4-(2,4-di-tert-butyl-3-
hydroxyphenyl)methyl-6-tert-butylphenol

2,6-Bis(2′-hydroxy-3′-tert-butyl-5′-methylbenzyl)-4-methylphenol
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4,4’-Butylidenebis(3-methyl-6-tert-butyl-phenol)

HO OH

4,4’-Methylenebis(2,6-di-tert-butylphenol)

HO OH

1,1,3-Tris(2-methyl-4-hydroxy-5-tert-butylphenyl)butane

CH3

CH3

H3C

H3C OHHO

OH

Figure 4.2 Phenol type antioxidants.



170 Additives for High Performance Applications

Table 4.4 Anti-rust additives (10).

Compound Compound

Laurylamine Coconut amine
n-Tridecylamine Myristylamine
n-Pentadecylamine Palmitylamine
n-Heptadecylamine Stearylamine
n-Nonadecylamine n-Eicosylamine
n-Heneicosylamine n-Docosylamine
n-Tricosylamine n-Pentacosylamine
Oleylamine Beef tallow amine
Hydrogenated beef tallow amine Soy bean amine
Dilaurylamine Di-coconut amine
Di-n-tridecylamine Dimyristylamine
Di-n-pentadecylamine Dipalmitylamine
Di-n-pentadecylamine Distearylamine
Di-n-nonadecylamine Di-n-eicosylamine
Di-n-heneicosylamine Di-n-docosylamine
Di-n-tricosylamine Di-n-pentacosylamine
Dioleylamine Di-beef tallow amine
Di-hydrogenated beef tallow amine Di-soy bean amine

Laurylamine

CH3 (CH2)10 CH2 NH2

n-Tridecylamine

CH3 (CH2)11 CH2 NH2

Myristylamine

CH3 (CH2)12 CH2 NH2

Palmitylamine

CH3 (CH2)14 CH2 NH2

n-Docosylamine

CH3 (CH2)22 CH2 NH2

n-Pentacosylamine

CH3 (CH2)23 CH2 NH2

Figure 4.3 Anti-rust additives.
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thermal stability of the lithium complex greases as seen in the drop-
ping point as given in the ASTM D566 standard (12).

Both soap types contain the lithium salt of a fatty acid. Lithium
complex soaps contain an additional lithium salt, or complexing
agent, most commonly a dilithium salt of a low molecular weight
dibasic organic acid or dibasic ester (13).

Lithium greases can be manufactured by continuous process in
a heated tube reactor. This process is convenient and problem-free
for simple lithium soap thickened greases. However, lithium com-
plex greases having much higher thickener concentrations resulted
in increased difficulties during the continuous production. These
difficulties include wide fluctuations in flow rates, cessation of flow
and resultant downtime, and greatly reduced unit production ca-
pacity.

A continuous process for the production of high dropping point
lithium complex greases has been developed (13). Here, the con-
ventional dibasic acid salt or the dibasic ester component is no
longer used. These conventional components are substituted with
a borated additive fed into the reactor downstream of the thickener
formation zone. This substitution and process modification results
in a significantly less problematic process and a substantial increase
in production throughput (13).

The thus obtained saponification products are especially suitable
for use in a subsequent grease-making procedure because they ac-
cept additional base oil. Also, shorter soap conditioning periods
are required. The different physical conditions of these products are
shown by the fact that they form grease-like products immediately
upon cooling when the saponification mixture contains base oil,
differently from saponification products obtained under different
conditions.

4.2.6 Titanium Complex Grease Composition

A lubricating grease composition has been described. The composi-
tion is based on titanium complex soap thickeners. Several additives
are added and described in the Tables 4.5 to 4.9 and shown in Figure
4.4. Zinc di-n-butyldithiocarbamate is shown in Figure 4.5.

These performance additives have been added in the grease com-
position as single component or more in combination to get synergis-
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Table 4.5 Antioxidants (14).

Compound

Amino-4-hydroxy benzyl phosphoro dithioate
2,6-Di-tert-butyl phenyl borates
4-Dihydrocarbyl-α-cyanomethyl phenols
Bis-2,6-tert-butylphenol
Phenyl-1-naphthylamine
N,N′-dimethyl tetralone-hydrazone
N,N′,N′′-tri substituted bis (p-aminobenzyl) anilines
(Aminoxy) alkylamines
4-(phenyl ethyl)-2-hydroxydiphenyl amine
p,p′dioctyl diphenylamine
N-substituted 4-hydroxyphenylthiomethyl amine or urides
Octylated diphenyl amines
Zn dialkyl dithiophosphates
Reaction product of dithiophosphoric acid ester and aldehyde
S-(hydroxylphenyl) thiophosphates
Bis(dialkyl dithiophosphate) alkylene polyamine
N-tert-Octyl benzotriazole
1-(Di(2-ethylhexyl) amino methyl) benzotriazole
Benzothiazoline thione derivatives
Benzotriazole
Alkyl resorcinol phosphite
Thiobis (alkyl phenol)/dithiobis (alkyl phenol)
2-(3,5-di-tert-butyl-4-hydroxyphenyl)-3-benzyl-4-thiozolidinone
Butoxy carbonyl phenyl animo methyl thiobenzo thiazole Pheno-
thiazine

Trimethyldihydroquinoline oligomers



Lubricants 173

Table 4.6 Extreme pressure and anti-wear additives (14).

Compound

Thiirane derivatives with thiophosphate and thiocarbamates
Dithiobis(thiadiazole thiol)
Benzothiazoline thione
Substituted dimercapto-thiadiazole
Imidazolidine dimethylene bis phosphoro dithioate
Derivatives of pyridine, pyrazine, pyrimidine and pyridazine and
their fused ring derivatives

Triaryl phosphates
Triphenyl phosphate
Tritolyl phosphate
Trixylyl phosphates and mixed aryl phosphates
Zn and Mo dithiophosphate
Soluble Mo type additives
Zn diisopropyl dithiophosphate
Zn dipropylglycolate dithiophosphate } Product of tallow, diethanol-
amine and ammonium molybdate

Mo oxysulfide dithiocarbamate
Sulfurized oxy Mo organo phosphorothioate
Lead diamyl dithiocarbamate
Organo Pb–S additive
Antimony dialkyl dithiocarbamate
Ba petroleum sulfonate/synthetic barium dinonylnaphthalene sulfon-
ate

Triphenyl phosphorothionate
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Benzothiazoline thione
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Benzotriazole
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Figure 4.4 Additives for greases.

Table 4.7 Friction modifiers (14).

Compound

Mo-dithiophosphates and Mo-dithiocarbamates
Reaction product of sulfurized dodecyl phenol and alkylbenzene
sulfonic acid

Overbased Mo-alkylene earth metal sulfonates
2,6-Di-tert-butyl-4-methyl phenyl-borate
Borated polyhydroxy-alkyl sulfides
Borated N-hydrocarbyl alkylene triamines
Product of boric acid and cocosyl sarcosene
Product of 1,2-hexadecanediol, C15−C19 alcohols and boric acid
Zinc salts of partially borated and partially phosphosulfurized penta
or dipentaerythritol

N-Oleylglycolamide
N-Alkoxylakylene diamine diamide
N-Cocoformamide
Dialkoxylated alkylpolyoxy alkylamine
Product of 4,4′-thiodiphenol, formaldehyde and cocoamines
Reaction products of hydroxyl-methyl imidazoline and acyl sarcosine
Salts of imidazolines
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Table 4.8 Rust and corrosion inhibitors (14).

Compound

Benzotriazole derivatives containing more than one benzotriazole
nuclei

Nonyl-phenoxy-acetic acid
N-acyl derivatives of sarcosine (N-methyl glycine)
High molecular weight substituted imidazoline
Disodium salt of an aliphatic dicarboxylic acid
Diesters of sebacic acid
Zinc di-n-butyldithiocarbamate
Sodium mercapto benzothioazole
Zinc dinonyldithiocarbamate
Barium petroleum sulfonate
Sodium dinonylnaphthalene sulfonate
Zinc dinonylnaphthalene sulfonate
Lithium dinonylnaphthalene sulfonate

N S
Zn

S N

S S

H3C

H3C

CH3

CH3

Figure 4.5 Zinc di-n-butyldithiocarbamate.

Table 4.9 Structure modifiers (14).

Compound

Linear isobutylene polymer
Methacrylic polymer/functionalized methacrylate copolymer
Methacrylate-styrene copolymer
Ethylene-propylene vinyl alkyl ketone polymer
Ethylene-propylene copolymers grafted with glycidyl methacrylates
Styrene-diene copolymers
Ester modified styrene-diene polymers
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tic or antagonistic effects. The effect of these additives on lubricating
grease properties has been systematically studied by suitable evalu-
ation techniques as per ASTM/IP test methods as described in Table
4.10. The total quantity of these additives alone or in combination
ranges from 0.01 to 50%.

Table 4.10 Standards used for the evaluation (14).

Standard Description

ASTM D217 Cone penetration of lubricating greases (15)
ASTM D566 Drop point of lubricating greases (12)
ASTM D2265 Drop point of lubricating greases (16)
ASTM D3527 Life performance of automotive wheel bearing

grease (17)
ASTM D1743 Corrosion preventive properties of lubricating

greases (18)
IP 239 Determination of extreme pressure and anti-wear

properties of lubricants
ASTM D2266 Wear preventive characteristics of lubricating

greases. Four ball method (19)
ASTM D942 Oxidation stability of lubricating by the oxygen

bomb method (20)
IP 112 Determination of corrosiveness to copper of lubri-

cating grease strip method

4.2.7 Improving the Wetting Properties of Ionic Liquids

It has been found that additives which have formerly been employed
exclusively in aqueous systems achieve the object of controlling the
wetting and spreading behavior of ionic liquids.

These are nonionic organic surfactants, cationic surfactants, am-
photeric surfactants, perfluorinated surfactants, and gemini surfac-
tants (21). A wide variety of examples have been given. Some are
listed in Table 4.11 and shown in Figure 4.6.
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Table 4.11 Surfactants for ionic liquids (21).

Compound

Polyethylene glycol cocosamine
Polyethylene glycol stearylamine
Octyl-β-D-thioglucopyranoside
Poly(propylene glycol) myristyl ether
Sorbitan monolaurate
Sorbitan trioleate
Cetyltrimethylammonium bromide
Cetylpyridinium chloride
N,N-bis(hydrotallowamidoethyl)-N-polyethoxy-N-methylammonium
methylsulfate

N,N-bis(oleylamidoethyl)-N-polyethoxy-N-methylammonium meth-
ylsulfate

N,N-bis(tallowamidoethyl)-N-polypropoxy-N-methylammonium
methylsulfate]

N-Methyl-N,N-bis(2-hydroxyethyl)-N-cocoammonium chloride
Dimethylalkyl(C12-C16)benzylammonium chloride
Dimethylstearylbenzylammonium chloride
3-[N,N-dimethyl(3-myristoylaminopropyl)ammonio]propanesulfon-
ate (Amidosulfobetaine-14)

1-(3-Sulfopropyl)pyridinium betaine
3-Dodecyldimethylammoniopropane-1-sulfonate
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
Lauryl betaine
Cocamidopropyl betaine
n-dodecyl-N,N-dimethylglycine
Tallowglycine
Perfluorooctanesulfonate
Perfluorinated carboxylic acids
Perfluorooctanoic acid
Fluorinated telomere alcohols
Acetylene diols
Acetylene diol alkoxylates
Acetylene glycols
Alkanedicarboxylic acids and esters
1,4-bis(α-octylpyridinio)butane dibromide
1,4-Bis(dodecylpyridinium)butane dichloride
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Figure 4.6 Surfactants for ionic liquids.
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4.3 Anti-Wear Additives

4.3.1 Ionic Liquids

Bisimidazolium-based ionic liquids with different anions have been
evaluated as the anti-wear additives in poly(ethylene glycol) at room
temperature (22). The results showed that bisimidazolium-based
ionic liquids could effectively reduce the friction and wear of sliding
pairs.

The excellent tribological properties of these additives were attri-
buted to the formation of high-quality physical adsorption films and
tribochemical products during the friction and the good miscibility
of ionic liquids with the base oil (22).

4.3.2 Castor Oil Tris(diphenyl phosphate)

Castor oil tris(diphenyl phosphate) was synthesized using an envi-
ronmentally friendly and renewable resource, i.e., castor oil (23).

The tribological properties of this compound were evaluated in
lithium 12-hydroxystearate greases and lithium complex greases at
150°C. The tribological behaviors of the additive for lithium 12-hy-
droxystearate greases and lithium complex greases application in
steel/steel contacts were evaluated using an Optimol SRV-IV os-
cillating reciprocating friction and wear tester and also a MS-10J
four-ball tester. The worn steel surface was analyzed by a scanning
electron microscope (SEM) and a multifunctional X-ray photoelec-
tron spectrometer.

The results indicated that castor oil tris(diphenyl phosphate) as
the additive could effectively reduce the friction and wear of sliding
pairs in the two base greases. The tribological performances were
also better than the commonly used zinc dialkyldithiophosphate-
based additive package in lithium 12-hydroxystearate greases and
also in lithium complex greases.

It was found that boundary lubrication films composed of
Fe(OH)O, Fe3O4, FePO4 and compounds containing P−O bonds
were formed on the worn surface, which resulted in an excellent
friction reduction and also anti-wear performance (23).
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4.3.3 Bifunctional Hairy Silica Nanoparticles

Bifunctional hairy silica nanoparticles are silica nanoparticles cov-
ered with alkyl and amino organic chains (24). These nanoparticles
were prepared as high performance additives for lubricants.

In comparison to hairy silica nanoparticles covered only with a
single type of an organic chain, binary hairy silica nanoparticles
exhibit the advantage of both types of organic chains, which show
an excellent compatibility with lubricants and adsorption behavior
to metal surfaces.

Nanoparticles with different ratios of amino and alkyl ligands
were investigated. In comparison to an untreated lubricant, bifunc-
tional hairy silica nanoparticles reduce the friction coefficient and
wear scar diameter by 40% and 60%, respectively. The wear mech-
anism of bifunctional hairy silica nanoparticles was investigated.
The protective and filling effect of the nanoparticles was improved
because of a collaboration of the amino and the alkyl ligands (24).

4.3.4 Boron Thiophosphite

A water soluble boron-containing thiophosphite derivative was syn-
thesized, and its tribological, anticorrosion, and anti-rust properties
as an additive for the base liquid of water-glycol hydraulic fluid
were evaluated in detail (25). The compound is shown in Figure 4.7.
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C8H17

C8H17

S
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CH2

CH2CH2CH2HO

Figure 4.7 Thiophosphite derivative.
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The compound was synthesized from Triton X-100, diethyl phos-
phite, boric acid, diethanolamine, and formaldehyde. The method
of synthesis has been described in detail (26).

The results of the tests demonstrated that the boron-containing
thiophosphite derivative is in fact a high performance and multi-
functional water soluble lubricant additive that was able to remark-
ably improve the extreme pressure, friction reduction, anti-wear,
anticorrosion, and the rust inhibiting properties of the base liquid
when added at a low concentration, smaller than 3%.

Based on a performance comparison of boron-containing thio-
phosphite derivative and thiophosphite, whose chemical structure
is similar to that of boron-containing thiophosphite derivative but
without boron, several conclusions were drawn:

The boron element existing as alkanolamine borate group could
greatly improve the extreme pressure, anti-wear, and anti-rust per-
formance of boron-containing thiophosphite derivative, especially
the anti-rust performance, but only a small effect on the friction
reducing and anticorrosion properties were shown.

Based on the characterization and analysis of the worn surfaces,
it has been proposed that the anti-wear mechanism consists of the
prepared compound boron-containing thiophosphite derivative re-
acting with the steel surface during the friction process to generate
a protective film mainly composed of phosphate, sulfide, sulfate,
organic amine, and B2O3 (25).

4.3.5 Hydroxyaromatic Compounds

Both conventional poly(isobutylene) (PIB) and high vinylidene PIB
are commercially available as starting materials to alkylate hy-
droxyaromatic compounds such as phenols. The alkylated hy-
droxyaromatic compounds can be used as functional additives and
as intermediates to functional additives for various applications (27).

Conventional PIBs are generally prepared by polymerizing iso-
butylene or an isobutylene-containing composition from a petro-
leum catalytic cracker, with an active acidic polymerization catalyst
such as AlCl3.

The resulting conventional PIB contains mainly 60–70 mol% of
a trisubstituted double bond isomer, −CH2C(CH3)=CHCH3 and
lesser amounts of 20–25 mol% of a tetrasubstituted double bond
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isomer −CH(CH3)−C(CH3)=C(CH3)2 and about 5–20 mol% of α-
and/or β-vinylidene double bond isomers.

High vinylidene poly(isobutylene)s are usually prepared by the
polymerization of isobutylene or an isobutylene containing compo-
sition with a milder acidic polymerization catalyst such as BF3. The
resulting high vinylidene PIB can contain about 90 mol% or greater
of vinylidene double bond isomers. Also, a minor amount of a tetra-
substituted double bond isomer is found. High vinylidene PIBs are
thought to be more reactive in comparison to conventional PIBs (27).

A Mannich reaction product has been synthesized that shows
a good detergency performance in hydrocarbon fuels. The Man-
nich reaction product is prepared from a PIB-substituted phenol,
an aldehyde and ethylenediamine, where the PIB has at least 70%
vinylidene double bond isomer (28).

It has been found that a derivative of an alkylated hydroxyaro-
matic compound derived from a conventional PIB and a high vin-
ylidene PIB is equally effective and may be more effective as a fuel
additive than a derivative of an alkylated hydroxyaromatic com-
pound derived from a high vinylidene PIB. The preparation of a
PIB alkylated phenol and the Mannich reaction runs as follows (27):

Preparation 4–1: Molten phenol and toluene are charged to a reactor and
mixed with constant stirring at ambient temperature under a nitrogen
purge. A BF3-phenol complex is then charged to the reactor. A solution
of a high vinylidene PIB is then charged to the reactor over 5 h, while
maintaining the temperature of the reaction mixture below 30°C. The reac-
tion mixture was held for 4 h. Then the reaction is quenched by charging
Ca(OH)2 into the reactor. The quenched reaction mixture was filtered
through diatomaceous earth. The filtrate was gradually distilled under
vacuum to 205°C to remove toluene and unreacted phenol.

For the Mannich reaction, the PIB alkylated phenol in an aromatic sol-
vent is charged into the reactor. Formalin was charged to the reactor at
48°C and dimethylamine in water solution was charged to the reactor over
2 h at 48°C. Then, the mixture was heated to 99°C to attain full reflux. Af-
terwards, the mixture was gradually heated to 130°C and held at 130°C for
2 h. Finally, the mixture was vacuum distilled at 130°C to remove the re-
maining water. The resultant mixture was filtered through diatomaceous
earth to give the Mannich reaction product.
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4.4 Fluid Loss Control Additives

4.4.1 Graphene Oxide

Graphene oxide is a good filtration additive in water-based drilling
fluids at concentrations as low as 0.2% by carbon content (29). Stan-
dard American Petroleum Institute (API) filtration tests were done
with pH-adjusted, aqueous dispersions of graphene oxide and xan-
than gum.

It was found that a combination of large-flake graphene oxide
and powdered graphene oxide in a ratio of 3:1 performed best in the
API tests, allowing an average fluid loss of 6.1 ml over 30 min and
leaving a filter cake of ca. 20 μm thickness.

In comparison, a standard suspension of 12 g l−1 of clays and
polymers, as used in the oil industry, showed an average fluid loss
of 7.2 ml and a filter cake ca. 280 μm thick.

SEM imaging showed an extreme pliability of well-exfoliated
graphene oxide, as the pressure due to filtration crumpled single
graphene oxide sheets, forcing them to slide through pores with
diameters much smaller than the flattened size of the flake. Gra-
phene oxide suspensions also exhibited a greater shear thinning and
higher temperature stability in comparison to clay-based fluid loss
additives. This demonstrates a potential for well applications at
high temperatures (29).

4.4.2 Montmorillonite

The modification of montmorillonite (MMT) by the nonionic surfac-
tant sorbitan monooleate and the cationic surfactant cetyltrimethyl-
ammonium bromide has been examined (30). This compound can
be used as a fluid loss control additive for preventing the fluid inva-
sion into a porous pristine formation and avoiding the collapse of
borehole wall in oil-drilling excavation.

Transmission electron microscopy imaging revealed that modi-
fied MMT with a small particle size displays a high dispersibility in
comparison to that of pristine MMT in white oil.

Small-angle X-ray diffraction, Fourier transform infrared spec-
troscopy (FTIR), and SEM measurements showed that a bilayer of
cetyltrimethylammonium bromide and sorbitan monooleate was
intercalated into the interlayer space of the MMT (30).
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The synthesized organo-clays as a fluid loss control additive per-
formed well in oil phase. The organo-clays modified with 2.0 cation
exchange capacity cetyltrimethylammonium bromide and 2.0 cation
exchange capacity sorbitan monooleate yielded 100% colloid frac-
tion in colloid fraction tests, showed low filtration loss of 5.7 ml, and
left a filter cake approximately 68 μm thick in American Petroleum
Institute filtration tests (31). This indicates that the synthesized org-
ano-clays can be potentially used as fluid loss control additive in
oil-drilling excavation (30).

4.5 Warm Mix Asphalt Additives

In particular, due to energy reductions and environmental benefits,
warm asphalt has increased in popularity in recent years (32). A lab-
oratory investigation was done concerning the rheological proper-
ties of non-foaming warm mix asphalt additives at high performance
temperatures. Conventional testing procedures, such as viscosity,
performance grade, creep and creep recovery, amplitude sweep,
frequency sweep and FTIR, were performed to determine the influ-
ences of non-foaming additives on asphalt binders.

The PG system is based on project climate. The standard notation
for PG binder is PG XX-YY where XX is the average seven-day
maximum pavement design temperature and YY is the minimum
pavement design temperature (33).

Several PG asphalt binders were used in combination with non-
foaming warm mix asphalt additives, i.e., Cecabase®, Evotherm®,
Rediset®, and Sasobit®.

The test results showed that non-foaming warm mix asphalt addi-
tives can slightly reduce the viscosity of the asphalt binder and thus
decrease the mixing and compaction temperatures of the mixture.
The binders containing a non-foam additive have a slight increase
in high failure temperatures in comparison to a conventional binder
and improve the rutting resistance of the mixtures. Further, creep
recovery, amplitude and frequency sweep tests showed that the
binders that contain Sasobit have a slightly higher complex modu-
lus but exhibit a lower creep compliance and phase angle than the
binder containing other warm mix asphalt additives, regardless of
the asphalt type. FTIR showed that the binder type plays a key
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role in determining the rheological properties of warm mix asphalt
binders (32).

Tradenames appearing in the references are shown in Table 4.12.

Table 4.12 Tradenames in References.

Tradename Supplier
Description

Alfol® (Series) Continental Oil Corp.
Fatty alcohols (10)

Duraphos DBHP™ Albright and Wilson
di-n-butyl hydrogen phosphite (10)

Duraphos® Rhodia Inc. Corp.
Phosphate ester (10)

Glissopal® 1000 BASF AG
Poly(isobutene) (28)

Irgalube TPPT™ Ciba Specialty Chemicals
Triphenylthiophosphate (10)

Nanoflon™ Shamrock Technologies, Inc.
Irradiated PTFE (5, 6, 9)

Neodol® (Series) Shell
Alkyl alkoxylated surfactants (10)

Surfam® (Series) Mars Chemical Company, At-
lanta, Ga.

Ether amines (10)
Surfam® P14B Mars Chemical Company, At-

lanta, Ga.
Decyloxypropylamine (10)

Surfam® P17B Mars Chemical Company, At-
lanta, Ga.

Tridecyloxypropylamine (10)
Ultravis® British Petroleum Comp.

Poly(butene) based additives (28)
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5
Concrete Additives

Concrete is a combination of cement and an aggregate to form a
strong building material. Cement is the binder material. There are
monographs concerning the chemistry of cement and concrete (1–4).
Conventional concrete, as a construction material, suffers from a
number of inherent deficiencies (5). The primary drawbacks relate to
its lack of ductility, low tensile strength, and a tendency to undergo
significant shrinkage during curing. The brittle nature of concrete
has had a direct effect on the specifications and guidelines used in
the design of concrete structures.

Industrial performance products for concrete and admixtures
have been presented (6). Also, the common types of cement ad-
ditives for use in oil well applications have been reviewed (7). The
cement additives selected for cementing operations are an integral
part of sound well design, construction and well integrity.

5.1 Properties of Concrete

Since the ultimate goal in the design of any structure is generally
safety, there are a number of precautions that needed to be taken
when formulating the design approaches used today. Chief among
these is the avoidance of brittle failure modes.

If a structure were to fail in service, people inside that structure
would be at great risk if they had insufficient warning to vacate the
premises before collapse. If such a failure occurred instantaneously,
as in brittle behavior, there would be no warning. Alternatively,
if there was a large amount of deformation, movement and noise

Additives for High Performance Applications: Chemistry and Applications. Johannes Karl Fink. 
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produced by the structure before failure (ductile), people would
have time to get out. Current design codes recognize this dilemma
and base their criteria around ductile failures. The question becomes
how to force a brittle material (concrete) to fail in a ductile manner
(5).

The behavior of typical concrete beam to which a uniform load is
added is well known. When the load is applied, the beam deflects.
This causes a shortening of the upper surface of the beam, resulting
in compressive stresses in this region of the member as the mate-
rial of the beam, i.e., concrete, tries to resist the change in shape.
The bottom surface, on the other hand, is lengthened or stretched,
resulting in an induced tensile stress as the concrete tries to resist
elongation.

Concrete is relatively strong in compression but very weak in
tension (5). If the beam were to be made entirely from concrete,
it would fail at the bottom surface under a very low load, possibly
even its own weight, and that failure would be very brittle in nature.
Thus, something must be done to the lower portion of the beam to
prevent the tensile stresses from failing the concrete.

This logic is the foundation for conventional reinforced concrete
beam design. Generally, reinforcing bars are placed within the con-
crete beam, near the bottom, to carry tensile loads and alleviate
the tensile stresses otherwise applied to the concrete. Steel, being
much stronger than concrete in tension, is well suited for this appli-
cation. In addition, steel fails in a very ductile manner, with very
large amounts of elongation before failure. If this occurs within the
concrete, a great deal of deformation and noise is generated, thus
providing the warning necessary to save lives.

The basic theory behind conventional reinforced concrete beam
design is well known. Essentially, steel reinforcement is placed near
the bottom of the beam and is used to carry the tensile stresses while
the concrete at the top of the beam carries the compressive stresses.
To avoid failure of this concrete in compression, the steel is actually
underdesigned so that it will fail first. Thus, the concrete never
reaches its ultimate capacity (5).

Furthermore, the concrete in the bottom portion of the beam is
not even considered in the design since its strength is very low in
tension relative to the steel. Its job is simply to protect the steel from
the surrounding environment by acting as a barrier to deleterious
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substances (e.g., seawater). Seawater will not significantly affect the
concrete itself but can cause corrosion of the steel reinforcement, re-
sulting in overall degradation of the structure. The effectiveness of
this approach depends upon the inherent permeability of the con-
crete, which is directly dependant upon the presence and size of
cracks. These cracks can and do occur because of such issues as
shrinkage, overloading, fatigue loading, impact, and other durabil-
ity mechanisms.

5.1.1 Pozzolans

Pozzolanic materials are alumino-siliceous materials which react
with calcium hydroxide in the presence of water to form compounds
possessing cementitious properties at room temperature, producing
calcium-silicate-hydrate. The end result is a significant reduction
in porosity and permeability, accompanied by a corresponding in-
crease in strength. Common pozzolans in use today include fly ash,
silica fume, blast furnace slag, and high reactivity metakaolin.

Typical effects of commonly used pozzolanic materials on the
amount of calcium hydroxide in concrete are shown in Figure 5.1.

Among the large number of clay types available, either natural
or man-made, the polymerization of Montmorillonite has been the
most actively studied. There are three or four main groups of clays:
kaolinite, montmorillonite-smectite, illite, and chlorite.

Chlorite is not always considered a part of the clays and is
sometimes classified as a separate group within the phyllosilicates.
Phyllosilicates are sheet silicate minerals, which are formed by par-
allel sheets of silicate tetrahedra.

There are about thirty different types of pure clays in these cate-
gories but most natural clays are mixtures of these different types,
along with other weathered minerals (5).

5.1.2 Calcium Aluminate Cement

The first calcium aluminate cement, containing iron and manufac-
tured in a smelting process, the Ciment Fondu Lafarge was first sold in
1918. Due to its considerably high aluminate content in comparison
to Portland cement, this cement type was initially referred to as high
alumina cement (8).
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Figure 5.1 Effects of commonly used pozzolanic materials on the amount
of calcium hydroxide (5).

Typical calcium aluminate cements that are rich in iron are pro-
duced by means of the smelting process and have a grey to black-
grey color. Calcium aluminate cements that are low in iron are
colored beige to grey. The components are listed in Table 5.1.

Table 5.1 Components in calcium aluminate cement (8).

Compound Iron rich Iron poor Iron free
[%] [%] [%]

Al2O3 36 –42 50 –55 68 –85
SiO2 2 – 6 2 – 6 <1
Fe2O3 14 –19 1 – 3 <0.5
CaO 37 –40 37 –40 26 –31
MgO <1.5 <1.5
SO3 <0.4 <0.4

Additives for calcium aluminate cement formulations have been
described. Additives with primarily retarding and accelerating ef-
fects are tartaric acid, sodium carbonate, and lithium carbonate.

Additives that primarily affect the consistency of the composition
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are calcium hydroxide, polycarboxylic ether, cellulose ether, and the
defoaming agent Agitan® P 801 (8).

5.1.3 Rutting of Bituminous Concrete

Under the traffic action, pavement crumbling may occur rapidly,
which leads to severe impairments that are reflected on the surface
layers (9): Rutting, cracking, substances rejection, polishing and
pulling out the aggregates on surface. This situation often needs a
renovation of the surface layers.

The use of local materials for pavement design has been assessed.
Recycling of bituminous substances is one of the relevant solutions.
This method has the advantage of reusing building materials by
mixing them with a proportion of refined ones to achieve the re-
quired performance (9).

5.2 Set Retarders

A set retarder can be added to a cement composition in order to
help to increase the thickening time of the cement composition such
that the cement composition remains pumpable for a desired time
at a specific temperature (10). The thickening time is proportional
to the setting time, i.e., the longer the thickening time, the longer
the setting time will be. Therefore, a set retarder can be added to a
cement composition to help increase the setting time of the cement
composition.

Some retarders also have an effect on the viscosity of the slurry
compositions. Lignin derivatives and organic acids reduce the vis-
cosity, whereas cellulose derivates increase the viscosity

Other examples of set retarders are ethylenediamine tetraac-
etic acid and nitrilotriacetic acid, or a combination of these com-
pounds (11). Still another example of a set retarder for Portland
cement is a copolymer formed from a monomer of 2-acrylamido-
2-methyl-1-propane sulfonic acid. Examples of set retarders for
calcium aluminate cements are polymeric phosphate salts such as
sodium tripolyphosphate (12).
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5.2.1 Superplasticizers

A polymer from 2-hydroxyethyl methacrylate (HEMA) has initially
been described for its use for contact lenses (13). It is a macroporous
hyperhydroxy polymer with a very high water-holding capability.
The polymer has a crosslinked skeleton with a pore size of at least
90 Å and a high ratio of free water to solid when hydrated. In
particular, water contents of 95–99.75% are possible while sufficient
integrity of structure is maintained. HEMA is shown in Figure 5.2.

CH2 C

CH3

C

O

O CH2 CH2 OH

Figure 5.2 2-Hydroxyethyl methacrylate.

Another use of such polymer types as concrete additives has been
described (14). The polymer can be used to retard the curing process
and to incorporate specific elements that enhance the overall perfor-
mance of the concrete. For example, the polymers may be used as
admixtures to chelate specific elements. This chelation ability may
be usable in order to ensure the uptake and distribution of a desired
element throughout the concrete mixture.

The performance enhancement may be as a result of the curing
process, the strength or other characteristics of the concrete or the
ability of the concrete to adhere to incorporated reinforcement ma-
terials (14).

5.3 Accelerators

An accelerator is a chemical additive that is used to speed up the
normal rate of the reaction between cement and water (7). This
shortens the time of thickening of the cement. Further, an accel-
erator increases the early strength of cement. Accelerators do not
increase the ultimate compressive strength of cement but promote
a rapid strength development. However, in a higher concentration
the accelerator may act as a retarder. Accelerators may also interact
with other additives, such as dispersants.
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Calcium chloride and sodium chloride are the most commonly
used accelerators. Other types of accelerators are sodium metasili-
cate, potassium chloride and gypsum. Calcium chloride is the most
efficient and economical accelerator. Anhydrous calcium chloride is
more preferred because it absorbs moisture less readily and is easier
to maintain in storage.

Sodium chloride is a slight accelerator at low concentrations and
becomes a retarder at higher concentrations. Since seawater con-
tains sodium chloride, it can be readily used in offshore oil well
applications.

5.3.1 Aqueous Dispersions of Silica

It has also long been known, that an acceleration of setting can
be achieved by the addition of a finely divided amorphous silica to
cementitious preparations (15). However, this additive was not used
since initially the processability of the fresh concrete was greatly
limited thereby.

Recently, these problems could be overcome, and an aqueous dis-
persion has been described that contains water, precipitated silica,
silicate, and a superplasticizer (16). The superplasticizer is a water
soluble poly(carboxylate ether). The dispersion is free of binders.

Precipitated silicas differ from pyrogenic silicas, which are also
referred to as aerosils. The most preferred suitable plasticizers are
lignosulfonate, sulfonated naphthalene-formaldehyde polyconden-
sates, sulfonated melamine-formaldehyde polycondensates, and
poly(carboxylate ether)s (16).

5.3.2 Non-Chloride Cement Accelerators

Electric arc furnace dust is a byproduct of the electric steelmaking
industry and is produced in large quantities around the world (17).
The safe disposal of such a byproduct is expensive and continues
to be a serious concern in many countries throughout the world. A
cement composition has been disclosed comprising (17, 18):

1. Cement,
2. Electric arc furnace dust, and
3. A non-chloride cement accelerator.
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Exemplary non-chloride accelerators have been described. These
are calcium nitrite and calcium formate (17). Calcium nitrite and
calcium formate appear to provide additional sources of Ca2+ and
may thus reduce the time required to achieve supersaturation of the
solution with respect to Ca(OH)2. Calcium nitrite can decompose
into calcium oxide and a mixture of nitrogen dioxides according to
following equation (17):

Ca(NO2)2 A CaO +NO +NO2 (5.1)

The cement compositions containing electric arc furnace dust are
capable of exhibiting an improved early compressive strength and
workability (17).

5.4 Dispersants and Thinners

5.4.1 Xylonic Acid

Xylonic acid, cf. Figure 5.3, is a sugar acid that can be obtained by
the complete oxidation of xylose. It has been attempted to utilize
xylose by converting it to an aldonic acid (19). Xylose was converted
to xylonic acid by using commercial glucose oxidase enzyme, pal-
ladium catalysis, and microbial bioconversion.

HO OH

OH

OH

OH

O

Figure 5.3 Xylonic acid.

The enzyme conversion was successfully done using a commer-
cial glucose oxidase. The microbial conversion with Gluconobactor
oxydans proceeded even with the presence of a large amount of
lignosulfonate.

The so-obtained xylonic acid products were evaluated as a cement
dispersing agent in cement and concrete tests. It was found that
xylonic acid is approximately twice as effective as lignosulfonate.
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Xylonic acid can be effectively utilized for concrete water reducing
applications (19).

5.4.2 Thixotropy

5.4.2.1 Microfibrillar Cellulose

In concrete technology an important field of interest is a self-com-
pacting concrete, which flows and compacts itself due to gravity (20).
Therefore, no external vibration or other compaction is needed. It is
possible to produce a very high performance concrete as self-com-
pacting concrete. Because compacting work is not needed, the noise
level during construction is lowered remarkably.

A problem with the self-compacting concrete is the segregation
and the sensitivity of the concrete to variations on the raw materials
(20). Segregation usually results in a concrete with unacceptable
properties. In water segregation the water phase is separating when
the cement particles are settling with time. Aggregate segregation
occurs faster when aggregates are settling in the paste phase.

There have been attempts to solve these problems using viscosity-
enhancing agents, for example, with water soluble polysaccharides
such as welan gum or cellulose derivates (21). Cellulose fibers have
been used in concrete materials in order to improve the mechanical
properties of materials (22).

Microfibrillar cellulose refers to isolated cellulose microfibrils or
microfibril bundles that are derived from a cellulose raw material.
Microfibrils typically have a high aspect ratio. The number average
diameter is typically below 200 nm. The smallest microfibrils are
similar to so-called elementary fibrils, which are typically 2–12 nm
in diameter.

The dimensions of the fibrils are dependent on the raw material
and the method or disintegration. Microfibrillar cellulose may also
contain some hemicelluloses. The amount is dependent on the plant
source. Mechanical disintegration of microfibrillar cellulose from a
cellulose raw material, cellulose pulp, or refined pulp is carried out
by using a refiner, grinder, homogenizer, colloider, friction grinder,
ultrasound sonicator, or a fluidizer-type homogenizer.

In addition, microfibrillar cellulose can also be directly isolated
from certain fermentation processes. Cellulose producing micro-
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organisms may be of the genus Acetobacter xylinum or Acetobacter
pasteurianus. Microfibrillar cellulose also may be chemically or
physically modified, for example, by carboxymethylation, oxida-
tion, esterification, or etherification. The modification can also be
realized by the physical adsorption of ionic substances.

The addition of microfibrillar cellulose increases the paste thix-
otropy both with and without plasticizer. Microfibrillar cellulose
helps to make a self-compacting concrete more robust. Water bleed-
ing and aggregate settlement are diminished and thus concrete
durability properties are increased. Water bleeding is effectively
prevented with the finest fibril additives. The aggregate settlement
is also drastically decreased with microfibrillar cellulose (20).

The cementitious composition is manufactured by (20):

1. Mixing a cementitious binder, aggregate material, water, and
2. Optionally adding a plasticizer or a dispersing agent.

5.4.3 Flowability

In a typical concrete mixing process, a large amount of water is
added to increase flowability of the concrete (23). However, a wa-
ter overdose lowers concrete compression strength and adversely
affects other properties. In contrast, a lack of water causes concrete
slump and deterioration, which is harmful to a construction pro-
cess. Many chemical additives have been described to improve the
concrete flowability without the need for increasing the amount of
water.

Traditional concrete water reducers are formed by mixing lignin
as main component with naphthalene sulfonic acid sodium salt.
Although the cost of such kind of additives is relatively low, they
cannot provide desirable concrete water reduction when the effec-
tive content in the concrete is low. For example, when a type F water
reducer, which consists mainly of naphthalene-based compounds,
is used, rapid concrete slump will result.

5.4.3.1 Carboxylic Type Additives

Copolymers of acrylic acid or maleic anhydride and alkenyl ethers
have been found to improve the flowability of a concrete admixture.
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Also, copolymers of maleic acid and its salt and ester deriva-
tives and hydroxy-terminated allyl ether and copolymers of maleic
acid and partially esterified styrene are known to enhance concrete
admixture flowability (24, 25).

Such chemical reagents are classified as carboxylic type additives
(23). But those concrete additives still cannot provide all the required
properties. For example, although esterified acrylic acid copolymers
provide a good concrete admixture flowability, they also prolong the
hardening time.

5.4.3.2 Norbornene and Maleic Anhydride Copolymers

An improved family of concrete admixture additives has been de-
veloped (23). An example for the preparation has been shown in
detail.

Preparation 5–1: First, 5 units of norbornene, 25 units of maleic anhydride
and 0.5 unit of 2,2′-azobisisobutyronitrile are placed in a reaction flask.
Then, 200 ml of benzene as solvent is added. The mixture is agitated for
10 min, followed by a slow heating. Then, at 80°C, the mixture is allowed
to react for 2 h. After filtration, a white solid compound can be obtained.
This product is a copolymer of norbornene and maleic anhydride, with an
average molecular weight of 4500 Dalton.

In a similar way, norbornene, styrene, and maleic anhydride have
been polymerized. Also, certain copolymers can be added as such.
Several examples of fabrication have been detailed (23). Water re-
duction tests were conducted according to the ASTM C494 standard
test method (26).

These additives, even at a relatively low additive level, can pro-
vide an improved water reduction, increase concrete flowability,
reduce concrete slump and enhance compression strength (23).

5.5 Defoamers

Defoamers with a high hydrophobicity have limited solubility in wa-
ter and are not easily incorporated into aqueous solutions, which,
for the most part, comprise the water reducing admixture com-
positions (27). This hydrophobicity tends to destabilize the aque-
ous product and fosters separation of components. It requires that
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the water reducing cement dispersant and defoamer be constantly
stirred to prevent separation, or that they be stored in separate tanks
and mixed just before use.

5.5.1 Ethoxylated Fatty Alcohol Acrylates

Ethoxylated or propoxylated fatty alcohol acrylate or methacrylate
compounds are useful as defoamers for concrete compositions (28).
It has been observed that a special balance between the chain length
of the fatty alcohol and the distribution of the ethoxy or propoxy
units results in an ester with improved defoaming properties. These
products are particularly efficient in removing occluded air bubbles
and foams formed during concrete processing operations. This is
unusual, since the structures miss polymeric backbones.

The products are prepared by the alkoxylation of cetyl alcohol
or stearyl alcohol using ethylene oxide or propylene oxide. In the
second step, the intermediate is reacted with acrylic acid, meth-
acrylic acid or a mixture from these acids. When the esterification
is completed, the unreacted acid is distilled off from the product
under high vacuum. An additional purification of the ester is not
necessary (28). The reaction is shown in Figure 5.4.

A detailed example of preparation is as follows (28):

Preparation 5–2: First, 1 mol acrylic acid and 0.3 mol Cetylstearyl+3EO+
5PO methacrylate (Agnique® DFM 250, Cognis GmbH) are placed in a
250 ml polymerization flask at room temperature. The mixture is diluted
with 58.6 ml water and set under nitrogen bubbling in order to remove all
traces of oxygen. Then the mixture is heated to about 80°C and 1.4 g am-
monium persulfate as radical initiator is added. Since the polymerization
is an exothermic reaction, the flask must be cooled in order to maintain
a reaction temperature of 80–90° C. Once the polymerization is finished,
the product is cooled to room temperature and treated with an aqueous
sodium hydroxide solution to neutralize the acidic groups in the polymer
and diluted with water to adjust a polymer content of 30%.

5.5.2 Hydroxyl Alkyl Acrylate

A cost-effective and environmentally friendly defoamer formulation
which does not contain oil, ethylene bis-stearamide or free silicone
for use in various industrial applications (29). The defoamer formu-
lation is a mixture of a polymer containing acrylic acid, methacrylic
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Figure 5.4 Synthesis of an ethoxylated fatty alcohol acrylate.

acid, or a combination, either in a suitable diluent, an organic carrier,
an additive, or a surfactant.

A polymer containing 10–30% hydroxyl alkyl acrylate and
70–90% alkyl acrylate by weight percent was prepared as follows
(29):

Preparation 5–3: First, 250 g of diisooctyl adipate was placed into a re-
action flask. A vacuum was applied for 20 min to remove dissolved air.
Then the diisooctyl adipate was sparged with nitrogen while being heated
to 79–82°C with mixing. Once at temperature and with the nitrogen sparge
and constant mixing, a free radical generating compound was added and
allowed to dissolve over a 5 min period. Meanwhile, the acrylate mono-
mers were premixed in a beaker. The monomer mixture was added to
the diisooctyl adipate diluent through an addition funnel at a rate of ap-
proximately 1.5 g min−1, making sure to maintain a temperature of ap-
proximately 79-82°C. After the monomer blend addition, 48 g of diisooctyl
adipate were used to rinse the monomer blend container and addition
funnel, and the diisooctyl adipate rinse was added to the reaction flask.
Another 0.5 g of free radical generating compound was added, and the
mixture was held at 79–82°C with mixing and nitrogen for 2 h. The mixture
was then air cooled to room temperature.

The defoamer formulation is useful in the cement industry in
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order to efficiently decrease the foam production during the prepa-
ration of cement slurries. As such, air entrainment in the cement
slurry is minimized, thus leading to increased flow properties in the
cement. The minimization of air entrainment in the cement slurry
also results in a more structurally sound cement lattice (29).

5.5.3 Tributyl Phosphate

Tributyl phosphate has been used as defoaming agent for concretes
for pavement applications that contain nanoparticles (30).

5.5.4 Silicone Oils

Silicone oils are also used as defoaming agents and have been found
to be extremely effective materials. However, the silicone oils suffer
from a major drawback in that they tend to remain on the surface
of the parts being cleaned, which can adversely affect post-process
operations such as painting, plating, welding, or bonding (31).

5.5.5 Other Additives

Defoamers may comprise an ethoxylated or propoxylated alcohol,
fatty alcohol, alkylamine, alkyl polyamine or fatty carboxylic acid
(27).

A mixture of three defoaming agents has been proposed, com-
posed from a (31):

1. Hydrophilic, fumed, particulate silica,
2. Ethylene oxide-propylene oxide block copolymer, and
3. Linear alcohol alkoxylate mixture of poly(oxyethylene/oxy-

propylene) mono-C6, C8, and C10 alkyl ethers.

5.6 Shrinkage Compensation

Conventional concrete tends to shrink during drying and curing
(32). This shrinkage occurs with a loss of water. The drying shrink-
age creates tensile stresses in the concrete. Since concrete generally
has a low tensile strength, shrinkage stresses often cause cracking.
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In order to reduce cracking caused by shrinkage, various ex-
pansive concretes have been developed. The expansive cement
generally is a hydraulic cement with an expansive component that
expands during hydration (33, 34). The expansive cement causes
the concrete to expand slightly as it dries, which helps to offset or
compensate for the shrinkage associated with drying. As a result,
shrinkage and resulting tensile stresses in the concrete are reduced
or eliminated, along with the cracking resulting from those stresses.

Recently, a shrinkage-compensating concrete has been developed,
in which the expansive forces developed during hydration compen-
sate for shrinkage of the concrete, thus obviating the need for any
added internal or external restraint element. With such formu-
lations, substantially crack-free slabs may be built without using
restraining steel bars, fibers, or other separate restraining elements.

Calcium sulfoaluminate or any other oxide or sulfate that expands
upon hydration is used as additive (32).

5.7 Permeability

In the 1990s, fires in concrete-lined tunnels created a situation of
rapidly rising temperature (35–37). This rapid rise in temperature
led to explosive spalling of large areas of concrete. Large falling con-
crete chunks proved to be almost as dangerous to trapped motorists
as the smoke and fumes from the fires. More recently, the increased
heat of vertical take-off and landing aircraft (F-35 and Osprey) have
caused great concern that explosive spalling might endanger both
crew and aircraft.

The process of heat-induced spalling is relatively simple. When
concrete is exposed to temperatures above the boiling point of water,
moisture in the concrete turns to steam. If the temperature rises
more rapidly than the steam can escape, rising pressure causes the
concrete to spall. The heat from jet exhaust or vehicle fires is typically
much greater, in the range of 930°C to 1100°C, causing potentially
explosive spalling.

Accordingly, there is a need for concrete having improved
spalling resistance. There is also a need for concrete having im-
proved compressive and flexural strength, as these properties con-
trol how much concrete must be used to support a given design load.
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Furthermore, given the present interest in reducing the carbon foot-
print of various manufacturing processes, there is a need for concrete
formulations that reduce the production of carbon dioxide during
cement making.

5.7.1 Expanded Perlite

A concrete additive consists of an expanded perlite with a volume
weighted mean particle size of approximately 10–100 μm. The per-
lite further includes at least one additional component to improve
workability and compensate for the natural tendency of expanded
perlite to absorb water from the concrete mix. The additional com-
ponent may include: water, a superplasticizer such as polycarb-
oxylates, naphthalene sulfonate, and melamine sulfonate, or a hy-
drophobic compound such as salts of fatty acids, fatty acids, silanes,
and siloxanes.

The additive can be made in the form of a flowable powder or a
flowable slurry. Concrete containing this additive displays superior
properties to conventional concrete, including extremely high ther-
mal resistance and high strength, low chloride ion permeability, and
good early strength. The expanded perlite is a readily available raw
material and the finished concrete is extremely cost-effective for ap-
plications where a high strength structural concrete must withstand
high temperatures (36).

5.7.2 Pozzolanic Materials

One method of improving both of these drawbacks, i.e., brittle fail-
ure mode and high permeability, is to provide a reinforcement of
the concrete matrix at a smaller scale than the steel bars. This is
often done through the use of short fibers mixed into the concrete
during batching. Fibers have the ability to improve durability by
resisting crack opening and provide strength after initial cracking,
thus improving the ductility of the concrete (5).

The permeability can also be improved by altering the concrete
microstructure to produce a denser, less porous, arrangement of
components. The most common approach to achieving this goal is
the inclusion of a pozzolanic material in the concrete mix design.
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Concrete is well known to be made up of two primary compo-
nents; stone and sand aggregates surrounded by a hydrated cement
paste matrix. It is the latter which acts as the glue that binds the
aggregates together. It is also the hydrated cement paste that is the
dominant factor when it comes to permeability, since the aggregates
typically used in concrete tend to be far less permeable than the
surrounding matrix.

Examining the hydrated cement paste matrix reveals that there are
two primary building blocks that make up its microstructure; calci-
um-silicate-hydrate (C−S−H) and calcium hydroxide. The C−S−H
takes the form of very small crystals packed closely together to form
a very dense structure. The calcium hydroxide, on the other hand,
forms much larger, layered, plate-like crystals. These crystals do not
pack well and tend to exhibit weakness between layers due to poor
bonding. Ultimately, it is the calcium hydroxide that represents the
weak link in both strength and permeability of the hydrated cement
paste.

5.7.3 Cracking Catalyst

The hydration of cement paste was investigated as a function of the
addition of spent catalyst for catalytic cracking in fluidized bed, in
comparison with similar uses of microsilica and fly ashes (38).

The kinetics of the hydration process was studied by thermo-
gravimetry (TG), differential scanning calorimetry, and spectro-
scopic methods. The time of setting of freshly prepared pastes and
the compressive and bending strengths of sample beams after the
7th day and the 28th day of setting were determined.

The contents of Ca(OH)2 in the pastes at various times of hydra-
tion were determined from the results of the TG studies. Also, the
pozzolana nature of the additives has been found out. The ability
of combining with Ca(OH)2 was similar in the spent catalyst and
the microsilica. In the presence of the spent catalyst, the hydra-
tion process was strongly exothermic, which promoted the rapid
setting of the cement paste. Calcium carbonate aluminates that are
formed in the system, favorably affect the strength of the concrete
materials (38).



206 Additives for High Performance Applications

5.8 Air Entraining Agents

Air entraining is the intentional creation of tiny air bubbles in con-
crete (39). The bubbles are introduced by adding to the mix an air
entraining agent and a surfactant. The air bubbles are created dur-
ing the mixing of the fresh concrete. Most of them survive to be part
of the hardened concrete. The purpose of an air entrainment is to
lengthen the durability of the hardened concrete.

Entrained air dramatically improves the durability of concrete
exposed to moisture during freeze-thaw cycles and greatly improves
the resistance of the concrete to surface scaling caused by chemical
deicers. Also, it is intended to increase workability of the concrete
while it is in the plastic state.

Concrete mixtures may contain an air entraining agent (40). Air
entraining agents are compounds that entrain microscopic air bub-
bles in cementitious compositions, which then harden into concrete
having microscopic air voids. Air entraining agents can reduce the
surface tension of a fresh cementitious composition at low concen-
tration. Air entrainment can also increase the workability of fresh
concrete and reduce segregation and bleeding. Examples of suitable
air entraining agents are collected in Table 5.2.

Table 5.2 Air entraining agents (40).

Compound Compound

Wood resin Sulfonated lignin
Petroleum acids Proteinaceous material
Fatty acids Resinous acids
Alkylbenzene sulfonates Sulfonated hydrocarbons
Vinsol resin Anionic surfactants
Cationic surfactants Nonionic surfactants
Natural rosin Synthetic rosin

The air entraining agents are added in an amount to yield a de-
sired level of air in a cementitious composition. Generally, the
amount of air entraining agent in a cementitious composition ranges
from about 0.001% to about 0.3%, based on the weight of the dry
cementitious material. The particular amount used will depend on
materials, mix proportion, temperature, and mixing action (40).
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5.8.1 Fluorochemical Surfactants

Air entraining agents that may also be used include foams formed
ex-situ, including stabilized foams from water and a fluorochemical
surfactant (41). Fluorochemical foam stabilizing surfactants are well
known in the art of fire fighting foams.

5.8.2 Superabsorbent Polymers

Superabsorbent polymers are an alternative to air entrainment
agents in order to increase the frost resistance of the concrete (42).

A texture composition with a superabsorbent polymer showed a
desirable water retention property but is significantly less suscepti-
ble to air entrainment than conventional formulations containing a
cellulosic thickener (43).

The texture composition consists essentially of calcium carbon-
ate in an amount of 30–95% of the dry composition, starch, and a
superabsorbent polymer that can absorb at least about 50 times its
mass and having a particle size of less than about 250 μm. The su-
perabsorbent polymer is added in an amount of 0.02–5% of the dry
composition. Superabsorbent polymers that have been disclosed
are shown in Table 5.3.

Table 5.3 Superabsorbent polymers (43).

Polymer compound

Poly(acrylamide) copolymer
Ethylene maleic anhydride copolymer
Crosslinked carboxy-methylcellulose
Poly(vinyl alcohol) copolymers
Crosslinked poly(ethylene oxide)
Starch grafted poly(acrylonitrile) copolymer
Starch grafted poly(acrylamide)
Starch grafted poly(2-propenamide-co-2-propenoic acid)
Poly(2-propenamide-co-2-propenoic acid) sodium salt

Because of the reduction in air entrainment, unwanted pinholes
in the applied product are greatly reduced or eliminated. Further-
more, it has been found that a superabsorbent polymer allows for
a much more workable composition with reduced mobility since
the composition is less apt to be runny or to drip. In addition,
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texture compositions with a superabsorbent polymer are easier to
handle, since the material is less sticky and easier to wash off from
hands and tools, especially in comparison to conventional formula-
tions including a cellulosic thickener (43). Formulations containing
a superabsorbent polymer are shown in Table 5.4.

Table 5.4 Formulations with a superabsorbent polymer (43).

Material Manufacturer Amount/[%]

Calcium carbonate Dolocron 4512A-
Specialty Minerals

44.022

Calcium carbonate Picqua P-100-Pic-
qua

44.022

Kaolin clay ASP 600-BASF
Corporation

2.501

Mica GIM Mica-Georgia
Industrial Miner-
als

5.003

Attapulgite clay Minugel FG-Active
Minerals Interna-
tional, LLC

2.501

Superabsorbent polymer Water Lock ®
SAP C-200-Grain
Processing Corpo-
ration

0.150

Wheat starch Genvis 200D-
Archer Daniels
Midland

1.501

Guar gum Galactasol 60H3FD-
S-Ashland Chemi-
cals

0.250

Preservative biocide Vancide MZ-96-RT
Vanderbilt

0.050

5.8.3 Rubber Crumb

The optimum quantity of rubber crumb as an air entraining admix-
ture in concrete, thus providing maximum freeze-thaw protection
and maximum strength, has been assessed (44).

Microscopic and chemical analysis was done with rubber sam-
ples to investigate how a rubber crumb entrains air and reacts with
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the surrounding concrete. An optimum addition of rubber crumb
to a concrete mix was found to be 0.6% of concrete. A freeze-thaw
test was carried out with three separate batches of concrete con-
taining washed rubber crumb, unwashed rubber crumb and plain
concrete, respectively. It was found that rubber crumb was effective
in providing freeze/thaw protection (44).

5.8.4 Autoclaved Aerated Concrete

Enclosures that have been built from elements of autoclaved aer-
ated concrete often are covered with plasters (45). Certain adhesion
problems between plasters and surface exist during the mechanized
covering of surfaces of the enclosures with the plaster. Some dis-
persible additives, such as a vinyl acetate polymer or derivatives of
acrylic acid esters, are used to improve the adhesion.

Another problem is the increased water absorption of the auto-
claved aerated concrete elements, therefore water retarding addi-
tives, e.g., cellulose esters, are used in the mixture of plasters. Due
to an insufficient amount of water in the mixture of plasters, the
hydration of the cement minerals slows down. The influence of
natural zeolite and clinoptilolite on the properties of plaster has
been investigated (45). Clinoptilolite is a natural zeolite comprising
a microporous arrangement of silica and alumina tetrahedra (46).
It commonly occurs as a devitrification product of volcanic glass
shards in tuff and as vesicle fillings in basalts, andesites and rhyol-
ites.

It was found that this additive effectively absorbs water and en-
sures an adequate hydration of the cement minerals (45). In the
mixture of plaster, when the sand is changed by clinoptilolite in
an amount of 15% the structure becomes slightly compact and the
compressive and flexural strength of the hardened plaster increase
by 47% and 12%, respectively. Further, the adhesion to a surface of
the autoclaved aerated concrete element increases by 44%. In con-
trast, the drying shrinkage, the water vapor resistance factor and
the coefficient of capillary absorption do not change (45).



210 Additives for High Performance Applications

5.9 Corrosion Protection

5.9.1 Modified Hydrotalcites

Hydrotalcite is a natural mineral that was discovered in 1842 in
Norway (47). Hydrotalcites are also known as a member of a large
mineral group of naturally occurring layered double hydroxides.

There are a number of techniques that have been successfully ap-
plied to synthesize modified hydrotalcites (48). The most commonly
method used is the co-precipitation of two metal salts in alkaline so-
lution at a constant pH value of about 10. Another method uses
the classical ion exchange process in which the guest anions are
exchanged with the anions in the interlayer spaces of preformed
layered double hydroxides to produce specific anion intercalated
modified hydrotalcites. Still another method is a lattice reconstruc-
tion after heating, i.e., calcination, which is based on the structural
memory effect of these materials, due to which the original structure
is reproduced after rehydration.

Modified hydrotalcites are technologically promising materials
for their addition to concrete in order to improve its durability in
aggressive environments, owing to their low cost, relative simplicity
of preparation, and plenty of unique composition variables that may
be adopted (48).

Only a few studies have been focused on cementitious materi-
als concerning their potential applications in corrosion protection
of reinforced concrete structures. The mechanism of corrosion in
reinforced concrete and concrete properties that affect corrosion of
reinforcement have been briefly detailed. The existing knowledge
concerning the synthesis and characterization methods of modi-
fied hydrotalcites, ion exchange within the modified hydrotalcite
structure as well as the application of modified hydrotalcites in the
cementitious materials have been reviewed. It is expected that modi-
fied hydrotalcites can improve the durability of reinforced concrete
materials (48).

5.9.2 Chloride Ion Scavenging

The chloride-induced corrosion of reinforcement materials in con-
crete influences the durability of the reinforced concrete structures
(49). Waste residues of the production of bioethanol have been
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tested as additives for concrete in order to catch the chloride ions. A
significant portion of lignin is left from the bioethanol production.

The lignin is obtained from the biomass by a two-step hydrolysis
with phosphoric acid, followed by an enzymatic hydrolysis in order
to remove the polysaccharides. The nitrogen in the lignin can be
increased by a Mannich reaction, thus increasing the ionic capacity.
It has been found that cationic lignin is suitable to catch chloride
ions in concrete (49).

5.9.3 Dopamelanin

Melanins are a group of natural pigments found in many organisms.
A lack of melanin results in albinism. Melanin is produced by the
oxidation of the amino acid tyrosine, followed by polymerization.
These compounds are shown in Figure 5.5.
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Figure 5.5 Melanin and tyrosine.

Melanin shows extraordinary properties, as in the presence of
light, it can dissociate water. It has also been proposed to use these
properties in industrial applications. For example, a photoelectro-
chemical method has been developed for the conversion of water
into hydrogen and oxygen (50).

The use of dopamelanin or its precursors as an additive of a
cement mixture substitutes the capillary water proportion in the ce-
ment mixture (51). The use of dopamelanin in an aqueous solution,
in less than 3%, as a concrete setting and curing agent significantly
increases the ductility and scouring resistance of the cement mixture.

Also, the cement mixture improves the physicochemical and bac-
teriological properties of the concrete, the notable increment related
to compression resistance and ductility or relative displacements be-
ing of special interest, and suffers less damage in comparison with
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the mixture containing water. Also, it intensifies its scouring resis-
tance, which is advantageous for the metallic elements immersed in
its interior (51).

5.10 Superabsorbent Polymers

A comprehensive overview of the properties of superabsorbent
polymers, specific water absorption and desorption behavior of su-
perabsorbent polymers in fresh and hardening concrete, the effects
of the superabsorbent polymers addition on the rheological prop-
erties of fresh concrete, the changes of cement paste microstructure
and mechanical properties of concrete have been reviewed (42).

In addition, the key advantages of using superabsorbent poly-
mers have been described in detail. This material has the ability
to act as an internal curing agent to mitigate autogenous shrinkage
of high performance concrete, the possibility to use superabsorbent
polymers as an alternative to air entrainment agents in order to in-
crease the frost resistance of concrete, and also the benefit of steering
the rheology of fresh cement-based materials (42).

5.11 Fibers

5.11.1 Poly(oxymethylene) Fibers

Polymeric additives for concrete have been described (52). These
are fabricated from a poly(oxymethylene) (POM) copolymer. POM
copolymers can be utilized to form fibrous additives for concrete,
i.e., microfibers or macrofibers. The POM copolymers can also in-
clude chemical groups, e.g., end groups or pendant groups that can
increase the polarity of the POM and thus increase the hydrophilic-
ity of the formed fibers, which can improve miscibility of the fibers
in wet concrete. The chemical groups of the POM copolymers can
bond with components of the concrete or can hydrolyze to form
groups that are bonding with some components of the concrete.

A POM copolymer can be manufactured by the copolymerization
of trioxane and a cyclic acetal. POM fibers can be formed from
monomeric reactants as follows (52):
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1. Polymerization of trioxane with 1,3-dioxolane utilizing a
BF3 initiator and a methylal chain transfer agent-designated
POM.

2. Polymerization of trioxane with 1,3-dioxolane utilizing a BF3
initiator and an ethylene glycol chain transfer agent-desig-
nated POM-OH.

3. Polymerization of trioxane with glycerol formal formate uti-
lizing a BF3 initiator and an ethylene glycol chain transfer
agent-designated lateral OH-POM.

The monomers can contain terminal groups that are much less
reactive during polymerization in comparison to the formal group
itself or the trioxane, e.g., an ester group, a formate group, or an ac-
etate group. Accordingly, the terminal group can remain unreacted
during the polymerization reaction to form an essentially linear
polymer with a side chain functionality. This side chain functional-
ity can be suitable for use as is or, alternatively, it can be hydrolyzed
after the polymerization to result in pendant hydroxyl functional
groups. Hydrolysis following the polymerization reaction can also
remove unstable hemiacetal end groups and improve the stability
of the resulting copolymers.

In particular, a POM copolymer can be formed by the copolymer-
ization of trioxane with 0.2–6 parts glycerol formal formate per 100
parts trioxane or 0.2 to 6 parts of a combination of 1,3-dioxolane
and glycerol formal formate per 100 parts trioxane, using ethylene
glycol as a chain transfer agent. This copolymer, after hydrolysis,
can have about 80% or higher of −C2OH end groups and up to 20
to 30 pendant −OH groups per chain. This copolymer is addressed
as a lateral−OH POM.

The fibers can be formed by melt spinning. An apparatus for
melt spinning is shown in Figure 5.6. The extruder apparatus can
include a mixing manifold in which the POM composition can be
mixed and heated to form a molten composition. After the formation
of the molten mixture, the mixture can be conveyed under pressure
to the spinneret of the extruder apparatus, where it can be extruded
through an orifice to form the fiber. The spinneret can generally
be heated to a temperature that can allow for the extrusion of the
molten polymer while preventing the breakage of the fiber during its
formation. Then, the fiber is quenched in a liquid bath and directed
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Figure 5.6 Melt spinning apparatus (53).

by the rolls. Further, the fiber is drawn while applying heat. A
series of draw rolls are used to draw the fiber. After the drawing
step, the drawn fiber is cooled and is wound on a take-up roll (53).

Fibers formed from the POM copolymers may exhibit an in-
creased hydrophilicity as compared to fibers formed of more tra-
ditional polymers such as poly(propylene) (PP).

For instance, a trioxane/cyclic acetal POM copolymer formed with
a methylal chain transfer agent can have a water contact angle of less
than about 30°. On the other hand, PP generally has a water contact
angle of greater than 35°. The increased hydrophilicity of the POM
copolymer can improve the mixing between POM polymeric fibers
and the wet concrete and can also prevent blooming of the fibers
to the surface of the concrete during the curing procedure. Further,
terminal hydroxyl groups can provide an electrostatic binding with
the components of the concrete binder. (52).

5.12 Additives from Wastes

5.12.1 Waste Rubber

Waste tires are a significant health and environmental concern if they
are not recycled or discarded properly. Over the years, recycling
waste tires into civil engineering applications, especially into asphalt
paving mixtures and Portland cement concrete, has been gaining
more and more interest (54).

The use of crumb rubber in asphalt paving mixture has long
been proven successful due to good compatibility and interaction
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between rubber particles and asphalt binder, leading to various
improved properties and performance of asphalt mixtures.

In comparison with its use in asphalt paving mixtures, the recy-
cling of waste rubber in Portland cement concrete has not been so
successful due to two factors (54):

1. Incompatibility in chemical property between rubber and
cement paste, and

2. The significant difference in stiffness, resulting in stress con-
centrations.

Various methods have been proposed to overcome the barriers to
improve the performance of rubberized Portland cement concrete,
some of which have shown promise (54).

For resource reutilization, scrap tires have been investigated for
a long time as an additive to concrete to form Rubcrete for vari-
ous applications and have shown promising results (55). However,
the addition of rubber particles leads to a degradation of physical
properties, in particular, the compressive strength of the concrete.

A theoretical model has been proposed for the mechanisms of the
decrease of the compressive strength due to the addition of rubber
particles, as well as the improvement in compressive strength by
the modification of the surface of the particles (55). It has been
suggested in previous studies that the compressive strength can be
improved by soaking the rubber particles in an alkaline solution to
increase the interphase bonding between the rubber particles and
cement. However, it was discovered that the loss in compressive
strength is due to local imperfections in the hydration of the cement.
This is induced by the addition of heterogeneous and hydrophobic
rubber particles.

Microscopic studies showed that the rubber particles disturbed
the water transfer to create channels, which were prone to cracking
and led to a loss in the compressive strength. However, no cracking
was found along the surfaces of the rubber particles. This indi-
cates that the bonding strength between the rubber particles and
cement phases is not a critical factor in determining the compres-
sive strength. For this reason, a theoretical model was developed
to describe the water transfer in rubcrete specimens to explain the
experimental data (55).
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By maximizing the quantity hydration, the compressive strength
could be improved. Thus, the compressive strength of rubcrete
could be improved by increasing the Hamaker constant of the sys-
tem. The Hamaker constant A can be defined for a van der Waals
body-body interaction as (56, 57):

A = π2Cρ1ρ2 (5.2)

Here, ρ1 and ρ1 are the number of atoms per unit volume in two
interacting bodies and C is the coefficient in the particle-particle pair
interaction.

The increase was achieved by increasing the refractive indices of
the solids. The refractive indices of materials increase with increases
in functional groups, such as OH and SH on the surface.

So, the model provided a possible mechanism for the efficacy of
treating rubber particles with NaOH in improving the compressive
strength. By using an NaOH solution treatment, an oxygen-con-
taining OH group was formed on the rubber surface to increase the
Hamaker constant of the system, leading to a higher compressive
strength.

Based on this mechanism, another new method for the modifica-
tion of the rubber particles has also been proposed. In this model,
the rubber particles should be partially oxidized with hot air or
steam in a fluidized bed reactor to produce hydrophilic groups on
the surface of the particles (55).

5.12.2 Nanomodified Concrete Additive

A reinforced concrete composite may consist of a a cement matrix, an
exfoliated clay, and preferably can include an oligomer or polymer
(5). The oligomer or polymer can link at least a portion of the
exfoliated silicate platelets provided by the clay and can provide
improved ductility and essentially eliminates shrinkage.

Preferred clays include sodium or calcium montmorillonite or
phosphatic clays, including phosphatic waste clay, or mixtures
thereof. Optionally, the concrete composite can include a disper-
sion agent that helps keep the clay in a dispersed state when stored
as an additive to prevent, or at least limit, clumping of the clay.
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Polymers or oligomers from poly(vinyl alcohol) (PVA) together
with exfoliated clays can form stable admixtures. When these ad-
mixtures are added to a cement matrix they form high strength, high
ductility concrete results.

The PVA in the concrete reacts with the hydroxy groups in the
cement matrix, and thus participates in the hydration process, form-
ing a bond with the cement paste. The use of an exfoliated clay as
a pozzolan has been found to provide a significant advantage since
2% of the clay has been found to provide a strength increase in
concrete that is equivalent to about 8% of conventional silica fumes.

Moreover, applied to concrete, the silicate platelets provided by
the clay, being pozzolanic in nature, react with the calcium hydrox-
ide crystals in the concrete matrix to produce C−S−H units, prov-
iding all of the associated benefits, i.e., increased strength, reduced
permeability. Additionally, these new C−S−H crystals form around
the polymer chains, resulting in what is essentially a fiber reinforced
concrete, though the reinforcing is at a scale and consistency never
before achieved. The result of this latter effect is an increase in
ductility of the concrete during failure (5).

Tradenames appearing in the references are shown in Table 5.5.
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Table 5.5 Tradenames in References.

Tradename Supplier
Description

Aerosil® Degussa AG
Fumed Silica (27)

BYK® 028 BYK Additives and Instruments
Poly(siloxane) based defoamer (27)

CFR™ (Series) Halliburton Energy Services, Inc.
Water-soluble polymer dispersants (11)

Daravair® 1000 Grace Construction Products
Air-entraining agent (27)

Diacel® LWL Chevron Philips Chemical Com-
pany LP

Fluid-Loss/Retarder additive (11)
GasStop™ HT Halliburton Energy Services, Inc.

Tannin grafted with acrylamide and 2-acrylamido-2-methylpropane
sulfonic acid (11)

HR™ (Series) Halliburton Energy Services, Inc.
Hydroxycarboxy acid, retarder (11)

Lodyne® Ciba-Geigy AG
Fluorochemical surfactant (41)

Ludox® (Series) DuPont
Silicon colloid (27)

Micro Matrix™ Halliburton Energy Services, Inc.
Set retarder composition with a phosphonic acid derivative (11)

MicroMax® 90 90 Elkem Materials, Inc.
Weighting material (10, 11)

Micromax® Halliburton Energy Services, Inc.
Weighting agents (11)

Miracon® Miracon Technologies, Inc.
Foaming concentrate with a fluorochemical surfactant (41)

Narlex® Akzo Nobel Surface Chemistry
LLC.

Styrene sulfonic acid maleic anhydride copolymer (11)
NexSil™ Nyacol Nano Technologies, Inc.

Colloidal dispersions of inorganic oxides (27)
Nyacol® Nyacol Nano Technologies, Inc.

Colloidal dispersions of inorganic oxides (27)
Sartomer Ricon® 130-
MA-13

Cray Valley

Butadiene-maleic anhydride copolymer (23)
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Table 5.5 (cont.) Tradenames in References.

Tradename Supplier
Description

Sartomer® SMA EF-30 Cray Valley
Styrene-maleic anhydride copolymer (23)

SCR™ -100 Halliburton Energy Services, Inc.
Copolymer of 2-acrylamide-2-methylpropane sulfonic acid and
acrylic acid (11)

SCR™ -500 Halliburton Energy Services, Inc.
Copolymer of 2-acrylamido-2-methylpropane sulfonic acid and
itaconic acid (11)

Snowtex® Nissan Chemical America Corp.
Colloidal silica nano-particles (27)

Thermalock™ Halliburton Energy Services, Inc.
Cement for corrosive environments (10)

Thermopel™ CenterStar
EP product (36, 37)

TRU® CTS Cement Manufacturing Co.
Self-leveling hydraulic cement (32)

Visco-Corder® Brabender Instruments, Inc.
Dynamic viscosimeter (43)

Water Lock ® SAP C-200 Grain Processing Corp.
Super absorbent polymer (43)
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6
Other Uses

6.1 High Performance Additive for Powder Coat-
ings

Powder coatings are applied electrostatically and are then heat cured
to allow them to flow and form a coating. Finally, they have a hard
surface finish that is much tougher than a conventional paint, which
results in excellent chemical and environmental resistance (1, 2).

Fumed metal oxide products may help to improve the color
performance, processing, application and mechanical properties of
powder coatings (1, 2).

In particular, fumed alumina and fumed silica products provide
tribo-charging, free-flow, fluidization and anti-blocking in powder
coating applications. Typically, fumed alumina is used for tribo
coating processes and either fumed silica or hexamethyldisilazane
treated fumed alumina is selected for corona coating processes (3).

6.1.1 Antimicrobial Powder Coatings

An improved method of preparing powder coatings with micropar-
ticles of a solid heat absorbing material has been presented (4). An
antimicrobial prepolymer for powder coatings has been described.

The heat absorbing additive is selected from colorants, inorganic
viscosity modifiers, fillers, flame retardants, catalysts, antimicrobial
agents, or sequestering agents.

Antimicrobial ceramic particles include zeolites, hydroxyapatite,
zirconium phosphates and other ion exchange ceramics. The ion
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exchange antimicrobial agents may also incorporate antimicrobial
metal ions, e.g., silver ions or silver ions in combination with zinc
or copper ions. The ion exchange type antimicrobial agents may
also have incorporated therein ion exchanged ammonium ion for
an improved color stability.

The method or preparation involves heating the prepolymer and
the polymer powder particles and the microparticles of the solid
material to temperatures whereby when the two are in intimate
contact with one another, they will fuse to each other, but not to
themselves.

Preferably, the prepolymer and the polymer powder coating par-
ticles are heated to at least their Vicat temperature while the solid,
heat absorbing microparticles are heated to a temperature of 50°C
above the temperature at which the prepolymer or polymer becomes
tacky or begins to manifest adherent properties (4).

6.2 Radiation Shielding

Nanostructured additives can improve the shielding capabilities
of high performance polymers without significantly affecting the
thermal and mechanical properties of the polymers (5).

Nanoparticles or nanostructured materials can be prepared by
evaporation, sol-gel processing, directed self-assembly, oxidation or
reduction of suitable precursors, or electrochemical synthesis.

A nanostructured material can be prepared by mixing a hydro-
gen-rich, high performance polymer with metal or metal oxide
nanoparticles or a metal-ligand cluster.

For example, nanostructured boron, borohydrides or boron
carbides and other additives can be mixed in a poly(amic acid)
solution before imidization to form a poly(imide) (PI) (5). Piperid-
ine-modified boron nanoparticles can be used with hydrogen-rich
PIs. The poly(amic acid) is made from various combinations of di-
anhydrides and diamines displaying significant hydrogen content.
Bisphenols may also be used after they are converted to diamines.
These combinations may include both dianhydrides and two of the
diamines to prepare a copolymer that may have more suitable sol-
ubility characteristics than either of the two corresponding homo-
polymers.
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PIs prepared with 4,4′-oxydianiline (ODA) and 3,3′,4,4′-benzo-
phenone tetracarboxylic dianhydride (BTDA) monomers, cf. Figure
6.1, can be loaded with 10 and 15 wt% tungsten nanoparticles that are
treated with benzyl mercaptan. The 3,3′,4,4′-benzophenone tetra-
carboxylic dianhydride and ODA monomers are reacted to form PI
films that are flexible to the point of being creaseable. The nanocom-
posite films are effective as an electromagnetic radiation shield (5).

3,3´,4,4´-Benzophenone tetracarboxylic dianhydride

O

O

O

O

O

O

O

4,4´-Oxydianiline

O

H2N NH2

Figure 6.1 Aniline and anhydride monomers.

3-Aminopropyltrimethoxysilane is used to encapsulate hybrid
gadolinium-oxide nanoparticles within a polysiloxane shell (6).
Phenyltrimethoxysilane can be used to make the inorganic nano-
particles more compatible with aromatic organic polymers. The
compounds are shown in Figure 6.2. Unmodified samarium-oxide
and gadolinium-oxide nanoparticles aggregate and settle within or-
ganic solvents such as chloroform. So, such modifications make the
gadolinium-oxide nanoparticles more compatible with an organic
solvent or polymer.

Also, thiols or mercaptans, and amines can be used to modify
the surface of metallic nanoparticles, thus increasing the compati-
bility between the inorganic nanoparticle additive and the organic
polymer. In particular, such agents include benzyl mercaptan, thio-
phenol, aniline, benzylamine, pyridine and piperidine (5). These
compounds are shown in Figure 6.3.
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Figure 6.2 Silane compounds.
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Figure 6.3 Compatibility increasers.
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6.3 Superabsorbent Polymers

Superabsorbent polymers (SAPs) can be employed in various ap-
plications, such as in disposable sanitary products (i.e., diapers,
incontinence articles, feminine hygiene products, and absorbent
dressings), airlaids, household articles, sealing materials, humec-
tants, i.e., agricultural products for soil conditioning, mining and
oil drilling, anti-condensation coatings, water-storing materials (for
use in fields as diverse as agriculture, horticulture and forestry),
absorbent paper products, surgical absorbents, pet litter, bandages,
wound dressings, chemical absorbents, polymeric gels for cosmetics
and pharmaceuticals, artificial snow, in fire fighting techniques, and
in applications related to the transportation of fresh food or seafood,
as well as in food packaging applications.

The largest use of SAPs, however, is in disposable personal hy-
giene products. These products include, in the order of volume of
superabsorbent materials used, diapers, training pants, adult incon-
tinence products and feminine hygiene products.

Natural-based SAPs can be selected from gelling polysaccharides,
gelling proteins and their mixtures.

Synthetic SAPs can be made by the polymerization of ethyleni-
cally unsaturated hydrophilic monomers. Examples are collected in
Table 6.1.

SAPs and fluff cellulose pulp are usually mixed uniformly in
diapers and incontinence products. This mixture of fluff and super-
absorbents is formed in absorbent structures called absorbent cores.
Unfortunately, physiological fluids are excreted and absorbed over
only a small area of these absorbent cores. The superabsorbent
performance of these absorbent cores is therefore not optimal.

Fluid acquisition or fluid distribution layers have been added to
diapers and incontinence garments for some time (7).

These nonwoven textiles increase liquid diffusion along the length
and width of absorbent structures, and in this way increase the
amount of superabsorbents that is placed in contact with fluids.
However, nonwoven textiles do not enhance the performance of su-
perabsorbents. Nonwoven textiles can only be placed at the surface
of absorbent structures, and this minimizes their impact on liquid
penetration through the absorbent structures. Furthermore, they
are usually very expensive. Due to their high cost, fluid distribution
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Table 6.1 Materials for superabsorbent polymers (8).

Synthetic Natural

Acrylic acid Galactomannans
Acrylate salts Glucomannans
Acrylic ester Carboxyalkyl polysaccharides
Acrylic anhydride Crosslinked polysaccharides
Methacrylic acid Amylopectin networks
Methacrylate salts Polysaccharide nanocomposites
Methacrylic esters Guanidinated polysaccharides
Methacrylic anhydride Modified proteins
Maleic anhydride
Maleic salts
Maleate esters
Acrylamide
Acrylonitrile
Vinyl pyrrolidone
Vinyl acetate
Vinyl guanidine
Aspartic acid

layers are usually placed over a small area in absorbent structures
and thus have only a limited effect on liquid diffusion.

SAPs can be mixed with inorganic additives, such as clays, zeo-
lites or silicates. Several additives have been mixed with SAPs or in
hygiene products for odor control purposes (9, 10).

However, not all of these additives were reported to improve
superabsorbent performance in diapers or incontinence garments.

Absorbent polymer compositions made from melt bound parti-
cles of SAPs and additives have been described (11–13).

The additives are either polysaccharides or clays. Matrix forming
binder components fill entire pore spaces, and therefore drastically
reduce porosity and accessible surface area. High specific surface
areas and porosity provide higher driving forces for fluid transport
through the absorbent structure (14).

Superabsorbent material was also reported to play a role as a
matrix material or binder. Superabsorbent particles can occlude
odor control additives, such as zeolites (15).

Composites made from fibers, swollen absorbent polymers and
water insoluble inorganic materials, such as alumina, silica, zeolite
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and clays have been described (16, 17). The absorbent materials
will therefore fill pore spaces, drastically reducing accessible surface
area. Further, agglomerated particles have been reported that have
been made from silicates and fine superabsorbent particles (18, 19).

Agglomerated particles have been made from metal oxides and
fine superabsorbent particles (20) and also from clays and fine su-
perabsorbent particles (21, 22).

Water-agglomerated superabsorbent fine particles dissociate
upon contact or swelling with an aqueous solution. This results
in a concentration of swollen free fine particles that will contribute
to an increased gel blocking.

Biodegradability issues have been gaining importance. It has
been proposed to reduce the SAP content in hygiene articles. How-
ever, this strategy does not necessarily involve a SAP optimiza-
tion (8).

As alternatives, absorbent compositions made from biodegrad-
able and renewable feedstocks have been proposed (23). The use
of starch as an additive for superabsorbent polymers has been pro-
posed (24, 25). Examples of additives to improve the performance
of SAP formulations are shown in Table 6.2.

Table 6.2 Additives for superabsorbent
polymers (8).

Compound Compound

Bentonite Zeolite
Celite Gypsum
Smectite Hectorite
Montmorillonites Laponite®
Illite Magnesium silicate

A discrete composite particle can be formed by making a melt.
This includes combining the starch component and the inert inor-
ganic components, cf. Table 6.2, in an extruder and extruding the
melt from the extruder. The agglomeration is done by pressure
agglomeration, tumble growth agglomeration, or by matrix melt
formation (8).
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6.4 Laser Additive Manufacturing of High Per-
formance Materials

A monograph is available about laser additive manufacturing of
high performance materials (26). It covers the specific aspects of
laser additive manufacturing of high performance new materials
components based on unconventional materials. Incremental man-
ufacturing philosophy, materials design and preparation, process
control and optimization, and the theories of physical and chemical
metallurgy have been reviewed. The capabilities of the develop-
ment of metallic materials components by laser additive manufac-
turing process are described, including nanostructured materials,
in-situ composite materials, and particle reinforced metal matrix
composites.

A comprehensive analysis of the literature pertaining to surface
texture metrology for metal additive manufacturing has been per-
formed (27). The review addresses specific areas of interest: In-
dustrial domain, additive manufacturing processes and materials,
types of surface investigated, surface measurement technology and
surface texture characterization.

Possible optimizations of the methods are suggested and the ar-
eas that may have significant potential for future research are high-
lighted (27).

6.4.1 Laser Metal Deposition Additive Manufacturing

Laser metal deposition additive manufacturing was used to de-
posit Inconel 625 matrix composites reinforced with nano TiC par-
ticles (28, 29). The effects of laser energy input per unit length on
the densification level, microstructural features, mircohardness, and
wear property were investigated.

The relatively low laser energy input induced insufficient liquid
with higher viscosity, thus inhibiting the melted liquid from spread-
ing out smoothly. As a result, a large number of micropores and re-
duced densification level of laser metal deposition-processed parts
were obtained. A laser energy input of 100 kJ m−1 properly settled.
The obtainable densification level generally approached 98.8%. The
TiC reinforcements experienced successive microstructural changes
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from agglomeration to uniform distribution with coarsening grain,
as the applied laser energy increased (28).

An in-situ TiO2 reinforced Ti−Ni composite coating on carbon
steel was successfully prepared by laser metal deposition using
Ti−Ni as-mixed powder in an atomic ratio of 60:40 (30). With the
aim of the in-situ reaction design during the laser metal deposition
processing, a trace of oxygen mixed with the shielding gas was
introduced.

TiO2 particles with a unique flower-like structure were formed
when the applied laser energy was 96 kJ m−1, while the apparent
oxidation of grain boundaries was observed when the energy in-
creased to 120 kJ m−1.

At the optimized laser energy of 96 kJ m−1, the laser metal depo-
sition-processed layer showed the highest densification degree and
was free of any pores and cracks. Also, a relatively high micro-
hardness and significantly improved tribological properties were
found (30).

6.4.2 Hybrid Processes

Laser melting deposition and selective laser melting are two major
metal additive manufacturing technologies that explore the near-
net shaping of large components and net shaping of small complex
structures (31). In order to achieve subscale complex structures,
laser melting deposition and selective laser melting hybrid man-
ufacturing processes have been proposed. Ti6Al4V is an α-β dual
phase moderate strength titanium alloy that is widely used in the
fields of medicine, aeronautics, and astronautics.

Thin horizontal, vertical selective laser melting plates and rolled
plates of 1.5–2.5 mm have been used as substrate materials for a
laser melting deposition process to analyze the tensile properties,
microhardness, microstructure, and internal defects.

The results showed that the laser melting deposition process
forms a hybrid with the aforementioned plates. The relative density
of hybrid-forming area can reach 99.5%, because of the existence
of the pores with diameter < 20 μm. The tensile strength and the
elongation of the hybrid produced in this way can reach 918 MPa
and 11%, respectively. Fractures are located in the laser melting
deposition zone. An internal layer fracture of the laser melting
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deposition zone increases the elongation, whereas a layer interface
fracture decreases it.

The laser deposition process epitaxially generates coarse colum-
nar crystals, and laser remelting reduces the microhardness of the
selective laser melting substrate in the 2 mm to 3 mm thick grain
increased heat affected zone (31).

6.5 High Temperature Cooling Application

Capric and lauric acid mixtures with organic additives were tested
and screened for cold storage in high temperature cooling applica-
tion (32). The organic additives are listed in Table 6.3.

Table 6.3 Organic additives for cold storage
(32).

Compound Phase change Density
temperature/[°C] /[kg m−3]

Caproic acid −3.4 926
Ethyl benzoate −34.6 1044
Methyl salicylate −8.3 1180
Oleic acid 16.3 870
Tetradecane 6 762.8
Hexadecane 18.17 770.1

The phase transition behavior and heat transfer characteristics of
a fabricated cold storage ball filled with the self-developed phase
change material were investigated.

It was shown that the capric and lauric acid eutectic mixture
in the presence of oleic acid offered an appropriate phase change
temperature of 14.97°C and a high latent heat of transition of 115.1
kJ kg−1. The charging and discharging time of the cold storage ball
were 340 min and 230 min with a charging and discharging capacity
of 113,291 kJ m−3 and 106,844 kJ m−3, respectively. The charging
time can be reduced either by decreasing the heat transfer fluid
temperature, the diameter and thickness of the spherical shell, or by
increasing the thermal conductivity of the spherical shell (32).

Tradenames appearing in the references are shown in Table 6.4.
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Table 6.4 Tradenames in References.

Tradename Supplier
Description

Aquastore® Kemira Oyj Public Limited
Copolymer of acrylamide and sodium acrylate (17)

Carnation® Sonneborn Refined Products
White mineral oil (22)

Drytech® 2035 Dow Chemical Comp.
Superabsorbent material (22)

Ethenier™ -F-UHV Rayonier, Performance Fibers
Lignocellulosic pulp (17)

Favor® 953 Stockhausen GmbH
Crosslinked, partially neutralized sodium poly(acrylate) (12)

Flexan® (Series) National Starch
Poly(styrene sulfonate) (22)

Lexan® General Electric
Poly(carbonate) (22)

Plexiglas® Rohm & Haas
Poly(methyl methacrylate) (22)

Premium WT-200 benton-
ite

Bentonite Performance Minerals

Bentonite (8)
Rayfloc® -J Rayonier, Performance Fibers

Lignocellulosic pulp (17)
Readco® Readco Industries Inc.

Mixer (13)
Sulfatate™ -H-J Rayonier, Performance Fibers

Lignocellulosic pulp (17)
Superfloc® A-110 Cytec Industries

Poly(acrylamide) copolymer (17)
Tween® 20 Uniqema

Sorbitan monolaurate (22)
World’s Best® Cat Litter Grain Processing Corp.

Ground grain (13)
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Aerosil®
Fumed Silica, 218

Alfol® (Series)
Fatty alcohols, 185

Amberjet® UP 6040
Ion exchanger, 135

Aquastore®
Copolymer of acrylamide and sodium acrylate, 235

Aquivion®
Acid-functional polymer, 135

BYK® 028
Poly(siloxane) based defoamer, 218

Carnation®
White mineral oil, 235

Celgard™
Porous polyethylene separation membrane, 135

CFR™ (Series)
Water-soluble polymer dispersants, 218

Daravair® 1000
Air-entraining agent, 218

Diacel® LWL
Fluid-Loss/Retarder additive, 218

Drytech® 2035
Superabsorbent material, 235

Duraphos DBHP™
di-n-butyl hydrogen phosphite , 185

Duraphos®
Phosphate ester, 185

Ethenier™ -F-UHV
Lignocellulosic pulp, 235

Favor® 953
Crosslinked, partially neutralized sodium poly(acrylate), 235
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Flemion®
Fluoropolymer ion-exchange membrane, 135

Flexan® (Series)
Poly(styrene sulfonate), 235

GasStop™ HT
Tannin grafted with acrylamide and 2-acrylamido-2-methylpropane
sulfonic acid, 218

Glissopal® 1000
Poly(isobutene), 185

GORE-TEX
Clothing ware, 135

HR™ (Series)
Hydroxycarboxy acid, retarder, 218

Irgalube TPPT™
Triphenylthiophosphate, 185

Lexan®
Poly(carbonate), 235

Lodyne®
Fluorochemical surfactant, 218

Ludox® (Series)
Silicon colloid, 218

Micro Matrix™
Set retarder composition with a phosphonic acid derivative , 218

Micromax®
Weighting agents, 218

MicroMax® 90 90
Weighting material, 218

Miracon®
Foaming concentrate with a fluorochemical surfactant, 218

Nafion®
Sulfonated PTFE, for membrane applications, 135

Nanoflon™
Irradiated PTFE, 185

Narlex®
Styrene sulfonic acid maleic anhydride copolymer, 218

Neodol® (Series)
Alkyl alkoxylated surfactants, 185

NexSil™
Colloidal dispersions of inorganic oxides, 218

Nyacol®
Colloidal dispersions of inorganic oxides, 218

Osmonics®
Fluid separation system, 135
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PALL®
Polyether sulfone, 135

Plexiglas®
Poly(methyl methacrylate), 235

Premium WT-200 bentonite
Bentonite, 235

Puranal®
Chemicals used for analytical purposes, 135

Rayfloc® -J
Lignocellulosic pulp, 235

Readco®
Mixer, 235

Sartomer Ricon® 130MA-13
Butadiene-maleic anhydride copolymer, 218

Sartomer® SMA EF-30
Styrene-maleic anhydride copolymer, 219

SCR™ -100
Copolymer of 2-acrylamide-2-methylpropane sulfonic acid and
acrylic acid, 219

SCR™ -500
Copolymer of 2-acrylamido-2-methylpropane sulfonic acid and ita-
conic acid, 219

Silgrain®
Silicon, 135

Snowtex®
Colloidal silica nano-particles, 219

Sulfatate™ -H-J
Lignocellulosic pulp, 235

Superfloc® A-110
Poly(acrylamide) copolymer, 235

Surfam® (Series)
Ether amines, 185

Surfam® P14B
Decyloxypropylamine, 185

Surfam® P17B
Tridecyloxypropylamine, 185

Teslin.RTM
Synthetic membrane, 135

Thermalock™
Cement for corrosive environments, 219

Thermopel™
EP product, 219

TRU®
Self-leveling hydraulic cement , 219
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Tween® 20
Sorbitan monolaurate, 235

Ultravis®
Poly(butene) based additives, 185

Visco-Corder®
Dynamic viscosimeter, 219

Water Lock ® SAP C-200
Super absorbent polymer, 219

World’s Best® Cat Litter
Ground grain, 235

Acronyms

BMI
N,N′-4,4′-Diphenylmethane-bismaleimide, 92

CEI
Cathode electrolyte interphase, 74

CNT
Carbon nanotube, 49

CV
Cyclic voltammetry, 76

EIS
Electrochemical impedance spectroscopy, 56

FTIR
Fourier transform infrared spectroscopy, 70, 183

GC
Gas chromatography, 33

HEMA
2-Hydroxyethyl methacrylate, 194

HPLC
High performance liquid chromatography, 1

HQ
Hydroquinone, 49

LSV
Linear sweep voltammetry, 59

MMT
Montmorillonite, 183

MS
Mass spectroscopy, 33

ODA
4,4′-Oxydianiline, 227

PBI
Poly(benzimidazole), 129
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PCL
Poly(caprolactone), 146

PDMS
Poly(dimethyl siloxane), 40

PEG
Poly(ethylene glycol), 40

PEM
Polymer-electrolyte membrane, 126

PEO
Poly(ethylene oxide), 41

PI
Poly(imide), 226

PIB
Poly(isobutylene), 181

POM
Poly(oxymethylene), 212

PP
Poly(propylene), 63, 214

PPY
Poly(pyrrole), 49

PTFE
Poly(tetrafluoroethylene), 162

PVA
Poly(vinyl alcohol), 49, 217

PVDF
Poly(vinylidene fluoride), 67

SAP
Superabsorbent polymer, 229

SEM
Scanning electron microscope, 59, 147, 179

TEM
Transmission electron microscopy, 59

TG
Thermogravimetry, 205

VOC
Volatile organic compound, 118

XPS
X-Ray photoelectron spectroscopy, 59, 146

XRD
X-Ray diffraction, 79
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Chemicals

Boldface numbers refer to Figures

Acetic acid, 28
Acetonitrile, 2
Acetylsalicylic acid, 38
Acrylonitrile, 83, 230
Actaplanin, 24
Adiponitrile, 100
Aldonic acid, 196
Allyloxytrimethylsilane, 94
Alpinetin, 27
2-Aminoethoxydiphenyl borate, 75, 76
Amino-4-hydroxy benzyl phosphoro dithioate, 172
2-Amino-3-methoxybenzoic acid, 35, 38
γ-Aminopropyltriethoxy silane, 134
3-Aminopropyltrimethoxysilane, 228
Ammonium acetate, 2, 9, 31
Ammonium bicarbonate, 31
Ammonium formate, 11, 31
Ammonium persulfate, 52, 200
Andesite, 209
Aniline, 228
Arabinose, 14
Aspartic acid, 230
Atrolactic acid, 20
Basalt, 209
Benzimidazoline, 132
1,4-Benzodiozane-6,7-diol, 65
Benzoic acid, 35, 38
α-Benzoinoxim, 35, 38
3,3′,4,4′-Benzophenone tetracarboxylic dianhydride, 227
Benzothiadiazole, 123
Benzothiazole, 132
Benzothiazoline thione, 174
Benzotriazole, 18, 174
Benzylamine, 228
Benzyl mercaptan, 228
Biphenyl, 57
Bis[3,3′-bis(4′-hydroxy-3′-tert-butylphenyl)butyric acid] glycol ester, 168
3,3-Bis(bromomethyl)oxacyclobutane, 87
Bis-2,6-tert-butylphenol, 172
2,2-Bis(3,5-di-tert-butyl-4-hydroxyphenyl)propane, 168
4,4′-Bis(2,6-di-tert-butylphenol), 168



Index 245

1,2-Bis(difluoromethylsilyl)ethane, 96
3,9-Bis1,1-dimethyl-2-[3-(3-tert-butyl-4-hydroxy-5-methylphenyl)-prop-

ionyloxy]ethyl-2,4,8,10-tetraoxaspiro[5,5]undecane, 168
1,4-Bis(dodecylpyridinium)butane dichloride, 177
2,6-Bis(2′-hydroxy-3′-tert-butyl-5′-methylbenzyl)-4-methylphenol, 168
Bismaleimide, 92
2,2′-Bis[4-(4-maleimidophenoxy) phenyl]propane, 59
Bis(methylthio)methane, 107
1,4-Bis(α-octylpyridinio)butane dibromide, 177
3,5-Bis(trifluoromethyl)phenyl isothiocyanate, 90
4-Bromobenzoic acid, 35, 38
5-Bromo-2,2′-bithiophene, 116
4-Bromo-7-[5′′-n-hexyl-(2,2′,5′,2′′-terthiophene)-5-yl]-benzo[c][1,2,5]thia-

diazole, 113
4-Bromomandelic acid, 22
Butylene carbonate, 102
4,4′-Butylidenebis(3-methyl-6-tert-butylphenol), 168, 169
2-tert-Butyl-4-methoxyphenol, 168
1-Butyl-3-methylimidazolium bromide, 7
1-Butyl-3-methylimidazolium chloride, 3
1-Butyl-3-methylimidazolium hexafluorophosphate, 5, 159
1-Butyl-3-methylimidazolium tetrafluoroborate, 2, 7, 9, 159
Butylphenyl-1-naphthylamine, 167
4-tert-Butyl pyridine, 119
N-Butyl-N′-(4-pyridylheptyl)imidazolium bromide, 117
γ-Butyrolactone, 102
Caffeine, 13
Calcium aluminate, 191
Calcium metaborate, 110
Calcium montmorillonite, 216
Calcium sulfoaluminate, 203
Caproic acid, 234
Caprolactone, 98
Captopril, 36
Castor oil, 179
Catecholamine, 15
Celite, 231
Cetylpyridinium chloride, 178
Cetyltrimethylammonium bromide, 183
Chitosan, 95, 149
4-Chlorobenzoic acid, 35
2-Chloromandelic acid, 22
3-Chloromandelic acid, 22
1-Chloronaphthalene, 121
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Chlorothiazide, 35, 38
Chlorthalidone, 36
3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate, 178
α-Chymotrypsin, 154
Ciglitazone, 36
Clenbuterol, 30
Clinoptilolite, 209
Clorhexidine, 154
Cocamidopropyl betaine, 177
N-Cocoformamide, 174
2-Cyano-3-(4-(diphenylamino) phenyl) acrylic acid, 118
4-Cyanophenyl isothiocyanate, 90
Cycloclenbuterol, 30
Cyclohepta amylose, 21
4,4′-Cyclohexylidenebis(2,6-di-tert-butylphenol), 168
α-Cyclohexylmandelic acid, 22
α-Cyclopentylmandelic acid, 22
Danofloxacin, 10
Dansyl chloride, 26
1-Decyl-3-methylimidazolium chloride, 3
4,4′-Diaminostilbene-2,2′-disulfonic acid, 12
Dibenzylether, 57
4,7-Dibromobenzo[c][1,2,5]thiadiazole, 114
2,6-Di-tert-butyl-p-cresol, 18
2,6-Di-tert-butyl-α-dimethylamino-p-cresol, 168
4,4′-Dibutyl diphenylamine, 167
Dibutyl ether, 98
2,6-Di-tert-butyl-4-ethoxyphenol, 168
2,5-Di-tert-butylhydroquinone, 168
2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-benzyl-4-thiozolidinone, 172
2-(3′,5′-Di-tert-butyl-4-hydroxyphenyl)-methyl-4-(2,4-di-tert-butyl-3-hy-

droxyphenyl)methyl-6-tert-butylphenol, 168
2,6-Di-tert-butylphenol, 18
1,2-Dichlorobenzene, 99
o-Dichlorobenzene, 120
1,2-Dichlorotoluene, 98
Diclofenac, 36
Diethyl carbonate, 72, 89
1-(Di(2-ethylhexyl) amino methyl) benzotriazole, 172
Diethyl oxalate, 119
1,2-Difluorobenzene, 99
1,4-Difluorobenzene, 99
Difluoroethylene carbonate, 72
5-(2,4-Difluorophenyl)salicylic acid, 77
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1,2-Difluorotoluene, 98
4,4′-Diheptyl diphenylamine, 167
4,4′-Dihexyl diphenylamine, 167
Dihydrodaidzein, 27
1,4-Dihydroxy-2-naphthoic acid, 32
2,2-Di-p-hydroxyphenyl)propane, 168
1,8-Diiodooctane, 121
1,2-Diiodotoluene, 99
Diisooctyl adipate, 201
Dilaurylamine, 170
1,2-Dimethoxyethane, 101
Dimethyl acetate, 98
Dimethylamine, 182
5-(Dimethylamino)naphthalene-1-sulfonyl chloride, 26
N,N′-Dimethylaniline, 7
2,4-Dimethyl-6-tert-butylphenol, 168
Dimethyl carbonate, 61, 86
N,N-Dimethylformamide, 120
1,3-Dimethyl-2-imidazolidinone, 101
3-[N,N-Dimethyl(3-myristoylaminopropyl)ammonio]propanesulfonate,

177
1-[(2,4-Dimethylphenyl)azo]-2-naphthalenol, 4
Dimethylstearylbenzylammonium chloride, 177
Di(methylsulfonyl) methane, 89
Dimethylsulfoxide, 101
N,N′-Dimethyl tetralone-hydrazone, 172
4,4′-Dinonyl diphenylamine, 167
Dinonylnaphthalene sulfonate, 175
4,4′-Dioctyl diphenylamine, 167
p,p′Dioctyl diphenylamine, 172
Dioleylamine, 170
3,6-Dioxa-1,8-octanedithiol, 106
1,3-Dioxolane, 98, 102, 213
Dipalmitylamine, 170
Dipentaerythritol, 174
4,4′-Dipentyl diphenylamine, 167
Diphenyl, 57
N,N′-4,4′-Diphenylmethane-bismaleimide, 59, 93
Dipicolinic acid, 39
Dipropyl carbonate, 98
Distannyl indenothiophene, 123
Distearylamine, 170
p-Dithiane, 107
Dithiobis(thiadiazole thiol), 173
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Dithiothreitol, 32
n-Docosylamine, 170
1-Dodecanethiol, 106
3-Dodecyldimethylammoniopropane-1-sulfonate, 177
n-Dodecyl-N,N-dimethylglycine, 177
Dopamelanin, 211
Dopamine, 8, 15
Enalapril, 36
Enrofloxacin, 10
Epinephrine, 8, 15
Equol, 27
1,2-Ethanedithiol, 107
Ethanesulfonic acid, 21
Ethyl acetate, 20, 98
Ethylammonium iodide, 119
N-Ethylaniline, 6
Ethyl benzoate, 234
Ethylene bis-stearamide, 200
Ethylene carbonate, 61, 86
Ethylenediamine, 182
2,2′-(Ethylenedioxy)diethanethiol, 107
3,4-Ethylene-dioxythiophene, 49
3,4-Ethylenedioxythiophene, 57
Ethylene glycol, 213
2′-Ethylhexyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate, 168
Ethyl methyl carbonate, 70, 86
1-Ethyl-3-methylimidazolium hexafluorophosphate, 15, 16
1-Ethyl-3-methylimidazolium methylsulfate, 11
1-Ethyl-3-methylimidazolium tetrafluoroborate, 7, 11
Ethylpropyl carbonate, 98
Fenbufen, 36
Fleroxacin, 10
Flufenamic acid, 36
Fluoroethylene carbonate, 72, 97, 112
4-Fluorophenyl isothiocyanate, 90
Fluorosulfonic acid, 128
2-Fluoro-5-(trifluoromethyl)phenyl isothiocyanate, 90
4-Fluoro-3-(trifluoromethyl)phenyl isothiocyanate, 91
Furan, 57
Gentisic acid, 36
Glutamic acid, 25
Glutaronitrile, 100
γ-Glycidoxypropyltrimethoxysilane, 146
Graphene oxide, 159, 183
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Hectorite, 231
Hemin, 126
n-Heptadecylamine, 170
Heptylphenyl-1-naphthylamine, 167
Hexadecane, 234
Hexafluorophosphate, 15
Hexamethyldisilazane, 85, 225
Hexamethylene glycol bis[3,(3,5-di-tert-butyl-4-hydroxyphenyl)propion-

ate], 168
1,6-Hexanediol, 154
Hexanethiol, 107
1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl) amide, 159
1-Hexyl-3-methylimidazolium tetrafluoroborate, 2, 8, 9
Hexylphenyl-1-naphthylamine, 167
5-(n-Hexyl)-5′′-(tributylstannyl)-2,2′,5′,2′′-terthiophene, 114
Hydroquinone, 35, 38
Hydrotalcite, 210
Hydroxyapatite, 42, 146, 151, 153, 225
2-Hydroxyethyl methacrylate, 194
4-Hydroxymandelic acid, 22
4-Hydroxy-3-methoxymandelic acid, 22
2-Hydroxy-2-phenylpropionic acid, 20
Hydroxypropyl-β-cyclodextrin, 28
Hydroxypropyl methyl cellulose, 109
Ibuprofen, 36
Imidazole, 17
Iminodiacetic acid, 39
Indenothiophene, 123
Indomethacin, 37
Irgamet 39, 18
Isobutylene, 181
Isopropyl alcohol, 98
Kaolin, 208
Lauric acid, 234
Laurylamine, 170
Lauryl betaine, 177
Lead diamyl dithiocarbamate, 173
Leucine, 25
l-Leucine, 154
Lithium bis[5-(2,4-difluorophenyl)salicylato-2-]borate, 77
Lithium bis(oxalate)borate, 77
Lithium bis(oxalato) borate, 73
Lithium bis(salicylato)borate, 77
Lithium difluoro(oxalato) borate, 76
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Lithium difluorophosphate, 65
Lithium dinonylnaphthalene sulfonate, 175
Lithium 12-hydroxystearate, 179
Mandelic acid, 22
Mefenamic acid, 35, 38
Melanin, 211
Meloxicam, 37
Mercaptobenzothiazole, 132
Mercaptoimidazole, 132
Mercaptoimidazoline, 132
Mercuric triflate, 70
Methacrylic anhydride, 230
Methanesulfonic acid, 21
Methionine, 25
4-Methoxymandelic acid, 22
4-Methoxyphenyl isothiocyanate, 90
Methyl acetate, 102
2-Methyl benzene thiol, 107
Methyl benzotriazole, 132
4,4′-Methylenebis(2,6-di-tert-butylphenol), 168, 169
2,2′-Methylenebis(4-ethyl-6-tert-butylphenol), 168
2,2′-Methylenebis(4-methyl-6-tert-butylphenol), 168
Methylene ethylene carbonate, 70
Methylene methanedisulfonate, 83
Methylethyl carbonate, 98
Methyl formate, 101
2-Methylimidazole, 17
4-Methylimidazole, 17
α-Methylmandelic acid, 22
1-Methyl-3-octylimidazolium tetrafluoroborate, 2, 9
4-Methylphenyl isothiocyanate, 91
Methyl propionate, 98
Methylpropyl carbonate, 98
1-Methyl-3-propyl-imidazolinium iodide, 117
N-Methylpyrrole, 57
N-Methyl-2-pyrrolidinone, 67, 102
N-Methyl-2-pyrrolidone, 64
Methyl salicylate, 234
Methyl sulfolane, 102
2-Methyltetrahydrofuran, 98, 101
4-Methyl-3-(trifluoromethyl)phenyl isothiocyanate, 91
5′-Monophosphate adenosine, 6
5′-Monophosphate cytidine, 5
5′-Monophosphate guanosine, 6
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5′-Monophosphate inosine, 6
5′-Monophosphate uridine, 6
Morpholine, 31
Myristylamine, 170
1-Naphthylamine, 167
Naproxen, 37
Netoglitazone, 37
Nimesulide, 37
Nitrilotriacetic acid, 193
1-p-Nitrobenzeneazo-2-naphthol, 4
4-Nitrophenyl isothiocyanate, 91
Nonylphenyl-1-naphthylamine, 167
Norbornene, 199
Norepinephrine, 8, 15
Norleucine, 25
Norvaline, 25
1-Octanethiol, 106
N-tert-Octyl benzotriazole, 172
2-Octyl borate, 75
1-Octyl-3-methylimidazolium chloride, 3
1-Octyl-3-methylimidazolium hexafluorophosphate, 5
Octylphenyl-1-naphthylamine, 167
Octyl-β-D-thioglucopyranoside, 177
Oleic acid, 234
Oleylamine, 170
N-Oleylglycolamide, 174
Oxalic acid, 39
Oxybutynin, 29
4,4′-Oxydianiline, 227
Palmitylamine, 170
Paracetamol, 37
Para red, 4
n-Pentacosylamine, 170
Pentobarbital, 37
Pentylphenyl-1-naphthylamine, 167
Perfluorobicyclohexane, 129
Perfluoro(N-cyclohexylmorpholine), 129
cis-Perfluorodecalin, 129
trans-Perfluorodecalin, 129
Perfluoro(1,2-diethylcyclohexane), 129
Perfluoro(dimethyl-adamantane), 129
Perfluoro(isopentyl-tetrahydropyran), 129
Perfluoro(isopropylcyclohexane), 129
Perfluoro methyldecalin, 129
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Perfluoro(1-methyldecalin), 129
Perfluorooctanesulfonate, 178
Perfluorooctanoic acid, 177
Perfluorophenanthrene, 129
Perlite, 204
Perovskite, 120
Phenothiazine, 16, 174
Phenylalanine, 25
1-(Phenylazo)-2-naphthol, 4
1-(4-Phenylazophenylazo)-2-naphthol, 4
1,4-Phenylene diisothiocyanate, 91
N,N′-o-Phenylenedimaleimide, 56
4-(Phenyl ethyl)-2-hydroxydiphenyl amine, 172
Phenyl isothiocyanate, 91
N-Phenylmaleimide, 93
Phenyl-1-naphthylamine, 172
N-Phenyl-1-naphthylamine, 18, 167
4-Phenyl-1,2,3-triazole, 132
Phenyltrimethoxysilane, 228
Phosphorous pentasulfide, 81
m-Phthalic acid, 8
o-Phthalic acid, 8
Picolinic acid, 39
Pimelonitrile, 100
Piperidine, 228
Potassium persulfate, 53
Propane sulfone, 97
1,3-Propane sultone, 87
Propene sulfone, 97
Propranolol, 30
Propylene carbonate, 61
1-Propylphosphonic acid cyclic anhydride, 79
Propyl propane thiosulfonate, 13
Pyridine, 228
3-Pyridyltrimethylene borate, 76
Rhyolite, 209
Ribose, 14
Ribulose, 14
Rosiglitazone, 35
Sarafloxacin, 10
Serine, 25
Serotonin, 15
Sodium 1-propanethiolate, 107
Sorbitan monolaurate, 178
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Sorbitan trioleate, 177
Stearyl alcohol, 200
Stearylamine, 170
Suberonitrile, 100
Succinonitrile, 97
Sudan, 4
Sulfamerazine, 35
Sulfaphenazole, 35
3,3′-Sulfonyldipropionitrile, 84, 85
1-(3-Sulfopropyl)pyridinium betaine, 177
Tallowglycine, 177
o-Terphenyl, 57
Tetrabutyl ammonium bromide, 8, 12
Tetrabutyl ammonium tetrafluoroborate, 12
Tetrabutyl diphenylamine, 167
Tetradecane, 234
Tetraethylammonium tetrafluroborate, 9
Tetraethylene glycol dimethyl ether, 60
Tetraglyme, 98
Tetrahexyl diphenylamine, 167
Tetrahydrofuran, 102
Tetranonyl diphenylamine, 167
Tetraoctyl diphenylamine, 167
Thieno[3,2-b][1]benzothiophene isoindigo, 122
2,2′-Thio[diethyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate], 168
3,3′-Thiodipropionitrile, 83
Thiopental, 35
Thiophene, 57, 89
Thiophenol, 228
Threonine, 25
Tolbutamide, 35
Tolfenamic acid, 35
o-Tolyazo-o-tolylazo-β-naphthol, 4
Triallyl borate, 76
Tribenzyl borate, 76
Tributyl borate, 75
Tributyl phosphate, 202
1,2,3-Trichlorobenzene, 99
n-Tridecylamine, 170
Triethanolamine, 47
Triethanolamine borate, 75
Triethylamine, 28
Triethylammonium acetate, 28
Triethyl borate, 75
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Triethylene glycol bis[3-(3-tert-butyl-4-hydroxy-5-methylphenyl)prop-
ionate], 168

Trifluoroacetic acid, 31
Trifluoromethyl phenyl isothiocyanate, 90
1,2,3-Trifluorotoluene, 98
1,2,4-Trifluorotoluene, 99
Trihexyl borate, 75
1,2,4-Triiodotoluene, 99
Triisopropyl borate, 75
Trimethoxy methane, 102
Trimethyallyl borate, 75
Trimethylammoniopropane sulfonate, 50
Trimethyl borate, 74
Trimethylboroxine, 78
1,3,5-Trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-hydroxybenzyl)benzene, 168
Trioxane, 212
Triphenylamine, 65, 113
Triphenyl borate, 74, 75
Triphenyl phosphate, 81, 174
2-(Triphenylphosphoranylidene) succinic anhydride, 80
Triphenyl phosphorothionate, 173
Tripropyl borate, 75
Tris(diphenyl phosphate), 179
Tris(2-ethylhexyl) borate, 75
1,1,3-Tris(2-methyl-4-hydroxy-5-tert-butylphenyl)butane, 169
Tris(pentafluorophenyl) borane, 78, 85
Tris(3,3,5-trimethylhexyl) borate, 75
Tris(trimethylsilyl) borate, 74, 75, 85
Tris(trimethylsilyl) phosphite, 112
Tritolyl phosphate, 173
Tussah silk fibroin, 151
Tyrosine, 211
Valerolactone, 98
Valine, 25
Vancomycin, 23
Vinyl acetate, 209, 230
Vinylene carbonate, 72, 97, 97
Vinyl ethylene carbonate, 84
Vinyl guanidine, 230
Vinyl pyrrolidone, 230
Xylene, 98
Xylonic acid, 196
Zinc di-n-butyldithiocarbamate, 175
Zirconium phosphate, 225



Index 255

General Index

β-Adrenoceptor stimulant, 29
β-Blockers, 29
Absorbent dressings, 229
Acetobacters, 198
Achiral columns, 29
Acidic deproteination, 11
Acidic drugs, 34
Activated carbon, 51
Adult incontinence, 229
Aeronautics, 233
Agricultural products, 229
Air entraining agents, 206
Airlaids, 229
Albinism, 211
Anionic surfactants, 206
Antibiotics, 9

macrocyclic, 23
Anticorrosion, 131, 180, 181
Antifoamants, 165
Antifoaming agent, 132
Antifreeze agent

low-conductive, 131
Antimicrobial powder coatings,

225
Antimicrobial prepolymer, 225
Antioxidants, 163, 166
Antiscuffing additives, 162
Antistatics, 19
Antiviral therapeutics, 14
Aprotic organic solvents, 101
Artificial snow, 229
Astronautics, 233
Atmospheric oxygen, 123
Autoclaved aerated concrete, 209
Automotive batteries, 52
Bactericidal

drugs, 154
Beadless nanofibers, 148
Bifidogenic growth stimulator, 32
Biochemical isomerization, 14
Biocompatible polymers, 151

Biocompatible polymers, 148
Bioethanol, 210
Biogenic amines, 14
Biomass, 211
Biomedical engineering, 156
Biomimetic

bone tissues, 149
co-precipitation, 147
nanofibers, 149
wet-stable fibers, 153

Biomineralization, 151
Bituminous concrete, 193
Blast furnace slag, 191
Bone marrow stromal cells, 147
Bone-mimicking mineralization,

153
Borehole wall, 183
Bulk heterojunction, 113, 115
Cantilever, 149
Carbon fibers, 58
Carboxymethylation, 198
Carcinogen, 3

genotoxic, 3
Sultone, 86

Catalyst poisoning, 134
Cathode material activation, 87
Cell adhesion, 148, 151, 155
Cell seeding, 154
Cell-sheet accumulation, 147
Cellulose fibers, 197
Cement accelerator, 195
Centrifugal pump, 165
Chaotropic salts, 15
Chaotropicity, 14
Chelation ion chromatography, 39
Chiral separation, 20
Cigarette additives, 17
Clay clumping, 216
Coaxial electrospinning, 151
Collagen triple helices, 153
Combustion chamber, 160
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Concrete, 189
Concrete admixture, 198
Concrete flowability, 198, 199
Concrete slump, 198
Concrete-lined tunnels, 203
Confocal laser microscopy, 147
Copper-metal passivation, 163
Cosmetics, 229
Coulombic efficiency, 82
Crankcase oils, 161
Critical micellization concentra-

tion, 153
Crosslinked fibers, 153
Dealloying processes, 55
Decarboxylation, 14
Defoamers, 199
Defoaming agents, 202
Demulsification, 163
Density functional theory, 74
Desodiation, 112
Donor acceptor copolymers, 123
Double-layer capacitance, 106
Drilling fluids, 183
Drug release, 151, 155
Ductile failure, 190
Electric arc furnace dust, 195
Electrocatalytic activity, 134
Electrochemical deposition, 49
Electrochemical propulsion, 53, 54
Electroconductive carbon black, 69
Electrokinetic micropumps, 50
Electrolyte replenishment, 127
Electromagnetic radiation shield,

227
Electroosmotic pressure, 50
Electrospinning, 148, 149, 154
Electrospray mass spectrometry,

31
Electrospraying, 155
Electrospun collagen, 153
Eluent backflush, 33
Eluents, 33, 39
Emissions

automotive, 161

reduction, 160
Enantioselective effects, 26
Enantioseparation, 31

2-phenylpropionic acid, 27
atrolactic acid, 20
mandelic acid, 21

Entrained air, 165, 206
Enzymatic hydrolysis, 211
Epithelial cells, 154
Esterification, 198, 200
Exfoliated clay, 216
Extruder, 213, 231
Faraday’s law, 52
Fermentation, 197
Fiber blooming, 214
Fibroblast cells, 154
Fibrous additives, 212
Fibrous scaffold, 148
Filtration additive, 183
Flame retardant, 19, 81, 225
Fluid loss control, 183
Fluidized bed reactor, 216
Fluorescent whitening agents, 12
Fly ashes, 205
Food colorants, 13
Foodstuffs, 13
Forestry, 229
Freezing point depressant, 131
Friction reducer, 163
Fuel starvation, 124, 130
Galvanostatic cycling, 65
Gasoline, 160
Gear lubricant compositions, 161
Gearbox, 164
Glucose oxidase, 196
Gouy-Chapman-Stern-Grahame

model, 48
Hamaker constant, 216
Heated tube reactor, 171
Helix denaturation, 153
Helmholtz, 47
Hofmeister series, 15
Hollow fibers, 41
Horticulture, 229
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Household articles, 229
Humectants, 229
Hydraulic cement, 203
Hydrogen adsorption, 106
Hyperhydroxy polymer, 194
Iijima, 69
Immunohistochemical analysis,

150
Interfacial resistance, 84
Intrafibrillar nanohydroxyapatite,

150
Ionic diffusion, 56
Isocratic elution, 9, 17
Janus Separator, 63
Knövenagel reaction, 115
Kohn-Sham equation, 74
Langmuir adsorption, 16
Laser additive manufacturing, 232
Laser melting deposition, 233
Lattice reconstruction, 210
Lipophilicity, 16, 34
Lithium accumulator, 60
Lithium transference number, 73
Macrofibers, 212
Macroporous polymer, 194
Mannich reaction, 182, 211
Matrix melt formation, 231
Membranes, 40, 130, 150
Mesenchymal stem cells, 150, 155
Mesocarbon microbeads, 56, 93
Metallurgy, 232
Methylal chain transfer, 213
Microbial bioconversion, 196
Microfibers, 212
Microfibrillar cellulose, 197
Microfluidically driven actuators,

50
Micromolding, 151
Microneedles, 151
Microwave-assisted extraction, 19
Nanofibers, 148, 152
Nanoparticles, 112, 131, 148, 155,

180, 202, 226
Nanotubes, 55, 70

Nanowhiskers, 42
Nanowires, 54
Neurotransmitters, 15
Nonionic surfactants, 176, 183
Nucleosides, 11
Nucleotides, 5, 11, 156
Offshore oil well, 195
Onion, 12
Osteodegenerative diseases, 146
Osteogensis, 150
Oxygen bomb method, 176
Oxygen evolution overvoltage,

110
Passivators, 18
Pavement crumbling, 193
Peptides, 31
Pet litter, 229
Petroleum catalytic cracker, 181
Petroleum oils, 166
Photoactive polymer, 121
Photodiode array detector, 13
Photovoltaic materials, 113
Plasticizers, 195
Polymerase, 147
Portland cement, 191, 214
Postcombustion, 40
Powder coatings, 225
Pozzolan, 191, 204, 217
Pressure agglomeration, 231
Proliferation, 145, 148, 150, 151,

154, 155
Protein adsorption, 152
Pseudocapacitance, 49
Pump cavitation, 165
Radiation shielding, 226
Rapid prototyping, 151
Rechargeable battery, 51, 67, 103
Recycling

bituminous substances, 193
waste tires, 214

Redox additives, 49
Redox electrolyte, 117
Redox shuttle, 60
Regenerative medicine, 152
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Renewable feedstocks, 231
Saponification products, 171
Scaffolds, 145, 147, 149, 152, 154

electrospun, 148, 154
osteoblasts-cultured, 148
porous, 152, 155

Schrödinger equation, 74
Scouring resistance, 211
Semiconductors, 113
Sequestering agents, 225
Shallot, 12
Shear thinning, 183
Shock loading, 162
Shoe polishes, 3
Shrinkage compensation, 202
Silkworms, 147
Smectite, 231
Smelting process, 191
Sodiation, 112
Sodiation process, 112
Solar cells, 113
Solid phase extraction, 11, 18
Solution casting, 49
Solvothermal synthesis, 64
Spiders, 147
Stille coupling, 113, 123

Superabsorbent polymers, 207,
212, 229

Supercapacitor, 48
Superplasticizers, 194
Supersonic co-precipitation

method, 108
Thermal drawing, 151
Transformer oils, 18
Tribochemical products, 179
Tumble growth agglomeration,

231
Ultrasonication, 64
Ultrasound sonicator, 197
Van der Waals interactions, 159
Vicat temperature, 226
Volcanic glass shards, 209
Waste tires, 214
Water bleeding, 198
Water reducer, 198
Western blot analysis, 147
Wet-spun fibers, 153
Whitening agents, 11
Worm gearing, 164
Wound dressings, 229
Young’s modulus, 150
Zwitterionic additives, 50


