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Preface

Modern systems necessitate the use of advanced materials with appropriate surface
properties essential to enhance their performance significantly. A surface that is
exposed directly to different environments depending on the application is para-
mount because it needs to exhibit excellent resistance against wear, erosion, cor-
rosion, temperature, pressure, etc. to improve durability and achieve ever-greater
efficiency. Therefore, there is a need to obtain an appropriate surface finish depend-
ing on the application, which necessitates the usage of multiple surface engineering 
techniques that are complementary to each other in association with suitable surface
preparation processes. To ensure the expected behavior and efficiency, modern
experimental methods to assess surface characteristics as well as interfaces are of
great importance. This book presents recent advances in the field of surface science
for a better understanding of surfaces and interfaces and their applications. It is a
useful book describing a variety of materials for different applications and gives an
in-depth understanding of mechanisms involved in achieving the desired proper-
ties that are extremely useful to materials developers, design engineers, scientists, 
system maintenance engineers, academia, students, researchers, and industrialists. 
The book comprises a collection of articles written by senior people specialized in
surface science and technologies.

Chapter 1 covers organic semiconductors as active materials in thin film electronic
devices, such as alkynes, heterocyclics, dyes, ferrocenes, spiranes, or porphyrins, 
with special geometries and certain electronic molecular parameters that possess
nonlinear optical properties and offer several major advantages over their inorganic
counterparts. There are a number of simple and versatile techniques that can be
employed for the deposition of these important classes of materials. The matrix-
assisted pulsed laser evaporation (MAPLE) technique provides advantages with
regard to making organic films of different morphologies on various types of sub-
strates. New insights into crystallization growth mechanisms in MAPLE-deposited 
conjugated polymer films, which realize the connection between the structure and 
the carrier transport properties, are discussed herein. Second harmonic generation
capabilities of thin films are also investigated.

Chapter 2 demonstrates different proposals of magnetic bioderivatives and their
applicability in biotechnology. The historical context of immobilized enzymes, 
as well as immobilization methods highlighting the main advantages and disad-
vantages of each, is mentioned. In addition, iron oxides and composite materials
are presented as support for biomolecule immobilization. Composites are effort-
lessly prepared, including many materials capable of providing advantages to
the magnetic derivatives. Enzymes covalently linked to these magnetic particles
combine their catalytic properties with reaction specificity, reusability, and possible
reactor construction. In addition, proteins can also be purified by these magnetic
composites containing specific ligands allowing reactors and reuses too. A number
of characterization techniques used to study the magnetic material and derivative
immobilized are described as well. Altogether, an engaging presentation of the
interesting features of magnetic bioderivatives is highlighted, as well as their uses in
the biotechnology field and other applications.
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XIV

Chapter 3 discusses surface science engineering through the sol-gel process and its 
significance. Sol-gel synthesis is used to obtain coatings that can modify the sur-
faces of metals to avoid corrosion or to enhance the biocompatibility and bioactivity 
of metals and their alloys that are of biomedical interest. Anticorrosion coatings 
composed of smart coatings and self-healing coatings are described. TiO2, hydroxy-
apatite, bioglass, and hybrid coatings synthesized by sol-gel technology are briefly 
introduced with regard to their role in modifying the surface of metals for biomedi-
cal purposes. Finally, although there are other approaches to modify the surface 
of metals for either anticorrosion or biomedical purposes, sol-gel methods have 
several advantages in controlling surface chemistry composition and functionality.

Chapter 4 describes the synthesis, characterization, and adsorption properties 
of nanoporous materials: nitroprussides, Prussian blue analogs, akaganeites, 
MeAPOs, metal organic frameworks, and highly specific surface amorphous silica, 
which allow the storage of about 11 wt% of hydrogen in the form of ammonia. 
In this sense, the use of solid-state reaction method and sol-gel methodologies, 
together with aluminosilicate, high silica, and non-aluminosilicate zeolite synthesis 
methods, is described. Moreover, the preparation of active carbons along with the 
synthesis of Prussian blue analogs and nitroprussides is explained. In addition, 
characterization of the materials of interest applying X-ray diffraction, thermo-
gravimetric analysis, DRIFTS, and room-temperature Mossbauer spectrometry is 
discussed. Besides, were defined the concepts which define physical adsorption, 
provided examples of adsorption data, which were tested with the help of the 
Dubinin, osmotic adsorption, and Langmuir-type isotherms. Additionally, the 
methodology for the measurement of adsorption data with the help of the volumet-
ric method is described. Moreover, a description of the thermodynamics of adsorp-
tion, as well as the methodology for the calculation of calorimetric data with the 
help of heat flow calorimeters together with the measurement of differential heats 
of adsorption data, is analyzed. Finally, the different interaction forces that make 
adsorption possible are discussed.

Chapter 5 presents ternary alloys of cobalt with molybdenum and tungsten depos-
ited from biligand citrate-pyrophosphate electrolytes by the pulsed mode, which 
exhibits different compositions and surface morphologies depending on current 
density and on/off time. It is shown that the current density of 910 A dm2 and on/
off time of 5/20 ms favor the maximum refractory metals content in the deposits, 
but increasing current density diminishes the efficiency of electrolysis. When 
depositing Co-Mo-W from the electrolyte, the ratio Mo:W is 1:2 and tungsten con-
tent in the alloy is found to be much lower in comparison with molybdenum: W 27 
at% vs. Mo 16 22 at%; the total of Mo + W content is 1527 at%. Therefore, changing 
the concentrations of Mo and W salts in the electrolyte for Co-Mo-W alloy deposi-
tion does not influence Mo and W content in the deposit in the same proportions. It 
is established that a sufficiently uniform surface of binary Co-Mo and Co-W depos-
its with smaller spheroid sizes and without microcracks may be attributed to lower 
refractory metals content. The structure of binary and ternary alloys is found to be 
amorphous crystalline, and intermetallic phases Co7W6 and Co7Mo3 are identified 
in deposits. The coherent-scattering region size of the amorphous part is detected 
at 2–8 nm. The amorphous structure of ternary alloys and significant content of 
alloying elements (Mo and W) predetermine improved high corrosion resistance. 
Corrosion resistance of binary and ternary deposits increases with the total content 
of refractory metals, which, associated with molybdenum and tungsten, enhance 
corrosion resistance to pitting as well as decrease roughness and smooth out the 
relief of ternary coatings. Ternary galvanic alloys of cobalt with molybdenum and 

V

zirconium of different compositions and morphologies are obtained from polyli-
gand citrate-pyrophosphate electrolytes in a pulsed mode by varying the current
density and duration of pulse and pause. It is shown that coatings with microglobu-
lar morphology with a low level of stress and cracks are formed at a current density
of 46 A dm2 and polarization on/off time of 2/10 ms. High corrosion resistance of
ternary coatings based on cobalt is caused by an increased tendency to passivity and 
high resistance to pitting corrosion in the presence of molybdenum and zirconium, 
as well as the acid nature of their oxides.

Chapter 6 describes the attempts made to investigate the experimental process
and surface roughness (SR) optimization of cold working (high carbon and 
high omium) hard die steel (D2) during the wire electrical discharge machining 
(WEDM) processes. The WEDM process relies heavily on the operators’ technolo-
gies and experience because of their numerous and diverse range. Because using 
complicated cuts can make it difficult to machine electrically conductive compo-
nents, the WEDM process was developed to generate precise cutting on complicated 
and difficult to machine materials. Tan-sigmoid and purlin transfer function with
a bias-based four-layered back propagation artificial neural network approach
have been used to investigate the effect of six independent parameters, namely gap
voltage (Vg), flush rate (Fr), pulse on time (Ton), pulse off time (Toff), wire feed 
(Wf), and wire tension (Wt) over the Center Line Average value of surface rough-
ness (Ra) along with corresponding material removal rate (MRR). Model adequacy
is most satisfactory because correlation coefficient (R2) is found to be 99.1% and 
the adjusted (Radj.2) statistics is 98.5. It was found that the spark time ON/OFF, wire
feed rate, wire tension, gap voltage, flush rate and a few of their interactions have a
significant effect on SR.

I strongly believe that this book will be useful to materials scientists, system design
engineers, manufacturing experts and executives, mechanical engineers, chemi-
cal engineers, aeronautical engineers, academic researchers, undergraduate and 
postgraduate students, and industrialists.

Dr. Gurrappa Injeti
Professor, 

Defence Metallurgical Research Laboratory,
Hyderabad, India
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Chapter 1

Synthesis and Nonlinear Optical
Studies on Organic Compounds in
Laser-Deposited Films
Maria Marinescu

Abstract

Organic semiconductors as active materials in thin-film electronic devices such
as alkynes, heterocycles, dyes, ferrocenes, spiranes, or porphyrins, with special
geometries and certain electronic molecular parameters, which possess nonlinear
optical (NLO) properties and offer several major advantages over their inorganic
counterparts, are presented in this chapter. There are a number of simple and
versatile techniques that can be employed for the deposition of these important
classes of materials. The matrix-assisted pulsed laser evaporation (MAPLE) tech-
nique provides advantages with regard to making organic films of different mor-
phologies on different types of substrates. New insights into the crystallization
growth mechanisms in MAPLE-deposited conjugated polymer films, which realize
the connection between the structure and the carrier transport properties, are
discussed herein. Second harmonic generation (SHG) capabilities of the thin films
were also investigated.

Keywords: organic synthesis, laser deposition, nonlinear optical properties,
thin films

1. Introduction

During the last decades, the nonlinear optical (NLO) materials have gained
significant role because of their various applications in medicine, molecular
switches, luminescent materials, laser technology, spectroscopic and electrochemi-
cal sensors, data storage, microfabrication and imaging, modulation of optical sig-
nals, and telecommunication [1–3]. Organic materials are distinguished by the fact
that they exhibit strong nonlinear optical (NLO) properties [4–8]. In the last years,
researchers have based on the synthesis of the target organic molecules with partic-
ular geometries and certain electronic molecular parameters, in order to have the
desired nonlinear optic properties [9–31].

The changes of optical properties (absorption coefficient, index of refraction),
through the increasing intensity of the input light, led to the discovery of the
nonlinear optical phenomenon, second harmonic generation (SHG), detectable only
after the improvement of the laser in 1962 [32]. Thus, nonlinear optics developed as
a tremendous field of research, especially after the profound understanding of
nonlinear optic phenomena (NLO) and the structure-property relations of
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chromophores, after the development of different tools to accurately measure and
calculate hyperpolarizabilities [33].

Recent literature highlights the increased interest in organic materials in recent
decades, as an alternative to their inorganic counterparts, and having several
advantages, such as their low cost, low toxicity, ease of solution processability,
flexibility for device fabrications [34], and modulation of their optical, electronic,
and chemical properties by adapting their molecular structure. Field effect transis-
tors, photovoltaic devices, organic light-emitting diodes (OLEDs), and white light
sources for indoor and outdoor lighting are some of the applications of organic
materials [33].

The deposition of organic materials in thin films, required for the design of new,
successful devices, implied the precise monitoring of their chemical, structural, and
morphological properties [35]. The deposition of organic substances in thin films
has to meet the requirements of the market: (1) good uniformity of simple or
multilayer structures of organic, polymeric, or composite materials—in the elec-
tronics industry; (2) thickness control, film uniformity of coating, and good inter-
facing properties—in OLED polymer applications; (3) conformal coatings required
to modify the interior surfaces of porous materials (membranes, foams, textiles) or
irregular geometries of surfaces—for optoelectronic and medical devices [36].

Several classes of organic compounds, including conjugated molecules, fuller-
enes, polymers, perylenes, dyes, and thiophenes, have been studied as materials and
investigated for their NLO responses [5]. Conjugated organic polymers with large
nonlinear responses correlated with rapid response time have been observed as
NLO materials with great expectations [37]. Although organic compounds have
been considered as frail, the experiments showed, with the optical damage, thresh-
old for polymeric materials can be greater than 10 GW/cm2 [37].

Two deposition techniques, physical and chemical, are used in order to obtain
organic thin films with good quality. For each type, there are several techniques
applied. Physical deposition techniques for thin organic films include physical vapor
deposition (PVD) [38–42], organic vapor phase deposition (OVPD) [43–45],
organic molecular beam deposition (OMBD) [46–51], solvent vapor annealing
(SVA) [52–56], self-assembled monolayers (SAMs) [57, 58], inkjet printing
[59, 60], pulsed laser deposition (PDL) [61–64], and laser evaporation [65–67]
techniques. The chemical methods include solution techniques and gas-phase depo-
sition methods. Techniques that use solutions include Langmuir-Blodgett (LB)
[68, 69], spin coating [70, 71], dip coating [72, 73], sol-gel [74, 75], and spray
pyrolysis [76]. Chemical vapor deposition (CVD) [77–82] uses the gas phase of
organic compounds.

Many articles report the synthesis of the novel organic molecules or polymers
with highly active chromophores and superior optical activity, as response to the
demand of substances with NLO properties for various applications [83–86].

This chapter refers to synthesis of organic compounds with nonlinear optical
properties in one of the techniques mentioned above, laser-deposited films.

2. Nonlinear optical (NLO) response in organic molecules

The optical response is due to a transition of the dipole moment from the ground
state to the excited state due to the transition of an electron between frontier
orbitals, from the highest occupied molecular orbital (HOMO) to the lowest unoc-
cupied molecular orbital (LUMO). The chemical activity of the molecule and the
availability of the internal charge transfer are due to the balance between the redox
ability of HOMO (as reducing agent) and LUMO (as oxidizing agent), which
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reveals the internal charge transfer responsible for the non linear optical properties.
Nonlinear materials are defined as optical media in which the refractive index
depends on light intensity [87]. So, the HOMO-LUMO gap energy is involved in
molecular electrical transport properties.

The designing and obtaining (synthesis) of the new molecules with high first
hyperpolarizability β (theoretical and experimental) is central in discovery of the
second-order and higher-order nonlinear optical materials and is quantified by the
induced dipole moment under an intense light field E in Eq. (1):

μi ¼ αijEj þ βijkEjEk þ γijklEjEkEl þ… (1)

with μi the ith component of the induced dipole moment, Ej the corresponding
component of the applied electromagnetic field, and αij, βijk, γijkl, the components of
the linear polarizability, the first hyperpolarizability, and the second hyperpolar-
izability. In case of an ensemble of molecules, the macroscopic polarization is
defined by Eq. (2):

Pi ¼ χij
1ð Þ Ej þ χijk

2ð Þ EjEk þ χijkl
3ð Þ EjEkEl þ…: (2)

with χs(1), (2), (3) the macroscopic susceptibilities of the first (1), second (2), and
third (3) order, which can be directly related to the density of the organic chromo-
phore [88]. Recent advances in chromophore design report some features for classic
dipolar organic structures with good nonlinear optic properties [89]: (1) presence of
a π-conjugated systems with π electron delocalization, (2) a “push-pull” system,
which is a couple donor-acceptor or connected to a system that contributes to the
delocalization of the π electrons; (3) presence of a strong electron donor groups
(e.g., ─NR2, ─NHR, ─OR, ─OH), and strong electron withdrawing groups
(e.g., ─CF3, SO2CF3, ─SO3H, ─NO2, ─CN), positioned at opposite ends of a conju-
gated molecule in case of dipolar molecules; (4) great values of dipole moment and
polarizability; (5) small HOMO-LUMO energy gap; (6) planarity of the molecule
for neutral, polar, and zwitterionic resonance structures. Dipole organic molecules
have an intrinsic matter: the dipoles prefer to align antiparallel with each other in
the solid-state film to nullify the bulk effect. Octupolar molecules, alternative NLO
materials, present more advantages compared with dipole molecules [90]: (1) the
second harmonic response (SHG) does not depend on the polarization of the inci-
dent light because they are more isotropic than the dipolar molecules; (2) β values
of the octupoles can be increased by increasing of intramolecular charge transfer;
(3) octupoles form noncentrosymmetric crystals; and (4) they are less likely to
undergo relaxation due to the lack of ground-state dipole moment.

3. Synthesis of the compounds with NLO properties

In the last decades, literature reveals some classes of organic compounds suitable
for organic electronic devices, such as organic photovoltaics (OPVs) and organic
thin-film transistors (OTFTs), which possess certain characteristics, such as high
molecular hyperpolarizability coefficients (β), special geometry, and in most cases,
small HOMO-LUMO energy gaps [25–27]. Among these classes of organic
compounds, there are highlighting fullerenes, perylenes, thiophene compounds,
polymers, and dyes.

Furthermore, the polymers represent one of the most used classes of
substances in pulsed laser deposition (PLD), but also in the other methods for
preparing thin films. Organic compounds with nonlinear optical properties and
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organic compounds reported in laser deposition (PLD) will be presented in the
following two sections.

3.1 Synthesis of the nonlinear optical fullerenes

Canulescu group [91] studied thin films of fullerenes (C60) 1 deposited onto
silicon using matrix-assisted pulsed laser evaporation (MAPLE). MALDI analysis
showed that a dominant transfer of intact C60 molecules onto a silicon wafer is
realized when the laser fluence is carefully selected, for example, below a threshold
of �1.5≈/J cm2. Labrunie et al. synthesized triphenylamine-based push-pull σ-C60

dyad, as photoactive molecular material for single-component organic solar cells,
using a copper(I)-catalyzed 1,3-dipolar Huisgen cycloaddition under strict anaero-
bic conditions, leading to the selective formation of a 1,2,3-triazole ring and
affording fullerene 2 in 80% yield (see Figure 1).

Thin films of 2, prepared by spin coating of a CHCl3 solution, highlight the
ambipolar semiconducting behavior and also very good electron-transporting
properties for fullerene 2 [92]. Kim et al. synthesized new fullerene 3 soluble in
ethanol/water solvent mixtures and implemented these materials to fabricate
polymer solar cells (PSCs) using environmentally friendly solvents [93]. The
results of this paper provide important guidelines for the design of aqueous-
electroactive materials having high carrier mobilities suitable to achieve very
efficient eco-PSCs.

Kamanina highlights that there are two reasons for the importance of fullerenes:
their unique energy levels and high value of electron affinity energy (0.65–0.7 eV).
This value is larger than the one for most dyes and organic molecules with intra-
molecular acceptor fragment and can stimulate the efficient intermolecular
charge transfer complex formation in the fullerene-doped organic conjugated
materials [94].

Although fullerene acceptors were the predominant choice in the acceptor
materials for two decades, the limited tunability of electronic properties and weak
absorption of fullerene derivatives in visible range prevent further development of
organic solar [95]. Therefore, other classes of organic molecules have been
researched to obtain the desired properties of the electronic materials.

Figure 1.
Fullerenes with NLO properties [91–93].

4

Applied Surface Science

3.2 Synthesis of the nonlinear optical perylenes

Perylene compound 4 was synthesized by a catalyzed heteroarylation reaction
by McAfee et al. [83]. The geometry of perylene 4 exhibits planes of diketopyrro-
lopyrrole and perylene diimide at one dihedral angle too high for a good π-orbital
overlapping, which determines HOMO-LUMO orbitals on specific atoms, supposi-
tion confirmed by TDDFT calculations at B3LYP/6-31G(d,p) level of theory.
Optical, electronic, and self-assembly properties of the thin films of perylene 4
fabricated by solvent vapor annealing (SVA) recommended this compound as suit-
able for organic solar cells (OSCs) (see Figure 2).

Perylene diimides (PDIs) are a new class of nonfullerene electron acceptors for
organic solar cells with many attracting features, like low cost; significant thermal,
chemical, and light stability; good electron-accepting ability; and excellent electron
mobility [96]. Carlotti et al. investigated PDI dimers as nonfullerene electron
acceptors [96] for organic solar cells. Two isomers 5 and 6 have planar and twisted
geometries, which determined very diverse spectral and photophysical properties
(see Figure 3). Theoretical calculations and also the experimental time-resolved
investigation confirm isomers 5 and 6 show charge transfer following light
excitation.

Figure 2.
Perylene 4 with NLO properties [83].

Figure 3.
Perylene isomers 5 and 6 [96].
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3.3 Synthesis of the nonlinear optical thiophene compounds

Small-molecule semiconductors with an A-D-A core structure (D is an electron-
rich unit and A is an electron-deficient unit) function as an electron donor or
electron acceptor in organic photovoltaic cell devices [97].

Thiophenes are one of the most studied heterocyclic compounds for D-π-A
systems due to their relatively low resonance energies, the facile and cheap prepa-
ration of chromophores with high stabilities, and good nonlinearities [98]. The
hyperpolarizabilities β of derivatives 7–9 were measured using hyper-Rayleigh
scattering, and also the solvatochromic behavior of these thiophenes was investi-
gated [99] (see Figure 4). A series of formyl-5-aryl-2,20-bithiophenes 10 were
synthesized by Herbivo et al. through two methods: Vilsmeier-Haack-Arnold reac-
tion or through Suzuki coupling as precursors for NLO materials [100]. Raposo
et al. synthesized two series of donor-acceptor conjugated heterocyclic azo-
thienylpyrroles 11–12. Thienylpyrroles 11 have largest first-order hyperpolariz-
abilities (β = 460–660 � 10�30 esu, T convention) [101]. Two series of novel push-
pull 1-(4-(thiophen-2-yl)phenyl)-1H-pyrroles 13–14, reported by Castro et al., were
studied considering the electron-accepting moieties linked at the arylthiophene
bridge or to the pyrrole heterocycle, which plays the role of donor group. Thiophene
ring with functionalized thiobarbituric acid derivative 14 shows the largest first
hyperpolarizability (β =2480 � 10�30 esu) [102]. Batista et al. developed a series of
thienylpyrrolyl with π-conjugated system attached to functionalized benzimidazole
heterocycles 15–16 [103]. The new chromophores possess excellent solvatochromic
properties and good molecular optical nonlinearities. By condensation of
5,6-phenanthroline-dione with formyl-thiophene derivatives in the presence of
ammonium acetate in glacial acetic acid, oligothienyl-imidazophenanthroline com-
pounds 17–18 were synthesized by Batista et al. These p-conjugated compounds
possessed good values of β hyperpolarizabilities and solvatochromic properties
[104]. Liu et al. synthesized isomers 19 and 20 [97], very similar in chemical
structure, differing only in the substitution position of the alkyl groups attached to
their conjugated cores, two novel small molecule photovoltaic materials, by imply-
ing a Knoevenagel reaction and investigated their photovoltaic properties by blend-
ing each of them with a polymer donor and a fullerene acceptor. Compounds
present similar optical absorption spectra in solution and molecular energy levels in

Figure 4.
Thienyl compounds with nonlinear optical properties [97–104].
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a solid film. Compound 19 forms an ordered lamellar packed structure with com-
pact π-π stacking, whereas 20 shows only a weak π-π stacking effect in solid film.
Also, the authors correlate chemical structure of the A-D-A semiconductors with
their aggregation structure in solid state and their electron-donating and electron-
accepting properties in OPV devices (see Figure 5). Zhu et al. synthesized the
fused-ring electron acceptors 21 and 22 with a naphtho[1,2-b,5,6-b0]dithiophene
core and alkoxy side chains using a Stille reaction between an organotin compound
and ethyl 2-bromothiophene-3-carboxylate [105]. It was found that change in the
side chains affects electronic, optical, charge transport and morphological proper-
ties of these analogues. Compound 22 exhibits a narrower bandgap, redshifted
absorption spectra, and higher electron mobility compared with 21. The introduc-
tion of alkoxy side chains in fused-ring electron acceptors appears to be a promising
approach to enhance absorption and electron mobility and therefore efficiencies in
organic solar cells. Dai et al. synthesize fused-ring electron acceptors 23–24 using a
Suzuki reaction and found that extending the core size leads to upshift of the energy
levels, enhancement of molecular packing, higher electron mobility, more
balanced-charged transport, and reduced bimolecular charge recombination
(Figure 6).

3.4 Synthesis of the nonlinear optical dyes

Raposo et al. reported the synthesis of the 2,20-bithiophene-conjugated dyes 25,
using the Friedel-Crafts and the Lawesson reactions. The compounds 25 have
proved promising NLO chromophores (see Figure 7), exhibiting βo values of 2.5–4
times higher than that of 4-nitroaniline [106]. Also, azo-dyes 26 possessed great
values of molecular hyperpolarizability β0 [107]. Marinescu et al. synthesized by
azo-coupling reactions a series of pyrazole-5-ones 27–30, which possessed only
hydrazo tautomers and torsional structures, correlated with their NLO properties
and the efficiency of compounds was assessed by the relationship between high βtot
and low HOMO-LUMO energy gap [89]. Liu et al. synthesized porphyrin dyes 31 by
[2+2] click reaction, with very good yields and small energy gaps HOMO-LUMO for
each compound, and demonstrated that click moieties affected the third-order
nonlinear optical responses [108] (see Figure 8).

Pascal et al. obtained the push-pull dyes 33–34 with tricyanofuran acceptor
linked to donors of various strengths, by two consecutive condensations, and
investigated their second-order nonlinear optical properties [109]. It was found that
a high intrinsic hyperpolarizability coupled with a high static dipolar moment
results in excellent μβ values for polymethine dyes containing pyran, thiopyran,

Figure 5.
Small-molecule semiconductors based on an A-D-A structure [96].
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Figure 6.
Chemical structure of fused-ring electron acceptor 21–24 [104, 105].

Figure 7.
Azo-dyes as NLO chromophores 25–30 [89, 106, 107].

Figure 8.
Porphyrins 31–32 and push-pull polymethine dyes 33–34 [108, 109].
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selenopyran, and benzoindoline moieties, and therefore, these dyes are promising
for electro-optical modulation.

3.5 Synthesis of the polymers with nonlinear optical properties

A review of all the compounds deposited by MAPLE, including organics, with
their applications was carried out by Caricato et al. [33]. Consequently, here we
point out the newest structures reported in the literature with the most notable
nonlinear optical properties mentioned.

Mariano et al. combine spin coating with the MAPLE technique, to realize
polymeric multilayered thin films using three polymers 35–37 [110] (see Figure 9).
This is the first white light-emitting diode produced by multilayer polymeric thin
films reported in literature [110]. Constantinescu et al. reported fabrication of
thin solid layers of poly(3,3‴-didodecyl-quaterthiophene) 38 by MAPLE, on
silicon and quartz substrates and studied films with different thicknesses,
morphologies, and optical properties [111]. Thin films of polyvinyl chloride 39,
polyacrylic acid 40, and polyaniline 41 with potential use in optoelectronic were
reported by Constantinescu et al. [112]. Thin films of the blue-emitting
poly(9,9-dioctylfluorene) 42 deposited by MAPLE have been investigated at dif-
ferent laser fluence values and at different laser repetition rate. Authors reported
that at high laser fluence (450 mJ/cm2), the dioctylfluorene surface showed large
bubbles presenting the intrinsic blue emission. At smooth surfaces, it can be
observed that green emission becomes predominant [110].

Recent works reported new conjugated copolymers with different donor (D)-
acceptor (A) motifs (see Figure 10) for optoelectronic devices [113]. Authors syn-
thesized a series of four DAA copolymers 43–46 (see Figure 11) with thiophene
donors and isoindigo-based acceptors and compared the optoelectronic properties
of these four copolymers with those of the analogous. It was found that “increasing
the number of acceptors in the polymer repeat unit decreased the LUMO energy of
the polymer and increased the electron mobility” [113]. The authors studied the
influence of acceptor length and planarity on the optoelectronic properties of
donor-acceptor systems for the copolymers 43–46 with thiophene donors and
isoindigo acceptors and formulated that changing the number of acceptors in the

Figure 9.
Polymers deposited by MAPLE technique [110–112].
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Figure 6.
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Figure 7.
Azo-dyes as NLO chromophores 25–30 [89, 106, 107].

Figure 8.
Porphyrins 31–32 and push-pull polymethine dyes 33–34 [108, 109].
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polymer repeat unit is a key strategy that could be used to obtain donor-acceptor
systems with fine properties and better materials.

3.6 Synthesis of other classes of organic compounds with NLO properties

Other classes of heterocyclic compounds were reported to have nonlinear
optical properties, and some of them are presented below. 1,2,3,4,5,6,7,8-
Octahydroacridine (OHA) 47 (see Figure 12) thin films grown by matrix-assisted
pulsed laser evaporation (MAPLE) showed the SHG (second harmonic generation)
signal of the conformational asymmetry of OHA and therefore the nonlinear optical
applications of it [114]. Matei et al. studied the morphology and optical properties of
ferrocene 48 thin films grown by MAPLE technique, films that were further used in

Figure 10.
Donor (D)-acceptor (A) motifs along with magnetic moment and LUMO energy variations [113].

Figure 11.
Structures of DAA copolymers isoindigo-based acceptors and thiophene donors 43–46 [113].

Figure 12.
Structures of compounds 47–50 with NLO properties.
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two-photon absorption investigations, showing that the compound has SHG capa-
bilities [115]. Nonlinear optical properties of ferrocene carboxaldehyde 49 thin
films grown by matrix-assisted pulsed laser evaporation (MAPLE) were studied by
Constantinescu et al. [116] using two-photon absorption investigations. The exper-
iment revealed that the ferrocene 49 thin films deposited by MAPLE have second
harmonic generation capabilities improved compared to simple ferrocene, with
better applications in optoelectronics. 4-(Ferrocenylmethylimino)-2-hydroxy-
benzoic acid 50 was synthesized by a Schiff reaction, and deposited thin films of it
with controlled thickness were fabricated by matrix-assisted pulsed laser evapora-
tion (MAPLE), on quartz and silicon substrates [117].

4. Matrix-assisted pulsed laser evaporation

The main method used to obtain thin laser films is matrix-assisted pulsed laser
evaporation (MAPLE). Most organic compounds deposited by matrix-assisted
pulsed laser evaporation reported so far are polymers, so they are very important
for this chapter. There are three important advantages of the MAPLE technique
compared to solution cast techniques: (1) the control of thickness; (2) possibility to
deposit multilayers; and (3) fabrication of thin films on nonplanar substrates with
good surface coverage [110].

The fact that method pulsed laser ablation is not convenient for the deposition of
soft materials (almost all polymers, proteins, and other materials are chemically
and/or thermally modified or destroyed) has led to the invention of a new improved
method to remove these limitations. Two researchers McGill and Chrisey gave birth
to matrix-assisted pulsed laser evaporation (MAPLE) technique [33] in order to
deposit thin and uniform films of polymers and carbohydrates. The new method is
suitable for the deposition of the complex organic materials, such as polymers,
bioorganic molecules, and coordination compounds [118]. Fabrication of thin films
from such materials is very important for new devices with many applications,
including light-emitting diodes (LEDs) [110], field-effect transistors, sensors,
photovoltaic devices, and white light sources for indoor and outdoor lighting
[13, 110, 114, 115].

Three steps are necessary in the MAPLE technique:

1. dissolving the substance (solute) of interest in a volatile solvent (matrix) to
form a diluted homogeneous solution (concentration of the order of 1 wt%);

2. freezing the solution at the temperature of the liquid nitrogen; and

3. placing the solution in the vacuum chamber to act as a target for laser-assisted
deposition and irradiation of the frozen solution with a pulsed laser beam.

Matrix-assisted pulsed laser evaporation deposition of the desirable molecules is
effectuated in a light manner, which implied the passing of the condensed phase to
the gas phase. A low kinetic energy is implied in MAPLE process, in advantage to
laser ablation with a high level of kinetic energy [110].

In the MAPLE method, the laser pulse energy is absorbed by the solvent and
converted into thermal and kinetic energy, enabling the solvent to evaporate and
carry in the gas phase the solute molecules onto the deposition substrate where they
adhere as a thin film. A very volatile solvent is required to be pumped during the
flight from target to substrate, and thus, the deposited film is made up of the
dissolved material only.
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good surface coverage [110].

The fact that method pulsed laser ablation is not convenient for the deposition of
soft materials (almost all polymers, proteins, and other materials are chemically
and/or thermally modified or destroyed) has led to the invention of a new improved
method to remove these limitations. Two researchers McGill and Chrisey gave birth
to matrix-assisted pulsed laser evaporation (MAPLE) technique [33] in order to
deposit thin and uniform films of polymers and carbohydrates. The new method is
suitable for the deposition of the complex organic materials, such as polymers,
bioorganic molecules, and coordination compounds [118]. Fabrication of thin films
from such materials is very important for new devices with many applications,
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converted into thermal and kinetic energy, enabling the solvent to evaporate and
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dissolved material only.

11

Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
DOI: http://dx.doi.org/10.5772/intechopen.83234



Most of the laser energy is absorbed by the volatile matrix, not the dissolved
molecules, which minimize the photochemical decomposition of the precursor
solution. In addition, the use of low fluences prevents or reduces thermal damage
and decomposition of molecules, so deposition can take place at low fluctuations
(0.05–0.5 J/cm2) compared to conventional pulsed laser deposition (PLD) (typically
few J/cm2).

Particularly important in this technique is the choice of solvent because it has a
great impact on the deposition of organic matter, it can interact with the dissolved
substance, it can lead to the production of secondary products from it, or it can be
present in the deposited films [33]. The role of solvent in MAPLE technique is
central; we can say that the solvent (1) must dissolve the solute without interacting
with it; (2) has to be volatile; (3) must absorb laser radiation; and (4) must trans-
port the dissolved substance from the target to the substrate.

The experimental setup of MAPLE deposition technique for thin-film fabrica-
tion is showed in Figure 13. The solution concentration must be of 0.1–2.0% (mass)
because of the hard laser interaction with the frozen solid. The solvent is desirable
to have a freezing point as high as possible. Only the solvent (also named matrix)
absorbed the radiation when the laser reaches the target, so the matrix evaporates,
the “solid” is ablated, and only the material’s molecules are deposited on the
substrate [119].

4.1 Investigation of NLO properties

4.1.1 Parameters of NLO properties

Interactions of electromagnetic fields in various media produce new fields
changed in frequency, phase, amplitude, or other characteristics of the incident
fields resulting nonlinear optical (NLO) properties [89]. The parameter used to
evaluate the NLO susceptibility is the total hyperpolarizability (βtot), meaning that a
compound with large βtot value is predicted to be a potential NLO active one and
vice versa [11]. Literature shows that experimental determination of the βtot value
and therefore the NLO susceptibility is an expensive and laborious process, which
led to using the quantum mechanical calculations including the DFT methods for
the designing of NLO materials. The mean polarizability α, the total static dipole

Figure 13.
Scheme of the MAPLE setup [119].
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moment μtot, the quadrupole moment Q, and the mean first polarizability βtot may
be calculated by using DFT theory. The x, y, z components are defined as follows:

αtot ¼
αxx þ αyy þ αzz

3
(3)

μtot ¼ μ2x þ μ2y þ μ2z

� �1=2
(4)

Qtot ¼ q3x þ q3y þ q3z
� �1=3

(5)

βtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2x þ β2y þ β2z

� �r
(6)

βj ¼ βiii þ
1
3
∑
i 6¼j

βijj þ βjij þ βjji

� �
(7)

Therefore:

βtot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βxxx þ βxyy þ βxzz

� �2
þ βyyy þ βyzz þ βyxx

� �2
þ βzzz þ βzxx þ βzyy

� �2r
(8)

The larger hyperpolarizability value of one component over the other compo-
nents means that the electronic charge delocalization is larger in that direction [11].
There are a lot of factors that contribute to enhance the NLO properties of the
compounds, which are cumulated with the prospective βtot calculated values [3].

4.1.2 Experimental determination of second harmonic generation (SHG) in thin films

Experimental setup used to investigate the SHG behavior [117] in thin-film
samples is represented in Figure 14. The component parts of the system used for
the determination of second harmonic generation (SHG) are a sapphire laser
(“Tsunami,” from Spectra-Physics; 780 nm, 60–100 fs pulse duration, 80 MHz
repetition rate); an optical system made of a half-wave plate and a Glan-Taylor
polarizing prism that allows the variation of beam intensity; a microscope's objec-
tive is to focus the laser beam onto the thin-film samples and collect the emitted
SHG radiation. A dichroic mirror (DM) separated the excitation radiation, and the
SHG intensity is measured by a camera spectrograph [117].

Figure 14.
Experimental setup for determining second harmonic generation.
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The experimental second harmonic generation of MAPLE-grown 1,2,3,4,5,6,7,8-
octahydroacridine (OHA) 47 using laser fluence 0.3 J/cm2, laser spot 2 mm2, and
40,000 pulses, on Si substrates, under fs-laser irradiation at 788 nm wavelength is
represented in Figure 15 [114]. In this case, the presence of the SHG signal is related
to the conformational asymmetry of the OHA molecule.

5. Conclusions

The synthesis of the most important classes of the nonlinear optical organic
compounds, fullerenes, perylenes, thiophene, azo-dyes dyes, thienes, polymers,
and other compounds, along with the techniques employed for the deposition of
these compounds, was presented. For the synthesis of the new compounds with
nonlinear optical applications, important reactions, like Stille, Suzuki, Knoevenagel,
Huisgen, Vilsmeier-Haack-Arnold, click, were employed.

Among the simpler and more sophisticated techniques, the matrix-assisted
pulsed laser evaporation (MAPLE) technique that permits making organic films
with different morphologies, on different types of substrates, is the main method
used to obtain thin laser films, with three basic advantages: the control of thickness;
possibility to deposit multilayers; and fabrication of thin films on nonplanar sub-
strates with good surface coverage. Crystallization growth mechanisms in MAPLE-
deposited conjugated polymer films that determine specific structure, therefore the
carrier transport properties, were discussed in relation with second harmonic
generation (SHG) behavior of the thin films.

Organic compounds are cheap, low toxicity, ease of solution processability;
therefore, their applications as NLO materials are growing.
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Figure 15.
The SHG experimental spectra of MAPLE-grown OHA thin films (adapted with the permission from reference
[114]).
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Abstract

In this chapter, the authors will show different proposals of magnetic bio-deriv-
atives and its applicability in biotechnology. The historical context of immobilized 
enzymes, as well as  highlighting the main advantages and disadvantages of each, 
will be mentioned. Besides, iron oxides and composite materials will be presented 
as support for biomolecules immobilization. Composites are effortlessly prepared 
including many materials capable of providing advantages to the magnetic deriva-
tives. Enzymes covalently linked to these magnetic particles combine their catalytic 
properties with reaction specificity, reusability, and possible reactor construction. 
In addition, proteins can also be purified by these magnetic composites containing 
specific ligands allowing reactors and reuses too. Some characterization techniques 
used to study the magnetic material and derivative immobilized will be described 
as well. Altogether, an engaging presentation about the interesting features of 
magnetic bio-derivatives will highlight their uses in biotechnology field as well as in 
others.

Keywords: iron oxides, composite, enzyme, protein, immobilization, purification

1. Introduction

Even today, the widespread use of magnetic particles in areas such as biotech-
nology, engineering, material sciences, biomedicine, and microbiology, among 
others, still is disclosed in the literature. So, a large part of the scientific community 
including biomedical, biologists, and pharmacists, in addition to chemists and 
physicists, is looking for novel applications for magnetic bio-derivatives obtained 
from biomolecules immobilized on iron oxide particles. The use of magnetic 
particles is further than matrices for biomolecules immobilization such particles 
can also be used as a potential contrast agent in magnetic resonance imaging (MRI), 
drug delivery, magnetic hyperthermia, photothermal therapy, and food treatment 
in order to better the organoleptic properties [1].

The great importance of developing attractive and promising magnetic bio-
derivatives as well as bringing to light new applications is evident. Our research 
group has proposed a considerable number of magnetic materials from inorganic 
(e.g., diatomaceous earth) or organic (e.g., azocasein) compounds and iron oxides 
as support to enzyme immobilization or protein purification. Recently, magnetic 
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diatomaceous earth coated with polyaniline (mDE@PANI) exhibited good features 
as a matrix for covalent immobilization of three industrial enzymes (invertase, 
trypsin, and β-galactosidase) [2]. This magnetic composite was also promising for 
the treatment of boldo tea after immobilization of the enzyme tannase [3]. Alves 
et al. [4] reported a novel magnetic composite from magnetite and azocasein to 
trypsin purification of fish Nile tilapia (crude extract). The obtainment of antioxi-
dant peptides for use in food products was possible by immobilization of protease 
on magnetic support [5]. These are some of our research involving magnetic materi-
als and their applications that we will address in more detail later.

1.1 Historical background: enzyme immobilization on magnetic particles

In 1916, the first scientific report on immobilization of enzymes was announced. 
This finding involved the invertase, a hydrolytic enzyme, which preserved their cat-
alytic behavior after being absorbed on charcoal or aluminum hydroxide surface [6]. 
Robinson et al. [7] reported the first work of the use of magnetic particles as support 
to enzyme immobilization in 1973. The authors purposed two magnetic materials 
from iron oxide (magnetite) and another compound as a matrix to immobilize the 
enzymes: α-chymotrypsin and β-galactosidase for applications in bioreactors. A year 
later, Van Leemputten and Horisberger [8] immobilized trypsin and invertase on 
functionalized magnetite. Since then, magnetic separation has become an increas-
ingly popular tool for the process of separating biological molecules and cells.

According to IUPAC gold book [9], an immobilized enzyme is defined as “a 
soluble enzyme bound to an insoluble organic or inorganic matrix, or encapsulated 
within a membrane in order to increase its stability and make possible its repeated or 
continued use.” An efficient and robust immobilized derivative must preserve good 
retention of the catalytic activity, possess greater thermal and operational stability, 
be reused without considerable loss of activity, allow the easy separation of products 
and enzyme, and be resistant to microbial attack. In addition, a derivative immobi-
lized on magnetic particles has advantages such as (i) easy and fast separation of the 
reaction medium by application of an external magnetic field, (ii) enzyme which 
is not stressed since conventional methods of separation (e.g., centrifugation and 
filtration) can be avoided, and (iii) large loading of biomolecules onto small particles 
(nanoparticles (NPs)) as a consequence of their high surface area.

Since the last decade, several scientific works about immobilization of enzymes 
have been published. In the first month of 2019, over 100 articles with the keyword 
“enzyme immobilization” have been reported in the PubMed database.

1.2 Immobilization strategies: Choosing the better approach

The choice of the immobilization method is as important as the nature of bio-
molecule (e.g., biochemical properties) and the experimental conditions chosen to 
obtain an immobilized derivative with desired features. So special attention should 
be given to immobilization approaches since the applicability of the immobilized 
derivative depends on this. The characteristics of the support are also relevant; 
however, it will be discussed later.

Overall, the methods of immobilization are categorized as irreversible and 
reversible since those interactions between enzyme and support are from weak 
physical adsorption to strong covalent bonds. Irreversible immobilization is 
understood as the attachment of the biocatalyst to the support with retention of the 
biological activity. However, the detachment of the biocatalyst will lead to the loss 
of its activity. Covalent bond, entrapment or microencapsulation, and cross-linking 
belong to this category. Already the adsorption and the affinity methodologies are 

29

Magnetic Bio-Derivatives: Preparation and Their Uses in Biotechnology
DOI: http://dx.doi.org/10.5772/intechopen.85748

associated with the reversible category. Additionally, the immobilization methods 
can be classified into chemical and physical according to support binding. Figure 1 
displays the most used immobilization methods together with some advantages and 
disadvantages.

Currently combinations of two or more immobilization methods can be 
employed to obtain derivative immobilized with features desired. Thus, the limita-
tions from one type of immobilization could be avoided. Briefly, the main features 
of the immobilization methods will be mentioned as follows.

• Covalent bond. This method is based on the formation of covalent bonds 
between the biocatalyst and the support. For this, the presence of active chemi-
cal groups on surface of both components (i.e., biomolecule and support) is 
necessary. It is important to mention that these functional groups in the bio-
catalyst are not responsible for their catalytic activity. Moreover, the use of an 
activating agent, e.g., glutaraldehyde, which will lead the covalent attachment is 
required. Covalent bond is one of the most immobilization technique used.

• Entrapment. In this approach, the biocatalyst is restricted within a polymeric 
network. The substrate and products can reach the biocatalyst since their 
molecular weight is low. So, this method is suitable when mass transfer limita-
tions through polymeric network are not a problem. Porous gels, fibers, and 
microencapsulation are some strategies to entrapping the biocatalyst. The 
immobilization by entrapment could be by essentially physical forces or include 
covalent bonding.

• Cross-linking. An arrangement of insoluble aggregates with high molecular 
weight is formed by a simple process involving the biocatalyst and bi- or multi-
functional reagents or ligands. Due to this method which did not use a support and 
involve covalent bonds, conformation changes of the biocatalyst are possible lead-
ing to the loss of their activity. Glutaraldehyde, a bifunctional agent, is the most 
generally used for this immobilization technique. Cross-linked enzyme aggregates 
(CLEAs) have emerged as attractive alternative to produce physical aggregates 
with preservation of biocatalyst structure and hence their catalytic activity.

• Adsorption. This simple, fast, and inexpensive method leads to the formation 
of noncovalent interactions. Electrostatic adsorption is the linkage approach 
more used. Unfortunately, the interaction between the biocatalyst and the 
support may be modulated by some operational parameters such as ionic 
strength, pH, and temperature. Therefore, this approach is more appropriate 

Figure 1. 
Scheme with major strategies used for enzyme immobilization. Advantages and disadvantages are also highlighted.
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of its activity. Covalent bond, entrapment or microencapsulation, and cross-linking 
belong to this category. Already the adsorption and the affinity methodologies are 
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associated with the reversible category. Additionally, the immobilization methods 
can be classified into chemical and physical according to support binding. Figure 1 
displays the most used immobilization methods together with some advantages and 
disadvantages.

Currently combinations of two or more immobilization methods can be 
employed to obtain derivative immobilized with features desired. Thus, the limita-
tions from one type of immobilization could be avoided. Briefly, the main features 
of the immobilization methods will be mentioned as follows.

• Covalent bond. This method is based on the formation of covalent bonds 
between the biocatalyst and the support. For this, the presence of active chemi-
cal groups on surface of both components (i.e., biomolecule and support) is 
necessary. It is important to mention that these functional groups in the bio-
catalyst are not responsible for their catalytic activity. Moreover, the use of an 
activating agent, e.g., glutaraldehyde, which will lead the covalent attachment is 
required. Covalent bond is one of the most immobilization technique used.

• Entrapment. In this approach, the biocatalyst is restricted within a polymeric 
network. The substrate and products can reach the biocatalyst since their 
molecular weight is low. So, this method is suitable when mass transfer limita-
tions through polymeric network are not a problem. Porous gels, fibers, and 
microencapsulation are some strategies to entrapping the biocatalyst. The 
immobilization by entrapment could be by essentially physical forces or include 
covalent bonding.

• Cross-linking. An arrangement of insoluble aggregates with high molecular 
weight is formed by a simple process involving the biocatalyst and bi- or multi-
functional reagents or ligands. Due to this method which did not use a support and 
involve covalent bonds, conformation changes of the biocatalyst are possible lead-
ing to the loss of their activity. Glutaraldehyde, a bifunctional agent, is the most 
generally used for this immobilization technique. Cross-linked enzyme aggregates 
(CLEAs) have emerged as attractive alternative to produce physical aggregates 
with preservation of biocatalyst structure and hence their catalytic activity.

• Adsorption. This simple, fast, and inexpensive method leads to the formation 
of noncovalent interactions. Electrostatic adsorption is the linkage approach 
more used. Unfortunately, the interaction between the biocatalyst and the 
support may be modulated by some operational parameters such as ionic 
strength, pH, and temperature. Therefore, this approach is more appropriate 

Figure 1. 
Scheme with major strategies used for enzyme immobilization. Advantages and disadvantages are also highlighted.
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when the physical adsorption of the biocatalyst is carried out in hydrophobic 
environments.

• Affinity. The immobilization by affinity interaction requires that the biocata-
lyst as well as the support present specific chemical groups on their surfaces, 
that is, the presence of complementary species, e.g., streptavidin-biotin 
interaction. As a consequence of the specific interaction, notable selectivity 
is a major benefit of this method. However, this procedure is expensive since 
antibodies or lectins can be used.

1.3 Why covalent immobilization?

There is not a universal method of immobilization and support for the enzymes 
and their uses in biotechnology. Several factors could drive the choice of a particular 
method, e.g., physicochemical properties of support or different features of substrates 
and products. As shown in Figure 1, all methods present advantages and disadvan-
tages. However, why should the covalent bond be chosen? Covalent bonding is the 
most used strategy of the irreversible category. The removal of the covalent immobi-
lized enzyme from the support without affecting its catalytic activity as an attempt 
to recover either the biomolecule or the support is meaningless due to hard process 
usually involved to disrupt the covalent bond. Moreover, better thermal and opera-
tional stability, as well as major resistance to pH, temperature, and solvent variations, 
are some of the well-known benefits of the immobilization approach. A good reason 
to choose this method is when a system with high stable protein coverage is recom-
mended. Obtainment of the product of high purity, i.e., no contaminants including the 
enzyme, is another excuse to employ the covalent bond for immobilization.

2. About the particles used as support

In order to prepare an immobilized derivative, at least the biomolecule, the sup-
port, and the method of immobilization are required. Choosing the support is an 
essential step in the immobilization process since the characteristics of the material 
can influence in the performance of the biocatalyst. Even today there is no general 
rule for selecting the ideal support to attach the biomolecule. However, materi-
als with characteristics such as chemical inertia, hydrophilic character, low cost, 
mechanical resistance, and resistance to microbial attack are widely used. Often in 
the literature, terms as matrix and carrier are found as synonyms of support.

Magnetic particles as a carrier to biomolecule immobilization are desirable mate-
rials due to easy separation of the biocatalyst from the reaction medium by applica-
tion of an external magnetic field. Among the particles with magnetic property, the 
iron oxides, in particular, magnetite (Fe3O4), are the materials with notable uses in 
the immobilization process. Maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are iron 
oxides derived from magnetite and can be found together with it.

2.1 Iron oxides: Why use it as a support of biomolecules?

Until now several magnetic particles obtained from pure iron oxide or a mixture 
of phases and composites materials have been presented as attractive support to 
enzyme immobilization or protein purification. To understand why these particles 
are so attractive, it might be useful to review the characteristics of the magnetite. 
The iron oxide is inorganic in nature, which presents a ratio of ferric/ferrous ions 
equal to 2:1, in stoichiometric magnetite. The ions positively charged (ferric, 
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denoted as Fe3+, and ferrous, expressed as Fe2+) are distributed in two different sites 
with a crystal inverse spinel structure, formed by a cubic network face centered 
(fcc) of oxygen anions. Tetrahedral sites are filled by Fe3+ ions, while the octahedral 
sites are occupied by Fe3+ and Fe2+ ions [10].

According to the magnetic response, iron oxides can be classified as fer-
romagnetic, antiferromagnetic, paramagnetic, and ferrimagnetic. At room 
temperature, bulk magnetite is a ferrimagnetic material due to the combination of 
ferromagnetic and antiferromagnetic comportments that happens below the Curie 
temperature (850 K) [11]. This iron oxide presents a saturation magnetization 
(Ms) value between 92 and 100 emu g−1. Maghemite is also a ferrimagnetic mate-
rial (Ms = 60–80 emu g−1), while the hematite is weakly ferromagnetic (Ms minor 
than 1 emu g−1). It is important to mention that there is a correlation between the 
magnetic properties of the material with their size. So, when the magnetite presents 
nanometer size (below 15 nm), the superparamagnetic behavior is observed [12].

In addition to physicochemical and magnetic properties of the magnetite, using 
these particles as a carrier of the biomolecules could avoid laborious procedures 
such as decantation, centrifugation, or filtration.

2.2 Synthesis of iron oxides

At present, many synthesis methods to produce iron oxide particles have been 
developed. Evaluating the preparation method together with the features desires 
of the material (i.e., size, shape, size distribution, and surface chemistry) is very 
important once the magnetic property, as well as applications of material synthe-
sized, depends on it. Moreover, the degree of structural defects (i.e., the presence of 
impurities) and distribution of the defects are also related to the synthesis method-
ology [13]. In general, the main preparation methods of the iron oxide particles can 
be classified as chemical, physical, and biological. Among these methodologies, the 
chemical route is the most used due to high yield along with low-cost production. 
Coprecipitation, hydrothermal, microemulsion, sonochemical, thermal decomposi-
tion, sol-gel synthesis, and electrochemical decomposition are some of the chemical 
methods [14]. A complete description about the most common preparation meth-
ods of the iron oxide particles together with their benefits and drawbacks can be 
found in the literature [1, 12, 14].

The “coprecipitation method” presents interesting characteristics that make it 
the chosen one among the chemical route category. For instance, this technique is 
simple and inexpensive and can be used for large-scale production. Briefly, iron 
oxide particles are produced by addition of a precipitating agent (e.g., ammonium 
hydroxide) to the solution containing a mixture of ferrous and ferric salts (e.g., 
FeCl2.4H2O and FeCl3.6H2O) at room temperature or high temperature. A molar 
ratio equal to 2:1 for Fe3+/Fe2+ ions is generally used. The obtainment of a black 
precipitate (Fe3O4) is a good indication that the synthesis was successful. The size, 
shape, composition and magnetic property of the particles can be modified depend-
ing on the iron precursors, iron concentrations, ferric/ferrous ratio, precipitating 
agent, pH, temperature, ionic strength, stirring velocity, surfactants addition, and 
working under inert atmosphere [10, 15].

Processes of the nucleation and the growth of crystals are involved in this 
technique. Both processes should take place separately, i.e., first the nucleation 
and then the growth. According to Wu et al. [10], pH is an important parameter 
to address toward the nucleation (solution pH minor than 11) and the growth 
(solution pH major than 11) of crystals. Even though the coprecipitation method 
is widely used to produce iron oxide particles with high saturation magnetiza-
tion, some limitations like broad and large size distribution, poor crystallinity, 
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when the physical adsorption of the biocatalyst is carried out in hydrophobic 
environments.

• Affinity. The immobilization by affinity interaction requires that the biocata-
lyst as well as the support present specific chemical groups on their surfaces, 
that is, the presence of complementary species, e.g., streptavidin-biotin 
interaction. As a consequence of the specific interaction, notable selectivity 
is a major benefit of this method. However, this procedure is expensive since 
antibodies or lectins can be used.

1.3 Why covalent immobilization?

There is not a universal method of immobilization and support for the enzymes 
and their uses in biotechnology. Several factors could drive the choice of a particular 
method, e.g., physicochemical properties of support or different features of substrates 
and products. As shown in Figure 1, all methods present advantages and disadvan-
tages. However, why should the covalent bond be chosen? Covalent bonding is the 
most used strategy of the irreversible category. The removal of the covalent immobi-
lized enzyme from the support without affecting its catalytic activity as an attempt 
to recover either the biomolecule or the support is meaningless due to hard process 
usually involved to disrupt the covalent bond. Moreover, better thermal and opera-
tional stability, as well as major resistance to pH, temperature, and solvent variations, 
are some of the well-known benefits of the immobilization approach. A good reason 
to choose this method is when a system with high stable protein coverage is recom-
mended. Obtainment of the product of high purity, i.e., no contaminants including the 
enzyme, is another excuse to employ the covalent bond for immobilization.

2. About the particles used as support

In order to prepare an immobilized derivative, at least the biomolecule, the sup-
port, and the method of immobilization are required. Choosing the support is an 
essential step in the immobilization process since the characteristics of the material 
can influence in the performance of the biocatalyst. Even today there is no general 
rule for selecting the ideal support to attach the biomolecule. However, materi-
als with characteristics such as chemical inertia, hydrophilic character, low cost, 
mechanical resistance, and resistance to microbial attack are widely used. Often in 
the literature, terms as matrix and carrier are found as synonyms of support.

Magnetic particles as a carrier to biomolecule immobilization are desirable mate-
rials due to easy separation of the biocatalyst from the reaction medium by applica-
tion of an external magnetic field. Among the particles with magnetic property, the 
iron oxides, in particular, magnetite (Fe3O4), are the materials with notable uses in 
the immobilization process. Maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are iron 
oxides derived from magnetite and can be found together with it.

2.1 Iron oxides: Why use it as a support of biomolecules?

Until now several magnetic particles obtained from pure iron oxide or a mixture 
of phases and composites materials have been presented as attractive support to 
enzyme immobilization or protein purification. To understand why these particles 
are so attractive, it might be useful to review the characteristics of the magnetite. 
The iron oxide is inorganic in nature, which presents a ratio of ferric/ferrous ions 
equal to 2:1, in stoichiometric magnetite. The ions positively charged (ferric, 
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denoted as Fe3+, and ferrous, expressed as Fe2+) are distributed in two different sites 
with a crystal inverse spinel structure, formed by a cubic network face centered 
(fcc) of oxygen anions. Tetrahedral sites are filled by Fe3+ ions, while the octahedral 
sites are occupied by Fe3+ and Fe2+ ions [10].

According to the magnetic response, iron oxides can be classified as fer-
romagnetic, antiferromagnetic, paramagnetic, and ferrimagnetic. At room 
temperature, bulk magnetite is a ferrimagnetic material due to the combination of 
ferromagnetic and antiferromagnetic comportments that happens below the Curie 
temperature (850 K) [11]. This iron oxide presents a saturation magnetization 
(Ms) value between 92 and 100 emu g−1. Maghemite is also a ferrimagnetic mate-
rial (Ms = 60–80 emu g−1), while the hematite is weakly ferromagnetic (Ms minor 
than 1 emu g−1). It is important to mention that there is a correlation between the 
magnetic properties of the material with their size. So, when the magnetite presents 
nanometer size (below 15 nm), the superparamagnetic behavior is observed [12].

In addition to physicochemical and magnetic properties of the magnetite, using 
these particles as a carrier of the biomolecules could avoid laborious procedures 
such as decantation, centrifugation, or filtration.

2.2 Synthesis of iron oxides

At present, many synthesis methods to produce iron oxide particles have been 
developed. Evaluating the preparation method together with the features desires 
of the material (i.e., size, shape, size distribution, and surface chemistry) is very 
important once the magnetic property, as well as applications of material synthe-
sized, depends on it. Moreover, the degree of structural defects (i.e., the presence of 
impurities) and distribution of the defects are also related to the synthesis method-
ology [13]. In general, the main preparation methods of the iron oxide particles can 
be classified as chemical, physical, and biological. Among these methodologies, the 
chemical route is the most used due to high yield along with low-cost production. 
Coprecipitation, hydrothermal, microemulsion, sonochemical, thermal decomposi-
tion, sol-gel synthesis, and electrochemical decomposition are some of the chemical 
methods [14]. A complete description about the most common preparation meth-
ods of the iron oxide particles together with their benefits and drawbacks can be 
found in the literature [1, 12, 14].

The “coprecipitation method” presents interesting characteristics that make it 
the chosen one among the chemical route category. For instance, this technique is 
simple and inexpensive and can be used for large-scale production. Briefly, iron 
oxide particles are produced by addition of a precipitating agent (e.g., ammonium 
hydroxide) to the solution containing a mixture of ferrous and ferric salts (e.g., 
FeCl2.4H2O and FeCl3.6H2O) at room temperature or high temperature. A molar 
ratio equal to 2:1 for Fe3+/Fe2+ ions is generally used. The obtainment of a black 
precipitate (Fe3O4) is a good indication that the synthesis was successful. The size, 
shape, composition and magnetic property of the particles can be modified depend-
ing on the iron precursors, iron concentrations, ferric/ferrous ratio, precipitating 
agent, pH, temperature, ionic strength, stirring velocity, surfactants addition, and 
working under inert atmosphere [10, 15].

Processes of the nucleation and the growth of crystals are involved in this 
technique. Both processes should take place separately, i.e., first the nucleation 
and then the growth. According to Wu et al. [10], pH is an important parameter 
to address toward the nucleation (solution pH minor than 11) and the growth 
(solution pH major than 11) of crystals. Even though the coprecipitation method 
is widely used to produce iron oxide particles with high saturation magnetiza-
tion, some limitations like broad and large size distribution, poor crystallinity, 
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aggregation, and tendency to oxidize can be cited. For instance, the formation of 
impurities (e.g., maghemite) depends on the initial and final solution pH as well as 
the reaction temperature [16]. Moreover, impurities are also observed in very small 
particles (minor than 20 nm) because of the high surface area/volume ratio, which 
allows a great number of surface atoms. This happening could lead to the forma-
tion of maghemite, for example, as a consequence of the oxidation of Fe2+ to Fe3+ 
ions. The maghemite can also be present when the magnetic sample is stored for 
an extensive period (6 months) as well as exposure to high temperatures (superior 
to 180°C) [16]. Since maghemite is also a ferrimagnetic material but with a slightly 
minor saturation magnetization than magnetite, the presence of maghemite in the 
magnetic sample may not be considered a disadvantage. However, the presence 
of hematite is an unwanted impurity since this oxide is weakly ferromagnetic and 
exhibits low saturation magnetization.

Our research group has used the coprecipitation method for the obtainment of 
magnetic particles to be used as a matrix for biomolecules immobilization [17, 18]. 
Among these materials, some magnetic composites were also synthesized. For this, 
materials (without magnetic property) can be added to the FeCl3.6H2O/FeCl2.4H2O 
mixture before the magnetization aiming different purposes: magnetic particle 
composite synthesis.

Maciel et al. [19] synthesized a magnetic levan; that is, under a polymer of 
fructose, the iron oxide particles were formed. The magnetic levan particles were 
treated with sodium periodate (NaIO4) and employed as a support for trypsin 
covalent immobilization.

Rêgo et al. [20] have reported a gum magnetic from Parkia pendula seeds as a matrix 
for concanavalin A (Con A) covalent immobilization. For this to be possible, seed 
gum was included in the solution containing the Fe3+ and Fe2+ ions. Afterward, it was 
functionalized with NaIO4 allowing the covalent immobilization of the lectin Con A.

Mercês et al. [21] described the process to convert Dacron to magnetic 
Dacron-hydrazide (mDAC). Heparin (HEP) was activated by carbodiimide and 
N-hydroxysuccinimide and covalently linked to mDAC (mDAC-HEP). Human 
antithrombin was then purified by affinity chromatography using the mDAC-HEP.

Alves et al. [4] prepared a magnetic composite from azocasein and iron oxide 
particles (mAzo). The presence of azocasein, azo-dye-insoluble casein derivative, 
on the surface of the magnetic particles allowed trypsin to be purified by affinity 
binding. The enzyme forms complex with the modified substrate but does not 
hydrolyze it. Washing the enzyme-azocasein-magnetic particles removes unspecific 
proteins of the mixture. Afterward, the complex is disrupted by increasing the ionic 
strength, and the enzyme is collected in the supernatant.

Due to the inorganic nature of the iron oxides, the magnetic particles do not 
have chemical groups to enable biomolecules to bind covalently. Therefore, addi-
tional procedures should be performed for this purpose (functionalization). Two 
approaches can be carried out: (1) coating them with polymers containing these 
chemical groups and (2) adding materials encompassing these chemical arms during 
or after the magnetic particle synthesis (composites). In this context, Cabrera  
et al. [22] used the 3-aminopropyltriethoxysilane (APTES) as a silane agent to 
available amine groups on the surface of the magnetic diatomaceous earth (mDE). 
The treatment with APTES was carried out after the synthesis of the mDE particles. 
The composite material (mDE-APTES) showed efficiency as a matrix to immobilize 
invertase. Furthermore, Cabrera et al. [2] have also reported a simple, effective, and 
inexpensive synthesis methodology to obtain a magnetic composite made from mDE 
particles coated with polyaniline (mDE@PANI). The coating with PANI was carried 
out after preparation of the mDE particles. Three industrial enzymes (invertase, 
β-galactosidase, and trypsin) were successfully immobilized using glutaraldehyde as 
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a chemical arm on the mDE@PANI particles. All magnetic bio-derivatives displayed 
superior performance (related to catalytic activity and stability) compared to the 
free enzyme. Thus, the mDE@PANI particles showed potential as a matrix to immo-
bilize other biomolecules. Tannase was also covalently immobilized onto the mDE@
PANI particles [3]. This enzyme catalyzes the hydrolysis of tannins present in several 
beverages. Figure 2  displays the preparation of functionalized magnetic particles for 
biomolecule immobilization or protein purification.

2.3 Micro or nano iron oxide particles?

Before proceeding with the immobilization process, essential aspects such as 
material and surface science, biomolecule chemistry, and reaction engineering 
should be evaluated. A satisfactory immobilization will be achieved when all these 
aspects are properly integrated. However, this is not very easy due to the multidisci-
plinary nature of problems along with the main effects occurring in different length 
scales from nanometer to millimeter [23].

It is well known that an immobilized derivative presents, in the majority of 
times, minor retention of their catalytic activity when compared to its free counter-
part. This happens for two reasons: (i) conformational changes of the biomolecule 
due to covalent bond with the support and (ii) problems arising of the catalytic 
reaction occur in a heterogeneous environment [24]. So, analyzing the behavior of 
biomolecule immobilized could help in choosing the most suitable particle size for 
the material used as support.

In the last times, the “nanoimmobilization” is widely used for several researchers 
to indicate nanostructures as support for the immobilization of biomolecules. The 
employment of NPs presents various benefits due to unique physical properties 
resulting from their nanometer size (below 100 nm). Higher surface area, signifi-
cant biomolecule loading, superior mass transfer resistance, and minor diffusion 

Figure 2. 
Approaches to prepare functionalized magnetic particles. (A) Functionalized by coating process and  
(B) functionalized by the addition of chemical groups.
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aggregation, and tendency to oxidize can be cited. For instance, the formation of 
impurities (e.g., maghemite) depends on the initial and final solution pH as well as 
the reaction temperature [16]. Moreover, impurities are also observed in very small 
particles (minor than 20 nm) because of the high surface area/volume ratio, which 
allows a great number of surface atoms. This happening could lead to the forma-
tion of maghemite, for example, as a consequence of the oxidation of Fe2+ to Fe3+ 
ions. The maghemite can also be present when the magnetic sample is stored for 
an extensive period (6 months) as well as exposure to high temperatures (superior 
to 180°C) [16]. Since maghemite is also a ferrimagnetic material but with a slightly 
minor saturation magnetization than magnetite, the presence of maghemite in the 
magnetic sample may not be considered a disadvantage. However, the presence 
of hematite is an unwanted impurity since this oxide is weakly ferromagnetic and 
exhibits low saturation magnetization.

Our research group has used the coprecipitation method for the obtainment of 
magnetic particles to be used as a matrix for biomolecules immobilization [17, 18]. 
Among these materials, some magnetic composites were also synthesized. For this, 
materials (without magnetic property) can be added to the FeCl3.6H2O/FeCl2.4H2O 
mixture before the magnetization aiming different purposes: magnetic particle 
composite synthesis.

Maciel et al. [19] synthesized a magnetic levan; that is, under a polymer of 
fructose, the iron oxide particles were formed. The magnetic levan particles were 
treated with sodium periodate (NaIO4) and employed as a support for trypsin 
covalent immobilization.

Rêgo et al. [20] have reported a gum magnetic from Parkia pendula seeds as a matrix 
for concanavalin A (Con A) covalent immobilization. For this to be possible, seed 
gum was included in the solution containing the Fe3+ and Fe2+ ions. Afterward, it was 
functionalized with NaIO4 allowing the covalent immobilization of the lectin Con A.

Mercês et al. [21] described the process to convert Dacron to magnetic 
Dacron-hydrazide (mDAC). Heparin (HEP) was activated by carbodiimide and 
N-hydroxysuccinimide and covalently linked to mDAC (mDAC-HEP). Human 
antithrombin was then purified by affinity chromatography using the mDAC-HEP.

Alves et al. [4] prepared a magnetic composite from azocasein and iron oxide 
particles (mAzo). The presence of azocasein, azo-dye-insoluble casein derivative, 
on the surface of the magnetic particles allowed trypsin to be purified by affinity 
binding. The enzyme forms complex with the modified substrate but does not 
hydrolyze it. Washing the enzyme-azocasein-magnetic particles removes unspecific 
proteins of the mixture. Afterward, the complex is disrupted by increasing the ionic 
strength, and the enzyme is collected in the supernatant.

Due to the inorganic nature of the iron oxides, the magnetic particles do not 
have chemical groups to enable biomolecules to bind covalently. Therefore, addi-
tional procedures should be performed for this purpose (functionalization). Two 
approaches can be carried out: (1) coating them with polymers containing these 
chemical groups and (2) adding materials encompassing these chemical arms during 
or after the magnetic particle synthesis (composites). In this context, Cabrera  
et al. [22] used the 3-aminopropyltriethoxysilane (APTES) as a silane agent to 
available amine groups on the surface of the magnetic diatomaceous earth (mDE). 
The treatment with APTES was carried out after the synthesis of the mDE particles. 
The composite material (mDE-APTES) showed efficiency as a matrix to immobilize 
invertase. Furthermore, Cabrera et al. [2] have also reported a simple, effective, and 
inexpensive synthesis methodology to obtain a magnetic composite made from mDE 
particles coated with polyaniline (mDE@PANI). The coating with PANI was carried 
out after preparation of the mDE particles. Three industrial enzymes (invertase, 
β-galactosidase, and trypsin) were successfully immobilized using glutaraldehyde as 
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a chemical arm on the mDE@PANI particles. All magnetic bio-derivatives displayed 
superior performance (related to catalytic activity and stability) compared to the 
free enzyme. Thus, the mDE@PANI particles showed potential as a matrix to immo-
bilize other biomolecules. Tannase was also covalently immobilized onto the mDE@
PANI particles [3]. This enzyme catalyzes the hydrolysis of tannins present in several 
beverages. Figure 2  displays the preparation of functionalized magnetic particles for 
biomolecule immobilization or protein purification.

2.3 Micro or nano iron oxide particles?

Before proceeding with the immobilization process, essential aspects such as 
material and surface science, biomolecule chemistry, and reaction engineering 
should be evaluated. A satisfactory immobilization will be achieved when all these 
aspects are properly integrated. However, this is not very easy due to the multidisci-
plinary nature of problems along with the main effects occurring in different length 
scales from nanometer to millimeter [23].

It is well known that an immobilized derivative presents, in the majority of 
times, minor retention of their catalytic activity when compared to its free counter-
part. This happens for two reasons: (i) conformational changes of the biomolecule 
due to covalent bond with the support and (ii) problems arising of the catalytic 
reaction occur in a heterogeneous environment [24]. So, analyzing the behavior of 
biomolecule immobilized could help in choosing the most suitable particle size for 
the material used as support.

In the last times, the “nanoimmobilization” is widely used for several researchers 
to indicate nanostructures as support for the immobilization of biomolecules. The 
employment of NPs presents various benefits due to unique physical properties 
resulting from their nanometer size (below 100 nm). Higher surface area, signifi-
cant biomolecule loading, superior mass transfer resistance, and minor diffusion 
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problems are some of the advantages of the use of nanoparticles as a matrix. Also 
better stability and performance of biocatalyst immobilized along with a low 
protein unfolding were also reported [25, 26]. Some disadvantages for the NPs (e.g., 
large-scale application and price of material preparation) have been presented 
[26]. On the other hand, magnetic nanoparticles (MNPs) have been used as a 
support of several biological molecules as well as present superparamagnetism (i.e., 
magnetic response is only observed after application of magnetic field) and can be 
recovered by the use of a magnet [27]. So, the magnetic property as a plus feature 
to the nanoparticles would make them more attractive not only for potential uses in 
biotechnology [14] but also for a lot of biomedical applications including magnetic 
hyperthermia [28], drug delivery [29], contrast agent in magnetic resonance imag-
ing (MRI) [30], and cellular therapy [31].

As above mentioned (Section 2.2), some factors influence the size (micro or 
nano) of iron oxide particles. For instance, Maciel et al. [17] assessed the effect of 
the temperature and the nature of the precipitating agent (strong base) to produce 
iron oxide nanoparticles. The authors employed sodium hydroxide (NaOH) as the 
precipitating agent and carried out the synthesis at low temperature (50°C). Small 
magnetic nanoparticles with a diameter near to 15 nm were obtained and used 
as a matrix to immobilize trypsin. The magnetic bio-derivative displayed about 
90% retention of specific activity after five reuses. Despite Cabrera et al. [2] have 
reported mDE@PANI nanoparticles (~12 nm) as a promising matrix to immobilize 
trypsin, the immobilized derivative (mDE@PANI-TRYP) retained 75 and 60% of 
its initial activity after five and nine cycles of reusability, respectively. The decrease 
of catalytic activity could be attributed to the loss of the magnetic bio-derivative 
(mDE@PANI-TRYP) during the washing process after each reusability cycle. After 
coating with polyaniline, the mDE@PANI showed better stability in suspension. 
Thus, working with very small particles and good colloidal stability can lead to loss 
of the immobilized derivative.

Therefore, the choice of micro or nanoparticles as support will depend on 
several factors including colloidal stability of the particles, operating conditions, 
and application of the immobilized derivative, among others.

3. The chemistry of materials

In this section, a brief presentation of differential physicochemical techniques 
used to characterize the support and/or to demonstrate the efficiency of the immo-
bilization methodology will be described. The description of theoretical basis, 
equipment, and conditions of analysis of the techniques are not the purpose of this 
material. The main information obtained from each analysis method as well as some 
examples will be presented below.

3.1 Magnetization measurements

In general, a material with magnetic property is analyzed by the magnetization 
measurement technique in order to quantify this property. The saturation magneti-
zation (Ms), remanent magnetization (Mr), and coercivity (Hc) are among the main 
data obtained by this technique. Additionally, the presence of a hysteresis loop, as 
well as the Mr and Hc parameters, could help to assess the magnetic behavior of a 
material. For instance, a superparamagnetic material presents Mr and Hc values 
near to zero.

The inclusion of materials into the magnetic particles decreases their mag-
netization power although they still can be attracted by an external magnet. The 
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saturation magnetization for the magnetic composite prepared from levan polymer 
and iron oxide particles was reduced tenfold. The happening can be attributed to 
the difficult alignment of magnetic dominions in the composite material due to the 
coating process. Furthermore, the addition of the levan increased the particles sizes 
varying from 20 to 60 μm for magnetite only and 100–200 μm for magnetic levan 
composite. The authors used this magnetic composite to immobilize trypsin by 
covalent binding [19].

Gregorio-Jauregui et al. [32] also showed a decrease in the saturation magnetiza-
tion values as the amount of polymer (chitosan) in the particles was increased. For 
instance, bare magnetic nanoparticles (without chitosan—0 w/v%) and magnetic 
nanoparticles coated with chitosan (0.5 w/v%) presented a Ms near to 70 and 
45 emu g−1, respectively. Furthermore, the authors suggested that these findings 
could be associated with the direct relation between crystallinity and magnetization 
in magnetic particles. That is, magnetic materials with a good degree of crystallinity 
will present a large saturation magnetization. However, the addition of chitosan 
polymer (poor crystallinity) leads to a decrease of magnetic response.

Surface modification processes, including immobilization of enzyme, were eval-
uated by Defaei et al. [33]. The authors synthesized magnetic nanoparticles coated 
with silica and functionalized with naringin (MNP@SiO2/NA). This material was 
employed as support to immobilize α-amylase (MNP@SiO2/NA/AA). After each 
modification process a decrease on saturation magnetization values was observed 
due to the increase of thickness of the shell layer on the magnetic nanoparticles. So, 
the saturation magnetization values were 38, 27, and 22 emu g−1 for MNP@SiO2, 
MNP@SiO2/NA, and MNP@SiO2/NA/AA, respectively.

3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an important method used for analyzing the 
intermolecular structure of ordered materials. However, this technique is not 
appropriate for quantifying the degree of order. Magnetic materials such as bare 
iron oxide particles as well as magnetic composites can be characterized by XRD 
analysis in order to evaluate the presence of different components in the sample. 
XRD can also be used to estimate the particle size by using the Scherrer equation, 
for example.

By using XRD technique, to differentiate between magnetite and maghemite is 
not possible since the iron oxides present similar standard XRD patterns. According 
to the International Center of Diffraction Data (reference code: ICDD 019-0629), 
the crystal planes at (111), (220), (311), (400), (422), (511), (440), (620), and 
(533) corresponding to the 2θ peaks at 18.44, 30.30, 35.67, 43.37, 53.80, 57.35, 
62.97, 71.43, and 74.48° are attributed to both magnetite and maghemite [17]. For 
instance, Gregorio-Jauregui et al. [32] could not differentiate by XRD technique the 
iron oxides present in magnetic nanoparticles coated with chitosan. The authors 
attributed the presence of magnetite due to the black color of the magnetic compos-
ite. Furthermore, the coating with chitosan did not affect the crystalline structure 
of the magnetic nanoparticles.

Cabrera et al. [2] assessed by XRD the chemical composition (qualitative data) 
as well as the crystalline structure of magnetic diatomaceous earth coated with 
polyaniline (mDE@PANI) nanoparticles. The XRD pattern of the mDE@PANI 
sample displayed characteristic peaks for crystalline and amorphous silica along with 
albite, polyaniline, and magnetite. The iron oxide was the predominant crystalline 
phase. Additionally, the authors reported that the coating process with PANI did not 
affect the crystallinity degree of the magnetic sample since the narrow peaks were 
preserved.
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problems are some of the advantages of the use of nanoparticles as a matrix. Also 
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saturation magnetization for the magnetic composite prepared from levan polymer 
and iron oxide particles was reduced tenfold. The happening can be attributed to 
the difficult alignment of magnetic dominions in the composite material due to the 
coating process. Furthermore, the addition of the levan increased the particles sizes 
varying from 20 to 60 μm for magnetite only and 100–200 μm for magnetic levan 
composite. The authors used this magnetic composite to immobilize trypsin by 
covalent binding [19].

Gregorio-Jauregui et al. [32] also showed a decrease in the saturation magnetiza-
tion values as the amount of polymer (chitosan) in the particles was increased. For 
instance, bare magnetic nanoparticles (without chitosan—0 w/v%) and magnetic 
nanoparticles coated with chitosan (0.5 w/v%) presented a Ms near to 70 and 
45 emu g−1, respectively. Furthermore, the authors suggested that these findings 
could be associated with the direct relation between crystallinity and magnetization 
in magnetic particles. That is, magnetic materials with a good degree of crystallinity 
will present a large saturation magnetization. However, the addition of chitosan 
polymer (poor crystallinity) leads to a decrease of magnetic response.

Surface modification processes, including immobilization of enzyme, were eval-
uated by Defaei et al. [33]. The authors synthesized magnetic nanoparticles coated 
with silica and functionalized with naringin (MNP@SiO2/NA). This material was 
employed as support to immobilize α-amylase (MNP@SiO2/NA/AA). After each 
modification process a decrease on saturation magnetization values was observed 
due to the increase of thickness of the shell layer on the magnetic nanoparticles. So, 
the saturation magnetization values were 38, 27, and 22 emu g−1 for MNP@SiO2, 
MNP@SiO2/NA, and MNP@SiO2/NA/AA, respectively.

3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an important method used for analyzing the 
intermolecular structure of ordered materials. However, this technique is not 
appropriate for quantifying the degree of order. Magnetic materials such as bare 
iron oxide particles as well as magnetic composites can be characterized by XRD 
analysis in order to evaluate the presence of different components in the sample. 
XRD can also be used to estimate the particle size by using the Scherrer equation, 
for example.

By using XRD technique, to differentiate between magnetite and maghemite is 
not possible since the iron oxides present similar standard XRD patterns. According 
to the International Center of Diffraction Data (reference code: ICDD 019-0629), 
the crystal planes at (111), (220), (311), (400), (422), (511), (440), (620), and 
(533) corresponding to the 2θ peaks at 18.44, 30.30, 35.67, 43.37, 53.80, 57.35, 
62.97, 71.43, and 74.48° are attributed to both magnetite and maghemite [17]. For 
instance, Gregorio-Jauregui et al. [32] could not differentiate by XRD technique the 
iron oxides present in magnetic nanoparticles coated with chitosan. The authors 
attributed the presence of magnetite due to the black color of the magnetic compos-
ite. Furthermore, the coating with chitosan did not affect the crystalline structure 
of the magnetic nanoparticles.

Cabrera et al. [2] assessed by XRD the chemical composition (qualitative data) 
as well as the crystalline structure of magnetic diatomaceous earth coated with 
polyaniline (mDE@PANI) nanoparticles. The XRD pattern of the mDE@PANI 
sample displayed characteristic peaks for crystalline and amorphous silica along with 
albite, polyaniline, and magnetite. The iron oxide was the predominant crystalline 
phase. Additionally, the authors reported that the coating process with PANI did not 
affect the crystallinity degree of the magnetic sample since the narrow peaks were 
preserved.
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Díaz-Hernández et al. [34] reported the use of magnetite nanoparticles coated 
with chitosan (Fe3O4@chitosan) as support for immobilization of enzymes. In spite 
of XRD pattern which displayed a low peak at 18° probably related to maghemite, 
the authors concluded that magnetite was present in the Fe3O4@chitosan nanopar-
ticles. Therefore, the XRD technique revealed that the addition of chitosan polymer 
did not affect the crystal structure of the magnetic sample. Moreover, the authors 
carried out the XRD spectrum for enzyme immobilized by cross-linking. The 
XRD pattern for the immobilized derivative displayed broad peaks and with low 
intensity, but all peaks were in agreement with magnetite. This finding could be 
attributed to the amorphous nature of the biomolecule immobilized.

3.3 Mössbauer spectroscopy (MS)

Mössbauer spectroscopy (MS) is a sensitive technique to the iron ionic state and envi-
ronments. MS can distinguish the ferric (Fe3+) and ferrous (Fe2+) ions because of their 
different isomer shifts. Thus, magnetite, maghemite, and hematite, for example, can be 
detected in a magnetic sample. Since magnetite mainly presents potential biotechnologi-
cal and biomedical applications, it is very important to know the main iron oxide phases 
present in the sample. Therefore, the MS technique is very useful for monitoring the 
processes of preparation and modification of the iron oxides at different sizes. However, 
small magnetic nanoparticles (below than 10 nm) must be analyzed at low temperatures 
in order to block the superparamagnetic relaxation of them [35].

Cabrera et al. [36] proposed two magnetic composites as a matrix to immobilize 
invertase via covalent bonding. For this, clay minerals such as montmorillonite 
(MMT) and diatomaceous earth (DE) were used as a nonmagnetic component. 
Using MS technique, it was possible to evaluate the main iron oxide phases pres-
ent in the magnetic composites (mMMT and mDE). Mössbauer results revealed a 
mixture of magnetite and maghemite in equal proportion for the mMMT particles, 
while a pure magnetite phase was observed in the mDE particles.

Storage conditions can also lead to changes in magnetic property due to phase 
transformation of iron oxides. Rümenapp et al. [37] described strong oxidation of 
the bare magnetic nanoparticles on the fourth day of preparation. The complete oxi-
dation to maghemite was observed in the fourth week. In order to avoid the oxidation 
process, the authors suggested a coating process on the magnetic surface. Iron oxide 
nanoparticles without and with polyaniline (PANI) coating were assessed by Maciel 
et al. [17] using MS analysis. The authors described the presence of maghemite in the 
two samples. In addition, the coating with PANI did not change the chemical nature 
of the magnetic sample. Similarly, Cabrera et al. [2] functionalized with PANI a 
magnetic composite from diatomaceous earth and proposed it as promising support 
to enzyme immobilization. Due to the great catalytic performance of the magnetic 
bio-derivatives, the authors evaluated the magnetic behavior by MS technique. It 
is not common to analyze the magnetic sample containing the biomolecule may be 
due to the small amount of biomolecule immobilized in most of the time. MS results 
showed the magnetite as the major iron oxide phase in the magnetic composites 
(mDE and mDE@PANI). Moreover, the hematite was not detected in the samples.

3.4  Scanning electronic microscopy (SEM) and transmission electronic 
microscopy (TEM)

The structural and morphology characterization can be performed by scanning 
electronic microscopy (SEM) and transmission electronic microscopy (TEM). SEM 
can be employed to investigate the morphological surface of the support as well 
as the biomolecule. However, information related to the internal structure of the 
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sample cannot be obtained by this technique. Additionally, SEM also provides the 
particle size. TEM is mainly used to determine the particle size, size distribution, 
and particle shape and to evaluate the effectiveness of the functionalization process 
(e.g., coating with a polymer) along with the thickness of the coating. In general, 
the particle size values found by TEM are in agreement with those obtained by XRD.

Cabrera et al. [2] used SEM technique to display physical changes in the size and 
surface of diatomaceous earth (DE) after the magnetization and functionalization 
processes. Strong operating conditions such as high temperature could lead to the 
destruction of DE frustules along with a rougher surface. A surface modification 
as the coating process with PANI on a magnetic core along with the morphol-
ogy, shape, and size of material can be evaluated by using TEM. Maciel et al. [17] 
described a synthesis methodology to obtain magnetic nanoparticles coated with 
PANI as a matrix to immobilize trypsin. TEM results displayed a magnetic system 
with a spherical shape and particle size near to 15 nm.

Defaei et al. [33] demonstrated by SEM and TEM techniques the immobiliza-
tion of α-amylase on magnetic nanoparticles. A slight increase in the particle size 
after the immobilization process suggested the effective enzyme immobilization. 
Moreover, the presence of oxygen, sulfur, and nitrogen atoms in the sample con-
taining the enzyme by energy-dispersive X-ray spectroscopy (EDX) confirmed the 
presence of the biomolecule.

Gregorio-Jauregui et al. [32] reported the use of scanning transmission electron 
microscopy (STEM) technique to determine the size and morphology of magnetic 
nanoparticles coated with chitosan. The magnetic system presented a small size 
(9.9–11 nm) and spherical morphology. The STEM analysis combines the principles 
used by both SEM and TEM techniques, and it can also be used to locate biomol-
ecules as well as active groups inside the matrix. For this, a high-angle annular dark 
field (HAADF) detector is coupled to STEM since the contrast is associated with 
the atomic number [38]. Mayoral et al. [39] demonstrated the presence of lipase 
immobilized inside the pores of silica by STEM-HAADF.

3.5 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) is a thermal analysis technique which 
provides quantitative data (i.e., thermal stability, reaction rates, oxidation process, 
components quantification, and kinetic of decomposition). In general, TGA is used 
to study changes in physical and chemical properties, e.g., oxidation, dehydration, 
and decomposition, as a function of temperature [40]. Thermal stability of magnetic 
particles used as a matrix for immobilization of biomolecules is evaluated by weight 
loss (decomposition process) of the sample. An additional process (functionaliza-
tion) carried out on the surface of magnetic particles can also be observed by this 
technique. That is, the amount of organic material in a sample can be detected and 
quantified. For instance, Aydemir and Güler [41] have reported the use of magnetic 
bio-derivative (laccase immobilized on magnetic chitosan-clay composite) for 
phenol removal. Structural characterization of the magnetic composite by TGA 
revealed superior thermal stability of chitosan after addition of clay and magnetite 
nanoparticles. Moreover, at 230°C the composite (magnetic chitosan-clay beads) 
presented a weight loss of 16% corresponding to the decomposition and elimination 
of the polymeric component. Neri et al. [42] used magnetic polysiloxane-polyaniline 
(mPOS-PANI) particles as support to immobilize β-galactosidase. TGA technique 
was employed to evaluate the coating process with PANI and thermal resistance 
of the mPOS (without PANI) and mPOS-PANI particles. Thermal degradation of 
PANI was observed near to 325°C. The magnetic samples (mPOS and mPOS-PANI) 
displayed a remaining weight loss probably due to the removal of the solvent.
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sample cannot be obtained by this technique. Additionally, SEM also provides the 
particle size. TEM is mainly used to determine the particle size, size distribution, 
and particle shape and to evaluate the effectiveness of the functionalization process 
(e.g., coating with a polymer) along with the thickness of the coating. In general, 
the particle size values found by TEM are in agreement with those obtained by XRD.
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processes. Strong operating conditions such as high temperature could lead to the 
destruction of DE frustules along with a rougher surface. A surface modification 
as the coating process with PANI on a magnetic core along with the morphol-
ogy, shape, and size of material can be evaluated by using TEM. Maciel et al. [17] 
described a synthesis methodology to obtain magnetic nanoparticles coated with 
PANI as a matrix to immobilize trypsin. TEM results displayed a magnetic system 
with a spherical shape and particle size near to 15 nm.

Defaei et al. [33] demonstrated by SEM and TEM techniques the immobiliza-
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Moreover, the presence of oxygen, sulfur, and nitrogen atoms in the sample con-
taining the enzyme by energy-dispersive X-ray spectroscopy (EDX) confirmed the 
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microscopy (STEM) technique to determine the size and morphology of magnetic 
nanoparticles coated with chitosan. The magnetic system presented a small size 
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used by both SEM and TEM techniques, and it can also be used to locate biomol-
ecules as well as active groups inside the matrix. For this, a high-angle annular dark 
field (HAADF) detector is coupled to STEM since the contrast is associated with 
the atomic number [38]. Mayoral et al. [39] demonstrated the presence of lipase 
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components quantification, and kinetic of decomposition). In general, TGA is used 
to study changes in physical and chemical properties, e.g., oxidation, dehydration, 
and decomposition, as a function of temperature [40]. Thermal stability of magnetic 
particles used as a matrix for immobilization of biomolecules is evaluated by weight 
loss (decomposition process) of the sample. An additional process (functionaliza-
tion) carried out on the surface of magnetic particles can also be observed by this 
technique. That is, the amount of organic material in a sample can be detected and 
quantified. For instance, Aydemir and Güler [41] have reported the use of magnetic 
bio-derivative (laccase immobilized on magnetic chitosan-clay composite) for 
phenol removal. Structural characterization of the magnetic composite by TGA 
revealed superior thermal stability of chitosan after addition of clay and magnetite 
nanoparticles. Moreover, at 230°C the composite (magnetic chitosan-clay beads) 
presented a weight loss of 16% corresponding to the decomposition and elimination 
of the polymeric component. Neri et al. [42] used magnetic polysiloxane-polyaniline 
(mPOS-PANI) particles as support to immobilize β-galactosidase. TGA technique 
was employed to evaluate the coating process with PANI and thermal resistance 
of the mPOS (without PANI) and mPOS-PANI particles. Thermal degradation of 
PANI was observed near to 325°C. The magnetic samples (mPOS and mPOS-PANI) 
displayed a remaining weight loss probably due to the removal of the solvent.
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TGA can also be employed to determine the degree of functionalization of the 
support, the effectiveness of the immobilization method, and structural information 
of biomolecule after the immobilization [40]. An attractive nanobiocatalyst consisting 
of α-amylase (AA) immobilized on magnetic nanoparticles (MNP@SiO2) functional-
ized with naringin (NA) was proposed [33]. The functionalization and immobilization 
processes were assessed by TGA analysis. The results for the MNP@SiO2/NA (without 
enzyme) and MNP@SiO2/NA/AA (with enzyme) showed that the major weight loss 
was associated with the removal of the organic moieties. Moreover, the difference in 
weight loss between these samples was used to evidence the α-amylase immobilization.

In order to conclude this section, Table 1 exhibits a summary with the main 
information about the physicochemical techniques above described. The reader 
can use the information contained therein to evaluate the desired parameters. It 
is important to mention that these techniques can be applied in both magnetic 
materials with and without the biomolecule. Moreover, other techniques can also be 
performed to characterize a magnetic bio-derivative.

4. Biotechnological applications

The immobilization of different biomolecules in magnetic material has been 
used for several biotechnological applications in biomedicine [5], environment 
[43], and food industry [22] (Figure 3). At present, magnetic bio-derivatives 
have found potential uses in biodiesel production. Knowing it as a renewable, 
biodegradable, noninflammable, and nontoxic product, the biodiesel has been 
studied as an attractive substitute to the diesel fuel based on petroleum. Lipase 
immobilized on magnetic particles has been used to produce biodiesel by enzy-
matic transesterification [44, 45]. Moreover, magnetic microreactors employing 
immobilized enzymes are widely investigated to study and manipulate biopro-
cesses. For instance, the prediction of pharmaceutical response in animal models 
could be avoided by using enzymatic microreactors in culture systems. The authors 
advice reading the review article to find more information about magnetic enzyme 
microreactors [46].

Technique Information 
type

Parametera Easy 
access to 
technique?

Magnetization 
measurement

Quantitative Saturation magnetization, remanent 
magnetization, and coercivity

Yes

X-ray diffraction 
(XRD)

Qualitative and 
quantitative

Chemical composition, crystallinity 
degree, crystalline phase, and 
crystalline size

Yes

Mössbauer 
spectroscopy (MS)

Qualitative Specific to differentiate between 
iron oxide phases (e.g., magnetite, 
maghemite, and hematite)

No

Electronic microscopy 
(SEM and TEM)

Qualitative and 
quantitative

Particle size, morphology, size 
distribution, and shape

Yes

Thermal gravimetric 
analysis (TGA)

Quantitative Mass change in processes such as 
oxidation, decomposition, and 
dehydration

Yes

aSome parameters provided by the technique.

Table 1. 
Main features of some physicochemical techniques to characterize a magnetic material or magnetic 
bio-derivative.
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Biocompatibility, specificity, ability to recognize other molecules, and operational 
stability presented by biomolecules such as enzymes [2], carbohydrates [21], anti-
bodies [47], antigens [48], peptides [49], DNA [50], and glycoprotein [20], among 
others, are properties that make biomolecules attractive to biotechnological applica-
tions. The possibility of reuse, the easy removal of the magnetic bio-derivative from 
the reaction medium, the greater stability of the biomolecule, the high productivity, 
and the low-cost of production are some of the advantages of the immobilization.

Considering the above, the topics below exhibit the most recent developments in 
our research group. Applications such as trypsin purification, obtaining of anti-
oxidant peptides, affinity purification of antithrombin, high sucrolytic activity by 
invertase, and purification of glycoproteins are discussed.

4.1 Trypsin purification using magnetic particles of azocasein-iron composite

The purpose of this work was to develop a trypsin purification strategy based on 
affinity binding with ferromagnetic particles of azocasein composite (mAzo) [4]. 
Trypsin was purified when the fish crude extract (2 mL) obtained from intestines 
of fish Nile tilapia (Oreochromis niloticus) was exposed to the magnetic bio-derivate 
(mAzo: 100 mg) for 2 h, removed from the reaction medium with the aid of a mag-
netic field, and washed with buffer (0.1 M Tris-HCl) seven times to remove unbound 
protein and three times under high ionic strength (3 M NaCl) to leach off the protein. 
The specific activity of the free enzyme present in the crude extract was 60-fold lower 
than that of the preparation. The optimum performance suggests that the mAzo 
composite, besides being reused, can be applied to purify trypsin from other sources.

4.2  Optimization of Penicillium aurantiogriseum protease immobilization on 
magnetic nanoparticles for antioxidant peptides’ obtainment

In this work, magnetic nanoparticles coated with polyaniline were used to 
immobilize protease from Penicillium aurantiogriseum and applied to the production 
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TGA can also be employed to determine the degree of functionalization of the 
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information about the physicochemical techniques above described. The reader 
can use the information contained therein to evaluate the desired parameters. It 
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biodegradable, noninflammable, and nontoxic product, the biodiesel has been 
studied as an attractive substitute to the diesel fuel based on petroleum. Lipase 
immobilized on magnetic particles has been used to produce biodiesel by enzy-
matic transesterification [44, 45]. Moreover, magnetic microreactors employing 
immobilized enzymes are widely investigated to study and manipulate biopro-
cesses. For instance, the prediction of pharmaceutical response in animal models 
could be avoided by using enzymatic microreactors in culture systems. The authors 
advice reading the review article to find more information about magnetic enzyme 
microreactors [46].

Technique Information 
type

Parametera Easy 
access to 
technique?

Magnetization 
measurement

Quantitative Saturation magnetization, remanent 
magnetization, and coercivity

Yes

X-ray diffraction 
(XRD)

Qualitative and 
quantitative

Chemical composition, crystallinity 
degree, crystalline phase, and 
crystalline size

Yes

Mössbauer 
spectroscopy (MS)

Qualitative Specific to differentiate between 
iron oxide phases (e.g., magnetite, 
maghemite, and hematite)

No

Electronic microscopy 
(SEM and TEM)

Qualitative and 
quantitative

Particle size, morphology, size 
distribution, and shape

Yes

Thermal gravimetric 
analysis (TGA)

Quantitative Mass change in processes such as 
oxidation, decomposition, and 
dehydration

Yes

aSome parameters provided by the technique.

Table 1. 
Main features of some physicochemical techniques to characterize a magnetic material or magnetic 
bio-derivative.
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of antioxidant peptides derived from bovine casein [5]. The casein was hydrolyzed 
using the magnetic bio-derivative, uncovering its peptides that were sequenced and 
had antioxidant properties tested through 2,2′-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt (ABTS) radical scavenging and hydrogen 
peroxide scavenging assays. After being reused for five times, the magnetic bio-
derivative was able to maintain more than 74% of the initial activity. Hydrolyzed 
casein presented similar peptide when used; the free and immobilized enzyme 
and prevalent peptides could be sequenced. When comparing the reactive oxygen 
species (ROS) scavenging activity, the hydrolysates presented 2.5 times more than 
nonhydrolyzed casein, which allows the use of an immobilized protease to obtain 
natural ingredients derived from casein attractive, indicating potential use in the 
production of functional foods.

4.3  Synthesis and characterization of magnetized Dacron-heparin composite 
employed for antithrombin affinity purification

The focus of this work was to produce a Dacron magnetic composite with 
heparin (mDAC-HEP) for the use in the purification of antithrombin from human 
plasma [21]. To obtain mDAC-HEP, heparin was activated by carbodiimide and 
N-hydroxysuccinimide, allowing covalent attachment. Purified antithrombin was 
released from the magnetic bio-derivative using solutions with increasing ionic 
strength (NaCl). The affinity properties of mDAC-HEP after 2 years of storage were 
preserved, and the magnetic bio-derivative was able to be reused for at least tenfold. 
The presence of the expected antithrombin size (58 kDa) was revealed in the bands 
by electrophoresis of the eluates. The composite synthesis was considered easy, 
low-cost, magnet-based affinity purification steps, and reusable.

4.4  High sucrolytic activity by invertase immobilized onto magnetic 
diatomaceous earth nanoparticles

The purpose of this work was to produce magnetic diatomaceous earth nanopar-
ticles for invertase immobilization (mDE-APTES-invertase) using an easy and 
low-cost method that could offer high sucrolytic activity [22]. To obtain the results 
of high residual specific activity (92.5%), an experimental design was made with 
the objective of achieving the best immobilization conditions. This activity was able 
to be 2.42 times higher than other derivatives reported in the literature. The thermal 
and storage stability of the immobilized invertase was verified, and after 120 days 
of storage, the enzymatic derivative retained 80% of the activity, whereas the free 
enzyme lost practically all the activity. After ten reuses mDE-APTES-invertase 
retained 60% of residual activity. Considering the ease of obtaining the matrix and 
its efficiency, this nanocomposite proves promising to immobilize invertase from 
different origins and other biomolecules.

4.5  Magnetic Parkia pendula seed gum as a matrix for concanavalin A lectin 
immobilization and its application in affinity purification

The main objective of this work was to obtain a magnetic matrix with Parkia 
pendula seed gum to covalently immobilize concanavalin A [20]. The application 
of this magnetic composite was to obtain glycoconjugates through affinity purifica-
tion. The obtained gum in the process was magnetized and activated with NaIO4. 
Concanavalin A immobilized on the magnetic composite was used for the recogni-
tion of bovine serum fetuin glycoprotein. A glucose solution (300 mM) was used to 
carry out the election of the fetuin, and confirmation was made via SDS-PAGE.  
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A lectin immobilization efficiency of 63% was achieved and 14% fetuin purifica-
tion. The magnetic composite is promising, given the results obtained, to be used 
with magnetic polysaccharide matrix to immobilize other lectins. Because it is a 
magnetic system, it can be used for affinity purification, and its recovery is per-
formed easily and quickly with the help of a magnetic field.

5. Conclusions

This chapter has gathered primary and interesting information about immobi-
lization of biomolecules, how to choose the best immobilization methodology, the 
support for the immobilization, and, among the magnetic materials, why iron oxide 
particles are highly used as a matrix to immobilization. Several physicochemical 
techniques were mentioned and described highlighting their features and the main 
information provided. Lastly, we presented some magnetic bio-derivatives with 
potential biotechnological applications which could be applied in other areas. So the 
authors hope that this material has been useful not only for the enzymologists but 
also to scientists working with applied surface science.
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Abstract

Sol-gel synthesis is used to obtain coatings that can modify the surfaces of met-
als to avoid corrosion or to enhance the biocompatibility and bioactivity of metals 
and their alloys that are of biomedical interest. Anticorrosion coatings composed 
of smart coatings and self-healing coatings will be described. TiO2, hydroxyapatite, 
bioglass, and hybrid coatings synthetized by sol-gel technology will be briefly 
introduced with regard to their role in surface-modifying metals for biomedical 
purposes. Finally, although there are other approaches to surface-modifying metals 
for either anticorrosion or biomedical purposes, sol-gel methods have several 
advantages in controlling surface chemistry composition and functionality.

Keywords: surface modification, coatings, sol-gel, corrosion, biomaterials

1. Introduction

The need to control interactions between materials and their surrounding 
environment is mainly concerned with the surface properties of these materials. 
In this sense, the sol-gel process is being increasingly used to surface modify a 
wide range of materials such as metals, organic polymers, inorganic particles, and 
glasses, where wettability, biocompatibility, porosity, corrosion, catalytic activity, 
and selective adsorption of analytes can be controlled at the required substrate 
surfaces. For this reason, sol-gels have gained attention in different scientific and 
technological fields, including metallurgy, biomaterials, analytical chemistry, and 
photocatalysts. In this chapter, an overview of sol-gel chemistry and its applicability 
to modifying the surfaces of metals and their alloys for anticorrosion and biomedi-
cal purposes will be presented.

2. Sol-gel chemistry

The sol-gel technology is a technique that has been widely employed in the syn-
thesis of inorganic polymers or advanced organic-inorganic hybrids due to versatile 
and simplicity. Two chemical reactions are involved, hydrolysis and condensation, 
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The sol-gel technology is a technique that has been widely employed in the syn-
thesis of inorganic polymers or advanced organic-inorganic hybrids due to versatile 
and simplicity. Two chemical reactions are involved, hydrolysis and condensation, 
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and these produce a variety of organic-inorganic networks from precursor monomers 
such as silicon alkoxide or metals alkoxides [1, 2]. This technique permit to obtain 
materials in any form and to it is possible to produce homogeneous materials with the 
desirable properties of toughness, high purity, optical transparency, chemical stabil-
ity, controlled porosity, and thermal resistance at room temperature and low cost [3].

The sol-gel process, as the name implies, is the transition of a liquid colloidal 
solution (sol) to a solid three-dimensional matrix (gel). The precursors for the 
synthesis of these colloids consist of a metal or metalloid element surrounded by 
several reactive ligands. Metal alkoxides are the most popular, since they react easily 
with water. The most extensively used are the metal alkoxides and the alkoxysilanes, 
such as tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS). Nevertheless, 
other alkoxides such as aluminates, titanates, and borates are also commonly used in 
the sol-gel process, where they are often mixed with TEOS [1].

The most widely used method is the organic approach, which generally starts 
with a solution of monomeric metal or metalloid alkoxide precursors, M(OR)n, in 
an alcohol or another low-molecular-weight organic solvent. Here, M represents a 
network-forming element such as Si, Ti, Zr, Al, Fe, and B, while R is typically an 
alkyl group (CxH2x+1) [4].

The sol-gel process involves a transition from a liquid colloidal solution (sol) to a 
solid three-dimensional matrix (gel). The precursors for the synthesis of these col-
loids consist of a metal or metalloid element surrounded by several reactive ligands. 
Metal alkoxides are the most popular due to their affinity with water. Among the most 
used alkoxylated agents are tetramethoxysilane (TMOS), tetraethoxysilane (TEOS), 
and alkoxides such as aluminates, titanates, and borates mixed with TEOS [1].

In the hydrolysis reactions (Figure 1(1)), alkoxide groups (▬OR) are replaced 
with hydroxyl groups (▬OH) through the addition of water. Subsequent conden-
sation reactions (Figure 1(2a) and (2b)) involve the silanol groups (Si▬OH), 
which create siloxane linkages (Si▬O▬Si) and subproducts such as water and 
alcohol. The condensation reaction starts before the hydrolysis has been completed. 
However, conditions such as the pH, H2O/Si R and catalyst can force the hydrolysis 
to end before the condensation starts [3].

The use of an alcohol favors hydrolysis, causing the miscibility of the alkoxide 
and the water [3]. As the number of siloxane linkages increases, the individual mol-
ecules are joined to one another and aggregated into the sol. When the sol’s particles 
are interlocked into a network, a gel is formed. A drying stage in which volatile 
components such as water and alcohol are extracted from the network is necessary, 
causing the gel to shrink while condensation occurs. It should be noted, however, 
that the addition of solvents and certain reaction conditions can promote esteri-
fication and depolymerization reactions, in accordance with the reverse reactions 

Figure 1. 
General schematic of the hydrolysis and condensations of alkoxides.

49

Surface Science Engineering through Sol-Gel Process
DOI: http://dx.doi.org/10.5772/intechopen.83676

(Figure 1(2a) and (2b)) [1, 3]. More specifically, factors such as the pH, nature and 
concentration of the catalyst, and H2O/Si R play the most important parts in the 
final structure and properties of the obtained hybrid polymeric network [1]. In this 
section, the effect of pH will be described, as controlling the pH of sol-gel media 
is generally used to obtain either coatings or powders; however, readers can find a 
detailed mechanism in specialized reviews or books on sol-gel chemistry.

Drying involves the loss of water, alcohol, and other volatile components. 
During drying, the gel initially shrinks due to the loss of pore fluid that maintains 
the liquid-vapor interface on the outer surface of the gel, this occurs always under 
atmospheric conditions. The liquid-vapor meniscus recedes toward the interior 
of the gel, in the final stage of drying [5]. When the drying is under supercritical 
conditions, the surface tension disappears with a gradient of capillary pressure 
accumulated in the walls of the pores, which avoids the possible collapse of the 
volume of the pores due to the capillary forces. Under these conditions, the materi-
als are left with a wet porous texture that prevents the collapse of the pores of the 
gel, and the resulting materials are generally hydrophobic, because their surfaces 
are covered with alkoxy groups [6].

2.1 Sol-gel coatings

For anticorrosion and biomedical applications, several techniques are used to sur-
face modify metals to improve their mechanical properties, enhance their corrosion 
resistance or, in some cases, give biological, osteoconductive, or antibacterial activity. 
Among these techniques are physical vapor deposition (PVD), chemical vapor depo-
sition (CVD), and electrophoresis, and sol-gels can be used to surface modify metal 
[7]. However, the versatile methodology of sol-gel synthesis generates diverse types of 
materials that have found applications in several scientific and technical fields [8]. It is 
precisely this versatility that has generated great interest in using sol-gel techniques to 
develop coatings that are applied in areas such as analytical chemistry to develop more 
efficient, specific sorbents that allow the concentration of desired analytes [9–11]. 
In biomedical fields, sol-gel coatings have gained attention in controlling the surface 
interactions between medical implants/devices and biological environments [12, 13]. 
In the field of photocatalysis, sol-gel coatings have been developed for applications 
such as for organic compound degradation [14]. Anticorrosion sol-gel coatings have 
been applied to avoid degradation of materials and metallic structures to prevent or 
preserve the surface and bulk integrity of metallic materials [15].

The sol-gel coating technique consists of the immersion of a substrate that is 
to be coated in the “sol” solution and the vertical extraction of this substrate at a 
controlled speed [13]. A very fine coating of gel is thus formed, since there is rapid 
evaporation of the solvent during the extraction of the substrate. The thickness 
depends on the viscosity of the liquid, the surface tension, and especially the speed 
of removal; the higher the speed of removal is, the greater the thickness of the 
coating [16]. Once the first coating layer is obtained, the process can be repeated to 
form a multilayer structure. The drying step also influences the final structure of 
the film, and there are thickness limits that must be obeyed to avoid the cracking of 
films or their detachment from the substrate [17].

3. Sol-gel coatings for anticorrosion purposes

According to the standard ISO8044:2015, corrosion is defined as a spontane-
ous degradation of metals due to their physicochemical interaction with the sur-
rounding environment, which changes the properties of the metal and can lead 
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Figure 1. 
General schematic of the hydrolysis and condensations of alkoxides.
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(Figure 1(2a) and (2b)) [1, 3]. More specifically, factors such as the pH, nature and 
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such as for organic compound degradation [14]. Anticorrosion sol-gel coatings have 
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The sol-gel coating technique consists of the immersion of a substrate that is 
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controlled speed [13]. A very fine coating of gel is thus formed, since there is rapid 
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to its functional destruction. The main cause of the corrosion of metals is their 
thermodynamic instability in outdoor conditions. As a result, metals are converted 
into compounds (oxides, hydroxides, carbonates, sulfides, etc.) that, as corrosion 
products, are the most stable forms of the metal. In this way, corrosion leads to a 
decrease in Gibbs free energy and therefore occurs spontaneously. Generally, coat-
ings are designed to stop corrosion of metals by one of the following mechanisms: 
cathodic protection, anodic passivation, electrolytic inhibition, environmental 
modification, plating, painting, and active corrosion inhibition [18, 19].

Using coatings to protect metallic substrates from corrosion is an active and 
important research area in materials science and industry. Through the application 
of coatings, corrosion can be minimized and controlled; the coating acts as a barrier 
preventing contact between the corrosive medium and the metallic substrate and 
preventing ion migration among the coatings; in addition, in cathodic protection, 
the coating material acts as a sacrificial anode. The use of species for inhibition/
passivation, including cases of anodic and/or cathodic protection, inhibits the 
action of external corrosive agents. The sol-gel process stands out among the many 
other coating methods, e.g., CVD [20], PVD [21], electrochemical deposition [22], 
plasma spraying, and others [23]. The sol-gel coating process generally involves 
temperatures close to room temperature; thus, thermal volatilization and degrada-
tion of entrapped species, such as organic inhibitors, is minimized. Since liquid 
precursors are used, it is possible to cast coatings in complex shapes and to produce 
thin films without the need for machining or melting. The sol-gel films are formed 
by “green” coating technologies, which use compounds that do not introduce 
impurities into the product; this method is waste free and lacks a washing stage. The 
interest in this type of material has increased exponentially in recent decades.

3.1 Organic-inorganic hybrid coatings

Organic-inorganic hybrid (OIH) coatings created by the sol-gel process are very 
suitable for resisting corrosion. Inorganic sols in hybrid coatings not only increase 
adhesion by forming chemical bonds between metals and hybrid coatings but also 
improve the comprehensive performance of polymers in the coatings. Different 
organic polymers or organic functionalities are introduced into the gel network to 
produce tailored properties such as hydrophobicity and increased crosslink density. 
For corrosion protection of metals, organic components of hybrid coatings are 
selected to repel water, form dense thick films, and reduce coating porosity. Factors 
such as the ratio between inorganic and organic components in hybrid coatings, 
cure temperature, and pigment-related parameters need to be optimized as a func-
tion of the specific metal for the production of hybrid films with maximum corro-
sion resistance [24].

Sol-gel OIH coatings are macromolecular matrices where the intermolecular 
interactions (such as porosity, rigidity and adhesion to the substrate, among others) 
between its structure and the metal surface are very relevant for the final proper-
ties of the material. The better it is combination between OIH coatings and the 
substrate results in materials with improved protection against corrosion, oxidation 
and erosion, and good electrical and thermal insulation properties. Sol-gel OIH 
coatings are commonly produced by gels obtained from the gelation of colloidal 
solutions, hydrolysis and polycondensation of precursors, and their subsequent 
aging and drying [25].

Sol-gel OIHs based on siloxanes (Si▬O-metal oxide), alkoxysilanes and alkox-
ides of zirconium, titanium, cerium, tin, and aluminum are potential candidates for 
the treatment of steel surfaces, allowing covalent bonding between the inorganic 
parts of the OIHs and the metallic substrate.
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For iron-based alloys, steel is the most common and versatile metal, and the 
corrosion resistance behavior of sol-gel coatings deposited on these substrates has 
been extensively studied. Publications have mostly focused on the use of TEOS, 
3-glycidoxypropyl-trimethoxysilane (GPTMS), methacryloxypropyl trimethoxysi-
lane (MAPTS), and methyltriethoxysilane (MTES) and have sometimes included 
the performance of coating materials with embedded corrosion inhibitor species. 
For example, Santana et al. used clay nanoparticles to improve mechanical and 
barrier properties and Ce as an inhibitor for OIH sol-gel coatings [26]. Generally, 
the reported studies show that those OIH coatings exhibit a promising performance 
against corrosion in iron-based alloys [27]. The use of different organosilica sol-gel 
coatings on steel substrates has been reported. The results indicate that it is possible 
to tailor the sol-gel composition to modify coating properties such as hydrophobic-
ity, wettability, adhesion, and corrosion prevention. Precise selection of organically 
modified sol-gel compositions has yielded coatings that are adhesive, water-repellent, 
and effective at preventing corrosion of coated steel panels.

OIH sol-gel coatings are an excellent choice for aluminum-based alloys because in 
addition to the OIH properties; these materials can provide a stable Si▬O▬Al bond 
between the inorganic functionality of these materials and the formed passivation 
layer. Previous work in the literature focuses on the use of TEOS and GPTMS, the 
performance of coating materials with encrusted corrosion inhibitor species, and 
the deposition of multilayers by several cycles of deposition curing [25, 28]. Cambon 
et al. investigated modifications of OIH sol-gel coatings using different amounts of 
cerium, studied how these coatings protected different aluminum-based alloys from 
corrosion with electrochemical methods, and reported improvements in the anticor-
rosion process by increasing the concentration of cerium in OIH sol-gel coatings [29].

For copper and copper-based alloys, the use of OIH coatings did not give very 
good results with respect to corrosion, but the use of TEOS and GPTMS with 
1,2,3-benzotriazole resulted in a corrosion inhibitor effective in different environ-
mental media. For zinc-based alloys, few studies have used OIH sol-gel coatings, 
and GPTMS, TEOS and MTES have been used as precursors to focus on new green 
conversion coatings based on molybdate, permanganate, silicate, titanate, rare earth 
salt, tungsten, and vanadate compounds. Finally, for magnesium-based alloys with 
OIH coatings, the reported literature mainly focuses on the use of GPTMS in com-
bination with other reagents, especially (3-aminopropyl) triethoxysilane (APTES). 
For this material, the inorganic component is selected to form the network for the 
film, while the organic component is selected to repel water and fill the porosity 
shortly. These hybrid coatings have excellent mechanical strength and adhesion 
to metal substrates. Hybrid coatings doped with slow release corrosion inhibitors 
provide long-term metal anticorrosion. Superhydrophobic coatings are an excellent 
option to resist corrosion, and their properties are derived from the low surface 
tension and roughness of the surface of hybrid coatings, although it is necessary to 
prolong their durability. It is obvious that the combination of these techniques can 
provide superior anticorrosive properties [24].

Despite the advantages of combining different properties in these materials, 
synthesis constraints remain. The major limitations of sol-gel processing for coating 
metals are delamination, crackability, adhesion, and thickness limits. Assuring a 
uniform distribution on the substrate and optimizing thermal treatments (curing/
drying) are crucial factors to ensure the quality of anticorrosive coatings.

3.2 Smart coatings

Active corrosion inhibition addresses the unavoidable failure of coatings and 
includes the introduction of components that release selectively during damage to 
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the coating to reconstruct a protective barrier at the metal-environment interface. 
Such active corrosion inhibition is different from the broader concept of “self-
healing,” which also includes the introduction of materials that are released within 
the coating that allow for reformation of polymeric organic coatings even without 
direct protection from corrosion [18].

Functional coatings (organic, inorganic, or hybrid) are a new class of materials 
that can be adapted for many applications in which they should be able to perform 
well-defined arrays of functions. The concept of a smart coating is more recent 
and has been applied to functional coatings that can respond to certain stimuli 
generated by surroundings [30]. Functional and smart coatings have been regularly 
reviewed for various applications, including active corrosion protection and inhibi-
tion. However, summarizing the progress in this area requires a concise review of 
the latest trends. The application of functional and smart coatings is one of the most 
promising routes to developing active corrosion protection and inhibition systems. 
Two main strategies have been pursued to introduce the required functionalities 
into coatings: encapsulation/loading of functional active species in host carriers 
and manipulation of the coating matrix composition for inclusion of bulk and/or 
surface functional groups. In this case, intelligent self-healing coatings are coatings 
whose suitable repair agents are safely stored but can be released on demand, i.e., 
when corrosion occurs and only then [31].

3.3 Self-healing coatings by sol-gel methods

Self-healing materials are well known as materials that are capable of autono-
mously restoring their properties in such a manner that they can function longer 
than similar materials without self-healing abilities. Self-healing coatings are 
required for the total or partial repair of coated areas damaged by aging or 
unexpected aggressive events. Two main strategies have been pursued regarding 
self-healing coatings for corrosion protection: (i) mending defects formed in the 
polymeric coating matrix via addition of polymerizable agents and (ii) inhibition 
of corroding areas due to the presence of corrosion inhibitors [32, 33]. Usually, 
the self-healing agent is released because of mechanical damage. However, not all 
mechanical damage leads to corrosion, and corrosion is not necessarily initiated at 
mechanical cracks. Ideally, the release of self-healing agents should take place only 
when corrosion is initiated. Triggers for sensing the corrosion of a metal system that 
have been investigated in depth are pH and ionic strength changes. However, the 
most reliable and case-selective trigger is a change in the electrochemical potential, 
as it always decreases when corrosion occurs [31].

Currently, the literature exhibits many reports of the encapsulation of agents 
for protection against corrosion that have self-healing capacity activated by dif-
ferent extrinsic or intrinsic stimuli, which can be local pH gradients, capsule 
rupture induced by mechanical stress, ion exchange processes, water trapping, 
electrochemical potential changes, light irradiation, thermal variations, and others; 
in some cases, neither the kinetics of healing nor the mechanisms are completely 
understood [30]. Below, some self-healing coatings for corrosion protection that 
were obtained by the sol-gel technique and have been applied on aluminum sub-
strates are presented.

Snihirova and coworkers investigated inhibitor-doped hydroxyapatite (HAp) 
microparticles that were used as reservoirs, storing corrosion inhibitors to be 
released on demand. Release of the entrapped inhibitor was triggered by redox 
reactions associated with the corrosion process. HAp was used as reservoirs for 
several inhibiting species, Ce(III), La(III), salicylaldoxime, and 8-hydroxyquino-
line, which are effective corrosion inhibitors for 2024 aluminum alloy (AA2024). 
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Dissolution of the microparticles and release of the inhibitor were triggered by 
local acidification resulting from an anodic half-reaction during corrosion of 
AA2024. Calculated and experimentally measured local acidification at the alumi-
num anode (down to pH = 3.65) were presented. The anticorrosion properties of 
inhibitor-doped HAp were assessed using electrochemical impedance spectros-
copy. Microparticles impregnated with corrosion inhibitors were introduced into 
a hybrid silica-zirconia sol-gel film, which acted as a thin protective coating for 
AA2024, an alloy used for aeronautical applications. The protective properties of 
the sol-gel films were improved by the addition of Hap microparticles, proving their 
applicability as submicrometer-sized reservoirs of corrosion inhibitors for active 
anticorrosion coatings. The synthesis of HAp from solutions of calcium nitrate 
and ammonium hydrophosphate was carried out with the addition of citric acid to 
modulate its morphology. The obtained solution was placed in a water bath at 37°C 
for 24 h, allowing the precipitation of HAp. Once the HAp particles were obtained, 
they were immersed in solutions containing Ce(III), La(III), salicylaldoxime, 
and 8-hydroxyquinoline. Hybrid silica-zirconia sol-gel films were obtained by 
combining an organosiloxane alkosol with another alkosol containing a zirconia. 
The silane-based alkosol was prepared through hydrolysis of GPTMS in 2-propanol 
by adding a diluted aqueous solution of HNO3 at room temperature for 1 h. The 
second alkosol, containing zirconia nanoparticles, was prepared through controlled 
stoichiometric acidic hydrolysis of a 70 wt% 2-propanol solution of Zr(IV) tetrap-
ropoxide in ethyl acetoacetate under ultrasonic agitation. Finally, the two alkosols 
were mixed in a 2:1 volume ratio, ultrasonically agitated for 1 h and then aged for 
another 1 h at room temperature [34]. According to their results, HAp presents a 
good chemical stability and compatibility with the sol-gel matrix, sufficient loading 
capacity, an ability to sense corrosion onset (local acidification), and an ability to 
release the inhibitor on demand [34].

Li and coworkers have reported the incorporation of environment-
responsive properties into tube-like nanomaterials in self-healing coatings for 
corrosion protection. Stimulus-responsive silica/polymer double-walled hybrid 
nanotubes with a controlled aspect ratio (length/diameter) were synthesized 
by surface-graft precipitation polymerization. The surface grafts on the hybrid 
nanotubes consisted of pH-, temperature-, or redox-responsive polymers that 
can confer a smart stimulus-responsive property upon the hybrid nanotubes. 
In addition to their well-defined morphology, uniform size, and wall thickness, 
the as-prepared silica/polymer hybrid nanotubes exhibited release in response 
to these different environmental stimuli. The silica/polymer double-walled 
hybrid nanotubes serve as intelligent nanocontainers of the anticorrosion agent 
benzotriazole.

The silica/polymer double-walled hybrid nanotubes served as smart nanocontain-
ers, which is very important for applications in self-healing coatings [35]. Self-healing 
coatings were prepared by dispersing the as-obtained nanotube containers into SiOx/
ZrOy hybrid films at room temperature. The SiOx/ZrOy hybrid films doped with 
benzotriazole-loaded SiO2/PMAA nanocontainers were prepared by a sol-gel process. 
In this case, a zirconium oxide sol was prepared from a tetra-n-propoxy zirconium 
(TPOZ) solution (70 wt% 2-propanol) in ethylacetoacetate at room temperature. The 
second organosiloxane sol was prepared by hydrolyzing 3-chloropropyltrimethoxysi-
lane (CPTMS) in 2-propanol by the addition of acidified water (HNO3, pH 0.5). 
Then, the zirconia sol and organosiloxane sol were mixed, stirred and aged at room 
temperature. BTA-loaded nanotube containers were mixed with the SiOx/ZrOy films 
at a concentration of 10 mg/mL by sonication. Self-healing films were fabricated on 
carbon steel by a dip-coating procedure. The carbon steel was immersed into the sol-
gel mixtures and then withdrawn, and the samples were cured at 130°C [35].
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combining an organosiloxane alkosol with another alkosol containing a zirconia. 
The silane-based alkosol was prepared through hydrolysis of GPTMS in 2-propanol 
by adding a diluted aqueous solution of HNO3 at room temperature for 1 h. The 
second alkosol, containing zirconia nanoparticles, was prepared through controlled 
stoichiometric acidic hydrolysis of a 70 wt% 2-propanol solution of Zr(IV) tetrap-
ropoxide in ethyl acetoacetate under ultrasonic agitation. Finally, the two alkosols 
were mixed in a 2:1 volume ratio, ultrasonically agitated for 1 h and then aged for 
another 1 h at room temperature [34]. According to their results, HAp presents a 
good chemical stability and compatibility with the sol-gel matrix, sufficient loading 
capacity, an ability to sense corrosion onset (local acidification), and an ability to 
release the inhibitor on demand [34].

Li and coworkers have reported the incorporation of environment-
responsive properties into tube-like nanomaterials in self-healing coatings for 
corrosion protection. Stimulus-responsive silica/polymer double-walled hybrid 
nanotubes with a controlled aspect ratio (length/diameter) were synthesized 
by surface-graft precipitation polymerization. The surface grafts on the hybrid 
nanotubes consisted of pH-, temperature-, or redox-responsive polymers that 
can confer a smart stimulus-responsive property upon the hybrid nanotubes. 
In addition to their well-defined morphology, uniform size, and wall thickness, 
the as-prepared silica/polymer hybrid nanotubes exhibited release in response 
to these different environmental stimuli. The silica/polymer double-walled 
hybrid nanotubes serve as intelligent nanocontainers of the anticorrosion agent 
benzotriazole.

The silica/polymer double-walled hybrid nanotubes served as smart nanocontain-
ers, which is very important for applications in self-healing coatings [35]. Self-healing 
coatings were prepared by dispersing the as-obtained nanotube containers into SiOx/
ZrOy hybrid films at room temperature. The SiOx/ZrOy hybrid films doped with 
benzotriazole-loaded SiO2/PMAA nanocontainers were prepared by a sol-gel process. 
In this case, a zirconium oxide sol was prepared from a tetra-n-propoxy zirconium 
(TPOZ) solution (70 wt% 2-propanol) in ethylacetoacetate at room temperature. The 
second organosiloxane sol was prepared by hydrolyzing 3-chloropropyltrimethoxysi-
lane (CPTMS) in 2-propanol by the addition of acidified water (HNO3, pH 0.5). 
Then, the zirconia sol and organosiloxane sol were mixed, stirred and aged at room 
temperature. BTA-loaded nanotube containers were mixed with the SiOx/ZrOy films 
at a concentration of 10 mg/mL by sonication. Self-healing films were fabricated on 
carbon steel by a dip-coating procedure. The carbon steel was immersed into the sol-
gel mixtures and then withdrawn, and the samples were cured at 130°C [35].
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As you will see in detail later, corrosion is an important factor in the design and 
selection of alloys for application in vivo. Because toxic species might be released to 
the body during corrosion and various corrosion mechanisms can lead to implant 
loosening and failure, biomaterials are often required to be tested for corrosion and 
solubility before they are approved by regulatory organizations.

4. Sol-gel coatings applied to biomaterials

A biomaterial is any substance that has been engineered to interact with biologi-
cal systems for a medical purpose, such as a therapeutic (which treats, augments, 
repairs, or replaces a tissue function of the body) [36–38]. Metals [23], polymers 
[39], ceramics [40], and their combinations [41] can be used as biomaterials. 
Among the different kinds of biomaterials, metal implants have been used with 
success in orthopedic applications, as well as temporary appliances such as pins, 
screws, and bone plates and permanent implants such as total joint substitutions.

An implanted material could have a desired or undesired biological response 
depending on its surface characteristics such as wettability, charge, topography, 
and surface chemistry [42]. These surface properties are the major factors that 
ultimately determine the rejection or acceptance of a biomaterial in the body 
because the surface is the interface where the biomaterials meet and interact 
with the biological environment (i.e., bone, soft tissue, and blood). For this 
reason, surfaces of these metals must be modified; otherwise, the body will 
recognize those implants as foreign and isolate them in a fibrotic capsule, 
compromising their overall performance [43]. Surface modification of these 
metallic surfaces is engineered and designed to improve tissue tolerance, 
osseointegration, and corrosion [44]. Among the different surface modification 
technologies, such as grist blast [45], chemical etching [46], and plasma surface 
modification [47], the application of sol-gels has also been shown to improve 
the biocompatibility of metal implants [48].

Osseointegration is defined as “the direct structural and functional connection 
between the ordered, living bone and the surface of a load-carrying implant” [49]. 
The sol-gel process allows the chemical composition of its products to be controlled, 
resulting in greater bioactivity than those materials with the same composition but 
prepared with different methods [13]. The intrinsic bioactivity of sol-gel materials 
together with their possibility of being coupled with a range of coating techniques, 
e.g., dip, spin, and spray coating, makes sol-gels an ideal technology in the making 
of bioactive and biocompatible coatings [13].

In this section, TiO2, HAp, bioactive glasses, and hybrid composite coatings 
synthetized by the sol-gel technique to surface-modify metals of biomedical inter-
est for implants will be described.

4.1 Hydroxyapatite (HAp) as a sol-gel coating

HAp (Ca10(PO4)6(OH)2) is a biocompatible and bioactive material that can be 
used to restore bony defects [50–52]. Because of its chemical and structural simi-
larities to the inorganic phase of human bone, HAp shows excellent biocompatibil-
ity. Most of the relevant applications of this material take advantage of its biological 
influence on tissues and especially its biodegradation behavior. Conventionally, 
HAp powders are synthesized via precipitation from an aqueous solution, solid-
state reactions, and hydrothermal methods. However, these powders are sometimes 
unsuitable for the preparation of HAp ceramics with controlled biocompatibility 
and bioactivity because of their chemical and phase heterogeneity [53–58].
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One of the most important issues when considering HAp for biological coatings 
is its dissolution rate in human body fluids. Plasma-sprayed HAp coatings dissolve 
and degrade quickly, resulting in the weakening of the coating-substrate bonding or 
implant fixation to host tissues [59, 60].

Sol-gel synthesis of HAp ceramics has recently attracted much attention because 
of its advantages: it provides a molecular-level mixing of the calcium and phos-
phorus precursors and is capable of improving the chemical homogeneity of the 
resulting mineral composite in comparison with the products from conventional 
solid-state reactions, wet precipitation, and hydrothermal synthesis [55–57, 61, 62].

The sol-gel process provides an alternative to conventional synthesis methods. 
The metal alkoxides, M(OR)n, convert to amorphous gels of metal oxides through 
hydrolysis and condensation reactions. The sol-gel materials are transformed into 
ceramics by heating at relatively low temperatures and have better chemical and 
structural homogeneity than ceramics obtained by conventional methods.

Pathway alkoxide-based considers an anhydrous medium, where precipitation 
of unwanted calcium phosphate phases can be slowed down, and the molar con-
centration of the reactive species can be heightened relative to a point that benefit 
the mineral development before the start of the reaction. Likewise, chelation-based 
sol-gel methods preserve a good degree of control, preventing the precipitation.

The synthesis of pure HAp requires the same molar ratio between calcium and 
phosphate as in the final product. The temperature required to form the apatite 
structure depends on the chemical nature of the substrate. Low-temperature 
synthesis particularly benefits the metal substrates (temperatures below 500°C).

The conditions to obtain the best coatings have been related to the pH decrease 
that occurs in aqueous sols during aging, which is based on the polymerization 
reaction between calcium and phosphorous. To obtain homogeneous, crack-free 
coatings, the annealing temperature and thickness of the coatings should also be 
controlled. Film roughness is related to the viscosity of the sol-precursor used for 
deposition and the number of coating layers. Thus, depending on the exact applica-
tion, various parameters of the applied coating can be adequately controlled.

Prepared HAp sols and Ag-doped HAp sols have been coated on passivated Ti 
surfaces by spin coating at 5000 rpm for 50 s. The coated Ti surfaces were imme-
diately dried at 70°C for 12 h and then heat-treated at 650°C for 3 h. HAp without 
Ag doping was used as controls in this study. All samples were autoclaved prior to 
material characterization and all culture experiments [63].

Overall, it was concluded that the material AgHA1.0 has similar biological activ-
ity as HAp with respect to bone cell proliferation and differentiation. In addition, 
AgHAp 1.0 also minimizes the initial bacteria adhesion [63].

Caution should also be taken in applying HAp-coated materials to patients, since 
an HAp coating was found to have negative effects on bone formation. Reports in 
the literature [64, 65] have suggested that HAp coatings are unstable, susceptible to 
bacterial infection, possibly predisposed to rapid osseous breakdown, and absent of 
significant advantages over titanium implants [66].

To obtain bioactive materials with high mechanical strength, metal implants 
(titanium and stainless steel (SS) alloys) are usually coated with a thin layer of 
HAp using plasma spray techniques [67–69]. The main problem associated with 
this technique is a lack of exact stoichiometry control and the occurrence of glassy 
phases in the ceramic layer. Some of these additional phases do not show bioactive 
behavior or do not dissolve in biological environments [69].

For the above, various techniques have been described as effective means of 
surface treatment and corrosion resistance enhancement of NiTi implants, including 
chemical passivation, electropolishing, anodization, thermal oxidation, laser surface 
melting, nitriding, plasma ion implantation, and coating with sol-gels [70–75].
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As you will see in detail later, corrosion is an important factor in the design and 
selection of alloys for application in vivo. Because toxic species might be released to 
the body during corrosion and various corrosion mechanisms can lead to implant 
loosening and failure, biomaterials are often required to be tested for corrosion and 
solubility before they are approved by regulatory organizations.

4. Sol-gel coatings applied to biomaterials

A biomaterial is any substance that has been engineered to interact with biologi-
cal systems for a medical purpose, such as a therapeutic (which treats, augments, 
repairs, or replaces a tissue function of the body) [36–38]. Metals [23], polymers 
[39], ceramics [40], and their combinations [41] can be used as biomaterials. 
Among the different kinds of biomaterials, metal implants have been used with 
success in orthopedic applications, as well as temporary appliances such as pins, 
screws, and bone plates and permanent implants such as total joint substitutions.

An implanted material could have a desired or undesired biological response 
depending on its surface characteristics such as wettability, charge, topography, 
and surface chemistry [42]. These surface properties are the major factors that 
ultimately determine the rejection or acceptance of a biomaterial in the body 
because the surface is the interface where the biomaterials meet and interact 
with the biological environment (i.e., bone, soft tissue, and blood). For this 
reason, surfaces of these metals must be modified; otherwise, the body will 
recognize those implants as foreign and isolate them in a fibrotic capsule, 
compromising their overall performance [43]. Surface modification of these 
metallic surfaces is engineered and designed to improve tissue tolerance, 
osseointegration, and corrosion [44]. Among the different surface modification 
technologies, such as grist blast [45], chemical etching [46], and plasma surface 
modification [47], the application of sol-gels has also been shown to improve 
the biocompatibility of metal implants [48].

Osseointegration is defined as “the direct structural and functional connection 
between the ordered, living bone and the surface of a load-carrying implant” [49]. 
The sol-gel process allows the chemical composition of its products to be controlled, 
resulting in greater bioactivity than those materials with the same composition but 
prepared with different methods [13]. The intrinsic bioactivity of sol-gel materials 
together with their possibility of being coupled with a range of coating techniques, 
e.g., dip, spin, and spray coating, makes sol-gels an ideal technology in the making 
of bioactive and biocompatible coatings [13].

In this section, TiO2, HAp, bioactive glasses, and hybrid composite coatings 
synthetized by the sol-gel technique to surface-modify metals of biomedical inter-
est for implants will be described.

4.1 Hydroxyapatite (HAp) as a sol-gel coating

HAp (Ca10(PO4)6(OH)2) is a biocompatible and bioactive material that can be 
used to restore bony defects [50–52]. Because of its chemical and structural simi-
larities to the inorganic phase of human bone, HAp shows excellent biocompatibil-
ity. Most of the relevant applications of this material take advantage of its biological 
influence on tissues and especially its biodegradation behavior. Conventionally, 
HAp powders are synthesized via precipitation from an aqueous solution, solid-
state reactions, and hydrothermal methods. However, these powders are sometimes 
unsuitable for the preparation of HAp ceramics with controlled biocompatibility 
and bioactivity because of their chemical and phase heterogeneity [53–58].
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One of the most important issues when considering HAp for biological coatings 
is its dissolution rate in human body fluids. Plasma-sprayed HAp coatings dissolve 
and degrade quickly, resulting in the weakening of the coating-substrate bonding or 
implant fixation to host tissues [59, 60].

Sol-gel synthesis of HAp ceramics has recently attracted much attention because 
of its advantages: it provides a molecular-level mixing of the calcium and phos-
phorus precursors and is capable of improving the chemical homogeneity of the 
resulting mineral composite in comparison with the products from conventional 
solid-state reactions, wet precipitation, and hydrothermal synthesis [55–57, 61, 62].

The sol-gel process provides an alternative to conventional synthesis methods. 
The metal alkoxides, M(OR)n, convert to amorphous gels of metal oxides through 
hydrolysis and condensation reactions. The sol-gel materials are transformed into 
ceramics by heating at relatively low temperatures and have better chemical and 
structural homogeneity than ceramics obtained by conventional methods.

Pathway alkoxide-based considers an anhydrous medium, where precipitation 
of unwanted calcium phosphate phases can be slowed down, and the molar con-
centration of the reactive species can be heightened relative to a point that benefit 
the mineral development before the start of the reaction. Likewise, chelation-based 
sol-gel methods preserve a good degree of control, preventing the precipitation.

The synthesis of pure HAp requires the same molar ratio between calcium and 
phosphate as in the final product. The temperature required to form the apatite 
structure depends on the chemical nature of the substrate. Low-temperature 
synthesis particularly benefits the metal substrates (temperatures below 500°C).

The conditions to obtain the best coatings have been related to the pH decrease 
that occurs in aqueous sols during aging, which is based on the polymerization 
reaction between calcium and phosphorous. To obtain homogeneous, crack-free 
coatings, the annealing temperature and thickness of the coatings should also be 
controlled. Film roughness is related to the viscosity of the sol-precursor used for 
deposition and the number of coating layers. Thus, depending on the exact applica-
tion, various parameters of the applied coating can be adequately controlled.

Prepared HAp sols and Ag-doped HAp sols have been coated on passivated Ti 
surfaces by spin coating at 5000 rpm for 50 s. The coated Ti surfaces were imme-
diately dried at 70°C for 12 h and then heat-treated at 650°C for 3 h. HAp without 
Ag doping was used as controls in this study. All samples were autoclaved prior to 
material characterization and all culture experiments [63].

Overall, it was concluded that the material AgHA1.0 has similar biological activ-
ity as HAp with respect to bone cell proliferation and differentiation. In addition, 
AgHAp 1.0 also minimizes the initial bacteria adhesion [63].

Caution should also be taken in applying HAp-coated materials to patients, since 
an HAp coating was found to have negative effects on bone formation. Reports in 
the literature [64, 65] have suggested that HAp coatings are unstable, susceptible to 
bacterial infection, possibly predisposed to rapid osseous breakdown, and absent of 
significant advantages over titanium implants [66].

To obtain bioactive materials with high mechanical strength, metal implants 
(titanium and stainless steel (SS) alloys) are usually coated with a thin layer of 
HAp using plasma spray techniques [67–69]. The main problem associated with 
this technique is a lack of exact stoichiometry control and the occurrence of glassy 
phases in the ceramic layer. Some of these additional phases do not show bioactive 
behavior or do not dissolve in biological environments [69].

For the above, various techniques have been described as effective means of 
surface treatment and corrosion resistance enhancement of NiTi implants, including 
chemical passivation, electropolishing, anodization, thermal oxidation, laser surface 
melting, nitriding, plasma ion implantation, and coating with sol-gels [70–75].



Applied Surface Science

56

Out of these, the sol-gel route for surface modification of Ti implants is of 
particular interest because of simple and inexpensive methodology, low tempera-
ture processing, and suitability for coating substrates of irregular shapes, such as 
implants [76–78].

4.2 Titanium dioxide (TiO2) as a sol-gel coating

TiO2 is a very interesting material due to its technological applications in 
biomaterials. An example of this is sol-gel-derived titania and its coatings, which 
are bioactive materials, and are used in applications as diverse as biomaterials 
[79, 80]. Advantages of sol-gel processes over other methods are their controlled 
transformation of the microstructure of the deposited film. Today microstructure 
control is needed for many applications and the use of sol-gel routes opens up new 
possibilities.

In common sol-gel methods for preparing TiO2 materials, highly reactive 
alkoxide titanium precursors are violently hydrolyzed and further condense to form 
a Ti▬O▬Ti network. Unfortunately, this route can lead to precipitation of amor-
phous particles with uncontrolled structures. To overcome many of the specific 
problems of sol-gel methods employing water as the hydrolysis agent and to control 
hydrolysis and polycondensation reactions, the application of nonhydrolytic 
methods, ionic liquids, organic additives, and coordination chemistry have been 
attempted [81–83].

On the other hand, it has been reported that TiO2 films can effectively 
improve corrosion resistance and biocompatibility [84–86]. An example of this 
is given in titania films on biomedical steel exhibit anticorrosion properties 
in physiological solutions [87, 88]. At present, resistant sol-gel TiO2 coatings 
synthesized by heat treatment under low temperature have received good results 
for the preparation of anticorrosive and bioactive coatings to protect metal 
implants.

The desired properties can be obtained by careful control of reaction conditions 
or by the use of suitable additives [89]. Moreover, sol-gel processing offers a unique 
opportunity to prepare layers at low temperatures so that an essential part of the 
sol-gel preparation process is the thermal treatment that is necessary to form pure 
TiO2 films.

Conventional metal implants can be surface modified with sol-gel coatings, 
but organic synthetic polymers such as polyether-ether-ketone (PEEK) can also be 
surface modified with TiO2 sol-gel-derived coatings to overcome low bioactivity 
due to their chemical inertness, which is characteristic of most synthetic organic 
polymers. These sol-gel-derived TiO2 coatings showed greater bone bonding ability 
than PEEK [90].

However, to avoid corrosion, a TiO2 dip-coating method and its variants are 
commonly used for the deposition of TiO2 sol-gel-derived coatings onto metal 
implants [91]. For example, an NiTi surgical alloy was surface modified with thin 
films of TiO2 to improve corrosion resistance, but these films also showed blood 
compatibility in vitro [92]. Avoiding corrosion and improving biocompatibility 
with surrounding tissues are not the only ultimate goals of sol-gel-coating metals 
of biomedical interest, avoiding the release of toxic ions, possibly through degrada-
tion, that some alloys may contain is another such goal [92].

With respect to annealing time and temperature in sol-gel coatings, both param-
eters exhibit a dependence with the degradation rate, as studied in the TiO2 sol-gel 
deposited onto a magnesium alloy (AZ31), where the treatment with low anneal-
ing temperatures decreased the corrosion rate. Long-time treatment of annealing 
helped to enhance corrosion resistance [93].
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TiO2 sol-gel coatings doped with a high calcium ion concentration showed better 
corrosion resistance for M30NW biomedical alloy substrates in a simulated body 
fluid (SBF) test than similar coatings with low calcium ions concentrations [94].

4.3 Sol-gel-derived bioactive glass coatings

Bioglasses are a family of materials that have shown bioactivity for bone repair 
and can bond with living bone [95]. In 1971, the first bioglass named 45S5 was 
discovered by Hench, and since then, many other glass compositions have been 
developed. Bioglass 45S5 is composed of 45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% 
Na2O, and 6.0 wt% P2O5, but other similar composition has been used and in some 
cases enhancing components can be added [96]. Bioglass 45S5 compositions have 
been shown to be optimal for biomedical applications because it is similar to that of 
HAp, the mineral component of bone. Ca/P ratios in SiO2·CaO·P2O5 glasses coatings 
can be controlled with stoichiometric control of TEOS, calcium nitrate tetrahydrate 
(Ca(NO3)2·4H2O), and triethyl phosphate (TEP) as sol-gel precursors [97]. Coatings 
with higher Ca/P ratios showed that greater cell proliferation, however, growth 
inhibition was observed in response to a low Ca/P-ratio in coating compositions [98].

The surface of a bioglass implant, when subjected to an aqueous solution or 
body fluids, converts to a silica-CaO/P2O5-rich gel layer that subsequently mineral-
izes into hydroxycarbonate in hours [99–101]. Bone tissue growth improved with 
increasing dissolution [102]. This gel layer resembles the HAp matrix so much that 
osteoblasts were differentiated and new bone was deposited [103].

Bioglasses are the most promising materials for bone grafting in several clini-
cal applications such as orthopedic, dental, maxillofacial, and otolaryngological 
applications [104].

From a synthetic point of view, bioglasses can be prepared either by melting or 
sol-gel methods, which affect their physical and biological properties [105], but it is 
also important to define the methods of coating preparation or deposition affecting 
the ultimate performance of the coatings. Bioglass coatings are usually deposited 
onto metals or alloys using sol-gel [106], electrophoretic deposition [107], laser 
cladding [108], and thermal spraying (plasma spraying and high-velocity oxy-fuel) 
techniques [109]. The technique most employed to spray bioglass since 1980 is 
thermal spraying and specifically atmospheric plasma spraying, due to its low cost 
and industrial feasibility [110, 111].

Sol-gel-derived bioglasses are excellent materials for use in tissue engineering 
applications, such as covering prosthetic metallic implants. Recently, porous bioac-
tive glasses have been derived through sol-gel processing in an attempt to increase 
the specific surface area and thus the surface reactivity and degradability of the 
material. This approach allows the material to be replaced ultimately by natural 
tissue while stimulating bone regeneration [97].

The sol-gel technique can be used to coat 316 L SS [112], titanium [4], and 
magnesium biomedical alloys [106] with bioactive glass or derived glass-ceramic.

For example, the formation of an apatite layer assures the bioactivity of the bio-
glass coating, which also improves the corrosion resistance of 316 L SS substrates. 
Bioactive glass-coated 316 L SS showed greater pitting corrosion resistance than 
pristine samples. It was concluded that by using the bioactive glass-coated 316 L SS 
as a human body implant, improvement of corrosion resistance, as an indication 
of biocompatibility, and bone bonding could be obtained simultaneously [112]. 
Uncoated 316 L SS possesses high corrosion current density (Icorr = 265 nA/cm2) 
and thus low corrosion resistance in normal saline solution [112].

Relatively dense sol-gel coatings can be obtained with postheat treatment, 
causing a substantial volume contraction. In parallel, residual stress gradually 
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Out of these, the sol-gel route for surface modification of Ti implants is of 
particular interest because of simple and inexpensive methodology, low tempera-
ture processing, and suitability for coating substrates of irregular shapes, such as 
implants [76–78].

4.2 Titanium dioxide (TiO2) as a sol-gel coating

TiO2 is a very interesting material due to its technological applications in 
biomaterials. An example of this is sol-gel-derived titania and its coatings, which 
are bioactive materials, and are used in applications as diverse as biomaterials 
[79, 80]. Advantages of sol-gel processes over other methods are their controlled 
transformation of the microstructure of the deposited film. Today microstructure 
control is needed for many applications and the use of sol-gel routes opens up new 
possibilities.

In common sol-gel methods for preparing TiO2 materials, highly reactive 
alkoxide titanium precursors are violently hydrolyzed and further condense to form 
a Ti▬O▬Ti network. Unfortunately, this route can lead to precipitation of amor-
phous particles with uncontrolled structures. To overcome many of the specific 
problems of sol-gel methods employing water as the hydrolysis agent and to control 
hydrolysis and polycondensation reactions, the application of nonhydrolytic 
methods, ionic liquids, organic additives, and coordination chemistry have been 
attempted [81–83].

On the other hand, it has been reported that TiO2 films can effectively 
improve corrosion resistance and biocompatibility [84–86]. An example of this 
is given in titania films on biomedical steel exhibit anticorrosion properties 
in physiological solutions [87, 88]. At present, resistant sol-gel TiO2 coatings 
synthesized by heat treatment under low temperature have received good results 
for the preparation of anticorrosive and bioactive coatings to protect metal 
implants.

The desired properties can be obtained by careful control of reaction conditions 
or by the use of suitable additives [89]. Moreover, sol-gel processing offers a unique 
opportunity to prepare layers at low temperatures so that an essential part of the 
sol-gel preparation process is the thermal treatment that is necessary to form pure 
TiO2 films.

Conventional metal implants can be surface modified with sol-gel coatings, 
but organic synthetic polymers such as polyether-ether-ketone (PEEK) can also be 
surface modified with TiO2 sol-gel-derived coatings to overcome low bioactivity 
due to their chemical inertness, which is characteristic of most synthetic organic 
polymers. These sol-gel-derived TiO2 coatings showed greater bone bonding ability 
than PEEK [90].

However, to avoid corrosion, a TiO2 dip-coating method and its variants are 
commonly used for the deposition of TiO2 sol-gel-derived coatings onto metal 
implants [91]. For example, an NiTi surgical alloy was surface modified with thin 
films of TiO2 to improve corrosion resistance, but these films also showed blood 
compatibility in vitro [92]. Avoiding corrosion and improving biocompatibility 
with surrounding tissues are not the only ultimate goals of sol-gel-coating metals 
of biomedical interest, avoiding the release of toxic ions, possibly through degrada-
tion, that some alloys may contain is another such goal [92].

With respect to annealing time and temperature in sol-gel coatings, both param-
eters exhibit a dependence with the degradation rate, as studied in the TiO2 sol-gel 
deposited onto a magnesium alloy (AZ31), where the treatment with low anneal-
ing temperatures decreased the corrosion rate. Long-time treatment of annealing 
helped to enhance corrosion resistance [93].
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TiO2 sol-gel coatings doped with a high calcium ion concentration showed better 
corrosion resistance for M30NW biomedical alloy substrates in a simulated body 
fluid (SBF) test than similar coatings with low calcium ions concentrations [94].

4.3 Sol-gel-derived bioactive glass coatings

Bioglasses are a family of materials that have shown bioactivity for bone repair 
and can bond with living bone [95]. In 1971, the first bioglass named 45S5 was 
discovered by Hench, and since then, many other glass compositions have been 
developed. Bioglass 45S5 is composed of 45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% 
Na2O, and 6.0 wt% P2O5, but other similar composition has been used and in some 
cases enhancing components can be added [96]. Bioglass 45S5 compositions have 
been shown to be optimal for biomedical applications because it is similar to that of 
HAp, the mineral component of bone. Ca/P ratios in SiO2·CaO·P2O5 glasses coatings 
can be controlled with stoichiometric control of TEOS, calcium nitrate tetrahydrate 
(Ca(NO3)2·4H2O), and triethyl phosphate (TEP) as sol-gel precursors [97]. Coatings 
with higher Ca/P ratios showed that greater cell proliferation, however, growth 
inhibition was observed in response to a low Ca/P-ratio in coating compositions [98].

The surface of a bioglass implant, when subjected to an aqueous solution or 
body fluids, converts to a silica-CaO/P2O5-rich gel layer that subsequently mineral-
izes into hydroxycarbonate in hours [99–101]. Bone tissue growth improved with 
increasing dissolution [102]. This gel layer resembles the HAp matrix so much that 
osteoblasts were differentiated and new bone was deposited [103].

Bioglasses are the most promising materials for bone grafting in several clini-
cal applications such as orthopedic, dental, maxillofacial, and otolaryngological 
applications [104].

From a synthetic point of view, bioglasses can be prepared either by melting or 
sol-gel methods, which affect their physical and biological properties [105], but it is 
also important to define the methods of coating preparation or deposition affecting 
the ultimate performance of the coatings. Bioglass coatings are usually deposited 
onto metals or alloys using sol-gel [106], electrophoretic deposition [107], laser 
cladding [108], and thermal spraying (plasma spraying and high-velocity oxy-fuel) 
techniques [109]. The technique most employed to spray bioglass since 1980 is 
thermal spraying and specifically atmospheric plasma spraying, due to its low cost 
and industrial feasibility [110, 111].

Sol-gel-derived bioglasses are excellent materials for use in tissue engineering 
applications, such as covering prosthetic metallic implants. Recently, porous bioac-
tive glasses have been derived through sol-gel processing in an attempt to increase 
the specific surface area and thus the surface reactivity and degradability of the 
material. This approach allows the material to be replaced ultimately by natural 
tissue while stimulating bone regeneration [97].

The sol-gel technique can be used to coat 316 L SS [112], titanium [4], and 
magnesium biomedical alloys [106] with bioactive glass or derived glass-ceramic.

For example, the formation of an apatite layer assures the bioactivity of the bio-
glass coating, which also improves the corrosion resistance of 316 L SS substrates. 
Bioactive glass-coated 316 L SS showed greater pitting corrosion resistance than 
pristine samples. It was concluded that by using the bioactive glass-coated 316 L SS 
as a human body implant, improvement of corrosion resistance, as an indication 
of biocompatibility, and bone bonding could be obtained simultaneously [112]. 
Uncoated 316 L SS possesses high corrosion current density (Icorr = 265 nA/cm2) 
and thus low corrosion resistance in normal saline solution [112].

Relatively dense sol-gel coatings can be obtained with postheat treatment, 
causing a substantial volume contraction. In parallel, residual stress gradually 
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accumulates at the interface between the coating and the substrate [113], remark-
ably affecting bond strength and the corrosion resistance of samples [114]. 
Therefore, heat treatments must be carefully controlled and optimized to obtain 
favorable bonding properties as well as corrosion resistance for sol-gel-derived coat-
ings on magnesium alloy implants [106].

The sol-gel process is carried out at much lower temperatures than traditional 
melting methods. Because of the low fabrication temperatures used in this method, 
the composition and homogeneity of the product are greatly controlled. Higher 
mesoporosity and surface areas are obtained in sol-gel-derived bioglasses than in 
melt-derived bioglasses, which exhibit high glass transition temperatures [105].

4.4 Organic-inorganic composite hybrid coatings

Inorganic sol-gel coatings are brittle, which can compromise their performance. 
To overcome this drawback, an organic polymer can be entrapped in an inorganic sol-
gel glassy matrix to form an OIH sol-gel nanocomposite coating that can be deposited 
onto different metals and their alloys of biomedical interest. Poly-ε-caprolactone 
(PCL) [13], poly(dl-lactic-glycolic acid) [115], silica-polyethylene glycol hybrids 
[116], chitosan [117], and collagen type I have been incorporated into sol-gel coatings.

Sol-gel coatings that can release silicon compounds under in vivo conditions 
have been shown to promote fast and good osseointegration. For this reason, hybrid 
composites can be prepared through acid-catalyzed sol-gel methods using methyl-
trimethoxysilane (MTMOS) and GPTMS as alkoxide precursors, which allows the deg-
radation kinetics and Si release of the coatings to be controlled by adjusting the amount 
of GPTMS. Although these coatings showed osteoinduction ability in vivo, coatings 
with some alkoxide proportions did not demonstrate strong cellular results [118].

Another way to control the degradation profiles of HAp coatings is to incorpo-
rate silver ions, which are effective in inhibiting microbial infection [119].

For example, type I collagen layers can be assembled into a sol-gel composite 
coating to cover magnesium alloys such as AZ31 and ZE41 to allow the release of 
growing factors, enhancing cell adhesion for tissue integration. This effect is due to 
the high biocompatibility and cytocompatibility that type I collagen has as well as 
the its positive effects on cell activity [120].

Another bioactive composite coating, one composed of a silica xerogel and 
chitosan hybrid, was used to surface modify Ti at room temperature through a 
sol-gel process to obtain crack-free thin layers (<2 μm) with a chitosan content of 
>30 vol.%. These hybrid coatings showed bioactivity, and their properties sug-
gested applicability to titanium-based medical implants [121].

From a biological perspective, titanium is classified as a biologically inert material 
that does not promote adverse reactions and is well tolerated by human tissues. However, 
the formation of peri-implant fibrosis may isolate the implant from the surrounding 
bone and induce the mobilization of prostheses, thus reducing their performance [122].

Surface hydroxy groups enhance the bioactivity of sol-gel glasses due to their 
promotion of calcium phosphate deposit nucleation, causing osseointegration when 
these materials are implanted [76].

Commercially pure (CP) Ti grade 4 substrates were dip coated with an OIH 
crack-free coating consisting of a sol-gel-derived ZrO2−based matrix in which 
different PCL percentages (between 20 and 30 wt%) were incorporated. These 
films showed bioactivity and induced HAp formation when they were soaked in 
SBF. Biological evaluation with human mesenchymal stem cells (hMSCs) demon-
strated that compared to pristine Ti, the coatings were nontoxic, supported cell 
proliferation at all compositions, and did not hamper hMSC differentiation in an 
osteogenic medium [122].
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Although further investigation is needed to fully describe the osseointegration 
potential of the developed OIH, such a material may find application in the surface 
coatings of Ti dental implants [122].

The addition of an organic polymer such as PEG onto SiO2 in a hydric composite 
can affect its biocompatibility and bioactivity, as cell growth and the proliferation 
of NIH 3T3 cells depend on the PEG amount and exposure time. The formation 
of a HAp layer was indeed observed on the material’s surface by scanning electron 
microscopy (SEM)/energy-dispersive X-ray (EDX) analysis after the samples were 
soaked in SBF. Their effects were superior to those exerted from SiO2, whose ceram-
ics are already widely used in medical applications [123].

Homogeneous, porous and crack-free titania-based coatings can be obtained when 
PCL is added to a TiO2 inorganic matrix to make pure grade 4 titanium (CP Ti-4) 
disks more bioactive, as demonstrated by the ability to induce the formation of HAp 
when soaked in SBF, which is a crucial property for the osseointegration of metal 
implants in vivo [13].

Hybrid inorganic-organic ZrO2/PCL composite films showed HAp formation on 
their surface when the hybrid coating was exposed to SBF, implying their osteointe-
gration ability once implanted in vivo. In addition, a WST-8 colorimetric assay shows 
that the coating makes Ti-4, which is generally bioinert and biocompatible [124].

Finally, it has been demonstrated that biodegradability can be controlled 
by adjusting the composite sol-gel hybrid coating composition, resulting in the 
ultimate material performance.

5. Conclusions

Sol-gel coatings provide excellent corrosion protection by providing a protective 
barrier layer for the reduced permeation of corrosive entities, providing a water 
repellent surface, chemically modifying the surface of a metal to make it more 
inert, and altering the electrical potential of surface sites. This review has presented 
an overview of new approaches to generate self-healing behavior in smart coatings. 
Extending the working life of structural and industrial metallic surfaces might 
depend on the fabrication of novel self-healing protective smart coatings that are 
able to repair scratches and eliminate corrosion. Additional development of materi-
als with self-healing properties will reduce the loss that results from corrosion of 
metallic materials that are used in chemical plants, automobile parts, building 
structures, and home appliances.

The factors most limiting the use of sol-gel processing for coating metals are 
delamination, crackability, adhesion, and thickness limits. Assuring a uniform 
distribution on the substrate and optimizing thermal treatments (curing/drying) 
are crucial factors in ensuring the quality of anticorrosive coatings.

Although other processes such as plasma spraying, CVD, and electrochemi-
cal methods can be used to obtain thin film coatings of TiO2, HAp or bioglass on 
metallic substrates for biomedical purposes, the sol-gel process has remarkable 
advantages over those techniques, including better control of composition, struc-
tures, and porosity, which results in greater bioactivity than materials with the same 
composition but prepared with other techniques. Sol-gel coatings, due to their low 
processing temperatures, can also be applied onto nonmetallic implant substrates, 
such as organic polymers such as PEEK, or nonpermanent metallic implants such 
as those made of magnesium alloys. In addition, the sol-gel process can perfectly 
enable the integration of organic polymers with an inorganic glassy matrix.
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accumulates at the interface between the coating and the substrate [113], remark-
ably affecting bond strength and the corrosion resistance of samples [114]. 
Therefore, heat treatments must be carefully controlled and optimized to obtain 
favorable bonding properties as well as corrosion resistance for sol-gel-derived coat-
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melting methods. Because of the low fabrication temperatures used in this method, 
the composition and homogeneity of the product are greatly controlled. Higher 
mesoporosity and surface areas are obtained in sol-gel-derived bioglasses than in 
melt-derived bioglasses, which exhibit high glass transition temperatures [105].
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To overcome this drawback, an organic polymer can be entrapped in an inorganic sol-
gel glassy matrix to form an OIH sol-gel nanocomposite coating that can be deposited 
onto different metals and their alloys of biomedical interest. Poly-ε-caprolactone 
(PCL) [13], poly(dl-lactic-glycolic acid) [115], silica-polyethylene glycol hybrids 
[116], chitosan [117], and collagen type I have been incorporated into sol-gel coatings.

Sol-gel coatings that can release silicon compounds under in vivo conditions 
have been shown to promote fast and good osseointegration. For this reason, hybrid 
composites can be prepared through acid-catalyzed sol-gel methods using methyl-
trimethoxysilane (MTMOS) and GPTMS as alkoxide precursors, which allows the deg-
radation kinetics and Si release of the coatings to be controlled by adjusting the amount 
of GPTMS. Although these coatings showed osteoinduction ability in vivo, coatings 
with some alkoxide proportions did not demonstrate strong cellular results [118].

Another way to control the degradation profiles of HAp coatings is to incorpo-
rate silver ions, which are effective in inhibiting microbial infection [119].

For example, type I collagen layers can be assembled into a sol-gel composite 
coating to cover magnesium alloys such as AZ31 and ZE41 to allow the release of 
growing factors, enhancing cell adhesion for tissue integration. This effect is due to 
the high biocompatibility and cytocompatibility that type I collagen has as well as 
the its positive effects on cell activity [120].

Another bioactive composite coating, one composed of a silica xerogel and 
chitosan hybrid, was used to surface modify Ti at room temperature through a 
sol-gel process to obtain crack-free thin layers (<2 μm) with a chitosan content of 
>30 vol.%. These hybrid coatings showed bioactivity, and their properties sug-
gested applicability to titanium-based medical implants [121].

From a biological perspective, titanium is classified as a biologically inert material 
that does not promote adverse reactions and is well tolerated by human tissues. However, 
the formation of peri-implant fibrosis may isolate the implant from the surrounding 
bone and induce the mobilization of prostheses, thus reducing their performance [122].

Surface hydroxy groups enhance the bioactivity of sol-gel glasses due to their 
promotion of calcium phosphate deposit nucleation, causing osseointegration when 
these materials are implanted [76].

Commercially pure (CP) Ti grade 4 substrates were dip coated with an OIH 
crack-free coating consisting of a sol-gel-derived ZrO2−based matrix in which 
different PCL percentages (between 20 and 30 wt%) were incorporated. These 
films showed bioactivity and induced HAp formation when they were soaked in 
SBF. Biological evaluation with human mesenchymal stem cells (hMSCs) demon-
strated that compared to pristine Ti, the coatings were nontoxic, supported cell 
proliferation at all compositions, and did not hamper hMSC differentiation in an 
osteogenic medium [122].
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Although further investigation is needed to fully describe the osseointegration 
potential of the developed OIH, such a material may find application in the surface 
coatings of Ti dental implants [122].

The addition of an organic polymer such as PEG onto SiO2 in a hydric composite 
can affect its biocompatibility and bioactivity, as cell growth and the proliferation 
of NIH 3T3 cells depend on the PEG amount and exposure time. The formation 
of a HAp layer was indeed observed on the material’s surface by scanning electron 
microscopy (SEM)/energy-dispersive X-ray (EDX) analysis after the samples were 
soaked in SBF. Their effects were superior to those exerted from SiO2, whose ceram-
ics are already widely used in medical applications [123].

Homogeneous, porous and crack-free titania-based coatings can be obtained when 
PCL is added to a TiO2 inorganic matrix to make pure grade 4 titanium (CP Ti-4) 
disks more bioactive, as demonstrated by the ability to induce the formation of HAp 
when soaked in SBF, which is a crucial property for the osseointegration of metal 
implants in vivo [13].

Hybrid inorganic-organic ZrO2/PCL composite films showed HAp formation on 
their surface when the hybrid coating was exposed to SBF, implying their osteointe-
gration ability once implanted in vivo. In addition, a WST-8 colorimetric assay shows 
that the coating makes Ti-4, which is generally bioinert and biocompatible [124].

Finally, it has been demonstrated that biodegradability can be controlled 
by adjusting the composite sol-gel hybrid coating composition, resulting in the 
ultimate material performance.

5. Conclusions

Sol-gel coatings provide excellent corrosion protection by providing a protective 
barrier layer for the reduced permeation of corrosive entities, providing a water 
repellent surface, chemically modifying the surface of a metal to make it more 
inert, and altering the electrical potential of surface sites. This review has presented 
an overview of new approaches to generate self-healing behavior in smart coatings. 
Extending the working life of structural and industrial metallic surfaces might 
depend on the fabrication of novel self-healing protective smart coatings that are 
able to repair scratches and eliminate corrosion. Additional development of materi-
als with self-healing properties will reduce the loss that results from corrosion of 
metallic materials that are used in chemical plants, automobile parts, building 
structures, and home appliances.

The factors most limiting the use of sol-gel processing for coating metals are 
delamination, crackability, adhesion, and thickness limits. Assuring a uniform 
distribution on the substrate and optimizing thermal treatments (curing/drying) 
are crucial factors in ensuring the quality of anticorrosive coatings.

Although other processes such as plasma spraying, CVD, and electrochemi-
cal methods can be used to obtain thin film coatings of TiO2, HAp or bioglass on 
metallic substrates for biomedical purposes, the sol-gel process has remarkable 
advantages over those techniques, including better control of composition, struc-
tures, and porosity, which results in greater bioactivity than materials with the same 
composition but prepared with other techniques. Sol-gel coatings, due to their low 
processing temperatures, can also be applied onto nonmetallic implant substrates, 
such as organic polymers such as PEEK, or nonpermanent metallic implants such 
as those made of magnesium alloys. In addition, the sol-gel process can perfectly 
enable the integration of organic polymers with an inorganic glassy matrix.
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Chapter 4

Synthesis, Characterization, and
Adsorption Properties of
Nanoporous Materials
Rolando Roque-Malherbe and Carlos de las Pozas del Rio

Abstract

During the last years, the authors have synthesized, characterized, and studied
the adsorption properties of nitroprussides, Prussian blue analogues, akaganeites,
MeAPOs, metal–organic frameworks, and extremely high specific surface amor-
phous silica, which allowed the storage of about 11 wt.% of hydrogen in the form of
ammonia. In this sense, using the solid-state reaction method, sol–gel methodolo-
gies, together with aluminosilicate, high silica and non-aluminosilicate zeolite syn-
thesis methods, were described, moreover was explained how to prepare active
carbons along with the synthesis of Prussian blue analogues (PBAs) and
nitroprussides (NPs). In addition, the characterization of the materials of interest
applying X-ray diffraction, thermogravimetric analysis, DRIFTS, and room-
temperature Mossbauer spectrometry was discussed. Besides, the concepts that
define physical adsorption and examples of adsorption data, which were tested with
the help of the Dubinin, osmotic adsorption and Langmuir-type isotherms, were
defined. Later, the methodology was described for the measurement of adsorption
data with the help of the volumetric method. Moreover, a description of the
thermodynamics of adsorption, along with the methodology for the calculation of
calorimetric data with the help of heat flow calorimeters together with the
measurement of differential heats of adsorption data was developed. Finally, the
different interaction forces that make possible adsorption were discussed.

Keywords: physical adsorption, isotherms, Dubinin and osmotic tests,
differential heats of adsorption, nitroprussides, Prussian blue analogues,
silica and natural zeolites

1. Introduction

The concept of “adsorption” was recommended by Kayser in 1881 to explain the
growth in concentration of gas molecules on the adjacent surface of a solid adsor-
bent, an effect previously noted by Fontana and Scheele in 1777 [1]. In particular,
majority of adsorbents useful for industrial applications have pores with hole
dimensions in the nanometer region; in this pore-size zone, adsorption is on the one
hand a significant methodology for the characterization of porous materials; to be
exact, gas adsorption offers evidence concerning the mesopore area, volume and
size of the pores together with the energetics of adsorption [2]. Also, gas adsorption
is a vital unitary operation for sustainable energy and pollution abatement
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The concept of “adsorption” was recommended by Kayser in 1881 to explain the
growth in concentration of gas molecules on the adjacent surface of a solid adsor-
bent, an effect previously noted by Fontana and Scheele in 1777 [1]. In particular,
majority of adsorbents useful for industrial applications have pores with hole
dimensions in the nanometer region; in this pore-size zone, adsorption is on the one
hand a significant methodology for the characterization of porous materials; to be
exact, gas adsorption offers evidence concerning the mesopore area, volume and
size of the pores together with the energetics of adsorption [2]. Also, gas adsorption
is a vital unitary operation for sustainable energy and pollution abatement
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applications of nanoporous materials along with the industrial uses, where materials
like metal organic framework molecular sieves, metal organic frameworks, Prussian
blue analogues, mesoporous molecular sieves, pillared clays, silica, alumina, active
carbons, titanium dioxides, magnesium oxides, carbon nanotubes together with
zeolites and related materials are the most widely studied and applied adsorbents in
Science and Technology [3].

In addition to their adsorption properties, nanoporous materials are a group of
advanced materials with other excellent properties and applications in many fields,
for example, waste water treatment [4–6], ionic conduction [7], ionic exchange [8],
gas separation [9], membranes [10], catalysts [11], catalyst supports [12] and
detergency [13].

The classification of the different pore widths of porous adsorbents was carried
out by the International Union of Pure and Applied Chemistry (IUPAC); in this
classification, adsorbent materials are categorized as those with pore diameters
greater than 50 nm, named macroporous adsorbents, while mesoporous materials
show pore diameters between 2 and 50 nm that are termed microporous; those
adsorbents showing pore diameters between 0.3 and 2 nm, where, the pore width,
Dp, is defined as equal to the diameter in the case of cylindrical shaped pores, and as
the distance between opposite walls in the case of slit-shaped pores [14].

In addition, the clean surface of an adsorbent is characterized by the fact that the
atoms that produce the surface have non-saturated bonds, fact producing an adsorp-
tion field above this surface; been the adsorption field the cause of the formation of a
stockpile of molecules close to the adsorbent surface; this effect, i.e., adsorption, is a
universal propensity of surface systems, given that throughout this process a reduction
of the surface tension is experienced by the solid; been, adsorption the term applied to
describe this process; whereas for the opposite, the term desorption is used [1].

Now it is necessary to state that the occupation of the adsorption space by
adsorbed molecules in complex porous systems occurs roughly in the following form:
initially, micropore filling takes place, with the adsorption process being controlled
almost totally by the interaction of the adsorbed molecules with the pore walls;
thereafter, at higher pressures, the external surface is covered, which is a monolayer
and a multilayer adsorption on the walls of mesopores, and open macropores take
place. Finally, capillary condensation occurs in the mesopores [2]. On the other hand,
dynamic adsorption is a mass transfer between a mobile, solid, or liquid phase, and
the adsorption bed packed in a reactor, been necessary to carry out the dynamic
adsorption, a reactor, where the adsorption process will occur in the reactor adsor-
bent packed bed, been, the adsorbents normally used for these applications are active
carbons, zeolites and related materials, silica, mesoporous molecular sieves, alumina,
titanium dioxide, magnesium oxide, clays, and pillared clays [3].

2. Synthesis

2.1 Solid-state reaction method

Inorganic compounds are mixed, following stoichiometric proportions; after
that, the powders are thoroughly milled and then finally thermally treated to get the
required product, been, perovskites synthesized using this method [15, 16].

2.2 Sol-gel methodologies

These processes can be based on the hydrolysis condensation of metal alkoxides.
In the important case of amorphous silica synthesis, silicic acid is first produced by
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the hydrolysis of a silicon alkoxide, formally a silicic acid ether; then, the global
reaction continues as a condensation polymerization to form high molecular weight
polysilicates, which connect together to produce a gel [17].

2.3 Aluminosilicate zeolites

These materials are normally synthesized in hydrothermal conditions using
solutions that are composed of sodium hydroxide, sodium silicate and sodium
aluminate, where three steps are observed during the synthesis process, i.e., induc-
tion, nucleation, and crystallization, which determine the specific zeolite produced
by the applied reactants, along with the parameters used, such as temperature, pH,
and time [18, 19].

2.4 High silica and non-aluminosilicate zeolites

In this case, the aluminosilicate synthesis is complemented with the addition of
structure-directing agents (SDA), such as quaternary ammonium cations, linear or
cyclic ethers, and coordination compounds. been, the first high-silica zeolites, that
is, ETA, EU, NU, and the ZSM series, patented in the late 1960s, or early 1980s [20];
moreover, high silica zeolite can be as well synthesized using ethanol and seeds of
the desired phase [21]; meanwhile, Microporous aluminophosphate molecular
sieves, that is, non-aluminosilicate zeolites; such as: SAPO molecular sieves were
obtained by incorporation of Si in the AlPO framework, while MeAPO molecular
sieves are obtained by the inclusion of Ga, Be, Va, Co, Fe, Mg, Mn, Zn in the AlPO
framework obtaining between others: gallophosphates, zincophosphates,
beryllophosphates, vanadophosphates and ferrophosphates [22].

Active Carbon prepared with wood, lignite, peat, coconut, eucalyptus lignin,
and apricot, cherry and olive stones under physical (a) and chemical activation (b)
methods; i.e. [23–25]:

a. carbonization at 800–1000°C under inert gas, and activation under oxidizing
agents, as a rule, carbon dioxide or water vapor.

b.chemical activation requires a treatment with: sulfuric acid, phosphoric acid,
zinc chloride, potassium hydroxide at 400–1000°C, followed by the
elimination of the dehydrating agent by meticulous washing.

Prussian blue analogues (PBAs) [26, 27] and nitroprussides (NPs) [28] are
produced by mixing solutions of K3[Fe(CN)6], for the synthesis of Prussian blue
analogues, and Na2[Fe(CN)5NO] for the synthesis of nitroprussides with a nitrate
of the corresponding metal to get the corresponding PBAs and NPs.

3. Characterization

The X-ray Diffraction (XRD) methodology was used to determine the crystalline
phases present in the natural and synthesized materials, together with the investi-
gation of the nucleation and growth process during the synthesis of different mate-
rials to be used as adsorbents, ion exchangers and catalysts [29]. The XRD tests were
carried out, at room temperature using a stage similar to an Anton Paar HTK-
1200 N with an equipment similar to a Bruker D8 Advance system in a Bragg-
Brentano vertical goniometer configuration, the angular measurements being made
applying steps of 0.01° from 5 to 80°, using a Cu anode tube together with a Ni filter
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placed, prior to the detector, to eliminate Cu Kα radiation the one-dimensional
detector was employed [26].

3.1 Thermo-gravimetric analysis (TGA)

The analytical test was carried out with an equipment similar to a TA, Q-500
instrument; the samples were placed onto a ceramic sample holder suspended from
an analytical balance, suspended from an analytical balance; then the temperature
was linearly scanned, from 25 to 300 C, at a heating rate of 5 C/min under a pure N2

flow of 100 mL/min. TGA testing process was carried out with a TA, Q-500 instru-
ment, and the samples were placed onto a ceramic sample holder [27].

DRIFTS were gathered using equipment similar to a Thermo Scientific Nicolet
iS10 FTIR spectrometer. The data of the hydrated and dehydrated samples were
collected at a resolution of 4 cm�1 employing 100 scans per sample; a background,
with pure KBr, was in all cases collected before the collection of the spectra. Both
the hydrated and dehydrated samples were gathered at room temperature while
flowing N2 (Praxair, 99.99%) at a rate of 50 cc/min; while, the dehydration of the
studied samples was performed at 100°C for 2 h in N2 flow of 50 mL/min while the
sample under test was included in the finger-sample-holder of the IR high temper-
ature cell [28].

Room-temperature Mossbauer Spectrometry measurements were made with a
system similar to a SEECo supplied spectrometer operating at constant acceleration
mode with a 50 mCi 57Co γ-ray source in a Rh matrix made by Rietverc GmbH. The
1024-point raw data were folded and analyzed using WMOSS, a public domain
Mossbauer spectral analysis program; the calibration was made with reference to α-
Fe metal [30].

4. Definition and terms

4.1 Adsorption isotherm

It is the most important measurement made to characterize an adsorbent; it is
defined as the relationship between the amount adsorbed, na, and the equilibrium
pressure, P, at constant temperature, T [1, 2] (Figure 1)

na ¼ f Pð ÞT (1)

4.2 Physical and chemical adsorption

The gas adsorption process is normally considered a physical process, named
physical adsorption, since the molecular forces involved in this process are usually
of the van derWaals type. Meanwhile Chemical adsorption of gases in solid surfaces
takes place in the case where during the adsorption process a reaction with
exchange of electrons between the solid surface and the gas molecules with the
formation of chemical bonds takes place, been, the adsorbent the solid phase and
the adsorbate the gas phase [14].

4.3 Mobile and immobile adsorptions

Gas and vapor adsorption in solid adsorbents can be also classified as mobile
adsorption, where the first case occurs when the adsorbed molecule is performed as
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a gas molecule is free to move within the adsorption space, or the instance of
immobile adsorption, taking place in the case where the adsorbed molecule vibrates
around an adsorption site [2, 3].

4.4 Monolayers and multilayers

For open surfaces, adsorption consists of a layer-by-layer loading process, where
the first layer is filled as in the case when θ ¼ na

Nm
= 1, where θ is the surface recovery

and Nm is the monolayer capacity; as a result, it is understood that we have mono-
layer adsorption when θ < 1 and multiplayer adsorption when θ > 1 [31].

4.5 Porous adsorbents

They are characterized by their specific surface area, denoted by S, and mea-
sured in (m2/g), in which the surface area is the outer surface, concretely, the area
external to the micropores. If the adsorbents do not have micropores, the surface
area and the outer surface area match; furthermore, the micropore volume is
represented by WMP, measured in (cm3/g), whereas the total pore volume labeled
W is the sum of the micropores and mesopore volumes [32] of the adsorbent, also
measured in (cm3/g). Lastly, we have the pore size distribution (PSD), i.e., a plot of
ΔvP
ΔDp

versus Dp, where Vp is the pore volume accumulated up to the pore width Dp

measured in (cc-STP/g Å) [26, 27]. Now it is necessary to state that cc-STP is a
unit denoting the amount adsorbed, measured in cubic centimeters at standard
temperature and pressure (STP), that is, 273.15 K and 760 Torr, that is,
1.01325 � 105 Pa.

4.6 Magnitude of adsorption

The interfacial layer is the non-homogeneous section of an adsorption system,
i.e., between two neighboring bulk phases (Figure 2), where the properties typify-
ing this region are radically dissimilar from, but associated to, the properties of the
bulk phases; in which, to deal with this system is assumed that in the ideal reference
system, the concentration must be constant up to the Gibbs dividing surface (GDS)
(see Figure 2); been, in an actual system [32]

Figure 1.
Graphic representation of the adsorption isotherm.
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na ¼
ðVa

0
cdV ¼

ðt
0
cdz (2)

V∝ ¼ At

Then the total amount of gas molecules in the system measured in (mol/g) is

n ¼ na þ Vgcgg

na ¼ n� Vgcgg

where
V∝ is the volume of the adsorption space, Vg is the volume of the gas phase, cgg is

the concentration of the gas phase, cgs is the concentration of the gas in the solid
phase, A is the adsorbent surface area, t is the thickness of the surface layer, and n is
the total amount of gas molecules in the system.

Finally the isotherm is calculated as follows:

na ¼ na

ms
¼ F Pð ÞT

where ms is the degassed adsorbent mass in grams. Then if the ideal gas equation
is applied,

PV ¼ nRT (3)

Been, n and T, kept constants, then [29]:

PiVi ¼ PjVj ¼ nRT ¼ const (4)

where P is the pressure in atmosphere, V is the volume in milliliters;
1 ml ¼ 1 cm3 ¼ 103mm3 ¼ 10�3dm3 ¼ 10�3l,n is the number of gas moles, T is the
temperature in kelvin (K), and R is the gas constant.

Thereafter, using Eq. (4), based in the scheme of the volumetric adsorption
equipment shown in Figure 11, we get:

PatVm ¼ Pi Vm þ Vd þ Vxð Þ (5)

Pat ¼ 2lat

Figure 2.
Gibbs dividing surface.
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In Figure 11, a schematic representation of volumetric gas adsorption measure-
ment equipment is shown, where using the scheme, it is possible to show that:

Vx ¼ πr2 X,
i þ l0

� �
(6)

X,
i þ l0

� � ¼ Xi

Initially Vm is filled with air and then the valves are opened allowing air up to
equilibrium with the atmospheric pressure of the room, which can be measured
with a barometer; now given that Vm was calibrated, filling it with water, then Xi

allow us to calculate:

Pi mmHg½ � ¼ 2Xi mmHg½ �
Pat ¼ 2lat mmHg½ �

where Pat is the atmospheric pressure and P1 is the measurement of pressure
after expansion.

Substituting Eq. (6) on (5), the dose volume is calculated as:

Vd ¼ lat
Xi

Vm � Vm þ πr2Xi
� �

In this sense, using the proportions rule, we get:

2Xi mmHg½ �x1 Atm½ �
760 mmHg½ � ¼ Pi Atm½ �

Consequently applying the ideal gas law:

Pi Atm½ � 2πr2Xi mm3� �
x103 þ Vd ml½ �� � ¼ ni mmol½ �R atm:ml

mmol:K

� �
T K½ �

where

Pi Atm½ � 2πr2Xi mm3½ �x103 þ Vd ml½ �� �

R atm:ml
mmol:K

� �
T K½ � ¼ ni mmol½ �

Number of moles in the dose volume and the volume provided by the
displacement of the manometer.

5. Experimental determination of Vaand V0
a and the numbers of mole gas

adsorbed naj

When the valve of the sample holder is opened, the gas is expanded; hence:

Pi Atm½ � 2πr2Xi mm3½ �x103 þ Vd ml½ �� �

R atm:ml
mmol:K

� �
T K½ � ¼ Pj Atm½ � 2πr2Xj mm3½ �x103 þ Vd ml½ � þ Va

� �

R atm:ml
mmol:K

� �
T K½ � ¼ ni

where:

Pj

Pi
Atm½ � 2πr2Xj mm3� �

x103 þ Vd ml½ � þ Va
� �� Atm½ � 2πr2Xi mm3� �

x103 þ Vd ml½ �� � ¼ Va
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This allows the calculation of Va, the so-called dead volume. Nevertheless the
really expanded volume should consider the volume occupied by the adsorbent
sample, i.e.:

Vmuestra cm3� � ¼ m g½ �
ρ g

cm3

� �

And ρ is the apparent density of the tested adsorbent material. Consequently:

Va � Vmuestra ¼ V0
a

According ideal gas low:

Pi Atm½ � 2πr2Xi mm3½ �x103 þ Vd ml½ �� �þ Pj�1V0
a

R
atm:ml
mmol:K

� �
T K½ �

� Pj Atm½ � 2πr2Xj mm3½ �x103 þ Vd ml½ � þ V0
a

� �

R
atm:ml
mmol:K

� �
T K½ �

¼ ni � nj

where:

ni � nj ¼ naj

which is the amount adsorbed in the tested sample, which plotted against the
equilibrium pressure Pj provides the adsorption isotherm.

6. The Dubinin adsorption isotherm equation

The Dubinin adsorption isotherm equation can be inferred by the application of
the Dubinin’s Theory of Volume Filling, i.e., (where volume filling is a process
which takes place by the filling of the adsorption space rather than the surface
coverage), together with, the Polanyi’s adsorption potential [32]. In this regard, in
1914, Polanyi created perhaps the first convincing physical adsorption model.
Mijail. M. Dubinin, a former pupil of Polanyi applied this model that essentially
entailed a link between the adsorption space volume, Vi, and the adsorption energy
field, εi, (see Figure 3): i.e.,εi ¼ F Við Þ, termed by Polanyi as the characteristic
function, a temperature independent function. For the deduction of the Dubinin
isotherm equation, the next consideration was that [33]:

Figure 3.
Polanyi adsorption model.
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μg ¼ μL þ εi ¼ μa (7)

In which, μg is the chemical potential of the gas phase adsorbate, μL is the
chemical potential of the pure liquid adsorbate, μa is the adsorbed phase chemical
potential, while εi is the potential energy of the adsorption field. Consequently,
applying of Eq. (7), it is possible to demonstrate that:

εi ¼ RT ln
P0

Pi

� �
(8)

where Po is the vapor pressure of the adsorptive at the temperature,T is the
adsorption experiment, while Pi is the equilibrium adsorption pressure (ε could be
also designed as the differential work of adsorption). Now, following the so-called
Gurvich rule, it is possible to obtain the subsequent relation Vi ¼ VLna between the
volume of the adsorption space, Vi, and the amount adsorbed, where VL is the molar
volume of the liquid phase that conforms to the adsorbed phase. Combining Eq. (8)
with the characteristic function, the relation between the volume of the adsorption
space, and the amount adsorbed, we will get [32]:

F Við Þ ¼ f nað Þ ¼ εi ¼ RT ln
P0

Pi

� �
(9)

Now, applying the Weibull distribution function, the relation between the
amount adsorbed, na, and the differential work of adsorption, ε, is defined by the
following relation [33]:

na ¼ Na exp � ε

E

� �n
(10)

where E is a parameter termed the characteristic energy of adsorption; mean-
while, Na is the maximum amount adsorbed in the volume of the micropore,
n (1 < n < 5) being an empirical parameter. Now combining Eqs. (9) and (10) is
feasible to construe the Dubinin adsorption isotherm equation [32] as follows:

na ¼ Na exp �RT
E

ln
P0

P

� �� �n

(11)

It is possible, as well, to express the Dubinin adsorption isotherm equation in
linear form:

ln nað Þ ¼ ln Nað Þ � RT
E

� �n

ln
P0

P

� �n

(12)

which is a very powerful tool for the description of the experimental data of
adsorption in microporous material.

In Figure 4 is shown the Dubinin plot of N2 adsorption data at 77 K in the pressure
range: 0.001 < P/Po < 0.03, in a high silica commercial H-Y zeolite, precisely, the
acid Y zeolite labeled CBV-720, manufactured by PQ corporation; where, adsorption
data was gathered in an Autosorb-1 automatic volumetric gas adsorption system [26];
been evidently the experimental data correctly fitted by Eq. (12)

Recapitulating, the concrete form to made the linear Dubinin plot as represented
in Figure 4 was as follows:
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This allows the calculation of Va, the so-called dead volume. Nevertheless the
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ρ g

cm3

� �

And ρ is the apparent density of the tested adsorbent material. Consequently:

Va � Vmuestra ¼ V0
a
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Pi Atm½ � 2πr2Xi mm3½ �x103 þ Vd ml½ �� �þ Pj�1V0
a

R
atm:ml
mmol:K

� �
T K½ �

� Pj Atm½ � 2πr2Xj mm3½ �x103 þ Vd ml½ � þ V0
a

� �

R
atm:ml
mmol:K

� �
T K½ �

¼ ni � nj
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Figure 3.
Polanyi adsorption model.
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μg ¼ μL þ εi ¼ μa (7)
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potential, while εi is the potential energy of the adsorption field. Consequently,
applying of Eq. (7), it is possible to demonstrate that:

εi ¼ RT ln
P0

Pi

� �
(8)
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where y ¼ ln nað Þ, b ¼ ln Nað Þ, m ¼ RT
E

� �n, and x ¼ ln P0
P

� �n
Nevertheless, this fitting process can be as well made using a non-linear regres-

sion method; in which, the fitting process is carried out with a program based on a
least square procedure, allowing the calculation of the best fitting parameters of the
Eq. (12), that is, Na, E, been n, taken as a constant, for example, n = 2; additionally
the program compute the regression coefficient, along with the standard errors.

As another example, in Figure 4, the use of the Dubinin equation in the mea-
surement of the micropore volume, of a nickel nitroprusside (Ni-NP), is reported
[34](Figure 5).

7. Osmotic and Langmuir-type adsorption isotherms

Within the frame of the osmotic theory of adsorption, the adsorption phenom-
enon in a microporous adsorbent, for example a zeolite, is considered as the

Figure 4.
Dubinin plot sample CBV-720 N2 at 77 K [32].

Figure 5.
Dubinin plot of carbon dioxide adsorption on nickel nitroprusside [34].
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“osmotic” equilibrium between two solutions, i.e., vacancy plus molecules of dif-
ferent concentrations and the molecules in the gas phase. The solutions are formed
in the micropores, and the gas phase, where the solvents are the vacancies, i.e., the
vacuum [33] been, these solutions in equilibrium, in the case when one of the
solutions is submerged in an external field.

Where the main supposition, made within the frame of this adsorption theory is
that the role of the adsorption field could be simulated by; Π.; the so called “osmotic
pressure” that is, the role of the energy of adsorption existing within zeolite or
related materials channels and cavities, can be replicated by the pressure variation
among the adsorbed and gas phases [32]; consequently, considering that the
adsorption space is an inert volume; hence, the adsorption effect is produced by a
virtual pressure compressing the adsorbed phase in this volume; in this case, we will
have only a volume, i.e., a void adsorption space, in which an external pressure, Π
took the role of the adsorption field [33]. Therefore, applying the hypothesizes of
the osmotic theory of adsorption is feasible to affirm that the volume occupied by
the adsorbate, Va, and the vacancies, Vx, or free volume is [29] Va + Vx = V; now in
view of the fact that the volume occupied by an adsorbed molecule, b, and a
vacancy is the same, therefore:

Va

b
þ Vx

b
¼ na þNx ¼ V

b
¼ Na

Consequently, if we multiply the previous equation by 1
Na
, we obtain:

Va

Nab
þ Vx

Nab
¼ na

Na
þNx

Na
¼ V

Nab
¼ Xa þ Xx ¼ 1

where Xa and. X
x correspondingly are the molar fractions of adsorbed molecules

and vacancies. Then considering that the adsorption process in a micropore system
can be described as an osmotic process; in which vacuum, that is, the vacancies is
the solvent, whereas the adsorbed molecules is the solute [3]; hence, using the
Osmosis Thermodynamics methodology applied to the above described model, it is
possible to obtain the following adsorption isotherm equation [29, 32, 33]:

na ¼ NaK0PB

1þ K0PB (13)

It is termed the osmotic isotherm of adsorption, or the Sips, or Bradleys isotherm
equation, where this isotherm equation, fairly well, describes the experimental data
of adsorption in zeolites, and other micoroporous materials; the linear form of the
osmotic equation being expressed as follows:

y ¼ PB ¼ Na
PB

na

� �
þ 1
K

¼ mxþ b (14)

where y ¼ PB, x ¼ PB

na
, m = Na, is the slope and b ¼ 1

K is the intercept. Now it is
necessary to state that for B = 1 the Osmotic isotherm reduces to a Langmuir-type
adsorption isotherm for volume filling:

na ¼ NaK0,LP
1þ K0,L, P

In Figure 6, the linear plot of Eq. (14) is shown, using B = 0.5, fitting NH3 at
300 K adsorption results in Mg-CMT, i.e., homoionic magnesium natural zeolite,
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in the micropores, and the gas phase, where the solvents are the vacancies, i.e., the
vacuum [33] been, these solutions in equilibrium, in the case when one of the
solutions is submerged in an external field.

Where the main supposition, made within the frame of this adsorption theory is
that the role of the adsorption field could be simulated by; Π.; the so called “osmotic
pressure” that is, the role of the energy of adsorption existing within zeolite or
related materials channels and cavities, can be replicated by the pressure variation
among the adsorbed and gas phases [32]; consequently, considering that the
adsorption space is an inert volume; hence, the adsorption effect is produced by a
virtual pressure compressing the adsorbed phase in this volume; in this case, we will
have only a volume, i.e., a void adsorption space, in which an external pressure, Π
took the role of the adsorption field [33]. Therefore, applying the hypothesizes of
the osmotic theory of adsorption is feasible to affirm that the volume occupied by
the adsorbate, Va, and the vacancies, Vx, or free volume is [29] Va + Vx = V; now in
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vacancy is the same, therefore:
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can be described as an osmotic process; in which vacuum, that is, the vacancies is
the solvent, whereas the adsorbed molecules is the solute [3]; hence, using the
Osmosis Thermodynamics methodology applied to the above described model, it is
possible to obtain the following adsorption isotherm equation [29, 32, 33]:
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It is termed the osmotic isotherm of adsorption, or the Sips, or Bradleys isotherm
equation, where this isotherm equation, fairly well, describes the experimental data
of adsorption in zeolites, and other micoroporous materials; the linear form of the
osmotic equation being expressed as follows:
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, m = Na, is the slope and b ¼ 1

K is the intercept. Now it is
necessary to state that for B = 1 the Osmotic isotherm reduces to a Langmuir-type
adsorption isotherm for volume filling:

na ¼ NaK0,LP
1þ K0,L, P

In Figure 6, the linear plot of Eq. (14) is shown, using B = 0.5, fitting NH3 at
300 K adsorption results in Mg-CMT, i.e., homoionic magnesium natural zeolite,
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concretely a blend of mordenite (39 wt. %), clinoptilolite (42 wt. %) along
with additional phases (15 wt. %), where these supplementary phases are:
montmorillonite (2–10 wt. %), calcite (1–6 wt. %), feldspars (0–1 wt. %),
volcanic glass together with quartz (1–5 wt. %). These results were measured in a
Pyrex glass volumetric adsorption vacuum system, consisting of sample holder,
dead volume, dose volume, U-tube manometer, and thermostat [32]; this plot
allowed us to calculate the maximum adsorption capacity of this zeolite, which is
m = Na = 5.07 mmol/g, and b ¼ 1

K ¼ �0:92, [(Torr)0.5]; as a conclusion, it is possible
to affirm that the experimental data are correctly fitted by Eq. (14).

The fitting process of the osmotic isotherm equation could be also carried out
with the help of a non-linear regression method, where the fitting process allows us
to calculate the best fitting parameters of the Eq. (13), i.e., Na, K0, and B, if this
parameter is not taken as a constant, for example, B = 1; besides the program
calculates the regression coefficient and the standard errors.

Further adsorption isotherms are reported below [35] (Figures 7 and 8):
Additionally, the adsorption of oxygen (O2) and nitrogen (N2) in modified

natural mordenite from the Palmarito, Santiago de Cuba, Cuba, deposit, composed
of mordenite (80 wt.%), clinoptilolite (5 wt.%), and other phases (15 wt.%), where
the other phases included montmorillonite (2–10 wt.%), quartz (1–5 wt.%), calcite
(1–6 wt.%), feldspars (0–1 wt.%), and volcanic glass [2]. Labeled MP are reported
in Table 1, where H means acid; NH, ammonia; Li, Lithium; Na, Sodium; K,
Potassium; Mg, Magnesium; Ca, Calcium; Sr., Strontium; Ba, Barium zeolite;
where, the oxygen nitrogen selectivity is given by [36].

α ¼ YaXa=YgXg

where Xa and Ya are the molar fractions of the adsorbates in the adsorbed phase,
while Xg and Yg are the molar fractions of both adsorbates in the gas phase.

It is necessary now to state that the framework of mordenite shows an ortho-
rhombic unit cell displaying the space group Cmcm or Cmc21; in this sese, the unit
cell of the Na cationic form has dimensions a = 18.13 Å, b = 20.49 Å, and c = 7.52 Å,

Figure 6.
Linear osmotic plot, with B = 0.5 of the adsorption data of NH3 at 300 K in magnesium homoionic CMT zeolite
[32].

Figure 7.
Nitrogen adsorption on zeolite 5 a (Ca, Na-LTA) at 291 K.
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along with the following composition: Na8Al8Si40 O96 � 24H2O; composed funda-
mentally of a channel system composed of a 5-membered ring system parallel to
[001], having a free diameter of 6.6 Å, interconnected by smaller channels, parallel
to [010], of 2.8 Å free diameter. However, the existence of stacking faults in the
framework reduces the effective diameter of the channels to about 4 Å [37]. More-
over, the volume of the unit cell is 2794 ̊A3, while the kinetic diameters of nitrogen
and oxygen are dN ¼ 3:6 Å and dO ¼ 3:5 Å. On the other hand, the quadrupole
interaction (Q) of nitrogen is larger than that of oxygen, i.e., QN ¼ 0.31 Debye >
QO ¼ 0:10 Debye; meanwhile, the polarizability (P) of nitrogen is also bigger than
that of oxygen, that is, PN ¼ 4:31 ̊A3>PO ¼ 3:96 ̊A3, facts that explain the higher
values measured for the Langmuir constants in the case of nitrogen in comparison
with those measured for oxygen adsorption [36].

The application of the grand canonical ensemble (GCE) allows us to handle the
adsorption process in microporous materials such as zeolites and related materials.
In this case, the whole zeolite is considered a GCE, i.e., the zeolite cavities or
channels are considered in the frame of this model as independent open systems
constituting the ensemble, additionally the adsorption field within the cavities is
energetically homogeneous, i.e., the adsorption field is the same at any site within

Figure 8.
Ethane adsorption on zeolite 13 X (Na-FAU) at 291 K.

ZEOLITES NMAX.OXYGEN

(mmol/g)
NMAX.NITROGEN

(mmol/g)
KOXYGEN

(Torr)�1�10�3
KNITROGEN

(Torr)�11�10�3
αNITROG- OXIG

H-MP 0.24 0.5 1.3 2.3 3.7

NH-MP 0.10 0.25 0.12 2.0 42

Li-MP 0.21 0.86 1.8 3.0 6.8

Na-MP 0.29 0.63 9.3 2.0 4.7

K-MP 0.07 0.26 3.1 3.7 4.4

Mg-MP 0.13 0.56 0.21 3.9 84

Ca-MP 0.27 0.56 1.4 4.8 7.1

Sr-MP 0.32 0.59 1.2 4.6 7.1

Ba-MP 0.23 0.75 1.5 1.9 4.1

Table 1.
Maximum adsorption oxygen (NMAX.OXIGENO) and nitrogen (NMAX.NITROGENO), Langmuir constants
(KOXYGEN and KNITROGEN) and oxygen- nitrogen selectivity (αNITROG- OXIG) on modified natural mordenite
MP [36].
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with those measured for oxygen adsorption [36].
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channels are considered in the frame of this model as independent open systems
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the adsorption space; besides, each cage can accommodatem ¼ w=b, molecules,
where w and b are the volumes of the cavity and the adsorbed molecule, respec-
tively. Hence if the ensemble is constituted by M independent open cavities, i.e.,
systems, the grand canonical partition function of the zeolite is given by [32]:

where

Θ ¼ 1þ λZ 1ð Þ þ λ2Z 2ð Þ þ :……þ λnZ nð Þ� �M ¼ ZM
(15)

Z ¼ ∑
m

N¼0
λNZ Nð Þ (16)

Is the channel or cavity grand canonical partition function; been, Z(N) the
Canonical Partition Function for Nmolecules in the channel or cavity (0 < N < m),
while the absolute activity is given by λ ¼ exp μ=RTð Þ while, μ is the Chemical
Potential. Thereafter, as:

N ¼ ∂ lnΘ
∂λ

¼ RT
∂ lnΘ
∂μ

� �
(17)

θ ¼ N
mM

¼ MN
Mm

N
m

Now it is necessary to state that within the frame of the adsorption process in
zeolites and related materials two cases are possible; that is, inmobile (I) or mobile
(M) adsorption, been in the first and second cases, the canonical partition functions
for the inmobile (Zi) and mobile (ZM) cases, in a homogeneous field without lateral
interactions between the adsorbed molecules for N < m given by:

ZI Nð Þ ¼ m!

N! m�Nð Þ! Zj
a

� �N
exp �N Ea

0 þ ηEi
� �

RT

� �
(18)

ZM Nð Þ ¼ wN

N!
Λð ÞN Zj

a

� �N
exp �N

E0 þ α N=wð Þi
� �

RT

� ��

Now since:

N ¼ ∂ lnZ
∂λ

¼ λ
∂ lnZ
∂λ

¼ A
B

� �

Consequently:

θ ¼ N
m

¼ KIP
1þ KIP

(19)

θ ¼ N
m

¼ KMP
1þ KMIP

With:

KI ¼ Zj

Zj
g

" #
1

RTΛ

� �
exp

Eg
0 � Ea

0

� �þ Ωθ
RT

� �
(20)

KM ¼ Zj

Zj
g

" #
b
RT

� �
exp

Eg
0 � Ea

0

� �þΦθ

RT

� �
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Equation (19) is of the Fowler-Guggenheim type (FGT), but describing volume
filling rather than surface covering, where both equations reduce to Langmuir-type
(LT) isotherm equations, as well describing volume filling. Moreover, the osmotic
isotherm equation and the FGT types have the same mathematical form in the case
where B = 1 in the osmotic equation, as well as are equivalent to the Langmuir T
type equations, when Ω ¼ 0;Φ ¼ 0.

To test these isotherm types, the FGT and LT type equations can be written as
follows [2]:

ln
θ

1� θ

� �
¼ LnK þ kθ

RT
(21)

While the linear form of the LT type isotherms is P ¼ Na P=nað Þ þ 1=K ¼ axþ b.
In Figure 9, the plot of carbon dioxide adsorption on Ni-NP at 273 and 300 K is
reported [34].

8. t-plot method

The t-plot method suppose that the adsorbed phase as a liquid adhered film over
the solid surface, the model was proposed by Halsey, De Boer, and coworkers
following ideas previously proposed by Frenkel-Halsey-&-Hill which stated that it
is possible to calculate, t, the width in (Angstrom) of the adsorbed layer, or multi-
layer thickness [32] and plot it as a function of: x = P/Po. The methodology is
effective for a multilayer adsorption; in which, the surface liquid film is supposed to
show a unvarying width, t, density equal to the bulk liquid adsorbate, ρL, and be in
contact with a uniform surface that produces an attraction adsorption field over the
solid surface; hence, based on the aforementioned arguments, the adsorbed amount
will be [38]:

na ¼ ρLt

Attraction by the adsorption field is given by V zð Þ ¼ A
z9 � B

zm. Thereafter, follow-
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λNZ Nð Þ (16)
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� �
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N
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Equation (19) is of the Fowler-Guggenheim type (FGT), but describing volume
filling rather than surface covering, where both equations reduce to Langmuir-type
(LT) isotherm equations, as well describing volume filling. Moreover, the osmotic
isotherm equation and the FGT types have the same mathematical form in the case
where B = 1 in the osmotic equation, as well as are equivalent to the Langmuir T
type equations, when Ω ¼ 0;Φ ¼ 0.

To test these isotherm types, the FGT and LT type equations can be written as
follows [2]:

ln
θ

1� θ

� �
¼ LnK þ kθ

RT
(21)

While the linear form of the LT type isotherms is P ¼ Na P=nað Þ þ 1=K ¼ axþ b.
In Figure 9, the plot of carbon dioxide adsorption on Ni-NP at 273 and 300 K is
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Subsequently, since the adsorption process considered in the present model is a

multilayer one, then V zð Þ≈ � B
zm and consequently RT ln P

P0

� �
¼ � B

zm ¼ � C
tm; hence,

the thickness could be evaluated after normalizing an adsorption isotherm for an
adsorbent that does not possess micropores, or mesopores. Subsequently, the
multiplayer thickness, t, can be calculated by the following relation:

t ¼ na
Nm

d0

where d0 is the thickness of a monolayer.
Thereafter, supposing again, that the surface liquid film is assumed of uniform

width, t, along with having a density equal to the bulk liquid adsorbate, ρL, hence,
we have [32]:

d0 ¼ M
σNAρL

where NA is the number of Avogado and σ is the cross-sectional area, that is, the
normal area that each molecule occupies in a completed monolayer. For instance, if
σ(N2) = 0.162 nm2 for N2 at 77 K, M(N2) = 28.1 g/mol, and ρL(N2) = 0.809 g/cm3

then, d0 = 0.354 nm.
The following relation t versus, (1/x), is used between others to carry out the t-plot

[32, 38]:

t ¼ 3:54
5

2:303 log P0
P

� �
 !1=3

(23)

which is the Halsey equation, valid for N2 at 77 K or the equation used by De
Boer. Moreover, the following expression:

t ¼ 13:9
0:034þ log P0

P

� �
 !1=2

Figure 10.
t-plot for the adsorption of N2 at 77 K in a high specific surface silica labeled 70bs-2-25C [39].
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is as well used for the application of the t-plot methodology. Now it is necessary
to state that the molar volume of liquid nitrogen at 77 K is V 77Kð ÞN2

M ¼ 32:565 (cm3/
mol) [37].

The method to calculate, W, the microporous volume [in (cm3/g)] and S [in
(m2/g)] the outer surface applying the t–plot method is as follows: after the elimi-
nation of the points that do not fit a linear plot (Figure 10):

y ¼ na ¼ RtþNa ¼ mxþ b

The linear regression is made, then the intercept, b = Na, and the slope, m = R,
are calculated, given that the intercept is related to the micropore volume, WMP;
thereafter, using the Gurvich rule WMP ¼ NaVL, where VL, (V 77Kð ÞN2

M =32.565 cm3

mol)
is the molar volume of the adsorptive at the adsorption temperature,T, [37] is then
calculated micropore volume; WMP ¼ 116:1x32:565 ¼ 5:17mmol=gL; together with,
the outer surface, S ¼ RVL ¼ 63:08x32:565 ¼ 2,054m2=g [39].

9. Thermodynamics of adsorption

Adsorption is a general tendency of matter, and during its occurrence, a decrease
in the surface tension is experienced by the solid. For this reason, adsorption is a
spontaneous process, where the Gibbs free energy decreases, i.e., ΔG < 0. Besides,
in the course of physical adsorption, molecules from a chaotic bulk phase are
transferred to a relatively ordered adsorbed state, since in the adsorbed state mole-
cules can only move within the surface or a pore; consequently, in the course of
adsorption by the entire system, a reduction of entropy takes place, i.e., ΔS < 0;
subsequently [2, 32]:

ΔG ¼ ΔH � TΔS
or
ΔG ¼ ΔH � TΔS <0

(24)

Consequently, the adsorption process releases heat, i.e., it is an exothermic
process. Consequently, it is stimulated by a reduction of the adsorption experiment
temperature.

As a matter of fact, the main thermodynamic relation for a bulk mixture system
is given by:

dU ¼ TdS� PdV þ∑
i
μidni (25)

where S is their entropy, U is the internal energy, V is the volume, T is the
temperature, μi is the chemical potential, and ni is the constituent number of moles
included in the system [18]. Now it is supposed that the adsorbent together with the
adsorbed gas is a solid solution, labeled, system aA; thereafter, using the proposed
scheme, it is possible to deduce the following equation, which thermodynamically
describes the aA system [2, 32]:

dUaA ¼ TdSaA � PdVaA þ μAdnA þ μadna

where UaA, SaA, and VaA are the internal energy, entropy, and volume of the
system aA, respectively, and μa and μA are the chemical potentials of the
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adsorbate, a, and the adsorbent, A, while na and nA are the number of moles of the
adsorbate and the adsorbent in the system aA, respectively. Now if we define
Γ ¼ na=nA; then:

μa ¼ μa T;P;Γð Þ and μA ¼ μA T;Pð Þ (26)

As a result:

d lnP
dT

� �

Γ
¼ Hg �Ha

RT2 ¼ qiso
RT2 (27)

where Hg and Ha are the partial molar enthalpies of the adsorbate in the gas
phase and in the aA system, respectively; now, applying Eq. (16), it is possible to
define the isosteric enthalpy of adsorption [31]

qiso ¼ Hg �Ha (28)

where qiso is the enthalpy of desorption, or the isosteric heat of adsorption,
which is calculated with the help of adsorption isotherms. An additional significant
adsorption heat is the differential heat of adsorption, since when an adsorbate
contacts an adsorbent, heat is released. In our case, the thermal effect produced
was measured with the help of a thermocouple placed inside the adsorbent and
referred at room temperature (Figure 11), a variety of the Tian–Calvet heat-flow
calorimeter [32]. This calorimetric methodology is characterized by the fact that the
difference of temperature among the tested adsorbent and a thermostat is deter-
mined; therefore, in this heat-flow calorimeter, the produced thermal energy in the
adsorption cell is permitted to flow with no limitations to the thermostat. In the
calorimeter constructed by us, heat flows throughout a thermocouple; thereafter,
the voltage produced by the thermocouple, which is proportional to the thermal
power, is amplified and recorded in an x-y plotter (see Figure 11); in which, the
actual thermal effect generated is the integral heat of adsorption, measured using
the Eq. (2)

ΔQ ¼ k
ðtmax

0

ΔTdt (29)

where ΔQ is the integral heat of adsorption released during the finite increment,
κ is a calibration constant, ΔT is the difference between thermostat temperature and
the sample temperature during adsorption, and t is time, the differential heat of
adsorption being calculated as follows [32, 33]:

qdiff ¼
ΔQ
Δna

¼
k
Ðtmax

0
ΔTdt

Δna

The heat-flow calorimeter used consisted of the high vacuum line for adsorption
measurements applying the volumetric method; as reported in Figure 11, the
equipment comprises the following: a Pyrex glass, vacuum system including a
sample holder, a dead volume, a dose volume, a U-tube manometer, and a thermo-
stat, including now a thermocouple immersed in the adsorbent bed, which was
coupled to an x-y plotter.
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In Figure 12, the measurement of the differential heat of adsorption for the
adsorption of carbon dioxide in the natural mordenite labeled MP is reported,
which is a mordenite from the Palmarito, Santiago de Cuba, Cuba, deposit
(mordenite (80 wt.%), clinoptilolite (5 wt.%), together with montmorillonite
(2–10 wt.%), quartz (1–5 wt.%), calcite (1–6 wt.%), feldspars (0–1 wt.%), and
volcanic glass) [2]. In Figure 12, the obtained data are shown indicating that CO2

adsorption process in this zeolite is energetically heterogeneous; i.e., the heat of
adsorption is a diminishing function of the zeolite micropore volume recovery, i.e.,
θ = na/nmax. That is, the plot of qdiff versus θ shows the following: two steps, one at
90 kJ/mol and the other at 70 kJ/mol, where was released, moderately high values of
the adsorption heats, indicating that CO2 molecules powerfully interact through
their quadrupole moments with the mordenite framework; after that, a reduction of

Figure 12.
Plot of qdiff vs. θ for the adsorption of CO2 at 300 K in the MP zeolite [2].

Figure 11.
Adsorption volumetric equipment.
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the adsorption heat is found, up to a value corresponding to the bulk heat of
condensation of the CO2 molecules [26–28].

10. Adsorption interaction fields

If a molecule contacts a solid adsorbent, it is exposed to various interaction
fields, such as dispersion attraction, φD; repulsion, φR; induced polarization, φP;
permanent dipole, φEμ; quadrupole, φEQ; and sorbate-sorbate, φAA.

Specific interactions as the acid-base interaction with the active site, φAB, if the
surface contains hydroxyl bridge groups.

The dispersion or London forces among adsorbed nonpolar molecules and all
types of adsorbents takes place when the transient dipoles turn out to be correlated;
then, the dipoles of the nonpolar adsorbed species prompt a dipole in the atoms of
the adsorbed species that act together to reduce the energy of the adsorption
system. Hence, due to the correlation, the prompted dipoles created in the entire
arrangement do not disappear, generating a dipole–dipole collaboration, dispersion
interaction being intensity dependent on the polarizability of the adsorbate mole-
cule and the adsorbent surface atom [40].

Additionally, the electrostatic contribution to the potential includes the dipole
induced, dipole permanent and quadrupole terms, where, the induced polarization
term occurs when nonpolar molecules within an electric field are polarized, and
then an induced dipole moment is produced, the permanent dipole and quadrupole
terms being caused by molecules whose structures produce permanent dipoles and
quadrupoles; for example, H2O, H2S, SO2, and NH3 are molecules with a high dipole
moment, whereas CO2 is a molecule with a high quadrupole moment [1].

The electrostatic attractive interactions are stronger than the dispersion inter-
actions; however, dispersion is the fundamental attractive force present during
adsorption in all adsorbate-adsorbent systems, for example, in the case of mole-
cules like H2, Ar, CH4, N2, and O2. Given that the dipole moments of these
molecules are zero, the quadrupole moment is very low or absent, and the polar-
ization effect will only be noticeable in the case of adsorbents with high electric
fields; the dispersion and repulsion interactions are responsible for the adsorption
effect present in all adsorption gas-solid systems; therefore, they are nonspecific
interactions [2].
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Chapter 5

Composition Electrolytic Coatings
with Given Functional Properties
Gulmira Yar-Mukhamedova, Maryna Ved’,
Nikolay Sakhnenko and Tetiana Nenastina

Abstract

Ternary alloys of cobalt with molybdenum and tungsten deposited from biligand
citrate-pyrophosphate electrolyte by pulsed mode exhibit different compositions and
surface morphologies depending on current density and on/off time. The structure of
binary and ternary alloys was found to be amorphous crystalline, and intermetallic
phases Co7W6 and Co7Mo3 were identified in deposits. The coherent-scattering
region size of the amorphous part was detected of 2–8 nm. The amorphous structure
of ternary alloys and significant content of alloying elements (Mo and W) predeter-
mine improved high corrosion resistance. Corrosion resistance of binary and ternary
deposits increases with total content of refractory metals, which associated with
molybdenum and tungsten, enhancing corrosion resistance to pitting as well as
decreasing in roughness and smoothing out the relief of ternary coatings. Ternary
galvanic alloys of cobalt with molybdenum and zirconium with micro-globular
morphology with low level of stress and cracks are formed at a current density of
4–6 A dm�2 and polarization on/off time 2/10 ms. High corrosion resistance of
ternary coatings based on cobalt is caused by the increased tendency to passivity and
high resistance to pitting corrosion in the presence of molybdenum and zirconium, as
well as the acid nature of their oxides.

Keywords: coating, electrodeposition, composition, physicomechanical properties

1. Introduction

The range of functional coatings with alloys, the creation of which to a large
extent predetermined the progress of modern technologies, can be fully attributed
to the advances of electrochemical science. Quite obvious consumer advantages of
coatings with alloys, in comparison with monometallic analogues, led to prospects
for their widespread use, despite a number of technical difficulties encountered.
The twenty-first century brought new challenges—amorphous alloys, nanoscale,
nanocrystalline, and nanolaminate structures, film materials with gigantic magnetic
resistance or high-temperature superconductivity, multiferroics, etc., became the
order of the times, the formation of which on the basis of trivial bimetallic compo-
sitions proved impossible. This led to the creation of a new paradigm in practical
electroplating—the only alternative to the transition to multicomponent and syner-
gistic alloys and composites. The implementation of it put a number of pressing
problems in the design of such polymetallic systems.
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The essence of the problem lies in the absence of clear design algorithms for
multicomponent alloys with a given level of properties and the presence of a sig-
nificant number of empirical views, the use of which allowed electrochemical gurus
to bypass the obstacles of Mother Nature in creating electroplated coatings with
alloys. New tasks required new approaches, but before proceeding to their consid-
eration, let us analyze the essence of the problem in the formulation “Galvanic
alloys—the philosophy of synergism”.

1.1 Alloys

The physical encyclopedia gives the classical definition of an alloy as “a metallic,
macroscopically homogeneous system consisting of two or more metals (less com-
monly metals and nonmetals) with characteristic metallic properties.” The etymol-
ogy associates the material with the method of its preparation—the combination of
individual components during melting followed by crystallization of the melt,
although dozens of other methods are currently known. In addition, the definition
of “macroscopically homogeneous” raises the question of whether heterogeneous
structures (mechanical mixtures) belong to the alloy community. Apparently, it is
more correct to speak of metal alloys as homogeneous or heterogeneous systems, as
well as intermetallic compounds, although it is quite obvious that real alloys often
contain all three types of these structures. Regarding the “metallic properties,” we
note that a wide class of compounds—“synthetic metals” [1, 2]—has all the above
features (hardness, electrical and thermal conductivity, opacity, gloss, etc.), but
does not contain metals at all, if you do not take attention cations.

1.2 Galvanic alloys

In this formulation, the nature of the material and the method of its production
are inextricably linked, but with all the apparent uniqueness, and there is a number
of significant differences not only in the structure and properties of metallurgical
and galvanic alloys but also in the concentration ratios of the components in the
material. During electrolytic deposition, alloys can be formed that differ essentially
in their phase composition and properties from those obtained by thermal means.
This expands the range of technical capabilities of electrolytic alloys and their field
of application.

1.3 Synergism

The term “synergetic”means joint or corporate action, and the synergistic effect
is an increase in the efficiency of activity as a result of integration, the merging of
separate parts into a single system. The question is to what extent the terminology
of synergetic, or rather, actually synergism, is applicable to such objects as electro-
lytic alloys? From the definition of the object of research of synergetic “processes in
complex open non-equilibrium systems …” [3], it follows that the combination of
these system-forming features is fully applicable to process in electrochemical sys-
tems, which include alloy formation. Indeed, such an electrochemical system is
complex, open, and nonequilibrium under the conditions of application external
polarization.

For example, the advantage of coatings with alloys in comparison with
individual metals, as well as the realization of synergism during the electrolytic
alloy formation, manifests themselves in a change in the microhardness of materials
depending on their composition and structure (Table 1). It is obvious that
the formation of intermetallic compounds in the systems “metal of the iron
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family—molybdenum or tungsten,” as well as the formation of amorphous struc-
tures, creates the prerequisites for a super-additive increase in the microhardness of
the coatings.

Among the methods for solving complex technical problems, we will highlight
both a deep understanding of the problem by creating a formalized description
based on a systematic approach, followed by analysis and synthesis of complex
systems, and a black box principle that does not involve a combination of the above
actions, but is no less effective when using artificial intelligence tools, for example,
artificial neural networks [9]. It is clear that the most significant results can be
achieved with the integrated use of both approaches. In the first case, the electro-
chemical system (ECS), as a complex object in which the phenomena of substance
transfer and electrical and thermal energy are realized, is characterized by a set of
input and output variables, a set of parameters of electrode reactions and related
physic-chemical transformations.

Since all components of the system are in constant development, they should be
considered as processes, extending this procedure to subsystems. Therefore, to
describe ECS in the field of external disturbances, it is necessary to identify the
elements and links that make up the system and to establish the interaction between
them, thus linking the functions and structures [10]. The set of processes in ECS can
be represented as the implementation of transformations in the intersection of the
subsets: ionic medium (electrolyte), electrode (electrode material), external distur-
bances (individual factors, as well as their joint or complex effect), as we have
previously shown in the framework of corrosion protection analysis [11].

Among the most significant external influences, it is necessary to attribute,
mainly, the different nature of the field (vector quantities), among which are:

• an electric field (polarization), including nonstationary modes of electrolysis
with varying amplitude and temporal characteristics;

• a temperature field, which allows control not only the temperature of the
reaction volume but also the aggregation state of individual elements
(solutions-melts-gas phase), while the rate of change ΔТ/Δt allows you to
control the transformation routes (for example, supersaturation of solutions,
the formation of 2- and 3-dimensional nuclei, the formation of amorphous
structures, etc.);

• a magnetic field (factor in electrochemical processes is nonexhaustible, but the
studied is completely insufficient),

• a pressure (creation of excessive pressure or vacuum);

Monometallic coatings HV Intermetallic compounds and alloys HV

Cr (lustrous) [4] 7.5–11.0 CoW [6] 8.3

Cr (milk) [4] 4.5–6.0 Co3W [6] 5.1

Cr (from tetrachromat bath) [4] 3.5–4.0 Co▬W [5] 3–6.8

Co [5] 1.6 Fe▬W [7] 13

Fe [5] 4.5–7 Ni▬W [5] 2–14

W (from melt) [6] 3.7 Fe▬W▬P [8] ≥11

Table 1.
Microhardness (GPa) by Vickers galvanic coatings of metals and metal alloys.
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• an impulse of movement, including the ultrasound field (mixing, transfer of
reactants, or electrolysis products);

• a radiation (radiation field), which, depending on the nature, can lead, for
example, to radiolysis, change of electrolysis conditions under the action of
laser irradiation or structure and surface properties of the electrode material, as
well as other changes in the state and properties of individual phases and even
transformation routes;

• a gravitational field, which changes the conditions for the electrochemical
processing (e.g., the stages of transportation), as well as other, less significant
effects.

As an example, one can analyze the contribution of individual groups of process
parameters (Figure 1) to the formation of synergistic alloys [12]. Thus, varying the
composition of the electrolyte, the modes and parameters of the electrolysis, we
electroplated iron alloys with refractory metals of different compositions and mor-
phologies [13–15], which determine the level of functional properties (Figure 2).

Cobalt-based alloys are widely used as construction materials for different tech-
nic applications, for example, super alloys for aircraft turbine vanes and blades,
alloys for powerful, high-coercive force magnets, hard metal alloys for cutting tool
materials, and protective hard coatings. Cobalt is utilized as a matrix of special
materials, including alloys for dental and surgical implants or bone fracture fixa-
tion, thermal resistant materials (Fe▬Ni▬Co, Co▬Fe▬Cr), magnetic recording
thin films, catalysts [16], etc.

The addition of refractory metals (molybdenum, tungsten, zirconium, etc.) even
in small amounts to cobalt significantly extends the functional properties of mate-
rials. In some cases, of particular interest is the implementing of these properties in
thin surface layers. High adhesion and a wide range of coating composition are
provided by electrodeposition from aqueous and nonaqueous solutions.

Figure 1.
The main factors of electrolytic alloying.
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Electrodeposition peculiarities of binary and ternary cobalt alloys with molybde-
num as well as their properties are reflected in promising publications. Cobalt-
molybdenum (ωW is 10%) films with low coercivity and high saturation magneti-
zation were formed from a sulfate-citrate bath [17]. It was shown that the depen-
dence of electrolytic alloy structure on the current density, namely a close-packed
hexagonal structure, was formed at low cathodic polarization, and both crystalline
and amorphous structures were appeared at higher polarization [18]. High adher-
ent, compact, and uniform cobalt and cobalt-molybdenum coatings with 1–8 wt. %
Mo were deposited onto copper substrates from ionic liquids based on choline
chloride (ChCl) at a current density of 7–25 mA cm�2, at 90–100°C [19]. Cobalt-
molybdenum-boron amorphous electrolytic alloys of composition, wt. %: Co—51,
Mo—47, and B—2, were deposited from citrate-phosphate-ammonia bath at a
cathode current efficiency of 29–65%. Above materials exhibit high hardness, cor-
rosion resistance, wear resistance, and also sufficient ductility [20]. Cobalt-
molybdenum-phosphorus (Co▬Mo▬P) coatings containing 8% Mo, 20% P, and
Co balance were deposited from citrate-phosphate electrolyte and were
recommended as barrier layer to replace nickel [21]. The amorphous Co▬Mo▬C
coatings were deposited with additional exposure of working electrode in the mag-
netic field. The content of Mo in the coatings deposited in a magnetic field increases
up to 34.2 at. % as compared with traditionally deposited alloys [22]. A growth of
overvoltage during hydrogen evolution at above materials was also observed.

Thus, in particular, the light lustrous uniform coatings made of iron binary and
ternary alloys with refractory metals were deposited from complex electrolytes both
at direct and pulse current. It was noted fairly high deposition rate up to 20 μm/h
and the current efficiency of 60–85%, which is much higher as compared with the
results of other scientists [23–25]. The morphology and topography of the coatings
were shown to be depended on the nature of alloying refractory metals and the
electrolysis modes on the course of the electrochemical alloy forming reactions. The
reason was the change in the nature of the discharging particles and the limiting
stage of the net electrode process.

Figure 2.
Internal factors forming the functional properties of the alloys.
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The biligand citrate-pyrophosphate electrolyte [26, 27] was used for
codeposition cobalt with molybdenum and tungsten to overcome significant
potential difference of alloying metals which also are reduced multistage [12, 13].
The binary Co▬Mo [26] and Co▬W [5] deposits were obtained, and their
composition was controlled by the variation of the pH and the concentration
ratio of alloying metals’ and ligands in a bath. The formation of hetero-nuclear
complexes cobalt, molybdate, and tungstate with citrate and pyrophosphate, and
complexes subsequently reducing into an alloy, may be competing with each other
as it was shown for iron ternary [28, 29], Co▬Mo▬Zr [30] and Co▬Mo▬W
deposits.

Ternary Co▬Mo▬Zr alloys were also deposited from citrate-pyrophosphate
electrolyte with optimal concentration ratio of molybdate and tungstate for ligands
[30, 31]. It was shown the advantage to use electrolyte with tungstate excess com-
pared with molybdate. In addition, the use of pulse current was contributing to the
deposition of ternary alloys with a high content of refractory metals.

2. Co▬Mo▬W electrolytic alloys

Figure 3 shows the current efficiency and composition of deposits Co▬Mo▬W
plated from bi-ligand (citrate-pyrophosphate) bath in pulse regime at ratio ton/
toff = 5/20 ms. The total deposition time is 30 min. As we can see from the plots, the
total alloying metal content in the deposits Co▬Mo▬W rises from 19 at. % up to
30 at. % with increasing cathodic polarization from 4 to 10 A dm�2. This phenom-
enon is quite natural and is due to the shift of the electrode potential in the site of
oxometalates reducing with increasing current density. The decrease in the alloying
metal content with an increase in the current density of more than 10 A dm�2 is
associated with the intensification of the side reaction of hydrogen evolution. The
current efficiency decreases with current density also due to the impact of the side
reaction of hydrogen evolution. Indirectly, a decrease in the current efficiency with
an increase in the refractory metal content may be due to the alloy catalytic activity
in the electrolytic hydrogen evolution.

Both the morphology and composition of ternary alloys deposited in pulse mode
at current density 8 A dm�2, on/off time 5/20 ms depend on the electrolyte tem-
perature (Figure 4). Since it was established earlier that lower current densities
5–7 A dm�2 favor higher current efficiency, this growth is due to the formation of

Figure 3.
Dependence of current efficiency Ce, total refractory metal content (a), and Mo or W content (b) in
Co▬Mo▬W alloy on applied current density.
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intermediate molybdenum and tungsten oxides instead of metals as suggested by
the appearance of the deposited coatings. Those plated using current densities
8 A dm�2 are smooth, compact, and microglobular. Those obtained using higher
temperature of 50°C (Figure 4b) have developed globular surface with larger sizes
of agglomerates and microspheroids. With an increase in the temperature, the
relative content of molybdenum also increases, and tungsten one changes slightly.
Despite WO2�

4 : MoO2�
4 ratio in the electrolyte of 1:2, the coatings are enriched

with molybdenum.
It is obviously molybdenum and tungsten compete with each other during

deposition into an alloy, and therefore the atomic ratio of metals in the coating
differs from the ratio of oxoanion concentrations in the electrolyte [30]. In turn, the
atomic ratio of metals in the alloy determines the structure of the morphology of
the surface layers. So, it is the increase in ω(W) that causes deep microcracks in
the coating to a greater extent than the growth of the total refractory metal
content [33].

Time parameters of pulsed electrolysis namely on/off time impact the current
efficiency and composition of ternary alloys (Figure 5). Increasing the polarization
time within the range of 2–5 ms at the current density of 10 A dm�2 and pause time
20 ms promotes content, both refractory components, in the coating (Figure 5a)
but more significantly for tungsten. No any significant change in refractory metal
content observed at longer polarization. As it follows from experiment (Figure 5b),
the optimal off-time for alloying metal content is in the range of 15–20 ms when on-
time is 5 ms. Thus, we can conclude that the pulse/pause ratio of 1/ (3–4) provides
the maximum content of molybdenum and tungsten in the alloy. Considering the
molybdenum competition with tungsten when forming hetero-nuclear complexes
discharged at the cathode, the energy and time parameters of electrolysis despite

Figure 4.
Morphology and refractory metal content (at. % in terms of metal) in Co▬Mo▬W coatings, deposited at:
(a) T = 30°C, Co—86.6, Mo—7.0, W—6.4; (b) T = 50°C, Co—83.2, Mo—10.7, W—6.1. Magnification
�2000/5000.

Figure 5.
Dependence of refractory metal content and current efficiency for Co▬Mo▬W alloys deposited from bi-ligand
bath on parameters of pulse electrolysis: on-time (a) at toff = 20 ms and off-time (b) at ton = 5 ms.
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the ratio of the molybdate and tungstate concentrations in a solution are the tools
for ternary alloy composition control.

Current efficiency decreases in the range of 87–52% when increasing on-time is
caused by the hydrogen evolution enhancement (Figure 5a). Prolong the pause as
compared with pulse time positively influences the current efficiency as subsequent
chemical reactions accompanying the alloying metals discharge are more fully. A
larger current interruption than for 20 ms reduces the efficiency of the process
(Figure 5b) as it was also observed in [34]. Thus, high refractory metal content in
the Co▬Mo▬Walloy while maintaining a reasonable value of current efficiency Ce
70–75% at a current density of 10 A dm�2 is achieved with ton/toff = 5/20 ms.

Figure 6 shows X-ray diffraction patterns for Co▬Mo▬W alloys deposited on a
copper substrate at a pulse current amplitude of 8 A dm�2; ton/toff = 2/10 ms
(Figure 6, black line) and a direct current density of 4 A dm�2 (Figure 6, red line);
T = 30°C; coating thickness is 20 μm.

The X-ray diffraction patterns indicate an amorphous-crystalline structure of
the alloys. The high intensity peaks at 60 and 90° are copper substrate lines. We can
see some peaks corresponding to α-Co phase, intermetallic phase Co7W6 as previ-
ously for binary Co▬W alloy [32], additional reflections of the intermetallic com-
pound Co7Mo6, and rather wide halo with width about 15° is detected at angles 2θ of
43–58° (Figure 6) that reflects amorphous structure for both coatings deposited at
pulse and direct current. The most important fact is the appearance of reflexes of
metallic molybdenum and tungsten on XRD patterns for Co▬Mo▬W alloys
deposited at pulse current. Such a character of X-ray diffraction patterns for coat-
ings obtained by pulse current confirms our proposed mechanism of alloy forma-
tion [14, 28]. Metallic tungsten and molybdenum are formed in the chemical stage
of reduction of refractory metal intermediate oxides during the pause of polariza-
tion. Such a pattern, along with decreasing tungsten content in the ternary alloy
Co▬Mo▬W compared with a binary Co▬W [32], also indicates molybdenum and
tungsten competition during deposition in the alloy. The coherent-scattering region
size of the amorphous part is 2–8 nm.

Figure 6.
X-ray diffraction patterns for electrolytic alloys Co▬Mo▬W of composition, at. %: (1) Co—75, Mo—16,
W—9; (2) Co—85, Mo—9, W—5.
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3. Co▬Mo▬Zr electrolytic alloys

The molybdenum content in Co▬Mo▬Zr alloys changes with current density
increasing in the range of 2–4 A dm�2 (Figure 7a) similar to the Co▬Mo▬W films.
At the same time, we observe a wider range of current densities of 4–8 A dm�2

providing coatings with molybdenum content of 24–25 at. %. Coating enrichment
by molybdenum with increasing current density is entirely predictable since the
molybdate electrochemical behavior is associated with multi-stage process follow-
ing by chemical reducing of intermediate molybdenum oxides with hydrogen ad-
atoms Had [27, 29, 35]. The cathode potential at Co▬Mo▬Zr electrodeposition is
rather negative �(2.0–2.8) V (Figure 7b) and it becomes more negative with
current density, that resulting in acceleration of side reaction producing Had which
are involved in a chemical step of reducing intermediate molybdenum oxides.
Exactly due to above reasons, the molybdenum content in the deposits is increased.
However, at current densities above 8 A dm�2, hydrogen evolution reaction
becomes the dominant as evidenced by the decreasing current efficiency
(Figure 7b), whereby the molybdenum content in the alloy decreases.

The zirconium content in the ternary coatings reaches 3.6–3.7 at. % with
increasing current density up to 4 A dm�2 (Figure 7a). As it follows from the
experimental data as well as previous investigations [26], molybdenum and zirco-
nium competition is observed when codeposited to get the ternary alloy at higher
current density than of 4 A dm�2. Such behavior is associated with the different
mechanisms of alloying metals reducing from citrate-pyrophosphate electrolyte.
Really, molybdate reducing to metallic state proceeds through the six electrons
transfer accompanied by the removal of four oxygen atoms. Therefore, deposits
may also contain incompletely reduced intermediate molybdenum oxides. Zirco-
nium is likely included in the deposit in the form of oxygen compounds ZrOx due to
higher binding energy Zr–O [31]. The EDS analysis data confirm the oxygen avail-
ability in the composition of the surface layers [31].

Nonlinear dependences of current efficiency Ce on the deposition current den-
sity (Figure 7b) were obtained, and Ce increases by 20% and reaches 63% with a
rising current density from 5 to 8 A dm�2; however, further increase in i reduces the
current efficiency up to 47%. Such behavior may be attributed with acceleration of
site hydrogen evolution reaction at more negative potentials.

Pulsed electrolysis allows the use of higher current densities, and not only
energy parameter but also polarization time ton and current interruption time toff as
well as its ratio are effectively used to control deposit composition and current
efficiency. The shortest pulse duration should ensure the achievement of the alloy

Figure 7.
Pulse current density influence on the composition (a) and current efficiency (b) for Co▬Mo▬Zr coatings;
ton/toff 2/10 ms; T 20–25°C; рН 8; plated time 30 min.
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deposition potential, as well as ton is limited by the requirements for the visual
quality of coatings and efficiency of electrolysis while minimizing side reactions.

Electrodeposition of Co▬Mo▬Zr alloys is the relevant example to demonstrate
the benefits and flexibility of pulsed electrolysis control. Molybdenum and zirco-
nium content in the alloys deposited at a current density of 4 A dm�2 rises when
increasing pulse time of 0.5–2 ms while maintaining pause time 10 ms (Figure 8a).
Obviously, the real current value increases at the expense of a full signal handling,
thereby achieving potential of alloying metal reduction in alloy. However, an
increase in the pulse duration of more than 2 ms reduces the zirconium content;
therefore, it does not seem appropriate.

As follows from the experimental data (Figure 8b) prolong current interruption
time of 5–10 ms everything else being equal promotes zirconium content in the
alloy of 2.1 up to 3.7 at. %; although increasing the pause reduces the incorporation
of this metal in the alloy. Thus, the top zirconium content in the electrolytic
deposits is reached at the ratio ton/toff = 2/10 ms (duty factor q = 10 and f = 85 Hz). It
should be stated, the molybdenum percentage in Co▬Mo▬Zr deposits rises from
16.0 to 24.0 at. % with the pause duration (Figure 8b) due to more complete
chemical reducing of intermediate molybdenum oxides by Had. It also confirms
difference in zirconium and molybdenum reducing mechanism as well as their
competition when deposited into the alloy.

As for Co▬Mo▬W alloy, current efficiency of Co▬Mo▬Zr deposition
decreases with increasing pulse time due to acceleration of side reaction. Prolonging
the pause contributes to the current efficiency as the following chemical reactions
accompanying the alloying metal discharge are more full; and a larger current
interruption reduces the efficiency of the process. Thus, current efficiency reaches
maximum 98% when toff = 50 ms and ton = 2 ms.

Surface morphology of Co▬Mo▬Zr coatings changes with increasing the cur-
rent density amplified internal stress that leads to fracture grid (Figure 9). The
coating surface becomes less smooth and more globular, and the crystallite sizes
increase at the higher polarization and respectively at larger molybdenum content
(Figure 9a and c). EDS analysis data (Figure 10) show sufficiently uniform distri-
bution of the alloying metals on uneven relief of the deposits which is typical for
pulsed electrolysis and emphasizes its advantage over stationary. Increasing in
polarization time at a fixed pause contributes growth of irregular spheroids on the
surface; and microcracks become larger as observed in [36]. Furthermore, the
coatings deposited at the current density of 6–8 A dm�2 and on-time of 10 ms are
more porous as compared with other (Figure 9b and c), apparently due to acceler-
ated hydrogen evolution.

Figure 8.
Dependence of Co▬Mo▬Zr coating composition on the time of pulse ton (a) (toff 10 ms) and pause toff (b) (ton
2 ms); i = 4 A dm�2; T = 20–25°C; рН 8; plated time 30 min.
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Figure 11 shows X-ray diffraction patterns for electrolytic alloys Co▬Mo▬Zr
deposited at a pulse current amplitude of 4 A dm�2 (Figure 11 black line) and
8 A dm�2 (Figure 11 red line). A series of diffraction lines for α-Co on X-ray
diffraction patterns for Co▬Mo▬Zr deposits on steel substrates was obtained
(Figure 11). The high intensity peaks at 52, 60, and 90° are copper substrate lines.

Figure 9.
Morphology (�2000) and composition (at. %) of Co▬Mo▬Zr coatings deposited in pulse mode at current
density, A dm�2: 4 (a); 6 (b) and 8 (c); T = 20–25°C; рН 8; plated time 30 min.

Figure 10.
Distribution of alloying elements at picks and valleys of coating Co▬Mo▬Zr deposited at 4 A dm�2,
ton/toff = 2/10.
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We can see peaks corresponding to intermetallic compounds Co3Mo and Co7Mo6.
Furthermore, one can find a small halo with full width at half maximum about 10°
at angles 2θ 48–58° �59°, which indicates an XRD amorphous structure of above
materials [34]. Thus, the X-ray diffraction patterns indicate an amorphous-
crystalline structure of the alloys. The most important fact is the appearance of
reflexes of metallic molybdenum on XRD patterns for Co▬Mo▬Zr alloys deposited
at higher current density 8 A dm�2 (Figure 11 red line). In addition, the higher
intensity of intermetallic compound reflexes is due to the enrichment of the alloy
with the refractory component. The coherent-scattering region size of the amor-
phous part is 2–6 nm.

4. Corrosion behavior of binary and ternary cobalt electrolytic alloys

It is obvious that hydrogen ions H+ are the oxidizing agents for cobalt-based
electrolytic coatings in acidic medium, as well as in neutral and alkaline environ-
ment, only oxygen is a strong oxidizing agent [37]. Open circuit (corrosion) poten-
tials Еoc of coated samples in corrosive solution with pH 3 are more positive than the
potential of steel substrate which indicates the anodic control of corrosion process.
The deep corrosion index kh is reduced by almost three orders of magnitude
(Table 2) and such inhibition in alloy corrosion is due to the acidic nature of
refractory metals and zirconia oxides forming on the surface in oxygen containing
media. The corrosion index of ternary alloys in acidic and neutral chloride-
containing environment is almost halved compared with binary systems (Table 2).
Such corrosion performance is associated with a decrease in roughness and
smoothing out the relief of ternary coatings as compared with binary. In addition,
the combined presence of molybdenum and tungsten or zirconium in the coatings
provides a synergistic effect due to molybdenum and tungsten enhancing corrosion
resistance to pitting as well as zirconium increasing tend to passivity. Moreover,
with increasing total content of alloying metals, corrosion resistance increases.

Open circuit potentials of coated samples in corrosive solution with pH 11 are
slow negative as compared with steel substrate (Table 2), that stipulates cathodic

Figure 11.
X-ray diffraction patterns for electrolytic alloys Co▬Mo▬Zr of composition, at. %: (1) Co—72.2, Mo—24.1,
Zr—3.7; (2) 72.9, Mo—24.9, Zr—2.2.
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control of corrosion process. Such corrosion performance is mainly due to the basic
nature of cobalt (II) oxides and hydroxides, which hinders the oxygen transport.
The difference in corrosion rate of substrate and coated samples in such conditions
is somewhat less—the deep corrosion index kh is reduced by almost two orders of
magnitude.

Summarizing and relying on the results of earlier studies [12, 15, 26, 31, 32] of
the ternary cobalt alloy functional properties, it is possible to present their applica-
tion areas in the table form (Table 3). This table reflects the composition, appro-
priative properties (microhardness Hv, corrosion resistance, and catalytic activity
in hydrogen evolution reaction indicated as hydrogen exchange current density
lgi0H), and technological application of designed coatings.

5. Summarizing the observations

Ternary Co▬Mo▬W electrolytic alloys deposited from citrate-pyrophosphate
bath at pulse current composition and surface morphology were shown to be
dependent on the current density and on/off time. The top refractory metal content
in deposits was obtained at the current density of 9–10 A dm�2 and on/off time of
5/20ms, but increasing current density diminishes efficiency of electrolysis. Tungsten
content in the alloy was found to be much lower than molybdenum:W—2–7 at. % vs

Electrolytic alloy
composition, at. %

Corrosive medium based on 1 M Na2SO4

pH 3 3% NaCl (pH 7) pH 11

Eoc, V kh, mm/year Eoc, V kh, mm/year Eoc, V kh, mm/year

Steel substrate �0.62 1.85 �0.56 0.93 �0.43 0.12

Co76▬Mo24 �0.42 0.023 �0.25 0.029 �0.43 0.003

Co84▬W16 �0.32 0.024 �0.35 0.01 �0.44 0.004

Co83▬Mo12▬W5 �0.22 0.012 �0.37 0.007 �0.47 0.008

Co79▬Mo16▬W5 �0.25 0.012 �0.38 0.005 �0.50 0.007

Co72▬Mo24▬Zr4 �0.46 0.003 �0.5 0.002 �0.47 0.003

Co73▬Mo25▬Zr2 �0.47 0.004 �0.5 0.003 �0.48 0.005

Table 2.
Corrosion indicators (Еoc, V; kh, mm per year) of testing materials in different media.

Electrolytic
alloy
composition,
at. %

Functional properties Application area Reference

Co
Mo
W

45–80
14–34
5–15

Hv 450–1100 MN/m2

lgi0H (Co71Mo16W13) = �3.35
[A/cm2]

High hard, wear, heat resistant
and corrosion protective coatings

[12, 15, 32]

Co
Mo
Zr

70–80
15–25
2–4

Hv 450–900 MN/m2

lgi0H (Co75Mo21Zr4) = �3.1
[A cm2]

Corrosion protective coatings,
electrocatalytic films

[26, 31]

Table 3.
Application areas for the cobalt ternary coatings.
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5. Summarizing the observations
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Mo—16–22 at. % when depositing Co▬Mo▬W from the electrolyte with the
oxometalate ratio Mo:W as 1:2. Structure of the ternary alloys was found to be
amorphous-crystalline, and coherent-scattering region size was detected of 2–8 nm.
Ternary coatings contain intermetallic phases Co7W6 and Co7Mo3. The amorphous
structure of ternary alloys and significant content of alloying elements (Mo andW)
provide high corrosion resistance increasing with total content of refractory metals.

Ternary galvanic alloys Co▬Mo▬Zr of different compositions and morphol-
ogies are deposited from citrate-pyrophosphate electrolyte at pulse current. Coat-
ings with micro-globular morphology possessing low level of stress and cracks are
formed at the current density of 4–6 A dm�2 and on/off time 2/10 ms. Structure of
Co▬Mo▬Zr alloys was found to be amorphous crystalline, and coherent-scattering
region size was detected of 2–6 nm. Ternary coatings contain intermetallic phases
Co3Mo and Co7Mo6. Co▬Mo▬Zr coatings high corrosion resistance is due to the
molybdenum and zirconium tend to passivity, as well as the acid nature of their
oxides.

The designed coating application areas corresponding to the functional proper-
ties are presented.
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Chapter 6

Optimization of Surface
Roughness of D2 Steels in WEDM
using ANN Technique
Umesh K. Vates, N.K. Singh, B.P. Sharma and S. Sivarao

Abstract

Attempt has been made to investigate the experimental process and surface
roughness (SR) optimization of cold working (high carbon and high chromium)
hard die steel (D2) during wire electrical discharge machining processes (WEDM).
It is very difficult to determine optimal cutting parameters for improving cutting
performance has been reported. Wire electrical discharge machining process relies
heavily on the operators’ technologies and experience because of their numerous
and diverse range as using complicated cuts can made through difficult to machine
electrically conductive components, WEDM process was developed to generate
precise cutting on complicate, hard and difficult to machine materials. Tan-sigmoid
and purlin transfer functional with bias based four layered back propagation
artificial neural network (BPANN) approach have been used to investigate the
effect of six independent parameters namely gap voltage (Vg), flush rate (Fr), Pulse
on time (Ton), pulse off time (Toff), wire feed (Wf) and wire tension (Wt) over CLA
value of surface roughness (Ra) along with corresponding material removal rate
(MRR). A fractional factorial design of experiment of three level were employed to
conduct 80 rows of experiment on (D2) steel with chrome coated copper alloy wire
electrode. The predicted response, CLA values of SR and corresponding MRR were
observed by the approach of BPANN from experimental (55 rows for training, 15
rows for validation and 10 for testing) data. Software instructed programme has
been used individually for training, validation and testing in MATLAB 2010a to find
the corresponding prediction output. Two fold cross over technique (TFCT) were
used to developed distinguish (S1 and S2) models and also developed more models
depending on numbers of neurons used in primary and secondary hidden layers.
The model adequacy is very satisfactory as correlation coefficient (R2) is found to
be 99.1% and adjusted (Radj.

2) statistics is 98.5. It is found those spark time
ON/OFF, wire feed rate, wire tension, gap voltage and flush rate and few of their
interactions have significant effect on SR.

Keywords:WEDM, BPANN, SR, MRR, TFCT

1. Introduction

Wire electrical discharge machining is the metal removal process by means of
repeated spark created between the wire electrode and work piece. It is considered
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as unique adaptation of the conventional EDM, which used an electrode to create
the sparking within kerfs [11]. However, WEDM utilizes a continuously traveling
chromium coated copper wire electrode ranging diameter 0.05–0.35 mm, which is
capable to achieve very good sharpness of edge [4]. Very high temperature ranging
8000–10,000°C creates within the kerfs gap during machining, so that material
removal may takes place by not only melting but directly vaporizations also.
WEDM is used for the high precision machining to all type of electrically conduc-
tive metallic alloys, tool and die, graphite, and few ceramic and composite materials
of any hardness which cannot be machined easily by conventional machining
methods [1, 5].

Manufacturing processes (WEDM) has been chosen depending on the material
characteristics and the type of responses required to be evaluating. The present
study aimed to optimization of responses i.e. surface roughness with corresponding
MRR of D2 steel by conducting 80 rows of experimental data using frictional
factorial (26–2) design of experiment of five different set at three levels [3]. Four
layered BPANN architecture has been used for modeling, where independent pro-
cess variables are Vg, Fr Ton, Toff, Wf and Wt to get the précised and optimized
values of responses Ra [6, 8, 10]. Best model S2 has been found on the basis of
correlation coefficient (R2) between observed and predicted responses (SR) [12].
The response (SR) is expressed as the irregularities of material resulted from vari-
ous machining operations. It is represented as ‘Ra’ symbol and used to be called
center line arithmetic average roughness for the sampling length [2].

The optimum process parameters are much essential to achieve better surface
finish with adequate material removal rate (MRR) or shrink of total machining
time; lot of research attempts has been reported for modeling and investigation of
WEDM process parameters [7], but sum of root mean square error (SRMSE)
approach have been used to optimize the process parameters by taking 55 rows of
training data [9].

2. Experimental setup

2.1 Selection of wire electrode and work piece

A chrome coated cylindrical pure copper wire electrode having 0.25 mm in
diameter and high tensile strength were selected for conducting machining
operation on 18 mm diameter of D2 steel rod to cut 5 mm thickness of disk using
Electronica Maxicut, WEDM process. It is very clear that D2 is hard die steel and
conducting material with high carbon and chromium content (Table 1).

The experiment has carried out on Wire Electrical Discharge Machine, model
ELECTRONICA-MAXICUT, SLNO -250, (F:09:0002:01) having the facilities to
hold the work piece within the place provided by the help of conductive fixture, so
that they can complete the circuit between electrode and work piece. The spark is
created depending upon gap voltage applied between the conductive work piece,
electrode, and machining performance influence the major independent process
parameter which selected for experiment as characteristics of screening test.

C SI Cr Mo V HRC Conductivity

1.50% 0.30% 12.00% 0.80% 0.90% 56 22 (W/mk)

Table 1.
Metallurgical component analysis: D2 steel.
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Commercials grade of deionized water (density = 832 kg/m3) was used as dielectric
fluid. 18 mm cylindrical rod of D2 steel was used as the work piece with negative
polarity and the power supply has the provision to connect the 0.25 mm chromium
coated pure copper tool electrode with positive polarity so that the material removal
may takes place by influence of heat generated within kerfs due to applied voltage
within it (Figure 1).

The surface roughness Ra of the processed material have been measured
precisely by using Surftest SJ-210 tester having center line average value (CLA),
where least count of the equipment is 0.001 μm for the travel length of 0.85 mm
(Figure 2).

2.2 Design of experiment and objective

Five different set of fractional factorial (26–2 = 16) experimental design have
been selected at two levels, so that 80 rows of experimental data can be observed at
three level of replication on D2 using WEDM. In this study the main aim to mini-
mize the surface roughness of D2 on best possible maximum MRR during WEDM
(Table 2).

2.3 ANN architecture and training

The hit and trail method based on literature have been adapted to find 7 and 10
neurons in primary and secondary hidden layers respectively, which effects on the
R-square statistics for best prediction modeling. Tan sigmoid activation (squashing)
function used as the (infinite input to finite output range) learning capability by the

Figure 1.
D2 steel machining using WEDM process.

Figure 2.
Surftest SJ-210 (Mitutoyo).
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controllable instructed programme in MATLAB 2010a. Steepest descent problem
used for the training algorithm to train the multilayer network, where the values of
gradient was smallest because of the small changes in weight and biases. p1, p2, p3,
p4, p5 and p6 are the six input layer neurons and Oi is the single neurons in output
layer, whereas I11-I17 and I21-I29 (7 neurons present in primary and 10 in secondary
hidden layers) are the hidden layers (Figure 3).

3. Experimentation

Two models (S1 and S2) were developed from 80 rows of experimental data
performed of D2. Only training result of best performing model (S2) of 55 rows is

Factors/three level (coding) 1 2 3

Gap voltage (Vg): (volt) 30 60 90

Flush rate (Fr): (L/min) 4 6 8

Pulse on time (Ton): (μS) 1.05 1.15 1.25

Pulse of time (Toff): (μS) 130 160 190

Wire feed rate (Wf):(m/min) 2 5 8

Wire tension (Wt): (g) 300 600 900

Table 2.
Factors for screening test.

Figure 3.
Artificial neural network approach.
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presented here for achieving the aimed to optimization of influencing process
parameters (Figures 4 and 5).

OPTIMIZATION OF PROCESS PARAMETER Ra: D2, 7 Neurons in hidden layer.
The best model needs to be predicted among Model-S1 and S2, in D2 steel. Effect

of individual input parameters will be observed on the Ra (Tables 3–6).

4. Optimization of process parameters

It is evident from Table 3, that each independent influencing input parameter
has corresponding values of their square of residuals at each three levels. Two
values at each level (2 � 3 = 6 rows) has been taken for each inputs, where lowest
possible square of residuals are available, to draw the Figure 6(a–f).

5. Result

Figure 6(a–f) shows the relations between individual influencing parameters
(Vg, Fr, Ton, Toff, Wf and Wt) to their optimized response, surface roughness (Ra)
with corresponding values of MRR. Table 5 also indicates that unique values of each
influencing parameters (corresponding to its serial numbers of Table 5) gives
optimum responses, which has been highlighted.

Figure 4.
Predictions against observations of Ra for model-D2, S2, 7 N (training dataset).

Figure 5.
Predictions against observations of Ra for model-D2, S2, 7 N (validation dataset).
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SN Gap
voltage
(Vg)

Flush rate
(Fr)

Spark
time
(TON)

Spark
time

(TOFF)

Wire
feed
(Wf)

Wire
tension
(Wt)

Surface
roughness

(Ra)

Material
removal
(MRR)

Square of
residuals

(Ra)

(V) (Lit./min) (μS) (μS) (m/min) (g) (μm) (mg/min) (μm)2

Vg

2 30 4 1.05 160 2 600 1.4452 92 1E�08

7 30 6 1.15 130 2 300 1.676 97 1.6E�07

27 60 8 1.05 130 5 900 1.4592 162 4E�08

54 60 4 1.15 190 8 900 1.1871 128 4.9E�07

20 90 4 1.15 160 8 600 1.1098 88 4E�08

43 90 8 1.25 130 5 600 1.1551 99 0

Fr

1 30 4 1.05 130 2 300 1.6858 102 2.5E�07

55 60 4 1.25 160 2 900 1.2036 148 1E�08

7 30 6 1.15 130 2 300 1.676 97 1.6E�07

31 90 6 1.05 130 5 600 1.3127 78 8.1E�07

27 60 8 1.05 130 5 900 1.4592 162 4E�08

43 90 8 1.25 130 5 600 1.1551 99 0

Ton

41 90 8 1.05 130 2 900 1.1369 96 2.916E�05

42 90 8 1.05 160 2 600 1.0962 78 3.249E�05

54 60 4 1.15 190 8 900 1.1871 128 4.9E�07

20 90 4 1.15 160 8 600 1.1098 88 4E�08

55 60 4 1.25 160 2 900 1.2036 148 1E�08

43 90 8 1.25 130 5 600 1.1551 99 0

Toff

7 30 6 1.15 130 2 300 1.676 97 1.6E�07

27 60 8 1.05 130 5 900 1.4592 162 4E�08

55 60 4 1.25 160 2 900 1.2036 148 1E�08

36 90 8 1.05 160 2 600 1.1838 81 9.801E�05

21 90 4 1.15 190 8 900 1.1096 63 0.0002074

54 60 4 1.15 190 8 900 1.1871 128 4.9E�07

Wf

34 90 6 1.25 160 2 600 1.0832 105 4E�06

2 30 4 1.05 160 2 600 1.4452 92 1E�08

43 90 8 1.25 130 5 600 1.1551 99 0

31 90 6 1.05 130 5 600 1.3127 78 8.1E�07

48 30 4 1.25 190 8 300 1.4658 155 6.4E�07

16 30 8 1.15 160 8 900 1.5124 145 0.000888
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Again experiment has been conducted on D2 steel using WEDM by setting the
individual optimum parametric combinations (Vg, Fr, Ton, Toff, Wf and Wt) as 90
(V), 8 (Lit./min), 1.05 (μS), 190 (μS), 2 (m/min) and 900 (g) respectively and
found the values of Ra = 0.9638 (μm) at MRR = 105 (mg/min) (Table 7).

6. Conclusion

It has been concluded that the best fitted model (S2) for material removal rate
and surface roughness of D2 steel has been achieved by artificial neural network

SN Gap
voltage
(Vg)

Flush rate
(Fr)

Spark
time
(TON)

Spark
time

(TOFF)

Wire
feed
(Wf)

Wire
tension
(Wt)

Surface
roughness

(Ra)

Material
removal
(MRR)

Square of
residuals

(Ra)

(V) (Lit./min) (μS) (μS) (m/min) (g) (μm) (mg/min) (μm)2

Wt

7 30 6 1.15 130 2 300 1.6760 97 1.6E�07

1 30 4 1.05 130 2 300 1.6858 102 2.5E�07

2 30 4 1.05 160 2 600 1.4452 92 1E�08

31 90 6 1.05 130 5 600 1.3127 78 8.1E�07

54 60 4 1.15 190 8 900 1.1871 128 4.9E�07

21 90 4 1.15 190 8 900 1.1096 63 0.0002074

Correlation coefficient (R2): Training data of D2 steel (best performing model S2) using 7 and 10 neurons in primary
and secondary hidden layers.

Table 5.
D2, S2, 7N, training data (individual parameters corresponding to least square of residuals).

Material Model R2

value
Equation of lines

(correlation
between obs. and
pred. values of Ra)

Average
predicted
Ra (μm)

Root
mean
square
error
(μm)

Percentage
RMSE (%)

Average
% RMSE
RMSE

D2 S1
Training

0.983 y = 1.005x - 0.010 1.3864 0.003401 0.2453 0.8129
0.7353

S1
Validation

0.967 y = 1.067x - 0.090 1.3008 0.01077 0.8279

S1,
Testing
Testing

0.963 y = 0.879x + 0.154 1.4016 0.01914 1.3655

S2 set,
Training
Training

0.991 y = 1.004x - 0.008 1.3654 0.002642 0.1934 0.3865

S2
validation

0.988 y = 0.984x + 0.028 1.3888 0.007015 0.5051

S2, testing
testing

0.979 y = 1.006x - 0.006 1.4232 0.006565 0.4612

Table 6.
Summary of R2 values of training validation and testing data: 7 N in 1st and 10 N in 2nd L, Ra.
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SN Gap
voltage
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Again experiment has been conducted on D2 steel using WEDM by setting the
individual optimum parametric combinations (Vg, Fr, Ton, Toff, Wf and Wt) as 90
(V), 8 (Lit./min), 1.05 (μS), 190 (μS), 2 (m/min) and 900 (g) respectively and
found the values of Ra = 0.9638 (μm) at MRR = 105 (mg/min) (Table 7).

6. Conclusion

It has been concluded that the best fitted model (S2) for material removal rate
and surface roughness of D2 steel has been achieved by artificial neural network
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time
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feed
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1 30 4 1.05 130 2 300 1.6858 102 2.5E�07

2 30 4 1.05 160 2 600 1.4452 92 1E�08

31 90 6 1.05 130 5 600 1.3127 78 8.1E�07

54 60 4 1.15 190 8 900 1.1871 128 4.9E�07

21 90 4 1.15 190 8 900 1.1096 63 0.0002074

Correlation coefficient (R2): Training data of D2 steel (best performing model S2) using 7 and 10 neurons in primary
and secondary hidden layers.

Table 5.
D2, S2, 7N, training data (individual parameters corresponding to least square of residuals).

Material Model R2

value
Equation of lines

(correlation
between obs. and
pred. values of Ra)

Average
predicted
Ra (μm)

Root
mean
square
error
(μm)

Percentage
RMSE (%)

Average
% RMSE
RMSE

D2 S1
Training

0.983 y = 1.005x - 0.010 1.3864 0.003401 0.2453 0.8129
0.7353

S1
Validation

0.967 y = 1.067x - 0.090 1.3008 0.01077 0.8279

S1,
Testing
Testing

0.963 y = 0.879x + 0.154 1.4016 0.01914 1.3655

S2 set,
Training
Training

0.991 y = 1.004x - 0.008 1.3654 0.002642 0.1934 0.3865

S2
validation

0.988 y = 0.984x + 0.028 1.3888 0.007015 0.5051

S2, testing
testing

0.979 y = 1.006x - 0.006 1.4232 0.006565 0.4612

Table 6.
Summary of R2 values of training validation and testing data: 7 N in 1st and 10 N in 2nd L, Ra.
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using WEDM. From best modeled training data, optimum parametric combinations
(Vg, Fr, Ton, Toff, Wf andWt) observed as 90 V, 8 Lit./min, 1.05 μS, 190 μS, 2 m/min
and 900 g respectively and found the values of Ra = 0.9638 μm atMRR = 105 mg/min,
whereas the average Ra = 1.3654 μm at MRR = 114.8 mg/min. It has been
concluded that ANN modeling technique is best fitted for surface roughness
prediction and able to successfully minimize (SR) is 29.41% with 8.53% decreases
the MRR from its average values on D2 steel using BPANN under WEDM. Such
combinations may be applied for industrial application, where it is needed.

Figure 6.
(a–f) 3D scattered plot between Ra vs. MRR vs. individual independent parameter.
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SN Gap
voltage
(Vg)

Flush
rate
(Fr)

Spark
time
(TON)

Spark
time

(TOFF)

Wire
feed
(Wf)

Wire
tension
(Wt)

Surface
roughness
(Ra) obs.

Surface
roughness

(Ra)
predicted

(Zero
residual)2

Material
removal
predicted
(MRR)

(V) (Lit./
min)

(μS) (μS) (m/
min)

(g) (μm) (μm) (μm)2 (mg/min)

20 90 4 1.15 160 8 600 1.1098 1.1096 4.00E�08 79

43 90 8 1.25 130 5 600 1.1551 1.1551 0 94

42 90 8 1.05 160 2 600 1.0962 1.0905 3.25E�05 74

54 60 4 1.15 190 8 900 1.1871 1.1878 4.90E�07 125

34 90 6 1.25 160 2 600 1.0832 1.0812 4.00E�06 111

54 60 4 1.15 190 8 900 1.1871 1.1878 4.90E�07 125

Table 7.
Best parametric combination with their possible responses.

125

Optimization of Surface Roughness of D2 Steels in WEDM using ANN Technique
DOI: http://dx.doi.org/10.5772/intechopen.81816



using WEDM. From best modeled training data, optimum parametric combinations
(Vg, Fr, Ton, Toff, Wf andWt) observed as 90 V, 8 Lit./min, 1.05 μS, 190 μS, 2 m/min
and 900 g respectively and found the values of Ra = 0.9638 μm atMRR = 105 mg/min,
whereas the average Ra = 1.3654 μm at MRR = 114.8 mg/min. It has been
concluded that ANN modeling technique is best fitted for surface roughness
prediction and able to successfully minimize (SR) is 29.41% with 8.53% decreases
the MRR from its average values on D2 steel using BPANN under WEDM. Such
combinations may be applied for industrial application, where it is needed.

Figure 6.
(a–f) 3D scattered plot between Ra vs. MRR vs. individual independent parameter.

124

Applied Surface Science

Author details

Umesh K. Vates1*, N.K. Singh2, B.P. Sharma1 and S. Sivarao3

1 Department of Mechanical Engineering, ASET, Amity University, Uttar Pradesh,
India

2 Indian Institute of Technology (ISM) Dhanbad, India

3 UTeM, Melaka, Malaysia

*Address all correspondence to: u.k.vates@gmail.com

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

SN Gap
voltage
(Vg)

Flush
rate
(Fr)

Spark
time
(TON)

Spark
time

(TOFF)

Wire
feed
(Wf)

Wire
tension
(Wt)

Surface
roughness
(Ra) obs.

Surface
roughness

(Ra)
predicted

(Zero
residual)2

Material
removal
predicted
(MRR)

(V) (Lit./
min)

(μS) (μS) (m/
min)

(g) (μm) (μm) (μm)2 (mg/min)

20 90 4 1.15 160 8 600 1.1098 1.1096 4.00E�08 79

43 90 8 1.25 130 5 600 1.1551 1.1551 0 94

42 90 8 1.05 160 2 600 1.0962 1.0905 3.25E�05 74

54 60 4 1.15 190 8 900 1.1871 1.1878 4.90E�07 125

34 90 6 1.25 160 2 600 1.0832 1.0812 4.00E�06 111

54 60 4 1.15 190 8 900 1.1871 1.1878 4.90E�07 125

Table 7.
Best parametric combination with their possible responses.

125

Optimization of Surface Roughness of D2 Steels in WEDM using ANN Technique
DOI: http://dx.doi.org/10.5772/intechopen.81816



References

[1] Gatto A, Luliano L. Cutting
mechanisms and surface features of
WEDMmetal matrix composite. Journal
of Material Processing Technology.
1997;65:209-214

[2] Azouzi R, Guillot M. On-line
prediction of surface finish and
dimensional deviation in turning neural
network base sensor fusion.
International Journal of Machine Tools
and Manufacture. 1997;37:1201-1217

[3] Montgomery DC. Design and
Analysis of Experiments. Singapore:
Wiley; 1991

[4] Ho KH, Newman ST, Rahimifard S,
Allen RD. State of the art wire electrical
discharge machining (EDM).
International Journal of Machine Tools
and Manufacture. 2004;44:1247-1259

[5] Puertas I, Lues CJ. A study on the
machining parameters optimization of
electrical discharge machining. Journal
of Material Processing Technology.
2003;143-144:521-526

[6] Sanchez JA, Lopez de Lacalle LN,
Lamikiz A, Bravo U. Dimensional
accuracy optimization of multi-stage
planetary EDM. International Journal of
Machine Tools & Manufacture. 2002;
42:1643-1648

[7] Mondal D, Pal SK, Saha P. Modelling
of electrical discharge machining
process using back propagation neural
network and multi- objective
optimizations using non-dominating
sorting genetic algorithm-2nd. Journal
of Materials Processing Technology.
2007;186:154-162

[8] Panda DK, Bhoi RK. Artificial neural
network prediction of material removal
rate in electro-discharge machining.
Materials and Manufacturing Processes.
2005;20:645-672

[9] Fisher RA. Statistical Methods for
Research Worker. London: Oliver &
Boyd; 1925

[10] Sahoo GB, Ray C, Wade HF.
Pesticide prediction in ground water in
North Carolina domestic wells using
artificial neural networks. Ecological
Modelling. 2005;183(1):29-46

[11] Kexing S, Jiandong X, Qiming D,
et al. Optimization of the processing
parameters during internal oxidation of
Cu–Al alloy powders using an artificial
neural network. Materials & Design.
2005;26(4):337-341

[12] Juan-Hua S, Qi-Ming D, Ping L.
Simulation of aging process of lead
frame copper alloy by an artificial neural
network. Transactions of the
Nonferrous Metals Society of China.
2003;13(6):1419-1423

126

Applied Surface Science



References

[1] Gatto A, Luliano L. Cutting
mechanisms and surface features of
WEDMmetal matrix composite. Journal
of Material Processing Technology.
1997;65:209-214

[2] Azouzi R, Guillot M. On-line
prediction of surface finish and
dimensional deviation in turning neural
network base sensor fusion.
International Journal of Machine Tools
and Manufacture. 1997;37:1201-1217

[3] Montgomery DC. Design and
Analysis of Experiments. Singapore:
Wiley; 1991

[4] Ho KH, Newman ST, Rahimifard S,
Allen RD. State of the art wire electrical
discharge machining (EDM).
International Journal of Machine Tools
and Manufacture. 2004;44:1247-1259

[5] Puertas I, Lues CJ. A study on the
machining parameters optimization of
electrical discharge machining. Journal
of Material Processing Technology.
2003;143-144:521-526

[6] Sanchez JA, Lopez de Lacalle LN,
Lamikiz A, Bravo U. Dimensional
accuracy optimization of multi-stage
planetary EDM. International Journal of
Machine Tools & Manufacture. 2002;
42:1643-1648

[7] Mondal D, Pal SK, Saha P. Modelling
of electrical discharge machining
process using back propagation neural
network and multi- objective
optimizations using non-dominating
sorting genetic algorithm-2nd. Journal
of Materials Processing Technology.
2007;186:154-162

[8] Panda DK, Bhoi RK. Artificial neural
network prediction of material removal
rate in electro-discharge machining.
Materials and Manufacturing Processes.
2005;20:645-672

[9] Fisher RA. Statistical Methods for
Research Worker. London: Oliver &
Boyd; 1925

[10] Sahoo GB, Ray C, Wade HF.
Pesticide prediction in ground water in
North Carolina domestic wells using
artificial neural networks. Ecological
Modelling. 2005;183(1):29-46

[11] Kexing S, Jiandong X, Qiming D,
et al. Optimization of the processing
parameters during internal oxidation of
Cu–Al alloy powders using an artificial
neural network. Materials & Design.
2005;26(4):337-341

[12] Juan-Hua S, Qi-Ming D, Ping L.
Simulation of aging process of lead
frame copper alloy by an artificial neural
network. Transactions of the
Nonferrous Metals Society of China.
2003;13(6):1419-1423

126

Applied Surface Science



Applied Surface Science
Edited by Gurrappa Injeti

Edited by Gurrappa Injeti

This book covers the state of the art and recent advances in the field of surface 
science of a variety of materials for different applications and provides an in-depth 
understanding of mechanisms involved in achieving the desired surface properties. 

The book is extremely useful to materials scientists, system design engineers, 
maintenance engineers, manufacturing experts and executives, industrialists, 
mechanical engineers, chemical engineers, aeronautical engineers, academic 

researchers, and undergraduate and postgraduate students.

Published in London, UK 

©  2019 IntechOpen 
©  Ignatiev / iStock

ISBN 978-1-78984-097-1

A
pplied Surface Science

ISBN 978-1-78984-745-1


	Applied Surface Science
	Contents
	Preface
	Chapter1
Synthesis and Nonlinear Optical Studies on Organic Compounds in Laser-Deposited Films
	Chapter2
Magnetic Bio-Derivatives: Preparation and Their Uses in Biotechnology
	Chapter3
Surface Science Engineering through Sol-Gel Process
	Chapter4
Synthesis, Characterization, and Adsorption Properties of Nanoporous Materials
	Chapter5
Composition Electrolytic Coatings with Given Functional Properties
	Chapter6
Optimization of Surface Roughness of D2 Steels inWEDM using ANN Technique

